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Chapter 1.

Introduction



The human immune system consists of two distinct arms that act
in harmony to respond against stress signals and pathogens: the
innate and the adaptive immunity. The innate immune system is
evolutionary more conserved and it plays a primary role in the
rapid recognition and elimination of invading microorganisms,
through different processes such as phagocytosis and induction of
inflammation. In the meanwhile, it is also necessary for the
priming and activation of the more recent evolved immune
system, the adaptive immune system, which provides long-term
protection against specific antigens.

The innate immune system is composed of germline-encoded
pattern recognition receptors (PRRs) that recognize and respond
to the presence of pathogen- and/or danger-associated molecular
patterns (PAMPs and DAMPs, respectively). PRRs are expressed
by many cell types, such as monocytes, macrophages, dendritic
cells, neutrophils and epithelial cells, and are front line of defense
against infection’.

Sensing of DAMPs/PAMPs by PRRs leads to transcriptional and
post-translational changes in the cells that cause the release of
cytokines and chemokines into the extracellular milieu. The
presence of these molecules induces the recruitment of
leukocytes and phagocytes to the site of infection or injury to
eliminate the threat and repair the damage.

Our innate immune system has evolved at least four major PRR

families: toll-like receptors (TLRs), the C-type lectin receptors



(CTLs), retinoic acid inducible gene-l (RIG-I)-like receptors (RLRs)
and the nucleotide-binding domain leuchine-rich repeats (NLRs).
TLRs and CTLs are membrane-bound receptors which scan the
extracellular milieu and endosome compartments; on the contrary,
RLRs and NLRs are cytosolic proteins that act as intracellular

Sensors.

TLRs

Toll-like receptors (TLRs) belong to the PRR superfamily and
recognize PAMPs and DAMPs. They are highly evolutionary
conserved in flies, plants and mammals. Their discovery started
with the identification of a role of Toll, a receptor expressed in
Drosophila melanogaster, during fungal infection®>. Nowadays, ten
TLRs (TLR 1-10) in human and twelve (TLR 1-9, 11-13) in mice
have been identified and they are broadly expressed in the
spleen, peripheral blood leukocytes, gastrointestinal tract and
lung®. TLRs are integral membrane glycoproteins that can be
present in the extracellular membrane (murine TLR 1, 2, 4-6, 11)
or in the endosomes (murine TLR 3, 7-9, 13). They have a
conserved cytoplasmic domain, necessary for the interaction with
adaptor molecules, and a variable extracellular domain containing

leucine reach repeat (LRR) motifs specialized for the recognition



of the ligand*. After the recognition and engagement with the
ligand, the TLRs wundergo dimerization (homodimers or
heterodimers) which induce the necessary conformational
changes that allow the interaction with adaptor molecules to
induce the downstream signaling. TLRs activation leads to the
activation of the mitogen-activated protein kinases (MAPKs), JUN
N-terminal kinase (JNK) and p38, as well as the activation of
transcription factors, such as nuclear factor-kB (NF-kB), the inter-
feron-regulatory factors (IRFs), cyclic AMP-responsive element-
binding protein (CREB) and activator protein 1 (AP1). TLRs
signaling consist of two pathways: myeloid differentiation primary-
response protein 88 (MyD88)-dependent and —independent (or
TIR-domain-containing adaptor protein inducing IFN-B (TRIF)-
dependent) pathways. The MyD88-dependent pathway is
common to all TLRs, except TLR3, and it leads mainly to the
nuclear translocation of NF-kB, CREB, AP1 whereas TRIF-
dependent pathway induces Type | interferons through IRF3/7°
(Figure 1).
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Figure 1. TLR pathways.
Adopted from Luke A. J. O’'Neill, Douglas Golenbock and Andrew
G. Bowie. Nat Rev Immunol. (2013)°.

TLR4

TLR4 is a protein that is encoded by the gene TLR4 located on
human chromosome 9. TLR4 is the signaling receptor for

lipopolysaccharide (LPS), the major component of the cell wall of



Gram-negative bacteria; in fact, mice lacking TLR4 were not able
to respond to LPS stimulation anymore’. Moreover, evidences
suggested that TLR4 can recognize different stimuli such as
fusion protein from respiratory syncytial virus and heat shock
proteins®. However, TLR4 alone does not have the ability to bind
directly to LPS and the recognition of LPS by TLR4 is mediated by
co-receptor myeloid differentiation factor 2 (MD2)®. Furthermore,
lipoprotein binding protein (LBP) together with soluble or
transmembrane CD14 is necessary to sense very low amounts of
LPS®1°,

TLR4 is located in the cell surface but it is also internalized to the
endosomes after its engagement. Interestingly, it is the only TLR
that can lead to the activation of both MyD88-dependent and -
independent signaling pathways leading to the expression of
cytokines, such as TNFa, IL-1B3, IL-6 and IFNs. In particular, the
recruitment of CD14 to the endosome has been shown to be

important for triggering of the TRIF pathway'" (Figure 1).

Lipopolysaccharide (LPS) structure

LPS, also known as endotoxin, is an amphiphilic molecule that
exists within the outer membrane of Gram-negative bacteria. LPS
is essential for both structural and functional integrity of the Gram-
negative membrane where it acts as a protective barrier that is

permeable only to hydrophilic, low molecular weight molecules.
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LPS is generally composed of three main regions: lipid A, core
polysaccharide and O-polysaccharide'? (Figure 2). Lipid A is the
hydrophobic component of the molecule. It consists typically of a
phosphorylated N-acetylglucosamine dimer with six or seven fatty
acids attached. The structure of lipid A is quite conserved among
Gram-negative bacteria. However, the nature of fatty acids and
their degree of acylation can be variable and it contributes to the
heterogeneity of these molecules. Interestingly, different species
of lipid A can have different functions (agonistic or antagonistic)
also based on the host cells applied'. Indeed, intact lipid A has
been shown to induce little production of cytokines in human
monocytes14 and its precursor, lipid IVa, acts as antagonist of
human, but not mouse TLR-4/MD2'°. Attached to lipid A is the
core polysaccharide that appears to be less variable within any
genera. In particular, the inner core, the one in proximity to lipid A,
usually consists of 3-deoxy-D-manno-oct-2-ulopyranosonic acids
(KDO) whereas the outer core is generally more variable and is
composed of hexose sugars (i.e. glucose, galactose, N-acetyl
galactosamine and N-acetyl glucosamine). The O-polysaccharide
is attached to the outer core and is a polymer of repeating
saccharide subunits. Composition and length of this hydrophilic
domain greatly vary among species leading to big number of

serotypes for particular Gram-negative species’*".
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Figure 2. Structure of LPS.
Adapted from Beutler B. and Rietschel E.T., Nat Rev Immunol.
(2003)'°.

NLRs

The human and mouse NLRs family consist of 22 and 34
members, respectively. Structurally, NLRs are multi-domain
proteins which display a tripartite structural organization consisting
of C-terminal LRR, a central nucleotide binding domain (NBD also
referred as NACHT domain) and an N-terminal effector domain
that initiates signaling.

The LRR domain is a structural motif of 20-30 amino acids with a
characteristic sequence pattern rich in leucine, a hydrophobic
amino acid that makes LRR domain suitable for protein-protein
interactions. On the base of its architecture, LRR domain has
been proposed to be implicated in auto-regulation and ligand

sensing'’.
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NACHT domains are thought to oligomerize upon activation in
presence of adenosine triphosphate (ATP)'. N-terminal effector
domain mediates signal transduction to downstream target. Four
different N-terminal domains were described so far: acidic
activation domain, baculovirus inhibitory repeat (BIR)-like domain;
caspase-recruitment domain (CARD) and pyrin domain (PYD);
based on the molecular structure of N-terminal domain, NLRs are
divided in four main subclasses: NLRAs, NLRBs, NLRCs and
NLRPs containing acidic, BIR, CARD and PYD domains
respectively’®. Within NLRs family, currently only NLRP1%,
NLRP3%', NLRC4%*, NLRP6* and NLRP12** have been shown to
be capable of forming in vitro multi-protein complexes, named

inflammasomes.

Inflammasome

The term inflammasome comes from the union between the word
‘inflammation” and the suffix “some”. “Some”, from the Greek
word soma, means body and it is frequently used in biology to
describe molecular complexes. This name was coined to
represent both structure and function of this complex. The
inflammasome is a high molecular weight multi-protein complex

that induces inflammation through the cleavage and release of
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caspase-1-dependent interleukin (IL), IL-18 and IL-18. In general,
after activation, the NLRs oligomerize through their nucleotide
NBD and recruit procaspase-1 through a CARD-CARD interaction
(such as for NLRC4). However, NLRP3 does not have any CARD
domain and requires the adaptor apoptosis-associated speck-like
protein containing CARD (ASC) to recruit caspase-1 (Figure 3).
Indeed, ASC is an intracellular protein that contains both a PYD
and a CARD domain to interact with NLRPs and procaspase-1,
respectively. Once procaspase-1 is recruited to the multiprotein
inflammasome  complex, it undergoes proximity-induced
autoproteolitic cleavage (autoactivation): procaspase-1 is cleaved
initially into p10 and p35 and subsequently p35 is further
processed into p20 and p10 subunits. An active caspase-1
tetramer is composed of two p20 subunits and two p10 subunits,

which promotes pyroptosis and cytokine release®.

NLRP3 NLRC4
INFLAMMASOME INFLAMMASOME

Pro-CASP1

Pro-CASP1

Figure 3. NLRP3 and NLRC4 inflammasome representation
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Abbreviations: ASC, apoptosis-associated speck-like protein;
CARD, caspase-recruitment domain; CASP, caspase; LRR,
leucine rich repeat; NBD, nucleotide binding domain; NLRC4,
Nod-like receptor (NLR) family, CARD domain containing 4;
NLRP3, NLR family, PYRIN domain-containing-3; PYD, pyrin

domain.

Inflammasome activation promotes pyroptosis and

cytokine release

Pyroptosis

Pyroptosis (from Greek terms “pyro” and “ptosis” which mean fire
and to fall, respectively) is a particular type of cell death that was
described firstly in 1992%°. Pyroptosis is defined as a caspase-1
dependent cell death that occurs both in myeloid?” and non-
myeloid®® cells upon infection. It is characterized by plasma
membrane disruption that induces in turn water influx and
subsequent cytoplasmic swelling and osmotic lysis®®. Pyroptosis is
a pro-inflammatory type of cells death as it results in the release
of the cytosolic contents into the extracellular milieu. Indeed, the
presence of cytokines (i.e. IL-1a), DAMPs (i.e. high mobility group
box 1 (HMGB1)) and microbial antigens in the extracellular space

can intensify innate and adaptive immune responses.
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IL-1a as a pyroptotic marker

The gene encoding for IL-1a is located on the human
chromosome 2. Together with IL-18 and IL-18 (described more in
detail below), IL-1a belongs to IL-1 family of cytokines. It has a
high tridimensional structure similarity with IL-1p that explains the
ability of these two cytokines to bind and act through the same
receptor, the IL-1 receptor type | (IL-1RI1)***". Its secretion does
not involve endoplasmic reticulum (RE) and the Golgi apparatus,
suggesting the involvement of an unconventional pathway.
Monocytes and macrophages are the major producers of IL-1
(both IL-1a and IL-1B) cytokines®2. These cytokines are expressed
in the cells as precursors (pro-IL-1a and pro-IL-13, p31 kDa and
p37 KDa, respectively) which undergo cleavage. Interestingly,
both precursor and cleaved form of IL-1a exert a biological activity
binding to IL-1RI®. IL-1a can have a different localization pattern
within the cells. It localizes as pro-IL1a on the plasma membranes
of several type of cells (e.g. monocytes and B cells) where it
seems to be involved in cell-cell paracrine signaling®*. Because of
the presence of a nuclear localization sequence (NLS) in its N-
terminal, IL-1a can translocate into the nucleus where it can
influence the transcription of pro-inflammatory genes®. In
addition, IL-1a is also present in the cytoplasm where it can be
cleaved into its mature form by calpain I, a membrane-

associated, calcium-dependent cysteine protease®. The
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mechanism leading to the release of mature IL-1a from human
monocytes is not yet demonstrated®’. IL-1a is rarely detected in
serum or body fluids in humans® but primary cells contain
constitutive levels of pro-IL-10° that can be released by necrotic

and pyroptotic cells*.

Inflammasome related cytokines: IL-138 and IL-18

Proteins that are released in the extracellular milieu, such as
cytokines (e.g. IL-6), usually contain a signal peptide that guides
them towards the ER where the translocation apparatus is
present. From the RE the secreted proteins are transported to the
Golgi apparatus first and then to the extracellular compartment
through a vesicular network (classical secretory pathway).
However, proteins lacking the signal peptide can be secreted from
the cells via an unconventional RE-Golgi apparatus-independent
pathway*'. IL-1B8 and IL-18 (together with IL-1a described above)
do not possess the signal peptide; therefore cells use an
unconventional route to secrete them. Unlike IL-1q, IL-1p3 and IL-
18 require caspase-1-dependet cleavage to be released. Indeed,
macrophages from caspase-1 deficient mice failed to secrete both
inflammasome-dependent cytokines*. Several models have been
proposed to describe this unconventional secretion*'. However,

the exact molecular mechanism remains unclear.
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IL-18

The gene encoding for IL-1B is located on the human
chromosome 2. Monocytes, macrophages and dendritic cells are
the primary source for IL-13, but lymphocytes and Natural killer
(NK) cells can also produce the cytokine too.

IL-18 is an important pro-inflammatory cytokine. Its release
induces expression of adhesion molecules on epithelial cells that
mediates the transmigration of immune-competent cells to the site
of infection or injury. It has also been shown that IL-1 induces the
synthesis of cyclooxygenase type 2 (COX-2), type 2
phospholipase A and inducible nitric oxide synthase (iNOS)
leading to the production of inflammatory mediators, such as
prostaglandin-E2 (PGEZ2), platelet activating factor (PAF) and
nitric oxide (NO)*’. IL-1B plays also a role in the regulation of
sleep, appetite, body temperature and threshold of pain®’.

The activity of IL-1B is tightly regulated at different levels
including: expression, maturation and secretion. Indeed, its coding
region contains an instability element that maintains low
expression level of IL-18*%. Therefore, the transcription of IL-1B
gene requires a first step (called “priming”) usually mediated by
TLR ligands (i.e. LPS) or TNFa to induce IL-1B precursor. As
described previously, IL-1B activation and release is controlled by

caspase-1-dependent inflammasome activation. Furthermore,
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when IL-1[ is secreted its activity is also regulated by endogenous
soluble IL-1 receptor antagonist (IL-1RA), which binds the cell
surface of IL-1R avoiding the binding of IL-1B with its receptor*.

IL-18

IL-18 is synthetized as a precursor (pro-IL-18, 24KDa) that,
differently from pro-IL-1, is constitutively and broadly expressed
both in human and in mouse***®. However, pro-IL-18 needs to be
cleaved to its active form (IL-18, 17KDa) to be secreted and to
bind to its receptor, the IL-18 receptor (IL-18R). IL-18 activity is
regulated by an affinity-dependent IL-18 binding protein (IL-
18BP)*’ constitutively secreted at high levels in the serum and
synovial fluid of healthy humans*®. Imbalance between IL-18 and
IL-18BP (decrease IL-18BP, increase of IL-18) is often associated
to an increased severity of different disorders, such as obesity,
type Il diabetes, cardiovascular diseases and Alzheimer’s

disease®’.
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NLRP3 Inflammasome (canonical pathway)

NLRP3 inflammasome is the best studied inflammasome so far
and is composed of NLRP3, ASC and procaspase-1. The LRRs
domain in the NLRP3 protein, in concert with two chaperones
(SGT1 and HSP90)*, is suggested to maintain the protein in an
auto-repressed state. Upon activation, conformational changes in
NLRP3 allow the exposure of NBD and PYD domains; NLRP3 is
then enabled to oligomerize with homotypic NBD domains,
interact with ASC through PYD domain, which in turn recruits
caspase-1. Based on previous studies, it was proposed that LRR
domain of NLRP3 binds and senses its specific activators.
However, there is no evidence that NLRP3 binds directly to any of
its known activators and it is unlikely to be true. Indeed, NLRP3 is
activated by a wide range of signals, which could not be
recognized by the same LRRs structure. The activators can have
different natures: microbial or sterile (exogenous or endogenous)
(Table 1).
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NLRP3 Activators

Sterile (DAMPs) Microbial (MAMPs)
Endogenous | Exogenous
Amyloid B Alum Bacteria (whole)
ATP Asbestos Double strand DNA
Cholesterol Silica Double strand RNA
Glucose Fungi
Hyaluronan Pore forming toxins
ROS Virus
MSU

Table 1. NLRP3 activators.
Abbreviation: ATP, adenosine triphosphate; ROS, reactive oxygen

species; MSU, monosodium urate.

The different structure of the NLRP3 agonists (Table 1) suggests
the presence of a common intermediate downstream molecule
that elicits the formation of a functional inflammasome. Three
mechanisms have been proposed for inflammasome activation so
far: potassium (K") efflux, generation of reactive oxygen species

(ROS) and phago-lysosomal destabilization.
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Models for NLRP3 inflammasome activation

K+ efflux: K is one of the most abundant ions present in
the cytoplasm of the cells. Disruption of plasma membrane
integrity induces the release of K* ions. The increase of the
extracellular K concentration as well as the incubation of
cells with glibenclimide, a K* channel inhibitor, inhibits the
formation of an active inflammasome in vitro®'*?. Two well
established stimuli that cause K' efflux are: ATP that
activates P2X7 receptor cation channel, and nigericine, a
pathogen-derived pore forming toxin®®. Therefore, NLRP3
inflammasome has been proposed to be a sensor for cells
integrity and, recently, Munoz-Parillo and colleagues have
highlighted the important role of K" as a common modulator
of NLRP3 activation®*.

ROS: The redox state of the cells is another indicator of cell
viability. Several NLRP3 activators (i.e. MSU) induce an
increase in ROS production and elevated levels of ROS
have been shown to activate NLRP3 inflammasome.
Originally, NADPH oxidase was proposed as the main
source of ROS production responsible for the
inflammasome activation. However, studies using cells
deficient in NADPH oxidase components showed no

defective inflammasome activation®®. Subsequently, it was

22



reported that the increase of mitochondrial ROS, a
consequence of dysregulation of mitochondrial function,
leads to NLRP3 activation. Moreover, NLRP3
inflammasome has been shown to co-localize with the
mitochondria after activation®®. The redox state is also
controlled by the presence of antioxidant systems (e.g.
thioredoxin, glutathione synthase) and a role of antioxidant
response during NLRP3 activation has been proposed.
Indeed, the induction of ROS-scavenger antioxidant
machineries prevent IL-1B release®” and their expression
level inversely correlates with NLRP3 activation®.
However, the precise function of redox state during

activation of NLRP3 inflammasome is still controversial.

Phago-lysosomal _destabilization: Both pathogens, that

actively escape the phagosome, and crystal particles (i.e.
silica) could damage the phago-lysosome membrane
leading to the release of its content to the cytoplasm.
Indeed, the inhibition of cathepsin B, a lysosomal enzyme,
impaired the NLRP3 activation induced by silica®.
However, cells deficient for cathepsin B do not show any
alteration of inflammasome activation®®, suggesting the

possible involvement of redundant cathepsins.
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More recently, other mechanisms seem to be involved in
inflammasome-mediated caspase-1 activation. Indeed, a non-
canonical pathway has been described in which caspase-11,
another inflammatory caspase, plays a central role in cytokine

release and induction of pyroptosis®.

Caspase-11 and non-canonical Inflammasome

Caspase-11 and its expression

Murine caspase-11 belongs to the inflammatory caspase-1
subfamily of proteases®' and it shares 46% of amino acid identity
with murine caspase-1. It is synthetized as 43 and 38kDa
precursors (procaspase-11) and, in contrast to caspase-1, its
expression is not constitutive, but requires an inflammatory
stimulus. In particular, stimulation with the whole Gram-negative
bacteria (i.e. Vibrio cholera, flagellin-deficient Salmonella enterica
serovar typhimurium (Aflag Salmonella infection), Escherichia coli
(E. coli), enterohemorrhagic E. coli (EHEC), Legionella
pneumophila, Citrobacter rodentium) has been shown to induce
procaspase-11 expression in murine macrophages®®. The
peculiarity of Gram-negative bacteria is the presence of LPS on

their outer membrane. Indeed, LPS induces procaspase-11
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expression in splenocytes® and macrophages®'®®. The
contribution of downstream players of TLR4 pathway (Figure 1),
leading to caspase-11 expression induction, has been assessed.
Myd88" and Trif”” macrophages show a delay in procaspase-11
expression after Aflag Salmonella infection®*®®. On the contrary,
other independent groups have demonstrated that procaspase-11
up-regulation is reduced in Trif” macrophages infected with C.
rodentium® and E. col*®" keeping the role of TRIF still under
debate. TRIF-mediated signaling leads to the activation of IRF3-
IRF7 transcription factor complex which, in turn, elicits the
expression of type | interferons (IFNs), IFN-a/p (Figure 4). Role of
IFN-a/B in procaspase-11 expression still remains controversial.
Indeed, Rathinam et al. reported that macrophages lacking
interferon type | receptor (Ifnar’) infected with EHEC have less
procaspase-11 expression compared to wild-type macrophages
and the expression is restored when high doses of IFN-3 is added
to the in vitro culture®®. In contrast, a separate study reported that
Ifnar” macrophages do not show any reduction in procaspase-11
expression after Salmonella infection and procaspase-11

induction does not increased after the addition of exogenous IFN-

663-
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Caspase-11 and its regulation/cleavage

Caspases are a family of endoproteases which their activation is
tightly regulated. Caspases are synthetized as a zymogen (or pro-
enzyme), an inactive precursor that needs to be hydrolyzed in
order to expose their active site and to be functional. Active
caspase is often composed of a dimer (i.e. caspase-1).
Procaspase-11 has been shown to be cleaved into a 26-30kDa
protein in order to be active®®®*. Furthermore, TRIF-type | IFNs
pathway is essential for the processing of caspase-11.
Macrophages lacking TRIF and IFNAR display a reduction in
active caspase-11 after Gram negative bacterial infection® 4%’
Taking this into account, together with the data regarding the
regulation of procaspase-11 expression (described above), two
models of activation have been proposed: auto-activation model®
and receptor/scaffold-mediated activation model®® (Figure 5).
Rathinam and colleagues suggested that induction of caspase-11
expression through TRIF-IFN type | signaling is necessary and
sufficient for the caspase-11 processing and activation (auto-
activation model)®*. The second model is proposed by Broz et al.
where they observed that TRIF deficiency and IFNAR is
dispensable for caspase-11 expression but, on the other hand, is
required for caspase-11 activation after Salmonella infection.
Based on results obtained from TRIF- and IFNAR-deficient

macrophages, Broz et al. proposed that a still unknown scaffold
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protein whose expression is regulated by type | IFNs via the TRIF-
pathway, mediates the activation of caspase-11

(receptor/scaffold-mediated activation model)®® (Figure 5).

model 1: receptor/scaffold mediated activation
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Figure 5. Models for caspase-11 activation.

Modified from Broz P. and Monack D.M. Plos Pathogens (2013)%.
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Initially, it was thought that caspase-11 activation requires the
presence of infection, as LPS or IFN-B alone could not induce
caspase-11 activation in macrophages®. However, this
assumption has been disproved by the study of Kayagaki et al.?.
Indeed, it demonstrates that the presence of LPS alone in the
cytoplasm of murine macrophages is sufficient for caspase-11
activation in absence of infection®. Previous work from the same
authors showed non-canonical inflammasome activation through
stimulation with cholera toxin B (CTB) together with LPS. Initially,
CTB was identified as one of the triggers of caspase-11
activation®?, but only recently the mechanism has been clarified.
CTB itself does not trigger caspase-11 processing but facilitates
the entry of LPS (serotype O111:B4) into the cytoplasm and the
genuine activator of caspase-11 seems to be cytoplasmic LPS
(Figure 6).

Sensing of LPS by a still unknown cytoplasmic receptor seems to
be the genuine trigger of caspase-11 activation. Indeed, when
LPS is forced to enter into the cell, in absence of any other trigger,
it induces the activation of non-canonical inflammasome®°.
However, the cleavage of caspase-11 after transfection of LPS
has not been shown; the relevance of LPS-mediated activation
and the non-canonical pathway has been tested using caspase-

11-deficient macrophages.
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Figure 6. LPS-dependent caspase-11 activation
Adapted from Rathinam V. A. K and Fitzgerald K. A. Nature

(2013)™".

Furthermore, in agreement with these data, recent work clarifies
the role played by Type | IFNs during the activation of non-
canonical inflammasome induced by intracellular Gram-negative
bacteria. Type | IFNs are required to induce the expression of
small interferon-inducible GTPases; these proteins are necessary

for lysing the pathogen-containing vacuole, which in turn allows
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the release of the bacteria into the cytoplasm where LPS can be

sensed’?.

Caspase-11 substrate(s)

Caspases are cysteine proteases that play critical roles during
apoptosis (apoptotic caspases) and proteolitic activation of
cytokines (inflammatory caspases). Inflammatory caspases are
encoded by three genes, caspase-1, -11, -12 in mouse (caspase-
1, -4, -5, -12 in human) and are located in tandem in a cluster on

the chromosome 9 (chromosome 11 in human)”® (Figure 7).

Figure 7. Chromosomal organization of inflammatory caspases.
Adapted from Martinon F. and Tschopp J. Cell (2004)".
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The substrates of the caspases are usually recognized through a
conserved amino acid sequence and the cleavage takes place at
the C-terminal of an aspartic acid residue. However, the
substrates of caspase-11 are still unknown. The crystallography
analysis of the protein revealed strong differences between
caspase-11 and caspase-1%", suggesting that caspase-11 does
not directly cleave caspase-1 substrates, such as pro-IL-18 and
pro-IL-18. Indeed, caspase-11 cleaves pro-IL-13 very poorly and
caspase-11 overexpression does not induce any IL-13 cleavage
and release when expressed in HEK293t cells. Nevertheless, in
vitro results indicated the ability of caspase-11 to potentiate the
cleavage of caspase-1. Indeed, co-expression of procaspase-11
alongside procaspase-1 potentiated the cleavage of pro-IL-13
compared to cells in which only caspase-1 was
overexpressed®'®2. Furthermore, macrophages lacking caspase-
11 were not able to process caspase-1 in its active form when

stimulated with non-canonical stimuli®26%74,

Caspase-11 function

The role played by caspase-11 in inflammasome activation began
to be investigated only very recently after caspase—1"' mice were

discovered to be a double knock-out for both caspase-1 and -11°°.
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Indeed, Casp?” mouse strains (now known as caspase-1/11
double knock-out) were all generated using 129 embryonic stem
cells which carry a 5bp deletion in caspase-11 causing the lacking
of its catalytic activity. Caspase-11 is located in near proximity of
caspase-1 locus (Figure 7); therefore, these two mutations could
not segregate during backcrossing. The availability of caspase-11
single knock-out allowed the investigation of the role played by

caspase-11 during cytokine release and pyroptosis.

Cytokine release and caspase-11

LPS-primed macrophages derived from a genuine Casp11”
mouse strain (generated from C57B6 ES cells) were unable to
process caspase-1 and secrete IL-1B and IL-18 in response to
non-canonical stimuli (cholera toxin B (CTB), E. coli, C. rodentium,
V. cholera, intracellular LPS)%%%*®° independently from TLR4,
MD2, CD14, TRIF and Type | IFNs®. Indeed, Pam3CSK4 (TLR2
ligand)—primed bone-marrow derived macrophages obtained from
TIrd”, Md2”, Cd14”, Trif” and Ifnar” secrete the same levels of
IL-1B as wild type control upon transfection of LPS®.

In addition to IL-1B and IL-18, caspase-11 regulates the secretion
of IL-1a in a NLRP3 independent manner®. IL-1a release was
suppressed in Casp71” or in Casp1/Casp11” double deficient
macrophages, but not in Nlrp3'/' or Asc” macrophages, upon non-

canonical stimuli (CTB, E. coli). However, IL-1a remains fully
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dependent on caspase-1 when canonical stimuli (ATP, C. difficile

toxin B) are employed®.

Pyroptosis and caspase-11

Caspases play a crucial role during programmed cell death (also
known as apoptosis)’® and early studies on caspase-11 attributed
a possible role of caspase-11 in the regulation of cell death. It has
been shown that caspase-3 and -7 (effector apoptotic caspases)

can be activated through caspase-117°

. Moreover, overexpression
of caspase-11 per se induces cell death in splenocytes upon LPS
stimulation’”. Recently, a role of caspase-11 during pyroptosis
(described above) was described®*®®. HMGB1, a danger signal
which is released in association with pyroptosis, is reduced in
supernatants obtained from caspase11-deficient macrophages
stimulated with non-canonical activators®. Moreover, caspase-11,
but not NLRP3, NLRC4, ASC, or caspase-1 is required to induce

pyroptosis in response to Gram-negative bacteria®°%78.

Caspase-11 and Sepsis

The role of caspase-11 has been also assessed in vivo through

intravenous injection of high doses of LPS, a murine model of
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acute septic shock. Casp-117" mice are more resistant to LPS
challenge compared Casp-1'/' mice. Furthermore, the release of
caspase-11-dependent cytokine IL-1B and IL-18 is dispensable for
LPS-induced mortality. Indeed, no differences were observed in
the serum levels of IL-18 and IL-18 between the two strains.
Moreover, LPS susceptibility of mice lacking IL-18, IL-18 or IL1RI
was comparable to wild type mice. Notably, a reduction of IL-1a in
the serum was observed in Casp-71" mice®®. Recently, Kayagaki
et al. demonstrated that the mortality caused by septic shock is
independent of TLR4 and fully dependent on caspase-11%°. The
authors postulate a possible detrimental role of caspase-11-

dependent pyroptosis in in vivo model of sepsis.

Human caspase 5: expression and function

Caspase-5, also called ICErellll”® and TY®, is an inflammatory
caspase whose encoding gene is located on human chromosome-
11922 (Figure 8). Caspase-5 gene shares very high sequence
identity with its neighbor caspase-4 gene and murine caspase-11,
suggesting the possibility that caspase-4 and caspase-5 genes
originated from a single ancestral caspase-11 gene®' (Figure 8). In
nature, 6 variants of caspase-5 have been identified so far (variant

a-f) and they arise from differential skipping exon (variant a-e) or
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alternative splicing (variant f)¥ (Figure 9). Within the 6 variants,
only 3 (variants a, b and f) possess both pro-domain and catalytic
domain. The presence of a CARD domain in the pro-domain gives
them the ability to bind to other CARD-containing proteins, such
as inflammasomes-associated proteins. Indeed, a strong
interaction between caspase-5 and NLRP1 CARD domains has

been described®.
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Figure 8. Adopted from Martinon F., Tschopp J. Cell Death Differ
(2007)%".
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Figure 9. Adapted from Eckhart L. at al., Biochem Biophys Res
Commun (2006)%.

Caspase-5 is expressed in placenta, lung, spleen, small intestine,
colon, peripheral blood lymphocytes® and psoriatic skin lesion®*
Interestingly, it is mainly expressed in immune organs and in
tissues that are in close contact with pathogens. Infection by both
Gram-positive (Propionibacterium acnes) or Gram-Negative
(Heamophilus ducrey) bacteria has been shown to increase
caspase-5 expression in monocytes® and skin®, respectively.
Furthermore, its expression is induced by pro-inflammatory
stimuli, such as LPS, IFN-y, IL-18 and TNFa®#’.

However, the mechanism by which caspase-5 is activated and its
function is still unclear. Amino acid sequence analysis, comparing

the caspase-5 sequence with the well characterized caspase-1

36



sequence®®®

, revealed high conservation in the residues involved
in the catalysis79. Furthermore, caspase-5 overexpression leads to
the formation of two fragments (p35 and p10)®* suggesting a
possible autocatalytic activity. Active caspase-5 has been
detected in LPS-stimulated human retinal pigment epithelial cells®’
and in aortic wall of patients suffering from advanced abdominal
aortic aneurysms®.

Caspase-5 over-expression in different host cell lines induces
apoptosis’®® due to the ability of caspase-5 to cleave and
activate procaspase-3, an effector caspase of the apoptotic

cascade®3919?,

Furthermore, caspase-5 seems to help the
caspase-1 dependent pro-IL-13 cleavage; in fact, pro-IL-13
processing occurs most efficiently when both caspases (caspase-
1 and caspase-5) are present and active?® even though pro-IL-18

is not a substrate of caspase-5%.

Human monocytes

Monocytes belong to the innate branch of the immune system.
They originate from hematopoietic stem cells present into the
bone marrow® and are subsequently released in the peripheral
blood where they comprise 5-10% of the total blood leukocytes in

human. However, the monocyte numbers in the blood could be
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variable depending on the individual’s health. Infection and high
fat diet have been reported to induce monocytosis, an increase
migration of monocytes from bone marrow into the blood®®°.
During steady state condition, monocytes circulate for several
days in the peripheral blood where they sense the environment.
Monocytes are considered as a systemic reservoir of myeloid
precursors which give rise to tissue-resident macrophages as well
as antigen-presenting dendritic cells®®?’. Furthermore, they play
an important role during homeostasis and infection through their
ability to identify and phagocyte apoptotic cells® and
microorganisms®®, respectively. Indeed, monocytes possess a
large panel of scavenger receptors and PRRs, like TLRs, which
allow them to recognize DAMPs/PAMPs, whose recognition leads
to the production and secretion of a large amount of effector
molecules, such as cytokines, myeloperoxidase and superoxide,
involved in the defense against pathogens®. For instance, the
presence of LPS in the bloodstream is rapidly recognized by
monocytes, which in turn induce the release of pro-inflammatory
cytokines, such as TNFa, IL-6 and IL-1B3, necessary to eradicate
the infection.

Human monocytes are a heterogeneous population and are
characterized by irregular cell shape with oval-shaped nucleus.
They have a high cytoplasm-to-nucleus ratio and a granular
morphology due to the presence of cytoplasmic vesicles'®.

Morphology was the initial characteristic used to classify
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monocytes but, recently, the analysis of cell-surface markers
allowed the identification of three major populations: CD14"CD16
(classical monocytes), CD14"CD16" (intermediate monocytes)

)101

and CD14°“CD16* (non-classical monocytes Classical

monocytes consist of a bigger population and show a higher

cytokines production profile’®, higher chemotactic'®

and
phagocytic activities'®*. Non-classical monocytes, which represent
only 10% of the total monocytes, are characterized by high
expression of major histocompatibility complex (MHC) class Il and
high production of TNFa following TLR stimulation'®. Intermediate

monocytes are the main producers of IL-10"%.
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Aims of the thesis

Monocytes are the resident sentinels in bloodstream which
produce high levels of cytokines upon infection/activation. They
are capable to synthesize and release cytokines in vitro, such as
IL-1, TNFa, IL-6, when stimulated with TLR ligands'"’.

IL-1B is a well characterized cytokine whose release requires an
active inflammasome complex. The activation of the
inflammasome is regulated by a two-step pathway: first, the cells
have to be primed through the activation of NF-kB, that induces
the expression of pro-IL-13 and inflammasome components, such
as NLRP3 (step 1); second, an additional stimulus is required, in
order to induce the inflammasome complex formation, which in
turn leads to the activation of caspase-1 and the subsequent
cleavage of pro-IL-1B and pro-IL-18 (step 2)'*. However, human
monocytes do not follow this dual mode of activation but they
release IL-1 when stimulated with LPS alone in absence of any
proper inflammasome activator %1%,

The presence of LPS in the circulation is a common feature of
sepsis induced by Gram-negative bacteria. Sepsis is defined as a
host inflammatory disease leading to organ dysfunction in
response to severe infections''®, and monocytes play an essential
role in driving the early inflammatory response in sepsis'".

In this study we aimed to understand the key molecular

mechanisms involved in monocyte response to stimulation with
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LPS. In particular, we investigated the regulation and function of
the inflammatory caspase-5, whose role has not been elucidated
in this context yet (Chapter 2).

The Chapter 2 is articulated in rationale of the experimental plan,
the results obtained and the methodology of experiments
performed.

Finally, the findings are analyzed considering their significance in
human diseases and their possible application in translational
medicine (Chapter 3).
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Rationale and Biological question

The NLRP3 inflammasome is a multiprotein complex regulating
the secretion of IL-1 and IL-18 in response to a variety of stimuli,
including pathogen- and danger-associated molecular patterns
(PAMPs and DAMPS)1. Upon activation, the apoptosis associated
speck-like protein (ASC) adaptor recruits caspase-1 to the NLRP3
inflammasome complex, where it first undergoes auto-cleavage
and then processes the inactive precursors of IL-18 and IL-18.
Importantly, NLRP3 is not responsive to stimulation unless primed
by an NF-kB-triggering signal, such as LPS? Recent studies have
identified an alternative mechanism leading to caspase-1
activation in mouse. This “non-canonical” pathway requires the
inflammatory caspase-11 participating to the regulation of IL-1q, in
addition to IL-1B and IL-18>*. It was also reported that Gram-
negative bacteria, but not Gram-positive bacteria, or intracellular
LPS are the main triggers of the non-canonical pathway®®. In vivo
evidences indicate that, the non-canonical pathway seems
detrimental in murine models of sepsis®’. However, the existence
and the relevance of the non-canonical inflammasome in humans
have not been demonstrated yet.

Thus, we investigated whether the inflammatory caspase-4 and
caspase-5 - human homologs of murine caspase-11- are induced

in human monocytes after TLR4 stimulation by LPS. We found
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that caspase-5, but not caspase-4, is activated in LPS-treated
monocytes. Importantly, the release of IL-1B8 and IL-1a depends
on caspase-5 through a mechanism that requires SYK, PLCy and

calcium (Ca?*) flux.
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Results

LPS activates NLRP3 inflammasome in human

monocytes in the absence of a second signal

Human monocytes display an unusually high sensitivity to LPS?; in
fact, they rapidly released large amounts of inflammatory
cytokines, including IL-1a, IL-1B and IL-6 (Fig. 1a) in a time- (Fig.
1b) and dose-dependent manner (Fig. 1c). This result indicates
that in monocytes LPS alone serves as both priming (signal 1)
and activating signal (signal 2) for the NLRP3 inflammasome
activation. Indeed, LPS alone induced the expression of pro-IL-1f3
and NLRP3 (priming signal) at both mRNA (Fig. 2a) and protein
level (Fig. 2b, c), as well as the processing of caspase-1 and pro-
IL-1B (activating signal) (Fig. 2b, d) in human monocytes.

Therefore, the contribution of NLRP3 inflammasome to LPS-
induced cytokine release by human monocytes was assessed.
Silencing of NLRP3 expression using a specific siRNA (Fig. 3a)
significantly abolished LPS-mediated caspase-1 processing (Fig.
3b), as well as IL-1B3 and IL-1a release (Fig. 3c). Consistently, the
release of IL-6, a NLRP3 independent cytokine, remained
unchanged (Fig. 3c). This mode of NLRP3 activation in

monocytes differs significantly from the one in dendritic cells
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(DCs). Although LPS alone induced pro-IL-1B expression (Fig 4a)
a classical NLRP3 activator, such as ATP, is required to induce
NLRP3 activation and IL-1B release in DCs (Fig 4b). ATP
stimulation is required to activate caspase-1 (Fig 4a) and the
subsequent release of IL-1B (Fig. 4b) in DCs, whereas LPS alone
induced only expression of pro-IL-1B (Fig. 4a) and secretion of IL-
6 (Fig. 4b). These data indicate that LPS is a genuine trigger of
NLRP3 inflammasome activation in monocytes and suggest the
presence of a unique NLRP3-mediated pathway in these cells that

differs from in vitro differentiated DCs.
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Fig. 1] Cytokine release by human monocytes in response to
LPS

a, IL-1a, IL-1B and IL-6 secretion from monocytes cultured in
medium alone (UT), LPS alone (L) or in combination with ATP
(L+A). b-c, release of IL-1B8, IL-1a and IL-6 was tested in
supernatants obtained from monocytes stimulated with LPS (10
ng/ml) at different time points (b) or with different doses of LPS for
5 hours (c). Graphs show the mean + standard deviation of

triplicate wells representative of three independent experiments.
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Fig. 2] LPS acts as an inflammasome priming and activator
signal in human monocytes

a-c, Expression of NLRP3 and IL-13 were assessed by Real-Time
PCR (a) and western blot (b, ¢) in monocytes treated with LPS for
the indicated time points. d, Immunoblot for procaspase-1,
caspase-1 p20 and housekeeping gene (GAPDH) in cellular
lysates of monocytes cultured in medium alone (UT), LPS alone
(L) or in combination with ATP (L+A). Graphs shows the mean %
standard deviation of triplicate wells and data are representative

of three independent experiments.
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Fig. 3| NLRP3 silencing

a, Efficacy of silencing was measured by Real-Time PCR. b-c,
caspase-1 cleavage (b) and IL-1B, IL-1a and IL-6 secretion by
monocytes in response to LPS and LPS/ATP stimulation (c) were
detected by western blot and ELISA, respectively. Graphs show
the mean x standard deviation of triplicate wells and are

representative of three independent experiments.
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Fig. 4 Human monocytes-derived DCs requires a second
signal to activate inflammasome

a, Immunoblot analysis of pro-IL-1B, procaspase-1, caspase-1
p20 and GAPDH loading control in cell lysates. b, IL-18 and IL-6
secretion was assessed in DCs cultured in medium alone (UT),
LPS alone (L, 1 uyg/ml) or in combination with 1 mM of ATP (L+A).
Graphs show the mean + standard deviation of triplicate wells and

are representative of three independent experiments.
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LPS induces activation of caspase-5 in human

monocytes

Bearing in mind that LPS alone (although delivered intracellularly)
can induce the non-canonical inflammasome pathway in murine
macrophages®®, we hypothesized that other inflammatory
caspases, such as human caspase-4 and/or caspase-5
(orthologues of murine caspase-11°, may be involved in the
unique responsiveness to LPS of human monocytes. To test this
hypothesis, we firstly evaluated caspase-4 and caspase-5
expression in monocytes, either at the steady state or upon LPS
stimulation. LPS boosted transcription of both caspases (Fig. 5a).
We also evaluated whether mRNA boost observed resulted in
higher procaspase-4 and procaspase-5 protein levels. Western
blot analysis revealed that both caspase-4 and caspase-5
precursors were already abundant in unstimulated monocytes,
indicating constitutive protein expression and that LPS stimulation
did not further boost protein levels (Fig. 5b-d). Importantly, we
found that LPS induced the processing of procaspase-5, but not
that of procaspase-4 (Fig. 5b-d), as reveled by the appearance of
the cleaved caspase-5 fragment. Activated caspase-5 increased
in a time- (Fig. 5¢c) and dose-dependent manner (Fig. 5d).
Furthermore, the NLRP3 activator ATP did not increase caspase-
5 cleavage significantly compared to LPS alone (Fig. 6a).

Differently from monocytes, caspase-5 and caspase-4 cleavage
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was not induced in DCs stimulated with LPS alone or in
combination with ATP (Fig. 6a). These results suggest that
caspase-5 was activated independently of the known canonical
inflammasome pathways. As caspase-4 processing is not induced
by LPS in monocytes, we mainly focused our attention primarily
on mechanism(s) of caspase-5 activation.
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Fig. 5| Caspase-4 and caspase-5 expression and activation in
human monocytes

a, Caspase-4 and caspase-5 mMRNA expression was assessed in
monocytes stimulated with LPS for the indicated time points via
Real-Time PCR. b, Immunoblot analysis of caspase-4 and
caspase-5 in cell lysates from monocytes unstimulated (UT) or
stimulated with LPS (L, 10 ng/ml) for 5 hours was assessed. (c, d)
Level of procaspase-5 and cleaved caspase-5 in monocytes
stimulated with LPS for the indicated time points (¢) or with
increased doses of LPS (0.0001, 0.001, 0.01, 0.1, 1, 10, 100

pg/ml) for 5 hours was assessed (d).
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Fig.6| Caspase 5 is specifically cleaved in human monocytes
upon LPS stimulation

Immunoblot analysis of caspase-4 and caspase-5 in cell lysates
from unstimulated (UT) DCs or after 5 hours stimulation with LPS

(L,1 pg/ml) alone or in combination with ATP (1 mM).
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Human caspase-5 triggers IL-1a and IL-183 release

Next, we assessed whether caspase-5 plays any role in NLRP3-
dependent IL-1a and IL-1B release. To determine whether
caspase-5 activity is required for IL-1a/B secretion from
monocytes, cells were treated with the caspase-5 inhibitor LEVD
for 1 hour prior to LPS stimulation. Suppression of caspase-5
activity significantly inhibited IL-13 secretion from monocytes
stimulated with LPS for 5 hours, suggesting that caspase-5
activity is important for IL-18 secretion under these conditions
(Fig. 7a). Suppression of release of active IL-1B is similarly
achieved when monocytes were pre-treated with the caspase-1
inhibitor ZYVAD (Fig. 7a). Importantly, IL-1a release was not
reduced when monocytes were pre-treated with caspase-1
inhibitor (Fig. 7a). Altogether these data indicate that caspase-5,
but not caspase-1, is required for the release of IL-1a.

To test whether caspase-5 is required for the proteolytic
processing of IL-1a and IL-18, HEK293t cells were co-transfected
with plasmids encoding caspase-5 or caspase-1 with IL-1a and IL-
18 in different combinations. IL-1a and IL-13 cleavage was
assessed by Western blot. Caspase-1 expression caused
processing of IL-1B and IL-1a precursors, whereas caspase-5 did
not, indicating that IL-18 and IL-1a are not direct substrates of

caspase-5 (Fig. 7b).
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To test whether caspase-5 can directly process caspase-1, full-
length catalytic mutant (C285A) caspase-1 was incubated with
recombinant human caspase-5. The appearance of the active
caspase-1 fragment p18/p22 was detected when pro-caspase-1
was incubated with caspase-5. Caspase-1 processing was
reduced in presence of caspase-5 inhibitor LEVD (Fig. 7c).

Caspase-5 mediated processing of caspase-1 was further
investigated in monocyte pre-treated with caspase-5 inhibitor
before LPS stimulation. We found that suppression of caspase-5
activity reduced caspase-1 processing induced by LPS (Fig. 7d,
e). Collectively, these data indicate that caspase-5 regulates IL-13
secretion by triggering procaspase-1 processing and, in addition,

promotes the release of IL-1a via an unknown mechanism.

67



0.5

0.4

<]

E =
E 'ES 03
; 1 f‘ 02
o4
? LEVD oo
- MM M LEV mM 10sM 20uM LEVD
1ouM - - - ZYVAD A0gM i ooy
+ + + + + LPS + + & + + LPS
b c
L-1p - ++ IL4Ap - ++ ILAax - + + IL1a - + + caspicessA + + +
Casp5 - - + Casp1 - - + Caspf - - + Casp-1- - rCasp5 + o+
-4+

pro-L-1p e prodL-1p . pro-iL-1e proL-1g| LEVD -
ol - . -
IL-1g L1 a IL-te IL e peicmt
Casp1p20 = -

Gapon (S [eien) fm—— s
d e
LPS o~
uT - ZYVAD LEVD T
P | g os
3
|.~.‘5‘h-‘ | pro-Casp1 ga 04
o
I e i
0.0

Im|GAPDH T . 4 4 4+ + 4+ + 4+ LPS

1.6 10 . . . ZYVAD(uM)
- - - 1 5 10 LEVD(M)

Fig. 7| Caspase-5 induces IL-1B8 and IL-1a release via a
caspase-1-dependent and independent mechanism,
respectively.

a, IL-1B and IL-1a secretion by pre-treated with ZYVAD or LEVD
and stimulated with LPS (10 ng/ml) for 5 hours was assessed by

ELISA. b, Expression of IL-1B and IL-1a were analyzed in cell
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lysates obtained from HEK293t transfected with pCMV6-pro-IL-1a,
pcDNAS3-pro-IL-1B, pcDNA3-procaspase-5 and pCl-procaspase-1
as indicated. ¢, purified full-length caspase-1 catalytic mutant
(C285A) and recombinant caspase-5 (rCasp5) were incubated for
20 minutes at 37°C in absence or presence of LEVD (50uM) and
caspase-1 cleavage was assessed by immunoblot.

d-e, levels of procaspase-1 and caspase-1 p20 in cell lysates of
monocytes pre-treated with ZYVAD and LEVD (1, 5, 10 uM) prior
LPS stimulation were assessed by WB (d) and densitometry
analysis were performed using ImagedJ (e). Graphs show the
mean + standard deviation of ftriplicate wells and are

representative of three independent experiments.
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Caspase-5 expression and activation is independent

of IFN pathway

Murine caspase-11 is not constitutively expressed at steady state
in murine macrophages, but it is rapidly induced by type |
IFNs”'®" Since human caspase-5 is homologues of murine
caspase-11 and the ability of human monocytes to secrete high
levels of IFN-B upon LPS stimulation (Fig. 8a), we investigated
whether autocrine IFN-B signalling may regulate caspase-5
activation. High doses of recombinant IFN-B alone or in
combination with LPS induced the expression of interferon-
stimulated genes (ISGs) (Fig. 8b, c), but did not increase either
the expression (Fig. 8b, c) or the processing of caspase-5 (Fig.
8d, e). Moreover, the release of IL-1B and IL-1a was similarly
unaffected mirroring caspase-5 activation (Fig. 8f). Therefore, we
concluded that IFN-B does not regulate caspase-5 activation and
does not further boost caspase-5 activation when incubated
together with LPS.

Furthermore, loss-of-function experiments confirmed the data
obtained from gain-of-function experiments, in which the
neutralization of the type | interferon receptor (IFNAR) effectively
impacted ISG expression (Fig. 9a), but neither caspase-5
processing (Fig. 9b) nor IL-1B and IL-1a release (Fig. 9c) were

affected. Collectively, our data indicate that procaspase-5 is
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constitutively expressed in human monocytes, and neither LPS
nor IFN-B boost caspase-5 protein expression.

In contrast to murine caspase-11 regulation, LPS, but not type |
IFNs, is required for caspase-5 processing, highlighting a
significant divergence between the regulation of the human and

murine orthologues caspases.
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Fig. 8] LPS-dependent caspase-5 activation is independent of
IFN-B

a-c, mMRNA expression analysis. a, IFN-B expression in
monocytes stimulated with LPS for the indicated time points. b-c,
ISG54, ISG56 and caspase-5 expression was assessed in
monocytes treated with IFN-3 alone for 1, 3 and 5 hours (b) or in
combination with LPS after 5 hours of culture (¢). d, Procaspase-5
and caspase-5 p10 were immunoblotted in cell extracts from

monocytes unstimulated (UT) or treated with IFN-B for the
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indicated time points. e-f, WB analysis of procaspase-5 and
caspase-5 p10 levels (e) and ELISA analysis for secreted IL-18,
IL-1a and IL-6 (f) in monocytes treated with LPS (L) and/or IFN-
la. Graphs show the mean + standard deviation of triplicate wells

and are representative of three independent experiments.
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Fig. 9| LPS-dependent caspase-5 activation is independent of
Type | IFN receptor

a, ISG54 and ISG56 expression of monocytes pre-treated with
anti-human IFNAR (a-hIFNAR) or its isotype control (mlgG2a)
and, subsequently stimulated with IFN-B. b-c, WB analysis of
procaspase-5 and caspase-5 p10 (b) and ELISA analysis for
secreted IL-1f3, IL-1a and IL-6 (c) in monocytes treated with LPS
(L) and/or IFN-B. The cells were pre-treated for 1 hour with
neutralizing a-hIFNAR antibody or isotype control (mlgG2a).
Graphs show the mean + standard deviation of triplicate wells and

are representative of three independent experiments.
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Syk regulates caspase-5 activation and IL-1a/B

release

Based on low similarities between human caspase-5 and murine
caspase-11, we decided to explore molecular mechanisms
underlying caspase-5 activation. It was recently demonstrated that
in murine DCs LPS engagement of CD14 triggers Syk, which in
turn causes endocytosis of CD14/TLR4 complex'?. Moreover,
intracellular detection of LPS triggers caspase-11>°. Therefore,
we hypothesized that Syk-mediated endocytosis may lead to
caspase-5 activation in human monocytes. Western blot analysis
showed that Syk is rapidly phosphorylated in monocytes upon
LPS stimulation (Fig. 10a), and pharmacological inhibition of Syk
suppressed LPS-induced endocytosis of the CD14/TLR4 complex
(Fig. 10b, c). Consistent with our hypothesis, caspase-5 cleavage
(Fig. 11a) was reduced by Syk inhibition. Indeed, the secretion of
IL-18 and IL-1a, but not the one of IL-6, (Fig. 11b) was also
affected by Syk inhibition. Similarly, blocking the endocytic
pathway, using dynasore (dynamin inhibitor), suppressed CD14
re-localization to the early endosome (Fig. 12a, b) preventing both
caspase-5 activation (Fig 12c) and IL-1B and IL-1a release (Fig.
12b). These findings prove that Syk-mediated LPS endocytosis is
essential to promote caspase-5-dependent inflammasome

activation.
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Fig. 10| LPS-mediated Syk-dependent CD14 internalization
a, WB analysis of extracts from monocytes untreated (UT) and
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treated with LPS for the indicated time points was performed
using anti-phospho-Syk (Tyr 525-526) and total Syk antibodies. b-
¢, Monocytes were pre-treated with R406 then stimulated with
LPS for indicated period of time: LPS-dependent endocytosis of
CD14-TLR4 is illustrated by confocal imaging of CD14/Rab5

expression (¢) and co-localization of CD14 and Rab5 (b).
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Fig. 11| Syk-mediated caspase-5 activation

a-b, WB analysis for procaspase-5, caspase-5 p10 (a) and
cytokines secretion (b) were assessed in monocytes pre-treated
with R406 (0.5 uM and 2 uM, 1 hour) and subsequently stimulated
with LPS (10 ng/ml, 5 hours). Graphs show the mean + standard
deviation of triplicate wells and are representative of three

independent experiments.
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Fig. 12| Endocytosis-mediated caspase-5 activation

a, Monocytes pre-treated with dynasore and then stimulated with
LPS for indicated period of time. LPS-dependent endocytosis of
CD14-TLR4 was visualized by confocal microscopy for
CD14/Rab5 colocalization. b, CD14/Rab5 colocalization was
evaluated using Pearson’s correlation coefficients calculated by
Imaris software. ¢, levels of procaspase-5 and caspase-5 p10

were assessed in lysates collected from monocytes pre-treated
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with dynasore (20, 40, 80 yM) and stimulated with LPS (10 ng/ml)
for 5 hours. d, IL-1B, IL-1a and IL-6 were tested in supernatants
collected from monocytes pre-treated for 1 hour with dynasore
and stimulated with LPS for 5 hours. Graphs show the mean +
standard deviation of triplicate wells and are representative of

three independent experiments.
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Caspase-5 is activated by Syk-mediated intracellular

Ca?" flux

Tyrosine kinase Syk operates downstream of lectin receptors,
where it promotes pro-IL-18 synthesis and production of ROS,
which in turn leads to NLRP3 inflammasome activation and
release of mature IL-1B". We asked whether Syk activation leads
to ROS production in monocytes and whether Syk-dependent
ROS may have any role in LPS-driven caspase-5 activation.
Monocytes exposed to LPS generated ROS in a time-dependent
manner and inhibition of Syk activity suppressed this ROS
production (Fig. 13a). As expected, DPIl-mediated inhibition of
ROS-generating NADPH oxidase suppressed IL-13 release (Fig.
13b), but, caspase-5 activation (Fig 13c) and IL-1a secretion (Fig
13b) were unaffected by this treatment. Therefore, both caspase-5
activation and IL-1a release are independent of ROS production in
monocytes.

This distinction between caspase-5/IL-1a axis and IL-1B is a
reminiscent of similar observations reported in the mouse,
whereby IL-1B release may or may not depend on caspase-11 on
the base of experimental conditions and stimulation®. Conversely,
IL-1a secretion has more specifically been linked to caspase-11

activation®.
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Syk is also essential for PLCy activation and Ca®* mobilization™°.

Therefore, we investigated whether Syk-dependent Ca?* plays a
role in LPS-driven caspase-5 activation. The exposure of
monocytes to LPS generated Ca?* influx, which was suppressed
when either Syk (R406) or PLCy (U73122) inhibitors were
employed (Fig. 14). Furthermore, Ca** mobilization were impaired
when monocytes were pre-treated with a cell permeable
intracellular Ca®* chelator (BAPTA/AM) or an extracellular Ca®*
chelator (EGTA) (Fig. 14).

To assess the role of LPS-induced Ca?* as a possible second
messenger for caspase-5 activation, monocytes were pre-treated
with U73122, BAPTA/AM and EGTA followed by LPS stimulation,
and caspase-5 cleavage and cytokine secretion were evaluated.
When monocytes were pre-treated with U73122, BAPTA/AM or
EGTA a clear reduction in LPS-induced caspase-5 activation was
observed (Fig. 15a). Consistently, we found that both IL-1a and
IL-1B release was dependent on PLCy (Fig. 15b). However, the
abrogation of Ca** mobilization reduced IL-1a, but not IL-1B,
release (Fig. 15b) suggesting a specific role of Ca** for IL-1a
secretion. Therefore, we hypothesized that this apparent
inconsistency in cytokine release observed in monocytes pre-
treated with PLCy inhibitor or Ca* chelators may be due to a role
of PLCy in the generation of ROS. Indeed, PLCy inhibition reduced
ROS production induced by LPS (Fig. 16).
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As previously reported, ROS production does not contribute to
caspase-5 cleavage (Fig. 13c) and IL-1a release but effectively
induces IL-1B secretion (Fig 13b). Here we showed that PLCy
induces IL-1B release through ROS production. Meanwhile, PLCy

regulates the secretion of IL-1a and the activation of caspase-5

via Ca®* mobilization.
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Fig. 13| ROS-independent caspase-5 activation

a, ROS measurement in monocytes pre-treated with R406 and
stimulated with LPS. b-c, IL-1a and IL-1f3 release (b) and levels
of procaspase-5 and cleaved caspase-5 (c¢) were determined in
supernatants and cellular lysates, respectively, obtained from
monocytes pre-treated with DPI and stimulated with LPS (10
ng/ml) for 5 hours. Graphs show the mean + standard deviation of
triplicate wells and are representative of three independent

experiments.
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Fig. 14| LPS induces Ca** influx in human monocytes

Ca?* mobilization from monocytes after LPS stimulation. Cells
were pre-treated with R406 (0.5 pM), U73122 (1 uM), BAPTA (10
MM) and EGTA (2 mM) and subsequently stimulated with LPS (1
pug/ml). Arrows represent the moment when monocytes were
stimulated with LPS. Graphs show the mean + standard deviation
of triplicate wells and are representative of three independent

experiments.
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Fig. 15| Caspase 5 activation and IL-1a release is triggered by
Ca?" influx through Syk/PLCy axis.

a, Caspase-5 activation was analyzed in monocytes pre-treated
with U73122 (3 pM), EGTA (2 mM), BAPTA (10 uM) and
subsequently stimulated with LPS (10 ng/ml) for 5 hours. ¢, IL-1a
and IL-1B release from monocytes pre-treated with U73122,
BAPTA and EGTA and then stimulated with LPS (10 ng/ml) for 5
hours. Graphs show the mean + standard deviation of triplicate

wells and are representative of three independent experiments.
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Discussion

In the current project we aimed to investigate the molecular
mechanisms underlying LPS-mediated inflammasome activation
in human monocytes.

Monocytes constitute a large fraction (~10%) of circulating
PBMCs. Distinct from macrophages and DCs, which reside in
peripheral tissues, they constitute a reservoir of circulating
myeloid progenitors in the bloodstream. The majority of the
literature on inflammasome has focused mainly on macrophages,
and occasionally on DCs, while the contribution of monocytes has
not been broadly investigated. The reason is mainly technical;
inasmuch monocytes spontaneously differentiate towards the
macrophage lineage upon culture in vitro making difficult to
perform any experimental manipulations. Nonetheless, monocytes
play a crucial role in inflammasome-mediated physiopathology.
Indeed, in case of systemic infectious diseases, such as sepsis,
circulated monocytes play a predominant role in recognizing the
causative agent of infection as well as in the subsequent induction
of inflammation and recruitment of adaptive immune cells.
Monocytes represent an exception to the two signals model of
NLRP3 inflammasome activation, according to which priming
induced by an NF-kB-activating agent (such as LPS) precedes
activation by ATP, crystals, toxins or other NLRP3-specific stimuli

(danger signals). Conversely, monocytes promptly release IL-13
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in response to LPS alone, and adding a second NLRP3-triggering
stimulus enhances cytokine secretion.

Based on this peculiar mode of inflammasome activation in
monocytes we decided to investigate deeply the mechanism(s) of
activation of inflammasome in this cell type.

It has been previously proposed that caspase-1 is constitutive
active in human monocytes® explaining why IL-1B is released by
LPS without a proper NLRP3 activating stimulus. However, in our
hands, caspase-1 is not cleaved in resting monocytes, as much
as in DCs and macrophages.

Recently, an alternative mechanism of NLRP3 inflammasome
activation driven by murine caspase-11 has been proposed*®.
Particularly, caspase-11 mediates the non-canonical activation of
the NLRP3 inflammasome when LPS is present into the
cytoplasm®®. Therefore, we hypothesized that other inflammatory
caspases, such as caspase-4 and caspase-5, may be the direct
link between LPS pathway and NLRP3 inflammasome activation
in monocytes.

The expression of murine procaspase-11 has been reported to be
inducible in macrophages'®'®'®. On the contrary, inflammatory
caspases, caspase-4 and caspase-5 (human orthologues of
murine caspase-11), are regulated differently from what have
been described for caspase-11. Indeed, both procaspase-4 and
procaspase-5 are constitutive expressed in human monocytes

and DCs. Moreover, LPS induces the cleavage of caspase-5, but
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not caspase-4, in monocytes. Importantly, caspase-5 activation by
LPS occurs only in monocytes but not in DCs. Differently from
experiments reported in murine macrophages, the cleavage of
caspase-5 is observed by simply adding LPS to the cell culture
medium, without forcing the delivery of LPS into the cytoplasm by
using transfection reagents or cholera toxin B**®. Furthermore,
when caspase-5 activity is inhibited, the release of IL-1a and IL-1
induced by LPS is reduced accordingly. In line with these findings,
caspase-5 inhibition reduces caspase-1 activation. Therefore,
caspase-5, activated by LPS, contributes to caspase-1 activation
observed in monocytes.

LPS is naturally endocytosed along with TLR4/CD14 upon
receptor-ligand interaction'?, but this is not sufficient to initiate the
non-canonical pathway in murine macrophages. Conversely,
human monocytes stimulated with LPS activate NLRP3
inflammasome via the endocytosis pathway downstream TLRA4.
Indeed, inhibition of endocytosis pathway prevents both caspase-
5 cleavage and IL-1a/( release.

Then, we characterized the molecular mechanism downstream
LPS recognition leading to caspase-5 activation, identifying the
Syk-PLCy-Ca®* axis as essential for the cleavage of caspase-5
and the release of IL-1a (Supplementary Figure 1).

LPS induces a strong release of type | IFN mediated by the
activation of TRIF pathway. Type | IFNs have been already

indicated as essential factor for caspase-11 functionality, although
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with some disagreement on their precise role™”'%?°. However,
IFN-B was surprisingly dispensable in monocytes. These findings
further distinguish the pathway upstream the inflammasome
activation present in monocytes compared to the non-canonical
inflammasome  activation already described in  murine
macrophages.

While IL-1B and IL-18 release are the most studied read-outs for
inflammasome activation, NLRP3 also mediates pyroptosis and
IL-1a secretion. It has been shown that caspase-11 can contribute
to all those events, either in association with, or independently of,
caspase-1°. Here, we found that caspase-5 plays a role both in IL-
1B and IL-1a release in response to LPS in monocytes. However,
no lactate dehydrogenase (LDH) release (a pyroptotic marker)
was detected in supernatant obtained from LPS-stimulated
monocytes (data not shown). Moreover, the release of IL-1a by
monocytes is caspase-1-independent’'?* but caspase-5
dependent.

In summary, we provided evidences of new role of caspase-5
during LPS-mediated release of IL-18 and IL-1a in human
monocytes (Supplementary Figure 1).

Our results suggest caspase-5 as a novel immune-regulatory
player during pro-inflammatory stage of sepsis and its potential
application as a therapeutic target needs to be further

investigated.
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Supplementary Figure 1. Graphical scheme of the proposed

pathway downstream LPS in human monocytes.

Interaction between LPS and its TLR4-MD2-CD14 receptor
complex induces LPS internalization by endocytosis and
phosphorylation of Syk. Activation of Syk results in an increase in
ROS production and Ca?* influx. ROS induces NLRP3-mediated

caspase-1 activation which in turn leads to IL-13/IL-18 release.
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Meanwhile, the increase of Ca®" in the intracellular space leads to
caspase-5 activation and consequent release of IL-1a and IL-1f3 in

the extracellular milieu.

Abbreviation: ASC, apoptosis-associated speck-like protein; Ca®*,
calcium; CARD, caspase-recruitment domain; Casp, caspase; IL,
interleukin; IP3, inositol triphosphate; LPS, lipopolysaccharide;
MD2, myeloid differentiation factor 2; NLRP3, Nod-like receptor
family, pyrin domain-containing-3; PYD, pyrin domain; PLCy,
phospholipase C gamma; ROS, reactive oxygen species; Syk,

spleen tyrosine kinase; TLR4, Toll-like receptor 4.
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Material and Methods

Monocyte isolation and stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats obtained from the Blood Bank of National University
Hospital (NUH, Singapore; NUS-IRB 12-044E) using Ficoll-
Hypaque density gradient centrifugation. Monocyte isolation was
performed by negative selection using the Monocytes isolation Kit
Il (Miltenyi Biotech) according to the manufacturer’s instructions.
Purity was measured by FACS (>90% CD14") using a PE-labeled
anti-human CD14 antibody (clone 61D3, eBioscience).

Monocytes were plated in non-treated 96-well plates (Corning, 1.5
x 10°/well) or 24-well plates (Corning, 1 x 10° cells/well) in RPMI
1640-Glutamax medium (Gibco) supplemented with 3% human
serum (Gemini Bio Product), 100 U/ml penicillin, 100 pg/ml
streptomycin, 10 mM HEPES (all from Gibco). Monocytes were
stimulated with E. coli LPS (serotype O55:B5, Enzo Lifesciences,
10 ng/ml) and/or human recombinant IFN-B (IFN-B) (PBL
InterferonSource, 250 U/ml) for & hours, unless otherwise
indicated. Inhibitors, such as Z-YVAD (Enzo Lifesciences), LEVD
(Enzo Lifesciences), diphenyleneiodonium (DPIl) (Enzo
Lifesciences), R406 (Selleck), U73122 (Calbiochem), dynasore
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(Sigma-Aldrich) were added 1 hour before LPS treatment, while
ATP (Sigma-Aldrich, 1 mM) was added 30 minutes before the end

of the culture.

Dendritic cells differentiation

CD14" monocytes (>95% pure) isolated by positive selection
using the CD14" monocyte isolation kit (Miltenyi Biotec) were
cultured in treated 6-well plates (Thermo scientific, 2 x 10%/well) in
RPMI 1640-Glutamax medium, supplemented with 10% FBS, 100
U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate,
MEM non-essential amino acids (MEM-NEA) (all from Gibco) in
the presence of 50 ng/ml rh-GM-CSF (Miltenyi Biotec) and 10
ng/ml rh-IL-4 (R&D Systems). On day 3, cytokine-supplemented
medium was refreshed. On day 7, adherent cells were collected.
Differentiated DCs were plated in non-treated 96-well plates
(Corning) at 1.5x10%well in complete medium. DCs were
stimulated with LPS (1 ug/ml) for 5 hours, followed by ATP (1 mM)
for 30 minutes.
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Real-time quantitative PCR

10° cells were collected in 800ul of Trizol (Invitrogen) in 1.5 ml
eppendorf tube and RNA was isolated using the RNeasy kit
(Qiagen) and treated with DNAse | (Promega) according to the
manufacturer’s instructions. Quantitative PCR was performed in
triplicate using the GoTag qPCR Master Mix (Promega) and the
validated SYBR Green primer pairs listed in Supplementary table
1. Amplification was performed using a 7500 Real-Time PCR
system (Applied Biosystems) and relative expression levels were
calculated through the AACt method, using GAPDH as a
housekeeping gene and the untreated (UT) or the scramble

samples as calibrators.

Gene Primers (5'23’) Size

Forward | AAGAGAAGCAACGTATGGCAGGAC

CASP4 145
Reverse | GGACAAAGCTTGAGGGCATCTGTA

Forward | GGTGAAAAACATGGGGAACTC

CASP5 141
Reverse | TGAAGAACAGAAAGCAATGAAGT

Forward | CCAGTGAAATGATGGCTTATTAC

IL-1B 151
Reverse | CTGTAGTGGTGGTCGGAGATT

Forward | GAGAACCTCCTGGCTAATGTCTATCA

IFN-B 102
Reverse | GCTCATGAGTTTTCCCCTGGTG
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Forward | GGAGGGAGAAAACTCCTTGGA

ISG54 100
Reverse | GGCCAGTAGGTTGCACATTGT

Forward | TCAGGTCAAGGATAGTCTGGAG

ISG56 147
Reverse | AGGTTGTGTATTCCCACACTGTA

Forward | TGGCTGTAACATTCGGAGATTG

NLRP3 138

Reverse | GAAGTCACCGAGGGCGTTGT

Forward | CCACATCGCTCAGACACCAT

GAPDH 114

Reverse | GGCAACAATATCCACTTTACCAGAGT

Supplementary table 1. Primers list

Western blotting

Total cell lysates from 1-2x10° cells were prepared using Laemmli
buffer containing 5% B-mercaptoethanol and boiled at 95°C for 15
minutes. Lysate concentrations were determined using Nanodrop
ND1000 (Thermo Scientific). Equal amounts of total proteins (20-
50 ug) were separated in SDS-PAGE and transferred onto PVDF
membranes (Bio-Rad Laboratories). Membranes were blocked
with 5% milk powder in phosphate-buffered saline (PBS)/0.1%
Tween 20 (Sigma-Aldrich) (PBST) for 1 hour at room temperature,

followed by incubation overnight at 4°C with the following primary
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antibodies diluted in 5% BSA/PBST: anti-NLRP3 (#AG-20B-0014-
C100, Adipogen), anti-IL-1a (#MAB200, R&D) anti-IL-13 (#2022),
anti-total Syk (#2712), anti-caspase-1 (#4199), anti-caspase-4
(#4450), anti-caspase-5 (#4429) (Cell Signaling) and anti-GAPDH
(#MAB374, Millipore). For the detection of phospho-Syk (#2710S),
blocking and incubation with primary antibody were performed in
5% BSA dissolved in Tris-buffered saline/0.1% Tween 20 (TBST).
Densitometry analysis was performed using ImageJ software and

the data were normalized against GAPDH.

Cytokine measurements

IL-1B, IL-6 (Biolegend) and IL-1a (R&D using Duoset kit) levels

were determined by ELISA in cell-free supernatants.

Small interfering RNA-mediated knockdown

Monocytes (5-10x10°) were nucleofected with 300 nM siRNA
according to the manufacturer’s instruction (Amaxa Nucleofector
Technology, program Y001). Transfected monocytes were
incubated for 36 hours with 20 ng/ml IFN-y and then stimulated
with LPS alone (10 ng/ml for 8 hours) or together with ATP (1 mM
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for 30 minutes). The following validated siRNA (AlTbiotech) was
used: NLRP3, 5-ACCGCGGUGUACGUCUUCUUCCUUU-3"%,

Transient transfection in HEK293t cells

HEK293t cells were plated 0.25x10° in tissue-culture treated 6-
well-plates (Thermo Scientific). Cells were transfected with the
following plasmids (1.3 pg/each) using Lipofectamine 2000
(Invitrogen): pCMV6-pro-IL-1a (#RC202084, Cayman), pcDNA3-
pro-IL-1B8 (courtesy of Dr. Bruno Reversade), pcDNAS3-
procaspase-5 (courtesy of Dr. Shu-ichi Matsuzawa) and pClI-
procaspase-1 (#41552, Addgene). Cell lysates were collected 24
hours after transfection and IL-1a/IL-13 expression were assessed

by Western blotting.

Type I-IFN receptor neutralization

Human monocytes were plated in non-treated 12-well (10°
cells/well) or 96-well (1.5 x 10° cells/well) plates (Corning) to
collect lysates or RNA, respectively. Cells were pre-treated for 1
hour with 5 ug/ml neutralizing anti-human interferon a/f3 receptor
chain 2 (a-hIFNAR, clone MMHAR-2, PBL InterferonSource) or its
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isotype control (mouse IgG2a, Biolegend) (5 pg/ml). Then, cells
were stimulated with LPS (10 ng/ml) or IFN-B (250 U/ml) for 5

hours.

Production and purification of full-length caspase-1
catalytic mutant (C285A) in E. coli

Plasmid containing HIS-tagged full-length caspase-1 catalytic
mutant (C285A) (courtesy of Stefan Riedl) was transformed into
E. coli strain BL21 (DE3) (Stratagene). Transformed bacteria were
growth in Luria Broth (LB) media containing ampicillin (Sigma, 100
pg/ml). Caspase-1 C285A expression was induced by 1-isopropyl-
B-D-thiogalactopyranoside (IPTG) (Gold Biotech, 0.5 mM) added
to the growing culture in log phase (ODgy = 0.7) for 3 hours at
30°C by vigorous shaking (275 rpm). Bacteria were lysed in 50
mM Tris-HCI 100 mM NaCl (pH 8.0). Lysates were sonicated and
centrifuged for 30 minutes at 18.000 x g at 4°C. Soluble proteins
contained in the supernatant were subjected to purification using
nickel-chelating sepharose HIS-TRAP HP column (GE
Healthcare) and eluted using imidazole (Sigma, 200 mM) using a

peristaltic pomp (speed 1ml/minute).
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Caspase cleavage assay

Purified caspase-1 catalytic mutant (C285A) was incubated
together with recombinant caspase-5 (rCasp-5) (Merck Millipore)
(100 U) for 20 minutes at 37°C. To block the activity of caspase-5,
rCasp5 was pre-incubated with LEVD (50 uM) for 15 minutes at
37°C.

ROS measurement

Monocytes (1.5 x 10° cells/well) were plated in black non-treated
96-well plates (Thermo Scientific) and rested at 37°C for at least 2
hours. Cells were stimulated with LPS (10 ng/ml). The cell-
permeant H,DCF-DA probe (10 uM) was immediately added and
fluorescence was measured every 10 minutes using a microplate
fluorimeter (TECAN) (excitation, 480 nm; emission, 530 nm).
Monocytes were pre-incubated for 1 hour with the Syk inhibitor
R406 (0.5-2 pM) or PLCy inhibitor U73122 (3 pM) where
indicated. Values were normalized to the average of the untreated

control. Each condition was performed in triplicates.
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Immunofluorescence and confocal microscopy

Monocytes (0.35 x 10° cells/well) plated in p-Slide (Ibidi) were
incubated with R406 (2 pM) or Dynasore (40 uM) for 30 minutes
at 37°C, and then stimulated with LPS (10 ng/ml) for 5, 15 or 30
minutes. Cells were fixed with 2% paraformaldehyde
(Polysciences) and permeabilized with 0.1% saponin in the
presence of 0.2% gelatin and 5 mg/ml BSA. Cells were
immunostained with CD14-FITC (BD Bioscences) and Rab5 (Cell
signaling) and imaged on a FV1000 confocal microscope
(Olympus) with a 200X objective. Colocalization was evaluated
using Pearson's correlation coefficients calculated by the Imaris

software (Bitplane).

Intracellular Ca®>* mobilization assay

Monocytes (1.5 x 10°well) were plated in black non-treated 96
well-plates (Thermo scientific) and rested overnight at 37°C. Cells
were incubated for 45 minutes in the dark with 100 yL of Hanks’
balanced salt solution (HBSS) containing 20 mM HEPES, 2.5 mM
probenecid and Fluo4-NW (Invitrogen). Fluorescence was
monitored for 70 seconds after LPS stimulation (1 pg/ml) using a

Victor4 plate reader (Perkin Elmer) (excitation, 485 nm; emission,
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535 nm). When indicated, inhibitors (0.5 uM R406, 3 uM U73122,
10 yM BAPTA/AM) were added 1 hour before Fluo4-NW and
EGTA (2 mM) was added during the last 45 minutes of incubation
together with Fluo4-NW. All the experiments were performed at
37°C. Values (F) were normalized against the baseline acquired at
the time of LPS stimulation (FO0).
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Summary, conclusion and future prospective

IL-1a/p are pro-inflammatory cytokines playing an important role in
response to infection. Their release is mediated by caspase-1
whose activation is mediated by an active inflammasome
complex.

Inflammation is a well-known process that has been linked to the
pathogenesis of various diseases, such as cancer1, infectious
disorders (e.g. sepsis)> and autoinflammatory disease (e.g.
rheumatoid arthritis)’. The available treatments for those
pathologic conditions are often limiting and, therefore, the
development of new therapeutic approaches targeting the host
immune response is required.

LPS stimulation induces IL-1B release by human monocytes*®.
The exact mechanisms responsible for inflammasome activation
and the subsequent release of IL-18 by LPS-stimulated
monocytes have not been fully understood.

In the chapter 2 we identified caspase-5 as an important target
controlling inflammasome activity induced by LPS in human
monocytes. In particular, we showed that caspase-5 is specifically
activated upon LPS stimulation in human monocytes and its
activation regulates the inflammasome-dependent cytokine
release. Indeed, inhibition of caspase-5 reduces secretion of both
IL-1a and IL-1PB.
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In this PhD study, the molecular mechanisms driving caspase-5
activation in human monocytes have been uncovered.
Interestingly, we found that the release of IL-1a/IL-1B is
dependent on caspase-5. Caspase-5 activation depends on Syk
and PLCy-Ca?* but is independent of ROS production.

The requirement of the tyrosine kinase Syk for inflammasome
activation has been recently reported. Syk is involved in
inflammasome activation at different level; firstly, it induces ROS
production” and secondly, it regulates inflammasome aggregation
(ASC speck formation) by phosphorylating the inflammasome
adaptor ASC, which in turn triggers the activation of caspase-1°.
Our data provide new insights into the mechanism driven by Syk
during the activation of caspase-5 and the subsequent release of
IL-1a and IL-1B. IL-1a release turns to be ROS-independent and
PLCy-Ca?*-dependent, whereas IL-1B release depends on PLCy
and ROS.

In this new scenario, we proposed caspase-5 as a new candidate
target for future therapeutic strategies aimed at limiting the
excessive inflammatory response, which can be deleterious for
different pathologic conditions, such as cancer and sepsis. These

aspects are discussed in the following paragraphs.
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Future prospective: caspase-5 and cancer

Cancer, a disorder characterized by uncontrolled cell growth and
proliferation, is one of the major causes of death worldwide.
Caspases play a crucial role for the induction of programmed cell
death (apoptosis) and, in fact, dysregulation of their activity has
been associated with predisposition to develop cancer, such as
colorectal cancer®. Little is known about the role of caspase-5
during carcinogenesis. Mutations in CASP5 gene have been

|10-12 1213 and lung cancer' as

associated to colorecta , endometria
well as in leukemia and lymphoma'>*®. Furthermore, low CASP5
expression has been observed in highly metastatic
subpopulations of a lung cancer cell line suggesting a possible
role of caspase-5 in suppressing the formation of metastases™.
On the contrary, the presence of high caspase-5 activity has been
also associated with cervical malignancy'’.

Inflammation has been reported to contribute to the pathogenesis
of cancer'®. Epidemiological studies reported that 15% of the
cancer incidence worldwide is associated with chronic
inflammation induced by microbial infection'® (e.g. papilloma virus
and Helicobacter pylori, etiologic agents for cervical carcinoma
and gastric cancer, respectively). The production of ROS and the
release of pro-inflammatory cytokines are two of the mechanisms
by which the host controls microbial infections. However, these

mechanisms also promote the proliferation of the tumor cells and
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the formation of the tumor mass. Indeed, ROS production leads to
an oxidative damage, which introduces mutations in the DNA,
while inflammatory cytokines provide a survival signal promoting
tumor progression.

IL-1B8 can be produced and released directly by tumor cells®, as
well as by tumor-infiltrating immune cells (e.g. macrophages,
DCs). Monocytes are the circulated reservoir of myeloid cells.
Monocytes migrate from the bloodstream to other tissues, where
they subsequently differentiate into tissue resident macrophages.
Macrophages have been found in close proximity or within the
tumor mass, for this reason they have been named tumor-
associated macrophages (TAMs). TAMs represent the major
leukocytes infiltrating the tumor, and their role remains
controversial since they have been implicated in both pro-
tumoral?' and anti-tumoral®.
In our study the activation of caspase-5 has not been detected in
both monocytes-derived dendritic cells and macrophages (data
not shown) indicating that the caspase-5-mediated release of
inflammasome regulated cytokines is specific for monocytes.
Although we cannot exclude a possible role of caspase-5 in
TAMs; further studies are needed to clarify caspase-5 role during
tumor progression.

IL-1a can be also released by necrotic tumor cells and can lead to
up-regulate the expression of adhesion molecules, which in turn

lead to higher endothelial permeability and extravasation of
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cancer cells contributing to metastasis dissemination®. Blocking
of IL-1R signaling by Anakinra reduces angiogenesis and tumor
growth in mice®*. Recently, a clinical study reported that the
administration of a neutralizing antibody against IL-1a in refractory
end-stage cancer patients leads to the alleviation of fatigue and
pain, as well as increase of appetite and body mass®.

In our study we showed the functional role of caspase-5 in the
release of IL-1B and IL-1a by human monocytes. Caspase-5
activation and the further cytokine release are mediated by Syk, a
tyrosine kinase whose inhibitors have already been developed to
be used in patients with rheumatoid arthritis?®*’. However, little is
known on the precise role of Syk during tumor progression?®°.
Therefore, additional studies on caspase-5 are necessary to
investigate its potential as a therapeutic or prognostic target

during tumor progression.
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Future prospective: caspase-5 and sepsis

Sepsis is a complex syndrome causing high mortality rate in most
intensive care units. Sepsis is defined as an overwhelming
immune response to severe life-threatening infection and it
manifests with an abnormal body temperature, tachycardia and
tachypnea. Severe sepsis is often associated with damage of
several organs (lung, kidney and liver) which quickly cause death.
Sepsis should be considered as a heterogeneous disease based
on host genetic composition, age and type of pathogen initiating
the infection. The hallmark of sepsis is the presence of systemic
inflammatory response syndrome (SIRS) in response to invading
pathogens, in which TNFa and IL-1 cytokines are the main
players. However, in some patients the acute inflammatory
response is followed by a compensatory anti-inflammatory
response syndrome (CARS) characterized by the induction of
anti-inflammatory mechanisms that impede patient immune
system to further respond to the infection. For long time, SIRS has
been considered to initiate pathophysiology of sepsis, followed by
a second phase characterized by CARS. Recently, it has been
proposed that these two syndromes occur simultaneously during
the development of sepsis. Indeed, LPS injection, often used to
mimic sepsis in vivo, leads to the induction of both pro- and anti-

inflammatory transcripts in leukocytes from healthy patients®’.

112



Innate immune cells (neutrophils, monocytes and macrophages)
play an important role in the systemic inflammatory response
which occurs during sepsis. Indeed, they are the main producers
of cytokines, such as TNFa, IL-1, IL-6, which are essential to
control and eradicate the infection. However, the uncontrolled and
prolonged release of pro-inflammatory cytokines (also known as
cytokine storm) that takes place during sepsis causes tissue
damage and multiple organ failure. Indeed, elevated level of pro-
inflammatory cytokines in the serum directly correlates with the
rate of mortality in human sepsis?.

TLRs play a central role in pathogenesis of sepsis. They are
required for the induction of the innate immune response to
recognize and eradicate the pathogenic insult. Polymorphisms in
TLR encoding genes have been associated with impaired
susceptibility to infection®?, and, in particular, polymorphisms in
TLR4 gene have been associated to sepsis induced by Gram-
negative bacteria®>. However, an exaggerate inflammation
induced by an excessive TLR stimulation is deleterious.
Numerous drugs suppressing TLR signaling or neutralizing
inflammatory cytokines have been developed and used to prevent
uncontrolled inflammatory response in sepsis patients. In
particular, compounds targeting TLR4, such as E5531 and
Eritoran (Eisai Research Institute of Boston, MA, USA) and
TAK242 (Takeda Pharmaceutical Co, Japan) have been tested in
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clinical trials®. Unfortunately none of these agents successfully
blocked disease progression and they were not carried further.

In our study we focused our attention on the pro-inflammatory
mechanism(s) underlying the release of IL-1 cytokines by isolated
human monocytes in response to TLR4 stimulation. We observed
that LPS stimulation of monocytes triggers the expression of
genes encoding inflammatory mediators, such as pro-
inflammatory cytokines and inflammasome components.
Importantly we identified caspase-5 as crucial mediator of IL-13
and IL-1a release in human monocytes.

Further studies will be necessary to elucidate the possible role of
caspase-5 in patients with sepsis caused by Gram-negative
bacteria. Moreover, the possibility to use caspase-5 as a potential
target for the development of new therapeutic approaches in

various clinical settings remains to be investigated.
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