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Abstract

The NLRP3 inflammasome constitutes a major antiviral host defense mechanism during influenza
virus infection. Inflammasome assembly in virus-infected cells facilitates autocatalytic processing
of pro-caspase-1 and subsequent cleavage and secretion of proinflammatory cytokines IL-1p and
IL-18. The NLRP3 inflammasome is critical for induction of both innate and adaptive immune
responses during influenza virus infection. Inflammasome-dependent antiviral responses also
regulate immunopathology and tissue repair in the infected lungs. The regulation of NLRP3
inflammasome assembly is an area of active research and recent studies have unraveled multiple
cellular and viral factors involved in inflammasome assembly. Emerging studies have also
identified the cross talk between inflammasome activation and programmed cell death pathways in
influenza virus-infected cells. Here, we review the current literature regarding regulation and
functions of NLRP3 inflammasome during influenza virus infection.
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1. Innate immune sensing of influenza virus

Influenza virus, which commonly causes seasonal outbreaks of upper respiratory tract
infection, is a single stranded, negative sense RNA virus of the family Orthomyxoviridae
(WHO., 2003, Bouvier and Palese, 2008). The virus has a segmented genome composed of
eight segments encoding eleven viral proteins: hemagglutinin (HA), neuraminidase (NA),
matrix protein 1 (M1), matrix protein 2 (M2), nucleoprotein (NP), non-structural protein 1
(NS1), non-structural protein 2 (NS2) polymerase acidic protein (PA), polymerase basic
protein 1 (PB1), polymerase basic protein 2 (PB2) and polymerase basic protein 1 — F2
(PB1-F2) (Bouvier and Palese, 2008, Chen et al., 2001). Based on antigenic differences,
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influenza virus is broadly classified into three antigenic types, Type A, B and C. Type A
influenza viruses are distributed globally and can infect humans, animals and avian species
whereas both Type B and C are mostly associated with milder infections in humans (WHO.,
2003, Taubenberger and Morens, 2008). Type A influenza viruses are divided into various
subtypes based on their surface glycoproteins, HA and NA. There are eighteen HA (H1
through H18) and 11 NA (N1 through N11) subtypes and these subtypes are further divided
into strains based on HA and NA present on the viral envelope (eg: HIN1, H3N2) (WHO.,
2003) (Bouvier and Palese, 2008). High mutation rates in the viral genome (antigenic drift)
and reassortment of the segmented genome (antigenic shift) drive frequent genetic variation
and emergence of antigenically new viruses, which in some instances cause pandemic
influenza outbreaks (Taubenberger and Morens, 2008).

Airway epithelial cells are the primary targets of influenza virus and the infection is mostly
confined within the lungs (Kuiken et al., 2012). Influenza virus in infected cells is sensed by
specific intracellular receptors leading to activation of the host immune system, which
mounts an antiviral response aimed at controlling virus replication and eliminating the
infectious virus (Kawai and Akira, 2010, Kanneganti, 2010). Three major classes of pattern
recognition receptors (PRRs) involved in influenza virus detection are toll-like receptors
(TLRs), retinoic acid inducible gene-1 (RIG-1)- like receptors (RLRs) and nucleotide and
oligomerization domain, leucine-rich repeat-containing proteins (NLRs) (Figure 1)
(Takeuchi and Akira, 2010, Kanneganti, 2010). Although virus sensing TLRs are primarily
expressed by macrophages and dendritic cells (DCs) and recognize viral nucleic acids within
the endosomal compartment, RLRs and NLRs are ubiquitously expressed and sense viral
pathogen associated molecular patterns (PAMPSs) within the cytoplasm of infected cells
(Kanneganti, 2010). Recognition of influenza virus by PRRs typically occurs in respiratory
epithelial cells, alveolar macrophages, conventional DCs and plasmacytoid DCs in a cell
type-specific manner (lwasaki and Pillai, 2014, Kato et al., 2005). The single-stranded viral
RNA is recognized through endosomal TLR7 in pDCs in contrast to epithelial cells and
cDCs where 5’-triphosphate of single-stranded RNA genome is sensed by the cytosolic
sensor RIG-1 (Diebold et al., 2004, Kato et al., 2005, Pichlmair et al., 2006). In addition to
TLRs and RLRs, NLR family members are also important in mediating antiviral responses
during influenza virus infection (Lupfer and Kanneganti, 2013). Among various NLR family
members, nucleotide and oligomerization domain, leucine-rich repeat—containing protein
family, pyrin domain containing 3 (NLRP3), which assembles a large multimeric protein
complex called inflammasome, is the most widely studied NLR (Lupfer and Kanneganti,
2013). Recent studies have demonstrated a major role for NLRP3 inflammasome in
promoting antiviral immune responses against a diverse array of viruses, including influenza
virus (Lupfer et al., 2015). In this review, we provide a detailed overview on the regulation
and functions of the NLRP3 inflammasome during influenza virus infection and specifically
highlight recent advances in our understanding of NLRP3 inflammasome activation during
influenza virus infection.

2. The NLRP3 inflammasome

Inflammasomes are multiprotein complexes whose assembly is dictated by cytoplasmic
PRRs in response to microbial components or danger signals (Martinon et al., 2002, Man
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and Kanneganti, 2015b). Five distinct inflammasomes have been well characterized so far. In
addition to the three NLR family members NLRP1, NLRP3 and NLRC4, the HIN-domain-
containing family member AIM2 (absent in melanoma-2), and Pyrin can function as sensors
to initiate assembly of the inflammasome complexes (Sharma and Kanneganti, 2016),
Lamkanfi and Dixit, 2014). After recognition of PAMPs or damage-associated molecular
patterns (DAMPS), the sensor oligomerizes and recruits adaptor protein apoptosis-associated
speck-like protein containing a CARD domain (ASC). ASC bridges the inflammasome
sensor to the inactive zymogen form of cysteine protease caspase-1 (Sharma and
Kanneganti, 2016). Once assembled, inflammasomes mediate activation of caspase-1, which
in turn mediate processing and release of proinflammatory cytokines IL-1f and IL-18
(Sharma and Kanneganti, 2016, Lamkanfi and Dixit, 2014). Active caspase-1 also induces
an inflammatory form of cell death called pyroptosis, executed via its downstream substrate
gasdermin D (Kayagaki et al., 2015, Shi et al., 2015, Aglietti et al., 2016, He et al., 2015,
Liu et al., 2016, Man and Kanneganti, 2015a).

Among inflammasomes, the NLRP3 inflammasome is the most widely investigated complex
owing to the diverse nature of its activators, which include both infectious and non-
infectious agents (Lamkanfi and Dixit, 2014, Man and Kanneganti, 2015b). Activation of the
NLRP3 inflammasome is a two-step process initiated after sensing of PAMPs and DAMPs
by PRRs. In the first step, pathogen recognition by these PRRs activates various downstream
signaling cascades including the NFxB pathway leading to transcriptional induction of pro-
IL-1B and NLRP3. Inflammasome assembly happens in the second step after NLRP3
directly or indirectly senses the presence of its activators (Lamkanfi and Dixit, 2014, Man
and Kanneganti, 2015b). The upstream mechanisms regulating NLRP3 inflammasome
assembly is less characterized and recent studies have identified the serine-threonine kinase
NIMA related kinase 7 (NEK7) as a selective regulator of NLRP3 inflammasome activation
(He et al., 2016, Shi et al., 2016, Schmid-Burgk et al., 2016). NEK7 interacts with the
leucine-rich repeat domain of NLRP3 and facilitate NLRP3 oligomerization in a kinase-
independent manner. NEK?7 interaction with NLRP3 is necessary for the assembly of the
NLRP3-ASC complex (He et al., 2016, Shi et al., 2016).

After the identification and characterization of NLRP3 inflammasome complex (Kanneganti
et al., 2006b, Mariathasan et al., 2006), our studies have demonstrated NLRP3-dependent
activation of caspase-1 during influenza virus infection (Kanneganti et al., 2006a).
Following this initial report of viral RNA-mediated NLRP3 inflammasome activation, we
and others have demonstrated the relevance of NLRP3 inflammasome in regulating innate
and adaptive immune responses during influenza virus infection /n vivo (Ichinohe et al.,
2009, Thomas et al., 2009, Allen et al., 2009). Multiple studies have also investigated the
molecular mechanisms regulating inflammasome assembly and unraveled diverse cellular
and viral factors involved in the regulation of NLRP3 inflammasome during influenza virus
infection.

3. Activation of NLRP3 inflammasome during influenza virus infection

Caspase-1-dependent secretion of IL-1p and IL-18 during influenza virus infection in human
macrophages was reported a few years after identifying caspase-1 as the IL-1p-converting
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enzyme (Pirhonen et al., 1999). Further studies demonstrated cleavage of caspase-1,
caspase-3 and caspase-dependent proteolytic processing of IL-18 in human macrophages
infected with influenza virus (Pirhonen et al., 2001). However, the mechanisms regulating
caspase-1 activation were described only after the discovery of NLRP3 inflammasome
(Martinon et al., 2002, Mariathasan et al., 2006, Kanneganti et al., 2006a). NLRP3-
dependent processing of caspase-1 and secretion of IL-1p and IL-18 occurs in bone marrow
derived macrophages (BMDMs) transfected with viral RNA or infected with influenza virus
(Kanneganti et al., 2006a). Different strains of influenza virus, including Type A and B
viruses, induce release of IL-1p from macrophages and human dendritic cells in response to
infection (Ichinohe et al., 2009, Fernandez et al., 2016). NLRP3 inflammasome activation in
mouse and human cells in response to synthetic RNA analogues has also been demonstrated
(Kanneganti et al., 2006a). Moreover, intraperitoneal administration of purified influenza
virus RNA or poly(l:C) induces NLRP3-dependent IL-1p secretion and inflammatory
responses in mice (Kanneganti et al., 2006a). Although these studies suggested viral RNA as
the ligand inducing NLRP3 assembly during influenza virus infection, the molecular
mechanism by which viral RNA mediates inflammasome activation has remained unknown.
Moreover, direct interaction of NLRP3 with viral RNA has not been demonstrated so far.
Therefore, it is possible that viral RNA facilitates inflammasome assembly and release of
inflammasome-dependent cytokines indirectly by interacting with known RNA sensors such
as the TLRs and RIG-I as suggested by more recent studies (Ichinohe et al., 2009, Pothlichet
et al., 2013, Kuriakose et al., 2016).

In addition to hematopoietic cells, NLRP3 inflammasome activation also occurs in non-
immune cells like primary bronchial epithelial cells, lung fibroblasts and various epithelial
cell lines infected with influenza virus (Allen et al., 2009, Ichinohe et al., 2009, Pothlichet et
al., 2013). Influenza virus infection induces secretion of IL-1p from apical surfaces, but not
from basolateral surface of primary human airway epithelial cells (Pothlichet et al., 2013,
Bauer et al., 2012). Similarly, influenza virus infection also increases expression of
inflammasome components in human nasal airway epithelial cell lines JME and A549 cells
(Allen et al., 2009, Tiwari et al., 2014). In lung fibroblasts, caspase-1-dependent IL-1f
secretion occurs independently of NLRP3 suggesting cell type-specific functions of NLRP3
in inflammasome activation (Ichinohe et al., 2009). Formation of ASC specks was also
shown in tissue sections and lung fibroblasts from mice expressing fluorescent ASC protein
further demonstrating inflammasome activity in non-hematopoietic cells (Tzeng et al.,
2016). ASC speck formation was observed mainly in cells that stained positive for influenza
virus nucleoprotein suggesting that inflammasome assembly occurs primarily in cells
infected with influenza virus (Tzeng et al., 2016).

4. NLRP3 inflammasome in anti-viral immunity during influenza virus

infection

After the demonstration of influenza virus-induced inflammasome activation in BMDMs,
three independent studies have demonstrated the critical role of NLRP3 inflammasome in
mediating antiviral immune responses during influenza virus infection /n vivo (Thomas et
al., 2009, Allen et al., 2009, Ichinohe et al., 2009). These studies reported NLRP3-, ASC-
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and caspase-1-dependent secretion of IL-1p and IL-18 in the lungs of mice infected with
influenza virus. In addition, these studies also demonstrated inflammasome regulation of
cellular recruitment into the lungs of influenza virus-infected mice. Studies from our lab and
another group demonstrated a major role for NLRP3 in regulating mortality during influenza
virus infection (Thomas et al., 2009, Allen et al., 2009). Deletion of NLRP3, ASC or
caspase-1 decreases levels of IL-1f and IL-18 in bronchoalveolar lavage fluid (BALF) and
serum. Deficiency of NLRP3, caspase-1 or ASC also decreases the levels of IL-6, TNF, KC
and CXCL2 in the BALF three days after infection. Reduction in infiltration of neutrophils
and monocytes into the lungs and increased mortality were also observed in these mice
(Thomas et al., 2009, Allen et al., 2009). Interestingly, Ting and colleagues reported
increased viral titers on day 7 after infection whereas we observed similar virus burden in
WT and NLRP3-deficient mice on day 6 after infection (Allen et al., 2009, Thomas et al.,
2009). We also found increased pulmonary necrosis and collagen deposition in Mp3/~
mice suggesting a role for NLRP3 in resolution of inflammation and wound repair (Thomas
et al., 2009). Although both these studies demonstrate the importance of NLRP3
inflammasome in host protection, neither found a role for inflammasome in generation of
adaptive immune responses in influenza virus-infected mice (Allen et al., 2009, Thomas et
al., 2009).

In contrast to the studies described above, lwasaki and colleagues reported an essential role
for inflammasome in adaptive immune responses during influenza virus infection.
According to this study, inflammasome activity regulates virus-specific IFNy production by
CD4" and CD8™ T cells. Inflammasome activation is also needed for antibody class
switching to generate IgA and IgG isotypes (Ichinohe et al., 2009). Whereas NLRP3 is
necessary for secretion of IL-1 into the airways, IL-1p secretion and cellular recruitment
into the lung parenchyma is not dependent on NLRP3, but requires ASC and caspase-1
(Ichinohe et al., 2009). The overall reduction in adaptive immune responses leads to
impaired viral clearance and increased mortality in Caspasel™'~ and Pycard™'~ mice, but not
in Mrp3 '~ mice, compared with WT mice infected with influenza virus (Ichinohe et al.,
2009). Although some discrepancies regarding mechanisms and disease outcome exist, all
these studies highlight the importance of inflammasome complex in antiviral host defense
mechanisms.

Consistent with the observations from genetically altered mouse strains, a recent study using
MCC950, a specific and potent inhibitor of NLRP3, demonstrated a temporal role for
inflammasome activity in host protective responses during influenza virus infection (Tate et
al., 2016). Inhibition of inflammasome activity by intranasal treatment with MCC950 from
day 1 after infection decreases survival in mice infected with influenza virus (Tate et al.,
2016). However, delayed treatment with MCC950 from day 3 or 7 after infection
significantly improves the survival in infected mice (Tate et al., 2016). The increase in
survival is associated with reduced levels of proinflammatory cytokines including IL-1p,
IL-18, IL-6, TNF, CCL2 and CCL5 in BALF and decrease in recruitment of inflammatory
cells into the airways (Tate et al., 2016). These observations suggest a detrimental role for
NLRP3 inflammasome later during infection by enhancing lung inflammation, which is a
major factor potentiating mortality during influenza virus infection (Ong et al., 2016).
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The importance of NLRP3 inflammasome in antiviral responses has also been demonstrated
in elderly mice infected with influenza virus (Stout-Delgado et al., 2012). DCs from aged
mice show significantly reduced expression of N/rp3, Asc and Caspasel than DCs from
young mice. Not surprisingly, IL-1p secretion in aged mice is reduced during /n vitroand in
vivo influenza virus infection (Stout-Delgado et al., 2012). Increased morbidity and
mortality in aged mice during influenza virus infection can be reduced by nigericin
treatment that augments inflammasome activation (Stout-Delgado et al., 2012). This study
clearly demonstrates that decreased inflammasome activity contributes to waning immune
responses and increased susceptibility to influenza virus infection in aged mice.

In addition to the observations from various murine models of infection, roles for NLRP3
inflammasome and inflammasome-dependent cytokines in immune and inflammatory
responses have also been demonstrated during influenza virus infection in humans and
primate models. A marked upregulation of both AM/rp3and //1balong with other genes
associated with inflammation and cell death was observed in macaques infected with the
reconstructed 1918 pandemic influenza virus (Cilloniz et al., 2009). The excessive activation
of inflammasome is detrimental in this model because elevated inflammasome activation
contributes to enhanced recruitment of inflammatory cells into the lungs resulting in a
cytokine storm (Cilloniz et al., 2009). High levels of IL-1 were also induced in macaques
infected with the highly pathogenic H5N1 virus (Baskin et al., 2009). Consistent with these
findings, analysis of BAL samples from persons fatally infected with an avian origin H7N9
virus revealed a 1000 fold increase in some proinflammatory cytokines including IL-18
(Wang et al., 2014b). The greatly elevated cytokine/chemokine levels were also associated
with severe lung damage in these patients (Wang et al., 2014b). Elevated levels of IL-1p
were also noticed in plasma samples from children infected with HIN1 influenza virus
(Chiaretti et al., 2013). Together, these studies demonstrate a role for inflammasome-
dependent responses in the control of infection and disease outcome during acute influenza
virus infection in both macaques and humans.

The observations from various murine and primate models as well as patients infected with
influenza virus demonstrate both protective and damaging effects of inflammasome
activation in the infected lungs. Whereas inflammasome-mediated responses are essential for
the proper induction of both innate and adaptive immune responses, exaggerated
inflammasome activation contribute to severe lung pathology during influenza virus
infection. Therefore modulating NLRP3 inflammasome activity at different stages of
influenza virus infection might serve as a potential therapeutic strategy for the clinical
management of acute influenza virus infection.

5. Regulators of NLRP3 inflammasome activation during influenza virus

infection

Although influenza virus is a potent activator of NLRP3 inflammasome, direct interaction of
the virus with inflammasome components have not been demonstrated so far. Common
mechanisms regulating NLRP3 inflammasome activation including perturbation of ionic
balance, lysosomal rupture and generation of reactive oxygen species (ROS) have been
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shown to facilitate inflammasome assembly in influenza virus-infected cells (Pang and
Iwasaki, 2011, Allen et al., 2009). Multiple host factors important in virus sensing and
antiviral innate immune responses have also been shown to be critical for activation of
NLRP3 inflammasome during influenza virus infection (Figure 2).

Both TLR and RIG-I sensors of influenza virus are involved in regulation of inflammasome
activation and release of IL-1p during infection (Ichinohe et al., 2009, Pothlichet et al.,
2013). Virus sensing by these receptors activate various intracellular signaling cascades
including NFxB activation pathways. Activated NFxB translocate to the nucleus and
facilitate transcriptional induction of both A/rp3and //16 (Elliott and Sutterwala, 2015).
TLRY7 sensing of viral RNA induces expression of //16 and synthesis of pro-IL-1p in bone
marrow derived dendritic cells (BMDCs) infected with influenza virus (Ichinohe et al.,
2010). Secretion of IL-1p in influenza virus infected normal human bronchial epithelial cells
(NHBE) cells is dependent on TLR3, demonstrating a role for TLR3 in inflammasome
activation in primary lung epithelial cells (Pothlichet et al., 2013). In addition to TLRs, RIG-
I-MAVS signaling is also involved in the priming step by upregulating N/rp3 expression
(Pothlichet et al., 2013).

RIG-1 is regarded as one of the most upstream regulators of inflammasome assembly during
influenza virus infection because it can either directly form inflammasome complex with
ASC and caspase-1 or indirectly regulate inflammasome assembly via induction of type |
IFNs (Pothlichet et al., 2013, Poeck et al., 2010). Pothlichet et al. demonstrated direct, RIG-I
mediated inflammasome activation and IL-1  secretion in primary lung epithelial cells
infected with influenza virus (Pothlichet et al., 2013). By performing immunoprecipitation
experiments, they showed formation of RIG-I/ASC complexes in influenza virus infected
NHBE cells, but not in mock-infected cells. They further demonstrated increased interaction
of RIG-I with caspase-1 in virus-infected epithelial cells compared with uninfected cells
(Pothlichet et al., 2013). The formation of RIG-1/ASC and RIG-I-caspase-1 complex
suggests assembly of RIG-1-dependent ASC/caspase-1 inflammasome independently of
NLRP3. It is noteworthy that the expression of both Rig-iand N/rp3as well as
inflammasome assembly is amplified by positive feed back signaling by type I IFNs induced
in response to virus infection. Direct, RIG-1-dependent, IFNB-independent inflammasome
activation in influenza virus-infected cells was further confirmed in cells in which RIG-I
expression was knocked down with siRNA treatment (Pothlichet et al., 2013). Although
treatment with exogenous IFN increased IL-1f and caspase-1 p20 secretion from influenza
virus-infected cells, the levels were reduced in RIG-I-deficient cells compared with cells
having functional RIG-1 (Pothlichet et al., 2013). The relative contribution of RIG-I
interaction with ASC and caspase-1 versus RIG-I mediated IFN production in driving
inflammasome activation in response to influenza virus infection warrants further
investigation.

A role for IFN signaling in NLRP3 inflammasome activation is further supported by
regulation of inflammasome activation during influenza virus infection by the 2", 5'-
oligoadenylate synthetase (OAS)/ribonuclease L (RNase L) system, a classical component of
IFN-induced antiviral response (Chakrabarti et al., 2015). The 2’, 5" OAS activates RNase
L, which mediates its antiviral activity by cleaving cellular or viral sSSRNA (Silverman,
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2007). The cleavage products from RNase L induce IFNB production via RIG-1/MDAS5-
MAVS signaling. The release of IL-1f and caspase-1 p20 is minimal in LPS-primed RNase
L-deficient BMDCs infected with influenza virus (Chakrabarti et al., 2015). The enzymatic
activity of RNase L is necessary for NLRP3 inflammasome activation because transfection
of RNase L-cleaved cellular or viral RNA can induce similar levels of IL-1p in both WT and
Rnasel’~ BMDCs (Chakrabarti et al., 2015). The cyclic phosphoryl groups at 2, 3" termini
of RNase L-cleaved RNA facilitates formation of a complex containing RNA helicase
DHX33, MAVS and NLRP3 in THP-1 macrophages (Chakrabarti et al., 2015). Consistent
with association of DHX33 with NLRP3, activation of pro-caspase-1 and induction of IL-1p
is impaired in DHX33-depleted THP-1 macrophages transfected with cleaved RNA. RNase
L activity also regulates IL-1p production and promotes host survival during influenza virus
infection further demonstrating the importance of RNase L in inflammasome-mediated
antiviral responses (Chakrabarti et al., 2015). The relative contribution of DHX33-MAVS-
NLRP3 complex formed in response to RNA cleavage products versus RNase L-mediated
type | IFN production in facilitating inflammasome activation during influenza virus
infection needs further investigation.

We have recently demonstrated the critical role of IFN-inducible protein Z-DNA binding
protein 1 (ZBP1, also called as DNA-dependent activator of IFN regulatory factors (DAI)) in
inflammasome activation during influenza virus infection (Kuriakose et al., 2016) (Figure 2).
ZBP1 was initially identified as a tumor-associated protein and is highly expressed in lung,
intestinal epithelium, liver and thymus in wild type mouse (Fu et al., 1999). Later studies
demonstrated a role for ZBP1 in double stranded DNA-mediated innate immune responses
and characterized the protein as a DNA sensor (Takaoka et al., 2007). However, the
classification of ZBP1 as a DNA sensor is disputed because genetic deletion of ZBP1 did not
impair dsSDNA-mediated immune responses (Ishii et al., 2008). ZBP1 is induced in influenza
virus infected cells in an IFNAR-, STAT1- and IRF9-dependent manner (Kuriakose et al.,
2016) (Figure 2). ZBP1 functions as a key regulator of NLRP3 inflammasome activation
during influenza virus infection. Genetic deletion of ZBP1 leads to lack of caspase-1
activation and release of IL-1p and IL-18 in BMDMs infected with influenza virus
(Kuriakose et al., 2016). Another recent study by Balachandran and colleagues also
demonstrated ZBP1-dependent secretion of IL-1f in influenza virus-infected cells (Thapa et
al., 2016). ZBP1 regulation of inflammasome activation is specific to influenza virus
infection because ZBP1 is dispensable for inflammasome activation and cytokine secretion
in response to classic agonists of NLRP3 (including RNA virus vesicular stomatitis virus),
NLRC4 and AIM2 inflammasomes (Kuriakose et al., 2016).

ZBP1 functions as a common upstream regulator of NLRP3 inflammasome and various
programmed cell death pathways during influenza virus infection (Kuriakose et al., 2016,
Thapa et al., 2016, Clancy and Martin, 2016). The receptor interacting protein homotypic
interaction motif (RHIM) domains of ZBP1 is known to interact with other RHIM
containing proteins, receptor interacting protein kinase 1 (RIPK1) and RIPK3 (Rebsamen et
al., 2009, Kaiser et al., 2008). Consistent with this, ZBP1 — RIPK3 interaction occurs in
influenza virus infected cells. The ZBP1 — RIPK3 complex mediates NLRP3 inflammasome
activation during influenza virus infection (Kuriakose et al., 2016). Ablation of RIPK3
significantly reduces Caspase-1 cleavage and IL-1p/IL-18 release in response to influenza
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virus infection (Kuriakose et al., 2016, Wang et al., 2014a). Consistent with these in vitro
data, secretion of both IL-1p and IL-18 into the airways is also regulated by RIPK3 during
influenza virus infection /n vivo (Wang et al., 2014a). In addition to regulation of NLRP3
inflammasome activation during RNA virus infection, RIPK3 also regulates necroptosis and
apoptosis in response to diverse ligands via mixed lineage-kinase domain like (MLKL) and
caspase-8 respectively (Newton et al., 2014, Mandal et al., 2014). RIPK3 regulation of
NLRP3 inflammasome is not mediated via MLKL because caspase-1 activation occurs
normally in MikI'~ BMDMs infected with influenza virus. Notably, the RIPK3 — caspase-8
axis controls NLRP3 inflammasome assembly, caspase-1 cleavage and release of IL-1p and
IL-18 (Kuriakose et al., 2016) (Figure 2). Although a previous study reported a role for
RIPK1 kinase activity in RNA virus induced NLRP3 inflammasome activation, we did not
observe involvement of RIPK1 kinase in inflammasome activation during influenza virus
infection (Wang et al., 2014a, Kuriakose et al., 2016). However, our data demonstrate ZBP1
— RIPK1 regulation of proinflammatory cytokine production in influenza virus-infected
BMDMs (Kuriakose et al., 2016). The molecular mechanism by which ZBP1 — RIPK3 —
caspase-8 axis facilitates NLRP3 inflammasome activation is not known yet. RIPK3-
dependent activation of apoptotic and necroptotic pathways occurs only in cells harboring
actively replicating influenza virus (Nogusa et al., 2016). It is not known whether the
presence of replicating virus within the cell is also required for NLRP3 assembly and
activation. Further studies are needed to unravel the cellular and biochemical processes
leading to the assembly of NLRP3 inflammasome in influenza virus-infected cells.

6. Other host factors modulating influenza virus-induced NLRP3
inflammasome activation

Among the various cellular organelles, mitochondria have an important role in initiating
antiviral immune responses including NLRP3 inflammasome activation (Gurung et al.,
2015). Multiple studies have demonstrated the importance of mitochondrial membrane
potential in NLRP3 inflammasome assembly in response to influenza and other RNA viruses
(Ichinohe et al., 2013, Wang et al., 2014a). Loss of mitochondrial membrane potential by
treatment with carbonyl cyanide m-chlorophenyl hydrazone (CCCP) suppressed IL-1f
secretion and caspase-1 activation in BMDMs infected with influenza virus (Ichinohe et al.,
2013). Moreover, overexpression of uncoupling protein-2, which reduces mitochondrial
membrane potential, inhibits NLRP3 inflammasome activation (Ichinohe et al., 2013).
Mitochondrial membrane potential facilitates inflammasome assembly by promoting
interaction of mitochondrial outer membrane guanosine triphosphatase, mitofusin-2 with
NLRP3 (Ichinohe et al., 2013). Another study reported a role for dynamin related protein 1
(DRP1), a GTPase that promotes mitochondrial fission, in NLRP3 inflammasome activation
via induction of mitochondrial damage (Wang et al., 2014a). We have demonstrated a role
for NOD2-RIPK2 signaling in inhibiting NLRP3 inflammasome activation during influenza
virus infection by regulating mitophagy. Ripk2~'~ cells exhibit defective mitophagy leading
to enhanced production of mitochondrial superoxide and accumulation of damaged
mitochondria, which ultimately induces NLRP3 inflammasome activation (Lupfer et al.,
2013). Together, these studies highlight the physiological relevance of mitochondria in
NLRP3 inflammasome activation during viral infections.
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In addition to these cellular factors, commensal bacteria are also important in regulating
inflammasome activation in the lungs of influenza virus-infected mice (Ichinohe et al.,
2011). Antibiotic treatment of wild type mice reduces expression of //16, //18and Nirp3
following influenza virus infection suggesting a role for commensal bacteria in providing
signal 1 (priming) for inflammasome activation (Ichinohe et al., 2011). Antibiotic treatment
also decreases IL-1p levels in the BAL to the levels comparable with that of ASC-deficient
mice. The reduction in inflammasome dependent cytokines leads to impaired migration and
function of lung DCs causing diminished adaptive immune responses (Ichinohe et al., 2011).
Overall these observations indicate a role for commensal microbiota in promoting
inflammasome-dependent antiviral responses during influenza virus infection.

7. Viral effectors of NLRP3 inflammasome activation

Several studies have reported the contribution of viral factors in providing signals necessary
for NLRP3 inflammasome activation during influenza virus infection. Inflammasome
activation requires attachment, fusion and replication of the virus because either heat
inactivated or UV-irradiated viruses fail to induce IL-1p secretion from BMDCs and lung
fibroblasts (Ichinohe et al., 2009, Ichinohe et al., 2010). Although genomic RNA is
sufficient to provide signal 1, other viral factors are also important in initiating
inflammasome assembly. Perturbation in intracellular ionic concentration is regarded as a
common mechanism of virus-induced NLRP3 inflammasome activation (Pang and Iwasaki,
2011, Lupfer et al., 2015). Consistent with this, the ion channel activity of influenza virus
membrane protein M2 was shown to mediate NLRP3 inflammasome assembly (Ichinohe et
al., 2010). M2 acts as a proton specific channel and facilitates uncoating and entry of virus
into the cytoplasm from endosomal cavity (Pinto et al., 1992). Moreover, M2 also maintains
the pH of trans-Golgi network to prevent premature conformational change of HA protein
(Pang and Iwasaki, 2011). A mutant of influenza virus lacking H* transport activity of M2
protein failed to induce IL-1f secretion from BMDMs and BMDCs (Ichinohe et al., 2010).
The role of M2 in promoting inflammasome activation was further confirmed by ectopic
expression of M2 from a lentivirus, which restored inflammasome activation (Ichinohe et al.,
2010). In addition to murine cells, M2 and NLRP3 dependent IL-1p and IL-18 secretion also
occurs in human dendritic cells infected with influenza virus (Fernandez et al., 2016). The
M2-dependent IL-1p secretion from human cells can be attenuated by treatment with M2
inhibitors, amantadine and rimantadine. Infection with UV-irradiated virus incapable of de
novo synthesis of M2 protein induces lower levels of IL-1p compared to the levels induced
by live virus (Fernandez et al., 2016). The M2-mediated inflammasome activation is
dependent on both intracellular K* concentration and ROS production (Ichinohe et al.,
2010). Whether M2 ion channel activity regulates K* efflux and ROS production is not
known. These studies suggest that M2 activity alone is sufficient for activating
inflammasome in influenza virus-infected cells. However, our data demonstrating the
complete absence of caspase-1 activation in Rjpk3"~/ Caspase&'~ and Zbp1'~ cells support
a central role for host factors rather than virus encoded proteins in initiating inflammasome
assembly during influenza virus infection (Kuriakose et al., 2016).

The involvement of influenza virus NS1 protein in regulating caspase-1 activation and
secretion of IL-1p and IL-18 was reported prior to the characterization of influenza virus-
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induced NLRP3 inflammasome (Stasakova et al., 2005). Influenza virus mutants lacking
functional RNA binding and dimerization domains of NS1 induce much higher levels of
biologically active IL-1f and IL-18 than wild type viruses (Stasakova et al., 2005). These
mutant viruses also induce enhanced caspase-1 activation and induction of apoptosis in
human macrophages. In contrast, NS1 mutants lacking C-terminal domains induce normal
IL-1B or IL-18 secretion (Stasakova et al., 2005). These results suggest a role for N terminal
domain of NS1 in regulating caspase-1 activation and IL-1p and IL-18 secretion during
influenza virus infection. Of note, the N-terminal RNA-binding domain of NS1 is known to
interact with RIG-1 in virus-infected cells to suppress antiviral responses (Jureka et al.,
2015). Another study reported direct interaction of NS1 with NLRP3, which blocks
inflammasome assembly and decrease IL-1p and IL-18 secretion in THP-1 macrophages
(Cheong et al., 2015). NS1-mediated inhibition of NLRP3 inflammasome activation is also
demonstrated in lung epithelial cells (Pothlichet et al., 2013). A recent study demonstrated
NS1 inhibition of NLRP3/ASC/caspase-1 complex formation and suppression of IL-13
secretion in J774A.1 macrophages (Moriyama et al., 2016). NS1 suppresses IL-1p secretion
via its RNA-binding and TRIM25-binding domains (Moriyama et al., 2016). Although these
studies suggest a direct role for NS1 in suppressing NLRP3 inflammasome activation during
influenza virus infection, this inhibitory effect could also be due to the well-characterized,
negative regulatory effects of NS1 on type | IFN responses (Kochs et al., 2007).

The influenza virus virulence protein PB1-F2 is another viral protein associated with
NLRP3 inflammasome activation (McAuley et al., 2013). PB1-F2 is an 87aa protein
encoded by the +1 reading frame of RNA polymerase subunit PB1 (Chen et al., 2001). Most
of the low pathogenic seasonal strains of influenza virus contain a C-terminal truncated form
of PB1-F2 whereas full-length protein is present in most highly pathogenic strains (Chen et
al., 2001). Full length PB1-F2 is transported via translocase of the outer membrane
(TOM)-40 channels and localizes to mitochondrial inner membrane and induces apoptosis in
infected cells (Yoshizumi et al., 2014). PB1-F2-mediated NLRP3 inflammasome activation
is associated with mitochondrial disruption and ROS production because localization of
PB1-F2 to mitochondria leads to altered mitochondrial dynamics and attenuates
mitochondrial membrane potential (Yoshizumi et al., 2014). Two studies investigating the
role of PB1-F2 in inflammasome activation reported contrasting results (Yoshizumi et al.,
2014, McAuley et al., 2013). In an /n vivo study, secretion of IL-1f and cellular recruitment
to lung is reduced in mice infected with genetically altered, PB1-F2-deficient virus
compared with mice infected with wild type virus (McAuley et al., 2013). PB1-F2 peptide
alone is sufficient to induce IL-1f secretion in mice suggesting that PB1-F2 regulation of
NLRP3 inflammasome occurs independently of other viral factors like M2 ion channel
protein (McAuley et al., 2013).

Consistent with its function as a virulence factor, PB1-F2 peptide from pathogenic strains
induce higher levels of IL-1p compared to PB1-F2 peptide from seasonal influenza strains.
PB1-F2-oligomers are phagocytosed and incorporated into lysosomal pathway and induce
ASC speck formation and IL-1p secretion in a caspase-1 and NLRP3-dependent manner in
macrophages (McAuley et al., 2013). The high molecular weight, aggregated form of PB1-
F2, but not the low molecular weight species induce inflammasome activity. Consistent with
its ability to induce NLRP3 inflammasome activation, infection with PB1-F2 expressing

Mol Immunol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuriakose and Kanneganti Page 12

virus or treatment with the peptide leads to reduced IL-1p secretion, cellular recruitment and
inflammatory responses in NLRP3-deficient mice compared with wild type mice (McAuley
etal., 2013). PB1-F2 mediated IL-1p secretion also occurs in human PBMCs in a caspase-1-
dependent manner (McAuley et al., 2013). A role for PB1-F2-mediated NLRP3
inflammasome activation in the pathogenesis of influenza virus infection is also
demonstrated in another recent study. PB1-F2 from the recently emerged avian origin H7N9
influenza virus induces NLRP3-dependent IL-1p production, lung inflammation and cellular
recruitment (Pinar et al., 2016). Importantly, treatment with NLRP3 inhibitor MCC950
significantly decreases the observed hyper inflammatory responses further suggesting
NLRP3 inhibition as an effective treatment option during pathogenic influenza virus
infection (Pinar et al., 2016).

In contrast to these /n vivo studies, PB1-F2 inhibits NLRP3 inflammasome activation in an
in vitro reconstitution system (Yoshizumi et al., 2014). Expression of full-length PB1-F2
decreases IL-1 secretion in HEK293T cells co-transfected with NLRP3, ASC, pro-
caspase-1 and pro-1L-1p expression plasmids (Yoshizumi et al., 2014). This inhibition of
inflammasome activation is also associated with mitochondrial localization of PB1-F2
because treatment with TOM-40 siRNA restores IL-1 secretion in the reconstituted system
(YYoshizumi et al., 2014). This report suggests that PB1-F2 is a negative regulator of NLRP3
inflammasome activation. Despite reporting contrasting results, both these studies agree on
the role of PB1-F2 in inflammasome activation and therefore warrant future studies
investigating PB1-F2-mediated inflammasome activation. Of note, PB1-F2 is considered as
the viral effector mediating cell death in influenza virus-infected cells (Chen et al., 2001).
The interconnected nature of NLRP3 inflammasome activation and cell death pathways
demonstrated in our study supports a role for this viral protein in promoting inflammasome-
dependent immune responses (Kuriakose et al., 2016).

8. Conclusions

The importance of NLRP3 inflammasome in regulating host protective responses during
influenza virus infection is well established. Recent studies have unraveled many cellular
and viral factors involved in NLRP3 inflammasome activation; however, the molecular
mechanism by which these diverse regulators mediate inflammasome assembly remains
elusive. It is still unclear whether inflammasome activation occurs only within the infected
cells or whether bystander cells can assemble and activate inflammasome in response to
DAMPs released from other infected cells. Further studies are also warranted to fully
understand how type | IFN signaling and various IFN-stimulated gens (ISGs) facilitate
NLRP3 inflammasome activation. Type 11 IFNs are known to drive redundant amplification
loops to induce ISGs in airway epithelial cells (Crotta et al., 2013) and are expressed
normally in IFNAR-deficient mice infected with influenza virus (Kuriakose et al., 2015).
However, the role of type 111 IFNs in regulating inflammasome-dependent responses has not
been investigated so far. Another important aspect that warrants future studies is the cross
talk between influenza virus-induced programmed cell death and inflammasome activation.
Further insights into the regulatory mechanisms of NLRP3 inflammasome will enhance our
understanding about the role of these innate immune complexes in antiviral immunity during
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influenza virus infection and may aid in the development of new therapeutic strategies that
modulate inflammasome activation and functions.
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Abbreviations

HA hemagglutinin

NA neuraminidase

M1 matrix protein 1

NP nucleoprotein

NS1 non-structural protein 1

PA polymerase acidic protein

PB1 polymerase basic protein 1

PRRs pattern recognition receptors

TLRs Toll-like receptors

RLRs Retinoic acid inducible gene-I (RIG-I)- like receptors

NLRs nucleotide and oligomerization domain, leucine-rich repeat-containing
proteins

PAMPs pathogen associated molecular patterns

NLRP3 nucleotide and oligomerization domain, leucine-rich repeat—containing
protein family, pyrin domain containing 3

AlIM2 absent in melanoma-2

DAMPs damage-associated molecular patterns

ASC apoptosis-associated speck-like protein containing a CARD domain
NEK7 NIMA related kinase 7
IFNs interferons

BMDMs  bone marrow derived macrophages
BMDCs bone marrow derived dendritic cells
NHBE normal human bronchial epithelial cells

2’5 OAS, 2’, 5”-oligoadenylate synthetase

Mol Immunol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kuriakose and Kanneganti Page 14

RNase L ribonuclease L

ZBP1 Z-DNA binding protein 1

DAI DNA-dependent activator of IFN regulatory factors
RHIM receptor interacting protein homotypic interaction motif
RIPK1 receptor interacting protein kinase 1

MLKL mixed lineage-kinase domain like

CCCP carbonyl cyanide m-chlorophenyl hydrazine
DRP1 dynamin related protein 1
(TOM)-40 translocase of the outer membrane

ISGs IFN stimulated genes
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Highlights
1. The NLRP3 inflammasome promotes host protective responses during
influenza virus infection.
2. Host factors regulating inflammasome activation include TLR and RIG-I

3. The IFN-inducible protein ZBP1 functions as a common upstream regulator

4, Virus encoded proteins NS1, M2 and PB1-F2 facilitate inflammasome

sensors and type | IFN signaling.

of NLRP3 inflammasome and programmed cell death pathways during
influenza virus infection.

activation.
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Figure 1. Sensing of influenza virus by innate immune receptors
Influenza virus enters target cells via receptor-mediated endocytosis. Acidification of

endosomes facilitates fusion of viral and endosomal membranes and release of virion
contents into the cytoplasm. The genomic single stranded RNA of influenza virus is sensed
by endosomal TLR7. Once the viral genome reaches the cytoplasm, the cytosolic sensor
RIG-I recognizes 5’-triphosphate of the genomic RNA. Virus sensing by these receptors
leads to induction of antiviral IFNs and other proinflammatory cytokines. Influenza virus
infection also activates receptors of NLR family initiating assembly of NLRP3
inflammasome complex, which mediates processing and release of pro-1L-1f and pro-1L-18
and induces an inflammatory form of cell death called pyroptosis.
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Figure 2. Regulation of NLRP3 inflammasome activation during influenza virus infection
NLRP3 inflammasome activation is a two-step process that requires signal 1 (for

upregulation of inflammasome components including NLRP3) and signal 2 (for
inflammasome assembly). Virus sensing receptors TLR7 and RIG-I initiates transcriptional
induction of NLRP3 and pro-I1L-1 thus providing signal 1. Type | IFNs secreted in response
to virus sensing induces expression of ZBP1, another sensor of influenza virus infection, via
autocrine signaling. ZBP1 associates with RIPK3 in virus-infected cells and mediates
inflammasome assembly via the RIPK3-caspase-8 axis. Although ZBP1 — RIPK3 -
caspase-8 axis is essential for NLRP3 inflammasome activation in influenza virus-infected
cells, the molecular mechanisms regulating inflammasome assembly is currently unknown.
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