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Chapter 1
Literature Review



1.1 Introduction

In all vertebrate organisms a properly functioning immune system is absolutely 

required for protection against infectious agents and also acts as a safeguard 

against tumour development. Over time we have developed a highly elaborate 

multifunctional immune system, where a variety of specialised cells recognise 

danger and respond adequately. How does the immune system eliminate danger? 

In response to pathogen recognition, immune cells secrete a range of different 

weapons: cytokines, antimicrobial peptides, cell death-inducing molecules, 

reactive oxygen species, and proteases, all of which contribute to the eradication 

of danger (Delves et al., 2011).

Of particular interest to this work are proteases; enzymes that cut proteins by 

catalysing hydrolysis of peptide bonds between amino acids. The family of serine 

proteases, characterised by a serine residue at their active sites, is the largest 

family of proteases. These enzymes prominently feature in the arsenal of immune 

cells and are capable of inducing cell death, regulating inflammation and inhibiting 

viral replication (Heutinck et al., 2010).

Neutrophils, the ground troops of the immune system, are one of the first to arrive 

at the site of danger, while mast cells participate predominantly in allergic 

reactions, but also take part in eliminating parasites, worms and bacteria. Both of 

these cells store a variety of serine proteases, which, upon secretion, promote 

bacterial and fungal killing via direct degradation of virulence factors or inhibition of 

protein synthesis and oxygen metabolism. Furthermore, neutophil and mast cell 

granule proteases coordinate immune responses via modulating proliferation.



differentiation and migration of immune cells or regulating the activity and 

production of cytokines and chemokines (Heutinck et al., 2010).

This work focuses on the subfamily of serine proteases, called granzymes. These 

enzymes are predominantly expressed by cytotoxic T lymphocytes (CTL) and 

natural killer (NK) cells and are best known for their ability to initiate a cell suicide 

programme, termed apoptosis, which ensures efficient, rapid and ‘clean’ 

elimination of defective or damaged cells (Cullen and Martin, 2008). The cytotoxic 

role of granzymes has been extensively explored and is now well established. 

However, an emerging body of evidence suggests that the function of these 

proteases is not strictly limited to cell death. Similarly to other serine proteases 

involved in inflammation, granzymes have been demonstrated to modulate 

leukocyte migration, cytokine activity and secretion, and blood coagulation 

(Afonina et al., 2010). This chapter will describe the nature of granzymes and their 

role in apoptosis, followed by a summary of the findings regarding the more 

unorthodox non-cytotoxic functions of granzymes, particularly their emerging role 

in the regulation of inflammatory processes.

1.2 Granzymes and apoptosis

1.2.1 Apoptosis

Apoptosis is a tightly regulated cell suicide programme that ensures the efficient 

and ‘clean’ removal of unwanted, damaged or defective cells and plays a major 

part in embryonic development, immune homeostasis and tissue remodelling 

(Jacobson et al., 1997). Various insults, which cause irreparable damage to cells.



initiate the apoptotic pathway that centers on mitochondrial membranes and is 

regulated by pro- and anti-apoptotic proteins of the Bcl-2 family. The Bcl-2 family 

orchestrates the downstream activation of the key executioner proteases, called 

caspases, which cleave a myriad of substrates and ensure rapid dismantling of the 

apoptotic cell and packaging of its cellular contents into apoptotic bodies for 

subsequent removal by phagocytes (Taylor et al., 2008). However, mutation can 

subvert the apoptosis machinery, which can lead to cellular transformation and 

uncontrolled proliferation. In addition, viruses have been demonstrated to 

suppress the host cell death programme, thereby granting the valuable time for 

replication and escape from host cells (White et al., 1992, Huang et al., 2003). To 

overcome these threats, the immune system employs CTLs or NK cells that 

recognise and eliminate virus-infected, non-self or transformed cells (Figure 1.1).

1.2.2 CTL/NK cells.

CTLs belong to the adaptive branch of the immune system and recognise foreign 

proteins, called antigens, subsequently mounting a specific immune response 

designed to remove cells carrying a particular non-self antigen. Antigen- 

presenting cells, primarily dendritic cells (DCs), capture antigens or phagocytose 

infected cells and then digest these proteins, followed by the exposure of the 

peptides on the cell surface via specific class I major histocompatibiliy complex 

(MHC) proteins. Exposed peptides are then presented to CTLs, along with co

stimulatory molecules in order to educate killer cells as to the foreign nature of the 

antigen. Once activated, CTLs recognise the same antigen on the surface of 

infected cells and then undergo clonal expansion over several days, which



dramatically increases the number of CTLs capable of recognising this specific 

antigen and destroying antigen-expressing cells. Some of these ‘antigen- 

educated’ CTLs subsequently differentiate into memory T cells, which facilitates a 

much faster and more aggressive T cell-mediated immune response upon another 

encounter with the same antigen.

Unlike CTLs, NK cells do not require pre-activation by DCs and are able to 

eliminate dangerous cells on first contact. NK cells are activated when their cell 

surface receptors are triggered by the presence or absence of specific NK ligands 

on host cells (Moretta et al., 2008).

Unsurprisingly, viruses and tumour cells have evolved several strategies to evade 

CTL-mediated recognition and have been shown to down-regulate MHC-I 

expression on the surface of infected cells (Petersen et al., 2003). Importantly, NK 

cells complement the function of CTLs by continually monitoring MHC-I expression 

using NK receptors (NKRs), rapidly activating in the absence of MHC-I proteins on 

the cell surface (Moretta and Moretta, 2004). In short, CTLs act as the special 

agents searching for ‘known criminals’, while NK cells constantly police 

surroundings for any signs of misbehaviour in the general cell population.

Despite their differences in target cell recognition, both CTLs and NK cells have 

one major common feature: both cell types utilise similar ammunition to rid the 

host of harmful or infected cells. This includes secretion of pro-apoptotic cytokines 

(e.g., TNF-a and IFN-y), engagement of cell death receptors (e.g.. Fas) or 

secretion of granzymes (Russell and Ley, 2002), all of which promote the cell 

death programme.
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Figure 1.1
Time course of NK-mediated killing
Images of NK-mediated killing of HeLa cells. The frames shown represent 20-min 
intervals between the initial encounter of the YT cell (NK cell lene) and its HeLa 
target. Thus, the time elapsed from frame (i) to frame (xvi) is 300 min (R. Taylor and 
SJ. Martin).



1.2.3 Classification and structure of granzymes

Granzymes, delivered to target cell cytosols by CTLs and NK cells, induce 

apoptosis in the targets. They belong to a family of highly homologous serine 

proteases, characterised by a conserved catalytic triad of histidine, aspartic acid 

and serine at the active site (Trapani, 2001). 5 granzymes have been identified in 

humans to date (A, B, H, K and M), of which granzymes A and B are the most 

abundant, and, therefore, the most extensively studied. However, the nature and 

functions of the so-called 'orphan' granzymes have also been explored in recent 

years (Zhao et al., 2007; Andrade et al., 2007; Cullen et al., 2009).

Granzymes are most closely related to chymotrypsin in structure, although their 

functions and substrate specifities are divergent, and can be divided into three 

subgroups: tryptase-like (granzymes A and K), chymase-like (granzymes B and H) 

and metase-like (granzyme M) (Trapani, 2001), with most granzymes acting as 

monomers except for granzyme A, which acts as a heterodimer. Table 1.1 

summarises information regarding the expression profile and substrate specifity of 

granzymes and provides a list of known granzyme substrates.

Granzymes are powerful weapons and safety measures exist to prevent 

granzymes from destroying effector cells themselves. Initially, granzymes are 

synthetised as inactive precursors containing an N-terminal dipeptide that must be 

removed for activation and are safely stored in cytotoxic granules. Cytotoxic 

granules are specialised secretory lysosomes, within which another protease, 

cathepsin C, is responsible for removing the N-terminal dipeptides and activating 

granzymes (Kummer et al., 1996). Furthermore, the acidic pH of cytotoxic



granules is suboptimal for granzyme activity and this acts as an additional safety 

mechanism to prevent premature activation of granzymes within effector cells.

1.2.4 Delivety of granzymes

How do granzymes gain entry to target cells where they can exert their destructive 

functions? Upon CTL/NK cell activation, secretory lysosomes move toward the 

contact site between target and effector cells, termed the immunological synapse, 

where granule membranes fuse with the effector cell membrane and release their 

deadly contents into the synapse (Figure 1.2). The subsequent delivery of 

granzymes into target cells is mediated by the pore-forming granule protein 

perforin, although the exact mechanism is unclear (Pipkin and Lieberman, 2007, 

Cullen and Martin 2008, Thiery et al., 2011). Originally, it was proposed that 

perforin forms pores in the plasma membrane of target cells through which 

granzymes may enter, however, there is little experimental evidence supporting 

this model. Alternatively, it has been suggested that perforin-generated pores are 

responsible for calcium influx, which subsequently triggers endocytosis of perforin 

and granzymes, followed by the perforin-mediated release of granzymes from 

endocytotic vesicles into the target cell cytosol (Thiery et al., 2010, Thiery et al., 

2011).

While the fine details of how perforin facilitates granzyme delivery have yet to be 

universally accepted, knockout studies have unequivocally established the 

importance of perforin for granzyme function. Importantly, perforin-deficient mice 

exhibit profound defects in their ability to clear viral infections and tumour cells 

(Kagi et al., 1994). Moreover, these mice display an increased susceptibility to



Granzyme Activity(specifity) Expression Substrates

Granzyme A Tryptase (Arg/Lys) Cytolytic CD4/CD8 T cells SET
NK cells Ape1

HMGB2
Ku70
histone H1
PARP-1
IL-1|3

Granzyme B Aspase (Asp/Glu) Cytolytic CD4/CD8 T cells Bid
Regulatory CD4 T cells Caspase-3, -7, -8
NK cells ICAD
Mast cells NuMa
Basophils PARP-1
Macrophages DNA-PKcs
Keratinocytes Lamin B
B lymphocytes Rockll
Spermatocytes Mcl-1
Trophoblast cells Topoisomerase 1
Articular chondrocytes a-tubuiin
Plasmacytoid dendritic cells

Granzyme H Chymotryptase Cytolytic CD8 T cells Adenoviral protein
(Phe/Leu) NK cells 100K

Adenoviral DBP

Granzyme K Tryptase (Arg/Lys) Cytolytic CD8 T cells SET
Apel
HMGB2
Bid

Granzyme M Metase (Met/Leu) NK cells ICAD
PI-9
Nucleophosmin

Table 1.1
Human granzymes
A list of human granzymes with details of their substrate specifities, expression and 
non-exhaustive list of known substrates. Note that extracellular granzyme B substrates 
are listed separately (Table 1.2).



Figure 1.2
Schematic representation of cytotoxic granule exocytosis
Upon recognition of a target cell, cytotoxic granules of CTLs/NK cells cluster and 
move towards the contact site, followed by release of the granules into the synapse 
between effector and target cells.



viral or chemical carcinogenesis and develop spontaneous lymphomas, 

emphasising the critical importance of perforin in mediating the cytotoxic effects of 

granzymes (van den Broek et al., 1996, Smyth et al., 2000, Street et al., 2004). 

Surprisingly, mice deficient in individual granzymes display only minor deficiencies 

in clearing viral infections, suggesting a substantial redundancy of functions in the 

granzyme family (Simon et al., 1997, Pardo et al., 2004).

1.2.5 Granzyme B

Granzyme B is unique among serine proteases because of the strong preference 

to cleave its substrates after an aspartate acid residue (Asp), and most optimally 

after the tetrapeptide sequence IleA/alGluProAsp, which is reminiscent of 

caspases (Thornberry et al., 1997). Unsurprisingly, granzyme B and apoptotic 

caspases cleave many of the same substrates (described below). Furthermore, 

granzyme B has been shown to induce apoptosis via direct activation of caspase- 

3, -7 and -8 (Martin et al., 1996; Medema et al., 1997).

Although granzyme B knockout mice do not display any dramatic defects, studies 

exploring CTL/NK-mediated killing showed that granzyme B-deficient effector cells 

induced target cell death with much slower kinetics, accompanied by attenuated 

DNA fragmentation and lack of caspase activation (Heusel et al., 1994, Pardo et 

al., 2004). This suggests that granzyme B is required for rapid and efficient target 

cell killing.



Granzyme B-initiated cell death pathway

Direct activation of apoptotic caspases by granzyme B is dispensable for the 

induction of apoptosis, as several reports have demonstrated that blocking 

caspase activation \A/ith specific inhibitors slows but does not entirely prevent 

granzyme B-initiated cell death (Sarin et al., 1997, Trapani et al., 1998, Cullen et 

al., 2007). On the other hand, overexpression of anti-apoptotic Bcl-2 proteins 

rescued cells from granzyme B-mediated apoptosis, suggesting that granzyme B 

initiates an alternative cell death pathway centering on mitochondria (Sutton et al., 

1997, Davis et al., 2000). Subsequently, the pro-apoptotic Bcl-2 family protein Bid 

was identified as a granzyme B substrate (Barry et al., 2000). Cleavage of Bid 

facilitates its translocation to the mitochondrial membrane where it mediates 

oligomerisation of two other pro-apoptotic Bci-2 family members BAX and/or BAK. 

Activation of the latter promotes mitochondrial outer membrane permeabilisation, 

followed by the release of cytochrome c and other mitochondrial intermembrane 

space proteins (Heiben et al., 2000, Kuwana et al., 2002). Release of cytochrome 

c into the cytosol is a key apoptosis event as it facilitates the formation of the 

apoptosome, a caspase-9 activation platform consisting of apoptotic protease 

activating factor-1 (APAF-1) and caspase-9 (Jiang et al., 2000). Activated 

caspase-9 then cleaves downstream effector caspases initiating a proteolytic 

cascade, which leads to cell death, characterised by chromatin condensation, 

oligonucleosomal DNA fragmentation, mitochondrial depolarisation and rapid loss 

of membrane integrity (Slee et al., 1999). This mitochondrial cell death pathway is 

regulated by the anti-apoptotic Bcl-2 family members, which form heterodimers 

with BAX/BAK proteins preventing their oligomerisation and inhibiting apoptosis



Perforin

Caspase-10

Figure 1.3.
Pathways to granzyme B-mediated cell death
Granzyme B, enters the target cell by a perforin-dependent mechanism. Once 
in the target cell cytosol, granzyme B processes Bid. Truncated BID then 
translocates to mitochondria where it induces the oligomerization of BAX and/or 
BAK in the outer mitochondrial membrane. This facilitates cytochrome c release 
into the cytosol, assembly of the apoptosome, with subsequent caspase-9 
activation and the ensuing caspase cascade. Note that antiapoptotic Bcl-2 
family members can inhibit cytochrome c release and thus block this pathway. 
Granzyme B can also directly process the effector caspases-3 and -7.



(Kluck et al., 1997). Figure 1.3 schematically depicts granzyme B-mediated killing 

pathways.

Interestingly, murine granzyme B has been demonstrated to cleave Bid very 

inefficiently and this granzyme displays a marked preference towards processing 

effector caspases (Cullen et al., 2007). Furthermore, addition of caspase 

inhibitors rescued cells from murine but not human granzyme B-mediated killing, 

suggesting that murine granzyme B may rely more heavily on direct caspase 

activation (Cullen et al., 2007). Collectively, these data showed that human and 

murine granzyme B exhibit divergent substrate preferences and rely on distinct 

killing pathways.

Other apoptotic substrates

Granzyme B has been shown to cleave other important apoptotic substrates, like 

inhibitor of caspase-activated DNAse (ICAD) (also cleaved by caspase-3), 

releasing the DNAse CAD to mediate internucleosomal DNA degradation 

characteristic of apoptosis (Thomas et al., 2000, Enari et al., 1998). Interestingly, 

a-tubulin was also recently identified as a granzyme B substrate, proteolysis of 

which enhances microtubule polymerisation rates in vitro, suggesting that 

granzyme B may perturb the microtubule network and affect the mitotic potential of 

target cells (Adrain et al., 2006). Aside from these, granzyme B directly targets 

other downstream caspase substrates, including poly (ADPribose) polymerase 

(PARP, Froelich et al., 1996), the catalytic subunit of DNA-dependent protein 

kinase (DNA-PK, Andrade et al., 1998), the nuclear mitotic apparatus protein 

(NUMA, Andrade et al., 1998), the nuclear envelope intermediate filament protein,



lamin B (Zhang et al., 2001) and the actin-binding protein, filamin (Browne et al., 

2000). However, the significance of these proteolytic events for cellular demolition 

is unclear.

Additionally, granzyme B has also been shown to cleave a number of extracellular 

proteins, including cartilage proteoglycan (Froelich et al., 1993), the extracellular 

matrix proteins vimentin, fibronectin, and laminin (Buzza et al., 2005), cell surface 

receptors (Loeb et al., 2006) and pro-hemostatic molecules (Buzza et al., 2008). 

The significance of the proteolysis of these substrates will be discussed below.

1.2.6 Other granzymes

Granzyme A is a tryptase, which cleaves after arginine or lysine residues and 

induces caspase-independent cell death characterised by rapid loss of membrane 

integrity, mitochondrial depolarisation, chromatin condensation and formation of 

single-stranded DMA nicks. Importantly, granzyme A-induced cell death is not 

blocked by over-expression of Bcl-2 or by caspase inhibitors, suggesting that 

granzyme A does not utilise the intrinsic mitochondrial pathway and is not 

dependent on caspase activation (Beresford et al., 1999). Instead, granzyme A 

moves to the nucleus, where it cleaves the components of the endoplasmic 

reticulum (ER)-associated SET complex, interfering with the DNA repair machinery 

and activating endo- and exonucleases, which work in concert to degrade DNA 

and induce cell death (Beresford et al., 2001; Chowdhury et al., 2006; Fan et al., 

2003).

10



Granzyme K is also a tryptase, which similarly to granzyme A, targets the SET 

complex within the nucleus (Zhao et al., 2007) and induces caspase-independent 

cell death, also characterised by single-stranded DNA nicks, mitochondrial 

depolarisation and loss of membrane integrity. Additionally, Bid was identified as 

an in vitro granzyme K substrate, suggesting that granzyme K potentially uses the 

mitochondrial pathway to induce apoptosis in target cells (Zhao et al., 2007b). 

However, the significance of this cleavage event is unclear as high concentrations 

of recombinant granzyme K were required to process Bid, while granzyme K- 

induced cell death was dependent on the production of reactive oxygen species 

and mitochondrial damage (Zhao et al., 2007b). Interestingly, recent work 

suggests that physiological concentrations of granzymes A and K lack cytotoxic 

potential and instead participate in the regulation of inflammatory cytokine 

secretion (discussed below, Metkaret al., 2008, Joeckel et al., 2011).

Granzyme H, which may have evolved from a recombination event between 

granzyme B and mast cell chymase, has chymotryptic activity and cleaves 

substrates after aromatic residues (Haddad, 1991, Fellows et al., 2007). No 

cellular granzyme H substrates have been found to date, however, granzyme H 

has been shown to cleave two adenoviral proteins; DNA binding protein (DBF, 

essential for viral DNA replication) and 100K protein (required for viral assembly 

and also acts as a granzyme B inhibitor) (Andrade et al., 2007; Andrade et al., 

2001). These data suggest that granzyme H participates in the antiviral immune 

response by blocking viral replication and also indirectly promotes cell death by 

releasing granzyme B from its inhibitor.

Granzyme M, predominantly expressed by NK cells, preferentially cleaves after 

methionine or leucine residues (Smyth et al., 1996, Sayers et al., 2001). It induces



rapid cell death, characterised by swelling and extensive cell lysis, which cannot 

be blocked by the addition of caspase inhibitors or by overexpressing anti- 

apoptotic Bcl-2 proteins (Cullen et al., 2009). Similarly to granzyme B, granzyme 

M has been demonstrated to cleave ICAD, inducing DNA fragmentation (Lu et al., 

2006). Moreover, granzyme M has also been shown to bind and inactivate 

proteinase inhibitor-9 (PI-9, the endogenous inhibitor of granzyme B) in vitro, 

suggesting that granzyme M may potentiate granzyme B activity by neutralising 

this inhibitor (Mahrus et al., 2004). Additionally, our laboratory has recently 

identified nucleophosmin, a nucleolar phosphoprotein essential for cell viability, as 

a novel granzyme M substrate, inactivation of which may contribute to target cell 

eradication (Cullen et al., 2009).

1.2.7 Granzyme inhibitors

Endogenous inhibitors

The activity of proteolytic enzymes must be tightly regulated to prevent any 

undesirable damage and there are several safety mechanisms which cooperate to 

keep granzymes in their inactive state while inside CTL/NK cells. Nevertheless, 

there are additional possibilities of active enzymes targeting ‘innocent bystander’ 

cells or leaking back to the effector cell cytoplasm during granule exocytosis. 

Endogenous granzyme inhibitors, belonging to a family of serpins (serine protease 

inhibitors), protect against such events and act as granzyme pseudosubstrates, 

covalently and irreversibly binding to the active sites of these proteases (Silverman 

etal., 2001).
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PI-9 is the only intracellular inhibitor of human granzyme B and is expressed in 

various cells, including lymphocytes (Sun et al., 1996), dendritic cells, cells in 

immune privileged sites (Bladegroen et al., 2001), mast cells (Bladegroen et al., 

2005), endothelial cells and mesothelial cells (Buzza et al., 2001), suggesting that 

PI-9 is capable of protecting not only effector cells themselves but also other cells 

in the vicinity.

Viral and synthetic inhibitors

Not surprisingly, as viruses have co-evolved \A/ith their hosts, they have also 

developed granzyme inhibitors, which allow postponement or complete inhibition 

of cell death, providing viruses with valuable time to complete the replication cycle 

and escape. For example, a pox virus-encoded serpin, cytokine response modifier 

(CrmA), directly binds to and inhibits granzyme B (Quan et al., 1995). Another viral 

inhibitor, adenoviral assembly protein Ad5-100K, acts as a granzyme B substrate 

with a very slow proteolysis rate (Andrade et al., 2001). Therefore, the abundance 

of 100K protein ensures saturation of available granzyme B, preventing the killer- 

protease from destroying infected cells. As was described earlier, granzyme H 

helps granzyme B to overcome this block by cleaving 100K (Andrade et al., 2001).

Synthetic granzyme inhibitors (isocoumarin derivatives, peptide chloromethyl 

ketones and peptide phosphonates) are also being developed for research and 

therapeutic purposes (Kam et al., 2000; Chowdhury and Lieberman, 2008). 

Unfortunately, the available synthetic inhibitors generally lack specificity and 

require further improvement.
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1.3 Extracellular granzymes

Over the past 20 years the apoptotic functions of granzymes have attracted much 

attention and are weW documented. However, detection of extracellular 

granzymes in plasma from patients with inflammatory conditions suggests that, 

under certain circumstances, these enzymes might have functions outside the cell 

(Spaeny-Decking et al., 1998, Tak et al., 1999). Several extracellular granzyme B 

substrates have been identified to date (see below). Moreover, expression of 

granzyme B has been repeatedly reported in non-cytotoxic cells of the immune 

system (reviewed in Afonina et al., 2010), further suggesting that granzymes are 

enzymes with a dual nature and, in addition to inducing apoptosis, might possibly 

perform extracellular functions.

1.3.1 Extracellular granzymes in inflammatory conditions

The development of sensitive assays has allowed investigators to detect low 

picogram quantities of granzyme A and B in plasma from healthy individuals 

(Spaeny-Dekking et al., 1998). Interestingly, levels of granzyme A and/or B were 

elevated in plasma from patients with EBV or HIV-1 infections, in plasma and 

synovial fluid from patients with rheumatoid arthritis and in bronchoalveolar lavage 

of atopic asthma patients challenged with an allergen (Spaeny-Dekking et al., 

1998, Tak et al., 1999, Bratke et al., 2004).

Rheumatoid arthritis is a destructive disease, accompanied by bone and cartilage 

degradation in articular joints, which is largely mediated by extracellular proteases 

secreted by a variety of cells present at the inflamed site. Notably, the levels of
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granzyme A and B in synovial fluid from rheumatoid arthritis patients were 

elevated up to low nanogram quantities, several hundred fold higher than in 

plasma from healthy individuals (Spaeny-Dekking, 1998; Tak et al., 1999). 

Moreover, Granzyme B levels in synovial fluid were significantly higher than in 

plasma from the same patients, suggesting that concentrations of extracellular 

granzymes are not elevated systemically, but increased as a result of the local 

production (Spaeny-Dekking et al., 1999). Indeed, granzyme B positive cytotoxic 

cells (mainly NKs) have been shown to infiltrate rheumatoid synovial tissue (Tak et 

al., 1994, Smeets et al., 1998), while expression of granzyme B was also detected 

in macrophages in the lesion areas of atherosclerosis and rheumatoid arthritis, 

further underscoring the possible role of granzyme B in inflammatory diseases 

(Kim et al., 2007). Importantly, granzyme B was reported to cleave several 

extracellular matrix components (see below) and is, therefore, thought to 

contribute to the pathogenesis of rheumatoid arthritis.

Elevated concentrations of both granzymes were found in plasma during 

experimental human endotoxemia and in patients with melioidosis (infection due to 

gram-negative bacteria), while whole blood stimulation with different gram-positive 

or -negative bacteria and lipopolysaccharide (LPS) also induced secretion of 

granzyme A and B (Lauw et al., 2000). Notably, based on the kinetics of 

granzyme release, the authors proposed that bacterial stimulation sends dual 

signals and induces an early release of pre-synthesized granzymes, followed by 

de novo synthesis of granzymes with secretion (Lauw et al., 2000). Collectively, 

these data imply that granzymes have important immunoregulatory functions 

during bacterial infection.
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How do granzymes escape into extracellular millieu?

Several mechanisms have been suggested to explain how granzymes end up in 

the extracellular space, including leakage from the immunological synapse during 

granule-mediated killing, or non-specific secretion, or CTL/NK degranulation in 

response to inflammatory cytokines, chemokines and other signals (Buzza and 

Bird, 2006). Importantly, it has been shown that both CTLs and NK cells 

constitutively release granzyme B in the absence of stimulation or target cell 

engagement (Prakash et al., 2009). Moreover, various non-cytotoxic cells of the 

immune system were found to express and secrete granzyme B upon activation 

(see below), which, coupled with increased extracellular levels of this protease in 

inflammatory diseases, points to the existence of extracellular granzyme B 

functions.

The presence of the low levels of extracellular granzymes in plasma of healthy 

individuals is intriguing. It should be noted that granzyme B does not require 

perforin to enter cells and induce apoptosis in the presence of endosomolytic 

agents, such as adenovirus or pore-forming bacterial toxins (Froelich et al., 1996; 

Browne et al., 1999). Interestingly, treatment of vesicular stomatitis virus-infected 

monocytic cells with granzyme B resulted in the degradation of viral RNA without 

concomitant cell lysis, suggesting that constitutive secretion of granzyme B by the 

cytotoxic cells might serve as an immunosurveillance mechanism, where 

extracellular granzymes act as a first line of defence against invaiding viruses 

(Hommel-Berrey etal., 1997).
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1.3.2 Extracellular functions of granzyme B

Proteolysis of extracellular matrix proteins

Detection of extracellular granzymes has prompted investigators to look for 

possible extracellular granzyme B functions and substrates. However, the first 

evidence for the existence of such functions comes from much earlier work, which 

reported the purification of a cytostatic factor from the rat natural killer cell line 

(RNK) (Sayers et al., 1992). The purified protein, structurally most closely related 

to murine granzyme B, inhibited growth of several adherent tumor cell lines and 

affected their morphology, inducing rounding of the cells and formation of large 

aggregates (Sayers et al., 1992).

This phenomenon was further investigated by Buzza and colleagues, who showed 

that exposure of primary endothelial cells to granzyme B in the absence of perforin 

leads to cell detachment followed by detachment-induced cell death (anoikis) 

(Buzza et al., 2005). Subsequently, extracellular matrix proteins vitronectin, 

fibronectin and laminin were identified as granzyme B substrates (Buzza et al., 

2005), which was further supported by another study demonstrating that granzyme 

B, purified from UV-A irradiated keratinocytes, processed fibronectin in vitro 

(Hernandez-Pigeon et al., 2007). In addition, Pardo and colleagues found that 

treatment of endothelial cells with low concentrations of recombinant granzyme B 

led to disorganisation of cell-to-cell contacts, suggesting that granzyme B might 

also affect vascular permeability (Pardo et al., 2007). Thus, by cleaving 

extracellular matrix proteins, granzyme B disrupts integrin-dependent adhesion of 

cells and may induce anoikis, restrict motility of tumor cells and facilitate 

lymphocyte migration (Buzza et al., 2005).
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Based on these data, granzyme B was suggested to contribute to the 

pathogenesis of inflammatory vascular diseases via induction of anoikis of smooth 

muscle cells (Choy et al., 2004). In fact, granzyme B was found in abundance in 

the blood vessels with advanced atherosclerosis or transplant vascular disease 

and its presence was associated with increased disease severity and cell death 

(Choy etal., 2003).

Granzyme B has been also shown to cleave extracellular matrix structural 

proteoglycan, aggrecan, and mediate proteoglycan degradation in the cartilage 

explants or the extracellular matrix newly synthesised by chondrocytes (Froelich et 

al., 1993, Ronday et al., 2001). This fact further encourages the idea that 

granzyme B plays an important role in the pathogenesis of rheumatoid arthritis by 

degrading cartillage aggrecan and remodelling extracellular matrix.

In addition, Buzza and colleagues have recently identified pro-hemostatic 

molecules, von Willebrand factor and fibrinogen, as granzyme B substrates, which 

were efficiently processed in a conformation-dependent manner: neither was 

processed in the soluble form, while presentation of these factors in a matrix 

configuration induced their proteolysis (Buzza et al., 2008). Once again, these 

proteolytic events had inhibitory effects on platelet aggregation and spread on the 

extracellular matrix, suggesting that granzyme B may regulate blood coagulation 

during inflammation (Buzza et al., 2008).



Cleavage of cell surface receptors

Granzyme B has also been shown to influence cell fate by cleaving cell surface 

receptors essential for proliferation and survival. Fibroblast growth factor receptor- 

1 (FGFR1) and Notchl proved to be susceptible to granzyme B-mediated 

cleavage in an in vitro cDNA expression screen (Loeb et al., 2006) and more 

recently cleavage of Notchl has been shown to inhibit its transcriptional activity, 

suggesting that proteolysis of these receptors renders them unable to transduce 

pro-survival signals (van Tetering et al., 2011).

Cleavage of neuronal glutamate receptor (GluR) by granzyme B was reported by 

Gahring and colleagues and is proposed to generate a potent autoantigen 

(Gahring et al., 2001). Moreover, conditioned medium from activated T cells was 

shown to remove GluR from the cell surface of normal human T cells, which was 

dependent on the activity of granzyme B in the medium, suggesting that granzyme 

B functions in the autocrine/paracrine fashion to down-regulate glutamate receptor 

on the surface of T cells (Ganor et al., 2007). Interestingly, Ganor and colleagues 

reported that glutamate mediates cell adhesion to laminin and fibronectin via 

GluR3 with loss of the receptor resulting in decreased adhesion of activated T 

cells to laminin (Ganor et al., 2003, Ganor et al., 2007). Thus, granzyme B may 

regulate T-lymphocyte migration not only through extracellular matrix remodelling, 

but also via inhibiting cell adhesion to the matrix itself. Figure 1.4 schematically 

summarises some of the extracellular granzyme B functions, while table 1.2 offers 

a list of extracellular granzyme B substrates and the functional consequences of 

proteolysis events.
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One should keep in mind, however, that cleavage of extracellular substrates by 

granzyme B has not been confirmed in vivo. It is possible that processed 

fragments might not be detectable in healthy individuals, due to the insufficient 

quantities of extracellular granzymes or their substrates (low picogram range) in 

vivo. The dramatic elevation of extracellular granzyme B concentrations in 

inflammatory conditions should facilitate further investigation of the cleavage of 

extracellular substrates.

1.3.3 Granzyme B expression in non-cytotoxic cells

Extracellular functions of granzymes might explain probably the most intriguing 

aspect of granzyme biology - the expression of granzymes in non-cytotoxic cells. 

Surprisingly, granzyme B expression has been detected in plasmacytoid dendritic 

cells (Rissoan et al., 2002), a subset of human primary breast carcinomas (Hu et 

al., 2003), human articular chondrocytes (Horiuchi et al., 2003) and in the cells of 

the reproductive system (Hirst et al., 2001; Sasson et al., 2003). Moreover, 

activated mast cells (Strik et al., 2007), basophils (Tschopp et al., 2006), B 

lymphocytes (Hagn et al., 2009), macrophages (Kim et al., 2007), UV-irradiated 

keratinocytes (Hernandez-Pigeon et al., 2006; Hernandez-Pigeon et al., 2007) and 

septic platelets (Freishtat et al., 2009) have all been reported to express granzyme 

B, mostly in the absence of perforin co-expression (Table 1.3).

Freshly isolated polymorphonuclear neutrophils have been shown to express 

granzyme B and perforin (Wagner et al., 2004; Wagner et al., 2008). However, 

others were not able to reproduce this result (Metkar and Froelich, 2004; 

Grossman and Ley, 2004, Tschopp et al., 2006), possibly due to the use of
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Figure 1.4
Extracellular roles of granzyme B
Extracellular granzyme B has been demonstrated to cleave cell-surface 
receptors (a) and ECM proteins (b). Cleavage of ECM proteins may result in 
cell detachment and death (b) or cause disruption of cell-cell contacts, which 
may increase vascular permeabilisation and, thus, facilitate leukocyte 
extravasation (c). Some ECM protein cleavage fragments have been reported 
to act as danger signals and activate macrophages to secrete proinflammatory 
cytokines (d). Like granzyme A, granzyme B may also directly activate 
macrophages. However, this requires further investigation.



Functional group Substrate Cleavage consequences

ECM proteins Vitonectin
Laminin
Fibronectin

ECM remodelling
Regulates cell attachment 
and migration
Potential implication in “danger” 
signalling and neutrophil chemotaxis

Agg recan ECM remodelling

Cell surface 
receptors

FGFR-1

Notch 1

Inhibits pro-survival signals

Inhibits pro-survival signals

GluR3 Production of auto-antigen
Inhibits glutamate-induced lymphocyte 
attachment to ECM and migration

Serum proteins von WF Inhibits platelet attachment, 
aggregation and migration

Fibrinogen Unknown, potential implication in 
“danger” signalling

Plasminogen Potential anti-angiogenic effect

Table 1.2.
Extracellular granzyme B substrates
List of extracellular granzyme B substrates and possible functional consequences of 
granzyme B-mediated proteolysis.



Cell type Stimulus Perforin expression

CTL/NK cells Receptor-mediated activation +

Mast cells lonomycin/PMA -/+

Basophils IL-3 -

B-cells BCR stimulation -

Keratinocytes UV-A/UV-B -/+

Macrophages ?

Platelets Sepsis ?

Articular chondrocytes +

Plasmacytoid dendritic cells Freshly isolated, IL-3 -

Breast carcinoma cells ?

Table 1.3.
Granzyme B-expressing cells
Non-exhaustive list of cells expressing granzyme B, with details of perforin co-ex
pression and inducing stimuli.



different detection antibodies and Fc receptor blocking techniques. Further studies 

are required to completely resolve this issue.

In the case of basophils, IL-3 or supernatants from activated mast cells induce 

expression of granzyme B, which is then sorted to cytoplasmic granules and 

released upon treating cells with exocytosis triggering stimuli (Tschopp et al., 

2006). Secretion of granzyme B by basophils was also confirmed in vivo after 

experimental allergen challenge of asthmatic patients, suggesting a potential role 

for this protease in asthma (Tschopp et al., 2006).

Fluman and mouse mast cells also express and secrete granzyme B, which was 

subsequently shown to induce detachment-induced death of mouse embryonic 

fibroblasts (Strik et al., 2007; Pardo et al., 2007). Interestingly, PMA/ionomycin- 

stimulated FIMC-1 cells, which were shown to express both granzyme B and 

perforin, also dramatically up-regulated expression of granzyme B inhibitor, PI-9, 

in this way, acquiring protection from their own granzymes (Bladegroen et al., 

2005).

UV-B irradiation induces expression of both granzyme B and perforin in 

keratinocytes, which provides these cells with some degree of cytotoxic potential 

against a variety of targets in vitro, including keratinocytes themselves, 

melanocytes and lymphocytes (Hernandez-Pigeon et al., 2006). UV irradiation 

causes DNA damage and it is, therefore, plausible that UV-induced cytotoxicity 

enables keratinocytes to eliminate potentially damaged skin cells that reside in the 

close proximity within the epidermis.

In contrast to UV-B, UV-A fails to contribute to keratinocyte killing potential and 

induces granzyme B expression in the absence of perforin (Hernandez-Pigeon et
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al., 2007). As was described earlier, granzyme B is proposed to induce cell 

detachment and inhibit migratory potential of cells via degradation of extracellular 

matrix proteins. Consequently, ablation of granzyme B expression with antisense 

oligonucleotide inhibited UV-A induced cell detachment and enhanced 

keratinocyte motility upon UV-A exposure (Hernandez-Pigeon et al., 2007). Taken 

together, these data implicate granzyme B in photoaging and 

photocarcinogenesis, where the protease potentially protects skin cells against UV 

stress.

Additionally, analysis of platelet mRNA expression profiles revealed more than a 

hundred fold up-regulation of granzyme A and granzyme B in platelets isolated 

from septic mice, which appeared to be cytotoxic against CD4+ splenocytes in an 

ex vivo setting, while septic platelets from granzyme B-deficient mice lacked 

cytotoxic activity (Freishtat et al., 2009). However, the physiological significance 

of the killing potential of non-cytolytic cells is unclear as the studies described 

above used extremely high effector to target ratios, which may be difficult to 

achieve in vivo.

Finally, B lymphocytes have been shown to express and secrete active granzyme 

B after IL-21 and B cell receptor (BCR) stimulation (Hagn et al., 2009). 

Interestingly, the latter authors also found that B cells, isolated from individuals 

previously vaccinated against viral diseases, secreted higher amounts of 

granzyme B upon viral antigen re-stimulation than the cells from unvaccinated 

individuals (Hagn et al., 2009). This finding suggests that B cells participate in the 

early phase of the immune response to viral infections and may explain elevated 

concentrations of granzyme B in plasma from patients with EBV or HIV-1 

infections (Spaeny-Dekking et al., 1998).
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It remains largely unclear why non-cytotoxic cells express granzyme B, especially 

in the absence of perforin. Possibly granzyme B expression confers on these cells 

a direct cytotoxic potential or ability to induce anoikis in certain circumstances. 

This may allow for the immediate elimination of dangerous cells without the need 

for activation and recruitment of cytotoxic T lymphocytes. Additionally, release of 

granzymes at inflammatory sites may help to increase vascular permeability, 

facilitating extravasation of lymphocytes from the blood, suggesting that 

granzymes may regulate inflammatory processes.

1.4 Inflammation

Inflammation is the orchestrated response of an organism to harmful stimuli, such 

as microbial invasion, damaged cells or irritants, and is accompanied by immune 

cell activation with the release of inflammatory mediators (cytokines, chemokines, 

prostaglandins etc.), vasodilation and lymphocyte extravasation to the affected 

area. Proinflammatory mediators are primarily released by the cells of the innate 

immune system as a response to activating stimuli, or directly liberated from the 

intracellular stores of damaged cells, consequently inducing the vascular 

endothelium to express chemokines and adhesion molecules. This, in turn, 

attracts leukocytes and permits these cells and other blood-borne defences, such 

as antibodies or complement proteins, to enter the damaged tissue and destroy 

injurious agents, clear dead cells and induce tissue repair.

23



1.4.1 How does the immune system sense danger?

Pathogens possess highly conserved invariant molecular motifs, distinct from the 

host, termed pathogen associated molecular patterns (PAMPs) that, being critical 

cellular components (e.g., LPS, dsRNA, flagellin), serve as a microbial ‘fingerprint’ 

and allow the immune system to identify the invaders. However, certain host 

molecules can also act as signals of danger, and are, thus, called danger 

associated molecular patterns (DAMPs). These self-molecules are normally 

sequestered within cells and released primarily as a result of cell injury and death, 

alerting the immune system about possible infection. They are thought to include 

ATP, uric acid, galectins, thioredoxin, high-mobility group box I protein (HMGB1) 

and IL-1a (Bianchi, 2007, Chen et al., 2007).

In order to be able to identify danger signals, the immune system is equipped with 

a set of germline-encoded pattern-recognition receptors (PRR), which are 

predominantly expressed by the cells that patrol the borders, like macrophages, 

monocytes, dendritic cells, neutrophils and epithelial cells. These receptors are 

triggered by microbial PAMPs or DAMPs and mobilise different mechanisms of 

defense.

Toll-like receptors (TLRs) are highly conserved transmembrane proteins that 

function either on the plasma membrane or the membranes of endosomal 

compartments and, therefore, are responsible for scanning the extracellular space 

for the signs of bacterial or viral invaders and activating signal transduction 

cascades, which culminate in the secretion of inflammatory cytokines, chemokines 

and antimicrobial peptides. TLR signalling pathways are largely similar to IL-1 

signalling, which will be described below.
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Unlike TLRs, nucleotide-binding oligomerisation domain (NOD)-like receptors 

(NLRs) are cytosolic sensors of bacterial infection and, upon ligand recognition, 

initiate formation of the multiprotein complex, termed the inflammasome (see 

Figure 1.5). The ultimate goal of inflammasome assembly is the proteolytic 

processing and activation of a major pro-inflammatory protease, caspase-1, 

achieved via proximity-induced auto-processing between the large and small 

subunits of caspase-1 (Schroeder and Tschopp, 2010). Activated caspase-1 then 

processes the major pro-inflammatory cytokines, IL-1(3 and IL-18, which may also 

facilitate their secretion into the extracellular space (Thornberry et al., 1992, Gu et 

al., 1997). Figure 1.5 depicts NALP3 inflammasome assembly and the 

consequences of caspase-1 activation. Importantly, activating mutations in NLRs 

have been described in patients with autoinflammatory diseases, who suffer from 

recurrent inflammatory attacks in the absence of infection, possibly due to the 

excessive production of IL-13, implying that controlled activation of the 

inflammasome is crucial for maintaining efficient homeostasis of the immune 

system (Schroeder and Tschopp, 2010).

1.4.2 Caspase-1 functions

Caspase-1 is also known as IL-ip-converting enzyme (ICE) for its ability to 

convert inactive 31 kDa IL-ip precursor into the mature 17 kDa active form 

(Thornberry et al., 1992, see below). Additionally, another inflammatory cytokine, 

IL-18, has been identified as a physiological caspase-1 substrate (Gu et al., 1997). 

The central role caspase-1 plays in the regulation of inflammatory processes has 

been demonstrated in caspase-1-deficient mice, which are highly resistant to LPS-
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induced endotoxic shock and exhibit profound defects in the production and 

secretion of IL-1|3, IL-18 and, more surprisingly, another IL-1 family member, IL-1a 

(Li et al., 1995, Kuida et al., 1995). Importantly, regulation of apoptosis in caspase- 

1 knockout mice is normal, suggesting that, contrary to initial thinking, caspase-1 

is dispensable for the control of cell death (Kuida et al., 1995).

Despite several attempts to identify novel caspase-1 substrates, IL-1 (3 and IL-18 

remain the only two physiological substrates for this protease, which is in striking 

contrast to over 600 apoptotic caspase substrates discovered to date (Luthi and 

Martin, 2007). In addition, it appears that the half-life of caspase-1 within the cell 

is limited, as this protease appears to be extremely unstable and is rapidly 

inactivated, which may ultimately restrict its availability within the cell and reduce 

substrate proteolysis (Walsh et al., 2011).

The functions of other inflammatory caspases are less well defined. Activation of 

caspase-5 was reported as a result of its recruitment to the NALP1 inflammasome 

(Martinon et al., 2002), although no physiological substrates have been reported 

for caspase-4 or -5. Similarly to caspase-1 deficiency, it is interesting to note that 

the absence of caspase-11 (murine analog of caspase-5) in mice resulted in 

increased resistance to endotoxic shock and decreased serum concentrations of 

IL-1 in response to LPS-stimulation, implying that caspase-11 (and possibly 

caspase-5 in humans) is involved in caspase-1 activation in vivo (Wang et al., 

1998).

Recently, a range of bacterial pathogens have been reported to induce caspase-1- 

dependent cell death, termed pyroptosis, characterised by rapid membrane 

rupture and release of intracellular contents (Bergsbacken et al., 2009). Although
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Figure 1.5
Assembly of the NALP3 inflammasome
Upon ligand binding via LRR domain, NALP3 oligomerises and initiates 
inflammasome formation via recruitment of the adaptor protein, apoptosis- 
assocciated speck-like protein containing CARD (ASC), which in turn brings 
caspase-1 to the complex. Caspase-1 then undergoes proximity-induced 
autoactivation, followed by the processing of inflammatory cytokines. LRR, 
leucine-rich repeats; NACHT, NACHT domain; PYD, pyrin domain; CARD, 
caspase recruitment domain; Large, large subunit; Sm, small subunit.



the dependence of pyroptosis on caspase-1 has been demonstrated in caspase-1- 

deficient cells, the exact pathway leading to cell death is obscure (Lamkanfi et al., 

2008). As the apoptotic caspase, caspase-7, has been demonstrated to be a 

novel caspase-1 substrate, it is appealing to speculate that the activation of the 

former mediates the execution of pyroptosis (Lamkanfi et al., 2008). However, 

caspase-7 deficiency did not protect from Salmonella typhimurium-induced 

caspase-1-dependent cell death (Lamkanfi et al., 2008). Thus, the physiological 

significance of this cleavage event and the exact role that caspase-1 plays in 

pyroptosis require further investigation.

1.4.3 Interleukin-1

As described in chapter 4 of this work, our research group has recently tested 

cleavage of cytokines by a panel of apoptotic proteases and identified IL-1a as a 

granzyme B substrate. Accordingly, the following section will focus on the biology 

of this major pro-inflammatory cytokine. There are two forms of IL-1; IL-1a and IL- 

ip. Both share only 26% homology but exhibit similar bioactivities, affecting 

almost every cell type either alone or in concert with other cytokines and 

inflammatory mediators. The basis for the range of biological effects of IL-1 is the 

influence this cytokine has on the rest of the immune system, namely, the 

expression of other cytokines and their receptors, proinflammatory mediators, 

hepatic acute phase proteins, colony-stimulating, growth, clotting and tissue 

remodelling factors, adhesion molecules and many others (Dinarello, 1996). 

Therefore, IL-1 promotes vasodilation, hematopoiesis, lymphocyte activation 

(hence, the alternative name lymphocyte activating factor (LAP)), leukocyte
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attraction and extravasation, angiogenesis and antibody synthesis (adjuvant 

effect).

IL-1a

Primary cells and some cell lines express constitutive levels of a 31 kDa IL-1a 

precursor, however, IL-1a is rarely found in body fluids and remains mostly 

intracellular (Hacham et al., 2002, Hurgin et al., 2007, Werman et al., 2004). 

Processing of the IL-1a precursor by a calcium-activated neutral protease, calpain, 

has been reported, although the effect of proteolysis on the bioactivity of this 

cytokine was not investigated (Carruth et al., 1991; Kobayashi et al 1990). As 

both precursor and mature forms of IL-1a are able to bind the IL-1 receptor (IL-1R) 

and elicit biological activity, cleavage of IL-1a by calpain was proposed to affect 

the selective secretion of the mature form, although this phenomenon requires 

further investigation (Mosley et al., 1987a; Watanabe and Kobayashi, 1994).

Interestingly, the IL-1 a precursor possesses a nuclear localisation signal (NLS) in 

its N-terminus and was shown to translocate to the nucleus upon inflammatory 

stimulation, suggesting an intracellular signalling role (Wessendorf et al., 1993; 

Werman et al., 2004). In support of this hypothesis, overexpression of full-length 

IL-1 a resulted in the activation of transcription factors nuclear factor kB (NFkB) 

and activator protein-1 (AP-1) in a surface IL-IR-independent manner (Werman et 

al., 2004). Furthermore, stable transfection of precursor IL-1 a, but not the mature 

form lacking the NLS, has been demonstrated to regulate morphology, growth rate 

and migratory potential of human endothelial cells (Maier et al., 1994, McMahon et 

al., 1997).
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Additionally, IL-1a was reported to exist in a membrane-bound form, where 

biologically active precursor IL-1a binds to the plasma membrane via lectin-like 

interactions and exhibits potent thymocyte stimulatory activity (Kurt-Jones et al., 

1985, Kurt-Jones et al., 1987, Brody and Durum, 1989). Moreover, LPS- 

stimulated human peripheral blood mononuclear cells (PBMC) were shown to 

induce IL-8 secretion from endothelial cells via IL-la-dependent juxtacrine 

mechanism (Kaplanski et al., 1994). Most interestingly, the severity of arthritis in 

IL-1a transgenic mice was found to correlate with membrane-bound IL-1a activity, 

rather than the soluble form of this cytokine, underscoring the important role that 

membrane-bound IL-1a plays in the regulation of inflammatory processes (Niki et 

al., 2004).

IL-1P

Unlike IL-1a, IL-1(3 is synthesised as inactive 31 kDa precursor, unable to bind the 

IL-1 receptor, and activation of which requires removal of 116 N-terminal amino 

acids by caspase-1 (Mosley et al., 1987a, Black et al., 1988; Thornberry et al., 

1992). Additionally, IL-1 p was reported to be susceptible to cleavage by 

extracellular proteases: trypsin, cathepsin G (Hazuda et al., 1991), collagenase, 

elastase (Hazuda et al., 1990), mast cell chymase (Mizutani et al., 1991) and 

granzyme A (Irmler et al., 1995) in vitro.

The importance of IL-ip processing by these proteases was demonstrated in a 

mouse model of neutrophil-dominated arthritis, in which disease severity was 

strongly correlated with serum IL-ip concentrations (Joosten et al., 2009, Guma et 

al., 2009). Interestingly, Joosten and colleagues found that arthritis progression
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was similar in caspase-1 knockout and wild type mice in several models of arthritis 

(Joosten et al., 2009). Moreover, the concentration of IL-ip in synovial tissue 

explants from caspase-1-deficient mice was even slightly higher than in wild type, 

suggesting that caspase-1 is dispensable for IL-1|3 processing in certain disease 

models.

Guma and colleagues reported a similar observation in a serum transfer model of 

arthritis and monosodium urate (MSU)-induced peritonitis (Guma et al., 2009). 

Importantly, the authors showed that treatment of caspase-1 knockout mice with 

elastase or chymase synthetic inhibitors reduced joint swelling in serum-induced 

arthritis model, which correlated with decreased concentrations of IL-1(3 in tissue 

samples. Collectively, these data convincingly show that 11-1(3 is processed and 

activated by multiple proteases in vivo.

IL-1-deficient mice

Mice deficient in IL-1a or IL-1(3 develop normally and are healthy and fertile, which 

suggests that IL-1 is dispensable for normal embryonic and postnatal development 

(Zheng et al., 1995, Horai et al., 1998). However, IL-1 (3, but not IL-1a, knockout 

mice have been demonstrated to mount an impaired febrile and acute-phase 

inflammatory response to stimulation with turpentine (a model of local 

inflammation), implying that 1L-1(3 plays a more important role in certain 

inflammatory scenarios and, despite having identical biological functions, IL-1 a 

and IL-1(3are not functionally redundant (Zheng et al., 1995, Horai et al., 1998). 

Data regarding the febrile response to LPS stimulation in IL-1 (3-deficient mice are 

conflicting (Kozak et al., 1995, Alheim et al., 1997). However, several groups have
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shown that IL-1(3 knockout mice display normal susceptibility to LPS challenge and 

have normal serum levels of inflammatory cytokines, possibly due to Il

ia compensating for the lack of IL-1(3 in this model of systemic inflammation 

(Zheng et al., 1995, Fantuzzi and Dinarello, 1996). In support of the hypothesis, 

mice deficient in caspase-1, which exhibit reduced serum levels of both forms of 

IL-1, are resistant to endotoxic shock (Li et al., 1995).

1.4.4 IL-1 secretion

IL-1 a and IL-1 (3 are expressed without a signal peptide and secreted through an 

unconventional, ER/Golgi-independent pathway, which is poorly characterised. 

However, exocytosis of secretory lysosomes, microvesicle shedding from plasma 

membrane, transporter protein-facilitated efflux and passive release as a result of 

cell lysis have all been suggested as possible mechanisms of IL-1 secretion 

(reviewed in Eder, 2009). Interstingly, inflammasome assembly and caspase-1 

activation were shown to be absolutely required for IL-lp secretion from murine 

macrophages (Qu et al., 2007). Moreover, Keller and colleagues demonstrated 

that IL-1a secretion is also dependent on caspase-1, as caspase-1-deficient 

keratinocytes failed to secrete IL-1 a in response to UV-treatment (Keller et al., 

2008).

Importantly, caspase-1 activity was required for the secretion of IL-1 a and 

overexpression of a catalytically inactive caspase-1 mutant resulted in the reduced 

IL-1 a release from COS-1 cells (Keller et al., 2008). Considering that IL-1 a is not 

a substrate for caspase-1, the latter observation was surprising. However, these 

data support an earlier observation reported by Li and colleagues, who found

31



reduced levels of serum IL-1a in LPS-challenged caspase-1 knockout mice (Li et 

al., 1995), which, due to the fact that IL-1 has been demonstrated to induce its 

own synthesis (Dinarello et al., 1987, Horai et al., 1998), was initially explained by 

the absence of mature IL-1 (3. However, serum IL-1a levels in LPS-challenged IL- 

1 (3-deficient mice were normal, suggesting that secretion of IL-1 a is, indeed, 

dependent on the presence of caspase-1 itself (Fantuzzi and Dinarello, 1996).

1.4.5 IL-1 receptor signalling

IL-1 exerts its extracellular activities via binding to a high affinity receptor, IL-1RI, 

which is an 80kDa transmembrane glycoprotein expressed on the surface of a 

wide range of cells. The extracellular domain of the receptor is composed of three 

immunoglobulin-like domains, while the intracellular Toll/IL-IR (TIR) domain bears 

homology to the corresponding domain of the Toll-like receptors. Upon ligand 

binding, IL-1R aggregates with IL-1 receptor accessory protein (IL-IRAcP) and 

triggers the formation of a signalling complex (Greenfeder et al., 1995, Huang et 

al., 1997). Figure 1.6 represents the IL-1R signalling pathway.

The first step in the signalling cascade requires the involvement of the myeloid 

differentiation protein MyD88, which is an adaptor protein, composed of two 

domains (Muzio et al., 1997). A C-terminal TIR domain mediates interaction with 

the receptor complex, while an N-terminal death domain facilitates the recruitment 

of downstream effector molecules (Figure 1.6a, Burns et al., 1998). The 

indispensable role of MyD88 in IL-1R signalling was demonstrated in MyD88- 

deficient mice, which exhibit complete loss of inflammatory responses to IL-1 and 

IL-18 treatment (Adachi et al., 1998).
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Within seconds of ligand binding, IL-1 receptor-associated kinase-1 (IRAK-1) is 

recruited to the IL-1R complex and becomes phosphorylated by another member 

of the IRAK family, IRAK-4, followed by active autophosphorylation, which 

increases its affinity to another adaptor protein, TNF receptor-associated factor 6 

(TRAF6) (Figure 1.6a, Cao et al., 1996a,b; Jiang et al., 2002; Burns et al., 2003). 

Importantly, mice deficient in IRAK-1 have impaired cytokine signalling in response 

to IL-1 (Kanakaraj et al., 1999).

TRAF6 is characterised by an N-terminal RING domain, which posesses ubiquitin 

ligase activity, generating the lysine (Lys)-63-iinked polyubiquitin chains, 

absolutely required for IL-1-mediated signalling (Cao et al, 1996b, Deng et al., 

2000, Lamothe et al., 2007). The IRAK-1/TRAF6 complex dissociates from IL-1R 

and interacts at the membrane with the preformed complex consisting of 

transforming growth factor-(3 (TGF-|3)-activated kinase 1 (TAK1) and TAK binding 

proteins, TAB1 and TAB2/3 (Takaesu et al., 2000, Jiang et al., 2002). This 

interaction results in the activation of TAK1 and the translocation of the 

TRAF6/TAK1/TAB complex to the cytosol (Figure1.6b, Jiang et al., 2002; Wang et 

al., 2001).

The signalling pathway then diverges at activated TAK1, which phosphorylates 

and activates the IkB kinase (IKK) complex, mediating degradation of NFkB 

inhibitor, IkB (Figure 1.6c, Wang et al., 2001). In unstimulated cells, IkB binds the 

key transcription factor NFkB and prevents it from being transported to the nucleus 

(reviewed in Karin and Ben-Neriah, 2000). Thus, degradation of IkB results in the 

release of NFkB from the cytoplasm and translocation to the nucleus, where it can 

induce expression of numerous inflammatory mediators. Additionally, IKKp has 

also been reported to induce activation of extracellular signal-regulated kinase-1
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and -2 (ERK1/2) via phosphorylation and degradation of another NFkB family 

member, NFKB1/p105 (Waterfield et al., 2004).

Alternatively, TAK1 activates mitogen-activated protein kinase MARK pathways, 

followed by the mobilisation of p38 and Jun N-terminal kinase (JNK) (Figure 1.6d), 

which culminates in the activation of cAMP response-element binding (CREB) and 

AP-1 transcription factors (Wang et al., 2001, Dong et al., 2002). Collectively, 

activation of these transcription factors results in the induction of pro-inflammatory 

gene expression.

1.4.6 Sterile inflammation

In addition to infection, a variety of host substances are capable of inducing 

inflammatory processes. For example, deposition of MSU crystals in the joints of 

patients with hyperuricemia initiates an inflammatory condition, known as gout 

(Nuki and Simkin, 2006), while inhalation of external silicate particles causes lung 

inflammation, leading to pulmonary fibrosis (Mossman and Churg, 1998). These 

conditions are characterised by IL-1-dependent neutrophil-driven responses (Chen 

et al., 2006, So et al., 2007). Importantly, neutralisation of IL-1 with specific 

antibodies inhibited neutophil infiltration in response to MSU in a mouse model, 

while IL-1R blockade relieved the symptoms of MSU-induced gout in human 

patients, underscoring the importance of IL-1 in the neutrophil-driven sterile 

inflammation (Chen et al., 2006, So et al., 2007).

Unlike apoptotic cells, necrotic cells and their debris also induce inflammatory 

responses in vivo. Interestingly, neutrophil infiltration induced by necrotic cells was
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TRANSCRIPTION

Figure 1.6
IL-1R signalling pathway
(a) Upon ligand (IL-1) binding IL-1R dimerises with IL-1RAcP and recruits 
adaptor proteins MyD88, IRAKs and TRAF6. (b) Consequently, TRAF6 binds 
and activates TAB/TAK1 complex in the cytosol, (c, d) The signalling pathway 
then diverges at TAK1, leading to the activation of NF-kB (c) and MARK (d) 
pathways, which results in the nuclear translocation of transcription factors and 
activation of transcription.



found to be dependent on MyD88 and IL-1R and was inhibited by a neutralising 

antibody to IL-1a (Chen et al., 2007). Although several studies have 

demonstrated that, upon release from dying cells, IL-1a precursor initiated 

proinflammatory signalling (Eigenbrod et al., 2008, Cohen et al., 2010), Kono and 

colleagues reported that resident host macrophages, and not necrotic cells, are 

the primary source of IL-1a, releasing the cytokine in response to dying cells 

(Kono et al., 2010). Thus, IL-1a has been shown to act both as a danger signal, 

released from dying cells, and as a downstream messenger, secreted in response 

to as yet undefined danger signals.

1.5 Granzymes and inflammation

1.5.1 Granzymes and danger signals

Danger signals, or alarmins, released from host cells as a result of cell injury, 

activate antigen-presenting cells via stimulation of conserved cell surface 

receptors and initiate immune responses (Bianchi, 2007). Interestingly, two 

extracellular substrates of granzyme B, fibrinogen and fibronectin, were recently 

implicated in danger signalling and shown to induce pro-inflammatory cytokine 

secretion from mouse splenocytes and human monocytes (Kuhns et al., 2007, 

Okamura et al., 2001). It is, therefore, interesting to speculate that cleavage of 

these substrates by granzyme B results in the liberation of protein fragments, 

which subsequently mediate pro-inflammatory signal transduction. Alternatively, 

proteolysis by granzyme B might destroy the immunostimulatory capacities of 

these extracellular matrix proteins and dampen the immune response. Further
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studies are required to understand the functional consequences of granzyme B- 

mediated cleavage of fibronectin and fibrinogen on the pro-inflammatory signalling.

Heat-shock proteins (HSPs) are also speculated to function as danger signals. 

Besides their ability to facilitate the internalisation of antigenic peptides by APCs, 

HSP were shown to activate APCs via TLR stimulation, although the observed 

TLR-pathway activation may have been caused by contaminating LPS (Osterloch 

and Breloer, 2008). Of note, Hsp70 is capable of binding granzyme B and 

mediating its cellular internalisation in the absence of perforin (Gross et al., 2003). 

Moreover, stimulation of NK cells with Hsp70 resulted in a dramatic enhancement 

of granzyme B expression in NK cells and increased cytotoxicity against tumor 

cells, expressing membrane form of Hsp70 (Gross et al., 2003). However, the 

impact of the Hsp70 and granzyme B interaction on the immune system activation 

is still unclear and requires further investigation.

1.5.2 Granzymes and pro-inflammatory cytokines

The current literature regarding the extracellular roles of granzymes suggests a 

firm link between granzymes and inflammatory cytokine production. For example. 

Sower and colleagues showed that addition of granzyme A to various primary 

human cells induced secretion of pro-inflammatory cytokines (IL-1(3, IL-6, IL-8, 

TNF-o), which was accompanied by increased phagocytic activity of monocytes 

(Sower et al., 1996a,b, Metkar et al., 2008). Moreover, intact cytotoxic cells (NK- 

92) induced IL-1(3 and TNF-a secretion by adherent PBMC (Metkar et al., 2008). 

These effects were proposed to be dependent on the granzyme A-mediated 

cleavage of the thrombin receptor, which was also shown to induce IL-6
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production in human lung fibroblasts upon cleavage with thrombin (Sower et al., 

1995). Alternatively, Metkar and colleagues reported that cytokine induction was 

dependent on granzyme A internalisation and was blocked by a specific caspase-1 

inhibitor (Metkar et al., 2008). Notably, granzyme A has been previously implicated 

in IL-1(3 processing (Irmler et al., 1995), while granzyme B was shown to cleave 

IL-18, albeit inefficiently (Omoto et al., 2010).

Similarly to granzyme A, recombinant granzyme K has recently been reported to 

induce IL-ip secretion from mouse macrophages as well as a range of pro- 

inflammatory cytokines from human lung fibroblasts (Joeckel et al., 2011, Cooper 

et al., 2011). Again, this effect was proposed to be mediated by proteolytic 

activation of protease-activated receptor-1 (PAR-1), as an antibody blocking PAR- 

1 cleavage sites efficiently inhibited granzyme K-induced cytokine secretion 

(Cooper et al., 2011). However, the suggested cleavage of PAR-1 by granzyme K 

was not investigated in any detail and requires further exploration.

Most interestingly, granzyme A-deficient mice appear to be more resistant to LPS- 

induced mortality when compared to wild type mice. Although the pro- 

inflammatory activity of granzyme B was not directly explored in this study, 

granzyme B deficient mice showed even greater resistance to LPS (Metkar et al., 

2008), suggesting that granzyme B may also drive the response of the immune 

system to LPS. Collectively, these data strongly suggest that aside from their well- 

established role in granule-mediated cytotoxicity, granzymes may have an 

important function in the regulation of inflammatory processes.
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1.6 Aims of this study

A growing body of evidence suggests that granzymes are not just cytotoxic 

proteases, but also perform other non-cytotoxic, extracellular functions and 

participate in inflammatory processes via as yet undefined pathways (Metkar et al., 

2008, Joeckel et al., 2011). In this work, we decided to explore whether granzyme 

B was capable of directly cleaving proinflammatory cytokines. Indeed, we 

identified IL-1a, a potent inflammatory mediator, as a novel granzyme B substrate. 

We have subsequently examined the functional consequences of IL-1a processing 

by granzyme B and other inflammatory proteases, which have previously been 

suggested to process IL-1a. The relevance of granzyme B-mediated proteolysis of 

IL-1a in vivo was also assessed in the course of this work.
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Chapter 2

Materials and Methods



2.1 Reagents

Recombinant caspase-1, -3, -4, -5, -7 were expressed and purified from bacteria 

by other members of the lab as described previously (Walsh et al., 2008; Luthi et 

al., 2009). PI-9 was expressed in bacteria by K.Viikov (Martin lab). Mouse 

granzyme B was expressed in Pichia pastoris (Cullen et al., 2007). cDNA clones 

encoding full-length human or mouse IL-1a were purchased from Origene. 

Human calpain-1 and human mast cell chymase were purchased from 

Calbiochem, human leukocyte elastase was purchased from Serva. Human IL-6, 

IL-8 and GM-CSF DuoSet ELISA kits were purchased from R&D systems. Unless 

otherwise stated all other reagents were purchased from Sigma Ltd. (Ireland).

Antibodies

Anti-IL-1 a antibody was purchased from AbD Serotec, anti-transferrin antibody 

was from Bethyl Laboratories, anti-Bid, anti-caspase-7 and anti-XlAP antibodies 

were from BD Pharmingen, anti-calpastatin antibody was from Cell Signalling, anti- 

cochaperone-p23 was from Affinity Bioreagents, anti-actin antibody was from MP 

Biomedicals, goat anti-rabbit and goat anti-mouse antibodies were from Jackson 

ImmunoResearch, donkey anti-sheep antibody was from Santa Cruz.
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2.2 Plasmids and recombinant proteins

2.2.1 Cloning

Cloning was carried out according to standard procedures. Briefly, the insert 

sequence was amplified from respective cDNA by polymerase chain reaction 

(PCR) using specific primers, designed to add restriction enzyme digest sites at 

the ends of the resultant PCR product. The insert and the vector plasmid were 

digested with the appropriate restriction enzymes (NEB, UK) overnight at 37°C. 

DNA fragments were then separated on agarose gel and isolated by silica based 

capture, followed by overnight ligation with T4 DNA ligase (NEB, UK) at 16°C. 

Cloning was verified by sequencing.

pET45b-hBid and pET45b-hBidD60A plasmids were kindly provided by Dr.Xiao- 

Ming Yin (University of Pittsburg, PA), pCDNA3-GAPDH plasmid was kindly 

provided by Dr. Douglas Green (St. Jude Children’s Research Hospital, Memphis), 

pCDNA3-hlL-ip FL was constructed by Dr. Lisa Boucher-Hayes (Martin lab), other 

expression plasmids were cloned by the author.

2.2.2 Site-directed mutagenesis

Stratagene Quickchange protocol was used to mutate aspartic acid in position 103 

of full-length IL-1a to alanine with the help of specific mutagenic primers and 

proofreading polymerase Pfu (Promega, UK). After amplification step DNA was 

digested with Dpnl (NEB, UK), which cleaves only methylated template DNA, and 

then transformed into the high competent Escherichia coli DH5a strain. 

Mutagenesis was confirmed by sequencing.
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2.2.3 Expression and purification of recombinant human granzyme B in 

Pichia pastoris

Recombinant human granzyme B wild type (Gzm BWT) or catalytically inactive 

mutant (Gzm BSA) were expressed and purified from Pichia pastoris as described 

previously (Cullen et al., 2007). Briefly, P. pastoris yeast clones stably harboring 

respective human granzyme B expression plasmid were grown in 500 ml cultures 

for 3 days at 30°C. For induction of granzyme B expression methanol was added 

every 24 h to the final concentration of 0.5%. His-tagged granzyme B was 

subsequently purified from culture supernatants using Ni-NTA agarose (Qiagen, 

UK), followed by elution with 500 mM imidazole. Protein was then extensively 

washed in PBS, pH7.2, followed by concentration in the microconcentrator units 

(Sartorius).

Granzyme B activity was measured by diluting protein into protease reaction buffer 

(PRB, 50 mM HEPES, pH7.4, 75 mM NaCI, 0.1% CHAPS, 2 mM DTT) containing 

50 pM fluorescent substrate Ac-IETD-AFC (Bachem). Hydrolysis of the peptide 

was determined in an automated fluorimeter (Spectrafluor Plus, TECAN, UK). For 

PI-9 inhibition assay, granzyme B was preincubated with 5 fold molar excess of Pl- 

9 and incubated for 30 min at 37°C before measuring residual activity by 

fluorimetry.

2.2.4 Expression and purification of recombinant proteins in Escherichia coli

His-tagged IL-1a was generated by cloning the human IL-1a encoding sequence 

in frame with the polyhistidine tag sequence in the bacterial expression plasmid
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pET45b (Novagen, UK). Protein was expressed by addition of 600 pM IPTG to 

the exponentially growing BL21 E. coli strain for 3 hours at 24°C. Cells were lysed 

by sonication and IL-1a was captured using Ni-NTA agarose, followed by elution 

with 100 mM imidazole in PBS, pH7.2. Truncated and full-length Bid

were expressed in BL21 strain for 3 h at 28°C and 37°C, respectively. Proteins 

were purified using Ni-NTA agarose, as described above.

To improve solubility of full-length IL-1a the protocol was modified and Il

ia was expressed for 3 h 37°C. The anionic detergent sarcosyl was then added 

to the resuspended bacterial pellet (final volume 0.25%) prior the sonication step. 

In order to sequester sarcosyl, Triton X-100, a nonionic detergent, was added to 

the sarcosyl-solubilised bacterial supernatants (final volume 0.5%) and protein 

was further purified using Ni-NTA, as described above. IL-1a^^°^'^ was expressed 

and purified in a similar way.

2.2.5 In vitro transcription/translation

^^S-labeled proteins were synthetised using a coupled in vitro 

transcription/translation system according to the manufacturer’s instructions 

(Promega, UK). Plasmid template was added to the reaction containing rabbit 

reticulocyte lysate, amino acid mix (minus methionine), T7 RNA polymerase and 

^^S-methionine (Amersham). The reaction was carried out for 2 h at 30°C.
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2.3 Protein analysis

2.3.1 SDS-PAGE electophoresis

Proteins were typically subjected to sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) for analysis. Protein samples were denatured by 

boiling for 7 minutes in SDS loading buffer (2 % SDS, 50 mM Tris-HCI, pH 6.8, 10 

% glycerol, 2.5 % P-mercaptoethanol) and loaded onto 12 % polyacrylamide gels. 

Electrophoresis was carried out at 55 V through the stacking gel, and 75 V through 

the separating gel.

In order to visualise proteins with Coomassie Blue staining, SDS-PAGE gels were 

incubated in Coomassie Blue staining solution (45 % methanol, 10 % acetic acid, 

0.25 % Coomassie Brilliant Blue) overnight. Gels were then incubated in destain 

solution (45 % methanol, 10 % acetic acid) to remove background staining.

Methionine-labelled proteins were visualised by enhanced fluorography using 

Amplify reagent (Amersham). Gels were fixed in fixative solution (45 % methanol, 

10 % acetic acid) for 2 hours followed by incubation for 25 minutes in Amplify and 

vacuum drying onto blotting paper (Whatman) for 2 hours at 80°C. Gels were 

exposed to autoradiography film (HyperfilmMP, Amersham) at -70°C for 12 - 48 

hours.

2.3.2 Immunoblot

After protein separation using SDS-PAGE, proteins were transferred onto 0.45 pM 

nitrocellulose membranes (Schleicher and Schuell) at 35 mA overnight in transfer 

buffer (39 mM glycine, 48 mM Tris-HCL, pH 8.3, 0.037% SDS, 20% methanol).
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Membranes were next blocked with TBST (10 mM Tris-HCL, pH8.3, 150 mM 

NaCI, 0.05% Tween-20) containing 5% (w/v) non-fat dried milk for 1 h and then 

probed with the primary antibody at a typical concentration of 250 ng/ml for 2 h. 

Blots were then washed for 30 min in TBST and incubated with the appropriate 

horseradish peroxidase (HRP)-coupled secondary antibody for 1 h. Blots were 

washed again and incubated with Supersignal West, Peroxide and Enhancer 

solutions (Pierce). Proteins were visualised by exposing blots to autoradiography 

film.

2.3.3 Maldi-TOF mass spectrometry

For protein identification by mass spectrometry, protein spots were manually 

excised from gels, destained and dried in a SpeedVac (ThermoSavant). Proteins 

were then in-gel digested with trypsin (Boehringer, sequencing grade) for 12 - 16 

hours at 37°C. Following digestion, peptides were extracted from the gel pieces 

and identified by matrix-assisted laser desorption and ionization (MALDI-TOF) 

mass spectrometry using Voyager DE Pro MALDI mass spectrometer. Data from 

about 1000 laser shots was collected for each sample. Spectra were deisotoped 

and internally calibrated based on the known m/z values of autolytic tryptic 

peptides. Peptide mass data was submitted to MASCOT and MS-Fit search 

engines for protein identification based on comparison with theoretical trypsin 

digests of proteins in the NCBI database.
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2.3.4 Protease cleavage reactions

In vitro transcribed/translated or recombinant proteins were incubated with 

specified proteases in PRB or PBS and incubated for 2-4 hours at 37°C. 1 mM 

CaCI2 was added to the cleavage reactions with murine granzyme B and human 

calpain-1. Cleavage was analysed by SDS-PAGE electrophoresis followed by 

either autoradiography or Coomassie Blue staining.

2.3.5 Bronchoalveolar lavage fluid analysis.

Bronchoalveolar lavage fluid (BALF) samples from control individuals or patients 

with cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD) and 

bronchiectasis were generously provided by Dr. Emer Reeves (Reeves et al., 

2010). Informed patient consent was obtained and ethical approval was granted 

by the Beaumont Flospital Institutional Review Board. Recombinant IL-1a (100 

ng) was incubated with 10 pi of BALF sample for 20 min at 37°C. IL-1a processing 

was analysed by immunoblot.

2.4 Cell-based assays

2.4.1 Cell culture

HeLa (human cervical epithelial carcinoma) cells were cultured in RPMI media, 

supplemented with 5% fetal calf serum. THP-1 and U937 (human monocytic cell 

lines), and YT cells (human NK-cell line) were cultured in RPMI media, 

supplemented with 10% fetal calf serum. NK-92 cells (human NK-cell line) were
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cultured in RPMI media, supplemented with 10% fetal calf serum and 100 U/ml of 

recombinant IL-2. HUVEC (human umbilical vein endothelial cells) were cultured 

in endothelial cell growth media with added growth supplement (PromoCell). Cells 

were split twice a week and cultured at 37°C in humidified atmosphere with 5% 

C02.

2.4.2 Preparation of cell-free extracts

For preparation of cell-free extracts, THP-1 cells were treated with 1 pg/ml LPS for 

4h. Approximately 0.5-1*109 cells were pelleted at 400 g and washed twice with 

50 ml of PBS, pH7.2. Cells were transferred to a 2 ml Dounce-type homogeniser in 

1 ml of Wang cell extract buffer (WCEB; 20mM HEPES-KOH, pH 7.5, 10 mM KCI, 

1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 100 pM PMSF, 10 pg/ml 

leupeptin, 2 pg/ml aprotinin) and pelleted at 800 g. Two volumes of WCEB were 

then added to the cell pellet and cells were allowed to swell on ice for 20 min. 

Cells were lysed by 20-30 strokes of a B-type pestle. Lysates were clarified by 

centrifugation at 15,000 g for 15 min to remove nuclei, mitochondria, and other 

cellular debris; the resulting supernatant was aliquoted and stored at -70°C.

2.4.3 IL-1 bioactivity assay

Cells were plated at a density of 4*1 O'* (HeLa) or 2*10“^ (HUVEC) cells per well in 

a 24-well plate (Sarstedt). The next day cells were incubated with the specified 

concentrations of IL-1 a and supernatants were collected for quantitative cytokine
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analysis by ELISA. Pro-inflammatory activity of Bid was analysed in a similar way 

using bone marrow-derived dendritic cells (6.25*10® cells per treatment).

2.4.4 ELISA

ELISAs were performed according to the manufacturer’s instructions. Briefly, 96- 

well polysterene plates were coated with corresponding capture antibody and 

incubated overnight at room temperature. Next day, plates were extensively 

washed and blocked with 1% BSA in PBS, pH 7.2. After blocking, plates were 

incubated with samples or standard cytokines, followed by the appropriate biotin- 

conjugated detection antibody. Finally, plates were incubated with HRP- 

conjugated streptavidin, after which HRP substrate was added. Reactions were 

stopped with 2N H2SO4 and optical density was measured on the automated plate 

reader (wavelength 430nm).

2.5.5 NK-killing assay

HeLa cells were transiently transfected with the IL-1a expression plasmid using 

GeneJuice transfection reagent (Merck, Ireland) according to the manufacturer's 

instructions. For NK-mediated killing, HeLa cells were incubated with YT or NK-92 

cells at the varying effector to target ratios. NK cells were taken off after 3-5 h, 

and HeLa cells were incubated further for a total of 24 h. Cell lysates were 

subsequently generated at 2*10^ cells/ml and analysed by western blotting. Cell 

death was analysed by flow cytometry using Annexin V/PI staining.
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For the extracellular cleavage assay, recombinant IL-1a was added to YT cells in 

the presence of HeLa cells for 4 h at 37°C. IL-1a processing was analysed by 

immunoblot.

2.4.6 LPS-induced cell death

THP-1 or U937 cells were adjusted to a concentration of 106 cells/ml and treated 

with 100 ng/ml of LPS either alone or in the presence of 1 pg/ml cycloheximide 

(CHX) for 24-48 h at 37°C. Cell death was quantitated by annexin V/propidium 

iodide staining.

2.5.7 Annexin V/propidium iodide staining

To quantitate apoptosis, cells were resuspended in annexin V staining buffer (10 

mM HEPES-NaOH, pH 7.4, 150 mM NaCI, 5 mM KCI, 1 mM MgCb, 1.8 mM 

CaCy containing 1 pg/ml of annexin V-FITC. Propidium iodide was added prior 

analysis to the final concentration of 10 pg/ml. Cell fluorescence was measured 

on a flow cytometer (FACSCalibur, Becton Dickinson, CA) and analysed using 

CellQuest software.
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2.5 In vivo experiments

2.5.1 LPS depletion

Triton X-114 was added to recombinant proteins to a final concentration of 1%. 

Proteins were incubated for 30 min at 4°C, followed by a 10 min incubation at 

30°C. The protein fraction was then separated by centrifugation at 20 000 g for 10 

min at room temperature. The procedure was repeated three times.

2.5.2 Animals and in vivo treatment

C57BL/6 mice were purchased from Harlan (UK). Mice were injected 

intraperitoneally (i.p.) with ovalbumin (OVA) either alone or in combination with 

different forms of IL-1a as described in the Chapter 5. Mice were boosted with the 

same combinations after two weeks. Spleens, peritoneal lavage and peripheral 

blood were collected for analysis on day 21. Animal experiments were conducted 

in collaboration with Adjuvant Research Group (School of Biochemistry and 

Immunology, TCD). Granzyme B null mice, on the C57BL/6 background, were 

bred at Academic Medical Center (AMC), Amsterdam, the Netherlands.

2.6.3 Re-stimulation assay

Peritoneal lavage cells and splenocytes were plated at a concentration of 2*106 

cells/ml on the ovalbumin (OVA), anti-CD3 or anti-CD3/PMA coated 96-well plates. 

72 h later supernatants were collected and IL-4, IL-5, IL-10 and IFN-y secretion 

was determined by ELISA using paired antibodies (IL-4, IL-5, IFN-y were
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purchased from BD Pharmingen, IL-10 was from R&D Systems) as described 

above.

2.6.4 Determination of OVA-specific IgG levels

96-well ELISA plates were coated with 50 pg/ml OVA and incubated overnight at 

4°C. Next day, plates were extensively washed and blocked with 3% BSA in PBS, 

pH 7.2. Blocked plates were incubated with the serial dilutions of serum samples, 

followed by the appropriate biotin-conjugated detection antibody (anti-IgG was 

purchased from Sigma, lgG1, lgG2a,b were from BD Pharmingen), HRP- 

streptavidin and peroxidase substrate. Reactions were stopped with 2N H2SO4 

and the optical density was measured on the automated plate reader.
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Chapter 3
Analysis of caspase-1-mediated Bid cleavage in

vitro



3.1 Introduction.

Caspase family members are classified based on their respective functions. 

Apoptotic caspases orchestrate cellular demolition during programmed cell death, 

while inflammatory caspases participate in immune responses to infection and 

injury. Surprisingly, while over 600 substrates are cleaved by apoptotic caspases 

and granzymes during programmed cell death (Luthi and Martin, 2007), caspase- 

1, a major pro-inflammatory protease, has only two physiological substrates: 

cytokines IL-1(3 and lL-18 (Thornberry et al. 1992, Gu et al., 1997). Although 

another pro-inflammatory cytokine IL-33 was recently described as a novel 

substrate for caspase-1 (Schmitz et al., 2005), work in our lab subsequently 

demonstrated that IL-33 is not cleaved and activated by caspase-1 but is, in fact, 

inactivated via processing by apoptotic caspase-3 and -7 (Luthi et al., 2009). 

Moreover, CTL/NK granzymes have been implicated in the regulation of 

inflammation via modulation of cytokine processing and secretion (Irmler et al., 

1995, Sower et al., 1996a,b, Metkar et al., 2008, Omoto et al., 2010). Therefore, 

we decided to search for additional granzyme or caspase substrates within the 

interleukin family. We tested IL-1a and IL-1(3 against a panel of caspases and 

granzyme B, using the known granzyme B substrate Bid as a control (see Chapter 

4.2.1). To our surprise, we observed that recombinant caspase-1 efficiently 

processed Bid in vitro.

Bid is a key mediator of the intrinsic apoptotic pathway and, upon cleavage, 

promotes mitochondrial permeabilisation leading to cytochrome c release, 

apoptosome formation and activation of effector caspases (Wang et al., 1996, Luo 

et al., 1998, Kuwana et al., 2002). Interestingly, processing of Bid has been
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previously demonstrated under conditions where caspase-1 was concomitantly 

activated (Zhang et al., 2003, Wang et al., 2007). Moreover, Li and colleagues 

have reported that, in addition to caspase-3 and caspase-8, recombinant caspase- 

1 was capable of directly cleaving murine Bid (Li et al., 1998), although this 

observation was not investigated further in any detail. Importantly, Wang and 

colleagues showed that Bid-deficient mice were protected from LPS-induced lung 

damage when compared to wild type mice (Wang et al., 2007). Collectively, these 

data suggest the possibility that Bid is a physiological caspase-1 substrate.

The apparent scarcity of caspase-1 substrates is puzzling, prompting several 

groups to undertake extensive screens in an attempt to identify novel caspase-1 

substrates (Shao et al., 2007, Lamkanfi et al., 2008, Agard et al., 2010). However, 

the physiological relevance of the few substrates identified in these screens 

remains unclear. Therefore, in an attempt to identify new caspase-1 substrates, 

we decided to explore caspase-1-mediated cleavage of Bid.

3.2 Results

3.2.1 Bid is cleaved by caspase-1 in vitro

To determine whether Bid is cleaved by inflammatory caspases, we subjected ^^S- 

labeled Bid to proteolysis by recombinant caspases-1, -4 and -5. We also used 

caspase-3, granzyme B and caspase-7 as positive and negative controls, 

respectively. IL-1(3 was used as a control to test the activity of inflammatory 

caspases, while the activity of apoptotic caspases and granzyme B was verified 

independently (data not shown). Figure 3.1 shows that at the concentration
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Figure 3.1
Bid is processed by caspase-1, -3 and granzyme B
^^S-labeled Bid, IL-1|3 and IL-1a were incubated at 37°C for 2 h, either alone, 
or in the presence of recombinant caspase-1, -4, -5 (20 nM), caspase-3, - 
7 or granzyme B (200 nM), followed by analysis by SDS-PAGE/fluorography.



sufficient to cleave a well-known substrate, IL-ip, caspase-1 also efficiently 

processed Bid (note, we have not used saturating concentrations of caspase-1 as 

determined by incomplete IL-1p proteolysis). In agreement with previous reports, 

caspase-3 and granzyme B also cleaved Bid, while caspase-7 failed to so (Figure 

3.1 and Walsh et al., 2008). The cleavage pattern generated by caspase-1 was 

similar to that produced by caspase-3, while granzyme B produced cleavage 

fragments of different size, as described previously (Figure 3.1 and Li et al., 1998). 

Caspase-4 and -5 did not cleave Bid at the concentration tested, even though 

some degree of IL-1(3 proteolysis was detected (Figure 3.1).

To further characterise proteolysis of Bid by caspase-1, we titrated recombinant 

caspase-1 onto in vitro transcribed/translated Bid, using IL-ip as a positive control 

(Figure 3.2A). We chose a range of caspase-1 concentrations (1-20 nM), within 

which proteolysis of IL-ip was incomplete (Figure 3.2). Importantly, treatment of 

Bid with recombinant caspase-1 resulted in a considerable degree of proteolysis at 

the concentrations tested (Figure 3.2A). Densitometric analysis of Bid and IL-1p 

cleavage showed that, although proteolysis of IL-ip appeared to be more efficient, 

caspase-1 cleaved a significant amount of Bid within the concentration range 

between 5-20 nM (Figure 3.2B). Moreover, at the highest concentration of 

caspase-1 used (20 nM) proteolysis of Bid was almost as efficient as that of IL-ip 

(Figure 3.2B).

We next decided to compare the efficiency of Bid proteolysis by caspase-1 with 

the other known Bid-processing proteases, caspase-3 and granzyme B (Figure 

3.3A). While both caspase-1 and granzyme B efficiently processed Bid, caspase- 

3 failed to do so at the low nanomolar concentrations tested. Again, the 

quantitation of proteolysis efficiency (Figure 3.3B) shows, that although granzyme
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B processed Bid more readily at the lowest concentrations, caspase-1 exhibited a 

similar degree of proteolysis at the highest concentrations (10-20 nM).

Recently, Shao and colleagues have identified glycolysis pathway enzymes, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in particular, as caspase-1 

substrates (Shao et al., 2007). However, the amount of recombinant caspase-1 

necessary to induce a significant degree of GAPDH proteolysis was approximately 

50 times higher than the amount required to induce a similar degree of IL- 

1(3 processing. Therefore, we decided to compare the ability of caspase-1 to 

cleave Bid and GAPDH. As Figure 3.4 shows. Bid was effectively processed by 

caspase-1 at all concentrations tested, while GAPDH failed to be cleaved within 

the same caspase-1 concentration range. Collectively, these data strongly 

suggest that Bid is an efficient caspase-1 substrate in vitro.

3.2.2 Caspase-1 cleaves Bid at D60

Sequence analysis of human Bid suggests that this protein has two potential 

caspase cleavage sites: aspartic acids (D) 60 and 75 (Figure 3.5A). Previous 

studies have identified D60 to be the cleavage site for caspase-3 and -8, while 

granzyme B cleaves Bid after D75 (Li et al., 1998, Luo et al., 1998). Li and 

colleagues demonstrated that mutation of D59 in murine Bid (caspase cleavage 

site) renders the mutant resistant to caspase-3, -8 and also to caspase-1-mediated 

proteolysis (Li et al., 1998). Therefore, we asked if human Bid is cleaved by 

caspase-1 after D60 and subjected in vitro transcribed/translated human Bid, both 

wild type and D60A mutant (aspartic acid mutated to alanine), to proteolysis by 

recombinant caspase-1. As Figure 3.5B illustrates, wild type Bid was efficiently
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Figure 3.2
Bid is a caspase-1 substrate
(A) ^^S-labeled Bid and IL-113 were incubated for 2 h at 37°C with the indicated con
centrations of caspase-1 followed by analysis by SDS-PAGE/fluorography.
(B) Densitometric analysis of data presented in (A).
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Caspase-1 processes Bid more efficiently than caspase-3
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Bid is a more efficient caspase-1 substrate than GAPDH
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Gzm B 

72|EAD75
195

Bid

I
Caspase-1, -3, -8

Caspase-1 (nM)

B
Mw (kDa)

16.5-

16.5-

BidWT

BidD60A

Figure 3.5
Caspase-1 processes Bid at D60
(A) Schematic representation of Bid indicating caspase and granzyme B cleavage 
sites.
(B) ^^S-labeled Bid'^^ and Bid'^^^^were incubated for 2 h at 37°C with the indicated 
concentrations of caspase-1, followed by analysis by SDS-PAGE/fluorography.



processed by caspase-1 at all concentrations tested, while the D60A mutant was 

completely resistant to proteolysis, confirming that caspase-1 processes human 

Bid at the caspase cleavage site after D60.

3.2.3 Bid does not induce inflammatory cytokine production

Although the apoptotic role of Bid is well documented, a recent report by 

Yeretssian and colleagues demonstrated that Bid knock down in HT-29 cells 

resulted in decreased IL-8 production in response to NODI receptor agonist, 

suggesting Bid involvement in the pro-inflammatory signalling (Yeretssian et al., 

2011). This finding is in agreement with previous studies reporting the increased 

survival of Bid-deficient mice in an experimental sepsis model when compared to 

wild type mice. This was reflected by reduced systemic and local pro-inflammatory 

cytokine levels in Bid null mice (Chung et al., 2010).

Moreover, Bid was also identified amongst secreted proteins in a caspase-1 

secretome analysis (Keller et al., 2008). The authors of the latter work reported 

caspase-1-dependent release of full-length Bid in both LPS-treated monocytic 

cells and UV-irradiated keratinocytes (Keller et al., 2008), which when coupled to 

the caspase-1-mediated processing of Bid in vitro, suggested the exciting 

possibility that Bid is a pro-inflammatory mediator.

To explore if Bid has a direct pro-inflammatory function, we expressed His-tagged 

full-length recombinant Bid in E.coli BL21 strain. Human Bid is readily expressed 

in bacteria and was easily purified from bacterial lysates using Ni-NTA beads, as 

shown in Figure 3.6A. The purified protein was extensively dyalised to remove
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imidazole used in the purification procedure and subjected to several rounds of 

LPS depletion. The purified protein was then either left untreated or subjected to 

proteolysis with recombinant caspase-1 (Figure 3.6B). Importantly, full-length Bid 

preparations received an equal amount of heat-inactivated caspase-1 to account 

for possible bacterial contaminants in the protease fraction (such as residual LPS), 

which might induce an inflammatory response.

We then decided to compare full-length and cleaved forms of Bid in a cellular 

assay. To this end, LPS-depleted Bid was added to mouse bone marrow-derived 

dendritic cells (BMDCs) and pro-inflammatory cytokine secretion was measured 

24 hours later by ELISA. As shown in Figure 3.7A, treatment of BMDCs with full- 

length Bid resulted in the secretion of IL-6 in a stimulus-dependent manner, while 

the caspase-1-cleaved form of Bid induced a comparable, albeit slightly weaker, 

response. However, it was still possible that residual bacterial-derived LPS was 

responsible for the observed effects on IL-6 production. To control for this 

possibility, we treated BMDCs with Bid in the presence of polymixin B and found 

that cytokine-inducing activities of Bid and LPS were completely inhibited in the 

presence of this LPS inhibitor, while IL-6 secretion in response to CpG, the TLR9 

agonist, was unaltered (Figure 3.7B).

Finally, we used BMDCs, derived from TLR-4 (LPS receptor) defective mice (HeJ), 

and treated these cells with recombinant Bid or control PAMPs. Figure 3.7C 

shows that TLR-4-deficient BMDCs were completely unresponsive to Bid or LPS 

treatment, while IL-6 secretion in response to CpG was normal. Collectively, these 

data suggest that the observed effects of Bid on cytokine production were entirely 

attributable to the residual LPS contamination. Thus, although an exciting
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Figure 3.6
Expression and purification of recombinant Bid
(A) Bid expression was induced in E.coli BL21. Protein was purified using Ni-affin- 
ity chromatography. TO and T3 - bacterial culture samples before induction and 3h 
post-induction, respectively, Cr - sample of sonicated lysate, Pe - insoluble fraction, 
S and Sa - supernatant prior and post-incubation with Ni-NTA beads, respectively, 
E1-E3 - elution fractions (1/50 of total elution volume). Be - sample of beads post
elution. Indicated amounts of BSA were added to facilitate estimation of purified Bid 
concentration.
(B) Recombinant Bid was incubated with 20 nM of heat-inactivated or active cas- 
pase-1 for 2h at 37°C, followed by SDS-PAGE analysis.
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Figure 3.7
Bid does not act as a pro-inflammatory stimulus in bone marrow-derived den
dritic cells (BMDC)
(A) BMDCs were incubated with the indicated concentrations of full-length or cas- 
pase-1-cleaved Bid for 24 h. Concentrations of IL-6 in the culture supernatants were 
determined by ELISA.
(B) BMDC were incubated with the indicated concentrations of full-length Bid for 24 
h in the presence or absence of 100 pg/ml of PmxB. LPS (10 ng/ml) or CpG (4 ng/ 
ml) were used as controls. Concentrations of IL-6 in the culture supernatants were 
determined by ELISA.
(C) BMDC derived from wild type or TLR-4-deficient mice were either left untreated 
or incubated with full-length Bid (1000 ng/ml), or LPS (10 ng/ml), or CpG (4 |xg/ml) 
for 24 h. Concentrations of IL-6 in the culture supernatants were determined by 
ELISA.



possibility, Bid does not have a direct pro-inflammatory effect, at least in the 

chosen experimental setting.

3.2.4 Endogenous Bid is not cleaved in THP-1 cell-free extracts under 

inflammatory conditions

To explore caspase-1-mediated Bid cleavage in a more physiological setting, we 

used the monocytic cell lines U937 and THP-1, which express endogenous 

caspase-1. First, we hypothesised that Bid cleavage might be more readily 

detectable in a cell death scenario. Previous studies have demonstrated that in 

the presence of CHX, a protein synthesis inhibitor, LPS treatment induced 

caspase-1-dependent cell death in human endothelial cell lines (Pohiman and 

Harlan 1989, Wang et al., 2007). Therefore, we treated monocytic cells with LPS 

and CHX either alone or in combination and determined cell viability after 24 h and 

48 h. To measure cell death, we stained cells with annexin V, a protein that binds 

to phosphatidylserine exposed on the plasma membranes of apoptotic cells, in 

combination with the vital dye propidium iodide (Martin et al., 1995).

In U937 cells, LPS treatment alone did not induce any significant cell death at any 

time point, while CHX alone induced a considerable increase in cell death (24%) 

(Figure 3.8A and 3.8B). As expected, the combination of LPS and CHX resulted in 

a dramatic increase in cell death (53%). In THP-1 cells, LPS alone induced 17% 

of cell death, while CHX-induced cell death was negligible (8%) (Figure 3.8C and 

3.8D). Again, the combination of the two stimuli had the biggest effect on cell 

death (29%) (note that prolonged treatment (48 h) did not result in any significant 

augmentation of cell death at 24 h). However, despite a dramatic increase in cell
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death, we were not able to detect Bid processing in the lysates from U937 or THP- 

1 under the conditions tested (data not shown).

Finally, to explore Bid cleavage in a more controlled setting, we decided to use a 

THP-1 cell-free system, which is routinely used to identify caspase substrates, as 

it allows controlled activation of apoptotic or inflammatory caspase cascades 

(Cullen et al., 2008). We incubated THP-1 cell-free extracts at 37°C to initiate 

caspase-1 activation, which we monitored via processing of the physiological 

caspase-1 substrate, IL-1[3. As Figure 3.9 shows, caspase-1 was efficiently 

activated within 15 min, with over 50% of IL-1(3 cleaved at 30 min (note that XIAP 

and calpastatin were used as controls for apoptotic caspase activation and loading 

control, respectively). However, we did not observe proteolysis of Bid at any time- 

point tested (Figure 3.9). These data show that Bid remains unprocessed under 

caspase-1 activation conditions, suggesting that Bid is not a physiological 

caspase-1 substrate.

3.3 Discussion

3.3.1 Search for inflammatory caspase substrates

During the process of programmed cell death, a wide range of different proteins 

are processed to ensure orderly dismantling of the apoptotic cell, and over 600 

substrates for apoptotic caspases have been identified to date (Luthi and Martin, 

2007). Astonishingly, only two physiological substrates, IL-1|3 and IL-18, have 

been described for inflammatory caspase-1 (Thornberry et al., 1992, Gu et al., 

1997), although inflammatory processes are no less labyrinthine and sophisticated
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Figure 3.8
LPS/CHX treatment induces cell death in human monocytic cell lines
U937 (A, B) or THP-1 (C, D) were incubated either alone, or with LPS 
(100 ng/ml), or CHX (1 ng/ml) as indicated for 24 h (A, C) or 48 h. 
Cells were stained with Annexin V/PI and analysed by flow cytometry.
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Figure 3.9
Bid is not cleaved in THP-1 cell-free extracts (CFE) under inflammatory condi
tions
THP-1 CFE were incubated at 37°C to activate the inflammasome. Samples were 
taken at the indicated time-points and analysed by immunoblot.



than the process of apoptosis. Therefore, identification of novel caspase-1 

substrates will serve as an invaluable asset in helping scientists to unravel 

inflammatory pathways. Furthermore, the description of the caspase-1 digestome 

will assist in understanding the roles played by caspase-1 in pathogen-induced cell 

death and non-classical protein secretion (Monack et al., 2001, Keller et al., 2008).

The apparent paucity of caspase-1 substrates is highly puzzling. Consequently, a 

lot of interest in recent years has been concentrated on the search for 

inflammatory caspase substrates (Shao et al., 2007, Lamkanfi et al., 2008, Agard 

et al., 2010). However, the major drawback of these screens is the use of 

excessively high concentrations (up to 400 nM) of recombinant caspase-1.

It is vitally important to use physiologically achievable concentrations of the 

enzyme under investigation, as using abnormally high amounts of the protease 

may produce erroneous conclusions. For example, initial work by Schmitz and 

colleagues suggested that caspase-1 activates pro-inflammatory cytokine IL-33 via 

internal proteolysis (Schmitz et al., 2005). However, closer investigation 

demonstrated that caspase-1, used at the physiological concentrations, was not 

capable of processing IL-33 (Luthi et al., 2009).

Importantly, another report from our lab has recently shown that, although high 

concentrations of recombinant caspase-1 cleaved a wide range of substrates, the 

activity of caspase-1 is tightly regulated within the cell, permitting only a brief burst 

of proteolytic activity (Walsh et al., 2011). These data again emphasize the 

importance of careful evaluation of in vitro caspase-1 substrates in a cellular 

setting.
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Nonetheless, several compelling candidates for caspase-1 processing have been 

identified in the previous studies, among which were enzymes of the glycolysis 

pathway and apoptotic caspase-7 (Shao et al., 2007, Lamkanfi et al., 2008). 

Subsequently, caspase-7 knockout mice were demonstrated to be resistant to 

endotoxin-induced mortality, suggesting that caspase-1-mediated activation of 

caspase-7 is instrumental in mediating the lethal effects of endotoxin (Lamkanfi et 

al., 2009, Lamkanfi et al., 2008). However, the precise biological roles of these 

proteolytic events remain largely elusive and require further investigations.

3.3.2 Bid is an in vitro caspase-1 substrate

In this work, we identified the apoptotic protein Bid as an in vitro caspase-1 

substrate. Proteolysis of Bid by caspase-3, caspase-8 and granzyme B has been 

previously extensively characterized (Li et al., 1998, Slee et al., 2000, Barry et al., 

2000). In agreement with Li and colleagues, we also demonstrated that Bid is 

processed by caspase-1 in vitro. Moreover, unlike the previous studies, we 

showed that the cleavage of Bid takes place at the non-saturating physiological 

concentrations of caspase-1, as judged from cleavage of its physiological 

substrate, IL-1(3.

We also compared proteolysis of Bid by caspase-1 with proteolysis by caspase-3 

and granzyme B. Proteolysis rates of Bid by caspase-1 and granzyme B were 

comparable, with granzyme B being slightly more efficient. Interestingly, caspase- 

3 failed to process Bid at similar concentrations, although previous work in our 

laboratory showed that human monocytic cell lines have similar amounts of 

endogenous caspase-1 and caspase-3 (Walsh et al., 2011). This suggests that
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Bid is a more efficient substrate for caspase-1 than for caspase-3. Finally, we 

compared the cleavage efficiency of Bid with the novel caspase-1 substrate 

GAPDH. Again, we observed efficient in vitro processing of Bid, while GAPDH 

was not affected by caspase-1 treatment at the same concentrations. Collectively, 

these data suggest that Bid is an efficient in vitro caspase-1 substrate.

3.3.3 Functional consequences of Bid cleavage

Bid is a pro-apoptotic Bcl-2 family protein that participates in the initiation of the 

mitochondrial apoptosis pathway by mediating mitochondrial membrane 

permeabilisation and subsequent release of cytochtome c. Cleavage of Bid is a 

critical step in regulating this cell death pathway, permitting the translocation of 

truncated Bid to the mitochondrial fraction, where this protein facilitates the 

formation of the Bax/Bak channel in the mitochondrial outer membrane (Wang et 

al., 1996, Luo et al., 1998, Kuwana et al., 2002). Most interestingly, recent data 

implicate Bid in inflammation and innate immunity, showing that macrophages 

from Bid knockout mice displayed profound defects in cytokine production in 

response to NOD agonists (Yeretssian et al., 2011). Furthermore, Bid-deficient 

mice were demonstrated to be resistant to septic shock and exhibit a blunted 

immune response in experimental models of sepsis and NOD receptor stimulation 

(Zhao et al., 2001, Chung et al., 2010, Yeretssian et al., 2011).

Based on the aforementioned findings and on the fact that pro-inflammatory 

caspase-1 processed Bid in vitro, we speculatively explored the idea that Bid may 

possess direct pro-inflammatory activity. In support of this idea, previous studies 

have implicated several normally intracellular molecules in danger signaling. For
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example, HMGB1 was reported to induce inflammatory cytokine secretion from 

human monocytes (Andersson et al., 2000), which was particularly surprising, 

considering that under normal conditions HMGB1 is a chromatin binding nuclear 

transcription factor, sequestered deep within the cell (Bianchi and Beltrame, 2000). 

Similarly, IL-1a acts as a danger signal upon release from necrotic cells (Chen et 

al., 2007, Cohen et al., 2010). Taking into account caspase-1-dependent 

secretion of Bid, this protein was a possible candidate as an inflammatory 

mediator. However, we could not detect any pro-inflammatory activity of 

recombinant Bid protein on BMDCs above the contaminating endotoxin 

background.

Recently, Bid was suggested to have a structural role in NODI signaling acting as 

a bridge between NODI receptor and downstream effector molecules (Yeretssian 

et al., 2011). However, the survival of Bid-deficient mice in the models of septic 

shock is most likely explained by the inability of Bid-deficient cells to respond to 

apoptotic stimuli and the resultant reduction in tissue damage (Zhao et al., 2001).

Therefore, we decided to explore caspase-1-mediated Bid cleavage in a cell death 

scenario initiated by LPS and CHX treatment, which was previously demonstrated 

to induce caspase-1-dependent cell death in human endothelial cells (Wang et al., 

2007). We also demonstrated that LPS in combination with CHX induced 

apoptosis in human monocytes. How does CHX affect LPS signalling and 

redirects it to the cell death pathway? CHX is a protein synthesis inhibitor and, 

hence, would inhibit LPS-induced synthesis of inflammatory mediators and other 

pro-survival proteins. Importantly, LPS was shown to induce apoptosis resistance 

in tumour cells via upregulation of Bcl-XL - an anti-apoptotic Bcl-2 family protein, 

which sequesters Bid in the cytosol (Sun et al., 2008, Cheng et al., 2001). Thus,
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blocking LPS-induced Bcl-XL expression by CHX could enable caspase-1- 

processed Bid to translocate to mitochondria. Importantly, LPS/CHX-induced cell 

death in endothelial cells was inhibited by the overexpression of Bcl-XL (Wang et 

al., 2007), further implicating a Bid-regulated mitochondrial pathway in LPS/CHX- 

induced apoptosis. However, we could not detect Bid cleavage in the lysates of 

LPS/CHX-treated monocytes, suggesting that other pathways regulate cell death 

in response to LPS in these cells.

We were also unable to detect Bid cleavage in THP-1 cell free extracts under 

inflammatory conditions. Therefore, Bid does not appear to be an efficient 

caspase-1 substrate under physiological conditions. Nevertheless, we cannot 

exclude the possibility that Bid is processed by caspase-1 under conditions where 

caspase-1 is robustly activated. Therefore, several caspase-1 activating stimuli 

(e.g., MSU, bacterial infection, DNA) should be tested in the future experiments. 

These stimuli engage distinct NLRs and may result in a differential degree of 

caspase-1 activation. In support of this, Agard and colleagues recently 

demonstrated cleavage of a divergent set of proteins upon stimulation of THP-1 

cells with various inflammasome-activating stimuli; LPS/ATP, MSU and DNA 

(Agard et al., 2010).

In conclusion, in this chapter we demonstrated that Bid is an efficient caspase-1 

substrate in vitro. However, we could not demonstrate cleavage of Bid by 

endogenous caspase-1 nor implicate Bid in the regulation of inflammatory 

responses within a cellular context. Clearly, the question of whether Bid is 

processed under inflammatory conditions requires further investigation.
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Chapter 4

IL-1a is a novel granzyme B substrate



4.1 Introduction

The importance of granzymes in the induction of apoptosis is widely accepted and 

many granzyme-initiated pathways leading to cell death are now well described 

(Cullen and Martin, 2009). Interestingly, several groups have found elevated levels 

of extracellular granzyme A and granzyme B in inflammatory conditions, such as 

rheumatoid arthritis (Tak et al., 1999, Lauw et al., 2000). Furthermore, 

accumulating evidence suggests that a wide range of non-cytotoxic cells express 

and secrete granzyme B, often in the absence of perforin (reviewed in Afonina et 

al., 2010), while Prakash and colleagues demonstrated that CTLs and NK cells 

constitutively secrete granzyme B in the absence of target cell engagement 

(Prakash et al., 2009).

Recent data examining extracellular functions of granzymes suggest that these 

proteases may have a pro-inflammatory role via the induction of cytokine 

secretion. In this way, granzyme A has been shown to induce IL-ip, IL-8 and 

TNF-a release from different cell lines or PBMCs and directly process the major 

pro-inflammatory cytokine IL-ip (Sower et al., 1996a,b, Metkar et al., 2008, Irmler 

et al., 1995). Interestingly, both IL-1a and IL-ip were found to be processed and 

secreted during CTL-induced apoptosis (Hogquist et al., 1991). Moreover, Metkar 

and colleagues also showed that granzyme A- or granzyme B-deficient mice are 

resistant to LPS-induced endotoxic shock (Metkar et al., 2008).

Based on this evidence, we hypothesised that granzyme B might have a pro- 

inflammatory function and process cytokines. To explore this hypothesis, we 

performed a screen testing a wide range of interleukins for susceptibility to
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granzyme B-mediated proteolysis. Several potential substrates were identified in 

the screen (data not shown), with IL-1a being the focus of this work.

4.2 Results

4.2.1 IL-1a is a substrate for granzyme B

To explore whether granzyme B is capable of cleaving IL-1a or IL-1p, we 

incubated in vitro transcribed/translated cytokines with recombinant human 

granzyme B along with a panel of recombinant inflammatory (caspase-1, -4, -5) 

and apoptotic (caspase-3, -7) caspases. As figure 4.1 shows, granzyme B 

efficiently cleaved IL-1a producing a 17.5 kDa fragment, while all other caspases 

examined failed to cleave this cytokine. The activity of recombinant caspase-1, -3 

and granzyme B was confirmed via cleavage of their respective substrates, IL-1(3 

and Bid, while the activity of the remaining caspases was controlled via their ability 

to cleave synthetic tetrapeptide substrates (data not shown).

To confirm the specifity of granzyme B-mediated proteolysis of IL-lo, we titrated 

granzyme B over a range of concentrations from 12.5 nM to 100 nM, again 

incorporating Bid as a positive control for granzyme B activity. Importantly, 

granzyme B cleaved IL-1a at any concentration tested, albeit slightly less 

efficiently than it cleaved Bid (Figure 4.2A). Densitometric analysis using Imaged 

software was performed to estimate the percentage of substrate cleaved and 

showed that, although proteolysis of Bid was more efficient, approximately 40% of 

IL-lo was cleaved by 100 nM granzyme B (Figure 4.2B). Notably, granzyme B 

failed to cleave IL-1|3 at the concentrations tested (Figure 4.2A and B).
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4.2.2 Recombinant IL-1a purification

To obtain recombinant IL-1a for further experiments, we cloned IL-1a cDNA into 

pET45b vector and expressed His6-tagged protein in E.coli BL21 strain. 

Unfortunately, standard purification methods yielded only small quantities of this 

cytokine. Analysis of protein purification steps revealed that IL-1a is expressed as 

a highly insoluble protein in E.coli (Figure 4.3A, compare Pe and SN1 fractions). 

To improve protein solubility, we tried several modifications to the purification 

protocol. To this end, we varied the expression temperature and induction time, 

expressed the protein in E.coli BL21 DE3 RIL (a bacterial strain which facilitates 

expression of eukaryotic genes in bacteria) or in the yeast P.Pastoris, and also 

attempted to solubilise the protein using an acid extraction method (data not 

shown). However, all of these attempts were unsuccessful.

The sodium salt of the alkyl anionic detergent N-laurylsarcosine (sarcosyl) has 

been demonstrated to improve the solubility of a variety of GST-tagged proteins 

and is easily sequestrated by the non-ionic detergent Triton X-100 (Frangioni and 

Neel, 1993). Adaptation of this method using minimal amounts of detergents 

greatly improved solubility of IL-1a (Figure 4.3B, compare Pe, SN1 and Be 

fractions in A and B), yielding -40-50 pg of protein from 500 ml of bacterial culture. 

Figure 4.3C shows a representative SDS-PAGE analysis of IL-1a expression and 

purification using sarcosyl. This method was used throughout the project to purify 

full-length IL-1a for further experiments.
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Figure 4.1
IL-1a is processed by granzyme B
In vitro transcribed/translated IL-1a, IL-ip and Bid were incubated with 
20 nM recombinant caspase-1, -4, -5 and 200 nM recombinant cas- 
pase-3, -7 and granzyme B. Reactions were carried out for 2 h at 37°C 
and cleavage was assessed by SDS-PAGE, followed by autoradiography.
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IL-1a is a granzyme B substrate
(A) In vitro transcribed/translated IL-1a, IL-ip and Bid were incubated with the in
dicated concentrations of recombinant granzyme B for 2 h at 37°C. Samples were 
resolved by SDS-PAGE and visualised by autoradiography. (B) Densitometric anal
ysis of data presented in (A). Results are represented as graph bellow the gels.
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Figure 4.3
Expression and purification of recombinant IL-1a
IL-1 a expression was induced in E.coli BL21. TO and T3 - bacterial culture samples 
before induction and 3 h post-induction, respectively, Son -sample of sonicated lysate, 
Pe - insoluble fraction, SN1 and SN2 - supernatant prior and post-incubation with Ni- 
NTAbeads, respectively, El-E3-elution fractions (1/50 oftotal elution fraction). Be and 
BeP - sample of beads prior and post-elution, respectively. (A) Standard purification 
protocol. (B) Sarcosyl was added to bacterial lysate prior to sonication step. (C) SDS- 
PAGE analysis of IL-1 a expression and purification using sarcosyl. Known amounts 
of BSA were loaded on the gel to help estimate concentration of purified IL-1 a.



4.2.3 IL-1a is cleaved by granzyme B at D103

To map the granzyme B cleavage site within IL-1a, we subjected recombinant full- 

length IL-1a to proteolysis by granzyme B and analysed the resulting cleavage 

fragments by mass-spectrometry. This suggested that the granzyme B cleavage 

site is located between amino acids 80 and 112 of IL-1a (Figure 4.4).

Granzyme B exhibits an absolute preference for cleavage after an aspartic acid 

residue and typically cleaves after the tetrapeptide motif IXXD, where X represents 

any amino acid. Therefore, based on the analysis of the protein sequence, this 

suggested that granzyme B processed IL-1a after the tetrapeptide motif 

100IAND103. Importantly, alignment of the IL-1a sequence from different 

mammalian species showed that this cleavage site is conserved (Figure 4.5A).

Figure 4.5B depicts a schematic representation of IL-1a, placing the putative 

granzyme B cleavage site, lAND, within the context of other important sequence 

motifs (calpain cleavage site, NLS). Thus, granzyme B-mediated proteolysis 

generates a slightly larger product than the calpain-cleaved, ‘mature’ form of Il

ia (see below), suggesting that IL-1a would retain its activity after processing with 

granzyme B. Also, as Figure 4.5B shows, proteolysis of IL-1a by both proteases 

might remove the NLS, rendering the protein unable to enter the nucleus.

To confirm that D103 is indeed the granzyme B cleavage site, we mutated the 

aspartic acid at position 103 to alanine by site-directed mutagenesis. This single

point mutant was in vitro transcribed/translated and subjected to processing by 

granzyme B. As demonstrated in Figure 4.5C, the IL-1a°^°^'^ mutant was 

completely resistant to proteolysis by granzyme B, while the wild type form was 

processed under the same conditions.
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We also generated a truncated version of IL-1a representing the

fragment created by granzyme B cleavage (Figure 4.6A-B). We then incubated 

recombinant with granzyme B at the concentrations used in the

experiments described above, but observed no further cleavage of IL-1a 104-271 by

granzyme B (Figure 4.6C). Taken together, these data clearly show that IL-1a is 

cleaved by granzyme B at position D103.

Calpain, a calcium activated neutral protease, has been shown to cleave IL-1a 

after F118, a position close to the granzyme B cleavage site (Carruth et al., 1991; 

Kobayashi et al., 1990). We next wanted to confirm that granzyme B and calpain 

processed IL-1a at different sites and incubated in vitro transcribed/translated wild 

type IL-1a and the IL-1a°^‘’^'^ mutant with various concentrations of granzyme B or 

calpain. As figure 4.7 shows, IL-1a was efficiently cleaved by both proteases at 

nanomolar concentrations, but the two enzymes produced different cleavage 

patterns. Importantly, the IL-1a°^°^'^ mutant was still processed by calpain but not 

granzyme B, confirming that calpain and granzyme B cleave IL-1a at distinct 

sites.

4.2.4 Cleavage of IL-1a by granzyme B is an evolutionary conserved event

As murine and human granzyme B have been shown to exhibit divergent substrate 

preferences (Cullen et al., 2007), we decided to test whether cleavage of IL-1a is 

an evolutionary conserved event. To this end, we cloned in vitro 

transcribed/translated mouse IL-1a and subjected it to proteolysis with human and 

murine granzyme B. As demonstrated in Figure 4.8, both human (Figure 4.8A) 

and murine (Figure 4.8B) granzyme B cleaved mouse IL-1a, confirming that
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Figure 4.4
Mass spectrometric analysis of IL-1a cleavage fragments
Recombinant IL-1a was incubated with recombinant granzyme B (200 
nM) for 2 h at S/X. Samples were resolved by SDS-PAGE then visual
ised by Coomassie Blue staining. The bands, representing N- and C-termi- 
nal cleaved forms of IL-1a, were excised and analysed by mass-spectormetry.
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Figure 4.5
IL-1a is cleaved by granzyme B at D103
(A) A sequence alignment of the putative granzyme B cleavage site in IL-1a from 
a number of mammals. The PI Asp residue is indicated. (B) Schematic represen
tation of IL-1a indicating nuclear localisation signal and granzyme B and calpain 
cleavage sites. (C) In vitro transcribed/translated IL-la'  ̂^nd IL-la'^^*^^^ were in
cubated with the indicated concentrations of recombinant granzyme B for 2 h at 
37"C. Samples were resolved by SDS-PAGE and visualised by autoradiography.
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Figure 4.6
IL-1a^04-271 jg cleaved by granzyme B
(A) Schematic representation of IL-1a constructs, IL-1a^'^^^ and IL-1a^®4-27i
(B) SDS-PAGE analysis of IL-1a^04-27i expression and purification. TO and T3 
- bacterial culture samples before induction and 3 h post-induction, respective
ly, Son - sample of sonicated lysate, Pe - insoluble fraction, SN1 and SN2 - su
pernatant prior and post-incubation with Ni-NTA beads, respectively, E1-E3 - elu
tion fractions (1/50 of total elution fraction). Be - sample of beads post-elution. 
Known amounts of BSA were loaded on the gel to help estimate concentration 
of purified IL-1a. (C) Recombinant IL-1a and IL-1a^*^4'^^^ were incubated with 
the indicated concentrations of recombinant granzyme B for 2 h at 37“C. Sam
ples were resolved by SDS-PAGE and visualised by Coomassie Blue staining.
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Figure 4.7
Calpain-1 and granzyme B cleave IL-1a at distinct sites
In vitro transcribed/translated IL-1a and were incubated with the indicated
concentrations of granzyme B or calpain-1 for 2 h at 37"C. Samples were resolved 
on SDS-PAGE and visualised by autoradiography.
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Figure 4.8
IL-1a is cleaved by mouse granzyme B
In vitro transcribed/translated mouse IL-1a and human IL-1(3 were incubated with the 
indicated concentrations of human (A) or mouse (B) granzyme B for 2 h at 37"C. Sam
ples were resolved on SDS-PAGE and visualised by autoradiography.



granzyme B-mediated cleavage of IL-1a is conserved from mouse to man. 

However, note that processing of mouse IL-1a by murine granzyme B generated 

an extra cleavage fragment, suggesting the existence of an additional cleavage 

site for murine granzyme B within the mouse IL-1a protein sequence.

4.2.5 IL-1a is processed during NK-mediated killing

Previous studies have showed that CTLs and NK cells constitutively release both 

proform and active granzyme B into the extracellular millieu (Prakash et al., 2009). 

Moreover, non-cytotoxic cells, such as mast cells, keratinocytes and basophils, 

express and secrete granzyme B in the absence of perforin (Strik et al., 2007, 

Hernandez-Pigeon et al., 2006, Tschopp et al., 2006). To explore whether 

endogenous granzyme B cleaves IL-1a in the extracellular space, we 

permeabilised the NK cell line, YT, either with the pore-forming protein, 

streptolysin O, or by repeated freeze-thaw cycles and then incubated recombinant 

IL-1a with the granzyme B-containing supernatants. As Figure 4.9A shows, 

recombinant IL-1a was efficiently processed by the supernatants of permeabilised 

YT cells, with the cleavage product running at a size identical to the cleavage 

fragment produced by recombinant granzyme B. Moreover, this cleavage product 

was even detected when IL-1a was incubated with non-permeabilised YT 

supernatant, demonstrating the constitutive release of granzyme B by YT cells.

During NK-attack, granzyme B is secreted into the immunological synapse, 

defined as the contact space between the target and NK cell. However, it is 

possible that some granzyme B may escape the immunological synapse. To 

explore whether IL-1a is processed extracellularly during NK-mediated killing, we

69



incubated reconnbinant IL-1a with YT cells in the presence or absence of target 

HeLa cells, as schematically represented in Figure 4.9B. Importantly, proteolysis 

of IL-1a was readily detected over a range of effector-to-target ratios (Figure 

4.9C), suggesting that secreted granzyme B processed IL-1a extracellularly. We 

also performed time-course analysis of IL-1a proteolysis in the same experimental 

setting and found that IL-1a was efficiently cleaved over a 24 h period, with the 

processed fragment already apparent after a 1 h incubation with YT cells (Figure 

4.9D). Importantly, addition of IL-1a to FleLa cells alone did not result in IL-1a 

processing.

Flowever, it is possible that other proteases capable of cleaving IL-1a are released 

from YT cells along with granzyme B. To test whether granzyme B is indeed the 

protease responsible for IL-1a cleavage, we incubated recombinant IL-1a with YT 

cells and their target HeLa cells in the presence of the granzyme B inhibitor, PI-9 

(Figure 4.10A top panel). As Figure 4.10A (bottom panel) shows, addition of 

recombinant PI-9 efficiently blocked proteolysis of IL-1a in a concentration- 

dependent manner, with 0.5 pM PI-9 completely inhibiting IL-1a processing. We 

also compared processing of wild type IL-1a and the granzyme B cleavage mutant 

IL-1a°^°^^ in the same system (Figure 4.1 OB). Notably, was completely

resistant to proteolysis, while wild type IL-1a was efficiently cleaved. Collectively, 

these data demonstrate that granzyme B is responsible for the processing of 

extracellular IL-1a in the context of NK cell attack.

Finally, we explored the ability of granzyme B to cleave intracellular IL-1a during 

NK-mediated killing. To this end, we subjected HeLa cells overexpressing full- 

length IL-1a to cytotoxic attack by YT and NK-92 (another NK cell line) cells. As 

Figures 4.11A and B show, intracellular IL-1a was efficiently processed during
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Figure 4.9
IL-1a is processed in the supernatants of NK cells
(A) YT cells were either left untreated or were permeabilized via 2 cycles of freeze- 
thaw (Fr-Th), or addition of 10 pg/ml of streptolysin O (SLO) for 90 min. Recom
binant IL-1a was added to the supernatants, which were further incubated for 2 h at 
37°C and analysed for IL-1a processing by immunoblotting. (B) Schematic repre
sentation of the extracellular IL-1a cleavage assay. (C) YT cells were incubated for 
18 h with HeLa target cells at the indicated effector:target ratios in the presence of 
recombinant IL-1a. Culture supernatants were analysed by immunoblot for IL-1a 
processing. Serum-derived transferrin served as a loading control. (D) HeLa cells 
were incubated with recombinant extracellular IL-1a for the indicated times, in the 
presence or absence of YT cells, as indicated. Supernatants were then analysed for 
IL-1a processing by immunoblot.
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Figure 4.10
IL-1 a is processed by granzyme B in the supernatants of NK cells
(A)YT cells were incubated for 6 h with HeLa target cells at an E:T ratio of 10:1 in the 
presence of recombinant IL-1 a and PI-9, as indicated. Supernatants were then ana
lysed for IL-1 a processing by immunoblot. Serum-derived transferrin served as a 
loading control. Schematic representation of the extracellular IL-1 a cleavage assay 
is shown above the data. (B) YT cells were incubated for 6 h with HeLa target cells 
at an E;T ratio of 10:1 in the presence of either recombinant IL-1a'^^ or IL-1a*^^*^^^ 
mutant, as indicated. Supernatants were then analysed for IL-1 a processing by im
munoblot. Serum-derived transferrin served as a loading control. Schematic repre
sentation of the extracellular IL-1 a cleavage assay is shown above the data.
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Figure 4.11
IL-1a is processed during NK-mediated killing
(A, B) HeLa cells were transfected with IL-1a expression plasmid. 24 h later cells 
were exposed to YT cells (A) or NK-92 cells (B) cells at the indicated E:T ratios. NK 
cells were removed 3-5 h later and HeLa cells were further incubated for the total of 
24 h, after which cell lysates were generated and immunoblotted for the indicated 
proteins. Cell death was assessed by annexin V/propidium iodide binding, meas
ured by flow cytometry.



target cell apoptosis (initiation of apoptosis was confirmed via cleavage of 

caspase-7 and its substrate, p23, as well as annexin V/PI staining).

4.2.6 iL-1a is not an inhibitor of granzyme B

It has been reported that recombinant IL-1a and TNF-a can protect specific cell 

lines (HeLa, WISH) from NK cell-mediated cytotoxicity (Reiter and Rubinstein, 

1990). Therefore, we decided to test whether IL-1a is an inhibitor of granzyme B. 

To this end, we simultaneously co-incubated granzyme B with its biological 

substrate Bid and IL-1a. If IL-1a acts as a granzyme B inhibitor we would expect 

to see decreased cleavage of Bid. However, Bid was still efficiently cleaved by 

granzyme B even in the presence of IL-1a (Figure 4.12), indicating that IL-1a does 

not act as a direct granzyme B inhibitor.

4.3 Discussion

4.3.1 IL-1a is a novel granzyme B substrate

Granzyme B plays an established role in apoptosis, cleaving a well described set 

of proteins, which, in turn, leads to the demolition of cells (Cullen and Martin, 

2008). However, several extracellular granzyme B substrates have been 

described, including extracellular matrix proteins and growth factor receptors 

(Buzza et al., 2005; Loeb et al., 2006). Moreover, elevated levels of both 

granzyme A and granzyme B were found in synovial fluid of patients with 

rheumatoid arthritis and plasma of patients with bacterial infections (Spaeny-
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Dekking et al, 1998; Lauw et al., 2000). Even more intriguingly, several groups 

reported granzyme B expression in non-cytotoxic immune cells, such as 

plasmacytoid dendritic cells, macrophages, mast cells, basophils, B lymphocytes, 

keratinocytes and platelets (reviewed in Afonina et al., 2010). These puzzling 

phenomena imply that granzymes might have additional non-cytotoxic functions.

In this study, we establish a direct link between granzyme B and inflammation, 

identifying the major inflammatory cytokine IL-1a as a novel granzyme B 

substrate. Several earlier studies support our observation. Thus, granzymes A 

and K have been proposed to have a proinflammatory function and induce 

cytokine secretion by a variety of different cells (Sower et al., 1996a,b, Metkar et 

al, 2008, Joeckel et al., 2011). Furthermore, granzyme A was shown to directly 

cleave the proinflammatory cytokine IL-ip, although the biological consequences 

of this proteolytic event are not fully understood (Irmler et al., 1995).

Additionally, recent work by Omoto and colleagues has identified IL-18 as a 

granzyme B substrate (Omoto et al., 2010). There, authors showed that granzyme 

B-mediated cleavage of IL-18 resulted in the activation of the latter, as determined 

by induction of IL-18-dependent IFN-y secretion by responder cells. However, 

unlike the proteolysis of IL-1a demonstrated in our work, cleavage of IL-18 by 

granzyme B was extremely inefficient with minimal proteolysis being detected after 

6h (Omoto et al., 2010). These data suggest that IL-1a is a more efficient 

substrate for granzyme B than IL-18 is. Notably, an interleukin screen conducted 

in our lab identified several additional interleukins (IL-6, IL-12, IL-17) as potential 

granzyme B substrates. However, only IL-1 a proved to be an efficient substrate 

for granzyme B, underlining the high specifity of this proteolytic event (data not 

shown).
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Figure 4.12
IL-1a is not an inhibitor of granzyme B
In vitro transcribed/translated Bid and IL-1 a were incubated as indicated with granzyme B 
for 2 h at 37"C. Samples were resolved by SDS-PAGE and visualised by autoradiography.



As was discussed earlier, it is important to use physiological concentrations of any 

protease under investigation, as excessive concentrations of such enzymes are 

likely to produce spurious results. Therefore, candidate substrates have to be 

validated in a cellular setting. Most importantly, we demonstrated here that 

endogenous IL-1a is efficiently processed during NK-mediated attack.

We also showed that in the presence of target cells, NK cells leak some of their 

granzyme B into extracellular space, which is in agreement with previous data 

(reviewed in Buzza and Bird, 2006). Intriguingly, upon escaping the 

immunological synapse, granzyme B was capable of cleaving IL-1a. Thus, our 

experiments suggest an alternative scenario, where granzyme B may encounter 

IL-1a or IL-18 extracellularly and regulate inflammatory response via proteolysis of 

these cytokines.

Considering that NK cells store other granzymes and proteases in their granules, 

we confirmed the specifity of IL-1 a proteolysis using recombinant granzyme B 

inhibitor PI-9 and uncleavable mutant. Collectively, these data establish

that IL-1 a is a bona fide granzyme B substrate.

4.3.2 Evolutionary conservation of IL-1 a proteolysis

Data generated previously in our lab demonstrated that human and mouse 

granzyme B have divergent substrate specifities and differ in their ability to 

process the key substrate. Bid, and other common granzyme B substrates, such 

as ICAD and caspase-8 (Cullen et al., 2007). Therefore, we were interested to 

explore whether pro-inflammatory function of granzyme B is evolutionary
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conserved. Importantly, sequence analysis of IL-1a from different species showed 

that the putative granzyme B cleavage site is absolutely conserved across species 

(see Figure 4.5A). Moreover, we also demonstrated that mouse granzyme B is 

capable of processing mouse IL-1a, although with somewhat different efficiency 

and cleavage patterns. Thus, while human granzyme B only produced a 17.5 kDa 

fragment, mouse granzyme B generated an additional 25 kDa cleavage fragment, 

suggesting the existence of an additional cleavage site within the N-terminus of 

mouse IL-1a. Interestingly, proteolysis of mouse IL-1a by human granzyme B 

produced the 17.5 kDa fragment only, which further confirms the previous data 

reporting the differences in the substrate specifity between the two granzymes 

(Cullen et al., 2007).

4.3.3 Functional consequences of IL-1a proteolysis: redistribution and 

secretion of IL-1a

What could be the functional consequences of granzyme B-mediated proteolysis 

of IL-1a? Firstly, cleavage of IL-1a might abolish the biological activity of this 

cytokine, as was previously shown for caspase-mediated inactivation of pro- 

inflammatory cytokine IL-33 (Luthi et al., 2009). Flowever, Mosley and colleagues 

previously analysed the activity of N-terminal truncations of IL-1a and showed that 

the core biologically active protein sequence is located between amino acids 128- 

267 (Mosley et al., 1987b). Considering that the granzyme B cleavage site (D103) 

is located upstream of this critical boundary (Figure 4.13), we predict that 

granzyme B-mediated proteolysis of IL-1a would not abrogate the bioactivity of

74



Gzm B
D103
\/ 271

IL-1a

r1M
IL-1a core activity

l267

104 271
IL.ia104-271

r128_
IL-1 a core activity

L267

Figure 4.13
IL-1 a schematic
Schematic representation of and indicating granzyme
B cleavage site and the core bilogically active IL-1 a sequence (Mosley et al., 
1987b).



this cytokine. However, this question will be formally addressed in the following 

chapter.

Interestingly, IL-1a and TNF-a have been previously shown to protect specific cell 

lines from NK cell-mediated cytotoxicity (Reiter and Rubinstein, 1990). The 

observed effect was shown to be dependent on reduced target cell sensitivity to 

NK cytotoxic factors and not due to reduced target-effector conjugate formation or 

release of cytotoxic factors by NK cells (Reiter and Rubinstein, 1990). 

Hypothetically, similarly to PI-9 or adenoviral 100K protein, IL-1a might act as a 

granzyme B pseudosubstrate and exert its cytoprotective effect via inhibition of the 

protease. However, our data indicate that IL-1a does not act as a direct granzyme 

B inhibitor. Consequently, the observed protection from NK cell-mediated 

cytotoxicity was due to indirect effects of IL-1a on the transcription of pro-survival 

genes.

IL-1a secretion from cells is a rare event, however, IL-1a is present on the cell 

surface in a membrane-associated form (Kurt-Jones et al., 1985). Cell surface 

associated IL-1a is biologically active and has been shown to act as a co

stimulator of thymocyte proliferation (Kurt-Jones et al., 1985, Kurt-Jones et al., 

1987) and induce gene expression in neighbouring cells in a juxtacrine fashion 

(Sasu et al., 2001). Since IL-1a does not have any hydrophobic trans-membrane 

domains, it is thought to be anchored to the cell-surface via lectin-like interactions 

(Brody and Durum, 1989) and can be removed from the cell surface by mild 

trypsin or plasmin digestion, while retaining its biological activity (Matsuhima et al., 

1986; Niki etal., 2004).
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One can hypothesise that granzyme B-mediated cleavage would release 

membrane-bound IL-1a in a similar manner and allow the cytokine to enter the 

circulation. In its membrane-bound form, IL-1a serves as a persistent localised 

stimulus for surrounding cells at the inflammatory site, while secreted IL-1a has 

been reported to mediate systemic responses, like fever and synthesis of acute 

phase proteins. Therefore, granzyme B possibly acts as a switch allowing IL- 

1a transition from a localised, membrane-bound form to a more systemically 

available, free IL-1a. Notably, Tak and colleagues found a positive correlation 

between granzyme B expression and serum levels of acute-phase proteins in 

rheumatoid arthritis patients (Tak et al., 1994).

Interestingly, a study by Niki and colleagues has shown that membrane- 

associated IL-1a contributed to chronic synovitis and cartilage destruction in 

human IL-1a transgenic mice (Niki et al., 2004). Thus, mice overexpressing 

human pro-IL-la developed severe polyarthritic phenotype at 4 weeks of age, 

while mice overexpressing mature IL-1a, lacking the sequence necessary for 

interactions with the membrane, showed significantly lower histological and 

macroscopic scores of arthritis severity (Niki et al., 2001, Niki et al., 2004). 

Moreover, the activity of membrane-associated IL-1a displayed a significant 

correlation with the disease scores, while soluble IL-1a activity and serum IL-1a 

concentrations had no correlation with either score (Niki et al., 2004). These data 

suggest that localised membrane-bound IL-1a plays a key role in the development 

of rheumatoid arthritis. The potential ability of granzyme B to remove IL-1a from 

the cell membrane might, therefore, offer protection from harmful effects of 

membrane-associated cytokines.
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Granzyme B could additionally affect distribution of IL-1a by affecting its secretion. 

Similarly to IL-ip, processed IL-1a has been shown to be selectively secreted 

from cells, while the full-length form stays trapped within the cell and its release is 

correlated with cell damage (Watanabe and Kobayashi, 1994). The release of Il

ia and IL-1(3 in response to cell injury and induction of apoptosis has also been 

investigated (Hogquist et al., 1991). Necrotic cell death was found to result in the 

predominant release of full-length IL-1a and 11-1(3, while activation of the 

inflammasome or CTL-mediated killing led to the secretion of processed forms. 

Importantly, full-length IL-1a has been reported to have intracellular functions, 

controlling gene expression, cell proliferation and differentiation (Werman et al., 

2004; Maier et al., 1990). Thus, granzyme B-mediated processing of IL-1a might 

facilitate secretion of cell-trapped cytokine, changing its status from an intracellular 

transcription factor to a systemic proinflammatory mediator.

Interestingly, a recent study has found that IL-1a is retained in the nucleus of 

apoptotic cells, while necrotic cells release the cytokine into extracellular space 

(Cohen et al., 2010). Considering that IL-1a transport to the nucleus is facilitated 

by the N-terminal NLS, which was found between amino acids 79 to 86 

(Wessendorf et al., 1993), we suggest that cleavage of IL-1a by granzyme B may 

remove the NLS and help to override the nuclear retention of this cytokine, 

although this hypothesis requires further investigation.

In conclusion, we have shown here that the proinflammatory cytokine IL-1a is a 

direct substrate for granzyme B, which is capable of cleaving IL-1a both intra- and 

extracellularly. Cleavage of IL-1a is an evolutionary conserved event, since both 

human and mouse IL-1a are cleaved by granzyme B from corresponding species.
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This is one of the first reports showing that granzyme B cleaves a proinflammatory 

cytokine, suggesting a role for the former in regulating the immune response.

Interestingly, the effects of IL-1a cleavage by calpain on its biological activity have 

never been investigated. Therefore, in the next chapter of this study we formally 

explore the consequences of IL-1a proteolysis on the biological activity of this 

cytokine.
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Chapter 5

Proteolysis of IL-1a enhances its biological 
activity both in vitro and in vivo



5.1 Introduction

In the previous chapter, we described the proinflammatory cytokine IL-1a as a 

novel substrate for the apoptotic protease granzyme B. Interestingly, Mosley and 

colleagues have reported that both proform and N-terminally truncated forms of IL- 

1a bind the IL-1R in an in vitro binding assay and exhibit biological activity (Mosley 

et al., 1987a,b). Although previous studies have implicated calpain in the 

processing of IL-1a, the biological consequences of this proteolytic event have 

never been resolved (Kobayashi et al., 1990, Carruth et al., 1991). Unlike IL-1a, 

only the mature form of IL-ip was shown to bind the IL-1R and display bioactivity 

(Mosley et al., 1987a), but the molecular basis for these differences remains 

unclear.

Previous work in our lab has shown that processing of the pro-inflammatory 

cytokine IL-33 by apoptotic caspases, caspase-3 and caspase-7, resulted in the 

loss of bioactivity of this cytokine (Luthi et al., 2009). However, based on the work 

of Mosley and colleagues, who mapped the core IL-1a activity between amino 

acids 128-267, we suggest that granzyme B-mediated cleavage would not 

inactivate IL-1a (Mosley et al., 1987b). Interestingly, Omoto and colleagues 

showed that proteolysis of IL-18 by granzyme B activates this cytokine (Omoto et 

al., 2010).

As the consequences of IL-1a cleavage have never been formally explored, we 

decided to compare the activity of full-length and cleaved forms of IL-1a. In this 

chapter we show that contrary to the common perception, proteolytic processing of 

IL-1a dramatically potentiates its bioactivity both in vitro and in vivo.
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5.2 Results

5.2.1 IL-1a activity assay

To determine if granzyme B-mediated processing of IL-1a modulates its activity, 

we took advantage of the ability of IL-1a to induce expression and secretion of 

proinflammatory cytokines in HeLa cells (Bertelsen and Sanfridson, 2007). First of 

all, we performed a time-course analysis of cytokine secretion in response to the 

IL-1a treatment, where we compared IL-1a with an arbitrary control protein, 

Annexin V. Addition of recombinant Annexin V failed to induce any cytokine 

release from HeLa cells, while IL-1a clearly induced secretion of IL-6 and IL-8 in a 

time-dependent manner (Figure 5.1 A). Additionally, we added truncated IL-1a to 

HUVEC cells to confirm that primary cells respond to this cytokine, as was 

previously shown (Rhim et al., 2008). Figure 5.1 B shows that in response to 

truncated IL-1a HUVEC cells also produced IL-6, IL-8 and GM-CSF.

Bacterially expressed proteins are often contaminated with bacterial PAMPs, 

predominantly LPS. Therefore, to control for possible PAMP-induced cytokine 

release, we treated HeLa cells with a range of bacterial pro-inflammatory stimuli 

and analysed supernatants for IL-6 and IL-8 secretion. Importantly, HeLa cells did 

not release any of the cytokines tested in response to various bacterial or yeast 

PAMPs (Figure 5.2), confirming that the observed effects on cytokine secretion 

was IL-1-dependent.
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Figure 5.1
IL-1 a induces release of pro-inflammatory cytokines
HeLa (A) or HUVEC (B) cells were incubated with 1 nM of recombinant 
or AnnexinV. Supernatants were collected at the indicated time-points and IL-6, IL-8 
and GM-CSF concentrations were determined by ELISA. Error bars represent the 
mean ±SEM of determinations from three independent experiments.
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Figure 5.2
HeLa cells do not respond to bacterial or yeast stimuli
HeLa cells were incubated for 18 h with LPS (10 pg/ml), Pam3CSK4 (10 pg/ml), 
Mannan (lOpg/ml), LTA(10 pg/ml), MDP (10 pg/ml), Flagellin (1 pg/ml), CpG (200 
nM) or IL-1a (1 nM). IL-6 and IL-8 levels in culture supernatants were determined 
by ELISA. Error bars represent the mean ±SEM of determinations from three inde
pendent experiments.



5.2.2 Granzyme B-mediated proteolysis of IL-1a increases its bioactivity in 

vitro

To explore the functional consequences of granzyme B-mediated cleavage of Il

ia, we treated recombinant full-length IL-1a with either active or heat-inactivated 

granzyme B, which was added as a control to compensate for any factors present 

within the granzyme B fraction that may affect cytokine production. HeLa cells 

were incubated with different concentrations of either full-length or granzyme B- 

cleaved IL-1a and their effects on cytokine secretion were examined by ELISA. 

Surprisingly, we found that, even though full-length IL-1a was biologically active 

and induced significant production of IL-6 and IL-8 in a concentration-dependent 

manner, granzyme B-mediated cleavage of IL-1a enhanced its bioactivity 3-8 fold 

(Figure 5.3A). A similar effect of granzyme B-mediated proteolysis on IL-1a- 

induced secretion of IL-6, IL-8 and GM-CSF was also observed in primary HUVEC 

cells (Figure 5.3B).

We also performed time-course experiments comparing the full-length and cleaved 

forms of IL-1a and demonstrated that IL-1a cleavage by granzyme B significantly 

enhanced IL-1-dependent cytokine secretion when compared to full-length IL-1a at 

every time-point tested (Figure 5.4A). We then compared the potency of full- 

length IL-1 a and IL-1a^°'''^^^ which mimics the granzyme B cleavage fragment. 

Once again, we found that IL-la^^'^'^^^ was more efficient in inducing cytokine 

release from HeLa cells than full-length IL-1 a (Figure 5.4B).

To eliminate any possibility that the granzyme B present in IL-1a preparation might 

contribute to the cytokine production by HeLa cells, we decided to selectively 

inhibit this protease upon completion of IL-1a cleavage. To this end, we incubated



IL-1a with granzyme B for 3 hours, after which we added the granzyme B inhibitor 

PI-9 to the reaction and analysed the inhibition of granzyme B by measuring the 

hydrolysis of its fluorogenic substrate Ac-IETD-AFC. Addition of PI-9 completely 

inhibited any residual activity of granzyme B in the IL-1a preparations (Figure 

5.5A), which was also confirmed by monitoring the cleavage of Bid by active 

granzyme B and granzyme B pre-incubated with PI-9. As Figure 5.5B shows, 

cleavage of Bid by granzyme B was entirely prevented by the pre-incubation of the 

enzyme with PI-9. We then compared the biological activity of full-length and 

cleaved IL-1a preparations, where residual granzyme B activity was inhibited. 

Inhibition of granzyme B had no effect on the secretion of either IL-6 or iL-8 by 

HeLa cells, demonstrating that cleaved IL-1a was still more potent than the full- 

length protein at any concentration tested (Figure 5.5C). Finally, as Figure 5.5D 

shows, incubation of truncated with granzyme B had no additional

effect on the activity of this form of the cytokine, as expected. Taken together, 

these data demonstrate that processing of IL-1a by granzyme B enhances its 

activity in vitro.

5.2.3 IL-1a is cleaved by other granule proteases

Extracellular proteases, present at sites of inflammation, have been previously 

shown to regulate inflammation via cleavage of a variety of cytokines (Bank and 

Ansorge, 2001). For example, elastase, cathepsin G (Flazuda et al., 1990) and 

chymase (Mizutani et al., 1991) were reported to cleave and activate IL-1(3, which 

prompted us to test whether IL-1a can be cleaved by any of these proteases.
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Figure 5.3
Granzyme B-mediated proteolysis enhances the biological activity of IL-1 a
HeLa (A) or HUVEC (B) cells were incubated with the indicated concentrations of 
full-length or granzyme B cleaved forms of IL-1 a. Supernatants were collected 8 h 
later and IL-6, IL-8 and GM-CSF concentrations were determined by ELISA. Error 
bars represent the mean ±SEM of determinations from three independent experi
ments.
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Figure 5.4
Granzyme B-mediated proteolysis enhances the bioactivity of IL-1a (2)
(A) HeLa cells were left untreated or incubated with 1 nM of full-length or granzyme B- 
cleaved IL-1 a. Supernatants were collected at the indicated time-points. (B) Cells were 
incubated with the indicated concentrations offull-length IL-1 aor IL-1 ^104-271 ■ Superna-
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bars representthe mean ±SEM of determinations from three independent experiments.
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Figure 5.5
Granzyme B activity is not responsible for IL-1a-induced cytokine produc
tion by HeLa cells
(A-B) Recombinant IL-1a was incubated with granzyme B (200 nM) for 3 h at 37“C. 
PI-9 (1 nM) was then added to the reaction mix for further 30 min. Granzyme B 
inhibition was confirmed by measuring hydrolysis rate of granzyme B substrate Ac- 
lETD-AFC by fluorometry (A) and monitoring cleavage of in vitro transcribed/trans
lated Bid (B). (C) HeLa cells were incubated for 8 h with the indicated concentra
tions of full-length or granzyme B-cleaved IL-1 a, where granzyme B was inhibited 
by PI-9. IL-6 and IL-8 concentrations were determined by ELISA. (D) HeLa cells 
were incubated for 8 h with the indicated concentrations of IL-la'^'-, granzyme B- 
treated IL-1a*^'-, or granzyme B-treated as indicated. IL-
6 and IL-8 levels were determined by ELISA. Error bars represent the mean ±SEM 
of determinations from three independent experiments.



In vitro transcribed/translated IL-1a and IL-1[3 (used as a control) were incubated 

with either human neutrophil elastase (Figure 5.6A), cathepsin G (Figure 5.6C), 

proteinase 3 (Figure 5.6D) or human skin mast cell chymase (Figure 5.6B). All of 

these proteases readily cleaved IL-1a and 11-1(3, although proteolysis by elastase 

and proteinase 3 was more efficient at the concentrations tested.

Cleavage of IL-1a by low concentrations of elastase initially generated a 24 kDa 

product, which was further processed upon increasing the concentration of the 

protease, with the final cleavage product running at approximately the same size 

as granzyme B-cleaved IL-1a (~17.5kDa) (Figure 5.6A). This migration pattern 

suggests that IL-1a has two elastase cleavage sites, one of which is located close 

to D103. Chymase-mediated proteolysis generated one major cleavage product 

with a molecular weight of 16.5 kDa, close in size to calpain-cleaved IL-1a, 

suggesting that chymase cleaves IL-1a after F116 (Figure 5.6B).

Cathepsin G cleavage patterns resembled that of elastase (compare Figure 5.6A 

and C), although the second cleavage product ran slightly faster than granzyme B- 

cleavage fragment, indicating that proteolysis takes place downstream of D103. 

Proteinase 3-mediated processing resulted in a single 25 kDa fragment, implying 

that cleavage takes place within the N-terminus of the protein (Figure 5.6D). 

Notably, all the proteases efficiently cleaved IL-1a at the concentrations tested.
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5.2.4 Cleavage of IL-1a by other inflammatory proteases enhances its 

bioactivity in vitro

Calpain, a calcium activated neutral protease, has been previously shown to 

cleave IL-1a after F118, positioned close to the granzyme B cleavage site, 

although the functional consequences of this proteolytic event have never been 

investigated (Carruth et al., 1991; Kobayashi et al., 1990). Therefore, we decided 

to test whether calpain-mediated cleavage of IL-1a enhances the bioactivity of 

this cytokine.

We first confirmed that calpain cleaves IL-1a. Figure 5.7A shows that incubation of 

in vitro transcribed/translated IL-1a with calpain results in the efficient proteolysis 

of this cytokine. Furthermore, similarly to granzyme B, processing of IL-1a by 

calpain resulted in increased IL-6 and IL-8 secretion in both HeLa (Figure 5.7B) 

and FlUVEC cells (Figure 5.7C) when compared to the full-length form. Moreover, 

processing by calpain enhanced IL-1a bioactivity to the same extent as granzyme 

B-mediated proteolysis, which was confirmed in both FleLa and FlUVEC cells.

We then decided to test the effect of IL-1a cleavage by elastase and chymase. 

Unsurprisingly, proteolysis of IL-1a by either of these proteases enhanced its 

bioactivity to the same degree as granzyme B-mediated cleavage (Figure 5.8A 

and Figure 5.8B). Collectively, these data provide strong evidence that proteolytic 

processing of IL-1a by these inflammatory proteases results in the 

increased biological activity of the cytokine.
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Figure 5.6
IL-1 a is cleaved by other serine proteases
In vitro transcribed/translated IL-1 a was incubated with the indicated concentra
tions of elastase (A), chymase (B), cathepsin G (C), proteinase-3 (D) or granzyme 
B (200nM), or calpain-1 (200nM) for 2 h at 37°C. IL-1 a proteolysis was analysed by 
SDS/PAGE, followed by fluorography.
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Figure 5.7
Calpain-mediated cleavage enhances the bioactivity of IL-1a
(A) In vitro transcribed/translated IL-1a was incubated with the indicated concentra
tions of calpain-1 for 2 h at 37°C. IL-1a proteolysis was analysed by SDS/PAGE, 
followed by fluorography. (B, C) HeLa (B) or HUVEC (C) cells were incubated for 8 
h with the indicated concentrations of full-length, granzyme B- or calpain-1-cleaved 
IL-1 a. IL-6 and IL-8 concentrations in the culture supernatants were determined 
by ELISA. Error bars represent the mean ±SEM of determinations from three inde
pendent experiments.
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Figure 5.8
Elastase- and chymase-mediated cleavage enhances the bioactivity of IL-1a
HeLa cells were incubated for 8 h with the indicated concentrations of full-length, 
granzyme B-, elastase- (A) or chymase-cleaved IL-1a (B). IL-8 concentration in the 
culture supernatants was determined by ELISA. Error bars represent the mean 
±SEM of determinations from three independent experiments.



5.2.5 IL-1a processing activity in inflammatory conditions

Persistent inflammatory lung conditions, such as cystic fibrosis, are characterised 

by massive neutrophil invasion and as a result by high levels of pulmonary 

proteases, in particular elastase (Vega-Carrascal et al., 2011, Hayes et al., 2011). 

To explore whether IL-1a is processed during inflammatory conditions, we 

obtained bronchoalveolar lavage fluids (BALF) from patients with cystic fibrosis 

(CF), chronic obstructive pulmonary disease (COPD) or non-CF bronchiectasis 

and added recombinant IL-1a directly to BALF samples. Although we could not 

detect cleavage of IL-1a in COPD samples tested, possibly due to the lower 

quantities of the proteases present in these fluids (Vega-Carrascal et al., 2011), IL- 

1a was efficiently processed in several samples from patients with CF and 

bronchiectasis but not in control samples (Figure 5.9). Notably, the clevage 

fragments ran at the same size as recombinant granzyme B/elastase-generated 

cleavage fragments. Thus, proteases capable of processing IL-1a are present in 

the extracellular milieu under inflammatory conditions in vivo.

5.2.6 Granzyme B-cleaved IL-1a displays enhanced bioactivity in vivo

In vitro studies are conducted in a highly controlled environment and may lack 

crucial factors present In vivo. Therefore, we decided to examine whether 

cleavage of IL-1a by granzyme B resulted in enhanced bioactivity of this cytokine 

in vivo. To this end, we prepared recombinant full-length IL-1a for injection into 

mice and depleted it of contaminating LPS. Recombinant IL-1a was then 

incubated with either heat-inactivated or active granzyme B and the bioactivity of 

both forms of IL-1a was confirmed using HeLa cells (data not shown). We then
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explored the effects of the full-length and cleaved forms of IL-1a in a specific, 

antigen-driven mouse model.

Generally, in the absence of adjuvant, immunisation of mice with an antigen 

induces only minimal humoral and cellular immune responses, while adjuvants 

(e.g., mineral salts, bacteria-derived molecules, lipososomes and cytokines) 

greatly improve the immunogenicity of antigens. As it was previously shown that 

co-administration of IL-1 along with an antigen dramatically enhanced antigen- 

specific immune responses (Ben-Sasson et al., 2009), we decided to compare the 

adjuvant activity of full-length versus cleaved IL-1a using ovalbumin (OVA) as an 

antigen. BALB/c mice received OVA peptide either alone, or in combination with 

full-length or granzyme B-cleaved IL-1 a, followed by boosting with the same 

combinations 2 weeks later. At 3 weeks, blood samples, peritoneal lavage and 

spleens were collected for further analysis (Figure 5.10).

To determine the effect of IL-1 a on the humoral immune response, OVA-specific 

antibodies (total IgG, IgGI, lgG2a and lgG2b) were measured in the serum 

samples. As Figure 5.11 shows, injection of OVA alone resulted in minimal 

antibody production, while both forms of IL-1a significantly boosted antibody 

responses to OVA, as expected. Importantly, the cleaved form of IL-1a exhibited 

considerably greater potency in this regard.

Next, we measured OVA-specific T-cell responses in the peritoneal lavage and 

spleens of the immunised mice. To this end, freshly isolated cells were re

stimulated with different OVA concentrations and the secretion of cytokines in 

response to antigen was measured by ELISA. Although immunisation with OVA 

alone resulted in an antigen-specific cytokine secretion in the re-stimulation
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Figure 5.9
IL-1a is processed in the BALF samples from patients with cystic fibrosis and 
bronchiectasis
Recombinant purified full length IL-1a was incubated at 37°C for 20 min with 10 pi 
of BALF samples from control patients or patients with cystic fibrosis, bronchiectasis 
or chronic obstructive pulmonary disease (COPD). IL-1 a processing was analysed 
by immunoblot. As controls, full-length IL-1a and IL-1a^®‘^‘^^^ were expressed in 
HEK293T cells and were included to facilitate size comparison of cleavage prod
ucts.
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Figure 5.10
Comparison of IL-1a adjuvant activity in a mouse model
Balb/c mice (5 mice per group) were immunised either with ovalbumin (OVA) alone 
(200 pg), OVA in combination with full-length IL-1a (5 pg per mouse), or OVA in com
bination with granzyme B-cleaved IL-1a (5 pg per mouse). All mice were boosted 
with the same combinations on day 14. Peripheral blood, spleens and peritoneal 
lavages were collected on day 21 for analysis. OVA-specific IgGs were measured in 
serum samples. Cells from peritoneal lavages and spleens were re-stimulated for 3 
days with OVA or anti-CD3. IL-4, IL-5, IL-10 and IFN-y concentrations in the culture 
supernatants were determined by ELISA.
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Figure 5.11
Granzyme B-cleaved IL-1a displays enhanced bioactivity in vivo. OVA-spe- 
cific antibody response
C57BL/6 mice (5 mice per group) were immunised with either OVA alone (200p,g), 
or OVA in combination with full-length IL-1a (5 pg), or OVA with granzyme B- 
cleaved IL-1a (5 pg). All mice were boosted with the same combinations on day 
14. Blood was collected via tail bleed on day 21 and OVA-specific total IgG, IgGi, 
lgG2g and lgG2[^ in plasma samples were determined by ELISA. Significance 
levels, ***= p<.001, **= p<.05, *= p<.01, by students t-test.
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Figure 5.12
Granzyme B-cleaved IL-1a displays enhanced bioactivity in vivo. Re-stimula
tion of peritoneal lavage cells
Balb/c mice (5 mice per group) were immunised either with OVA alone (200 pg), OVA 
in combination with full-length IL-1a (5 pg per mouse), or OVA in combination with 
granzyme B-cleaved IL-1a (5 pg per mouse). All mice were boosted with the same 
combinations on day 14. Peritoneal lavages were collected on day 21 for analysis. 
Cells from peritoneal lavages were re-stimulated for 3 days with the indicated con
centrations of OVA. IL-4, IL-5, IL-10 and IFN-y concentrations in the culture super
natants were determined by ELISA. All measurements were taken in triplicate. Error 
bars represent the mean ± SEM from each group of five mice. Significance levels, 
***= p<.001, **= p<.05, *= p<.01, by students t-test.
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Figure 5.13
Granzyme B-cleaved IL-1a displays enhanced bioactivity in vivo. Re-stimula- 
tion of peritoneal lavage cells (2)
Balb/c mice (5 mice per group) were immunised either with OVA alone (200 pg), 
OVA in combination with full-length IL-1a (5 pg per mouse), or OVA in combination 
with granzyme B-cleaved IL-1a (5 pg per mouse). All mice were boosted with the 
same combinations on day 14. Peritoneal lavages were collected on day 21 for 
analysis. Cells from peritoneal lavages were re-stimulated for 3 days with the indi
cated concentrations of anti-CD3 and PMA (25ng/ml), as indicated. IL-4, IL-5, IL-10 
and IFN-y concentrations in the culture supernatants were determined by ELISA. All 
measurements were taken in triplicate. Error bars represent the mean ± SEM from 
each group of five mice. Significance levels, ***= p<.001, **= p<.05, *= p<.01, by 
students t-test.
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Figure 5.14
Granzyme B-cleaved IL-1a displays enhanced bioactivity in vivo. Re-stimula- 
tion of splenocytes
Balb/c mice (5 mice per group) were immunised either with ovalbumin (OVA) alone 
(200 pg), OVA in combination with full-length IL-1a (5 pg per mouse), or OVA in com
bination with granzyme B-cleaved IL-1a (5 pg per mouse). All mice were boosted 
with the same combinations on day 14. Spleens were collected on day 21 for analy
sis. Splenocytes were re-stimulated for 3 days with the indicated concentrations of 
OVA. IL-4, IL-5, IL-10 and IFN-y concentrations in the culture supernatants were de
termined by ELISA. All measurements were taken in triplicate. Error bars represent 
the mean ± SEM from each group of five mice. Significance levels, ***= p<.001, **= 
p<.05, *= p<.01, by students t-test.



Mw
(kDa)

32.5-

<?)
c/c/

-Gzm B

B

n Buffer 
BGziti 

HCzm B^

0 10 20 30 40 50 60
Time (min)

Mw
(kDa)

32.5-

16.5-

Jr <b

HUVEC
600-|-j_-g

500-

200 400 600 800 1000
IL-1a(pM)

125 250 500 1000 2000
IL-1a(pM)

|IL-1aFL 
jlL-la+Gzm B*" 
IlL-la+Gzm B®

0 200 400 600 800 1000
IL-1a (pM)

IIL-1a FL
OlL-1tt+Gzm B
■ C

IL-1<i+Gzm B

125 250 500 1000 2000
IL-1a (pM)

>SA does not enhance the bioactivity of IL-1a in
Figure 5.15
Catalytically inactive Gzm
vitro
(A) Equal amounts of recombinant granzyme and granzyme were an
alyzed by SDS-PAGE followed by Coomassie staining. (B) Catalytic activity of 
granzyme b'^^ or granzyme B®^ was measured by monitoring hydrolysis of the 
synthetic granzyme B substrate lETD-AFC by fluorimetry. (C) Recombinant IL-1a 
was incubated for 4 h at 37°C, either alone, or in the presence of 200 nM granzyme 
b'^^ or granzyme B®^, followed by SDS-PAGE and Coomassie staining. (D) HeLa 
or (E) HUVEC cells were incubated for 8 h with the indicated concentrations of full- 
length IL-1a, that had been pre-treated with buffer alone, or granzyme b'^^ (200 
nM) or granzyme B^^ (200 nM) for 4 h. IL-6 and IL-8 levels in culture supernatants 
were determined by ELISA. Error bars represent the mean ±SEM of determinations 
from three independent experiments.
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Figure 5.16
Catalytically inactive Gzm does not enhance the biological activity of IL- 
1 a in vivo
C57BL/6 mice (5 mice per group) were immunised with either OVA alone (200 pg), 
or OVA in combination with full-length IL-1a (5 pg), or granzyme B'^^-treated Il
ia (5 pg), or granzyme B^^-treated IL-1a (5 pg). All mice were boosted with the 
same combinations on day 14. Blood was collected via tail bleed on day 21 and 
OVA-specific total IgG, IgGI, lgG2g and lgG2|^ in plasma samples were deter
mined by ELISA. Significance levels, ***= p<.001, **= p<.05, *= p<.01, by students 
t-test.
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Figure 5.17
Expression and purification of granzyme B-uncleavable
(A) Schematic representation of IL-1a indicating the granzyme B cleavage site 
(top panel). SDS-PAGE analysis of expression and purification. TO
and T3 - bacterial culture samples before induction and 3 h post-induction, respec
tively, Pe - insoluble fraction, SN1 and SN2 - supernatant prior and post-incuba- 
tion with Ni-NTA beads, respectively, E1-E3 - elution fractions (1/50 of total elution 
fraction). Be - sample of beads post-elution. (B) HeLa cells were treated for 8 h 
with the indicated concentrations of full-length IL-1a or IL-1a°^®^^. IL-6 and IL-8 
concentrations in the culture supernatants were measured by ELISA. Error bars 
represent the mean ±SEM of determinations from three independent experiments.
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Figure 5.18
IL-1 exhibits diminished activity in vivo compared to wild type IL-1 a
C57BL/6 mice (5 mice per group) were immunised with either OVA alone (200 pg), 
or OVA in combination with full-length IL-1a (5 ^g) or (5 |xg). All mice
were boosted with the same combinations on day 14. Blood was collected via tail 
bleed on day 21 and OVA-specific total IgG, IgGl, lgG2g and lgG2|^ in plasma 
samples were determined by ELISA. Significance levels, ***= p<.001, **= p<.05, *= 
p<.01, by students t-test.
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Fiaure 5.19
Granzyme B contributes to IL-1a processing in vivo
WT or Granzyme B'^" C57BL/6 mice (5 mice per group) were immunised either 
with OVA alone (200 pg), or with OVA in combination with full-length IL-1a (5 pg 
per mouse). All mice were boosted with the same combinations on day 14. On 
day 21, peripheral bloods were collected and OVA-specific total IgG, IgGl, lgG2a 
and lgG2b in plasma samples were determined by ELISA. Significance levels, ***= 
p<.001, **= p<.05, *= p<.01, by students t-test.



experiment, OVA-specific production of IL-4, IL-5, and IL-10 by peritoneal lavage 

cells was significantly greater when mice received the granzyme B-cleaved form of 

IL-1a when compared to the full-length cytokine, which did not enhance antigen- 

specific responses to OVA alone (Figure 5.12). Non-specific polyclonal stimulation 

with anti-CD3 antibody, either alone or in combination with PMA (a potent 

stimulator of protein kinase C), also produced more robust cytokine responses in 

cells isolated from mice that received cleaved IL-1a (Figure 5.13). A similar trend 

towards stronger OVA-specific responses was also observed in splenocytes 

isolated from mice immunised with processed IL-1a, but this was less statistically 

significant (Figure 5.14). Note that IL-1a mainly enhanced production of the type 2 

cytokines (IL-4, IL-5), while secretion of IFN-y (type 1) was largely unaffected.

Again, to rule out the possibility that yeast-derived contaminants in the granzyme 

B preparation might influence the activity of IL-1a, we expressed and purified 

catalytically inactive recombinant granzyme B, where the critical serine residue 

was mutated to alanine (Figure 5.15A-B). We verified that granzyme BSA was 

unable to cleave recombinant IL-1a (Figure 5.15C) and then used this protein in 

our in vitro assay, demonstrating that IL-1a pre-incubated with granzyme BSA 

exhibited only basal activity, while wild type enzyme dramatically potentiated IL- 

la-dependent cytokine secretion by both FleLa cells and HUVECs (Figure 5.15D- 

E). We then used this granzyme B mutant in the antigen-driven mouse model. As 

figure 5.16 shows, pre-incubation with catalytically inactive granzyme BSA failed to 

enhance the adjuvant activity of IL-1a, while wild type granzyme B clearly 

enhanced the production of OVA-specific IgGs when compared to full-length IL-1a. 

Again, antigen alone induced minimal antibody production. Collectively, these 

data lend further support to our in vitro observations, confirming that Gzm B-
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dependent proteolysis of IL-1a acts to enhance the pro-inflammatory activity of 

this cytokine.

5.2.7 Granzyme B contributes to IL-1a processing in vivo

To explore whether granzyme B contributes to IL-1a processing in vivo, we first of 

all asked if the granzyme B-uncleavable mutant IL-1a°^°^'^ exhibited reduced 

potency in vivo, compared to wild type IL-1a. To this end, we purified recombinant 

IL-1a°^°^^ (Figure 5.17A) and normalised the bioactivity of wild type IL-1a and IL- 

'\qD103a using HeLa cells (Figure 5.17B), followed by comparison of the adjuvant 

activity of both forms in the mouse model. As Figure 5.18 shows, full-length IL- 

1a significantly boosted OVA-specific production of antibodies when compared to 

antigen alone. Importantly, granzyme B-uncleavable IL-1a mutant was significantly 

less potent in enhancing OVA-specific IgG, IgGI and lgG2b responses than wild 

type IL-1a. These data suggest that IL-1a is processed by granzyme B in vivo and 

that this proteolysis event results in the significant enhancement of IL- 

1a bioactivity.

Finally, we decided to investigate whether the absence of granzyme B has an 

impact on IL-1a activity in vivo. To address this question, we compared the 

adjuvant activity of IL-1a in wild type and granzyme B-deficient mice. As 

expected, IL-1a boosted production of all tested IgG antibodies in wild type mice, 

while it failed to boost production of OVA-specific lgG2a and lgG2b in granzyme B- 

deficient mice (Figure 5.19). Although IL-1a enhanced production of total IgG and 

IgGI in granzyme B knockout mice, note that baseline antibody responses to OVA 

alone in these mice were generally higher than in wild type for the reasons that
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remained unclear. Therefore, we determined the fold increase in IL-1a-iduced 

OVA-specific antibody production in wild type and granzyme B-deficient mice 

(Figure 5.20). Importantly, IL-1a induced considerably higher fold increases in the 

production of all tested IgG types in wild type mice, when compared to the mice 

deficient in granzyme B, which again underscores the role of endogenous 

granzyme B in the processing of IL-1a in vivo.

Collectively, the data presented in this chapter unveil a hitherto unappreciated role 

for granzyme B as a modulator of pro-inflammatory cytokine activity. Moreover, 

contrary to previous understanding, we showed that proteolytic processing of Il

ia to the mature 17 kDa form has a significant impact on the bioactivity of this 

cytokine.

5.3 Discussion

5.3.1 Activation of IL-1a via proteolytic processing

Proteolysis of several cytokines was previously demonstrated to have dramatic 

effects on their biological activity. For example, limited internal processing of IL- 

1(3 and IL-18 by caspase-1 is indispensable for unlocking their biological activities 

(Thornberry et al. 1992, Gu et al., 1997). On the other hand, previous work in our 

lab established that proteolytic processing of another IL-1 family member, IL-33, 

by apoptotic caspases inactivates this cytokine (Luthi et al., 2009). Thus, we 

decided to formally investigate the consequences of the proteolytic processing of 

IL-1 a by granzyme B and other inflammatory proteases.
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It has been previously shown that, unlike IL-I3, full-length IL-1a binds to the IL-1R 

and is biologically active (Mosley et al., 1987a,b). These studies also suggested 

that processing of IL-1a has no major impact on the bioactivity of this cytokine. 

However, as Mosley and colleagues were using an insensitive assay system, the 

question regarding the functional consequences of IL-1a proteolysis had not been 

properly addressed. In this chapter we explored the consequences of Il

ia proteolysis on the bioactivity of this cytokine in both in vitro and in vivo assays.

Contrary to current thinking, we demonstrated that cleavage of IL-1a by granzyme 

B and other proteases, including calpain, elastase and chymase, results in robust 

enhancement of IL-1a bioactivity by up to 8 fold in vitro. We also confirmed that 

observation in vivo, comparing adjuvant activities of full-length and cleaved IL-1a 

in an OVA-driven model. In accordance with a previous report (Mosley et al., 

1987a), both forms of IL-1a displayed significant adjuvant activity in vivo. 

However, proteolysis of IL-1a by granzyme B resulted in a remarkable 

enhancement of the bioactivity of IL-1a, supporting our in vitro observations. 

Speculations on the underlying mechanistic phenomena, explaining why 

proteolysis affects the activity of IL-1a, are discussed below.

5.3.2 How does cleavage of IL-1a result in the enhancement of its 

bioactivity?

As proteolysis of a protein hydrolyses the peptide bond between two amino acids, 

it is possible that cleavage of IL-1a by inflammatory proteases induces a 

conformational change, which enhances IL-1 receptor binding and, hence, the 

bioactivity of the cytokine. This hypothesis is consistent with a previous study that
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Figure 5.20
Granzyme B contributes to IL-1a processing in vivo (2)
Fold increase in antibody production in WT versus Granzyme B‘^‘ mice treated with 
OVA plus IL-1a , compared with OVA alone. The analysis shown is based on the 
data presented in Figure 5.19. Error bars represent the mean ± SEM from each 
group of five mice.



utilised sensitivity to proteinase K to explore whether IL-1a underwent a 

conformational change as a consequence of limited internal proteolysis (Hazuda et 

al., 1991). Although the latter study did not explore the functional effects of IL-1a 

processing in detail, the authors showed that both pro-IL-la and pro-IL-1|3 were 

extremely sensitive to proteolytic degradation by proteinase K, while mature forms 

were highly resistant to degradation. Therefore, it was suggested that proteolysis 

of IL-1 initiates a profound conformational change in the structure of the molecule 

from a proteinase K-sensitive to a proteinase K-insensitive state (Hazuda et al., 

1991).

Based on these findings and on our own observations, we hypothesise that this 

conformational change results in an increased IL-1 receptor affinity. It is worth 

noting that previous work from our laboratory has reported that proteolytic 

processing of IL-33 by apoptotic caspases altered both resistance of this cytokine 

to serum proteases and receptor binding efficiency (Ltithi et al., 2009), suggesting 

that limited internal proteolysis results in changes in the protein structure and 

receptor binding affinity of the cytokines.

Alternatively, the N-terminal end of prolL-la might occlude the receptor binding 

site or affect the optimal binding of IL-1R accessory protein. Thus, removal of the 

N-terminal domain would permit a more stable interaction of the ligand with IL-1R 

or facilitate ligand-dependent receptor heterodimerisation with accessory protein.

Based on the work of Hazuda and colleagues, it is interesting to speculate that 

processing of IL-1 a by any of the inflammatory proteases results in the 

stabilisation of this cytokine in the extracellular milieu (Hazuda et al., 1991), which 

would allow more time for the otherwise vulnerable cytokine to fulfill its mission.
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Thus, cleavage of IL-1a by granzyme B and other extracellular ptoteases, could 

lead to the combined activation and stabilisation of the cytokine, enhancing the 

strength of the inflammatory response.

5.3.3 IL-1a is processed by pro-inflammatory proteases in vivo

In this work, we extensively demonstrated that IL-1a is an efficient granzyme B 

substrate in vitro. But does granzyme B process IL-1a in a physiological setting? 

We provided strong evidence that this proteolytic event does indeed happen in 

vivo.

First, we compared the adjuvant activities of wild type and mutant in a

mouse model. Although mutation of the granzyme B cleavage site did not 

abrogate bioactivity of IL-1a in our in vitro assay, the adjuvant activity of the 

mutant cytokine was dramatically reduced in the in vivo experiments when 

compared to the wild type protein. To explain this result, we suggest that both wild 

type and mutant IL-1a induce infiltration of granulocytes and other immune cells to 

the peritoneal cavity, where recruited cells secrete their granule proteases, which, 

in turn, process and enhance the activity of wild type IL-1a, providing a positive 

feedback loop. Unlike wild type cytokine, mutant IL-1a cannot be processed by 

extracellular granzyme B and, hence, its activity stays at the basal state. 

However, we cannot exclude the possibility that mutation of the important 

aminoacid residue might affect stability of the protein. Although we carefully 

normalised the activities of both forms of IL-1a, the observed decrease in the 

adjuvant activity of could also be attributable to reduced stability of this

form in vivo.
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Therefore, we explored the processing of IL-1a by granzyme B in another model, 

where we compared the adjuvant activity of full-length IL-1a in wild type versus 

granzyme B knockout mice. Again, if endogenous extracellular granzyme B 

enhances the adjuvant activity of IL-1a via proteolytic processing, the absence of 

granzyme B in the knockout mice should result in reduced adjuvant activity of Il

ia when compared to wild type mice. We found that this was indeed the case, 

which is in agreement with the work of Metkar and colleagues, who showed 

previously that the absence of granzyme B renders mice more resistant to LPS- 

induced endotoxic shock, implicating granzyme B in the regulation of inflammatory 

responses (Metkar et al., 2008). Collectively, our data suggest that endogenous 

granzyme B contributes to the proteolysis of IL-1a in vivo.

Finally, we obtained BALF samples from patients with persistent inflammatory 

conditions such as cystic fibrosis, bronchiectasis and COPD, which were 

previously reported to have high levels of extracellular neutrophil granule 

proteases (Vega-Carrascal et al., 2011, Hayes et al., 2011). Initially, we attempted 

to detect endogenous IL-1a in the BALF samples. However, we were not 

successful in detecting IL-1a by direct western blot, immunoprecipitation or ELISA 

(data not shown), which was not suprising, as IL-1a is normally found in minuscule 

quantities in body fluids. Therefore, we directly added recombinant full-length Il

ia to the BALF samples and demonstrated robust IL-la-processing activity in 

several samples from patients with cystic fibrosis and bronchiectasis, which was 

absent in the samples from healthy donors. Note that different samples displayed 

different levels of proteolytic activity, which explains the different degree of 

proteolytic efficiency seen (Vega-Carrascal et al., 2011). Although the size of the 

cleavage fragments suggests the involvement of elastase or cathepsin G, the
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usage of specific inhibitors will help to ultimately define the proteases involved. 

However, we would suspect the participation of all the proteases described in this 

work, with the relative input being determined by the abundance of the particular 

protease in the extracellular space.

In conclusion, we have demonstrated here that IL-1a is efficiently cleaved by 

granzyme B and other granule serine proteases both in vitro and in vivo. 

Furthermore, proteolytic processing enhances the biological activity of IL-1a 

protein. Thus, contrary to current thinking, the N-terminus of IL-1a acts as a 

sensor of inflammation and regulates the activity of this cytokine.
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Chapter 6

General Discussion



6. Discussion

6.1 Does caspase-1 process Bid in vivo?

The search for substrates of the inflammatory and apoptotic proteases is still 

ongoing. Two major approaches are generally employed to help investigatorss 

identify potential substrates. In one approach, a set of candidate substrates is 

directly tested in vitro. Alternatively, recombinant protease of interest is added to 

differentially labelled cell lysates, following which proteolysis-related changes are 

tracked and identified with the help of various analytical techniques, such as mass 

spectrometry. However, the major drawback of these approaches is the use of 

arbitrary amounts of recombinant proteases by many investigators.

The work by Agard and colleagues nicely illustrates the importance of using 

physiologically relevant concentrations of the protease under investigation (Agard 

et al., 2010). The authors show that treatment of labeled cell lysates with high 

concentrations of recombinant caspase-1 (400 nM) resulted in the identification of 

82 candidate substrates, while activation of endogenous caspase-1 with pro- 

inflammatory stimuli allowed detection of only 11 substrates. Therefore, due 

caution should be applied when interpreting the results of in vitro proteolysis 

screens.

In the first chapter of this work, we set out to explore whether Bid is a caspase-1 

substrate. The possibility that the major pro-inflammatory caspase processes a 

key mediator of the apoptotic pathway is very exciting, suggesting that under 

certain conditions caspase-1 is capable of initiating a cell death programme. 

Alternatively, these data implies that Bid is a potential regulator of the 

inflammatory responses, which is another exciting possibility. Indeed, recent work
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by Yeretssian and colleagues implicated Bid in NOD receptor signalling, while 

several earlier studies demonstrated that Bid-deficient mice are resistant to septic 

shock (Yeretssian et al., 2011, Zhao et al., 2001, Chung et al., 2010). Moreover, 

Bid was shown to be secreted by human monocytic cells in a caspase-1- 

dependent manner upon stimulation with inflammatory stimuli (Keller et al., 2008). 

However, we were not able to confirm cleavage of endogenous Bid under 

inflammatory conditions, although recombinant caspase-1 efficiently processed 

Bid in vitro , once again underscoring the importance of verifying candidate 

substrates in the endogenous setting.

Despite the absence of Bid proteolysis in THP-1 cell-free extracts, we cannot rule 

out the possibility that endogenous Bid is cleaved under certain inflammatory 

conditions. In support of our observation, induction of neuronal cell death in a 

cerebral ischemia model was shown to be accompanied by caspase-1-dependent 

Bid processing (Zhang et al., 2003). Furthermore, cleavage of caspase-7 and 

GAPDH by caspase-1 was demonstrated predominantly upon infection of 

macrophages with S.typhimurium and accompanied by caspase-1-dependent 

pyroptosis, suggesting excessive activation of caspase-1 (Shao et al., 2007, 

Lamkanfi et al., 2008). It is worth noting that, similarly to Bid, we also failed to 

detect the cleavage of caspase-7 in THP-1 cell-free extracts under inflammatory 

conditions, although cleavage and activation by recombinant caspase-1 was 

readily observed (Walsh et al., 2011, data not shown). Importantly, recent work in 

our laboratory established that the specifity of caspase-1 is restricted by the 

abundance of the active form in the cell (Walsh et al., 2011). Indeed, caspase-1 

exhibited a concentration-dependent promiscuity towards a range of synthetic and 

endogenous substrates, but the protease was rapidly inactivated in monocytic cell
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lysates (Walsh et al., 2011). Thus, it is worth examining Bid cleavage in conditions, 

such as bacterial infection, where caspase-1 is efficiently maintained in its active 

state.

Alternatively, cleavage of endogenous Bid might be affected by post-translational 

modifications. For example, casein kinases have been previously reported to 

phosphorylate Bid in the vicinity of the caspase cleavage site, which was shown to 

prevent cleavage of this protein by caspase-3 or caspase-8, while treatment with 

phosphatases resulted in the increased processing of endogenous Bid by both 

caspases (Desagher et al., 2001, Degli Eposti et al., 2003). Thus, further studies 

are still required to address definitively the question of Bid processing by caspase- 

1.

6.2 Granzyme B is a pro-inflammatory protease

Granule proteases of neutrophils, mast cells, and cytotoxic lymphocytes belong to 

a large family of serine proteases that play a major function in the immune and 

inflammatory responses, with neutrophil and mast cell proteases participating in 

the removal of pathogens, regulation of cytokine activity, extracellular matrix 

remodelling and blood coagulation (Heutinck et al., 2010).

In contrast, the primary function of granzymes was for a long time considered to 

be the killing of virus-infected or tumour cells via inducing target cells to undergo 

apoptosis. In this way, granzymes differ from other serine proteases, which to a 

certain extent share similar substrates and functions. However, the accumulating 

evidence suggests that granzymes also have a range of non-cytotoxic functions
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(reviewed in Afonina et al., 2010). In fact, granzymes A and K were shown to lack 

cytolytic potential when used at physiological concentrations (Metkar et al., 2008, 

Joeckel et al., 2011). Moreover, similar to other members of the serine protease 

family, granzymes have been implicated in cleaving extracellular matrix proteins, 

cytokines, blood coagulation factors and cell surface receptors (reviewed in 

Afonina et al., 2010), suggesting that granule proteases generally share their 

substrate preferences and perform broadly similar functions. In this work, we 

demonstrated that neutrophil and mast cell proteases, and, in particular, the 

CTL/NK protease, granzyme B, process the major pro-inflammatory cytokine IL- 

1a. Considering these similarities, it would be tempting to look for novel granzyme 

substrates among the already identified substrates of other granule serine 

proteases.

Proteases belonging to the caspase family also participate in the processing of 

cytokines. Accordingly, the enzymes of this family are broadly divided into two 

groups based on their functions: apoptotic and inflammatory. Similarly to serine 

proteases, the functions of these two groups and the respective choice of 

substrates were considered to be non-overlapping. However, apoptotic caspases 

were demonstrated to attenuate the inflammatory response by cleaving and 

inactivating pro-inflammatory cytokine IL-33 (Luthi et al., 2009, Cayrol and Girard, 

2009, AN et al., 2010). Another example comes from the work of Kazama and 

colleagues, who reported caspase-dependent regulation of the oxidation status 

and the resultant neutralisation of the danger signal HMGB1 (Kazama et al., 

2008). Notably, in both cases apoptotic caspases act to dampen inflammatory 

response, assuring ’clean’ and ’quiet’ removal of the apoptotic cell.
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However, in this work, we extensively demonstrated that cleavage of IL-1a by 

granzyme B, also an apoptotic protease, resulted in a dramatic increase in the 

bioactivity of this cytokine in vitro and in vivo. Moreover, we also showed that 

adjuvant activity of full-length IL-1a was markedly reduced in granzyme B-deficient 

mice, which is in agreement with the report of Metkar and colleagues, who 

observed increased resistance to LPS-induced endotoxic shock in granzyme B 

knockout mice when compared to wild type mice (Metkar et al., 2008). We, thus, 

postulate that, in contrast to apoptotic caspases, granzyme B is a protease with a 

dual nature and plays an important role in both inflammatory and apoptotic 

processes.

A number of studies support our hypothesis. First, several groups reported 

processing of cytokines by the members of the granzyme family, although the 

physiological relevance of these proteolytic events is not fully elucidated (Irmler et 

al., 1995, Omoto et al., 2010). Secondly, granzymes have been detected 

extracellularly in a range of inflammatory conditions (Spaeny-Dekking et al., 1998, 

Tak et al., 1999, Lauw et al., 2000, Bratke et al., 2004), while CTLs and NK cells 

have been shown to constitutively release granzymes in the absence of antigen 

stimulation (Prakash et al., 2009). Moreover, CTLs and NK cells have been 

reported to secrete granzymes upon stimulation with pro-inflammatory stimuli, 

such as bacteria, endotoxin, cytokines and chemokines (reviewed in Buzza and 

Bird, 2006).

Finally, a number of non-cytotoxic immune cells also express and secrete 

granzyme B, often in the absence of perforin secretion (reviewed in Afonina et al., 

2010). Although, in several cases, cytotoxic potential was ascribed to pro- 

inflammatory cells secreting granzyme B (Tschopp et al., 2006, Hernandez-Pigeon
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et al., 2006, Freishtat et al., 2009), extremely high effector-to-target ratios were 

used in the aforementioned studies and, therefore, the validity of the cytotoxicity in 

a physiological setting is doubtful. Instead, the data suggest that secreted 

granzyme B performs a distinct role upon secretion from pro-inflammatory cells. 

We propose that granzyme B is released into the extracellular space by non- 

cytotoxic cells and regulates the immune response via proteolytic processing and 

activation of cytokines, such as IL-1a and IL-18. It would be interesting to 

investigate whether other granzymes also process pro-inflammatory cytokines, 

which would extrapolate our findings to the whole granzyme family.

Alternatively, granzyme B-mediated processing of IL-1a might affect secretion and 

localisation of this cytokine. Interestingly, a recent study reported that, unlike 

necrotic cells, apoptotic cells retained IL-1a in the nucleus, tightly bound to 

chromatin (Cohen et al., 2010). Therefore, by removing the NLS, granzyme B- 

mediated cleavage of IL-1a could override the nuclear retention of the latter and 

facilitate its secretion from the dying cell. In support of this idea, our preliminary 

experiments showed that overexpression of full-length IL-1a in HeLa cells resulted 

in the predominantly nuclear localisation of the protein, while truncated 

which mimicks the granzyme B cleavage fragment, was mostly cytoplasmic (data 

not shown). Furthermore, Flogquist and colleagues have previously demonstrated 

secretion of IL-1a during CTL-mediated killing (Flogquist et al., 1991). Thus, it 

would be interesting to further investigate cellular distribution of IL-1a during 

CTL/NK-mediated killing and explore whether granzyme B-mediated cleavage 

facilitates the secretion of IL-1a by apoptotic cells.
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6.3 Cleavage-induced conformational change of IL-1a

Strikingly, all IL-1a proteolysis events described in this work take place within 

close proximity to each other (amino acids 100-120) (Figure 6.1). Apparently, 

cleavage within this region enables the re-orientation of the two halves of the 

protein, which affects the biological activity of IL-1a. Therefore, we propose that 

the N-terminal half of IL-1a (and possibly IL-1(B) acts as a sensor of inflammation 

and allows the protein to undergo a bioactivity switch from a basal to a hyperactive 

state. Thus, similar to IL-1(3, the biological activity of IL-1a is also regulated via 

limited proteolysis.

Notably, as IL-ip is processed by a variety of proteases within a similar restricted 

space (Hazuda et al., 1990), one would suspect that IL-ip undergoes a similar 

conformational change as a result of the proteolysis by caspase-1 and other 

inflammatory proteases. Indeed, it would be very interesting to see the crystal 

structures of the full-length and cleaved forms of IL-1 proteins, allowing us to 

analyse how proteolysis changes the structure of the protein. However, only the 

crystal structures of mature IL-1a/IL-ip have been published to date (Priestle et 

al., 1988, Graves et al., 1990).

It is unlikely that singular cleavage events would result in the absolute removal of a 

portion of the protein. Accordingly, our preliminary experiments suggest that upon 

proteolysis, the two fragments of IL-1 a stay together (data not shown), confirming 

that cleavage results in a shift in the protein conformation.
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6.4 IL-1a cleavage in vivo

There are a number of scenarios where IL-1a may encounter granzyme B in vivo. 

First of all, as we demonstrated here, granzyme B may process intracellular IL- 

1a during CTL/NK-mediated killing. Alternatively, we also showed that granzyme 

B is capable of processing IL-1a in the extracellular space.

How does granzyme B end up in the extracellular millieu? In this work, we 

demonstrated that during NK-mediated killing, granzyme B escaped the 

immunological synapse and was capable of processing extracellular IL-1a. 

Notably, a number of studies report that cytotoxic cells actively secrete granzymes 

into the extracellular millieu either constitutively or upon stimulation with pro- 

inflammatory stimuli (Prakash et al., 2009; Spaeny-Dekking et al., 1998). Finally, 

various non-cytotoxic, pro-inflammatory cells express and secrete granzyme B, 

thus serving as an additional source of extracellular granzyme B (reviewed in 

Afonina et al., 2010).

Importantly, we have also found that neutrophil- and mast cell-derived granule 

proteases also process IL-1a and demonstrated robust IL-la-processing activity in 

BALF samples from patients with cystic fibrosis and bronchiectasis. Interestingly, 

Pseudomonas aeruginosa, the most common respiratory pathogen in the cystic 

fibrosis lung have been reported to upregulate IL-1a and IL-1(3 production in mast 

cells. This, in turn, facilitated neutrophil transendothelial migration (Lin et al., 

2002), thus providing a scenario where neutrophil/mast cell-derived proteases 

encounter IL-1a in vivo.

Mast cells have also been implicated in arthritis via the production of IL-1 upon 

their activation in the arthritic joint (Nigrovic et al., 2007). Additionally, mast cells
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express and secrete granzyme B upon activation (Strik et al., 2007), suggesting 

that bioactivity of IL-1a, secreted by mast cells, could be enhanced through the 

cleavage by proteases simultaneously released by the same cells.

IL-1 is an important mediator of rheumatoid arthritis playing a major role in 

cartilage destruction and bone erosion (Abramson and Amin, 2002). Blocking the 

effects of IL-1 was shown to reduce joint destruction in mice with collagen-induced 

arthritis (Joosten et al., 1999). Notably, the levels of granzyme B are elevated in 

the plasma and synovial fluid of patients with rheumatoid arthritis (Tak et al., 

1999). Furthermore, macrophages were shown to express granzyme B in the 

lesion areas of atherosclerosis and rheumatoid arthritis (Kim et al., 2007).

Granzyme B has already been proposed to play a part in the tissue destruction in 

rheumatoid arthritis and other inflammatory conditions via its extracellular matrix 

remodelling ability. Based on the data presented in this work, we hypothesise that 

granzyme B might also contribute to the progression of inflammatory diseases 

through proteolytic processing and activation of IL-1 a. In support of this, we 

demonstrated that granzyme B-uncleavable IL-1 a mutant exhibited diminished 

activity in vivo as compared to the wild type protein. Additionally, IL-1 a elicited a 

significantly weaker immune response in granzyme B-deficient mice, suggesting 

that endogenous granzyme B contributes to IL-1 a processing in vivo.

IL-1 a is rarely found in body fluids, only in cases of severe inflammation. However, 

necrotic cells have been shown to release full-length IL-1 a, which mediated the 

neutrophil-dominated sterile inflammatory response (Hogquist et al, 1991, Chen et 

al., 2007; Eigenbrod et al., 2008), implying that IL-1a is capable of acting as a 

danger signal and alert the immune system to the potential danger. Importantly,
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we showed here that inflammatory proteases capable of processing IL-1awere 

also secreted into extracellular space during neutrophil-driven inflammatory 

conditions and could potentially further amplify the immune response via 

enhancing the bioactivity of IL-1a. Figure 6.2 schematically represents a number 

of cells secreting IL-1a and/or the proteases with IL-1a-processing ability.

Can inhibitors of granzyme B, calpain or other extracellular proteases have a 

therapeutic effect? A study by Yoshifuji and colleagues examined the biological 

effects of calpain-inhibitory compounds in a mouse model of experimental arthritis 

(Yoshifuji et al., 2005). The authors demonstrated that a high dose of the 

membrane-permeable cysteine proteinase inhibitor, E64d, was able to alleviate 

the clinical symptoms of experimental arthritis. Importantly, E64d inhibited the 

production of mature IL-1a in the fibroblast-like synovial cell line in vitro (Yoshifuji 

et al., 2005), which suggests that suppressing the conversion of full-length IL-1a to 

a more active mature form may enable specific protease inhibitors to ameliorate 

the progression of inflammatory diseases. Thus, granzyme B inhibitors may prove 

to be useful therapeutic agents in the fight against IL-1-dependent inflammatory 

conditions.

6.5 Conclusions

The data in this thesis support the following conclusions:

1. Bid is an in vitro caspase-1 substrate

2. IL-1a is a novel granzyme B substrate both in vitro and in vivo

3. Granzyme B processes IL-1 a both intra- and extracellularly
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4. IL-1a is processed by other neutrophil and mast cell granule proteases

5. Proteolysis of IL-1a by the proteases, described in this work, increases the 

bioactivity of this cytokine 3-8 fold
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