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The inflammasomes are large multi-protein complexes scaffolded by cytosolic pattern recognition
receptors (PRRs) that form an important part of the innate immune system. They are activated
following the recognition of microbial-associated molecular patterns or host-derived danger
signals (dangerassociated molecular patterns) by PRRs. This recognition results in the recruitment
and activation of the pro-inflammatory protease caspase-1, which cleaves its preferred substrates
pro-interleukin-1p (Il-1B) and pro-Il-18 into their mature biologically active cytokine forms. Through
processing of a number of other cellular substrates, caspase-1 is also required for the release
of "alarmins” and the induction and execution of an inflammatory form of cell death termed
pyroptosis. A growing spectrum of inflammasomes have been identified in the host defense
against a variety of pathogens. Reciprocally, pathogens have evolved effector strategies to
antagonize the inflammasome pathway. In this review we discuss recent developments in
the understanding of inflammasome-mediated recognition of bacterial, viral, parasitic, and
fungal infections and the beneficial or detrimental effects of inflammasome signaling in host

resistance.

Keywords: innate immunity, inflammation, Nod-like receptors, inflammasome, caspases, infection

INTRODUCTION

The innate immune system plays a primary role in the rapid rec-
ognition and elimination of invading microorganisms, through
different processes such as phagocytosis and the induction of
inflammation. It is also vital in priming and activating the adap-
tive immune system, which provides long-lasting immunity.
Host cells, including among others cells of the myeloid and epi-
thelial lineages, express a number of germline-encoded pattern
recognition receptors (PRRs) that recognize conserved protein,
lipid, polysaccharide, or nucleic acid motifs and activate differ-
ent inflammatory and antimicrobial pathways. PRRs include, but
are not limited to, trans-membrane Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), cytosolic Nod-like receptors
(NLRs), retinoic acid inducible gene-I (RIG-I)-like helicases
and HIN200 proteins (O’Neill and Bowie, 2010; Takeuchi and
Akira, 2010). These receptors also sense and respond to endog-
enous, host-derived, danger signals that are released in response
to stress, tissue injury or cell death (Bianchi, 2007; Medzhitov,
2008; Schroder and Tschopp, 2010).

To date, over 20 human NLRs have been identified. NLRs
are related to disease resistance R proteins in plants (Belkhadir
et al., 2004) and to apoptosis protease-activating factor 1 (Apafl;
Proell et al., 2008). They share with these proteins a tripartite
structure consisting of an N-terminal protein—protein interac-
tion module [which is either a pyrin domain (PYD), a caspase
recruitment domain (CARD), or a baculovirus IAP repeat (BIR)],
a central nucleotide binding and oligomerization domain (NOD
or NAHCT) and a C-terminal agonist-sensing domain, which in
NLRs is a series of leucine-rich repeats (LRRs), as found in TLRs.

The first identified NLRs, NOD1, and NOD2, were determined
to recognize bacterial peptidoglycan moieties (Chamaillard et al.,
2003; Girardin etal., 2003; Inohara et al., 2003) and trigger inflam-
mation by activating NF-xB and MAP kinase (MAPK) pathways
(Shaw et al., 2008). Further study of the NLR family revealed that
some members are capable of forming multi-protein complexes,
termed inflammasomes that recruit pro-caspase-1 and induce its
“activation by proximity,” either directly or through adaptor pro-
teins such as apoptosis-associated speck-like protein containing a
CARD (ASC; Martinon et al., 2002).

Multiple inflammasomes have been characterized, including
those scaffolded by the NLR family members NLRP1, NLRP3,
NLRC4, NAIP5 and the more recently described AIM2 and RIG-I
inflammasomes that are stimulated by cytosolic DNA and viral
RNA, respectively. The adaptor protein ASC is required for the
recruitment of caspase-1 to the NLRP3, AIM2, and RIG-I inflamma-
somes while its role in the NLRP1, NLRC4, and NIAP5-associated
complexes is less clear. Following inflammasome stimulation, the
cellular pool of ASC coalesces into a large structure called the
pyroptosome, which is the site of caspase-1 activation. Dependent
on the associated PRR, inflammasomes are activated by a variety
of signals and may have redundant functions during infection.
Dysregulation and/or genetic mutations or variations in genes
encoding inflammasome components have been linked to genetic
disorders in humans, including a continuum of autoinflammatory
syndromes ranging from familial cold urticaria and Muckle—Wells
syndrome to neonatal onset multisystem inflammatory disease,
Crohn’s disease, sepsis as well as susceptibility to infection with
certain pathogens (Rodrigue-Gervais and Saleh, 2010).
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Caspase-1 processes a number of cellular substrates, which is a
prerequisite to the induction of an inflammatory response. Most
notably, caspase-1 converts pro-IL-1B and pro-IL-18 into their
mature biologically active cytokine forms (Thornberry et al., 1992;
Ghayuretal., 1997; Guetal., 1997). Moreover, caspase-1 is required
for the release of a number of pro-inflammatory molecules, which
are not necessarily caspase-1 substrates, including IL-1a. (Keller
et al., 2008). In addition to its pro-inflammatory effects, exces-
sive activation of caspase-1 leads to a form of cell death called
pyroptosis, with characteristics of both apoptosis and necrosis (Fink
and Cookson, 2005; Labbe and Saleh, 2008). Among the different
caspase-1 substrates, we have shown that it cleaves a number of
glycolysis enzymes (Shao et al., 2007), which is possibly a primary
mechanism to execute cell death. Moreover, caspase-1 has been
shown to cleave and activate the pro-apoptotic executioner caspase,
caspase-7 (Lamkanfi et al., 2008), suggesting that this enzyme might
provide a secondary amplification loop during pyroptosis.

INFLAMMASOME REGULATION

Because of the paramount effects of caspase-1 during infection and
inflammation, regulation of the inflammasome pathway is tightly
controlled through a number of checkpoints (Figure 1). Firstly,
inflammasome activation depends on a two-step process, whereby
signal 1 “primes” the inflammasome via transcriptional induction
of inflammasome components and cytokine proforms (usually
mediated by NF-xB downstream of PRRs or cytokine receptors)
and signal 2, which “activates” the inflammasome.

In addition to this bi-modal mechanism of activation, the
inflammasome is kept in check via a number of positive and nega-
tive regulators (Figure 1). For instance, murine caspase-11 and its
closest human homolog caspase-5 (Lin et al., 2000) are required
for caspase-1 activation in some contexts (Wang et al., 1998),
presumably through direct interaction with the inflammasome
(Martinon et al.,2002). Conversely, caspase-12 is a negative regula-
tor of caspase-1 (Saleh et al., 2006). Two groups of proteins termed
COPs (CARD-only proteins) and POPs (PYD-only proteins) also
inhibit caspase-1 activation by preventing inflammasome assembly
(Stehlik and Dorfleutner, 2007). In addition to these dominant
negative proteins, the anti-apoptotic factors Bcl-2 and Bcl-X, can
bind and suppress NLRP1 oligomerization and caspase-1 activa-
tion by inhibiting ATP binding (Bruey et al., 2007; Faustin et al.,
2009). The IL-1 pathway is also highly regulated. Secreted IL-13
binds to the IL-1 receptor I (IL-1RI) and recruits the IL-1R acces-
sory protein (IL-1RAcP), which is required for signaling (Gabay
etal., 2010). The dominant negative receptor IL-1RII and soluble
IL-1 receptor antagonist (IL-RA) are able to inhibit this process
(Gabay etal., 2010). Together, these factors add an additional layer
of regulation on the inflammasome pathway.

Given the widespread activation of inflammasomes in response
to various microbes, it is not surprising that pathogens have
devised multiple strategies to alter inflammasome function and
downstream signaling. Bacteria utilize effector molecules, injected
through secretion systems into the host cytosol, for this purpose.
For instance, Y. enterocoliticaYopE and YopT (Schotte et al., 2004),
Y. pseudotuberculosis YopK (Brodsky et al., 2010), and P. aerugi-
nosa ExoU (Sutterwala et al., 2007) have been reported to blunt
inflammasome activation. Viruses also encode proteins that tar-

get this pathway including influenza NS1 (Stasakova et al., 2005),
Myxoma virus M13L-PYD and Shope fibroma virus gp013L
(Johnston et al., 2005; Dorfleutner et al., 2007) that act as POPs.
Vaccinia virus encodes a soluble IL-1f receptor, B15R, that blunts
IL-1 signaling (Alcami and Smith, 1992), whereas Molluscum
contagiosum poxvirus produces two IL-18 inhibitors, MC53L
and MC54L (Xiang and Moss, 1999). The active inhibition of the
inflammasome by various pathogens supports the notion that its
pro-inflammatory effects together with the induction of pyroptosis
are deleterious for the pathogen.

INFLAMMASOME ACTIVATION

A spectrum of agonists activate the inflammasomes, with some
being more specific than others depending on the associated NLR.
NLRP3 forms a multi-protein complex with ASC and caspase-1,
and is currently the most well characterized inflammasome. It can
be activated by various structurally unrelated stimuli including
microbial-associated molecular patterns (MAMPs), and danger-
associated molecular patterns (DAMPs). For instance, elevated
concentrations of ATP (Mariathasan et al., 2006), pore-forming
toxins (Mariathasan et al., 2006), UVB irradiation and particulate
matter such as crystalline forms of monosodium urate (MSU;
Martinon et al., 2006), asbestos and silica (Cassel et al., 2008;
Dostert et al., 2008; Hornung et al., 2008), and amyloid P aggre-
gates (Halle et al., 2008) have all been reported to trigger NLRP3
activation. Due to the high disparity of these agonists, it is sug-
gested that a downstream signal is instead sensed by NLRP3. In
the case of particulate agonists, disruption of the lysosomal mem-
brane along with cathepsins appear to be upstream of inflamma-
some activation. For instance, chemical inhibition of cathepsin B,
cathepsin B-deficiency, or treatment of cells with inhibitors of the
vacuolar H* ATPase result in reduced caspase-1 activation (Halle
et al., 2008; Hornung et al., 2008). On the other hand, inflamma-
some activation triggered by ATP is not affected by these inhibitors.
ATP activates the P2X7 receptor cation channel, which induces
potassium efflux and causes the recruitment of the pannexin-1
channel that amplifies this response (Pelegrin and Surprenant,
2006). Treatment of macrophages with nigericin, a Streptomyces-
derived potassium ionophore (Mariathasan et al., 2006), or with
o-hemolysin, a Staphylococcus aureus pore-forming toxin, similarly
triggers NLRP3 inflammasome activation (Craven et al., 2009).
It has been further suggested that reactive oxygen species (ROS)
may be involved in this process. Depletion of the p22°"** subunit
of the ROS-generating NADPH complex in the human monocytic
cell line THP-1 results in reduced IL-1f processing in response to
asbestos, but not MSU crystals (Dostert et al., 2008). The inhibi-
tion of cellular autophagy results in the accumulation of damaged,
ROS producing mitochondria that also triggers NLRP3 activation
(Zhou et al., 2011). Therefore, different ligands appear to require
an assortment of mechanisms to activate NLRP3. The precise
signal sensed by NLRP3 remains unclear but may be a combina-
tion of those mentioned above. Unlike NLRP3, the other known
inflammasomes, namely NLRP1, NLRP4, AIM2, and RIG-I, have
more defined activators and primarily play a role in the detection
of pathogens. Recently, we have gained significant insights into
the understanding of how the inflammasomes detect infectious
microorganisms and the contribution of inflammasome signaling
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FIGURE 1| Regulation of the inflammasomes by host factors and pathogen
effectors. Inflammasomes are activated in a two-step process beginning with
PRR-mediated induction of inflammasome components and pro-IL-1f production
through NF-«B, followed by a second signal that activates the inflammasome
and caspase-1 catalysis. This process can be regulated at multiple steps by host
proteins that function as positive regulators (green) or inhibitors (orange) or
targeted by pathogen effectors (red). Host COPs and POPs, the poxvirus
proteins M13L and gp013L, and the anti-apoptotic factors Bcl-2 and Bcl-X| inhibit

inflammasome assembly. Caspase-1 activation is inhibited by caspase-12, and
multiple pathogen effectors, while murine caspase-11 and human caspase-5 are
required for caspase-1 activation in response to certain stimuli. Type | IFN is
required for AIM2 inflammasome activation in response to cytosolic DNA.The
IL-1B and IL-18 pathways are also highly regulated. Endogenous Il-1 receptor
antagonist (RA) prevents IL-1 signaling by binding to the Il-1 receptor, while the
vaccinia virus proteins B15R and Molluscum contagiosum poxvirus MC53L and
MCB4L can bind and inhibit Il-1 and 11-18, respectively.

to the immune response. In this review, we focus our discussion
on the role of the inflammasomes in bacterial, viral, parasitic, and
fungal infections.

BACTERIA

The innate immune system plays an important role in eliminating
bacterial pathogens and preventing their replication and damage to
the host. The human body is also home to numerous commensal

microorganisms and it is therefore imperative that a distinction can
be made in the response to these species versus pathogens to pre-
vent the development of inflammatory conditions. During bacterial
infection, inflammation is generally beneficial, but if uncontrolled
could lead to deleterious effects such as septic shock.

Some pathogenic bacteria have an intracellular lifestyle within
the host and are either engulfed by phagocytes or capable of invad-
ing non-phagocytic cells. This aids in the avoidance of immune
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detection and reduces exposure to antimicrobial components of the
immune system, such as antimicrobial peptides, complements, and
immunoglobulins. Inside the cell, bacteria are capable of manipu-
lating the endocytic pathways that would otherwise result in their
degradation within lysosomes. Interfering with these pathways
allows the pathogen to survive and in many cases replicate. This is
often achieved through bacterial secretion systems, which mediate
the translocation of virulence factors or effector molecules into the
host cell cytosol, where they become active. Following replication
within the cell, the increase in bacterial load triggers cell death,
allowing dissemination to new host cells.

Salmonella entericais the best characterized intracellular bacte-
rium with respect to inflammasome activation (Table 1). The study
of Salmonella has greatly expanded our understanding of how the
inflammasome recognizes pathogenic intracellular bacteria and
how this contributes to the immune response. S. enterica serovar
Typhimurium induces gastroenteritis and systemic typhoid-like
disease in mice (Valdez et al., 2009). The bacterium employs a
Salmonella Pathogenicity Island 1 (SPI-1) Type III Secretion System
(T3SS) to invade epithelial cells and cross the intestinal barrier.
S. typhimurium is then exposed to cells of the immune system and
is capable of surviving within macrophages. The SPI-2 T3SS cre-
ates an intracellular niche called the Salmonella-containing vacuole
(SCV) by inhibiting intracellular trafficking that would result in
bacterial degradation (Haraga et al., 2008).

Early studies have determined that Salmonella induces
caspase-1-dependent cell death in infected macrophages (Hersh
et al, 1999). Subsequently, the inflammasome components
Asc and Nlrc4 and a Salmonella SPI-1 T3SS component SipB
were shown to be required for this response (Hersh et al., 1999;
Mariathasan et al., 2004). The Nlrp3 inflammasome was thought
to be irrelevant in this context, as NIrp3-deficient macrophages
showed no defect in caspase-1 activation or IL-1f secretion in
in vitro studies (Mariathasan et al., 2006). A beneficial role for
caspase-1 during S. typhimurium infection was identified in vivo
using caspase-1-deficient mice. These mice displayed reduced
survival, increased bacterial counts in the spleen, Peyer’s patch,
and mesenteric lymph node (MLN), and increased intestinal
inflammation after oral infection compared to wild-type ani-
mals (Lara-Tejero et al., 2006; Raupach et al., 2006). In contrast,
mice singly deficient in one of the inflammasome components
Nlrp3, Nlrc4, or Asc were phenotypically equivalent to wild-type
mice, suggesting that Salmonella induces redundant pathways to
activate caspase-1 in vivo (Lara-Tejero et al., 2006). Consistently,
it has been recently demonstrated that both Nlrp3 and Nlrc4 are
activated during Salmonella infection (Broz et al., 2010). Earlier
in vitro work has demonstrated that Asc’~ macrophages have
reduced IL-1P secretion and caspase-1 processing in response
to Salmonella compared to wild-type cells (Mariathasan et al.,
2004, 2006; Miao et al., 2006). In addition, Asc’~ macrophages
have a more blunted response compared to Nlrp3-deficient cells,
suggesting that Asc plays a role independent of the Nlrp3 inflam-
masome (Broz et al., 2010). Notably, deficiency in both Asc and
Nlrc4 reduces IL-1f levels to that of caspase-1 null macrophages,
suggesting that Asc may work to enhance Nlrc4 activity during
Salmonella infection. However, a recent study has demonstrated
that flagellin-dependent Nlrc4 inflammasome activation resulted

in macrophage pyroptosis, independently of Asc, leading to bac-
terial release and subsequent killing by neutrophils (Miao et al.,
2010a). Nlrc4”~ mice were impaired in clearing the infection,
pointing to a critical role of Nlrc4 in bacterial elimination that
is independent of IL-1r, IL-18, Nlrp3, and Asc.

Multiple Salmonella motifs trigger inflammasome activation
(Figure2). The SPI-1 (Miao et al., 2006) and SPI-2 (Broz et al.,2010)
T3SS and flagellin (Franchi et al., 2006; Miao et al., 2006) stimu-
late NLRC4, while NLRP3 is activated by a currently unknown sig-
nal (Broz et al., 2010). The T3SS effector SopE (Muller et al., 2009;
Hoffmann etal.,2010) is also capable of caspase-1 activation through
an undetermined inflammasome. Salmonella strains lacking flagellin
have reduced ability to activate caspase-1 or induce IL- 18 secretion in
macrophages, and transfected flagellin can activate the Nlrc4 inflam-
masome (Franchi et al., 2006; Miao et al., 2006; Broz et al., 2010). In
addition to their role in flagellin translocation, T3SSs independently
stimulate the Nlrc4 inflammasome. Indeed, a conserved component
of the SPI-1 T3SS, the periplasmic rod-forming protein PrgJ, is recog-
nized by Nlrc4 (Miao etal.,2010b). In contrast, The SPI-2 rod protein
Ssal is not detected, suggesting that repression of SPI-1 in phago-
cytes is an adaptation mechanism to evade recognition by NLRC4.
Homologous rod proteins from Escherichia coli, Shigella flexneri, and
Pseudomonas aeruginosaare similarly sensed by Nlrc4, indicating that
this is a conserved mechanism of caspase-1 activation found in a
number of bacterial species. This may provide a possible explana-
tion as to why Shigella and Pseudomonas strains that lack flagella are
still capable of activating the Nlrc4 inflammasome (Sutterwala et al.,
2007; Suzuki et al., 2007). A recent study has suggested that potassium
efflux is required, but not sufficient, for NLRC4 activation induced by
Salmonella or P. aeruginosa infection (Arlehamn et al., 2010). This is
at odds with earlier reports that used lower extracellular potassium
concentrations and different infection time points (Franchi et al.,
2007; Petrilli et al., 2007; Fink et al., 2008).

In addition to flagellin, bacterial effector proteins translocated
through T3SSs are also capable of inflammasome activation. For
instance, SopE, a guanine nucleotide exchange factor (GEF) of
Rho GTPases that induces Salmonella invasion into epithelial
cells (Hardt et al., 1998), leads to caspase-1 activation in vitro, in
a manner dependent on its GEF activity and the Rho GTPases
Racl and Cdc42 (Muller et al., 2009). This effect appears to be
independent of flagellin (Hoffmann et al., 2010). In vivo, SopE
triggers the caspase-1-IL-18 axis of inflammation, predominantly
in non-hematopoietic cells (Muller et al., 2009). Y. enterocolitica’s
effector YopE, a GTPase activating protein (GAP) and therefore an
inhibitor of Rho GTPases, conversely inhibits caspase-1 activation
(Schotte et al., 2004). It is currently unknown how Rho GTPases
impact caspase-1 activation, but this raises the possibility that
the large number of pathogen effector molecules targeting Rho
GTPase functions might also play an important role in inflamma-
some signaling. Taking into account the different signals involved
in Salmonella-induced caspase-1 activation, it is clear that the T3SS
is a conserved inflammasome activator.

Legionella pneumophila, the causative agent of Legionnaires’ dis-
ease in humans, is another bacterial pathogen that can survive and
replicate within macrophages. This bacterium employs the Dot/Icm
Type IV Secretion System (T4SS) to recruit endoplasmic reticulum
components to a Legionella-containing vacuole (LCV), inhibiting
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its acidification and fusion with the lysosome (Isberg et al., 2009).
Caspase-1 and Nlrc4, but not IL-1f are required to restrict Legionella
growth in macrophages in vitro and in the lungs of mice in vivo
(Zamboni et al., 2006). Nlrc4-dependent activation of caspase-1 in
this case leads to macrophage pyroptosis through pore formation
(Silveira and Zamboni, 2010). The absence of caspase-1 also leads
to enhanced recruitment of endoplasmic reticulum to LCV, which
inhibits LCV fusion with the lysosome (Amer et al., 2006).

A second NLR, Naip5, encoded by the Bircle gene, is also
required for flagellin recognition and host defense against L.
pneumophila (Molofsky et al., 2006; Ren et al., 2006). Unlike
human cells, murine macrophages are generally non-permissive
to Legionella replication, with the exception of the A/] mouse line
that is susceptible to infection due to polymorphisms in Bircle
(Diezetal.,2003; Wright et al., 2003). It has now been determined
that Naip5 is involved in the recognition of a 35 amino acid motif
in flagellin, and along with Nlrc4 leads to caspase-1 activation,
pyroptosis, and phagosomal maturation of the LCV (Lightfield
et al., 2008; Figure 2). Flagellin regions outside this motif can
activate Nlrc4, independently of Naip5. In addition, Naip5 is only
partially required for recognition of Pseudomonas or Salmonella
flagellin (Lightfield et al., 2008; Miao et al., 2008). C57BL/6 mice,
harboring the restrictive Bircle allele, display increased bacte-
rial burden in their lungs when infected with a flagellin-deficient
strain of Legionella, which correlates with macrophage resistance
to cell death and increased bacterial replication (Amer et al., 2006;
Molofsky et al., 2006; Ren et al., 2006). The role of Naip5 in LCV
acidification seems to depend on the activation of caspase-7 by
caspase-1; caspase-7 promotes lysosomal fusion with the LCV
and reduces bacterial replication in macrophages in an Nlrc4,
Naip5, and caspase-1 dependent manner. Consistently, caspase-
7-deficient mice have increased bacterial counts in their lungs
after infection (Akhter et al., 2009).

The adaptor Asc is required for IL-1f secretion by Legionella-
infected macrophages, although it has no role in the inhibition of
Legionellareplication in macrophages in vitroand in vivo (Zamboni
etal.,2006; Case etal.,2009). Interestingly, Asc-mediated inflamma-
some activation does not lead to pyroptosis and is independent of
the flagellin-Nlrc4 pathway or Nlrp3 (Case et al., 2009). Instead, it
can be inhibited by high concentrations of extracellular potassium,
suggesting the involvement of a third unknown inflammasome
sensor in response to Legionella.

Interestingly, Naip5’s effects in host defense to Legionella may
be mediated by both caspase-1 dependent and independent path-
ways. Notably, the A/J hypomorphic Naip5 allele that is associated
with permissiveness to Legionella replication, does not fully impair
the caspase-1 pathway (Lamkanfi et al., 2007), whereas macro-
phages from Naip5”~ mice that are similarly permissive to bacte-
rial replication, exhibit significantly blunted caspase-1 activation
(Lightfield et al., 2008). Together, these studies suggest that Naip5’s
function in inhibiting bacterial replication is distinct from its role
in caspase-1 activation. Notably, Naip5 and Nlrc4 are also able to
activate Interferon regulatory factor 1 (Irfl) and Irf8, which inhibit
Legionella replication in macrophages (Fortier et al., 2009). The
human homologs of NLRC4 and NAIP5 were also demonstrated to
inhibit Legionella replication in human macrophages and epithelial
cells (Vinzing et al., 2008).
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FIGURE 2 | Microbial activation of the inflammasomes. Pathogenic
microorganisms activate the inflammmasomes through muiltiple agonists and
pathways. S. typhimurium, L. pneumophila, and M. tuberculosis reside within the
host cell phagosome and are capable of activating inflammasomes through secreted
flagellin, effectors, or undefined NLRP3 agonists. £ tularensis and L. monocytogenes,

M. tuberculosis F. tularensis
L. monocytogenes

Dectin-1

C. albicans s
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which escape the phagosome activate AIM2 that senses cytosolic DNA. B. anthracis
lethal toxin activates the NLRP1 inflammasome. C. albicans and hemozoin activate
NLRP3 through SYK signaling. Virakmediated inflammasome activation is heavily
dependent on the detection of nucleic acids by NLRP3, AIM2, and RIG-I. Dotted lines
indicate signaling through an unknown mechanism.

Mpycobacterium tuberculosis, the causative agent of tuberculosis
in humans, survives and replicates within alveolar macrophages
(Flynn and Chan, 2001). M. tuberculosis is capable of inflamma-
some activation and the II-1r pathway is critical for the control of
infection (Juffermans etal., 2000; Fremond et al., 2007). Caspase-1
and IL-1 prevent the arrest of Mycobacteria phagosome matura-
tion and reduce bacterial survival in macrophages (Master et al.,
2008). The ESX-1 or Type 7 Secretion System is required for IL-13
and IL-18 secretion by M. tuberculosis- or M. marinum-infected
macrophages (Koo et al., 2008). Nlrp3 and Asc, but not Nlrc4, are
implicated in ESX-1-induced caspase-1 activation, and the ESX-1
effector molecule ESAT-6 acts upstream of NLRP3 activation
(Mishra et al., 2010; Figure 2). ESAT-6 functions by disrupting
cell membranes and allowing for the M. tuberculosis protein Ag85
to enter into the cytosol and stimulate the inflammasome (Mishra
et al,, 2010). Interestingly, a putative Zn*" metalloprotease, zmp1,

which is required for M. tuberculosis virulence in mice, was found
to inhibit inflammasome activation and IL-1f secretion in mac-
rophages (Master et al., 2008). M. bovis BCG zmpl mutants do
not block phagolysosome maturation and are eliminated by a cas-
pase-1, Asc, and Nlrc4 dependent mechanism. Wild-type M. bovis
BCG induced low levels of IL-1f in macrophages, which may be
explained by the lack of the ESX-1 secretion system. However, the
precise molecular mechanism by which zmp1 impacts caspase-1 or
whether this inhibition occurs in vivo remain to be determined.
Recent in vivo mouse studies have begun to determine the role
of the inflammasome pathway in Mycobacteria infection. In one
study, Nlrp3-deficient mice infected with M. tuberculosis did not
exhibit enhanced histopathology or increased bacterial burden in
the lungs, despite reduced IL-1B and IL-18 levels (Walter et al.,
2010). Consistently, a second report demonstrated that ablation of
either Nlrp3 or caspase-1 did not affect mouse mortality following
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M. tuberculosisinfection. Surprisingly, however, a third study dem-
onstrated that Asc, but not caspase-1 or Nlrp3, promoted mouse
survival (McElvania Tekippe et al.,2010). Asc-mediated protection
was independent of IL-1J levels in the lung or bacterial clearance.
Instead, Asc was required to contain M. tuberculosis within granu-
lomas, suggesting that Asc has important caspase-1-independent
roles during infection. In striking contrast, a study using M. mari-
num found that Asc promoted lung pathology, as Asc-deficient mice
had reduced inflammation and lung histophathology (Carlsson
etal., 2010). The presence of the ESX-1 secretion system triggered
this inflammatory response through an Asc-dependent mechanism.
The different Mycobacteria species combined with a different infec-
tious dose and method (tail injection versus aerosol in all other
studies) may explain the differences observed here with regard to
Asc. Given the conflicting data in these studies, further work is
required to clarify the role of inflammasome signaling during M.
tuberculosis infection in vivo. Interestingly, caspl™~ mice retain the
ability to produce mature biologically active IL- 1 during M. tuber-
culosis infection, suggesting that other redundant mechanisms are
capable of generating IL-1p (Mayer-Barber et al., 2010). Caspase-
1-independent IL-1f processing in response to M. tuberculosis
was found in vivo, but not in vitro, underlining the importance of
animal models when examining responses to infection. Overall,
these studies indicate that the inflammasomes and ASC in particu-
lar have additional roles during infection with Mycobacteria spe-
cies, possibly independent of IL-1 and IL-18 secretion. Moreover,
enzymes other than caspase-1, presumably neutrophil elastase or
other proteases, are also deployed in vivo for the generation of the
key IL-1 family cytokines.

Francisella tularensis is an intracellular bacterium responsible
for tularaemia in humans. Following, phagocytosis by host mac-
rophages, the bacteria escape from the phagosome into the cytosol
and replicate in this compartment (Santic et al., 2006; Figure 2).
Early studies have demonstrated that caspase-1 and Asc, but not
Nlrp3 and Nlrc4, were essential for macrophage cell death, bacte-
rial clearance in vitro and in vivo and mouse survival (Mariathasan
et al., 2005). This suggested that caspase-1 activation was medi-
ated by a different inflammasome that required Asc. It was recently
discovered that absent in melanoma 2 (AIM2), a member of the
hematopoietic interferon-inducible nuclear protein (HIN-200)
family that senses cytosolic DNA was the primary inflammasome
triggered during F. tularensis infection (Fernandes-Alnemri et al.,
2010; Jones et al., 2010; Rathinam et al., 2010). Lysosomal activa-
tion was shown to be required to stimulate this inflammasome
during infection, possibly due to lysis of bacteria, which allows the
release of DNA into the cytosol (Fernandes-Alnemri et al., 2010;
Jones et al., 2010).

In contrast to previously discussed bacterial pathogens, caspase-1
activation in response to F. novicidarequires IRF3-dependent Type
I IEN signaling (Henry et al., 2007). Salmonella, which resides in
vacuoles within the macrophage, does not require Type I IFN, but
the cytosolic bacteria L. monocytogenes does (Henry et al., 2007).
Type I IFN was demonstrated to increase AIM2 expression and
hence AIM2-dependent caspase-1 activation, which was reduced
in Irf37~ macrophages (Fernandes-Alnemri et al., 2010; Jones et al.,
2010). Interestingly, while phagosome lysis was required for AIM2
sensing, NLRP3 thought to be activated by vacuole lysis, was not

activated in Francisella infection (Fernandes-Alnemri et al., 2010).
Notably, the F. tularensis protein mvIN, which promotes virulence,
exerts its effects by inhibiting AIM2-mediated caspase-1 activation
(Ulland et al., 2010).

Similarly to Francisella, L. monocytogenes escapes from the
phagosome into the cytosol, through the membrane-disrupting
enzyme listeriolysin O (LLO). In vivo, caspase-1-deficient mice dis-
play reduced survival following infection and could be partially res-
cued through exogenous IL-18 administration (Tsuji et al., 2004),
suggesting that inflammasome signaling is protective during infec-
tion. Macrophage infection results in caspase-1 and Asc-dependent
cell death, with involvement of AIM2, Nlrp3, and Nlrc4 (Kim et al.,
20105 Sauer et al., 2010). LLO is required for cell death and LLO-
deficient strains, which remain in the phagosome, are unable to
activate caspase-1 or induce IL-1P secretion (Mariathasan et al.,
2006; Ozoren et al., 2006; Cervantes et al., 2008). Purified LLO can
directly induce Nlrp3-dependent IL-1f secretion (Meixenberger
et al., 2010; Sauer et al., 2010). Interestingly, however, entry into
the cytosol alone is not sufficient to trigger caspase-1 activation.
Indeed, LLO substitution with the L. ivanoviihomolog ivanolysin O
is not permissive for inflammasome activation (Hara et al., 2008),
suggesting that LLO may have additional roles in this process.

Different reports have implicated the AIM2, NLRC4, and NLRP3
inflammasomes to varying degrees in the response to Listeria infec-
tion, however there have been some conflicting evidence. The
earliest study identified Nlrp3 and Asc as essential for caspase-1
activation and IL-1P secretion in macrophages (Mariathasan et al.,
2006). The role of these inflammasomes was confirmed along with
Nlrc4, which was implicated in the detection of Listeria flagellin,
and also dependent on LLO (Warren et al., 2008). Asc-deficient
macrophages infected with flagellin deleted strains resulted in
reduced IL-1P secretion than similarly infected Nlrp3 null mac-
rophages, suggesting that an unknown inflammasome, signaling
through Asc, was required. Similarly to recognition of Francisella,
AIM?2 was found to activate caspase-1 and induce IL-1f secretion
(Kim et al., 2010; Rathinam et al., 2010; Sauer et al., 2010; Wu
et al., 2010). Lysis of the bacteria is important for inflammasome
recognition as treatment of intracellular bacteria with B-lactam
antibiotics or the use of mutant bacteria that undergo rapid lysis
in the cytosol resulted in increased inflammasome activation
and pyroptosis (Sauer et al., 2010). L. monocytogenes DNA was
also found to colocalize with ASC pyroptosomes (Warren et al.,
2010). Another study using siRNA depletion in human PBMCs
determined that NLRP3 was required for IL-1f secretion, but not
AIM?2 or NLRC4 (Meixenberger et al., 2010). The Listeria strain
used however, expresses lower levels of flagellin, which may have
resulted in the lack of requirement for NLRC4. Similarly other
studies have implicated Nlrc4 along with Aim2, Nlrp3, and Asc
(Tsuchiya et al., 2010; Wu et al., 2010), while others did not find
that it played a role (Kim et al., 2010). Inflammasomes appear to
have a protective effect during L. monocytogenesinfection, through
pyroptosis. Interestingly, Listeria attempts to evade inflammasome
recognition by downregulating activators such as flagellin at 37°C
(Shen and Higgins, 2006).

While some pathogenic organisms evade the immune system
through an intracellular lifestyle, other pathogenic bacteria survive
outside of the cell. Extracellular species often secrete toxins that

Frontiers in Microbiology | Cellular and Infection Microbiology

February 2011 | Volume 2 | Article 15 | 8


http://www.frontiersin.org/Cellular_and_Infection_Microbiology/
http://www.frontiersin.org/Cellular_and_Infection_Microbiology/archive

Skeldon and Saleh

Inflammasomes in host resistance

can cause tissue damage and inflammation. Upon attachment and
adhesion to surfaces, such as epithelial cells, extracellular bacteria
often produce a biofilm, a polysaccharide rich matrix that provides
protection from leucocytes and components of the immune system.
B. anthracis, is a well known extracellular bacterial pathogen that
is the cause of anthrax. The bacteria secrete lethal toxin (LeTx),
which is composed of the protective antigen (PA) and the zinc-
dependent metalloprotease lethal factor (LF) subunits (Collier and
Young, 2003). PA mediates toxin entry into the cytosol while LF
cleaves MAPK to disrupt cell signaling (Duesbery et al., 1998).
Polymorphisms in the gene encoding Nlrp1 confer susceptibility or
resistance to LeTx in mouse macrophages. LeTx is responsible for
caspase-1-dependent pyroptosis in murine macrophages through
activation of the Nlrp1 inflammasome (Boyden and Dietrich, 2006),
but the adaptor Ascis not required in this process (Reig et al., 2008).
The exact mechanism by which LeTx triggers Nlrp1 activation is
currently unknown. Endosome acidification, proteasome activity,
and potassium efflux are required for cell death (Squires et al.,2007;
Fink et al., 2008; Wickliffe et al., 2008). Nlrp1-mediated cell lysis
appears to have a protective effect in rats as it reduces mortality
to infection with B. anthracis (Newman et al., 2010). B. anthracis
spores are also capable of inducing caspase-1 activation through
Nlrp1 in vivo, which confers protection in mice (Terra et al., 2010).
Human NLRP1 has also been shown to recognize the bacterial cell
wall product muramyl-dipeptide (Faustin et al., 2007).

In summary, multiple inflammasomes have been implicated
in response to intracellular and extracellular bacteria. While this
can often lead to pyroptotic cell death, the overall effect in mouse
models suggests that caspase-1 activation and IL-18 and IL-18
secretion promote bacterial clearance and host survival. Caspase-
1-mediated pyroptosis of cells infected with intracellular bacteria
may play a beneficial role in eliminating their replicative niche.
The discovery of bacterial proteins that inhibit the inflammas-
omes, such as P. aeruginosa ExoU (Sutterwala et al., 2007) and M.
tuberculosis zmpl (Master et al., 2008) further indicates that the
effects of caspase-1 are likely beneficial for the host rather than the
pathogen. Activation can be initiated by flagellin, secretion sys-
tem components, and bacterial effector molecules injected in the
host cell cytosol through these secretion systems. These signals are
relatively conserved and it is likely that the NLRs have evolved to
detect these distinct molecules. The most recent evidence suggests
that there is significant redundancy in inflammasome activation
during bacterial infections. In addition to promoting host defense
against pathogenic bacteria, the inflammasome has been recently
implicated in sensing commensal microorganisms in the gut and
maintaining intestinal homeostasis and immune tolerance to the
microflora. In addition, upon tissue damage, Nlrp3 inflammasome-
dependent production of IL-18 was shown to be required for tissue
repair and protection from colitis and colitis-associated colorectal
cancer (Allen et al., 2010; Dupaul-Chicoine et al., 2010; Saleh and
Trinchieri, 2011; Zaki et al., 2010).

VIRUSES

Viruses infect and replicate within host cells, utilizing the host
cellular machinery to manufacture viral particles. In mammals,
both the innate and adaptive branches of the immune system play
an important role in fighting viral infections. Different PRRs are

capable of recognizing viral motifs, primarily those with nucleic
acids, and initiate type I interferon production which inhibits
viral replication (Saito and Gale Jr., 2007). Multiple inflammas-
omes including NLRP3, AIM2, and RIG-I have been linked to viral
infections (Table 1).

Prior to the discovery of the inflammasome, it has been reported
that influenza infection induced IL-1 production by infected mac-
rophages and in mice (Hennet et al., 1992; Pirhonen et al., 1999),
which mediated mouse survival by enhancing adaptive immunity
to the virus (Schmitz et al., 2005). The Nlrp3 inflammasome was
subsequently identified to play a role in influenza and Sendai virus
infection in macrophages (Kanneganti et al., 2006). In vitro, the
NLRP3 inflammasome is triggered by various viruses and viral
PAMPs, including viral RNA analogs poly(I:C) and ssRNA40
(Kanneganti et al., 2006; Allen et al., 2009), transfected adenovi-
rus DNA (Muruve et al., 2008), and rotavirus dsRNA (Kanneganti
et al., 2006). However, in vivo, there have been some conflicting
findings as to the role of the inflammasome, and the involvement
of its different components, in influenza virus infection. Notably,
Asc, caspase-1, and Nlrp3, but not Nlrc4 were shown to be essen-
tial for mouse survival (Allen et al., 2009; Thomas et al., 2009),
but this result was only reproduced for Asc, caspase-1 and IL-1R,
but not Nlrp3 (Ichinohe et al., 2009). These discrepancies may be
largely due to different infectious doses. Higher infectious doses
(>1000 pfu) trigger marked inflammatory cell infiltration to the
airways, pulmonary necrosis and fibrosis, that are reduced in
Nlrp3 and caspase-1 deficient mice (Allen et al., 2009; Thomas
et al., 2009), suggesting a role of the inflammasome in lung tissue
healing. Lower infectious doses (10 pfu), on the other hand, are
less injurious, which allows for the examination of inflammasome
function in immune responses. Under these conditions, casp1”~and
Asc™ mice exhibit reduced CD4 and CD8 T cell responses and
decreased immunoglobulin titers (Ichinohe et al., 2009). A recently
discovered influenza M2 ion channel was demonstrated to local-
ize to the host cell Golgi and activate Nlrp3 by inducing cytosolic
acidification (Ichinohe et al., 2010).

Vesicular stomatitis virus (VSV), another RNA virus, is rec-
ognized by the intracellular receptor with RNA helicase activity
RIG-I. RIG-I detects 5" triphosphate RNA as a viral signature and
induces type I IFN production and NF-kB activation through
recruitment of the adaptor protein MAVS (Nakhaei et al., 2009).
Interestingly, infection with VSV also triggers IL-1P secretion in a
RIG-I-dependent manner (Poeck et al., 2010). ASC interacts with
RIG-Iand is required for VSV-induced caspase-1 activation, which
requires potassium efflux, but not Type I ITEN. These results indicate
that RIG-I serves multiple roles during the innate immune response
to viruses, as it triggers Type I IFN expression and activates the
NF-kB and caspase-1 pro-inflammatory pathways.

DNA viruses are also capable of activating caspase-1 through
the AIM2 inflammasome. As previously discussed, AIM2 detects
cytosolic DNA, and is engaged in response to vaccinia virus and
mouse cytomegalovirus (mCMV), but interestingly not herpes
simplex virus type 1 (HSV-1) (Rathinam et al., 2010). Similarly to
its response to bacterial DNA, AIM2 requires ASC, but not NLRP3
(Hornung et al., 2009; Rathinam et al., 2010). mCMV-infected
AIM2 deficient mice have reduced IL-18 serum levels that corre-
late with a reduced population of IFNy+ NK cells. IL-18 is a known
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activator of IFNy production in NK cells (Hyodo et al., 1999; Chaix
etal.,2008), which play an important role in eliminating tumor or
virus-infected cells, and is likely one of the primary contributors to
the higher viral titers found in the spleen of AIM2-deficient mice
(Rathinam et al., 2010).

Caspase-1-induced inflammation and pyroptosis are deleterious
for virus replication and dissemination. Consequently, viruses have
evolved proteins to target caspase-1 function and its downstream
signaling, including a poxvirus PYD containing protein (Johnston
et al., 2005) and influenza NS1 (Stasakova et al., 2005).

PARASITES

The protozoan Plasmodium genus is the causative agent of malaria,
which is endemic to the tropics and sub-Saharan Africa. The par-
asite is transmitted by mosquito bite into the host, where after
an incubation period, replicates within erythrocytes (Sachs and
Malaney, 2002). The breakdown of hemoglobin by Plasmodium
results in the release of heme, which is then converted into the
crystalline product hemozoin (Hanscheid et al., 2007). Recent
work has suggested that the NLRP3 inflammasome might play a
role in the recognition of hemozoin. Hemozoin was reported to
activate caspase-1 and induce IL-1P secretion in vitro, in an ASC
and NLRP3, but not NLRC4, dependent manner (Dostert et al.,
2009; Shio et al., 2009), but this was not reproduced in one study
(Griffith et al., 2009). Mechanistically, hemozoin is not likely to be
directly recognized by NLRP3, but instead activates the inflamma-
some through other signals, such as uric acid crystal release (Griffith
et al., 2009) and/or activation of cathepsin B downstream of the
SYK and LYN kinases (Shio et al., 2009). The role of cathepsin B is
controversial however, as cathepsin B-deficient macrophages did
not exhibita defect in caspase-1 activation in response to hemozoin
(Dostert et al., 2009). Interestingly, deficiency in Nlrp3 but not Asc
or caspase-1 increased mouse survival after injection with red blood
cells infected with the mouse virulent strain P. chabaudi adami (Shio
et al., 2009). Another mouse model of cerebral malaria using P.
berghei similarly showed that Nlrp3” mice, but not Asc™, caspI™,
or Il1b7~ mice, had a greater time to death than wild-type animals
(Reimeretal.,2010). This suggests that NLRP3 may have a deleteri-
ousrole in cerebral malaria, independently of caspase-1 and IL-1P.
Consistently, we have shown that caspI™~ mice were equivalent to
wild-type mice in their response to the P. chabaudi and P. berghei
models of malaria (Labbe et al., 2010). In contrast, mice deficient in
caspase-12,an inhibitor of caspase-1 and NF-xB, showed enhanced
inflammatory and immune response to the Plasmodium parasites
and were susceptible to cerebral malaria. This phenotype was, how-
ever, independent of caspase-1, but resulted from excessive NF-xB
activation and IFNYy production (Labbe et al., 2010). Plasmodium
is currently the only parasite characterized with respect to inflam-
masome activation, and the study of other protozoa and helminths
may lead to a better understanding of the immune response to
these organisms and to insights into unknown functions of the
inflammasome and NLRs.

FUNGI

Fungi are eukaryotic organisms that often cause opportunistic infec-
tions in immuno-compromised hosts. The most common cause of
fungal infections is Candida albicans, a commensal that resides in

the majority of the human population. It exists as a unicellular yeast
or a filamentous hyphae, the latter associated with invasion (Lo
etal., 1997). C. albicans and other opportunistic fungi are cleared
in healthy individuals and various PRRs, such as TLRs and CLRs
have been implicated as important players in the immune response
to fungi (Netea and Marodi, 2010). IL-1 is essential in host defense
in candidiasis (Vonk et al., 2006) and recently the inflammasome
has been linked to this response.

Caspase-1, IL-1R, ASC, and NLRP3, have been implicated in
controlling fungal dissemination and host survival in mice (Gross
et al., 2009; Hise et al., 2009; Joly et al., 2009). Caspase-1, Asc, or
II-1r deficient mice have reduced survival and increased organ
fungal burden upon C. albicans infection (Hise et al., 2009).
Nlrp3~~ mice have increased mortality following infection (Gross
et al., 2009) and higher tissue colony counts (Gross et al., 2009;
Hise et al., 2009; Joly et al., 2009). The fungal cell wall compo-
nent f-glucan is recognized by the CLR, dectin-1, which recruits
SYK via phosphorylated ITAM:s in its cytoplasmic tail leading to
synthesis of pro-IL-1p and NLRP3 inflammasome components
(Rogers et al., 2005; Gross et al., 2009; Hise et al., 2009; Kumar
et al., 2009; van de Veerdonk et al., 2009). TLR2 has also been
implicated in this recognition (Hise et al., 2009; van de Veerdonk
etal.,2009). While these receptors provide signal 1 toward NLRP3
activation, signal 2 is mediated by potassium efflux and ROS pro-
duction (Gross et al., 2009). Consistently, Syk”~ dendritic cells
display reduced caspase-1 activation and production of IL-1f in
response to C. albicans, but not Salmonella, ATP or nigericin (Gross
et al., 2009). The role of cathepsin B in C. albicans inflammasome
activation is unclear as IL- 1 secretion from cathepsin B-deficient
dendritic cells was unaffected in one study (Gross et al., 2009),
while cell treatment with the cathepsin B cell permeable inhibi-
tor CA-074-Me caused a significant decrease in secreted IL-1f in
another (Joly et al., 2009).

Interestingly, the transition from the yeast to the filamentous
form of C. albicansis required for Nlrp3 inflammasome activation,
as mutant fungi unable to transform to the hyphae stage trigger
blunted IL-1f production (Joly et al.,2009). The hyphae form is able
to disrupt the phagosome (Lo et al., 1997), and it is hypothesized
that this event is sensed as signal 2. The observation that cathepsin
Binhibitors reduced IL- 1 secretion from macrophages (Joly et al.,
2009) supports this hypothesis as vacuole rupture and cathepsin
B activity have been linked to NLRP3 activation (Hornung et al.,
2008). Notably, UV-inactivated C. albicans yeast cells are unable
to activate the inflammasome (Hise et al., 2009; Joly et al., 2009).
However, in human PBMCs heat-killed yeast cells could induce
IL-1P secretion (van de Veerdonk et al., 2009), presumably due to
the ability of these cells to produce excessive levels of ATP which
activates the inflammasome in the presence of a signal 1, provided
in this case by the heat-killed cells.

Interestingly, treatment of B cells with B-glucan resulted in Nlrp3
activation and antibody production. This occurred independently
of IL-1R signaling, as determined by the use of Myd88™~ cells. This
is suggestive of a link between NLRP3 and the adaptive immune
system in response to fungal infections (Kumar et al., 2009). While
the large majority of studies on the role of inflammasomes in fungal
infections has been discovered using C. albicans, another oppor-
tunistic fungus, Aspergillus fumigates, was also found to activate the
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NLRP3 inflammasome via similar mechanisms (Said-Sadier et al.,
2010). Altogether, these studies indicate that the NLRP3 inflamma-
some plays a protective role against fungal infections.

CONCLUSION

Innate immunity and inflammation are important for the host
defense against invading microbes. The rapidly expanding number
of studies on the inflammasomes has begun to unravel their roles in
response to bacterial, parasitic, fungal, and viral infections. Current
evidence supports that inflammasome activation during infection
confers protection to the host through various mechanisms including
pyroptosis, pro-inflammatory cytokine secretion, and stimulation of
the adaptive immune system. While pyroptosis of infected macro-
phages may intuitively seem deleterious for the host, it can permit
exposure of intracellular bacteria to other bactericidal host factors.
Consequently many pathogens have evolved different mechanisms
to inhibit inflammasome activation and function. There have been

many recent advances in understanding the different motifs that are
recognized by the inflammasomes and how they work. However,
much remains to be done for a full understanding of the molecular
events linking cellular perturbations and DAMP sensing to inflam-
masome activation. While the majority of studies researching the
inflammasomes have focused on the NLRP3 and NLRC4 complexes,
the recent discoveries of AIM2 and RIG-I in caspase-1 activation
open a new window of investigation. Moreover, it is likely that addi-
tional inflammasomes have not yet been discovered. Importantly, it is
becoming clear that while NLRs and ASC assemble inflammasomes,
their functions are not always necessarily mediated by the caspase-1
pathway. Similarly, caspase-1 dependent effector cytokines could be
produced by other proteases during infection. Additionally, NLR
signaling pathways are significantly redundant and overlapping with
those of other PRRs. Therefore, a stronger understanding of inflam-
masome-mediated innate immune responses is warranted toward the
development of therapeutic strategies for infectious disease.
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