
NEUTROPHIL COLLAGENASE
(MATRIX METALLOPROTEINASE-8):

REGULATORY ROLES IN INFLAMMATION AND AUTOIMMUNITY

by

Jennifer H. Cox

B.Sc., University of Victoria, 2001

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

in

THE FACULTY OF GRADUATE STUDIES

(Biochemistry and Molecular Biology)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)

October 2008

© Jennifer H. Cox, 2008



ABSTRACT

Inflammation is an essential process in wound healing and for the elimination of invading

pathogens. However, unregulated inflammation can lead to numerous pathologies including

autoimmu nities, tu morigenesis, and atherosclerosis. Matrix metalloproteinases (MMPs),

once thought to be only extracellular matrix degrading enzymes, are now known to be key

regulators of inflammatory and immune responses through proteolysis of bioactive

molecules. MMP-8, a neutrophil-specific MMP, is protective in skin cancer models where

MMP-8 knockout mice have an initial delay in neutrophil infiltration followed by a massive

accumulation at the site of treatment. We investigated this delay in a murine air pouch

model of acute inflammation, where MMP-8 deficiency caused decreased neutrophil

migration in response to LPS. This was attributed to MMP-8 processing and activation of

LPS-inducible CXC chemokine (LIX), a murine neutrophil chemoattractant. Indeed, MMP-8

knockout mice had normal neutrophil infiltration in response to synthetic analogs of cleaved

LIX. Furthermore, homologous pathways with human chemokines CXCL5 and CXCL8 were

described. In vivo, an indirect interaction between MMP-8 and LIX also occurs, whereby

MMP-8 processes and inactivates cLl-proteinase inhibitor causing increased neutrophil

elastase activity, which then efficiently cleaves and activates LIX. MMP-8 was protective in a

model of rheumatoid arthritis where synovial tissues from MMP-8 deficient mice had an

abundance of neutrophils. This prolonged neutrophil accumulation correlated with a loss of

caspase-1 1 expression, consequent decreased caspase-3 activity and reduced apoptosis.

MMP-8 shedding of TNF-a was also decreased in MMP-8 deficient leukocytes, potentially

dampening a key apoptotic pathway in neutrophils. The role of MMPs in processing the Thi

cell CXCR3-binding chemokines CXCL9, CXCL1O, and CXCL11 was investigated. The

leukocytic MMPs -7, -8, -9, and -12 cleaved CXCL11 at both the amino and carboxy

terminus. N-terminal cleavage resulted in the conversion of a receptor agonist to antagonist

whereas C-terminal cleavage by MMP-8 caused a significant loss in glycosaminoglycan

binding, demonstrating for the first time that direct chemokine proteolysis can regulate the

formation of haptotactic gradients. Therefore, MMP-8 is a pivotal regulator in the onset and

termination of inflammation, and has multifaceted roles in innate and acquired immunity as

well as the autoimmune disorder rheumatoid arthritis.
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CHAPTER 1. INTRODUCTION1

The Basics of Matrix Metalloproteinases

The first matrix metalloproteinase (MMP) was discovered in 1962 by Jerome Gross

and Charles Lapiere upon the observation that tadpole tails undergoing

metamorphosis had the unique ability to degrade fibrillar collagen (1). Similar

activity was then demonstrated in human gingival tissues (2). It was not until the

following decade that the first human collagenase, MMP-1, was isolated (3). Since

then, the number of MMPs has grown to 23 in human and 24 in mice. This family of

zinc-dependent endopeptidases is proposed to degrade all components of the

extracellular matrix. As such, MMPs are thought to be involved in many normal

physiological processes and have traditionally been associated with pathologies

characterized by increased extracellular matrix degradation, most notably cancer

and arthritis. However, recent substrate discovery efforts have revealed that MMPs

specifically and efficiently cleave and modulate the activities of bioactive substrates

including growth factors and their receptors, cytokines and chemokines, and

integrins [reviewed in (4)]. Therefore, MMPs are key regulators of many processes

such as angiogenesis, apoptosis, tumor metastasis and progression, and

inflammation. The simplistic view of MMPs as “matrix bull-dozers” is outdated and

drug-targeting strategies must account for the emerging pleiotropic roles of MMP5 in

disease and normal homeostatic processes.

MMPs are produced by a variety of cell types and are either secreted or membrane-

bound. The general structure of mammalian MMPs consists of an auto-inhibitory

pro-domain and a catalytic domain (Figure 1.1). The pro-domain acts through a

cysteine switch mechanism where a conserved cysteine coordinates the active site

zinc, thereby preventing catalysis. All MMPs except MMP-7, MMP-23, and MMP-26

1 A version of the third section of Chapter 1 has been accepted for publication as a
book chapter: Cox JH and Overall CM. Cytokine Substrates: MMP Regulation of
Inflammatory Signalling Molecules. The Cancer Degradome - Proteases and Cancer
Biology. Springer Science and Business Media. 2008 (In Press).
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MMP-3 MMP-19
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(Type II, not shown)

Figure 1.1. Schematic structure of MMPs. The domain compositions of the 23
human MMPs are shown. (A) The basic structure consists of a pro-domain (Pro),
catalytic domain, and hemopexin C domain (Hem), attached by a linker domain. The
pro-domain cysteine (Cys) associates with the catalytic Zn2 to inhibit activity. (B)
Minimal MMPs lack the hemopexin domain. (C) Gelatin-binding MMPs have 3
fibronectin-domain inserts (Fn) in the catalytic domain. (D) Furin-activated MMP5
have a furin recognition domain (Eu) upstream of the catalytic domain. (E)
Membrane-anchored MMPs are furin-activated and have C-terminal transmembrane
(TM) domains with a cytoplasmic tail or alternatively are GPI-anchored. MMP-23 is a
Type II transmembrane protein (not shown).

E

Fu ATALYii

2



also contain a hemopexin C domain, which is a C-terminal four-bladed propeller

structure important for protein-protein interactions and substrate recognition (5). The

gelatinases, MMP-2 and MMP-9, have fibronectin type II repeats inserted into the

catalytic domain to facilitate collagen binding (6). Of the six membrane-type (MT)

MMPs, MMP-14, -15, -16, and -24 have transmembrane domains and short

cytoplasmic tails. In contrast, MMP-17 and MMP-25 have

glycosylphosphatidylinositol (GPI) linkages and MMP-23 is a type II transmembrane

protein.

MMPs have been attractive drug targets for the treatment of cancer and arthritis

since their association with these diseases several decades ago. In the case of

cancer, strong correlations between MMP overexpression and tumor progression

prompted the development of many small molecule and peptidomimetic broad-

spectrum MMP inhibitors, some of which advanced to phase Ill clinical trials.

Universally, these trials were unsuccessful and has prompted re-evaluation of MMP5

as therapeutic targets (7). In recent years with MMP-knockout mice, the individual

functions of several MMPs have been examined in cancer, as well as other

diseases, uncovering some unexpected host-protective roles. As such, several

MMPs are now defined as drug anti-targets because inhibition would cause

increased disease severity (8), giving some insight into the failure of broad-spectrum

antagonists. The first such anti-target was MMP-8, the neutrophil-specific

collagenase.

The Neutrophil Collagenase: MMP-8

Neutrophils, also called polymorphonuclear cells (PMNs), are often considered the

front line of defense in innate immunity. Neutrophils express MMP-8, MMP-9, MMP

14, and MMP-25. MMP-8, which was the second MMP identified, is produced

primarily by neutrophils and is released from specific granules at sites of

inflammation (9, 10). Other cell types including macrophages (11), T lymphocytes

(12), and synovial fibroblasts (13) have been reported to express low levels of MMP
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8. Along with MMP-1 and MMP-13, MMP-8 has traditionally been considered a

collagenase for its potent ability to degrade collagen (14), in particular type I

collagen which is a major component of bone and skin. In addition to proteolysis of

structural components of the extracellular matrix, several bioactive substrates of

MMP-8 are also known, including chemokines, adhesion molecules, and protease

inhibitors, however physiological evidence was lacking (Table 1.1).

Table 1.1. Extracellular matrix and bioactive substrates of MMP-8
Known MMP-8 substrates Reference

Extracellular matrix substrates
Aggrecan (15)
Collagen type l>type lll>type II (14)
Collagen VII (16)
Collagen X (16)
Fibrinogen (17)
Fibronectin (18)
Laminin-5 (19)
Nidogen (18)
Proteoglycan core protein (18)

Bioactive substrates
Alpha-i antitrypsin (20)
Alpha-2 antiplasmin (21)
Angiotensin (22)
Bradykinin (22)
Cl inhibitor (23)
CCL2/MCP-1 (24)
mCXCL5/LIX (25, 26)
CXCL6/GCP-2 (25)
CXCL1O/lP-i0 (27)
IGFBP-5 (28)
L-selectin (18)
Tachykinin substrate P (22)

Like other MMPs, MMP-8 is secreted as an inactive pro-enzyme and is converted to

an active protease through the cysteine switch mechanism. This can occur by

reactive oxidative species released from activated neutrophils (29), or proteolytically

by cathepsin G and chymotrypsin (30), as well as a number of MMPs [reviewed in

(31)]. However, it is unclear how MMP-8 becomes activated in vivo or how MMP-8

retains activity in the presence of endogenous inhibitors such as the tissue inhibitors
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of metalloproteinases (TIMPs). Although MMP-8 is secreted through traditional

pathways, it is now thought to function in a membrane-associated state which

confers increased resistance to inhibition (32).

MMP-8 is often associated with the pathogenesis of diseases characterized by

excessive neutrophil infiltration such as rheumatoid arthritis (33), cystic fibrosis (34),

and periodontal disease (35), but the biological role of MMP-8 remains uncertain.

The MMP-8 knockout mouse, generated by Balbin et al., exhibits normal

development and fertility but surprisingly has increased susceptibility to skin cancer

(26), thus defining MMP-8 as the first host-protective MMP in cancer. In MMP-8

deficient mice, there was an initial delay in neutrophil influx to the site of chemical

carcinogen treatment followed by a massive neutrophil accumulation that persisted.

Other phenotypes with the MMP-8 knockout mouse (summarized in Table 1.2, Page

8) include increased PMNs in LPS and allergen-induced airway inflammation (32,

36), resistance to TNF-induced lethal hepatitis (37), delayed wound healing (38),

and less severe experimental autoimmune encephalomyelitis (EAE) (39). It is

becoming evident that MMP-8 has pleiotropic roles in various diseases and

inflammatory situations yet the specific mechanisms underlying these phenotypes

remain poorly understood.

Cytokine Substrates: MMP Regulation of Inflammatory Signaling Molecules

Perspective

Inflammation is a highly regulated process involving tissue parenchyma, vascular

and connective tissues, as well as host defense and immune cells, and is an

essential component of both innate and acquired immunity. MMPs were traditionally

considered to assist in the inflammatory response through the breakdown of

extracellular matrix molecules, providing an environment condusive to leukocyte

infiltration, edema, wound healing and tissue repair with continued upregulation

contributing to the onset of chronic inflammation. It is now evident, however, that the

repertoire of MMP substrates, the substrate degradome, extends far beyond the

extracellular matrix and includes many key bioactive molecules, the processing of
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which results in altered actions. In the context of inflammation, several MMPs have

been shown biochemically to efficiently and selectively process cytokines and

chemokines, as well as associated molecules, thereby changing their bioactive

properties. Many of these substrates have been validated physiologically in genetic

models of inflammatory disease, where a remarkable array of inflammatory

phenotypes has been observed. As a whole, research involving MMPs in

inflammation has demonstrated their integral role in orchestrating both the initiation

and termination of inflammatory processes, rather than only tissue degradation.

MMPs and Inflammation

Inflammation is an essential process for the elimination of invading pathogens and in

wound healing. Inflamed tissue is a dynamic interactive multi-cellular and multi-

tissue system embedded in normal stroma. A wide variety of signaling networks

operate in multi-directional communication between the component cells and

tissues—the connective tissue cells and epithelium, vascular endothelium, reactive

peripheral stroma, and host defense cells—that orchestrate innate immunity,

inflammation, resolution and healing. Cytokine pathways that are perturbed in

unresolved acute inflammation drive tissue destruction and inflammatory/immune

cell responses in chronic inflammatory disease. Dysregulated inflammation has

been linked to numerous pathologies including autoimmune diseases (40),

tumorigenesis (41), and atherosclerosis (42). Stringent regulation of the

inflammatory process is critical for both resolution and to buffer against pathological

destruction. Proteolytic enzymes are now regarded as key effectors and regulators

in inflammation and immunity, through not only protein degradation and turnover but

also precise and efficient cleavage events leading to altered bioactivity of

inflammatory mediators (43, 44).

Matrix metalloproteinases (MMP5) were historically thought to be exclusively

involved in turnover of extracellular matrix components. Accordingly, attractive

hypotheses evolved that involved matrix degradation in normal development and
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physiological turnover as well as in many of the steps in inflammation that appeared

to be dependent on extracellular matrix turnover. However, with the exception of

MMP-14, none of the MMP-deficient mice generated thus far exhibit severe defects

in matrix turnover for normal development or homeostasis. In addition, drug trials

with broad-spectrum MMP inhibitors have not demonstrated significant abnormalities

in extracellular matrix although a small number of patients did develop joint strictures

(45). In contrast, MMP-deficient mice display a remarkable array of inflammatory

and immune phenotypes (Table 1.2). Although MMPs have generally been

considered pro-inflammatory molecules, promoting leukocyte migration through the

breakdown of basement membrane and extracellular matrix, the observed

phenotypes clearly show that MMPs can also function in an anti-inflammatory

capacity and the mechanisms underlying these phenotypes are now beginning to

emerge. As such, it is now evident that matrix metalloproteinases have a multitude

of pleotropic functions in regulating inflammation.

In recent years, substrate discovery efforts have uncovered a plethora of novel

bioactive substrates that link MMPs with both the onset and the resolution of

inflammation (4, 46). Notably, MMPs are now known to have pro- and anti-target

effects in cancer (8), and analogous opposing roles appear to exist in inflammation

as well. As such, several authors have proposed that MMPs, by playing critical roles

in regulating the activity of numerous inflammatory mediators, are homeostatic

regulators and controllers of inflammation. Here we describe the conclusions from

genetic models of inflammation as well as biochemical and proteomic evidence of

the direct proteolytic actions of MMP5 on cytokines and chemokines, and also

indirect effects of MMPs on the inflammatory response.

Genetic Models of Inflammation

Murine models of inflammation and innate immunity have demonstrated diverse and

unexpected functions of MMPs in the inflammatory context (Table 1.2). Currently,

knockout mice have been generated for at least fifteen MMP5: MMP-2, 3, 7, 8, 9, 10,
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11, 12, 13, 14, 19, 20, 23, 24, and 28 (47). Of these, MMP-2, 3,7,8,9, 10, 12, and

28 have been reported to have altered inflammatory phenotypes. Due to the

significant skeletal defects and short life-span of the MMP-14-null mice, inflammatory

studies using these mice are not feasible, however organ transplantation allows for

tissue specific evaluation of MM P-i 4 deficiency.

Table 1.2. Inflammatory and immune phenotypes of MMP-deficient mice

Mouse Phenotypes relating to inflammatory processes References
Mmp2’ More severe antibody induced arthritis (48)

Diminished egress of lung inflammatory cells (49)
Earlier and more severe EAE due to increased MMP-9 (50)
Prolonged cardiac allograft survival and lower cellular infiltration (51)
More severe myocardial inflammation and dysfunction (52)
Delay in inflammation associated corneal neovascularization (53)
Exacerbated experimental colitis (54)

Mmp3’ Markedly impaired contact hypersensitivity (55)
Reduced disc resorption and generation of macrophage chemoattractant (56)
Reduced PMN recruitment in acute lung injury (57)
Reduced macrophages in atherosclerotic plaques (58)
Impaired clearance of intestinal bacteria (59)
Delayed macrophage and lymphocyte recruitment in cardiac remodelling (60)
Marked resistance to S. typhimurium infection (61)

Mmp7’ Increased bacterial survival, lack of intestinal a-defensiris (62)
Decreased epithelial cell apoptosis due to reduced FasL shedding (63)
Reduced macrophages in herniated discs, loss of TNFa shedding (64)
Reduced PMNs in lung due to altered chemokine gradients (65)
Less severe septic arthritis (66)

MmpB Delayed PMN infiltration then accumulation in skin carcinogenesis model (26)
Increased PMN infiltration in intratracheal LPS model (32)
Increased PMN infiltration in allergen induced airway inflammation (36)
Resistant to TN F-induced lethal hepatitis (37)
Decreased PMN infiltration in LPS-treated air pouch (67)
Increased inflammation delays wound healing (38)
Decreased susceptibility in experimental autoimmune encephalomyelitis (39)
Decreased PMN infiltration in LPS-treated corneas (68)

Mmp’ More persistant inflammation in contact hypersensitivity (55)
Less susceptible to experimental autoimmune encephalomyelitis (69)
Resistant to subepidermal blisters with reduced PMN recruitment (70)
Reduced macrophages in experimental cardiac infarction (71)
Impaired hematopoietic stem cell motility due to reduced sKitL (72)
Less severe antibody-induced arthritis (48)
Impaired cellular infiltration in airway inflammation (73)
Impaired defense in bacterial meningitis (74)
Reduced hematopoietic stem cell mobilization (75)
Impaired dendritic cell migration through tracheal epithelium (76)
Enhanced allergen-induced airway inflammation (77)
Inflammatory cell accumulation in allergic lung model (78)
Attenuated dextran sulphate-induced colitis (79)
Increased severity of septic arthritis (80)
Reduced resistance against E. coli peritonitis (81)
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Table 1.2. (continued)
Mouse Phenotypes relating to inflammatory processes References
MmplU’ Increased inflammation in models of infection and wound healing (82)

Mmpl2’ Reduced macrophages in smoke-induced emphysema (83)
Less TNFa shedding in smoke-induced inflammation (84)
Improved recovery after spinal cord injury, reduced inflammation (85)
Reduction in OVA-induced airway eosinophilia (86)
Reduction in antigen-induced airway inflammation (87)
Reduced infiltrating macrophages in aortic aneurysms (88)
Less experimental autoimmune encephalomyelitis, higher Thl/Th2 ratio (89)
Reduced macrophages in atherosclerotic plaques (90)
Decreased macrophages in ligament healing (91)
No change in bleomycin-induced lung fibrosis (92)
BALF lacks chemotactic elastin fragments (93)

Mmp26’ Increased inflammatory response (W.C. Parks,
Unpublished)

Individual MMPs show remarkably divergent physiological functions in inflammatory

disease models. For instance, Mmp2-null mice have increased inflammation and

consequent disease severity in models of arthritis (48), experimental autoimmune

encephalomyelitis (50) and experimental colitis (54), suggesting a general anti-

inflammatory role for the enzyme. This protective role of MMP-2 is consistent with

its near-constitutive expression, where a pro-inflammatory role would be very

destructive. In contrast, MMP-7 deficient mice exhibit reduced inflammation in

models of septic arthritis (66), herniated discs (64) and acute lung injury (65),

demonstrating a pro-inflammatory function for MMP-7. MMP-3 and MMP-12 can

also be generalized as pro-inflammatory effector molecules as these knockouts are

characterized by decreased infiltrating leukocytes in several disease models

(summarized in Table 1.2).

The functions of certain MMPs cannot be classified so easily. For example, the

neutrophil protease MMP-8 seems to have opposing effects in acute and chronic

inflammatory situations. In acute models such as the LPS-treated air pouch (67) and

TNF-induced hepatitis (37), MMP-8 promotes neutrophil infiltration, at least in part

due to ELW chemokine processing and activation. In more chronic models of skin

carcinogenesis (26) and wound healing (38), MMP-8 is involved in terminating and
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resolving inflammation. MMP-9 also demonstrates complex regulatory properties.

For instance, Mmp9-null mice have reduced PMN recruitment in subepidermal

blisters (70) and decreased macrophages in response to cardiac infarction (71), but

conversely show enhanced allergen-induced airway inflammation (78) and increased

severity in a model of septic arthritis (80). Therefore both MMP-8 and MMP-9 can

exert differential regulatory effects depending on the particular stimulus and the

temporal status. However, in the neutrophil MMP-8 dominates as its absence leads

to decreased neutrophil infiltration despite normal or elevated MMP-9 levels.

MMP Regulation of Cytokines

Cytokines have a central role straddling both innate and adaptive immunity,

functioning in both pro-inflammatory and anti-inflammatory manners. Cytokines are

produced by a variety of cell types and signal either in cis or in trans to nearby cells

or throughout the organism. Through the binding of specific cell-surface receptors,

cytokines trigger signalling cascades resulting in altered gene and protein

expression during an inflammatory reaction. Therefore, precise control of cytokine

activity is essential for the accurate control of inflammation. Selective proteolysis of

cytokines provides a rapid and effective means to modulate the initiation and

termination of an inflammatory response.

Interleukin- 1/3

lnterleukin-1 I is an early and potent pro-inflammatory cytokine that has been linked

to fever, leukocytosis, anemia, and elevated acute phase proteins (94). IL-i , along

with TNF-a, are classical inducers of MMPs in numerous cell types. The production

of IL-i 1 is primarily in macrophages, monocytes and PMNs, where secretion occurs

through non-classical pathways as IL-i 3 lacks a secretory signal peptide (95). It is

translated as an inactive 33-kDa precursor, some of which seems to be secreted

through specialized lysosomes. Caspase-i, also known as IL-i 3-converting

enzyme/ICE, is an intracellular cysteine protease that cleaves latent IL-i 13 at Asp116-

Ala7 releasing the N-terminus to generate the fully active i7-kDa molecule (96).
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Although caspase-1 is thought to play a dominant role in IL-i 3 activation, studies of

local inflammation with caspase-1 deficient mice suggest that alternate mechanisms

exist (97).

IL-i 1 processing by MMPs has been described in vitro, generating biologically active

1 7-kDa forms (98). Activation occurs with the following MMPs in order of increasing

efficiency: MMP-2, MMP-3, and MMP-9, whereas MMP-1 lacks the ability to activate

latent IL-i (Table 1.3). With prolonged exposure and high enzyme concentrations,

MMP-i, -2, -3, and -9 degrade IL-i f yielding a loss in activity (98, 99). Hence, the

physiological role of MMPs in the regulation of IL-i 3 activity remains to be

determined, but biochemical studies appear to show the potential for both pro-

inflammatory and anti-inflammatory effects in vivo. The important caveat that

biochemical cleavage does not equate to a physiologically relevant substrate must

be recognized, and in the case of prolL-i(3, which is normally processed

intracellularly, substrate-enzyme colocalization must be considered. Similarly, high

enzyme-substrate ratios reflect extreme parameters that may not be met in vivo.

Regardless, IL-i 1 induced expression of MMPs possibly involves feed-forward or

feed-back loops by which MMPs might further activate the cytokine, enhancing

inflammation, or degrade lL-i3 in an inhibitory loop to dampen or terminate the

response.

Tumor necrosis factor-a

Tumor necrosis factor-a (TNF-a) is a multifunctional cytokine with pro-inflammatory

and immunomodulatory roles (100). Overproduction of TNF-a has been implicated

in inflammatory conditions such as rheumatoid arthritis, multiple sclerosis,

ankylosing spondylitis and psoriasis (101). TNF-a is produced as a 26-kDa

membrane-associated inactive precursor (proTNF-a) that is activated upon

proteolytic shedding, thus releasing the soluble form. This cleavage was first

attributed to metalloproteinases based on broad-spectrum metalloprotease inhibitors
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Table 1.3. Bioactive MMP substrates: The pro-inflammatory and anti-
inflammatory proteolysis events by MMPs
Substrate MMPs Cleavage site References
Pro-inflammatory cleavages
lnterIeukin-1 2, 3, 9 ND (98)
proTNF-a 1,2,3,7, 9 ND (102)

12 68SLISPLA,IQA,VRSS (103)
14, 15 68SLlSP.j,LAQAVR (104, 105)
17 68SLISPLAJ,QAVR (106)

CXCL5 1 4AAAVLR,J,ELRC (25, 67)
8, 9 4AA,Aj,VLRELRC

CXCL8 1,8, 9, 13, 14 1AVLPR,j,SAKE (67, 105, 107)
CX3CL1 2 68QAAA,j,LTKN (108)
LIX (mCXCL5) 1,2,8,9, 12, 13 1APSSVlAA (25, 26, 67, 109)

Anti-inflammatory cleavages
InterIeukin-1 1,2,3,9 Degradation (99)

(98)
proTNF-c 14, 15 Degradation (104)
LatentTGF-13 2,3,9, 13, 14 ND (110-113)
CCL2 1,3, 8, 12 1QPDAlNAP (24, 109)
CCL7 1,2,3, 12, 13, 14 1QPVG,IINTS (24, 109, 114)
CCL8 3, 12 1QPDSVSIP (24, 109)
CCL13 1,3, 12 1QPDALNVP (24, 109)
CXCL1 9 Degradation (107)

12 3VATELRCQ (109)
CXCL2 12 3LATELRCQ (109)
CXCL3 12 3VVTE,LRCQ (109)
CXCL4 9 Degradation (107)
CXCL5 12 7VLREILRCV (109)
CXCL6 12 11RCTCI,LRVT (109)
CXCL7 9 Degradation (107)
CXCL8 12 7AKELRCQC (109)
CXCL12 1,2,3,9,13,14 1KPVSLSYR (115)
CX3CL1 2 1QHLGJ,MRKC (108)
mCXCL1 12 3IANE,j,LRCQ (109)
mCXCL2 12 3VASELRCQ (109)
mCXCL3 9, 12 3VASEILRCQ (109)

Unaltered bloactivity cleavages
CXCL6 8,9 ‘GPVSI,A,j,VJ,LTELR (25)
CXCL9 9 89VLKJ,VRK,,SJ,QRSR (27)
CXCL1O 8,9 66KAVJ,SKE,j,MSI,KRSP (27)
LIX (mCXCL5) 8 76KKAKJ,RNAL (67)

1,9, 12 81NALA,j,VERT (109)
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preventing the shedding of TNF-a in cultured leukocytes and endotoxemia models

(116-118). However, cloning and purification studies revealed that the major enzyme

responsible is the metalloproteinase disintegrin ADAM-17, also called TNF-a

converting enzyme (TACE) (119, 120).

Although ADAM-17 is considered to be the major generator of soluble TNF-a,

studies with MMP-7 and MMP-12 knockout mice in models of herniated disc

resorption (64) and cigarette smoke-induced inflammation (84), respectively, support

a role for MMPs in the physiological release of TNF-a. In the case of MMP-7,

intervertebral discs cocultured with peritoneal macrophages from Mmp7-null mice

had a defect in macrophage influx. This was attributed to a decrease in soluble TNF

a, which was found to be necessary for MMP-3 induction and the consequent

generation of a macrophage chemoaffractant. In cigarette smoke-induced

inflammation, MMP-12 knockout mice have decreased levels of soluble TNF-a and

diminished ability to shed TNF-a from cultured alveolar macrophages in response to

smoke exposure. Further, MMP-12 mediated shedding of TNF-a was found to

promote endothelial activation, PMN infiltration and the proteolytic tissue damage

associated with emphysema.

Biochemically, several MMPs can cleave proTNF-a to generate the active form in

vitro (Figure 1.2). For example, purified MMP-1, MMP-2, MMP-3, MMP-7, and

MMP-9 can cleave recombinant GST-TNF-a fusion protein (102, 118). In addition,

MMP-12 (103), MMP-14 and MMP-15 (104), and MMP-17 (106) are capable of

cleaving proTNF-a. In a proteomic screen evaluating breast cancer cells

overexpressing MTI-MMP, TNF-a was increased in the conditioned medium in the

MMP-14 transfected cells compared to vector control and biochemically MMP-14

was shown to cleave and generate the active form (105). The MMP cleavage sites

in proTNF-a are variable, but lie either at or slightly upstream of the ADAM-17

cleavage site of AIa76-VaV (Table 1.3). Notably, ADAM-17 is stimulated by

Iipopolysaccharide or experimentally by phorbol myristyl acetate, where its role in
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Figure 1.2. MMP proteolysis of cytokines and chemokines to precisely control
the induction (left) and termination (right) of inflammation
Initiation of an inflammatory response (left) is triggered by injury or an infectious
agent resulting in the rapid local release of neutrophil chemoattractants and
proteases, including MMP5. Circulating neutrophils roll on the endothelial surface
through interactions with selectins (not shown). Engagement with chemokines,
immobilized by glycosaminoglycan binding, causes firm adhesion to the endothelium
through integrins and subsequent extravasation into the underlying tissue. Once in
the tissue, neutrophils are activated and degranulate releasing MMP-8 and MMP-9.
MMP-8 processes and activates CXCL5 and CXCL8, resulting in additional PMN
recruitment. Monocyte chemoattractant proteins (CCL2, 7, 8, 13) and CXCLI2
promote the influx of monocytes and lymphocytes, respectively. The membrane-
bound chemokine CX3CL1 is shed by fibroblast-derived MMP-2 to generate a
soluble chemoattractant. Macrophage-derived MMP-7 and MMP-12 are involved in
shedding TNF-a, in cooperation with ADAM-17, yielding a soluble pro-inflammatory
cytokine. TNF-a is also shed by MMP-14, depicted here on fibroblast cells.

Once the initiating stimulus is removed the pro-inflammatory signals are no longer
generated (right). Local chemokine production is decreased and neutrophils no
longer enter the tissue. Furthermore, some neutrophil chemokines (CXCLI, CXCL4,
CXCL7) are degraded by MMP-9 resulting in inactivation. MMP-2, as well as other
MMPs, is involved in dampening the response through the generation of chemokine
antagonists. Shown here are CCL2, CCL7, CCL8, CCLI3, and CX3CL1 as
substrates of MMPs, forming potent receptor antagonists and inhibiting chemotactic
migration. Also, CXCLI2 is processed by MMP-2 resulting in a switch in receptor
specificity. MMP-14 is potentially involved in down-regulating TNF-a through
degradation. Furthermore, MMP-2 and MMP-9 (not shown) cleave the latency
associated protein from TGF-13 to liberate the active TGF-13 homodimer with
immunosuppressive properties. Active TGF-3 induces MMP-2 and MMP-9
expression and extracellular matrix formation in a feedback mechanism.
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TNF-cL shedding is well established. Conversely, in the absence of LPS stimulation

such as non-infective situations, MMP-mediated shedding of TNF-a may be

important and as such a variety of experimental approaches at different levels of

complexity are needed to determine the relative contibutions of various proteases

(121). It is likely that ADAM-17 and several MMPs have complementary roles in the

rapid shedding and activation of proTNF-a in response to varying stimuli.

Transforming growth factor-/31

Transforming growth factor-31 (TGF-1) is generally considered an

immunosuppressive cytokine but encompasses a multitude of functions that cannot

be defined so simply. TGF-131 is known for its ability to instigate and maintain

immune tolerance (122, 123). Under normal circumstances, TGF-f31 is secreted in a

latent form where its furin-cleaved 80-kDa N-terminus, also called the latency-

associated peptide, remains non-covalently associated and requires proteolytic,

conformational, or acidic conditions for its removal (124). MMP proteolysis, amongst

other mechanisms, has been proposed to release the active 25-kDa cytokine

homodimer from the latency-associated peptide. In chondrocyle cultures, MMP-3

(111) and MMP-13 (113) have been found to activate TGF-31 and likewise MMP-14

expression in osteoblasts causes activation of the latent cytokine and thereby

promotes osteoblast survival (110). In the context of tumor biology, the gelatinases

MMP-2 and MMP-9 were found to activate TGF-13, potentially promoting tumor

invasion and angiogenesis (112). Notably, TGF-31 induces the expression of MMP

2 (125, 126) and MMP-9 (127), perhaps contributing to the potentiation of TGF-1

activity in a feed-forward manner. Furthermore, TGF-131 stimulates production of the

extracellular matrix, a critical event in wound healing, and through increased

collagen deposition leads to induction (128) and activation of MMP-2 (129) and

consequent processing of monocyte chemoattractants (CCL2, 7, 8, and 13) to

generate potent anti-inflammatory molecules, thereby terminating macrophage influx

and promoting healing (24). Although the link between MMPs and TGF-fE has yet to

be clearly determined in an inflammatory setting, MMP activation of TGF-3 could
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provide a novel anti-inflammatory mechanism by which MMPs function to dampen

an immune response.

MMP Regulation of Chemokines

Chemokines are a super-family of low molecular weight chemotactic cytokines that

function in directing the migration of cells in normal leukocyte trafficking and the

inflammatory response (130). In vivo, chemokines form gradients through

interactions with proteoglycan glycosaminoglycans and signal through 7-

transmembrane G protein-coupled receptors to induce a chemotactic response.

Several chemokines are known to be regulated by proteolysis, many of which are

MMP-mediated cleavages, resulting in a multitude of functional consequences

including either enhanced or decreased receptor binding, conversion to a receptor

antagonist, changing receptor specificity, and shedding of membrane-anchored

chemokines.

Chemokines are characterized by the spacing of conserved cysteine residues that

function in the formation of disuiphide bonds. Although the sequence similarity

amongst chemokines is quite low, ranging from 20-50% homology, the tertiary

structure of these proteins is remarkably conserved (131). The general structure

consists of an undefined N-terminus, three central anti-parallel beta-sheets, and a C-

terminal alpha-helix. The N-terminal portion of chemokines appears to be most

susceptible to proteolysis and cleavage often results in significant changes in

activity. In contrast, some C-terminal processing events have been described but no

functional changes have been ascribed to these truncations (27, 67, 132).

CC Chemokines

The CC family of chemokines is defined by adjacent cysteine residues in the N

terminus and its members typically induce the migration of monocytes, dendritic cells

and natural killer cells. The monocyte chemoattractant proteins (MCPs), also known

as CCL2, 7, 8, 13, were amongst the first chemokines to be identified as MMP

17



substrates. In a yeast genetic screen with the hemopexin domain of MMP-2, CCL7

was found to have a strong interaction with the exosite and was processed efficiently

at G1y4-11e5with recombinant enzyme and by monocytes in culture and in vivo (114,

133). The truncated chemokine, CCL7 (5-76) still binds its cognate CC receptors but

no longer promotes chemotaxis and instead functions as a receptor antagonist with

potent anti-inflammatory properties in vivo, as determined in mouse models of

subcutaneous and peritoneal inflammation. CCL7 is also processed by MMP-1, 3,

13, and 14 (24) and the cleaved form has been detected in rheumatoid synovial fluid

(114).

All of the MCPs have been identified as MMP substrates (Table 1.3) with

characteristic cleavage between residues 4-5 in the N-terminus, causing diminished

activity and the generation of potent receptor antagonists (24). In addition to MMP

2, MMP-1, -3, -8, -13, and -14 cleave MCPs with different profiles of substrate

preference, revealing specificity in this interaction (Table 1.3). Notably, this work

was the first to demonstrate an unexpected dampening of inflammation by MMP5,

traditionally considered to be pro-inflammatory proteases.

CXC Chemokines

The CXC chemokines predominantly influence the migration of polymorphonuclear

neutrophils and T-lymphocytes. A subset of CXC chemokines are characterized by

an ELR (glutamic acid-leucine-arginine) sequence proximal to the conserved CXC

motif and act exclusively on CXCR1 and CXCR2 receptors, thereby promoting

neutrophil chemotaxis. CXCL8, the most potent of the ELW chemokines, is

processed by MMP-1, -8, -9, -13, and -14 at Arg5-Ser6,causing a 10-fold increase in

receptor binding affinity and chemotactic activity (67, 105, 107). In the cellular

context, MMP-1 4-overexpressing cells were discovered to have decreased levels of

CXCL8-derived peptides in the conditioned medium compared to vector controls,

confirmed biochemically to be due to proteolysis (105).
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Activation of PMN chemoattractants also applies to the human ELW chemokine

CXCL5 as well as the murine chemokine LIX (25, 26, 67). LIX, also called mCXCL5,

is thought to be the mouse orthologue to human CXCL8 in that it is the most potent

and abundant of the ELR chemokines. LIX is efficiently cleaved at Ser4-Val5by the

neutrophil enzyme MMP-9 in vitro, resulting in a significant increase in

chemoattractant activity (25). The generation of the MMP-8 deficient mouse

revealed decreased processing of LIX in LPS-stimulated bronchoalveolar lavage

fluid, suggesting a specific role for MMP-8 in the activation of LIX (26). This

observation is coupled with delayed neutrophil infiltration to the site of challenge in a

skin carcinogenesis model in Mmp8-nuIl mice, followed by a massive accumulation

of neutrophils. Furthermore, in an LPS-treated subcutaneous air pouch model of

acute inflammation, Mmp8-null mice have a significantly decreased neutrophil influx

compared to wild type controls (67). This difference is lost when mice are treated

with the truncated chemokines LIX (5-92) or CXCL8 (6-77), demonstrating that LIX

and CXCL8 are physiologically relevant substrates of MMP-8 and that the normal

cell migration machinery and the ability of neutrophils to migrate through basement

membrane and connective tissue is intact in the absence of MMP-8. Interestingly,

several MMPs in addition to MMP-8 cleave LIX in vitro, yet animal studies indicate a

lack of physiological redundancy in this pathway (67). This result also questions the

importance of MMP-8 in collagen degradation in these matrices, a role traditionally

assumed to be essential for neutrophil chemotaxis and extravasation.

There is mounting evidence to support the notion that MMP5 are involved in

promoting PMN infiltration via the proteolytic activation of neutrophil

chemoattractants and recent data suggests an opposing role for MMPs in the

inactivation of ELR chemokines. The activation mechanism for ELR chemokines

differs from the majority of chemokines, where N-terminal truncation usually results

in the loss of agonism coupled with the generation of potent receptor antagonists.

MMP-1 2 cleaves multiple murine and human ELW chemokines within the ELR motif

(Table 1.3), thereby decreasing activity (109). This cleavage was reflected
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physiologically by increased neutrophil accumulation in LPS-treated lungs of MMP

12 knockout mice suggesting that macrophage-derived MMP-12 is involved in

terminating neutrophil infiltration. Likewise, MMP-9 has been reported to slowly

degrade the ELW chemokines CXCL1, CXCL4, and CXCL7 in vitro, but

physiological evidence of this interaction is lacking (107).

CXCL1 2, also known as SDF-1, is a multifunctional chemokine with a critical role in

development as well as a potent chemoattractant of T lymphocytes, monocytes, and

CD34 stem cells. Proteolysis of CXCL12 occurs at Ser4-Leu5by MMP-1, -2, -3, -9, -

13, and -14, resulting in a loss of binding to the cognate receptors CXCR4 (115) and

CXCR7 (134) and therefore loss of HIV protection and decreased chemotactic

properties. Interestingly, the cleavage product, CXCL12 (5-67), is a potent and

specific neurotoxin (135), an effect shown to be mediated through CXCR3 binding

and signalling (136), demonstrating for the first time that proteolysis of a chemokine

can cause a shift in receptor specificity.

Membrane-Bound Chemokines

CX3CL1, also known as fractalkine, is unique amongst the chemokine superfamily in

that it can exist in both membrane-anchored and soluble forms, giving it the dual

functionality of an adhesion molecule and a chemoattractant (137). When shed from

the membrane, CX3CL1 is a potent chemoattractant for T cells and monocytes.

Disintegrin-like metalloproteinases ADAM-b and ADAM-17 have been reported to

shed CX3CL1 by cleaving adjacent to the transmembrane region, hence regulating

CX3CL1 -mediated cell-cell adhesion and chemoattractant activity (138, 139). A

proteomic approach recently identified CX3CL1 as an MMP-2 substrate, where

endogenous CX3CL1 was found to be increased in the conditioned medium of MMP

2 expressing fibroblasts compared to Mmp2-null control cells (108). Tandem mass

spectrometry coupled with peptide mapping enabled the identification of two

cleavage sites: A1a71-Leu72 in the C-terminus of the chemokine ectodomain, yielding

a soluble chemoattractant, and Gly4-Met5, a truncation known to result in potent
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antagonism of the receptor CX3CR (140). Hence, it appears that MMP-2 can both

activate and inactivate a single chemokine, allowing for precise biphasic regulation

of CX3CL1 activity in the conversion of a cell surface adhesion molecule/agonist to a

soluble agonist and antagonist depending on the site of cleavage. The only other

membrane-anchored chemokine, CXCL16, is also shed in a metalloproteinase

dependent manner. Solubilization of CXCL1 6 is inducible by TNF-a and significantly

decreased upon treatment with GM6001, a broad-spectrum MMP and ADAM

inhibitor, but the specific proteases involved are yet to be identified (141). Notably,

in genetic and inhibitor studies, ADAM-i 0 and gamma-secretases were found to be

major components of proteolytic cascades leading to CX3CL1 and CXCL1 6 shedding

(142).

Proteoglycan-mediated chemokine regulation

Direct processing of chemokines themselves is not the only way by which MMPs

regulate chemokine activity. Many chemokines are known to require binding to the

glycosaminoglycan side chains of proteoglycans for the formation of gradients and

chemotactic activity in vivo (143, 144). As such, altering the proteolglycans

themselves can affect chemokine gradients and physiological functions. The

clearest example of such an interaction came from a study showing that MMP-7

deficient mice have altered neutrophil infiltration in lung inflammation, where

neutrophils remain confined to the interstitium without advancing to the alveolar

space (65). This defect was attributed to MMP-7 dependent shedding of the

syndecan-i ectodomain complexed with mCXCL1/KC, a murine ELR chemokine, a

process required to direct and confine neutrophils to the site of injury. Hence, in the

absence of MMP-7, neutrophils are unable to enter the lumen of the lung because

the appropriate KC-syndecan-1 gradient has not been generated. Notably, sydecan

1 is also shed by MMP-14 and MMP-16 resulting in enhanced migration in vitro

(145), potentially representing analogous mechanisms involving other MMPs.
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Additional MMPs have also been suggested to affect chemokine activity through

altering interactions with the extracellular matrix. In a model of TNF-induced acute

hepatitis, MMP-8 deficient mice show improved survival coupled with defective

neutrophil recruitment at 6 hours post-treatment, compared to wildtype controls (37).

This phenotype was proposed to be due to the indirect effect of MMP-8 dependent

release of LIX from the extracellular matrix, although direct processing of LIX and

modulation of activity has also been observed (25, 26, 67). Furthermore, MMP-8

processing of LIX does not alter glycosaminoglycan binding, as determined with

heparin sulphate affinity assays (67). Regardless, potential regulation of chemokine

interactions with proteoglycans in the formation of gradients should be appreciated

when considering chemokine bioactivity in vivo.

Future perspectives

Deciphering the individual functions of MMPs in the regulation of inflammatory

processes is an overwhelming task but the importance of the field is highlighted by

failed clinical trials with MMP inhibitors and the coinciding unpredicted side effects

(7, 146-149). It is now evident that the physiological roles of MMPs and their

respective underlying mechanisms need to be further defined before attempting to

inhibit individual MMPs for clinical applications. It is critical that only well established

targets are inhibited and anti-targets are completely avoided (8). With this approach

the detrimental actions of MMPs are blocked while still preserving the beneficial anti-

target MMP activities. As such, animal model and cell-based approaches

complemented by biochemical and proteomic studies will be instrumental in

achieving this objective.

Current methods of MMP substrate discovery are predominantly hypothesis-driven,

which is a very time-consuming approach. However, more systematic approaches

to uncover novel MMP substrates and downstream effects of MMP activity are

beginning to emerge. For instance, two-dimensional gel electrophoresis was

recently used in the analysis of bronchoalveolar lavage fluid of allergen-challenged
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Mmp2 ‘/Mmp9 mice, leading to the identification of Ymi, Si 00A8, and Si 00A9 as

novel MMP substrates (150). Furthermore, in the cellular context, MMP-14 and

MMP-2 transfected cells have been used to identify a variety of new bioactive

substrates utilizing mass spectrometry-based proteomic analysis (105, 108, 151).

This work has been extended with the use of MMP inhibitors, thus uncovering

additional substrates with the potential to identify adverse inhibitor effects (152).

The remarkable progress in proteomic approaches, such as those listed above, will

undoubtedly have far-reaching implications in the field of MMP research, as well as

that concerning all proteases (153). Applying such techniques to in vivo models of

inflammation will enable rapid and unbiased identification of physiologically relevant

substrates and hence a deeper understanding of the numerous inflammation-related

phenotypes described here. Regardless of the specific mechanisms, it is undeniable

that MMPs are key pleiotropic regulators of inflammation and immunity,

demonstrating a wide array of pro-inflammatory and anti-inflammatory functions,

orchestrating both the onset and termination of inflammation. Hence, the former

view that the major role of MMPs is to cleave extracellular matrix is no longer

tenable. Rather, MMPs are key signalling proteases involved in normal homeostasis

and initiating and terminating inflammation through efficient and specific processing

of inflammatory mediators.

Theme and Hypotheses

The broad focus of the research presented herein is the role of MMPs,

predominantly the neutrophil collagenase MMP-8, in regulating inflammation and

immunity. At the time this thesis research began, the MMP-8 knockout mouse had

been generated and was more susceptible to skin carcinogenesis, making MMP-8

the first MMP anti-target in cancer (26). MMP-8 deficient mice had an initial delay in

neutrophil infiltration followed by a massive accumulation over time, presumably

providing a microenvironment conducive to tumorigenesis (41). The following

themes and hypotheses are addressed in this thesis.
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i) In Chapter 2 we hypothesized that the mechanism of delayed neutrophil infiltration

in MMP-8 deficient mice involved LIXImCXCL5 chemokine proteolysis and

activation. We tested this hypothesis using acute inflammatory models with MMP-8

deficient mice and these findings were published in PLoS ONE.

ii) Next, in Chapter 3 we hypothesized that MMPs would also process interferon-y

inducible CXCR3-binding chemokines and provide proteolytic regulation of T cell

chemoattraction. This was evaluated with recombinant MMPs and synthetic

chemokines, where we discovered that MMPs cleave both the N- and C-terminus of

CXCLI 1, resulting in a switch from a receptor agonist to antagonist and altered

glycosaminoglycan binding, respectively. This study was published in the Journal of

Biological Chemistry.

iii) In Chapter 4, we hypothesized that MMP-8 would be protective in a murine

model of arthritis. To accomplish this objective, an MMP-8 deficient mouse strain

naturally susceptible to arthritis and other autoimmunities was created by backcross

breeding. We also examined the underlying mechanisms by gene microarray

analysis. Here we found that neutrophils from MMP-8 deficient mice undergo

delayed apoptosis, which we propose is due to abolished caspase-il levels and

decreased TNF-a shedding. The resulting manuscript has been submitted for

publication.

Appendix A describes unpublished results relating to indirect MMP-8 regulation of

LIXImCXCL5 and Appendix B reports cleavage specificity of mouse and human

MMP8 and identification of MMP-8 substrates. Taken together, this research has

advanced our knowledge of the function and mechanism by which MMP-8 regulates

both the onset and resolution of inflammation.
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CHAPTER 2. LPS RESPONSIVENESS AND NEUTROPHIL CHEMOTAXIS IN
VIVO REQUIRE PMN MMP-8 ACTIVITY2

Perspective

We identify matrix metalloproteinase (MMP)-8, the polymorphonuclear (PMN)

leukocyte collagenase, as a critical mediator initiating lipopolysaccharide (LPS)

responsiveness in vivo. PMN infiltration towards LPS is abrogated in Mmp8-null

mice. MMP-8 cleaves LPS-induced CXC chemokine (LIX) at Ser4-Va15 and LysT9-

Arg80. LIX bioactivity is increased upon N-terminal cleavage, enhancing intracellular

calcium mobilization and chemotaxis upon binding its cognate receptor, CXCR2. As

there is no difference in PMN chemotaxis in Mmp8-null mice compared with wild-

type mice towards synthetic analogues of MMP-8-cleaved LIX, MMP-8 is not

essential for extravasation or cell migration in collagenous matrices in vivo.

However, with biochemical redundancy between MMP5 1, 2, 9, and 13, which also

cleave LIX at position 4-5, it was surprising to observe such a markedly reduced

PMN infiltration towards LPS and LIX in Mmp8 -I- mice. This lack of physiological

redundancy in vivo identifies MMP-8 as a key mediator in the regulation of innate

immunity. Comparable results were found with CXCL8/lL-8 and CXCL5IENA-78, the

human orthologues of LIX. MMP-8 cleaves CXCL8 at Arg5-Ser6and at Val7-Leu8in

CXCL5 to activate respective chemokines. Hence, rather than collagen, these PMN

chemoattractants are important MMP-8 substrates in vivo; PMN-derived MMP-8

cleaves and activates LIX to execute an in cis PMN-controlled feed-forward

mechanism to orchestrate the initial inflammatory response and promote LPS

responsiveness in tissue.

2 A version of this chapter has been published. Tester AM*, Cox JH*, Connor AR,
Starr AE, Dean RA, Puente XS, Lopez-Otin C, and Overall CM. (2007) LPS
responsiveness and neutrophil chemotaxis in vivo require PMN MMP-8 activity.
PL0S ONE. 2(3):e312. (* equal contribution). This topic has been examined further
and is presented in Appendix A (unpublished data).
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Introduction

Polymorphonuclear neutrophils (PMNs) are crucial inflammatory leukocytes in host

protection from infection, where their primary role is in phagocytosis and killing of

bacteria, fungi and protozoa, and in wound debridement and healing (1, 2). Given

these critical roles of PMNs, it has long been recognised that neutropenic patients

are at greater risk of infection (3), and that is often observed after intensive cancer

chemotherapy (4, 5). Proteolysis of phagosome contents and damaged extracellular

matrix are key PMN actions in inflammation. Cell migration, crossing basement

membrane and connective tissue matrix barriers are other aspects of PMN function

traditionally thought to require proteolytic activity (6). Additionally, PMN5 are a

source of chemotactic factors that guide the recruitment of specific and non-specific

immune effector cells (7) and so these first line defence cells play key roles in innate

and acquired immunity.

Of the two major chemokine subfamilies that provide directional cues for leukocyte

migration and activation (8), the CXC chemokines predominantly influence PMN5

and T-lymphocytes whereas the CC chemokines are active on monocytes, basophils

and eosinophils (9). The expression of CXC chemokines is rapidly upregulated

during acute inflammatory responses, such as that initiated by the endotoxin

lipopolysaccaride (LPS) (10-13). A subset of the CXC chemokines are characterised

by an ELR (glutamic acid-leucine-arginine) sequence proximal to the conserved

CXC motif. ELR is essential for binding CXC-receptors (CXCR) I and 2 (14) leading

to PMN activation, degranulation and release of proteases (15). The murine ELR

CXC chemokines act through a single receptor that is homologous to human CXCR2

(16). In humans there are seven ELR CXC chemokines; CXCL8/interleukin-8 (IL

8); CXCL7/neutrophil-activating peptide-2 (NAP-2); CXCL6/granulocyte chemotactic

protein-2 (GCP-2); CXCL5/epithelial cell-derived neutrophil activating peptide-78

(ENA-78); and CXCLI, -2 and -3 (also known as growth-related oncogenes (GRO)

a, -, and -y). Only CXCL8/lL-8, the most potent of these chemokines, and

CXCL6/GCP-2 bind CXCR1, whereas all members signal through the closely related

receptor CXCR2 (14). Mice lack a homologue of CXCL8/IL-8 having only four ELR
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CXC chemokines: LPS-induced CXC chemokine (LIX), the most abundant and

potent of the murine chemokines and regarded as the orthologue of CXCL8 (17);

keratinocyte-derived chemokine (KC); macrophage inflammatory protein-2 (MIP-2);

and dendritic cell inflammatory protein-I (DCIP-1). Physiological N-terminal

cleavage of chemokines modifies their bioactivity—either enhancing activity of the

ELR CXC chemokines (15) or generating potent receptor antagonists from the CC

chemokines CCL2, -7, -8 and -13 (also known as macrophage chemotactic proteins

I to 4) (18, 19). Although several candidate proteases are proposed for ELR+ CXCL

proteolytic activation, none have been validated in vivo.

Matrix metalloproteinases (MMP5) are traditionally associated with extracellular

matrix protein degradation in many physiological and pathological processes,

including inflammation, bacterial infection, wound healing, and cancer cell

invasiveness (reviewed in ref (20)). However, it is now clear that MMPs mediate

homeostasis of the extracellular environment (21) by modulating the biological

activity of many bioactive molecules involved in cell function (22, 23), innate

immunity (24) including chemokines (18, 19, 23, 25-27), TNF-a (22, 28), ct-defensin

(29), and mannose binding lectin (30), and in tumour initiation and progression.

Inflammation in cancer, particularly macrophage infiltration and MMP-9 release,

generates a microenvironment advantageous to neoplastic progression (31), with

recent evidence indicating that a PMN source of MMP-9 can also promote

tumorigenesis (32).

MMP-8 (human: P22894, mouse: CAA73786, rat: AJ007288), the neutrophil

collagenase, is produced primarily by PMNs and is released from the specific

granules at sites of inflammation (33). Mmp8-nuII mice have no overt phenotype,

with normal embryonic development, fertility, and long-term survival (34). In contrast

to other MMP deficient mice (35), Mmp8-nulI mice challenged with carcinogens

showed a markedly increased susceptibility to tumorigenesis (34), but this only

occurred in male mice. This was the first report of a MMP having a protective role in

tumorigenesis, so validating MMP-8 as an anti-target in cancer therapy (35).

37



As a potent type I collagenase (36, 37) it had been predicted that mice lacking the

Mmp8 gene would show reduced PMN migration through collagenous matrices (34).

Indeed, at the tumor stromal interface an abnormal inflammatory response is

observed, characterised by an initially delayed and then a more diffuse PMN influx in

the Mmp8-null mice (34). However, once established there was a prolonged chronic

accumulation of PMNs that did not dissipate. Overall, this phenotype is reversed

following transplantation of wild type bone marrow, confirming that the absence of

MMP-8 produced by PMNs and not a tissue or tumour source resulted in the higher

incidence of tumors. In a model of TNF-induced acute hepatitis, MMP-8 deficient

mice showed dampened levels of PMN infiltration into the liver that was postulated

to result from reduced LIX mobilization from an unidentified binding protein in the

matrix (38). Together, these studies suggest a coordinating role for MMP-8 in

physiological leukocyte trafficking both in acute and chronic inflammation, either

through cleavage of collagen or chemokine binding proteins (38), or by processing of

bioactive molecules, such as LIX (34) to control PMN migration or longevity.

Here we have investigated the role of MMP-8 in PMN recruitment during acute

inflammation using LPS responsiveness as a trigger; the PMN influx was abrogated

in the Mmp8 -I- mouse. LIX is identified as a key inflammatory substrate of MMP-8

where N-terminal processing by MMP-8 activates the chemokine and so increases

PMN chemotaxis and LPS responsiveness in vitro and in vivo. Although these

activities are reduced in the Mmp8-nulI mouse, the loss of neutrophil collagenolytic

activity did not alter in vitro PMN chemokinesis or in vivo chemotaxis when

challenged with truncated LIX or truncated CXCL8/IL-8 chemokines. Hence, these

data reveal a new auto-regulatory mechanism of PMN chemotaxis that is initiated by

MMP-8 release from PMN5 and executed, directly or indirectly, by the proteolytic

activation of LIX in mice and CXCL8 and CXCL5/ENA-78 in man. This drives further

PMN migration in a novel feed-forward mechanism that, remarkably, is a major

determinant of LPS responsiveness.

38



Materials and Methods

Animals. Mice deficient in Mmp8 on a C57BL6/J x 129 S background were provided

by Dr. S. Shapiro (Boston, USA). Wild type C57BL6/J x 129 S mice were purchased

from the Jackson Laboratory. Animal breeding and experimental procedures were

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

(Appendix C). 6-8 week old mice, segregated according to sex, were used for all

experiments.

In vivo PMN chemotaxis. The air pouch model of PMN chemotaxis was used as

described previously (59). Sterile air (3 mL) was injected under the dorsal skin of

mice, two days later the air pouch was reinflated with 2 mL of sterile air. On day

five, I pg LPS (Sigma) in phosphate buffered saline or 5 pg of chemokine in 1 mL

0.5% carboxymethylcellulose was injected into the air pouch. After 0, 4, 8, or 12 h

the mice were sacrificed and air pouches lavaged with 2 mL of sterile PBS. The

resulting cell suspensions were lysed with 0.1% Triton-X100 and freeze-thawed. The

PMN content was determined by myeloperoxidase activity (60) using isolated PMN

cells as a standard. Cell lysate aliquots were separated by 7.5% SDS-PAGE and

MMP-8 was detected by western blot with 1:10,000 rabbit lgG against recombinant

mouse MMP-8 (34).

Chemokines and proteinases. LIX (1-92), LIX (5-92), LIX (5-79), MIP-2, KG,

DCIP-1, CXCL8, CXCL8 (6-77), CXCL5 and CXCL5 (8-78) were chemically

synthesized and purified (61). Recombinant human MMP-1, -2, -8, -9, -13, -14,

rodent MMP-8, -13, and recombinant human MMP-8 hemopexin C-domain were

expressed and purified (18, 19). The synthetic hydroxamate MMP inhibitor

Batimastat (BB94) was from British Biotech (Oxford, UK).

Chemokine cleavage assays. Analysis of chemokine cleavage by MMPs was

performed at enzyme/chemokine ratios from 1:1000 up to 1:10 (w/w), at 37 °C in

assay buffer (150 mM NaCI, 20 mM Tris, 5 mM CaCI2, pH 7.5) in the presence of I

mM APMA to activate proMMPs for 16-22 h. Digests were terminated by adding 5
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pM EDTA. Recombinant MMP-8 hemopexin C-domain, EDTA or BB94 were added

to cleavage assays as indicated. Reaction products were analyzed by 15% Tris

Tricine SDS-PAGE and stained with Coomassie Brilliant Blue R250. The [M+H]/z of

each cleavage product was determined by matrix assisted laser desorption

ionization time of flight (MALDI-TOF) mass spectrometry on a Voyager-DEw STR

Biospectrometry Workstation (ABI). Mass spectrometry data was deconvoluted to

identify the substrate cleavage sites and confirmed by Edman sequencing.

Heparin binding. To assess the effect of MMP truncations of LIX on heparin

binding, 0.5 mL of 4 M chemokine in 10 mM potassium phosphate, pH 7.5 was

loaded onto a I mL HitrapTM heparin-Sepharose column (GE Healthcare). Bound

LIX and synthetic analogues of MMP-cleaved LIX were eluted using a linear gradient

of 0 to 1.0 M NaCI over 20 mm at a flow rate of 1.0 mLimin and monitored by in-line

absorbance at 215 nm.

Cells. Murine PMNs were isolated from bone marrow as previously described (46)

except PMN5 were recovered from a density gradient comprised of Histopaque 1077

layered on top of Histopaque 1119 according to manufacture’s instructions (Sigma,

St Louis, USA). The murine pre-B 300-19 cell line stably expressing human CXCR2

was supplied by Dr. B. Moser (Bern, Switzerland). Cells were cultured in RPM 1-1640

medium containing 10% fetal bovine serum, 1% glutamine and 5 x i0 M f3-

mercaptoethanol (Sigma) under puromycin (1.5 pg/mL) selection.

Measurement of intracellular calcium mobilization. Murine PMNs or CXCR2-

transfected B300-19 cells (I x 107/mL in RPMI-1640 media supplemented with 1%

serum) were incubated with 2 1iM Fluo-4-acetoxymethyl ester (Molecular Probes),

for 30 mm, 37 °C. Cells were washed to remove unincorporated agent and

resuspended at I x 106 cells/mL in Hanks Balanced Salt Solution (Gibco), 20 mM

HEPES, 2.5 mM probenecid (Sigma). The cells were allowed to equilibrate at 37 °C

for 5 mm prior to addition of ligand as indicated. Calcium concentration was

monitored by excitation at 485 nm and emission of 520 nm with a PerkinElmer

40



LS5OB spectrophotometer. Calibration was performed by addition of 5 1iM

ionomycin (Sigma) and 1 mM MnCI2(Fisher Biotech).

In vitro chemotaxis assays. Murine PMNs or CXCR2-transfected murine pre-B

cells were plated (1 x 106/well in ctMEM, 0.1% BSA) in transwell inserts (pre-coated

with 10% fetal bovine serum) containing 3 tm or 8 m pores respectively (Costar).

Chemokines were added to the lower chamber and the plates incubated at 37 °C.

PMN chemotaxis assays were performed for I h. The migrated cells were then fixed

with 4% paraformaldehyde prior to counting. The murine pre-B cell transfectants

were assayed for 4 h after which the migrated cells were counted.

Results

LPS induced PMN response in mice

To ascertain the role of MMP-8 in PMN cell migration and LPS responsiveness in

vivo we compared Mmp8 -I- with Mmp8 +1+ mice. The PMN influx was significantly

reduced (P 0.005) when LPS was injected in air pouches formed under the dorsal

skin of the MMP-8 knockout mice compared with wild type mice (Figure 2.1A). This

was observed in both male and female mice, although the PMN infiltrate was

generally greater in the females towards both LPS and the PBS control. Hence, the

reduced PMN migration and accumulation in Mmp8 -I- mice reveals a critical role for

this PMN-specific protease in neutrophil function in acute inflammation. Notably,

MMP-8 was only detected in cell lysates from LPS-treated air pouches of wild type

mice, revealing both the pro and active forms of the enzyme at 85 and 65 kDa,

respectively (Figure 2.IB). A 30-kDa inactive degradation product of MMP-8 was

also detected, as observed previously (39).

MMP-8 processing of murine ELR CXC chemokines

We investigated the potential role of MMP-8 to modulate the activity of the cognate

ELR ligands of CXCR2 that may underlie the defect in LPS-induced PMN migration.

The four murine ELR CXC chemokines LIX, KC, MIP-2, and DCIP-1 were incubated
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Figure 2.1. Impaired PMN responsiveness to LPS in MMP-8 deficient mice.
(A) Infiltration of PMNs in vivo in response I tg of LPS (n = 8) or phosphate
buffered saline control (n = 4) injected into the air pouch of male Mmp8 -I- (black
bar) and wild type mice (white bar) was assessed 8 h post-injection. The PMN
influx was quantitated by myeloperoxidase activity. Error bars, standard error. (B)
Western blot analysis of murine MMP-8 in LPS-treated air pouch PMN lysates
corresponding to 50,000 cells per lane.
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with recombinant MMP-8. Of these, LIX was the only chemokine susceptible to

proteolytic processing (Figure 2.2A) — KC, MIP-2, and DCIP-1 were MMP-8-

resistant even at high enzyme:substrate ratios (1:10) and after prolonged incubation

times revealing protease substrate specificity. MALDI-TOF mass spectrometry

analysis of the LIX cleavage products showed that MMP-8 processed the chemokine

at two sites. The major product of 9,511 Da represents a deletion of the first four

NH2-terminal amino acid residues. Edman sequencing confirmed the deconvoluted

MALDI-TOF data (Figure 2.2B). Hence, MMP-8 cleaves the 92-amino acid residue

LIX between Ser-Val at position 4-5 to generate a new NH2-terminus at Va15 that we

designate LIX (5-92). With a measured mass of 8,113 Da, the second cleavage

product was processed near the COOH-terminus after Lys79, resulting in the removal

of 13 amino acid residues and generating the truncated form of LIX designated LIX

(5-79) (Figure 2.2B). LIX (1-79) was never detected. Edman sequencing confirmed

the deconvoluted mass spectrometry analysis of the Ser4-Va15 amino-terminal

cleavage site of LIX (5-79).

As determined by MALDI-TOF mass spectrometry, the NH2- and COOH-terminal

processing of LIX was efficient; the cleavage products were first detected by mass

spectrometry after 1 h with no full-length chemokine remaining at 18 h (Figure 2.2C).

The COOH-terrninal cleavage product was not detected in the absence of NH2-

terminal processing at any time point indicating it occurs subsequent to NH2-terminal

cleavage. Although the C-terminal cleavage was at an unusual highly cationic site

75KKKAK-RNALA84it was confirmed to be MMP dependent as two MMP inhibitors,

EDTA and the synthetic hydroxamate small molecule chemical inhibitor BB94,

blocked all LIX processing with no cleavage products detected by MALDI-TOF mass

spectrometry or Tris-tricine SDS-PAGE (Figure 2.2D). Chemokine cleavage is often

enhanced by MMP exosite interactions (40). For instance, the hemopexin C domain

of MMP-2 greatly increases the catalytic rate constants of CCL2, -7, -8 and -13

cleavage (19). When molar excess of recombinant MMP-8 hemopexin C-domain

was added in the cleavage assays, we likewise found that all LIX processing by

MMP-8 was abrogated revealing that a binding site for LIX was present on the
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hemopexin C domain of MMP-8 (Figure 2.2D). The C-terminal cleavage at Lys79-

Arg8°only slightly reduced heparin affinity (Figure 2.2E) consistent with the removal

of just two basic residues in the cleaved peptide80RNALAVERTASVQ92while the N-

terminal truncation had no effect on heparin binding.

Processing of LIX by other MMPs

Proteolytic screening of LIX cleavage by several MMPs showed that MMP-9, a

prominent PMN MMP, processed LIX at Ser4-Va15(Figure 2.3). In addition to MMP

9, other important stromal, endothelial and leukocytic MMPs 1, -2, and -13 could

also process LIX at Ser4-Va15(Figure 2.3), but like MMP-8, did not cleave KC, MIP-2,

or DCIP-1 (not shown). Similar redundancy has been shown with MMPs for CXCLI2

(also know as SDF-1) (25) and for CCL2, -7, -8 and -13 (19). Protease selectivity

was also shown with MMP-14, the RNA of which is also expressed by PMNs (data

not shown), but was incapable of processing LIX at any position (Figure 2.3A).

Further, only MMP-8 could process the C-terminus of LIX at LysT9-Arg80.

Effect of LIX processing on in vitro biological activity

Upon binding to the receptor CXCR2, LIX mobilizes intracellular Ca ion stores. As

measured in recombinant CXCR2-expressing murine pre-B 300-19 cells, synthetic

analogues of the MMP-truncated forms of LIX (5-92) and LIX (5-79) both induced an

—2-fold greater intracellular Ca ion release compared to full-length LIX (1-92)

(Figure 2.4A). This was confirmed using murine Mmp8 -I- PMN5 where an even

greater stimulation in Ca ion release was observed upon binding LIX (5-92)

compared with full-length LIX (Figure 2.4B). Functionally, this translated into

enhanced chemoattraction for the CXCR2-expressing pre-B 300-19 cells by both of

the truncated forms of LIX versus the full-length chemokine (Figure 2.4C), and in

purified PMNs from Mmp8 +1+ mice compared to the unprocessed LIX (1-92) (Figure

2.4D). Notably, PMNs isolated from Mmp8 -I- mice migrated towards LIX (5-92) in a

comparable manner to the Mmp8 +1+ PMNs (Figure 2.4D and data not shown)

indicating that the locomotor functions of PMN5 isolated from both wild type and
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Figure 2.3. LIX is selectively cleaved by multiple MMPs. (A) Tris-tricine SDS
PAGE and MALDI-TOF mass spectrometry analysis of MMP processing of LIX
(enzyme:substrate ratio of 1:100 (w:w)) showing that MMPs 1, 2, 8, 9 and 13
cleave LIX at position 4-5, whereas MMP-14 does not, and that only MMP-8 also
cleaves at position 79—80. Cleavage assays of rodent MMP-8 and MMP-13 are
shown in the second 8 and 13 lanes. (B) Cleavage data are summarized using
the full-length sequence of LIX. Experiment was performed by Dr. Angus Tester.
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Figure 2.4. In vitro cellular responses to MMP-8 cleaved LIX. (A) Enhanced
intracellular calcium mobilization was induced by LIX (5-92) and LIX (5-79)
compared to full-length LIX (1-92) in recombinant CXCR2-expressing B300-19
cells and (B) PMNs isolated from Mmp8 -I- mice (100 nM chemokine). (C) By
transwell cell migration assay, both LIX (5-92) and LIX (5-79) truncated forms are
more potent chemoatiractants compared with the full-length LIX (1-92) for both
CXCR2-expressing B300-19 cell transfectants and (D) murine PMNs isolated
from either Mmp8 +1+ or Mmp8 -I- mice, all at 10 nM chemokine concentration.
(Panels C&D contributed by Dr. Angus Tester)
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MMP-8 knock out mice were equivalent in vitro and unaffected by the presence or

absence of MMP-8.

In vivo PMN chemotaxis towards LIX

Infiltration of PMNs towards LIX (1-92) injected in a dorsal skin air pouch of Mmp8-I-

mice was impaired at all time points compared to PMN infiltration in wild type mice,

with an —2-fold lower number of PMNs seen at 8 and 12 h in knock out compared

with wild type mice (Figure 2.5). In contrast, when LIX (5-92) or LIX (5-79) were

used as chemoattractants there was no significant difference in PMN infiltration into

the air pouches of wild type and mice lacking MMP-8 (Figure 2.5). This indicates that

MMP-8 activity is not essential for blood vessel extravasation and PMN cell

migration in vivo and that there is little physiological redundancy by PMN MMP-9, or

from tissue MMPs that we found competent in cleaving and activating LIX in the

biochemical context in vitro.

MMP-8 processes and activates IL-8 and ENA-78

Our experimental data suggest that upon LPS-induced release of LIX and resultant

PMN chemoattraction a feed-forward PMN activation mechanism operates in vivo.

MMP-8 released from degranulating PMNs at the site of challenge fully activates LIX

in the tissue to further enhance PMN migration towards the LPS stimulus. To

ascertain whether a similar autologous CXCR2 ligand activation mechanism occurs

in man we assessed every human CXCR2 ligand for MMP-8 cleavage. Of the seven

ELR CXC chemokines (CXCL8II L-8, CXCL7/NAP-2, CXCL6IGCP-2, CXCL5/ENA-

78, CXCL3/GROy, CXCL2IGRO3 and CXCLI/GROa) only CXCL8 and CXCL5 were

processed by MMP-8. By MALDI-TOF MS and confirmation by Edman sequencing,

CXCL8 was NH2-terminally processed by MMP-8 at Arg5-Ser6 to generate CXCL8

(6-77) (Figure 2.6A, C) whereas CXCL5 was cleaved at Va17-Leu8 to generate

CXCL5 (8-78) (Figure 2.6C). There were no COOH-terminal cleavages detected.

Another difference from the murine system was that CXCL8 cleavage was not

hemopexin C domain dependent — proteolysis was not inhibited in the presence of

a molar excess of hemopexin C domain (Figure 2.6B).
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Figure 2.5. MMP-8 is required for PMN chemotaxis towards LIX in vivo, but
is not required for PMN cell migration. PMN infiltration was greatly reduced in
response to full-length LIX (1-92) injected into the dorsal skin air pouch of Mmp8-
I- mice (black bars) compared to wild type mice (white bars). PMN numbers were
calculated from myeloperoxidase assay after sacrifice at 0, 4, 8 and 12 h following
injection of chemokine (n = 4). Unaltered PMN cell migration into air pouches of
Mmp8 -I- mice (black bars) compared to wild type mice (white bars) injected with
MMP-cleaved analogues of LIX (5-92 or 5-79) reveals no intrinsic cell kinesis
defects or chemotactic ability in the PMNs of the knock out mice. (Experiment
performed by Dr. Angus Tester)
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Figure 2.6. MMP processing of CXCL8 and CXCL5. (A) Tris-tricine 15% SDS
PAGE gel and MALDI-TOF mass spectrometry analysis of CXCL8 cleavage
products after assay with the indicated human MMP5 at an enzyme to substrate
ratio of 1:100. Cleavage assays of rodent MMP-8 are shown in the second 8
lane. The NH2-terminus of the CXCL8 truncated forms were deconvoluted from
the mass spectrometry data and confirmed by Edman sequencing (as shown in
C) with the CXCL8 forms identified shown below the corresponding gel lanes. 1-
77, full-length CXCL8. (B) The effect of recombinant MMP-8 hemopexin C domain
(MMP-8 CD), 10 M EDTA, or 10 M BB94 on CXCL8 cleavage by human MMP
8 as determined by Tris-tricine 15% SDS-PAGE and MALDI-TOF mass
spectrometry. The m/z [M+H] of reaction products is as shown. (C) Identification
of the NH2-termini of MMP cleavage products of CXCL8 and CXCL5 by MALDI
TOF mass spectrometry and NH2-terminal Edman sequencing. n.d., not
determined. (D) Location of the various MMP cleavage sites on the CXCL8 and
CXCL5 sequences. (Experiment performed by Dr. Angus Tester)
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To determine protease specificity, other MMPs were screened for cleavage of

CXCL5 and CXCL8. Only MMP-1 and MMP-8 cleaved CXCL5, with MMPs 1, 8, 9,

13 and 14 cleaving CXCL8. Some differences in cleavage site specificity were

identified, but all cleavages were NH2-terminal to the ELR motif (Figure 2.6D) and

none cut in the C-terminal a-helix, as occurs for LIX. Consistent with previous

studies (15, 26, 27) and our results with MMP-8 cleavage of LIX, MMP-8 processing

of CXCL8 markedly activated the chemokine, with CXCL8 (6-77) leading to

increased intracellular Ca mobilization (Figure 2.7A) and commensurate cell

migration in transwells in vitro (Figure 2.7B). Despite several MMPs biochemically

characterised to cleave and activate CXCL8, the critical importance of MMP-8 in

CXCL8 activation was shown by injecting full-length CXCL8 in the air pouches of

Mmp8 -I- mice (Figure 2.7C). Here, the early PMN migration was decreased by

>50% at 4 h compared with wild type mice. At later time points, there was less of a

difference, but still it was always depressed in the knock out mice. Mmp8 -I- PMN

responsiveness and cell migratory behaviour in vivo was also shown to be

unaffected by the absence of MMP-8 when challenged with the synthetic analogue

of MMP-8-cleaved CXCL8 (6-77) (Figure 2.7C). This reconfirms the critical role of

MMP-8 in directing chemotaxis by chemokine processing rather than cleavage of

other molecules such as those in the blood vessel wall or extracellular matrix.

Similar results were obtained using synthetic analogues of MMP-8-cleaved CXCL5

(8-78) compared with full-length CXCL5 (1-78) in the air pouch model (data not

shown). In using human chemokines in a murine setting, it was important to show

that rodent MMP-8 did cleave CXCL8 at the same site as human MMP-8 (Figure

2.6A, D). However, rodent MMP-8 cleaved human CXCL5 at Arg9-Glu1°with no

cleavage detected at Va17-Leu8 (Figure 2.6D). Hence, these in vitro and in vivo

studies indicate that similar to PMN migration mechanisms towards LIX in mice,

human PMN chemoattraction in response to CXCL8 and CXCL5 also exhibits a

unique MM P-8 dependent feed-forward activation mechanism.
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Discussion

We have addressed the role of MMPs in the activation of ELR CXC chemokines in

vivo. Using Mmp8 -I- mice, the essential role of PMN MMP-8 was shown in the

activation pathway of the murine CXC chemokine LIX and human CXCL5 and

CXCL8. Reflecting this, the absence of MMP-8 led to a profoundly defective PMN

infiltration response in vivo to LPS or to full-length LIX, CXCL8, and CXCL5. This

occurred despite the biochemical redundancy in chemokine activation by several

commonly expressed MMPs including 1, 2, 9, 13, and 14 in a chemokine specific

manner. PMN MMP-8 proteolysis leads to the activation of selected ELR CXC

chemokines responsible for directing PMN cell migration and activation in vivo. With

MMP-8 being primarily expressed by PMNs, our study identifies MMP-8 as an

essential mediator of an interesting and unique activation mechanism of PMNs in

innate immunity. This highlights an unexpectedly important role of the PMN itself in

the integration of stimuli for the appropriate release of MMP-8 for LIX, CXCL8, and

CXCL5 activation and so reveals an autologous cellular activation mechanism that

acts in a feed-forward manner to orchestrate the PMN influx and LPS

responsiveness.

Precise control of innate immunity is key for the development of successful

inflammatory responses, resolution of infection, tissue healing, and ultimately host

survival. As first line defence cells, the rapid recruitment and efficient activation of

PMNs is of critical importance. It has long been known that the ELR CXCR2

cognate Iigands that direct PMN chemotaxis and activation are expressed as

relatively inactive ligands requiring proteolytic truncation of up to eight amino acid

residues from the amino terminus for full activity, providing that the essential ELR

motif remains intact (15). However, relatively little attention has been focused on

identifying the responsible enzymes in vivo and the location of chemokine activation

— key questions for understanding the control of PMN function and innate immunity

mechanisms. Naturally occurring NH2-terminal truncated forms of ELR CXC

chemokines including LIX (17, 41), CXCL8 (42), CXCLI, 3 and 5 (43), have been

reported but the proteases involved have not been identified in vivo. Mice deficient in
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MMP-9 (44), neutrophil elastase (45), both MMP-9 and neutrophil elastase (46), or

cathepsin G (47) exhibit a normal PMN chemotactic response, indicating that PMNs

neither require these enzymes for CXC chemokine activation, nor for migration and

efficient chemotaxis in vivo. Hence, the deficient LPS and PMN migratory

responses in the Mmp8 -I- mouse are unique and reveal the singular importance of

MMP-8 in these processes. However, we do not discount the possibility that in vivo

other proteases downstream of MMP-8 activity may also activate LIX.

Consistent with previous observations (15, 34, 41) was our demonstration through

the use of in vitro calcium flux and chemotaxis assays that the MMP-8-processed

chemokine products LIX (5-92), LIX (5-79), CXCL8 (6-77), and CXCL5 (8-78) were

more potent than the full-length chemokines. Notably, LIX (5-92) and (5-79) were

equally potent chemokines indicating that the C-terminal cleavage at position Lys79-

Arg8° did not influence chemotactic activity. Chemokines interact with the highly

negatively charged glycosaminoglycan chains of proteoglycans resulting in

immobilization and the generation of a haptotactic gradient within the extracellular

matrix that is responsible for directing leukocyte migration (48). This has been

confirmed physiologically for CC type chemokines (49) and murine ELR CXC

chemokines (50). Binding is typically through a heparin binding consensus

sequence BBXB where B is a basic residue (51). The MMP-8 C-terminal cleavage

of LIX only removes two basic amino acids, both arginines, in the truncated product

and so only slightly reduces heparin affinity. The biological significance of this

cleavage is therefore unknown.

None of the MMP5 analysed could cleave any of the other murine ELR chemokines

(data not shown) revealing the specificity of MMP chemokine cleavage. This

susceptibility of LIX to MMP processing is likely due to an extended N-terminus

before the ELR motif, as compared with KC, MIP-2, and DCIP-1. Interestingly,

rodent MMP-8 cleaved CXCL5 at Val7-Leu8 and not at the same site as human

MMP-8, Arg9-G1u10.The active site of murine and rat MMP-8 differs from that of

human MMP-8 by the presence of Lys187 at S3’ instead of Ala187 as found in human

MMP-8. Charge repulsion between Lys’87 in rodent MMP-8 at S3’ with the P3’ Arg2
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in CXCL5 may preclude CXCL5 cleavage at Arg9-Glu1°and instead favour cleavage

at Va17-Leu8. Here G1u1° of CXCL5 would be the P3’ residue and so likely forms a

salt bridge with Lys187. Although LIX shows structural homology to CXCL5 and

CXCL6 (52), MMP-8 exclusively cleaved CXCL5 and CXCL8 amongst all seven

human ELR CXC chemokines. The activation of CXCL5 and CXCL8 were shown by

in vitro calcium flux and chemotaxis assays, with the singular importance of MMP-8

in activating these human chemokines in vivo shown from studies comparing the

Mmp8 -I- mice with the wild type controls.

Our results reveal that chemokine processing is one of the most important functions

of MMP-8 in vivo and casts into doubt the importance of MMP-8 in collagen

degradation, a role that has long been assumed to be of particular importance for

PMN cell migration and chemotaxis. Indeed, using air pouch models, no difference

in PMN cell migration and infiltration was observed in response to synthetic

analogues of the MMP-8 cleaved LIX, CXCL8, and CXCL5. This shows that the

PMN cell migration machinery to chemotactic agents does not require MMP-8

activity for responsiveness and that MMP-8 proteolysis of blood vessel basement

membrane and interstitial extracellular matrix components is not essential for

effective cell migration in vivo. Although MMPs have traditionally been thought to

cleave extracellular matrix components and so disrupt extracellular matrix contacts

with the tumour and potentiate tumour cell spread and metastasis, other biological

roles for MMPs in cancer are now known (20, 53). Potentially related to this,

sustained inflammatory responses maintain a microenvironment advantageous to

tumour growth (54). Indeed, MMP-8 modulates the innate immune response induced

by carcinogens leading to a protective role in preventing tumour progression (34).

Mice lacking MMP-8 exhibited an abnormal inflammatory response upon application

of carcinogen, with a delayed and more diffuse PMN influx to the site of the host

challenge. Once established though, the inflammatory response was sustained and

the mechanism for this is under investigation in our laboratory. With MMP-8 being

the first MMP reported to have a protective role in tumorigenesis (34), the

recognition of further MMP anti-targets in cancer continues (35). MMP-3 has a

protective role in squamous cell carcinoma (55) and macrophage MMP-12 is an anti
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target in lung carcinoma (56). In these cases the proteases were reported to alter

leukocyte infiltration, although the mechanism and substrates were not elucidated.

In view of the considerable number of chemokines now known to be processed by

MMPs, chemokines are strong candidate substrates to phenotypically explain cancer

anti-target activity in these MMP genetic knockout mice.

The role of MMPs in LPS responsiveness and PMN migration differs from that found

for macrophages and CXCR4-displaying leukocytes. Instead of promoting cell

migration, MMP cleavage of CC chemokines CCL2, -7, -8 and -13 results in the loss

of agonist activity and the generation of potent in vitro and in vivo CCR antagonists

(18, 19). Interestingly, the MMP-2 cleavage and inactivation of CXCLI2 (25) in the

brain generates a potent and selective neurotoxin implicated in HIV dementia (57,

58). We also recently found that MMP-2 induces the shedding of the integral plasma

membrane chemokine CX3CL1 (fractalkine) by release of the chemokine domain

from the stalk at A1a71-Leu72 (23). Further, the cell surface agonist activity of

CX3CLI was converted to a soluble antagonist due to processing at Gly4-Met5.

Hence, MMPs dynamically regulate the biological activity of chemokines and

inflammatory and immune cell function in pleiotropic ways. Our present studies

suggest that an in cis feed-forward activation mechanism occurs in which the PMN

integrates the tissue signalling milieu leading to controlled release of MMP-8 that

either directly or indirectly activates LIX in the mouse, and CXCL8 and CXCL5 in

man for further PMN migration.
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CHAPTER 3. MATRIX METALLOPROTEINASE PROCESSING OF
CXCLI Ill-TAG RESULTS IN LOSS OF CHEMOATTRACTANT ACTIVITY AND
ALTERED GLYCOSAMINOGLYCAN BINDING3

Perspective

The CXCR3 chemokine receptor regulates the migration of Thi lymphocytes and

responds to three ligands: CXCL9/MIG, CXCLIO/IP-1O, and CXCLII/I-TAC. We

screened for potential regulation of T cell responses by matrix metalloproteinase

(MMP) processing of these important chemokines. The most potent of the CXCR3

ligands, CXCLI 1, was identified by MALD I-TOE MS as a substrate of the PMN

specific MMP-8, macrophage-specific MMP-12, and the general leukocyte MMP-9.

The 73-amino acid residue CXCLI I is processed at both the amino and carboxy

termini to generate CXCLI 1 (5-73), (5-63), and (5-58) forms. N-terminal truncation

results in loss of agonistic properties, as shown in calcium mobilization and

chemotaxis experiments using CXCR3-transfectants and human T lymphocytes.

Moreover, CXCLI 1 (5-73) is a CXCR3 antagonist and interestingly shows enhanced

affinity to heparin. However, upon C-terminal truncation to position 58 there is loss of

antagonist activity and heparin binding. Together this highlights an unexpected site

for receptor interaction and that the carboxy terminus is critical for

glycosaminoglycan binding, an essential function for the formation of chemokine

gradients in vivo. Hence, MMP activity might regulate CXCL1 I tissue gradients in

two ways. First, the potential of CXCLI 1 (5-73) to compete active CXCLI 1 from

glycosaminoglycans might lead to the formation of an antagonistic haptotactic

chemokine gradient. Second, upon further truncation, MMPs disperse the CXCLI I

gradients by proteolytic loss of a C-terminal GAG binding site. Hence, these results

reveal potential new roles in downregulating Thi lymphocyte chemoafiraction

through MMP processing of CXCL1 1.

A version of this chapter has been published. Cox JH, Dean RA, Roberts CR, and
Overall CM. (2008) Matrix metalloproteinase processing of CXCLI 1/1-TAC results in
loss of chemoattractant activity and altered glycosaminoglycan binding. J Biol Chem.
283:19389-99.
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Introduction

Chemokines are a super-family of low molecular weight chemotactic cytokines that

function in directing the migration of leukocytes and other cell types in a multitude of

processes including development, lymphocyte homing, inflammation and wound

repair (1). Chemokines form haptotactic gradients in vivo through associations with

proteoglycan glycosaminoglycans (2). Upon interaction with 7-transmembrane G

protein-coupled receptors, chemokines induce a chemotactic response. The

expression and secretion of inducible chemokines is stimulated during infection or

injury to promote rapid and efficient inflammatory and immune responses.

Conversely, dampening of inflammation, a critical event in allowing tissue repair to

continue unimpeded and in preventing excessive tissue damage and autoimmunity,

is known to involve coordinated down-regulation of chemokine expression (3),

receptor internalization (4), scavenger receptors (5), and proteolytic mechanisms of

inactivation and conversion to antagonists (6).

Specific and limited proteolysis, termed processing (7), of chemokines results in

altered bioactivity with functional consequences such as increased or decreased

receptor binding (8), conversion of an agonist to an antagonist (6, 9), shedding of

membrane-anchored chemokines (10, 11), and changing receptor specificity (12).

Cleavage of proteoglycan core protein also disrupts chemokine gradients formed by

chemokine binding to the glycosaminoglycan side chains (13). A variety of

proteases are thought to be involved in chemokine cleavage including CDI 3, also

known as aminopeptidase N (14), CD26, also known as dipeptidylpeptidase-IV (15,

16), dipeptidylpeptidase-8 (16), neutrophil elastase (17), cathepsin G (18),

cathepsins B and D (19), and the matrix metalloproteinases (MMPs) [Reviewed in

(20-22)1. Several chemokines are important physiological substrates of MMPs, a

family of proteases once thought to be only associated with extracellular matrix

turnover (23), including the monocyte chemoattractant proteins CCL2, 7, 8, and 13

(6, 9), the ELR chemokines CXCL5/ENA-78, CXCL8/IL-8 and murine LIXImCXCL5

(24-27), CXCL9 and CXCL1O (28), CXCLI2/SDF-Ia and (8, 29), and

CX3CL1/Fractalkine (10).
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MMPs are zinc-dependent extracellular endopeptidases, with most having a

carboxy-terminal hemopexin domain containing exosites for substrate binding (30).

MMPs are upregulated in many pathologies including rheumatoid arthritis (31),

multiple sclerosis (32, 33), and tumongenesis (7, 34), all of which have a chronic

inflammatory component. The expression of numerous MMPs by immune cells is

commonly thought to promote cellular migration through extracellular matrix

degradation and hence removal of physical barriers (23). However, this concept is

outmoded following T lymphocyte migration studies in 3D extracellular matrices in

the presence of potent protease inhibitors (35), MMP-8 knockout mice, where

deficiency in this neutrophil collagenase did not reduce PMN cell migration in

response to activated chemokines (25), and recognition of a multitude of bioactive

substrates of MMP5 through genetic (23) and proteomic analyses (10, 36, 37).

Interestingly, MMPs are produced by cells of both the innate and adaptive arms of

immunity, suggesting pleiotropic roles coordinating rapid host defense and more

specific or specialized acquired immunity. Examples include the neutrophil-specific

MMP-8, the macrophage-specific MMP-12 (also known as metalloelastase), and

MMP-9 (also known as gelatinase B), which is expressed by a variety of leukocytes.

Interstitial collagenase (MMP-1) and MMP-7 (also known as matrilysin), an

endothelial/epithelial-derived protease, are also expressed by macrophages (20).

CD4 T helper lymphocytes (Thi) are involved in managing humoral and cell-

mediated responses through cytokine release and subsequent activation of effector

cells. Notably, the gelatinases MMP-2 (also known as gelatinase A) and MMP-9 are

preferentially expressed by the Thi subset and CD4 migration is reduced in the

presence of MMP inhibitors (38). Furthermore, membrane type-i MMP (MMP-14) is

the major physiological activator of MMP-2 (39) and is expressed by monocytes and

dendritic cells (40, 41).

The CXCR3 chemokine receptor is preferentially expressed on Thi cells and has

three known ligands: CXCL9/MIG, CXCLIO/IP-10, and CXCLIIII-TAC. These

chemokines are induced by the pro-inflammatory cytokine interferon-gamma in
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several cell types including neutrophils, monocytes, macrophages, T cells,

astrocytes, fibroblasts, and endothelial cells (1). The CXCR3 receptor and its

cognate chemokines have been implicated in inflammatory disorders such as

multiple sclerosis, rheumatoid arthritis, and allograft rejection, as they are

upregulated in these pathological states, presumably causing enhanced infiltration of

CXCR3-expressing Thi cells (42-44). As such, precise regulation of the CXCR3

ligands is key in preventing excessive Thi recruitment and the resulting pathology.

Previous reports have shown that CXCLI 0 is cleaved at the carboxy-terminus by

furin in the cellular context (45), and that CXCL9 and CXCLIO can be truncated at

the carboxy-terminus by MMP-8 and MMP-9 (28), however no functional changes

were found for any of these cleavages. Like many chemokines, CXCLI I is cleaved

at the amino-terminus after proline-2 by dipeptidylpeptidase IV (46, 47) and

aminopeptidase N (14), resulting in loss of agonism, but the propensity of MMP5 in

processing this chemokine are unknown. Here, we have biochemically evaluated

CXCL9, CXCL1 0, and CXCLI I as leukocytic-MMP substrates and report that

CXCLII is processed by several MMPs resulting in altered receptor binding and

glycosaminoglycan affinity. In particular, CXCLI I is first converted to a CXCR3

antagonist by N-terminal processing at position 4-5, but this is lost upon C-terminal

truncation revealing an unexpected site for receptor binding. Therefore, with

proteolytic loss of a C-terminal glycosaminoglycan-binding site this might result in

dispersal of chemotactic gradients in vivo and so contribute to regulation of Thi cell

recruitment and cell accumulation.

Materials and Methods

Chemokine cleavage assays. All chemokines and analogues of MMP-cleaved

chemokines were synthesized using tBoc (tertiary butyloxycarbonyl) solid phase

chemistry as described previously (48). Recombinant human MMP-1, 2, 8, 9, 12,

and soluble MMP-14 (lacking the transmembrane domain) were expressed and

purified using standard techniques (49, 50). Human MMP-7 was purchased from
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USB Corporation. Enzyme activity was followed by quenched fluorescence

synthetic peptide cleavage assay with Mca-Pro-Leu-GIy-Leu-Dpa-Ala-Arg-NH2(51).

Chemokine cleavage assays were performed in 50 mM Tris, 200 mM NaCI, 5 mM

CaCI2, pH 7.5 with initial screening at an enzyme to substrate ratio of 1:10 (w:w) for

16 h at 37 °C, then assessed at lower enzyme concentrations to establish kinetic

parameters, biological efficacy and relevance. Unlike the other MMPs assayed,

MMP-12 showed significant loss of activity through autodegradation in 16 h

incubations, therefore kinetic analysis was performed after 2 h. Inhibition

experiments were done in the presence of 10 1M EDTA, 10 1iM Batimastat, or 10-

fold molar excess MMP-8 hemopexin C domain. Assay results were analyzed by

matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass

spectrometry on a Voyager-DE STR (Applied Biosystems) in sinapinic acid matrix

and confirmed by 15% Tris-Tricine SDS-polyacrylamide gel electrophoresis (PAGE).

Hemopexin C domain expression and binding. MMP-8 linker and hemopexin C

domain with an NH2-terminal His-tag was cloned into the pGYMX vector and

expressed in E. coil BL21 gold cells. Cell lysates were solubilized and protein

purified by Ni2-chelate chromatography followed by SuperdexTM 75 gel filtration

chromatography (GE Healthcare) yielding a pure 26-kDa product, confirmed to be

MMP-8 linker and hemopexin C domain by western blotting with antibody against the

MMP-8 C domain (Chemicon). Chemokines were immobilized in 96-well plates

(Falcon) at 500 ng/well in phosphate buffered saline (PBS) (138 mM NaCI, 2.7 mM

KCI, 20 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) overnight at 4 °C. Wells were

blocked for I h with PBS containing 2.5% bovine serum albumin (BSA). Binding of

recombinant N-terminal His-tagged MMP-8 hemopexin C domain to immobilized

chemokines was performed for I h in PBS at room temperature and was assessed

by direct ELISA with alkaline phosphatase detection (Sigma). Washes were with

PBS containing 0.05% Tween-20.
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Transfected and isolated cells. Human CXCR3-transfected B300-19 cells (52)

were kindly provided by B. Moser (Bern, Switzerland) and were cultured in RPMI

1640 supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 50 iM -

mercaptoethanol, and 1.0 mglmL G-418. Human T cells were isolated from healthy

volunteers as approved by the University of British Columbia Clinical Ethics Review

Board (Appendix C). Peripheral blood was drawn into EDTA-treated vaccutainers

and layered on Ficoll-Paque Plus (Amersham Biosciences), as per manufacturers

protocol. Monocytes were removed by adhesion to flask surfaces following 3 h

incubation at 37 °C, 5% CO2. Isolated lymphocytes were cultured in RPMI-1640, 2

mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells were

activated by the addition of 5 igImL phytohemagglutinin-P (Sigma) for three days

followed by six to twelve days in the presence of 100 U/mL lnterleukin-2

(Peprotech). Media was changed every three days. Expression of CXCR3 was

confirmed by flow cytometry (Beckman Coulter EPICS XL-MCL) using mouse anti

hCXCR3 (R&D Systems, clone 49801).

Calcium mobilization. CXCR3-transfected B300-1 9 cells were resuspended at I x

10 cells/mL in RPMI-1640 media supplemented with 1% FBS and incubated with 2

iM Fluo-4-acetoxymethyl ester (Molecular Probes) for 30 mm at 37 °C. Cells were

washed to remove unincorporated agent and resuspended at I x 106 cells/mL in

Hanks Balanced Salt Solution (without calcium or magnesium, Sigma), 20 mM

HEPES, 2.5 mM probenecid (Sigma). 3.5 x i05 cells were plated per well in 96-well

clear bottom fluorescent plates (Nunc) and centrifuged at 1,000 x g for 5 mm without

braking. Cells were allowed to equilibrate at 37 °C for 15 mm prior to addition of

ligand. Calcium concentration was monitored by excitation of 485 nm and emission

of 520 nm with a Molecular Devices Flexstation II as described previously (53).

Calibration was performed by addition of 5 1iM ionomycin (Sigma) followed by 1 mM

MnCI2 (Fisher Biotech) to determine Fmax and Fmin, resepctively. Absolute Ca2

concentrations were calculated as Kd x [(FFmin)/(FmaF)j (54) where the Kd of Fluo-4

was 345 nM, as reported by Molecular Probes. Antagonist experiments were

performed by preincubating cells in the presence of CXCLI 1 (5-73) or CXCL1 1 (5-
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58), synthetic analogues of MM P-processed CXCLI 1 at position 4-5 (CXCL1 1 (5-

73)) and 58-59 (CXCLI 1 (5-58)), for 120 s prior to the addition of 3 nM full-length

CXCLI 1, designated CXCLI 1 (1-73).

CXCR3 Internalization. Internalization of CXCR3 on CXCR3-transfected B300-19

cells was measured following the incubation of 5 x i05 cells with 10 nM and 100 nM

full-length or truncated CXCL1 1 for 30 mm at 37 °C. Cells were washed three times

with ice cold PBS containing 0.5% BSA, incubated for 45 mm at 4 °C with 2 Ig/mL

mouse anti-CXCR3 (R&D Systems, Clone 49801) in PBS, 0.5% BSA. Cells were

washed three times then incubated for 45 mm at 4 °C with 1:200 diluted sheep anti-

mouse IgG-FITC (Sigma) followed by 3 final washes and resuspension in 0.5 mL

PBS. Staining was analyzed by flow cytometry (Beckman Coulter EPICS XL-MCL)

and internalization was calculated from the mean fluorescence intensity values

relative to untreated cells.

Chemotaxis. Chemotactic migration of CXCR3-transfectants and activated T

lymphocytes was performed in a 48-well Boyden chamber across a 5 Lm pore size

polycarbonate membrane (Neuroprobe). Cells and chemokine were diluted in RPMI

containing 20 mM HEPES and 1% BSA. To the upper chamber, 2.5 x cells were

added. The chamber was incubated for 3 h at 37 °C, 5% C02, then the upper

chamber was aspirated and washed twice with distilled water. Inhibition

experiments were performed as above except the lower chamber contained 10 nM

CXCLI 1 (1-73) in combination with up to 10 1iM of the truncated CXCLI I forms.

Following incubation, the contents of the lower chamber were transferred to a

MaxiSorp 96-well plate (Nunc) and frozen at -80 °C for at least 2 hours. Cell content

was determined by CyQUANT analysis, a fluorescent nucleic acid-based cellular

quantitation assay, by comparison with a standard curve, according to

manufacturers protocol (Molecular Probes). Chemotactic index was calculated as a

ratio of cells migrating in response to chemokine compared to the buffer control.
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Circular dichroism. CD spectroscopy measurements were made in the far-

ultraviolet range from 190-260 nm using a JASCO J-810 spectropolarimeter. Full-

length and truncated CXCLI I forms, and full-length CXCL8, were resuspended at

10 M in nanopure water and measured in a quartz cuvette of 0.1 cm path length at

25 °C. Data are reported as the average of 4 scans with a I nm band width. When

possible, secondary structure composition was predicted with the SOMCD algorithm

(55).

Glycosaminoglycan binding. CXCLI I binding to fluorescein-heparin (Molecular

Probes) was determined using fluorescence polarization analysis on the Polarstar

Optima 96-well fluorimeter (BMG) essentially as described previously for other

binding proteins (56). Incubations contained 0.1 1iM heparin-FITC and chemokines

at concentrations of 0 to 2 1iM, performed in 100 mM Tris, 150 mM NaCI, pH 7.4 for

I h at 37 °C. To further assess the effect of MMP truncations of CXCL1 1 on heparin

binding, 0.5 mL of 4 M chemokine in 10 mM potassium phosphate, pH 7.5 was

loaded onto I mL HitrapTM heparin-Sepharose and cation exchange Sepharose

columns (GE Healthcare) as described previously (57). Bound CXCLII and

synthetic analogues of MMP-cleaved CXCLI I were eluted using a linear gradient of

0 to 1.5 M NaCI over 30 mm at a flow rate of 1.0 mL/min and monitored by in-line

absorbance at 215 nm on an AKTA Purifier (Amersham Pharmacia Biotech). The

effect of soluble glycosaminoglycans on CXCLI I cleavage by MMP-8 was assessed

in 16 h reactions at 37 °C containing a chemokine to GAG ratio of 1:5 (w:w) and an

enzyme to substrate ration of 1:10 (w:w). Heparan sulfate and chondroitin sulfate A,

B, and C were obtained from Seikagaku and Healon hyaluronate was from

Pharmacia.
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Results

Selective processing of CXCL9 and CXCLIO by MMPs.

To screen for potential regulation of CXCR3 ligands by MMPs, recombinant MMP-1,

2, 7, 8, 9, 12, and 14 were incubated in vitro with CXCL9 and CXCL1O at an

enzyme-substrate ratio of 1:10 (w:w). Of these MMP5, MMP-7 and 12 had the

broadest activity, either cleaving or degrading both chemokines (Figure 3.IA, B). In

the case of CXCL9, MMP-7 proteolysis generated a single product with a m/z of

10136 Da ([M+Hfl, determined by MALDI-TOF mass spectrometry. Upon

deconvolution, this corresponds to a truncation of CXCL9 at position 90-91 with the

cleavage site88VLK-VRK93(Figure 3.1 D). The same C-terminal truncation of CXCL9

was observed with MMP-12 incubation, but this cleavage was not as efficient as with

MMP-7, as some CXCL9 remained intact.

CXCL1O was partially processed by MMP-12, resulting in truncated forms of 8150

and 7931 Da ([M+H]), corresponding to CXCLIO (1-73) and CXCL1O (1-71),

respectively (Figure 3.IB). The cleavage sites in CXCL1O were 69SKE-MSK74 and

71EMS-KRS76. Although MMP-7 did not generate stable cleavage products of

CXCLIO, reproducibly reduced chemokine band intensity indicates that degradation

occurred due to MMP-7 activity. Interestingly, proteolysis of CXCL9 and CXCLIO

was exclusively in the carboxy-terminal region, as determined by MALDI-TOF mass

spectrometry (Figure 3.ID). The cleavage products CXCL9 (1-90), CXCLIO (1-71),

and CXCL1O (1-73) have been identified previously with MMP-8 and MMP-9 (28)

and the latter was found to retain full activity when compared to full-length CXCL1O

(45). Hence, the present results expand the repertoire of MMPs that process these

CXCR3 chemokines. However, under our assay conditions, and even with high

enzyme-substrate ratios, we did not detect cleavage of CXCL9 and CXCLI 0 by

MMP-8 or MMP-9 as previously reported (28).
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Figure 3.1. MMP processing of CXCR3 ligands. Recombinant MMP-1, 2, 7, 8,
9, 12, and 14 were incubated with CXCL9 (A), CXCL1O (B), and CXCLII (C) at a
1:10 ratio (w:w) for 16 h at 37 °C and proteolysis was visualized on 15% Tris
tricine gels, silver-stained. (D) MALDI-TOF mass spectrometry and deconvolution
enabled the assignment of cleavage fragments with mass to charge ratios
indicated (mlz) with +1 charge ionization ([M+H]). Chemokine m/z values are
corrected for disulfide bond formation (-4) and +1 charge ionization. Lanes with *

show substrate degradation as observed by loss of band intensity. Note that
CXCLI 1 incubation with MMP-8 resulted in complete conversion represented by
slight shift in mass of band.
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Selective processing of CXCLII by MMPs

Of the CXCR3-binding chemokines, CXCLI I was the most susceptible to MMP

cleavage, being significantly processed by MMP-7, 8, 9, and 12 (Figure 3.IC).

Although MMP-7 appeared to almost entirely degrade CXCL1 1, one peptide ion

peak at 6451 Da ([M+H1) was detected by MALDI-TOF MS following cleavage at

56PKS-KQA61 reprsenting a transient cleavage product, CXCLI 1 (1-58) (Figure

3.ID). MMP-12 also degraded CXCL1I, but three transient truncations were found

generating peptides with m/z of 7779, 6451, and 5928 Da ([M÷H]) corresponding to

CXCLI 1 (5-73), (1-58), and (5-58) with the N-terminal cleavage at2PMF-KRG7.The

neutrophil-specific rotease MMP-8 specifically cleaved CXCLI I generating stable

7779, 6524, and 5ë28 Da ([M÷H]) truncations corresponding to CXCLI 1 (5-73), (5-

63), and (5-58), respectively. MMP-9 processed the chemokine, generating two

cleavage products of 6451 and 5928 Da ([M+H]), which represent CXCL1 1 (1-58)

and (5-58). Hence, it is evident that several MMPs cleave CXCLI I at residues 4-5

and 58-59, while MMP-8 is unique in its cleavage of the 63-64 bond at 61ARL-11K66

(Figure 3.3).

Processing of mCXCL 11

Murine CXCLII, which is 68% identical to the human form but lacks a proline at

position 2, was alsO examined as a MMP substrate. MMP-1, 7, 8, and 12 cleaved

the chemokine (Figure 3.2A). Several products were detected by MALDI-TOF mass

spectrometry and upon deconvolution were determined to represent N-terminal

cleavage at1FLM-FKQ6, and C-terminal cleavages at 61ARL-1MQ66 and 71KNF-

LRR76 (Figure 3.2B). MMP-8 cleaved mCXCLI I at all three sites, while MMP-7 and

MMP-1 cleaved exclusively at the N-terminus and C-terminus, respectively (Figure

3.3). Notably, no stable truncation products were detected with MMP-12, as

substrate degradation was evident.
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Figure 3.2. MMP processing of murine CXCLI 1. (A) Recombinant MMP-1, 2, 7,
8,9, 12, and 14 were incubated with murine CXCL11 for 16 h ata 1:10 ratio (w:w)
at 37 °C, visualized on 15% Tris-tricine gels, silver-stained. (B) Cleavage products
were assigned by MALDI-TOF mass spectrometry by comparing measured and
predicted mass to charge ratios (m/z) with +1 charge ionization ([M÷H]). Lane
with * shows substrate degradation as observed by loss of band intensity.
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Figure 3.3. MMP cleavage sites in CXCL9, CXCLIO, CXCLII, and murine
CXCLII. Carboxy-terminal processing of CXCL9 by MMP-7 and MMP-12 at
Lys90-Va191 yields CXCL9 (1-90). CXCLIO cleavage by MMP-12 generates C
terminal truncations CXCL1O (1-71) and (1-73) at G1u71-Met72 and Ser73-Lys74.
MMP-8, 9, and 12 cleave CXCLI I at two sites to generate CXCLI 1 (5-73) and (5-
58) whereas MMP-7 only cleaves at Ser58-Lys59 to give CXCLI 1 (1-58). MMP-8
alone cleaves CXCL1 I at Leu63-lle64. Murine CXCL1 1 is cleaved by MMP-7 and
8 at Met3-Phe4and by MMP-1 and 8 at Leu63-1le64 and Phe73-Leu74.
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Kinetic analysis of CXCL 11 processing

We first screened for cleavage at high enzyme-substrate ratios. Since cleavage

alone does not indicate a biologically relevant substrate (7), we assessed the

enzyme kinetics of MMP cleavage of CXCLI I (Figure 3.4). Based on densitometry

analysis, where ‘(cat/KM = (In2)I(E)(ti,2), the kt/KM of CXCL1 I processing was

calculated to be in the range from 96-190 M1s1 for MMP-7, 8, 9, and 12 (Figure

3.4E). Notably, MMP-7 partially cleaved CXCLI I at the lowest enzyme

concentration tested, 16 nM, which corresponds to an enzyme-substrate ratio of

1:800 (mol:mol) (Figure 3.4A). However, degradation is apparent at concentrations

of 62.5 nM MMP-7 and greater, as was also observed for MMP-12, at concentrations

of 1000 nM (Figure 3.4D). In control incubations MMP activity against fluorogenic

substrate was maintained at 16 h except for MMP-12, which exhibited loss of activity

due to autodegradation. Hence, MMP-12 was analyzed at higher concentrations for

only 2 hours due to instability observed in longer incubations. Both MMP-8 and

MMP-9, which are expressed and secreted by neutrophils, efficiently and precisely

cleaved CXCL1 1 at enzyme concentrations of 125 nM and greater, resulting in both

amino and carboxy-terminal truncations (Figure 3.4B, C; See also Figure 3.8A), so

indicating the potential for Thi lymphocyte regulation by neutrophil-derived

proteases.

Interaction of the MMP-8 hemopexin C domain with CXCLII

It is well established that MMPs contain exosites, which are substrate-binding sites

outside of the catalytic domain important in dictating substrate specificity and

efficiency in cleavage (30, 58). In particular, the hemopexin C domains of several

MMPs interact with chemokines to promote proteolysis (6, 25, 58). In the case of

MMP-8 processing of CXCLII, the addition of 10-fold molar excess MMP-8

hemopexin C domain inhibited the formation of truncation products indicating that

CXCL1 I cleavage is hemopexin C domain-dependent (Figure 3.5A). As positive

controls, the hydroxamate MMP inhibitor Batimastat (BB94) and the general

metalloprotease inhibitor EDTA also blocked proteolysis. Interestingly MMP-7 and -

12 can process several chemokines yet MMP-7 does not have a hemopexin C
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Figure 3.4. Titration of MMP processing of CXCLI 1. Recombinant MMP-7 (A),
MMP-8 (B), MMP-9 (C) were incubated with 10 ji.M CXCLI I at concentrations
ranging from 16 - 500 nM for 16 h at 37 °C. (D) Due to decreased enzyme
stability, 125-4000 nM MMP-12 was incubated with 10 1tM CXCLII for 2 h at 37
°C. Cleavage products were visualized on 15% Tris-tricine gels and were
assigned by MALDI-TOF mass spectrometry. (E) Specificity constant (kcat/KM)
values were determined by densitometry from gels.
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domain and MMP-12 autolytically removes this during synthesis. Interestingly the

hemopexin C domain of MMP-12 has significant antibacterial actions (59), which

also likely contributes to the beneficial activities of MMP-12 in innate immunity.

To investigate the molecular basis for the selective interaction of MMP-8 with

CXCL1 1 compared to CXCL9 and CXCL1O, where there was no cleavage, the

affinity of the CXCR3 ligands for the MMP-8 hemopexin C domain was assessed.

ELISA experiments demonstrated that CXCLI I has a significantly higher affinity for

MMP-8 hemopexin C domain compared with CXCL9 and CXCL1O, which only

bound at or below background controls (Figure 3.5B). The CXCL1 1 MMP-truncated

forms CXCL1 1 (5-73) and CXCLI 1 (5-58) bound with similar affinity to the MMP-8

hemopexin C domain as full-length CXCLI I (data not shown), suggesting that the

interaction occurs with the central region of CXCL1 1, distant to the cleavage sites.

Calcium mobilization of CXCR3-transfected 8300-19 cells

Synthetic analogues of MMP-truncated CXCLI I were tested for activity with human

CXCR3-transfected B300-19 cells. At a concentration of 800 nM chemokine, there

was a clear loss of activity in the MMP-truncated forms of CXCL1 1, where calcium

mobilization is measured as a burst in relative fluorescence (Figure 3.6A). Full-

length CXCLII (1-73) caused a dose-dependent increase in intracellular calcium

mobilization with an EC50 of I nM, consistent with previous reports (60) (Figure

3.6B). In contrast, the truncated forms of CXCLI I had no detectable agonist activity

at any concentration tested. Since MMP-cleaved CCL2, 7, 8, and 13 (9) and

CX3CL1 (10) are receptor antagonists, we assessed the CXCL1 I cleaved analogues

as receptor antagonists by calcium mobilization. A two-minute pre-incubation,

shown previously to be sufficient time for receptor interaction (61, 62), with CXCLI I

(5-73) resulted in significant inhibition of full-length CXCLI I with a moderate IC50 of

500 nM (Figure 3.6C), as observed previously (61). However, the CXCLII (5-58)

truncation had reduced inhibition of calcium mobilization, suggesting that the C

terminus is involved in binding the CXCR3 receptor. Neither CXCLI 1 (5-73) nor

CXCL1 1 (5-58) caused CXCR3 receptor internalization as measured by flow
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Figure 3.5. Exosite interactions with CXCLI 1. (A) MMP-8 cleavage of CXCLI I
(16 h at 37 °C at 1:10 enzyme to substrate ratio (w:w)) was inhibited in the
presence of EDTA, Batimastat (BB94), and 10-fold molar excess of the MMP-8
linker and hemopexin C domain (LCD). (B) ELISA analysis of MMP-8 hemopexin
linker-C (L-C) domain binding to the CXCR3 chemokines, immobilized in 96-well
plate format. The order of hemopexin C domain binding affinity was
CXCL1 1 >CXCLI 0>CXCL9.

79



A B

200
—CXCL11 (1-73)

600
• CXCLII (1-73)

_____________________________

I

___________________________

Time (s) Chemokine (log M)

C D
125 100 CXCLI1 (1-73)

1100

________________________

1
Chemokine (log M) Chemokine (M x 10)

Figure 3.6. MMP-mediated cleavages of CXCLII result in loss of agonism
and the generation of antagonist activity in calcium mobilization assays.
(A) Representative trace of calcium flux, represented by a burst in relative
fluorescence units (RFU) following addition of 800 nM CXCL1I in CXCR3-
transfected B300-1 9 cells loaded with Fluo-4 calcium indicator reagent. Arrow
indicates time of CXCLI I addition. (B) Dose response of calcium mobilization in
CXCR3-transfected B300-1 9 cells in response to CXCLI 1 (1-73), (5-73), and (5-
58). Calcium concentrations were calculated from relative fluorescence based on
calibration with ionomycin and MnCI2. (C) Antagonism of calcium mobilization in
CXCR3-transfected B300-19 cells by CXCL1 1 (5-73) and (5-58). Cells were
preincubated with antagonists for two minutes prior to the addition 3 nM full-
length CXCLI 1. Activity values are reported as a percentage relative to that of
uninhibited control cells. (D) CXCR3 internalization of CXCR3-transfected B300-
19 cells following 30 minute incubation of 10 and 100 nM CXCLII at 37 °C.
Detection of cell surface levels of CXCR3 was performed by flow cytometry with
anti-CXCR3 monoclonal antibody and mean fluorescence intensities were
compared to untreated controls and reported as percentage CXCR3 levels.
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cytometry (Figure 3.6D), confirming the loss of agonistic activity, whereas 100 nM

CXCLI 1 (1-73) caused approximately 60% internalization, consistent with previous

reports (63).

Chemotactic migration of CXCR3-transfected B300-19 cells and human T

lymphocytes

To confirm the calcium mobilization results, CXCR3-transfected cells and activated T

lymphocytes were evaluated for chemotaxis toward full-length and truncated forms

of CXCLII. In both cell types CXCLII (1-73) promoted dose-dependent

chemotactic migration as expected (Figure 3.7A, C). However, both CXCL1 1 (5-73)

and CXCLII (5-58) had minimal activity, even at concentrations as high as 100 nM.

Again, the N-terminal truncated CXCLI 1 (5-73) had antagonistic activity with IC50

values of 100 nM and 1000 nM for CXCR3-transfected B300-19 cells and T

lymphocytes, respectively (Figure 3.7B, D). Also, the CXCL1 1 (5-58) truncated

chemokine was only a very weak antagonist, with an 1C50 of greater that 10 !IM in

both cell types. However, it is important to note that this represents a concentration

that is biologically unattainable to achieve antagonism.

Structural analysis of truncated CXCLII

MMP processing of CXCLI 1 results in the removal of 4 N-terminal amino acids and

either 10 or 15 C-terminal amino acids (Figure 3.8A). The carboxy terminal a-helix

removed by MMP cleavage is markedly cationic, supporting a role in GAG

interactions, as shown in this structural representation based on the published NMR

structure (Protein Databank ID I RJT) (64). Notably, none of the MMP truncations

affect the cysteine residues involved in disulfide formation, hence tertiary protein

structure is not expected to be adversely affected. Circular dichroism comparing full

length and truncated CXCLI I suggests that the structural integrity remains intact

(Figure 3.8B). Interestingly, the overall CD profile of CXCLI I resembles that of CC

chemokines with a high percentage of random structure, as indicated by strong

negativity at 200 nm (65). CXCL8 was analyzed for comparison with another CXC

chemokine and this spectrum of a highly ordered protein correlates with published
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Figure 3.7. Chemotactic migration is decreased and antagonized in
response to CXCLII (5-73) and (5-58). Chemotaxis of CXCR3-transfected
B300-19 cells (A) and isolated T lymphocytes (C) is abolished in response to
CXCLI 1 (5-73) and (5-58). Chemotaxis was measured across a 5 tm pore size
for 3 hours in response to 1-100 nM chemokine. Migrated cells were quantitated
by CyQUANT assay and a chemotactix index was calculated, defined as the ratio
of cells migrating in response to stimulus compared to the buffer control.
Migration is inhibited moderately by CXCLI 1 (5-73) in CXCR3-transfected cells
(B) and T cells (D) whereas CXCL1 1 (5-58) is a weak inhibitor. Chemotaxis was
performed for 3 hours in response to 10 nM to 10 tM twncated CXCLI1 co
incubated with 10 nM full length CXCLI1. Percentage of maximum was
calculated relative to uninhibited samples.
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Figure 3.8. Structural analysis of full length and truncated CXCLII. (A)
Structural representation of full--length CXCLI I demonstrating MMP cleavage
sites (arrows) at position 4-5 in the N-terminus and positions 58-59 and 63-64 in
the C-terminus. The blue coloring highlights the C-terminal cationic GAG-binding
region removed by MMP proteolysis. The amino terminus (NH2, 1) and caroxy
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contribution of this figure. (B) Circular dichroism of CXCLI 1 (1-73), (5-73), (5-58)
and CXCL8 (1-77) in the far-ultraviolet wavelengths ranging from 190-260 nm.
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CXCL1 1 peptides. Ellipticity at 220 nm represents a-helical content and this
signal is lost upon C-terminal truncation.
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data (65). The higher degree of disorder in CXCLI 1, in comparison with other CXC

chemokines, has been reported previously by NMR analysis (64). Here the CD

spectra for CXCL11 (1-73) and (5-73) are super-imposable and SOMCD analysis

predicts 17.9-19.4% cL-helix, 27.3-29.9% n-sheets, 11.8-15.6% turns, and 39-39.3%

random structure (55). In contrast, the CXCLI 1 (5-58) spectrum reveals reduced

ellipticity at 220 nm, suggesting a loss in a-helical structure as expected, but

otherwise is comparable to the spectrum for full length CXCL1 1. The potential role

of MMP disruption of the haptotactic CXCLI I gradient on proteoglycan

glycosaminoglycans is depicted (Figure 3.10).

Heparin binding affinity of CXCLII

The abundance of positively charged amino acids in the carboxy-terminal a-helix of

CXCLI 1 (Figure 3.8A) prompted the prediction that C-terminal truncation would

result in reduced glycosaminoglycan binding. In a heparin-binding assay KDS were

measured by fluorescence polarization spectroscopy. CXCLI 1 (1-73) and CXCLI I

(5-73) bound to heparin with similar affinity, with binding constants ranging from 0.4

to 0.6 1tM (Figure 3.9A). In contrast, CXCLI 1 (5-58) had weakened heparin binding,

and as important, showed significantly reduced levels of bound chemokine upon

saturable heparin binding. Together this indicates loss of a C-terminal

glycosaminoglycan-binding site that reduced the overall affinity and amounts of

chemokine binding. Consistent with this, CXCLI 1 (5-58) was also shown to have

impaired binding to chondroitin sulfate A (data not shown).

Heparin-Sepharose chromatography was used to refine the characterization of the

heparin binding properties of the cleaved forms of CXCLI I in relation to the full

length chemokine. Here again the C-terminal truncation had significantly reduced

affinity (Figure 3.9B), confirming the assessment by fluorescence polarization.

CXCLII (1-73) eluted at 0.74 M NaCI whereas CXCLI1 (5-58) eluted at 0.52 M

NaCI. Surprisingly, the N-terminal truncation caused enhanced affinity as CXCLI 1

(5-73) eluted at 0.81 M NaCl, significantly higher than the full-length counterpart.
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Figure 39. Heparin binding is altered upon CXCLII cleavage. (A)
Fluorescence polarization with heparin-FITC reveals a loss in affinity for CXCL1 1
(5-58). Chemokines were incubated for 1 hour with 0.1 1M heparin-FITC at 37 °C
prior to analysis. (B) Elution profile of CXCLI I and cleaved analogues from
heparin-Sepharose column (top) and strong cation exchange (SCX) Sepharose
column (bottom). Elution was with a gradient reaching 1.5 M NaCI and
absorbance was measured at 215 nm. (C) MMP-8 processing of CXCLI1 is
unaffected in the presence of 5-fold excess of heparan sulfate (HS), chrondroitin
sulfate A (CSA), chondroitin sulfate B (CSB), chondroitin sulfate C (CSC), and
hyaluronic acid (HA). The enzyme to substrate ratio was 1:10 (w:w) and the
reaction was 16 h at 37°C and products were visualized on a 15% Tris-tricine gel,
silver stained. Note that MALDI-TOF analysis confirmed the presence of CXCLI I
(5-73), (5-63) and (5-58) in all MMP-8 treated samples.
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To assess the effect of specificity of interaction versus charge effects alone on the

chemokine binding properties, an equivalent experiment was performed with a

strong cation exchange column. The elutions of CXCL1 1 (1-73), (5-73), and (5-58)

occurred at 0.74, 0.77, and 0.46 M NaCI, respectively. Loss of the cationic C-

terminal a-helix in CXCLI 1 (5-58) yielded a similar reduction in binding to both the

heparin and strong cation exchange columns, in comparison with CXCLII (1-73),

suggesting that the removal of charge is responsible for decreased

glycosaminoglycan binding. However, the N-terminal truncation in CXCLI 1 (5-73)

appears to enhance specific heparin interactions because the elution shift relative to

full-length CXCLI 1 is greater on the heparin column compared to the strong cation

exchange column. The glycosaminoglycan interaction with the cationic residues of

the C-terminal peptide 59KQARLIIKKVERKNF73,forming an a-helix in the

chemokine, might block MMP cleavage. The addition of excess heparan sulfate,

chondroitin sulfate, and hyaluronic acid did not affect MMP-8 processing of CXCL1 1

at position 58-59, confirmed by MALDI-TOF MS analysis (Figure 3.9C). Hence,

these data demonstrate that CXCLI I can be processed by MMPs in the presence of

glycosaminoglycans and that the resulting cleavages alter binding affinity.

Discussion

Presented herein is the first instance of chemokine cleavage directly affecting

glycosaminoglycan-binding properties. Previously, the murine chemokine

mCXCL1/KC was shown to be mobilized by MMP-7 cleavage of the core protein of

syndecan-1, leading to altered neutrophil chemotaxis, but the chemokine itself was

not directly processed (13). Hence, the cleavage of the cationic C-terminal peptide of

CXCL1 I and resultant loss of a glycosaminoglycan-binding site reported in our

biochemical study represents a novel mechanism of chemokine regulation. We

suggest that the neutrophil MMPs 8 and 9, and macrophage MMP5 7, 9 and 12

mobilize CXCLI 1 from proteoglycans with disruption of the haptotactic chemokine

gradient predicted (Figure 3.10). This would serve to enhance the direct effects on

chemokine activity resulting from proteolysis of CXCLI I by these leukocytic MMPs.
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ESTABLISHMENT OF A HAPTOTACTIC CHEMOKINE GRADIENT

Figure 3.10. Model representing the potential role of leukocytic MMPs 7, 8,
9 and 12 in disrupting the haptotactic gradient of CXCLII. The establishment
of a full-length CXCLI I gradient through glycosaminoglycan interactions is
depicted in the top panel. This gradient is modified upon CXCLI I processing by
neutrophil and macrophage-derived MMPs (bottom panel), resulting in the
formation of CXCLI 1 (5-73) and (5-58) and leading to potential dispersion of Thi
lymphocytes.
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Amino-terminal processing at Phe4-Lys5resulted in loss of agonist activity in calcium

flux and chemotactic migration assays with CXCR3-transfectants and isolated T

lymphocytes. However, CXCLI 1 (5-73) retained receptor affinity, as it was a

moderate antagonist against full-length CXCLI 1. Interestingly, the C-terminal

truncation at Ser58-Lys59 caused a reduction in receptor binding as indicated by

decreased antagonistic properties so revealing a new CXCR3 binding site on the

chemokine. Together, MMP cleavage potentially dampens T cell migration by loss of

agonist activity, generation of a CXCR3 antagonist, and disruption of the chemokine

gradient (Figure 3.10). The in vivo analysis of these effects are now in progress.

Chemokine activity is modulated at several levels including regulated expression

and secretion, proteolysis, and the formation of haptotactic gradients in tissue. High

affinity interactions with the glycosaminoglycan side-chains of proteoglycans are

critical for in vivo activity of many chemokines as an immobilization mechanism for

cell-surface retention and possibly also for presentation to circulating leukocytes (2).

MMP-mediated proteolysis has been shown previously to indirectly influence

chemokine gradients, but by a different mechanism. In the case of MMP-7,

knockout mice demonstrate altered neutrophil infiltration in lung inflammation where

neutrophils remain in the interstitium without advancing to the alveolar space (13).

This phenotype was attributed to MMP-7--dependent shedding of the syndecan-1

ectodomain complexed with the murine ELR chemokine mCXCLI/KC, a process

required to direct neutrophils to the site of injury. However, proteolysis of KC did not

occur. This mechanism contrasts the potential mobilization of CXCLI 1, where we

demonstrate direct MMP cleavage of the chemokine and loss of a heparin-binding

site that also has the potential to disrupt the chemokine gradient.

The basic residues lysine and arginine direct glycosaminoglycan affinity through

electrostatic interactions; in CCL5 a BBXB motif has been identified (66) whereas

CXCL8 contains several key residues at the C-terminus (67). Notably, the heparin

binding cationic cradle is rarely a simple consensus sequence, but rather a more

complex combination of remote positively charged residues that are clustered in the
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folded conformation, as illustrated with fibronectin module 111-13 (68). We

hypothesized that the glycosaminoglycan binding-site of CXCLI 1 is located in the C-

terminus due to an abundance of basic amino acids and indeed the heparin binding

interaction was strongly reduced in CXCLII (5-58). However, residual binding

suggests additional sites of heparin interaction independent of the C-terminus.

Surprisingly, removal of the N-terminal tetrapeptide FPMF in CXCLI I increased

heparin-Sepharose binding, perhaps due to the removal of steric hinderance

providing stronger interactions with key basic residues. The enhanced affinity of

CXCLI 1 (5-73) is not completely charge-dependent as the equivalent comparison

on a strong cation exchange column showed only a minimal increase.

Despite the location of a glycosaminoglycan-binding site near the site of MMP

cleavage between positions 58-59, MMP cleavage of CXCLI I was unaltered when

interacting with soluble heparan sulfate, chondroitin sulfate, and hyaluronic acid.

Hence, these findings show for the first time for any protease that direct proteolysis

of a chemokine can alter its glycosaminoglycan-binding properties. The resulting

enhanced and reduced affinities, depending on the cleavage site, reveal biphasic

regulation of chemokine binding to glycosaminoglycans and hence potential complex

modulation of in vivo localization and chemotactic activity that is currently under

investigation.

Unlike many other proteases, the cleavage site specificity of MMPs remains largely

unpredictable, likely due to less restricted substrate amino acid binding pockets (in

particular S3-S3’) and the complex role of exosite binding in substrate recognition

(58). Peptide substrate libraries have demonstrated an MMP preference for proline

at P3 (69), and notably the majority of chemokines contain a proline at residue 2 in

the N-terminus. Therefore this proline appears to dictate MMP proteolysis of many

chemokines at the characteristic residues 4-5 in the N-terminus. However, examples

at other N-terminal cleavage sites suggest that specificity is not so simple. For

instance CXCL5, which has a proline at position 3, is cleaved by MMPs at Va17-Leu8

and Arg9-Glu1°(25, 27). Interestingly, CXCL9, CXCLIO, and CXCLII share a proline
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at position two and are approximately 40% identical (60), yet only CXCLI I is

susceptible to N-terminal processing by MMPs, illustrating that additional elements

are important, such as exosite interactions. Indeed, only CXCL1 I bound the

hemopexin C domain of MMP-8, but neither CXCL9 or CXCL1O did and these were

not cleaved. Furthermore, murine CXCLI 1, which has high sequence identity to the

human homolog, contains a leucine in the place of proline at position 2 and is

processed efficiently at position Met3-Phe4rather than Phe4-Lys5by MMP-7 and -8.

Nonetheless, the predominant C-terminal cleavage of CXCL1 I at residues 58-59

also contains a proline at P3. Hence, this data suggests that Pro2 is not essential for

CXCL1 1 processing, but rather that it directs cleavage to position 4-5 in the N-

terminus. Interestingly, all three cleavage sites on CXCL1 1 lie on the same face of

the protein in a line indicating potential processivity of cleavage upon chemokine

tethering to the hemopexin C domain.

Of the MMPs evaluated, MMP-1, -2, and -14 had no activity on any of the human

CXCR3 ligands revealing specificity of the main leukocylic MMPs for chemokine

cleavage and hence an immune cell-specific feedback mechanism regulating

chemokine activity. In contrast to the specific and selective cleavages by MMP-8

and MMP-9, processing or degradation of the three chemokines by MMP-7 and

MMP-12 represents broad specificity. Interestingly, MMP-7 and MMP-12 share

structural similarities in that MMP-7 does not encode a hemopexin C domain (70)

and MMP-12 loses the domain upon activation (71). In the case of the CXCR3

ligands, it is probable that MMP-7 and MMP-12 have weak specificity, but high

activity, resulting in substrate degradation in contrast to the precise processing by

other MMPs. Therefore, it seems likely that exosite interactions of the hemopexin C

domain contribute greatly to selective cleavage of substrates.

Amino-terminal twncation of chemokines has been reported to result in conversion

of receptor agonists to antagonists (6, 9). CXCLI I truncations have been previously

characterized and CXCL1 1 (4-73) was a potent receptor antagonist whereas

CXCLI 1 (5-73) had moderate inhibitory properties (61). In addition, CD26-mediated

91



cleavage of CXCLI I generates CXCL1 1 (3-73), another receptor antagonist (47).

Antagonist studies with CXCLI 1 (5-73) are consistent with previous findings, where

moderate IC50s of 100-1000 nM were observed. Surprisingly, the MMP-mediated C-

terminal truncation of CXCL1 1 at residues 58-59 significantly decreased the

inhibitory properties of this molecule with lC50s greater than 10 tiM, concentrations

that are unlikely to be reached in Wvo. The C-terminus of chemokines is not

traditionally associated with receptor binding properties. Rather, the N-loop

following the first two cysteines is the major receptor binding site that confers

receptor specificity. Electrostatic interactions in the 30s loop, the region connected

the first two beta-strands, are also thought to contribute to receptor affinity (72).

Therefore, we have demonstrated an unexpected role for the C-terminus of CXCLI I

in receptor binding.

Amino-terminal CXCLI1 processing has been described previously for CD13 (14)

and CD26 (46, 47), however the physiological relevance of these interactions

remains unclear, particularly given the clinical use of CD26 inhibitors for diabetes

(73). In contrast, the role of MMPs in chemokine processing in vivo is well

established with evidence from genetic mouse models and neo-epitope antibodies

detecting the MMP-processed forms in human biological samples (6, 25, 29). The

murine homolog of CXCLI I lacks a proline at position 2 and hence MMP processing

of mCXCLI I is altered, restricting the use of genetic models to further explore this

mechanism in animal models. Interestingly, MMPs are the only enzymes known to

cleave the C-terminus of CXCLI 1, indicating potential synergism between multiple

proteases in the precise regulation of this potent T-cell chemoattractant.

Specific and limited proteolysis is emerging as a widespread mechanism of rapid

and efficient modulation of both cytokine and chemokine activity [see reviews (20,

21). To date, MMPs regulate chemokine function by activation, inactivation,

generation of antagonists, shedding from the cell membrane, and cleavage of

binding proteins. Our present data demonstrates a new mechanism whereby direct

cleavage of a chemokine leads to loss of proteoglycan binding predicted to result in
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dispersion of the chemokine gradient. Here we have biochemically characterized

MMP processing of the CXCR3 ligands, uncovering cleavages that alter receptor

activation and binding as well as glycosaminoglycan interactions. These cleavage

events have the potential to modulate Thi cell migration and hence disorders such

as multiple sclerosis and rheumatoid arthritis, which are now under study in our

laboratory. Neutrophils are implicated in mediating tissue damage in the context of

chronic inflammation. However, the abundance of neutrophil-derived MMP-8 and

MMP-9 may enable regulation of the adaptive immune response through the fine-

tuning of Thi chemoattraction. Furthermore, macrophage proteases MMP-7 and

MMP-12 have the potential to dampen the Thi response through chemokine

degradation. The ensuing challenge is to assess these mechanisms in the context

of homeostatic and pathological states to decipher the physiological consequences

of altering these chemotactic signaling pathways in T cell chemotaxis and immune

regulation.
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CHAPTER 4. MMP-8 DEFICIENCY DELAYS NEUTROPHIL APOPTOSIS AND
EXACERBATES RHEUMATOID ARTHRITIS4

Perspective

Neutrophil accumulation in inflammation is determined by cell infiltration, apoptosis

and clearance. We identify an important new mechanism regulating neutrophil

apoptosis that is orchestrated by the neutrophil-specific matrix metalloproteinase-8

(MMP-8) or collagenase-2. Mmp8 -I- mice were backcrossed onto the MRL/lpr

background, characterized by a defective Fas receptor that results in systemic

autoimmunity including spontaneous rheumatoid arthritis. Surprisingly, male MMP-8

deficient mice had earlier and more severe joint inflammation coupled with a

massive accumulation of neutrophils in synovial tissues. CLlPCHlPTM microarray

analysis revealed abolished expression of caspase-1 I in neutrophils from MMP-8

knockout mice. This was confirmed at the protein level in unstimulated or LPS, IFN

y and TNF-a-treated MMP-8 -I- neutrophils. Caspase-1 1 is an activator of caspase

3 and in Mmp8 -I- neutrophils caspase-3 activity was significantly reduced as was

constitutive apoptosis. MMP-8 sheds TNF-a, which induces neutrophil apoptosis. In

unstimulated MMP-8 deficient neutrophils, TNF-o shedding was reduced.

Therefore, MMP-8 is required for expression of caspase-1 I and downstream

activation of caspase-3, constitutive TNF-a shedding and neutrophil apoptosis in the

resolution of inflammation. In autoimmune diseases such as rheumatoid arthritis,

MMP-8 deficiency leads to an exaggerated accumulation of neutrophil infiltrates with

concurrent pathological changes including earlier onset, increased incidence and

more severe disease. Hence MMP-8 is an anti-target in the treatment of arthritis.

A version of this chapter has been submitted for publication. Cox JH, Starr AE,
Kappelhoff R, Yan R, Roberts CR, and Overall CM. Matrix metalloproteinase-8
deficiency exacerbates rheumatoid arthritis through delayed neutrophil apoptosis
and reduced caspase-1 I expression. 2008. Manuscript currently under review at
The Journal of Immunology.
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Introduction

Dysregulation of the cellular components of the innate and adaptive immune

responses can result in autoimmune diseases such as rheumatoid arthritis.

Neutrophils, typically considered acute inflammatory cells, are also present in a

variety of chronic inflammatory diseases including arthritis, autoimmune colitis, and

psoriasis (1, 2). In rheumatoid arthritis, neutrophils degrade cartilage components

and are essential for the initiation and maintenance of inflammation in murine

models of arthritis (3-5). Matrix metalloproteinases (MMPs) have long been

considered promising drug targets in arthritis treatment due to their ability to degrade

collagen and proteoglycans (6), major components of cartilage and bone, and MMPs

are upregulated in the synovial fluid and tissues of affected joints (7). MMP-8 (also

known as collagenase-2) is produced primarily by neutrophils and is released from

the specific granules at sites of inflammation and some reports indicate that low

levels of MMP-8 mRNA can be induced in synovial cells (8). MMPs have more

recently been shown to precisely process and regulate inflammatory mediators such

as chemokines (9, 10), tumor necrosis factor-a (TNF-a) (11), and cytokine binding

proteins that otherwise mask bioactivity (12), identifying pleiotrophic roles for MMPs

in both promoting and dampening inflammation. This has complicated MMP drug-

targeting strategies that must now consider additional roles other than simply

extracellu lar matrix degradation (13).

The pro-inflammatory cytokines interleukin-13 (lL-13), TNF-a, and interferon-y (IFN

y) are central molecules in the pathogenesis of chronic inflammation, acting in

signaling cascades with chemokines, initiating the recruitment of inflammatory cells,

and enabling the self-perpetuation of inflammation. In auto-inflammatory disorders

such as rheumatoid arthritis, blocking IL-113 and TNF-a activity with receptor

antagonists or neutralizing antibodies has proven beneficial, however animal models

have shown that IL-113 is more important in joint damage (14, 15). Furthermore,

deletion of caspase-1, also known as interleukin-1 converting enzyme (ICE),

prevents maturation of IL-I 3 and improves inflammatory diseases (16). Caspase-I I,
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which is an activator of both caspase-1 and the pro-apoptotic caspase-3 (17), could

also represent a potential drug target to inhibit chronic inflammation, being involved

in neutrophil apoptosis and hence clearance of cellular infiltrate.

MMP-8 deficient mice have no overt phenotype, with normal embryonic

development, fertility, and long-term survival (18) but they have diminished LPS

responsiveness in a subcutaneous air pouch model (19). In skin carcinogenesis

studies, an abnormal inflammatory response was observed at the tumor-stromal

interface in MMP-8 knockout mice that was characterized by an initial delay in

neutrophil infiltration followed by a prolonged accumulation that did not dissipate,

resulting in increased tumorigenesis (18). We recently investigated the mechanism

of this initial lag finding that MMP-8 cleaves and activates murine

lipopolysaccharide-induced CXC chemokine, human CXCL5/ENA-78, and human

CXCL8/lL-8, all potent neutrophil chemoattractants, in a novel in cis feed-forward

mechanism that is lost upon MMP-8 gene deletion (19). Hence, MMP-8 plays a

coordinating role in leukocyte trafficking with clear implications for disease

pathogenesis. However, its role in chronic inflammatory disease is unknown as is

the mechanism leading to chronic accumulation of neutrophils in the absence of

MMP-8. Elucidating this mechanism will reveal important new aspects of the control

of neutrophil function in innate immunity and pathology.

The MRL/Ipr lymphoproliferative mouse is characterized by systemic autoimmune

disease including inflammation of the joints, skin, salivary glands, and brain and

marked lymphoid hyperplasia, glomerulonephritis, and vasculitis, resulting in

significant mortality in the first 6 months of life (20). The Ipr mutation has been

localized to the fas gene and causes faulty expression of Fas receptor (CD95/Apo-

1), leading to defective Fas-dependent lymphocyte apoptosis and impaired deletion

of autoreactive lymphocytes (21, 22). The MRLIIpr strain provides a mild, age

dependent, naturally susceptible model for arthritis and other autoimmune diseases.

As such, it is considered a good mimic of human disease compared to acute and

severe models such as collagen-induced arthritis. Here we examine the role of

101



MMP-8 in MRL//pr autoimmune arthritis. We show a protective role for the enzyme,

as MMP-8 deficient mice have an accumulation of neutrophils in the joints.

Moreover, MMP-8-deficient cells were found to have no expression of caspase-1 1,

reduced caspase-3 activity and hence downstream reduction in neutrophil apoptosis.

TNF-a shedding from MMP-8 deficient neutrophils was also dampened. We

conclude that MMP-8 has anti-inflammatory functions in the chronic inflammatory

setting, in part due to regulation of caspase-1 I expression and consequent caspase

3 activity, thereby promoting neutrophil apoptosis. Hence, the neutrophil MMP-8 is a

new anti-target in chronic inflammation.

Materials and Methods

Generation of Mmp8 -I- mice. MMP-8 deficient mice on a C57BL/6 x 129

background were kindly provided by Dr. Steven Shapiro (Harvard School of

Medicine, USA) and backcrossed for 8 generations onto the MRLJIpr

lymphoproliferative strain (Jackson Labs 006825), after which wild-type and MMP-8

deficient mice were maintained as homozygous lines. Genotyping was performed

by Hot Shot DNA isolation (23) followed by three-primer PCR with wild-type primers

TGT CGG GTC CTG GTT TAC ATT CTG (forward) and AAG GTC AGG GGC CAT

GCT ACA (reverse) and knockout primer CGC CTT CU GAC GAG TTC TTC TGA

(reverse). The PCR products were 1100 bp for wild-type and 550 bp for knockout.

All animal breeding and experimental procedures were approved by the University of

British Columbia Animal Care Committee (Appendix C).

Western blot and immunohistochemistry. Murine bone marrow neutrophils were

purified by flushing of freshly isolated femurs and tibias with Dulbeccos modified

eagle’s medium (DMEM, Invitrogen) containing 10% fetal bovine serum (FBS,

Hyclone) followed by separation on a discontinuous Histopaque gradient (Sigma)

(24). Neutrophil content and viability was consistently confirmed to be greater than

95% by Duff-Quick staining (IMEB Inc.) and trypan blue exclusion, respectively. Cell

lysates were prepared by 15 mm incubation with 0.2% Zwittergent 3-14 detergent
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(Calbiochem) in PBS at 4 °C. MMP-8 and MMP-9 western blots were performed on

10% SDS-PAGE gels transferred to lmmobilon-FL PVDF membrane (Millipore) and

imaged on a LI-COR Odyssey using an Alexa-conjugated secondary antibody

(Molecular Probes). Rabbit anti-mouse MMP-8 antibody was kindly provided by Dr.

C. Lopez-Otin (University of Oviedo, Spain) (18), used at 1:10,000 and rabbit anti-

mouse MMP-9 was used at 1:1,000 (Sigma). Rabbit anti-actin was used at 1:200

(Sigma).

Induction and measurement of arthritis. To synchronize and enhance the

initiation of spontaneous arthritis, male and female mice at 13-14 weeks of age were

injected intradermally at two inguinal sites with 0.05 mL of a 1:1 emulsion of water

with complete Freund’s adjuvant (Sigma) supplemented to 10 mg/mL heat-killed

Mycobacterium tuberculosis (Difco). The width of both hind ankles was measured

on 3 consecutive days before arthritis induction and every 2-3 days for 30 days

following injection using an electronic digital caliper (Marathon). Baseline ankle

width was calculated as the average of pre-injection measurements. Arthritis was

considered to have occurred following a 10% increase in average ankle width.

Statistical analysis was done with Prism 4.0 (Graphpad Software) using two-way

ANOVA with Bonferroni post-tests.

Histological assessment of arthritis. At day 30 post-injection, mice were

sacrificed by CO2 asphyxiation, hind ankles were removed, skinned and formalin

fixed for 8-12 h. Ankles were then decalcified for 72 h in 10% formic acid,

dehydrated and paraffin-embedded. Sections (3-4 1km) were stained with

hematoxylin and eosin or toluidine blue. Tissue sections were coded and graded for

inflammation by a blinded observer. Neutrophil immunostaining was performed with

a 1:2,000 dilution of rat anti-mouse 7/4 antibody (Serotec) coupled with Vectastain

ABC and 3,3’-diaminobenzidine (DAB) detection (Vector labs). Macrophages and T

lymphocytes were stained with F4/80 antibody (Serotec) and anti-CD3 (Dako),

respectively, both at a 1:50 dilution. Tissues were stained for collagenase cleavage

sites in type II collagen using the COL2-3/4Ch01tneoepitope antibody against the
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peptide GPHypGPGG, kindly provided by Dr. John Mort (McGill University, Canada)

(25). Aggrecan neoepitope antibodies generated against VDIPEN peptide (MMP

cleavage) and NITEGE peptide (aggrecanase cleavage) were generously provided

by Dr. Amanda Fosang (University of Melbourne, Australia) (26, 27).

CLlPCHIPTM microarray analysis. Murine CLlPCHlPTM analysis, a focused DNA

microarray with probes for all murine proteases, their inhibitors, and inactive

homologs was performed as described previously (28). Isolated bone marrow

neutrophils from 2-3 mice were pooled and total RNA was purified using the Qiagen

RNeasy protocol including an on-column DNasel digest. Reverse transcription and

amplification was done with MessageAmp II aRNA amplification kit (Ambion). Two-

color labeling was performed with ULS aRNA fluorescent labeling kit reagents

(Kreatech). All hybridizations were performed in quadruplicate including dye-swap

controls. Microarray slides were scanned on a 428 Array Scanner (MWG) and

images were analyzed with Imagene 6.1 (Biodiscovery). Data from biological

replicates was analyzed with TM4 Microarray Software Suite including background

subtraction and local LOWESS normalization (29).

Quantitative real-time PCR. Total RNA from bone marrow neutrophils was reverse

transcribed with Ambion Arrayscript and 50 ng cDNA was used for Taqman analysis

with the caspase-li gene expression assay and 18S RNA as a control (Applied

Biosystems). Real time PCR was performed on the BioRAD Opticon: 10 mm at 95

°C, followed by 40 cycles of 15 s at 95 °C and I mm at 60 °C. Relative quantification

of transcript abundance was performed using the AACt method (30).

Murine MMP-8 Expression. The murine MMP-8 pro-enzyme was cloned with a

FLAG-tag in the pGWIHG vector and expressed in Chinese hamster ovary cells.

Protein from conditioned medium was purified on Reactive Green Agarose (Sigma)

followed by FLAG affinity chromatography (Sigma). Before use, enzyme was

activated for 1 h with I iM 4-aminophenymercuric acetate (Sigma) at 37 °C followed

by desalting on a Zeba spin column (Pierce). Concentration was determined by
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active site titration with murine tissue inhibitor of metalloproteinases-2 (TIMP-2).

Caspase-1 I immunoblotting. Bone marrow neutrophils and mononuclear cells

were isolated by Histopaque gradient as described above and treatments included

24 h incubation at 37 °C, 5% CO2 with 100 ng/mL LPS (E. coil 0111 :B4, Sigma), 10

Ig/mL LPS, 10 ng/mL interferon-y (Peprotech), 20 ng/mL murine TNF-a (Peprotech),

or I Ig/mL active murine MMP-8. Cell lysates for caspase-1 I analysis were

prepared by lysis in 50 mM Tris, 150 mM NaCI, 1 mM EDTA, and 1% Nonidet-40,

pH 7.4 containing EDTA-free protease inhibitor cocktail (Roche) for 30 mm at 4 °C

followed by 15 mm centrifugation at 13,000 x g at 4 °C to remove insoluble material.

Protein concentration was determined by Bradford assay (Bi0RAD). Proteins were

separated on a 12% SDS-PAGE gel and transferred to lmmobilon-P PVDF

membrane (Millipore). Monoclonal rat anti-caspase-Il (Sigma) was used at 1:500

and secondary detection was with anti-rat-HRP (Sigma) followed by Enhanced

Chemiluminescence (ECL) exposure (GE Healthcare) to X-omat blue film (Kodak).

Caspase activity and interleukin-I1 ELISA. Caspase-1 and caspase-3 activity

were measured following incubation of 2 x 106 cells/mL for 24 h at 37 °C, 5% CO2 in

DMEM containing 10% FBS and 100 units/mL penicillin and 100 tg/mL

streptomycin. Treatments included 100 ng/mL LPS (E. coil 0111 :B4, Sigma), 10

ig/mL LPS, and 10 ng/mL interferon-y (Peprotech). Lysates were prepared by

incubation of 2 x 106 cells with 75 tL lysis buffer (Biovision) for 15 mm at 4 °C

followed by centrifugation at 13,000 x g to remove insoluble material. Protein

content was determined by Bradford assay (Bi0RAD). Activity was measured in 20

mM HEPES, 10% glycerol, pH 7.5 containing 2 mM and 10 mM DTT for caspase-3

and caspase-1, respectively. Substrate concentrations were 50 tM Ac-YVAD-AMC

(Calbiochem) for caspase-1 and 10 .tM Ac-DEVD-AMC (Calbiochem) for caspase-3

and rates were measured at 390nm/460nm on a BMG Polarstar fluorescence plate

reader. Rates were converted to pmoles/h per g protein based on

aminomethylcoumarin (Calbiochem) standard curves. lnterleukin-1 j was quantified

in cell-free medium by ELISA quantikine kit (R&D Systems) as per manufacturers
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protocol.

TNF-a cleavage and ELISA. Full length proTNF-a N-terminally fused to GST was

expressed in E. coil and affinity-purified as described before (11) and incubated with

human and rodent MMP-8 in 200 mM NaCI, 5 mM CaCI2, 0.05% Brij25, 50 mM Tris

HCI, pH 7.4. Incubation was at enzyme-substrate ratio of 1:100 (w:w) for 18 h at 37

°C. Synthetic hydroxymate inhibitor BB21 16 was used at 20 !M as a negative

control. Reaction mixes were analyzed on 6-15% gradient SDS-PAGE gels and

protein bands in the gels were stained with coomassie G250 and in parallel gels

were transferred to nitrocellulose for N-terminal Edman sequencing (5 cycles). TNF

a secretion from isolated neutrophils was quantified in cell-free medium by ELISA

quantikine kit (R&D Systems) as per manufacturers protocol.

Neutrophil apoptosis. Spontaneous apoptosis of bone marrow-derived neutrophils

was determined following 24 h incubation at 37 °C, 5% Co2. Briefly, cytospins

(Shandon) of 30,000 cells were prepared and stained with TUNEL (Roche) following

manufacturers protocol with Hoechst nuclear staining. A minimum of four random

fields were analyzed per slide and percentage of TUNEL positive cells was

determined relative to Hoechst control.

Results

Generation of MMP-8 deficient MRLJ1pr mice

To address the role of MMP-8 in inflammatory arthritis, Mmp8-nuII mice on a

C57BL/6 x 129 background were backcrossed for 8 generations with the MRLIIpr

lymphoproliferative strain. Genotype was determined by PCR with bands at 550 and

1100 bp for wild-type and knockout, respectively (Figure 4.IA), and was confirmed

by western blofting (Figure 4.IB), showing an absence of MMP-8 in neutrophil

lysates from MRL/Ipr x Mmp8 -I- mice. Mice lacking MMP-8 had normal development

and fertility, comparable to wild-type controls. MMP-9, another MMP expressed in

neutrophils, has been described previously to increase in the MMP-8 deficient
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Figure 41. Generation and characterization of MRLIIprx Mmp8 -I- mice. (A)
PCR genotyping results demonstrating wild-type and knockout products at 1100
and 550 base pairs, respectively. (B) Western blot of lysates of bone marrow
neutrophils from Mmp8 +1+ and Mmp8 -I- mice (both on the MRLIIpr background)
showing loss of MMP-8 and an increase in MMP-9 levels in MMP-8 deficient cells.
Actin was analyzed as a loading control.

— —-
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C57BL/6 x 129 strain (31). Here we also found a similar compensation on a different

genetic background, confirming this to be an MMP-8 associated effect (Figure 4.IB).

More severe arthritis in male MMP-8 deficient MRL,lpr mice

The MRL/Ipr model of arthritis is an age-dependent spontaneous inflammatory

disease model that can be initiated and enhanced by injection of complete Freund’s

adjuvant (20). Therefore, the induction of arthritis was synchronized by injection at

13-14 weeks of age and MMP-8 wild-type and knockout mice on the MRLIIpr

background were monitored for ankle swelling for 30 days, at which time humane

endpoints were apparent and animals were sacrificed (n= 13 and 12 wild-type male

and female, n= 11 and 8 knockout males and females). In the male group, MMP-8

knockout mice developed much earlier and more severe joint swelling than wild-type

controls, with significant differences as early as 11 days post-treatment (Figure

4.2A). At day 30, average changes in ankle width were 0.25 ÷1- 0.02 and 0.56 +1-

0.06 mm for wild-type and knockout males, respectively. In contrast, female

knockouts had no significant increase in swelling compared to wild-type females with

final ankle width change of 0.32 +1- 0.03 and 0.36 -‘-I- 0.07, respectively (Figure

4.2B).

Incidence of disease, characterized as a greater than or equal to 10% increase in

ankle width for two consecutive measurements, reached 100% in knockout males

but only 31 % in wild-type males at 30 days, with a much earlier onset in knockout

mice (Figure 4.2C). Female knockout mice had a slight shift toward earlier

incidence, but this was due to one mouse only. MMP-8 knockout and wild-type

females had similar penetrance (75% and 83%, respectively) (Figure 4.2D),

consistent with previous reports studying arthritis in MRLIIpr mice (32). Severity of

disease, as determined by maximal percent ankle width increase throughout the

experiment, was greater in males deficient in MMP-8 (55% exhibiting severe

swelling), and slightly more severe in MMP-8 deficient females (25% exhibiting

severe swelling), whereas no wild-type mice had >20% increase in ankle width

(Figure 4.2E, F). These results clearly display a protective effect of MMP-8 in the
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Figure 4.2. Increased joint swelling in male MMP-8 deficient MRLIIpr mice.
(A) Mice were monitored for changes in hind ankle width for 30 days following
treatment with complete Freund’s adjuvant and male MMP-8 deficient mice
developed more severe swelling than wild-type controls (N=1 3 and 11 for WT and
KO males, respectively) (* p<O.05, ** p<0.01, p<0.001). (B) No significant
change was detected in comparing female MMP-8 knockout mice with wild-type
controls (N=12 and 8 for WT and KO females, respectively). (C, D) Disease
incidence was defined as >10% increase in ankle width (relative to baseline
width) for at least two consecutive measurements. (C) Male MMP-8 knockout
mice reached 100% incidence at day 30 whereas only 31% of wild-type males
displayed measurable disease. (D) Female wild-types and knockout mice had
similar incidence with a slightly earlier onset in the knockout population. (E,F)
Severity of disease was graded based on the maximal width increase (%)
throughout the experiment: mild (0-10%), moderate (10-20%), and severe
(>20%). (E) Male MMP-8 knockouts had much more severe disease with over
50% of mice having severe disease whereas female knockouts (F) had a modest
shift toward increased severity.
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clinical manifestations of inflammatory arthritis, predominantly in male mice.

Furthermore, this gender-based effect exemplifies the importance of studying both

sexes in animal models of inflammatory disease.

Histological assessment of arthritis

Hematoxylin and eosin staining of sectioned joints revealed increased cellular

infiltration in the MMP-8 knockout males, relative to wild-type males, with an

abundance of inflammatory cells in the subsynovial tissue and some cellularity in the

joint space (Figure 4.3A). In contrast, female wild-types and knockouts had similar

levels of cellular infiltration (Figure 4.3B). Scoring of inflammatory content revealed

a significant increase in knockout males (p<O.OO1) with no change in females (Figure

4.31, J). Toluidine blue staining for proteoglycans, a measure of cartilage integrity,

displayed an absence of cartilage damage in all groups, a surprising finding given

the extent of inflammation present in these tissues (Figure 4.3C and D). MMP-8

cleaves aggrecan and so genetic deficiency of MMP-8 might account for this despite

the large amount of cellular infiltrate (33). However, use of neo-epitope antibodies to

detect MMP-8 processed murine type II collagen and murine aggrecan resulted in

undetectable amounts, supporting a lack of cartilage degradation in the wild-type or

MMP-8 knockout mice in this model (data not shown). Immunostaining

demonstrated a massive accumulation of neutrophils in the subsynovial tissue

surrounding swollen joints and also in the joint space of joints from MMP-8 deficient

male mice and all female synovial tissues (Figure 4.3E-H). Macrophages and T

lymphocytes were also detected with levels correlating with overall inflammation

(data not shown).

CLlPCHlPThl microarray analysis of MMP-8 deficient neutrophils

The CLIP-CHIPTM,a DNA microarray dedicated to 823 proteases, non-proteolytic

homologs and protease inhibitors (28), was employed to examine if compensation

by other MMPs or changes in the protease web occurred following deletion of MMP

8. By the criteria of greater than 1.5-fold change in expression with p<O.O1, only 8
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Figure 4.3. Histological analysis of joints reveals increased neutrophil
infiltration in male MMP-8 deficient mice. Hematoxylin and eosin staining of
sections from wild-type and MMP-8 knockout male (A) and female (B) mice. A,
articular surface; B, bone marrow; S, subsynovium. Toluidine blue staining for
proteoglycan content and cartilage integrity in male (C) and female (D) ankle
sections. (E-H) Neutrophil immunostaining showing an abundance of neutrophils
in the subsynovium and joint space of sections from male MMP-8 deficient and all
female joints. Scoring of cellular infiltration (l,J) by a blinded observer
demonstrating significantly increase subsynovial inflammation in male Mmp8-null
mice (p<O.OO1). Original magnifications xlOO (A-F) and x400 (C-H). Scale bar is
equivalent to 100 mm.
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genes in male neutrophils and 9 in female neutrophils were differentially expressed

between wild-type and knockout samples (Figure 4.4A). Hence, protease and

inhibitor expression was essentially unaltered between wild-type and MMP-8

deficient bone marrow neutrophils, indicating minor homeostatic alterations in the

protease web following loss of MMP-8 expression as demonstrated in a

representative R-l (ratio versus intensity) plot (Figure 4.4B). These changes

represent approximately I % of all analyzed genes. Internal controls of the transcript

analysis were MMP-8 and neomycin, which is the selection marker used in

generating the Mmp8-null mice.

A notable common change to both male and female neutrophils was caspase-li,

the mouse homolog of human caspases 4 and 5, which was unexpectedly

downregulated in MMP-8 knockout samples. Moderate changes in male MMP-8

deficient neutrophils include decreased levels of stefin Al, stefin A2, kallikrein

related peptidase-l 1, and cationic trypsin. In female MMP-8 knockout neutrophils

the transcripts for ubiquitin specific protease (USP)-l 3, USP-3l, tissue inhibitor of

metalloproteinases (TIMP)-2, and complement factor I were downregulated. Other

than neomycin, few genes were upregulated in the absence of MMP-8. Kallikrein

related peptidase-9 was increased, however expression levels were very low, only

slightly above background. In addition, carboxypeptidase AS was increased I .6-fold

in female MMP-8 knockout neutrophils.

Caspase-Il is not expressed in MMP-8 deficient neutrophils

Caspase-l 1 was explored further due to its roles in caspase-3 and caspase-l

activation, with consequent implications in apoptosis and inflammation (17). Relative

quantitation by real time PCR generated a DDCT value of 10.7, translating to a

greater than 1600-fold change in caspase-1 1 transcript levels, showing that

caspase-1 I expression is absent in MMP-8 deficient neutrophils (Figure 4.5A).

Notably, this differential caspase-1 I expression was also observed in neutrophils
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A MALE (KO:WT)

Gene Fold Change P value

Neomycin 13.5 1’ 2E-8
1te

StefinAl 1.5 , 0.003
Stefin A2 1.6 .j, 0.008
Kallikrein-1 1 1.7 , 0.003
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Caspase-il 8.3 .j, 8E-4
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Figure 4.4. CLlPCHlPTM analysis of bone marrow neutrophils from MMP-8
knockout and wild-type MRLIIpr mice. (A) Differential expression of proteases
and inhibitors with p<0.01 in male and female bone marrow neutrophils. Changes
are relative to MMP-8 knockout samples. USP, ubiquitin specific protease; TIMP,
tissue inhibitor of metalloproteinases. (B) Representative R-l (ratio versus
intensity) scatter plot of data following local LOWESS normalization. An intensity
sum of 7 illustrates the boundary between expression levels and low signal.
Neomycin, MMP-8, and Caspase-1 1 are highlighted.
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following ex vivo stimulation with LPS, known to induce caspase-1 I expression, and

also in neutrophils isolated from the original C57BL/6 x 129 strain (Figure 4.5A).

Western blots confirmed that caspase-1 I was absent in MMP-8 deficient neutrophil

lysates and was not induced by treatment with interferonj’ or LPS, treatments that

resulted in increased levels in wild-type neutrophils (Figure 4.5B). Surprisingly,

caspase-Il was also absent and non-inducible in the mononuclear cell fraction

(predominantly monocytes and T lymphocytes) from MMP-8 deficient mice, cells that

do not produce MMP-8, suggesting potential paracrine activation of caspase-l I

expression in development during hematopoiesis (Figure 4.5C). We attempted to

induce caspase-1 I levels in MMP-8 knockout neutrophils and mononuclear cells by

rescuing with exogenous active murine MMP-8 or with cell-free bone marrow fluid

isolated from wild-type mice. However, caspase-1 I levels remained unchanged

(Figure 4.5D and data not shown). Hence, MMP-8 regulation of caspase-1 I gene

expression may require factors from additional cell types or could occur upstream in

hematopoietic differentiation.

Unaltered caspase-1 activity and interleukin-113 secretion in MMP-8 deficient

neutrophils

Previous reports have defined caspase-1 I as an essential activator of caspase-1,

the interleukin-1 converting enzyme that is key for IL-i maturation and release (34).

In response to increasing concentrations of LPS, bone marrow derived MRLIIpr

neutrophils had elevated caspase-1 activity, as measure by the fluorometric

synthetic peptide substrate Ac-YVAD-AMC (Figure 4.6A). However, comparing wild

type and Mmp8-nulI neutrophils, there was no significant difference in caspase-1

activity, despite substantial differences in caspase-1 I expression. LPS-mediated

induction of caspase-1 activity was more pronounced in mononuclear cells, reaching

an activity greater than 0.4 pmoles/h/g (Figure 4.6B), compared to 0.1 pmol/h/Ig in

neutrophils. However, caspase-1 activities in wild-type and MMP-8 deficient

mononuclear cells were also unchanged (Figure 4.6B). Consistent with unaffected
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Figure 4.5. Neutrophils and mononuclear cells from MMP-8 deficient mice
have abolished constitutive and inducible levels of caspase-Il. (A) Relative
quantification of caspase-1 I transcript by real-time PCR with Taqman probes
revealed loss of expression in Mmp8 -I- neutrophils from either MRLI1pr or
C57BLI6x129 mouse strains. This reduction was maintained following I h
treatment of MRLIIpr neutrophils with 10 ig/mL LPS. Lysates (50 ig total protein)
from bone marrow neutrophils (B) and mononuclear cells (C) untreated or
incubated with 10 ng/mL lFN-’, 0.1 tg/mL or 10 tg/mL LPS show a loss of
caspase-1 1 protein levels in cells from male MMP-8 deficient mice. (D) Addition
of I tg/mL active murine MMP-8 failed to rescue the caspase-1 I expression
defect. Actin intensity is used as a loading control.
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A SAMPLE AACT (WT:KO) 2T (WT:KO)

MRLIIpr 10.7 +/-OA 1660
MRL/Ipr + LPS 9.2 +1- 0.2 590
C57BL/6x129 9.9 +1- 0.4 960

B Neutrophils
WT KO

IFNy - 10 - - - 10 -
- ng/mL

LPS - - 0.1 10 - - 0.1 10 tg/mL

C 11— —

— ..L. .

____

— Acti n

C Mononuclear cells
WT KO

IFNy - 10 - - - 10 -
- ng/mL

LPS - - 0.1 10 - - 0.1 10 g/mL

Casp-11

— — — Acti n

D Neutrophils Mononuclear cells

WT KO WT KO

MMP-8- + - - + - - + - - ÷ -

LPS - - + - - + - - ÷ - - +

Casp-1 I

— —— Actin
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Figure 4.6. MMP-8 deficient neutrophils have unaltered caspase-1 activity
and IL-I 13 secretion. Caspase-1 activity, measured by Ac-YVAD-AMC cleavage,
was unchanged in untreated, IFN-y, or LPS stimulated male MMP-8 deficient
neutrophils (A) and mononuclear cells (B) compared to wild-type control cells
(n=3). (C) IL-113 secretion (pg/mL) following 24 h culture of bone marrow
neutrophils, as determined by ELISA (n=3). Histograms show the means and the
SEM for samples in each group where each sample was from an independent
mouse.
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caspase-1 activity, secreted interleukin-1 3 concentrations from untreated and LPS

treated neutrophils were unaltered in MMP-8 deficient samples (Figure 4.6C).

Proteolytic cleavage and shedding of TNF-a by MMP-8

TNF-a is a central pro-inflammatory cytokine that is unique in that it can also induce

apoptosis (35). TNF-cz is produced as a membrane-associated inactive precursor

that is solubilized upon proteolysis, an event that is required for normal inflammatory

functions via TNFRI (36). Previous work has demonstrated that a number of MMPs

can process proTNF-a to generate the active soluble form, both biochemically (11)

and in vivo (37, 38). In vitro incubation of a GST-proTNF-a fusion protein with

human and rodent MMP-8 resulted in efficient and specific cleavage in the

prodomain (Figure 4.7A). N-terminal sequencing defined the new N-terminus as

VRSSS, which is the physiological terminus of soluble TNF-a. Bone marrow derived

MMP-8 deficient neutrophils were examined for their ability to shed TNF-a (Figure

4.7B). In untreated MMP-8 knockout neutrophils, TNF-a shedding was absent and

upon IFN-y treatment, soluble TNF-a was reduced compared with wild-type

neutrophils. However, after LPS treatment there was no difference, likely due to

induction of ADAM-17, the predominant TNF-a converting enzyme in infection (39,

40). The effect of exogenous soluble TNF-a on caspase-1 I expression was

examined (Figure 4.7C). Wild-type neutrophils had significantly elevated caspase

11 expression in response to TNF-a but neutrophils from MMP-8 deficient mice had

undetectable levels.

Caspase-3 activity and constitutive neutrophil apoptosis

Caspase-1 I deficient mice have reduced apoptosis and cell death in pathological

states due to decreased activation of caspase-3, which is known to be important in

the execution phase of apoptosis (41-43). Therefore, caspase-3 activity was

measured in leukocytes from wild-type and MMP-8 deficient mice using the
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Figure 4.7. MMP-8 mediated cleavage of proTNF-a and shedding of TNF-a
from neutrophils. (A) Full length proTNF-a N-terminally fused to GST was
incubated with human (h) and rodent (r) MMP-8 resulting in cleavage in the
propeptide. MMPI, assays performed in the presence of 20 pM BB2112
hydroxamate inhibitor. Proteins were analyzed on a 6-15% gradient SDS-PAGE,
stained with Coomassie G250. Original gel contained other MMP reactions that
were removed from figure for presentation. Cleavage products were analyzed by
N-terminal sequencing to determine cleavage site. Experiment was performed by
Dr. Christopher Overall. (B) TNF-a secretion from bone marrow neutrophils from
wild-type and MMP-8 deficient mice (n3, histogram shows SEM). Neutrophils
were incubated for 24 h in media alone (untreated), 10 ng/mL IFN-y, or 10 Ig/mL
LPS and cell-free supematant was analyzed for TNF-a by ELISA. (C) Bone
marrow neutrophils were stimulated for 24 h with 20 ng/mL murine TNF-a and the
levels of caspase-1 I were determined by western blot.
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fluorometric synthetic peptide substrate Ac-DEVD-AMC (Figure 4.8). Both untreated

and interferon-y treated MMP-8 knockout neutrophils had significantly reduced

caspase-3 activity compared to wild-type cells (p=0.005 and 0.016, respectively)

(Figure 4.8A). This difference was abolished in the presence of LPS, an inhibitor of

neutrophil apoptosis (44), resulting in reduced caspase-3 activity in both wild-type

and knockout neutrophils. Treatment with TNF-a caused elevated caspase-3

activity in both wild-type and knockout neutrophils. In contrast, no significant change

in Ac-DEVD-AMC activity was observed in parallel treatments of isolated

mononuclear cells from wild-type and MMP-8 deficient mice (Figure 4.8B),

suggesting a neutrophil-specific effect that is driven by MMP-8.

Previous phenotypes in MMP-8 deficient mice, including increased airway

inflammation and delayed wound healing, were proposed to be due to an apoptotic

defect (31, 45). Therefore, the accumulation of neutrophils in joints of MMP-8

deficient mice and the absence of caspase-1 1 in leukocytes from MMP-8 knockout

mice prompted the examination of constitutive apoptosis in isolated neutrophils. A

34% decrease in TUNEL-positive cells in the knockout population (p=0.04), from

14.3% to 9.5%, was found (Figure 4.8C, D), and wild-type cell apoptotic staining was

consistent with reported values (46). Therefore, we propose that impaired apoptosis

in neutrophils from MMP-8 knockout mice involves two novel pathways: abolished

caspase-Il expression and reduced TNF-a shedding from MMP-8 deficient

neutrophils (Figure 4.9). These mechanisms potentially contribute to the

accumulation of inflammatory cells in arthritic disease and other inflammatory

disorders in MMP-8 deficient mice.
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Figure 4.8. Reduced caspase-3 activity and TUNEL staining in MMP-8
knockout neutrophils. Activity assay for caspase-3 with fluorometric substrate
Ac-DEVD-AMC with neutrophil (A) and mononuclear cell (B) lysates from wild-
type and MMP-8 knockout male mice (n=3) (* p<O.05, ** p<O.O1). Constitutive
apoptosis of bone marrow neutrophils from MMP-8 wild-type and knockout mice.
(C, D) Cells were cultured for 24 h and cytospins were analyzed for DNA
fragmentation by TUNEL staining (C) and percentage of TUNEL-positive cells
was calculated relative to Hoechst control with MMP-8 knockout cells having
significantly less apoptosis (p=O.04, n=3) (D). All histograms show the means and
the SEM.
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Figure 4.9. Proposed mechanisms for MMP-8 promotion of programmed
cell death through induction of caspase-Il expression and shedding of
TNF-a. MMP-8 expression and activity in the neutrophil enables basal caspase
11 expression and responsiveness to LPS and IFN-y through an unknown
pathway. MMP-8 also cleaves cell membrane proTNF-a to generate soluble TNF
a which signals through TNFRI (TNF receptor 1) and TRADD (TNF receptor
associated death domain) to induce caspase 11 and activate caspase-8.
Caspase-8 activates caspase-3, leading to neutrophil apoptosis. Therefore,
MMP-8 acts via multiple pathways that converge to execute apoptosis in the
neutrophil.

proTN F-a

1’ Caspase-lI I
Activation

I Caspase-3 I Activation

NEUTROPHIL
APOPTOSIS

membrane

I Caspase-8 I

125



Discussion

Our experiments reveal the surprising finding that the secreted neutrophil-specific

protease MMP-8 is a key regulator in the expression of caspase-1 1, basal shedding

of TNF-ct, and the orchestration of neutrophil apoptosis. We reported previously that

MMP-8, originally described as a collagenase, promotes neutrophil migration in

acute inflammation not by collagen degradation, but by processing of the ELR

chemokine LIX in mouse and CXCL5/ENA-78 and CXCL8/IL-8 in human (19). In

contrast, the resolution of inflammation requires the termination of neutrophil influx

and clearance of infiltrated cells. Here we report that male leukocytes from MMP-8

deficient mice lack caspase-1 I expression at the RNA transcript and protein level

accompanied by reduced activity of caspase-3 and decreased constitutive

apoptosis. Moreover, MMP-8 deficient neutrophils exhibited reduced TNF-a

shedding. Biologically, this was reflected by an exaggerated accumulation of

infiltrated neutrophils in a murine model of autoimmune rheumatoid arthritis,

correlating with increased joint swelling, and so likely contributes to the disease

pattern. Hence, MMP-8 is protective in a murine model of autoimmune arthritis by

enabling clearance of neutrophils through normal levels of apoptosis, so defining

MMP-8 as an anti-target for arthritis treatment.

Neutrophil apoptosis is a critical process in the resolution of inflammation. Upon

removal of an inflammatory stimulus, neutrophils rapidly undergo programmed cell

death through TNF-a, Fas-dependent, or constitutive intrinsic mechanisms (47).

Several caspases are key effector molecules in apoptosis, forming the apoptosome,

with caspase-3 functioning as an execution phase caspase (48). Levels of active

caspase-3 correlate with increased apoptosis (49). Caspase-3 is expressed as a

pro-enzyme and can be proteolytically activated by several caspases, including

caspase-I 1 (42). Here we report a novel regulatory interaction between MMP-8 and

caspase-I I. Interestingly other MMPs have pro-apoptotic roles in non-immune cell

types. For example, MMP-7 (matrilysin) promotes epithelial cell apoptosis through

processing of FasL (50, 51).
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By means of DNA microarray analysis, we discovered that MMP-8 deficiency

abolishes expression of caspase-1 1, along with ten other alterations in the protease

web. Importantly, complete loss of caspase-1 I expression was also observed in

neutrophils from MMP-8 deficient C57BL/6 x 129 mice, demonstrating a strain-

independent association between MMP-8 and caspase-1 1. Isolation of bone

marrow neutrophils and mononuclear cells from MMP-8 knockout mice confirmed an

absence of caspase-1 1, even following treatment with LPS or interferon-y, previously

reported to induce caspase-1 I expression through nuclear factor-KB and signal

transducer and activator of transcription (STAT)-1, respectively (52). Interestingly,

the genes for Mmp8 and Caspl I are both located on mouse chromosome 9 but are

separated by over 2 million base pairs and are located at 7.56 and 5.31 megabases,

respectively. Notably, the CaspII gene is adjacent to other inflammasome

caspases (53), Caspl and CaspI2, both of which had normal expression in MMP-8

deficient neutrophils. This further reduces the likelihood that genetic disruption of

the capsase-1 1 gene by recombination during the knockout of Mmp8 accounted for

these results. Surprisingly, high concentrations of exogenous active murine MMP-8

had no effect on the expression of caspase-1 1 in either wild-type or MMP-8

knockout cells. This suggests that the regulatory role of MMP-8 requires factors

derived from surrounding cell types or that an MMP-8 dependent regulatory event

occurs upstream in hematopoietic differentiation that persists independent of the

presence or absence of MMP-8 activity.

Caspase-1 1, the murine homolog of human caspases 4 and 5, is a cysteine

protease involved in cytokine maturation and programmed cell death through the

proteolytic activation of caspase-1 and caspase-3, respectively (17, 42).

Furthermore, caspase-1 1 regulates cell migration through actin interacting protein-i,

an activator of cofilin-mediated actin depolymerization (54). Nonetheless, we

previously showed that the chemotactic ability of MMP-8 knockout neutrophils in vivo

is no different than wild-type neutrophils (19). MMP-8 deficient bone marrow

neutrophils have reduced caspase-3 activity compared to wild-type neutrophils.

Reduced caspase-3 activity correlated with decreased constitutive apoptosis in
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isolated bone marrow neutrophils from MMP-8 deficient mice. However, this

difference was negated upon treatment with LPS where both wild-type and MMP-8

deficient neutrophils had reduced caspase-3 activity, consistent with the anti

apoptotic effect of LPS (44). Caspase-1 activity and IL-i (3 secretion were unchanged

in neutrophils and mononuclear cells from MMP-8 deficient mice. Though caspase

11 has been described as an essential activator of caspase-i (34), previous studies

with caspase-1 I deficient mice have revealed tissue-dependent phenotypes. For

instance, intraperitoneal injection of LPS causes reduced IL-i (3 levels whereas

intravenous administration yields normal secretion of IL-I (3, relative to wild-type

controls (55). As such, the tissue microenvironment plays a decisive role in caspase

II activation of caspase-I and consequent IL-1j3 secretion, suggesting that

caspase-1 1-independent pathways exist. Our results reveal the possibility of such

an alternate pathway in the neutrophil. Although our data show no change in IL-I (3
levels, we cannot discount the possibility that lL-1(3 levels are reduced in MMP-8

knockouts in other cellular microenvironments or disease contexts.

TNF-a plays a central role in the pathogenesis of rheumatoid arthritis through the

regulation of cytokine, chemokine and MMP production, recruitment of inflammatory

cells into joints, angiogenesis, and cell death (56). It was previously reported that

MMP-7 and MMP-12 contribute to TNF-a shedding and activation in vivo (37, 38),

although ADAM-I7 is the major TNF-cz converting enzyme in response to LPS

stimulation or bacterial infection. Here we show for the first time that MMP-8 cleaves

proTNF-a in vitro, specifically and efficiently generating the mature form detected

physiologically. In comparison to other collagenolyic MMPs (-1, -2, -13, -14) only

MMP-8 produced exclusively the correctly processed active form (data not shown).

Unstimulated and interleron-y treated MMP-8 deficient neutrophils showed

decreased shedding of TNF-a, compared to wild-type neutrophils, whereas LPS

treatment resulted in equal levels presumably due to induction of ADAM-17.

However, LPS stimulation and the consequent role of ADAM-i7 in TNF-a shedding

is likely not relevant in the context of autoimmune disease. The reduction in soluble
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TNF-a production in the absence of MMP-8 might reduce an autocrine TNF-a

mediated apoptotic mechanism within the neutrophil, hence delaying apoptosis and

resolution of inflammation. Decreased levels of soluble TNF-a in the context of

arthritis could explain the lack of cartilage and bone damage observed in the MMP-8

knockout male mice, despite an abundance of infiltrated inflammatory cells. Notably,

TNF-a is a potent inducer of MMP expression in arthritic chondrocytes and synovial

fibroblasts (57). Therefore, less TNF-a shedding from MMP-8 deficient neutrophils in

the joint should result in decreased production of other MMPs, namely MMP-1 3, now

considered to be the predominant MMP drug target in treating arthritis (58).

Neutrophils are essential for the initiation and maintenance of chronic joint

inflammation in rheumatoid arthritis (5). However, the roles of neutrophil-derived

proteases are poorly defined in the onset and progression of arthritis. The creation

of the novel MMP-8 deficient MRL/Ipr mouse strain, a genetic background

characterized by systemic autoimmunity including rheumatoid arthritis (59), enabled

the evaluation of MMP-8 in inflammatory arthritis. Male MMP-8 knockout mice had

much earlier and more severe arthritis as compared with wild-type controls, whereas

female MMP-8 knockouts had unaltered clinical disease and histology, relative to

female wild-type counterparts. The gender dependence of MMP-8 in chronic

inflammation was observed previously in skin carcinogenesis where the protective

role of MMP-8 only occurred in male mice and was rescued by bone marrow

transplant (18). In the present study we have demonstrated the same gender effect

in a different inflammatory disease and genetic background, thereby supporting the

original finding. Despite the marked accumulation of neutrophils in MMP-8 deficient

joints of male mice that we attribute to reduced apoptosis, there was a surprisingly

low level of cartilage destruction. This is perhaps reflective of the slow progressive

nature of this spontaneous model of chronic arthritis that can only be evaluated over

a relatively short time span due to deteriorating health of the MRL/Ipr mice beyond

18 weeks of age. More acute and aggressive arthritis models would be useful to

clarify the role of MMP-8 in cartilage destruction, but these models are less

predictive of chronic human rheumatoid arthritis.
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Our data highlight the complex effects of different MMPs in arthritic disease. The

roles of individual MMPs in arthritis remain poorly defined despite progress with

genetic knockout mice, recently revealing contradictory roles of MMPs in disease

progression and severity. In the case of the gelatinolytic MMPs, MMP-2 (gelatinase

A) deficient mice had more severe clinical and histological arthritis compared with

wild-types whereas the MMP-9 (gelatinase B) knockouts displayed milder arthritis

(60). In contrast, MMP-3 deficient mice had no significant change in a collagen-

induced arthritis model (61). The MMP-13 over-expressing transgenic mouse

showed increased destruction of articular cartilage reminiscent of human

osteoarthritis (62), but the role of MMP-13 at physiological levels is unknown. Global

interpretation of these studies is difficult given the diverse nature of arthritis models

that range from acute inflammation to spontaneous chronic inflammation as

investigated here. Due to the short life span of mice, inflammatory changes are not

always associated with the cartilage destruction that is typical in chronic human

disease.

In regulating neutrophil apoptosis and clearance, MMP-8 exhibits a potent and novel

anti-inflammatory role in chronic inflammation in the context of rheumatoid arthritis,

thereby defining MMP-8 as an anti-target in the disease. A protective role of certain

MMPs in joint inflammation is not unexpected in light of musculoskeletal side effects

in clinical trials with broad-spectrum MMP inhibitors (63). Undoubtedly, it will be

necessary to spare MMP-8 in the development of novel selective MMP inhibitors for

treating chronic diseases requiring long-term dosing. MMP-8 has also emerged as

an anti-target in cancer therapy (13, 18), but surprisingly has a detrimental effect in

mouse models of multiple sclerosis where MMP-8 deficient mice have improved

outcome (64). Clearly the disease and organ-dependent functions of MMP-8 need to

be explored further, in combination with substrate discovery efforts, to decipher the

physiological mechanisms and functions of this so-called collagenase, whose roles

clearly extend beyond extracellular matrix degradation.
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CHAPTER 5. CONCLUSIONS AND PERSPECTIVES
Dynamic Regulation of Inflammation and Immunity by MMP-8

The research presented in this thesis expands on our previous knowledge of the

functions of MMPs and the mechanisms by which MMPs regulate inflammation and

immunity, with a particular focus on MMP-8, the neutrophil collagenase. The most

significant findings of this thesis research are (i) identifying for the first time and

characterizing a feed-forward neutrophil recruiting mechanism by MMP-8 regulation

of mouse and human neutrophil chemoattractants, (ii) biochemically identifying a

novel MMP chemokine substrate, the T cell chemoattractant CXCL1 1, and

evaluating the functional consequences of truncation including a novel proteolytic

effect on glycosaminoglycan binding and hence dispersal of the chemokine gradient,

and (iii) defining MMP-8 as an anti-target in arthritis and identifying potential

mechanisms by which MMP-8 promotes neutrophil apoptosis and the resolution of

inflammation. Taken together, this thesis highlights the diverse roles of a single

protease in the context of different immunological processes, encompassing the

innate, adaptive, and autoimmune scenarios.

Once considered to be simple matrix degrading enzymes, MMP5 are now known to

have pleiotropic roles in normal homeostasis and pathological processes by acting

through a plethora of bioactive substrates. As such, defining suitable MMP drug

targets has become a challenging task. In the case of MMP-8, the data from air

pouch models suggest that MMP-8 inhibition could be beneficial in dampening acute

inflammation. In collaboration work not presented in this thesis, we showed that

MMP-8 was detrimental in experimental autoimmune encephalomyelitis (EAE), a

murine model of multiple sclerosis (1). In contrast, MMP-8 was found to be

protective in rheumatoid arthritis, a chronic inflammatory disease. Furthermore, I

propose that MMP-8, in conjuction with other MMPs, functions to downregulate Thi

cell chemoattraction and modulate acquired immunity. Therefore, the risks and

benefits of targeting a multi-functional protease such as MMP-8 must be carefully

assessed and balanced. Protective roles in cancer and arthritis define MMP-8 as an

136



anti-target in these diseases and hence MMP-8 must be spared in the design of

novel MMP inhibitors for clinical use.

Despite the large number of MMP family members, which is 23 in human and 24 in

mouse, there exists a remarkable lack of redundancy in vivo. Nearly every MMP

deficient mouse generated to date has one or more phenotypes relating to

inflammatory or immunological processes, as reviewed in Chapter 1. The neutrophil

alone produces MMP-8, MMP-9, MMP-14, and MMP-25. Although several MMPs,

including MMP-9 and MMP-14, biochemically process and activate the neutrophil

chemoattractant LIX, MMP-8 is the dominant physiological regulator of LIX activity.

This shows that while there is biochemical redundancy, there is less physiological

redundancy than expected. In additon, four MMPs cleaved the T lymphocyte

chemokine CXCLI 1/1-TAC but only MMP-8 cleaved within the C-terminal alpha-

helix, resulting in the loss of glycosaminoglycan affinity. In the absence of MMP-8,

MMP-9 is considerably upregulated in the neutrophil, yet this does not compensate

for the more severe arthritis observed in MMP-8 deficient male mice nor the delayed

neutrophil apoptosis in the absence of MMP-8. Therefore, in spite of an apparently

redundant system, the data presented herein supports a unique and complex role for

MMP-8 as a pivotal regulator in inflammation and immunity.

This research has used a wide variety of techniques to explore the biological

functions of MMP-8, including biochemical analyses with mass spectrometry, cell

culture, gene microarrays, and mouse models of inflammation. This multifaceted

approach has proven very successful in viewing MMPs from different perspectives,

at both the molecular and physiological levels, and hence gaining valuable insight

into both mechanism and function. Biochemical tools, such as the MALDI-TOF MS

analysis that I performed, aided in the discovery of new MMP-8 substrates,

specifically LIX, CXCL5, CXCL8, CXCLI 1, and TNF-a. Isolation and culture of

primary cells enabled the characterization of functional consequences of proteolysis

of bioactive substrates. Furthermore, gene microarrays revealed potential

mechanisms by which MMP-8 controls neutrophil accumulation and resolution.
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Finally, the MMP-8 knockout mouse and the novel MRL/Ipr MMP-8 deficient strain

that I generated by backcross breeding were instrumental in deciphering the

physiological roles of MMP-8 in acute and chronic inflammation.

Bridging the gap between what happens in a test tube and what occurs in an animal

is far from trivial. This is exemplified in Chapters 2 and 3 which describe

biochemical cleavages that resulted in either chemokine activation or switching a

receptor agonist to an antagonist, respectively. A direct link between MMP-8

mediated LIX activation and decreased neutrophil infiltration in MMP-8 deficient mice

seemed obvious at first. However, some key pieces to the puzzle were missing.

Most notably, the MMP processed forms of LIX were never detected in physiological

samples although decreased cleavage was evident in MMP-8 deficient mice (2).

More recent findings, as described in Appendix A, have prompted the hypothesis

that MMP-8 is regulating LIX activation in an indirect manner. Demonstrating

evidence of in vivo processing of CXCL1 1 has been unsuccessful to date, despite

the raising of sensitive neo-epitope antibodies specific for the MMP processed forms

of the chemokine. Many biochemical cleavage events are in vitro artefacts that do

not occur physiologically, and must be considered when designing experiments. In

hindsight, studying chemokine processing at both the biochemical and cellular level

would provide a more relevant starting point for the identification of physiological

substrates.

Animal models of disease are without doubt extremely useful research tools.

However, no model is perfect in predicting human disease. This is especially true

for mouse models of arthritis. There is no consensus on the best murine model of

rheumatoid arthritis, which range from acute and severe collagen-induced arthritis,

serum transfer methods, and the milder MRL/Ipr systemic autoimmune model that

was described in Chapter 4. With researchers using such an array of models,

comparison across studies becomes increasingly difficult. The MRLIIpr model of

autoimmunity provided a strong inflammatory response in the mouse joints, which

was evident by clinical edema and histological analysis. However, this model did not
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yield detectable cartilage damage, a hallmark of rheumatoid arthritis. As such, using

a single model to study such a complex disease is a limitation and future arthritis

studies should use multiple models to strengthen conclusions and assess different

aspects of disease pathology.

Over the past five years, conflicting results regarding the role of MMP-8 in

inflammatory disease have emerged (Table 1.2). In acute situations, such as the

LPS-treated air pouch (Chapter 2), TNF-induced lethal hepatitis (3), and LPS-treated

cornea (4), MMP-8 assumes a pro-inflammatory function with knockout mice

exhibiting decreased levels of neutrophils. This phenotype is reversed in lung

models of acute inflammation where MMP-8 deficient mice have elevated infiltration

of neutrophils (5, 6), demonstrating tissue-dependent effects. In contrast, chronic

inflammation such as that in skin carcinogenesis (2), wound healing (7), and

rheumatoid arthritis (Chapter 4), reveal an anti-inflammatory role for MMP-8, where

MMP-8 knockout mice are protected from disease.

Based on this research and that of others, I currently hypothesize that MMP-8 is

acting through multiple pathways to promote neutrophil migration in acute

inflammation and to resolve inflammation during the transition for acute to chronic

inflammation (Figure 5.1). In acute inflammation, MMP-8 is released from stimulated

neutrophils to cleave and inactivate ctl-proteinase inhibitor, a serine protease

inhibitor. This enhances the activity of neutrophil elastase which can efficiently

cleave and activate LIX, a potent murine neutrophil chemoattractant. This

mechanism is depicted in Figure A.7 (Appendix A). In the normal resolution of

inflammation, I hypothesize that MMP-8 promotes neutrophil apoptosis and

clearance through induction of caspase-1 1 expression and TNF-a shedding (Figure

4.9). Although adaptive immune processes have not been specifically studied in the

MMP-8 knockout mouse, I propose that MMP-8 and other MMPs can process

CXCLI 1 and convert it into a CXCR3 antagonist Thi lymphocyte chemokine, alter

its haptotactic gradient localization on glycosaminoglycans, and ultimately

downregulate Thi lymphocyte recruitment (Figure 3.10).
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Figure 5.1. Solving the MMP-8 puzzle: diverse functions of MMP-8 in
inflammation and acquired immunity. MMP-8 is released from specific
granules of activated neutrophils resulting in many proteolytic functions. To
promote neutrophil recruitment in acute inflammation, MMP-8 either activates the
neutrophil chemoattractant LIX directly or increases neutrophil elastase (NE)
activation of LIX via inactivation of al-proteinase inhibitor (al-PI). Alternatively,
MMP-8 promotes the normal resolution of inflammation through TNF-a shedding
and the regulation of caspase-1 1 expression, pathways proposed to converge
and induce neutrophil apoptosis. TNF-a shedding results in increased MMP
expression (not shown). MMP-8 also processes the Thi chemoattractant
CXCL1 1 yielding a receptor antagonist with predicted reduction of Thi
lymphocyte recruitment in vivo. The discovery of additional physiologically
relevant substrates will be essential in fully understanding the complex and
multifaceted functions of MMP-8 in neutrophil physiology and inflammation.
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Future research stemming directly from these findings should include examination of

MMP processing of CXCLI I in vivo as well as further characterizing the pro

apoptotic effect of MMP-8. CXCLI 1 processing could be compared in normal and

diseased tissues using mass spectrometry and neo-epitope antibody-based

detection. Specifically, due to an abundance of neutrophils and T lymphocytes,

tissues from autoimmunities such as multiple sclerosis, psoriasis, and arthritis would

be of particular interest. Experiments to decipher the mechanism for the regulatory

interaction between MMP-8 and caspase-1 I should focus on developmental

aspects. Studying leukocytes from mice of various ages could provide insight into

this mechanism. Furthermore, examining caspase-1 1 levels in hematopoietic stem

cells and myeloid progenitor cells from MMP-8 deficient mice could reveal the basis

of this regulatory effect. Ultimately, experiments should be aimed at discovering and

validating substrates through which MMP-8 promotes neutrophil apoptosis.

The homeostatic and pathological functions of proteases are defined by the

substrates they cleave and the biological consequences of these post-translational

modifications. Until recently, substrate discovery efforts have been largely biased

and limited by the classical hypothesis-driven approach. However, novel mass

spectrometry based methods for substrate discovery are emerging with far-reaching

potential to revolutionize protease research, providing systematic and unbiased

routes to substrate identification (8). Although numerous bioactive MMP-8

substrates have been identified biochemically (Table 1.1), none have been validated

in vivo, which is a challenging task due to the low abundance of many substrates

such as chemokines. This highlights the necessity for multiple levels of substrate

validation, which can be achieved by demonstrating biochemical, cellular, animal

model, and ultimately human relevance (9). The use of MMP-8 knockout mice,

primary neutrophils, or MMP-8 deficient cell systems in conjunction with proteomic

substrate discovery techniques will validate proposed mechanisms and potentially

uncover novel pathways by which MMP-8 coordinates both the initiation and

resolution of inflammation. One such technique is described in Appendix B.

141



Data relating the effects of MMPs in mouse models with those in human disease are

currently lacking. Fundamental differences between mouse and human MMPs are

evident by the increased number of MMPs, and all proteases, in mice (10) and also

from failed MMPI clinical trials, despite promising efficacy in animals (11). Such

differences should be assessed at the molecular level by comparing cleavage site

specificities (described in Appendix B), kinetics of substrate cleavage, and inhibition

profiles for individual mouse and human proteases. This should then be expanded

upon using human cell lines in conjunction with small interfering RNA and specific

inhibitors, and ultimately correlation studies with disease severity should be

examined in humans, as described recently for MMP-8 in cancer metastasis (12).

The majority of homeostatic and pathogenic pathways appear to be conserved

across species, although specific mediators may differ. However, these differences

must be appreciated and clearly defined.

In conclusion, this thesis has demonstrated the pivotal role of MMP-8 in both the

initiation and resolution of inflammation. Once thought to be simply a collagen-

degrading protease, MMP-8 is emerging as a multifaceted regulator of neutrophil

recruitment and clearance with protective roles in arthritis and cancer. MMPs are

now known to act through a wide variety of bioactive molecules and function as key

regulators in numerous physiological processes, including inflammation and

immunity. As our knowledge of the mechanisms and physiological functions of

MMPs continues to expand, there is the potential to uncover novel therapeutic

strategies for the many diseases that involve dysregulated inflammation.
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APPENDIX A. PROCESSING OF ELR4 CHEMOKINES BY NEUTROPHIL SERINE
PROTEASES5

Perspective

The manuscript in Chapter 2 entitled “LPS responsiveness and neutrophil

chemotaxis in vivo require PMN MMP-8 activity” describes the pro-inflammatory role

of MMP-8 in neutrophil infiltration in acute immunity. In a subcutaneous air pouch

model, MMP-8 deficient mice had reduced neutrophil migration in response to LPS.

This was attributed to MMP-8 processing and activation of the murine ELR

chemokine LIX. Indeed, air pouch experiments with the activated form of LIX

showed equal migration of neutrophils in wild-type and MMP-8 knockout mice,

validating LIX as a physiological MMP-8 dependent mechanism for promoting

neutrophil infiltration. This demonstrated that there was no defect in the PMN

chemotactic machinery and that MMP-8 cleavage of the extracellular matrix is not

required for migration. Neo-epitope antibodies specific for the MMP-8 processed

forms of LIX were generated, but these twncations were not detected in air pouch

fluids, thereby prompting the examination of alternate MMP-8 dependent pathways

for LIX activation and neutrophil recruitment. In this Appendix, efficient neutrophil

elastase processing of LIX is demonstrated and MMP-8 cleavage and regulation of

al-PI, a potent neutrophil elastase inhibitor, is proposed. By this indirect pathway,

MMP-8 might increase neutrophil elastase activity and hence increase the

proteolytic activation of LIX, thereby recruiting neutrophils in a feed-forward

mechanism.

The studies presented in Appendix A are unpublished and expand on the
published manuscript in Chapter 2.
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Results

Processing of LIX by isolated bone marrow neutrophils

MMP-8 processing of LIX was studied in the cellular context with bone marrow

neutrophils from wild-type and MMP-8 deficient mice. Cleavage was analyzed by

Tris-tricine gel electrophoresis and MALDI-TOF mass spectrometry. Processing

occurred after only a few hours with either wild-type or MMP-8 deficient neutrophils

(Figure A.IA, B). Deconvolution of MALDI-TOF data identified cleavage products as

LIX (9-92), LIX (1-78), and LIX (9-78) with mass to charge ratios (mlz) of 9150,

8325, and 7626 [M+H], respectively (Figure A.IC). Therefore, neutrophil-mediated

proteolysis of LIX occurs at6IAA-TEL11 and 76KKA-KRN81 (Figure A.ID). These

cleavage products are expected to have enhanced activity based on previous

findings with ELR chemokines (1, 2). Therefore, neutrophil proteases are able to

process and activate LIX and this is not MMP-8 dependent in the cellular context.

LIX is processed by serine proteases neutrophil elastase and cathepsin G

To assess the neutrophil protease(s) responsible for LIX processing, protease

inhibitors were added to the cleavage mixture. The serine protease inhibitor 2-

aminoethyl benzenesulfonyl fluoride hydrochloride (AEBSF) was an effective

inhibitor of LIX cleavage (Figure A.2A). This data indicates that LIX is processed by

at least one of the three major serine proteases in neutrophils: proteinase-3,

cathepsin G, and neutrophil elastase. The mechanism of serine protease mediated

LIX cleavage was examined further using endogenous serine protease inhibitors

(Figure A.2A). At concentrations as low as 100 nM, both al-proteinase inhibitor (al

P1) and secreted leukocyte protease inhibitor (SLPI) effectively inhibited LIX

cleavage by neutrophils. It is known that SLPI does not inhibit proteinase-3 (3),

whereas both al-PI and SLPI inhibit neutrophil elastase and cathepsin G (4).

Therefore, potential candidates for neutrophil-mediated LIX processing were

neutrophil elastase and cathepsin G.

145



A
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LIX (1-92) 9849 9850
LIX (9-92) 9150 9153

LIX (7-78) 8325 8325
LIX (9-78) 7626 7628

D 1 10 80 90

APSSVIAATELR...SDKKKAtKRNALAVERTASVQ

Figure A.1. Neutrophil processing of LIX is independent of MMP-8. Bone
marrow neutrophils were isolated from wild-type and MMP-8 deficient mice then
incubated with LIX. Reactions contained 1 x 106 cells, activated with PMA as
marked, and 10 tg LIX in RPMI and were incubated at 37 °C for up to 3 hours.
Cleavage with wild-type (A) and MMP-8 knockout (B) neutrophils was visualized by
15% Tris-Tricine gel electrophoresis and analyzed by MALDI-TOF MS in sinapinic
acid matrix. (C) Mass to charge ratios ([M-i-H]) were deconvoluted to determine
truncation products (italics). (D) N-terminal cleavage at Ala8-Thr9and the C-terminal
cleavage at A1a78-Lys79 are depicted with arrows in the LIX sequence.
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Figure A.2. Neutrophil-derived serine proteases cleave LIX. Bone marrow
neutrophils were isolated from wild-type mice then incubated with LIX. I x 106 cells
were activated with 50 nM PMA and preincubated with AEBSF, al-PI, or SLPI
before the addition of 10 g LIX. Reactions were incubated at 37 °C for 4 h. (A) Cell-
free conditioned media was visualized on 15% Tris-Tricine SDS-PAGE and analyzed
by MALDI-TOF MS in sinapinic acid matrix to determine truncation products. (B)
Biochemical cleavage efficiencies of MMP-8, cathepsin G (CatG; Calbiochem) and
neutrophil elastase (NE; Elastin Products) for LIX were assessed by titration.
Enzyme-substrate ratios (E:S) are mol:mol. (C) Specificity constants (kcat/KM) were
determined by densitometry. (D) MMP-8, CatG, and NE cleavage sites in LIX are
depicted. Asterisks mark the sites of neutrophil-mediated cleavage.
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Human neutrophil elastase and cathepsin G were tested in vitro for cleavage of LIX,

and directly compared with MMP-8, which is known to cleave LIX biochemically

(Figure A.2B). MMP-8 processed LIX at Ser4-Va15 and Lys79-Arg80,as determined

previously, with cleavage starting at an enzyme concentration of 20 nM. Cathepsin

G also cleaved LIX at Lys79-Arg80,but only at concentrations above 100 nM. In

contrast, neutrophil elastase was an efficient processor of LIX at concentrations as

low as 1 nM, resulting in cleavages at 11e6-A1a7,AIa78-Lys79,and Leu83-AIa84. By

densitometry analysis as described previously (5), specificity constants (kcat/KM) of

LIX cleavage were estimated to be 600, 60 and 1200 M1s1 for MMP-8, cathepsin G,

and neutrophil elastase, respectively (Figure A.2C). Notably, only the C-terminal

A1a78-Lys79 cleavage by neutrophil elastase matches a neutrophil-mediated

truncation of LIX (Figure A.2D). The N-terminal A1a8-Thr9 cleavage was not

reproduced by any of the enzymes tested, however these were human enzymes and

murine counterparts could have slightly shifted specificity. Nonetheless, based on

the kinetic efficiency of neutrophil elastase cleavage of LIX and the inhibition profile

in neutrophil-mediated LIX cleavage, neutrophil elastase is the best candidate for

LIX processing and activation in vivo.

In vitro cleavage of mouse ELR chemokines by neutrophil elastase

We tested whether neutrophil elastase cleavage of LIX was a specific interaction or

if other murine ELR chemokines are processed. Incubations containing 20 nM

enzyme and 10 1iM chemokine (E:S of 1:500) revealed that KC and MIP-2 are

resistant to cleavage and that DCIP-1 is degraded by neutrophil elastase (Figure

A.3A). As expected, LIX was efficiently and specifically cleaved, generating LIX (7-

83) and LIX (7-78), corresponding to [M+H] values of 8352 and 7769, respectively.

Therefore, LIX is the only murine neutrophil chemoattractant that is precisely

cleaved and activated by neutrophil elastase.

In vitro cleavage of human ELR+ chemokines by neutrophil elastase

Human ELR chemokines were investigated for neutrophil elastase cleavage to

assess whether homologous chemokine activation mechanisms exist in human. At

enzyme substrate ratios of 1:500 (mol:mol), neutrophil elastase cleaved GRO-y at
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—
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Chemokine Measured Predicted

DCIP-1 (1-73) 7911 7911
KG (1-72) 7812 7812
LIX (1-92) 9852 9850
LIX (7-83) 8352 8353
LIX (7-78) 7769 7770
MIP-2 (1-73) 7844 7847

Figure A.3. Neutrophil elastase processing of murine ELR4’ chemokines.
Chemokines were incubated for 16 h at 37 °C in 50 mM Tris, 200 mM NaCI, 5 mM
CaCI2, pH 7.4. Enzyme to substrate ratio was 1:500 (mol:mol). (A) Reactions
were visualized by 15% Tris-Tricine gel electrophoresis (silver stained) and
analyzed by MALDI-TOF MS in sinapinic acid matrix. * signifiies loss of band
intensity and protein degradation. (B) Mass to charge ratios ([M+H]) were
deconvoluted to determine truncation products (italics).
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position Va14-Thr5,but left GRO-a and GRO-3 intact (Figure A.4A, B). Like DCIP-1,

ENA-78 was also largely degraded by neutrophil elastase, but a peak at [M+H] of

7862 was detected, which corresponds to a cleavage at Va17-Leu8(Figure A.4A, B).

NAP-2 was partially cleaved in the C-terminus at residues Val59-G1n6°and IL-8 was

resistant to cleavage at these conditions. The cleaved sequences reveal a strong

preference for Valine in P1 (Figure A.4C), as reported previously in peptide library

screens (6).

MMP-8 processing of al-proteinase inhibitor

MMPs have been previously reported to cleave and inactivate al-PI (7, 8) and

modulate the activity of serine proteases physiologically through this mechanism (9).

Other naturally occurring neutrophil elastase inhibitors SLPI and elafin are reported

to be resistant to MMP-8 processing (10). MMP-8 efficiently cleaves the 54-kDa al

P1 to generate the 50-kDa inactive form (Figure A.5A), with processing evident at

enzyme-substrate ratios as low as 1:5000 (w:w). A time course of MMP-8 proteolysis

of al-PI (Figure A.5B) enabled the estimation of a specificity constant (kcat/KM) of 7.7

x M1s1 from densitometry analysis.

Altered processing of LIX in BALF of MMP-8 deficient mice

Several mouse tissues and fluids were examined for the presence of LIX and MMP

8 truncated LIX including air pouch fluid, corneal extracts, and arthritic joints with no

success (data not shown). Previous work demonstrated decreased proteolysis in

bronchoalveolar lavage fluid (BALF) from MMP-8 deficient mice and therefore

processing was attributed to MMP-8 (11). Likewise, in the present work we

observed reduced proteolysis of LIX in MMP-8 deficient lungs following 72-h

treatment with LPS (Figure A.6A). However, these bands were not stained by neo

epitope antibodies specific for MMP-8 cleavage products of LIX (data not shown),

suggesting that the cleavage sites are distinct from those produced by MMP-8.

Western blots with the same BALF samples stained for al -P1 demonstrate increased

levels of full-length al-PI in knockout compared to wild-type lungs at both 48 and 72

h (Figure A.6B).

150



C

GRO-a GRO-13 GRO-y ENA-78 NAP-2 IL-8
- + - + - + - ÷ - + - + +

GRO-cL

G RO - (3

GRO-y

ENA-78
NAP-2
IL-8

[M+H]

mlz [M+H]
Measured Predicted

8402 8403
7862 7861
7624 7624
6481 6482
8918 8919

Figure A.4. Neutrophil elastase processing of human ELR chemokines.
Chemokines were incubated for 16 h at 37 °C in 50 mM Tris, 200 mM NaCI, 5 mM
CaCI2, pH 7.4. Enzyme to substrate ratio was 1:500 (mol:mol). (A) Reactions
were visualized by 15% Tris-Tricine gel electrophoresis and analyzed by MALDI
TOF MS in sinapinic acid matrix. (B) Mass to charge ratios ([M+H}) were
deconvoluted to determine truncation products (italics). (C) N-terminal cleavage
sites in GRO-’’ and ENA-78 and the C-terminal cleavage in NAP-2 are depicted in
red. Sequences are aligned by the ELR motif, highlighted in gray.
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Figure A.5. MMP-8 cleavage of al-proteinase inhibitor. (A) The serine
protease inhibitor al-PP was incubated with MMP-8 for 16 h at 37 °C in 50 mM
Tris, 200 mM NaCI, 5 mM CaCI2, pH 7.4 containing 1 mM APMA. Enzyme to
substrate ratio ranged from 1:5 to 1:5000 (w:w). Reactions were visualized on a
10% SDS-PAGE (silver stained). (B) Time course of MMP-8 cleavage of al-PP at
1:50 (w:w) enzyme-substrate ratio.
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Figure A.6. Reduced LIX processing and increased full length al-PI in BALF
from MMP-8 deficient mice. Female wild-type and MMP-8 deficient mice had 2
ig LPS instilled in their lungs and mice were sacrificed and lungs lavaged with
PBS at 48 and 72 h (Performed by Dr. Alain Doucet). Cell-free BALF from 3 mice
was pooled and concentrated by acetone precipitation. (A) Western blot for LIX in
BALE samples. Standard contains 5 ng each of LIX (1-92), (5-92), and (5-79).
Antibody was polyclonal anti-LIX from R&D Systems and was used at 1:100. (B)
Western blot for al-PI in BALE. Standards were 50 ng al-PI (uncleaved) and 50
ng al-Pl cleaved with MMP-8 (+MMP8). Antibody was anti-human antitrypsin
(Sigma) used at 1:1000. Detection was with Alexa-conjugated antibodies
(Molecular Probes) on the LiCOR Odyssey.
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Summary and Future Experiments

The data presented herein supports our current hypothesis that MMP-8 processes
and inactivates al-PI, leading to increased neutrophil elastase activity and LIX
activation, and thereby promoting neutrophil infiltration (Figure A.7). Conversely, in
the MMP-8 knockout mouse, al-PI is not inactivated and therefore neutrophil
elastase remains inhibited. Notably, other neutrophil MMPs do not seem to
compensate in the MMP-8 knockout mouse. As such, LIX processing and activation
by neutrophil elastase is decreased in the absence of MMP-8, resulting in decreased
neutrophil infiltration. However, some inconsistencies must be addressed. The N-
terminal cleavage site generated by murine neutrophils (Ala8-Thr9)is different than
that of human neutrophil elastase (11e6-A1a7). This may simply reflect a slight
difference in species specificity or could result from protease cooperativity in the
context of the neutrophil, an effect that is absent in biochemical cleavage
experiments. This could be clarified with murine neutrophil elastase, but this enzyme
is not commercially available. Alternatively, LIX proteolysis and activation in lung
inflammation could be studied in the presence of specific neutrophil elastase
inhibitors to define the role of this serine protease in the physiological cleavage and
activation of LIX.
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Figure A.7. Proposed mechanism for MMP-8 regulation of neutrophilelastase-mediated LIX activation. During infection or injury, tissue andendothelial cells secrete neutrophil chemoattractants including LIXJmCXCL5.In the mature form, LIX is a weak chemoattractant. Neutrophils thatextravasate into the tissue are activated and degranulate, releasing MMP-8and neutrophil elastase (NE). NE is inhibited by the irreversible serpin, alproteinase inhibitor (al-PI). However, MMP-8 cleaves the C-terminus of al-Plrendering it inactive and thereby increasing NE activity. Uninhibited NEcleaves the N-terminus of LIX resulting in increased chemoattraction ofneutrophils, demonstrating an indirect feed-forward mechanism of neutrophilrecruitment.
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APPENDIX B. PROTEOMIC ANALYSIS OF MMP-8 CLEAVAGE SPECIFICITYAND SUBSTRATE IDENTIFICATION6

Perspective

There are fundamental differences between mouse and human MMPs, where
humans have 23 and mice have 24 MMPs. It is very important to consider such
differences when interpreting results from mouse models. Biochemical data with
the ELR chemokine CXCL5 shows a shift in cleavage specificity between human
and rodent MMP-8, likely dUe to a lysine at S3’ in the rodent enzyme in place of
alanine in human MMP-8 (Chapter 2). Therefore, the cleavage specificities of
human and mouse MMP-8 were compared to validate studies with the MMP-8
knockout mouse model. Traditional peptide-centric methods for profiling the
cleavage site specificity of a protease are time consuming, expensive, and provide
limited information [reviewed in (1)]. A novel technique that relies on proteome
derived, database-searchable peptide libraries for the identification of cleavage sites,
termed PICS (2), was used to compare the sequence specificities of mouse and
human MMP-8. Very minor differences in consensus cleavage sites were detected,
suggesting that mouse and human MMP-8 act on similar substrates and have
conserved physiological functions. To identify tissue-derived extracellular MMP-8
substrates in a systematic, non-biased manner, recombinant murine MMP-8 was
added to immortalized embryonic fibroblasts that were isolated from MMP-8
knockout mice. The protein mixture in the conditioned media was then simplified by
terminal amine isotopic labeling of substrates (termed TAILS), which enriches for N-
terminal peptides (KIelfeld et al., manuscript in preparation). By comparing the
intensities of isotopic labels in untreated and mMMP-8-treated samples, the levels of
20 peptides were significantly changed. Hence, the corresponding proteins
represent potential mMMP-8 substrates. Future work will be aimed at validating
potential substrates and using quantitative proteomics to compare neutrophils
isolated from wild-type and MMP-8 knockout mice.

6 The studies presented in Appendix B are unpublished.
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Results

PICS analysis of MMP-8 cleavage specificity

The proteolytic cleavage specificities of murine and human MMP-8 were determined

as described previously (2). Briefly, peptide libraries were prepared from the

insoluble lysis pellet HEK 293 cells, digested with trypsin, and cysteines and amines

were protected with iodoacetamide and formaldehyde treatment, respectively (library

provided by Dr. Oliver Schilling). The library was treated with murine or human

MMP-8 at a ratio of 1:100 (w:w) for 16 h at 37 °C. Neo-amino termini were

conjugated to cleavable biotin and purified on immobilized streptavidin. Following

LC-MS/MS on a QSTAR Pulsar (Applied Biosystems, Operated by the UBC Centre

for Blood Research Mass Spectrometry Suite), peptides were identified by MASCOT

in conjunction with PeptideProphet analysis. The C-terminal (non-prime) side of the

original substrates was inferred from the human IPI database (Perl script by Dr.

Oliver Schilling and Dr. Ulrich auf dem Keller).

PICS analysis of tryptic libraries with MMP-8 yielded 187 and 266 cleaved peptides

with mouse and human enzymes, respectively. The resulting heat maps, generated

with Pro FIT software, reveal a strong preference for leucine at P1’, proline and

alanine at P3, and glycine and alanine at P3’ (Figure B.1). This specificity is

comparable to that reported for MMP-2 (2). Notably, there were very few differences

between the mouse and human cleavage preferences. Human MMP-8 had slightly

elevated preference for glycine at P5, whereas mouse MMP-8 had increased

preference for serine at P1 and leucine at P4 and P5’. Overall, the specificities look

very similar, suggesting conserved cleavage specificities for human and mouse

MMP-8 in vivo.
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Figure B.1. Cleavage site specificities of murine and human MMP-8. PIGS
analysis of tryptic peptide libraries was performed at an enzyme-library ratio of
1:100 (w:w) for 16 h at 37 °C. Amino acid occurences as percentages from P6 to
P6’ are plotted. , carboxyamidomethylated cysteine; K, dimethylated lysine.
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MMP-8 substrate discovery with TAILS enrichment method

Over the past few years, numerous proteomic approaches to protease substrate

discovery have been reported including 2-dimensional gel electrophoresis (3),

isotope-coded affinity tags (ICAT) (4-6), and isobaric tags for relative and absolute

quantitation (iTRAQ) (7). A novel method with the benefit of simplifying complex

proteomes is called TAILS, for terminal amine isotopic labeling of substrates

(Kleifeld et al., manuscript in preparation). Like iTRAQ, TAILS relies upon isotopic

labeling of protein N-termini comparing untreated and protease-treated samples.

However, following tryptic digestion of proteins, internal peptides are removed by

coupling of free N-termini to a large polymer containing reactive aldehyde groups.

The original N-termini in the sample are blocked with isotopic labels and therefore do

not bind the polymer. As such, the sample is greatly enriched for original and

protease-derived N-terminal peptides allowing for better detection of potential

protease cleavage sites.

Embryonic fibroblasts from MMP-8 knockout mice were isolated and immortalized to

provide a naive system for studying MMP-8 proteolysis of extracellular matrix and

secreted tissue proteins. Briefly, embryos were isolated from time-mated MMP-8

knockout females on the C57BL/6 x 129 background at 13.5 days gestation.

Notably, timed mating was most successful when females were placed in a male-

scented cage 3 days prior to mating, thereby initiating the female estrus cycle.

Embryonic heads and livers were removed and remaining tissue was homogenized

in trypsin and cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM

glutamine, 100 units/mL penicillin, 100 tg/mL streptomycin, and 100 tM 2-

mercaptoethanol. Cells were passaged every 3-5 days until immortalized and then

subcloned.

Recombinant murine MMP-8 was added to Mmp8-/- fibroblast cultures in serum-free

conditions for 24 h at a concentration of 0.4 g/mL, as determined by active site

titration with TIMP-1 and TIMP-2. Conditioned media was collected and
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concentrated by precipitation with trichloroacetic acid, resuspended in 50 mM NaOH,

then neutralized with 250 mM HEPES, pH 8.0. 500 tg each of untreated and MMP

8 treated proteomes were reduced, denatured, isotopically labeled with heavy or

light label, combined, and trypsin digested. The resultant peptide mixture was then

incubated with an excess of aldehyde-containing polymer to remove internal

peptides. The remaining peptides were fractionated by strong cation exchange

HPLC and analyzed by LC-MS/MS on a QSTAR Pulsar (Applied Biosystems,

Operated by the UBC Centre for Blood Research Mass Spectrometry Suite).

Peptides were identified by MASCOT assignment and relative abundance quantified

by Trans Proteomic Pipeline (TPP, Institute for Systems Biology). The resulting data

was analyzed and annotated by Dr. Ulrich auf dem Keller.

Following polymer enrichment, 432 unique peptides were identified. Of these, 76%

had iTRAQ-labeled N-termini, 13% had acetylated N-termini, 10% had iTRAQ

labeled lysines, and 1% were completely unlabeled (Figure B.2A). Therefore, 11%

of peptides had unlabeled N-termini. In contrast, 89% of peptides had blocked N

termini and hence represent either mature or proteolytically generated N-termihal

peptides, demonstrating clear enrichment using the TAILS technique. The

distribution of isotopic ratios relating MMP-8 treated to untreated controls is centered

around natural log of 0, indicating a 1:1 labeling ratio (Figure B.2B). The median of

this distribution was 0.96. Using a cut-off of a two fold change in isotopic intensity, 9

peptides were significantly upregulated in MMP-8 treated samples, including MMP-8

itself (Figure B.2C). The other increased peptides could represent direct MMP-8

substrates but these have yet to be validated. In contrast, 12 peptides were

significantly downregulated in the presence of MMP-8. This could be the result of

protein degradation by MMP-8, MMP-8 regulation of other proteases in the cellular

context, or alternatively MMP-8 cleavage within the detected peptide. The latter of

these possibilities is probable in several cases where a strong MMP consensus

sequence of proline at P3 and leucine or isoleucine P1’ are evident (shown in red),

such as SPARC, shown previously to be cleaved by several MMPs at this site (8).

Notably, 9 of the downregulated peptides contain RL and RV on the N-terminal side
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of cleavage (P2 and P1). Potentially, these sites are cleaved by unknown fibroblast

derived protease(s), and hence these changes could result from MMP-8

downregulation of the activity of other proteases in the protease web.

Summary and Future Directions

The data presented here has demonstrated similar cleavage site specificities for

murine and human MMP-8 with a consensus of leucine at P1’, proline and alanine at

P3, and glycine and alanine at P3’. However, it is known that exosites such as the

hemopexin C domain are major determinants of substrate specificity, and exosite

interactions are unlikely at the peptide level (9). Therefore, comparing human and

mouse MMP-8 activities on protein substrates should be addressed in the future.

The TAILS data shown here is really just the beginning of a project aimed at

identifying MMP-8 substrates, through the use of immortalized cells as well as

primary neutrophils from wild-type and MMP-8 knockout mice. Several potential

substrates were identified and these will be confirmed with repeat experiments and

validated both biochemically and physiologically. Quantitative proteomic techniques

including TAILS have the potential to reveal the precise mechanisms through which

MMPs such as MMP-8 are regulating fundamental cellular and physiological

processes.
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PROTEIN
Neutrophil collagenase
Fibronectin
Beta 2 microglobulin
Pfas Novel protein
Tyrosine protein kinase like 7
Extracellular matrix protein
Nuclear pore complex-associated TPR
Thrombospondin 2
Dystroglycan

Periostin
Transitional ER ATPase
Protein disulfide isomerase A3
PDZ and LIM domain protein 1

Heat shock cognate 71 kDa protein
Actin cytoplasmic 1
Transketolase
Superoxide dismutase Cu Zn
SPARC
Fibronectin
Hspg2 perlecan

SEQUENCE
VPEH .LEEKN IKTAENYLR
YLPN .VDEEVQIGHVPR
TGLY.AIQKTPQIQVYSR
QQLG.ASVVPLSPDHAR
AGAQ.AAIVFI KEPSSQDALQG R
ALAS.AASEGAFKASDQR
EGGD.GTDPGTETEESMGGAESHQR
RASA.GDHVKDTSFDLFSISNINR
AVAQ.AHWPSEPSEAVR

KI ID.GVPVEITEKQTR
RVRL.GDVISIQPCPDVKYGKR
KKFI .SDKDASVVGFFR
GFRL.VGGKDFEQPLAISR
QKHL.KALTSELANAR
TERL. lG DAAKNQVAMN PTNTVFDAKR
ELRV.APEEHPVLLTEAPLNPKANR
INRL.GQSDPAPLQHQVDIYQKR
EDRV. ISLSGEHSIIGR
EKRL. EAGDH PVELLAR
GYRV.EVLPVSLPGEHGQR
EARL.VSEDPINDGEWHR

MMP8:Control
>20
5.3
4.8
3.6
3.4
3.1
2.6
2.5
2.4

0.49
0.21
0.07
0.07
0.06
0.05
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<0.05
<0.05
<0.05
<0.05
<0.05

Figure B.2. CLIP-TAILS analysis of Mmp8-I- MEF secretome in the presence
and absence of murine MMP-8. (A) Distribution of 432 unique peptides identified
by TAILS enrichment. (B) Relative frequency of ratios plotted as a function of In
(MMP8:control) ratios based on the intensity of heavy to light isotopic labels. The
median of distribution is 0.96. (C) Isotopic intensities of several peptides were
significantly altered and are listed with their corresponding proteins. Sequences in
red indicate potential MMP cleavage sites within the identified sequence.
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APPENDIX C. UBC RESEARCH ETHICS BOARD CERTIFICATES

This appendix contains the following approval certificates from the University of

British Columbia.

1. Animal Care certificate of approval of mouse breeding (A06-0347)

2. Animal Care certificate of approval of air pouch model (A06-0303)

3. Animal Care certificate of approval of MRL/lpr arthritis experimentation (A06-

0170)

4. Clinical Research Ethics Board approval of use of human blood in chemotaxis

and proteolysis experiments (H6-00047)
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THE UNIVERSITY OF BRITISH COLUMBIA

4
ANIMAL CARE CERTIFICATE

Application Number: A06-0347

Investigator or Course Director: Christopher Overall

Department: Oral Biological & Medical Sciences

Animals:

Mice 1500

Start Date: June 24, 2006 °‘
August 28,2007

Funding Sources:

Funding
Canadian Institutes of Health Research (CIHR)Agency:

Funding Title: Leukocyte matrix metalloproteinases (MMPs) in arthritis

Funding
National Cancer Institute of CanadaAgency:

Funding Title: Functional proteomics and activation of cancer matrix metalloproteinases

Funding
Canadian Institutes of Health Research (CIHR)Agency:

Funding Title: Neutrophil collagenase (MMP-8) in inflammation

Funding
National Cancer Institute of CanadaAgency:

Funding Title: Proteomic and degradomic analysis of breat cancer metastases

Funding
Canadian Institutes of Health Research (CIHR)Agency:

Funding Title: Metalloproteinase degradomics: systems biology of the protease web in periodontitis

Funding
Canadian Institutes of Health Research (CTHR)Agency:

Funding Title: CIFIR Group in Matrix Dynamics
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Funding
Canadian Institutes of Health Research (CIHR)Agency:

Funding Title: Molecular determinants of human MMP-2 substrate activity

Funding
National Cancer Institute of CanadaAgency:

Funding Title: Functional proteomics and activation of cancer matrix metalloproteinases

UBC Operating Budget

Funding Title: BREEDING: Production of MMP-2 and -8 deficient mice

Fundmg
Canadian Arthritis Network (CAN) - Networks of Centres of Excellence (NCE)Agency:

Funding Title: Anti-inflammatory chemokine antagonists for treating arthritis

Funding
Canadian Institutes of Health Research (CIHR)Agency:

Funding Title: CIHR Group in Matrix Dynamics

Funding
National Cancer Institute of CanadaAgency:

Funding Title: Proteomic and degradomic analysis of breast cancer metastases

Unfunded title: N/A

The Animal Care Committee has examined and approved the use of animals for the above experimental
project.

This certificate is valid for one year from the above start or approval date (whichever is later) provided there
is no change in the experimental procedures. Annual review is required by the CCAC and some granting
agencies.

A copy of this certificate must be displayed in your animal facility.

Office of Research Services and Administration
102, 6190 Agronomy Road, Vancouver, BC V6T 1Z3

Phone: 604-827-5111 Fax: 604-822-5093
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THE UNIVERSITY OF BRITISH COLUMBIA

ANIMAL CARE CERTIFICATE

Application Number: A06-0303

Investigator or Course Director: Christopher Overall

Department: Oral Biological & Medical Sciences

Animals:

Mice 129 Sv/Ev MMP12 KO 100

Mice B6129SF2/J MMP8 KO 100

Mice 129 Sv/Ev 100

Mice B6129SF2/J 100

Start Date: June 25, 2006
Approval

August 20, 2007

Funding Sources:

Funding
Canadian Arthritis Network (CAN) - Networks of Centres of Excellence (NCE)Agency:

Funding Title: Anti-inflammatory chemokine antagonists for treating arthritis

Unfunded title: N/A

The Animal Care Committee has examined and approved the use of animals for the above experimental
project.

This certificate is valid for one year from the above start or approval date (whichever is later) provided there
is no change in the experimental procedures. Annual review is required by the CCAC and some granting
agencies.
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THE UNIVERSITY OF BRITISH COLUMBIA

4
ANIMAL CARE CERTIFICATE

Application Number: A06-0 170

Investigator or Course Director: Christopher Overall

Department: Oral Biological & Medical Sciences

Animals:

Mice MRL/MpJ-Faslpr/J KOMMP8 60
Mice MRL/MpJ-Faslpr/J 60

Start Date: May 8, 2006 Approval August 3, 2007

Funding Sources:

Funding
Canadian Arthritis Network (CAN) - Networks of Centres of Excellence (NCE)Agency:

Funding Title: Anti-inflammatory chemokine antagonists for treating arthritis

Unfunded title: N/A

The Animal Care Committee has examined and approved the use of animals for the above experimental
project.

This certificate is valid for one year from the above start or approval date (whichever is later) provided there
is no change in the experimental procedures. Annual review is required by the CCAC and some granting
agencies.

A copy of this certificate must be displayed in your animal facility.
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ijBç The University of British Columbia
Office of Research Services
Clinical Research Ethics Board — Room 210, 828 West 10th Avenue, Vancouver, BC
V5Z 1L8

ETHICS CERTIFICATE OF EXPEDITED APPROVAL: RENEWAL

RINClPAL INVESTIGATOR: DEPARTMENT: UBC CREB NUMBER:

Christopher Overall U BC/Dentistry/Oral Biological & Medical
H06-00047

Sciences
INSTITUTION(S) WHERE RESEARCH WILL BE CARRIED OUT:

institution I Site

UBC Vancouver (excludes UBC Hospital)
Jancouver Coastal Health (VCHRINCHA) UBC Hospital
)ther locations where the research will be conducted:
N/A

CO-INVESTIGATOR(S):
manda Starr
Dharlotte Morrison
Richard A Dean
Jain Doucet
Ulrich Auf dem Keller
3eorgina S. Butler
Reinhild Kappelhoff
Jennifer Cox
5PONSORING AGENCIES:
Danadian Arthritis Network (CAN) - Networks of Centres of Excellence (NCE) - “Anti-inflammatory chemokine antagonists
or treating arthritis”
Danadian Institutes of Health Research (CIHR) - “Substrate identification for matrix metalloproteinases (MMPs) involved in
9rthritis progression”
National Cancer Institute of Canada
PROJECT TITLE:
Migration and proteolytic activity of human immune cells

EXPIRY DATE OF THIS APPROVAL: April 7, 2009

APPROVAL DATE: April 7, 2008

CERTIFICATION:
In respect of clinical trials:
1. The membership of this Research Ethics Board complies with the membership requirements for Research Ethics Boards defined in
)ivision 5 of the Food and Drug Regulations.
. The Research Ethics Board carries out its functions in a manner consistent with Good Clinical Practices.
3. This Research Ethics Board has reviewed and approved the clinical trial protocol and informed consent form for the trial which is to
e conducted by the qualified investigator named above at the specified clinical trial site. This approval and the views of this Research

Ethics Board have been documented in writing.

The Chair of the UBC Clinical Research Ethics Board has reviewed the documentation for the above named project. The research
study, as presented in the documentation, was found to be acceptable on ethical grounds for research involving human subjects
and was approved for renewal by the UBC Clinical Research Ethics Board.

Approval of the Clinical Research Ethics Board by:
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Dr. Bonita Sawatzky, Associate
Chair
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