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Review
Innate immunity has a primary role in lung antimicrobial
defenses. The inflammasome has evolved for this pur-
pose and is an important surveillance system that, when
triggered, fights infection and eliminates pathogens.
However, there is growing evidence that the inflamma-
some also plays a role in the pathogenesis of acute and
chronic respiratory disease. Inflammasomes contribute
to both the clearance of the pathogen as well as its
pathogenesis – depending on the amount of inflamma-
tion triggered. How respiratory viruses trigger inflam-
masome activation remains unclear. Emerging evidence
shows that ion flux is responsible for triggering inflam-
masome activation in the lung, causing lung pathology
and disease exacerbations. Viroporins, encoded by all
common respiratory viruses, are responsible for the
changes in intracellular ion homeostasis that modulate
inflammasome activation. This is a novel mechanism by
which respiratory viral infection activates inflamma-
somes, and identifies sensing of disturbances in intra-
cellular ionic concentrations as a novel pathogen-
recognition pathway in the lung.

Viral infections of the respiratory tract
The cells and organs of the human body require a constant
stream of oxygen to stay alive. The respiratory system
provides oxygen to the cells of the body while removing
CO2, a waste product that can be lethal if allowed to accu-
mulate. Similarly to other organs, such as the skin and
gastrointestinal tract, the respiratory tract is constantly
exposed to microbes and particles by inhalation [1,2].

Viral infections of the respiratory tract are the most
common triggers of bronchiolitis, wheezing and acute asth-
ma exacerbations. These viruses have evolved to colonize
and replicate successfully on or within the lung epithelial
cells. Previous studies have shown that respiratory syncy-
tial virus (RSV), human rhinovirus (HRV), human influen-
za A virus (IAV), and human parainfluenza virus (HPIV)
are detected in the acute exacerbation of asthma and
chronic obstructive pulmonary disease (COPD), leading
to rapid decline in lung function and increased mortality
[3–5]. However, the mechanisms by which these respirato-
ry viruses induce exacerbations of chronic respiratory
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disease are incompletely understood but are likely related
to inflammatory mediators including interleukins and
cytokines produced by the host innate immune response.

The severity of the symptoms produced are not only due
to direct virus-induced damage to the lung but also to the
triggering of inflammation and release of cytokines from
airway epithelial cells, thereby attracting inflammatory
cells to the airways [6–9]. Enhanced interleukin-1b (IL-1b)
levels and inflammasome activation in the lung correlates
with the worsening of respiratory physiology [10–12].

Respiratory viruses have evolved and developed an
array of mechanisms to facilitate cell entry and successful
viral replication as well as immune evasion strategies to
avoid destruction by the host immune system. One such
strategy used by HRVs, RSV, and IAV is to modify cell
membrane permeability by the use of viroporins which
create pores at biological membranes to permit the passage
of ions and small molecules and facilitate virus entry [13].

However, the host has developed an immune system with
a wide spectrum of pattern recognition receptors (PRRs) to
detect infection. One such mechanism evolved by the host
are the inflammasomes. These constitute a novel pathogen-
recognition pathway that operates by sensing disturbances
in intracellular ionic concentrations (either as K+ efflux or
Ca+ fluxes) [14,15] to trigger the highly inflammatory cyto-
kines IL-1b and IL-18, which are central in mediating lung
inflammation and clearing viral infection [16].

In this review we discuss the relevance of viral ion
channels in the activation of the inflammasome, and the
potential clinical benefit of therapeutic interventions that
target inflammasome assembly and activity, as well as
drugs that block viral ion channels in respiratory disease.

Immune responses to pathogens
The innate immune system needs to react promptly to
potential dangers posed by microbes and particles, while
at the same time avoiding extensive tissue damage. This is
achieved through an array of PRRs that reside on the
cell surface or in specific subcellular compartments, and
PRRs can bind pathogen-associated molecular patterns
(PAMPs). PRRs also recognize self-molecules (non-micro-
bial ligands) that are released after cell damage or death,
known as danger-associated molecular patterns (DAMPs)
[17]. PRR activation rapidly targets invading pathogens
and infected host cells for elimination through immune
cell recruitment and by the induction of transcriptional
and post-translational mechanisms that lead to the pro-
duction of inflammatory cytokines. Although the activa-
tion of PRRs leads to host defense pathways in infectious
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diseases, it can also contribute to tissue injury by excessive
release of cytokines [18].

The inflammasome
Proinflammatory cytokines of the IL-1 family are particu-
larly potent inducers of inflammation. By virtue of the
potentially destructive proinflammatory effects of uncon-
trolled IL-1b release, its production is tightly regulated.
Pro-IL-1b must be processed by caspase-1 into its bioactive
form IL-1b before its release from cells [19]. Although the
signaling pathways and inflammatory outcomes of IL-1b

activation have long been known, the mechanisms by
which immune cells produce this cytokine have come to
light only in the past decade with the discovery of inflam-
masomes, a key component of the innate immune response
of the host. Inflammasomes are cytoplasmic innate im-
mune sensors that act as multicomplex molecular plat-
forms and control the activation of the proteolytic enzyme
caspase-1 [20,21]. Caspase-1 in turn regulates maturation
of the proinflammatory cytokines IL-1b and IL-18 as well
as the rapid inflammatory form of cell death, termed
‘pyroptosis’, that is triggered by diverse ligands and by
various stress signals associated with microbial infection
or damaged self [22]. Inflammasomes contain a member of
the Nod-like receptor (NLR) family and the adaptor ASC
(apoptosis-associated speck-like protein containing a
CARD), which is common to most inflammasome com-
plexes [23]. ASC operates as a molecular platform for
protein–protein interactions during inflammasome activa-
tion by oligomerizing into large disc-like structures, al-
though ASC-independent complexes also form in
particular cases [24].

The NLR family comprises 22 members in humans, and
even more in mice, that are characterized by the presence
of a central nucleotide-binding and oligomerization
(NACHT) domain, which is commonly flanked by C-termi-
nal leucine-rich repeats (LRRs) and N-terminal caspase
recruitment (CARD) domains [25]. The pivotal involve-
ment of inflammasomes in sensing external viral insults,
and then responding accordingly by driving exaggerated
inflammation, is becoming increasingly appreciated in the
context of respiratory disease exacerbated by infection
[26].

Inflammasomes and especially NLRP3 (NLR family,
pyrin domain-containing 3) seem to respond to a wide
range of pathogens and DAMPs [27]. The mechanisms
by which these structurally distinct molecules trigger
NLRP3 activation have been debated. It has been shown
that two or potentially more signals are required for full
NLRP3 activation. The first or priming signal can by
triggered from a transcriptionally active Toll-like receptor
(TLR), NLR, RIG-I-like receptor (RLR), or a cytokine re-
ceptor; this leads to transcriptional activation of the genes
encoding pro-IL1b and pro-IL18 [28]. The second signal is
triggered in response to various stress signals associated
with damaged self [16].

Various models have been proposed and supported in
literature for inflammasome activation. Inflammasomes
can sense falls in cytosolic potassium levels [29–31], and
membrane perturbations causing potassium efflux by mi-
crobial toxins such as aerolysin and nigericin have been
shown to activate the NLRP3 inflammasome [32]. Extra-
cellular ATP serves as a danger signal that alerts the
immune system by binding to the purinoceptor P2X7
and inducing NLRP3 recruitment [33]. The release of
lysosomal contents caused by lysosome disruption
[34,35] or the production of reactive oxygen species
(ROS) [36] has also been shown to trigger NLRP3 activa-
tion. However, intracellular ion fluxes seem to be the most
important danger signal and amplifier of inflammasome
recruitment. Intracellular Ca2+ signaling has been shown
to be important in NLRP3 activation in response to a wide
range of stimuli [15,37] including UV irradiation [38],
sublytic membrane attack complex formation [39] (which
generates pores that allow the influx of Ca2+ ions and
increases the cytosolic Ca2+ concentration), as well as
infections by viruses such as HRVs – which infect the cells
and increase intracellular Ca2+ by generating membrane-
integral pores, thus reducing the Ca2+ content of the
endoplasmic reticulum (ER) and Golgi complex [40].

In addition, new studies implicate K+ efflux as the com-
mon denominator for inflammasome activation by various
stimuli including ROS, extracellular Ca2+, mitochondrial or
lysosomal damage, proposing that the fall in cytosolic con-
tent of K+ acts as a trigger for NLRP3 engagement [14].
These studies show that inflammasomes are tightly regu-
lated by intracellular ion concentrations and that ion imbal-
ances provide the main trigger for their activation.

Viroporins
To escape killing by the host immune system, viruses
employ strategies to enhance attachment and entry into
the host cells and organs and promote efficient replication.
Thus a common hallmark used by viruses during infection
is alterations in cellular ion homeostasis [41]. The vast
majority of RNA animal viruses encode cytotoxic pore-
forming proteins known as viroporins, which modify mem-
brane function at late stages of infection and facilitate
budding of virions from infected cells. The existence of
viroporins was initially suggested by observing that vi-
rus-infected cells became permeable to ions and small
molecules. Viroporins are small, non-glycosylated, highly
hydrophobic viral polypeptides which interact with cell
membranes and increase their permeability to ions and
other low molecular weight compounds [42,43]. A current
hypothesis suggests that viroporins insert into the host cell
membrane and subsequently oligomerize to form an aque-
ous channel. Usually, the ion channels formed by viropor-
ins conduct at least one of the physiological relevant ions
such as Na+, K+, Ca2+, Cl�, and H+ [44].

Modification of host cell membrane permeability via
viroporins seems to be a common feature of infections with
animal viruses. Viroporins are encoded by a range of RNA
and DNA animal viruses of clinical interest, including
hepatitis C virus (HCV), HIV-1, JC polyoma virus, human
papilloma virus (HPV), IAV, coronaviruses, picornaviruses
(such as polioviruses), and togaviruses.

Although viroporins have been shown to participate in
cell entry and genome replication, the main activity of
viroporins is their involvement in virion assembly and
release from infected cells. Viruses defective in viroporins
are unable to accomplish proper assembly and release from
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Table 1. Common respiratory virusesa

Family Virus Genome

Picornaviridae Human rhinoviruses A, B, or C ssRNA

Orthomyxoviridae Influenza viruses A and B ssRNA

Paramyxoviridae Human respiratory syncytial viruses

(RSV) A and B

Human metapneumoviruses 1–4

Human parainfluenza viruses 1–4

ssRNA

ssRNA

ssRNA

Coronaviridae Human coronavirus (SARS-CoV) ssRNA

Herpesviridae Cytomegalovirus or human herpes

virus type 5

Varicella–zoster virus or human

herpes virus type 3

dsDNA

dsDNA

Adenoviridae Human adenovirus dsRNA

aAbbreviations: ds, double-stranded; ssRNA, single-stranded.
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cells [45,46]. Another important aspect of viroporin function
is that several viroporins can trigger programmed host cell
death. Viral ion channels can participate in apoptotic cell
death because perturbation of ion homeostasis is a common
hallmark of apoptosis, giving rise to depolarization of the
plasma membrane associated with intracellular cation over-
load and cell volume decreases as a result of anion and H2O
efflux [47]. Coronavirus viroporin E (envelope) protein has
been described as an inducer of apoptosis [48]. In addition,
the picornavirus 2B protein results in increase in the intra-
cellular Ca2+ concentration which can induce apoptosis [49],
thus playing a key role in host cell death.

Overall, it seems that viroporins have a central role in
promoting viral pathogenesis. They inflict several cyto-
pathic effects during the viral life cycle. Most importantly,
they alter the plasma membrane potential. They dissipate
the ionic gradient across the membrane by conducting the
flux of different ions (e.g., Na+ and K+) across the mem-
brane, leading to depolarization and helping the budding
process of the virus. They alter Ca2+ homeostasis, induce
intracellular protein remodeling, and can also dissipate
the proton gradient in the Golgi and trans-Golgi network.
Although these cytopathic effects are advantageous for the
viral life cycle, promoting entry, assembly, and release of
virus particles, the host innate immune system seems to
have also developed ‘sensors’ to detect such ion dysregula-
tion and trigger activation signals to fight off the infection.
Inflammasomes seem to have a role in recognizing the ion
dysregulation that is caused intracellularly by viroporins.
They are able to sense the ion flux and trigger inflamma-
some activation and subsequently IL-1b and IL-18 produc-
tion as a mechanism of defense against the virus.
Interestingly, it is becoming apparent that most respira-
tory viruses trigger inflammasome activation and over-
zealous IL-1b and IL-18 production via viroporins. It is
emerging that viroporins are central in the cytopathic
effect of most of the common respiratory viruses, causing
airway inflammation and exacerbations of airway disease.
In the following sections we focus on the most common
respiratory viruses and how they trigger inflammasome
activation via ion flux triggered by viroporins.

Common respiratory pathogens that induce ion flux by
viroporins
Several viruses that infect the respiratory tract (Table 1)
cause inflammasome activation through ion flux distur-
bances.

IAV

IAV is a negative-sense single-stranded RNA virus that is
a major public health problem. IAV is responsible for
annual epidemics that cause severe illness in 5 million
people worldwide, and novel IAV strains emerge sporadi-
cally as pandemic viruses. Viral influenza is estimated to
cause 36 000 deaths and more than 200 000 hospitaliza-
tions annually in the USA alone [50]. In the UK it is
estimated that influenza is associated with 12 500 excess
deaths per year [51]. The most frequent serious complica-
tions of influenza are pneumonia, and exacerbations of
chronic pulmonary diseases [52], leading to acute respira-
tory distress syndrome (ARDS) [53]. The unpredictable
582
nature of emergent pandemic strains creates an urgent
need to develop vaccines and therapeutics that can rapidly
be prepared and deployed to prevent or treat the next
influenza pandemic. The outcome of IAV infection is deter-
mined by the host immune response against the virus.
Thus, understanding the mechanism by which IAV infec-
tion is detected and cleared by the immune system will
provide a useful basis for the development of effective
vaccines.

IAV triggers inflammasome activation and produces IL-
1b and IL-18 upon infection, a response that can be blocked
by a caspase-1 specific inhibitor [54]. The involvement of
inflammasome in influenza-induced asthma exacerbation
has also been investigated where infected bronchial epi-
thelial cells from volunteers with and without asthma with
IAV were examined for inflammasome activation. The
results showed enhanced caspase-1 activation and IL-1b

secretion, suggesting that inflammasome activation in
bronchial epithelial cells may contribute to pathogenesis
of virus-induced asthma exacerbation [55].

Several studies have shown that NLRP3 plays a role in
IAV recognition and inflammasome assembly [56–58].
Inflammasomes are essential in host defense against
IAV. NLRP3 has been shown to be a crucial component
in the host response to IAV through sensing of viral RNA,
and its deficiency in mice resulted in very high rates of
lethality after AV infection [57]. However, in some patients
with pre-existing airway inflammation, the influx of cyto-
kines caused by the viral infection could lead to additive
and synergic effects and exacerbations of airway disease.
The activation of the NLRP3 inflammasome and produc-
tion of IL-1b usually requires two signals [59]. In the case
of IAV, viral RNA is a trigger [57] and TLR7 signaling is
required for the transcription of pro-IL-1b, whereas the
IAV M2 channel was shown to trigger signal 2 for the
activation of NLRP3 inflammasome [60]. The M2 channel
is a viroporin involved in viral genome replication and
assembly, as well as virus particle entry into and release
from infected cells. M2 also allows the entry of protons into
virions, promoting virus uncoating in endosomes [61]. In
addition to ion channel activity, it also regulates the pH
balance between the acid lumen of the trans-Golgi complex
(TGN) and the cytoplasm in influenza-infected cells. M2
reduces the acidification of intracellular vesicles and even
cellular organelles [62]. NLRP3 monitors changes in the
concentration or the subcellular localization of endogenous
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danger signals. Therefore, the proton specificity of the M2
channel creates imbalances in the concentration of H+, in
addition to disturbances in the concentrations of Na+ and K+

cations, and acts as a trigger for inflammasome activation.

Rhinovirus

HRV is the most common respiratory virus associated with
asthma exacerbations. HRV is responsible for up to 80% of
acute asthma attacks and is also implicated in the majority
of COPD exacerbations [63–65]. Furthermore, a pivotal
study by Johnston et al. in children aged 9–11 years old
with history of asthma found that 80–85% of asthma
exacerbations were due to HRV [64].

The severity of the symptoms produced is not due to the
direct virus-induced damage to the epithelium. Instead,
rhinovirus infection induces inflammation and release of
cytokines from airway epithelial cells, thereby attracting
inflammatory cells to the airways. In patients with pre-
existing airway inflammation, the influx of cytokines and
inflammatory cells caused by HRV infection would lead to
additive or synergistic effects and exacerbations of airway
disease. Repeated asthma exacerbations caused by HRV
infection can lead to airway remodeling which cannot be
reversed by current pharmacological treatment, and con-
sequently leads to decline in lung function. Thus, it is
crucial to understand rhinovirus-induced airway inflam-
mation in asthma and infectious exacerbations.

There is evidence indicating that rhinoviral infection
acts as a trigger to enhance IL-1b levels within the airways
of patients with COPD or asthma [10–12]. A study by
Stokes et al. showed that epithelial cell responses to rhi-
novirus are modulated by IL-1b signaling via MyD88 [12].
Furthermore, there is evidence supporting rhinoviral in-
fection as a trigger of acute inflammatory exacerbations in
patients with underlying airway disease; IL-1b levels are
enhanced [66] within the airways of patients with COPD or
asthma [10–12] and this can aggravate symptoms. A new
study by Dolinay et al. using a mouse model shows that
inflammasome-regulated cytokines IL18 and IL-1b are
crucial mediators of acute lung injury [67]. Their secretion
was elevated in the plasma of patients with ARDS and
served as a novel biomarker of intensive care unit morbid-
ity and mortality [67]. These studies implicate the inflam-
masome pathway and its downstream cytokines in playing
crucial roles in respiratory inflammation.

However, the mechanism of rhinovirus detection and
activation of the inflammasome was unclear until it was
shown that rhinovirus triggered inflammasome activation
by affecting the balance of Ca2+intracellular homeostasis
[40]. The rhinovirus 2B protein, one of the nonstructural
proteins involved in viral RNA replication, forms mem-
brane-integral pores and increases cytosolic Ca2+ by reduc-
ing ER and Golgi Ca2+ levels [42,68,69]. NLRP3, in synergy
with NLRC5, senses the imbalances in Ca2+ intracellular
homeostasis and triggers IL-1b secretion.

Infection of primary bronchial cells with HRV leads to
NLRP3 and NLRC5 activation and IL1b secretion. The
overlapping biologic functions and pathogen specificity
of NLRC5 with NLRP3 suggests that these proteins
might act in a cooperative manner during inflammasome
assembly. NLRP3 expression is inducible following
infections by several bacteria or viruses [27,70]. However,
there could be a tissue-specific role for the NLRC5 inflam-
masome in host sensing and immune defense – detection
of rhinovirus respiratory infections by both NLRP3 and
NLRC5 could explain why such respiratory infections
lead to greater airway inflammation and more severe
exacerbations.

When the Ca2+ channel inhibitor verapamil and the
Ca2+ chelator BAPTA-AM [acetoxymethyl ester derivative
of BAPTA, bis(aminophenoxy)ethane-tetraacetic acid]
were used to inhibit inflammasome activation, IL-1b se-
cretion induced by HRV infection was inhibited, thus
indicating that calcium inhibitors could be used in the
future to control exacerbated IL-1b production [40].

RSV

RSV is the primary cause of hospitalization in the first year
of life for children in most parts of the world and is
associated with significant morbidity and mortality. Forty
percent of those children discharged from hospital have
recurrent, repeated respiratory symptoms and wheezing
for at least 10 years [71]. The infection is also important in
the elderly and immune-compromised individuals. The
spectrum of clinical manifestations ranges from mild upper
respiratory tract illness, croup, to apnoea in premature
infants, pneumonia, and bronchiolitis [72,73]. RSV RNA
can also be detected from lower airway samples of some
patients with COPD. RSV RNA detection has been associ-
ated with greater airway inflammation and accelerated
disease progression in these patients. These findings sug-
gest that RSV may play a role in the natural history of
stable COPD [74].

RSV can also certainly lead to asthma exacerbations in
older children and adults. Rhinoviruses are commonly
found during acute exacerbations of COPD, but there
are intriguing preliminary data suggesting that RSV
may also be present in some asthma patients during
remission [75,76].

One cytokine that is associated with RSV infection is IL-
1b, and this cytokine has been shown to be secreted by
RSV-infected airway cells [77]. Furthermore, in vitro stud-
ies have shown that RSV triggers NLRP3/ASC inflamma-
some activation. The first signal for NLRP3 inflammasome
formation is activation of the TLR2/MyD88 (myeloid dif-
ferentiation primary response 88)/nuclear factor kB (NF-
kB) pathway for pro-IL-1b synthesis, followed by ROS and
potassium efflux as the second signal. Both of these signals
lead to caspase-1 activation and subsequent IL-1b secre-
tion during infection [78]. The RSV small hydrophobic (SH)
viroporin, which induces membrane permeability to ions or
small molecules by the formation of a pore or channel in the
plasma membrane [79], is essential in triggering the
NLRP3 inflammasome in RSV infections of primary lung
epithelial cells. Furthermore, RSV mutants lacking the
viroporin SH were unable to trigger inflammasome acti-
vation and IL-1b secretion. Pharmacological treatment of
RSV-infected cells with drugs that inhibit viral ion chan-
nels, or with lipid raft disruptors, blocked inflammasome
activation – showing that lipid raft structure in intracel-
lular compartments plays an important role in inflam-
masome activation. Upon RSV infection, the RSV SH
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viroporin accumulates in the Golgi within lipid raft struc-
tures, forming ion channels selective for monovalent
cations (Na+ and K+), which trigger the translocation of
NLRP3 from the cytoplasm to the Golgi and its activation
[80].

Coronaviruses

Severe acute respiratory syndrome (SARS) is caused by a
novel coronavirus (SARS-CoV). SARS-CoV causes severe
pneumonic disease in humans with an overall mortality
rate of 10% [81]. Elderly patients have a poor prognosis,
with higher mortality rates of up to 50% [82]. The clinical
course of SARS-CoV-induced disease is characterized
by fever, cough, dyspnea, hypoxemia, and radiographic
evidence of pneumonia. Severely affected people experi-
ence respiratory failure and may need mechanical
ventilation.

The first onset of symptoms is likely caused by the
increase in viral replication and cytolysis. However, as
the disease progresses there is a decrease in viral replica-
tion that correlates with the onset of immunoglobulin G
(IgG) conversion. Interestingly, it is also in this phase that
severe clinical worsening is seen, and this cannot be
explained by uncontrolled viral replication. It has been
hypothesized that the diffuse alveolar lung damage in this
phase is caused by an over-exuberant host response and up
to one-third of the patients develop severe inflammation of
the lung, characterized by ARDS [83,84].

Studies show that there is excessive release of proin-
flammatory cytokines, referred to as ‘cytokine storm’, in
SARS. Patients show highly elevated levels of interferon-g
(IFN-g), IL-6, monocyte chemotactic protein 1 (MCP1), and
IFN-g-inducible protein 10 (IP-10), as well as significantly
higher IL-18 and IL-1b levels not only in the blood but also
in both lung and lymphoid tissues, indicating increased
inflammasome activation in patients who died versus
those who survived [84,85]. Moreover, pediatric SARS
patients show markedly elevated circulating IL-1b levels,
which suggests selective activation of the caspase-1-depen-
dent pathway. Other key proinflammatory cytokines, IL-6
and tumor necrosis factor a (TNF-a), showed only mildly
elevated levels at the initial phase of the illness [86]. These
findings link the excessive inflammation seen in patients
with inflammasome activation. However, the mechanisms
of inflammasome activation in SARS have not yet been
revealed. The virus encodes an E protein, a small trans-
membrane protein of 76–109 amino acids in length. This
protein is characterized as a viroporin because it self-
associates to generate an oligomeric structure that forms
an ion-conductive pore in planar lipid bilayers. Where the
bilayer membrane was permeabilized, the channel showed
symmetric ion transport properties either for positive or
negative applied voltages, and its conductance was not
regulated by voltage. Interestingly, when E protein was
reconstituted in negatively charged lipid bilayers, the ion
channel became slightly more selective to cations than to
anions [87]. SARS-CoV also encodes 3a, a 31 kDa protein
which forms an ion channel and modulates virus release;
however, this protein is not essential for virus viability
[45]. It is possible that, as previously seen with other
respiratory viruses, inflammasomes sense the cation
584
imbalances caused by the viroporin E and 3a in SARs-
infected cells and become activated.

Concluding remarks
NLRs represent a group of key sensors for microbes and
damage in the lung. There has been a growing body of
evidence showing that inflammasomes act as airway epi-
thelium danger sensors and play key roles in the inflam-
mation observed in respiratory diseases. By similarity to
possibly most immune receptors, they can exert a protec-
tive or pathologic role by overzealous production of IL-1b

and IL-18 depending on the magnitude and the context of
their activation.

Emerging evidence is pointing towards the fact that ion
flux is responsible for triggering inflammasome activation,
and the subsequent IL-1b production in the lung causes
lung pathology and disease exacerbations. Viroporins,
which are encoded by all the common respiratory viruses,
are responsible for the changes in the intracellular ion
homeostasis that modulate inflammasome activation and
cell death in the lung. Generalized permeabilization both
of intracellular compartments (such as the Golgi and trans-
Golgi network) and of the plasma membrane by viroporins
provokes this ionic imbalance, leading to disruption of the
permeability barrier. Respiratory viruses encode several
viroporins which are able to conduct the flux of different
ions (such as Na+ and K+) across the membrane (Figure 1),
reducing the transmembrane potential, and this essential-
ly affects: (i) the concentration of ions inside and outside
the cells, (ii) the permeability of the membrane to these
ions, and (iii) the activity of electrogenic pumps (for exam-
ple the Na+/K+/ATPase and Ca2+ transport pumps). Some
of the viroporins are also able to target intracellular com-
partments: one example is HRV 2B which is endowed with
a potent capacity to cause profound and rapid alterations
in Ca2+ release from intracellular stores (such as the ER
and Golgi) and subsequent Ca2+ influx to the cytoplasm.
Changes in the ion levels intracellularly (either an increase
or decrease of ion concentration) in turn trigger inflamma-
some activation and IL-1b production. Inflammasome ac-
tivation is one of the beneficial and non-specific defense
mechanisms of the body against tissue damage and viral
stimuli. However, repeated or persistent infections by
these respiratory viruses trigger this vicious cycle which
leads to damage in the lung. A question that arises is – why
does the host retain such a destructive mechanism of
activation and cytokine production? The answer is that
the host does not have a choice. It senses the ‘invasion’ and
tries to clear the infection. We have reached this situation
because the coexistence of viruses and their hosts imposes
an evolutionary pressure on both the virus and the host
immune system. Viruses need to escape killing by the host
immune system, and therefore employ viroporins to en-
hance attachment and entry into host cells and organs and
promote efficient replication, but by contrast the host must
retain a highly sensitive surveillance system to combat the
infection.

Many further questions remain (Box 1). If respiratory
viruses trigger inflammasomes through viroporins, is this
a common phenomenon in viruses? There are viruses
which encode viroporins – such as HIV-1 Vpu (‘viral protein
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pathology in the lung. Abbreviations: HRV, human rhinovirus; IAV, human influenza A virus; NLRP, NLR (Nod-like receptor) family, pyrin domain-containing 3; RSV,

respiratory syncytial virus; SARS, Severe acute respiratory syndrome.
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unique’) which functions as an ion-conducting channel [88]
and the HCV p7 protein which is selective for monovalent
cations (Na+ and K+) [44]; however, these proteins do not
stimulate NLRP3 inflammasome. Can only respiratory
viruses do this?

Viroporins insert into the host cell membrane and
regulate the components and structures of organellar
Box 1. Outstanding questions

� Because inflammasome activation can lead to pathogenic effects,

what are the regulatory mechanisms that the host must have in

place for this sensor?

� In view of the fact that respiratory viruses trigger inflammasome

activation through viroporins, is this a common phenomenon

among viruses?

� Do viroporin structure and membrane insertion topology play a

role in pore structure and the ability of the viroporin to activate the

inflammasome?

� Could targeting the inflammasome in combination with viroporin

inhibitors in virus-induced respiratory disease be an attractive

potential therapeutic target in the future?
and plasma membrane lipid bilayers by forming oligo-
mers which, by tilting or bending, can adapt to changes in
the lipid bilayer thickness or shape [89]. Viroporin struc-
ture and membrane topology are not the same for all
viruses; the structure governs the pore opening and
closing mechanisms, and possibly also the kinetic rate
of ion permeability and the changes in ion concentrations
– factors that could affect inflammasome activation –
thus explaining why not all viroporins can trigger inflam-
masome formation.

Targeting the inflammasome in combination with vir-
oporin inhibitors in virus-induced respiratory disease is an
attractive potential therapeutic target (Figure 2). Aman-
tadine is one of the best-studied and famous inhibitors for
the influenza A virus M2 channel and has been used
clinically as an anti-influenza drug for several years
[90]. A drawback of amantadine is the high doses necessary
to affect influenza. However, targeting the NLR inflamma-
some pathway in combination with ion channel inhibitors
could be the way forward and could lead to beneficial
treatments of viral respiratory disease.
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Figure 2. Therapeutic interventions in the lung. Recent evidence suggests that viroporins, such as IAV M2, RSV SH, HRV 2B, and SARS E proteins, cause dysregulation of

ions (such as Na+, K+, or Ca2+) that leads to NLRP3 inflammasome activation. NLRP3 activation leads to IL-1b secretion and lung injury, inflammation, and virus clearance.

Targeting the inflammasome in combination with viroporin inhibitors in virus-induced respiratory disease is an attractive potential therapeutic target. We could use

Amantadine, one of the best-studied and famous inhibitors for the influenza A virus M2 channel, in combination with an inflammasome inhibitor such as Z-VAD-FMK to

target Na+ ion channels, whereas we could use calcium inhibitors (such as verapamil) in combination with inflammasome inhibitors to block Ca2+ triggering of the

inflammasome. Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD; Z-VAD-FMK, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone;

Figure 1 legend for other abbreviations.
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