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Over the last decade, significant progress has been achieved in defining mechanisms
underlying NLR regulation of immune system function. However, several NLR family
members continue to defy our best attempts at characterization and routinely exhibit
confounding data. This is particularly true for NLR family members that regulate signaling
associated with the activation of other pattern recognition receptors. NLRX1 is a
member of this NLR sub-group and acts as an enigmatic regulator of immune system
function. NLRX1 has been shown to negatively regulate type-l interferon, attenuate
pro-inflammatory NF-kB signaling, promote reactive oxygen species production, and
modulate autophagy, cell death, and proliferation. However, the mechanism/s associated
with NLRX1 modulation of these pathways is not fully understood and there are
inconsistencies within the field. Likewise, it is highly likely that the full repertoire of
biological functions impacted by NLRX1 are yet to be defined. Recent mouse studies
have shown that NLRX1 significantly impacts a multitude of diseases, including cancer,
virus infection, osteoarthritis, traumatic brain injury, and inflammatory bowel disease.
Thus, it is essential that the underlying mechanism associated with NLRX1 function in
each of these diseases be robustly defined. Here, we summarize the current progress in
understanding mechanisms associated with NLRX1 function. We also offer insight into
both unique and overlapping mechanisms regulated by NLRX1 that likely contribute to
disease pathobiology. Ultimately, we believe that an improved understanding of NLRX1
will result in better defined mechanisms associated with immune system attenuation and
the resolution of inflammation in a myriad of diseases.

Keywords: NOD-like receptor, pattern recognition receptor, TRAFasome, autophagy, interferon, NF-kB,
mitochondria

NLRX1: THE ENIGMATIC NLR

Since the initial description of the NLR family of pattern recognition receptors over 20 years ago,
significant progress has been made in understanding their biology. However, NLRX1 remains
an enigma. NLRX1 (NOD5/NODY/CLR11.3) has several atypical features that contribute to its
complexity and uniqueness within the NLR family. For example, members of the NLR family
are defined by their tripartite domain structure, which includes a variable combination of a
limited repertoire of protein domains (typically pyrin or CARD domains) on the N-terminus,
a conserved nucleotide binding domain in the central region, and a variable number of leucine
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rich repeats (LLR) on the C-terminus (1). NLRX1 lacks a
fully characterized N-terminus, hence the “X” nomenclature
used to define the gene/protein. To date, the only defined
domain of the N-terminus of NLRX1 is a mitochondria-targeting
sequence (MTS) (2-5). The C-terminus of NLRX1 is also
unique, consisting of 7 LRRs followed by an uncharacterized
three-helix bundle (6). This three-helix bundle likely has a
range of diverse functions, potentially including participation in
molecular recognition and scaffolding. NLRX1 is considered to
be ubiquitously expressed in mammalian cells, with evidence
supporting cell type specific differences in function (2, 7, 8).
Like the other NLR family members, NLRX1 appears to function
as a scaffolding protein following activation and facilitates the
formation of multiprotein complexes. However, the full range of
pathogen-associated- and damage-associated molecular patterns
sensed by NLRX1 is far from clear and the interacting proteins
are only minimally characterized. The current dogma in the
NLR field places NLRX1 in a unique sub-family of regulatory
NLRs that are non-inflammasome forming and function, in part,
through the regulation of inflammation signaling associated with
the activation of other pattern recognition receptors (9). Other
NLRs in this sub-family include NOD1, NOD2, NLRC3, and
NLRP12 (9). NOD1 and NOD?2 are positive regulatory NLRs,
as they augment inflammatory signaling networks. NLRXI,
NLRC3, and NLRP12 function as negative regulatory NLRs,
thought to attenuate overzealous immune system activation and
likely participate in inflammation resolution (9). Specifically,
NLRX1 has been shown to negatively regulate NF-kB and
type-I interferon (IFN-I) signaling, modulate the production of
reactive oxygen species (ROS), participate in autophagy and cell
death, and impact JNK and MAPK pathways (Figure 1). This
review will explore the proposed mechanisms by which NLRX1
affects these processes and attempt to provide insight into this
mysterious NLR family member.

NLRX1 ATTENUATES PATTERN
RECOGNITION RECEPTOR SIGNALING IN
THE CYTOSOL

The majority of well-characterized NLRs function as cytosolic
sensors, where upon activation, they act as a scaffold to form
multiprotein complexes and promote inflammation. NLRX1 has
also been found in the cytoplasm (10, 11). However, as mentioned
above and similar to NLRC3 and NLRP12, cytosolic NLRX1
functions as a negative regulator of inflammation (12). While
all three of these negative regulatory NLRs likely have other
functions in the cytosol, all appear to attenuate inflammation
through targeting components of the NF-kB signaling pathway
(12). In the case of NLRX1, activation results in an interaction
with TRAF6 (7, 10). At baseline, NF-kB are bound to the
inhibitor IxB and NLRX1 appears to be complexed with TRAF6
in the cytosol (10). Following activation, IkB Kinase (IKK)
phosphorylates IkB, resulting in its degradation and freeing
the NF-kB for nuclear transit and transcription initiation (10).
However, in the presence of lipopolysaccharide likely associated
with TLR4 activation, NLRX1 and TRAF6 undergo K63-linked

polyubiquitination resulting in complex disassociation (10).
Once detached, the LRR domain of NLRX1 binds to the
kinase domain of the activated IKK complex, resulting in the
attenuation of the NF-«kB pathway (10). The targeting of TRAFs
is not unique to NLRX1. Both NLRC3 and NLRP12 have been
shown to interact with TRAF6 and TRAF3, resulting in the
respective attenuation of either canonical or non-canonical NF-
kB signaling pathways (7, 13). The multiprotein complex that
forms between these specific NLRs and the respective TRAF
family members has been dubbed the “TRAFasome” (12, 13).
However, significant mechanistic details pertaining to the signals
leading up to TRAFasome formation, the temporal regulation
of the pathways, additional biological functions regulated by the
multiprotein complex, and other proteins directly or indirectly
involved in complex formation are not fully understood. It
should be noted that NLRX1 attenuation of NF-«kB signaling
has been predominately defined in the context of host-pathogen
interactions. However, several studies have also characterized this
mechanism underlying NLRX1’s role as a tumor suppressor in
various types of cancer (Table 1) (8, 28).

In addition to negatively regulating NF-kB signaling, an
intriguing hypothesis has also been proposed that suggests
NLRX1 actually shuttles from the cytosol to the mitochondria
to regulate inflammation and mitochondrial functions (12).
Under this postulated scenario, once released from TRAF6
as described above, NLRXI transits alone or in complex
with a currently unidentified chaperone/s to the mitochondria.
Consistent with this hypothesis, several other NLRs shuttle
between cellular compartments. For example, NLRC5 and
CIITA/NLRA can translocate from the cytosol to the nucleus to
regulate inflammation signaling during virus infection (12, 48—
51). Similarly, NOD1 and NOD?2 have also been shown to shuttle
between the cytosol and the plasma membrane (12, 52). As
NLRX1 lacks many of the traditional translocation sequences,
the mechanism underlying how NLRX1 may move between
cellular compartments is still unclear. However, its ability to
form multiprotein complexes opens the possibility of interactions
with potential chaperones. For example, several NLRs have
been shown to interact with Heat Shock Proteins, which are
critical molecular chaperones for driving translocation between
cellular compartments (53-57). Consistent with this hypothesis,
HSP90 has been shown to interact with NLRP12 and controls
its negative regulation of non-canonical NF-«B signaling (53).
NLRX1 has been localized in the cytoplasm on different layers
of the mitochondria, and even in mitochondrial granules (2, 4, 5,
7, 11, 24, 58). Each of these locations have significant biological
implications that potentially impact NLRX1 function.

NLRX1 REGULATES IMMUNE SYSTEM
FUNCTION THROUGH MITOCHONDRIA
LOCALIZATION

In addition to negatively regulating NF-kB signaling, NLRX1
has also been shown to directly modulate pattern recognition
receptor signaling associated with Rig-I-like Helicase Receptors
(RLRs) (2). Specifically, NLRX1 inhibits the interaction between

Frontiers in Immunology | www.frontiersin.org

October 2019 | Volume 10 | Article 2419


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Nagai-Singer et al.

NLRX1 Modulates Immune System Signaling

Extracellular Matrix

Electron
Transport Chain

oo
.

Cytosol
D /_\’MAPK
INK <—§ l \
NF-kB TRAFasome
Mitochondria
Autophagy
/A‘\

Wi

“ Legend:
l TNF IKK  RIG
IFN-I () D °
IL-6
NLRP3 inflammasome MISC UQCRC2
( ) ( )
®
q TUFM MAVS
" . ( ) ( )
'. PCBP2  Caspase-8
( ) ( )
TNF-induced NLRX1
apoptosis 100000

FIGURE 1 | NLRX1 regulates immune system signaling. The Nod-like receptor NLRX1 has many diverse, multifaceted roles in innate immune system signaling, and

cellular localization plays a key role in determining NLRX1’s function. Localized on and within the mitochondria, NLRX1 interacts with a multitude of pathways. NLRX1
interacts with the complex Ill associated protein UQCRC2 to promote the production of reactive oxygen species (ROS). ROS in turn activates the JNK pathway, which
promotes apoptosis. NLRX1 attenuates MAVS signaling through disruption of RIG-I activation via interactions with poly(rC) binding protein 2 (PCBP2). This negatively
regulates the production of IL-6, IFN-1, and possibly NLRP3 inflammasome formation. When associated with the mitochondrial immune signaling complex (MISC) and
TUFM, NLRX1 promotes autophagy. Lastly, in the presence of TNF, NLRX1 interacts with Caspase-8 to induce TNF-induced apoptosis, and this interaction may inhibit

Complex | and lll of the Electron Transport Chain. In the cytosol, NLRX1 inhibits NF-
promote TRAFasome formation, which in turn inhibits NF-kB signaling. Lastly, NLRX1 may also inhibit the MAPK pathway.

kB signaling by interacting with IkB kinase (IKK). Likewise, cytosolic NLRX1 may

two RLRs, RIG-I and MDAS5, and the Mitochondrial Anti-Viral
Signaling (MAVS) protein following virus exposure to attenuate
IFN-I signaling (2, 7, 10, 59, 60). MAVS is an adaptor protein
located on the outer mitochondrial membrane. It is used by RIG-I
to restrict virus infection by activating NF-kB and IFN regulatory
factor 3 and 7 (IRF3 and IRF7) to produce IL-6 and IFN-I
(2, 10, 24). Additionally, it is necessary for MAVS-dependent
NLRP3 inflammasome formation (14). Mechanistically, NLRX1
was originally shown to form a multiprotein complex with
MAVS on the outer membrane of the mitochondria and compete
with RIG-I/MDAS5 binding to MAVS (2, 12). This original
model suggests the C-terminal LRR of NLRX1 is responsible for
preventing MAVS from producing IFNs (2). This mechanism
has been somewhat refined in more recent studies. It is now
postulated that in the presence of viral RNA, the nucleotide-
binding domain of NLRX1 interacts with MAVS and poly(rC)
binding protein 2, causing K48-linked polyubiquitination of

MAVS (24). This degradation inhibits MAVS, leading to a
suppressed immune response due to decreased IFN production
and inflammation. Regardless of which domain is responsible
for interacting with MAVS, decreased IFN levels put the host
at a higher risk for infections like HIV, HCV, influenza, and
Kaposi’s sarcoma-associated herpesvirus reactivation (7, 24, 30,
34). However, attenuation of inflammation is also critical to
maintain immune system homeostasis during the process of
resolution once the pathogen has been cleared and also protects
the host from autoimmune disorders (61). Indeed, dysfunctional
NLRX1 has been associated with several autoimmune diseases
including lupus, multiple sclerosis, and inflammatory bowel
disease (Table 1) and is expressed in a multitude of cell and tissue
types associated with these maladies (2, 7, 11, 19, 21, 22, 62).
Many of the mechanisms ascribed to NLRX1 and multiprotein
complex formation have been based on other better characterized
NLRs. For example, other NLRs have also been shown to
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TABLE 1 | NLRX1 modulates diverse diseases and host-pathogen interactions.

Disease/infection Mechanism References

Acute myocardial ischemia (AMI) NLRX1 has a protective role in myocardial ischemic injury by inhibiting inflammation and (14)
hypoxia-induced apoptosis.

Breast cancer NLRX1 modulates mitochondrial functions to suppress tumorigenesis in solid tumors, but may (15)
facilitate aggressive breast cancer metastasis.

Chlamydiia trachomatis ROS production induced by NLRX1 creates optimal conditions for Chlamydial growth. (16)

Chronic Obstructive Pulmonary Disease (COPD) NLRX1 expression is suppressed in murine models of CS-induced activation of the (17,18)
inflammasome and lungs of human COPD patients. NLRX1 likely inhibits CS-induced
pulmonary inflammation by regulating MAVS.

Colitis-associated cancer/Sporadic Colon Cancer In Nirx1=/= CAC murine models, mice were more susceptible to CAC pathogenesis. 8)
Increased signaling of common cancer-promoting pathways including NF-kB, MAPK, STAT3,
and IL-6 were observed.

Colitis/Inflammatory Bowel Disease (IBD) NLRX1 has a protective role against IBD due to its effect on the microbiome and negative (19)
regulation of inflammation.

Deafness (aging and neomycin induced) NLRX1 aggravates apoptosis of cochlear hairs and may play a role in hair cell maturity. (20)

Experimental Autoimmune Encephalomyelitis NLRX1 is protective against neurological diseases by negatively regulating inflammation. (21-23)

(EAE)/Multiple Sclerosis (MS) NLRX1 may be protective against additional neurological diseases, including Parkinson’s and
Alzeihmer’s diseases, by maintaining glutamate homeostasis in the central nervous system.

Hepatitis C (HCV) NLRX1 promotes HCV infection by interacting with PCBP2 to inhibit MAVS via K48-linked (24)
polyubiquitination.

Helicobacter pylori Helicobacter pylori infection promotes inflammation and can lead to gastric cancer. NLRX1 (25)
expression is decreased in Chinese gastric cancer patients.

Hepatocellular carcinoma (HCC) NLRX1 expression is decreased in human HCC patients. (26, 27)

Histiocytic sarcoma NLRX1 may suppress tumorigenesis by inhibiting NF-«xB signaling in mice. (28)

Hyperglycemia Decreased expression of NLRX1 may be protective against diet-induced hyperglycemia due to (29)
decreased pancreatic lipid accumulation.

Human immunodeficiency virus (HIV) NLRX1 expression affects HIV infections, but seems to act controversially. NLRX1 expression is (30-32)
decreased in human HIV patients, but NLRX1 promotes establishment of latent HIV-1
reservoirs in mice.

Influenza A Virus (IAV) NLRX1 interacts with the influenza PB1-F2 protein to protect macrophages from apoptosis, (7, 33)
but also downregulates IFN-B and IL-6 production.

Kaposi’s sarcoma-associated herpesvirus (KSHV) NLRX1 decreases IFN-1 production, which encourages KSHV to reactivate out of the latency (34)
stage.

Listeria monocytogenes NLRX1 promotes L. monocytogenes- induced mitophagy, helping L. monocytogenes to evade (35)
killing.

Nonalcoholic steatohepatitis (NASH) NLRX1 expression is decreased in NASH mouse models. (36)

Osteoarthritis (OA) NLRX1 has a protective role in OA. When upregulated, NLRX1 inhibits NF-kB signaling, which 37)
inhibits LPS-induced apoptosis and inflammation in chondrocytes that contribute to OA.

Periodontitis NLRX1 expression is increased in human adult periodontitis patient samples. (38)

Porcine Reproductive and Respiratory Syndrome NLRX1 interacts with Nsp9 to restrict viral replication. (39

Virus (PRRSV)

Preterm birth NLRX1 is expressed in human placenta, amnion, and choriodecidua samples, suggesting that (40)
it may play a role in preterm birth-related inflammation.

Renal ischemia-reperfusion injury NLRX1 is protective in mouse models of renal ischemia-reperfusion injury, and NLRX1 (41)
expression is reduced in human kidney samples with ischemic injury.

Rheumatoid arthritis (RA) NLRX1 expression is significantly decreased in human RA patient synovial tissue samples. (42)

Rhinovirus NLRX1 interaction with Rhinovirus RNA promotes ROS production, leading to the disruption of (43)
epithelial barrier function in the airway.

Salmonella enterica serovar Enteritidis (SE) NLRX1 is significantly upregulated in the follicles of ducks that are susceptible to SE and (44)
SE-infected ducks. NLRX1 is believed to increase recognition of SE by the host.

Shigella flexneri NLRX1 promotes ROS production activated by Shigella infection, which promotes signaling )
pathways dependent on NF-kB and Jun amino-terminal kinases (JNK).

Systemic Lupus Erythematosus (SLE) NLRX1 expression did not affect MAVS aggregation, but cytosolic NLRX1 was found in SLE (11)
patients.

Traumatic brain injury (TBI) Nirx1~/~ murine models have significantly increased NF-kB signaling, which contributes to (45)
increased numbers of microglia and macrophages in cortical lesions. NLRX1 is significantly
decreased in human post-aneurysm brain injury patients.

Type 2 Diabetes Mellitus (T2DM)/Diabetic NLRX1 polymorphism rs4245191 is a risk factor for T2DM complications including (46, 47)

Nephropathy (DM) macrovascular complications and cerebral infarction due to its mutated form. Interestingly,
NLRX1 does not have a role in DN.
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form multiprotein complexes with MAVS to regulate IFN
signaling following virus infection (12). Following either RSV
or VSV exposure, NOD2 interacts with MAVS and this
interaction is required for proper IFN signaling in both
hematopoietic and non-hematopoietic cells (63). However,
consistent with their positive and negative regulatory functions,
the NOD2-MAVS interaction exacerbates IFN signaling and
inflammation; whereas, the NLRX1-MAVS interaction attenuates
these processes (2, 12). The regulation of MAVS is complex,
as other molecules like PSMA7, FAF1, STING, PB1-F2, and
PKR might function concurrently with NLRX1 to impact innate
immunity. A subunit of the proteasome PSMA?7 functions
similarly to NLRX1, decreasing IFN-I production by inhibiting
MAVS (64). Likewise, NLRX1 further hinders IFN-I production
by binding to STING, a component of MAVS signaling, to disrupt
the STING-TBKI1 interaction (30, 65). On the other hand, FAF1
disrupts the NLRX1-MAVS complex, freeing MAVS to activate
pro-inflammatory pathways and produce IFN-I (66). NLRX1 also
competes with PKR to initiate an antiviral response by protecting
IRF1 function (67). This mechanism appears to be specific as
NLRX1 prevents IRF3 expression to inhibit MAVS, but allows
IRF1 activation (67). Contrastingly, some believe that NLRX1
does not associate with MAVS, but rather interacts directly with
viral proteins, like PB1-F2 on the influenza A virus (33). It is
possible, and even likely, that other unidentified proteins interact
with NLRX1 to negatively regulate inflammation and anti-viral
host responses. The complexity of this regulation contributes to
the confounding data seen related to NLRX1 and MAVS. Indeed,
there are many aspects of these mitochondrial mechanisms that
are still undefined, including the temporal dynamics of the
interactions, other proteins that may participate either directly or
indirectly in potential NLRX1 multi-protein complex formation,
and cell or microbial signals necessary to trigger either positive or
negative regulation.

In addition to its role in modulating MAVS signaling
on the outer membrane of the mitochondria, NLRX1 has
also been shown to be localized within the mitochondria on
the inner membrane and matrix (3, 4). Internalized NLRX1
interacts with the protein UQCRC2 in the electron transport
chain (4). This interaction has been suggested to potentiate
the production of ROS from the mitochondria (4). NLRX1
mediated modulation of ROS production by the mitochondria
has significant implications in multiple biological functions,
including anti-viral immunity and cancer. ROS production
results in the activation of multiple transcription factors,
including NF-kB, and is a potent damage associated molecular
pattern that is sensed by several pattern recognition receptors,
such as NLRP3 (68, 69). Increased oxidative stress is also a
key driver of cell death through JNK signaling activation and
a significant contributing factor in tumorigenesis, cisplatin-
induced ototoxicity, and bacterial infections (3, 16, 70-73). Thus,
while the negative regulatory effects of NLRX1 on inflammation
are well-documented, this unique NLR also acts to augment
ROS production that can promote inflammation. While this may
seem counterintuitive, it is likely that the biological impact of
the increased ROS production is to facilitate apoptosis, which
is a typical host-defense mechanism following virus infection

and during tumorigenesis, rather than drive inflammation.
Specifically, studies have suggested NLRX1 does so by activating
JNK signaling through the production of ROS, and interactions
with Caspase-8 (3, 72, 74). For example, NLRX1 has been shown
to be required for rhinovirus-mediated disruptions to the airway
epithelial barrier (43). In this study, NLRXI silencing resulted in
the elimination of both virus-associated and poly(I:C)-associated
ROS production and was shown to be essential for rhinovirus
induced NOX-1 expression in polarized airway epithelial cells
(43). This attenuation of NLRX1 and subsequent elimination in
mitochondrial ROS production was associated with improved
cell survival, tight junction formation, and barrier function (43).
Contrastingly, NLRX1 reportedly exerts protective effects against
apoptosis in chondrocytes and tubular epithelial cells, and the
modulation of apoptosis may be dependent on its interactions
with yet another protein, SARM1 (37, 41, 75).

NLRX1 REGULATES MULTIPLE
BIOLOGICAL FUNCTIONS THROUGH THE
MODULATION OF AUTOPHAGY

Beyond the diverse roles discussed thus far, NLRX1 has also
been shown to modulate autophagy. Autophagy is a critical
biological process associated with cell death, inflammation, and
tumorigenesis. In the context of viral pathogenesis, autophagy
upregulation is associated with improved virus clearance.
Intracytoplasmic virions can be captured within the autophagy
pathway and transferred to lysosomes for eventual breakdown
and/or pattern recognition receptor sensing, resulting in the
activation of innate and adaptive immune responses (76).
NLRX1’s promotion and regulation of autophagy has been
reported in several instances within the context of virus
exposure (59, 60). These studies reveal that NLRXI1 is capable
of augmenting autophagy pathways by associating with the
TUFM protein (59). TUFM is a molecule that not only
potently suppresses RIG-I signaling, but is also associated with
the autophagy complex ATG12-ATG5-ATGI16L1. NLRX1 and
TUFM appear to act together to keep IFN-I production in check
and also prevent decreases in autophagy (59, 60). The ATG12-
ATGS5 complex can also interact directly with MAVS to inhibit
IFN-I. For example, its absence has been shown to lead to
accumulation of MAVS on the mitochondria and elevation of
IFN-I (60). Thus, while NLRX1 seems to enhance autophagy, this
may actually augment its negative regulation of IFN-I.

In addition to interactions with TUFM during virus infection,
NLRX1 has also been shown to modulate autophagy though
interactions with the Beclin 1-UVRAG complex. This complex
is critical for regulating autophagy following bacteria exposure
(77). In studies with Group A Streptococcus, cell invasion was
significantly increased in the absence of NLRX1 (77). This was
associated with a decrease in autophagosome and autolysome
formation (77). Mechanistically, NLRX1 was shown to interact
with Beclin 1 through its NACHT domain and function as a
negative regulator to inactivate the Beclin 1-UVRAG complex
following bacteria invasion (77). Presumably, the negative
regulation of this inhibitory complex actually enhances the
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binding capacity of Beclin 1 with additional proteins, such
as Atgl4L. This shift from a Beclin 1-UVRAG complex to a
Beclin 1-Atg14L complex is predicted to promote autophagy and
increase endolysosomal trafficking (78).

Furthermore, intriguing data has recently revealed that
NLRX1 also plays a role in mitophagy in the context of both
infectious disease and cancer (15, 35). Mitophagy is a process cells
use to purge damaged or unnecessary mitochondria. Pathogens
often exploit this mechanism to evade host recognition and
killing. For example, the virulence factor listeriolysin O from L.
monocytogenes induces mitophagy in macrophages (35). NLRX1
was shown to promote L. monocytogenes-induced mitophagy
(35). NLRX1 is the only NLR family member with a MTS
that contains an LC3-interacting region that directly associates
with LC3 (35). This oligomerization was induced by listeriolysin
O, resulting in mitophagy (35). Conversely, NLRX1 deficiency
was found to increase mitochondrial production of ROS and
reduced bacteria survival (35). Additionally, the interaction
with LC3 modulates proinflammatory cytokine production by
macrophages in response to fungal infection (79). In the context
of cancer, NLRX1 plays a role in TNF induced mitochondria-
lysosomal crosstalk in mammary tumors (15). NLRX1 appears
to maintain the crosstalk between mitochondrial metabolism and
lysosomal function to modulate key cancer hallmarks (15). When
NLRX1 is deleted, lysosomal function is impaired and turnover
of damaged mitochondria through mitophagy is reduced (15).
This results in decreased OxPhos-dependent cell proliferation
and breast cancer cell migration ability in the presence of TNF
(15). Together, these studies show the importance of NLRX1 in
mitophagy and further identify it as a potential target for future
therapeutic interventions.

CONCLUSIONS

There is significantly more to the NLR family beyond
the formation of the inflammasome. Over the last two
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decades, our understanding of the regulatory NLR family
members that function to either augment or attenuate signaling
associated with other families of pattern recognition receptors
has greatly increased our overall understanding of immune
system regulation. The recent characterization of NLRs that
function as negative regulators, which participate in the
attenuation of inflammation and promote resolution underscore
the point that many NLR family members have yet to
be significantly characterized. Even among NLRs that have
been relatively well-studied, including NLRX1, conflicting data
in the literature is common. However, there is a general
consensus regarding the broad mechanisms associated with
this unique NLR, including regulation of NF-«kB, IFN-I
signaling, autophagy, and ROS production. However, more
mechanistic insight is certainly needed to better define the
high-resolution details of its role in each of these biological
processes and signaling pathways. As NLRX1 potentially
contributes to a multitude of human diseases (Table 1), it is
critical to better characterize this enigmatic NLR to propel
the field forward and bolster the development of novel
disease treatments.
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