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Summary

Nucleotide oligomerization and binding domain (NOD)-like receptors (NLRs) are a major
constituent of the cytosolic innate immune sensing machinery and participate in a wide array of
pathways including nuclear factor xB (NF-xB), mitogen-activated protein kinase (MAPK),
inflammasome, and type I interferon (IFN) signaling. NLRs have known roles in autoimmune,
autoinflammatory, and infectious diseases. With respect to virus infection, NLRP3 is the most
extensively studied NLR, including mechanisms of activation and inhibition. Furthermore, the
importance of NLRP3 in both innate and adaptive immunity has been demonstrated. In
comparison to NLRP3, the roles of other NLRs during virus infection are only just emerging.
NLRC2 is an important activator of innate antiviral signaling and was recently found to mitigate
inflammation during virus infection through autophagy. Finally, functions for NLRX1 in immune
modulation and reactive oxygen species (ROS) production require further examination and the
importance of NLRCS5 as a transactivator of major histocompatibility complex (MHC) class I and
antigen presentation is currently developing. In this review, we discuss current knowledge
pertaining to viruses and NLRs as well as areas of potential research, which will help advance the
study of NLR biology during virus infection.
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Introduction

To respond rapidly to infection or cellular damage that is brought on by metabolic or cellular
stress, vertebrates express germline-encoded pattern-recognition receptors (PRRs) that
recognize unique microbial or viral components known as pathogen-associated molecular
patterns (PAMPs), such as bacterial cell wall components or uncapped viral RNA (1).
Alternatively, these cells also express PRRs that detect damage-associated molecular
patterns (DAMPS), which are byproducts of pathogen invasion or sterile cellular damage
such as reactive oxygen species (ROS) or ATP release (2). Five main classes of PRRs have
been described: C-type lectin receptors (CLRs), Toll-like receptors (TLRS), retinoic acid
inducible gene-1 (R1G-I)-like receptors (RLRs), nucleotide oligomerization and binding
domain (NOD)-like receptors (NLRs), and the Pyrin-HIN (PYHIN) domain containing
family (including AIM2). CLRs and TLRs are expressed on the cell surface and in
endosomes, whereas NLRs, RLRs, and PYHINs sense PAMPS and DAMPS in intracellular
compartments (3-5).
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NLRs comprise a large receptor family of more than 20 members and are characterized by a
conserved NOD motif (6, 7). Notably, NLRs may be the most evolutionarily ancient PRR
family, as the domain structure of NLRs is similar to some plant disease-resistance (R)
genes, which trigger the hypersensitive response and prevent dissemination of infection with
fungal, viral, parasitic, and insect pathogens in plants (8). Structurally, NLRs have one of
several amino-terminal protein—protein interaction domains such as the caspase recruitment
domain (CARD), pyrin domain (PYD), and baculovirus inhibitor repeat (BIR) domain. This
is followed by an intermediary NOD domain, which is an ATP binding domain required for
self-oligomerization. Finally, the carboxy-terminus consists of a varying number of leucine-
rich repeat (LRR) motifs with the proposed function of detecting PAMPs and DAMPSs, thus
leading to NLR activation. Although current models suggest that PAMPs or DAMPs are
sensed by the LRRs of NLRs, only a few NLRs have any demonstrated affinity for their
PAMPs or DAMPs (9). Once activated, however, NLRs expose the N-terminal effector
domains to induce the recruitment and activation of CARD and PY D-containing effector
molecules.

NLRs have a wide range of effector and activation domains and consequently activate
multiple signaling pathways. For example, the prototypical NLRs, NLRC1 and NLRC2,
interact with receptor-interacting protein kinase 2 (RIPK2) (also known as RICK or RIP2) to
induce nuclear factor-xB (NF-xB) and mitogen-activated protein kinase (MAPK) signaling
(10). One of the most studied and well-known roles for NLRs is in inflammasome
activation. Inflammasomes consist of an inflammatory caspase, caspase-1, the adapter
protein ASC, and can be activated by NLRP1, NLRP3, or NLRC4 (11-13). Inflammasome
activation results in caspase-1 mediated cleavage of pro-interleukin-1p (pro-IL-1p) and pro-
IL-18 into their active forms and can trigger a proinflammatory form of cell death known as
pyroptosis (11). However, not all NLRs are proinflammatory. NLRP12 and NLRP6 have
been shown to downregulate NF-xB signaling subsequent to TLR activation (14-16).
NLRP12 has also been reported to regulate alternative NF-xB signaling downstream of TNF
family receptors like CD40 (17). Finally, NLRC5 and CIITA play roles in the regulation of
major histocompatibility complex (MHC) class I and Il antigen presentation (18, 19).
Clearly, NLRs are not just sensors of infectious disease but participate in a diverse set of
immune signaling pathways and functions.

Our understanding of the crucial roles that NLRs play in mounting protective antiviral
responses and the molecular mechanisms used by viral pathogens to evade them has
progressed remarkably in the past few years (20). Depending on the nature of the infectious
agent, particular NLRs and inflammasome complexes become activated to elicit tailored
immune responses. Here, we review our findings on the role of NLRP3 and NLRC2 in
inflammasome activation and regulation in response to viral infection and how these
findings relate to the current body of knowledge. We also review the role of NLRX1 and
NLRCS5 in the regulation of inflammation and antigen presentation during viral infection.

NLRP3 inflammasome

Our first evidence for the involvement of NLR inflammasomes in viral infection came from
a study in which sendai virus (SeV) and influenza A virus (IAV) were shown to stimulate
caspase-1 activation and downstream production of IL-1p and IL-18 through NLRP3 (21).
Since our first report, the critical role for the NLRP3 inflammasome during viral infection
has been demonstrated by the sheer number and diversity of viruses that activate this
pathway. These include RNA viruses from the families Orthomyxoviridae,
Paramyxioviridae, Rhabdoviridae, Picornaviridae, and Flaviviridae, and DNA viruses from
the families Poxviridae, Herpesviridae, and Adenoviridae (Table 1). Despite the many
viruses that have been shown to activate the NLRP3 inflammasome, there are many gaps in
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our knowledge regarding the mechanisms by which these viruses activate NLRP3 and the /n
vivorelevance of the NLRP3 inflammasome.

The common upstream activation mechanism for NLRP3 in the field of NLR biology is still
not known, and based on the wide variety of viruses that activate NLRP3, there must be an
equally broad ranging mechanism to explain NLRP3 activation. We initially reported that
RNA viruses activate NLRP3 in a viral RNA (VRNA) mediated manner (21). Since this
initial discovery, multiple laboratoriess have demonstrated that VRNA or synthetic
analogues can activate the NLRP3 inflammasome. For example, transfection of human and
mouse cell lines or primary human macrophages with single stranded RNA (ssRNA) or
double stranded RNA (dsRNA) analogues such as polyinosinic—polycytidylic acid
[poly(I:C)] activates NLRP3 (22-24). Similarly, purified dsSRNA from rotavirus or brome
mosaic virus and sSRNA of 1AV also activate NLRP3 (21, 22, 25). /n vivo administration of
poly(I:C) or purified AV ssRNA in mice also resulted in IL-1p secretion and inflammation
through NLRP3 (12, 21, 22). However, a direct interaction between NLRP3 and VRNA has
not been established. Therefore, two possible roles for VRNA in NLRP3 inflammasome
activation exist. First, vVRNA is sensed by TLRs or RLRs leading to the upregulation of pro-
IL-1B and NLRP3 through NF-xB-mediated signaling pathways (25-28). This then primes
the NLRP3 inflammasome for activation (Fig. 1). NLRP3 then senses other signals to
activate the inflammasome. We discuss what these other signals may be below. Another
possibility for the role of vVRNA in NLRP3 activation was recently presented through the
RNA sensing kinase PKR. PKR recognizes the presence of VRNA in cells and through its
kinase activity shuts down protein translation to prevent virus replication by phosphorylation
of the translation initiation factor elF2a (29, 30). However, Lu et a/. (31) showed that PKR
can also regulate NLRP3 inflammasome activation in response to multiple stimuli, including
poly(I:C). PKR was found to directly interact with several inflammasomes including
NLRP3. Although autophosphorylation of PKR was required for inflammasome activation,
phosphorylation of NLRP3 or other inflammasome components was not detected (31). The
role of PKR in inflammasome activation was reported in another study where a mutant form
of 1AV, which lacked the inhibitory protein NS1, resulted in increased inflammasome
activation. Treatment of NS1 mutant IAV infected cells with a PKR inhibitor 2-
amminopurine, resulted in diminished inflammasome activation (32). However, the exact
role for PKR in this publication was not examined in further detail. Finally, a recent
publication by He et al. (33) found no role for PKR during inflammasome activation.
Although they did not examine inflammasome activation during virus infection specifically,
they treated cells with a wide variety of known NLRP3 activators and found no significant
changes in inflammasome activation or IL-1f production in two different PKR deficient
mouse lines. The reason for different findings by these investigators is unclear. Therefore,
further investigation into the role of PKR for inflammasome activation during viral infection
is required. In conclusion, regardless of the pathway, the role of vVRNA in NLRP3
inflammasome activation appears to be through an indirect mechanism and not an
interaction of vVRNA with NLRP3.

Another role for vRNA in inflammasome activation may also come through the formation of
alternative inflammasomes. With vesicular stomatitis virus (VSV), Poeck et al. (34)
proposed that RIG-I senses VRNA and, in addition to interacting with the antiviral adapter
MAVS (IPS1, VISA, CARDIF), may actually interact with ASC and caspase-1 directly to
trigger inflammasome activation in an NLRP3-independent manner. In this same study, the
authors found that encephalomyocarditis virus (EMCV), which utilizes another RLR,
MDAS5, still required NLRP3 for inflammasome activation (34). Another group recently
reported that RIG-I interacts with caspase-1 and ASC and regulates inflammasome
activation in primary normal human bronchial epithelial cells (NHBES) derived from
multiple donors and infected with 1AV (35). Furthermore, this group determined that RIG-I
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also regulates the production of pro-1L-1p and NLRP3 transcript levels in NHBEs,
suggesting that RIG-1 may play a dual role in priming and activation of the inflammasome
(Fig. 1). Finally, in NHBEs, both NLRP3 and RIG-1 were required for inflammasome
activation suggesting that RIG-1 may cooperate with NLRP3 in inflammasome activation or
that multiple distinct inflammasomes may form during AV infection in human cells (35).
However, other viruses that are known to activate RIG-1 for IFN-a./p responses do not
require RIG-I for inflammasome activation but do require NLRP3. Measles virus has been
shown to activate both RIG-1 and MDAJ5 for IFN-a/B production (36). However, measles
virus requires only NLRP3 for inflammasome activation (37). This would indicate that RIG-
I inflammasomes only form in response to certain viral infections. However, Rajan et a/.
(38) reported that RIG-1 was not required for inflammasome activation during VSV
infection but instead found that NLRP3 was required. This is in contrast to the initial finding
by Poeck et al. (34). One main difference between these two reports was the need to prime
macrophages before infection to detect IL-1f production. The study by Rajan et a/. (38)
required the use of priming with Pam3 (tripalmitoyl) to observe production of IL-1p. It is
possible that by priming these cells, the response to VSV was diverted to the NLRP3
inflammasome, whereas infection without priming results in RIG-I inflammasome
activation. The role of RIG-I in inflammasome activation is further complicated as IFN-a./p
have also been shown to regulate NLRP3 activation (25). As a result, deletion or knockdown
of RIG-I may have indirect effects on NLRP3 inflammasome activation (35). To completely
verify the role or RIG-1 in inflammasome activation, a targeted mutation of RIG-I or ASC/
caspase-1, which only affects RIG-1 binding to the inflammasome, will need to be
examined. This must first be proceeded by molecular and biochemical experiments that can
identify the interaction sites for RIG-1 and inflammasome components.

As VRNA indirectly activates NLRP3, the question that remains is what is the final trigger
leading to NLRP3 dimerization and inflammasome activation during viral infection? Indeed,
NLRP3 activation is one of the main questions in the field of NLR biology. Multiple lines of
evidence suggest that changes in cytoplasmic ions result in NLRP3 activation by viruses.
IAV appears to activate NLRP3 as a result of H* ion flux mediated by the virus M2 ion
channel (39). The M2 protein enables H* release from acidified Golgi and triggers activation
of the NLRP3 inflammasome. Following priming, expression of the M2 protein alone
activated the NLRP3 inflammasome (39). More recently, the pore-forming protein from
other viruses has been shown to regulate NLRP3 inflammasome activation. The 2B protein
from several picornaviruses, including EMCV, poliovirus and enterovirus 71 were shown to
induce NLRP3 cytoplasmic relocalization and inflammasome activation in an intracellular
Ca?* mediated manner (40). Finally, another group published that the SH viroporin protein
from respiratory syncytial virus (RSV) is responsible for NLRP3 activation and this likely
occurs through ion leakage from the Golgi during infection (41). A final study failed to find
a role for the HCV viroporin, but in this study the expression of HCV p7 viroporin was not
accompanied by priming through the use of TLR ligands, partly due to the fact that the cells
used for hepatitis C virus (HCV) infection have multiple defects in TLR and RLR signaling
(42). The fact that viroporin proteins from five different viruses are capable of NLRP3
activation strongly indicates that this is a common mechanism of virus sensing by the
NLRP3 inflammasome (Fig. 1).

In addition to the leakage of ions from intracellular compartments, the production of ROS
ions is another common constituent of virus mediated NLRP3 activation. The treatment of
virus-infected cells or mice with ROS scavengers like N-acetyl-L-cysteine (NAC) or (2R,
4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC) have been shown to inhibit IAV
mediated NLRP3 activation (22). Another study found that treatment of HCV-infected cells
with another ROS scavenger pyrrolidine dithiocarbamat (PDTC) also inhibited NLRP3
inflammasome activation (42). Finally, RSV and Japanese encephalitis virus (JEV) have
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both been found to induce NLRP3 activation through K* efflux from the cell and ROS
production as treatment with K* buffered medium or the ROS inhibitors APDC or
diphenyleneiodonium chloride (DPI) inhibited NLRP3 inflammasome activation (43, 44).
One final source of ion flux, which activates the NLRP3 inflammasome during viral
infection, may result from endosomal destabilization. In the case of adenovirus infection, the
mechanism of virus entry into the cytoplasm appears to result in the rupture of endosomes
and subsequent NLRP3 activation (45, 46) (Fig. 1). The role for the NLRP3 inflammasome
in vivo has been demonstrated for only a few viruses. The most extensively studied of these
is IAV infection. At least four separate publications have examined the role for NLRP3 /n
vivo during 1AV infection. The first of these reports described a role for NLRP3 /7 vitroand
in the alveolar spaces of the lung, particularly in macrophages and dendritic cells, but did
not observe an overall role for NLRP3 in morbidity and mortality to IAV infection (25).
This initial paper reported a role for caspase-1 and ASC in the recruitment of macrophages,
dendritic cells, natural killer cells, and neutrophils into the lungs. Viral clearance from the
lungs was impaired, as were adaptive immune responses to 1AV for caspase-1 and ASC-
deficient mice. This included defective antibody isotype class switching and reduced
numbers of CD4* and CD8* T cells with reduced IFN-y production (25). Shortly after this
publication, we and another group published that NLRP3-deficiency plays a more
pronounced role /n vivo during AV infection (12, 22). Deletion of NLRP3, caspase-1, or
the adapter ASC resulted in increased mortality and decreased infiltration of neutrophils and
monocytes to the lungs in addition to decreases in IL-1p and IL-18 levels in the bronchi
alveolar lavage fluid or serum (12, 22). However, neither of these publications reported a
role for the NLRP3 inflammasome in adaptive immune responses. In the case of virus
burden, one report showed increased viral burden in A/rp37~ mice on day 7 after infection
(22), whereas we observed no difference at day 6 after infection (12). In addition to a
potential role for the NLRP3 inflammasome in adaptive immunity and virus clearance, we
demonstrated the importance of NLRP3 in the resolution of inflammation and the proper
repair of lung damage as MV/rp3~~ mice had increased amounts of collagen deposition in the
lungs and increased necrosis, suggesting defective wound repair (12). A fourth publication
addressing the role of NLRP3 in aging during 1AV infection was recently published (47).
Although aging is known to result in a waning immune response, and plays a particularly
important role during 1AV infection (48), the exact signaling pathways responsible for
waning immunity are not well understood. Stout-Delgado et a/. (47) demonstrated that
elderly mice have reduced secretion of active IL-1f during AV infection, despite normal or
elevated pro-1L-1p mRNA levels. Elderly mice had reduced expression of NLRP3, ASC,
and caspase-1 and reduced caspase-1 activation. This impaired inflammasome activation
could be rescued /n vitroand in vivo if the mice or cells were infected with IAV and treated
with the NLRP3 activator nigericin (47). Although these four reports differ in some of their
outcomes, the consensus is that the NLRP3 inflammasome is required for innate immune
functions including I1L-1, 1L-18, and cellular infiltration during IAV infection. Some of the
differences in these reports may be explained by the timing of the experiments (days 5, 6, 7,
8, 10 or 11 after infection), which were not uniform within all of the groups. Furthermore,
the infectious doses used were different among the groups (10 PFU-1000 PFU for PR/8 1AV
and 10° PFU for HKx31 IAV).

In addition to 1AV, the NLRP3 inflammasome was recently shown to play an important role
in protection of mice from West Nile virus (WNV) infection (49). Specifically, they showed
that IL-1 signaling plays a particularly important role in regulating antiviral responses in the
central nervous system (CNS). In //1r”~ mice, WNV replicated to higher titers in the CNS.
Initially, IL-1 signaling was required for cytokine production and immune cell infiltrates at
day 6 after infection. However, at later time points, //Zr~~mice had increased cytokine
production and cellular infiltrates and increased neuronal damage, presumably due to
increased viral load (49). The importance of inflammasome activation during WNV
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infection was also confirmed by another group using ASC-deficient mice with similar
findings including diminished serum cytokine production but enhanced inflammation and
virus replication in the central nervous system at later time points and increased mortality in
ASC-deficient mice (50). Interestingly, another group reported that WNV infection activates
the NLRP3 inflammasome through the viral glycoprotein CLEC5A binding to C-type lectin
receptors on the cell and signaling through the adaptor Syk kinase (51). It is unclear whether
this is required for priming the inflammasome or if CLEC5A can directly activate NLRP3
through Syk kinase activation.

The in vivo relevance for NLRP3 with other viruses is only correlative. During varicella
zoster virus infection in skin allografts, there is an increased expression of NLRP3 (52).
Finally, susceptibility to human immunodeficiency virus (HIV) infection in human patients
was associated with several polymorphisms in the A/rp3 gene (53, 54). However, the
functional significance of the polymorphisms needs to be examined, but one of the major
difficulties in examining the inflammasome in HIV infection is the lack of a transgenic
animal model.

It is clear that the NLRP3 inflammasome plays an important role during infection with a
wide variety of viruses. However, much research remains to be done, especially on the /in
vivosignificance of NLRP3. Additionally, the exact mechanism by which viruses and
pathogens in general activate NLRP3 will require a concerted effort from biochemical,
structural, and molecular aspects. This information would greatly advance our understanding
of this ubiquitously important mediator of inflammation allowing for the design of specific
inhibitors or adjuvants, which can make use of the NLRP3 inflammasome. Finally, it was
discovered after many of these publications that caspase-1~~ mice are actually deficient in
both caspase-1 and caspase-11 (55). Although caspase-11 appears to be important for the
activation of caspase-1 in response to some bacterial infections (55), the individual roles of
caspase-1 and caspase-11 in viral infection should be examined.

NLRC2, a key regulator of viral inflammation

Much of our knowledge regarding the function of NLRC2 is centered on its ability to sense
the bacterial cell wall molecule murymy! dipeptide (MDP), which is a constituent of
peptidoglycan. Activation of NLRC2 by MDP recruits RIPK2 through CARD-CARD
domain interactions. RIPK2 then binds and activates IKKy and TAK1, resulting in the
degradation of the NF-xB inhibitor IxBa and the subsequent nuclear localization of NF-xB
(56, 57). NLRC2 also activates MAPKs (p38, ERK, and JNK) (58, 59) through a RIPK2-
CARD9 mediated pathway (60). Furthermore, NLRC1 and NLRC2 have been shown to
control the induction of autophagy, a cellular process where cytoplasmic membranes engulf
proteins and organelles slated for recycling. NLRC1 and NLRC?2 are also important for the
killing of some bacteria in an autophagy-like process known as zenophagy (10, 61). Finally,
NLRC2 has been shown to induce a type | interferon (IFN-a and IFN-B), response to
Mycobacterium tuberculosis (MTB) (62). Here, the authors found that recognition of unique
peptidoglycans from MTB by NLRC2 resulted in activation of a RIPK2 and IRF5 mediated
signaling cascade with type I IFN production. Although NLRC2 has been studied
extensively during bacterial infection, its role during viral infection is just emerging.

One study examined the role of NLRC2 during viral infection using a luciferase reporter
assay designed to detect activation of the transcription factor IRF3, which is involved in the
production of type I IFNs (63). Transfection of cells with synthetic sSSRNA and viral ssSRNA
genomes were found to activate IRF3 in a NLRC2 and MAVS-dependent manner. The
important physiological function of NLRC2 in antiviral defense was evident from decreased
type | IFN responses, and increased RSV pathogenesis, lung disease and virus susceptibility
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in deficient mice (63). Similarly, macrophages and mice lacking NLRC2 had reduced IRF3
phosphorylation and diminished production of type I IFNs in response to IAV and
parainfluenza viruses (63). Furthermore, NVrc27~ cells were deficient in their ability to
inhibit VSV replication (63). This work suggests that NLRC2 functions as a viral PRR that
is important for the production of type I IFNs in response to RNA viruses and demonstrates
that NLRC2 can trigger multiple signaling pathways in response to cytoplasmic pathogens.
Furthermore, RSV infection was shown to result in NLRC2 relocalization to mitochondria,
where it binds to MAVS (63) (Fig. 2). It should be noted, however, that NLRC2 was not
specifically shown to bind ssSRNA and only to be required for ssRNA induction of type |
IFNs. How NLRC?2 is capable of recognizing the presence of both bacterial peptidoglycan
and VRNA and the biochemical mechanism that links MAVS to IRF3 activation during
NLRC2 signaling require further analysis.

NLRC2 has also been implicated in another antiviral pathway through an interaction with
2’-5’-oligoadenylate synthetase type 2 (OAS2) (64). Activation of OAS2 is required for the
activation of RNAse L, which degrades viral and cellular RNA and inhibits virus replication
(65). The interaction between NLRC2 and OAS2 positively regulated the enzymatic activity
of OAS2 in response to poly(l:C), and enhanced the endonuclease activity of RNAse L, thus
inhibiting virus replication (64).

Our own work has shown that NLRC2 is required for the regulation of inflammation during
viral infection (66). We demonstrated that in response to IAV infection, NLRC2 interacts
with the adapter RIPK2. However, this does not lead to NF-xB and MAPK activation as it
does during bacterial infection. Instead, this virus induced interaction of NLRC2 and RIPK2
results in the induction of autophagy. In this context, a specific form of autophagy known as
mitophagy, where autophagosomes engulf and degrade mitochondria, was required for the
removal of damaged mitochondria from IAV-infected cells. In the absence of NLRC2 or
RIPK2, more ROS was produced by the presence of more damaged mitochondria and
resulted in enhanced NLRP3 inflammasome activation and particularly increased IL-18
production. The result of inflammasome dysregulation in our model was a rapid
hyperinflammatory response characterized by neutrophilia and exacerbated NK and CD8*
T-cell responses in the lungs of mice with enhanced mortality (66). Our results demonstrate
that an NLRC2-RIPK2 interaction is important during viral infection but in the context of
modulating inflammation instead of inducing it. In all, NLRC2 appears to be a central
regulator of inflammation during viral infection, controlling both pro- and anti-inflammatory
events (Fig. 2).

The developing role for NLRX1

There are many reports examining the importance of NLRX1 during viral infection. NLRX1
was initially characterized as a mitochondrially targeted NLR that binds to the antiviral
signaling adapter protein MAVS and suppresses MAVS-mediated activation of NF-xB and
IRF3 transcription factors during infection with SeV, sindbis virus, or treatment with vRNA
analogues resulting in the regulation of IFN-B, IL-6, TNF-a, and other proinflammatory
cytokines (67). This initial report utilized overexpression of NLRX1, luciferase reporter
assays, SiIRNA knockdown, and other molecular approaches to characterize the role of
NLRX1 with MAVS. Another group reported that overexpression of NLRX1 actually
generated several artifacts which lead to reduced signal in luciferase reporter assays,
suggesting that NLRX1 may not be involved in MAVS signaling (68). However, Nirx1~~
mice were subsequently generated and their responses to viral and non-viral stimuli
examined. /n vivo, Allen et al. (69) demonstrated that NLRX1 is critical for controlling lung
inflammation to 1AV infection or intranasal delivery of LPS. They further demonstrated that
Nirx1™~mice have enhanced production of IFN-B and IL-6 with more cellular infiltrates in
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the lung. They also examined the responses of embryonic fibroblasts from AV/rxZ7~ mice
infected with multiple viruses including simian virus 5 (SV5), EMCV, SeV, VSV, IAV or
treated with transfected poly(l:C). These experiments demonstrated that viruses, which
activate RIG-I, resulted in enhanced production of IFN-B in the absence of NLRX1.
However, EMCV, which activates MDADS, induced IFN-B levels similar to WT cells,
suggesting that NLRX1 regulated RIG-I1 and MAVS interactions specifically. This report
also demonstrated a role for NLRX1 in regulating TLR signaling after LPS stimulation
through interactions with TRAF3 and TRAF6 (69). Although this finding was
simultaneously confirmed by another group (70), one question that arises is how NLRX1,
which is localized to the mitochondria, could affect TLR-mediated NF-xB signaling from
the cell membrane? Recently, this group showed that NLRX1 mediates its effects through an
interaction with mitochondrial Tu translation elongation factor (TUFM). Lei et al. (71)
demonstrated that NLRX1 interacts with TUFM and that TUFM also interacts with MAVS
to inhibit IFN-B production. In addition, Lei ef a/. (71) reported that NLRX1 and TUFM
were required for the efficient induction of autophagy in response to VSV infection. TUFM
was able to interact with autophagy proteins ATG5, ATG12, and ATG16L1. Finally, they
demonstrated that both reduced autophagy and increased IFN-B production in NLRX1 or
TUFM-deficient cells contributed to inhibition of VSV replication (71).

Although several publications by the same group indicate a role for NLRX1 in antiviral
signaling, a second group has published several papers that indicate NLRX1 is important for
regulating ROS production. Tattoli et al. (72) also found that NLRX1 localizes to the
mitochondria but reported that NLRX1 overexpression resulted in increased ROS
production. Following overexpression of NLRX1 and stimulation with TNF-a., Shigella
flexneri, and poly(l:C), this group observed that NF-xB and JNK activation were increased
in conjunction with increased ROS (72). Subsequently, this group published that NLRX1
has an N-terminal localization sequence for the mitochondrial matrix (73). Using multiple
fractionation, colocalization, and trypsin-based protection assays, they determined that
NLRX1 is localized to the mitochondrial matrix and found that NLRX1 interacts with
UQCRC2, a member of the electron transport chain complex 111 (73). The discovery that
NLRX1 can interact with the electron transport chain provides a potential mechanism by
which NLRX1 induces ROS production. Finally, this group generated their own A/rx1~~
mice and found no role for NLRX1 in the regulation of MAVS or any other inflammatory
genes following virus infection (74). Interestingly, a third group found that NLRX1 interacts
with UQCRC?2 but they did not detect any differences in NF-xB or JNK activation in
Nirx1™~ mice or cells. They were also unable to detect any role for NLRX1 in MAVS
signaling (75). A fourth group has published that NLRX1 regulates ROS production during
infection with the bacteria Chlamydia trachomatis, and knockdown of NLRX1 results in
reduced ROS and reduced growth of C. frachomatis. In this model, NLRX1 knockdown
diminished rather than enhanced IFN-P production (76), which is in contrast to the reports
during viral infection discussed above (67, 69).

A fifth group recently solved the crystal structure for NLRX1 and used several biochemical
experiments to demonstrate that NLRX1 can bind directly to sSRNA and dsRNA (77). The
fact that NLRX1 can bind directly to RNA would support a role for this protein in innate
antiviral signaling, possibly through MAVS. In addition, this group found that NLRX1 was
required for ROS production (77). These findings raise additional questions. If NLRX1 is in
the mitochondrial matrix and activates ROS production, then how does VRNA enter the
matrix to engage NLRX1 and activate its function? Finally, a polymorphism in N/rxI that is
associated with increased risk of chronic hepatitis B virus (HBV) infection was recently
reported, suggesting that NLRX1 may have some role in viral infection in human patients
(78). However, the functional significance of this polymorphism has not been examined.
The one aspect of NLRX1 that is consistent among these groups is its mitochondrial
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localization, although where it resides in the mitochondria is under debate. The role for
NLRX1 during infection and inflammation is also not clear. Individual laboratories
consistently produce different results, making it difficult to draw any overall conclusions.
Clearly, there is a need for other research groups to weigh in on the role of NLRX1 during
viral infection, as well as other infectious disease or immune models.

NLRC5 and antigen presentation

NLRCS is the last NLR that has been extensively examined in the context of virus infection.
NLRC5 was initially reported to negatively regulate RIG-I1 and MDADS activation of MAVS
and subsequent production of IFN-B during VSV infection or intracellular treatment with
poly(1:C) (79). This inhibitory function was reportedly the result of outcompeting MAVS for
interaction with RIG-1 or MDADS, thus blocking MAVS signaling (79). This same group
subsequently generated AV/rc57~ mice. Tong et al. (80) demonstrated that NLRCS5 is
upregulated following IFN-B or IFN-y treatment in a STAT1-dependent signaling manner.
They also reported that macrophages and embryonic fibroblasts from A/rc57~ mice produce
increased IFN-a/p in responses to VSV infection. However, in vivo infection with VSV
only resulted in higher IFN-B levels at very early time points (6 h), and there was no
significant difference in virus replication or survival of A/rc57~ mice (80). These results
indicate that although NLRC5 may be able to regulate IFN-B, its physiological role in this
pathway may be minimal or may only be important under certain conditions. However, two
other groups reported that NLRC5 knockdown in multiple cell lines and primary human
fibroblasts results in a reduction in IFN-a/p after infection with SeV or cytomegalovirus
(CMV), suggesting that NLRC5 may actually potentiate antiviral signaling (81, 82). Finally,
three additional groups have generated AV/rc5~~ mice and reported that antiviral and pro-
inflammatory signaling are normal under all conditions including TLR and RLR stimulation,
Newcastle disease virus infection, HSV infection, SeV infection, and infection with several
different bacteria as well (83-85). The fact that all four /n vivo reports found little or no role
for NLRC5 in regulating IFN levels, virus replication or pathology suggest that this is not
the main function of NLRCS. In contrast, NLRC5 was reported to play an important role in
the production if MHC class | and antigen-processing and presentation genes /17 vivo by
multiple groups, regardless of whether these groups observed any function for NLRC5 in
IFN production (80, 84, 85). Finally, all reports thus far agree that NLRC5 is expressed
mainly in hematopoietic cells and is induced in response to IFNs. The role for NLRC5 as a
MHC class | transactivator seems to be greatest for T cells, B cells, and NK cells, but also
plays some role in macrophages and DCs (84, 85). Mechanistically, NLRCS5 is localized to
the nucleus following activation of cells and binds to MHC class | promoters to activate
transcription (18), likely through the regulation of chromatin remodeling (85). In all,
NLRCS5 appears to be a bona fide MHC class | transactivator. Although NLRC5 may also
regulate antiviral signaling, this will require further examination. In the future, it will be of
interest to see how important NLRCS5 is for the CD8* T-cell responses to virus infection, as
this has yet to be examined in detail. For additional information on the role of NLRCS5, there
are several excellent reviews published recently that focus solely on NLRC5 (86, 87).

Clinical relevance

With regards to humans, as mentioned earlier, genome-wide association studies conducted
for HIV and HBV lead to the detection of polymorphisms in the NM/rp3 (53, 54) or Nirx1
genes, respectively, in human patients (78), which were associated with increased
susceptibility to infection. In addition, many of the reports above utilized primary human
cells, thus indicating that these NLRs are functionally relevant in human cells. Recently, a
report demonstrated that IL-1p, NLRP3, caspase-1, NLRC2, and RIPK2 were all elevated
during infection with 1AV (88). These proteins were elevated in subjects who presented with
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clinical signs of IAV infection but were unaltered or diminished in asymptomatic subjects.
Intriguingly, superoxide dismutase (SOD1) and the serine/threonine kinase 25 (STK25),
both proteins associated with protection during oxidative stress, were reduced in
symptomatic subjects and enhanced in asymptomatic subjects (88). As ROS has a role in
NLRP3 inflammasome activation, these data may indicate that asymptomatic subjects are
able to inhibit ROS production and reduce inflammasome activation. Alternatively, these
subjects may more effectively inhibit virus replication or virus-induced cellular damage,
which leads to less NLRP3 inflammasome activation. These findings not only indicate that
NLR-mediated responses are triggered by IAV infection but that they play a role in the
development or prevention of clinical symptoms during IAV infection (89). In further
support of the clinical relevance of NLRs during 1AV infection, another group found that
NHBE cells from asthmatic patients infected with IAV produced higher levels of IL-1p and
other pro-inflammatory cytokines and had increased expression of caspase-1, NLRC2,
RIPK2, and NLRCS5 (90). These findings also indicate that alterations in NLR regulation are
partially responsible for the increased inflammation and susceptibility of asthmatics to IAV
infection.

Although the relevance during AV infection is evident, the human clinical relevance of
NLRs during viral infection in general is dramatically lacking. In fact most of the clinical
relevance of NLRs is associated with autoimmune or autoinflammatory diseases. NLRC2
polymorphisms are known to play a role in inflammatory bowel disease and Blau’s
syndrome, whereas NLRP3 polymorphisms are associated with gouty arthritis and periodic
fever syndrome. This spectrum of diseases includes familial cold autoinflammatory
syndrome (FCAS) and Muckle-Wells syndrome (MWS) among others. What is not known is
whether these same patients are more prone or more resistant to infections with viruses or
other pathogens. Examination of the clinical relevance of NLRs will not only help predict
susceptibility to infection but will also improve our understanding of the role these proteins
play in the immune system and has enormous potential for translation into vaccine adjuvants
or immunotherapies for infections, cancer, and other diseases.

Concluding remarks

The role of the NLRP3 inflammasome during viral infections is clearly of seminal
importance (Fig. 1 and Table 1). Not only is the lack of inflammasome activation a cause for
morbidity and mortality, but the overt activation of the NLRP3 inflammasome also results in
immune mediated pathology and death. NLRC2 is also important for its roles in the
induction of IFN-a/p and antiviral responses. However, our most recent findings indicate
that NLRC2 serves as a critical regulator of the NLRP3 inflammasome during viral
infection. Therefore, NLRC2 plays an apical role in virus infection by inducing productive
antiviral signaling and at the same time limiting inflammasome activation to only that which
is needed to resolve the infection (Fig. 2). Additional NLR family members NLRC5 and
NLRX1 also play roles during virus infection. However, NLRX1 in particular needs to be
examined in greater detail to determine what role it plays. NLRCS5 appears to be important
for MHC-I expression and will likely play an important role in the generation of cytotoxic T
lymphocyte responses during viral infection. However, the role for NLRC5 as a modulator
of antiviral signaling and inflammation /n vivo appears to be dispensable. Finally, the
importance of other NLR family members in virus infection is significantly lacking. Future
research into the role of other NLRs will also help this field to progress. NLRP6-, NLRP12-,
and NLRP10-deficient mice have all been generated but have yet to be examined in the
context of virus infection.
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Fig. 1. Mechanisms of virus-mediated NL RP3 activation

(Priming) During virus infection, viral genomic RNA (VRNA) consisting of either single
stranded RNA (ssRNA) or double stranded RNA (dsRNA) is recognized by endosomal
(TLR3 or TLR7) or cytoplasmic (RIG-I) pattern recognition receptors. This activates the
transcription factor NF-xB and induces the production of inflammasome components and
substrates like NLRP3, pro-1L-18, and pro-IL-18, thus ‘priming’ the inflammasome for
activation. Similarly, transcription factors IRF3 and IRF7 induce the expression or type |
interferons, like IFN-a and IFN-B, which then feedback through the type | IFN receptor
(IFNAR) to induce production of the same components and substrates NLRP3, pro-1L-1
and pro-IL-18. (Activation) Following priming, the NLRP3 inflammasome is assembled and
activated in response to virus-induced damage-associated molecular patterns (DAMPS).
Four main sources of DAMPs exist. (i) Virus encoded viroporins like M2, SH, and 2B allow
for ion leakage from intracellular organelles into the cytosol. (ii) The generation of reactive
oxygen species (ROS) resulting from PRR signaling, ER and mitochondrial stress, or virus-
induced damage to endosomes. (iii) The P2x7 ion channel is opened in response to
extracellular ATP from damaged or necrotic cells allowing for potassium efflux. (iv) During
entry, virus infection damages endosomes and releases proteases such as cathepsin B into
the cytosol.
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Fig. 2. NLRC2 regulates pro- and anti-inflammatory signaling

NLRC2 activation occurs during viral infection in response to VRNA and results in the
interaction of NLRC2 and MAVS. Activation of MAVS triggers nuclear localization of
transcription factors NF-xB, IRF3, and IRF7 and the subsequent production of IFN-f and
other proinflammatory cytokines and chemokines. In the absence of NLRC2-MAVS
signaling, viruses replicate to higher titers and induce more lung damage. In addition, vVRNA
mediated activation of NLRC2 results in interaction with RIPK2. RIPK2 then induces the
phosphorylation of the autophagy protein ULK1 at Ser555. ULK1 then orchestrates the
induction of a specific form of autophagy, known as mitophagy, that engulfs and degrades
ROS producing damaged mitochondria. In the absence of NLRC2-RIPK2-mediated
mitophagy, damaged mitochondria accumulate in the cell and further enhance NLRP3
inflammasome activation and lung inflammation. Thus, NLRC2 is an important inducer of
antiviral signaling through MAVS as well as regulation of inflammasome activation through
RIPK2.
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Table 1

NLRP3 activating viruses

Virus Group Virus Family Virus species Mode of NLRP3 activation References

(-)ssRNA Orthomyxoviridgae Influenza A virus  ROS, M2 viroporin, VRNA, Cathepsin B (12, 21-23, 25, 35, 39, 47, 66)

Paramyxioviridae RSV ROS, K* efflux, SH viroporin (41, 43)
Sendai virus 7 (21)
Measles virus 7 37)
Rhabdoviridae VSV 7 (38)
Rabies virus 7 27)
(+)ssRNA Picornaviridae EMCV 2B viroporin (34, 38, 40)
Polio virus 2B viroporin (40)
Enterovirus 71 2B viroporin (40)
Flaviviridae HCV ROS (42)
West Nile virus CLECS5A, Syk kinase (49-51)
JEV ROS, K* efflux (44)
dsDNA Poxviridae Myxoma virus Cathepsin B, ROS (26)
Vaccinia virus ?? (28)
Herpesviridae VzZVv ?? (52)
HSV 2 (91)
Adenoviridae Adenovirus 5 VDNA, Endosome rupture, ROS (45, 46, 92)
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