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Abstract Caspase cysteine proteases are factors widely
recognized for their role in the induction of apoptotic cell
death. Caspases induce apoptosis during the inflammatory
response to pathogen infection; in addition, caspases such
as caspase-1 and caspase-11 are known to be involved in
the production of inflammatory cytokines in response to
bacterial infections. Caspase-1 is activated in the inflam-
masome, an intracellular protein complex that is formed by
the recognition of intracellular ligands or cellular stresses
by sensor molecules such as NOD-like receptors. Under
certain conditions, caspase-11 is required for the activation
of the caspase-1 inflammasome, referred to as the non-
canonical inflammasome. In addition to these caspases,
accumulating evidence indicates that caspase-8 also con-
tributes to the production of inflammatory cytokines. In
contrast to caspase-1, caspase-8 is activated by receptors
located on the plasma membrane including dectin-1, TLR-
3/4, and Fas. Recently, Fas-mediated caspase-8 activation
and inflammatory cytokine production have been shown to
play a significant role in the regulation of bacterial infec-
tions. This review highlights the functional roles and
activation mechanisms of caspase-1/-11 in innate immune
responses against bacterial infection. In addition, we dis-
cuss the novel aspects of caspase-8 function in comparison
with caspase-1/-11 during innate inflammatory responses.
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Abbreviations

AIM2 Absent in melanoma 2

ASC Apoptosis-associated ~ speck-like  protein
containing a CARD

CARD Caspase recruitment domain

CTB Cholera toxin B

DAMPs  Damage-associated molecular patterns

DC Dendritic cells

DD Death domain

DISC Death-inducing signaling complex

ER Endoplasmic reticulum

FADD Fas-associated protein with death domain

FasL Fas ligand

HIN Hematopoietic IFN-inducible nuclear proteins

ICE Interleukin-1B-converting enzyme

IFN Interferon

LPS Lipopolysaccharide

Mo Macrophage

NLRC4 NLR family CARD domain containing 4

NLRP3 NLR family pyrin domain containing 3

NLRs NOD-like receptors

NO Nitrogen oxide

NOD Nucleotide oligomerization domain
NOX2 NADPH oxidase 2

PAMPs Pathogen-associated molecular patterns
PRRs Pattern recognition receptors

RIP Receptor-interacting protein

ROS Reactive oxygen species

SREBP-2  Sterol regulatory element-binding protein 2
T3SS Type three secretion system

T4SS Type four secretion system

Th1/17 T helper 1/17

TIR Toll/interleukin-1 receptor
TLRs Toll-like receptors
TNF-a Tumor necrosis factor o
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Caspases are cysteinyl aspartate-specific proteases that
play a pivotal role in the induction of apoptotic cell death
(Mcllwain et al. 2013). The first caspase identified in
mammalian cells was the interleukin (IL)-1B-converting
enzyme (ICE, now known as caspase-1). ICE cleaves pro-
IL-1PB to yield active cytokine; however, it does so in the
absence of apoptosis induction (Black et al. 1989a; Kostura
et al. 1989). Based on multiple reports revealing the
functional roles and activation mechanisms of caspases,
caspases are now divided into three functional groups:
apoptosis induction (caspase-2, -3, -6, -7, -8, -9, and -10)
(Guo et al. 2002; Kischkel et al. 2001; Parrish et al. 2013),
inflammatory responses (caspase-1, -4, -5, and -12) (Bian
et al. 2011; Black et al. 1989a; Kostura et al. 1989; Lam-
kanfi et al. 2004; Sollberger et al. 2012), and differentiation
(caspase-14) (Denecker et al. 2008) (Fig. 1). In addition to
the major contributions to apoptosis induction, multiple
lines of evidence indicate the significant importance of
caspases in the inflammatory responses against microbial
infection.

The innate immune system is the first line of defense
against pathogenic infections (Kawai and Akira 2011). The
recognition and phagocytosis of invasive pathogens, and
the ensuing production of inflammatory cytokines by
phagocytes, such as macrophages (M¢) and dendritic cells
(DC), are critical steps in the activation of innate immu-
nity. Several lines of evidence indicate that pathogen
recognition is accomplished by germline-encoded pattern
recognition receptors (PRRs) including Toll-like receptors
(TLRs) and C-type lectin receptors that are expressed at the
plasma membrane or on endosomes of M¢ and DC (Ah-
mad-Nejad et al. 2002; Geijtenbeek and Gringhuis 2009;
Kawai and Akira 2011; Matsumoto et al. 2003). PRRs
recognize pathogenic ligands, collectively known as path-
ogen-associated molecular patterns (PAMPs), or self-
derived damage-associated molecular patterns (DAMPs)
that arise in response to cellular stress (Newton and Dixit
2012). Because PRRs are located at the plasma membrane
or on endosomes, they recognize extracellular or endocy-
tosed ligands. Ligand-activated TLRs recruit the adaptor
molecule MyD88 or Toll/IL-1 receptor (TIR)-domain-
containing adaptor-inducing interferon (IFN)-B (TRIF) to
their cytoplasmic TIR domain, leading to the activation of
transcription factors such as nuclear factor (NF)-xB and
IFN regulatory factor. This activation leads to the gene
expression of inflammatory cytokines including tumor
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Fig. 1 Classical caspase classification. Based on the classical clas-
sification, caspases are divided into three major groups: apoptosis
(initiator or effector), inflammation, and differentiation. Increasing
evidence indicates that the apoptosis initiator caspase-8 also plays a
significant role in induction of inflammation. Asterisk mice lack a
homolog of human caspase-10. Double asterisk murine caspase-11 is
orthologous to human caspase-4/-5. DED death effector domain,
CARD caspase recruitment domain

necrosis factor (TNF)-a, IL-12, IL-6 or Type I IFNs that
are directly secreted without undergoing post-translational
modifications (Kawai and Akira 2011).

In addition to PRRs at the cell surface or on endosome,
intracellular sensors of PAMPs/DAMPs such as those
belonging to the nucleotide-binding oligomerization
domain (NOD)-like receptor (NLR) or the pyrin and
hematopoietic IFN-inducible nuclear proteins (HIN)-200
(PYHIN) families, have been shown to play a significant
role in innate immunity (Schattgen and Fitzgerald 2011;
Tsuchiya and Hara 2014). In contrast to TLRs, NLRs
recognize pathogenic or stress-associated molecules inside
the cell and their activation leads to the formation of a
cytoplasmic protein complex including the caspase-1 in-
flammasome. Through auto-processing, caspase-1 is
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activated in this complex and subsequently cleaves the pro-
forms of the inflammatory cytokines IL-1B/IL-18 to yield
their active forms (Broz et al. 2010; Thornberry et al.
1992). The activated inflammasome also induces pyropto-
sis, a type of cell death that contributes to the removal of
intracellular pathogens (Miao et al. 2010). The cytosolic
components associated with NLRs and caspase-1 have
been well characterized and are referred to as the canonical
caspase-1 inflammasome or simply, the canonical inflam-
masome. Multiple reports have underscored the importance
of the canonical inflammasome in regulation of the cellular
response to invasive bacteria and the pathogenesis of
microbial infection (Koizumi et al. 2012; Tsuchiya and
Hara 2014). In addition, the murine ortholog of human
caspase-4/-5, caspase-11, is required for caspase-1 in-
flammasome activation under certain conditions (Wang
et al. 1998). The caspase-11-dependent inflammasome is
referred to as the non-canonical inflammasome (Kayagaki
et al. 2011). Furthermore, in response to pathogen infec-
tion, caspase-8 is involved in the processing of pro-1L-1f/
IL-18 to yield active cytokines in an inflammasome-inde-
pendent manner (Latz et al. 2013). In contrast to caspase-1,
caspase-8 is activated by dectin-1, TLRs, and Fas located
on the plasma membrane (Gringhuis et al. 2012; Lemmers
et al. 2007; Strasser et al. 2009). Recently, Fas-activated
caspase-8 has been shown to contribute to the production
of inflammatory cytokines and the host defense towards
pathogenic bacterial infections (Uchiyama et al. 2013).
Based on this evidence, it is possible to conclude that in
addition to inflammatory caspases, such as caspase-1/-11,
caspases-8 plays an important role in the induction of
innate inflammatory response in bacterial infections,
independent of their role in apoptosis induction. In this
review, we summarize the functional roles and induction
mechanisms of caspase-1/-11 in innate inflammatory
responses against bacterial infection. In addition, we dis-
cuss the role of other caspases, such as caspase-8, in
comparison with caspase-1/-11 in the induction of the
innate immune responses and regulation of infectious
bacteria.

Caspase-1
IL-1B/IL-18 Processing and Pyroptosis Induction

In 1989, caspase-1 was first identified as “monocyte spe-
cific pre-interleukin 1B convertase” called as ICE, in cell
lysates of human monocytes (Black et al. 1989b; Kostura
et al. 1989). The cDNA encoding ICE (caspase-1) was
cloned in 1992 (Cerretti et al. 1992; Thornberry et al.
1992). Although the caspase-1 ortholog of Caenorhabditis
elegans, Ced-3, contributes to programmed cell death,

mammalian caspase-1 is dispensable for the induction of
apoptosis. Caspase-1 deficient mice do not exhibit a
spontaneous apoptosis-related phenotype (Kuida et al.
1995; Li et al. 1995). Based on the reports revealing the
functional roles of caspase-1, it is now generally accepted
that caspase-1 plays a pivotal role as a component of the
inflammasome producing mature IL-1B/IL-18. Activated
caspase-1 also induces “pyroptosis”, a form of cell death
distinguishable from apoptosis by the absence of certain
features such as nuclear condensation (Miao et al. 2010;
Tsuchiya and Hara 2014).

The core components of each canonical caspase-1 in-
flammasome include intracellular pattern recognition
receptors such as NLRs [e.g., NLR family pyrin domain
containing (NLRP) 1/3 and NLR family caspase recruit-
ment domain (CARD) containing (NLRC) 4] and PYHIN
family members [e.g., absent in melanoma 2 (AIM2)].
NLRs contain NODs that are required for oligomerization
and leucine-rich repeats that likely function as sensors of
PAMPs or endogenous DAMPs ligands (Tsuchiya and
Hara 2014). However, there is no direct evidence thus far
to indicate a direct molecular interaction between these
ligands and NLRs. AIM2 contains a HIN-200 domain that
acts as a sensor for double-stranded DNA (Roberts et al.
2009). Activated NLRs oligomerize through their NOD
and, in the case of NLRPs that lack the CARD, recruit pro-
caspase-1 through the adaptor molecule apoptosis-associ-
ated speck-like protein containing a CARD (ASC) (Fig. 2)
(Schattgen and Fitzgerald 2011; Tsuchiya and Hara 2014).
Once recruited to the inflammasome, pro-caspase-1
undergoes autoproteolytic cleavage to yield activated cas-
pase-1 that, in turn, cleaves pro-IL-1B/IL-18. The cleaved,
biologically active inflammatory cytokines are subse-
quently released from cells into the extracellular matrix
through an unknown mechanism. Caspase-1-induced py-
roptosis contributes to the regulation of bacterial infection
by removing infectious microbes inside the cell; however,
the molecular mechanisms underlying this process are still
unknown.

NLRP3 is a well-studied canonical caspase-1 inflam-
masome component that can respond to microbial pathogen
infections and endogenous noxious molecules that may
result from cellular stress. Accumulating evidence indi-
cates that NLRP3 inflammasomes play a significant role in
the recognition of and response to bacterial infection.
Although there is no direct evidence for the interaction of
bacterial ligands with NLRP3, a variety of pathogenic
bacteria including Staphylococcus aureus (Craven et al.
2009; Holzinger et al. 2012; Kebaier et al. 2012; Maher
et al. 2013; McGilligan et al. 2013; Mufoz-Planillo et al.
2009), Streptococcus pneumoniae (Hoegen et al. 2011;
McNeela et al. 2010; Witzenrath et al. 2011) and Listeria
monocytogenes (Meixenberger et al. 2010) have been
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Fig. 2 Molecular mechanisms underlying canonical caspase-1 in-
flammasome activation. Nucleotide oligomerization domain (NOD)-
like receptor family pyrin domain containing 3 (NLRP3) responds to
intracellular stress through the detection of reactive oxygen species
(ROS), fluctuations in cationic concentration, and lysosome or
phagolysosome destabilization. Through its NOD, activated NLRP3

shown to activate the NLRP3 inflammasome. Three main
triggers have been proposed to activate the NLRP3 in-
flammasome: intracellular reactive oxygen species (ROS)/
oxidized mitochondrial DNA from damaged mitochondria,
destabilization of the lysosome/phagolysosome, and chan-
ges in cellular cation concentration (Fig.2). However,
recent reports indicate that NLRP3 agonists have a com-
mon ability to render the cell membrane permeable to K™
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Pyroptosis

oligomerizes and recruits the adaptor molecule apoptosis-associated
speck-like protein containing a CARD (ASC) by interacting with its
pyrin domain (PYD). In addition to a PYD, ASC contains a CARD
that recruits pro-caspase-1. Caspase-1 is activated autoproteolytically
and either cleaves the pro-form of cytokines including interleukin
(IL)-1B and IL-18, or induces pyroptosis

and Na™, and a reduction in intracellular K™ concentration
is sufficient for NLRP3 inflammasome activation (Mufioz-
Planillo et al. 2013). In accordance with this, NLRP3 in-
flammasome activation is induced by changes in the
concentration and flux of K™ caused by bacterial cytotoxins
that form pores on the target cell membrane (McNeela
et al. 2010; Zheng et al. 2011). For example, pore-forming
toxins such as a-hemolysin or pneumolysin from S. aureus
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(Kebaier et al. 2012) or S. pneumoniae (McNeela et al.
2010), respectively, can activate the NLRP3 inflammasome
through efflux of K*. In addition, extracellular ATP,
released from cells stimulated with surface protein of the
periodontopathogen Treponema denticola, induced K*
efflux through a cell membrane ATP receptor, P2Xj,
eventually leading to NLRP3 inflammasome activation
(Jun et al. 2012). These reports indicate that K efflux in
cells infected with bacteria plays a significant role in the
activation of NLRP3 inflammasome, signifying danger
towards the host.

In addition to the activation mechanisms triggered by
cellular stresses, caspase-1-NLRP3 inflammasomes have
been shown to be regulated by unique mechanisms (Tsu-
chiya and Hara 2014). Type I IFNs suppress the activation
of the NLRP3 inflammasome and mature IL-13 production
in a STAT1/3-dependent manner (Guarda et al. 2011). In
addition, nitrogen oxide (NO) negatively regulated NLRP3
inflammasome activation through S-nitrosylation (Her-
nandez-Cuellar et al. 2012). In actual bacterial infections,
NO suppresses the activation of the NLRP3 inflammasome
and the production of mature IL-1f in M. tuberculosis
infection. NO-mediated inhibition of NLRP3 inflamma-
some activation resulted in the suppression of persistent
neutrophil recruitment and progressive tissue damage in M.
tuberculosis infection (Mishra et al. 2013). In contrast,
phosphorylation by downstream kinases including Syk and
c-jun N-terminal kinase has recently been shown to regu-
late ASC (Hara et al. 2013), and phosphorylated ASC-
induced NLRP3 inflammasome activation. These results
indicate the importance of NLRP3/ASC modification in
response to bacterial infection.

In addition to the knowledge gained from using mouse
models, human caspase-1 has also been shown to be
involved in the induction of inflammatory responses.
Human caspase-1 induced mature IL-1f production (Chae
et al. 2006), and the caspase-1 inflammasome contributes
to inflammatory disorders such as familial Mediterranean
fever (Chae et al. 2006), Crohn’s disease (Villani et al.
2009) and Muckle-Wells autoinflammatory disorder (Ag-
ostini et al. 2004).

Membrane Stabilization

In addition to the processing of pro-IL-1B/IL-18 and
induction of pyroptosis, caspase-1 has been shown to
support the survival of cells in response to membrane
damage caused by pore-forming toxins derived from
invasive bacteria (Gurcel et al. 2006). In response to
stimulation with aerolysin from Aeromonas hydrophila,
caspase-1 is activated by K* efflux-mediated NLRP3 and
NLRC4 inflammasome formation. Activated caspase-1
facilitates the activation of the transcription factor sterol

regulatory element-binding protein 2 (SREBP-2) located in
the endoplasmic reticulum (ER) membrane yielding SRE
that functions as transcription factor. Activated SRE
regulates the expression of genes related to cholesterol and
fatty acid biosynthesis, eventually resulting in increased
cell survival, possibly by facilitating membrane repair.
These results suggest that active caspase-1 contributes to
the maintenance of cell membranes; however, the precise
molecular mechanisms that lead to caspase-1-mediated
SREBP activation, and the survival and resistance of cells
towards bacterial infections are unclear.

Phagosomal Acidification

In the innate response towards microbial infection, acidi-
fication of phagosomes containing the infectious microbe is
a crucial process. Recently, it was shown that caspase-1 is
involved in the regulation of the phagosome acidification in
response to Gram-positive bacterial infections (Sokolovska
et al. 2013). In response to infections such as those caused
by S. aureus, caspase-1 is activated, associated with in
NLRP3 inflammasomes, and becomes localized within
bacteria-containing phagosomes. Caspase-1 acts on the
components of NADPH oxidase 2 (NOX2) complex, and
cause the pH of vacuole to decrease by controlling the
activity of NOX2. These data indicate that the primary role
of caspase-1 in infected cells is to induce the innate defense
responses against engulfed bacteria through the regulation
of phagosome acidification.

Caspase-11
The Non-Canonical Inflammasome

The murine ortholog of human caspase-4/-5, caspase-11,
was first identified in the mouse as an essential factor for
caspase-1 activation in response to endotoxic shock (Wang
et al. 1998). Recent evidence has revealed that strain 129
mice such as 129S6/SvEvTac, lack functional caspase-11,
because they express a mis-spliced and truncated form of
the protein (Kayagaki et al. 2011). Furthermore, caspase-1-
deficient mice generated from strain 129 lack functional
caspase-11 even after extensive backcrossing with C57BL/
6 or BALB/c mice because the caspase-1 and -11 gene loci
are in too close proximity to be segregated by recombi-
nation. An examination of C57BL/6 strain mice lacking
functional caspase-11 resulting from a deletion in exon 5,
revealed that lipopolysaccharide (LPS)/cholera toxin B
(CTB) or Citrobacter rodentium infection-induced cas-
pase-1 inflammasome activation required caspase-11
(Fig. 3) (Kayagaki et al. 2011). This caspase-11-dependent
inflammasome is referred to as the non-canonical
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Fig. 3 The non-canonical caspase-11 inflammasome. Expression of
caspase-11 requires Type I interferons (IFNs) signaling, and is auto-
activated or activated by unidentified plasma membrane or cytoplas-
mic receptors. Activated caspase-11 stimulates the production of IL-

inflammasome. In contrast, caspase-11 is sufficient to
induce pyroptosis and the production of IL-la/high
mobility group protein box 1 in response to infections by
Gram-negative bacteria including E. coli or Vibrio chol-
erae (Fig. 3). Furthermore, caspase-11, rather than
caspase-1, is required for LPS-induced lethality in mice,
which serves as a model for endotoxic shock (Kayagaki
et al. 2011). These results demonstrate the importance of
caspase-11 in the immune response towards Gram-negative
bacterial infections through the activation of non-canonical
inflammasomes (Table 1).

The mechanisms responsible for caspase-11 activation
have been progressively elucidated. Type I IFNs play an
essential role in the production of precursor caspase-11
(Fig. 3). Caspase-11 protein is either auto-activated or
activated by unknown receptors that are induced by
endogenous Type I IFNs (Broz et al. 2012; Rathinam et al.
2012). In addition, LPS from E. coli O111:B4 is found to
bind CTB and the LPS-CTB conjugate is engulfed by bone
marrow-derived M¢. In a TLR4-independent manner, en-
docytosed LPS activates caspase-11 and stimulates the
production of IL-1B/IL-18 (Fig. 3) (Kayagaki et al. 2013).
In addition, another group has shown that cytosolic LPS
activates caspase-11, resulting in endotoxic shock in mice
(Hagar et al. 2013). Furthermore, bacterial secretion sys-
tems to translocate effector proteins such as flagellin into
host cells are involved in the activation of caspase-11.
Caspase-11 is involved in the pyroptosis induction in LPS-
primed macrophages via the type IV secretion system
(T4SS) in Legionella pneumophila infection (Case et al.
2013). In addition to the T4SS in L. pneumophila, the type
IIT secretion system (T3SS) in Yersinia pseudotuberculosis
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lo/high mobility group protein box 1 (HMGBI1) in a caspase-1-
independent manner. However, NLRP3-mediated canonical caspase-1
inflammasomes, induced by some types of bacterial infections, acts in
conjunction with caspase-11 through an unknown mechanism

is involved in caspase-11-dependent IL-1a production and
cell death induction (Casson et al. 2013). These results
suggest that intracellular LPS and effector molecules
injected via T3SS/T4SS are recognized by a cytoplasmic
receptor that is yet to be identified, and activates the non-
canonical inflammasome while inducing endotoxic shock.

One of the human orthologs of murine caspase-11,
caspase-4 is required for the UVB-induced mature IL-1
secretion from skin-derived keratinocytes (Sollberger et al.
2012). In the process of cytokine production, caspase-4
interacts with caspase-1, and this interaction is required for
the activation of caspase-1 (Sollberger et al. 2012). Cas-
pase-5 has also been shown to be required for caspase-1
activation using human retinal pigment epithelial cells
stimulated with LPS/ATP (Bian et al. 2011). These results
indicate the possibility that caspase-4/-5 contributes to the
activation of the inflammasome, as with murine caspase-
11.

Phagosome-Lysosome Fusion

A novel function of caspase-11 was identified in regulation
of pathogenic bacterial infection in macrophages (Akhter
et al. 2012). In Legionella pneumophila-infected caspase-
11-deficient cells, the level of bacterial degradation inside
macrophages was minimal compared to that in normal
cells. Caspase-11 was shown to be required for the fusion
of L. pneumophila-containing phagosomes with lysosomes,
and the caspase-11-mediated phagosome-lysosome fusion
was only induced when cells were infected with a virulent
strain of L. pneumophila. In normal cells, L. pneumophila-
containing phagosomes are surrounded by polymerized
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Table 1 Microbial activators of caspase-11 and -8 mediated inflammatory responses

PAMPs/DAMPs other activators TLR/NLR other receptors

Caspases Inflammatory responses

Gram-negative bacterial infections

(e.g., E. coli) LPS + CTB Intracellular receptor(s)?

Gram-negative bacterial infections TLR-4, NLRP3 (Type I IFNs)

Intracellular receptor(s)?, NLRP3

Caspase-1/-11 IL-1B/IL-18 processing
IL-1o,, HMGBI1 production pyroptosis

IL-1B/IL-18 processing

Caspase-11
Caspase-1/-11

(e.g., Salmonella) Caspase-11 IL-10,, HMGBI1 production pyroptosis
LPS + T3SS/T4SS Intracellular receptor(s)? Caspase-11 IL-1a production pyroptosis
Mycobacteria, -glucan Dectin-1 Caspase-8 IL-1p processing
LPS/RNA TLR-3/4 Caspase-8 IL-1B processing
LPS + ER stress inducers ? Caspase-8 IL-1B processing
FasL Fas Caspase-8 IL-1B/IL-18 processing
C. rodentium, LPS/ATP 7/TLR-4 Caspase-8 (FADD) Activation of NLRP3 inflammasome

(RIP3-deficient background)

LPS 2/TLR-4 Caspase-8 Inhibition of NLRP3 inflammasome
CTB cholera toxin B, T355/T4SS type three/four secretion system
F-actin. In contrast, sparse amount of F-actin was found
around the phagosomes in caspase-11-deficient cells
infected with L. pneumophila. Caspase-11 is known to
interact with actin interacting protein 1 to promote cofilin- FasL
mediated actin depolymerization (Li et al. 2007). In addi-
tion, caspase-11 has been shown to interact with actin and v
modulates the phosphorylation state of cofilin in response bD
to L. pneumophila infection, leading to the maturation of Fas . DED
phagosomes.
EREEE
Caspase-8 FADD

Caspase-8 is a well-described protease that induces apop-
tosis following stimulation with Fas or TNF-o signaling
(Strasser et al. 2009). Here, we provide a brief summary of
caspase-8 activation with an example of the Fas ligand
(FasL)-Fas signaling pathway. Ligation of Fas by FasL
causes an interaction between the intracellular domain of
Fas and an adaptor molecule called “Fas-associated protein
with death domain (FADD)” via their death domains (DD).
FADD recruits caspase-8 by the interaction of death
effector domains, which are present in both caspase-8 and
FADD (Fig. 4). The dimerization of caspase-8 is induced
in the protein complex known as the “death-inducing sig-
naling complex (DISC)”, containing the DD of Fas,
caspase-8, FADD and modulator protein c-FLIP, leading to
the autoproteolytic processing and activation of caspase-8.
The activated caspase-8 leaves the DISC, and then interacts
with the substrates for induction of apoptosis. In certain
human cells, Fas signaling causes the recruitment of cas-
pase-10 to DISC for the induction of apoptosis.

Multiple reports indicate that in addition to its function
as an apoptosis inducer, caspase-8 is also as a regulator of

— glg

Active Caspase-8

!

Pro-Caspase-8 Apoptosis

Fig. 4 Molecular mechanism of caspase-8 activation. Activation of
Fas by FasL causes the recruitment of “Fas-associated protein with
death domain (FADD)” via their death domains (DD) inside the
cytosolic space. Caspase-8 then interacts with FADD via death
effector domains (DED), leading to the dimerization and autoprote-
olytic processing of caspase-8. Activated caspase-8 then cleaves
substrates related to apoptosis induction

innate inflammatory responses in microbial infections
(Table 1).

Caspase-8 Activation and IL-1p Processing Through
Dectin-1 and TLR-3/4

Dectin-1, a member of the C-type lectin receptor family, is
expressed on the cell surface of phagocytes, acting as a
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sensor of glycans in fungi (e.g., Candida albicans) or
mycobacteria (Hardison and Brown 2012; Rothfuchs et al.
2007; Yadav and Schorey 2006). Activated dectin-1 indu-
ces the expression of various genes through NF-«B,
leading to the production of cytokines that initiate the T
helper 1 (Thl) or Th17 responses (Carvalho et al. 2012;
Gow et al. 2007). In addition, dectin-1 contributes to IL-1f3
production against fungal or mycobacterial infection. In
response to infection with C. albicans or mycobacteria,
dectin-1 induces gene expression of /11 via the CARD9-
Bcl-10-MALT1 mediated signaling pathway (Fig. 5).
Dectin-1-mediated signaling also stimulates the formation
of the caspase-8-MALTI1-ASC complex, and then the
activated caspase-8 produces mature IL-1B (Fig. 5) (Grin-
ghuis et al. 2012). The dectin-1 pathway is also known for
its ability to activate the canonical caspase-1 inflamma-
some (Hise et al. 2009). Thus, dectin-1 ligands activate
multiple pathways that converge to induce IL-1f release
following fungal and mycobacterial infection.

TLRs are PRRs that recognize PAMPs/DAMPs and
induce the expression of genes encoding inflammatory
cytokines including TNF-a, IL-12, or IL-6. In addition,
TLR-3/4 signaling that involves ligands such as poly-
inosinic-polycytidylic acid (poly(I:C)) or LPS induces IL-
1B production. TLR-3/4-TRIF-dependent caspase-8 acti-
vation results in the production of mature IL-1 (Fig. 5)

Fig. 5 Caspase-8 activation by
dectin-1 and Toll-like receptor i
(TLR)-3/4. Dectin-1 and TLR- C. albicans
3/4 induce expression of v
cytokine genes in response to

pathogen infection. These

receptors also activate caspase-8

to produce active IL-1B/IL-18

¥ N

M. tuberculosis

Dectin-1

(Maelfait et al. 2008). TLR signaling also contributes to the
formation of a protein complex called the “ripoptosome”,
which contains caspase-8, FADD, receptor-interacting
protein (RIP)1 and c-FLIP. This protein complex and the
RIP3-ROS signaling pathway are required for the activa-
tion of caspase-8, leading to the production of mature IL-
1B (Fig. 5) (Vince et al. 2012). Endogenous apoptosis
inhibitors such as “inhibitor of apoptosis” inhibit ripop-
tosome formation (Fig. 5). In addition, ER stress induces
the production of IL-1PB in cells stimulated with LPS
through TLR-4-TRIF-caspase-8 axis (Shenderov et al.
2014). These results raise the possibility that TLR-acti-
vated caspase-8 plays a significant role in the inflammatory
response towards bacterial infection. However, these
experiments were carried out in in vitro using purified
ligands. Therefore, the role of TLR-mediated caspase-8
activation in the innate immune response towards bacterial
infection in vivo is unclear.

Caspase-8 Activation and IL-1B/IL-18 Processing
Through Fas

Fas (CD95 or Apo-1), a member of the TNF receptor
family, is important for the induction of apoptotic cell
death. In the context of the host defense system, it has been
shown that Fas signaling contributes to the apoptotic
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elimination of virus-infected or tumor cells (Strasser et al.
2009). In addition, Fas signaling contributes to the pro-
duction of active IL-1p/IL-18; injection of FasL-expressing
cells into the peritoneal cavity of mice induces the pro-
duction of active IL-1B and the accumulation of
neutrophils (Miwa et al. 1998). FasL-Fas signaling also
contributes to the production of active IL-18 in a mice
model of graft-versus-host disease (Tsutsui et al. 1999). In
caspase-8/RIP3-deficient cells, Fas-activated caspase-8 has
been shown to contribute to the processing of pro-IL-1f/
IL-18 to yield active cytokines (Bossaller et al. 2012).
These reports suggest that Fas-caspase-8 signaling play a
significant role in the innate immune system in response to
pathogenic microbe infection. Apart from the recognition
of PAMPs/DAMPs by dectin-1 or TLR-3/4, and the stim-
ulation of the Fas receptor by FasL on host cells, little is
known about this mechanism.

Recently, insight into this mechanism was attained using
a mouse infection model involving pathogenic L. mono-
cytogenes (Fig. 6) (Uchiyama et al. 2013). In response to L.
monocytogenes infection, a lower level of mature IL-1/IL-
18 is produced from Fas™'~ M¢ than wild type cells,
regulating L. monocytogenes in vivo. Natural killer (NK)
cells induced FasL expression in response to L. monocyt-
ogenes infection and the FasLL on NK cells stimulated
macrophages, leading to the caspase-8 activation and
cleavage of cytokine pro-forms to yield active ones.

Fig. 6 Schematic
representation of Fas-mediated
caspase-8 activation and
cytokine production. Fas ligand
(FasL), expressed on natural
killer (NK) cells, induces
caspase-8 activation through an
intracellular ROS-dependent
mechanism that potentially
contributes to the production of
mature IL-13/IL-18 and ASC.

Caspase-1, -9, and -11 do not contribute to Fas-mediated
cytokine production; cells deficient in these genes pro-
duced level of mature IL-1B/IL-18 that are comparable to
wild type cells. In addition, NLRP3, NLRC4, and P2X/R,
which are required for the caspase-1 inflammasome, are
dispensable. However, the adaptor molecule of caspase-1
inflammasome ASC is partially required for IL-1B/IL-18
production in response to FasL stimulation. ASC is known
to contribute to the activation of caspase-1; however, in the
absence of ASC, caspase-8 is activated to a level compa-
rable to wild type cells in response to FasL stimulation.
These results suggest that ASC contributes to the produc-
tion of mature cytokines through an unknown mechanism
that does not involve caspase-8 activation.

The production of IL-1B/IL-18 is regulated by Type 1
IFNs (Guarda et al. 2011; Rathinam et al. 2012). In addi-
tion, L. monocytogenes infections induce the expression of
Type I IFNs including IFN-f (Reimer et al. 2007; Reutterer
et al. 2008; Yamamoto et al. 2012). Fas-mediated cytokine
production is also regulated by Type I IFNs. IL-18 pro-
duction is abolished in L. monocytogenes-infected
Ifnoarl™~ cells. The IFN consensus sequence binding
protein, which is activated by Type I IFNs, regulates the
promoter region of 1/18. In accordance with this, Ifior] '~
cells failed to upregulate /118 expression in response to L.
monocytogenes infection, leading to the low-level pro-
duction of active IL-18 (Fig. 6).
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NF-«xB Regulation

Double-stranded RNA-stimulated NF-kB activation and
inflammatory cytokine gene expression regulated by reti-
noic acid-inducible gene-I and melanoma differentiation-
associated gene-5, requires caspase-8/-10 (Buskiewicz
et al. 2012; Takahashi et al. 2006). TLR-4 signaling also
requires caspase-8 for NF-xB activation, because caspase-
8-deficient B cells show a delayed nuclear translocation of
NF-«xB (Lemmers et al. 2007). In addition, multiple reports
indicate that caspase-8 activation is required for the pro-
liferation and activation of T cells induced by antibodies
against CD3 and recombinant IL-2 stimulation (Maelfait
and Beyaert 2008). In this context, activated caspase-8 was
also shown to play a role in the activation of NF-kB
(Maksimow et al. 2006). The differentiation of monocytes
into macrophages also requires caspase-8 activity. The
deletion of the caspase-8 gene in myeloid cells results in
the inhibition of differentiation (Maelfait and Beyaert
2008). Stimulation with macrophage colony-stimulating
factor activates the caspase-8-mediated cleavage of RIP1.
Processed RIP1 is involved in the inhibition of sustained
NF-kB activation, favoring proper macrophage differenti-
ation (Rébé et al. 2007). These results suggest that caspase-
8 plays a significant role in the regulation of NF-«B in the
innate immune response towards bacterial infection; how-
ever, the functional role in the regulation of the infectious
bacteria is not clear.

Human caspase-8 also contributes to NF-xB activation,
leading to IL-8 production in response to muramyl dipep-
tide stimulation (Hasegawa et al. 2005). Individuals
containing a mutation in the caspase-8 gene show immu-
nodeficiency characterized by recurrent sinopulmonary and
herpes simplex virus infections (Chun et al. 2002). These
results indicate the possibility that human caspase-8 also
contributes to the inflammatory responses against micro-
bial infection.

Inhibition of Inflammatory Responses

In addition to the induction of inflammation, caspase-8 is
shown to contribute to the inhibition of inflammatory
cytokine production. Caspase-8-deficient epidermal cells
show an increased inflammatory response towards trans-
fected DNA, leading to chronic skin inflammation
(Kovalenko et al. 2009).

Regulation of the Inflammasome
In addition to its role in cytokine production, caspase-8 also
contributes to the regulation of inflammasome activation.

Caspase-8 deficiency augments the NLRP3 inflammasome
activation and IL-1B production in response to LPS

@ Springer

stimulation (Kang et al. 2013). In a basal condition, RIP3
contributes to the activation of the NLRP3 inflammasome,
which is inhibited by caspase-8 under certain conditions
(Kang et al. 2013). In contrast, deletion of caspase-8 or
FADD in a RIP3-deficient background eliminates the cas-
pase-1 activation and the production of mature IL-1f in
response to LPS/ATP stimulation or C. rodentium infection,
indicating positive regulation of inflammasome activation
by caspase-8 (Gurung et al. 2014). Caspase-8 was shown to
be involved in the expression of inflammasome-related and
pro-IL-1B genes and activation of the NLRP3 inflamma-
some (Gurung et al. 2014). These results indicate that
caspase-8 plays important roles in the positive and negative
regulation of inflammatory responses mediated by the
NLRP3 inflammasome.

Other Caspases

Caspase-12-deficient mice were shown to have greater
resistance in a murine model of sepsis (Saleh et al. 2006).
Interestingly, the proteolytic activity of caspase-12 is not
required for this phenomenon. In addition, it has been
shown that full-length caspase-12 (caspase-12L) associates
with caspase-1, inhibiting caspase-1 activity and leading to
the inhibition of IL-1f, IL-18, and IFN-y production (Saleh
et al. 2006). Caspase-12 also associates with NOD2 via
RIP2, leading to the inhibition of NF-kB activation. This
results in the downregulation of antimicrobial responses
(LeBlanc et al. 2008).

Caspase-9 is well-known effector involved in apoptosis
induction through the mitochondrial intrinsic pathway.
Caspase-9 was shown to inhibit necrotic cell death in
macrophages infected with M. tuberculosis, leading to
maintain the place of growth for bacterium in vitro
(Uchiyama et al. 2007). However, it is not clear whether
caspase-9 contributes to the regulation of M. tuberculosis
in vivo.

Caspase-7 was identified as a substrate of caspase-1
(Lamkanfi et al. 2008). Later, it was shown that L.
pneumophila infection activates caspase-1 through
NLRC4-inflammasome formation, leading to the cleavage
of caspase-7. Mice and macrophages lacking caspase-7
allow substantial L. pneumophila replication. It has been
shown that caspase-7 is involved in the maturation of L.
pneumophila-containing phagosomes and induces cell
death in infected macrophages (Akhter et al. 2009). In
addition, caspase-7 contributes to the activation of NF-kB
through the cleavage of PARP1 in response to LPS
stimulation in macrophages (Erener et al. 2012); however,
it is not clear whether this mechanism is involved in
the inflammatory response towards genuine bacterial
infection.
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Concluding Remarks

Caspases play a well-characterized role in apoptosis
induction during the innate inflammatory response towards
bacterial infection. In this review, we have summarized the
novel functions and activation mechanisms of caspases
including those that are involved in not only the activation,
but also the inhibition of inflammation. Furthermore, in an
in vivo context, caspases are activated in numerous cell
type including M, DC, T, and B cells. Additional inves-
tigation into the functional roles of caspases will be
required to further our understanding of the mechanism by
which caspases control the innate defense response towards
bacterial infections in vivo.
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