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INTRODUCTION

Throughout evolution, higher-order

organisms have

Summary

NLRXI1 is a member of the NOD-like receptor family, a set of pattern
recognition receptors associated with innate immunity. Interestingly,
NLRX1 exists in somewhat of an exile from its NLR counterparts with
unique features that mediate atypical functions compared with traditional
NOD-like receptors (NLRs). Aside from a mitochondrial targeting
sequence, the N-terminal region is yet to be characterized. Mitochondri-
ally located, NLRX1 sits within a subgroup of regulatory NLRs responsi-
ble for negatively regulating cellular inflammatory signalling. As well as
modulating pathogen response, emerging evidence is implicating NLRX1
as a central homeostatic gatekeeper between mitochondrial biology and
immunological response. More recently, NLRX1 has been implicated in a
wide range of disease, both pathogen-driven and otherwise. Emerging
links of NLRX1 in cancer biology, autoimmunity and other inflammatory
conditions are raising the potential of targeting NLRX1 therapeutically,
with recent studies in inflammatory bowel disease showing great promise.
Within this review, we address the unique features of NLRX1, its roles in
innate immune signalling and its involvement in a range of inflammatory,
metabolic and oncology disease indications with a focus on areas that
could benefit from therapeutic targeting of NLRX1.

Keywords: autoimmunity; cancer; inflammation; mitochondria; NLRX1;
NOD-like receptors; SARS-CoV-2.

(IFN)." The PRRs are categorized into the membrane-
bound, consisting of the Toll-like receptors (TLRs), and
the cytosolic receptors, including retinoic acid-inducible

developed two, somewhat intertwined, branches of immu-
nity: the adaptive and innate systems. Whilst the primar-
ily lymphocyte-driven adaptive system relies on clonal
expansion from epitope-driven recognition, the innate
immune system is much less specific. The innate system
uses germ line-encoded receptors termed pattern recogni-
tion receptors (PRRs), to drive a generic inflammatory
response consisting of cytokines and type I interferons

gene I (RIG-I)-like receptors (RLRs), absent in melanoma
2 (AIM2), cyclic GMP-AMP synthase (cGAS) stimulation
of interferon gene (STING) system and the NOD-like
receptors (NLRs). These PRRs are responsible for sensing
and directing signalling pathways in response to damage-
associated, pathogen-associated or, newly termed, homeo-
static-altering molecular patterns (DAMPs, PAMPs and
HAMPs, respectively).” Of the PRRs, the NLR family is

Abbreviations: CGAS, cyclic GMP-AMP synthase; IAV, influenza A virus; IFN, interferon; IR, ischaemia—reperfusion; IRF, inter-
feron regulatory factor; MAVS, mitochondrial antiviral signalling; MTS, mitochondrial targeting sequence; NBD, nucleotide-
binding domain; NLR, NOD-like receptor; PRR, pattern recognition receptor; RIG-1, retinoic acid-inducible gene I; ROS, reactive
oxygen species; STING, stimulator of interferon genes; TLR, Toll-like receptor; TNF, tumour necrosis factor
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the largest, comprising over 20 members and responsible
for directing important signalling pathways in pathogen
response, host development and disease. NLRs typically
consist of a tripartite domain structure comprising an N-
terminal effector domain (predominantly a caspase activa-
tion and recruitment domain (CARD) or pyrin), a central
NACHT domain and a C-terminal leucine-rich repeat
(LRR) domain (Figure 1).> Whilst the majority of NLRs
possess this typical domain architecture, NLRX1 is unique
with several atypical features that impart distinct func-
tions and contribute to its unique roles in health and dis-
ease. NLRX1 is mitochondrially located, cannot form
inflammasomes and acts to dampen inflammatory
responses, unlike the majority of its NLR relatives. That
said, NLRX1 is still implicated in disease. Much like other
PRRs and specifically NLRs, NLRX1 is critical in the reg-
ulation of pathogen response and plays an important role
in multiple inflammatory diseases and cancer. Here, we
review NLRX1 from the perspectives of cellular location
(s) and structural intricacies before discussing pathogen
sensing/regulation and links to disease.

Mitochondrial localization

NLRX1 (NODS5, NOD9 and CLR11.3) is ubiquitously
expressed in mammalian tissues, with the strongest
expression reported in the heart, muscle and mammary
gland.*> NLRX1 comprises two of the three typical NLR

N-terminal Central NBD

domains, a central NACHT domain and a carboxy-termi-
nus LRR domain but lacks a recognizable N-terminal
effector domain found in other NLRs (Figure 1). Instead,
NLRXI1 contains an unconventional N-terminal domain,
that has no current assigned function, giving rise to the
‘X’ in the nomenclature.® However, unique to the NLR
family, NLRX1 possesses a mitochondrial targeting
sequence (MTS) encoded in the first 39 amino acids of
the protein.” This sequence means NLRXI is the only
mitochondrially targeted NLR family member and allows
NLRX1 to possess some unique functions amongst
NLRs.*>” The precise mitochondrial localization of
NLRX1 is highly controversial, with suggestions including
both the mitochondrial inner and outer membranes and
the mitochondrial matrix.>” It is plausible that NLRX1
may be distributed amongst different subcellular and sub-
mitochondrial components, in a context- and cell-type-
dependent manner. Furthermore, the distribution of
NLRX1 may be dynamic. Indeed, other NLR family mem-
bers have been reported to shuttle between different cellu-
lar compartments,® and it has been proposed that NLRX1
may behave similarly, and shuttle from the cytosol to
mitochondria.” "' NLRX1 has been shown to interact
with  proteins within the mitochondrial matrix
(UQCRC2” and FASTKD5'?), mitochondrial outer mem-
brane (MAVS!), endoplasmic reticulum (STING'#) and
cytoplasm (TRAF6 and IKK complex'>'®), which adds
further complexity to the location of the protein. Apart
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Figure 1. Domain architecture of NLR proteins. BIR, baculovirus inhibitor repeat; CARD, caspase activation recruitment domain; FIIND, func-
tion to find domain; LRR, leucine-rich repeat; MTS, mitochondrial targeting sequence; NBD, nucleotide-binding domain
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from the identification of the MTS in NLRX1, much of
the biology around the processing, regulation and traf-
ficking of NLRX1 to the mitochondria is unknown. Fur-
ther context-dependent investigation into interacting
partners will provide insights into the cellular location
and functions in different scenarios.

Structure and function

Phylogenetic analysis of the LRR domains of human
NLRs shows that NLRX1 shares the most homology with
a subgroup of NLRs composed of NOD1 (NLRC1),
NOD2 (NLRC2), NOD3 (NLRC3), NOD27 (NLRC5) and
CIITA.* The crystal structure of the carboxy-terminus of
NLRX1 revealed that it comprises of seven LRR modules
flanked by an N-terminal helical domain and an unchar-
acterized C-terminal three-helix bundle.!® Furthermore,
studies showed that the LRR and its o-helical domains
assemble into a compact hexameric platform, composed
of a trimer of three dimers, stabilized by extensive inter-
molecular and intramolecular interactions.'® ssRNA and
dsRNA, but not DNA, have been shown to interact with
a large continuous positive patch thought to form part of
the ligand-binding region of the LRR.'*"'® Mutagenesis of
the highly conserved Arg699 residue in this region dis-
rupted RNA binding.'® Interestingly, several fatty acids
were both modelled and experimentally shown to bind to
the C-terminal region with dependence on Asp677,
Phe680, Phe681 and Glu684.'® Zhang et al. reported that
the LRR domain of NLRX1 was important to maintain
NLRX1 in an inactive confirmation, much like NLRC4,"
with cells expressing an LRR deletion construct exhibiting
constitutively formed oligomers of NLRX1.*

NLRX1 has been implicated in the modulation of
immune responses, including the inhibition of NF-xB
and IRF signalling pathways downstream of TLR activa-
tion and viral infection,">'>*! the modulation of metabo-
lism and reactive oxygen species (ROS) production,***?*’
as well as the induction of autophagy,”* and the regula-
tion of cell death.””*® Interestingly, NLRXI is emerging
as a key player in viral immune evasion and several
viruses including human immunodeficiency virus (HIV),
influenza A (IAV) and human papillomavirus virus
(HPV) 16/18 (discussed below) have been shown to inter-
act with and exploit NLRX1 to benefit viral invasion.
Topically, the recent interactome of SARS-CoV-2 high-
lighted an interaction of the viral protein Orf9c with
NLRX]1, thrusting this NLR into the limelight once
more.?’ Considering the multiple functions of NLRX1,
and other reviews covering these topics in detail,>* here
we will not focus on these roles specifically. Instead, we
will discuss these functions within the wider contexts of
pathogen sensing and pathophysiology.
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PATHOGEN SENSING

The innate response relies on the detection of PAMP/
DAMPs by cytosolic or endosomal receptors, such as the
NLRs. These sensors survey cellular compartments for a
diverse array of exogenous ligands (PAMPs), or host
ligands which are mis-localized following infection
(DAMPs). Following recognition, they activate down-
stream signalling cascades leading to the activation of
transcription factor families, which subsequently induce
the production of cytokines and IFN. IFNs are produced
by both immune and non-immune cells following infec-
tion, but do not have any direct effector functions.
Rather, they are secreted and signal through IFN recep-
tors in an autocrine and paracrine manner, activating sig-
nal transduction pathways that induce the expression of
interferon-stimulated genes, which encode an array of
effector proteins that restrict infection.>' Below, we will
discuss the ways in which NLRX1 participates in respond-
ing to, or interacting with, viral, bacterial and fungal
infection (Figure 2).

Viruses

RIG-I/MAVS

RIG-I and melanoma differentiation-associated protein 5
(MDA5) are cytosolic PRRs that recognize RNA
viruses.>>>? Following activation, these sensors interact
with mitochondrial antiviral signalling protein (MAVS;
also known as Cardif, IPS-1 and VISA).>*** Following
engagement, activated MAVS drives activation of tran-
scription factors of the interferon regulatory factor (IRF)
and NF-xB families, which subsequently induce expres-
sion of IFNs (Figure 2; reviewed in Ren et al.®®). Viruses
have evolved strategies to subvert the RLR-MAVS antivi-
ral immunity. For instance, hepatitis C virus (HCV)
encodes a NS3/4A serine protease, which cleaves MAVS
to attenuate antiviral immune responses.”’ Multiple
studies have reported that NLRX1 is a negative regulator
of the innate immune response to viral infections that are
sensed by RIG-I/MAVS, including IAV, Sendai virus
(SeV) and HCV.>'>?! Interestingly, a genetic association
between patients harbouring the NLRX1 p.Arg707Cys
variant and chronic hepatitis B virus infection has been
reported, though the functional significance of this muta-
tion remains to be determined/is unknown.*® Crucially,
Arg707 resides close to critical positive patches within
NLRX1 with responsibility for ligand binding and struc-
tural stabilization."®'® Early reports showed that NLRX1-
deficient fibroblasts stimulated with a synthetic dsRNA
analogue or RNA viruses had significantly enhanced type
I IFN and IL-6 production.'”” By using a panel of viruses

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280
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Figure 2. NLRXI interactions with pathogen sensing pathways. NLRX1 can interact with multiple pathways of pathogen sensing. RNA viruses
can be detected by the RIG-1/MDA5-MAVS pathway, which can be inhibited by NLRX1 at multiple steps including PCPB2-mediated degradation
of MAVS itself,”> NLRX1-TUFM-driven autophagy,”® NLRX1-TRAF6 sequestering and NLRX1-mediated ubiquitination of the IKK complex
downstream of MAVS signalling.">'> Additionally, NLRX1 can inhibit the DNA sensing pathway of cGAS-STING. NLRX1 can sequester the
interaction between STING and TBK1,'* as well as TRAF3-mediated signalling downstream of MAVS."?> NLRXI can also interact with autophagy
proteins to control fungal infection via LC3-associated phagocytosis.”> All of these interactions are in place as negative regulators of inflammation

and can be exploited by pathogens to aid immune avoidance

that differentially activate RIG-I and MDA5, NLRX1 was
demonstrated to negatively regulate RIG-I-MAVS sig-
nalling but not MDA5-dependent signalling, and that
NLRX1 sequestered MAVS, preventing its interaction with
downstream signalling molecules (Figure 2). Later studies
further showed that the NACHT domain of NLRXI has
been shown to be critical for the attenuation of RLR-
MAVS signalling, due to its interaction with poly(rC)
binding  protein 2 (PCBP2), which  drives

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280

polyubiquitination and subsequent degradation of MAVS,
attenuating downstream signalling and IFN production.?!
Conversely, other studies have reported that NLRX1 did
not attenuate MAVS-dependent antiviral signalling.***’
Interestingly, NLRX1 activity appears to be cell-type-de-
pendent. In response to SeV, NLRX1-deficient fibroblasts
exhibited enhanced IFN production. However, this
enhanced response was not replicated in macrophages
nor plasmacytoid dendritic cells (pDCs), highlighting the
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cell-type-specific antiviral functions of NLRX1."” Interest-
ingly, RIG-I and MAVS deficiency abolishes the viral
induction of NF-kB and IRF signalling in multiple cell
types except for pDCs,*' which predominantly detect
viruses through the TLR system as opposed to the RIG-I/
MAVS pathway.*"** pDCs have been reported to upregu-
late RIG-I expression following TLR engagement and sub-
sequently respond to RIG-I ligands,* suggesting that the
temporal expression of signalling components may influ-
ence how NLRX1 differentially regulates signalling during
the course of an infection. NLRX1 has also been shown
to have distinct and opposing effects in early IRFI and
IRF3 antiviral responses.** Whilst NLRXI attenuated
MAVS-dependent IRF3 activation, it was also required
for increased IRF1 abundance and thus IRFI-mediated
antiviral responses. Interestingly, viral infection leads to
the activation of IRF3 and IRF7 in most cell types,
whereas other IRF family members are selectively acti-
vated in response to different stimuli in a cell-type-de-
pendent manner.*> *® Together, these studies demonstrate
how NLRXI1 can have seemingly opposing effects on viral
immune responses, and how a single regulatory molecule
can exert different functional consequences as a result of
cell type, stimulus and temporally dependent mecha-
nisms.

Influenza, PB1-F1 and NLRX1

Influenza A virus is an enveloped single-stranded RNA
virus, which causes significant annual global mortality
and significant socioeconomic burden. The virulence of
IAV is partly determined by its ability to subvert and
attenuate host antiviral immune responses.*” IAV encodes
several virulence factors that inhibit type I IFN signalling
and/or the induction of early apoptotic cell death. One
such factor, protein 1-frame 2 (PB1-F2), has been shown
to translocate into the mitochondrial inner membrane
space via Tom40,”° disrupting mitochondrial membrane
potential, leading to mitochondrial fragmentation and
ultimately the induction of apoptosis.”>®' NLRX1 has
been reported to negatively regulate IFN production
downstream of IAV infection by attenuating MAVS sig-
nalling."” In contrast, another study reported that NLRX1
binds to PB1-F2, preventing IAV-mediated early apopto-
sis, leading to increased type I IFN production in macro-
phages.”® Consequently, NLRX1-deficient mice infected
with IAV had diminished type I IFN production,
increased pulmonary viral replication and dysfunction,
and morbidity.”® Interestingly, PB1-F1 can induce apop-
tosis in monocytic cells, whilst epithelial cells remain
resistant, and PB1-F1-deficient IAV could still drive IFN-
B production in macrophages and lymphocytes, and not
epithelial lines,”>> suggesting cell-type-specific differences
in the regulation and consequence of IAV infection.
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cGAS-STING

NLRX1 has been shown to regulate immune responses to
DNA detected by cGAS, which couples to the ER-resident
STING protein to drive type I IFN production (Fig-
ure 2).°>*°> NLRX1 was identified in an unbiased siRNA
screen of host factors required for HIV infection,”® and
further studies elucidated that NLRX1 interacts with and
sequesters STING through the NACHT domain, prevent-
ing its interaction with TANK-binding kinase 1 (TBK1),
which attenuates the production of type I IFNs, ISGs and
proinflammatory cytokines downstream of HIV-1 infec-
tion (Figure 2).'* Accordingly, NLRX1-deficient cells have
enhanced the levels of IFNs and ISGs, which restrict
HIV-1 infection. Importantly, treatment with anti-IFNR1
promoted HIV-1 infection of NLRXI-deficient cells."*
However, the role of NLRX1 in CD4 T cells, the predom-
inant cell type in which HIV-1 replicates in vivo, remains
to be determined. NLRX1 was also shown to modulate
the cGAS-STING pathway in response to DNA viruses
including herpes simplex virus 1 and vaccinia virus,
which has important clinical considerations.'* NLRX1
expression was also shown to be upregulated in rhesus
monkeys following infection with simian immunodefi-
ciency virus, which directly correlated with the levels of
viral RNA.”” Furthermore, the expression of NLRX1
expression was inversely correlated with the expression of
antiviral restriction factors.””

Bacteria

Listeria monocytogenes is a facultative intracellular Gram-
positive bacterium responsible for the life-threatening
foodborne disease listeriosis. L. monocytogenes encodes
numerous virulence factors that promote its survival. One
of these factors, listeriolysin O (LLO), a secreted pore-
forming toxin, has been shown to promote the escape of
L. monocytogenes from phagosomes,”® as well as modulat-
ing mitochondrial morphology and function.’®® Recently,
Zhang et al. reported that L. monocytogenes infection
induced mitophagy,” a selective form of autophagy that is
targeted by various pathogens to subvert immune
responses and promote pathogen survival.®' The induction
of mitophagy by L. monocytogenes was shown to be depen-
dent on LLO, which was required for the oligomerization
of NLRX1. The NACHT domain of NLRX1 was found to
contain an LC3-interacting region (LIR), which mediates
the interaction of mitochondria with microtubule-associ-
ated protein light chain 3 (LC3) to promote mitophagy.
Consequently, NLRX1 deficiency or deletion of the LIR
motif attenuated L. monocytogenes-induced mitophagy,
leading to an accumulation of damaged mitochondria, an
increase in mitochondrial ROS and the suppression of bac-
terial growth and survival.** Whilst the molecular mecha-
nisms underlying the oligomerization of NLRX1 by LLO

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280
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remain to be determined, LLO has been shown to trigger
Ca®" influx into the host cytoplasm,’®®* and from there
into the mitochondria by the mitochondrial calcium uni-
porter (MCU) complex. Interestingly, MCU protein 1, a
component of the MCU complex, was shown to be
enriched following L. monocytogenes infection.®®> Although
further study is warranted, it is possible that LLO-mediated
oligomerization of NLRX1 indirectly or directly drives
mitochondrial matrix Ca*" overload, which can lead to
mitochondrial dysfunction.

The intracellular bacterium Helicobacter pylori is one of
the most common causes of gastritis, a significant risk
factor for the development of gastric cancer.®* An intro-
nic polymorphism in NLRX1 (rs10790286) was reported
to be significantly associated with increased risk of H. py-
lori infection.®> Furthermore, the expression of NLRXI
was significantly reduced in a monocytic cell line follow-
ing challenge with a virulent H. pylori clinical isolate, but
not a reference strain of H. pylori. Similarly, murine bone
marrow-derived macrophages (BMDMs) challenged with
a mouse-adapted strain of H. pylori exhibited decreased
NLRX1 expression .>> NLRX1-deficient BMDMs infected
with H. pylori had lower bacterial burdens and increased
levels of IFN-y and ROS. Additionally, NLRX1-deficient
mice infected with H. pylori had significantly reduced gas-
tric bacterial loads, supporting the observations in
BMDMs, although the lack of conditional NLRX1 knock-
outs did not permit the role of specific cell types to be
addressed in vivo.” Further work evaluating a larger
number of H. pylori strains encoding different virulence
factors may help to identify the mechanisms through
which H. pylori infection leads to a decrease in NLRXI
expression, and how this may influence bacterial burden
and pathogenesis.

Fungi

Aspergillus fumigatus is a ubiquitous airborne mould that
can cause opportunistic fungal infections in immunocom-
promised patients, as well as those with pre-existing air-
way disease who are otherwise immunocompetent, with
exceptionally high mortality rates.°® Recently, Kastelberg
et al. showed that NlrxI ™'~ mice inoculated with A. fumi-
gatus clinical isolates had significantly enhanced fungal
burden, pulmonary inflammation and immune cell
recruitment compared with wild-type mice.®” The survival
of immunocompetent wild type and NlrxI~/~ mice inoc-
ulated with A. fumigatus was comparable to mock-in-
fected controls. Conversely, in specific
immunosuppressive models of invasive pulmonary
aspergillosis (IPA) or when challenged with high inocu-
lums of A. fumigatus, Nlrx1 ™'~ had significantly reduced
survival compared with wild-type mice. The decreased
survival of NlrxI™/~ mice in immunosuppressive models
of IPA was attributed to increased recruitment of CD103"

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280

DCs, which had elevated IL-4 expression facilitated by
enhanced activation of c-Jun N-terminal kinase (JNK)/
JunB pathways.®” Consequently, adoptive transfer of
Nirx]™~ CD103" DCs into neutrophil-depleted NRG
mice enhanced mortality in IPA models. Interestingly,
Nlrx]™~ non-hematopoietic stem cell populations had
enhanced IL-6 and IL-8 production mediated by
enhanced activation of p38, culminating in elevated neu-
trophil and monocyte recruitment. Accordingly, in mod-
els of IPA, adoptive transfer of wild-type bone marrow
into irradiated NIrxI™/~ mice diminished mortality,
whereas transfer of Nlrx] ™/~ bone marrow into wild-type
mice significantly decreased survival.”’

Histoplasmosis is a disease caused by the fungus Histo-
plasma capsulatum, which causes significant morbidity
and mortality worldwide.®® LC3-associated phagocytosis
(LAP) is a non-canonical autophagy pathway that has
emerged as an important innate defence mechanism.*>”°
LAP is initiated following the recognition of pathogens by
PRRs, leading to the recruitment of LC3 to the single-
membraned phagosome resulting in the maturation of
the phagosome and degradation of internalized cargo.”!
NLRX1 has been reported to have a critical role in LAP
induction in macrophages in response to H. capsulatum
through its association with Tu translation elongation fac-
tor mitochondrial (TUFM).”? Furthermore, LAP induc-
tion was shown to induce inflammatory cytokine
production through enhanced mitogen-activated protein
kinases (MAPKs) and activator protein-1 (AP-1) sig-
nalling cascades, which was attenuated in macrophages
from NilrxI~’~ mice.”?

NLRX1 IN DISEASE

NOD-like receptors are critical for traditional host
defence, as discussed above, but alternative implications
in multiple pathologies have placed them in a novel light
for therapeutic targeting.”>”> NLRP3 has emerged to be a
central player in a plethora of diseases with several thera-
peutic strategies in development.”®”® NLRX1 has been
linked to disease of the central nervous system (CNS),
ischaemia-reperfusion (IR) injury, autoimmunity and
cancer to name but a few (Figure 3). Below, we will dis-
cuss the work associated with linking this enigmatic NLR
to diseases where new therapeutic strategies are in desper-
ate need.

Neuroinflammatory disorders

NLRX1 has been implicated in CNS inflammation and
disease, with a focus on multiple sclerosis (MS), a disease
with mitochondrial dysfunction central to its pathophysi-
ology.” The link between sterile inflammation and dis-
eases of the CNS led the Ting laboratory to hypothesize

that NLRX1 may be involved in MS-associated
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Figure 3. Disease associated with NLRX1. MS: multiple sclerosis, TBI: traumatic brain injury, COPD: chronic obstructive pulmonary disease,'*’
HNSCC, head and neck small cell carcinoma; IBD, inflammatory bowel disease; IR, ischaemia—reperfusion; NASH, non-alcoholic steatohepatitis;
OA, osteoarthritis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.126 Diseases not referred to in the text are referenced here. All

other diseases are referenced within the relevant section of text

microglial/macrophage activation, especially as other
NLRs exacerbate MS phenotypes.** In this study, the
authors  exploit the  experimental autoimmune
encephalomyelitis (EAE) mouse model to mimic MS and
show NLRX1 suppresses inflammation and macrophage/
microglial activation, protecting against excessive CNS
inflammation that drives limb paralysis, tissue damage
and immune cell activation. NlrxI™/~ mice exhibited
worse clinical outcomes, higher T-cell infiltration and

274

increased microglial expression of NOS2 and MHC class
II. Additionally, these knockout mice were also more sus-
ceptible to myelin-reactive T cells upon adoptive transfer.
Interestingly, as well as furthering the evidence for
NLRX1 playing a critical role in the subclinical onset of
EAE, six genetic mutations in MS-susceptible families
were also discovered including ten patients harbouring a
Glul92Ter truncation. A recent study exploited the
blood-brain-permeable properties of the peptide NP2 to

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280
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deliver both the NBD and LRR regions of NLRX1 sepa-
rately to the CNS of EAE mice at multiple stages of dis-
ease.’ Curiously, only the LRR-dNP2 strategy had
beneficial effects on T-cell infiltration and tissue inflam-
mation at all disease phases.

Glutamate regulation is critical for neurological cell
homeostasis with glutamate dysregulation seen in several
neurological disorders, including Alzheimer’s disease, MS
and Parkinson’s disease.®” In primary astrocyte cultures,
Mahmoud et al.** observed NLRX1 having a vital role in
maintaining glutamate transport capabilities and mito-
chondrial function. Interestingly, NLRX1 is also impli-
cated in brain injury with decreased NLRX1 expression in
human and mouse brain injury situations.’” In a con-
trolled cortical injury mouse model, NLRX1 was found to
regulate response to brain injury, which includes ischae-
mia, inflammation, excitotoxicity and ROS bursts. Mice
lacking NLRX1 fared considerably worse by measured
outcomes including cerebral brain lesions and motor abil-
ity. Additionally, human patients that had suffered brain
aneurysms exhibited significant reductions in NLRXI
expression, which correlated with inflammation driven by
dysregulated NF-«B signalling.*® Collectively, these studies
of NLRX1 in MS, glutamate homeostasis and brain injury
provide an excellent insight into the importance of
NLRX1 in neurological homeostasis. Further work to elu-
cidate the underpinning biology and functions of NLRX1
in neurological conditions may yield much needed novel
therapeutic opportunities in areas with a large and grow-
ing unmet medical need. Targeting other NLRs, NLRP3
for example, has already shown great promise in the neu-
rological space.®®®

Inflammatory bowel disease

Given the mitochondrial location and proposed role in
metabolic regulation, the function of NLRX1 in diseases
linked to immunometabolism is unsurprising. Accord-
ingly, a set of recent publications linked NLRX1 to
inflammatory bowel disease (IBD) through immunometa-
bolic regulation of CD4" T cells.”® ** Early work indicated
that dextran sodium sulphate (DSS)-treated Nirx1™/~
mice exhibited increases in disease severity, upregulated
Thl and Thl7 response and heightened inflammatory
markers (IL-17, TNF-a and IFN-y) with T cells primed
to differentiate into inflammatory phenotypes with higher
proliferative capabilities and decreased response to check-
point pathways.”® Adoptive transfer of T-cell subtypes
into Rag2~’~ mice confirmed the phenotype to be T-cell-
specific, with only NLRX1-deficient T effector or naive
cells causing increased disease severity, and pathogenic T
cells preferentially leaning towards an aerobic glycolytic
tendency. To this effect, NLRX1 deletion exacerbated the
progression of IBD and so the authors postulated NLRX1
activation may be of benefit. To test this, a NLRX1

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280

agonist termed NX13 was developed and confirmed to
have favourable safety and pharmacokinetics in rodents.”!
NX13 was utilized in DSS, mdrla”~ and CD45RBM
adoptive transfer models of IBD in mice, and in primary
PBMCs from human ulcerative colitis patients.”> NX13
decreased disease severity, limited colonic immune cell
infiltration and reduced cytokines, which was determined
to be driven by major immunometabolic changes in
CD4" T cells specifically. Importantly, NX13 treatment
limited the ability of in vitro T-cell differentiation into
Thl and Th17 subsets by increasing oxidative phosphory-
lation, whilst decreasing ROS production and NF-kB sig-
nalling. Collectively, this work elucidates a critical role for
NLRX1 in restricting the adoption of a disease phenotype
by modulating metabolism in a specific subtype of patho-
genic T cells. These fundamental studies and any future
work will only aid in deciphering the underlying relation-
ship between NLRX1 and mitochondrial metabolic state,
throwing light onto the potential in targeting the meta-
bolic regulatory role of NLRX1 in other diseases.

Autoimmunity

There has been a recent emergence of the role of NLRX1
in multiple autoimmune conditions. Aside from IBD as
discussed above, NLRX1 has been implicated in systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA)
and, most recently, atopic dermatitis and allergic sensiti-
zation.””>**  Given the innate immune function of
NLRX]1, this is hardly surprising, but the suggested mech-
anisms of NLRXI in autoimmunity are intriguing. A
study in SLE patients observed MAVS aggregating in a
prion-like fashion and despite NLRX1 levels not changing
between  aggregate-positive and  aggregate-negative
patients, there was evidence of cytoplasmic NLRX1.’
Although the authors did not directly address NLRX1 in
the context of SLE, the potential cytoplasmic function of
a typically mitochondrial protein in this specific disease
context is curious. Additionally, the expression of NLRXI,
along with other NLRs, has been reported to be altered in
RA.”> The downregulation of regulatory NLRs, such as
NLRXI, coupled with the increase in inflammation-asso-
ciated NLRs could drive pathogenic phenotypes in this
scenario. Further studies manipulating the in vitro
expression of these are essential to understand the relative
contribution of individual NLRs, including NLRX], in a
relevant disease setting. More recently, a study has uncov-
ered a genetic association (rs4245191) between NLRXI1
and both allergic sensitization and atopic dermatitis.”*
Intriguingly, when considering the interaction with
mtDNAs such as mt-ND6, the odds ratio associated with
these NLRX1 variants increased, with the authors of this
study suggesting a ROS-based mechanism at play.
Together, these autoimmune conditions collectively high-
light the lack of understanding of NLRX1 in
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autoimmunity with regard to cellular location, interaction
with other NLRs and mitochondrial ROS homeostasis
and justify efforts to understand NLRXI1 further with
these disease areas in mind.

Metabolic disease

In mouse models of non-alcoholic steatohepatitis, NLRX1
mRNA levels were decreased in mice fed on high-fat diets
and lower still on high-fat fed mice treated with
lipopolysaccharide.”® Another study observed that genetic
ablation of NLRX1 resulted in protection against the
onset of diet-induced non-alcoholic fatty liver disease and
metabolic syndrome, with the proposed mechanism of
metabolic flux away from fatty acid oxidation and
towards glycolysis.”® Similarly, a partial protection from
hyperglycaemia in a high-fat fed Nlrx1 ™/~ mouse model
was observed, with a specific decrease in pancreatic lipid
accumulation, and although the mechanism was not clear,
this may also be due to a hepatocyte-specific rewiring of
metabolic flux dependant on NLRXI.”” Additionally, a
missense variant in NLRX1 (rs4245191) has been impli-
cated in vascular complications associated with type 2
diabetes mellitus (T2DM) in a select population, but a
streptozotocin model of T2DM found NLRXI not to have
a role.”® Despite these findings in T2DM, NLRX1 may
have a function in metabolic rewiring in other metabolic
diseases. These early observations certainly justify further
efforts to elucidate whether NLRX1 is of importance in
metabolic disease and whether it could be a bona fide
therapeutic target in this area.

Ischaemia—reperfusion injury

Ischaemia—reperfusion injury, a leading cause of disabling
disease and death worldwide,""”'" is intrinsically linked
to mitochondrial biology, with succinate build-up and
reverse-electron  transport-mediated ROS production
responsible for cellular damage.'”>'® Considering this
mitochondrial link, it is therefore no surprise NLRX1 has
been implicated.'** 1%

Ischaemia—reperfusion injury is most associated with
myocardial infarction, stroke and kidney scenarios such
as transplantation and hypovolaemic shock.'”” In acute
ischaemic myocardial human tissue and hypoxic rat car-
diac cells, NLRX1 expression is decreased and NLRXI
depletion significantly increases the damage associated
with hypoxia-induced ischaemic injury via a MAVS/
NLRP3-dependent mechanism.'®® NLRX1 is also a critical
regulator in both human and mouse kidney IR models.”’
Like the heart,'%® the expression of NLRX1 was decreased
in human kidney during both acute ischaemic injury and
cellular rejection phases, and depletion of NLRX1 in IR
injury models resulted in increased oxygen consumption,
ROS production and apoptosis.”” In cerebral ischaemia, a
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type of stroke that accounts for ~85% of stroke-like dis-
ease and disables 80% of survivors, the associated neuroin-
flammation is driven by multiple mechanisms.'” One
study had highlighted the protein DJ-1 (PARK7 and
GATD?2) in regulating CNS inflammation by NF-«xB sig-
nalling.!'®'"! Recently, Peng et al.''* discovered this DJ-1-
mediated regulation of inflammation is dependent on
NLRX1 and an interactor protein SHP1. The authors use
an oxygen—glucose deprivation IR model in primary astro-
cytes, as well as an in vivo cerebral occlusion model to
assess the relationship of DJ-1, SHP1 and NLRXI. In these
models, DJ-1 can activate SHP1, a cytoplasmic protein tyr-
osine phosphatase associated with innate immune regula-
tion,''>'"* which can sequester TRAF6 from NLRXI,
allowing NLRX1 to negatively regulate the production of
TNF-a, IL-6 and IL-1P. Activation of DJ-1, or/and modu-
lation of SHP1-TRAF6-NLRXI1 interactions, may be an
interesting therapeutic angle considering the tissue-specific
expression of DJ-1."'> Manipulation of the relationship
between NLRX1 and interacting partners may provide
novel strategies to control neuroinflammation across mul-
tiple neurological diseases, including MS, as we discuss
below. Collectively, these studies in heart, kidney and the
CNS highlight the role of NLRX1 in the regulation of
mitochondrial biology and therefore IR injury.

Cancer

Regulators of inflammatory homeostasis are critical for
limiting contribution towards cancer progression, and the
NLRs are no exception. Their control and contribution in
the oncology field were nicely summarized in a recent
review.”* Recent interest in (and acquisitions of) NLRP3
modulators highlights the awareness of and value in
exploiting the natural innate system as a therapeutic
option for cancer.''® NLRX1 has been implicated in sev-
eral oncology settings and typically acts as a tumour sup-
pressor, much like its immunological functions as
discussed above. Conversely, NLRX1 has also been sug-
gested to promote tumour growth in some models and
contexts. These contradictory roles for NLRX1 in cancer
suggest that NLRX1 has divergent functions, dependent
on the tissue- and context-specific environment.

As a tumour suppressor

One such example of cancer model-specific differences in
NLRX1 function is seen in colitis-associated cancer
(CAC) models of colorectal cancer (CRC). The effect of
azoxymethane (AOM) to drive tumour progression was
enhanced by NLRXI1, whereas tumorigenesis in a DSS/
AOM model was suppressed by NLRX1.>> The differences
in these models were suggested to be driven by the
response to DSS-induced inflammation, which can alter
the balance of extrinsic and intrinsic apoptotic signals.
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The authors suggest that the response to these signals can
be dictated by NLRX1, explaining the conflicting pheno-
types observed in the two models.”> Two further studies,
including one by the original authors of the above publi-
cation, address NLRX1 in the context of CRC, albeit in
subtly different mouse models of NLRX1 deletion.''”!'®
One study utilized an intestinal epithelial cell (IEC)-speci-
fic NLRX1 knockout model, which heightened DSS/
AOM-mediated CAC progression.''® In the other study,
the authors observed that only in a non-haematopoietic
compartment knockout of NLRX1 was DSS/AOM-driven
CAC progression exacerbated.''” Away from inflamma-
tion-mediated tumour progression, both studies also con-
firmed NLRX1 deletion, in either system, accelerated
disease in a mouse model of CRC based on the multiple
intestinal neoplasia mutant allele in the adenomatous
polyposis coli locus (APC™" model). However, the pre-
cise mechanisms as to how NLRX1 was regulating onco-
genic signalling pathways were not aligned across the
studies. The group using the IEC-specific model focussed
on the alterations in wound-healing pathways, whereas
the non-haematopoietic compartment NLRX1 knockout
mouse had abhorrent STAT3/IL-6 signalling, with benefi-
cial use of anti-IL-6R therapy. Despite these discrepancies,
the roles of NLRX1 on TNF/IL-6 signalling cascades are
curious, and differences likely lie in the use of very differ-
ent NLRX1 knockout models, especially considering the
contribution of myeloid cells regarding IL-6 production.
Regardless, in multiple models of CRC, NLRX1 deletion,
in either tissue-specific or non-haematopoietic compart-
ments, drove a progression of CRC due to the tumour-
suppressive function of NLRX1.

NLRX1 has also been implicated in the liver, breast
and gastric cancer, as well as the rare histiocytic sarcoma
(HS). Interestingly, in hepatocellular carcinoma (HCC),
RA and H. pylori-infection-related gastric cancer, NLRX1
expression is downregulated, whilst NOD2 is upregu-
lated.®>**!"*120 A study of NLR expression in primary
liver tumours highlighted that NOD2"€"/NLRX1'"
tumours corresponded to a significant reduction in sur-
vival, as well as an increase in disease recurrence.''*!?°
Further mechanistic work implicated NLRX1 in the regu-
lation of the epithelial-to-mesenchymal transition (EMT)
associated with increased cancer progression.''” In this
study, NLRX1 depletion in multiple HCC cell lines pro-
moted tumour growth in vivo, driven by decreased Akt
phosphorylation, reduced Snaill expression and altered
E-cadherin levels — all indicative of EMT. Interestingly,
the authors show that only the C-terminal LRR region
(residues 556-974) was essential for this tumour-suppres-
sive function, drawing parallels with the LRR-based ther-
apy used in MS.** Additionally, given the observations
surrounding reduced Akt phosphorylation, it would be
interesting to assess interacting pathways such as mTOR
in this system. Furthering our understanding of signalling

© 2020 John Wiley & Sons Ltd, Immunology, 162, 268-280

alterations downstream of NLRX1 will provide further
insights into the relevance of NLRX1 in oncology.

In a urethane-treated HS model, NlrxI ™/~ mice exhib-
ited enhanced tumorigenesis and poorer survival compared
with wild-type controls.'*" Upon assessing the transcrip-
tome associated with enhanced tumorigenesis in NlrxI "~
mice, the authors discovered an upregulation in autop-
hagy-related proteins including Atg5, Atgl6L1 and Atgl2,
which are known to interact with NLRX1 via TUFM and
regulate NF-kB signalling by promotion of autophagy (Fig-
ure 2).** Additionally, an upregulation in genes associated
with TNF-a-mediated apoptosis was observed, which aligns
with findings in other cancer cell lines and a genome-wide
CRISPR screen in human endothelial cells where NLRX1
was deemed essential for TNF-o-mediated apoptosis.”*'**
Like HCC above, NLRX1 was also found to negatively reg-
ulate Akt signalling in HS with downstream nodes upregu-
lated in the absence of NLRXI. Interestingly, IL-6 was also
seen to be upregulated upon Nlrx1~/~."7 Assessing the sig-
natures associated with tumour suppression by NLRXI
across CRC, HCC and HS, some common themes emerge.
The central axis of Akt and IL-6 appears repeatedly, sug-
gesting a pathway of signal regulation by NLRX1 in these
settings. Further studies are certainly warranted to uncover
the regulatory links between NLRX1 as a tumour suppres-
sor in these cancers and the key cancer-driving signalling
pathways observed.

In tumour progression

Although many studies are aligned in agreeing upon the
tumour suppressor role of NLRXI, this observation may
be tissue-specific and even cancer-type-specific. One
recent study addresses the role of NLRX1 in breast cancer
cell lines, elucidating the key role NLRX1 plays in regula-
tion of mitochondria—lysosomal communication in TNF-
o-treated cell lines.'*® Interestingly, the loss of NLRXI
from triple-negative breast cancer cells resulted in a
decrease in mitophagy due to aberrant lysosomal function
and dysregulation of mitochondrial electron transport
chain components. Together, the depletion of NLRXI1
drove a reduction in cancer cell migration and prolifera-
tion. Although the same study highlights a tumour-sup-
pressive role of NLRX1 in benign and ER/PR-positive
tumours, in aggressive cancers NLRX1 acts to maintain
cancer-promoting energy phenotypes, acting to drive
tumour progression and proliferation. The dependency of
different tumours on divergent metabolic pathways may
dictate the regulatory balance that NLRX1 can provide.

In an interesting parallel to viral-mediated immune
evasion discussed above, a recent publication has impli-
cated NLRX1 in potentiating autophagy-mediated inhibi-
tion of STING in HPV16+ head and neck squamous cell
carcinoma (HSNCC).'** Much like HPV18, which uses
E7 to directly target STING, HPV16 uses E7 to instead
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hijack NLRX1 to induce post-transcriptional inhibition of
STING, which limits immune detection of E7-expressing
tumours in vivo. Critically, depletion of NLRX1 in this
model reverses many of the phenotypes of HPV16-posi-
tive HSNCC, including limiting tumour infiltrating lym-
phocytes, increased rejection of spontaneous tumours and
reduction in exhausted T cells. Although not strictly an
example of NLRX1 independently driving cancer progres-
sion, this highlights the involvement of NLRX1 in the
immune-suppressive function of autophagy-mediated
turnover of key immune surveillance pathways and how
they can be exploited to drive disease progression, some-
thing to be considered in other scenarios.

NLRX1 — A PROMISING FUTURE?

More than a decade since the discovery of NLRX1 and its
implications in innate immunology, NLRX1 is emerging
to be a critical regulator of multiple cellular processes,
and its dysfunction or dysregulation has been implicated
in several human diseases. However, despite steady pro-
gress in deciphering the fundamental functions of this
unique NLR, several conflicting and controversial topics
remain. Aside from the MTS, mystery still surrounds the
identity and function of the N-terminal domain. Equally,
functional knowledge about the C-terminal LRR domain
is limited, particularly around the drivers and down-
stream effects of oligomerization. Aside from questions
around the domain characteristics, one major issue that
remains somewhat debated is NLRX1’s cellular and sub-
cellular location. Numerous studies, as discussed, have
claimed to prove the location of NLRXI1; however, few
have appreciated what is likely to be dynamic interplay
across multiple subcellular compartments, which may be
entirely context- and cell-type-dependent. Therapeutically,
NLRX1 has good prospects in multiple disease scenarios,
as discussed above. However, discovering the missing
links in signal transduction beyond NLRX1 activation
and deciphering biological complexities that surround
NLRX1 remain an obstacle in developing targeted and
successful strategies. That said, early work using NX13
has shown great promise in altering immunometabolic
balance to positively benefit gut autoimmunity, and simi-
lar strategies should be employed in other NLRX1-related
diseases. The development of novel technologies, tool
compounds and assessing NLRX1 with a view not often
considered with NLRs will accelerate both the under-
standing of NLRX1 and the development of targeted ther-
apies. The ability of NLRX1 to function as both an
antiviral factor and proviral factor, as an example of its
polarized behaviours, highlights the need for context and
cell-type appreciation when considering its biology. Fun-
damentally, our understanding of the processes NLRX1 is
implicated in is still poorly defined. Coupled with com-
plex and overlapping signalling pathways, furthering our
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knowledge of this somewhat exiled NLR will require
novel and thorough approaches.
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