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Abstract

Granzyme B (GzmB) is a serine protease that contributes to immune-mediated elimination of
cells by initiating a tightly-regulated form of death known as apoptosis. However, during
inflammation, GzmB leaks out and accumulates in the extracellular space, retains its activity,
and proficiently cleaves extracellular matrix (ECM) proteins. | therefore hypothesized that
extracellular GzmB is capable of cleaving novel ECM substrates, contributing to dysregulated
ECM integrity and function in disease. In the present dissertation | identified eleven novel
extracellular GzmB substrates. Further investigations revealed that GzmB-mediated
proteoglycan cleavage was implicated in the dysregulation of active transforming growth factor-
beta (TGF-B) sequestration and bioavailability. GzmB cleavage sites were identified in biglycan
and betaglycan and active TGF-B was shown to be released from decorin, biglycan and
betaglycan. The pathophysiological role of my findings were further investigated and validated
using animal models of disesase in which inflammation and elevated GzmB are observed.
Evidence of fibrillin-1 and decorin cleavage were observed in atherosclerosis, abdominal aortic
aneurysm and in skin aging pathogenesis. | also assessed the activity of GzmB in advanced
atherosclerosis using perforin/apolipoprotein E- double knockout (Perf/apoE-DKO) and
granzyme B/apolipoprotein E-double knockout (GzmB/apoE-DKO) mice. Interestingly, unlike
our aneurysm findings whereby only GzmB/apoE-DKO mice were protected, both Perf/apoE-
DKO and GzmB/apoE-DKO mice were protected from atherosclerosis compared to apoE-KO
controls, suggesting the intracellular Perf-dependent activities of granzymes are also important
in the pathogenesis of atherosclerosis. In summary, GzmB is a protease that functions both
intracellularly and extracellularly in disease. My findings suggest that the use of Perf knockout

mice alone to study the role of GzmB in disease should be re-evaluated given the increasing



iii
evidence in both animal models and in human disease showing elevated GzmB in bodily fluids

is associated with inflammation and age.
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Figures and text from chapter 1 were published in the review manuscript “Intracellular
versus Extracellular Granzyme B in Immunity and Disease: Challenging the Dogma.” Boivin
WA, Cooper DM, Hiebert PR, Granville DJ Lab Invest. 2009 Nov;89(11):1195-220. Figures 1-
3 and 5 were drawn by Paul Hiebert.

Chapter 5 contains content from the manuscript entitled, “Granzyme B Cleaves Decorin,
Biglycan and Soluble Betaglycan, Releasing Active Transforming Growth Factor-f1”, by
Boivin WA, Shackleford M, Vanden Hoek A, Zhao H, Hackett TL, Knight DA, and Granville
DJ and is currently in press in PLoS One.

Chapter 6 contains a figure from “Granzyme B contributes to extracellular matrix
remodeling and skin aging in apolipoprotein E knockout mice.” Hiebert PR, Boivin WA,
Abraham T, Pazooki S, Zhao H, Granville DJ. (2011) Exp Gerontol,46(6):489-99 and a figure
from “Perforin-independent extracellular granzyme B activity contributes to abdominal aortic
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1. Introduction
1.1 The Granzymes

The Granzymes (Gr) are a family of serine proteases that were originally predicted to
function as intracellular and extracellular proteases [1]. There are 5 granzymes in humans (A, B,
H, Kand M) and 11 in mice (A, B, C, D, E, F, G, K, L, M and N) of which Granzyme A (GzmA)
and Granzyme B (GzmB) are the most extensively studied. The other granzymes are often
referred to as the orphan granzymes, as until recently, very little was known regarding their
function. The granzymes are closely structurally related to chymotrypsin and all contain a
conserved triad of residues in their active site (histidine, aspartic acid and serine), consensus
sequences at their N-termini and conserved disulphide bridges [1, 2]. All granzyme transcripts
are similarly organized and composed of 5 exons [1]. Both the human and mouse granzymes
map to 3 corresponding loci: in humans the ‘tryptase’ locus is at 5911-g12 for GzmA and GzmK,
the ‘chymase’ locus is at 14q11-g12 for GzmB and GzmH and the ‘met-ase’ locus is at 19p13.3
for GzmM [2]. The tryptase subfamily has tryptase-like specificity, the chymase subfamily
exhibits chymotrypsin-like specificity and the met-ase family has elastase-like specificity.
Sequence homology across the subfamilies is about ~40%, homology within subfamilies is 55-

70%, while human, rat and mouse GzmB are about 70% identical [1].

1.2 Granzyme B

GzmB, a 32 kDa aspartase, was discovered in the mid-1980’s and described as a
protease in the cytotoxic granules of cytotoxic lymphocytes (CLs), namely cytotoxic T
lymphocytes (CTLs) and natural killer (NK) cells [3-6]. GzmB can also be expressed in other
immune cell types such as mast cells [7], macrophages [8], neutrophils [9], basophils [10],
dendritic cells [11], CD4+ T cells [12] and CD4+CD25+ T-regulatory cells [13] and by non-

immune cells including chondrocytes [14], keratinocytes [15], smooth muscle cells (SMC) [16],
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type 1l pneumocytes [17], Sertoli cells [18], primary spermatocytes [18], granulose cells [19]

and syncytial trophoblasts [18]. GzmB has a cleavage preference for P1 residues of aspartic acid
in substrates, which interacts with an arginine residue on the side of the GzmB active site [20].
The GzmB gene is located on chromosome 14 and is ~3500 bp long [21]. The promoter
region has binding sites for activating transcription factor/cyclic AMP-responsive element-
binding protein-1, activator protein-1, ikaros and core-binding factor and mutations to any of the
binding sites prevents GzmB expression [22-25]. Cytotoxic lymphocytes often express GzmB
constitutively, but further transcription can be initiated upon cell activation [24, 26]. GzmB is
tagged with mannose-6-phosphate for trafficking to granules through the mannose-6-phosphate
receptor [27] and the inactive zymogen GzmB is activated en route or in cytotoxic granules by
removal of the pro-peptide by cathepsin C [28, 29]. Within granules GzmB is stored on
scaffolds of serglycin, a chondroitin sulphate proteoglycan and is rendered inactive due to the

low pH of granules [30-33].

1.3 Perforin

Perforin (Perf) is a 66 kDa cytolytic protein identified in the mid-1980s [34, 35]. It is a
calcium-dependant protein that has homology to components of complement. Perf is localized
on serglycin in the cytotoxic granules of cytotoxic lymphocytes where it is rendered inactive due
to the low pH of granules. Perf expression is IL-2-dependent in CTLs and constitutive in NK
cells [36]. It polymerizes to form pores in membranes to facilitate the transfer of GzmB into the
cytosol of target cells for the induction of apoptosis (further discussed in the GzmB in apoptosis
section). At concentrations below a target cell-dependent threshold (<62ng/ml for U937 cells),
Perf won’t deliver granzymes but at concentrations above threshold it can independently cause
necrosis (500-1000ng/ml for U937 cells) [37]. In humans, nonsense or missense mutations in

the Perf gene causes familial hemophagocytic lymphohistocytosis (FHL). FHL is characterized
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by improper clearance of antigen-presenting cells by CTLs, resulting in uncontrolled expansion

of T-cells and macrophages [38]. Perf is required for the internalization of granzymes into target
cell cytosol but not necessary for extracellular granzyme activity. Thus intracellular granzyme

activity is Perf-dependent but extracellular activity is Perf-independent.

1.4 GzmB in Apoptosis

Apoptosis or programmed cell death is a tightly-regulated means by which cell death is
induced in the body to discretely remove unwanted cells, without provoking the pro-
inflammatory response. There are 2 main cytotoxic pathways by which cytotoxic lymphocytes
induce cell death, the receptor-mediated pathway involving TNF ligands (eg. FasL, TRAIL) and
the granule-mediated pathway involving the granzymes. Upon target cell engagement, granule
contents are released into the immunological synapse, the space between the cytotoxic cell and
target cell. Granzymes then enter target cells in a Perf-dependent manner. The mechanism by
which Perf mediates GzmB entry into target cells remains under debate. Early models suggested
GzmB enters through pores created by Perf in the plasma membrane, although it became
apparent GzmB could be endocytosed independent of Perf [39-42]. More recent models suggest
the mannose-6-phosphate receptor is involved in the uptake of GzmB into endosomes where it
enters target cell cytosol with the aid of Perf [43]. Another model suggests that GzmB-serglycin
complexes can enter the cytosol through the cell surface receptor heparin sulphate, without the
formation of Perf pores [31, 33, 43-45]. Finally other cell surface molecules such as heat shock
protein-70 may also promote GzmB entry [46].

Once inside the target cell, GzmB can act on several cytosolic and nuclear substrates,
ultimately inducing apoptosis (Figure 1) [47]. GzmB can cleave and subsequently activate
several caspases such as caspase 3, 7 and 9 [48-50] leading to the processing of several other

cellular substrates such as the sensor for DNA damage poly(ADP ribose) polymerase and
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nuclear lamins, ultimately resulting in a loss of integrity of the nuclear membrane [51]. The

BH3-only protein Bid is also a substrate for GzmB, whereby the truncated form gtBid
translocates to the mitochondrial membrane and disrupts its integrity leading to the release of
cytochrome C and other factors [52, 53]. Cytochrome C release results in the formation of the
apoptosome composed of cytochrome C, dATP, apaf-1 and procaspase-9 which activates
caspase 9, then subsequently caspases 3 and 7. In addition, GzmB can degrade other

intracellular targets including o-tubulin [54], HIP [55, 56] and Hop [57].
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Figure 1. Classical GzmB/perf-mediated Apoptosis Pathway

GzmB internalization is facilitated by Perf. Upon internalization, GzmB initiates apoptosis
primarily through the cleavage of Bid into a truncated form (gtBid) that triggers mitochondrial
cytochrome c release and apoptosome formation leading to caspase activation and manifestation
of the apoptosis phenotype. GzmB can also bypass the mitochondrial pathway and initiate
caspase activation directly and/or cleave caspase substrates such as the inhibitor of caspase
activated deoxyribonuclease (ICAD) thereby allowing CAD to translocate to the nucleus to
fragment DNA. GzmB also cleaves the nuclear membrane protein lamin B, resulting in a loss of
integrity of the nuclear membrane. Reproduced with permission from Laboratory Investigation
[58]



1.5 GzmB Inhibition in vivo

The only known endogeneous inhibitor of GzmB in vivo is proteinase inhibitor-9 (PI-9),
which is expressed by immune cells as protection against accidental GzmB leakage into the
cytosol [59, 60]. Non-immune cells such as endothelial cells and vascular smooth muscle cells
can also express the inhibitor to prevent targeted cytotoxicity [61, 62]. In mice, serine protease
inhibitor-6 regulates GzmB activity similarly to PI-9 in humans. A second inhibitor, Serpina3n
was also recently discovered in mouse Sertoli cells and is expressed in the brain, testis, lung,

thymus and spleen [36, 63, 64].

1.6 Extracellular Matrix

The extracellular matrix (ECM) is a fundamental component of tissue, providing a
structural framework for stability, organization and elasticity. It also provides an essential
scaffold for cell survival, acts as a molecular filter, and influences cell signaling and phenotype.
In particular relevance to this thesis, the ECM acts as a reservoir for growth factors and
cytokines by influencing their storage, location, concentration, activation, synthesis and
degradation [65]. Extracellular proteases such as the MMPs act in regulating growth factor
bioavailability by cleaving ECM and releasing sequestered cytokines, as well as by activating
latent growth factors [65, 66]. One such family of growth factors is TGF-, which is involved in
numerous processes including differentiation, migration and ECM synthesis [67, 68]. TGF- is
normally secreted as a latent protein but both the active and inactive forms of TGF-§ are bound
and sequestered by ECM, albeit by different mechanisms. For example, fibrillin-1 sequesters
inactive TGF-B by interacting with the latent TGF- binding protein (LTBP) while active TGF-f3
can bind directly to the ECM proteoglycans (PGs) decorin, biglycan and soluble betaglycan [65,

69-71].



1.6.1 Fibrillin-1

Fibrillin-1 is synthesized as a dimer, linked with disulphide bonds. It is the major
structural constituent of microfibrils, either elastin associated or non-elastin associated.
Microfibrils act as a scaffolding to support elastin and is critical for tissue extensibility and
elasticity. Fibrillin-1 binds to latent transforming growth factor-B-binding proteins (LTBP) 1, 2,
and 4 [72, 73], microfibril-associated glycoprotein 1 and 2 [74, 75], fibulins [76], bone

morphogenetic protein 2, 4, 7, and 10 [77], and growth and differentiation factor 5

[77]. Microfibrils are involved in transforming growth factor-f (TGF-B) bioavailability,

sequestering the inactive growth factor through the LTBP proteins. Mutations in the fibrillin-1
gene causes Marfans Syndrome, a connective tissue disorder characterized by defects in the eyes,
cardiovascular system (ascending aortic aneurysm, heart valve defects), nervous system, skin

and skeleton .

1.6.2 Decorin

Decorin is a 40 kDa small leucine rich proteoglycan, with one GAG chain composed of
either chondroitin sulphate (CS) or dermatan sulphate (DS). The structure of decorin is
horseshoe or arched in tertiary shape, which provides sites for interactions as a dimer or as a
monomer complexed to other proteins. It is a small pericellular PG, similar in structure to
biglycan and interacting with collagen [78], epidermal growth factor receptor [79], fibronectin
[80, 81], thrombospondin [82] and tropoelastin [83]. Decorin also interacts with growth factors
such as TGF-B [84], fibroblast growth factor-2 [85], tumor necrosis factor-a. [86], platelet
derived growth factor [87], and insulin-like growth factor-1 [88]. It is involved in ECM
assembly, composition and turnover and plays a role in collagen fibrillogenesis and spacing by

binding to collagen type | [89]. Decorin allows the matrix to resist physical stress and regulates
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intrafibrillar distances of collagen fibres. Decorin is cleaved by matrix metalloproteinases 2, 3

and 7. [66] and has been implicated in cellular processes such as cell adhesion [81], migration
[90], proliferation [91, 92], cell survival and inhibition of apoptosis [93]. Disruption of the
decorin gene in mice causes abnormal collagen fibril morphology and skin fragility [94] and
decorin production and expression is altered during wound healing and scar formation [95, 96].
A catabolic fragment known as decorunt is found in the skin with increasing age, however the

protease that cleaves the fragment remains to be identified [97].

1.7 Extracellular GzmB Activity

Until recently, GzmB was largely studied intracellularly, specifically in the context of
apoptosis. However, the granzymes were originally identified as both intracellular and
extracellular proteases and over the past few years, increased research has focused on
extracellular GzmB activity [98-102]. Several groups have reported that GzmB is present in the
ECM of tissue and can be found extracellularly in bodily fluids (Table 2) [100, 103, 104].
Several novel extracellular substrates for GzmB have been identified. Potential implications of
ECM cleavage have been described, and extracellular GzmB activity has been linked to arthritis,
vascular pathologies, and other diseases. While cell types such as keratinocytes, chondrocytes
and neutrophils are capable of expressing both GzmB and peforin simultaneously, other cell
types such as mast cells and basophils express GzmB in the absence of Perf and GzmA
suggesting GzmB may act exclusively extracellularly in these cells [9, 10, 15, 105-107].
Differntial expression of GzmB from Perf and GzmA in mast cells and basophils is probably
due to the GzmB gene localization to a cluster of genes along with mast cell proteases (separate
from the Perf and GzmA genes). As a result GzmB can be expressed by myeloid cells (dendritic
cells, granulocytes) and others upon activation, independently of Perf [10, 11, 108]. In addition,

several of these cell types such as keratinocytes and chondrocytes are unable to form
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immunological synapses, suggesting these cell types are incapable of inducing target cell-

induced apoptosis.

GzmB is released from cytotoxic granules upon target cell recognition. Upon reaching
the neutral pH of the extracellular environment, GzmB is instantly active and can readily cleave
susceptible extracellular substrates at a P1 residue of aspartic acid or glutamic acid. Unlike its
intracellular pathway which is Perf-dependent, GzmB does not require Perf to act extracellularly.
The stimuli involved in GzmB release have not been fully elucidated; however several
mechanisms have been described to date. GzmB may leak into the ECM from the
immunological synapse during target cell engagement, it may be released non-specifically upon
TCR signaling or after prolonged IL-2 stimulation and it is likely released after other currently
unidentified stimuli [109, 110]. Recently, Prakash et al found that GzmB is constitutively
released from CTLs and NK cells in vivo and that GzmB release can be independent of target
cell engagement [111]. GzmB is released in both active and inactive forms, suggesting there
may be an extracellular GzmB activator for the zymogen form of the enzyme [111]. The pro-
form of GzmB may be regulated outside of cells in a process similar to the extracellular
regulation of other ECM proteases, such as the pro-forms of matrix metalloproteases (MMP),
although this has yet to be defined. Besides NK cells and CTLs, other immune and non-immune
cell types also express and secrete GzmB, however the stimuli and signaling pathways
regulating GzmB release is largely unknown in these cell types.

GzmB is present in the plasma of healthy individuals with median levels of
approximately 20 to 40 pg/ml reported in the literature [100, 104]. Serum levels of GzmB are
elevated in several diseases such as human immunodeficiency virus-1 infection, Epstein Barr
virus infection, arthritis and others (Table 1) [100, 103, 104]. Apart from the potential blood

clotting implications that will be described later, it is worth noting that although circulating



10
GzmB may be useful as a biomarker for several diseases, it may not have a large impact on

disease progression and may be present in the serum due to leakage from tissues where it is
more abundant. In diseased tissues, particularly in areas of inflammation, extracellular granzyme
concentration would be expected to be much higher than that of the blood. In such focal areas,
GzmB may exert its greatest impact due to the abundance of ECM substrates and the associated
network of susceptible cells in tissue. In addition to plasma, GzmB is also present in the
synovial fluid (SF) of rheumatoid arthritis patients [104], the cerebrospinal fluid (CSF) of
multiple sclerosis [112] and Rasmussen encephalitis patients [113], as well as the
bronchoalveolar lavage (BAL) in the inflamed lung [114] and atopic asthma [115] (Table 2) .
Although the GzmB inhibitor PI1-9 is present in normal human plasma, GzmB retains 70% of its
activity in the plasma, suggesting PI-9 does not efficiently inhibit GzmB activity in the blood
[116, 117]. There is a lack of evidence for an endogenous extracellular GzmB inhibitor that is
physiologically effective, thus its extracellular activity may be largely unregulated in contrast to
other ECM proteases such as MMPs, which are tightly regulated by the tissue inhibitors of
metalloproteases (TIMPs). In support of this the major protease inhibitors in the
bronchoalveolar lavage do not inhibit GzmB [114]. This lack of extracellular regulation of
GzmB activity may have important implications with respect to a potential degradative role for

GzmB in disease.



Table 1: Extracellular GzmB Substrates

Substrates identified in my studies are italicized.
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Protein Implications References

Proteoglycans

Aggrecan Disruption of structural integrity in cartilage [118]

Cartilage . . . _— .
Disruption of structural integrity in cartilage 118

proteoglycans P grty g [118]

Decorin Release of active TGF-B. Degradation results in a loss in collagen
density, tight bundle formation and tensile strength.

Biglycan Release of active TGF-p

Betaglycan Release of active TGF-$

Fibromodulin Potential implications in collagen spacing and TGF-f bioavailability

Brevican Potential role in neurite growth and synapse stabilization

Syndecan Potential role in wound healing

Blood

proteins/clotting

Von Willebrand | GzmB  cleavage site in domain of platelet interaction, [119]

factor prevention/delay of thrombosis

_ I ol - o which i — o Imolications

Plasminogen C ef.alvage y!e ds angiostatin which is anti-angiogenic. Implications in [120]
angiogenesis

Plasmin As_plasmu_w is pro-angiogenic, cleavage results in reduction of [120]
angiogenesis.

Cell receptors

Neuronal glutamate | GzmB cleaves the non-glycosylated form of the receptor into an [121]

receptor autoantigenic fragment

Acetylcholine Cleavage results in a reduction of the receptor in neuromuscular [122]

receptor junctions and yields an autoantigenic fragment

Other ECM

components

_ _ B cl in implications in cell

Vitronectin Gzm . c ea\{age _SIte in mteg.]rl.n binding domain, implications in ce [123]
adhesion, migration and anoikis

Fibronectin Cell adhesion, migration and anoikis [123, 124]
Matrix form of fibrinogen is cleaved. The uncleaved protein

Fibrinogen responsible for platelet adhesion and thrombus growth. Cleavage | [119]
results in anti-thrombosis implications

Laminin Cell adhesion, anoikis [123]

h | Il . L
Smooth muscle ce Cell adhesion, anoikis [124]

matrix

Fibrillin-1

May contribute to medial disruption in abdominal aortic aneurysm,
disruption of microfibril component of elastin
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Protein Implications References
Fibrillin-2 Potential disruption of the microfibril component of elastin

Fibulin-2 Potential disruption of the microfibril component of elastin

Thrombospondin-1 Potential disruption of cell-matrix interactions

Thrombospondin-2 Potential disruption of adhesion and migration

Cyotkines

Interleukin 1o GzmB processes full length IL-1a into a fragment with enhanced [125]

biological activity.




Table 2: GzmB in Bodily Fluids
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Disease Bodily GzmB levels* Fold over control Ref
Fluid
Infection
Melioidosis Plasma Bacteremic melioidosis: 27.3 pg/mL (55.0— | Bacteremic melioidosis | [126]
571.3), Nonbacteremic melioidosis: 13.6 (5- | 1.4x  higher  than
628.9) pg/ml, Healthy controls: 19.3 (5.0- | healthy controls
24.8) pg/mL
Neisseria Plasma Fulminant septicaemia: 247 (140-2280) | Fulminant septicaemia | [127]
meningitidis pg/mL, 13.7x, Distinct
Distinct meningitis and septic shock: 265 | meningitis and septic
(90-341) pg/mL, distinct meningitis: 20 (9- | shock 14.7x  higher
36) pg/mL, controls: 18 (12-25) than controls
Plasmodium Plasma Uncomplicated Malaria: 42 (2-4132), | Uncomplicated malaria | [128]
Falciparum Severe Malaria: 69 (2-1980), controls 9 | 4.6x, severe malaria
Malaria (2-32) 7.6x  higher  than
controls
CMV infection Plasma 112 (38-363) pg/mL at peak, Control before | 3.7x higher  than | [129]
rejection treatment: 30 (1 to 80) pg/mL controls
CMV infection Serum Subclinical rejection: 40 (2-4453) pg/mL, | Subclinical 2.1x and | [117]
Acute rejection: 38 (3-1256) pg/mL, no | acute  rejection  2x
rejection controls: 19 (range, 5-1244) pg/mL | higher than controls
Musculo-
skeletal
Rheumatoid Plasma No increase in GzmB in RA patients. CMV | Control samples below | [130]
Arthritis  (RA), infection:  ~50U/mI-5000U/ml.  Dengue | detection limit
Dengue  fever, Fever: ~50U/ml-1000U/ml. 1u/ml ~ 1pg/mi
CMV infection
RA Plasma/ RA Plasma: 121 (7-6571) pg/mL, | RA plasma 15.1x | [103]
synovial inflammatory osteoarthritis (OA) plasma: 8 | higher than OA
fluid (SF) | (0-308), RA SF: 251 (33-44848) pg/mL, OA | plasma, RA SF 8.7x
SF: 29 (0-120) higher than OA SF
RA, EBV, HIV Plasma/ SF | RA Plasma: 20 (1-1918) pg/mL, RA SF: | RA plasma 1.7x, EBV | [104]
3183 (75-26538) pg/mL, EBV plasma: 60 | plasma 5.2x and HIV
(1-4000) pg/mL, HIV plasma: 20 (1-74) | plasma 1.7x higher
pg/mL healthy individuals plasma: 11.5 (1- | than healthy
130) pg/mL individuals
Pulmonary
Chronic allergic | Bronchoal | BAL: 1-348.1 pg/mL, control: 1.0-70.5 | No medians reported [115]
asthma veolar pg/mi
lavage
(BAL)
Hypersensitive BAL/ BAL: 10 pg/mL, control BAL: 0 pg/mL. No | Median  control: 0 | [114]
pneumonitis serum increase from controls in serum pg/mL
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Disease Bodily GzmB levels* Fold over control Ref

Fluid
Chronic BAL Exact values not reported. Highest level | Values not reported [131]
obstructive approaching 2000 pg/mL in current smokers
pulmonary with COPD
disease
Cardiovascular
Acute Plasma Day 1. 78+23, Day 7: 359168, Day 14: | 4.6x higher on day 7 | [132]
Myocardial 261+54pg/ml than day 1, 3.35x
Infarction higher on day 14 than

day 1
Carotid Plasma Echolucent plaque (unstable): 492.0 (0.7-— | No  control  value | [133]
atherosclerosis 956.4),  Echogenic/heterogenous plaque: | reported
143.8 (0.7-981.1) pg/mL

Neurological
Rasmussen’s Cerebral CSF: 10.8 £ 15.5 pg/mL, controls: | 9x higher than controls | [113]
encephalitis Spinal 1.2 £1.2 pg/ml

Fluid

(CSF)
Relapsing CSF/ CSF: ~3U/mL (1U/ml in controls). No | ~3x higher  than | [112]
Remitting plasma increase in plasma controls
Multiple

Sclerosis
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In addition to ECM proteolysis, GzmB can act on extracellular substrates involved in the

clotting cascade such as plasmin, plasminogen, von Willebrand Factor (VWF) and the matrix
form of fibrinogen [119, 120]. GzmB cleaves VWF in domains that are necessary for platelet
interaction and cleavage prevents platelet aggregation, spreading, tethering and adhesion to
VWF multimer [119]. Since GzmB has a high affinity for ECM binding, Buzza et al suggest it
would accumulate in areas of inflammation and prevent/delay thrombosis in these areas [119].
GzmB-dependent cleavage of plasmin and plasminogen has implications outside of clotting as
degradation of these proteins may also inhibit angiogenesis: the growth of new blood vessels
from pre-existing ones [120]. Plasmin is proangiogenic, releasing and activating growth factors
and proteases [134] and the cleavage of plasminogen and plasmin yield angiostatin fragments,
which are anti-angiogenic in nature [120].

GzmB is also capable of cleaving cartilage proteoglycans, and in particular, aggrecan.
GzmB cleaves aggrecan at a faster rate than that of stromelysin-1 and has implications in
cartilage degradation in and remodelling of interstitial ECM in rheumatoid arthritis (RA) [118].
A large number of synovial and tissue lymphocytes contain GzmB and GzmB is increased in the
synovial fluid of RA patients [103, 135-138]. GzmB+ cells are present in the invasive from of
the synovium suggesting GzmB may play a role in joint destruction in RA [137].

In terms of cleavage site identification, the site in vitronectin has been identified, along
with fibrinogen, von Willebrand factor, neuronal glutamate receptor, acetylcholine receptor and
IL-1a [119, 121-123, 125]. The cleavage site is in the RGD domain of vitronectin, an integrin
binding motif. GzmB-mediated cleavage of this domain disrupts cellular-vitronectin interactions
and influences cell adhesion and migration properties [123]. Integrin-RGD binding is key in
several extracellular processes such as cell migration, proliferation, differentiation and apoptosis

and cleavage of ECM proteins at this domain may influence cell adhesion to matrix. Small
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soluble RGD fragments can act as decoys and prevent cell adhesion. Apart from GzmB there is

no extracellular protease shown to cleave at the RGD domain or at a P1 residue of aspartic acid,
which yields potentially chemotactic fragments and may disrupt adhesion.

GzmB can cleave cell surface receptors such as the neuronal glutamate receptor, Notchl
and FGFR1 [121, 139]. The cleavage of these cell surface receptors may have implications in
cell signaling affecting tumor survival as well as autoantigen generation. Cleavage fragments of
receptors can also have physiological activities such as seen with the FGFR1 cleavage fragment,
which can activate pro-cell death functions as well as inactivate pro-growth signals facilitated

by FGFR1 in cancer [139].

1.8 Consequences of Extracellular Matrix Degradation by GzmB

GzmB-mediated ECM cleavage may contribute to disease not only through mechanical
damage, but also through other mechanisms (Figure 2). One consequence of ECM cleavage is
anoikis; a form of cell death similar to apoptosis that is caused by a loss of cell/matrix
interaction. Fibronectin, laminin and vitronectin are adhesive proteins that that are involved in
connecting cells to surrounding insoluble matrix. As all of these proteins are substrates for
GzmB, GzmB-mediated cleavage may induce anoikis in various cell types. Choy et al described
anoikis in cultured SMCs when treated with extracellular GzmB that cleaved fibronectin in the
matrix [124]. Choy et al also showed that approximately 30% of smooth muscle cell death
induced by cytotoxic lymphocytes was Perf-independent but GzmB-dependent, pointing
towards anoikis as the mechanism of cell death [124]. Buzza et al further investigated this by
seeding endothelial cells on pure fibronectin, laminin and vitronectin matrices and reported cell
detachment and death by anoikis [123]. Cleavage of fibronectin was further confirmed by
Hernandez-Pigeon et al (2007), who showed that keratinocytes can secrete GzmB that is capable

of cleaving fibronectin.
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GzmB-dependent cleavage of vitronectin and fibronectin can also inhibit cell motility

and migration [123]. UVA light stimulates keratinocyte motility, however GzmB expression is
induced by UV light and inhibits this process [140]. An area poorly understood is whether
GzmB-generated ECM fragments can elicit chemotactic activities. GzmB ECM cleavage
fragments could possess chemotactic properties, leading to the recruitment of immune cells and
promotion of inflammation [141]. Indeed fibronectin fragments can attract both neutrophils and
monocytes [141-144]. Fibronectin fragments also have other properties such as inducing MMP
expression by chondrocytes [144]. ECM fragments may also act as signaling molecules in
neighboring resident cells, as mentioned previously with the FGFR1 fragment [139]. As ECM
has affinity for and serves as a reservoir for many growth factors and cytokines, the disruption
of ECM by GzmB could also induce the release of these growth factors and influence

surrounding cells in an indirect manner.
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Figure 2. Putative Extracellular (Perf-independent) Roles for GzmB in Age-related
Chronic Inflammatory Disorders.

Extracellular GzmB accumulation has been observed in a number of diseases associated with
dysregulated inflammation and/or aging. GzmB has been shown to accumulate in the extracellular
milieu of tissues, blood, and other bodily fluids. GzmB retains its activity in the blood suggesting
that, unlike MMPs, cathepsins, and other extracellular proteases, extracellular mediators of GzmB
activity may be limited. GzmB can cleave proteins involved in structural integrity and wound
healing such as fibronectin. GzmB can also cleave proteins related to clotting (fibrinogen, vWH,
plasminogen). GzmB can induce detachment-mediated cell death (anoikis) via the cleavage of ECM.
Although not determined for granzymes, MMP-mediated fragments of fibronectin and elastin
exhibit chemotactic properties and may promote inflammation. Fragments may also exhibit
bioactive properties and augment the release of cytokines from the matrix. Granzymes may also play
a role in the cleavage of cell surface receptors as seen with Notchl and FGFR1. Reproduced with
permission from Laboratory Investigation [58] .
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1.9 Cytokine Activation and Release

GzmB has recently been shown to act as a molecular switch to potentiate the pro-
inflammatory activity of IL-1a [125]. Importantly, GzmB-mediated IL-1a processing occurred
both intracellularly and extracellularly and enhanced IL1a activity both in vitro and in vivo.
While absent in healthy patients, fragments with similar in size to GzmB-processed IL-1a were
found in bronchoalveolar lavage fluid (BAL) from patients with inflammatory lung conditions
such as cystic fibrosis, chronic obstructive pulmonary disease and bronchiectasis. Additionally,
when GzmB processed IL-1a was added to an antigen-driven model using ovalbumin there was
an increase in antibody responses and cytokine production, suggesting the processed IL-1a was
active in vivo [125].

GzmB can also activate prolL-18 into the same active fragment as converted by caspase-
1, the well-described, endogeneous converting enzyme [145]. Supernatants of CD8" T cells

(which were positive for GzmB and negative for caspase-1), activated prolL-18 in a process that

was inhibited by the GzmB inhibitor Z-AAD-CMK, confirming the activation can occur

extracellularly. GzmB-converted IL-18 is fully active and induces the same degree of IFN-y
production by KG-1 cells as that produced by caspase-1.

Finally, as described in chapter 5 of this dissertation, GzmB can also release active TGF-
B from the sequestering extracellular proteoglycans decorin, biglycan and betaglycan. The
released TGF-B is fully active and capable of inducing p-SMAD-3 signaling by human coronary

artery smooth muscle cells [146].

1.10 Other Granzymes
GzmA and the other granzymes are also expressed by immune cells and facilitate Perf-

dependent cell death as well as Perf-independent extracellular activities. GzmA has been
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extensively studied in the context of cell death, however, little is known regarding the pathways

for apoptosis induction of the other granzymes. GzmA, GzmK and GzmM have been implicated
in cytokine production and are present extracellularly in bodily fluids [103, 130, 147, 148].
GzmA also cleaves several receptors and extracellular matrix substrates. Our laboratory has also
demonstrated an extracellular role for GzmK in inflammation through the cleavage and
activation of protease-activated receptor-1 (PAR-1) [149]. An extracellular role for the other
granzymes has yet to be established.

Although there are no intracellular GzmA inhibitors identified, there are several
extracellular endogenous inhibitors of GzmA, namely a-2 macroglobulin, antithrombin 11l and
pancreatic secretory trypsin inhibitor (PSTI) [150-152]. When complexed to proteoglycans
(PGs), GzmA s resistant to inhibition by macroglobulin and antithrombin Il1 but not by PSTI
[150-152]. SERPINB4 has been identified as an intracellular inhibitor of GzmM, and
overexpression of the serpin inhibited NK-mediated cell death [153]. GzmM also cleaves PI-9,
suggesting it is a regulator of GzmB inhibition [154]. Extracellular GzmK is inhibited by inter-

alpha-trypsin inhibitor and free bikunin in the plasma [155]

1.10.1 Granzyme A and the Orphan Granzymes in Cell Death

Cell death induced by granzyme A is caspase-independent and characterized by single-
strand DNA nicking rather than the double-strand nicks created by GzmB [156-158]. GzmA-
mediated cleavage results in a loss in the inner membrane potential of the mitochondria as well
as the release of reactive oxygen species (ROS) [158]. In contrast to GzmB, no pro-apoptotic
mitochondrial proteins such as cytochrome C are released during cell death. GzmA mediates
DNA damage through the SET complex, a complex containing the nucleosome assembly
protein SET, the tumor suppressor pp32, the DNA bending protein HMG-2, the endonuclease

Ape-1 and the DNase NM23-H1 [159]. The normal function of the SET complex remains to be
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confirmed, although it is likely to be involved in processes such as regulating chromatin

structure, integrity and gene expression [159]. In response to ROS, the SET complex located in
the endoplasmic reticulum translocates to the nucleus where GzmA cleaves proteins involved in
DNA repair; HMG-2, SET and Apel [160-162]. Cleavage of SET also releases the DNase
NM23-H1 and allows it to nick DNA [160]. The endonuclease Trex-1 then extends the break
[163]. GzmA also targets chromatin through the cleavage of histone H1 and targets the nuclear
membrane through cleavage of lamins [164, 165].

Granzyme K induces caspase-independent apoptosis and induces ROS production,
suggesting it may act similarly to GzmA [166, 167]. Indeed GzmK induces SET translocation to
the nucleus and cleaves SET, Apel and HMGB2 [166]. Granzyme C cell death is caspase-
independent, causing single-stranded DNA nicks and a loss of mitochondrial membrane
potential [168]. Granzyme M induces cell death in a caspase and mitochondrial-independent
mechanism involving rapid plasma membrane permeablization, however a recent study has
implicated it in caspase-dependent cell death [169-171]. Granzyme H may be involved in
adenoviral defense and also induces caspase-independent cell death [172]. No cellular substrates
involved in cell death have been identified for GzmC but substrates for GzmH includes Bid and

for GzmM includes ICAD and PARP [173, 174].

1.10.2 Extracellular Activities of Granzymes A, H, K and M

Although functional extracellular roles for GzmH or GzmM have not been established,
GzmA, GzmM and GzmK have been observed in the extracellular milieu. Low concentrations
of GzmA and GzmK are found in the serum of healthy individuals. However, in acute
inflammation and infection these granzymes are elevated in bodily fluids such as GzmA and
GzmK in BAL fluid of the inflamed lung [114, 175], GzmK in the plasma of sepsis patients

[147] and GzmA in the SF of RA patients [103] . In addition, GzmM has been found in the
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plasma of patients with meningococcal sepsis [148]. As high concentrations of GzmA is

required for apoptosis induction, it has been postulated that GzmA may act largely
extracellularly. Indeed, GzmA cleaves fibronectin, pro-urokinase plasminogen activator,
collagen 1V, myelin basic protein and basement membrane proteoglycans. Cleavage of
fibronectin has implications in anoikis as proteolysis induces cell detachment and reduces cell-
basement membrane interactions [176, 177]. Cleavage of collagen 1V also has implications in
anoikis and migration as proteolysis results in the disruption of the basement membrane [176,
178]. Degradation of myelin may result in myelin destruction and pro-urokinase plasminogen
activator results in alterations in plasmin generation and immune cell migration in clots [179,
180]. GzmA also cleaves receptors including proteinase-activated receptor-2, which may lead to
inflammation and infectious colitis [181]. GzmA-mediated cleavage of the thrombin receptor in
neuronal cells results in neurite retraction and in platelets GzmA binding of the receptor
prevents platelet aggregation [182-184]. GzmM has been implicated in extracellular activity as
it has been shown to cleave VWF. Cleavage of VWF did not affect platelet aggregation but did

result in an abrogation of factor V11l binding and potentially controlling blood coagulation [148].

1.10.3 Granzymes and Inflammation

Recently a role for GzmA in inflammasome-mediated cytokine activation has been
proposed that challenges long-held notions that GzmA is a pro-apoptotic protease [35]. In the
latter study, GzmA was shown to activate IL-1B by cleavage of its propeptide, into the active 17
kDa form [185]. Furthermore, in this study it was suggested that previous work showing GzmA
involvement in the induction of cell death is not physiologically relevant as it only occurs when
cells are exposed to high levels of Perf that are not found in vivo. As such, although still under
debate, it is now widely viewed that the primary role for GzmA is actually in the promotion of

inflammation and plays a minimal role in cell death [106]. GzmA also activates monocytes,



23
fibroblasts and epithelial cells to secrete the cytokines IL-1p, IL-6, IL-8 and TNF-a [186-188].

Further studies are required to determine the mechanism of cytokine production, but cleavage of
a cell surface receptor may facilitate the process [189]. However, the process does not occur
through cleavage of the thrombin receptor, as is the case with thrombin [187, 189]. Additionally,
intracellular mechanisms have also been proposed as cytokine production is elevated after
internal delivery of GzmA [188]. Production of IL-1p, TNF-a and IL-6 by a monocyte cell line
was almost completely abolished with a pan-caspase inhibitor, and production of these
cytokines was determined to be in part caspase-1-dependent [188].

Cooper et al (2011) showed that GzmK activates the protease activated receptor-1 (PAR-
1) on fibroblasts through an extracellular, Perf-independent mechanism, inducing the secretion
of IL-6, IL-8 and MCP-1, which may promote inflammation [149]. GzmK also induces
fibroblast proliferation through the activation of Erk-1/2 and p38 MAPK [149]. Alternatively,
Joeckel et al [190] have also shown that GzmK induces IL-1B production from macrophages, at
low concentrations with the Perf analog streptolysin O and at high concentrations (600nM-
1000nM) without the lytic component .

In addition, a proinflammatory role for GzmM in Toll-like receptor-4/
lipopolysaccharide (LPS) signalling has been forwarded [191]. GzmM-deficiency results in
reduced IL-1a, IL-1B, TNF-a and IFNy levels in the serum of knockout mice post LPS injection.
GzmM produced by NK cells is responsible for augmenting the inflammatory cascade induced
by TLR4 signaling, resulting in lethal endotoxicosis. However, GzmM was not responsible for
directly processing the cytokines such as carried out by caspase-1 and was determined to be
downstream temporally of caspase-1. These reductions in cytokines also occurred in GrA-
deficient mice, but not GzmB knockout mice and mice deficient in GzmM and GzmA were

more resisitent to LPS then mice lacking just one of the proteases.
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In summary, while the past two and a half decades have focused almost exclusively on

attempting to delineate the pro-apoptotic roles of granzymes A, H, K and M, it is becoming
clear that these proteases may not be involved in cell death under physiological conditions and
that roles in inflammation may be their primary function. However, further research is still

required to confirm this new paradigm.

1.11 GzmB in Disease

GzmB can cleave both intracellular and extracellular substrates. Recently, with the
discovery of new immune cell and non-immune cell sources of the protease, its importance in
normal bodily processes, infection and cancer is evolving and its contribution to other chronic
diseases is emerging. The extracellular role of GzmB is further supported by the fact that
immune cells such as mast cells and basophils express GzmB but do not express Perf which is
necessary for internalization [10, 107]. Infiltrating immune cells during chronic inflammation
results in elevated levels of GzmB to diseased tissue and induces apoptosis in damaged and
inflamed areas. Extracellular concentrations of GzmB in bodily fluids are elevated in various
diseases and the extracellular activity of this protease in chronic inflammation is an emerging
area of research. Extracellular levels of GzmB are elevated in the bodily fluids in chronic
inflammatory diseases such as atherosclerosis [133], chronic obstructive pulmonary disease
(COPD) [131] and rheumatoid arthritis (RA) [192]. As further direct support for an extracellular
role for GzmB in disease, GzmB contributes to murine abdominal aortic aneurysm (AAA)
pathogenesis through the cleavage of ECM proteins [193, 194]. In the skin of aging mice, GzmB
deficiency attenuated collagen disorganization, reduction of thick collagen bundles and skin
thinning by preventing decorin cleavage [195]. An overview of the activity of GzmB in disease
is provided in Table 3. The remainder of this chapter will focus on the role of GzmB in

cardiovascular, skin and neurological diseases.
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Intracellular
Condition Vs. Description References
Extracellular
Lung Diseases
Increased CTL's and NK cells expressing GzmB in the blood and BAL of
Chronic Obst_ructlve Intracellular/ patients with COPD. Type Il pneumocytes and.alveolar macrophages in [17, 131, 196,
Pulmonary Disease extracellular the lung express GzmB. Increased Perf expression by CD8+ cells in the 197]
(COPD) lung of smoking subjects with COPD. CD8/CD28(null) cells are increased
in COPD and express GzmB upon stimulation.
Increase in lymphocytes expressing GzmB in the BAL fluid of patients
suffering from allergic asthma following allergen challenge.
Asthma Intracellular/ Induction of GzmB expression by basophils upon stlmu!atlon with 1L-3 [10, 115]
extracellular released by mast cells. Of note, mast cells and basophils only express
GzmB and do not express Perf. This would support an extracellular role
for GzmB.
Acute Respiratory . . . .
. Intracellular/ GzmB and Perf mRNA is up regulated in the BAL of patients in the acute
Distress Syndrome extracellular hase of ARDS [198]
(ARDS) P :
- Intracellular/ GzmB and Perf is expressed by CD8+ and some CD4+ T cells in the BAL
Pulmonary Sarcoidosis extracellular fluid. Serum levels of GzmB are decreased in patients with sarcoidosis. [199, 200]
Hypersen§|_t|V|ty Extracellular GzmB |s' _|ncreased in the BAL fluid of patients with hypersensitivity [114]
Pneumonitis pneumonitis
Oral
Chronic Obstructive . . . . .
Sialadenitis / Intracellular(?) G_sz is e.xpr.essed by periductal and periacinar lymphocytes in patients [201]
S with chronic sialadenitis.
Sialolithiasis
NK cells in patients with PLS fail to induce the caspase cascade in target
cells due to an inactive form of GzmB as a result of a mutation in
Papillon-Lefévre cathepsin C.
Syndrome (PLS) [202, 203]
Reduced active GzmB in cytotoxic cells in patients with PLS compared to
controls.
. GzmB expression is higher in oral lesions than in cutaneous lichen
Oral lichen planus planus.Apoptotic keratinocytes are also evident. [204]
Blood Disorders
No difference in GzmB expressing cytotoxic effector cells in disease
Intracellular/ patients compared to controls.
Aplastic Anemia extracellular [205, 206]
Increase in Perf but no increase in GzmB in bone marrow clot sections of
disease patients compared to controls.
. . . No difference in GzmB expressing CD16+ cells in the blood between
Idiopathic Neutropenia P g [207]

patients with chronic idiopathic neutropenia.




Intracellular
Condition Vs. Description References
Extracellular
Increased GzmB expressing T cells in the blood of patients with ITP
Chronic Idiopathic compared to controls.
Thrombocytopenic Intracellular(?) [208-210]
Purpura (ITP) Increased GzmB mMRNA levels in CD8+ cells in patients with ITP
compared to controls.
Skin Diseases
GzmB expressing CTLs are closely associated with hair follicles and may
Alopecia Intracellular damage follicles. Substance P increases CD8+ T cells expressing GzmB [211-213]
which may cause hair follicle regression
Intracellular/ GzmB is expressed by keratinocytes in response to confluency, UVA light
. . and UVB light. UVB light-treated keratinocytes have cytotoxic potential [15, 140,
UV Light Photoaging Extracellular against co-cultured cells and GzmB from UVA light-treated keratinocytes 214]
can cleave fibronectin.
Acne GzmB is up regulated in acne lesions [215]
Atopic Dermatitis/ GzmB expressing CD4+ and CD8+ T cells are observed in the perivascular
Allergic Contact Intracellular infiltrate and focally at spongiosis sites. In contact dermatitis keratinocytes | [216-219]
Dermatitis neighboring GzmB expressing cells are damaged
vitiligo Intracellular szB expresm_ng CTLs cluster around disappearing melanocytes and may [220, 221]
induce apoptosis in these cells
. GzmB expressing cells are found in close proximity to apoptotic [217, 222-
Lichen Plan Intracellular . . ; .
chen Flanus tracellula keratinocytes. DCs expressing GzmB are found in lesions 226]
GzmB is expressed in dermal infiltrate close to keratinocytes. Vasculitis
Lichen Sclerosus associated with the disease contains GzmB-positive cells in the [227-229]
perivascular infiltrate
Stevens-Johnson Intracellular/ CTI__§ expressing Gzr‘qB m_ay |ndu_ce apoptosis in keraFlnocytes. GzmB-
. positive lymphocytes in blister fluid. GzmB upregulation correlated to
Syndrome/Toxic . . . . . [230-235]
. . disease severity. GzmB expression around microvessels. High GzmB
Epidermal Necrolysis Extracellular . . ;
corresponds to a high co-efficient of disease .
Pityriasis Rosea GzmB is expressed by immune cells in pityriasis rosea lesions [216]
Psoriasis GzmB is expressed by some lymphocytes in psoriasis lesions [218, 219]
BUI.IOUS Blistering Skin GzmB is expressed in bullous lesions by T cells [236]
Lesions
Discoid Lubus GzmB is expressed on lesional lymphocytes expressing the skin homing
P proteins CLA and MxA. GzmB-positive cells are perivascular and located [217, 237]
Erythematosus : . . .
in the dermal-epidermal junction
Pemphigus Vulgaris Decreased ex vivo expression of GzmB by circulating NK cells in patients [238]
PV) with PV compared to controls.
kin Aging an mB E-DKO mice are pri from skin thinnin nthomatosi
Skin Aging and Extracellular GzmB/apo O mice are protected from skin thinning, xanthomatosis, [195]

Xantomatosis

decorin degradation, and a decrease in collagen density
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Intracellular
Condition Vs. Description References
Extracellular
Bones and Joints
Extracellular/ GzmB cleaves aggrecan and other cartilage conpenents. Levels of GzmB [8, 12, 14,
. -, are markedly elevated in the synovial fluid and plasma of patients. All 103-105,
g’it;matmd Arthritis Intracellular GzmB-expressing cell types may also contribute to RA through GzmB- 118, 135-
mediated apoptosis, including chondrocytes which display the surface 138, 192,
antigens of NK cells. NK-22 cells express GzmB and Perf in the synovial 239-241]
fluid
J ile Idiopathi [242]
uveni'e fdiopathic Increase in GzmB in duodenal and ileal mucosal cytotoxic lymphocytes
Arthritis
Osteoarthritis mRNA and protein expression of GzmB in the synovium of joints [136]
Reactive Arthritis Extracellular GzmB expressed in the synovial tissue [243]
Neurological
Disorders
Intracellular/ GzmB-expressing CTLs described in RE brains. GzmB from CTLs is
Rasmussen’s Extracellular/ polarized towards neurons and astrocytes that express MHC I.Extracellular | [113, 121,
Encephalitis (RE) . . GzmB levels in cerebrospinal fluid (CSF) are elevated. GzmB cleaves the 244-247]
Autoimmunity L L
GLUR-3 receptor yielding an autoantigenic fragment.
CTLs are involved in neuronal toxicity and Ty17 cells, which cross the
Multiple Sclerosis (MS) blood brain barrier, express GzmB and can kill neurons in vitro. Increase
P Intracellular/ in extracellular GzmB levels in the CSF in relapsing remitting MS. [112, 248-
Extracellular Purified GzmB induces neuron cell death, potentially Perf-independently. 252]
GzmB cleaves transaldolase causing a loss of enzymatic activity but
retention of antigenicity
Amyotrophic Lateral GzmB is present in the serum of patients and corresponds to disease
) - [253]
Sclerosis (ALS) severity
Guillain Barre GzmB-expressing CTLs are increased and MHC | expressing Schwann
Intracellular S . [254]
Syndrome cells may be GzmB targets. Implications in myelin sheath damage
Vasculitic Neuropathy GzmB is expressed in the peri-vascular infiltrate. [255]
Sensory Perineuritis Intracellular GzmB-expressing CTLs contribute to perineurial cell apoptosis [256]
Ischemic Stroke Intracellular GzmB from CTLs and NK cells induce apoptosis of brain cells [257]
Spinal Cord Injury Intracellular GzmB levels elevated and CTLs in close proximity to neurons in regions [258]
of damage
. . Extracellular/ GzmB cleaves the autoantigen AChR. GzmB is present in Myasthenia
Myesina Gravis Autoantigen Gravis thymus glands but absent in controls [122]
Autoimmun . . . .
utoimmune - Activated interferon-producing killer DCs express GzmB [259]
Encephalomyelitis
Human stroke tissues contained higher levels of GzmB. GzmB co-
Stroke Intracellular localized to TUNEL in degenerating neurons. GzmB inhibition prevented [260]

neurotoxicity in vitro
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Intracellular
Condition VS. Description References
Extracellular
Autoimmune Disease
Intracellular/ Frequency of GzmB expressing CTLs coincides with disease progression.
Systemic Lupus Extracellular/ GzmB is involved in autoantigen processing of XRCC4 and other potential [261-267]
Erythematosus (SLE) SLE autoantigens. CD4+GzmB+ cells correspond to disease activity.
Autoimmunity | Increased soluble GzmB was found in the serum of SLE patients.
Neonatal Lupus GzmB expression in the left ventricle of hearts from fetuses/infants with [268]
Erythematosus complete atioventricular block
GzmB cleaves the autoantigens topoisomerase I, NOR-90, fibrillarin, B23
. . and others. SSc patients with ischemic digital loss have autoantibodies for
Scleroderma (SSc) Autoimmunity/ CENP-C, which may be useful as biomarkers for IDL.The GzmB cleavage [120, 261,
Extracellular . L . . . 269, 270]
product angiostatin inhibits angiogenesis and may be responsible for the
poor circulation in SSc
GzmB cleaves the autoantigens SS-B (La) autoantigen, a-fodrin, B-fodrin,
Sjogren Syndrome (SS) Intracellular/ type 3 muscarinic acetylcholine receptor and others. CD4+ and CD8+ T [261, 271-
199 4 Autoimmunity | cells induce apoptosis of epithelial cells through the granule pathway and 278]
these cells are only present in SS glands.
o | o e ey | 51275
4 Autoimmunity 4 polymy prop 282]
cause muscle cell damage.
Human and mouse 3 cells undergo apoptosis in the presence of GzmB,
which correlates with a loss in islet insulin secretion capacity. Bid
Type 1 Diabetes Intracellular deficient islets are protected from GzmB-mediated killing. Autoreactive [283-285]
CTLs in islets of NOD mice expressed higher levels of GzmB and Perf
than those from the pancreatic lymph node.
Wiskott-Aldrich Intracellular WAS-KO T-regulatory cells do not suppress B cell proliferation, have [286]
Syndrome reduced capacity to kill B cells and have reduced degranulation of GzmB
Bile/Liver/Intestinal
Diseases
Intraepithelial CD8+ cells from LG children with celiac disease lack
GzmB.
. . Increase in GzmB expressing intraepithelial lymphocytes in patients with
Lymph . :
(g (r3n)p ocytic Gastritis Intracellular(?) | acute gastric mucosal lesions compared to controls. [287-289]
Increased GzmB expressing intraepithelial lymphocytes in patients with
non-celiac disease associated LG compared to patients with celiac disease
associated LG.
utonmn_wne GzmB expressing T cells found in the bile duct epithelium. No difference
Cholangitis (AC) and in the number of GzmB expressing lymphocytes between patients with AC
Primary Biliary pressing lymphocyt P [290, 291]

Cirrhosis (PBC)

versus PBC. Effector memory T cells express more GzmB than other
CD8+(high) cells
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Condition

Intracellular
Vs.
Extracellular

Description

References

Nodular Regenerative
Hyperplasia (NRH)

Increased CD8+ lymphocytes expressing GzmB in liver biopsy samples
from patients with NRH compared to controls.

[292]

Inflammatory Bowel
Disease

Increased GzmB expressing intraepithelial lymphocytes in patients with
Crohn’s disease and ulcerative colitis.

[293]

Vascular Diseases

Atherosclerosis

Extracellular/

Intracellular

GzmB levels increase with increased disease severity. Present in high
levels in advanced atherosclerotic and TVD plaques. Elevated in lipid-rich
regions. Activated caspase 3 in SMC corresponded to decreased PI-9
expression and the presence of GzmB suggesting SMC are susceptible to
GzmB-mediated apoptosis in atherosclerosis

Gzm in the blood is significantly higher in patients with unstable
atherosclerotic plaques. The study also demonstrated that raised plasma
levels of Gzm in unstable carotid plaques were associated with an
increased frequency of cerebrovascular events (ie. Strokes) suggesting that
GzmB may be a marker of plaque instability.

GzmB expressed in macrophages in atherosclerotic plaques

Perf deficiency in LDLR-KO mice does not affect atherosclerosis.
Supports role for extracellular GzmB or its role in late-stage/advanced
atherosclerosis

GzmB in absence of Perf can induce smooth muscle cell apoptosis via the
cleavage of extracellular matrix proteins. Fibronectin identified as a
substrate.

GzmB production from PBMCs of unstable angina pectoris (UAP) patients
was significantly higher than patients with stable angina (SAP). GzmB
production from PBMCs increased with the increasing TIMI risk score in
UAP patients. The percentage of GzmB-positive lymphocytes to CD3-
positive lymphocytes in UAP patients was significantly higher than in SAP

[8, 16, 124,
132, 133,
294-297]

Acute transplant
rejection

Intracellular

GzmB-mediated apoptosis that occurs during the recruitment of
inflammatory cells following the non-specific injury to graft vessels.
GzmB can contribute to lesion formation through processes that include
GzmB-mediated apoptosis, and the promotion of EC activation and SMC
migration.

[298-306]

Allograft Vasculopathy

Intracellular

GzmB/perf pathway involved in allograft vasculopathy-a form of
accelerated arteriosclerosis associated with transplanted organs and leading
cause of organ failure. Increased GzmB associated with increased disease
severity

[16, 307,
308]

Kawasaki disease

Extracellular

Children with Kawasaki’s exhibit elevated vascular inflammation and
often die from fatal aortic dissections or aneurysms. Elevated levels of
GzmB observed in lesions, aneurysms and plasma of Kawasaki’s patients,
however its involvement of GzmB disease pathogenesis requires further
elucidation.

[309-311]
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Intracellular vs.

Condition Extracellular Description References
GzmB is expressed in human and mouse aneurysm tissue. GzmB/apoE-DKO
mice are protected from AAA incidence and rupture whereas Perf/apoE-DKO
. . develop AAA and have a similar rate of rupture as apoE-KO mice. A GzmB-
Abdominal Aortic Extracellular dependent reduction in medial fibrillin-1 levels is evident in AAA tissues and | [193, 194]
Aneurysm . . . .
corresponds to medial elastic lamella breakage. Infusion with the extracellular
GzmB inhibitor Serpina3n protects against AAA rupture. Serpina3n mice had
more adventitial decorin and higher collagen density than apoE-KO controls
Kidney diseases
Crescentic
Glomerulonephritis Intracellular Perf neutralizing antibody protects against the progression of CG in rats. [312]
()
Goodpasture’s Disease Glomerular GzmB expression and GD pathogenesis is reduced upon (313]
(GD) admisistration of anti-CD8+ antibody.
L . Plasma GzmB levels are higher in patients with coron rtery di n
Chronic Kidney Disease asma G_ evels are higher in patients with coronary artery disease and (314]
may be a risk factor
Esophagus
Achalasia The |nf|ammat0r¥ infiltrate found in the myenteric plexus contains cytotoxic T [315]
cells, some of which express GzmB.
Esophagitis Slgn_lflcant increase in szB expressing intraepithelial lymphocytes in biopsy [316]
specimens from patients with esophagitis compared to controls.
Crohn’s Disease Inc.rease in GzmB expressing cells in esophagus biopsy specimens taken from [317]
patients with CD compared to controls.
Other
Eosinophilic Fasciitis The mf!ammatory mﬁltrat_e in eosmophll!c fasciitis contains some CD8+ cells [(318]
expressing GzmB suggesting a cytotoxic immune response.
Cryptorchidism Lymphoc_ytc_as expressing GzmB are decreased in the testis of patients with [319]
cryptorchidism.
GzmB expressing cells found in necrotizing lesions of patients with Kikuchi
Histiocytic Necrotizing disease.
" Intracellular
Lymphadenitis (HNL) /| | toa‘t:gﬁg :e::rosis [320, 321]
Kikuchi Disease pop The majority of lymphocytes found in the necrotic foci in HNL are GzmB
expressing CD8+ cells.
Chediak-Higashi CTL granules are unable to release their contents upon recognition of a T cell [322]
Syndrome receptor, express normal levels of GzmB.
Duchenne Muscular
Dystrophy (DMD)/ Intracellular GzmB expression detected in muscle biopsy specimens from patients with [323]
Facioscapulo-humeral DMD and FSHD but absent in control samples.
Dystrophy (FSHD)
. . Intracellula
Al I Aller .
typical Allergic Granzyme release from CTLs upon antigen exposure [324]

Rhinitis
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" Intracellular vs. .
Condition Description References
Extracellular

Histiocytic Necrotizing GzmB expression in lymphocytes in apoptotic areas and in histiocytes [325]
Lymphadenitis

1.12 Cardiovascular Disease
1.12.1 Atherosclerosis

Atherosclerosis is an inflammatory disease characterized by lipid accumulation, cell
migration, proliferation and apoptosis as well as ECM accumulation and degradation [326, 327].
Atherosclerosis is a major predecessor to myocardial infarction, stroke and lower limb loss
[328]. This pathologic condition is characterized by the accumulation of macrophage and SMC
derived foam cells, which accumulate in the neo-intimal layer of the vessel. CTLs, macrophages,
NK cells, mast cells, dendritic cells and neutrophils are present in plaques [329-333] and CTL’s,
NK cells, macrophages and SMCs have been shown to express GzmB in lesions [8, 16].

The role of GzmB in atherosclerosis progression is proposed in figure 3. In human
atherosclerotic tissues, GzmB expression is associated with increased disease severity and cell
death. GzmB was not present in vessels with mild atherosclerosis but was in abundance in the
intima and adventitia of vessels with advanced disease [16]. GzmB also localized to TUNEL
positive cells, suggesting it was responsible for inducing target cell death in atherosclerosis [16].
The endogenous inhibitor PI-9 is decreased in smooth muscle cells in unstable plaques
compared to stable plaques, suggesting SMC may be more susceptible to apoptosis in unstable
plaques [61]. In the SMC of advanced plaques, there was increased activated caspase-3 in areas
of reduced PI-9 expression [297]. GzmB also colocalized to these areas suggesting SMC are
susceptible to GzmB-mediated cell death in advanced atherosclerosis [297]. However, compared

to low density lipoprotein (LDL) receptor knockout mice (LDLr-KO), Perf/LDLr double
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knockout mice were not protected from atherosclerosis, suggesting that removal of the

intracellular pro-apoptotic GzmB pathway does not affect atherosclerosis in this model [294].

Extracellular GzmB activity may also play a role in atherosclerosis. GzmB was found in
the shoulder regions of atherosclerotic plaques and has been linked to plaque instability [16].
High plasma GzmB levels were linked to unstable versus stable carotid lesions and an increased
incidence of cerebrovascular events. As such, plasma GzmB was suggested to be a potential
plasma marker for plaque instability. Plasma levels of GzmB are elevated in patients with
carotid atherosclerosis compared to healthy controls. Levels were highest in patients with
echolucent plaque (plaques with a thin rupture-prone fibrous cap, Table 2) [133]. GzmB levels
in plasma are also increased after acute myocardial infarction (AMI), peaking at 7 days post
infarct suggesting GzmB may play a role in left ventricle remodelling after AMI [132].

Choy et al showed that GzmB could induce SMC apoptosis in the absence of Perf
through the loss of cell matrix contact, a process known as anoikis [124]. Along these lines,
GzmB may contribute to plaque instability through degradation of ECM in the cap region,
induction of apoptosis in the fibrous cap and/or release or activation of cytokines. Through
these extracellular activities combined with immune-mediated apoptosis, GzmB may contribute

to the formation of a necrotic core, thinning of the fibrous cap and ultimately plaque rupture.
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Figure 3: The Role of GzmB in Atherosclerosis

At the early stages of atherosclerosis, following endothelial dysfunction and intimal lipid retention,
CTLs and monocytes infiltrate the vessel wall and migrate into the intima. SMC and macrophages
engulf oxidized lipoproteins and become lipid-laden foam cells, leading to GzmB expression in
these cells. The latter may promote foam cell apoptosis in developing plaques. GzmB can also
cleave various extracellular matrix proteins that maintain fibrotic cap stability. In addition to a loss
in matrix integrity, ECM cleavage will also result in a loss of SMC-ECM interactions which may
promote apoptosis. SMC expression of PI-9 is decreased in unstable plaques, rendering SMCs
susceptible to GzmB-dependent apoptosis and further promoting plaque instability and rupture.
Reproduced with permission from Laboratory Investigation [58].
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1.12.2 Abdominal Aortic Aneurysm

An aneurysm is a permanent focal dilation of an artery that results in weakening of the
artery wall and vessel dilation, which can ultimately lead to medial rupture of the vessel (Figure
4). Elastin and collagen degradation along with flow changes lead to a progressive weakening of
the wall. There is extensive remodelling in the luminal expansion phase and the appearance of
the thrombus which subsequently progresses into fibrotic tissue. A general loss of ECM,
neovascularization and protease accumulation, growth factors and immune cells such as
macrophages and mast cells are hallmarks of aneurysm pathogenesis (reviewed in [334]). GzmB
is present in murine and human AAA particularly in mast cells and macrophages in the media
and adventitia of aneurysms as well as lymphocytes in the thrombus [193]. In the mouse model
of AAA, angiotensin Il infusion is used to induce aneurysm formation in apolipoprotein E mice.
GzmB/apoE-DKO mice were examined. The rate of rupture of GzmB/apoE-DKO mice was
only 7.1% compared to 46.7% for apoE-KO mice [193]. Perf deficiency had no protective affect
on rupture, suggesting the mechanism behind GzmB pathogenesis is peforin-independent and
extracellular. When mice where infused with serpina3n, an extracellular GzmB inhibitor, there
was a reduction in rupture and death, implicating extracellular GzmB activity in AAA
progression [194]. Medial fibrillin-1 levels were reduced in apoE-KO mice compared to
controls, and GzmB/apoE-DKO mice were protected from the loss in fibrillin-1 [193]. Fibrillin-
1 fragments were also found in the serum of apoE-KO mice but not GzmB/apoE-DKO mice.
Medial disruption was evident in apoE-KO mice and prevented in GzmB/apoE-DKO mice
suggesting cleavage of fibrillin-1 may play a role in vessel stability as further described in
subsequent chapters. A loss in adventital decorin was apparent in apoE-KO mice but not in
GzmB/apoE-DKO mice or mice infused with the extracellular GzmB inhibitor, serpina3n [194].

Collagen density was increased in mice receiving the inhibitor compared to apoE-KO without
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serpina3n infusion, suggesting GzmB cleavage of decorin may play a role in collagen density

and spacing.
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Figure 4: GzmB in Abdominal Aortic Aneurysm

Macrophages, mast cells and cytotoxic lymphocytes enter the adventitia through the vasa vasorum
and also accumulate in the intraluminal thrombus and media. They secrete cytokines, growth factors
and proteasese such as GzmB, MMPs and cathepsins. Fibroblasts also secrete cytokines such as
VEGF and MCP-1. GzmB cleaves fibrillin-1, a scaffolding protein key in elastin fibre integrity and
cleavage is linked to medial instability. GzmB also cleaves decorin, a protein involved in collagen
fibrillogenesis and spacing, resulting in decreased collagen density and tensile strength thereby
redering the vessel prone to dilatation and possibly rupture.. GzmB can also induce SMC apoptosis
either intracellularly or extracellularly by anoikis through the cleavage of ECM.
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1.12.3 Cardiac Allograft Vasculopathy

GzmB has been implicated in cardiac allograft vasculopathy (CAV), an accelerated
immune-mediated arteriosclerotic disease, resulting in the occlusion of the vasculature of
transplanted cardiac allografts. Elevated GzmB is linked to increased CAV disease severity and
GzmB has been localized to macrophage and SMC foam cells in the neo- intima as well as
CTLs and extracellularly in the media and adventitia of allograft lesions [16]. GzmB
localization corresponds to TUNEL positive cells in the intima, suggesting it plays a role in
apoptosis [16]. GzmB mRNA was apparent in infiltrating leukocytes but not in foam cells. The
role of GzmB and Perf in CAV has been further characterized in a mouse heterotopic heart
transplant model where hearts transplanted into GzmB-KO [307] or Perf-KO [308] mice
displayed a reduction in luminal narrowing and endothelial cell apoptosis compared to wildtype
hearts. There was a similar amount of immune cell infiltration and vasculitis in hearts
transplanted into GzmB-KO and Perf-KO mice compared to wildtype hearts suggesting
differences in luminal narrowing was not due to inflammatory infiltrate. There was strong Perf
expression in the vasculature and myocardium of transplanted hearts. Perf-KO mice were
protected from endothelial disruption and cell death as indicated by TUNEL positivity compared

to wildtype hearts, suggesting that GzmB-mediated endothelial cell apoptosis is key in CAV.

1.13 Skin Disorders
1.13.1 GzmB Expression in the Skin

The role of GzmB in dermatological conditions is emerging and the contribution of
GzmB to skin aging, alopecia and other dermatological diseases is illustrated in Figure 5. There
are several potential sources of GzmB in the skin, namely CLs, DCs, macrophages, mast cells,
and keratinocytes [107, 214]. Keratinocytes expressed GzmB in vitro after treatment with UVA

light, UVB light and at high cell density [15, 140, 214]. Interestingly, UVB light and cell
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confluency induce both GzmB and Perf expression, where as GzmB is expressed without Perf in

response to UVA light. UVA light also induces GzmB expression in human skin in vivo [140].
In the latter study, UVA light treatment of cultured keratinocytes caused a ROS-dependent
release of macrophage migration inhibitor factor (MIF) and MIF induced GzmB expression by
keratinocytes. GzmB expression was p38 mitogen activated protein kinase (MAPK)-dependent
and resulted in the phosphorylation of its subsequent substrate MAPKAPK2. During UVB light
treatment, ROS production results in signaling through EGFR, MAPK activation and
subsequent MAPKAPK-2 phosphorylation [15]. It should be noted that it is unclear as to
whether these pathways are involved in the induction of GzmB expression in other cell types.

As keratinocytes cannot form an immunological synapse with target cells, it is likely that
GzmB expression in this cell type mediates its effects extracellularly. Indeed, GzmB from UVA
light-irradiated keratinocytes degraded fibronectin in vitro and keratinocyte-derived GzmB may
play a role in degrading ECM in photoaging. UVA light induces keratinocyte cell detachment
and cell death and treatment with an antisense oligonucleotide against GzmB prevents these
processes. The antisense also induced migration through fibronectin and vitronectin matrices,
and GzmB induced factors inhibitory in migration [140].

GzmB is also expressed by mast cells in mouse skin in vivo, as well as in cultured skin
mast cells after IgE treatment [7, 107]. Mast cells do not express Perf and GzmB that is released
extracellularly from these cells induces fibroblast anoikis suggesting that it plays a role in ECM
degradation in the skin. No follow up studies have been published describing GzmB from mast
cells or keratinocytes contributing to skin diseases in vivo and the majority of dermatological
studies to date exclusively examine CTLs as the lone source of GzmB in the skin. As mast cells
do not express Perf and keratinocytes express GzmB (but not Perf) in response to stimuli such as

UVA light, there is clearly a potential extracellular, Perf-independent capacity for GzmB in the



39
skin. As the skin contains a high proportion of ECM such as collagen, elastin and ground

substance, future studies will be useful in further examining the extracellular activity of GzmB
and its role in disease.

Our laboratory has shown using the apoE accelerated aging model that GzmB/apoE-
DKO mice are protected against the xanthomatosis, skin thinning, loss of dermal collagen
density and ECM degradation characteristic of apoE-KO mice [195]. The protection is through
an extracellular means, through the inhibition of cleavage of extracellular matrix, decorin in
particular. The skin is an ideal organ to study the process of aging due to its abundance of
extracellular matrix and ease in accessibility and is ideal for studying fratility in the elderly who

are more prone to skin tearing and skin ulcers.

1.13.2 Other Skin Disorders

GzmB has been linked to other skin conditions such as acne [215], vitiligo [221], atopic
dermatitis [216], allergic contact dermatitis [216, 218], pityriasis rosea [216], lichen planus
[224], lichen sclerosus [227], Stevens-Johnson syndrome (SJS) [230] and toxic epidermal
necrolysis (TEN) [230, 231] . GzmB expression in most of these diseases was found to be
localized to CTLs and GzmB-specific disease implications were almost exclusively thought to
be through intracellular CTL-mediated apoptosis of keratinocytes and other resident cell types.
As more cellular sources of GzmB have been identified as of late and the emerging role of
extracellular activity gains traction, determining other GzmB sources and examining the
importance of extracellular GzmB activity will be a necessity in dermatological research
involving GzmB.

SJS and TEN are rare and potentially life threatening diseases involving keratinocyte
apoptosis and epidermal necrosis, which are largely thought to be drug induced [231]. GzmB-

positive peripheral blood mononuclear cells are found in blister fluid and GzmB upregulation
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correlates to increased disease severity [233]. T cells in lesions express Perf and GzmB and it

has been suggested that T cells may trigger keratinocyte cell death in these skin conditions [230-
234]. In addition, GzmB positive cells where shown surrounding the superficial dermal vessels

in SJS/TEN as an indicator of disease [335].

1.13.3 Hair Loss - Alopecia Areata

Hairloss or alopecia occurs when follicles remain in the resting telogen phase longer
than normal. Alopecia areata (AA) is an inflammatory condition that results in non-scarring
patchy hair loss. Perifollicular and intrafollicular CTLs have been implicated in AA suggesting
there is an immune cell attack on the normally immune privileged hair follicle during the growth
phase (anagen) of the hair cycle [336, 337]. GzmB-expressing cytotoxic cells were found
closely associated with human hair follicles in chronic AA patients, suggesting GzmB may
contribute to CTL-mediated follicular damage [211]. However, in a contradictory study, Sato-
Kawamura et al did not detect GzmB-positive cells around follicles in lesions of AA [213]. Ina
C3H/HeJ mouse model of AA, GzmB expression was described in immune cells in the
intrafollicular dermis, although few of these cells expressed CD8 [212]. Interestingly, supplying
the neuropeptide substance P to the skin of AA-affected mice led to an increase in CD8+ cells
expressing GzmB, possibly leading to an increase in cytotoxicity in the skin. Substance P also
resulted in regression of hair follicles out of the growth phase into catagen suggesting this could
be related to a substance P-dependent increase in CD8+ GzmB expressing cells [212]. Although
more studies are required to define the mechanism by which GzmB contributes to AA, there is

indeed an association between the disease and GzmB expression.
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Figure 5: GzmB in Skin Pathologies

GzmB may contribute to skin disease through various intracellular and extracellular pathways. UVA
light, which is believed to be responsible for most of the visible aging that occurs in the skin,
induces reactive oxygen species production which leads to GzmB expression in keratinocytes (1).
GzmB from keratinocytes is capable of cleaving the ECM protein fibronectin (2), can inhibit cell
migration and can also induce apoptosis in neighboring cells (3). Mast cells from the skin are
another cell type that express GzmB (4). GzmB from CTLs has been proposed to induce melanocyte
apoptosis in Vitiligo (5). Invading CTLs express GzmB in alopecia areata and influence hair follicle
regression (6). Substance P secreted by skin mast cells increases GzmB+ CTLs in the skin, further
promoting AA (7). Whether substance P induces mast cell degranulation leading to the release of
GzmB is unknown. Reproduced with permission from Laboratory Investigation [58].
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1.14 Neurological Disorders

The central nervous system is regarded as an immune privileged site due to the blood
brain barrier and an immunosuppressive environment. However, in many neurological
conditions there is a loss of immune privilege and, as a result, GzmB has been implicated in the
pathogenesis of a number of neurological disorders through mechanisms of immune cell-
mediated apoptosis, receptor cleavage, autoantigen synthesis and potential extracellular
activities, as described below.

There are several neurological diseases where the role of GzmB is just emerging, largely
in an immune cell-mediated, pro-apoptotic role. In vasculitic neuropathy, the characteristic
perivascular infiltrate expresses GzmB and GzmB positive cells are significantly up regulated
[255]. In sensory perineuritis, GzmB expressing infiltrates were detected and T cells are
believed to contribute to perineural cell apoptosis [256]. During cerebral ischemia, in a rat
model of ischemic stroke, GzmB secreted from CTLs and NK cells results in the breakdown of
Hsp-70 and AIF translocation from mitochondria to the nucleus, ultimately resulting in
apoptosis of brain cells [257]. Finally, in a rat model of spinal cord injury, GzmB levels were
elevated and CTLs were found in close proximity to neurons in damaged regions of the spinal
cord. Many of the neurons undergoing death were positive for GzmB suggesting that GzmB is
responsible for neuron cell death in spinal cord injury [258].

In addition to inducing apoptosis intracellularly, GzmB may contribute to neurological
disease through other extracellular mechanisms, such as through receptor signaling or through
direct cleavage of receptors. In Myasthenia Gravis (MG) a decrease in acetylcholine receptors
(AChR) at neuromuscular junctions is observed as a result of autoimmune attack. Furthermore,
GzmB and the autoantigen fragments of AChR are observed in the thymus of MG patients but

are not present in healthy controls. Casciola-Rosen et al showed that GzmB cleaves AChR
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suggesting GzmB-mediated cleavage of this protein exposes cryptic antigens that facilitate an

autoimmune response in the disease and results in a loss of functional AChR [122].
Rasmussen’s encephalitis (RE) is an autoimmune chronic inflammatory disease
occurring mainly in childhood, characterized by seizures and a loss of motor skills and speech.
Immune infiltrates consisting mainly of GzmB-positive CTLs are found in the brains of these
patients. Using confocal microscopy, Bien et al found that GzmB was polarized towards
neurons, some of which expressed MHC-1 [246]. In similar studies, Bauer et al described
GzmB-positive lymphocytes in close proximity to astrocytes on the border of astrocyte-deficient
lesions. Extracellular GzmB activity has also been linked to RE as extracellular GzmB levels in
CSF are elevated in patients with RE, with the original cellular source thought to be CTLs [113].
It is possible that an elevation in extracellular GzmB could be used as a biomarker for RE as it is
present at earlier stages of the disease and remains slightly elevated as the disease progresses.
Multiple sclerosis (MS) is a complex autoimmune disease of the central nervous system
resulting in demyelination of nerves and GzmB has been implicated in MS pathogenesis. In
patients with relapsing remitting MS, GzmB levels in peripheral T-cells decrease while plasma
GzmB levels do not change. However, there is an increase in extracellular GzmB in CSF as
quantified by ELISA, suggesting extracellular granzyme may contribute to the disease.
Although it has yet to be shown, the extracellular localization of GzmB in CSF implies that the
enzyme has access to extracellular matrix in the spinal cord and brain, suggesting it may be
actively cleaving this matrix, perhaps similar to what has been described in arthritis [137]. There
have been several studies reporting an intracellular pro-apoptotic role for GzmB in MS. Since
oligodendrocytes and neurons express MHC-I, GzmB-expressing CTLs may be responsible for

the induction of cytotoxicity resulting in axonal damage and demyelination [249]. In addition,
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neurons expressing MHC-1 resist Fas-mediated killing but are susceptible to granule-mediated

apoptosis [250].
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2. Rationale, Hypothesis and Aims

The pathologic role of GzmB in disease is an emerging area quickly gaining momentum
(reviewed in [58]). Our laboratory has examined GzmB in allograft vasculopathy,
atherosclerosis, aneurysm, xanthomatosis and skin aging while other groups have characterized
GzmB in diseases such as cancer, infectious disease, rheumatoid arthritis, autoimmune diseases,
diabetes, lung disease and neurological disorders. However, our knowledge of the relative
impact of intracellular versus extracellular GzmB in disease remains elusive as many studies are
qualitative, using histology to examine GzmB expression in disease tissues and implicating
them in cell-mediated cytotoxicity. As discussed, other studies have identified elevated GzmB
levels in bodily fluids of a variety of diseases linking extracellular GzmB to disease. Despite this
preliminary evidence, there is limited mechanistic work published on the extracellular activity
of GzmB in disease. Our laboratory has published findings from murine models of transplant
vascular disease, skin aging and AAA but the use of animal models for mechanistic and proof of
concept studies is sparse outside of those used to study infectious disease and/or cancer
pathogenesis.

For the last few decades, the bulk of granzyme studies focused on an intracellular pro-
apoptotic role for granzymes, which has been critical in our understanding of immune-mediated
cytotoxicity. An example of the importance of this pathway is evident in the case of familial
heamophagocytic lymphohistiocytosis, where patients are severely immunocompromised and
perf loss-of-function results in an overactivation of cytotoxic cells. However, the granzymes
were originally identified as intracellular and extracellular proteases and recent work has
identified an extracellular role for GzmB as it is present extracellularly, retains its activity in the
extracellular milieu and appears to be unregulated by inhibitors extracellularly. In addition, non-

immune cells express GzmB. These cells are not considered cytotoxic in nature and are
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incapable of forming an immunological synapse, suggesting the role of GzmB in these cells is

outside the scope of apoptosis. Even immune cells such as basophils and mast cells do not
express Perf in conjunction with GzmB, suggesting they are unable to deliver GzmB
intracellularly and must be secreting this protease into the extracellular space. In the past, Perf-
KO mice were utilized to rule out a role for the granzymes in disease. If there was no difference
in phenotype, it was assumed that the granzymes were not a driving force in the process or
disease in question. The critical issue with this conclusion is that Perf-independent roles of the
granzymes were often overlooked as Perf is required for granzyme internalization into target
cells but not for extracellular granzyme activity such as receptor cleavage, growth factor
bioavailablity and extracellular matrix cleavage. Despite the clinical evidence supporting an
extracellular role for GzmB in disease, little work has been carried out to examine the
extracellular mechanisms of GzmB in disease. Even less is known regarding extracellular
GzmB substrates as only a handful have been identified to date and limited physiological
implications have been documented.

I hypothesize that extracellular GzmB plays an important role in pathogenesis through
the cleavage of ECM. Through the use of in vitro and in vivo assays differentiating the

extracellular and intracellular activities of Granzyme B, we characterize its role in disease.

Specific Aims
1. To identify novel extracellular matrix substrates with a focus on extracellular
proteoglycans. Prior to my studies, there were a limited number of extracellular matrix
substrates identified and no systematic approach for extracellular substrate
characterization. We focussed on proteoglycan substrates as the cationic sites of GzmB
may draw it to PG substrates as GzmB is stored on serglycin in cytotoxic granules and

GzmB exhibits affinity for cell surface PGs.
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2. To examine GzmB-mediated ECM cleavage on the bioavailability of transforming

growth factor-g. Extracellular proteases such as the MMPs can release TGF-f from
decorin, influencing bioavailability. The role of GzmB in cytokine bioavailability was
unknown and TGF-f is a critical cytokine in wound healing and chronic diseases, such
as AAA. As such, GzmB could disrupt the tightly regulated ECM/MMP-mediated TGF-

B sequestration and release, respectively.

3. To examine GzmB activity in atherosclerosis, aneurysm, skin aging and other chronic
inflammatory diseases. We have shown that GzmB localization in atherosclerotic
plaques increases with increasing disease severity. However, little was known regarding
the intracellular (Perf-dependent) versus extracellular mechanisms by which GzmB
contributes to atherosclerosis pathogenesis. In addition, the cleavage of extracellular
matrix proteins by GzmB in atherosclerosis, AAA or skin pathologies/aging had not

been investigated.
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3. Methodology

3.1 In vitro Assays
3.1.1 Elastin Binding Assay

Purified human GzmB (Axxora, San Diego, CA) at 50, 100, and 300 ng was incubated
with 15 pg human insoluble skin (SKk) and aortic (Ar) elastin (Elastin Products Company,
Owensville, MO) in PBS for 3 hours at room temperature. The samples were centrifuged at
1000 x g at room temperature for 3 minutes and the insoluble elastin collected in the pellet. The
supernatants, which contained unbound GzmB, were denatured with SDS loading buffer and run

on a 10% SDS-PAGE gel. GzmB was detected by Western blot.

3.1.2 Elastin Cleavage Assay

Tritiated elastin was prepared as previously described, with the following modifications
[338, 339]. Briefly, 1 mg of skin or aortic elastin was diluted in 1 ml dH,0 and pHed to0 9.2. 1
mCi NaB3H, (PerkinElmer, Waltham MA) and 2 mg of non-radioactive NaBsH, (Sigma, St.
Louis, MO) was added. After a 2 hour incubation, the pH was adjusted to 3.0 and the elastin
was incubated for an additional 30 minutes. The elastin was centrifuged for 3 minutes at 5000 x
g and the pellet was repeatedly washed to remove excess NaBsH,. For the cleavage assays, 0.15
mg 3H-elastin was incubated with GzmB (0.75 pug was added a total of 5 times) at room
temperature for 7 days. At day 7 of incubation, 25 ug of elastase (Elastin Products Company,
Owensville, MO) was incubated with elastin for 2 hours, as a positive control. After incubations,
reactions were centrifuged at 5000 x g for 3 minutes. The radioactivity of the soluble, cleaved
elastin fragments in the supernatant was counted in Ready Safe Scintillation Fluid (Beckman-

Coulter, Fullerton, CA).
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3.1.3 GzmB-ECM Cleavage Screening Assay

Potential GzmB substrates were identified by the presence of aspartic acid residues and
pre-screened using GraBCas software [340]. If full length recombinant or purified substrates
were available, cleavage assays were run in test tube based assays. If full length substrates were

not available, cleavage assays were run on smooth muscle cell-derived extracellular matrix.

3.1.4 Smooth Muscle Cell-derived ECM Based Cleavage Assays

Human coronary artery smooth muscle cells (HCASMC, Clonetics) were grown to 80%
confluency in 6 well plates, then serum starved in smooth muscle cell growth medium (SmGM,
Clonetics/Lonza, Watersville, MD) + 0.2% fetal bovine serum (FBS) for 2-7 days, to allow for
adequate extracellular matrix synthesis. After serum starvation, cells were washed with
phosphate buffered saline (PBS, pH 7.4, Invitrogen, Burlington, ON, Canada) and lysed with
0.25mM ammonium hydroxide (Sigma-Aldrich, St. Louis, MO) for 10min, leaving the
surrounding ECM intact. Cell debri was removed with distilled water and after a final wash with
PBS, 80-100nM GzmB (Axxora) and 345nM trypsin (Sigma-Aldrich) was incubated on SMC
ECM for 24h at room temperature. Following incubation, supernatants (containing cleavage
fragments) were removed from the plates, run on an SDS-PAGE gel and transferred to a
nitrocellulose membrane (BIO-RAD). To observe general ECM cleavage, ECM was
biotinylated with EZ-link-Sulfo-NHS-LC-Biotin (Thermo Scientific/Pierce, Rockford, IL) and
run on an SDS-PAGE gel and transfered to a nitrocellulose membranes. Biotin labelled ECM
was detected using horseradish peroxidise labelled rabbit-anti-biotin antibody (Cell Signalling
Technologies, Boston, MA), the ECL plus detection system (GE Healthcare, Buckinghamshire,
UK) and developed on the ChemiGenius imaging system (Syngene, Frederick MD). Substrates
were identified using rabbit-anti-fibronectin (Abcam, Cambridge, MA), mouse-anti-fibrillin-1

(Thermo Scientific), rabbit-anti-fibrillin-2 (Elastin Products Company, Owensville, MO ) anti-
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fibulin-2 (Santa Cruz Biotechnology, Santa Cruz, CA), decorin (R&D Systems, Minneapolis,

MN) and biglycan (R&D Systems) antibodies and IRDye® 800 conjugated secondary
antibodies (Rockland Inc, Gilbertsville, PA). Bands were imaged using the Odyssey Infrared

Imaging System (LI-COR Biotechnology, Lincoln, NE).

3.1.5 Recombinant Substrate Cleavage Assays

To determine whether GzmB cleaved substrates that were commercially available,
simple test tube based cleavage assays were carried out with purified substrates. Recombinant
decorin, syndecan-1 and fibromodulin were ordered from Abnova. biglycan, betaglycan,
brevican, thrombospondin-1 and thrombospondin-2 were obtained through R&D Systems.
Decorin and syndecan (in 50mM Tris buffer, pH 8), as well as biglycan, and brevican (in PBS,
pH 7.4) were run in test tube based cleavage assays at room temperature for 24h, stopped with
SDS-PAGE loading buffer (50 mM Tris, 2%SDS, 6% Glycerol and 100 mM DTT) run on an
SDS-PAGE gel, transferred to a nitrocellulose membrane and imaged using Ponceau stain
(Fisher Scientific, Waltham, MA). Membranes were scanned using the LI-COR imaging system
(LI-COR Biotechnology, Lincoln, NE). Fibromodulin was run in 50mM Tris pH 8.0 buffer for
24h at room temperature, stopped with SDS-PAGE loading buffer, run on a SDS-PAGE gel and
imaged using Ponceau stain. Thrombospondin-1 and thrombospondin-2 were run in PBS, pH
7.4 for 2h at 37C, stopped with SDS-PAGE loading buffer, run on an SDS-PAGE gel and
imaged through a Biosafe G-250 Coomassie stain (Bio-rad) of the gel using the LICOR imaging

system.

3.1.6 Proteoglycan Cleavage Assays
The recombinant human PGs, decorin (full length and glycosylated; 1-360 a.a., 0.5 ug,
Abnova, Walnut, CA), biglycan (partial protein and glycosylated; 38-368 a.a., 1.5-5 ug, R&D

Systems) and betaglycan (partial protein and glycosylated; 21-781 a.a., 2.5-5 pug, R&D Systems)
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were incubated at room temperature for 24 h with 25-500 nM purified human GzmB (Axxora,

San Diego, CA). Reactions were carried out in 50 mM Tris buffer, pH 7.4. For inhibitor studies,
GzmB was incubated in the presence or absence of 200 UM of the serine protease inhibitor 3,4-
dichloroisocoumarin (DCI; Santa Cruz Biotechnology Inc, Santa Cruz, CA) or inhibitor solvent
control, dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO) for 4h or 24h. After
incubation, proteins were denatured, separated on a 10% SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane. Ponceau stain (Fisher Scientific, Waltham, MA) was

used to detect cleavage fragments.

3.1.7 N-terminal Sequencing

For Edman degradation, 2-5 pg/lane of biglycan and betaglycan were incubated with
100-500 nM GzmB for 24h. Once run on a gel and transferred to a PVDF membrane, cleavage
fragments were identified by Ponceau staining. The stain was removed by washes with distilled
water and the membrane was dried and analyzed at the Advanced Protein Technology Center at

the Hospital for Sick Kids (Toronto, ON).

3.1.8 Michaelis-Menten Kinetics

For Michaelis-Menten kinetics, 0.05-4uM of decorin (in 50mM Tris, pH 7.4), biglycan
or betaglycan (in PBS, pH 7.4) was incubated with 100nM GzmB for 2.5h at 37C. Reactions
were stopped with SDS-PAGE loading buffer, run on an 8% gel and detected with G-250
Biosafe Coomassie Stain (Bio-Rad, Hercules CA). Proteoglycan cleavage was quantified by
appearance of product for decorin and betaglycan and loss of substrate for biglycan. Enzyme
kinetics calculations were carried out with GraphPad Prism software using linear regression

curves for Kkinetics analysis.
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3.1.9 TGF-f1 Release Assays

TGF-B1 release assays were carried out using a method similar to that previously
described for the assessment of MMP-induced TGF-B1 release from ECM [66]. Briefly, decorin,
biglycan and betaglycan (15 pg/mL) were coated onto 48 well tissue culture plastic plates and
allowed to incubate overnight at 4°C in PBS, pH 7.4. After blocking with 1% bovine serum
albumin, 20 ng of active TGF-B1/well (Peprotech Inc, Rocky Hill, NJ) was added in dPBS
containing calcium and magnesium (Invitrogen, Carlsbad, CA) for 5 h at RT. GzmB, with or
without DCI, was incubated on the wells and after 24 h, supernatants were removed, denatured,
and run on a 15% SDS-PAGE gel. Nitrocellulose membranes were probed using a rat anti-
human TGF-B1 antibody (BD Biosciences, Franklin Lakes, NJ) and IRDye® 800 conjugated
affinity purified anti-rat 1gG (Rockland Inc, Gilbertsville, PA). Bands were imaged using the
Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE).

For TGF-B1 release from endogenous ECM, SMC-derived ECM was isolated as
described above for the SMC-derived ECM cleavage assays. ECM was blocked with 1% BSA
and incubated with 0.6ng/ul TGF-B1 for 3h at RT. Unbound TGF-B1 was washed away with
PBS and GzmB groups were incubated on the wells for 24h. Supernatants, containing released

TGF-B1, were run on a SDS-PAGE gel as described above.

3.1.10 TGF-p1 Bioavailability Assays

For bioavailability assays, HCASMCs were seeded in 6 well plates in smooth muscle
cell growth media (SmGM, Clonetics) +5% fetal bovine serum (FBS, Invitrogen) and grown to
confluence. At this time, cells were quiesced by serum removal for 24 h, after which 150 ul of
release assay supernatants (as described above) and 5ng/ml TGF-B1 positive control were added
to the cells for 20 min. Cell lysates were assessed by SDS-PAGE/Western blotting for

phosphorylated-SMAD-3 (p-SMAD3; Epitomics, Burlingame, CA) total SMAD-2/3 (t-SMAD-
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2/3; BD Biosciences) and the loading controls B-actin (Sigma-Aldrich) or B-tubulin (Millipore,

Billerica, MA). Secondary IRDye® 800 conjugated antibodies (Rockland Inc) were utilized and
imaged with the Odyssey Infrared Imaging System (LI-COR Biotechnology, Lincoln, Nebraska).
Densitometric analysis was conducted on the Odyssey Infrared Imaging System and displayed

graphically by p-SMAD-3/total-SMAD-3.

3.1.11 Statistics
For densitometric analysis on pSMAD-3 activity assays, a one way analysis of variance

(ANOVA) with a Dunnett’s post test was carried out and significance was determined at P<0.05.

3.2 In vivo Assays
3.2.1 Mice

All research studies were conducted with the approval of the University of British
Columbia Animal Care Committee. For AAA, atherosclerosis and skin pathology experiments
GzmB-KO, apoE-KO and Perf-KO mice were purchased through The Jackson Laboratory (Bar
Harbor, ME) and GzmB/apoE-DKO and Perf/apoE-DKO mice where bred in house in the
Genetic Engineered Models (GEM) facility at the James Hogg Research Centre. For hair
plucking experiments, subjects were all female C3H/HeJ mice supplied from colonies at The
Jackson Laboratory specific pathogen-free production facility. Mice had access to food and
water ad libitum, and were housed in community cages in 12 h light/dark cycles. Mice were

monitored daily post-procedure and provided with sufficient environmental enrichment

3.2.2 Identifying a Decrease in Decorin in a Murine Model of AAA
The Angll model was carried out as previously described by our laboratory [193] and all
animal procedures were performed in accordance with the guidelines for animal

experimentation approved by the Animal Care Committee of the University of British Columbia.



54
Briefly, apoE-KO and GDKO mice, aged 3 months, received Angll (Sigma Aldrich, St Louis

MO) or a saline vehicle control at an infusion rate of 1000 ng/min/kg from a subcutaneous
ALZET® mini osmotic pump (DURECT Corporation, Cupertino, CA). After 28 days, mice
were euthanized by CO, inhalation, vessels were perfused at a flow rate of 100 mm Hg and
aortas were embedded in paraffin and sectioned into 5 pm sections. Sections were
immunohistologically stained for decorin (apoE-KO, n=4; GDKO, n=7) using a mouse anti-
decorin primary antibody (R&D Systems), biotinylated rabbit anti-goat secondary, ABC reagent

and NovaRED substrate (Vector laboratories, Burlingame, CA).

3.2.3 Murine Atherosclerosis and Skin Pathologies Methodology

At 6-8 weeks of age c57, apoE-KO, GzmB-KO GzmB/apoE-DKO, Perf-KO and
Perf/apoE-DKO mice where fed a high fat diet (21.2% fat, Harlan Teklad , Madison WI) for 30
weeks. At harvest mice were weighed, euthanized by CO; inhalation, photographed and blood
was collected by cardiac puncture. Vessels were perfused at a constant pressure of 100mm hg
with saline using a pressurized tubing system for 5min or until no blood was observed at the
incisionin the right atria. Organs were collected and fixed in 10% formalin and stored in 70%

ethanol. Tissue sections were embedded in paraffin and sectioned into 5 um sections.

3.2.4 Depilation-induced Hair Follicle Cycling in Mice

Mice were anesthetized at 65 days old when the dorsal skin is uniformly in a telogen
resting state [341, 342]. Hair fiber was plucked using a wax-rosin gum mixture from an area of
the dorsal skin approximately 2cm x 5cm [343]. Plucking hair fibers from telogen stage follicles
is a known method of inducing synchronised anagen growth in a uniform manner [341, 344]. At
each time point; 0 (1 hour after hair plucking), 4, 8, 12, 16, and 20 days post hair removal, 3
mice were euthanized and their skin collected per time point. Skin samples from each mouse

were subdivided and were fixed in Tellyesniczky / Fekete (Telly's) fixative for routine histology
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and immunohistology. Tissue sections were embedded in paraffin and sectioned into 5 um

sections.

3.2.5 Total Cholesterol and Triglyceride Quantification

To determine total cholesterol levels in mouse plasma for the atherosclerosis project, the
Cholesterol E enzymatic colormetric assay (Wako, Richmond VA) was utilized. In brief, a
1:100 dilution of mouse serum and appropriate cholesterol standards were added to a colour
reagent containing cholesterol ester hydrolase, cholesterol oxidase, peroxidise, 4-
aminoantipyrine 3,5-Dimethoxy-N-ethyl-N-(2-hydroxy-3-sulfopropyl)-aniline sodium salt and
ascorbate oxidase. Cholesterol esters were converted to free cholesterol and fatty acids and
cholesterol was oxidized to generate hydrogen peroxide which then reacts to form a blue
pigment. After 5min incubation at 37°C, the blue pigment was measured at an absorbance of
600nm.

To determine total triglycerides in mouse plasma the Triglyceride Colormetric Assay Kit
was utilized (Cayman Chemical Company, Ann Arbor MI). A triglyceride enzyme mixture in
was added to a sodium phosphate assay buffer and then reacts to form a purple pigment to be

read at 540nm. Plasma was added to the plate at a 1:16 ratio.

3.2.6 En face Staining of Murine Aortas

Aortas were trimmed for removal of excess fat and tissue surrounding the aorta. Vessels
were then pinned to a paraffin tray and tissue was covered in staining solution (0.5% sudan IV
(Fisher Scientific), 35% ethanol and 50% acetone) for 15min. Solution was removed and
replaced with 80% EtOH for decolourization for 5min. Aortas were washed in dH,O for 1h,

photographed and plaque area was then traced using ImageProPlus software.
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3.2.7 Immunohistochemistry

Paraffin sections were treated with xylene and rehydrated with ethanol and PBS. The
tissues were treated in boiling citrate buffer and endogenous peroxidase was quenched in 3%
H,0,. 10% rabbit serum or 10% goat serum was used for blocking after which goat anti-GzmB
(Abcam or Santa Cruz Biotech, Santa Cruz, CA), rabbit anti-Perf (Santa Cruz Biotech), rabbit
anti-fibrillin-1 (Abcam), rabbit anti-fibronectin (Abcam) or goat anti-decorin (R&D Systems) in
10% serum was incubated overnight at 4°C. The secondary antibody biotinylated rabbit anti-
goat or goat anti-rabbit (Vector Laboratories, Burlingame, CA) was incubated at room
temperature for 30 minutes. ABC reagent was used as directed (Vectastain Elite ABC kit, PK-
6100, Vector Laboratories) and was visualized with Nova-RED reagent (Vector Laboratories) or
DAB (Vector Laboratories). Tissue was counterstained with hematoxylin. A negative control
lacking primary antibody was used to confirm there was no nonspecific staining and Perf-KO
mouse skin (mouse acquired from Jackson Laboratories, Bar Harbor, ME, stock# 002407) was

also used as a negative control for the Perf antibody.

3.2.8 Alcian Blue-safranin Staining of MCs, Counting and Data Analysis

Combined immunohistological and histological staining was achieved by first
completing immunohistochemistry for GzmB and then incubating skin sections with alcian blue.
For the alcian blue stain, paraffin embedded sections were stained with 1g 8GX alcian blue in
100 ml of 0.7 N HCI (Sigma-Aldrich, Oakville, Canada) pH 0.2 followed by washing in 0.7 N
HCI. MCs and GzmB™ cells were counted in at least 3 visual fields per specimen and the
average quantifications were carried out using ImageProPlus™ Software (MediaCybernetics,
Silver Spring, MD) per mm? of skin. The total number of MCs, GzmB" cells, and GzmB* MCs,
were counted. These values were then used to calculate the percentage of MCs that expressed

GzmB and the percentage of GzmB™ cells that were MCs.
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3.2.9 Electron Microscopy of Skin Sections

Skin in the upper back of C57 and apoE-KO mice, was removed from mice and cut into
2mm pieces. Tissues were fixed in 2.5% glutaraldehyde and washed. They were then post fixed
in 1% osmium, dehydrated, and embedded in Epon 812. Blocks were sectioned at Sum,
perpendicular to the plane of the skin and stained with toluidine blue (TBO) to examine the full
section by light microscopy. For transmission electron microscopy (TEM), thin sections at
70nm were cut from the same blocks. Thin sections were viewed on the FEI Tecnai 12 TEM in
the ICAPTURE Centre. All EM work was completed in collaboration with Dr. David Walker,

in our ICAPTURE imaging facility.

3.2.10 GzmB Staining in Human AAA Vessels
Human AAA samples were obtained according to ethical protocols at the Karolinska
Institute (Sweden). GzmB staining on AAA nerve ganglia was carried out as described in

method 3.2.9 with a mouse anti-GzmB (gift from Dr. Joseph Trapani, Melbourne Australia).

3.2.11 Statistics
For en face staining and mouse weights a one way ANOVA with Bonferronis post test was

utilized.
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4. ldentification of Novel Extracellular Substrates
4.1 Introduction

Although the granzymes were initially characterized as intracellular and extracellular
proteases, over the past 30 years the focus has been almost exclusively on intracellular GzmB
activity. Intracellular GzmB substrates have been well characterized and the implications of
their cleavage have been well documented. However, increasing evidence towards an
extracellular activity for GzmB is emerging. GzmB is constitutively released from cytotoxic
lymphocytes, retains its activity extracellularly and is elevated in chronic disease in bodily fluids
(reviewed in [58]). In addition, there is no known extracellular GzmB inhibitor, suggesting it
may be essentially unrestrained in the extracellular milieu. Cleavage of several ECM proteins
such as fibronectin, vitronectin, and laminin have been established and implicated in processes
such as anoikis [123, 124]. Although the granzyme field has shifted focus to extracellular GzmB
activity, this area remains in its infancy.

A limited number of extracellular GzmB substrates have been identified and even fewer
have been implicated in disease (Table 1). There has not been a targeted screen for extracellular
substrates described in the literature. Potential extracellular substrates key in wound healing,
atherosclerosis and aneurysm are also not well known. We therefore set forth to identify
extracellular GzmB substrates and characterize these substrates using a low throughput

extracellular substrate screen.

4.2 Results

4.2.1 GzmB has Affinity for Elastin and Displays Weak Elastolytic Activity
As previous work carried out by our laboratory suggested that GzmB localized to the

elastic lamellae of the mouse aorta, we examined whether GzmB had affinity for elastin and if it



59
displayed elastolytic activity. To confirm the interaction of GzmB with elastin, we incubated

GzmB with insoluble skin and aortic elastin. Upon incubation with elastin and a low speed
centrifugation step, there was less GzmB present in the supernatant and instead GzmB
associated with the elastin in the pellet (Figure 6). This was dose-dependent and was not
restricted to the type of elastin used (i.e. skin elastin or aortic elastin). In a separate experiment
designed to detect elastin degradation, after a 7 day incubation of GzmB with elastin, the
radioactivity of the cleaved, soluble elastin fragments was 4.8 times and 2.7 times higher than
background for skin and aortic elastin, respectively (Figure 6). Proteolysis of elastin by elastase
yielded a radioactivity increase over background of 14.9 fold for skin elastin and 7.7 fold for
aortic elastin. These data suggest that GzmB has affinity to elastin and when incubated for

prolonged periods, may have elastolytic activity.

4.2.2 GzmB Cleaves Smooth Muscle Cell Extracellular Matrix

To develop a straightforward system to screen extracellular matrix substrates, we
modified an extracellular matrix cleavage assay previously developed in our laboratory by Dr.
Jonathan Choy [124]. We allowed HCASMC'’s to secrete ECM for up to 7 days, then removed
cells from the plate using ammonium hydroxide. The remaining ECM was digested with GzmB
and cleavage fragments (which detach from the plate and localize in the supernatant) were
removed. As the ECM contains a minimal amount of protein compared to cell lysates, protein is
not detectable by conventional coommassie or ponceau stains, therefore we biotinylated the
ECM to be visualized by western blotting with an anti-biotin antibody. As shown in Figure 7,
80nM GzmB digested HCASMC ECM to a similar degree as 345nM trypsin over a 24h period,
as shown by the biotinylated fragments in plate supernatants. To validate the assay and test for

the detection of a known ECM substrate, we probed the supernatants with an anti-fibronectin
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antibody and found that GzmB-mediated cleavage of fibronectin was detectable in HCASMC

ECM.
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Figure 6: In vitro Elastin Binding Assay and Cleavage Assay

To determine whether GzmB had affinity for and cleavage activity against elastin, binding and
cleavage assays were carried out. (a) GzmB was incubated with 15ug human insoluble skin and
aortic elastin for 3h at room temperature. The samples were centrifuged and the insoluble
elastin collected in the pellet. The supernatants, which did not contain insoluble elastin and the
pellets which contained insoluble elastin, were denatured and subjected to SDS-PAGE and
GzmB was detected by Western blotting. (b) GzmB was incubated with *H-elastin for 7d at RT,
with fresh enzyme added 5 times throughout the experiment. Elastase was incubated with *H-
elastin for 2h. Samples were centrifuged for 3m at 5000g and supernatants containing the
soluble cleavage fragments where collected and counted. Data is represented as fold increase in
radioactivity over the control (elastin only), with n=2.
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Figure 7: GzmB Cleaves Human Coronary Artery Smooth Muscle Cell Extracellular
Matrix

To examine whether GzmB cleaves SMC-derived ECM, cleavage assays were utilized and
confirmed with fibronectin cleavage. Smooth muscle cells were serum starved for 48h, the cells
were removed with ammonium hydroxide and the remaining ECM was incubated with PBS,
345nM trypsin, and 80nM GzmB for 24h at room temperature. Supernatants (containing cleaved
ECM) were collected, biotinylated, run on a 6% SDS-PAGE gel and resolved via Western
blotting.
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Figure 8: GzmB-mediated Cleavage of Microfibrillar Proteins

To determine whether microfibril components of elastin were substrates for GzmB, SMC ECM
cleavage assays were conducted. For cleavage from SMC-derived ECM, following 5-7 days
serum starvation for ECM synthesis, human coronary artery smooth muscle cells were removed
from 6 well plates using ammonium hydroxide. GzmB was incubated on ECM for 24h and
supernatants were western blotted for fibrillin-1, fibrillin-2 or fibulin-2. Star denotes full length
and arrows indicate cleavage fragments
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4.2.3 GzmB-mediated Cleavage of Microfibril Proteins

HCASMC-derived ECM was used to detect the cleavage of elastin microfibril
components and fibrillin-1, fibrillin-2 and fibulin-2 were determined to be GzmB substrates
(Figure 8). Likely due to limitations in fragment detection by the antibodies, only 1 fragment
was detected for fibrillin-1 and fibulin-2. However, five cleavage fragments were detected for
fibrillin-2. To determine cleavage was mediated by GzmB, the GzmB inhibitor DCI was also

used, preventing the cleavage of each substrate.

4.2.4 GzmB Cleaves Multiple Proteoglycan Substrates

To examine various PG substrates, commercially available recombinant substrates were
utilized. Decorin, biglycan, betaglycan, syndecan and brevican were all cleaved by the protease
into several fragments (Figure 9). As ponceau stain was used to detect these fragments and not
western blot, all stable cleavage fragments should be detectable using this methodology, unless
they are too small to run through the SDS-PAGE gels. Cleavage was prevented with the
inhibitor DCI, suggesting fragmentation was GzmB-dependent. For syndecan, Granzyme A and

Granzyme K were also shown to cleave the substrate into distinct cleavage fragment patterns.

4.2.5 GzmB Cleaves Fibromodulin, Thrombospondin-1 and Thrombospondin-2

Fibromodulin was also determined to be a substrate for GzmB, and the GzmB inhibitor
V2248 (also known as compound 20), prevented fibromodulin cleavage after 2h incubation at
37°C (Figurel0). In addition, thrombospondin-1 and thrombospondin-2 were both cleaved by
GzmB after a 2h incubation at 37°C (Figure 11). Cleavage fragments sizes were similar for both

proteins, suggesting GzmB may degrade both substrates at the same or similar cleavage sites.
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Figure 9: Low Throughput Screen for Extracellular GzmB Substrates Using Recombinant

Proteins

Recombinant PG cleavage assays were conducted to identify novel GzmB substrates.
Recombinant decorin, biglycan, betaglycan, syndecan, or brevican was incubated with purified
GzmB for 24h at room temperature. Reactions were stopped with SDS-PAGE loading buffer,
run on an SDS-PAGE gel and imaged by ponceau staining of a nitrocellulose membrane. *
denotes full length protein and arrows indicate cleavage fragments.
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Figure 10: Cleavage of Fibromodulin by GzmB

A fibromodulin cleavage assay was conducted to characterize its cleavage by GzmB.
Recombinant human fibromodulin was incubated with GzmB for 2h at 37C. Reactions were
stopped with SDS-PAGE loading buffer, run on an SDS-PAGE gel, Coomassie stained and
imaged on the licor imaging system. * denotes full length protein and arrows indicate cleavage
fragments.
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Figure 11: GzmB-mediated Cleavage of Thrombospondin-1 and Thrombospondin-2

To examine whether thrombospondin 1 and 2 were substrates for GzmB, recombinant protein
tube based assays were utilized. Recombinant human thrombospondin-1 and thrombospondin-2
where incubated with GzmB for 2h at 37C. Reactions were stopped with SDS-PAGE loading
buffer, run on an SDS-PAGE gel, Coomassie stained and imaged on the licor imaging system. *
denotes full length protein and arrows indicate cleavage fragments.
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4.3.5 Characterization of Extracellular Matrix Cleavage Inhibitors

To characterize compound 20 [345] as an ECM cleavage inhibitor, we ran two different
lots of the inhibitor, JT00025135 and JT00025102B (Generated by UBC CDRD) on decorin
and betaglycan cleavage respectively (Figure 12). For decorin, 20uM of JT00025135 was
sufficient for complete inhibition. For betaglycan SuM of JT00025102B prevented cleavage.
The inhibitor was also tested on HCASMC ECM and we found that 50 uM fully inhibited
fibronectin and decorin cleavage (Figure 13). We also tested NCI compounds NCI1644752 and
NCI1644777 on decorin cleavage and 150uM of NCI1644752 partially inhibited decorin cleavage
whereas 150uM of NCI644777 fully inhibited cleavage. We thus determined that these

inhibitors could prevent GzmB-mediated ECM cleavage.
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Figure 12: Inhibition of GzmB using a Specific Small Molecule Inhibitor (JT00025135 and
JT00025102B) Prevents Decorin and Betaglycan Cleavage

To examine GzmB inhibition by the small molecule inhibitor compound 20, cleavage assays on
recombinant decorin and betaglycan were conducted. Incubations were performed at RT for 24h
in a total reaction volume of 30ul. Samples were run on a 10% gel and imaged by Coomassie
Blue stain. Asterisk = full length protein, arrows indicate cleavage fragments.
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Figure 13: Inhibition of GzmB using Small Molecule Inhibitors Prevents ECM Cleavage

Compound 20-mediated GzmB cleavage inhibition was further characterized in decorin and
fibronectin cleavage assays. To synthesize endogenous ECM, human coronary artery smooth
muscle cells were seeded in 6 well plates and incubated at confluency for 7 days in serum
starvation media (SMGM + 0.2% FBS). Cells were removed from the plates by incubation with
0.25M ammonium hydroxide for 20min. This treatment removes cells while leaving the
surrounding extracellular matrix intact. Subsequently, 100nM GzmB and the inhibitor of interest
was incubated on the endogenous ECM for 24h. Supernatants from the plates (containing
cleavage fragments) were run on an SDS-PAGE gel and Western blotted for fibronectin or
decorin. DMSO solvent control was not included due to redundancy. Asterisk = full length
protein; Arrow = cleavage fragments, star denotes full length.
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4.3 Discussion

GzmB is a pro-apoptotic serine protease initially characterized in the granules of CTLs
and NK cells. GzmB is released towards target cells along with the pore-forming protein, Perf,
resulting in its Perf-dependent internalization into the cytoplasm and subsequent induction of
apoptosis [58, 346]. However, while once thought to be primarily involved in CTL/NK cell-
mediated apoptosis, it is now recognized that GzmB can be expressed by other inflammatory
cells (eg. macrophages, mast cells, dendritic cells, basophils) as well as non-immune cells (eg.
chondrocytes, smooth muscle cells, keratinocytes, reviewed in [347]). As non-immune cells do
not possess cytotoxic granules, rarely express Perf and do not readily form immunological
synapses with target cells, GzmB is secreted from these cells into the extracellular milieu.
Indeed mounting evidence suggests that GzmB exhibits non-apoptotic, Perf-independent roles
involving matrix degradation in the pathogenesis of chronic inflammatory diseases
(Summarized in [58, 347]).

In this chapter, 11 novel extracellular GzmB substrates were identified. Substrates were
initially screened for probable cleavage sites using GraBCas before testing for cleavage. Not all
potential substrates were cleaved as several ECM proteins that made it through the initial screen
were determined not to be GzmB substrates such as collagen 111, collagen IV and tenascin C. A
summary of functions for each substrate is shown in Table 4 and nearly all are either elastin
microfibril proteins or proteoglycans.

We also characterized 3 specific extracellular GzmB inhibitors; compound 20,
NCI1644752 and NCI1644777. Compound 20 was quite efficient at preventing GzmB-mediated
cleavage as 5uM sufficiently inhibited 200nM GzmB. Compound 20 has previously been
characterized as a GzmB inhibitor and has a K(i) of 7nM and blocks CTL mediated killing with

an I1Csp of 3uM [345]. NCI 644752 and NCI1644777, which were not previously characterized as
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GzmB inhibitors, inhibited decorin cleavage of SMC ECM. These candidate inhibitors were

identified using a virtual screen of compounds using the crystal structure of GzmB from a
virtual library from the United States National Cancer Institute. NC1644752 partially inhibited
cleavage at 150uM and NCI1644777 fully inhibited at 150pM.

We found that GzmB had affinity for elastin through the elastin binding assay and we
have previously shown that GzmB localizes to elastic lamellae in vivo (unpublished results),
suggesting the protease is likely in close vicinity to elastin and elastin microfibrils. This is the
first report of weak elastolytic activity by GzmB over a prolonged time period. However, as
cleavage of elastin itself was minimal, we examined microfibrillar components of elastin and
found fibrillin-1, fibrillin-2 and fibulin-2 were substrates for GzmB, suggesting GzmB may play
a role in elastin and microfibrillar stability in vivo. This could have implications in blood vessels
where fibrillin-1 is important for vessel stablility and associates with elastin in the elastic
lamellae of the aorta. Indeed, a GzmB-dependent reduction in fibrillin-1 was apparent in apoE-
KO mice infused with angiotensin Il for aneurysm formation, as described in chapter 6 [193].
This was paralleled with elastic lamellae disruption and breakage. As elastin microfibrils are key
in load bearing support in vessels, cleavage of fibrillin-1 by GzmB may weaken the vessel wall
and increase susceptibility to aneurysm rupture.

Previously, GzmB-mediated cleavage of another extracellular PG, aggrecan, was
described [118] and other unidentified cartilage PGs, were shown to be cleaved in rheumatoid
arthritis [137]. Whether or not the PG we have identified were among the PGs cleaved in this
study is not known but in our experience, it does appear that GzmB has a preference for
extracellular PG substrates.

In this chapter, we found several proteoglycan substrates for GzmB. GzmB may also

have affinity for ECM upon release, particularly in PG-rich ECM as GzmB has been previously
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described to bind sulfated glycosaminoglycans. During the storage and release of GzmB from

cytotoxic granules, GzmB binds to the heparan sulfate GAG chains of the PG serglycin [348].
Additionally, cells with reduced membrane GAG chain content displayed a decrease in GzmB-
mediated cell death, likely due to reduced electrostatic GzmB transfer from serglycin to
membrane associated GAG chains, such as chondroitin sulfate or heparan sulfate [43-45].
GzmB affinity for these GAG chains has been proposed to be due to GzmB cationic sites that
bind electrostatically to anionic GAGs [45]. As decorin, biglycan and brevican contain
chondroitin sulfate GAG chains, betaglycan and syndecan contains both chondroitin sulfate and
heparin sulfate chains and fibromodulin contain keratan sulphate chains it is probable that
GzmB may also have affinity for these ECM PGs, potentially accumulating in PG-rich ECM.

Decorin and biglycan are members of the small leucine rich PG family and are involved
in the sequestration of active TGF-B and in collagen fibre spacing [71, 349, 350]. A reduction in
decorin levels has been found in wound healing models such as keloids, a variant of Ehlers-
Danlos syndrome chronic skin ulcer and in the skin upon ultraviolet light exposure [351-354].
Of particular interest, 32kDa and 45kDa decorin fragments were identified in human keloid
tissue of similar size to GzmB-derived fragments [352, 353] suggesting cleavage fragments of
similar size to those seen by GzmB-mediated decorin cleavage are present in vivo. The protease
that synthesized these fragments has yet to be reported and it is interesting to speculate future
identification of GzmB-synthesized ECM fragments in bodily fluids.

Decorin and biglycan bind to collagen fibres and regulate spacing and structure [89, 94,
355]. Decorin-knockout mice have fragile skin with reduced tensile strength [94].
Ultrastructural analysis of collagen yielded uncontrolled lateral fusion of fibrils and courser
irregular fibril outlines [94]. Biglycan-KO mice have thinning of the dermis but no skin fragility,

however collagen fibril morphology was similar to decorin-KO mice [355]. Therefore, GzmB-
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mediated cleavage of decorin and biglycan could result in an alteration in collagen fibril

structure. Our laboratory examined collagen density in GzmB-deficient mice in a model of skin
aging and found a GzmB-dependent reduction in collagen fibre density by second harmonic
generation, suggesting GzmB-mediated cleavage of these proteins may be altering collagen fibre
structure or special arrangement in vivo [195]. In AAA, a reduction in collagen fibre density is
also apparent in the adventitia of aneurysm tissue [194]. This collagen structural alteration in is
prevented upon infusion with an extracellular GzmB inhibitor.

Thrombospondin-1 is involved in tissue repair, wound healing and fibrosis (reviewed in
[356]). It stimulates cell adhesion, cell migration, resistance to anoikis, expression of collagen
and deposition of matrix. Thrombospondin-1 also binds and activates latent TGF-§ by binding
to the latency associated peptide and disrupting its interaction with the mature domain of TGF-$
[357]. Cleavage of thrombospondin-1 by GzmB may inhibit these processes, playing a role in
wound healing. The proteases cathepsin G and ADAMTS-1 cleave thrombospondin-1 into
soluble fragments, suggesting GzmB may also cleave it into a soluble form, however further
studies are required to characterize the implications of GzmB-mediated cleavage of

thrombospondin [358, 359].
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Substrate Size* and Cleavage | Functions*
Fragments

Fibrillin-1 Full length 312kDa Major structural component of elastin
1 fragment detected at | microfibrils and involved in elastin fibre
~200kDa assembly. Sequestration of latent TGF-

[72, 360]

Fibrillin-2 Full length 315kDa Elastic fibre assembly, microfibrillar
4  fragments detected at | component [360]
~260kDa and 160-200kDa

Fibulin-2 Full length 127kDa Organ development: differentiation of the
1 fragment detected at | heart,skeletal and neuronal structures.
~200kDa Microfibrillar component. [361, 362]

Decorin With glycosylation runs at | Binds type 1 collagen, involved in
60kDa.1 fragment at 50kDa | collagen fibre assembly. Binds active
and 3 fragments at 30kDa TGF-B, Inhibits apoptosis and and

promotes cell survival, responsible for
tight bundle formation and tensile strength
of collagen [71, 78, 84, 91, 93, 349]

Biglycan With glycosylation runs at | Binds type 1 collagen, involved in
40kDa. 2 Fragments at 30kDa | collagen fibre assembly. Binds active
and 20kDa TGF-B [71, 350]

Betaglycan With glycosylation runs at | Undergoes ectodomain shedding and
100kDa. Multiple fragments at | involved in TGF-f bioavailability when
60kDa and 40kDa present in the ECM [70]

Syndecan-1 With glycosylation runs at | Undergoes ectodomain shedding. Elevated
90kDa. 2 fragments at 20- | in dermal wound fluid and the ectodomain
30kDa inhibits wound repair. Binds proteases and

limits their activities. [363, 364]
Brevican With glycosylation full length | Expressed in the brain. Stablizes synapses

runs at 140kDa. 1 cleavage
fragment detected at ~100kDa

and neurite outgrowth [365-367]

Fibromodulin

With glycosylations runs at
70kDa. 2 cleavage fragments
at 40-50 kDa

Binds type 1 collagen, inhibits
fibrillogenesis in vitro. Role in TGF-§
bioavailability. [71, 368]

Thrombospondin-1

Runs at 165 kDa. Fragments at
115kDa, 60kDa, 50kDa and
30kDa

Cell-cell and cell-matrix interactions.
Platelet aggregation, angiogenesis and
wound healing. [369-371]

Thrombospondin-2

Runs at 170 kDa. Fragments at
115kDa, 110kDa, 60kDa,
50kDa and 30kDa

Cell adhesion and migration. Tumor
growth, angiogenesis and wound healing.
[372-374]

*Information from Genecards.org
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5. GzmB Cleaves Decorin, Biglycan and Soluble Betaglycan,
Releasing Active Transforming Growth Factor-$1

5.1 Introduction

The extracellular matrix provides as scaffolding for cells to spread and attach and filters
nutrients and other factors to surrounding cells. The pericellular matrix contains ECM proteins
that are in close vicinity to cells and can thus bind growth factors in close quarters to cells. In
this way ECM acts as a repository for growth factors and regulates their synthesis, activation
and degradation. Growth factor binding to the ECM can alter their local concentrations, affect
soluble levels and limit their mobility and uptake by neighboring cells. Extracellular proteases
act in concert with ECM in the process of growth factor bioavailability, cleaving the ECM,
activating latent growth factors and releasing these sequestered molecules so that they are
accessible to nearby cells. The matrix metalloproteases (MMPs) have been established in these
processes in the context of both normal physiological remodeling and in pathological ECM
degradation [375, 376]. They have also been implicated in cytokine bioavailability as MMP-2,
MMP-3 and MMP-7 release TGF-B from decorin matrices [66]. Several known extracellular
GzmB substrates are involved in cytokine banking, namely fibronectin which sequesters
transforming growth factor-beta (TGF-f), vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and tumor necrosis factor (TNF-a), vitronectin which binds
TGF-B and PDGF and fibrillin-1 which sequesters TGF-p [65, 73]. However, whether GzmB-
mediated cleavage of these substrates results in the release of sequestered cytokines has not been
elucidated. Decorin, biglycan and soluble betaglycan all bind active TGF-B, sequestering it

away from cells. [65].
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TGF-p regulates development, cell proliferation and ECM deposition and is involved in

the pathogenesis of cancer, cardiovascular disease, diabetes, marfans syndrome among others.
Inactive TGF-f is associated with a non-covalently bond propeptide called a latency-associated
peptide (LAP), in a complex known as the small latent TGF-p complex (SLC) [377]. The SLC
associates with the latent TGF-B binding protein (LTBP) to form the large latent TGF-$
complex (LLC). The extracellular storage of TGF-f is critical in regulating its bioavailability
and both the active and inactive forms of TGF-f are sequestered in extracellular matrix.
Fibrillin-1 sequesters the LLC by associating with the LTBP and active TGF-f can be bound to
the ECM proteoglycans decorin, biglycan and soluble betaglycan [65, 70, 71, 378].

Decorin and biglycan are members of the small leucine rich proteoglycan family. They
are involved in collagen density and spacing, active TGF-B sequestration, cell division and
proliferation, and migration. Betaglycan, also known as TGF-B receptor III, is a PG receptor
involved in TGF-B signaling. Its extracellular domain acts as a soluble receptor following
cleavage by membrane type-matrix metalloproteinase (MT-MMP1), in a process known as
ectodomain shedding [379, 380]. This soluble betaglycan resides in the ECM and functions in
TGF-p sequestration [70, 378].

TGF-B signaling occurs when active TGF-p binds to TGF-receptor Il (TGFR-II), a
process that is promoted by membrane-associated betaglycan [67, 70]. TGFR-II then
phosphorylates TGF receptor I, activating its kinase domain, which then phosphorylates
downstream effectors such as SMAD-2 and SMAD-3 [68]. TGF-f can also signal independently

of the SMADs through proteins such as Erk and RhoA [381].
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In the present chapter, we demonstrate that GzmB cleaves decorin, biglycan and

betaglycan and identify sites of proteolysis. We show that the released TGF-B1 is active and

induces the phosphorylation of SMAD-3 in HCASMCs.

5.2 Results

5.2.1 GzmB Cleaves Decorin, Biglycan and Betaglycan

Incubation of decorin, biglycan and betaglycan with GzmB resulted in the concentration-
dependent generation of multiple cleavage fragments (Figure 14a-c). Full length decorin (~65
kDa) and 4 decorin cleavage fragments at ~50 kDa and ~30 kDa, were evident following GzmB
incubation. Biglycan was identified at ~40 kDa, with cleavage fragments evident at ~30 kDa
and 20 kDa, while incubation of recombinant soluble betaglycan (~100 kDa) with GzmB
resulted in multiple cleavage fragments at ~60 kDa and 40 kDa. As all of these substrates are
PGs and contain glycosaminoglycan (GAG) chains, the apparent molecular weight of the full
length proteins and fragments may not be accurate, as glycosylation can alter movement through
the gel. As such, several of the proteins and protein fragments are observed as a smear as
opposed to a condensed band.

To confirm that decorin, biglycan and betaglycan proteolysis was mediated by GzmB,
DCI was included in reactions for 4 h or 24 h (Figure 15 a-c). Higher concentrations of PG
substrates and GzmB were utilized in this assay for favorable detection of cleavage fragments.
DCI effectively inhibited decorin, biglycan and betaglycan cleavage at both time points while
the vehicle control (DMSO) had no effect (Figure 15a-c).

To verify these PGs are indeed GzmB substrates in endogenous ECM, we repeated the
cleavage assay with smooth muscle cell-derived ECM. As shown in Figure 16, decorin and
biglycan were indeed cleaved by GzmB when associated with an endogenous ECM. Cleavage

fragments for
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Figure 14: GzmB-mediated Cleavage of Decorin, Biglycan and Betaglycan

To determine if decorin, biglycan and betaglycan are substrates for GzmB, recombinant
cleavage assays were conducted. Increasing concentrations of GzmB (25, 50, 100 and 200nM)
were incubated with decorin (a), biglycan (b), and betaglycan (c) for 24h at RT. * denotes full
length protein, arrows indicate cleavage fragments and ” indicates GzmB. Permission to
reproduce facilitated by an open access Creative Commons License for PLoS ONE.



80
both proteins were apparent in the supernatant at around ~32kDa, the same cleavage fragment

sizes seen in recombinant protein assays.

5.2.2 GzmB Cleavage Site Identification

GzmB cleavage sites were characterized in biglycan and betaglycan by Edman
degradation (Figure 15 b-c). N-terminal sequence results for decorin were unable to be obtained
due to low fragment yields, despite multiple trials. In biglycan, the cleavage site was identified
at lle-Ser-Pro-Asp® Thr-Thr-Leu-Leu-Asp, with a P1 residue of Asp (Figure 15 b). Interestingly,
despite sequencing 6 unique bands for betaglycan, only one unique cleavage site was
characterized, Asp-Glu-Gly-Asp>*®Ala-Ser-Leu-Phe-Thr, near the c-terminus of the protein (Fig
15c). The n-terminal sequence results of betaglycan fragments labeled by 1’ corresponded to
the n-terminus of the protein and the n-terminal sequence of fragments labeled with 2’

corresponded to the cleavage site (Figure 15 c).

5.2.3 Michaelis-Menten Kinetics

To determine if the cleavage of decorin, biglycan and betaglycan occurs at
physiologically relevant rates, Michaelis-Menten kinetics was carried out on Coomassie stained
gels after 2h incubation at 37C. Kcat/Km ratios for biglycan: 1.7x10° M™s™, betaglycan:
5.89x10° M™s™ and decorin: 1.0x10® Ms™.
5.2.4 GzmB-dependent Cleavage of Biglycan, Decorin and Betaglycan Results in the Release of
Active TGF-$1

As decorin, biglycan and betaglycan sequester active TGF-p1 [70, 71], TGF-B1 release
assays were performed to determine if GzmB-mediated cleavage of these proteins resulted in
active TGF-B1 release (Fig 17 a). Following 24h of incubation, negligible TGF-B1 had
dissociated from the plate in the absence of GzmB, suggesting that the PG/TGF-1 complexes

were stable throughout the incubation time. After 24 h of GzmB treatment, TGF-B1 was
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Figure 15: GzmB-mediated PG Cleavage is Inhibited by DCI and Cleavage Site
Identification

To confirm GzmB cleavage was specific, cleavage assays were run using the inhibitor DCI and
cleavage sites in biglycan and betaglycan were characterized. GzmB was incubated with decorin
(@), biglycan (b) and betaglycan (c), +/- DCI and the solvent control DMSO, for 4h and 24h.
Cleavage sites in biglycan and betaglycan were identified by N-terminal Edman degradation. *
denotes full length protein, arrows indicate cleavage fragments, and cleavage sites are displayed
on the right. Permission to reproduce facilitated by an open access Creative Commons License
for PLoS ONE.
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Figure 16: GzmB Cleaves Native Smooth Muscle Cell-derived Decorin and Biglycan

To determine that decorin and biglycan were cleaved in a physiological system, SMC ECM
cleavage assays were conducted. HCASMCs were incubated at confluency for adequate ECM
synthesis. Cells were removed, GzmB was incubated with the ECM and decorin and biglycan
cleavage fragments were detected by western immunoblotting. Permission to reproduce
facilitated by an open access Creative Commons License for PLoS ONE.
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released into the supernatants, from all three PGs. This release was inhibited by DCI, suggesting

the process was dependent on active GzmB. TGF-B1 release was observed at GzmB levels as
low as 25 nM (Unpublished observations). In addition, TGF- release from betaglycan was also
inhibited by 10uM compound 20, lot JT00025102B, a more specific GzmB inhibitor (Figure 18).

To confirm GzmB can also release TGF-p from a heterogenous, endogenous ECM,
SMC-derived ECM was utilized. However, in this closed in vitro setting TGF-f is present only
as a latent complex, most likely due to a lack of extracellular activators in the culture system
(Figure 17 b). As decorin, biglycan and betaglycan bind and sequester active TGF-B only,
recombinant active TGF-f1 was supplemented on isolated ECM prior to GzmB incubation.
Upon GzmB treatment, TGF-f1 was released from the ECM, while DCI prevented release
(Figure 17 c). This suggests that GzmB can release recombinant TGF-B1 from a native,

heterogeneous ECM, in addition to recombinant PG matrices.
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Figure 17: GzmB-mediated Cleavage of Decorin, Biglycan and Betaglycan Results in the
Release of Active TGF-$1

To examine whether PG cleavage resulted in the release of active TGF-B1, release assays were
conducted. Decorin, biglycan and betaglycan complexed with TGF-p1 were treated with GzmB.
Supernatants (containing released TGF-B1), were collected and released TGF-B1 was detected
by Western blotting. Results shown are representative western blots from at least 3 separate
experiments for each PG (a). As endogenous SMC-derived ECM only contains latent TGF- (as
shown in (b)), GzmB-mediated release from active TGF-B1 supplemented ECM was also
examined (c). Permission to reproduce facilitated by an open access Creative Commons License
for PLoS ONE.
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Figure 18: Inhibition of GzmB using a Specific Small Molecule Inhibitor (JT25102B)
Prevents the Release of Proteoglycan-sequestered TGF- p1

The small molecule inhibitor, compound 20, was utilized to confirm TGF- 1 release by GzmB.
20 ug/ml betaglycan was coated onto 48 well plates and incubated with 10ng of TGF-f. Excess
TGF-p was washed off the plate and betaglycan/TGF-p complexes were incubated with GzmB
+/- inhibitors for 24h at RT. Supernatants (containing released TGF-B) were collected and
Western blotted for TGF-B. There is little non-specific dissociation of TGF-f into supernatants
in the absence of GzmB (2). TGF-B is released by GzmB after 24h of incubation (4). Release is
inhibited by JT00025102B (5) and partially inhibited by DCI (6).



5.2.5 TGF-B1 Released by GzmB Remains Active and Induces SMAD Signalling in Smooth .
Muscle Cells

To determine that the TGF-B1 released by GzmB remained active and was not bound to
an inhibitory fragment, supernatants from the betaglycan release assay were incubated on
HCASMC for 20 min (Fig 19). TGF-p signaling was examined through the phosphorylation and
activation of SMAD-3. HCASMC responded well to 5 ng/ml TGF-B1, with SMAD-3
phosphorylation observed at 20 min (P<0.05). The TGF-B1 released from betaglycan by GzmB

induced SMAD-3 signaling, confirming that it remained active (p<0.05). Total SMAD-3 levels

also did not change.
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Figure 19: TGF-p1 Released by GzmB is Active and Induces SMAD-3 Activation in
HCASMCs

TGF- B1 bioavailability assays were carried out to verify that the GzmB released growth factor
was active. GzmB +/- DCI was incubated on betaglycan/TGF-p1 complexes for 24h.
Supernatants (containing released TGF-B1) were added to HCASMC for 20 m and
phosphorylated SMAD-2 and SMAD-3 levels were examined. TGF-B1 released by GzmB is
active and induces SMAD-3 signalling in HCASMCs (P<0.05). The result shown is
representative of 5 experiments. Permission to reproduce facilitated by an open access Creative
Commons License for PLoS ONE.
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5.3 Discussion

In this study, we identify three novel extracellular substrates of GzmB; decorin, biglycan
and betaglycan. Furthermore we demonstrate that upon cleavage of these PGs by GzmB, active
TGF-B1 is released.

Approximately one third of GzmB is released non-specifically into the extracellular
milieu during immune cell engagement/degranulation and cytotoxic lymphocytes constitutively
release GzmB in the absence of target cell engagement [109, 111]. In further support of the
biological relevance of non-specific release, the GzmB released into the extracellular milieu
during NK Kkilling assays is sufficient to process IL-1la into a fragment with increased pro-
inflammatory potential [125]. As such, even in cell culture studies there is sufficient leakage of
GzmB outside of cells to promote a biological response. Additionally, under certain conditions,
other non-inflammatory cell types can express and secrete GzmB (reviewed in [347]). As many
of these cell types do not express Perf or form immunological synapses, an extracellular role for
GzmB in pathogenesis is plausible. Indeed, in multiple chronic inflammatory conditions, GzmB
accumulates in extracellular fluids including plasma, cerebral spinal fluid, synovial fluid and
bronchoalveolar lavage fluid (BAL, Reviewed in [58]). In addition, IL-1a fragments of similar
size to GzmB processed fragments were detected in BAL from patients with cystic fibrosis,
chronic obstructive pulmonary disease and bronchiectasis [125]. Given that GzmB is often
detectable at levels 10 to 100-fold higher than normal in such fluids and retains its activity, it is
highly probable that this protease could elicit a biological effect in the source tissues where its
concentration would be expected to be significantly higher. In direct support of this, we have
shown using both GzmB and Perf knockout mice that GzmB contributes to abdominal aortic
aneurysm and skin aging through a Perf-independent mechanism involving ECM cleavage [193,

195].
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Although the concentration range of GzmB in inflamed tissues is presently unknown, the

concentrations of GzmB used in this study (25 and 50nM) are likely to be physiologically
relevant in chronic inflammatory disease. Mean levels of GzmB in the plasma and synovial fluid
of rheumatoid arthritis patients have been reported to be as high as 1 ng/ml and 3ng/ml
respectively (compared to <40pg/ml in healthy patients), and similar increases of GzmB in
bodily fluids have been reported in other inflammatory diseases [103, 104]. Levels of circulating
GzmB would be expected to be several magnitudes lower than in source tissues, where GzmB is
being produced and released and where ECM cleavage is observed [58].

In this study, PG cleavage was detected at GzmB concentrations as low as 25 nM,
however, as the sensitivity of ponceau staining is relatively low, cleavage of these proteins may
also occur at lower GzmB concentrations. In addition to recombinant protein cleavage assays,
we examined biglycan and decorin cleavage from a heterogeneous matrix synthesized by
smooth muscle cells (SMCs). A ~32 kDa cleavage fragment for both decorin and biglycan was
detected in this assay, which were similar in size to the fragments derived from the recombinant
substrate. As fragments were detected using monoclonal antibodies that recognize only one
epitope of the proteins, other cleavage fragments were not detected. Soluble betaglycan was not
detectable in ECM in this in vitro setting, suggesting it is either weakly expressed by SMCs or
rarely shed by these cells in vitro.

In the present study, Michaelis-Menten kinetic analyses were carried out to examine if
GzmB-mediated cleavage of these substrates was physiologically relevant in a biochemical
context. In this environment, rates were lower than that for GzmB-mediated cleavage of
aggrecan, suggesting GzmB may have a greater affinity for aggrecan than other proteoglycans
[118]. It was also considerably lower than that determined for decorin cleavage by MMP 2, 3

and 7 [66]. However, biochemical assessment of in vivo relevance in an artificial test tube
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environment obviously has its limitations with respect to recapitulating other factors and what is

actually occurring the extracellular milieu that is found in vivo. In the context of chronic
diseases such as aneurysms and skin aging, this rate is likely significant as GzmB has a high
affinity for PGs leading to its increased accumulation and cleavage would occur over a
prolonged period of time in areas of extracellular GzmB accumulation, as suggested in previous
publications [194, 195]. In addition, several other proteases have been characterized to cleave
substrates as similar rates, and have been determined to be catalytically efficient [382-386].
Nonetheless, future studies are necessary to examine GzmB-mediated proteoglycan cleavage in
vivo and to identify GzmB-derived cleavage fragments in chronic human disease.

Despite the fact that several extracellular GzmB substrates have been identified, very
few of the cleavage sites have been determined. In this study we define the GzmB cleavage sites
for biglycan and betaglycan. GzmB residue preferences have been previously described, and
GzmB cleavage sites have generally been characterized with a P1 residue of aspartic acid [387,
388]. Less frequently however, cleavage at non-Asp P1 residues have been reported. The most
commonly characterized alternate P1 residue is Glu acid but P1 residues of Ser, Asn and Met
have also been shown but are suspected to occur at lower kinetics and may be nonspecific [389,
390] . In addition to its P1 specificity, GzmB also has a preference for P3 residues that are
negatively charged and P4 residues that are hydrophobic [389, 390]. P3, P2 and P1’ tended to be
smaller residues, most likely due to the size restrictions of the peptide binding pocket [390]. In
this study, we show that GzmB cleaved these PG substrates at a P1 residue of Asp (biglycan:
D, betaglycan: D), consistent with the literature described above. Biglycan contains a
hydrophobic residue at P4 (lle), betaglycan has a negative charge at P3 (Glu) and both contained
relatively small resides in the P3, P2, P1’ area, reflecting the cleavage site trends described

previously [390].
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Interestingly, GzmB is the only known extracellular protease capable of cleaving

extracellular substrates at a P1 residue of aspartic acid. This unique specificity could potentially
be used as a tool to initially screen for potential GzmB-derived fragments in bodily fluids, of
these substrates and others. In addition, the acidic side chain of aspartic acid is key for ionic
interactions and molecular recognition by receptors. This is of particular interest for fragments
containing RGD sequences, which have various biological activities in cell signaling and
disease.

Decorin, biglycan and betaglycan are known to sequester active TGF-B [70, 71].
Therefore, we asked whether cleavage of these PGs by GzmB could release the growth factor.
Matrix metalloproteases (MMP) are well characterized in their role in ECM degradation [375,
376] and cytokine/growth factor bioavailability as MMP-2, -3 and -7 have all been shown to
release TGF-B1 from decorin [66]. To examine if GzmB may have a similar effect we utilized a
similar TGF-B1 release assay in our studies [66]. TGF-B1 was released from all three substrates.
In addition, the TGF-B1 released by GzmB induced SMAD-3 phosphorylation, confirming that
GzmB releases active TGF-B1 and does not alter TGF-B1 activity. As GzmB liberates active
TGF-B1 from the three most well described active TGF-f reservoirs, it may be a potent factor in
influencing TGF-B bioavailability. To this end, we are not aware of another protease that has
been described to release TGF-f from all three of these extracellular proteins. In addition, there
are no confirmed extracellular inhibitors of GzmB, as opposed to the MMPs, which are tightly-
regulated extracellular proteases. One could speculate that GzmB may not have an extracellular
means of inhibition, as it appears to accumulate specifically during sustained inflammation. As
such, increased extracellular GzmB could lead to dysregulated TGF-p release and contribute to a
multitude of deleterious effects at the site of injury. However, more work is necessary to

confirm this hypothesis.
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TGF-p down-regulates GzmB and Perf expression in cytotoxic T cells [391]. However,

the effect of TGF-B on GzmB expression by other cell types is currently unknown. There is
potential for TGF-p to act in a negative feedback loop in human tissue, whereby an increase in
extracellular GzmB levels would lead to an increase in TGF-B bioavailability. This could
influence subsequent GzmB expression, perhaps as a safety mechanism in disease. The effect
GzmB-mediated release of TGF-B on subsequent GzmB expression warrants further
investigation.

The implications of biglycan, decorin and betaglycan cleavage are illustrated in Figure
20. Proteolysis of these three proteins result in active TGF-f release, increasing the
bioavailability of the cytokine and subsequent signalling. TGF-p signalling induces collagen
synthesis, cleavage of decorin and biglycan cause an alteration in collagen structure and tensile
strength and cleavage of decorin results in an increase in collagen production, all leading to
fibrosis, as we see in our disease models of aneurysm and skin aging. A GzmB-dependent
alteration in collagen fibre density is apparent in the adventitia of AAA vessels and in the skin
of aging mice. This also corresponded with a decrease in decorin levels, suggesting these
structural collagen changes were decorin-dependent.

In conclusion, the present knowledge of extracellular GzmB activity in health and
disease is in its infancy [392]. In addition to identifying three novel substrates for GzmB, the
present study provides further insight as to how an accumulation of GzmB in the extracellular

milieu could negatively impact and/or alter growth factor sequestration by the ECM.
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Figure 20: Implications of Proteoglycan Cleavage in Wound Healing
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6. Investigating Perf-dependent and Perf-independent Roles for the
Granzymes in Animal Models of Disease

6.1 Introduction

Apolipoprotein E is a mediator of the transport and clearance of circulating cholesterol.
ApoE-knockout mice are hyperlipidemic and develop atherosclerosis which can be accelerated
by a high fat diet. These mice tend to age faster then wild type c57 and develop hair loss and
graying as well as cutaneous xanthomatosis as they age. When infused with angiotensin I,
apoE-KO mice can be utilized as a model of AAA.

Perf-KO mice were used to indirectly determine whether the granzymes play a role in
disease as granzymes require Perf for trafficking into target cells. However, often overlooked in
this process was the Perf-independent extracellular activity of GzmB. Perf/apoE-DKO mice do
not exhibit a functional intracellular GzmB activity as the protease requires Perf to enter the
cytosol of target cells. However, as GzmB is released into the extracellular space in an active
form and as Perf is not required for extracellular GzmB activity, these mice have fully
functional extracellular GzmB activity. Thus, Perf/apoE-DKO mice can be utilized to study the
extracellular activity of GzmB in isolation of its intracellular activities. As such, if Perf/apoE-
DKO mice are protected against disease, the absence of the intracellular pathway of GzmB and
potentially other granzymes, is likely aiding in the decrease in pathogenesis and if there is no
change, intracellular GzmB activity has no effect. In the case of AAA, Perf/apoE-DKO mice
had similar aneurysm incidence and rupture compared to apoE-KO controls, whereas
GzmB/apoE-DKO mice were protected. This suggests the intracellular apoptosis-inducing
capacity of GzmB does not play a role in aneurysm pathogenesis and that the extracellular
activity of GzmB was more critical [193]. Further examination of extracellular matrix

degradation through multiphoton microscopy, histology/immunohistochemistry for ECM
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substrates and infusion of an extracellular GzmB inhibitor, Serpina3n, confirmed this was the

case [193, 194].

Although extracellular substrates have been characterized for GzmB, the implications of
their cleavage in disease was not known. Outside of infectious disease and cancer, the
examination of the mechanism of GzmB activity in disease is limited in animal models. In this
chapter, we examine the extracellular activity of GzmB in the apoE-KO models of skin aging,
xanthomatosis, atherosclerosis and aneurysm. We also use Perf/apoE-DKO mice to examine the
extracellular activity of GzmB in atherosclerosis.

We have previously shown that GzmB/apoE-DKO mice are protected from skin aging,
xanthomatosis and AAA, with a reduction in incidence and severity of these phenotypes in
GzmB/apoE-DKO mice compared to apoE-KO mice. We have also demonstrated that
GzmB/apoE-DKO mice are protected from the collagen disorganization and structural
abnormalities found in skin aging and AAA, suggesting GzmB is contributing to these diseases
extracellularly. In this chapter we examine the cleavage of extracellular matrix substrates such
as fibrillin-1 and decorin in atherosclerosis, skin aging and aneurysm. We also examine

atherosclerosis in Perf/apoE-DKO mice.

6.2 Results

6.2.1 Evidence for GzmB-dependent Decreases in Fibrillin-1 and Decorin in Atherosclerosis,
AAA and Skin Aging/xanthomatosis

6.2.1.1 GzmB-dependent Reduction in Fibrillin-1 in AAA and Atherosclerosis

Fibrillin-1 levels were examined in the aortas of mice with atherosclerosis and AAA
(Figure 21). After 28 days of Angiotensin Il infusion for AAA and 30 weeks on a high fat diet
for atherosclerosis, aortas were removed, fixed in formalin and stained by

immunohistochemistry. There was reduced levels of fibrillin-1 in the media of apoE-KO mice in
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both the AAA and atherosclerosis models. Interestingly, GzmB/apoE-DKO mice were protected

against the loss in fibrillin-1 positivity, suggesting the loss in fibrillin-1 was GzmB-dependent.

6.2.1.2 GzmB-dependent Decrease in Adventitial Decorin in AAA

To examine whether GzmB is capable of cleaving decorin in vivo, mouse AAA vessels
from apoE-KO and GzmB/apoE-DKO mice were examined for decorin staining and localization.
ApoE-KO mice receiving Angll-infusion exhibited a thin adventitia with diminished levels of
decorin (Figure 22 a-c). The injured side of the vessels and regions adjacent to the thrombus
exhibited minimal decorin positivity compared to the less damaged side of the vessel. In
contrast, the majority of GzmB/apoE-DKO mice did not develop advanced AAA or experience
rupture, as observed previously in Chamberlain et al [193] (Figure 22 d-e). With respect to the
one GzmB/apoE-DKO mouse that did exhibit aneurysm in this study, decorin staining remained
strong in the adventitia, suggesting there is reduced decorin degradation in GzmB-deficient mice

(Figure 21 F-H)).

6.2.1.3 Reduction of Decorin in the Dermis of GzmB/apoE-DKO Mice

To determine whether decorin levels were decreased in apoE-KO mouse skin, c57,
apoE-KO and GzmB/apoE-DKO mice were grown to 30 weeks of age, euthanized and skin was
stained with an anti-decorin antibody (Figure 23). In non-xanthoma skin in apoE-KO mice,
decorin staining was strong in the dermis. However, in GzmB/apoE-DKO mice, decorin staining
was stronger, particularly in the dermal-epidermal junction, an area critical in skin wrinkling. In
xanthoma tissue, weak decorin staining was observed in lesions, whereas GzmB/apoE-DKO
mice displayed stronger decorin staining in these lesions. This suggests that GzmB-deficiency is

protective against decorin loss in the skin of apoE-KO mice.
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Figure 21: Decreased Fibrillin-1 in ApoE-KO Aortas Compared to GzmB/ApoE-DKO
Aortas in Models of Atherosclerosis and Aneurysm

Immunohistochemistry for fibrillin-1 was performed to examine the protein in atherosclerosis
and AAA. For AAA, mice at 3 months of age were infused with angiotensin 1l for 28 days.
Mice were euthanized by CO; inhalation, vessels perfused and aortic sections were fixed,
embedded, sectioned and stained for fibrillin-1. Decreased fibrillin-1 staining, as indicated by
red, was observed in Ang Il-infusion ApoE-KO (a) mice versus Ang ll-infusion GzmB/apoE-
DKO mice (b). For atherosclerosis, after 30 weeks on a high fat diet, ¢57, apoE-KO and
GzmB/apoE-DKO mice were euthanized, vessels perfused and aortas were also stained for
fibrillin-1. C57 (c) and GzmB/apoE-DKO (e) mouse aortas contained strong fibrillin-1 staining
compared to the aortas of apoE-KO mice (d) (Scale bars = 50 um). Permission to republish
granted through the Copyright Clearance Center for The American Journal of Pathology.



Figure 22: GzmB —dependent Loss of Adventitial Decorin in Abdominal Aortic Aneurysm

To examine adventitial decorin levels in AAA vessels immunohistochemistry for decorin was
conducted. Three month old apoE-KO and GzmB/apoE-KO mice were implanted with mini-
osmotic pumps containing angiotension Il, to induce aneurysm formation. After 28 days of
infusion, mice were euthanized, perfused with saline and 10% formalin and aortas were fixed
and embedded. In apoE-KO mice (a-c) (which are prone to AAA and aortic rupture) there is
minimal decorin localization in the adventitia (b), with virtually no localization on the side of
the rupture (c). However, in GzmB/apoE-DKO mice (which were less prone to AAA
development and rupture), there is strong adventitial decorin staining (d-h). a, d, e scale bars
200uM, b, c, e, g, h scale bars 50uM.
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Figure modified with permission from [195]
Figure 23: Decorin in the Papillary Dermis of C57, ApoE-KO and GzmB/apoE-DKO Mice

To examine decorin levels in the skin of apoE-KO mice, immunohistochemistry for decorin was
conducted. At 30 weeks of age ¢57, apoE-KO and GzmB/apoE-DKO were euthanized and skin
was fixed in 10% formalin. Normal skin (a) and xanthoma skin (b) were stained for decorin
(brown). C57 and GzmB/apoE-DKO mice displayed strong immunostaining for decorin at the
dermal-epidermal junction of the skin whereas apoE-KO skin had weak staining at the junction.
In xanthoma skin, GzmB/apoE-DKO skin contained strong decorin staining throughout the
dermis compared to apoE-KO skin which contained only weak patchy diffuse staining. Scale
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bars= 25 Permission to republish granted through the Copyright Clearance Center for the journal

of Experimental Gerontology.
6.2.2 Characterization of GzmB/apoE-DKO and Perf/apoE-DKO Mice in Atherosclerosis

6.2.2.1 C57, ApoE-KO, GzmB/apoE-DKO and Perf/apoE-DKO Mice

For atherosclerosis studies C57 (n=25), apoE-KO (n=26), Perf/apoE-DKO (n=26) and
GzmB/apoE-DKO (n=19) mice were fed a high fat diet for 30 weeks. Prior to euthanasia at 36
to 38 weeks of age, mice were weighed (Figure 24). C57 mice had a large amount of adipose
tissue due to the high fat diet and averaged 489 + 1.3. ApoE-KO mice were significantly lighter
with much less adipose than ¢57 mice and averaged 30g + 0.9. Interestingly, Perf/apoE-DKO
and GzmB/apoE-DKO mice were signifantly heavier than apoE-KO mice and significantly
lighter than C57 mice at 42g + 1.5 for Perf/apoE-DKO and 41.7 + 1.8 for GzmB/apoE-DKO
mice.

Upon euthanasia, apoE-KO GzmB/apoE-DKO and Perf/apoE-DKO mice had enlarged
spleens compared to ¢57 controls. There was less visceral fat surrounding the aortas of apoE-
KO and Perf/apoE-DKO mice compared to that of ¢c57 mice. Several Perf/apoE-DKO mice had
visible tumours on their livers. No tumours were observed in GzmB/apoE-DKO, apoE-KO or
c57 mice. Two Perf/apoE-DKO mice died suddenly but upon dissection, the cause of death was

unknown.
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Figure 24: Perf/apoE-DKO Mice and GzmB/apoE-DKO Weigh Significantly more than
ApoE-KO Mice

Weights across C57, apoE-KO, Perf/apoE-DKO and GzmB/apoE-DKO mice are graphed. Mice
were fed a high fat diet for 30 weeks and at 36-38 weeks of age final weights were taken. ApoE-
KO mice were significantly lighter than C57 controls. GzmB/apoE-DKO and Perf/apoE-DKO
mice were significantly lighter than C57 and significantly heavier than apoE-KO mice.
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6.2.2.3 Reduced Atherosclerosis in GzmB/apoE-DKO and Perf/apoE-DKO Mice

At 30 weeks on the high fat diet, aortas were removed, opened and en face stained with
Sudan IV (Figure 25). No plaque was detected in C57 controls. Both Perf/apoE-DKO and
GzmB/apoE-DKO mice had reduced atherosclerotic plaque area compared to apoE-KO mice by
en face staining. Percent plaque area was 38.32% = 2.45 for ApoE-KO mice versus 29.11% +
2.81 for GzmB/apoE-DKO mice and 18.56% =+ 2.53 for Perf/apoE-DKO mice. There was no
apparent difference in the distribution of plaque throughout the aorta between the different

genotypes.

6.2.2.4 Cholesterol and Triglyceride Plasma Levels

To determine whether the decrease in aortic plaque was due to changes in plasma lipid
levels, total cholesterol and triglycerides were quantified (Figure 26). There was no decrease in
plasma lipid levels in Perf/apoE-DKO mice or GzmB/apoE-DKO mice, suggesting the

protection against atherosclerosis was not lipid-dependent.

6.2.2.5 GzmB Expression in ApoE-KO Plaques

To examine GzmB in atherosclerotic plagues, GzmB immunohistochemistry was carried
out (Figure 27). GzmB/apoE-DKO mice displayed no staining as expected, confirming the
antibody was specific. ApoE-KO mice displayed high levels of extracellular GzmB throughout
the plaques. Perf/apoE-DKO mice showed much less staining, suggesting that the absence of

Perf reduced GzmB expression in atherosclerosis.
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Figure 25: En face Staining for Atherosclerotic Plaque

En face staining of mouse aortas were performed to examine aortic plaque areas across the
different genotypes. C57 controls, ApoE-KO, GzmB/apoE-DKO and Perf/apoE-DKO mice
were euthanized at 30 weeks on a high fat diet. Aortas were opened and stained en face.
GzmB/apoE-DKO and Perf/apoE-DKO mice had significantly less plaque than apoE-KO mice
(apoE-KO: 38.32%, GzmB/apoE-DKO: 29.11%, Perf/apoE-DKO: 18.56%). A one way
ANOVA with a Bonferroni’s post test was utilized with Prism Graphpad software. * p<0.05, **

p<0.0001
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Figure 26: Cholesterol and Triglyceride Levels in Mouse Plasma

The decrease in aortic plaque in Perf/apoE-DKO mice is not due to a decrease in lipid levels.
Cholesterol was detected at a 1:100 dilution of plasma and triglycerides was detected at a 1:16
dilution. A one way ANOVA with a Bonferroni’s post test was utilized with Prism Graphpad
software. ** p<0.0001
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Figure 27: Reduced GzmB Staining in the Perf/apoE-DKO Mouse Aorta

C57, ApoE-KO and Perf/apoE-DKO mice were immunohistologically stained for GzmB. Strong
extracellular GzmB staining was apparent in the plaques of ApoE-KO mice, however GzmB
levels were vastly decreased in Perf/apoE-DKO mice. Scale bars = 50um.
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6.3 Discussion

In this chapter we describe a reduction in fibrillin-1 levels in apoE-KO mice compared to
GzmB/apoE-DKO mice in AAA and in atherosclerosis, suggesting that GzmB is cleaving
fibrillin-1 in vivo. In AAA, this loss in fibrillin-1 occurs in the media of vessels where there is
elastin breakage and medial disruption in apoE-KO mice [193]. Fibrillin-1 fragments were also
found in the serum of apoE-KO mice in AAA [193]. The medial disruption is inhibited in
GzmB/apoE-DKO mice, suggesting that cleavage of fibrillin-1 in the microfibrils of elastin may
be disrupting elastin structure and stability. Fibrillin-1 is the major scaffolding component of
microfibrils and is important in vessel stability. It is associated with elastin in the elastic
lamellae in the tunica media of the vessel wall. Fibrillin-1 also connects elastic lamellae to each
other, SMC and endothelial cell basement membranes providing structural support to the vessel
[393, 394]. Fibrillin-1-knockout mice die due to aneurysm rupture and have abnormal elastic
lamellae [395, 396], thus degradation of fibrillin-1 by GzmB could lead to medial disruption and
aneurysm rupture.

In the present chapter we demonstrate that adventitial decorin is reduced in apoE-KO
aneurysms at sites adjacent to thrombi and in areas of injury. GzmB-deficiency prevented this
reduction in decorin leading to a thickened, potentially healed, adventitia. It is interesting to note
that decorin levels remained elevated in the adventitia in the only aneurysm observed in the
GzmB/apoE-DKO group. Although it is unclear as to why medial disruption occurred in this
vessel, it does illustrate a marked difference in adventitial thickness and decorin staining
compared to that of the Angll-treated apoE-KO group. Whether reduced decorin degradation
leads to increased circumferential strength requires further elucidation, however, in previous
work we did observe a reduced incidence of rupture in GzmB/apoE-DKO mice compared to

apoE-KO mice [193]. In a subsequent study, we demonstrate that adventitial decorin is reduced



107
in apoE-KO aneurysms at sites adjacent to thrombi and in areas of injury [194]. GzmB-

deficiency and/or inhibition prevented this reduction in decorin leading to a thickened, healed,
adventitia. Of further interest, elevated GzmB [193] and reduced decorin [397, 398] are
observed in human aneurysm specimens. Adventitial collagen is critical for vessel
strength/stability and collagen homeostasis/spacing is regulated by decorin, suggesting that
decorin degradation would exert a negative impact on aortic wall strength and increased
susceptibility to rupture [94].

Decorin levels are also decreased in normal and xanthoma skin in apoE-KO mice
compared to GzmB/apoE-DKO mice. We have recently shown that GzmB/apoE-DKO mice are
protected from the skin aging and frailty characteristic of aged apoE-KO mice and that GzmB
localization corresponds to areas of decorin degradation in apoE-KO mice [195]. The collagen
fiber density loss evident in apoE-KO mice was not evident in GzmB/apoE-DKO mice,
suggesting GzmB-mediated degradation of decorin may result in collagen remodeling in aging
skin. Importantly with respect to the present work, these studies support the premise that GzmB-
mediated decorin cleavage occurs in vivo.

Our laboratory has previously shown that GzmB is present in human atherosclerotic
lesions and that increased expression corresponds to increased disease severity [16]. However,
no work on murine knockout models had been previously described. In this study we found high
GzmB levels in atherosclerotic plaques from apoE-KO mice and vastly decreased levels in
Perf/apoE-DKO mice. In addition, GzmB/apoE-DKO mice and Perf/apoE-DKO have reduced
aortic plaque area compared to apoE-KO mice by en face staining. Interestingly, GzmB/apoE-
DKO mouse plaque content was higher than that of Perf/apoE-DKO mice, which suggests that
the Perf-dependent roles of GzmB may contribute to atherosclerosis. However, as Perf/apoE-

DKO mice are less atherosclerotic than GzmB/apoE-DKO mice, this also suggests the other
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granzymes may be important in atherosclerosis progression. The Perf-dependent roles of the

other granzymes are less established than that of GzmB and will be the topic of future
investigation. GzmA and GzmK have been shown to induce caspase-independent apoptosis
through cleavage of the SET complex, but the concentrations of GzmA required for apoptosis
induction are in the millimolar range [106, 399]. Other Perf-dependent roles for GzmA has been
established in the inflammasome and cytokine production, suggesting Perf may be important for
granzyme -induced inflammation [106]. It is also possible Perf may be facilitating
atherosclerosis progression independent of the granzymes, however such a role for the pore
forming protein has yet to be established. Either way, future studies are required to determine
the functional roles of the other granzymes and Perf. We attempted to examine the other
granzymes in our sections through immunohistochemistry but unfortunately the antibodies that
we received from a non-commercial source were non-specific and unusable.

A previous study using the LDLr-KO model showed that Perf/LDLr-KO mice were not
protected against atherosclerosis pathogenesis compared to LDLr-KO controls [294]. This is
contradictory to our study but discrepancies may be indicative of the different models or perhaps
the variation in time points (our studies were carried out at 30 weeks on high fat diet compared
to the LDLr-KO study of 16 weeks). This was the case with previous work carried out in our
laboratory which found no difference in atherosclerosis between apoE-KO and GzmB/apoE-
DKO mice at 3 months on a high fat diet (data not shown). This suggests GzmB may play a
more critical role in advanced atherosclerosis compared to the early stages of the disease.
Unfortunately there are no good models of plaque rupture in mice to assess this hypothesis.
However, our studies in angiotensin Il treated mice and aneurysm rupture may support such a

phenomenon.



109
In summary there is a GzmB-dependent decrease in fibrillin-1 levels in mouse models of

atherosclerosis and AAA and a decrease in decorin in mouse models of skin aging and AAA,
suggesting GzmB is acting extracellularly on these substrates in vivo. Perf/apoE-DKO mice had
a decreased incidence in atherosclerotic plaque and a smaller plaque cross-sectional area
compared to ApoE-KO and GzmB/apoE-DKO mice, suggesting that the Perf-dependent

activities of the granzymes are critical in atherosclerosis.
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7. Preliminary Studies in the Hair Follicle Cycle and in
Ultrastructural Alterations of the Skin

7.1 Introduction

7.1.1 Preliminary Study 1: GzmB in the Hair Follicle Cycle

The skin is the largest organ of the body and the largest component of the skin is
extracellular matrix. The skin consists of an outermost layer called the epidermis which is
largely composed of keratinocytes and the dermis which consists of extracellular matrix, hair
follicles, blood vessels, lymphatic vessels, nerves and glands. GzmB is expressed in the skin and
sources of GzmB in the skin include immune cells such as mast cells, basophils and CTLs and
non-immune cells such as keratinocytes [7, 10, 15, 107, 140, 214].

GzmB is present in alopecia areata but in order to examine the pathogenesis of hair loss,
an understanding of normal hair follicle cycling is necessary. The hair follicle consists of the
hair shaft (HS), the dermal papilla which regulates hair cycling, the inner root sheath (IRS)
which helps mold the hair, the outer root sheath (ORS) which is an extension of the epidermis,
the hair bulge which contains dermal stem cells, the pili muscle which can elevate the hair shaft
and the sebaceous gland. Mammalian hair follicles undergo a growth cycle which involves
transitions through a rapid growth phase (anagen), an apoptotic regression phase (catagen) and a
quiescent resting phase (telogen) [400, 401]. During the telogen to early anagen transition, the
DP transiently proliferates and down grows into the dermis followed by proliferating epithelial
cells derived from the hair bulge stem cell region. Epithelial cells in the hair bulb undergo rapid
proliferation during later anagen stages to form the HS and the inner root sheath (IRS) that
surrounds the shaft also grows and differentiates. During the anagen to catagen transition, cell
proliferation halts and cells in the bulb begin to undergo apoptosis as the hair follicle structure

involutes. In catagen, extensive apoptosis promotes regression into the telogen resting phase in
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which no proliferation, differentiation or apoptosis occurs and follicles rest before entering a

new anagen phase. Potential mediators of hair follicle cycling have been characterized such as
the growth factors TGF-f and EGF but the detailed mechanisms of anagen to catagen transition
are not well understood [402, 403]. The length of the hair shaft is dependent on the length of
anagen and alterations in hair follicle cycling and hair fiber shedding may lead to hair loss [404].

The role of GzmB in hair follicle cycling has not been described but in order to
understand how it may play a role in alopecia, it is first necessary to examine its role in normal
cycling. In this chapter. we characterize Perf and GzmB expression throughout the hair follicle
cycle using a depilation model of hair follicle cycling in C3H HeJ mice.

7.1.2 Preliminary Study 2: Collagen and Nerve Abnormalities by Transmission Electron
Microscopy

Apolipoprotein E-knockout mice are an established model of aging as mice develop
cardiovascular and neurological aging as well as skin/hair thinning [405]. ApoE-KO mouse skin
displays altered collagen spacing and structure [195] and as described in chapter 6, display less
decorin in the skin compared to C57 controls. On a high fat diet, these mice display hair loss and
greying [195, 405]. ApoE-KO mice also have neurological defects as the blood barrier
permeability increase with age is even higher for apoE-KO mice [406]. When fed a high fat diet,
loss of cochlear ganglion cells was evident in apoE-KO mice [407]. However, nothing is known
regarding the nerves in the skin of aging apoE-KO mice.

Transmission electron microscopy is an excellent methodology for examining structural
changes in the extracellular matrix and nerves in the skin. By first examining structural changes
in apoE-KO mouse skin, we can examine the potential protection from such changes in
GzmB/apoE-DKO mice. In this chapter we examine structural changes in the extracellular
matrix and in skin nerves of ApoE-KO mice using toluidine blue histology and transmission

electron microscopy.
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7.2 Results

7.2.1 Preliminary Study 1: GzmB in the Hair Follicle Cycle
7.2.1.1 GzmB Protein Expression in Hair Follicles Throughout the Hair Growth Cycle

GzmB expression was evident in various phases of the follicle cycle in various cell types
of the hair follicle and skin, and its expression changed distinctively throughout the hair cycle
(Table 5, Figure 28a). Positive labeling was not apparent in control sections lacking secondary
antibody and positive labeling localization changed with the stages of the follicle cycle,
indicating the antibody was specific.

On day zero, one hour after hair plucking, GzmB was present in follicles. In particular,
the arrector pili muscle was positive for the protein, most strongly at the point of insertion with
the hair follicle bulge (Fig 28a). The epithelial bulge was also positive at this stage.

At 4 and 8 days post-depilation (early anagen I-111 and early anagen I11-V), the lower
portion of the pili muscle and epithelial bulge were again positive. At day 8, in contrast to
previous stages, the matrix was slightly positive for GzmB. GzmB immunopositivity was also
evident in the DP cells as well as in the differentiating inner root sheath. GzmB expression by
these cells has not been previously documented.

At day 12 (anagen V-VI) no difference in GzmB expression was apparent in the arrector
pili muscle or the epithelial bulge. In contrast to early anagen, there was no GzmB expression in
the matrix. However the apex of some DP and inner root sheath remained positive during this
stage (Figure 28a, b).

At late anagen VI-Vll-early catagen (day 16 post depilation), there was no GzmB in the
pili muscle, however the epithelial bulge exhibited stronger positivity. Similarly to anagen V-VI,
the apexes of select DP were positive and the inner root sheath displayed slight positivity. The

GzmB labeling in DP was distinct from the dark black melanin pigment present in the
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melanocytes, hair shaft matrix, and hair shaft. The matrix did not contain GzmB. At day 20 (late

catagen, telogen) some follicles exhibited GzmB expression in the arrector pili muscle and the
epithelial bulge was positive. The DP did not express GzmB and matrix remnants were negative.

The inner root sheath, whenever present, was consistently positive for GzmB, indicating
these cells actively expressed the protein. The apex of the DP was positive for GzmB in late
anagen and early catagen, during hair follicle regression (a stage of active apoptosis), as shown
in Figure 28b, where positive GzmB expression is better illustrated in a section lacking the
natural hair shaft melanin pigment. The non-follicular epithelium did not exhibit GzmB

expression at any point of the cycle.
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Figure 28: GzmB Expression throughout the Hair Follicle Cycle

GzmB was expressed in the inner root sheath and the apex of the DP from day 8-16 (anagen Ill-
early catagen, denoted by arrows) (a) This light brown GzmB-labeling should not be confused
with the dark black melanin pigment present in melanocytes and the hair shaft. A high
magnification image (60x) of a representative DP from day 16, clearly displaying GzmB*
positivity, in a section lacking melanin pigment (b). The negative control displayed no labeling
throughout the follicle cycle. Scale bars = 20pum.
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Table 5: GzmB Localization Throughout the Hair Follicle Cycle

Pili bulge Dermal Tnner root Matrix Mast cells
Muscle papillae sheath
0 + + +- - ++
Anagen + + - - +
I- (day 4)
Anagen -V + + + + + ++
(day 8)
Anagen V-VI + + + + - +
(day 12)
Anagen VI-/ - + + + - +
early catagen
(day 16)
Catagen/ +/- + - - - ++
Telogen
(day 20)

7.2.1.2 Perf Expression Through the Hair Growth Cycle

Perf expression, as determined by immunohistochemistry, was minimal throughout the
follicle cycle (Figure 29). Apart from positivity in immune cells throughout the dermis and
weak positivity in the inner root sheath, there was little expression in the skin. The hair follicle
was largely negative for Perf, however weak expression was apparent in the stalk region of the
DP from anagen V to catagen (day 12-20), a point of active apoptosis in the hair follicle cycle

(Figure 29).
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Figure 29: Perf Expression in the Hair Follicle Throughout the Hair Follicle Cycle

Perf was expressed in the follicle cycle in the stalk region of the DP from day 8-16 (anagen IlI-
early catagen, denoted by arrows). The negative control displayed no positivity throughout the

follicle cycle. Scale bars = 20um
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7.2.1.3 GzmB Expression in Mast Cells Throughout the Hair Follicle Cycle

The majority of strongly GzmB™ cells identified in the dermis around hair follicles were
morphologically consistent with MCs; large cells with round to oval nuclei. To further
characterize and identify MCs, skin sections from all phases of the cycle were incubated with
alcian blue; a phthalocyanine dye that stains the acid mucopolysaccharide content of MCs’
granules, and then assessed for GzmB co-localization (Figure 30 a). MCs were mostly located in
the superficial papillary dermis and at the junction of the dermis and subcutaneous tissue. At the
dermal/subcutaneous junction MCs were most commonly localized in proximity to hair follicles
or nearby blood vessels.

The number of GzmB expressing cells, MCs and GzmB-expressing MCs, per mm? of
skin, was quantified throughout the follicle cycle and counts displayed similar patterns
throughout the cycle (Figure 30b). Numbers of cells for all 3 groups where high at anagen I-111
(GzmB*: 68x17/mm? MCs: 79+25/mm? GzmB* MCs: 53+19/mm?) but not significantly
different than at day 20, the resting, telogen stage. However, there was a significant decrease in
cell density through the remainder of anagen and in catagen for all 3 counts (Day 12: GzmB™:
36+10/mm?, MCs: 32+6/mm? GzmB* MCs: 23+6/mm?, P<0.05), before the marked increase at
telogen. The only difference in MC density across GzmB™ cells, MCs and GzmB* MCs was that
GzmB" cell density was highest at day 0 (P<0.05) [124]. Although the number of MCs and
GzmB expressing cells decrease in the mid-anagen to telogen stages, the number of GzmB”*
MCs decrease in a similar fashion, suggesting there is no cycle-dependent difference in GzmB
expression in MCs.

Approximately 70% of MCs were found to express GzmB, and this proportion did not
change though the cycle (Fig 30 c). The proportion of non-follicular GzmB expressing cells that

were MCs was 65% and also did not change throughout the cycle, suggesting that MCs may be
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the main immune cell source of GzmB in the skin. Interestingly, through mid-anagen to catagen,

papillary dermal MCs were largely negative for GzmB, however the lower dermal/subcutaneous

MCs were nearly 100% positive, suggesting that GzmB expression may be dependent on

localization.
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Figure 30: GzmB Expression in Mast Cells Throughout the Hair Follicle Cycle

To examine GzmB expression by mast cells through the hair cycle an alcian blue/mast cell stain
was conducted. Representative alcian blue stained mast cells (left) and GzmB™/alcian blue mast
cells (right) in the dermis of C3H Hel mouse skin (a). A graphical representation of GzmB”
cells (red diamond), mast cells (blue square) and GzmB™ mast cells (green triangle) throughout
the follicle cycle is shown in (b). Approximately 70% of mast cells expressed GzmB (red
diamond), 65% of GzmB expressing cells were mast cells (blue square) and these proportions
did not significantly change thoughout the follicle cycle (b)._Asterisk indicates p<0.05 for all 3
groups (GzmB*, mast cells, and GzmB™ mast cells) compared to telogen counts. + indicates
p<0.05 for the GzmB™ group only, compared to telogen counts. Scale bar = 20um

7.2.2 Future Direction 2: Collagen and Nerve Abnormalities by Transmission Electron
Microscopy

7.2.2.1 GzmB Expression in Nerves

When staining for GzmB expression in human abdominal aortic aneurysm, we
discovered strong GzmB expression in the nerve cell bodies of nerve ganglia of human vessels
as shown by the brown stain in Figure 31. To examine the peripheral nerves in apoE-KO (Figure
32 a-g) and ¢57 (Figure 32 h, i) mice, skin was stained with toluidine blue, which stains myelin
sheaths dark blue for visualization of myelinated nerves. Normal c57 nerves had a well defined
epineurium and dark myelin sheaths. Lipid accumulation within apoE-KO nerves was observed
(Figure 32, a, b, d, denoted with arrow) which was absent in ¢57 controls. In addition, the
epineurium was not well defined in many apoE-KO nerves (Figure 32, e, f, g) and the
endoneurium in some cases was poorly defined (Figure 32 c, e). In the nerves of ¢57 mice there
were well defined and compact myelin sheaths by TEM (Figure 33). ApoE-KO mice skin
displayed lipid accumulation and cholesterol clefts within nerves (Figure 33 j, k. Cholesterol
arrows, lipid asterisk). The myelin sheath in myelinated axons was often disorganized, expanded,
loose and uneven in apoE-KO mice compared to C57 controls, suggesting apoE-KO mice have

abnormalities in myelin (Figure 33 g, h, i, |, j).
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Figure 31: GzmB Expression in the Nerve Ganglia of Aortic AAA Tissue

GzmB is expressed in the nerves of aortic AAA tissue. (a) Negative control, (b) GzmB
immunohistochemistry. Arrows indicate nerve cell bodies positive for GzmB staining. Scale bar
= 100 um. Permission to republish granted through the Copyright Clearance Center for The
American Journal of Pathology.
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Figure 32: Dermal Nerves in ApoE-KO and C57 Mice

To visualize dermal nerves in apoE-KO mice, toluidine blue stained tissues were examined for
abnormal morphology. Peripheral nerves in apoE-KO mice (a-g) compared to the normal nerves
of ¢57 mice (h-i). Toluidine blue stained sections of dermal nerves reveal lipid accumulation
(denoted by arrows), myelin loss and general degeneration of nerves in apoE-KO mice. Scale

bars = 50pum
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Figure 33: Transmission Electron Microscopy Images of Dermal Nerves in C57 and ApoE-
KO Mice

Transmission electron microscopy was performed to examine the ultrastructural alterations in
dermal nerves of apoE-KO mice compared to c57 controls. Myelin disorganization and
expansion, lipid accumulation and cholesterol cleft localization in apoE-KO mice, that are
absent in C57 dermal nerves. Arrow denotes cholesterol clefts and asterisk indicates lipid
droplets. Scale bars: a, b, g=2um, ¢, h,i,1=0.2um, d, e, j, k= 0.5um, f= 1pm

7.2.2.2 Collagen Abnormalities in ApoE-KO mice

The dermis of C57 mouse skin contained normal, organized collagen fibres with very
little immune cell infiltration (Figure 34 a). In apoE-KO mouse skin, these collagen fibres were
dispersed and replaced by numerous immune cells, foam cells and fragmented ECM (Figure 34
b, ¢). Figure 34 d displays a lipid-laden foam cell with a cholesterol cleft on the top left of the
cell. The ECM surrounding the cell contains only a few collagen fibrils and elastic fibres. In c57
mice, normal collagen fibres were found in the dermis as displayed in Figure 35 and Figure 36,
longitudinally and cross-sectionally by TEM. In apoE-KO mice, collagen fibres were smaller in
diameter (Figure 35) and the absence of normal collagen fibres was apparent in many sections
(Figure 36). In Figure 36, abnormal ECM is displayed, including collagen fibrils irregularly

spaced and of varying size crossectionally.
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Figure 34: ECM Morphology in ApoE-KO Mice

TBO staining was conducted to examine extracellular matrix changes in the dermis of apoE-KO
mice. (a) Toluidine Blue staining of normal dermal connective tissue from an apoE-KO mouse.
(b) Abnormal connective tissue in the area within/surrounding a xanthoma, note the loss of
collagen fibres. (c) More absence of collagen in the highly immune cell infiltrated xanthoma. (d)
Abnormal ECM morphology surrounding a foam cell. Scale bars a-c = 50pum and d = 5um



Figure 35: Collagen Fibrils Appear Smaller in the Xanthomas of ApoE-KO Mice
Compared to C57 Controls

To observe cross-sectional collagen fibre size, TEM sections of the dermis of ¢57 and apoE-KO
mice were examined. Skin from 37 week old C57 and apoE-KO mice on a high fat diet was
collected, fixed and prepared for imaging by TEM. Collagen fibres in apoE-KO xanthoma skin
are generally smaller than fibres in normal C57 skin. Scale bars = 0.5um
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Figure 36: Collagen and ECM Abnormalities in the Skin of ApoE-KO Mice on a 30 Week
High Fat Diet

To examine collagen fibre spacing, dermal sections of c¢57 and apoE-KO mice were
photographed using TEM. C57 or apoE-KO mouse skin was fixed in glutaraldehyde, stained
with osmium and imaged using transmission electron microscopy. apoE-KO mice skin contain
areas of altered collagen structure and spacing compared to the normal collagen in ¢57 mice.
Scale bars = 1 um top left image, all others 0.2 pm.
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7.3 Discussion

This chapter demonstrates that GzmB is differentially expressed by various skin and
follicular cell types throughout the hair cycle and that GzmB and Perf are expressed by the DP
at the anagen to catagen transition, a time of active apoptosis. MCs expressed GzmB throughout
the cycle and may be involved in this transition. Although GzmB has been implicated in
physiological processes such as immune-mediated apoptosis of damaged or virally infected cells,
little is known regarding its patho-physiological role outside of T cell-mediated surveillance and
the immune system. However, GzmB is differentially expressed and secreted from non-
lymphoid cells under certain conditions and retains its activity upon its release into the
extracellular space [58]. The present study indicates that GzmB is expressed by cells of the
arrector pili muscle, epithelial bulge, DP and inner root sheath of the hair follicle and that its
expression pattern changes distinctively throughout the hair cycle, suggesting that GzmB may
influence hair follicle growth and regression.

The DP is composed of specialized, fibroblast-like cells whose activity can regulate the
growth of the follicle through growth factor signaling. Both GzmB and Perf are expressed by the
DP during the anagen to catagen transition. However, Perf expression in the DP was limited to
the stem region of the papillae, whereas GzmB expression was specific to the DP apex. GzmB-
mediated apoptosis is generally accepted as a Perf-dependent process. As Perf is required for
GzmB entry into the cytosol of target cells [38, 408], the lack of substantial co-localization
suggests GzmB is likely not inducing cell death in a Perf-dependent manner. However, GzmB
can also induce cell death in a Perf-independent manner through cleavage of extracellular matrix,
which results in a loss of cell-matrix contacts, and ultimately, a form of cell death known as
anoikis [123, 124]. Perf can induce cell death in target cells in a GzmB-independent manner,

through facilitating cytosolic entry of other granzymes and granule proteins. Thus, although
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GzmB and Perf are not consistently co-localized in the DP, this does not rule out the possibility

that they may be promoting apoptosis independently of each other in this region. Also, the
extracellular function of GzmB is Perf-independent. As such, GzmB may also contribute to
tissue remodeling during the hair follicle cycle.

In addition to CTLs and NK cells, the present study provides further evidence of MCs
expressing GzmB. GzmB, but not Perf, is expressed in MC granules and secreted by MCs. MC-
derived GzmB induces Perf-independent cell death through anoikis [7, 107]. MCs are
specifically located in close proximity to hair follicles and skin regions with limited numbers of
MCs typically corresponding to areas devoid of follicles [409, 410]. In this depilation-induced
model of hair cycling, 70% of MCs express GzmB and 65% of GzmB" cells are MCs,
suggesting that the majority of MCs in the skin express GzmB and that the majority of dermal
GzmB expressing cells are MCs. GzmB-expressing MCs were localized to the deep dermis, near
hair follicle bulbs, ideal positioning to potentially act on the bulb and contribute to apoptosis and
regression of the follicle.

The density of MCs, GzmB-expressing MCs and GzmB-expressing cells in the dermis
decrease in mid to late anagen and catagen, but increase to levels similar to early anagen during
telogen. A similar decrease in MC density in anagen is consistent with previous literature, where
it has been suggested that the reduction in MCs may be due to degranulation in early anagen and
a lower histological detection as a result [411-414]. Inhibitors of MC degranulation prevent
anagen development and an increase in MC degranulation has been implicated in the anagen-
catagen transition [411] suggesting MCs may promote the onset of anagen as well as the
anagen-catagen transition.

MCs are implicated in hair growth diseases and are increased in androgenetic alopecia

[415]. In a mouse model of alopecia areata, the neuropeptide substance P increased MC



131
degranulation and promoted CD8/GzmB™ T cell migration to hair follicles [212]. Substance P

induces GzmB expression and release in vitro and has been reported to potentially promote
catagen [7, 212, 416]. These findings suggest that MCs are important for hair follicle cycling
and may be linked to the development of some follicular diseases. As GzmB is strongly
expressed by MCs throughout the cycle (70% of MCs) and is released upon degranulation, it
could be capable of influencing the follicle cycle. Further studies are required to assess the link
between substance P-induced MC release of GzmB and its specific contribution to early onset
catagen hair loss in the context of alopecia.

The expression of GzmB in the panniculus carnosus and arrector pili muscle is
consistent with our previous work demonstrating that smooth muscle cells may express GzmB
[124] and suggests that GzmB may be commonly expressed by both smooth and striated muscle
cells under certain, as yet undefined, conditions. The expression level and pattern of GzmB in
the panniculus carnosus varied throughout the follicle cycle. GzmB localized in a granular-like
punctuate stain in late anagen, catagen and telogen, which was not apparent in the earlier cycle
stages. The protein was also more commonly polarized to the dermal membranes of the muscle
cells. It is possible that even subcutaneous muscle may be influenced by factors involved in hair
follicle cycling and that they may even be a dermal source of GzmB during the anagen-catagen
transition. However, it is not known if GzmB can be secreted from muscle cells or if it is
localized in granules, thus the functional role of GzmB in these cells requires further elucidation.

This chapter also demonstrates nerve abnormalities in the skin of apoE-KO mice,
including myelin disorganization by TEM. It describes collagen abnormalities and smaller
collagen fibrils in the skin and xanthomas of apoE-KO mice. Previously our laboratory has
shown a loss of collagen organization/density in the skin of apoE-KO mice by multi-photon

microscopy [195]. Collagen density was restored in GzmB/apoE-DKO mice yielding an even
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stronger signal than C57 controls. Whether or not nerve and collagen pathologies are absent in

GzmB/apoE-DKO mice remains to be established. However, this work does illustrate collagen

and nerve abnormalities in apoE-KO mouse skin.
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8. Conclusion

The granzymes were initially discovered as both intracellular and extracellular proteases,
however until recently the field has focused on their intracellular apoptosis-inducing capacity. It
has long been known that upon Perf-mediated delivery, the granule secretory pathway is
essential for the elimination of tumor and virally-infected cells. Perf-KO mice where
traditionally utilized to examine the role of the granzymes in disease and if there was no change
in the disease phenotype it was assumed that the granzymes did not play a role in pathogenesis.
However, often overlooked was the Perf-independent extracellular activities of the granzymes.
GzmA, GzmB and GzmK are detected extracellularly in bodily fluids such as plasma, cerebral
spinal fluid, bronchoalveolar lavage and synovial fluid [58, 100, 147, 175]. GzmB can be
released from cells in the absence of target cell engagement and is immediately active in the
extracellular space [111]. Moreover, cells such as basophils and mast cells express GzmB in the
absence of Perf, and as Perf is required for internalization of the granzymes for apoptosis
induction, these cells do not have the capacity to induce apoptosis [7, 10, 107]. Furthermore,
non-immune cells such as chondrocytes also express GzmB [14]. As these cells do not have the
capacity to form immunological synapses for granzyme delivery to target cells, they are unlikely
cytotoxic in nature. Finally, GzmB retains 70% of its activity in plasma [116] and no
extracellular GzmB inhibitor has been described, suggesting it is largely uninhibited in the

extracellular milieu, in contrast to other extracellular proteases such as the MMPs.
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Figure 37: Implications of Extracellular GzmB Activity

GzmB cleavage of ECM can induce the release of cytokines such as TGF-f. GmzB can also
cleave and activate IL-18 and IL-1a. This can lead to inflammation and subsequently tissue
destruction. GzmB cleavage of decorin and fibrillin-1 leads to elastic tissue breakdown and
collagen disorganization/reduction in tensile strength. Decorin cleavage results in TGF-p release
and collagen synthesis, all leading to fibrosis and further tissue destruction. Cleavage of ECM
can also induce anoikis, cell death due to a detachment from surrounding matrix.
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The degree to which the other granzymes are involved in the induction of apoptosis

remains unclear as high concentrations of GzmA (micromolar range) and Perf have been
utilized in the past to initiate cell death and more recent studies suggest that GzmA is not
cytotoxic under physiological conditions [106, 188, 399]. Despite the fact that the granzymes
were identified several decades ago, a clear role for GzmH, K and M in cell death has not been
established, suggesting these proteases may be more involved in inflammation and cytokine
production. Indeed, recent evidence points toward a non-cytotoxic capacity for granzymes such
as the processing of proinflammatory cytokines, cleavage of extracellular matrix proteins and
proteolysis of cell receptors (reviewed in [106, 347]). Extracellular matrix cleavage by GzmB
can also cause anoikis, cell death induced by a loss of cell attachment [123, 124].

In this dissertation | identified 11 novel extracellular substrates and characterized the
cleavage sites of 3 of these substrates. The majority of substrates characterized were
proteoglycans, suggesting GzmB has a preference for such substrates. Indeed, GzmB has
affinity for the glycosaminoglycan side chains of PGs, as it is stored on serglycin in cytotoxic
granules and has affinity for cell surface PG upon cellular internalization. Cleavage of biglycan
and betaglycan occurs at a P1 residue of aspartic acid, consistent with the literature. | show that
cleavage of decorin, biglycan and betaglycan releases active TGF-p which remains fully active
and induces SMAD-3 activation in human coronary artery smooth muscle cells.

A GzmB-dependent decrease in medial fibrillin-1 was characterized in murine models of
AAA and atherosclerosis. ApoE-KO mice displayed a decrease in adventitial decorin levels in
AAA that is restored in GzmB/apoE-DKO mice that may contribute to weakening the vessel
wall and promoting aneurysm rupture. In skin aging, a decrease in decorin in the dermal-
epidermal junction is apparent in apoE-KO mice, an area critical in skin wrinkling. GzmB/apoE-

DKO mice were protected from this loss of decorin. Finally, both Perf/apoE-DKO and
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GzmB/apoE-DKO mice display reduced atherosclerotic plaque compared to apoE-KO mice in a

model of atherosclerosis, suggesting that the intracellular Perf-dependent roles of the the
granzymes are also critical in atherosclerosis pathogenesis. This reduction in atherosclerosis was
not due to a reduction in cholesterol or triglyceride levels and occurs through a separate
mechanism.

The field of extracellular GzmB activity remains in its infancy, however this work has
significantly increased our knowledge of extracellular GzmB activity in disease. Implications of
extracellular GzmB activity is illustrated in Figure 37. Cleavage of ECM results in the release of
growth factors from ECM and cell death due to a detachment from matrix, known as anoikis.
GzmB can also activate cytokines extracellularly such as IL-1a and IL-18. An increase in
soluble active growth factors and cytokines can promote inflammation, which in turn facilitates
tissue damage. We have shown that cleavage of fibrillin-1 co-responds to medial disruption in
AAA and that cleavage of decorin results in collagen disorganization and a loss in tensile
strength in AAA and skin aging [193-195]. Cleavage of decorin, biglycan and betaglycan also
results in the release of TGF-B from matrix and a reduction in decorin levels may increase

collagen synthesis [417], all leading to fibrosis and consequently further tissue disruption.
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