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Abstract 

During inflammatory reactions, leukocytes migrate from the circulation into extra- 

vascular tissues. Chemokines, 7-10 KDa proteins, immobilised on the endothelial cell 

surface bound to glycosaminoglycans, such as heparan sulphate, on proteoglycans have 

been implicated in this process. Evidence suggests that chemokines are functional in 

multimeric form bound to heparan sulphate. In this form, endothelial bound RANTES is 

a T-cell, monocyte and eosinophil chemoattractant. T-cell accumulation in respiratory 

tissue is a feature of asthma, cystic fibrosis and chronic obstructive pulmonary disease 

where T-cell derived cytokines orchestrate the inflammatory response. Central to 

inflammation, platelets migrate into tissues, augmenting the inflammatory response by 

degranulating and releasing their contents, including RANTES on activation. Since both 

copper and dityrosine links have been implicated in the multimerisation of the amyloid 

protein in Alzheimer's disease, chemokines including RANTES, IL-8 and ENA-78 

were investigated for the possibility of copper-induced dityrosine formation within 

chemokine multimers. The addition of CuC12 and H202 to human recombinant 

RANTES induces multimerisation and dityrosine cross-linking, confirmed by 

fluorimetry, liquid chromatography mass spectroscopy and staining Western blots with 

a dityrosine specific monoclonal antibody. In addition, RANTES multimers actively 

induce chemotaxis in Boyden chambers. This finding led to the investigation of the T- 

cell response to endothelial and platelet derived RANTES in the absence and presence 

of copper chelators as potential anti-inflammatory agents in transendothelial migration 

assays, a physiological model of the vascular endothelium. Migration of activated T- 

cells across monolayers of human lung microvascular endothelial cells was RANTES- 

dependent and RANTES derived from thrombin stimulated platelets is active as a T-cell 

chemoattractant in this model of the lung microvascular endothelium. The copper 

chelators neocuproine, bathocuproine, D-penicillamine and tobramycin significantly 

inhibited T-cell migration indicating a pro-inflammatory role for copper and suggesting 

the use of copper chelators as potential anti-inflammatory agents. 
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1. General Introduction 

1.1. Leukocyte recruitment across the vascular endothelium 

The endothelium is the first barrier to leukocyte recruitment to tissue sites of 
inflammation, a process that is mediated through the interaction of inflammatory cells 
with endothelial cell adhesion molecules and chemoattractants (Butcher, 1991). The 

transendothelial migration of leukocytes from the blood, across the endothelial 

monolayer and basement membrane into the underlying tissue is an important 

component of the normal inflammatory process, and is also important for some 
inflammatory disease states. 

The vascular endothelium is a continuous single-cell lining of the cardiovascular system 
that forms a critical interface between the blood and its components on one side and the 

tissues and organs on the other (Gimbrone, 1987). The vascular endothelium is central 
to the cellular and molecular events that initiate the response of the body to infection, 

immune reactions and tissue injury (Rao et al, 2007). Endothelial cell activation by a 

variety of stimuli including the pro-inflammatory cytokines interleukin (IL)-ß1, tumor 

necrosis factor (TNF)-a and interferon (IFN)-'y leads to local thrombosis, loss of vessel 
barrier function and leukocyte recruitment, a fundamental event in the inflammatory 

response that localises blood leukocyte subsets to tissues and organs through endothelial 

mechanisms (Gimbrone, 1999). 

Leukocyte recruitment is a multi-step process (see Figure 1.1) involving adhesion 

molecules that support leukocyte tethering (step 1), firm adhesion (step 2) and 

transmigration (step 3). The migration of leukocytes across the endothelium is referred 

to as chemotaxis. This is the directional motility of leukocytes along a gradient of 

cellular adhesion sites or toward a chemical attractant (chemoattractant). Chemotaxis is 

the sum of the cell migration induced by soluble (chemotactic) and surface bound 

(haptotactic) gradients of the attractant. Haptotaxis refers to the side-side movements of 

cells in response to surface-bound chemoattractant (Rot, 1993). 

25 



fr 

Initial attachment Stable arrest and 
and rolling migration to junctions 

L-selectin. P": c; L- I Y4,61 irtegrin 
«4,61 : ntegrir -( YL, cM ß'2 integren 

Transmigration 

A5i integrin, ueL, crvf, p2 
integrrn, DNAIM-1, 
CD99, SIRR-a, 
F'E : AM-1 

GFG 
ý}ý 

r °"''d 

E-selectin, CD62E C ICAr41 
, 
LCA. M-2 C ICAM-1, ICAM-2 

y P-selecfnn, C062P < V(: AtA-1 and arrest \/CAM-1, PECAM-1, 
chomok nr-s CD99, PVR, CD4 i, 

JAM-C, JAM-A, 
cr! erm(A nes 

Figure I. I. The multistep process of leukocyte recruitment. Initial attachment and rolling, arrest, 
and migration to cell-cell borders and transmigration across the vascular endothelium, shown here 
for monocytes. The leukocytes initially attach via selectin-mediated mechanisms along with 
contributions from the a4 and ß2 integrins interacting with their ligands VCAM-1 and ICAM-1, 
respectively. The next step is stable arrest; (32-integrins become activated by arrest chemokines and 
trigger cell arrest at or near cell-cell junctions. Leukocytes then migrate to junctions and 
transmigrate across the vascular endothelium at both junctional and nonjunctional locations. The 
symbols used to represent adhesion molecules in endothelial cells are identified below each 
component of the figure (Rao et al, 2007). 

The first event to occur in chemotaxis is leukocyte tethering and rolling on the 

endothelium (step 1), which is classically mediated by endothelial cell expressed 

selectins, and interactions with their leukocyte expressed ligands. There are three types 

of selectin. Leukocyte selectin (L-selectin) is found on leukocytes, and binds to 

endothelial ligands such as CD34, a sialomucin highly expressed in lymph nodes. 

Endothelial ligands are often induced by lipopolysaccharide (LPS) or cytokine exposure 

(Wagner & Roth, 2000). Platelet selectin (P-selectin) is expressed by endothelial cells in 

response to inflammatory stimuli. Stored intra-cellularly in endothelial cells and also in 

platelets, it is mobilised to the cell surface, and binds to P-selectin glycoprotein ligand-1 

(PSGL-1) on leukocytes, although PSGL-1 has a dominant role as a ligand for all three 

selectins (Ley et al, 2007). L-selectin binding occurs first and is more rapid and short 

lived than P-selectin binding and reversible if additional adhesive events are not soon 
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invoked. The binding of PSGL-1 to L-selectin mediates leukocyte-leukocyte 

interactions, by which adherent leukocytes can facilitate secondary leukocyte capture or 
tethering, enabling leukocytes that do not express ligands for E- or P-selectin to reach 

sites of inflammation. 

Endothelial selectin (E-selectin) is not stored, requiring gene transcription for 

expression following exposure of endothelial cells to inflammatory cytokines. E- 

selectin binds to leukocyte expressed PSGL-1, CD44, E-selectin ligand-1 (ESL-1) (Ley 

et al, 2007) and the T-cell expressed adhesion molecule, conjugated linoleic acid 
(CLA), supporting the rolling and tethering of leukocytes in a fashion similar to P- 

selectin (Sallusto & Baggiolini, 2008; Wagner & Roth, 2000). 

L-selectin and P-selectin initiate the migration process during inflammation. The initial 

tethering of leukocytes to the endothelium is a weak interaction that, without additional 

adhesion steps, cannot lead to leukocyte migration. Due to the shear stress of the blood 

flow, the selectin-mediated adhesion results in leukocyte rolling on the endothelial cell 

surface (Rot et al, 1996). These reversible selectin-ligand interactions allow time for 

leukocytes to associate with endothelial cells and respond to stimuli on the endothelial 

surface. 

The interactions of selectins with their ligands enables leukocytes to adhere to inflamed 

endothelium under conditions of flow as they bind with high on- and off-rates, the speed 

at which bonds are formed and broken (Ley et al, 2007). Chemokines, a large super- 

family of proteins with chemotactic properties and molecular masses of between 7 and 

10 KDa, are immobilised on the luminal endothelial cell surface, bound by 

glycosaminoglycans and presented to the rolling leukocytes. This mechanism allows the 

exposure to chemokines of only those leukocytes that have already established their first 

adhesive interaction with the endothelium. Soluble chemokines would activate 

leukocytes in the circulation before their adhesion to the endothelial surface, blocking 

migration (Rot et al, 1996). Chemokine signalling through G-protein coupled receptors 

(GPCRs) leads to expression and activation of leukocyte integrins and results in firm 

adhesion (step 2). 
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Integrins are glycoproteins found on leukocytes that mediate cell-cell adhesion during 

cell recruitment. The CD 18 containing integrins (ß2-integrins) such as the T-cell 

expressed lymphocyte-associated function antigen-1 (LFA-1) mediate binding to 
activated endothelium. Intercellular adhesion molecules (ICAMs) on endothelial cells 
are ligands for integrins on leukocytes. The intercellular adhesion molecules ICAM-1 

and ICAM-2 can bind to the ß2-integrins such as macrophage antigen-1 (MAC-1) or the 
T-cell expressed integrin LFA-1 (Wagner & Roth, 2000). Vascular cell adhesion 
molecule-1 (VCAM-1) is another Ig-like molecule found on endothelial cells, binding 

selectively to X31-integrins (CD29) such as VLA-4, or u4ß1 expressed by T-cells, rather 
than ß2-integrins (CD 18) (Davenpeck et al, 1998; Reinhardt et al, 1997; Sallusto & 

Baggiolini, 2008). 

L-selectin and T-cell PSGL-1 can activate CD18 (ß2) integrins on inflammatory cells. 
Prolonged engagement of endothelial ICAM-1 with integrin ligands causes further 

expression of both ICAM-1 and VCAM-1 on endothelial cells (Clayton et al, 1998). 

Thus, T-cell migration in vivo might involve both ICAM-1 and VCAM-1 adhesive 

pathways. 

Following arrest, leukocytes migrate into tissues either through or between the 

endothelial cell barrier and its associated basement membrane and pericyte sheath, a 

process known as transmigration (step 3). The ligation of intercellular adhesion 

molecules and integrins triggers the extension of leukocyte membrane protrusions into 

the endothelial cell body and endothelial cell junctions. Leukocyte migration can occur 

through the paracellular or transcellular route. 

Paracellular migration through endothelial junctions involves the release of endothelial- 

expressed vascular endothelial cadherin (VE-cadherin) and is facilitated by endothelial 

cell junctional molecules localised at the borders between adjacent endothelial cells 

such as platelet/endothelial-cell adhesion molecule-1 (PECAM-1), the junctional 

adhesion molecules (JAM) A, B and C or ICAM-2 (Marelli-Berg et al, 2008). 

Leukocytes migrate through endothelial cell monolayers at tricellular junctions. 

Transmigration occurs through leukocyte spreading and diapedesis, associated with 

pseudopod formation (Sallusto & Baggiolini, 2008). 
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Transcellular migration occurs in thin parts of the endothelium where there is less 
distance to migrate and involves actin and caveolae containing ICAM-1 molecules that 
form an intracellular channel through which leukocytes can migrate. The paracellular 
route is generally considered the principal route of leukocyte extravasation. Migration 

through the basement membrane and pericyte sheath can occur through gaps between 

adjacent pericytes and regions of low protein disposition within the extracellular matrix 
(ECM) (Ley et al, 2007). This response is facilitated by a6ß1-integrin and proteases 

since adhesion and migration is accompanied by release of leukocyte proteases, such as 

matrix metalloproteases (MMPs) and heparanases. These enzymes are capable of 
digesting collagen, laminin and proteoglycans of the dense basement membrane 

amongst other extracellular components present in the vascular wall. 

1.2. Chemokines 

The chemotaxis process is predominantly directed by chemokines. These molecules 

play a key role in the selective activation and recruitment of a large variety of cell types 

in inflammation, inducing changes in shape, a transient rise in intracellular free Cat+, 

granule exocytosis, integrin upregulation, formation of bioactive lipids and mediating 

the respiratory burst (Wells et al, 1996). 

Chemokines can be divided into subfamilies on the basis of structural motifs and are 

sub-classified according to the number and spacing of the conserved cysteines near the 

N terminus within their primary structure (Murphy, 2002). There are two major groups 

known as the CC and CXC classes, and two minor groups, the C and CX3C classes. The 

CXC, CC and CX3C chemokines all have four conserved cysteines, whereas C 

chemokines have only two, corresponding to the second and fourth cysteines in the 

other groups. CXC and CX3C chemokines are distinguished by the presence of one 

(CXC) or three (CX3C) amino acids between the first and second cysteines, whereas the 

first two cysteines of the CC chemokines are adjacent (Murphy et al, 2000). 

The CXC cytokines, including interleukin-8 (IL-8), have been shown to have pro- 

inflammatory properties mainly through their actions on neutrophils, (Schall, 1991). 

The discovery of the neutrophil-targeted chemokine, IL-8, in 1987 represents a 

landmark in immunology because it was the first leukocyte subtype-selective 

chemoattractant to be found (Baggiolini & Dahinden, 1994; Walz et al, 1987; 
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Yoshimura et al, 1987). The discovery of IL-8 stimulated the search for new family 

members and functions for other chemokines in leukocyte chemotaxis (Murphy et al, 
2000). Interest in the field grew with subsequent reports of monocyte chemotactic 

protein-1 (MCP-1), RANTES and eotaxin, the first important monocyte-, T-cell-. and 

eosinophil-directed chemokines (chemotactic cytokines), respectively (Jose et al, 1994; 

Matsushima et al, 1989; Schall et al, 1990; Yoshimura et al, 1989). 

The majority of chemokines are highly potent and bind their receptors at nanomolar 

concentrations, exerting their physiological responses in the subnanomolar 

concentration range. Chemokines have been implicated in a variety of clinically 
important inflammatory diseases to include chronic diseases such as allergic asthma, 

psoriasis, atopic dermatitis, arthritis and atheroma (Wells et al, 1996). 

1.3. Chemokine receptors 

The Bordella pertussis (PT) toxin which specifically inhibits GTP-binding proteins 

prevents the responses of basophils, T-cells, eosinophils and monocytes to CC 

chemokines suggesting that this class of chemokines mediate their biological effects via 

interactions with GTP-protein coupled 7-transmembrane domain receptors (GPCRs) 

present on these cells. These receptors are comprised of approximately 350 amino acids, 

have a molecular weight of around 40 kDa and have a core domain consisting of seven 

trans-membrane helices (Baggiolini & Dahinden, 1994; Mellado et al, 2001). 

The extra-cellular domain consists of the N-terminus and three extracellular loops that 

act together to bind the chemokine ligand. The intracellular region is comprised of three 

loops and the C-terminus which collaborate to transduce the chemokine signal (Mellado 

et al, 2001). Based on the amino acid sequence, GPCRs belong to the class A 

rhodopsin-like family. Chemokine receptors have a number of conserved motifs, 

including the DRYLAIV motif in the second intracellular loop domain which is 

necessary for receptor G-protein coupling and signal transduction events leading to a 

chemotactic response (Ward et al, 1998). As with the chemokines, chemokine receptors 

can be classified according to their structure. The four major families, CR, CCR, CXCR 

and CX3CR interact with C, CC, CXC and CX3C chemokines, respectively (Mellado et 

al, 2001). Following chemokine-receptor binding, a number of responses occur 
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including gene expression, cell polarisation and chemotaxis. Conformational changes in 

the trans-membrane domain are believed to be responsible for receptor activation. 

A large variety of molecular mechanisms induce activation since these conformational 

changes are elicited by a wide variety of ligands including light, Cat+, pheromones, and 

small molecules (amino acids, amines, nucleotides, prostaglandins, peptides) or proteins 
(glycoproteins, interleukins and chemokines). It has been observed that chemokine 

receptors, like other GPCRs initiate their ligand-induced signalling cascades by receptor 
dimerisation and that many chemokine receptors induce signalling cascades via G- 

coupling and JAK/STAT as well as tyrosine and Ser/Thr kinase pathways (Mellado et 

al, 2001). 

Receptor specificity is restricted to some extent by chemokine subfamily name (C, CC, 

CXC, CX3C). In general, the CXC chemokines such as IL-8, GRO-a, ENA-78 or 

platelet factor-4 (PF4) are potent chemoattractants and activators of neutrophils but not 

monocytes, whereas the CC chemokines such as MIP-1 ß/ l a, MCP-1 and RANTES 

exhibit chemoattractant potential for monocytes and lymphocytes but not neutrophils 

(Clore & Gronenborn, 1995). However, each receptor subtype typically binds multiple 

chemokines, and therefore receptor selectivity is more likely due to the distribution of 

hydrophobic sequences on the monomer surface since analysis of hydrophobicity shows 

that the distribution of hydrophobic regions is preserved in CC or CXC chemokines 

(Wells et al, 1996). Table 1.1 outlines the known chemokine receptors and their ligands, 

and shows that RANTES binds to CCR1,3 and 5 receptors, mediating chemotaxis and 

activation of the various cell types bearing these receptors. 
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Table I 
CXC, C, CX3C and CC chemokine/receptor families 

Systematic name Human chromosome Human Ggand Mouse ligand Chemokine receptor(s) 

CXC chemokine/receptor family 
CXCLI 4g21.1 
CXCL2 4q21.1 
CXCL3 4g21.1 
CXCL4 4q21.1 
CXCL5 4g21.1 
CXCL6 4g21.1 
CXCL7 4g21.1 
CXCL8 4q21.1 
CXCL9 4g21.1 
CXCL ]0 4g21.1 
CXCL I1 4g21.1 
CXCL12 IOg11.21 
CXCL 13 4q21.1 
CXCL 14 5g31.1 
(CXCL 15) 
CXCL16 17p13 

C chemokine/receptor family 
XCLI l g24.2 

XCL2 1 g24.2 
CX3C chemokine/receptor family 
CX3CLI 16g13 

CC chemokine/receptor family 
CCLI ]7g11.2 
CCL2 17q11.2 
CCL3 l 7q 12 
CCL3L1 17g12 
CCL4 Pq 12 
CCL5 17g12 
(CCL6) 
CCL7 Nq 11.2 
CCL8 17q 11.2 
(CCL9J10) 
CCL11 17q11.2 
(CCL 12) 
CCLI 3 l 7q 11.2 
CCL14 17g12 
CCL15 17q12 
CCLI6 ]7g12 
CCL 17 16q13 
CCL18 Pq 12 
CCL19 9p 13.3 
CCL20 2g36.3 
CCL21 9p13.3 

CCL22 16q 13 
CCL23 17q 12 
CCL24 7g11.23 
CCL25 19p 13.3 
CCL26 7q] 1.23 
CCL27 9p 13.3 
CCL28 5p12 

GROa/MGSA-a 
GROß/MGSA-ß 
GROy/MGSA-y 
PF4 
ENA-78 
GCP-2 
NAP-2 
IL-8 
Mg 
[P-l0 
I-TAC 
SDF-1 a/ß 
BCA-1 
BRAK/bolekine 
Unknown 

Lymphotactin/SCM-1 a/ 
ATAC 
SCM-1 ß 

Fractalkine 

I-309 
MCP-1/MCAF/TDCF 
M1P-1 a/LD 78a 
LD78ß 
MIP-1 ß 
RANTES 
Unknown 
MCP-3 
MCP-2 
Unknown 
Eotaxin 
Unknown 
MCP-4 
HCC-1 
HCC-2/Lkn-1/IMP-1 
HCC-4/LEC/LCC- I 
TARC 
DC-CK1/PARC/AMAC-1 
MIP-3ß/ELC/exodus-3 
MIP-3a. /LARC/exodus-1 
6Ckine/SLC/exodus-2 

MDC/STCP-1 
MPIF-1 /CKß8/CKß8-1 
Eotaxin-2/MPIF-2 
TECK 
Eotaxin-3 
CTACK/ILC 
MEC 

GRO/MIP-2/KC? 
GRO/MIP-2/KC? 
GRO/MIP-2/KC? 
PF4 
GCP-2/LIX? 
GCP-2/LIX? 
Unknown 
Unknown 
Mig 
IP-I O/CRG-2 
I-TAC 
SDF-1/PBSF 
BLC 
BRAK 
Lungkine/WECHE 

Lymphotactin 

Unknown 

Neurotactin/ABCD-3 

TCA-3/P500 
JE? 
MIP-1a 
Unknown 
MIP-1(3 
RANTES 
CIO/MRP-1 
MARC? 
MCP-2? 
MRP-2/CCF18/MIP-1 y 
Eotaxin 
MCP-5 
Unknown 
Unknown 
Unknown 
Unknown 
TARC/ABCD-2 
Unknown 
MIP-3ß/ELC/exodus-3 
M[P-3a/LARC/exodus- I 
6 Clin e/S LC/exodus- 2/ 
TCA-4 
ABCD-1 
Unknown 
MPIF-2 
TECK 
Unknown 
ALP/CTACK/ILC/ESkine 

CXCR2> CXCRI 
CXCR2 
CXCR2 
Unknown 
CXCR2 
CXCRI, CXCR2 
CXCR2 
CXCRI, CXCR2 
CXCR3a 
CXCR3a 
CXCR3a 
CXCR4b 
CXCRS 
Unknown 
Unknown 
CXCR6 

XCRI 

XCRI 

CX3CRI 

CCR8 
CCR2 
CCRI, CCR5 
CCRI, CCR5 
CCR53 
CCRI, CCR3, CCR5° 
Unknown 
CCRI, CCR2, CCR3 
CCR3, CCR5° 
CCRI 
CCR3 
CCR2 
CCR2, CCR3 
CCR 1, CCR5 
CCRI, CCR3 
CCR1, CCR2 
CCR4 
Unknown 
CCR7d 
CCR6 
CCR7d 

a CD 183. 
b CD 184. 

CD 195. 
d CD, 197. 

CCR4 
CCRI 
CCR3 
CCR9 
CCR3 
CCR 10 
CCR3/CCR 10 

Table I. I. Human chemokine receptor expression and ligand specificity (Murphy et al, 2003). 
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The following table (table 1.2. ) outlines chemokine ligand-receptor specificity and 
inflammatory cell expression for some of the best known chemokines and inflammatory 

cells, to include B-cell attracting chemokine-1 (BCA-1); dendritic cells (DC); EBI 1 
ligand chemokine (ELC); epithelial-cell-derived neutrophil attractant-78 (ENA-78); 

granulocyte chemotactic protein-2 (GCP-2); growth-related oncogene (GRO); 
interleukin-8 (IL-8); interferon-inducible protein-10 (IP-10); interferon-inducible T-cell 

alpha chemoattractant (I-TAC); liver and activation-regulated chemokine (LARC); 

monocyte chemotactic protein-1 (MCP-1); macrophage-derived chemokine (MDC); 

monokine induced by interferon-y (Mig); macrophage inflammatory protein-la (MIP- 

1 a); neutrophil-activating peptide-2 (NAP-2); stromal cell derived factor-la (SDF-1 a); 

secondary lymphoid tissue chemokine (SLC); thymus and activation-regulated 

chemokine (TARC); T-helper type 1 cell (Th 1) and T-helper type 2 cell (Th2) (Sallusto 

et al, 1998a). 

Chemokines bound 

Inflammatory Constitutive 

0 
0- 

0 
E 
a) 
U 

CCR1 

CCR2 

CCR3 

CCR5 
CCR6 

CXCR1 

CXCR2 
CXCR3 

cj 
r- U- 

NczQ 

uKW (V V . ý. ý LLJ ~ in (D C\j 

aaQUUUppQ 
cr Q Oý 0J CLL 

ý 
)U 

SS Of 222 WW J : 0Z d_ 2W (f) co 

Expression on 

Ü 

0 

2 

C 
O 

.Z z 
N 

m 
N 
i- 

0 

(7f 

w° 

Qp 

tý 
m 

- 
h- 

O 

p 

2 

Ö 

U7 
z 

EN_ 'liT 

.. CCR4 ýi 
7--T CCR7 

CXCR4 

CXCR5 

Table 1.2. Receptor expression and ligand specifities (Sallusto et al, 1998a) 

Within the CC chemokine family, RANTES is most effective as a chemoattractant for 

T-cells, monocytes, eosinophils and basophils than as a stimulator of mediator release, 

whereas monocyte chemotactic protein-3 (MCP-3) and MCP-1 are effective as inducers 

of mediator release in basophils as well as effective chemoattractants for T-cells, 

monocytes, eosinphils and basophils. Whilst MCP-3 has the same chemoattractant 

properties as RANTES, it shares only 25 % sequence identity. Divergent effects were 

observed for the highly homologous pair macrophage inflammatory protein-la (MIP- 
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I a) and MIP-1 ß, of which only MIP-1 a activates basophils and eosinophils and MIP-1 ß 
is inactive. This suggests that sequence similarity is not necessarily predictive for the 

capacity of different chemokines to elicit one or other effector functions (Baggiolini & 
Dahinden, 1994. ) The table shows that RANTES is not constitutively expressed, but 

when induced can recruit immature dendritic cells, monocytes, eosinophils, basophils, 

and both Thl and Th2 type T-cells, but not neutrophils or B-cells through interactions 

with CCR1,3 and 5 receptors expressed on these cells. 

The focus of this thesis is the chemokine RANTES and its structure and function. 

1.4. Discovery of Regulated on Activation Normal T-cell Expressed and Secreted 

(RANTES) 

The chemokine regulated and normal T-cell expressed and secreted (RANTES), now 

more commonly known as regulated on activation normal T-cell expressed and 

secreted, was first isolated and characterised by Schall et al., in 1988 (Schall et al, 
1988). It was shown that RANTES was expressed by mitogen-activated T-cell clones 

that function in vitro as helper or cytotoxic cells. Several of its characteristics suggested 

that it had an important role in lymphocyte regulation and differentiation and that 

RANTES transcription in T-cells was regulated by cellular activation (Schall et al, 

1988). 

The discovery that RANTES was highly homologous to macrophage inflammatory 

protein (MIP) indicated that both molecules belonged to the same family (Schall et al, 

1988). Following its discovery, the biological function of RANTES was investigated 

which led to the finding that RANTES belonged to the CC class of cytokines, associated 

by primary structure similarities and by the conservation of the four cysteine motif. 

1.5. RANTES in inflammation 

The synthesis and release of RANTES was initially identified in a search for genes 

expressed late (3-5 days) after T-cell activation with an antigen or mitogen (Schall et al, 

1988). It has since been demonstrated that naive (CD45RA+) CD4+ (helper) and CD8+ 

(cytotoxic/killer) T-cells constitutively express RANTES and that RANTES expression 

is also further inducible in mature (CD45RO+) CD4+ T-cells of the Thl phenotype and 
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CD8+ T-cells upon activation with the mitogen, phytohaemagglutinin (PHA) (Nelson et 
al, 1993). However, the CD45RO+/CD4+ cells of the Th2 phenotype express RANTES 

constitutively and do not show inducibility (Kawai et al, 1999; Nelson et al, 1993). It 
has also been shown that CD45RO+/CD8+ T-cells are the more dominant source of 
RANTES over CD45RO+/CD4+ T-cells (Catalfamo et al, 2004; Conlon et al, 1995). 

Many other cell types have also been shown to synthesise and release RANTES. 

RANTES is reported to be inducible in macrophages upon stimulation with IFN-y or 
TNF-a, monocytes upon stimulation with TNF-a (Devergne et al, 1994; Fattal-German 

et al, 1998; Lane et al, 1999), eosinophils upon stimulation with IFN-'y (Ying et al, 
1996), normal human bronchial epithelial cells and nasal epithelial cells upon 

stimulation with IFN--y and TNF-a respectively (Olszewska-Pazdrak et al, 1998; Terada 

et al, 1996), the endothelium including human lung-microvascular, human umbilical 

vein and human mucosal microvascular endothelial cells upon stimulation with IL-1 ß or 
TNF-a plus IFN-y (Ebnet et al, 1996; Kawai et al, 1999; Marfaing-Koka et al, 1995; 

Sundstrom et al, 2001; Terada et al, 1996) and in fibroblasts upon stimulation with IL- 

1 P, TNF- a or IFN- y (Meyer et al, 1998; Teran et al, 1999). RANTES is expressed 

early (12-24 hours) and RANTES mRNA is quickly up-regulated in these cells after 

stimulation with proinflammatory soluble mediators such as IL-1 P, TNF- a or IFN-y in 

contrast to the late expression of RANTES in T-cells, 3-5 days after activation, 

implying that RANTES is more likely involved in late T-cell activation events or 

development of late T-cell effector function. 

Unusually, RANTES mRNA levels are reduced on T-cell activation (Fitzgerald, 2001) 

but an increase in mRNA levels 3-7 days after T-cell activation (figure 1.2) suggests 

that human peripheral blood T-cells secrete chemokines for prolonged periods after 

activation, thus recruiting fresh cells to inflammatory sites (Conlon et al, 1995). 
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Figure 1.2. RANTES is up-regulated late after T-cell activation. The figure shows the sequence of 
gene expression events after T-cell triggering by antigen. Abbreviations: CTL (cytotoxic T- 
lymphocyte), IL (interleukin) and IL-2Ra (IL-2 receptor a chain) (Ortiz et al, 1997). 

RANTES is also released from thrombin-stimulated platelets (Kameyoshi et al, 1992; 

Schroder et al, 1994) and constitutively produced by natural killer (NK) cells and 

megakaryocytes (Nelson et al, 1993). 

It has been proposed that during inflammatory responses, RANTES is produced mainly 

by macrophages and endothelial cells (Devergne et al, 1994; Marfaing-Koka et al, 

1995). Endothelial cells are known sources of both CXC and CC chemokines and the 

production of such chemokines may serve to initiate, augment and modify inflammatory 

responses (Thienel et al, 1999). Activated vascular endothelial cells are also known to 

affect the development of excessive inflammatory responses by secreting 

proinflammatory cytokines and chemokines (Dinarello et al, 1993). 

Increased chemotactic activity and raised RANTES production has been associated with 

a wide range of inflammatory disorders and pathologies. The list is extensive, and 

includes allogenic transplant rejection (Sekine et al, 2000), atherosclerosis (Pattison et 

al, 1996), atopic dermatitis (Kaburagi et al, 2001), inflammatory airway disorders such 

as bronchial asthma (Conti & DiGioacchino, 2001; Devalia et al, 1999), cystic fibrosis 

(CF) (Schwiebert et al, 1999), sarcoidosis (Ziora et al, 1999), chronic eosinophilic 

pneumonia (Kurashima et al, 1997), idiopathic interstitial pneumonia (Panoskaltsis- 

Mortari et al, 2000) and chronic obstructive pulmonary disease (COPD) (Barnes, 2008; 
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O'Donnell et al, 2006), viral infections including respiratory syncytial virus infection 

(Culley et al, 2006), delayed-type hypersensitivity reactions (Devergne et al, 1994), 

glomerulonephritis, endometriosis, neurological diseases such as Alzheimer's disease 

(Tripathy et al, 2008), angiogenesis, rheumatoid arthritis (Volin et al, 1998) and certain 

malignancies (Hebert, 1999; Reale et al, 2002; Sugasawa et al, 2008; Tsukishiro et al, 
2006; Vaday et al, 2006). In all of these pathologies, RANTES is thought to act by 

promoting leukocyte infiltration to sites of inflammation. 

1.6. RANTES structure 

RANTES is present in normal healthy tissues at physiological concentrations in the 

nanomolar range (Vives et al, 2002) and in normal plasma, physiological concentrations 

of 708 pg/ml have been reported (Lumpkins et al, 2008). The monomeric form is the 

major species found at physiological concentrations. RANTES is a highly basic non- 

glycosylated 7.8 kDa, 68 amino acid polypeptide (figure 1.3). Monomers consist of a 3- 

stranded anti-parallel ß-sheet with the C-terminal a-helix packed across the sheet by 

hydrophobic interactions (figure 1.4) (Chung et al, 1995). The N-terminal region is the 

most important for high affinity chemokine-receptor interactions of individual 

monomers for both the CC and CXC chemokines. The N-terminal amino acids 

preceding the first conserved cysteine have a large degree of movement. 

The highly charged amino acids in the a-helix at the carboxyl terminus appear to be 

important for low affinity binding and are known as the heparin or glycosaminoglycan 

binding domain (McFadden & Kelvin, 1997). 

1 SPYSSDTTPC CFAYIARPLP RAHIKEYFYT 
31 SGKCSNPAVV FVTRKNRQVC ANPEKKWVRE 
61 YINSLEMS 

Figure 1.3. The amino acid sequence of the 68 amino acid chemokine human RANTES. 
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1.7. RANTES binding to chemokine receptors 

Chemokines utilise both high affinity and low affinity interactions to elicit full 
biological activity (McFadden & Kelvin, 1997). The binding of chemokine ligands to 
high affinity (500 pM to 10 nM) cell surface 7-transmembrane chemokine receptors is a 
two step process involving two spatially distinct sites on the ligand, one necessary for 

receptor binding and the other necessary for signal transduction (Ward & Westwick, 
1998). 

The first step is the binding of the core of the ligand to the outer surface of the receptor, 

and the second is the orientation of the flexible tail of the ligand. RANTES can interact 

with each of its receptors CCR1,3 and 5 in a distinct and specific manner. Thus Arg-17 

is necessary for binding to CCR 1, Phe-12 for CCR3 and both Phe-12 and Ile-15 for 

CCR5 binding (Ward & Westwick, 1998). 

The proposed interaction between the RANTES core and its receptors involves firstly 

the interaction of the amino terminus of the receptor with the structured portion of the 

chemokine (the region beyond the first disulphide bridge) which is believed to be driven 

by electrostatic interactions between the acidic portion of the receptor amino terminus 

and the basic regions of the chemokine. In addition, the outer edge of the chemokine ß- 

sheet is also involved in the interaction. This first interaction results in the orientation of 

the flexible amino terminus of the chemokine, effectively raising its local concentration 

and causing it to interact at a second site inside the receptor. The flexible amino 

terminal regions of both CC and CXC chemokines are important for the activity of the 

ligand. Specific residues near the N-terminus have been identified that are involved in 

activating signal transduction via CCR1 (Pro-2, Asp-6, Thr-7), CCR3 (Pro-2 and Tyr-3) 

and CCR5 (Tyr-3 and Asp-6) (Ward & Westwick, 1998; Wells et al, 1995) 

RANTES induces T-cell expression of adhesion molecules during chemotaxis and 

regulates T-cell cytokine release and T-cell proliferation. The mechanism involves 

biphasic calcium mobilisation. Following the binding of RANTES to its receptor, a 

rapid and transient rise in intracellular calcium [Ca2+]i is observed as one of the early 

events associated with the chemotaxis functional response. This initial calcium 

elevation is initiated by nanomolar concentrations and mediated by a heterotrimeric G- 

protein coupled pathway. The second peak of calcium influx is sustained, elicited by 
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micromolar concentrations of RANTES and protein tyrosine kinase (PTK) dependent 

pathways. This second peak is associated with Ca 2+ channel opening, cytokine release. 
IL-2 receptor expression and T-cell proliferation. PTK activation by RANTES results in 

a number of downstream biochemical events that influence T-cell activation. 

chemotaxis, gene transcription, mediator release and cell cycle progression (Figure 1.5). 

RANTES induced calcium mobilisation is dependent on CD3 expression. The [Ca2+]i 

changes induced by different CC chemokines are similar in extent and kinetics and 

coincide with receptor activation (Ward et al, 1998). 

RANTES RECEPTOR 

Ca2+ channel 

PTKs 
e 

V 
Ca2+ influx PLC 

Ins(1,4,5)P3 RhoA 

Calcium 
Elevation PLp 

1 

T Cell Membrane 

ý PTKs 

p125 FAK 

p85ip110 PIK Pyk-2 (RAFTK) 
ZAP-70 

(P13K r'. P13K C2:; ' 
TCRý chain / STAT 1 /STAT3 

PKB 

1 

FUNCTIONAL RESPONSES 

Uropod formation 

Chemotaxis 

Adhesion moleculE 
expression 

Protection against 
HIV infection 

IL-2 receptor 
expression 

Cytokine release 

Figure 1.5. RANTES receptor and downstream processing (Ward et a!, 1998) 

1.8. Glycosaminoglycans 

In order to activate integrins only on those leukocytes that have already established their 

initial interaction with the endothelium, chemokines must be bound to the surface of 

endothelial cells (Rot, 1996). The ECM surrounding human cells is a complex structure 
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containing carbohydrates and proteins, and important complex macromolecules called 
proteoglycans (Carter et al, 2003). Proteoglycans are expressed in all tissues and play a 
vital role in cell function and connective tissue formation. They are found within the 

cell plasma membrane, the basement membrane and the ECM (Cockwell et al, 1996). 

The proteoglycans are a diverse family consisting of a core protein containing a 
membrane spanning domain to which one or more oligosaccharide members of the 

glycosaminoglycan (GAG) family are attached, linked to the core protein via a serine 

residue (Carter et al, 2003). GAGs are the side chains of proteoglycans and are 

ubiquitous components of cell surfaces (Goger et al, 2002). GAGs are long un-branched 

polysaccharides containing a repeating disaccharide unit and are generally highly 

sulphated and negatively charged, their rigidity providing structural integrity to cells 

and providing passageways between cells for cell migration (Yanagishita & Hascall, 

1992). Their primary role is believed to be functional interactions with proteins. They 

have been shown to bind a variety of chemokines, cytokines, extra-cellular matrix 

molecules and growth factors (Cockwell et al, 1996). 

When bound to the endothelial cell surface, RANTES is pro-inflammatory, stimulating 

leukocyte migration across a layer of endothelial cells (Proudfoot et al, 2003). It is 

believed that proteoglycans protect chemokine molecules from degradation, act as 

storage sites and present chemokines to their receptors (Bernfield et al, 1999). It is 

widely known that most chemokines, including RANTES, bind to cell surface GAGs 

through a low-affinity interaction (500 nM to 10 mM range). These interactions are 

normally highly specific (Spillmann et al, 1998) and an important aspect in maintaining 

a chemokine concentration gradient for the presentation of chemokines to high-affinity 

cell surface receptors and selective leukocyte trafficking during diapedesis and 

migration within tissue (McFadden & Kelvin, 1997; Skelton et al, 1995). 

There are four classes of glycosaminoglycans, including heparin/heparan sulphate (HS), 

chondroitin sulphate/dermatan sulphate, keratan sulphate and hyaluronan (Frevert et al, 

2003). All four classes are found in normal human lungs, and with the exception of 

hyaluronan, all are present as side chains on the core proteins of the proteoglycans. 

RANTES binds selectively to GAG families with different affinities: heparin > 
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dermatan sulphate > heparan sulphate > chondroitin sulphate (Kuschert et al, 1999; 
Martin et al, 2001). 

In the lungs, proteoglycans are found on the surface of endothelial cells (eg. syndecan), 
in the extracellular matrix (eg. Decorin, perlecan and versican) and also in the 
intracellular locations (eg. serglycin). RANTES binds mainly to HS side chains of 

proteoglycans (Hillyer & Male, 2005) and HS is the most ubiquitous GAG (50 - 90 % 

of all GAGs) and the most predominant GAG found in the lungs, followed by 

chondroitin sulphate/dermatan sulphate, hyaluronan and heparin (Cockwell et al, 1996; 

Frevert et al, 2003; Ihrcke et al, 1993). 

1.9. Chemokine binding to Heparan Sulphate 

Highly specific cell surface receptors often use cell surface HS to recognise their 

ligands or to regulate their activation. The association of a number of chemokines 

including RANTES with heparan sulphate has been demonstrated and in this form it is 

presented to specific receptors (Ali et al, 2002; Hillyer & Male, 2005; Kuschert et al, 

1999; Proudfoot et al, 2001; Proudfoot et al, 2003). The binding of RANTES to HS 

possibly induces self aggregation and allows a higher surface concentration of the 

chemokine (Skelton et al, 1995). 

Chemokines are highly basic, and all are able to bind heparin with varying affinities. In 

addition, nearly all chemokines bind to HS which has an average molecular weight of 

29 KDa with a range of 5 to 50 KDa and a structure similar to heparin, except heparin 

is more uniformly sulphated making it the most negatively charged molecule in the 

body (Hileman et al, 1998). Like heparin, HS is a strongly anionic linear 

polysaccharide, synthesized in the Golgi apparatus as a repeating linear co-polymer of 

variably sulphated uronic acid and glucosamine residues. HS has an average of one 

sulphate per disaccharide and is predominantly composed of glucuronic acid 1-4 linked 

to glucosamine. HS contains greater structural variation than is present in heparin 

(Yanagishita & Hascall, 1992). 

Although HS contains all of the disaccharide sequences found in heparin, the amount of 

these minor sequences is greater in HS making it structurally and sequentially more 

complex. HS N-deacetylase/N-sulphotransferase (NDST) enzymes catalyse the reaction 
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that initiates sulphation and subsequent modification of HS. The sulphation pattern of 
GAGs is of great importance and plays a role in the regulation of cellular function and 
immunity and the extent and distribution of sulphation on HS is vital to regulate the 

range of proteins that it can bind. Specific sulphated disaccharides on heparan sulphate 

expressed by human microvascular endothelial cells provide the low-affinity binding 

site for RANTES (Carter et al, 2003). 

The interaction between chemokines and sulphated domains on HS is ionic in nature 

and forms between basic amino acid sequences near the C-terminus of the chemokine 

and anionic sulphated domains on the GAG. RANTES has a higher affinity for HS 

compared to other CC chemokines (Kuschert et al, 1999). A conserved concensus 

sequence of basic amino acids has been described in the form of the BBXB motif which 
is found on the 40s loop of RANTES, where B represents either of the basic amino 

acids arginine or lysine, and X represents any other amino acid. In addition, a BBXXB 

sequence has been described further upstream toward the C terminal in RANTES. These 

sequences have been shown to play a major role in the specific low-affinity binding of 

RANTES to HS (Ali et al, 2002; Proudfoot et al, 2001). 

HS is found consistently on two major families of membrane bound proteoglycans 

(PGs), the syndecans and the glypicans (Bernfield et al, 1999). These are referred to as 

heparan sulphate proteoglycans (HSPGs). The syndecans carry the bulk of the HS 

(Kainulainen et al, 1998). By way of their HS chains, syndecans and glypicans can bind 

a wide variety of soluble and insoluble extracellular ligands. Glypicans are covalently 

linked to phosphatidyl inositol in the outer leaflet of the plasma membrane and the HS 

chains are likely located near the plasma membrane bound to an extended protein 

domain (figure 1.6) (Bernfield et al., 1999). 

Syndecans are trans-membrane proteins that bear ligand-binding HS chains distal from 

the plasma membrane. There are four types of syndecan, syndecan-1 through to 

syndecan-4. Syndecan-1 is predominantly expressed by epithelial cells and plasma cells, 

and to a lesser extent by endothelial cells, monocytes and fibroblasts among other cell 

types. Syndecan-2 is abundantly expressed by endothelial cells and mesenchymal cells 

whilst syndecan-3 expression is mostly restricted to cells of neural crest origin. 

Syndecan-4 is expressed ubiquitously, although at lower levels than any of the other 
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syndecans. RANTES binds to syndecan-1 and syndecan-4 (Bartlett et al, 2007), and 
syndecans localise at adherens junctions (Bernfield et al, 1999). 
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Figure 1.6. Schematic depiction of cell surface heparan sulphate (HS) proteoglcans (Bernfield et al., 
1999). 

Virtually all adhesive cells express at least one of the four syndecans (syndecans 1-4) 

and most express multiple syndecans. Glypicans are expressed predominantly in the 

central nervous system. Proteoglycans act as co-receptors for both insoluble (e. g. extra- 

cellular matrix components) and soluble ligands (e. g. growth factors and chemokines), 

have involvement in the internalisation of receptors, and also play a role as soluble 

paracrine effectors, produced by the shedding of the HSPG from the cell surface 

(Bernfield et al, 1999) 

Although immobilised GAGs may aid in the presentation of chemokines, soluble GAGs 

can form complexes with chemokines and play a specific inhibitory role (Kuschert et al, 

1999; Martin et al, 2001). All four syndecans can exist as soluble HSPGs as they can be 

proteolytically cleaved and secreted into the ectodomain environment by ectodomain 

shedding. This is not unique to syndecans and occurs in the secretion of many other cell 

surface components. Cultured cells shed syndecan ectodomains as a part of normal 

turnover, and this shedding is regulated as an inflammatory mechanism by several 

inflammatory factors, and activated under certain inflammatory conditions (Bartlett et 
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al, 2007). Shedding is accelerated by agonists that enhance the activity of a tissue 
inhibitor of matrix metalloproteinase (TIMP)-3 sensitive metalloproteinase (Fitzgerald 

et al, 2000). Agonists of syndecan cleavage include the EGF family growth factors 
(protein tyrosine kinase receptor mediated), thrombin and chemokines including 

RANTES (G-protein coupled receptor mediated), heparanase, stress mediators and 

second messengers (Bartlett et al, 2007). The activation of multiple signaling pathways 
leads to increased activity of membrane-bound metalloproteinase and cleavage of the 

syndecan core protein on the cell surface, close to the plasma membrane. Plasmin can 

activate MMPs and induce syndecan shedding. Plasmin is cleaved from plasminogen in 

the presence of plasminogen activator (PA). The activation of plasminogen is inhibited 

by plasminogen activator inhibitors including platelet derived plasminogen activator 
inhibitor-1 (PAI-1), resulting in an increase in cell associated chemokine (Kucharewicz 

et al, 2003). PAI-1 released from platelets is capable of stabilising the chemoattractant 

gradient on the endothelial cell surface (Taylor & Gallo, 2006). Conversely, the 

inhibition of PAI-1 results in syndecan shedding, and a reduction in cell-associated 

chemokine (Marshall et al, 2003). 

Shedding of syndecans into the extra-cellular environment reduces the concentration of 

chemokines on the endothelial cell surface. Soluble HSPGs, although no longer able to 

bind and localise chemokines on the endothelial cell surface, can compete with 

endothelial bound HSPGs for soluble chemokines, playing an inhibitory role and 

indicating a requirement for chemokine presentation to high-affinity receptors by 

endothelial cell associated GAGs (Cockwell et al, 1996; Kuschert et al, 1999; Martin et 

al, 2001). Soluble chemokines can also bind leukocytes, desensitising specific receptors 

and preventing their adherence to endothelial cells and consequently their 

transendothelial migration. 

GAGs are also present on leukocytes, and may therefore play a role in the presentation 

of chemokines to the GPCRs on the same cell (Kuschert et al., 1999), or possibly cells 

of the same type. Following interaction with an immobilised GAG, a chemokine can be 

presented in either cis or trans fashion. In cis mode, the chemokine, GAG and specific 

receptor are all present on the same cell surface whereas the trans mode occurs when a 

chemokine binds to a GAG within the ECM or on an adjacent cell and then presented to 

a second cell expressing a specific receptor (Ali et al, 2002). 
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The presence of IFN-y and TNF-a has been shown to up-regulate HS expression 

compared to other GAGS. It has been shown that cytokine activation of the endothelium 
increases RANTES binding to the endothelial cell surface and therefore it is likely that 

endothelial cell activation is necessary for efficient chemokine sequestration and 

presentation by the endothelium leading to leukocyte migration from the apical to the 
basal surface of the endothelium (Kennedy et al, 1998; von Hundelshausen et al, 2001). 

In addition, HSPGs are found on both the luminal and basal endothelial cell surface and 
have been implicated in the binding and transcytosis of chemokines across the 

endothelial cell barrier from the abluminal to the luminal surface of endothelial cells 
(Parish, 2005). 

Almost all chemokines studied to date appear to bind to HS, suggesting that this 

interaction represents a fundamental aspect of these proteins (Vives et al, 2002). It has 

been shown that T-cells secrete CC chemokines including RANTES in vivo as a 

complex with PGs (Wagner et al, 1998a). This would strongly suggest that this form is 

physiologically relevant. It has been clearly demonstrated that GAG expression is not 

necessary for the biological function of RANTES in vitro, but the presence of cell 

surface GAGs does enhance the activity of low concentrations of these chemokines, 

indicating that the immobilisation of GAGs is functionally important (Ali et al, 2002). 

In addition, loss of cell surface GAGs reduces the affinity of leukocytes for many 

chemokines (Kuschert et al., 1999). RANTES mutants that cannot bind to GAGs were 

unable to induce leukocyte migration in vivo, even at 10,000 fold higher doses than 

those at which the wild type RANTES was able to induce statistically significant 

recruitment (Proudfoot et al, 2003). This confirms that RANTES must interact with 

GAGs to elicit cell migration in vivo. Without this mechanism, chemokines would be 

washed away from the local production site, especially under flow conditions and 

diluted to a concentration below the threshold required for receptor binding. They 

would become widely distributed such that no localised chemotactic signal would be 

generated for leukocytes to follow (Proudfoot et al, 2003). 
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1.10. Chemokine dimerisation 

A characteristic feature of chemokines is the observation that they are able to form 

dimers and higher order multimers. Growing evidence suggests that GAGs facilitate the 

chemokine-receptor binding process by inducing chemokine self-aggregation, referred 

to as oligomerisation or multimerisation (Hoogewerf et at, 1997; Proudfoot et at, 2003; 

Vives et at, 2002). The aggregation of RANTES is not unique among the CC 

chemokines. Both MIP-1 a and MIP-18 have been shown to form high molecular weight 

aggregates in solution at neutral pH (Skelton et at, 1995). In fact many CC and CXC 

chemokines including IL-8, RANTES and MCP-1 multimerise on interaction with cell 

surface HS (Bernfield et al, 1999; Hoogewerf et at, 1997). 

It is believed that chemokines dimerise and multimerise as a regulation mechanism for 

activity. GAG binding reduces the chemokine dimerisation constant, enhancing surface- 

bound dimer formation (Williams et at, 2005). Cell surface GAGs, including heparin 

and heparan sulphate (HS) sequester chemokines and induce chemokine 

multimerisation at the cell surface (Hoogewerf et at, 1997; Vives et at, 2002), thus 

promoting local high concentrations and establishing a stable chemotactic gradient in 

the vicinity of GPCRs and facilitating chemokine-receptor binding on leukocytes. The 

formation of stable chemotactic gradients gives a longer duration of action by 

preventing diffusion into the bloodstream (figures 1.7a and b). In addition, chemokine 

multimerisation and GAG binding may protect chemokines from proteolytic 

degradation (Hoogewerf et at, 1997; Proudfoot, 2006; Proudfoot et al, 2003). 

Fig. 1.7a 
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Figure 1.7a; Chemokines require immobilisation on cell-surface GAGs in order to initiate the 
transmigration process from the circulation (Proudfoot, 2006). 

Figure 1.7b; RANTES requires a minimal tetrameric structure in order to provide a directional 

signal to circulating leucocytes (Proudfoot, 2006). 
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Maintaining a RANTES gradient that is sufficient for the pro-inflammatory stimulation 

of leukocyte migration across endothelial cells into tissues is crucial for their 

recruitment to an inflammatory site. The formation of aggregates may also have a 

physiological role in limiting the amount of active RANTES circulating in the blood 

stream (Proudfoot, 2006; Skelton et al, 1995). 

1.11. Duffy antigen receptor for chemokines (DARC) 

RANTES can also bind to the Duffy antigen receptor for chemokines (DARC) (Choe et 

al, 2005; Neote et al, 1994). DARC is a 48 KDa protein that belongs to the family of 
`silent' chemokine receptors known also as interceptors (internalising receptors). These 

are 7 trans-membrane molecules present on endothelial cells and erythrocytes with high 

homology to the GPCRs (Colditz et al, 2007; Rot, 2005). 

DARC binds a broad spectrum of chemokines of the CXC and CC groups but, just like 

other chemokine interceptors, does not activate G-protein mediated signalling cascades 

(Colditz et al, 2007; Ward et al, 1998) as it lacks the DRYLAIV motif in the second 

intracellular loop and therefore cannot couple to G-proteins and does not elicit any 

detectable signal transduction events (Ward et al, 1998). DARC has less than 20 % 

amino acid identity with CXC and CC chemokine receptors and is the only known 

chemokine receptor that can bind both CC and CXC chemokines. However, DARC is 

clearly distinct from the chemokine interceptor D6, which binds chemokines and leads 

to chemokine degradation (Pruenster & Rot, 2006). 

The chemokine transport activity of DARC enhances chemokine-induced leukocyte 

migration across biological barriers which express this interceptor, and may play a role 

in inflammation since evidence suggests that DARC is up-regulated in many 

inflammatory diseases (Colditz et al, 2007). Chemokines that are produced in the tissue 

have to appear on the luminal endothelial surface in order to induce firm leukocyte 

adhesion. This is achieved by DARC mediated transcytosis of chemokines from the 

abluminal to the luminal surface of the endothelium. 

The binding of chemokines to DARC on the endothelial cell surface also results in their 

neutralisation and thus prevents the systemic stimulation of circulating leukocytes 
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which would result in leukocyte desensitisation and temporary loss of their ability to 

migrate. Erythrocyte expressed DARC has been well documented as a chemokine sink, 

and in addition, prevents the loss of chemokines from the blood into the kidneys and 

other organs thus DARC also functions as a chemokine depot (Colditz et al, 2007). 

1.12. T-cell recruitment 

T-cells are normally present in almost every tissue of the body. They scan dendritic 

cells in lymphoid organs in search of specific antigens and, after priming, they migrate 

to follicles to help B-cells produce antibodies and to sites of antigen exposure to deliver 

the appropriate effector or regulatory function, thus inducing or dampening 

inflammation. Once the antigen is eradicated, central memory and effector memory T- 

cells remain in lymphoid organs and peripheral tissue to react rapidly if a second 

exposure to antigen should occur (Sallusto & Baggiolini, 2008). 

The migratory pattern of T-cells changes during the transition from naive T-cells to 

memory T-cells. Naive T-cells traffic through lymphoid tissue waiting to be primed, 

whereas memory T-cells have acquired the ability to infiltrate non-lymphoid sites where 

antigen is located. In addition, primed T-cells are able to establish homing receptors for 

tissue-selective molecules and chemokines that allow them access to specific tissues 

(Marelli-Berg et al, 2008). 

1.13. T-cell activation 

It is generally accepted that the mitotic activation of T-cells in vivo is a result of a two- 

step signalling mechanism, initially triggered by a specific antigen presented in 

association with products of the major histocompatibility complex (MHC) at the surface 

of an antigen presenting cell. Binding of antigen-MHC to the clonotypic T-cell antigen 

receptor triggers the T-cell to express receptors for the second mitotic signal, the growth 

factor interleukin-2 (IL-2) (Mire-Sluis et al, 1987). IL-2 is secreted by T-cells in 

response to IL-1, which is produced by cells of the monocyte-macrophage lineage in 

response to an antigen-dependent interaction between monocytes and T-cells (Mire- 

Sluis et al, 1987; Mizel, 1982). 

However in vitro, the initial signal for polyclonal activation of T-cells can be achieved 

by substituting a variety of agents, including the lectin phytohaemagglutinin (PHA) for 
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antigen-MHC and the second signal can be delivered by recombinant IL-2 (Mire-Sluis 

et al, 1987; Palacios, 1982). The stimulation of naive T-cells results in activation, 

maturation, proliferation and cytokine release (Dairaghi et al, 1998; Loetscher et al, 
1996). Activation involves the up-regulation of T-cell surface receptors. 

1.14. T-cell differentiation 

The maturation of resting cells into specific effector CD4+ Thl and Th2 phenotype T- 

helper cells is a process of maturation that takes 3-7 days and involves the influence of 

cytokines. Interferon-a (IFN-a) promotes the Thl phenotype, whereas transforming 

growth factor-ß (TGF- ß) promotes differentiation into the Th2 phenotype (Ortiz et al, 
1997; Ward et al, 1998). 

There has been intense effort to determine which chemokine receptors (CCR) are 

expressed on different leukocytes. It is now established that T-cells express most of the 

known CC, CXC and CX3C chemokine receptors (table 1.1. ) The precise pattern of 

chemokine expression depends entirely on the activation state of the T-cell. Following 

mitogenic stimulation/activation and/or prolonged treatment with interleukin-2 (IL-2), 

the chemokine receptors CCR1, CCR2, CCR5, CXCR4 and CX3CR1 are markedly up- 

regulated (Loetscher et al, 1996; Ward & Westwick, 1998) (see table 1.1). Some 

receptors are restricted to activated T-cells, such as CXCR3. Chemokine receptor 

expression correlates well with the known chemotactic effects of the respective ligands 

on T lymphocyte subsets. For example, the CXCR4 receptor is predominantly expressed 

on CD45RA+ naive T-cells. Its ligand, stromal cell derived factor-1 (SDF-1), is 

involved in the basal trafficking of naive lymphocytes. 

In contrast, CCR5 is expressed mainly on mature CD45RO+ CD4+ T-cells, which 

migrate in response to RANTES, the major ligand for CCR5 (Bleul et al, 1997). The 

expression of CCR4, CCR3 and CCR7 has been observed specifically on differentiating 

Th2 type T-helper cells following activation and differentiation (Gerber et al, 1997) 

whereas CCR5 and CXCR3 is preferentially expressed on Thl type T-helper cells 

(Loetscher et al, 1998; Sallusto et al, 1998b). CXCR4, CCR1 and CCR2 are expressed 

on both Thl and Th2 type cells (figure 1.8). In addition, CD8+ cytotoxic T-cells of the 

Tc2 subtype also express CCR1 and CCR3, with CCR1 and CCR5 expressed by CD8+ 
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cytotoxic T-cells of the Tcl subtype (D'Ambrosio et al, 1998; Sallusto et al, 1998b; 

Ward & Westwick, 1998; Weber et al, 2001). 

The pattern of receptor expression on Th 1 and Th2 T-cells correlates with the efficient 

attraction of Thl T-cells by the T-cell ligands MIP- l a, MIP- lb and RANTES. SDF-1 

and MCP-1 bind to CXCR-4 and CCR-2 respectively and exert chemotactic effects on 

both Thl and Th2 type T-cells (Ward et al, 1998). However, there is evidence to 

suggest that differential expression of chemokine receptors may influence functional T- 

cell responses other than chemotaxis, since RANTES, MIP-1 a and MCP-1 also promote 

lymphocyte activation and differentiation (Ward et al, 1998). 
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Figure 1.8. Schematic model for chemokine receptors as markers of T-cell differentiation (Ward et 

al, 1998). 

1.15. The role of RANTES in T-cell migration 

As an immediate early response to stress, RANTES is produced by inflamed tissues and 

deposited on the endothelium as a solid phase gradient (Figure 1.9a). It is proposed that 

chemokines induce the transition from selectin-mediated tethering and rolling to 

integrin-mediated firm attachment and spreading. Chemokines present on both the 

luminal and abluminal endothelial cell side can induce transendothelial migration, and 

in addition are required for the interaction of VLA-4 with fibronectin, which is 

important for migration of T-cells into the tissue (Sallusto et al, 1998a). 
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Chemokines induce the surface expression of endothelial cell adhesion molecules 
including P- and E-selectins, and Ig superfamily members, but this is an indirect effect. 
Chemokines trigger other cells, e. g. mast cells, T-cells or monocytes to degranulate and 
release multiple inflammatory mediators to include histamine and TNF-a which binds 

to receptors on the surface of the same cells, resulting in their activation and the 

expression of P- and E- selectin respectively (Colditz et al, 2007). TNF-a also induces 

the strong expression of intercellular adhesion molecules including ICAM-1. ICAM-1 

expressed on the macrophage surface interacts with its ligand LFA-1 on resting T-cells, 

resulting in their activation and proliferation (Fattal-German et al, 1998). 

RANTES on the endothelial cell surface is recognised by passing monocytes (figure 

1.9b). Monocytes are induced to produce more RANTES transiently by tumor necrosis 
factor-a (TNF-a) and interleukin-1 ß (IL-1p), amplifying the response (figure 1.9c). T- 

cells are activated by target antigens and produce early genes such as IL-2 receptor-a 

chain and adhesion molecules such as leukocyte function-associated molecule-1 (LFA- 

1). RANTES promotes monocyte and T-cell adherence to, and entrance into the tissue 

(figure 1.9d). Days later, T-cells up-regulate sustained RANTES production, creating a 

`trail' into the tissue. This assists the formation of a gradient in order to recruit more T- 

cells and monocytes to the site of inflammation and promotes their entrance into the 

tissue (Ortiz et al, 1997). 
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Figure 1.9. The role of RANTES in inflammatory responses (Ortiz et al, 1997) 

For a T-cell cell to migrate, it must first acquire polarised morphology that will allow 
locomotion. This morphology is also required for a number of other processes including 

cell differentiation, recognition and binding of antigen presenting cells (APCs) by T- 

cells and cytolytic granule secretion for cell-killing. Chemokines induce T-cell 

polarisation, which is a change in cell distribution of filamentous F-actin from a radial 

symmetrical pattern to concentration in specific cell regions. As a result, two 

differentiated edges are established within the cell, namely, the leading edge and the 

uropod. The leading edge concentrates several chemoattractant receptors including 

CCR3, and CCR5. A number of adhesion molecules are concentrated in the uropod, 

including ICAMs, L-selectin, and PSGL-1. This serves as a method to promote the 

binding of other cells to enhance leukocyte recruitment and trans-endothelial migration 

(Mellado et al, 2001). 

. _l... __l.... 
S_ 

. _.. l__.. l.. 
__. __ ., 

r 

53 



1.16. RANTES induced T-cell accumulation in lung inflammation 

RANTES monomers have been shown to be functional ligands of CCR1, CCR3 and 
CCR5 in vitro, the biological activity dependent on the integrity of the N-terminal 

domain (Proudfoot et al, 2003). RANTES has been shown to stimulate T-cell and 

monocyte migration in vitro at an optimal concentration of 10 nM (Ali et al, 2002) and 
half-maximal migration at 2 nM (Kameyoshi et al, 1994). 

RANTES can selectively attract naive (CD45RA+) CD4+ (helper) and mature 
(CD45RO+) human CD4+ T-cells including Thl (Kawai et al, 1999) and Th2 subtypes 
(Gerber et al, 1997; Sallusto et al, 1997) and CD8+ (cytotoxic/killer) T-cells of the Tc 1 

and Tc2 subtype (Iijima et al, 2003; Sallusto et al, 1998a; Sallusto et al, 1998b), natural 
killer cells and immature DCs (Appay & Rowland-Jones, 2001; Barnes, 2008; Conti et 

al, 2001; O'Neill et al, 2004), monocytes (Schall et al, 1990), eosinophils (Rot et al, 
1992; Schroder et al, 1994) and basophils (Yoshimura et al, 1987) and could be of 

particular importance in those inflammatory diseases in which these cells are present in 

affected tissues. However, T-cell infiltration during inflammation is of particular 
importance since T-cells are central to adaptive immunity, establishing and maximising 

the immune response by activating and directing other immune cells. 

In addition to RANTES, many other CC chemokines may induce the chemotaxis of 

CD4+ and CD8+ T-cells through binding to CCR1 expressed on CD4+ and CD8+ T-cells 

(MIP- l a, MCP-2, MCP-3, MIP-5, MIP-1 ß, MIP-1 y and MCP-1), CCR2 expressed on 

activated memory T-cells (MCP-1 and MCP-5), CCR3 expressed on CD4+ Th2 and 

CD8+ Tc2 T-cells (eotaxin, eotaxin-2, eotaxin-3, MCP-2, MCP-3, MCP-4 and MIP-5) 

and CCR5 expressed on CD4+ Th 1 and CD8+ Tcl T-cells (MIP-1 a, MIP-1 ß and MCP- 

2, MCP-4, MCP-1 and eotaxin) (Murphy et al, 2000). 

T-cell infiltration is associated in particular with several major inflammatory diseases of 

the lung. Bronchial biopsies from asthmatics show infiltration with eosinophils, 

activated mast cells, and activated T-helper (CD4+) T-cells that are predominantly Th2 

cells. CD4+ lymphocytes predominate over CD8+ cells and neutrophils are sparse 

(reviewed in Barnes, 2008, Holgate, 2007 and Jeffery, 1999). In bronchial biopsies from 

patients with COPD, it has been reported that there is an infiltration of activated T- 

helper (CD4+) T-cells (predominantly Thi and cytotoxic Tcl cells) and increased 
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numbers of neutrophils and macrophages (Barnes, 2008). CD8+ lymphocytes 

predominate over CD4+ cells and there are increased numbers of subepithelial 

macrophages and intra-epithelial neutrophils (reviewed in Barnes, 2008 and Jeffery, 

1999). In addition, the infiltration of T-cells of the CD8+ subset again predominates in 

severe peribronchiolitis (Jeffery, 1999) and analysis of infiltrate in the CF airway 
implicates neutrophils, B-cells and T-cells, with increased numbers of CD4+ T-cells 

appearing as the most encountered population in the CF bronchial wall (Hausler et al, 
2002; Hubeau et al, 2001). 

There is much evidence to suggest that RANTES predominantly induces T-cell 

transendothelial migration in the lung during inflammation. Using inhibitors of 
RANTES function and also by measuring RANTES expression, studies have shown that 

RANTES is a major chemoattractant in the asthmatic lung (Venge et al, 1996) and that 

RANTES induces the migration of T-cells into lung tissue in sarcoidosis, COPD, 

asthma, interstitial lung disease and fibrosing alveolitis (Barnes, 2008; Brozyna et al, 

2009; Petrek et al, 1997; Psarras et al, 2005; Saetta et al, 1998; Ziora et al, 1999). T-cell 

accumulation in the lung has been associated with increased levels of RANTES 

detected in the bronchoalveolar lavage fluid of patients with diffuse panbronchiolitis 

(Kadota et al, 2001) and in addition, the neutralisation of RANTES receptors with 

receptor antagonists significantly decreases T-cell infiltration into lung tissue and 

decreases RANTES mRNA expression (Gonzalo et al, 1998). 

1.17. Chemokine clearance 

Chemokines which diffuse in blood and appear in plasma can be bound by DARC on 

red blood cells, which internalises from the cell surface following ligand binding. 

DARC serves as a chemokine reservoir in the blood circulation but DARC may also 

contribute to chemokine clearance from tissues into blood (Colditz et al, 2007; Rot, 

2005). However, more likely, chemokines passively diffuse into the lymphatic vessels 

along pressure gradients and are cleared into the lymph nodes. Evidence shows that 

chemokines can induce leukocyte migration from the blood into the lymph nodes. 

Chemokines may also be scavenged by enzymes or by chemokine interceptor D6 

expressed on lymphatic endothelium and leukocytes. D6 binds multiple inflammatory 

CC chemokines and aids degradation by facilitating transport into lysosomal 

compartments (Colditz et al, 2007; Ward et al, 1998). In addition to chemokine 
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interceptors, GPCRs may also be involved in chemokine clearance through uncoupling 
from conventional signalling responses (Colditz et al, 2007). 

1.18. Copper 

Copper (Cu) is an essential trace element existing in divalent, oxidised (Cu II) and 

reduced (Cu I) states. Widely distributed in the body, it is required for human survival, 
incorporated into organic complexes such as metallo-protein enzymes which are 
involved in such fundamental functions as redox reactions, iron absorption, free radical 

scavenging (superoxide dismutase), the cytochrome chain of mitochondrial oxidation 
(cytochrome oxidase), the synthesis of complex proteins of collagenous tissues in the 

skeleton and blood vessels, the synthesis of neurotransmitters and elastin cross-linking 
by lysyl oxidase. The total content of Cu in the human body is around 50-120 mg, 40 % 

of which is located in muscle and the highest concentration of 6.6 µg/g is found in the 

liver (Garrow, 2000; Osterberg, 1980). In plasma, over 90 % of Cu is bound to 

caeruloplasmin, 10 % to albumin and the rest to transcuprein, and amino acids (Tapiero 

et al, 2003; Twomey et al, 2007). In blood, Cu is bound into the metalloenzyme 

superoxide dismutase, which is involved in free radical scavenging. Caeruloplasmin 

binding to Cu occurs in the liver whereas albumin can bind and release Cu outside the 

liver (Garrow, 2000). 

Total normal plasma or serum levels of Cu have been estimated using many different 

analytical techniques. The reported values range between 8.3 and 26.48 µM (Gonzalez 

et al, 1999; Versieck, 1980). In biological systems including water, free Cu tends to be 

in the cupric (divalent) state, although it is also found as Cu (I). However, in plasma, 

there is little or no free Cu in solution (Brewer, 2007). Free Cu (II) is estimated in 

plasma at 10 -7 tM (Linder & Hazegh-Azam, 1996) and in eukaryotic cells at 10-18 M 

(Jackson et al, 2001), which is less than a single atom per cell (10-10 M). 

Caeruloplasmin bound Cu is not available as part of the exchangeable plasma copper 

pool, and cannot directly bind Cu ions in the plasma. Cu is only added during 

caeruloplasmin synthesis in the liver. 

Cu appears to be exchanged directly between albumin and transcuprein which, of the 

two, has higher affinity for Cu. Cu bound to either of these two proteins is available as 

part of the exchangeable plasma Cu pool. Amino acids and small peptides in blood and 
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plasma are not a significant source of copper for cells (Linder & Hazegh-Azam, 1996). 
Cells can take up Cu from both caerulpolasmin (caeruloplasmin-Cu complex) and non- 
caeruloplasmin sources like albumin, transcuprein, Cu-cysteine and Cu-histidine 

complexes. The uptake of Cu is thought to involve interaction with cell surface 

receptors and metallochaperones. Within cells, copper is mostly bound to 

macromolecules including metallothionein and glutathione and it is thought that very 
few free Cu ions exist in the cytoplasm (Leary & Winge, 2007; Tapiero et al, 2003). 

Dietary Cu is known to be essential for cardiovascular function and haemostasis, which 
is associated with over 30 Cu-dependent enzymes. A Cu deficient diet has major effects 

on both structural and functional aspects of the heart and vasculature. Interactions 

between endothelial cells and blood components in the micro circulation are intricately 

involved with Cu dependent processes. Cu deficiency results in prolonged haemostasis 

and inhibition of NO-dependent vasodilation (Schuschke, 1997). Some studies have 

indicated that Cu is required for the maintenance of appropriate signal transduction 

processes that are essential for the physiological function of platelets in haemostasis and 

thrombosis. Cu deficiency causes an increase in granule secretion from thrombin- 

activated platelets and it has been indicated that it is the direct effect of Cu deficiency 

on signalling pathways that leads to secretion (Johnson, 1999). Cu deficiency also leads 

to diminished platelet adhesion to endothelial cells and inhibits thrombus formation 

(Schuschke, 1997) but increases platelet aggregation, possibly the result of decreased 

platelet vWF and increased fibrinogen (Lominadze et al, 1996). It is clear that Cu is 

important for normal platelet aggregation and is involved in numerous microvascular 

functions. In excess, Cu can cause cellular damage. As a result, free Cu is normally 

present at very low levels in cells, approximately 10-13 - 10-18 M (Jackson et al, 2001; 

Linder & Hazegh-Azam, 1996). 

1.19. Hydrogen Peroxide (H202) 

Hydrogen peroxide (H202) is a covalent liquid that is generated in vivo by the 

dismutation of the superoxide radical (02") and can cross cell membranes readily. H202 

is generated during oxidative stress and also released at sites of inflammation by the 

endothelium (Kinnula et al, 1992c), activated phagocytes and other inflammatory cells 

during inflammation (Halliwell et al, 2000a; Halliwell et al, 2000b). 
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High levels of H202 (>50 µM) are cytotoxic and it is widely thought that H202 is very 
toxic in vivo and is rapidly eliminated by enzymes such as catalases, peroxidases and 
thioredoxin linked systems (Halliwell et al, 2000a). However, H202 is poorly reactive in 

chemical terms, and can act as a mild oxidising or reducing agent but does not oxidise 
lipids, DNA or proteins readily. 

The toxicity of H202 arises from its ability to form the highly reactive hydroxyl radical 

(OH) either by exposure to ultraviolet light or by interaction with transition metal ions 

in vivo (Halliwell et al, 2000a). Transition metal ions are usually sequestered into 

protein-bound forms that cannot catalyse the formation of OH' radicals, but H202 still 

contributes to redox chemistry by liberating transition metals from haem proteins. The 

addition of H202 can lead to transition metal mediated oxidative damage in cultured 

cells, however levels of H202 at or below 20-50 µM appear to have limited cytotoxicity 

to many cell types (Halliwell et al, 2000a) and some studies have claimed levels of 
H202 of up to 35 µM in human plasma (Deskur et al, 1998; Lacy et al, 1998; Varma & 

Devamanoharan, 1991). H202 can activate NF-KB, modulating the inflammatory process 
by up-regulating adhesion molecule expression and platelet aggregation (Halliwell et al, 
2000b). 

1.20. Copper and inflammation 

Raised circulating Cu levels and mildly acidic conditions are common during 

inflammation (Atwood, et al., 1998). Abnormally high Cu levels are seen in 

inflammation, infection, cancer and angiogenesis, cardiovascular diseases, rheumatoid 

arthritis, Alzheimer's disease and cystic fibrosis, chronic obstructive pulmonary disease, 

adult respiratory distress syndrome and asthma indicating that Cu is pro-inflammatory 

(Brewer, 2005; Karadag et al, 2004; Madaric et al, 1994; Milanino & Buchner, 2006; 

Percival et al, 1999; Rice et al, 2001; Squitti et al, 2002; Tapiero et al, 2003). 

Particulate air pollution results in an increase in respiratory symptoms including the 

exacerbation of bronchoconstriction in asthma sufferers, increased hospitalisation rates 

for respiratory disorders and decreased lung function (Pope, 1989; Pope et al, 1991). Cu 

has been shown to be highly toxic for the lung when instilled in the airway, and it has 

been shown that Cu ions cause some of the effects of inhaled air pollution through NF- 

kB activation which results in cytokine (IL-6) and chemokine (IL-8) production, 
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indicating that pollutant-induced lung inflammation is Cu-dependent (Hirano et al, 
1993; Hirano et al, 1990; Kennedy et al, 1998). 

Furthermore, acute and chronic inflammation have been characterised by a significant 
increase of total serum copper, which can be regarded as a factor capable of worsening 
pathological processes, including oxidative stress (Milanino & Buchner, 2006) and Cu 

also induces endothelial IL-8 synthesis (Bar-Or et al, 2003). 

1.21. Copper and peptide multimerisation 

Copper, especially in the presence of H202 has been shown to induce aggregation and 

cross-linking of the amyloid-ß peptide and prion protein (PrPc). The multimerisation of 
the fragment amyloid-ß (Aß) by incubation with Cu was found to induce a fluorescent 

signal characteristic of tyrosine cross-linking (Atwood et at, 2004). The addition of 
H202 strongly promoted Cu-induced dityrosine cross-linking of Aß 1-28, API-40 and 
API-42, suggesting that the oxidative coupling is induced by a Cu/H202 oxidative 

mechanism. In addition, it was previously shown that the binding of the PrPc to GAGs 

is Cu dependent (Gonzalez-Iglesias et at, 2002), suggesting a possible role for Cu in the 

binding of chemokines to GAGs. 

These findings have led to the hypothesis tested in this thesis that Cu may play a role in 

the multimerisation of chemokines through Cu-mediated dityrosine cross-links. It is 

proposed that the generation of H202 in inflammation, and its interaction with Cu 

coordinated to tyrosine residues of chemokines oxidises these residues through 

reactions that lead to covalent cross-linking, resulting in the formation of dityrosine 

cross-linked active chemokine multimers. 

As yet there has been no documentation on the involvement of Cu forming covalent 

links with chemokines and GAGs, or the involvement of tyrosine residues in chemokine 

multimers. Recent therapeutic strategies have been directed to limiting excessive 

cytokine secretion from endothelial cells (Bar-Or, Thomas et al. 2003). 

As well as providing a new therapeutic angle for the treatment of conditions such as 

rheumatoid arthritis, COPD, and CF, the theory that Cu is causative of chemokine 
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multimerisation and inflammation also provides insight to the possibility of treating 

other diseases. 

1.22. Copper chelators 

Cu chelators have been implemented for the treatment of many inflammatory disorders. 

Cu has been implicated in tumour growth and angiogenesis and the Cu chelator 

tetrathiomolybdate has been studied extensively in clinical trials as a therapy for cancer 

and angiogenesis. The anti-angiogenic mechanism of tetrathiomolybdate was found to 

involve the inhibition of angiogenic promoting cytokines, which led to the hypothesis 

that Cu chelators may inhibit cytokines that are associated with excessive fibrosis and 

inflammation (Brewer, 2005; Brewer, 2008). The mechanism is thought to be due to 

NF-KB inhibition resulting in reduced chemokine synthesis. Tetrathiomolybdate has 

also been shown in clinical trials to be successful in treating many other diseases of 

inflammation and fibrosis to include pulmonary fibrosis, hepatitis and liver cirrhosis 

(Brewer, 2005). Other Cu complexes, including Cu complexed to Cu-binding proteins 

have also been shown to attenuate redox reactions and subsequent NF-KB activation 

(Rael et al, 2007). 

Cu chelators such as tetrathiomolybdate, D-penicillamine and trientine are clinically 

effective in the treatment of Wilson's disease, an inherited disease of copper toxicity. 

These drugs are known to remove excess copper accumulated in the liver and other 

organs in Wilson's disease patients (Cui et al, 2005; Gupte & Mumper, 2007; Schilsky, 

1996). The accumulation results in neurologic symptoms of tremors, spasticity, rigidity 

and chorea, dystonia, unsteady gait and psychosis (Cui et al, 2005). Specific Cu 

chelators have also been shown to strongly inhibit protein oxidation that occurs in the 

presence of Cu (Zhu et al, 2002). 

Copper chelators have also been shown to be effective in the treatment of rheumatoid 

arthritis. The active forms of anti-arthritic drugs are complexes extemporaneously 

formed with endogenous Cu in vivo. These include the current drugs, D-penicillamine, 

salicylate, aspirin, and trientine (Cui et al, 2005; Milanino & Buchner, 2006). 

The Cu chelators trientine, D-penicillamine, bathocuproine and bathophenanthroline 

were reported to be effective in solubilising brain Aß (Cherry et al, 2000) and in 
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addition, the metal chelation of Cu with clioquinol markedly inhibits Aß aggregation in 

Alzheimer's disease transgenic mice (Cherny et al, 2001). 

It has been found that Cu chelation delays the onset of prion disease in mice, and it has 

been suggested that the removal of Cu reduces the interaction of PrPC with GAGs 

(Sigurdsson et al, 2003). From a clinical perspective, this suggests a possible role for 

chelators in AD and prion disease, and also potential for Cu chelators as anti- 
inflammatory agents. Since Cu is an essential trace element, Cu-lowering therapy must 
decrease Cu levels to a midrange therapeutic window where Cu deficiency does not 

occur (Brewer, 2005). 

In addition, GAGs such as heparin and hyaluronic acid have been shown to exhibit 

antioxidant capacity and have a protective effect against Cu induced lipid peroxidation 

and oxidative damage in fibroblast and liposome cultures (Albertini et al, 2000; 

Albertini et al, 1996; Balogh et al, 2003; Campo et al, 2004; Volpi & Tarugi, 1999). 

1.23. Hypothesis 

This thesis tests the hypothesis that Cu is pro-inflammatory and promotes chemokine 

multimerisation, inducing covalent dityrosine cross-linking between chemokine 

monomers in the presence of H202- 

1.24. Aims 

To identify a proinflammatory role for Cu and investigate the potential for Cu chelators 

as anti-inflammatory therapy. 
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1.25. Objectives 

1. To establish the effect of Cu and H202 on chemokine multimerisation 

2. To determine the biochemical nature of chemokine-chemokine interactions 

3. To detect the formation of dityrosine cross-links between chemokine 

multimers 

4. To test the effect of chemokine multimers in lymphocyte migration assays 

5. To determine the effect of Cu and H202 on RANTES synthesis and release 

by endothelial cells, T-cells and platelets 

6. To establish assays for T-cell transendothelial migration and investigate the 

effect of Cu chelators on lymphocyte migration 

7. With reference to the scientific literature, put the results into context and 

indicate the therapeutic potential for Cu chelators with particular reference to 

pulmonary inflammatory diseases 
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Chapter 2 

The effect of CuC12 and H202 on 

multimerisation of isolated 

recombinant chemokines 
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2. The effect of CuC12 and H202 on multimerisation of isolated recombinant 

chemokines 

2.1. Introduction 

2.1.1. Chemokine multimerisation on endothelial cell surfaces 

The immobilisation of chemokines to endothelial cell surfaces by proteoglycans has 

been demonstrated both in vitro (Hoogewerf et al, 1997) and in vivo (Rot, 1993). The 

interaction is thought to facilitate the retention of chemokines on cell surfaces and 

enable the localisation of high concentrations of chemokines under shear blood flow 

conditions (Proudfoot et al, 2003). RANTES is immediately bound to HS in vitro and 

rapidly dissociates in equilibrium. The immediate binding of RANTES to HS may be 

necessary for localisation of activity at the site of secretion but it can also be mobilised 
to extend the concentration gradient at the cell surface, an aspect of functional 

importance (Vives et al, 2002). 

Growing evidence suggests that proteoglycans facilitate chemokine-receptor binding by 

inducing chemokine self-aggregation, also known as oligomerisation or multimerisation 

which may increase the local concentration of chemokines on cell surfaces (Hoogewerf 

et al, 1997; Vives et al, 2002). 

RANTES binds to HS at a length of dp 16 - dp 18 (no. of saccharides upon 

depolymerisation (dp) of HS). Such a length suggests that optimum binding occurs with 

multimers of the chemokine. Binding studies have shown that RANTES multimerises 

along the GAG chain and that the binding of RANTES monomers depends on one 

another indicating a cooperative mechanism (Vives et al, 2002). 

RANTES binds to HS in the nanomolar range, at physiological concentrations. Since 

the dimer dissociation constant of RANTES is 35 µM in the absence of HS (Skelton et 

al, 1995), this suggests RANTES is predominantly monomeric at physiological 

concentrations. Evidence shows that at nanomolar concentrations, chemokine multimers 

form on cell surface GAGs (Vives et al, 2002), and therefore it is likely that those 

chemokines that are monomeric at physiological concentrations may dimerise or 
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multimerise under physiological conditions but only in the presence of 
glycosaminoglycans (GAGs) in vivo (Proudfoot, 2006). 

It is suggested that this may be a method of collecting and dimerising RANTES at low 

and physiological concentrations (Vives et al, 2002). However, it has also been 

suggested that the formation of high molecular weight aggregates in vivo may have a 

physiological role in limiting the amount of active chemokines circulating in the 
bloodstream since aggregation probably reduces the number of surface sites on 

chemokines that are accessible to receptors (Skelton et al, 1995). 

Chemokines do not need to multimerise to elicit a chemotactic response in vitro, as 

mutant monomeric variants of RANTES, IL-8, MIP-1 ß, MCP-1 and MCP-3 are able to 
interact with receptors and induce leukocyte recruitment in vitro (Czaplewski et al, 
1999; Laurence et al, 2000; Paavola et al, 1998; Proudfoot et al, 2003; Rajarathnam et 

al, 1994). However in vivo, these mutants do not induce leukocyte recruitment 
(Proudfoot et al, 2003) indicating that multimerisation is required for the in vivo 

chemotactic activity of these chemokines. 

It has also been shown that wild-type RANTES binds to heparin and HS as a tetramer in 

vitro (Hoogewerf et al, 1997) and using RANTES mutants that are not able to 

multimerise it has been shown that RANTES has a minimal tetrameric quaternary 

structure for cell attractant activity in vivo. Both the monomeric and dimeric forms of 

RANTES are devoid of in vivo chemotactic activity (Proudfoot et al, 2003) indicating 

that multimerisation to the tetramer may be required for in vivo RANTES activity. In 

addition, a RANTES mutant that is unable to bind to immobilised GAGs was also 

unable to induce leukocyte recruitment in vivo, although it retained wild-type receptor 

binding to CCR1 and CCR5 in vitro (Proudfoot et al, 2003). This indicates that both 

multimerisation and GAG binding are necessary for the in vivo activity of RANTES. 

Interestingly, chemokines that occur naturally as monomers such as eotaxin and MCP-3 

have not been reported to multimerise as shown by structural and biophysical studies 

(Crump et al, 1998; Keizer et al, 2000; Kim et al, 1996), but both are able to recruit 

leukocytes in vivo, although it is not known whether or not these chemokines 

multimerise on cell surface proteoglycans (Proudfoot et al, 2003). However, it is 
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possible that these chemokines can achieve higher order multimers in vivo due to GAG 
induced multimerisation and they may interact with leukocyte receptors as dimers, 

trimers or tetramers. 

2.1.2. Chemokine multimerisation in solution 

The CXC and CC chemokines IL-8, MIP- l a, RANTES and MCP-1 all multimerise on 
interaction with cell surface HS (Bernfield et al, 1999; Hoogewerf et al, 1997) but many 

chemokines can also aggregate in the absence of proteoglycans. Such chemokines 
include human IL-8, RANTES, MIP-1 a and MIP-1 ß all of which have been shown to 

self associate and form stable high molecular weight aggregates in solution at neutral 

pH (Burrows et al, 1994; Clore et al, 1990; Czaplewski et al, 1999; Schnitzel et al, 
1994; Skelton et al, 1995). 

Most chemokines are reported to be present in normal healthy tissues at physiological 

concentrations in the nanomolar range (Burrows et al, 1994; Vives et al, 2002) and 

many chemokines exist in dimeric form at these nanomolar concentrations. 

Multimer formation has been shown to be concentration and pH dependent. At 

concentrations greater than 1 mM (Skelton et al, 1995) larger aggregates of RANTES 

are predominant and chemokines have been shown to participate in monomer-multimer 

equilibrium in solution (Burrows et al, 1994; Mayo & Chen, 1989). Both the dilution of 

RANTES from 3.9 to 0.08 mM and the lowering of the pH below 3.7 results in dimer 

dissociation. Evidence shows that RANTES dimers are very stable at neutral pH and 

also very soluble (Skelton et al, 1995). 

Whilst RANTES is predominantly monomeric at physiological concentrations in vitro, 

studies have revealed that IL-8 exists as both a monomer and dimer at nanomolar 

concentrations with dimer dissociation constants in the region of 100 nM - 100 µM 

(Williams et al, 2005). Structural studies have revealed that whilst the monomeric 

tertiary structure of the chemokines is very similar, the dimeric structure of members of 

the CC and CXC subfamilies is completely different, as typified by MIP-1 ß and IL-8 

respectively. The MIP-1 ß dimer is elongated and cylindrical whereas the IL-8 dimer is 

globular in shape (Clore & Gronenborn, 1995). The structure of the monomers of CC 

and CXC chemokines appears to be similar despite the low level of sequence identity 
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between the two classes of chemokines and although the C-terminal helices are shorter 
for the CC chemokines. 

The dimer topologies of both RANTES and MIP-1 ß are completely different from those 

of the CXC chemokines. The RANTES dimer most closely resembles that of MIP-1 B. 

For the CC chemokines, the dimer interface is formed by the N-terminal ß-strand of the 

protein rather than the second ß-strand in CXC chemokines (Clore & Gronenborn, 

1995). In RANTES, dimerisation occurs through interaction of the region N-terminal to 

the CC motif of one monomer with residues in the 30s loop and strand-ß3 of the other 

monomer (figure 2.1). Key hydrophobic residues at the N termini dictate the mode of 

dimerisation. Evidence shows that for MIP- l a, MIM P and RANTES the substitution 

of Glu26 or Glu66 causes substantial disaggregation, suggesting that these residues are 

key elements in the self-association process (Czaplewski et al, 1999). All CC 

chemokines dimerise in a fashion similar to that of RANTES. The CXC chemokines 

dimerise through hydrophobic residues in strand ß1 (Skelton et al, 1995). 
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Figure 2.1. Schematic ribbon drawings of the IL-8 dimer (A) and the RANTES dimer (B). One 
subunit is shown in blue and the other in red (Clore & Gronenborn, 1995). 

2.1.3. Amyloid-ß peptide multimers 

Alzheimer's disease is the most common senile dementing disorder, characterised 

pathologically by the accumulation of neurofibrillary tangles and senile plaques in the 

neocortex and cerebral vasculature (Huang et al, 2000b; Squitti et al, 2002). The A13- 

peptide (Aß) is the main constituent of senile plaques, a4 KDa protein consisting of 39- 

43 amino acid residues that is produced from its precursor, the amyloid protein 

precursor (APP). 

The Aß-peptides are a group of soluble proteins of considerable amino and carboxyl 

terminal heterogeneity found in all biological fluids. API - 40 is the major soluble Aß 

species and Aß 1-42 the minor but more fibrillogenic species (Huang et al, 2004; Huang 

et al, 2000b). The cortical deposition of the amyloid-ß peptide (Aß) that occurs in AD 

also occurs in Down's syndrome, head injury and normal ageing (Atwood et al, 1998). 
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Although Aß-peptide from biological fluids is a4 KDa monomeric protein, Aß-peptide 

extracted from post mortem brain specimens is found as formic acid resistant oligomers 

and both Aß 1-40 and Aß 1-42 form multimers upon incubation. 

It was found that Cu is detectable within the neuropil (the region between neuronal cell 
bodies in the gray matter of the brain and spinal cord) of the AD-affected brain, where it 

is highly concentrated within amyloid plaque deposits and neurofibrillary tangles with 

total concentrations reaching 0.4 mM. It was also found that Cu (II) and oxidative 

systems promote the oligomerisation/aggregation of Aß-peptide in a reaction that is 

reversible with Cu chelation (Atwood et al, 2000a; Atwood et al, 2004; Huang et al, 
1999). It was observed that Cu ' induced Aß-peptide aggregation is enhanced in the 

presence of H202 and the involvement of a Cu/H202 oxidative system has been 

suggested (Liu et al, 2006). In addition, covalent links between Aß-peptide monomers 

have been confirmed as dityrosine cross-links (Atwood et al, 2004). 

2.1.4. Prion Protein multimers 

Like the Aß-peptide, the prion protein (PrP) has been shown to aggregate and form 

multimers in the presence of Cu. PrP has a monomeric molecular weight of 35-36 KDa. 

Prion proteins trigger a group of neurodegenerative diseases. A conformational isomer 

of the normal prion protein (PrPc), denoted as PrPsc is thought to be responsible for 

fatal diseases such as bovine spongiform encephalopathy (BSE) in cattle and 

Creutzfeldt-Jakob disease (CJD) in humans. 

The prion protein is characterised by the presence of a flexible and `unstructured' 

region, roughly 100-residue N terminal `tail', and of a globular domain of nearly 

identical size (Brown et al, 2004). As yet the function of the protein is unknown, but has 

been identified that Cu plays a key role in the biology of PrPC. 

It is well documented that the prion protein interacts with GAGs. HS binding sites in the 

PrPc have been identified. It has been reported that 2-0-sulphate groups are essential for 

heparin recognition, and that there are three regions of the prion protein capable of 

independent binding to heparin and heparan sulphate (Warner et al, 2002). 
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The interaction of the prion protein with GAGs occurs due to the formation of 
oligomeric complexes stabilised by Cu (II) bridges (Gonzalez-Iglesias et al, 2002). The 

interaction of the octapeptide spanning peptide motif with heparin, interestingly, is 

enhanced by Cu (II) ions. A peptide with the same motif (residues 53-93) inhibits the 
binding of the full-length prion protein to GAGs (Warner et al, 2002). 

2.1.5. A possible role for Cu in chemokine multimerisation 

Chemokines are essential for directing the inflammatory response, mediating leukocyte 

chemotaxis and migration from the bloodstream into the tissues at sites of inflammation. 

Previous findings have suggested that aggregation and multimerisation is important for 

chemokine binding and presentation on endothelial cell surfaces and that multimer 
formation is mediated by cell surface GAGs. It is also suggested that chemokine 

multimer formation and GAG binding is necessary to induce chemotaxis in vivo under 

shear blood flow conditions and that the binding of multimers to cell-surface GAGs 

concentrates and localises chemokine gradients to prevent diffusion into the 

bloodstream. 

Chemokines self-aggregate and also bind to endothelial cell surface GAGs including 

HS. Previous research directed to both the amyloid-ß peptide and the prion protein has 

revealed that Cu promotes amyloid-ß peptide aggregation and dityrosine formation, 

which is enhanced by H202, and that Cu has a role in the formation of oligomeric PrP 

complexes and their binding to GAGs including heparin. 

The discovery of these proinflammatory roles for Cu has led to the current investigation 

of the ability of Cu to induce chemokine aggregation and chemokine-GAG binding. The 

number of tyrosine residues in the primary sequence varies depending on the 

chemokine. There are none in ENA-78, one in IL-8 and five in RANTES, suggesting 

the chemokines may oligomerise differently under the same Cu and H202 redox 

conditions. Therefore, the experiments described in this chapter also investigate the 

possible involvement of dityrosine cross-linking in chemokine multimerisation. 
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2.2. Materials 

Recombinant human RANTES, human IL-8 and human ENA-78 were obtained from 

Peprotech EC, London, UK. Dimethyl sulphoxide (DMSO), guanidine hydrochloride 

(G-HC1), copper chloride (CuC12), hydrogen peroxide (H202), heparan sulphate (HS) 

from pig mucosa, TRIS, glycine, sodium dodecyl sulphate (SDS), ammonium 

persulphate (APS), coloured MLW markers (Colorburst) and biotinylated SDS markers 

were obtained from Sigma-Aldrich Inc., Poole, Dorset, UK. 

Polyacrylamide mini-gels were cast using the Bio-Rad Protean II system. The 

polymerising catalyst solution N, N, N', N' - tetramethylethylenediamine (TEMED), 45 

µm nitrocellulose and a 30 % acrylamide solution containing 0.8 % bis-acrylamide were 

obtained from Bio-Rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK. 

Phosphate buffered Saline (PBS) without added calcium or magnesium was obtained 
from Invitrogen Ltd, Paisley, UK. Methanol, ethanol and acetone were obtained from 

Fisher Scientific UK Ltd., Loughborough, Leicestershire, UK. All buffers and reagents 

were prepared in ultra-high quality (UHQ) water unless otherwise stated. 

Biotinylated primary IL-8, RANTES and ENA-78 antibodies were obtained from 

Peprotech EC, London, UK. A streptavidin-biotinylated horseradish peroxidase 

complex (StreptABC) was obtained from Dako UK Ltd, Ely, Cambridgeshire, UK. A 

commercial enhanced chemiluminescence (ECL) kit, SuperSignal, was obtained from 

Pierce Biotechnology Inc., Rockford, IL 61105, USA. Tween-20, PBS (-Ca 2+ /Mg 2+ ) and 

Super RX Fuji medical X-Ray film were obtained from Fisher Scientific, 

Loughborough, Leicestershire, UK. 
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2.3. Methods 

2.3.1. Sample preparation 

IL-8, RANTES and ENA-78 were incubated at 37 °C in 0.5 ml Safe-Lock eppendorf 
tubes for 1 (IL-8 and ENA-78) or 2 days (RANTES) at a final concentration of 5x 10-7 

M in PBS (-Ca2+/Mg2+), final volume 40 µl with CuC12 (1.25 - 100 PM), H202 (0.5 - 
400µM) and HS (0.1 mg/ml) final concentration. Safe-Lock eppendorf tubes eliminate 

the risk of sample evaporation during incubation. Following incubation, chemokines 

were analysed using SDS polyacrylamide gel electrophoresis (SDS-PAGE) and Western 

blotting. 

2.3.2. Dimethyl sulphoxide 

The hydroxyl radical scavenger, DMSO (0.4,2 and 4 µl), was added to 0.5 ml 

eppendorfs, followed by the addition of chemokines, CuC12, H202 and HS as described 

in section 2.3.1. The final concentration of DMSO was 1,5 and 10 % (v/v) respectively, 
in a final volume of 40 µl. 

2.3.3. Guanidine hydrochloride and ethanol precipitation 

Guanidine hydrochloride (GHC1) was added to samples following 1 or 2 day incubation 

at 37 °C. An equal volume (40 µl, referred to as volume A) of 12 M guanidine 

hydrochloride (G-HC1) in PBS (-Ca t+/Mg2+) was added to the samples resulting in a 

final concentration of 6M G-HCl 
. and the samples were incubated overnight at 4°C. 360 

µl of cold 100 % (v/v) ethanol (kept at -20 °C) was added to the protein solution (80 µl) 

- the final volume (400 µl) was referred to as volume B. The protein/ethanol solution 

was incubated at -20 °C for at least 1 hr, or left overnight. Following incubation, 

samples were centrifuged for 15 minutes at 4 °C in a micro-centrifuge at maximum 

speed (15,000 g). The supernatant was discarded and the pellet retained. The pellet was 

washed by re-suspending in 90 % (v/v) cold ethanol (kept at -20°C) - the final volume 

was equal to volume B. Samples were vortexed and re-pelleted by centrifugation at 

15,000 g for 15 minutes. 90 % of the supernatant was removed by aspiration. The 

remaining 10 % of the samples was dried in a rotary evaporator for 30 minutes at 45 °C. 

The pellet was reconstituted in volume A (40 µl), of 1x sample buffer. 
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2.3.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated by electrophoresis on 1 mm thick 14 % polyacrylamide gels. 
Resolving gels were prepared with 2.33 ml 30 % acrylamide solution, 1.5 ml 1.5 M 

TRIS-resolving gel buffer (18.17 g TRIS in 100 ml H2O, adjusted to pH 8.8 with 

concentrated HC1), 1.35 ml UHQ water, 50 µl 10 % (w/v) SDS, 25 µ1 10 % (w/v) APS 

(both prepared by adding 1g to 10 ml deionised water. APS was stored in 1 ml aliquots 

at -20 °C and SDS stored at room temperature), and 2.5 µl TEMED per 1 gel. The 

resolving gel solution was poured between the glass plates and the solution was overlaid 

with 100% ethanol or water to ensure a flat interface. Resolving gels were allowed to 

set for 30 minutes before the addition of the stacking gel. At this stage, gels were either 

used straight away or stored at 4 °C prior to the addition of a stacking gel, overlaid in 

resolving gel buffer diluted 1: 4. 

Stacking gels were prepared with 0.65 ml 30 % acrylamide solution, 1.25 ml 0.5 M 

TRIS-stacking gel buffer (6.057 g TRIS in 100 ml H2O, adjusted to pH 6.8 with 

concentrated HC1), 3.05 ml UHQ water, 50 µl 10 % (w/v) SDS, 50 µl 10 % (w/v) APS 

and 5µl TEMED per 1 gel. The buffer overlay was removed and approximately 5 ml of 

stacking gel was added to the top of each resolving gel. A clean plastic spacer was 
immediately added to form 10 sample wells. 

A IOx concentrated (1 M) TRIS-glycine running buffer was prepared by dissolving 

15.15 g TRIS, 72 g glycine and 5g SDS in 500 ml deionised water. The lOx solution 

was diluted 1: 10 to 100 mM on the day of the experiment. A 4x non-reducing sample 

buffer containing bromophenol blue as a tracer dye allowed visualisation of samples in 

the resolving gel (8 ml of 4x running buffer, 2 ml glycerol and 1 mg bromophenol blue) 

The 4x running buffer was prepared by adding 4 ml of 1 Ox running buffer to 6 ml 

deionised H2O. The samples were prepared by the addition of 51 4x non-reducing 

sample buffer to 15 µl of sample, diluting the buffer to a final concentration of Ix and 

pH 8.3. The 4x non-reducing sample buffer was stored at -20 °C in 0.5 ml aliquots. 

Samples were loaded in the sample wells in the stacking gel (15 µl per well. ) One lane 

of biotinylated molecular weight markers and one lane of colour markers (Sigma- 

Aldrich Inc., Poole, Dorset, UK) was analysed on each gel (5-10 µl per lane. ) 
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The samples were run slowly through the stacking gel at 40 V for 15 minutes. When the 

dye front reached the resolving gel the voltage was increased to 120 V. Electrophoresis 

was terminated when the bromophenol blue dye front reached the bottom of the gel, 

after approximately 1.5 hours. 

2.3.5. Western blotting 

Following electrophoresis, the stacking gel was removed and discarded. The resolving 

gel was equilibrated in SDS-PAGE running buffer containing 20 % (v/v) methanol and 

placed onto a 45 µm nitrocellulose membrane, between 2 paper filters pre-soaked in 

SDS-PAGE running buffer containing 20 % (v/v) methanol. The gel was marked by 

removing the corner of the gel on one side. This ensured it was transferred the correct 

way round. 

Proteins were transferred by BioRad semi-dry electrophoretic transfer at 15 V, current 

limit 1.76 A, for 15 minutes per mini-gel at room temperature. Following transfer, the 

non-specific binding of antibodies to the membrane during staining was blocked by the 

immersion of Western blots in blocking buffer (PBS -Ca/Mg /2% (v/v) Tween-20) and 

overnight incubation at 4 °C. 

Prior to staining, the membranes were washed three times for 10 minutes each in 1x 

PBS (-Ca2+/Mg2+) /0.05 % (v/v) Tween-20 (Sigma, UK). They were then incubated in 

biotinylated primary antibody (rabbit polyclonal anti-human RANTES, goat polyclonal 

anti-human IL-8 or rabbit polyclonal anti-human ENA-78), at 0.1 µg/ml in PBS /2% 

(v/v) Tween-20,5 ml per blot) for 90 minutes at room temperature. The membranes 

were washed three times as before, and then incubated with a 1: 20,000 (v/v) dilution (1 

µl of each of tubes A and B in 10 ml 2% (v/v) Tween-20 / PBS) of a streptavidin- 

biotinylated horseradish peroxidase complex (StreptABC, DAKO, UK) for 45 minutes 

at room temperature. 

Following incubation with StreptABC, membranes were washed five times in lx PBS (- 

Ca2+/Mg2+) /0.05 % (v/v) Tween-20 for 10 minutes each and the blots developed using 

SuperSignal ECL kit (Pierce) and placed against X-Ray film for 1 and 5 minutes, and 

overnight to visualise results. 2.5 ml of each of the developer and enhancer were mixed 
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together, 5 ml per blot. Chemiluminescence is a chemical reaction between an enzyme 

(horseradish peroxidase, HRP), and a chemiluminescent chemical, such as luminol, 

resulting in emission of light. HRP is oxidised in the presence of H202, the oxidised 

HRP is then capable of oxidising the luminol. Once oxidised the luminol exists in an 

excited state, which then decays to its ground state via the emission of light. In the kit 

used, an enhancer has been added allowing increased intensity and duration of light 

production. 

2.3.6. Scanning and density analysis 

If the intensity of staining was sufficiently consistent to allow for semi-quantitative 

analysis, the blots were scanned using Quantiscan software. 

2.4. Statistical analysis 

Data were compared with a1 or 2-way ANOVA followed by either a Dunnet's or 

Tukey's post-hoc test where p<0.05 was the minimum accepted level of significance. 
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2.5. Results 

2.5.1. RANT ES 

To investigate the form of freshly prepared RANTES prior to incubation, recombinant 

human RANTES (Peprotech, UK) was prepared in the concentration range 10-10 - 10-6 

M in PBS (-Ca t+/Mg2+), in a final volume of 40 µl, and analysed by SDS-PAGE. The 

Western blot was stained for human RANTES (figure 2.2). RANTES has a dimer 

dissociation constant of 35 µM, and therefore it was expected that RANTES would be 

predominantly monomeric. 
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Figure 2.2. The form of recombinant RANTES in solution at 10-10 M to 10-6 M, analysed by SDS- 
PAGE on a 14 % polyacrylamide gel. Arrows show 8 KDa monomers (A) and 16 KDa dimers (B). 
M: Molecular weight markers. Representative of two independent experiments. 

RANTES was present in monomeric form (8 KDa) at 10-10 - 10-8 M (figure 2.2). 

Dimers (16 KDa) appeared at the higher concentrations of 10-7 and 10-6 M RANTES, 

with maximum dimer formation seen at 10-6 M. No higher order multimers greater than 

dimer were seen. A concentration of 5x 10-7 M RANTES was used in all further 

experiments to test the effect of Cu and H202 on multimerisation. 

To investigate the effect of copper on RANTES multimerisation, RANTES (5 x 10-7 M) 

was incubated with CuC12. Incubation of RANTES with CuCl2 for 1 day did not induce 

multimer formation above the dimer present in the sample (data not shown). Therefore 
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RANTES (5 x 10-7 M) was incubated at 37 °C for 2 days in the presence of increasing 

concentrations of CuC12 (1.25 - 100 µM). 

Dimer 

Monomer 

Figure 2.3. The effect of CuC12 on the form of recombinant RANTES (5 x 10-7 M) following 
incubation at 37°C for 2 days analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular 
weight markers. Lane 1: RANTES only, lane 2: RANTES and 1.25 µM CuCI2, lane 3: RANTES and 
2.5 µM CuCI2, lane 4: RANTES and 12.5 pM CuCI2, lane 5: RANTES and 25 µM CuCI2, lane 6: 
RANTES and 50 µM CuCI2, lane 7: RANTES and 75 µM CuCI2 and lane 8: RANTES and 100 µM 
CuCl2. Representative of two independent experiments. 

CuC12 (50 - 100 µM) induced the appearance of multimers of higher order than dimers. 

Analysis showed the formation of RANTES trimers (24 KDa) (figure 2.3, lanes 6- 8), 

and the effect appears to be dose dependent. 

A CuC12 / H202 redox mechanism has been implicated in the formation of amyloid-ß 

multimers (Atwood et al, 2004; Kato et al, 2001), and therefore H202 (1 - 400 µM) was 

added to the samples, in the presence of 25 µM CuC12. This concentration of CuC12 is a 

physiological concentration (Versieck, 1980). 
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Figure 2.4. The effect of H202 on the form of recombinant RANTES (5 x 10-7 M) in the presence of 
25 µM CuC12 following incubation at 37°C for 2 days analysed by SDS-PAGE on a 14 % 
polyacrylamide gel. M: molecular weight markers. Lane 1: RANTES and 25 µM CuCl2, lane 2: 
RANTES, 25 µM CuCl2 and 1 pM H202, lane 3: RANTES, 25 µM CuCI2 and 5 pM H202, lane 4: 
RANTES, 25 µM CuC12 and 12.5 µM H202, lane 5: RANTES, 25 µM CuCl2 and 25 µM H202, lane 
6: RANTES, 25 µM CuCl2 and 50 µM H202, lane 7: RANTES, 25 µM CuC12 and 100 µM H202, lane 
8: RANTES, 25 µM CuC12 and 200 µM H202 and lane 9: RANTES, 25 µM CuC12 and 400 PM H202. 
Representative of two independent experiments. 

In the absence of H202, RANTES was seen in the presence of 25 µM CuC12 

predominantly as a monomer with a small proportion of dimer (figure 2.4, lane 1). 

Multimerisation of RANTES was strongly enhanced with increasing concentrations of 

H202. At physiological concentrations, Cu (25 µM) and H202 (5-25 µM) promote the 

higher order multimerisation of chemokines in a dose dependent manner (lanes 3-5) and 

promote dimer formation at the expense of the monomer (lanes 1-8). Increased H202 

concentrations (50 - 200 µM) resulted in further dose-dependent multimer formation 

(lanes 6- 8). Multimerisation is maximal at 100 µM H202 (lane 7). At 200 µM H202 

(lane 8), RANTES multimers were diminished and at 400 µM H202 (lane 9), the 

monomer, dimer and multimers were completely destroyed. 

Since chemokines bind to heparan sulphate (HS), the effect of HS on CuCl2 induced 

multimer formation was investigated. RANTES was incubated in the presence of CuC12 

(0.5 - 100 µM) and HS (0.1 mg/ml). 
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Figure 2.5. The effect of CuCI2 on the form of recombinant RANTES (5 x 10-7 M) in the presence of 
HS (0.1 mg/ml) following incubation at 37°C for 2 days, final volume 40 µl and analysis by SDS- 
PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 1: RANTES and HS, 
lane 2: RANTES, HS and 0.5 pM CuC12, lane 3: RANTES, HS and 1.25 µM CuCI2, lane 4: 
RANTES, HS and 2.5 µM CuCl2, lane 5: RANTES, HS and 12.5 µM CuC12, lane 6: RANTES, HS 
and 25 µM CuC12, lane 7: RANTES, HS and 50 µM CuC12, lane 8: RANTES, HS and 75 µM CuCI2 
and lane 9: RANTES, HS and 100 µM CuC12. Representative of two independent experiments. 

The addition of HS (0.1 mg/ml) resulted in the attenuation of CuC12 induced RANTES 

multimer and dimer formation. The addition of 1.25 - 400 µM CuC12 resulted in an 

increase in RANTES dimer (16 KDa) formation but there was no higher order multimer 

formation (trimer (24 KDa) and above). The proportion of dimer is reduced and 

RANTES exists mainly in monomeric (8 KDa) and dimeric (16 KDa) form in the 

presence of HS (0.1 mg/ml) and 0.5 - 100 µM CuC12 (figure 2.5 lanes 2- 9). It appears 

that HS has attenuated multimer formation compared with the effect of CuC12 in the 

absence of HS (figure 2.3). 

As a further investigation of the effect of HS on RANTES multimer formation, 

RANTES was incubated with 25 µM CuC12 and increasing concentrations of H202 (1 - 
400 µM) in the presence of HS (0.1 mg/ml). 
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Figure 2.6. The effect of H202 on the form of recombinant RANTES (5 x 10-7 M) in the presence of 
CuCI2 (25 µM) and HS (0.1 mg/ml) following incubation at 37°C for 2 days, analysed by SDS-PAGE 
on a 14 % polyacrylamide gel. Lane 1: RANTES, HS and 25 µM CuCl2, lane 2: RANTES, HS, 25 
µM CuCI2 and 1 µM H202, lane 3: RANTES, HS, 25 µM CuC12 and 5 µM H202, lane 4: RANTES, 
HS, 25 µM CuC12 and 12.5 µM H202, lane 5: RANTES, HS, 25 pM CuC12 and 25 µM H202, lane 6: 
RANTES, HS, 25 µM CuC12 and 50 µM H202, lane 7: RANTES, HS, 25 µM CuC12 and 100 µM 
H202, lane 8: RANTES, HS, 25 µM CuCI2 and 200 µM H202 and lane 9: RANTES, HS, 25 µM 
CuCI2 and 400 µM H202. Representative of two independent experiments. 

In the presence of HS (figure 2.6), H202 (5 - 400 µM) promoted RANTES multimer 

formation in a dose-dependent manner in the presence of 25 µM CuC12. In both the 

presence (figure 2.6) and absence (figure 2.4) of HS (0.1 mg/ml), RANTES trimers (24 

KDa) occurred at 25 µM CuC12 and 5- 12.5 µM H202 (figures 2.4 and 2.6, lanes 3- 4). 

In the absence of HS (figure 2.4), RANTES tetramers (32 KDa) and higher order 

multimers appeared at 25 - 200 µM H202 (figure 2.4, lanes 5- 8), but were diminished 

at 200 µM and absent at 400 µM H202 (lane 9). However, in the presence of HS (0.1 

mg/ml), RANTES tetramers and higher order multimers were seen at 25 - 400 µM 

H202 (figure 2.6 lanes 5- 9) and were not diminished even at 400 µM H202 (lane 9). 

Thus, multimers were able to withstand higher concentrations of H202 in the presence 

of 0.1 mg/ml HS (figure 2.6, lane 9) compared to in the absence of HS (figure 2.4, lane 

9). 

In order to quantify the degree of multimerisation, RANTES was incubated in the 

presence and absence of physiological concentrations of CuC12 (25 µM) and H202 (50 

µM), and in the presence and absence of HS (0.1 mg/ml). Multimers of higher order 
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than dimer were quantified by scanning densitometry and presented as the % of total 
RANTES including the monomer. 
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Figure 2.7A: RANTES (5 x 10-7 M) incubated at 37°C for 2 days and analysed by SDS-PAGE on a 
14 % polyacrylamide gel. ± CuCI2 (25 µM), H202 (50 µM) and HS (0.1 mg/ml). Lane 1: RANTES 

only, lane 2: RANTES + HS, lane 3: RANTES + CuCI2, lane 4: RANTES + H202, lane 5: RANTES 
+ CuC12 and H202, lane 6: RANTES + HS + CuC12, lane 7: RANTES + HS + H202 and lane 8: 
RANTES + HS, CuC12 and H202. Representative of three independent experiments. 

Figure 2.7B: Quantitative analysis of supra-dimeric RANTES intensity (higher order complexes of 
RANTES including tetramer (24 KDa) as % of total analysed using density analysis (Quantiscan). 
Lane l: RANTES only, lane 2: RANTES + HS, lane 3: RANES + CuC12, lane 4: RANTES + H202, 
lane 5: RANTES + CuC12 and H202, lane 6: RANTES + HS + CuC12, lane 7: RANTES + HS + 
H202 and lane 8: RANTES + HS, CuCI2 and H202. * indicates p<0.05, ** indicates p<0.01, (n = 
3). 
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Formation of RANTES multimers greater than the dimer increased significantly in the 

presence of 25 µM CuC12 (lane 3,17.52 ± 9.46 % of total RANTES is in supra-dimeric 
form, p<0.05) compared to the control (RANTES only, lane 1). The addition of 50 µM 

H202 with copper resulted in significant formation of high molecular weight multimers 

greater than dimers (lane 5,62.51 ± 9.76 % of RANTES is in supra-dimeric form, p< 

0.01). The presence of HS (0.1 mg/ml) significantly reduced the multimerisation effect 

of CuCl2 and H202 (lane 8,33.78 + 7.22 % of RANTES is in supra-dimeric form, p< 

0.01). 

In order to investigate the stability of RANTES multimers, RANTES was incubated for 

2 days at 37 °C in the presence and absence of 25 µM CuC12 and 50 µM H202 and, 

following incubation, the chaotropic agent, guanidine hydrochloride (G-HCl), was 

added to the samples, final concentration 6 M. The G-HCl was removed by EtOH 

precipitation before the samples were analysed by SDS-PAGE and Western blots 

stained for RANTES. G-HCl is capable of disrupting non-covalent 3-dimensional 

structure of proteins, including hydrogen bonds, van der Waals forces and hydrophobic 

effects (Lu et al, 2001; Neet & Timm, 1994). 
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Figure 2.8. The effect of G-HCl (6 M) and EtOH precipitation on the form of recombinant 
RANTES (5 x 10-7 M) in the presence of CuCl2 (25 µM) plus H202 (50 µM) following incubation at 
37°C for 2 days, analysed by SDS-PAGE on a 14 % polyacrylamide gel. Lane 1: RANTES only with 
G-HCI and EtOH precipitation, lane 2: RANTES and 25 µM CuCI2 with G-HCI and EtOH 

precipitation, lane 3: RANTES, 25 pM CuCI2 and 50 µM H202 with G-HCI and EtOH precipitation. 
Representative of two independent experiments. 
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Monomers, dimers and higher order RANTES multimers (trimers (24 KDa) and 

tetramers (32 KDa)) generated in the presence of 25 µM CuC12 plus 50 µM H202 were 
found to remain following treatment with G-HC1 (6 M) (figure 2.8, lane 3), indicating 

that the links in RANTES multimers were covalent. 

To ensure that the technique of EtOH precipitation had not affected the stability of 

RANTES multimers, RANTES was incubated with 25 µM CuC12 plus 50 µM H202 to 

generate higher order multimers, which were then EtOH precipitated, dried, 

reconstituted in lx sample buffer and analysed by SDS-PAGE, Western blotting and 

staining for RANTES. 
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Figure 2.9. The effect of EtOH precipitation on the form of recombinant RANTES (5 x 10-7 M) in 
the presence of CuCI2 (25 µM) plus H202 (50 µM) following incubation at 37°C for 2 days, analysed 
by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 1: RANTES 
only, lane 2: RANTES and 25 µM CuCI2, lane 3: RANTES, 25 µM CuC12 and 50 µM H202, lane 4: 
RANTES only with EtOH precipitation, lane 5: RANTES and 25 µM CuCI2 with EtOH 

precipitation, lane 6: RANTES, 25 µM CuCI2 and 50 µM H202 with EtOH precipitation. 
Representative of two independent experiments. 

Higher order multimers are generated in the presence of 25 µM CuC12 plus 50 µM H202 

(figure 2.9, lane 3). It appears that EtOH precipitation does not affect the stability of 

RANTES multimers, which remain after the RANTES multimers are precipitated. 
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As further investigation into the mechanism of multimer generation by the Cu/H202 

system, RANTES multimers were generated by the incubation of RANTES for 2 days 

at 37 °C with 25 µM CuC12 plus 50 µM H202 in the presence of the hydroxyl radical 

scavenger, dimethyl sulphoxide (DMSO) at final concentrations of 1,5 and 10 % (v/v). 

DMSO was used to discern which radicals were involved in the mechanism. 
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Figure 2.10. The effect of DMSO (1,5 and 10 % (v/v)) on the form of recombinant RANTES (5 x 
10"7 M) in the presence of CuC12 (25 µM) plus H202 (50 µM) following incubation at 37°C for 2 days, 
analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 1: 
RANTES with CuC12 plus H202, lane 2: RANTES with CuC12, H202 and 1% (v/v) DMSO, lane 3: 
RANTES with CuCl2, H202 and 5% (v/v) DMSO, lane 4: RANTES with CuCl2, H202 and 10 % 
(v/v) DMSO. Representative of two independent experiments. 

Higher order multimers were generated in the absence of DMSO by 25 µM CuC12 plus 

50 µM H202 (figure 2.10, lane 1). Trimers and tetramers are diminished upon treatment 

with 1% (v/v) DMSO (lane 2) and are not generated in the presence of 5 and 10 % (v/v) 

DMSO (lanes 3 and 4). 

2.5.2. IL-8 

The neutrophil chemoattractant, IL-8, was of significant interest as this chemokine has 

only one tyrosine residue compared to five in the amino acid sequence of RANTES. 

Therefore, if tyrosine was involved in multimerisation of chemokines it was expected 

that IL-8 should be less sensitive to CuC12 and H202 than RANTES. First, the effect of 

CuC12 on IL-8 multimer formation was investigated. Recombinant human IL-8 
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(Peprotech, UK) was incubated with CuCl2 (1.25 - 100 µM) at the same concentration 

as RANTES (5 x 10-7 M) at 37 °C but for 1 day only, as it was found that multimers 

were diminished after 2 days, unlike RANTES where maximum multimer formation 

was seen after 2 days of incubation. IL-8 multimers were analysed by SDS-PAGE, and 

Western blots were stained with anti-human IL-8 antibody (Peprotech, UK). 
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Figure 2.11. The effect of CuCI2 on the form of recombinant IL-8 (5 x 10-7 M) following incubation 
at 37°C for 1 day, analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight 
markers. Lane 1: IL-8 only, lane 2: IL-8 and 1.25 µM CuCl2, lane 3: IL-8 and 2.5 µM CuCI2, lane 4: 
IL-8 and 12.5 µM CuC12, lane 5: IL-8 and 25 µM CuC12, lane 6: IL-8 and 50 µM CuCI2, lane 7: IL-8 
and 75 µM CuC12 and lane 8: IL-8 and 100 µM CuC12. Representative of two independent 
experiments. 

IL-8 (5 x 10-7 M) in the absence of CuC12 exists mainly as a monomer and dimer with 

some appearance of trimers (figure 2.11, lane 1). CuCl2 alone (50 - 100 µM) induced a 

small increase in higher order multimers, resulting in an increase in the formation of IL- 

8 trimers (figure 2.11, lanes 6- 8) and tetramers (75 µM CuCl2 lane 7). The effect 

appears to be dose dependent with maximum multimer formation occurring at 75 µM 

CuC12 (lane 7). 

Subsequently, the effect of H202 (1 - 400 µM) in the presence of 25 µM CuC12 on IL-8 

multimer formation was investigated. 
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Figure 2.12. The effect of H202 on the form of recombinant IL-8 (5 x 10-7 M) in the presence of 
CuCI2 (25 µM) following incubation at 37°C for 1 day, analysed by SDS-PAGE on a 14 % 
polyacrylamide gel. Lane 1: IL-8 and 25 µM CuCl2, lane 2: IL-8,25 µM CuC12 and 1 µM H2021 
lane 3: IL-8,25 µM CuCl2 and 5 µM H202, lane 4: IL-8,25 µM CuCI2 and 12.5 µM H202, lane 5: 
IL-8,25 µM CuCI2 and 25 µM H202, lane 6: IL-8,25 pM CuCl2 and 50 µM H202, lane 7: IL-8,25 
µM CuCI2 and 100 µM H202, lane 8: IL-8,25 µM CuC12 and 200 µM H202 and lane 9: IL-8,25 µM 
CuCI2 and 400 µM HZOZ. Representative of two independent experiments. 

In the absence of H202, IL-8 was seen predominantly as a monomer and dimer (lane 1). 

In the presence of 25 µM CuC12 with increasing concentrations of H202, IL-8 

multimerisation was strongly enhanced (fig 2.12). At physiological concentrations, Cu 

(25 µM) and H202 (5 - 25 µM) promoted the multimerisation of chemokines to higher 

order multimers (trimers and tetramers - lanes 3- 5). Increasing H202 concentrations 

above physiological plasma levels (50 - 100 µM) also resulted in higher order multimer 

formation (lanes 6- 7). Multimerisation was maximal at 100 µM H202 (lane 7). At 200 

µM H202 (lane 8), IL-8 multimers were diminished and at 400 µM H202 (lane 9), the 

higher order multimers were destroyed. 

The effect of heparan sulphate (HS) on CuC12 induced multimer formation was then 

investigated. IL-8 was incubated in the presence of CuC12 (0.5 - 100 µM) and HS (0.1 

mg/ml). 
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Figure 2.13. The effect of CuCI2 on the form of recombinant IL-8 (5 x 10-' M) in the presence of HS 
(0.1 mg/ml) following incubation at 37°C for I day, analysed by SDS-PAGE on a 14 % 
polyacrylamide gel. M: molecular weight markers. Lane 1: IL-8 and HS, lane 2: IL-8, HS and 1.25 
µM CuCI2, lane 3: IL-8, HS and 2.5 µM CuCI2, lane 4: IL-8, HS and 5 µM CuC12, lane 5: IL-8, HS 
and 12.5 µM CuCl2, lane 6: IL-8, HS and 25 µM CuCI2, lane 7: IL-8, HS and 50 µM CuC12, lane 8: 
IL-8, HS and 75 µM CuCl2 and lane 9: IL-8, HS and 100 µM CuCI2. Representative of two 
independent experiments. 

The addition of HS (0.1 mg/ml) resulted in the attenuation of CuC12 induced IL-8 

multimer formation. Trimers were less predominant in the presence of HS (figure 2.13) 

than in the absence of HS (figure 2.11). The addition of 12.5 - 75 µM CuC12 resulted in 

an increase in IL-8 trimer formation (figure 2.13, lanes 5- 8) and at 100 µM CuC12, 

tetramers were formed (lane 9). However, IL-8 remained monomeric and dimeric in the 

presence of HS (0.1 mg/ml) and 1.5 -5 µM CuC12 (lanes 2- 4). As observed with 

RANTES, it appears that HS attenuated IL-8 multimer formation. 

Subsequently the effect of HS (0.1 mg/ml) on IL-8 multimerisation in the presence of 
25 µM CuC12 and increasing concentrations of H202 (0.5 - 400 µM) was investigated. 
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Figure 2.14. The effect of H202 (0.5 - 400 µM) on the form of recombinant IL-8 (5 x 10-7 M) in the 
presence of CuCI2 (25 µM) and HS (0.1 mg/ml) following incubation at 37°C for I day, analysed by 
SDS-PAGE on a 14 % polyacrylamide gel. Lane 1: IL-8, HS and 25 µM CuCI2, lane 2: IL-8, HS, 25 
µM CuCI2 and 0.5 µM H202, lane 3: IL-8, HS9 25 µM CuC12 and I µM H202, lane 4: IL-8, HS9 25 
µM CuC12 and 5 µM H202, lane 5: IL-8, HS, 25 µM CuC12 and 12.5 gM H202, lane 6: IL-8, HS9 25 
µM CuC12 and 25 µM H202, lane 7: IL-8, HS9 25 µM CuCI2 and 50 gM H202, lane 8: IL-8, HS, 25 
µM CuC12 and 100 µM H202, lane 9: IL-8, HS, 25 µM CuC12 and 200 µM H202 and lane 10: IL-8, 
HS9 25 µM CuC12 and 400 µM H202, Representative of two independent experiments. 

In the absence of HS (figure 2.12), H202 (12.5 - 50 µM) promoted IL-8 trimer and 

tetramer formation in the presence of 25 µM CuC12 (figure 2.12, lanes 4- 6) In the 

presence of HS (0.1 mg/ml), IL-8 trimers and tetramers did not occur at 12.5 - 50 µM 

H202, but only at higher concentrations of H202 (50 - 200 . tM, figure 2.14, lanes 7 -9). 
In the absence of HS (figure 2.12), IL-8 tetramers (32 KDa) were diminished at 200 - 
400 µM H202 (figure 2.12, lanes 8- 9). However, in the presence of HS (0.1 mg/ml), 

IL-8 tetramers occured at 200 - 400 µM H202 (figure 2.14 lanes 9- 10) and were not 

diminished by 400 µM H202 (lane 9). The multimers were able to withstand higher 

concentrations of H202 in the presence of 0.1 mg/ml HS (figure 2.14, lane 10). This 

suggests that HS was protecting high order multimers from damage by high 

concentrations of H202. 

In order to quantify the degree of multimerisation, IL-8 was incubated in the presence 

and absence of physiological concentrations of CuC12 (25 µM) and H202 (50 µM), and 

in the presence and absence of HS (0.1 mg/ml). Multimers of higher order than dimer 

were quantified by scanning densitometry and presented as the % of total RANTES 

including the monomer. 
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Figure 2.15A. IL-8 (5 x 10-7 M) incubated at 37°C for 1 day and analysed by SDS-PAGE on a 14 % 
polyacrylamide gel. f CuC12 (25 µM), H202 (50 µM) and HS (0.1 mg/ml). M: molecular weight 
markers. Lane 1: IL-8 only, lane 2: IL-8 + HS, lane 3: IL-8 + CuC12, lane 4: IL-8 + H202, lane 5: IL- 
8+ CuC12 and H202, lane 6: IL-8 + HS + CuCI2, lane 7: IL-8 + HS + H202 and lane 8: IL-8 + HS, 
CuCI2 and H202. Representative of three independent experiments. 

Figure 2.15B: Quantitative analysis of supra-dimeric IL-8 intensity (higher order complexes of IL-8 
including tetramer (24 KDa) as % of total analysed using density analysis (Quantiscan). Lane 1: IL- 
8 only, lane 2: IL-8 + HS, lane 3: RANES + CuCI2, lane 4: IL-8 + H202, lane 5: IL-8 + CuCI2 and 
H202, lane 6: IL-8 + HS + CuCI2, lane 7: IL-8 + HS + H202 and lane 8: IL-8 + HS, CuCI2 and H202. 
* indicates p<0.05, (n = 3). 

The addition of 25 µM CuC12 plus 50 µM H202 increased trimer formation (lane 5). The 

addition of 0.1 mg/ml HS with 50 µM H202 decreased multimerisation (lane 7). 

Multimerisation was significantly increased by adding 0.1 mg/ml HS and 25 µM CuC12 
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together (lane 6,12.67 ± 4.36 % is in supra-dimeric form, p<0.05) compared to the 

control (IL-8 only, lane 1). The maximum effect was seen where HS was added with 
both 25 µM CuCl2 and 50 µM H202 (lane 8,14.65 ± 5.86 % was in supra-dimeric form, 

p<0.05). HS enhanced the effect of CuCl2 plus H202 alone, promoting the formation of 

tetramers. 

In order to investigate the stability of IL-8 multimers, IL-8 was incubated for 1 day at 
37 °C in the presence and absence of 25 µM CuC12,50 µM H202 and 0.1 mg/ml HS. 

Following incubation, the chaotropic agent, guanidine hydrochloride (G-HCI), was 

added to the samples, final concentration 6 M. The G-HC1 was removed by EtOH 

precipitation before the samples were analysed by SDS-PAGE and Western blots 

stained for IL-8. 
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Figure 2.16. The effect of G-HCl (6 M) and EtOH precipitation on the form of recombinant IL-8 (5 
x 10-7 M) in the presence of CuC12 (25 µM) plus H202 (50 µM) following incubation at 37°C for 1 
day, analysed by SDS-PAGE on a 14 % polyacrylamide gel. Lane 1: IL-8 + G-HCI, lane 2: IL-8,25 
µM CuCI2 and 25 µM H202 with G-HCI and EtOH precipitation. Representative of two 
independent experiments. 

The higher order IL-8 multimers (above and including trimers) generated in the 

presence of 25 µM CuC12 plus 50 µM H202 were found to remain following treatment 

with G-HCl (6 M) (figure 2.16, lane 2). Monomers and dimers were also found to 
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remain following treatment with G-HCl, indicating that the 3-dimensional structure of 
IL-8 was not disrupted and that multimers are highly stable. 

The effect of the hydroxyl radical scavenger DMSO on IL-8 multimerisation was then 
investigated. IL-8 multimers were generated by the incubation of IL-8 for 1 day at 37 °C 

with 25 µM CuC12 plus 50 µM H202 in the presence of the hydroxyl radical scavenger, 
dimethyl sulphoxide (DMSO) at concentrations 1,5 and 10 % (v/v). 
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Figure 2.17. The effect of DMSO (1,5 and 10 % (v/v)) on the form of recombinant IL-8 (5 x 10-7 M) 
in the presence of CuCI2 (25 µM) plus H202 (25 µM) following incubation at 37°C for I day, 
analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 1: IL-8 
only, lane 2: IL-8 with CuC12, lane 3: IL-8 with CuC12 and H202, lane 4: IL-8 with CuCI2, H202 and 1 
% (v/v) DMSO, lane 5: IL-8 with CuC12, H202 and 5% (v/v) DMSO, lane 6: IL-8 with CuCI2, H202 
and 10 % (v/v) DMSO. Representative of two independent experiments. 

IL-8 trimers were generated in the absence of DMSO by 25 µM CuCl2 plus 50 µM H202 

(figure 2.17, lane 3) but were diminished upon treatment with 1,5 and 10 % (v/v) 

DMSO (lanes 4 -6) indicating that hydroxyl radicals may be involved in the mechanism 

of multimer formation. 

2.5.3. ENA-78 

ENA-78, another neutrophil chemoattractant, was also of interest as this chemokine has 

no tyrosine residues in its amino acid sequence. Since it was suspected that dityrosine 

cross-linking could be involved in the mechanism of multimerisation, and as there are 
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no tyrosine residues in ENA-78, it was expected that ENA-78 should not be sensitive to 
CuC12 and H202 First, the effect of CuC12 on ENA-78 multimer formation was 
investigated. Recombinant human ENA-78 (Peprotech, UK) was incubated with CuC12 

(1.25 - 100 µM) at the same concentration as RANTES and IL-8 (5 x 10-7 M) at 37 °C 

for 1 day only, as it was found that multimers are diminished after 2 days, as with IL-8. 

ENA-78 was analysed by SDS-PAGE, and Western blots were stained with anti-human 
ENA-78 antibody (Peprotech, UK). 
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Figure 2.18. The effect of CuC12 on the form of recombinant ENA-78 (5 x 10-7 M) following 
incubation at 37°C for 1 day, analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular 
weight markers. Lane 1: ENA-78 only, lane 2: ENA-78 and 1.25 µM CuCl2, lane 3: ENA-78 and 2.5 
µM CuCl2, lane 4: ENA-78 and 12.5 µM CuC12, lane 5: ENA-78 and 25 µM CuCI2, lane 6: ENA-78 
and 50 µM CuCl2, lane 7: ENA-78 and 75 µM CuC12 and lane 8: ENA-78 and 100 µM CuC12. 
Representative of two independent experiments. 

It was observed that CuCl2 alone had no effect on ENA-78 multimer formation. ENA-78 

was monomeric and dimeric in the presence of 1.25 - 100 µM CuCl2. 

The effect of H202 (1 - 400 µM) on multimerisation of ENA-78 in the presence of 25 

µM CuCl2 was then investigated. 
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Figure 2.19. The effect of H202 on the form of recombinant ENA-78 (5 x 10-7 M) in the presence of 
CuC12 (25 µM) and H202 (1 - 400 µM) following incubation at 37°C for 1 day, analysed by SDS- 
PAGE on a 14 % polyacrylamide gel. Lane 1: ENA-78 and 25 µM CuCI2, lane 2: ENA-78,25 pM 
CuC12 and 0.5 pM H202,, lane 3: ENA-78,25 µM CuCl2 and 1 µM H202,, lane 4: ENA-78,25 µM 
CuC12 and 5 µM H202, lane 5: ENA-78,25 µM CuC12 and 12.5 µM H202, lane 6: ENA-78,25 µM 
CuC12 and 25 µM H202, lane 7: ENA-78,25 µM CuC12 and 50 pM H202, lane 8: ENA-78,25 µM 
CuC12 and 100 µM H202, lane 9: ENA-78,25 µM CuC12 and 200 µM H202 and lane 10: ENA-78,25 

µM CuC12 and 400 µM H202. Representative of two independent experiments. 

In the absence of H202, ENA-78 was seen predominantly as a monomer and dimer 

(figure 2.19, lane 2). ENA-78 multimerisation was enhanced in the presence of 25 µM 

CuC12 and 12.5 - 100 µM H202 in a dose dependent manner (lanes 5- 8). At 

physiological concentrations, Cu (25 µM) plus H202 (12.5 - 25 µM, lanes 5- 6) 

promote the multimerisation of ENA-78 to tetramers - lanes 5- 6). Increased H202 

concentrations (50 - 200 µM) resulted in further higher order multimer formation (lanes 

6- 9). Multimerisation is maximal at 100 µM H202 (lane 8). At 200 µM H202 ENA-78 

multimers were diminished and at 400 µM H202 ENA-78 multimers were destroyed. 

The effect of heparan sulphate (HS) on CuC12 induced multimer formation was then 

investigated. ENA-78 was incubated in the presence of CuC12 (0.5 - 100 µM) and HS 

(0.1 mg/ml). 
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Figure 2.20. The effect of CuCI2 on the form of recombinant ENA-78 (5 x 10-7 M) in the presence of 
HS (0.1 mg/ml) following incubation at 37°C for I day, analysed by SDS-PAGE on a 14 % 

polyacrylamide gel. M: molecular weight markers. Lane 1: ENA-78 and HS, lane 2: ENA-78, HS 

and 1.25 µM CuC12, lane 3: ENA-78, HS and 2.5 µM CuCI2, lane 4: ENA-78, HS and 5 µM CuCl2, 
lane 5: ENA-78, HS and 12.5 µM CuCI2, lane 6: ENA-78, HS and 25 µM CuCI2, lane 7: ENA-78, HS 

and 50 µM CuCI2, lane 8: ENA-78, HS and 75 µM CuCI2 and lane 9: ENA-78, HS and 100 µM 
CuCI2. Representative of two independent experiments. 

In the presence of HS (figure 2.20), there was little change in the form of ENA-78 in the 

presence of CuC12 compared to the absence of HS (figure 2.18). ENA-78 appeared only 

in monomeric and dimeric form. 

Subsequently, the effect of HS (0.1 mg/ml) on ENA-78 multimer formation in the 

presence of 25 µM CuC12 and increasing concentrations of H202 (1 - 400 µM) was 

investigated. 
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Figure 2.21. The effect of H202 on the form of recombinant ENA-78 (5 x 10-7 M) in the presence of 
CuC12 (25 µM) and HS (0.1 mg/ml) following incubation at 37°C for 1 day, analysed by SDS-PAGE 

on a 14 % polyacrylamide gel. Lane 1: ENA-78, HS and 25 µM CuC12, lane 2: ENA-78, HS, 25 µM 
CuC12 and 0.5 µM H202, lane 3: ENA-78, HS, 25 µM CuC12 and 1 pM H202, lane 4: ENA-78, HS, 25 

µM CuC12 and 5 µM H202, lane 5: ENA-78, HS, 25 µM CuC12 and 12.5 µM H202, lane 6: ENA-78, 
HS9 25 µM CuC12 and 25 µM H202, lane 7: ENA-78, HS, 25 µM CuC12 and 50 µM H202, lane 8: 
ENA-78, HS, 25 µM CuC12 and 100 µM H202, lane 9: ENA-78, HS, 25 µM CuCI2 and 200 µM H202 

and lane 10: ENA-78, HS, 25 µM CuC12 and 400 IM H202. Representative of two independent 

experiments. 

In the absence of HS (figure 2.19), higher order multimer formation occurred in the 

presence of 25 µM CuC12 plus 12.5 - 100 µM H202 in a dose dependent manner (figure 

2.19, lanes 5- 8) and multimerisation was maximal at 100 µM H202 (figure 2.19, lane 

8). In the presence of HS (0.1 mg/ml), higher order multimer formation also occurred in 

the presence of 25 µM CuC12 plus 12.5 - 100 µM H202 in a dose dependent manner 

(figure 2.21, lanes 5- 8), but at 200 - 400 µM H202, multimers remained and were 

protected by HS. In the presence of 0.1 mg/ml HS, multimerisation was maximal at 200 

- 400 µM rather than at 100 µM H202 in the absence of 0.1 mg/ml HS (figure 2.19). HS 

appeared to protect high order multimers from damage by high concentrations of H202. 

The multimers were able to withstand higher concentrations of H202 (200 - 400 µM) in 

the presence of 0.1 mg/ml HS (figure 2.21, lanes 9 and 10). 

In order to quantify the degree of multimerisation, ENA-78 was incubated in the 

presence and absence of physiological concentrations of CuC12 (25 µM) plus H202 (50 

µM), and in the presence and absence of HS (0.1 mg/ml). Muttimers of higher order 
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than dimer were quantified by scanning densitometry and presented as the % of total 
RANTES including the monomer. 
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Figure 2.22A. ENA-78 (5 x 10"7 M) incubated at 37°C for 1 day and analysed by SDS-PAGE on a 14 
% polyacrylamide gel. ± CuC12 (25 µM), H202 (50 µM) and HS (0.1 mg/ml). Lane 1: ENA-78 only, 
lane 2: ENA-78 + HS, lane 3: ENA-78 + CuCI2, lane 4: ENA-78 + H202, lane 5: ENA-78 + CuCI2 and 
H202, lane 6: ENA-78 + HS + CuC12, lane 7: ENA-78 + HS + H202 and lane 8: ENA-78 + HS, CuCl2 

and H202. Representative of three independent experiments. 

Figure 2.22B: Quantitative analysis of supra-dimeric ENA-78 intensity (higher order complexes of 
ENA-78 including tetramer (24 KDa) as % of total analysed using density analysis (Quantiscan). 
Lane 1: ENA-78 only, lane 2: ENA-78 + HS, lane 3: RANES + CuCI2, lane 4: ENA-78 + H202, lane 
5: ENA-78 + CuCI2 and H202, lane 6: IL-8 + HS + CuCI2, lane 7: IL-8 + HS + H202 and lane 8: IL- 
8+"S, CuCI2 and H202. * indicates p<0.05, (n = 3). 
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The addition of 25 µM CuC12 plus 50 µM H202 significantly promoted trimer and 
tetramer formation (lane 5,26.32 + 12.11 % is in supra-dimeric form, p<0.05) 

compared to the control (ENA-78 only, lane 1). HS reduced the multimerisation effect 

of 25 µM CuC12 with 50 µM H202 (lane 8), only the trimer was formed. 

In order to investigate the stability of ENA-78 multimers, ENA-78 was incubated for 1 

day at 37 °C in the presence and absence of 25 µM CuC12,50 µM H202 and 0.1 mg/ml 
HS. Following incubation, the chaotropic agent, guanidine hydrochloride (G-HC1), was 

added to the samples, final concentration 6 M. The G-HC1 was removed by EtOH 

precipitation before the samples were analysed by SDS-PAGE and Western blots 

stained for ENA-78. 

Tetramer 
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Figure 2.23. The effect of G-HCI (6 M) and EtOH precipitation on the form of recombinant ENA- 
78 (5 x 10-7 M) in the presence of CuC12 (25 µM) plus H202 (50 µM) following incubation at 37°C for 
I day, analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 
1: ENA-78 with 25 µM CuCI2 and 25 pM H202, lane 2: ENA-78,25 µM CuC12 and 25 pM H202 with 
6M GHCI and EtOH precipitation. Representative of two independent experiments. 

The higher order ENA-78 multimers (above and including trimers) generated in the 

presence of 25 µM CuC12 plus 50 µM H202 were found to remain following treatment 
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with G-HC1 (6 M) (figure 2.23, lane 2) compared to the control (ENA-78 in the 

presence of 25 µM CuC12 and 50 µM H202 but in the absence of G-HC1, lane 1). 

Monomers and dimers were also found to remain following treatment with G-HCI, 

indicating that the 3-dimensional structure of ENA-78 was not disrupted. 

The effect of the hydroxyl radical scavenger, dimethyl sulphoxide (DMSO) at 

concentrations 1,5 and 10 % (v/v) on ENA-78 multimerisation in the presence of 25 

µM CuCl2 plus 50 µM H202 was then investigated. 

Trimer 

Dimer 

Monomer 

Figure 2.24. The effect of DMSO (1,5 and 10 % (v/v)) on the form of recombinant ENA-78 (5 x 10-7 
M) in the presence of CuCI2 (25 µM) plus H202 (50 µM) following incubation at 37°C for 1 day, 

analysed by SDS-PAGE on a 14 % polyacrylamide gel. M: molecular weight markers. Lane 1: 
ENA-78 with CuCl2, lane 2: ENA-78 with CuCl2 and H202, lane 3: ENA-78 with CuCl2, H202 and 1 
% (v/v) DMSO, lane 4: ENA-78 with CuCI2, H202 and 5% (v/v) DMSO, lane 5: ENA-78 with 
CuCI2, H202 and 10 % (v/v) DMSO. Representative of two independent experiments. 

ENA-78 trimers were generated in the absence of DMSO by 25 µM CuC12 plus 50 µM 

H202 (figure 2.24, lane 2) but were diminished upon treatment with 1,5 and 10 % (v/v) 

DMSO (lanes 4 -5) indicating that hydroxyl radicals may be involved in the mechanism 

of multimer formation. 

98 



2.6. Discussion 

CuC12 alone induces the formation of RANTES and IL-8 multimers of higher order than 

the dimer. In the presence of physiological concentrations of CuC12 the addition of H202 

further enhances the formation of higher order chemokine multimers in a dose- 

dependent manner. With the addition of Cu plus increasing concentrations of H202, 

dimer formation increases at the expense of the monomer (figure 2.4). 

Physiological levels of Cu in plasma have been reported ranging between 8.3 and 26.48 

µM (Gonzalez et al, 1999; Versieck, 1980) and some studies have claimed 

physiological levels of H202 of up to 35 µM in human plasma. During inflammatory 

reactions pathophysiological levels of H202 released by activated granulocytes of up to 

100 µM have been reported (Bucchieri et al, 2002; Deskur et al, 1998; Lacy et al, 1998; 

Varma & Devamanoharan, 1991). The observation that chemokines multimerise with 

optimal conditions of 25 µM CuCl2 plus 50 - 100 µM H202 indicates that chemokine 

multimerisation should occur in vivo, under inflammatory conditions. 

Chemokines appear to multimerise via a mechanism similar to the self-aggregation of 

the amyloid-ß (Aß) peptide. Evidence for an interaction between Cu and API-40 was 
first observed by the stabilisation of an Aß dimer by Cu (II) (Bush et al, 1994). A high 

affinity Cu binding site was observed on API-42 that mediates self-aggregation 

(Atwood et al, 2000b; Burrows et al, 1994; Clore et al, 1990; Schnitzel et al, 1994; 

Skelton et al, 1995). 

Chemokine multimerisation was found to occur optimally after 1 day for IL-8 and 

ENA-78 and 2 days of incubation for RANTES at 37 T. Similarly, the Aß peptide was 

found to multimerise optimally following 5 day incubation. This observation indicates 

the involvement of a slow oxidative system, with a requirement for the accumulation of 

free radicals. In addition, the hydroxyl radical scavenger DMSO attenuates chemokine 

multimerisation in a dose-dependent manner, indicating that hydroxyl radicals and 

therefore a redox mechanism may be involved in multimer formation. IL-8 and ENA-78 

may have a different mechanism of cross-linking to RANTES. Dityrosine formation 

was investigated and results reported in Chapter 3. 
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All Cu plus H202-induced higher order chemokine multimers were resistant to SDS and 
G-HC1 (6 M). The G-HC1 and SDS resistance of chemokine multimers indicates that 

multimers are covalently linked and highly stable. 

It is possible that in these in vitro conditions Cu contributes to the generation of free 

radicals/reactive oxygen species and mediates chemokine oligomerisation in a fashion 

similar to the mechanism involved in Cu-mediated Aß peptide oligomerisation. 

Evidence suggests that Cu firstly binds to the Aß-peptide via histidine residues and 

secondly, forms links between tyrosine residues (tyrosine-tyrosine links) that are 

covalent (Atwood et al, 2000a; Atwood et al, 1998; Atwood et al, 2000b). Senile 

plaques isolated from AD brain are predominantly composed of Aß-peptide bound to 

Cu (II) via high affinity interactions with histidine residues (Atwood et al, 2004). Cu- 

histidine binding is abolished by acidic pH or chemical blocking of histidine residues 
(Atwood et al, 2000a; Cuajungco et al, 2000). It has also been shown that Cu induced 

oxidative conditions promote the modification of both histidine and tyrosine residues in 

Aß. One of the oxidation products was identified as dityrosine by both fluorescence 

detection and detection with a specific dityrosine antibody (Atwood et al, 2000a; 

Atwood et al, 2004). 

It has been reported that following the binding of Cu (II) to histidine residues, Af3- 

peptide multimerisation is mediated through oxidation of tyrosine residues with the 

subsequent reduction of Cu (II) to Cu (I) (Atwood et al, 2000b; Huang et al, 1999), and 

it has now been shown that the P-amyloid protein reduces Cu (II) to Cu (I) with 

concurrent generation of H202 and hydroxyl radicals from 02 (Liu et al, 2006). It was 

confirmed that through this mechanism, Cu (II) induces the generation of dityrosine 

cross-linked, SDS-resistant multimers of human Aß peptide of 8.6,13 and 17 KDa 

(Atwood et al, 2004; Huang et al, 1999), see figure 2.25. 
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Figure 2.25. A simple model depicting the redox chemistry of dityrosine formation in Aß 
oligomerisation (Smith et al, 2007). The origin of the electron(s) could be the peptide itself or from 
other biological reducing agents such as dopamine and ascorbate (Opazo et al, 2002). Cu (II) binds 
Aß via histidine residues. Aß-peptide multimerisation is mediated through the oxidation of adjacent 
tyrosine residues with the subsequent reduction of Cu (II) to Cu (I) and concurrent generation of 
H202" As a consequence of the formation of a tyrosyl radical, dityrosine cross-links are generated 
giving rise to covalently linked soluble Aß oligomers (Atwood et al, 2000b; Huang et al, 1999; Liu et 
al, 2006; Smith et al, 2007). 

These findings reveal the requirement for both tyrosine and histidine residues for metal- 

mediated Aß-peptide assembly (Atwood et al, 2000b), which are both known to 

coordinate Cu in A(3 (Atwood et al, 2004). 

The hypothesis for the involvement of Cu in chemokine multimerisation is based on the 

known mechanism for dityrosine cross-link formation in the multimerisation of the ß- 

amyloid protein. The covalent binding of Cu and the formation of dityrosine cross-links 
is likely promoted by the presence of H202. The suggested mechanism is a Cu-redox 

system that occurs in the presence of Cu plus H202. 

The hypothesis is that Cu (II) binds and subsequently oxidises the chemokine (CK) to 

form oligomers, whilst Cu (II) is subsequently reduced to Cu (I). 

CK + Cu2+ º Cu+ + CK: CK+ 

Reduced Cu (I) reacts with molecular oxygen (02) generating the superoxide anion 

(02-). This recycles Cu (I) back to Cu (II). 

Cu+ + 02 º Cu 2+ + 02- 

The 02" generated in the recycling of Cu (I) back to Cu (II) undergoes dismutation to 

H202 and O2 spontaneously. 
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02-+02-+2H+ H202+02 

This shows that chemokines could multimerise without the addition of H202 to the 

reaction, as it is generated spontaneously in the presence of molecular oxygen. Indeed, 

Cu alone induced multimerisation of RANTES and IL-8, but not ENA-78, which 
implicates the tyrosine residue in the reaction. Similarly, it has been suggested that in 

the absence of added H202, the Aß-peptide directly produces H202 in the presence of 

CuC12 alone through Cu (II) reduction and redox in the presence of molecular oxygen 

(Huang et al, 1999). 

However, in the presence of H202 Cu (I) can be more efficiently oxidised back to Cu 

(II) in the Fenton reaction, providing more Cu (II) for the reaction and resulting in 

further multimerisation of CK. All chemokines were found to multimerise in the 

presence of Cu plus H202, indicating the involvement of other residues in the formation 

of stable covalent cross-links in ENA-78. 

Haber Weiss - Fenton reaction 

H202 + Cu+ --0 Cu 2+ + Off + OH- 

Cu 2+ +02- º 02 + Cu+ 

When both reactions above combine, further ROS are generated causing the redox to 

propagate: 

Cu+/Cu2+ 
H202+02- º 02+ OH- + OR 

DMSO scavenges OH- radicals and inhibits chemokine multimerisation, indicating the 

involvement of OH- radicals. Interestingly, investigation using lens proteins has shown 

that the H202/Cu ion system but not other metal-catalysed oxidation systems such as 

H202/Fe-EDTA produces protein-bound dityrosine (Kato et al, 2001). 

Chemokine multimer formation is enhanced in the presence of H202 but the effect does 

not occur in the presence of H202 alone. This is also true for the Aß-peptide (Atwood et 

al, 2004; Atwood et al, 2000b). The Cu is required for redox cycling to occur, and it is 

the redox that drives the reaction leading to multimer formation. 
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Since multimerisation in the presence of Cu plus H202 occurs in ENA-78 which has no 
tyrosine residues in its primary structure, there must be an additional mechanism that 
does not involve dityrosine formation (figure 2.18). As suggested with Aß-peptide 

multimer formation (Atwood et al, 2000a), chemokine multimerisation could occur via 
the involvement of histidine residues, of which ENA-78 has one, RANTES has one and 
IL-8 has two. Cu has been shown to bind to histidine residues with high affinity 
(Camakaris et al, 1999). Evidence implies that in addition to the involvement of Cu (II) 

in dityrosine formation, Cu (II) is coordinated to Aß via 3 histidine residues, with the 
formation of an intermolecular histidine bridge between Cu (II) atoms (Atwood et al, 
2000a; Huang et al, 2004; Smith et al, 2006). Binding of Cu to histidine may also 

explain the multimerisation of ENA-78 in the absence of tyrosine residues. 

Oligomer formation is also observed with the prion protein (PrP). Since 1995, 

investigations on Cu binding to PrPC have been focussed on peptides from the 

unstructured N-terminal segment of PrPC, consisting of a highly conserved repeat of 
four octarepeat units containing histidine and glycine residues with the concensus 

sequence PHGGGWGQ. Four Cu (II) ions have been found to bind in this region whilst 

a fifth Cu (II) ion has been proposed to bind to the prion protein in the region 

connecting the unstructured segment with the globular portion of the protein. This 

portion of the protein is characterised by the presence of helices. 

Cu (II) dependent PrP aggregation has been reported to occur through the coordination 

of Cu to His-111 as the key residue together with His-96, Met-112 and the N-terminal 

amino group (Brown et al, 2004; Jackson et al, 2001; Jobling et al, 2001; Kramer et al, 

2001; Qin et al, 2002; Wadsworth et al, 1999). This indicates the possible involvement 

of methionine residues in conjunction with histidine residues. Evidence suggests that 

the mechanism for PrP multimerisation involves Cu (II) ions coordinated with histidine 

to form a complex that also involves a tyrosine residue (Stanczak et al, 2005a; Stanczak 

et al, 2005b). 

This mechanism of Cu (II) - PrP histidine/methionine/tyrosine coordination is similar to 

the histidine/tyrosine involvement in Aß-peptide multimerisation, and this could also be 

a possible mechanism for chemokine multimerisation in those chemokines which 

contain histidine, methionine and tyrosine residues. This also explains why chemokines 

103 



with a higher number of tyrosine residues may multimerise more effectively than those 

with few or no tyrosine residues. Dityrosine cross-links may occur in addition to 
histidine bridges in those chemokines that have one or more tyrosine residues in their 

primary structure. 

There is also evidence suggesting that the prion-like protein `Doppel' binds Cu. Doppel 

exhibits 26 % sequence identity with the prion protein, but lacks the octarepeat region 
implicated as the major Cu-binding domain. Matrix-assisted laser desorption ionisation 

mass spectrometry of a doppel peptide revealed binding of Cu but not other metals (Qin 

et al, 2003) 

Alternatively, chemokine multimerisation may involve cysteine residues, since Cu is 

also known to bind cysteine residues as well as methionine and histidine with high 

affinity (Bopp et al, 2008). In addition, homocysteine, a thiol containing derivative of 

cysteine has been shown to interact with Cu (II) and reduce it to Cu (I) with subsequent 
H202 generation (White et al, 2001). ENA-78 has 4 cysteine residues and both IL-8 and 

RANTES have 5 in their primary structure. ENA-78 and RANTES have 1 methionine 

residue whilst IL-8 has none. Other amino acid residues may also be involved in 

multimerisation effects in conjunction with histidine, methionine or cysteine residues. 

It was speculated that the interaction of chemokines with GAGs may be via a similar 

mechanism to the interaction of the PrP with GAGs, i. e. through the covalent binding 

of Cu. PrP multimers stabilised by Cu (II) bridges interact with glycosaminoglycans 

(GAGs) and this protein-GAG interaction is mediated largely by protonated and Cu (II)- 

bound histidine side chains of PrP, occurring with the formation of a multimeric PrP 

complex (Gonzalez-Iglesias et al, 2002). 

The previous work of others leading to the discovery that Cu (II) coordinates the 

binding of PrP multimers to GAGs, together with the knowledge that chemokines bind 

to GAGs led to the investigation of heparan sulphate (HS) binding to chemokine 

multimers in the presence of Cu. It was speculated that the addition of HS to 

chemokines, in the presence of 25 µM CuC12 and increasing concentrations of H202 

would result in the formation of higher molecular weight GAG-chemokine multimer 

complexes. 
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However, no such complexes were detected. Instead, the evidence suggested that HS is 

acting as a free radical scavenger. GAGs including HS are well known as free radical 

scavengers and have been shown to have protective effects against Cu induced 

peroxidation and oxidative damage in fibroblast and liposome cultures (Albertini et al, 
2000; Albertini et al, 1996; Balogh et al, 2003; Campo et al, 2004; Volpi & Tarugi, 

1999). Following the addition of HS, higher concentrations of H202 were required for 

optimal multimer formation indicating that HS limits the availability of free radicals and 
the extent of multimerisation at any given H202 concentration. In addition, higher order 

multimers were protected from damage at high concentrations of H202 in the presence 

of HS. GAGs have also been shown to have a protective effect against lipid 

peroxidation in endothelial cells (Section 4.5.1, figure 4.13). 

The multimer limiting and protective effects of HS as a scavenger mirror the 

observation that the hydroxyl radical scavenger DMSO also limits chemokine multimer 
formation. Again, this indicates the involvement of free radicals and redox in the 

mechanism of chemokine multimer formation. 

It appears that HS has a biphasic effect dependent on the H202 concentration. 
Chemokines appear to have different susceptibilities to oxidative degradation induced 

by free radical attack at high H202 concentrations with IL-8 more susceptible than 

RANTES and ENA-78 (figures 2.7A, 2.15A and 2.22A). Chemokines such as RANTES 

or ENA-78 appear less susceptible to oxidative degradation by free radical attack at 

high concentrations of H202 and therefore the addition of HS attenuates multimer 
formation as the availability of free radicals is limited by HS. Chemokines such as IL-8 

appear to multimerise more effectively in the presence of HS and therefore may be 

more susceptible to oxidative degradation. The protective effect of HS may promote 

rather than attenuate IL-8 multimer formation. This may be why RANTES multimer 

formation was optimal after 2 days of incubation and IL-8 and ENA-78 multimer 

formation was optimal after 1 day of incubation, i. e. the multimers were more unstable 

and degraded after 2 days. 

High MW HS-chemokine complexes were not observed following the addition of 0.1 

mg/ml HS in the presence of CuC12 and H202. A possible explanation is that HS- 
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chemokine binding is electrostatic and disrupted in SDS-containing gels. Another 

explanation is that the addition of soluble HS is not a model of the endothelial bound 

HS that is present in vivo, but a model of the effect of soluble GAGs shed at sites of 
inflammation. IL-8 has been shown to bind to HS on endothelial cells, and shedding 

results in an IL-8 complex with HS-containing syndecan-1 ectodomains, a trimolecular 

complex with a mass of 140 KDa (Marshall et al, 2003). However it is possible that 

chemokines may not bind soluble HS in the absence of the core protein, and that soluble 
HS may be presented to chemokines in a form that causes the chemokine binding site to 

be inaccessible. 

Given the observation that CuC12 and H202 induce multimerisation in the chemokines 

RANTES, IL-8 and ENA-78 it seems likely that other chemokines may multimerise in a 

similar way. The most likely chemokines to form multimers in the presence of CuC12 

and H202 are those that contain tyrosine and histidine residues, in light of the previous 

reports that Cu induces multimer formation in Aß and PrP via coordination with 

histidine and tyrosine residues. Such chemokines include the monocyte, T-cell and 

basophil chemoattractant, monocyte chemoattractant protein (MCP)- l (contains 3 

tyrosines and 1 histidine), the monocyte, pre-B cell and T-cell chemoattractant stromal 

cell-derived factor (SDF)-1 (contains 2 tyrosines and 2 histidines) and the neutrophil 

chemoattractants haemoinfiltrate CC chemokine (HCC)-1 (contains 6 tyrosines and 2 

histidines) and macrophage inflammatory protein (MIP)-2ß (contains 2 histidines). 

These are some examples but the list is not exhaustive. 
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Chapter 3 

The contribution of dityrosines to 

RANTES, IL-8 and ENA-78 multimer 

formation under redox conditions 
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3. The contribution of dityrosines to RANTES, IL-8 and ENA-78 multimer 
formation under redox conditions 

3.1. Introduction 

3.1.1. Dityrosine formation 

Dityrosine cross-links occur naturally in proteins isolated from the elastic ligaments of 

insects, the cell walls of candida albicans and the fertilisation envelope of the sea 

urchin egg (Andersen, 1963; Foerder & Shapiro, 1977; Smail et al, 1995). Vertebrate 

animal proteins known to contain dityrosine links include elastin, collagen and a storage 

form of the prothyroid hormone, thyroglobulin (Herzog et al, 1992; LaBella et al, 1967; 

LaBella et al, 1968). Hydroxyl radicals have been shown to induce dityrosine formation 

(Karam et al, 1984) and dityrosine may be a useful marker for assessing oxidative 

damage to proteins (Giulivi & Davies, 1993; Giulivi & Davies, 1994). Exposure of 

metmyoglobin or oxyhaemoglobin to H202 results in the conversion of tyrosyl radicals 

to dityrosine (Giulivi & Davies, 1993; Tew & Ortiz de Montellano, 1988). 

The formation of dityrosine adducts in vivo is a sign of oxidative stress and a result of 

free radical reactions. The formation of dityrosine arises from the reaction of two 

tyrosine residues which form carbon centred radicals in the aromatic ring under redox 

conditions (figure 3.1). The formation of dityrosine results in the creation of a very 

stable, irreversible covalent bond (Smith et al, 2007). 

COOH COOH COOH COOH 

C-H H3N-C-H H3N-C-H H3N-C-H 

CH2 CH2 CH2 CH2 

Cu/H202 
\\\ 

OH O OH OH 

Tyrosine Unstable tyrosyl radical Stable dityrosine 

(9 carbons) (9 carbons) (18 carbons) 

Figure 3.1. Dityrosine formation under oxidative conditions. Adapted from (Smith et al, 2007). The 

tyrosyl radical is formed under oxidative conditions in the presence of Cu and H202, and leads to 

stable dityrosine formation. 
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The addition of H202 strongly promotes Cu-induced dityrosine cross-linking of amyloid 

peptides API-28, Aß 1-40 and Aß 1-42 and it is suggested that dityrosine cross-linking is 

dependent on a Cu (II) mediated oxidative mechanism (Atwood et al, 2004). It is 

proposed that Cu (II) binds to histidine residues of Aß, which acts as the reductant, 

reducing Cu (II) to Cu (I). Tyrosine residues in the vicinity of neighbouring histidine 

residues allows the extraction of an electron from Cu (I) to form a carbon centred 

radical which can then covalently link to another adjacent tyrosyl radical, forming a 

stable dityrosine cross-link (Malencik et al, 1996). 

3.1.2. Detecting dityrosines by fluorimetry 

Both isolated and protein bound dityrosines have characteristic emission spectra of 350- 

500 nm upon excitation at 284-315 nm (Andersen,. 1964), and emission spectra of 460 

and 538 nm upon excitation at 460 and 538 nm respectively (Ali et al, 2006; Ali et al, 

2005). Excitation wavelengths of 280 and 320 nm have also been shown to be effective 

for detecting dityrosines with emission wavelengths in the 350-500 nm range at acidic 

and alkaline pH respectively, and an excitation wavelength of 301 Mn has been shown 

to effective for detecting dityrosines in boric acid/sodium-borate buffers with emission 

spectra in the 350-500 nm range (Malencik et al, 1996). The emission spectra are quite 

distinct from those of tyrosine and trytophan which do not fluoresce at these 

wavelengths. With an excitation wavelength of 280 nm, tyrosine fluoresces at an 

emission of 300-305 nm (Malencik et al, 1996). 

The oligomerisation of Aß by incubation with Cu was found to induce a fluorescent 

signal characteristic of tyrosine cross-linking (Atwood et al, 2004). Using an excitation 

wavelength of 300 nm it has been shown that there is a linear increase in fluorescence at 

400 nm with increasing dityrosine concentrations between 0-5 µM (Atwood et al, 

2004). Dityrosines have been detected in Aß-peptide oligomers using this method and 

in addition, dityrosine cross-linked oligomers of Aß have been detected using excitation 

wavelengths of 355 and 485, with emission spectra of 460 and 538 nm respectively (Ali 

et al, 2006; Ali et al, 2005). 

3.1.3. Detecting dityrosines using a specific monoclonal antibody 

The specific monoclonal antibody IC3 has been used to detect protein bound dityrosine 

in isolated bovine lens proteins exposed to Cu plus H202 in vitro by enzyme-linked 

immunosorbent assay (ELISA) and in mouse atherosclerotic tissue using an 
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immunohistochemical method (Kato et al, 2001; Kato et al, 2000). IC3 preferentially 

recognises protein bound dityrosines compared to free dityrosines (Kato et al, 2000). 

IC3 was also successful in detecting Cu/H202 induced dityrosine cross-links formed in 

recombinant Aß-peptide oligomers in vitro and analysed by Western blot (Atwood et al, 
2004). 

The IC3 antibody was used in the experiments described in this chapter, and was a kind 

gift from Yoji Kato, University of Hyogo, JAPAN. 

3.1.4. Detecting dityrosines using liquid chromatography-mass spectroscopy/mass 

spectroscopy (LC-MS/MS) 

Protein dityrosines have been well characterised by liquid chromatography-mass 

spectroscopy/mass spectroscopy (LC-MS/MS) analysis. The collision-induced 
dissociation of protonated native dityrosine (mass 361.2, contains 18 x carbon atoms) 

produced product ions of 315,298,283,269,254 and 237, detected by mass 

spectroscopy. Multiple-reaction monitoring (MRM) transitions of 361/315 and 361/237 

were used to detect protein dityrosines in oxidised wheat-flour dough. The pairings of 
361/315 and 361/237 among the product ions showed outstanding sensitivity and 

selectivity (Takasaki et al, 2005). 

A stable isotopic standard was required to quantify dityrosines in wheat-flour dough by 

LC-MS/MS. Stable isotopic dityrosine (C13 x 18) was prepared from isotopic tyrosine 

(C 13 x 9). The MRM transitions for the internal standard of C 13 x 18 dityrosine were 

selected as 379.2/332.1 and 379.2/253.1, which corresponds respectively to 361.2/315.1 

and 361.2/237.1 for native (C12 x 18) dityrosine (Takasaki et al, 2005). 

3.1.5. Other metals 

It may be possible for other metals to substitute for Cu in free radical generation via the 

mechanism discussed in Chapter 2, Section 2.6. Lead, cadmium, silver, mercury, copper 

and nickel have all been shown to stimulate lipid peroxidation and tissue damage 

through redox mechanisms (Horton & Fairhurst, 1987). 

Metals with a variety of oxidative properties were compared with Cu using LC-MS/MS, 

namely, iron (Fe), zinc (Zn), mercury (Hg) and nickel (Ni), all of which are found in the 
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d-block of the periodic table, often referred to as the transition metals. Unlike the metals 

of group 1 and group 2, ions of the transition elements can exist in multiple stable 

oxidation states. They are capable of losing d electrons without a high energetic penalty. 
A transition metal is defined as an element whose atom has an incomplete d sub-shell, 

or which can give rise to cations with an incomplete d sub-shell. Although Cu, Fe and 
Ni are true transition metals, Zn and Hg could be excluded from this category as they 

have a complete d sub-shell configuration (d'°). Whilst Zn exists only in one oxidation 

state (oxidation state 2), Hg can exist in oxidation states 1 and 2, but both elements 

retain the dl ° configuration. 

a) 

co 
.x 
0 

Atomic Number 

Table 3.1. Some of the oxidation states found in compounds of the transition-metal elements. A 
solid circle represents a common oxidation state, and a ring represents a less common (less 
energetically favourable) oxidation state (Wikipedia 2008, Transition metal, retrieved on Dec 19th, 
2008). Arrows indicate the metals used in the experiments described in this chapter for comparison 
with Cu. 

3.1.5.1. Iron (Fe) 

Fe exists in five possible oxidation states. Fe can exist as Fee+, Fei+, Fe 4+ Fe 5+ and Fe 6+ 

although oxidation states 4 and 6 are rare. It is well established that Fe generates free 

radicals, and plays a significant part in redox cycling. Fe (II) has been shown to react 

with H202 or molecular oxygen itself to generate the superoxide ion, and hydroxyl 

radical. The iron-dependent decomposition of H202 was originally postulated by 

Fenton, and has become known as the Fenton reaction (Imlay et al, 1988). 

The Fenton reaction 

Fe 2+ + H202 w Fe 3+ + OH- + OH 
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Because Fe is fundamental to redox cycling and peroxidation, and because of its ability 
to exist in many oxidation states, it was important to investigate its effect on dityrosine 

formation in RANTES. 

3.1.5.2. Mercury (Hg) 

Hg has very similar oxidative properties to Cu. Hg, like Cu, exists in oxidation states 1 

and 2, and is one of 2 elements to do so. The other is silver (Ag), which can exist in 

oxidation states 1 and 2. However oxidation state 2 in Ag is uncommon and so Hg was 

used in preference, to equate with Cu. 

3.1.5.3. Zinc (Zn) 

Zn, atomic number 30, is found next to Cu, atomic number 29, in the periodic table. 

Zinc exists almost exclusively in the +2 state and therefore it was useful as a control. 
Since Cu exists in oxidation states 1 and 2, Zn (II) was used to determine whether this 

oxidative property of Cu was paramount for the formation of dityrosines in chemokine 

multimers by means of a redox system. 

3.1.5.4. Nickel (Ni) 

Ni is also found next to Cu in the periodic table, but having different oxidative 

properties to Cu, existing predominantly in oxidation states 2 (Ni II) and 3 (Ni III). 

Interestingly, Ni (II) is known to induce oxidative stress. Studies have indicated that 

reactive oxygen species (ROS) are generated as one of the main mechanisms in the 

carcinogenicity and cytotoxicity of Ni (II) exposure (Jia & Chen, 2008). Nickel induced 

oxidative stress has also been shown to result in the activation of lymphocyte death 

signalling pathways (M'Bemba-Meka et al, 2005). Considering the reported generation 

of ROS caused by nickel, and similarities of nickel and copper, it was speculated that 

nickel might generate free radicals and participate in redox cycling 

3.1.6. Chemokine multimerisation 

Cu plus H202 were shown to induce chemokine multimerisation in RANTES, IL-8 and 

ENA-78 (Chapter 2). A redox mechanism involving dityrosine cross-links was 

suggested as a potential mechanism for chemokine multimer formation. RANTES has 

five tyrosine residues, IL-8 has one and ENA-78 none and therefore it was expected that 

dityrosines should be detectable in RANTES and possibly IL-8 multimers but not in 

ENA-78 multimers. 
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The contribution of dityrosine cross-links to multimer formation was investigated using 

fluorimetry, Western blotting and liquid chromatography mass spectroscopy/mass 

spectroscopy (LCMS/MS). 
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3.2. Materials 

Bovine serum albumin, copper chloride (CuC12), hydrogen peroxide (H202,30 % (v/v)), 

CuC12, NiC12, HgC12, FeC13, ZnC12 sodium dihydrogen phosphate, disodium hydrogen 

phosphate, heparan sulphate (HS) from pig mucosa and glutaraldehyde were obtained 
from Sigma-Aldrich Inc., Poole, Dorset, UK. Phosphate buffered saline (PBS) (- 

Ca2+/Mg2+), guanidine hydrochloride (G-HC1) and 2-mercaptoethanol (2-ME) were 

obtained from Invitrogen Ltd, Paisely, UK). A Far UV quartz 10 x4 mm light path, 1.5 

ml fluorimetry cuvette was obtained from Jencons Ltd, East Grinstead, West Sussex, 

UK. Recombinant human-RANTES, human IL-8 and human ENA-78 were obtained 
from Peprotech EC, London, UK. 

Polyacrylamide mini-gels were cast using the Bio-Rad Protean II system and markers 

and reagents for electrophoresis were obtained and prepared as previously described in 

chapter 2. Primary I C3 antibody from ascites was obtained as a gift from Yoji Kato, 

University of Hyogo, Japan. Secondary biotinylated rabbit anti-mouse (Fab)2 antibodies 

and biotinylated primary rabbit anti-human RANTES antibodies were obtained from 

Peprotech EC, London, UK. Streptavidin-biotinylated horseradish peroxidase complex 

(StreptABC) was obtained from Dako UK Ltd, Ely, Cambridgeshire, UK. A 

commercial enhanced chemiluminescence (ECL) kit, SuperSignal, was obtained from 

Pierce Biotechnology Inc., Rockford, IL 61105, USA. Tween-20, PBS (-Ca 2+ /Mg 2+ ) and 

Super RX Fuji medical X-Ray film were obtained from Fisher Scientific, 

Loughborough, Leicestershire, UK. 

Dityrosine was a gift from Yoji Kato, University of Hyogo, JAPAN and was used to 

make the dityrosine-BSA standard for Western blotting. Normal tyrosine and stable 

isotopic tyrosine, horseradish peroxidise (HRP), borate buffer, trifluoroacetic acid 

(TFA), hydrochloric acid (HCl), methanol, L-methionine, ammonium acetate and acetic 

acid were used by Yoji Kato in the analysis of dityrosine by LCMS/MS. 
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3.3. Methods 

3.3.1. Conjugation of dityrosine and BSA 

A dityrosine-BSA standard was prepared as a positive control for Western blot analyses 
of dityrosine by dissolving dityrosine (1.7 mg) and BSA (2.4 mg) in 0.85 ml of 0.1 M 

phosphate buffer (pH 7.4). Glutaraldehyde solution (20 % (y/v), 200 . il) was added to 
the vessel, little by little with stirring (final concentration 3.8 % (v/v)). The reaction 

continued overnight with stirring at room temperature. The sample was then dialyzed 

against 500 ml PBS (-Ca t+/Mg2+) at 4 °C for 2 days changing the buffer on day 2. The 

concentration of albumin was finally adjusted to 1 mg/ml by diluting to 2.4 ml. 

3.3.2. Preparation of samples for fluorimetry 

Human recombinant RANTES was incubated for 2 days in PBS (-Ca t+/Mg2+) at 2.5 x 
10-6 M (20 µg/ml) with 50 µM CuC12 plus 200 µM H202 in a total volume of 400 µ1 to 

allow the formation of cross-links in multimers. 

3.3.3. Analysis of dityrosines by fluorimetry 

40 µl of dityrosine-BSA standard (1 mg/ml) was diluted to 40 µg/ml in 1 ml of PBS (- 

Ca2+/Mg2+, Fisher UK, pH 7.4). Post-incubation samples containing RANTES (400 µl) 

were diluted to 10 µg/ml by the addition of 400 µl PBS (-Ca t+/Mg2+) and analysed at 37 

°C using a Varian fluorescence spectrophotometer and Cary Eclipse Software. Analysis 

was performed using a Hellma far UV quartz 10 x4 mm light path, 1.5 ml cuvette. The 

fluorescence spectra were scanned at different excitation wavelengths (table 3.2). 

The following excitation wavelengths were used to detect dityrosines: 

Excitation / nm Expected emission k/ nm 

280 Detection of singular tyrosine at 300-305 
284 400 
300 400 at pH 7.4 
301 377-378 at high pH (pH 9) 

315,320 400 at high pH (pH 9) 
325 407 
355 460 
485 538 

Table 3.2. Excitation wavelengths suitable for the detection of dityrosines and the expected emission 
wavelengths (Ali et al, 2006; Atwood et al, 2004; Kato et al, 2000; Malencik et al, 1996). 
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3.3.4. Sample preparation for SDS-PAGE and Western blotting 

In order to detect dityrosines by Western blotting, chemokines were incubated at higher 

concentrations than those used for the detection of the chemokines per se. RANTES, IL- 

8 and ENA-78 (2.5 x 10-6 M (20 µg/ml)) were incubated with CuC12 (1.25 - 100 UM), 
H202 (0.5 - 400µM) and HS (0.1 mg/ml) in PBS (-Ca t+/Mg2+), final volume 200 µl. 
RANTES was incubated for 2 days at 37 T. IL-8 and ENA-78 were incubated for 1 day 

at 37 °C, since a1 day incubation was found to be optimum for multimer formation. 

Incubated samples were frozen at -80 °C, freeze dried, reconstituted to 20 µ1 in Ix 

sample buffer (prepared as described in Chapter 2) and 15 µl of each sample analysed 
by SDS polyacrylamide gel electrophoresis and Western blotting as described in 

Chapter 2, Sections 2.3.4 and 2.3.5. 

3.3.5. Guanidine hydrochloride treatment of samples 

In order to establish the stability and covalent nature of dityrosine cross-links an equal 

volume of guanidine hydrochloride (G-HCI, 12 M) was added to samples (final 

concentration 6 M) following 1 or 2 day incubation at 37 °C, and removed by ethanol 

precipitation of proteins as previously described in Chapter 2, section 2.3.3. 

3.3.6.2-mercaptoethanol treatment of samples 

Samples were reduced with 2-mercaptoethanol (2-ME) to investigate the presence of 
disulphide links. Following freeze drying of samples the lyophilised protein was re- 

constituted in 20 µl 1x sample buffer containing 5% (v/v) 2-mercaptoethanol (4.8 ml 
UHQ water, 0.4 ml 2-mercaptoethanol (2-ME), 0.8 ml glycerol, 1.6 ml 10 % (w/v) 

sodium dodecyl sulphate (SDS), 1 mg bromophenol blue) and boiled at 95 °C for 5 

minutes. Once cooled, samples were loaded onto a 14 % polyacrylamide gel (15 µl per 

well). 

3.3.7. SDS-PAGE and Western blotting 

Proteins were separated on 14 % (w/v) polyacrylamide gels and transferred to 0.45 µm 

nitrocellulose as previously described in Chapter 2, sections 2.3.4 and 2.3.5. 

3.3.8. Blocking Western blots 

Following transfer to nitrocellulose membrane, Western blots were immersed in 

blocking buffer (PBS (phosphate buffered saline (-Ca/Mg)) /2% v/v Tween-20 at room 
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temperature) overnight prior to staining for RANTES as previously described in 

Chapter 2, section 2.3.5. 

3.3.9. Dityrosine staining on Western blots 

The membranes were first washed three times for 10 minutes each in 1x PBS / 0.05 % 

(v/v) Tween-20, and then incubated with primary antibody (mouse monoclonal anti- 
dityrosine (1C3) kept at -80 °C) at a working concentration of 1 µg/ml, 5 ml per blot in 

5% (v/v) rabbit serum for 90 minutes. Blots were again washed three times for 10 

minutes each in PBS/0.05 % (v/v) Tween-20 and incubated for 60 minutes with 
biotinylated rabbit polyclonal anti-mouse (Fab)2 antibody (Dako, UK) kept at 4 °C 

diluted 1: 2000 v/v in PBS (-Ca/Mg) /2% Tween-20 (2.5 µl/5 ml per blot). The 

membranes were washed as before, 3 times for 10 minutes, and then incubated with a 
1: 20,000 (v/v) dilution (1 µl of each of tubes A and B in 10 ml) of a streptavidin- 
biotinylated horseradish peroxidase complex (StreptABC, DAKO) for 45 minutes at 

room temperature. Membranes were washed as before, 5 times for 10 minutes each and 

the blots developed using an ECL kit (Pierce) and placed against X-Ray film to 

visualise results. 2.5 ml of each of the developer and enhancer were mixed together (5 

ml per blot). 

3.3.10. Preparation of internal standard (IS) for liquid chromatography mass 

spectroscopy/mass spectroscopy (LCMS/MS) 

The internal standard (IS) was prepared by Yoji Kato. As an IS, stable isotopic DiY 

(containing 18 x C13 atoms ['3C18]) was prepared from stable isotopic tyrosine (contains 

9x C13 atoms [13C9]) by treatment with horseradish peroxidase (HRP) and H202. The IS 

had a different molecular weight than that of normal dityrosine (the IS parent ion had 

MW 379.2 whereas normal dityrosines have a parent ion MW 361.2). Therefore the IS 

and dityrosine were separately quantified. 

L-tyrosine (5 mg) was incubated for 1 hr with 75 µg of horseradish peroxidase (HRP) in 

the presence of 5 µl of 30 % (v/v) H202 in 5 ml of 0.1 M borate buffer (pH 9.0). The 

mixture was acidified by the addition of 500 µl of 6N HCI and 100 µl of trifluoroacetic 

acid (TFA) and then applied to a solid phase extraction (SPE) column (Supelco 

Spelclean ENVI-18,500 mg solid). The column was then washed with 2 ml of 0.1 % 

(v/v) TFA, and the sample was eluted with 1 ml of 0.1 % (v/v) TFA/CH3OH (1: 3 ). The 

eluate was concentrated and then further purified by reverse-phase HPLC. The reaction 
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was terminated by the addition of L-methionine (final concentration 3 mM). The crude 

reaction mixture was acidified by the addition of a bolus of TFA solution. The reaction 

mixture was then applied to an SPE ENVI-18 column, which was washed with 2 ml of 
0.1 % (v/v) TFA, and the sample was then eluted with 2 ml of methanol. 

3.3.11. Sample preparation for LCMS/MS 

Recombinant RANTES (Peprotech, UK) was incubated in triplicate for 2 days at 37 °C 

at a final concentration of 2.5 x 10 -6M (0.02 mg/ml) in the presence and absence of a 
final concentration of 50 µM CuC12, NiC12, HgC12, FeCl3 or ZnC12 and in the presence 

and absence of final concentrations of either 25 or 200 pM H202. The final volume was 
80 pl in lx D-PBS (-Ca t+/Mg2+). Following 2 day incubation, samples were frozen at - 
80 °C for 3 hours and freeze dried overnight. Freeze-dried samples were shipped to 

Hyogo University, JAPAN. 

Each lyophilized sample was dissolved in 80 . il of water, and 40 µ1 was hydrolysed at 

105 °C for 24 hours. Following hydrolysis the sample was dried and dissolved in 50 µl 

of 2 mM ammonium acetate in H2O. For dityrosine analysis, 0.4 µ1 of IS was added to 

40 µ1 of the sample. The analysis of dityrosines was done using 10 µ1 in duplicate. For 

tyrosine analysis, 5 µl was taken and diluted x 20, and 1 µl of IS was added to the 100 

µ1 of solution for tyrosine analysis. 

To identify and confirm that the peak is dityrosine, four traces were used for the 

analysis: two native dityrosine and two IS fragments. The IS allows quantification of 

the results. 

3.3.12. LCMS/MS analysis for tyrosine and dityrosine 

The LCMS/MS analysis was performed by Yoji Kato. Each sample was analysed using 

10 µl in duplicate using an electrospray-ionisation quadrupole tandem mass 

spectrometer (API-3000, Applied Biosystems Co. ) connected to an Agilent 1100 HPLC 

system. Data were calculated from the averages of two serial analyses of one sample. 

For the DiY and tyrosine analyses, HPLC was done by gradient systems using solvent A 

(0.1 % acetic acid) and solvent B (acetonitrile). The separation was performed using a 

reverse phase octadecyl silane (ODS-HG-3) high performance liquid chromatography 

(HPLC) column (2 x 50 mm). The gradient program was as follows: 0 min (A100 %), 2 

min (A100 %), 7 min (A50 %), 7.1 min (AlOO %), 15 min (A100 %). The positive 
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mode was used for the electrospray ionisation (ESI). To reduce possible contamination 

of the ion source, the flow was separated by a Valco switching valve using the 

following program: 0 min (waste), 2 min (mass), 7 min (waste). 

The spectrometer had three serial quadrapoles. Using the first quadrapole, the parent ion 

361 was formed by ionisation of dityrosine. The protonated dityrosine was fragmented 

by N2 gas at the second quadrapole in the mass spectrometer. (This process is known as 

collision-induced dissociation or collision-induced fragmentation). The fragment ions 

were detected by the third quadrapole in the mass spectrometer. 

Native dityrosine (DiY) [C12 x 18] has a MW of 360 (figure 3.2). To detect dityrosines 

by LCMS/MS, dityrosines were positively ionised and protonated (MW 360 --> 361, 

figure 3.2). The protonated parent ion, mass 361, can theoretically be detected by a 

mass spectrometer. However, many ionised molecules have a mass of 361 as the parent 

or fragment ion, therefore simple scanning of 361 will detect high background noise. To 

resolve this problem, multiple reaction monitoring (MRM) transitions were used, which 

involves scanning for both the parent ion and fragments of known mass simultaneously. 
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Figure 3.2. Proposed mechanism for Collision-Induced Dissociation of Dityrosine. These are the 
fragments of protonated dityrosine MW 361. The parent ion 361 is formed by ionisation of 
dityrosine. The observed protonated product ions were at m/z 315,298,283,269,254 and 237. The 
protonated dityrosine can be fragmented by N2 gas in the mass spectrometer to form fragments of 
known size. Boxes indicate the selected MRM transitions (Takasaki et al, 2005). 

Trace amounts of native DiY were analysed by LCMS/MS using stable isotopic 

methods. Several fragments, which occurred owing to the collision-induced 

fragmentation of native DiY, were observed. Of these, the combination of ions 361/237 

and 361/315 (for native DiY) were similar and had good sensitivity. 

Both fragments (MW 315 (de-carboxylated) and MW 237 (unknown structure)) were 

previously shown to be very suitable as MRMs for dityrosine (Takasaki et al, 2005) and 

both fragments had a good yield. Scanning for these two fragments (315 and 237) as 

well as the parent ion (MW 361) to detect dityrosines lowers the background compared 
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to a parent ion only scan at MW 361. For example, molecules with the MRM 

combination of MW 361/237 or MW 361/315 are extremely less abundant than 

molecules of MW 361 as ions. The result of using MRM transitions was that the 

background became very low resulting in high sensitivity and selectivity. The use of 

two MRMs (315 and 237) in one molecule gave greater accuracy for the identification 

of dityrosines. 

Native DiY was quantified using an internal standard (IS) of isotopic DiY [C13 x 18]. 

The parent ion and subsequent collision induced fragments of isotopic DiY are of higher 

molecular weight than those formed by the native DiY. The collision-induced 

dissociation of protonated isotopic DiY (mass 379.2) produced product ions of 332.1 

and 253.1 which correspond respectively to 315.1 and 237.1 for native DiY. MRMs of 

379.2/332.1 and 379.2/253.1 were used to detect the isotopic IS as they had good 

sensitivity. 

The detection limit of DiY was 1 nM and the calibration curve of DiY was linear 

(R=0.999) over a concentration range of 1-300 nM. Using the selected MRM 

transitions, the DiY in RANTES samples was estimated by LC/MS/MS. 

Thus, the four multiple reaction monitoring (MRM) transitions used for the 

measurement of DiY were as follows: 379.2/332.1 (internal standard, ['3C18] DiY-1), 

379.2/253.1 (internal standard, [13C18] DiY-2), 361.2/315.1 (native [12C18] DiY-1), and 

361.2/237.1 (native [12C18] DiY-2). The two MRM combinations for one molecule 

showed a similar sensitivity. The use of two MRMs on one molecule is meaningful for 

the identification of DiY. To estimate tyrosine [ 12C9], the analyte was diluted 100-fold 

by a solution of 2 mM ammonium formate with an additional IS (500 nM [13C9] 

tyrosine) and then analysed separately. Two MRMs 182.2/136.1 ([12C9] tyrosine) and 

188.1/142.1 ([13C9] tyrosine) were used for the analysis. To check for artifact formation 

of DiY during sample preparation, the MRM of the [13C9] tyrosine-derived DiY [13C18J 

was also determined regularly. To avoid a decrease in the signal/noise ratio, the MRM 

scan program for the [1309] tyrosine-derived DiY was omitted in routine analyses. 

Importantly, the scanning of an MRM transition takes only about 100 msec. So many 

MRM combinations (and therefore many compounds) can be analysed in a single 
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experiment, almost simultaneously. The first MRM scans during the first 100 msec and 
then next MRM scans in the next 100 msec and this process is repeated. 

3.4. Statistical analysis 

Data were compared with a1 or 2-way ANOVA followed by either a Dunnet's or 
Tukey's post-hoc test where p<0.05 was the minimum accepted level of significance. 

3.5. Results 

3.5.1. Fluorimetry 

The dityrosine-BSA standard was analysed by fluorimetry as a positive control. Of the 

excitation wavelengths used, 300 nm was found to give the best sensitivity for 

dityrosines in the dityrosine-BSA standard with an emission peak in the 390-420 nm 

range. This was similar to the findings of Atwood, et al. and Kato, et al. (Atwood et al, 

2004; Kato et al, 2000). Therefore both the dityrosine standard and RANTES samples 

were analysed using an excitation wavelength of 300 nm. 
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Figure 3.3. Emission spectra of dityrosine standard in PBS (0.625 - 40 µg/ml), analysed by 

fluorimetry at an excitation wavelength of 300 nm. Representative of two independent experiments. 

a. u. = arbitrary units. 
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The emission peak at 410 nm is characteristic of dityrosines (Atwood et al, 2004; Kato 

et al, 2000; Takasaki et al, 2005) and was detectable in the dityrosine standard at a limit 

of 1.25-2.5 µg/ml BSA. Recombinant human RANTES (Peprotech, UK) was incubated 
for 2 days in PBS (-Ca t+/Mg2+) at 2.5 x 10-6 M (20 µg/ml) with 50 µM CuC12 plus 200 

µM H202 in a total volume of 400 µl, to generate multimers. Following 2 day 
incubation, the samples were diluted to 10 µg/ml in 800 µl PBS (-Ca 2+/Mg2+) and 

samples were analysed by fluorimetry at an excitation wavelength of 300 nm. 
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Figure 3.4. Fluorescence spectra for dityrosines detected in RANTES multimers. RANTES was 
incubated for 2 days in PBS at 2.5 x 10-6 M and 37 °C with CuC12 (50 µM) Plus H202 (200 µM), 
diluted to 1.56 x 10-7 M-1.25 x 10"6 M (1.25 - 10 pg/m1) following incubation and analysed by 
fluorimetry at an excitation wavelength of 300 nm. 

The emission spectra observed at 404 nm is characteristic to dityrosines, indicating that 

dityrosines were present in RANTES multimers. The detection limit for dityrosines was 

1.25 µg/m1. The concentration of dityrosines in RANTES multimers as detected by 

LCMS/MS was subsequently found to be small (Section 3.5.2.3). The peak at 404 nm 

was not detected in RANTES incubated for 2 days in PBS (-Ca t+/Mg2+) at 2.5 x 10-6 M 

(20 µg/ml) in the absence of CuC12 plus H202 (data not shown). This suggests that 

dityrosine cross-links are present in RANTES multimers formed in the presence of 

Cu/H202. 
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However, at the concentrations used and in the absence of CuC12 and H202, RANTES 

was dimeric (Chapter 2, Section 2.5.1), and it would be expected that some dityrosines 

would be detected in the dimer. It was suspected that in the absence of multimers, 
dityrosines in the RANTES dimer may be at very low concentrations that are not 
detectable by fluorimetry and therefore RANTES was analysed by Western blot and 

stained with the specific mouse monoclonal antibody IC3 to detect dityrosines. 

3.5.2. SDS-PAGE and Western blotting 

In order to determine the molecular weight of the RANTES multimers containing 

dityrosines, RANTES multimers were analysed using SDS-PAGE and Western blots 

were stained with the specific dityrosine antibody, IC3, a gift from Yoji Kato, 

University of Hyogo, JAPAN. 

Figure 3.5. Dityrosines in RANTES multimers. RANTES (2.5 x 10-6 M) was incubated with copper 
(50 µM) alone, and copper (50 µM) plus 5- 400 µM H202 for 2 days at 37 °C, analysed by SDS- 

PAGE on a 14 % polyacrylamide gel and Western blots were stained for dityrosines. M: molecular 

weight markers. Dityrosine standard (dityrosine cross-linked BSA) in lane 9. Lane 1: RANTES 

only, lane 2: RANTES + 50 µM CuC12, lane 3: RANTES + 50 µM CuC12 +5 µM H202, lane 4: 

RANTES + 50 µM CuC12 + 25 µM H202, lane 5: RANTES + 50 µM CuC12 + 50 µM H202, lane 6: 

RANTES + 50 µM CuCl2 + 100 µM H202, lane 7: RANTES + 50 µM CuCl2 + 200 pM H202 and lane 

8: RANTES + 50 µM CuC12 + 400 pM H202. Representative of two independent experiments, 

showing similar results. 
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Positive staining for dityrosines in RANTES multimers indicates the involvement of 
dityrosine cross-links in multimerisation of the chemokine, RANTES. The IC3 antibody 

stained RANTES dimers (16 KDa) in RANTES incubated alone (figure 3.5, lane 1) and 
in the presence of 50 µM CuC12 (lane 2). In the presence of 50 µM CuC12 plus 5- 400 

µM H202 the dimer appeared more strongly stained (lanes 3- 8), with the maximum 
dityrosines detected in 16 KDa RANTES at 400 . tM H202 (lane 8). Dityrosines were 
detected in higher order multimers of RANTES (trimer (24 KDa) and above) in the 

presence of 50 µM CuC12 plus 25 - 200 µM H202 (lanes 4- 8), and maximum 
dityrosine formation was seen at 50 µM CuCl2 plus 200 µM H202 (lane 7, up to 

approximately 100 KDa). RANTES tetramers (32 KDa) were detected in lanes 4 -7 (50 

µM CuC12 plus 25 - 200 µM H202). H202 in the presence of 50 µM CuC12 promoted 

multimerisation in a dose dependent manner in lanes 4-7. However, at 50 µM CuC12 

plus 400 µM H202, the higher order multimers were depleted (lane 8). Dityrosines were 

not detected in monomeric RANTES (8 KDa). The BSA-dityrosine standard was used 

as a positive control (lane 9), at a concentration of 25 µg/ml and 10 µl / lane. The 

dityrosine standard stained positively for dityrosines. 

Since the multimers appear depleted by the high concentration (400 µM) of H202 in lane 

8, the protective effect of HS, a free radical scavenger, on dityrosine cross-link 
formation was determined. RANTES was incubated as before, but in the presence of 0.1 

mg/ml HS, analysed by SDS-PAGE, and Western blots were stained for dityrosines 

(figure 3.6). 
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Figure 3.6. The protective effect of HS on dityrosines in RANTES. RANTES (2.5 x 10-6 M) was 
incubated with copper (50 µM) alone, and copper (50 µM) plus 5- 400 µM H202 for 2 days at 37 °C 
in the presence of HS (0.1 mg/ml), analysed by SDS-PAGE on a 14 % polyacrylamide gel and 
Western blots were stained for dityrosines. M: molecular weight markers. Dityrosine standard 
(dityrosine cross-linked BSA) in lane 9. Lane 1: RANTES +HS, lane 2: RANTES + HS + 50 µM 
CuCl2, lane 3: RANTES + HS + 50 µM CuCI2 +5 µM H202, lane 4: RANTES + HS + 50 µM CuCI2 
+ 25 pM H202, lane 5: RANTES + HS + 50 µM CuCl2 + 50 pM H202, lane 6: RANTES + HS + 50 
µM CuCl2 + 100 pM H202, lane 7: RANTES + HS + 50 µM CuCI2 + 200 µM H202 and lane 8: 
RANTES + HS + 50 µM CuCI2 + 400 µM H2O2, Representative of two independent experiments. 

Positive staining for dityrosines in RANTES dimers and higher order complexes again 

indicates the involvement of dityrosine cross-links in RANTES multimer formation. 

However, higher concentrations of H202 were required to see this effect in the presence 

of HS (figure 3.6) compared to its absence (figure 3.5). In the absence of HS (figure 

3.5), dityrosine was observed to form at 25 µM H202 (lane 4) and maximum dityrosine 

formation was seen at 50 µM CuC12 plus 200 µM H202 (lane 7). However, in the 

presence of 0.1 mg/ml HS, dityrosine formed at concentrations of H202 greater than 100 

µM and the maximum effect was seen at 400 µM H202 (figure 3.6, lane 8). Higher order 

multimers were not depleted at the highest (400 µM) concentration of H202 in the 

presence of HS. The RANTES multimers can withstand higher concentrations of H202 

(up to 400 µM) indicating that HS may be scavenging free radicals (figure 3.6). Again, 

the dityrosine standard stained positively for dityrosines (lane 9). 

In order to investigate whether dityrosine cross-links were covalent links, RANTES was 

incubated for 2 days at 37 °C in the presence and absence of 50 µM CuC12,25 µM H202 

and 0.1 mg/ml HS, and following incubation, the chaotropic agent, guanidine 

126 



hydrochloride (G-HCl), was added to the samples at a final concentration of 6M and 
proteins were ethanol precipitated before analysis. G-HCl is capable of disrupting the 

non-covalent 3-dimensional structure of proteins, including hydrogen bonds, van der 
Waals forces and hydrophobic effects (Lu et al, 2001; Neet & Timm, 1994). 

Figure 3.7. The stability of dityrosines to G-HCI. RANTES (2.5 x 10-6 M) was incubated in the 
presence and absence of copper (50 µM), ± H202 (25 µM) and ± HS (0.1 mg/ml), for 2 days at 37 T. 
Samples were treated with 6M G-HCI, analysed by SDS-PAGE on a 14 % polyacrylamide gel and 
Western blots were stained for dityrosines. M: molecular weight markers. Dityrosine standard 
(dityrosine cross-linked BSA) in lane 9. Lane 1: RANTES only, lane 2: RANTES + 50 µM CuCI2 
and 25 pM H202 , lane 3: RANTES + HS, lane 4: RANTES + HS + 50 µM CuCl2 + 25 pM H202, 
lane 5: RANTES incubated with 6M G-HCI,, lane 6: RANTES + 50 µM CuC12 + 25 pM H202, 
incubated with 6M G-HCI , lane 7: RANTES + HS incubated with 6M G-HCI and lane 8: 
RANTES + HS + 50 µM CuCI2 + 25 µM H202 incubated with 6M G-HCI.. Representative of two 
independent experiments. 

Dityrosines were not detected in RANTES incubated without Cu or H202 (figure 3.7, 

lane 1) which would normally be present as a dimer (figure 3.5, lane 1). This is likely 

due to the ethanol precipitation of the proteins, through which some of the dimer may 

have been lost, and therefore not detected by the antibody. As previously observed, 

RANTES dimers (16 KDa), trimers (24 KDa) and tetramers (32 KDa) were formed 

following 2 day incubation of RANTES with 50 µM CuC12 plus 25 µM H202 and 

stained positively for dityrosines in the absence of HS (figure 3.7, lane 2). 

In the presence of HS, dimers (16 KDa) and trimers (24 KDa), but not tetramers (32 

KDa) were detected (lane 4). Again, the result indicates a free radical scavenging effect 

upon the addition of HS. RANTES multimers generated following 2 day incubation 
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with 50 µM CuC12 plus 25 µM H202 in the presence and absence of HS (0.1 mg/ml) 

remained following the addition of 6M G-HCl (lanes 6 and 8) when compared with the 

controls (RANTES incubated with 50 µM CuCl2 plus 25 µM H202 in the presence and 

absence of HS (0.1 mg/ml) but in the absence of 6M G-HC1 in lanes 2 and 4. ) The 

result indicates that RANTES multimers are covalently linked, and extremely stable. 
The dityrosine standard stained positively for dityrosines in lane 9. 

In addition, RANTES multimers were stained for dityrosines in the presence of 2- 

mercaptoethanol (2-ME), a compound used to reduce disulphide bonds. It is also known 

for its antioxidant activity. RANTES was incubated for 2 days at 37 °C, as previously, 

with 50 µM CuC12 plus 25 µM H202 in the presence and absence of HS (0.1 mg/ml). 2- 

ME (5 %) was added to samples following incubation, and prior to analysis by SDS- 

PAGE. Figure 3.8 shows the effect of 2-ME (5 %) on RANTES incubated in the 

presence and absence of 50 µM CuC12 plus 5- 400 µM H202 in the absence of HS. 

Figure 3.8. The stability of dityrosines to 2-ME. RANTES (2.5 x 10-6 M) was incubated with copper 
(50 µM) alone, and copper (50 µM) plus 5- 400 µM H202 for 2 days at 37 °C, treated with 2-ME (5 

% (v/v)), analysed by SDS-PAGE on a 14 % polyacrylamide gel and Western blots were stained for 

dityrosines. M: molecular weight markers. Dityrosine standard (dityrosine cross-linked BSA) in 

lane 9. Lane 1: RANTES only, lane 2: RANTES + 50 µM CuCl2, lane 3: RANTES + 50 µM CuC12 + 

5 µM H202, lane 4: RANTES + 50 pM CuC12 + 25 pM H202, lane 5: RANTES + 50 µM CuCl2 + 50 

pM H202, lane 6: RANTES + 50 µM CuCI2 + 100 pM H202, lane 7: RANTES + 50 pM CUC12 + 200 

µM H202 and lane 8: RANTES + 50 pM CuC12 + 400 µM H202, Representative of two independent 

experiments. 
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The RANTES multimers and dityrosine cross-links remained following treatment with 
2-ME (figure 3.8), indicating that multimers were covalently linked, and that disulphide 

bonds were not responsible for multimer formation or dityrosine cross-linking. Higher 

order multimers appeared in the presence of 50 µM CuC12 only (24 KDa trimer in lane 

2), whereas in the absence of 2-ME, higher order multimers started to occur only in the 

presence of both 50 µM CuC12 and 25 µM H202 (figure 3.5, lane 4). Tetramers (32 

KDa) also appeared at lower concentrations of H202 (25 µM, lane 4) in the presence of 
2-ME than in the absence of 2-ME (figure 3.5,100 µM H202, lane 6). 

Maximum dityrosine formation occured at 50 µM CuC12 plus 200 µM H202 in both the 

absence (figure 3.5, lane 7), and presence (figure 3.8, lane 7) of 2-ME and dityrosines 

were diminished in the presence of at 50 µM CuC12 plus 400 µM H202 (lane 8) in both 

the absence and presence of 2-ME. 

Figure 3.9 shows the effect of 2-ME (5 %) on RANTES incubated in the presence and 

absence of 50 µM CuC12 and 5- 400 µM H202 in the presence of 0.1 mg/ml HS. 

Figure 3.9. Dityrosine formation in the presence of HS. RANTES (2.5 x 10-6 M) was incubated with 
copper (50 µM) alone, and copper (50 µM) plus 5- 400 µM H202 for 2 days at 37 °C in the presence 

of HS (0.1 mg/ml) and 2-ME (5 % (v/v)), analysed by SDS-PAGE on a 14 % polyacrylamide gel and 
Western blots were stained for dityrosines. M: molecular weight markers. Lane 1: RANTES +HS, 
lane 2: RANTES + HS + 50 µM CuCI2, lane 3: RANTES + HS + 50 µM CuCI2 +5 pM H202, lane 4: 

RANTES + HS + 50 µM CuCl2 + 25 pM H202, lane 5: RANTES + HS + 50 pM CuCI2 + 50 pM H202, 

lane 6: RANTES + HS + 50 pM CuCI2 + 100 µM H202, lane 7: RANTES + HS + 50 µM CuC12 + 200 

pM H202 and lane 8: RANTES + HS + 50 pM CuCI2 + 400 µM H202. Representative of two 

independent experiments. 
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In the presence of 0.1 mg/ml HS (figure 3.9), maximum dityrosine formation was still 

seen at 50 µM CuC12 plus 200 µM H202 (lane 7), but higher order multimerisation (24 

KDa trimer and above) started to occur at higher concentrations of H202 in the presence 

of HS (figure 3.9, lane 5,50 µM H202) than in the absence of HS (figure 3.8, lane 3,5 

µM H202). Although higher order multimers were depleted at 400 µM H202 (figure 3.9, 

lane 8), some high MW multimers appeared to be protected from degradation (MW 

approx 100 KDa). The effect was also seen at 200 µM H202 (lane 7). Again, this 

indicates that HS may be scavenging free radicals, allowing high order RANTES 

multimers to withstand high concentrations of H202. 

Figure 3.10 shows RANTES incubated at 2.5 x 10-6 M and stained for RANTES rather 

than for dityrosines. The purpose was to compare the presence and absence of RANTES 

multimers and dityrosines in parallel, at the higher concentration of RANTES than used 

in experiments described in Chapter 2. 
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Figure 3.10. RANTES staining of multimers. RANTES (2.5 x 10-6 M) was incubated with copper (50 

µM) alone, and copper (50 µM) plus 100 - 400 µM H202 for 2 days at 37 °C, analysed by SDS- 

PAGE on a 14 % polyacrylamide gel and Western blots were stained for RANTES. M: molecular 

weight markers. Lane 1: RANTES only, lane 2: RANTES + 50 µM CuC12, lane 3: RANTES + 50 

µM CuC12 + 100 µM H202, lane 4: RANTES + 50 pM CuCI2 + 200 µM H202 and lane 5: RANTES + 

50 pM CuCI2 + 400 µM H202. Representative of two independent experiments. 

Maximum RANTES multimerisation occurred at 50 µM CuC12 plus 200 µM H202 in 

parallel with the observation that dityrosine formation occurred maximally under these 

conditions (figure 3.9). However, when staining for RANTES, the multimers appeared 
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relatively stable at 400 µM H202 (figure 3.10, lane 5) whereas dityrosines were depleted 

at this concentration of H202 (figure 3.5, lane 8). This indicates that another interaction 

is involved in RANTES multimerisation other than dityrosine cross-link formation. 

Given that dityrosines were detected in RANTES multimers, IL-8 and ENA-78 

multimers were also stained for dityrosines for comparison. Since ENA-78 has no 

tyrosine residues within its amino acid sequence, this made it useful as a negative 

control. IL-8 has only one tyrosine residue, whereas RANTES has five. 

Figure 3.11. IL-8 (2.5 x 10-6 M) incubated with copper (50 µM) alone, copper (50 µM) plus 5- 400 

µM H202 for 1 day at 37 °C, analysed by SDS-PAGE on a 14 % polyacrylamide gel and stained for 
dityrosines. M: molecular weight markers. Lane 1: IL-8 only, lane 2: IL-8 + 50 µM CuCI2, lane 3: 
IL-8 + 50 µM CuCI2 +5 µM H202, lane 4: IL-8 + 50 µM CuCI2 + 25 µM H202, lane 5: IL-8 + 50 µM 
CuCI2 + 50 µM H202, lane 6: IL-8 + 50 µM CuC12 + 100 µM H202, lane 7: IL-8 + 50 µM CuCI2 + 200 

µM H202 and lane 8: IL-8 + 50 µM CuCI2 + 400 µM H2O2, Representative of two independent 

experiments. 
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Figure 3.12. ENA-78 (2.5 x 10-6 M) incubated with copper (50 µM) alone, and copper (50 µM) plus 5 

- 400 µM H202 for 1 day at 37 °C, analysed by SDS-PAGE on a 14 % polyacrylamide gel and 
stained for dityrosines. M: molecular weight markers. Lane 1: ENA-78 only, lane 2: ENA-78 + 50 
µM CuCl2, lane 3: ENA-78 + 50 µM CuCI2 +5 pM H202, lane 4: ENA-78 + 50 pM CuCI2 + 25 pM 
H202, lane 5: ENA-78 + 50 µM CuCI2 + 50 pM H202, lane 6: ENA-78 + 50 pM CuCl2 + 100 pM H202, 
lane 7: ENA-78 + 50 pM CuCI2 + 200 pM H202 and lane 8: ENA-78 + 50 µM CuCI2 + 400 pM H202. 
Representative of two independent experiments. 

Dityrosines were not detected in either IL-8 (figure 3.11) or ENA-78 (figure 3.12) using 

this method. However, subsequent analysis of dityrosines by LCMS/MS confirmed the 

presence of low concentrations of dityrosine in IL-8 (section 3.5.3.3) but not ENA-78. 
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3.5.3. Liquid chromatography mass spectroscopy/mass spectroscopy (LCMS/MS) 

3.5.3.1. Analysis of native dityrosine-BSA standard 

The native dityrosine standard [C' 2x 18] and the IS (stable isotopic DiY) [C13 x 18] 

were measured using two MRM combinations for each. The native dityrosine was 
measured using MRMs of 361.2/315.1 and 361.2/237.1 and the IS was measured using 
MRMs of 379.2/332.1 and 379.2/253.1. 

" XIC of +MRM (6 pairs): Period 1,379.2/253.1 amu from Sample 12 (30 nM) of Data080515RANT... 
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Figure 3.13. Trace showing dityrosine standards (both stable isotopic MY standard and native 
DiY). The blue and green traces correlate to the native dityrosine-BSA standard which contained 
18 x C12 [12C181 atoms. The red and gray traces correlate to the IS, which contained 18 x C13 I'3C181 

atoms. Both elute at 3 minutes. 

The IS and dityrosine standard eluted at approximately 3 minutes. The two IS parent ion 

/ fragment combinations (red and gray) are `paired' to the two dityrosine parent ion / 

fragment combinations (blue and green. ) Underlined and non-underlined numbers show 

a "pair" of fragments. For example, the IS with parent ion MW 379.2 / fragment MW 

332.1 (red) and dityrosine parent ion MW 361.2 / fragment MW 315.1 (blue) show a 

similar pattern. Similarly, the IS with the dityrosine parent ion MW 379.2 / fragment 

MW 253.1 (gray) and dityrosine parent ion MW 361.2 / fragment MW 237.1 (green) 

show a similar pattern. 
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The problem with quantification when using mass spectroscopy with liquid 

chromatography is that the ionisation efficiency and therefore the incorporation of these 
ions into the sample mass can be variable, affecting the retention times which are also 

variable as a result. However, because the isotopic IS and native dityrosine eluted at the 

same retention time, it was concluded that the ionisation efficiency and the 
incorporation into the sample of both the native dityrosine ions and the IS were similar. 
Therefore the IS used was very suitable, since it was ionised at the same efficiency as 
the dityrosine sample. 

3.5.3.2. Dityrosines in RANTES 

To confirm that RANTES incubated for 2 days in lx PBS (-Ca t+/Mg2+) at 37 °C in the 

absence of CuCl2 or H202 does not contain any dityrosines, recombinant RANTES was 

analysed without any additions, as a control. The following figure shows the trace 

recorded for RANTES incubated in the absence of CuCl2 or H202. 
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Figure 3.14. Trace showing RANTES (2.5 x 10-6M) in the absence of CuC12 and H202, The blue and 

green traces correlate to RANTES. The red and gray traces correlate to the stable internal 

standard, which contained 18 x C13 (13C181 atoms. The IS elutes at 3 minutes 

Figure 3.14 shows that no dityrosines were detected in the RANTES control (blue and 

green traces). The IS still elutes at 3 minutes. 
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3.5.3.3. Dityrosines in RANTES multimers 

To determine whether dityrosines are present in RANTES multimers, recombinant 
RANTES was incubated for 2 days at 37 °C in Ix PBS (-Ca t+/Mg2+) in the presence of 
50 µM CuCl2 plus 25 µM H202. These are the concentrations at which RANTES is 
known to form multimers. The samples were freeze dried, and reconstituted in water. 
hydrolysed and analysed by LCMS/MS. 
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Figure 3.15. Trace showing dityrosines detected in RANTES (2.5 x 10-6M) incubated in the presence 
of 50 µM CuCI2 plus 25 µM H2O2, The blue and green traces correlate to dityrosines detected in 
RANTES multimers (RANTES incubated in the presence of 50 µM CuCl2 plus 25 µM H202. ) The 
red and gray traces correlate to the stable internal standard, which contained 18 x C13 I'3C181 
atoms. Both the I. S. and the RANTES sample eluted at 3 minutes. 

The analysis confirmed that dityrosines were formed following the incubation of 

RANTES with 50 µM CuC12 and 25 pM H202 for 2 days at 37 °C. Figure 3.15 shows 

that dityrosines [12C18] MW 361.2 with fragments 315.1 and 237.1 were detected in 

RANTES multimers generated by incubation with 50 µM CuC12 and 25 µM H202. 

Dityrosines were detected using the two MRM combinations, MW 361.2/315.1, and 

MW 361.2/237.1. The IS was detected using two MRMs (MW 379.2/332.1 and MW 

379.2/253.1), and used to quantify the data. 
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Dityrosine (nM) 
Control (RANTES only) 

RANTES 
+ 50 W CuC12 + 25 µM HZO') 

A 0 2.4 
B 0 9.4 
C 0 19.3 

Tyrosine (nM) 
Control (RANTES only) 

RANTES 
+ 50 M CuC12 + 25 µM H2O2 

A 347 266 

B 790 1605 
C 676 7490 

Tyr/DiY 

Control (RANTES only) 
RANTES 
+ 50 M CuC12 + 25 M H202 

A NA 112 

B NA 171 

C NA 388 

Mean NA 224 

SEM N/A 83.9 

Table 3.3. Tyrosine and dityrosine concentrations measured in RANTES (2.5 x 10-6M) incubated 
with 50 µM CuC12 plus 25 µM H202. Data was calculated in triplicate using LCMS/MS. The 
detection limit of MY was 1 nM and the calibration curve of DiY was linear (R=0.999) over a 
concentration range of 1-300 nM. Using the selected MRM transitions, the MY in RANTES 
samples was estimated (n = 3). NA = not available (because the amount of dityrosine is zero). The 
table shows dityrosines and tyrosines, detected in RANTES incubated with 50 µM CuC12 plus 25 
µM H202. The data is also expressed as a ratio of the number of tyrosine residues to dityrosines 
present (Y/DiY). 

The number of dityrosines formed depends on the number of tyrosines present in the 

chemokine. In order to make allowances for this, the number of dityrosines present is 

expressed as a ratio of tyrosines (Y) / dityrosines (DiY). A lower ratio indicates that 

there are more dityrosines in the chemokine per one tyrosine residue. 

Qualitative analysis of DiY by Western blotting indicated more DiY at higher 

concentrations of H202, up to 200 . tM (figure 3.5). Therefore RANTES was incubated 

for 2 days at 37 °C in the presence of 50 µM CuC12 plus 200 µM H202 and analysed by 

LCMS/MS for quantitative analysis of DiY. 
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Figure 3.16. Trace showing dityrosines detected in RANTES (2.5 x 10-6M) incubated in the presence 
of 50 µM CuCI2 plus 200 µM H2O2, The trace shows dityrosines detected in RANTES with a parent 
ion MW 361.2/ fragment MW 315.1. The dityrosines in the sample eluted at 3 minutes. 
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Dityrosine (nM) 

Control (RANTES only) 
RANTES 

+ 50 µM CuC1Z + 200 µM H207 

A 0 3.76 

B 0 8.00 

C 0 9.12 

Tyrosine (nM) 

Control (RANTES only) 
RANTES 

+ 50 M CuC12 + 200 M H202 

A 347 118.9 

B 790 800 

C 676 506 

Tyr/DiY 

Control (RANTES only) 
RANTES 

+ 50 M CuC12 + 200 M H202 

A NA 32 

B NA 100 

C NA 55 

Mean NA 62.3 

SEM N/A 20 

Table 3.4. Tyrosine and dityrosine concentrations measured in RANTES (2.5 x 10-6M) incubated 

with 50 µM CuC12 plus 200 µM H202. Data was calculated in triplicate using LCMS/MS. The 
detection limit of DiY was 1 nM and the calibration curve of DiY was linear (R=0.999) over a 
concentration range of 1-300 nM. Using the selected MRM transitions, the DiY in RANTES 

samples was estimated (n = 3). NA = not available (because the amount of dityrosine is zero. 
Dityrosines and tyrosines were detected in RANTES incubated with 50 µM CuC12 plus 200 µM 
H202. The data is also expressed as a ratio of the number of tyrosine residues to dityrosines present 
(Y/DiY). 
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Figure 3.17. Ratio of tyrosines / dityrosines in RANTES incubated in the presence of 50 µM CuCI2 

plus 25 or 200 µM H202. The results are displayed as a ratio of the number of tyrosine residues to 
dityrosines present (Y/DiY). A lower ratio depicts a higher number of dityrosines present compared 
to the number of tyrosine residues. Values are expressed as means ± SEM. * indicates a significant 
difference between RANTES incubated with 50 µM CuCl2 plus 25 µM H202 and RANTES 
incubated with 50 µM CuCI2 plus 200 µM H202 (n=3, p<0.05, one-tailed paired student's t-test). 

The data confirmed that incubation with Cu plus H202 was necessary for dityrosine 

formation in RANTES. An increase in the H202 concentration from 25 to 200 µM 

resulted in significantly greater dityrosine formation (p < 0.05). The ratio of Tyr/DiY 

decreased from 239.7 ± 83.9 to 62.3 ± 20.0, indicating more dityrosine formation. 

3.5.3.4. IL-8 and ENA-78 

In order to investigate whether dityrosine formation correlates to the number of tyrosine 

residues in the amino acid sequence of chemokines, IL-8, which contains one tyrosine 

residue, and ENA-78 which contains no tyrosine residues were incubated with 50 µM 

CuCl2 plus 200 µM H202 for comparison with RANTES which has five tyrosines. 
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Figure 3.18. Trace showing dityrosines detected in IL-8 (2.5 x 10-6M) incubated in the presence of 
50 µM CuC12 plus 200 µM H202. The trace shows dityrosines analysed in IL-8 with a parent ion 
MW 361.2/ fragment MW 315.1. The dityrosines in the sample eluted at 3 minutes. 

The trace shows minimal dityrosines detected in IL-8 incubated in the presence of 50 

µM CuC12 plus 200 µM H202. 
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Figure 3.19. Trace showing dityrosines detected in ENA-78 (2.5 x 10-6M) incubated in the presence 
of 50 µM CuCI2 plus 200 µM H202. The trace shows no dityrosines detected in ENA-78 with a 
parent ion MW 361.2/ fragment MW 315.1. 
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No dityrosines were detected in ENA-78 incubated in the presence of Cu plus H202 
(figure 3.19). 

Dityrosine (nM) 
IL-8 

+ 50 . tM CuCl2 + 200 µM H202 
ENA-78 

+ 50 M CuC12 + 200 µM H202 

A 0.87 0.00 
B 3.60 0.00 
C 0.59 0.09 

Tyrosine (nM) 
IL-8 

+ 50 µM CuCl2 + 200 M H202 
ENA-78 

+ 50 M CuC12 + 200 M H201 

A 211.7 0 

B 1811 229 

C 188.3 0 

Tyr/DiY 
IL-8 

+ 50 M CuC12 + 200 M H202 
ENA-78 

+504M CuCl2 + 200 M H202 

A 244 NA 

B 503 NA 

C 322 0 

Mean 356 N/A 

SEM 76.7 N/A 

Table 3.5. Tyrosine and dityrosine concentrations measured in IL-8 (2.5 x 10-6M) and ENA-78 (2.5 
x 10-6M) incubated with 509M CuC12 plus 200 µM H202. Data was calculated in triplicate using 
LCMS/MS. The detection limit of DiY was 1 nM and the calibration curve of DiY was linear 
(R=0.999) over a concentration range of 1-300 nM. Using the selected MRM transitions, the DiY in 
IL-8 and ENA-78 samples was estimated (n = 3). NA = not available (because the amount of 
dityrosine is zero). Dityrosines and tyrosines were detected in IL-8 and ENA-78 incubated with 50 
µM CuC12 plus 200 µM H202. The data is also expressed as a ratio of the number of tyrosine 
residues to dityrosines present (Y/DiY). 

In sample B, tyrosines were detected in ENA-78. This is likely due to contamination of 

the sample during preparation or analysis, since ENA-78 does not contain any tyrosine 

residues in its primary structure. 
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Figure 3.20. Dityrosines detected in RANTES (2.5 x 10-6M), IL-8 (2.5 x 10-6M) and ENA-78 (2.5 x 
10-6M) incubated with 50 µM CuCI2 plus 200 µM H202. * indicates a significant difference between 
RANTES and IL-8 incubated with 50 µM CuCI2 plus 200 µM H202 (p < 0.05). ** indicates a 
significant difference between RANTES alone and RANTES incubated with 50 µM CuCl2 plus 200 

µM H202 (p <0.01). Values are expressed as means f SEM (n =3). Data was compared using a 1- 

way ANOVA and Tukey's post-hoc test. 

Copper (50 µM) plus H202 (200 µM) induced significant (p < 0.01) dityrosine 

formation in RANTES (6.96 + 1.63 nM) compared to RANTES alone as a control (no 

dityrosines detected). Some dityrosine formation was observed in IL-8 under the same 

conditions, but it was not significantly higher than RANTES incubated alone as a 

control (1.69 + 0.96 nM). No dityrosine formation was detected in ENA-78. 
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The following table summarises the results as a ratio of Y/ DiY. These figures were 

calculated from nM concentrations of dityrosines and tyrosines detected in the samples. 

Sample 

Ratio (no. of Tyrosine residues :1 

Dityrosine detected) 

Mean (n = 3) 

RANTES No DiY detected 

RANTES + 50 µM CuC12 + 200 pM H202 62.3 ± 20 

IL-8 + 50 µM CuC12 + 200 pM H202 356.3 ± 76.7 

ENA-78 + 50 µM CuC12 + 200 µM H202 No DiY detected 

Table 3.6. Ratio of dityrosines / tyrosines in RANTES, IL-8 and ENA-78 incubated in the presence 
and absence of 50 µM CuCl2 and 200 µM H202. The data is displayed as a ratio of the number of 
tyrosine residues to dityrosines present (Y/DiY). A lower ratio depicts a higher number of 
dityrosines present compared to the number of tyrosine residues. Values are expressed as means (n 

= 3). 

3.5.3.5. The effect of other metals on dityrosine formation 

Recombinant human RANTES was incubated in the presence of other metals in 

chloride form (50 µM), plus 200 µM H202 for 2 days at 37 °C. Samples were prepared 

as before, and analysed by LCMS/MS. 
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Figure 3.21. The effect of nickel on DiY formation. Trace showing dityrosines detected in RANTES 
(2.5 x 10-6M) incubated in the presence of 50 µM NiCl2 plus 200 µM HZO2. The trace shows 
dityrosines analysed in RANTES with a parent ion MW 361.2/ fragment MW 315.1. The 
dityrosines in the sample eluted at 3 minutes. 
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Figure 3.22. The effect of mercury on DiY formation. Trace showing dityrosines detected in 

RANTES (2.5 x 10-6M) incubated in the presence of 50 µM HgCI2 plus 200 µM H202. The trace 

shows dityrosines analysed in RANTES with a parent ion MW 361.2/ fragment MW 315.1. The 

dityrosines in the sample eluted at 3 minutes. 
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Figure 3.23. The effect of zinc on DiY formation. Trace showing dityrosines detected in RANTES 
(2.5 x 10-6M) incubated in the presence of 50 µM ZnCl2 plus 200 µM H202. The trace shows 
dityrosines analysed in IL-8 with a parent ion MW 361.2/ fragment MW 315.1. The dityrosines in 
the sample eluted at 3 minutes. 
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Figure 3.24. The effect of iron on DiY formation. Trace showing dityrosines detected in RANTES 

(2.5 x 10-6M) incubated in the presence of 50 µM FeCI3 plus 200 µM H202. The trace shows 
dityrosines analysed in RANTES with a parent ion MW 361.2/ fragment MW 315.1. The 

dityrosines in the sample eluted at 3 minutes. 
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Dityrosine, nM 
CuCI2 NiC12 HgC12 FeC13 ZnCl2 

A 3.76 0.69 0.00 0.00 0.00 

B 8.00 2.31 0.00 0.84 0.00 

C 9.12 0.00 0.00 0.00 0.00 

Tyrosine, nM 
CuC12 NiC12 HgCl2 FeCl3 ZnCl2 

A 118.9 1224 1168 1961 1411 

B 800 1733 1114 2080 1302 

C 506 1697 645 1617 1264 

Tyr/DiY 
CuC12 NiCl2 HgC12 FeCl3 ZnC12 

A 32 1783 NA NA NA 

B 100 750 NA 2245 NA 

C 55 NA NA NA NA 

Mean 62.3 1266.5 N/A 2245 N/A 

SEM 20 N/A N/A N/A N/A 

Table 3.7. Tyrosine and dityrosine concentrations measured in RANTES (2.5 x 10-6 M) incubated 

with Cu, Ni, Hg, Zn and Fe. Data was calculated in triplicate using LCMS/MS. The detection limit 

of MY was 1 nM and the calibration curve of DiY was linear (R=0.999) over a concentration range 
of 1-300 nM. Using the selected MRM transitions, the DiY in RANTES samples was estimated (n = 
3). NA = not available (because the amount of dityrosine is zero). The table shows dityrosines and 
tyrosines detected in RANTES incubated with metal chloride salts plus 200 µM H202. Data is also 
expressed as a ratio of the number of tyrosine residues to dityrosines present (Y/DiY). 
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Figure 3.25. The effect of metal ions on DiY formation. RANTES incubated with 50 µM CuCI2 
NiCl2 HgClz, FeCl3 or ZnCI2 plus 200 pM H202. ** indicates p<0.01, *** indicates p <0.001. Values 
are expressed as means ± SEM (n = 3). 

Although Hg, and Zn did not induce dityrosine formation, Fe and Ni both induced 

dityrosine formation in RANTES but at levels significantly lower than those induced by 

Cu. 
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3.6. Discussion 

In summary, fluorimetry, Western blotting and LCMS/MS were used to qualitatively 

and quantitatively analyse samples of RANTES, IL-8 and ENA-78 that had been 
incubated in the absence and presence of CuC12, NiC12, HgC12, FeC13 and ZnC12 Plus 
H202. Dityrosine formation was greatest in RANTES > IL-8 > ENA-78 and in 

RANTES, dityrosine formation was greatest in the presence of Cu > Ni > Fe > Hg = Zn 

plus H202. 

Of the three techniques used to detect dityrosines, sensitivity was greatest using 
LCMS/MS > Western blotting > fluorimetry. Fluorimetry was less sensitive than 
Western blotting, since no dityrosines were detected in RANTES incubated in the 

absence of Cu plus H202, whereas Western blotting detected dityrosines in dimers. 

However Western blotting did not detect any dityrosines in IL-8, indicating that 

LCMS/MS is a more sensitive technique. LCMS/MS is also quantitative and has 

previously been used to determine dityrosines in oxidised wheat-flour dough (Takasaki 

et al, 2005). The MRM pairings used in these previous studies showed outstanding 

sensitivity and selectivity, making this technique very useful for quantifying dityrosines 

in chemokine multimers. 

Both fluorimetry and Western blotting have previously been used to detect dityrosines 

in Aß-peptide multimers. Using an excitation wavelength of 300 nm, analysis of Aß- 

peptide incubated with CuC12 (25 µM) plus H202 (250 µM) for 1 day resulted in an 

increase in the characteristic fluorescence signal at 400 nm for dityrosine cross-links 

(Atwood et al, 2004). Dityrosines were detected by fluorimetry in the dityrosine-BSA 

standard with an emission peak at 410 nm and in RANTES multimers with an emission 

peak of 404 nm. Although the emission peaks are not identical, they are present in a 

similar range. The incorporation of aromatic residues into peptides has little direct effect 

on their absorbance properties, but the aromatic residues are very sensitive to their 

immediate environment (Wetlaufer, 1962). This suggests that dityrosines may have 

slightly varied spectral properties due to minute differences in the peptide environment 

in which they were analysed, resulting in a shift in the emission peaks. 
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The IC3 antibody was previously used to detect dityrosines in Aß-peptide multimers on 
Western blots. In these studies, Western blotting was also shown to be more sensitive 
than fluorimetry as Aß-peptide multimers were detected both in the presence of CuC12 

alone (without the addition of H202) and in the presence of CuC12 plus H202 (Atwood et 
al, 2004). 

Positive staining for dityrosines in RANTES multimers on Western blots was dependent 

on the presence of Cu and H202 during incubation of the chemokine, indicating that 
these oxidative conditions promote dityrosine formation. RANTES multimers were not 
detected in the presence of H202 alone (Section 2.5.1) and similarly, dityrosines were 

not detected in Aß-peptide oligomers in the presence of H202 alone (Atwood et al, 
2004), suggesting that both RANTES multimers and Aß-peptide muitimers contain 
dityrosine cross-links that are generated in the presence of Cu plus H202. Dityrosines 

were detected in RANTES multimers (including the dimer) but not in monomeric 
RANTES indicating that dityrosines are associated with multimer formation. In the 

absence of Cu plus H202 dityrosines were detectable in the RANTES dimer but staining 

was very faint indicating that dityrosines are present at lower concentrations than in the 

presence of Cu plus H202. 

While redox reactions contribute to the formation of dityrosines and multimerisation of 

RANTES, in excess, oxidative damage occurs to both RANTES (Section 2.5.1) and 

dityrosines (Section 3.5.2). The limiting effect of HS on dityrosine formation in 

RANTES multimers is similar to the effect observed with RANTES, IL-8 and ENA-78 

multimer formation in the presence of Cu plus H202 (Section 2.5.1) and it is speculated 

that the effect is due to the known free radical scavenging properties of HS, as discussed 

in Section 2.6. 

RANTES multimers are clearly linked by stable and covalent dityrosine links, as 

indicated by their resistance to SDS and both G-HCl and 2-ME treatment. The presence 

of dityrosine cross-linked residues confirms the formation of covalent links. This is 

similar to the result reported in section 2.5.1 where RANTES, IL-8 and ENA-78 

multimers were resistant to G-HCI. Previous studies have shown that GAG binding and 

RANTES multimerisation are essential for the chemotactic properties of RANTES in 

l'ivo. The dimeric form of RANTES was shown to be devoid of activity, whereas the 
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tetramer was fully active, indicating that a tetramer is required for in vivo activity of this 

chemokine (Proudfoot et al, 2003). GAG interaction and multimerisation is thought to 
facilitate the retention of chemokines on cell surfaces, thereby maintaining a chemokine 

gradient and a high local concentration for cell activation (Proudfoot, 2006). 

However, certain chemokines, such as MCP-3 and eotaxin which both have two 

tyrosine residues appear to be naturally occurring monomers, because structural and 
biophysical studies have failed to provide evidence of multimerisation and MCP-3 is 

fully active as a monomer but it is not known whether these chemokines multimerise on 

cell surface proteoglycans (Crump et al, 1998; Keizer et al, 2000; Kim et al, 1996). 

Thus, multimerisation may be important only for some chemokines, and may have 

functional implications or depend on the site of production. It has been suggested that 

chemokines that are functional in recruiting cells from the circulation into the 

underlying tissue may require multimerisation to function under flow conditions, 

whereas those produced within the extravascular space may not (Proudfoot et al, 2003). 

It has also been hypothesised that chemokines whose GAG binding sites overlap with 

receptor binding sites, as is the case for RANTES and MCP-1, may require 

multimerisation to bind GAGs through some of the subunits while exposing other 

subunit binding sites to the receptor. Interaction of chemokines with leukocyte receptors 

through the exposed binding site could then trigger release of chemokine monomers 

from the multimer complex, allowing the entire binding site, which is partially buried in 

the multimers, to interact with the receptor (Paavola et al, 1998; Proudfoot et al, 2003). 

The observation that RANTES multimers are covalently linked via dityrosine cross- 

links indicates that these multimers are highly stable and functionally relevant. The 

binding of stable RANTES multimers to endothelial expressed GAGs by electrostatic 

interaction may serve to concentrate RANTES on the endothelial cell surface, thereby 

maintaining a concentration gradient and a high local concentration of RANTES to 

facilitate leukocyte activation. In addition, the multimerisation and stabilisation of 

RANTES by covalent dityrosine cross-links may prevent proteolytic degradation, also 

facilitating the formation and maintenance of a stable chemotactic gradient, which is 

essential for leukocyte recruitment during inflammation. 
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The generation of dityrosine in proteins is a normal physiological process in specialised 

cases and a result of exposure to environmental agents in others (Malencik et al, 1996). 

Dityrosine cross-links are naturally occurring in certain proteins as discussed in Section 

3.1.2, however, the formation of dityrosines in vivo is a generalised sign of oxidative 

stress, and may be a useful marker for assessing oxidative damage to proteins. The 

occurrence of dityrosines is relatively common during free radical reactions, due to the 

oxidative modification of proteins (Malencik et al, 1996; Smith et al, 2007). Agents that 

promote the in vivo formation of dityrosine include ultraviolet irradiation, hydroxyl 

radicals, peroxynitrite, and lipid hydroperoxides (Karam et al, 1984; Kikugawa et al, 

1994; van der Vliet et al, 1997) and exposure to H202 results in the conversion of globin 

tyrosyl residues to dityrosine in the case of metmyoglobin or oxyhaemoglobin (Giulivi 

& Davies, 1993; Tew & Ortiz de Montellano, 1988). Thus, dityrosine formation may be 

more likely to occur under oxidative conditions, and the generation of H202 in oxidative 

stress during inflammation may promote dityrosine cross-link formation in chemokines, 

facilitating the formation and maintenance of stable chemotactic gradients. 

The occurrence of higher order multimers at lower concentrations of H202 in the 

presence of 2-ME was unexpected. A possible explanation may be that 2-ME is a thiol 

capable of converting oxygen radicals to reactive sulphur radicals with subsequent 

generation of H202 (Kim et al, 1989) as follows: 

HOCH2CH2SH + 02- + H+ 10 RS- + H202 

(2-ME) 

This generation of H202 by 2-ME could contribute to redox cycling and result in 

dityrosine cross-linked multimer generation, at lower concentrations of added H202. 

The antibody, IC3, has previously been shown to be highly specific for both protein 

dityrosine and free dityrosine (Kato et al, 2000). The specificity of the dityrosine 

antibody is confirmed since ENA-78 (which has no tyrosine residues) multimers did not 

stain positively for dityrosines, nor were dityrosines were detected by LCMS/MS in 

ENA-78 multimers, indicating the specificity of the technique. This indicates that ENA- 

78 multimers are not dityrosine cross-linked and that there is another interaction 

occurring in the formation of multimers in this chemokine that does not involve 
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dityrosines. In addition, RANTES multimers persist when dityrosines are degraded in 

the presence of high concentrations of H202 which also suggests that other links are also 
involved in RANTES multimer formation, in addition to dityrosine cross-links. 

Using LCMS/MS, dityrosines were detectable in IL-8 (which has one tyrosine residue) 

multimers but were more abundant in RANTES (which has five tyrosine residues) 

multimers. Since RANTES multimers contained a mean ratio of 68.2 tyrosines :1 
dityrosine, this indicates that only a small proportion of the tyrosine residues within 
RANTES form dityrosine cross-links, adding to the evidence that other interactions are 
involved in RANTES multimerisation. 

Non-dityrosine cross-links could form through the abstraction of hydrogen atoms from 

chemokines by free radicals. The sulphur containing amino acids are particularly 

susceptible. The amino acid radicals generated (such as cysteine or methionine radicals) 

can form disulphide bridges, protein-protein covalent bonds and cross-links (Horton & 

Fairhurst, 1987; Smith et al, 2007; Smith et al, 2006). In addition, non-dityrosine cross- 
linking could occur due to the formation of an intermolecular histidine bridge between 

Cu (II) atoms as discussed in Section 2.6. 

It would be useful to study the involvement of histidine residues by using histidine 

blocking to investigate the formation of histidine bridges in chemokine multimers in 

addition to dityrosine cross-links, since ENA-78 contains one and RANTES and IL-8 

have one and two histidine residues respectively, as described in Chapter 2, Section 2.6. 

Histidine blocking would involve the incubation of chemokines with compounds that 

are known to have histidine association capacity, such as imidazole (Arispe et al, 2008). 

Inhibited or diminished chemokine multimer formation would confirm the involvement 

of histidine residues in chemokine multimer formation. 

A mechanism has been proposed for Cu-induced dityrosine cross-linking of API-28, 

API-40 and API-42 that is dependent on a Cu (II) mediated oxidative mechanism 

(Atwood et al, 2004; Kato et al, 2001; Liu et al, 2006) as discussed in Section 2.6. 

Similarly, dityrosine cross-links could be induced in chemokine multimers by a Cu (II) 

mediated oxidative mechanism. 
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The initial driving force for dityrosine cross-link formation may be the coordination of 
Cu ions to histidine residues of RANTES or IL-8. Histidine residues have been 

implicated in dityrosine cross-link formation in the Aß-peptide (discussed in Section 

2.6). This is a likely mechanism for the formation of dityrosine cross-links in 

chemokine multimers. It is proposed that the chemokine acts as the reductant, reducing 
Cu (II) to Cu (I) upon binding to histidine residues. Tyrosine residues in the vicinity can 

extract an electron from Cu (I) to form a carbon centred radical which can then 

covalently link to another adjacent tyrosyl radical, forming a stable dityrosine cross-link 
(Malencik et al, 1996). 

It is postulated that Cu (I) can be oxidised to Cu (II) by molecular oxygen with the 

generation of the superoxide ion (figure 3.26, equation 1). Cu (II) is reduced to Cu (I) 

on interaction with RANTES or IL-8 histidine residues. The tyrosine oxidation that 

occurs from the interaction of Cu (I) with tyrosine residues would result in tyrosyl 

radical formation and subsequent dityrosine cross-link and RANTES or IL-8 multimer 

formation. It would also result in the oxidation of Cu (I) back to Cu (II) (2). 

(1) -U * O2 

(2) CK + Cu 2+ 

i3) 02-+02-+2H+ 

(4) H202 + Cul+ 

-º Cu2+ + 02- 

-º Cu' +CK: CK 

-º H202 + 02 

-º Cu2+ + OH- + OH- 

Figure 3.26. Suggested mechanism for the formation of Cu induced dityrosine cross-links in 
RANTES or IL-8 involving a Cu redox system. CK = chemokine. 

However, Cu (I) could be oxidised back to Cu (II) through an interaction with molecular 

oxygen (1), or with H202, which if present, will enhance the recycling of Cu. An 

interaction with H202 would produce hydroxyl radicals as observed by (Kawanishi et al, 

2002) (4). H202 can also form from the dismutation of superoxides (3). 

It has previously been reported that the Cu/H202 oxidative system but not H202/Fe- 

EDTA, ascorbate/Cu and ascorbate/Fe-EDTA systems induces dityrosine cross-linking 

in lens proteins (Kato et al, 2001). 
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However, the Aß-peptide aggregates in the presence of trace levels (< 0.8 µM) of Fe 

(III) (Huang et al, 2004), suggesting multimerisation effects are not restricted to Cu. 

The Aß-peptide can bind Cu (II), Fe (III) and Zn (II) and both Cu (II) and Fe (III) induce 

Aß-peptide aggregation. The interaction between the Aß-peptide and Cu (II) or Fe (III) 

results in redox chemistry due to the redox activity of the Aß-peptide that allows it to 

reduce Cu (II) to Cu (I) and Fe(III) to Fe(II). In the presence of oxygen, this leads to 

H202 production (Huang et al, 1999). It has also been suggested that other ions such as 
Ni (II) or Co (II) may cause Aß-peptide multimerisation, although Ni (II) is present at 

trace levels compared to Cu, Fe and Zn which are more abundant in biological systems, 

and Co (II) is not present in an ionic form in biological systems (Huang et al, 2004). 

Interestingly, both Ni and Fe were found to induce limited dityrosine formation in 

RANTES. It is possible that RANTES may bind Fe and Ni utilising a similar 

mechanism for dityrosine formation as that described for Cu, above. An interaction 

between RANTES and Fe (III) or Ni (II) could result in redox activity of RANTES and 

the reduction of Fe (III) to Fe (II) and Ni (II) to Ni (I) and in the presence of oxygen, 

this leads to H202 production which causes the redox to propagate. 

The toxic effects resulting from iron overload generally have been attributed to the 

generation by iron of intracellular free radicals causing lipid peroxidation (Horton & 

Fairhurst, 1987). It is well known that Fe participates in redox cycling and generates 

free radicals through a reaction with H202 or molecular oxygen to generate the 

superoxide ion, and hydroxyl radical. The iron-dependent decomposition of H202 was 

originally postulated by Fenton, and has become known as the Fenton reaction (Imlay et 

al, 1988). 

The Fenton reaction 

Fe 2+ + H202 º Fe 3+ + OH- + OH 

Generation of the superoxide radical 

Fe 3+ + H202 º Fe 2+ +02-+ 2H+ 

Fe 2+ + 02 º Fe3+ + 02- 
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The Fe catalysed generation and cycling of ROS leads to lipid peroxidation and cell 
damage. Furthermore, Fe 3+ can react with H202 to generate metal-oxygen complexes 

that induce DNA damage (Kawanishi et al, 2002). 

It has been reported than Fe generates Aß-peptide oligomers (Huang et al, 2004) and 

although no Fe redox mechanism was suggested, the following may be a possible 

mechanism for the generation of dityrosine cross-linked multimers of RANTES in the 

presence of molecular oxygen. This is a similar mechanism to that described for Cu, 

above. The reaction is propagated by H202 production. 

It is postulated that Fe (II) can be oxidised to Fe (III) by molecular oxygen with the 

generation of the superoxide ion (figure 3.27, equation 1). Fe (III) is reduced to Fe (II) 

on interaction with RANTES histidine residues. The tyrosine oxidation that occurs from 

the interaction of Fe (II) with tyrosine residues would result in tyrosyl radical formation 

and subsequent dityrosine cross-link and RANTES multimer formation (2). 

(1) Fe 2+ + 02 -º Fe 3++ 02- 

(2) RANTES + Fe 3+ -* Fe 2+ + RANTES : RANTES 

(3) 02-+02-+2H* -º H202 + 02 

(4) H202 + Fe 2+ Fe 3+ + OH- + OH» 

Figure 3.27. Suggested mechanism for the formation of dityrosine cross-links in RANTES involving 

an iron redox system. 

In order to cycle Fe (II) back to Fe (III), Fe (II) might interact again, with molecular 

oxygen (1), or with H202, which if present, will enhance the recycling of Fe. An 

interaction with H202 would produce hydroxyl radicals (4). H202 can also form from 

the dismutation of superoxides (3). 

Ni (II) is known to cause oxidative DNA damage through the induction of DNA-DNA 

or DNA-protein cross-links (Wozniak & Blasiak, 2002). Ni (II) ions have been shown 

to bind DNA and subsequently react with H202 to cause strong DNA damage 
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(Kawanishi et al, 2002). It is also postulated that the genotoxic effects of Ni (II) can 

result from the generation of ROS in the reaction between metal and proteins. These 

radicals can subsequently interact with DNA, inducing damage to its bases, DNA strand 
breaks and DNA-protein cross-links (Wozniak & Blasiak, 2002). The DNA damage can 
be inhibited by hydroxyl radical scavengers such as DMSO, catalase or methionine 
(Kawanishi et al, 2002; M'Bemba-Meka et al, 2005), and Ni (II) induced DNA 

fragmentation and cell death is significantly diminished by the antioxidants ascorbic 

acid and N-acetyl cysteine (Jia & Chen, 2008). It is therefore generally accepted that 
ROS contribute to the carcinogenic and cytotoxic effect of Ni (II). 

The cytotoxic mechanism is believed to involve hydrogen peroxide and other ROS 

which are generated as a result of the reaction between metals and proteins. The 

hydroxyl radical can be generated by the reaction of Ni (II) with cysteine in the 

presence of molecular oxygen (Wozniak & Blasiak, 2002). Ni (II) was also shown to 

react with H202 to produce hydroxyl free radicals, superoxide and metal-oxygen 

complexes that cause site specific oxidative damage (Kawanishi et al, 2002). In addition 
it has been shown that Ni induces NF-kB through the generation of H202 (Kennedy et 

al, 1998). 

Since Ni (II) is capable of inducing DNA-protein cross-links, and can generate ROS on 

interaction with proteins (including the generation of the hydroxyl radical on interaction 

with cysteine residues, and the superoxide and hydroxyl radical on reaction with H202), 

it is proposed that Ni (II) may be able to induce cross-linking between the tyrosine 

residues of chemokines. 

An obvious mechanism for protein cross-linking would be the interaction of Ni (II) with 

cysteine residues in RANTES to induce cross-linking, with the subsequent generation of 

free radicals. However, this does not explain the observation that dityrosines, 

specifically, were formed following the incubation of RANTES with NiC12_ 

A possible explanation is also a similar mechanism to that described for Cu. Fe is 

substituted for Cu and the reaction is propagated by H202. 
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Redox mechanism involving Nickel 

(1) Ni" + 02 .* Ni3++ 02- 

(2) RANTES + Ni3+ -* Ni2+ + RANTES : RANTES 

(3) 02- + ()2-+2H' -º H202 + 02 

(4) H202 + Ni2+ -* Ni3+ + OH" + OH' 

Figure 3.28. Suggested mechanism for the formation of dityrosine cross-links in RANTES involving 
a nickel redox system. 

Cu exists in oxidation states 1 and 2 and Zn exists only in oxidation state 2 and cannot 

be reduced. It appears that this oxidative property of Cu is important for the formation 

of dityrosines by means of a redox system, as previously proposed. Interestingly, 

although Hg has very similar oxidative properties to Cu, existing in oxidation states 1 

and 2, it failed to induce dityrosine cross-linking. Zn (II) has been shown to bind and 

inhibit Aß-peptide aggregation through the inhibition of Aß-peptide mediated Cu (II) 

reduction and subsequent H202 production (Cuajungco et al, 2000). Therefore, it is 

possible that there is a similar effect where both Zn (II) and Hg (II) can bind RANTES 

but are unable to participate in redox reactions. A possible explanation for the failure of 

both Zn and Hg to induce dityrosine cross-linking is that both have a complete d sub- 

shell configuration (d10) and therefore they are not true transition metals. Their ability to 

retain a complete d sub-shell configuration may render them more chemically 

unreactive than Cu, Ni and Fe and prevent them from participating in redox reactions. 
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Chapter 4 

The role of copper in platelet-derived 
RANTES-induced T-cell chemotaxis 

and transendothelial migration 
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4. The role of copper in platelet-derived RANTES-induced T-cell chemotaxis and 
transendothelial migration 

4.1. Introduction 

4.1.1. Platelets in inflammation 

4.1.1.1. Platelets in haemostasis and thrombosis 

Platelets are anucleate cytoplasts of myeloid origin that have a life span of 8 -12 days 

and circulate in a resting state in the blood (Hartwig & Italiano, 2003). Two theories of 

platelet formation have been proposed based on studies conducted in model systems and 
in vivo. In one, platelets are produced in the bone marrow, following the cytoplasmic 
fragmentation of megakaryocytes which generates mature circulating platelets (Mandal 

et al, 2007; Zucker-Franklin & Philipp, 2000). A second model proposes that 
differentiated marrow megakaryocytes extend multiple elongated processes termed 

proplatelets. Platelets form at the ends of proplatelets after regulated translocation of 
intracellular constituents to proplatelet tips via microtubular tracks, and then bud off and 

circulate in the bloodstream (Hartwig & Italiano, 2003; Patel et al, 2005). Studies of 
differentiation of mouse and human haematopoietic stem cells to megakaryocytes in 

vitro support this second model (Choi et al, 1995; Cramer et al, 1997; Denis et al, 2005; 

Hartwig & Italiano, 2003; Patel et al, 2005; Weyrich et al, 2007). A study using 
intravital microscopy also reported proplatelet formation in mice in vivo (Junt et al, 
2007). 

The role of platelets in the coagulation cascade is mediated principally by thrombin. 

Thrombin is produced predominantly on the surface of circulating platelets as a result of 

the proteolytic activation of pro-thrombin which is constitutively synthesised by the 

liver and released into the circulation. Prothrombin binds to platelets and is 

proteolytically activated by factor Xa and its cofactor Va. The activation of Xa is 

mediated by both factor IV with its cofactor VIII and factor VII and its cofactor tissue 

factor, a membrane protein expressed at sites of vascular injury (Patterson et al, 2001). 

Activated thrombin has a central role in the coagulation cascade, inducing clot 

formation via its serine protease activity, which cleaves fibrinogen to fibrin, thereby 

mediating fibrin deposition. Thrombin activates factor XI, factor V and factor VIII 

accelerating the production of thrombin in a positive feedback mechanism. Thrombin 

159 



also activates factor XIII, which catalyses the formation of covalent bonds between 

lysine and glutamine residues in fibrin increasing the stability of the fibrin clot 
(Coughlin, 2000). 

In addition to its role in the coagulation cascade, thrombin also mediates the activation 

of platelets, facilitating thrombosis. Platelets can be activated by thrombin and ADP as 

well as antigens, platelet activating factor (PAF), collagen, antigen-antibody complexes, 

thromboxane A2, epinephrine, serotonin, micro-organisms and bacterial endotoxins 

including lipopolysaccharides (Derian et al, 2002; O'Sullivan & Michelson, 2006). 

Once activated, platelets adhere to the vascular wall via the binding of platelet 

expressed glycoprotein to exposed endothelial collagen, recruit circulating platelets and 

mediate platelet aggregation through expression of the integrin (11103 and its interaction 

with fibrinogen or von Willebrand factor, and release proinflammatory mediators 

including further thrombin secretion. Activated platelets aggregate to form a thrombus 

which seals the damaged blood vessel (Johnson, 1999; Weyrich et al, 2003). 

The cellular effects of thrombin are primarily mediated by protease-activated receptors 

(PARs). The PARs are a subfamily of related G-protein-coupled receptors that are 

activated by cleavage of the N-terminus of the receptor serine proteases. In the cleaved 

state, the newly formed N-terminus acts as the agonist, causing a physiological response 

(Coughlin, 2000). 

There are 4 known PARs, numbered 1-4. These receptors are expressed throughout the 

body but highly expressed in platelets, endothelial cells, myocytes and neurons. 

Thrombin acts on PARs 1,3 and 4, although thrombin mediated cleavage of PAR4 

occurs at higher concentrations than are required for the activation of PARI and PAR3 

(Patterson et al, 2001) and PAR2 is activated by multiple trypsin-like serine proteases 

including trypsin itself, mast cell tryptase, neutrophil proteinase 3, tissue factor, factor 

VIIa, factor Xa, and membrane-tethered serine protease-1 (Coughlin, 2000). Human 

platelets express PARI and PAR4, and activation of either is sufficient to trigger 

platelet activation, aggregation and degranulation causing the secretion of 

proinflammatory mediators. Thrombin signalling in platelets contributes to hemostasis 

and thrombosis whilst endothelial PARs 1 and 2 participate in the activation of the 

endothelium and promote vasodilatation, the adhesion and rolling of platelets and 
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leukocytes as well as leakage of plasma proteins to the extravascular space. Thrombin 

activation of endothelial PARI also triggers endothelial production of the neutrophil 

activator, platelet-activating factor, as well as the interleukins IL-6 and IL-8 (Coughlin, 

2000). 

4.1.1.2. The inflammatory role of platelets 

Whilst platelets are well known to play an important role in haemostasis and 

thrombosis, it is also apparent that they have a function in inflammation, including the 

release of proinflammatory mediators, and interactions with leukocytes and endothelial 

cells. Platelets have long been known to play a role in the pathogenesis of asthma and 
humans with asthma have increased numbers of circulating platelets as compared with 

control subjects (Moritani et al, 1998). It has been reported that platelets promote 
leukocyte trafficking from blood vessels into lung tissue in allergen-sensitised mice 

through leukocyte-aggregate formation which is dependent on P-selectin expression on 

the surface of platelets (De Sanctis et al, 1997; Pitchford et al, 2005; Pitchford et al, 

2003; Ulfman et al, 2003) and increased numbers of platelet-leukocyte aggregates were 

observed in the blood of human subjects with allergic asthma than healthy control 

subjects (Pitchford et al, 2003). 

Selectin interactions are required to induce leukocyte rolling prior to the firm 

attachment and diapedesis of leukocytes across the endothelium. Although endothelial 
P-selectin expression alone can lead to leukocyte rolling, this process is much more 

efficient in the presence of platelet expressed P-selectin. Activated platelets can bind to 

leukocytes, forming leukocyte-platelet aggregates including T-cell-platelet aggregates 

(de Bruijne-Admiraal et al, 1992). The interaction of platelet expressed P-selectin with 

PSGL-1 expressed on leukocytes results in the formation of platelet-leukocyte 

aggregates (McEver, 2002). The subsequent activation of leukocytes and up-regulation 

of leukocyte expressed integrin adhesion molecules including CD 11 b and VLA-4, lead 

to tight leukocyte-platelet adhesion. Expression of these adhesion molecules allows for 

firm attachment of leukocytes to vascular endothelium followed by diapedesis 

(O'Sullivan & Michelson, 2006; Pitchford et al, 2005; Pitchford et al, 2003; Weyrich et 

al, 2003). 

Platelets have been reported to undergo chemotaxis and can migrate out of blood 

vessels into lung tissue in vivo in allergen-sensitised mice in response to a sensitising 
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allergen (Pitchford et al, 2008; Pitchford et al, 2003). Platelets also contain and release 

adhesive proteins, activate other inflammatory cells and release vasoactive substances 

and pro-inflammatory mediators upon activation. Platelets contain three major secretory 

organelles: the lysosome, the dense granule, and the a-granule. Platelet-derived 

mediators are stored mainly in the a-granules of human platelets and released upon 

activation. Such mediators include interleukin-1 (IL-1) which activates the endothelium 
(Hawrylowicz et al, 1991), the prostaglandins and platelet activating factor as well as a 
host of chemokines (reviewed in O'Sullivan and Michelson, 2006). Among the 

mediators released from the a-granules is the chemokine RANTES (Kameyoshi et al, 
1992; Kameyoshi et al, 1994; Klinger et al, 1995; Schroder et al, 1994; von 
Hundelshausen et al, 2001). The less abundant dense granules, numbering three to eight 

per platelet contain several mediators including calcium, polyphosphates, adenosine 

diphosphate (ADP), adenosine triphosphate (ATP), and serotonin and the relatively 

scarce lysosomes contain acidic hydrolases (Rendu & Brohard-Bohn, 2001). 

Although platelets do not have nuclei, they do contain limited amounts of mRNA and, 

in addition, it has been shown that platelets are capable of protein synthesis and can not 

only release, but also synthesise RANTES (Power et al, 1995). Most importantly, 

platelet-derived RANTES has been shown to increase leukocyte arrest on the activated 

human lung microvascular endothelium and it was demonstrated that endothelial 

activation with IL-1 and TNF-a was essential to induce endothelial RANTES binding 

(Baltus et al, 2005; Schober et al, 2002; von Hundelshausen et al, 2001). In addition, 

platelets can secrete soluble GAGs. Platelet-derived chondroitin sulphate A has been 

shown to both increase the binding and presentation of RANTES on the microvascular 

endothelium and increase the interaction of RANTES with CCR5 bearing leukocytes, 

indicating another mechanism by which platelets may contribute to increased 

recruitment of leukocytes (Weingart et al, 2008). 

It is speculated that RANTES released by infiltrated T-cells and platelets and possibly 

also by other cells, could contribute significantly to selective T-cell/basophil/eosinophil 

recruitment (Schroder et al, 1994). Thus platelet activation, P-selectin expression and 

platelet chemotaxis with subsequent chemokine release may enhance leukocyte 

recruitment to sites of vascular injury or inflammation, indicating an important role for 

platelets in leukocyte recruitment. 
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4.1.2. RANTES presentation on heparan sulphate proteoglycans in multimeric 
form 

Heparan sulphate (HS) is the most ubiquitous glycosaminoglycan (GAG) (50 - 90 % of 

all GAGs) in the human body and is the most predominant GAG found in the lungs. It 

has been well documented that RANTES binds predominantly to HSPGs on human 

microvascular endothelial cells and HUVECs in vitro with a higher affinity than many 

other chemokines (Ali et al, 2002; Hillyer & Male, 2005; Hoogewerf et al, 1997; 

Proudfoot et al, 2001). RANTES must interact with GAGs to elicit cell migration in 

vivo, and it has been shown that RANTES multimerises on interaction with cell surface 

HS thereby increasing the local concentration, maintaining a chemotactic gradient and 

facilitating receptor binding on leukocytes. In addition it has been reported that 

RANTES has a minimal tetrameric structure for in vivo activity (reviewed in Sections 

1.10 and 2.1.1) and Cu has been shown to induce RANTES multimerisation (Chapters 2 

and 3). 

It has been reported that the clearance of chemokines differs dramatically in lungs and 

skin, with slow clearance from lungs and rapid clearance from skin (Frevert et al, 2002). 

It was reported that dimerisation of the neutrophil chemoattractant IL-8 is an important 

mechanism that prolongs retention of IL-8 in lungs but not in skin. These differences in 

IL-8 retention may be due to tissue-specific differences in the composition of GAGs or 

the binding affinity of a specific subset of GAGs, such as heparan sulphate and 

chondroitin sulphate for IL-8. Thus, the mechanisms that govern the fate of IL-8 in 

tissue depend on the site at which IL-8 is deposited (Frevert et al, 2002; Frevert et al, 

2003). It is speculated therefore that multimerisation may be an important mechanism 

for the retention of RANTES in lung tissue and that therapies that limit the 

multimerisation may be important for preventing excessive T-cell migration. 

The presentation of RANTES on endothelial cells and the release of RANTES by 

endothelial cells, T-cells and platelets has been extensively reported, but so far there has 

been little investigation on the form, monomer or multimer, of RANTES released by 

these cells, nor the effect of Cu on this form. There have also been no reports on the 

effect of Cu on the endothelial bound form of RANTES. 
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4.1.3. Copper induced endothelial chemokine synthesis 

Activated vascular endothelial cells are known to contribute to excessive inflammatory 

responses by secreting pro-inflammatory cytokines and chemokines including 

interleukin-1 (IL-1), IL-5, IL-6, IL-8, IL-11, IL-15, several colony-stimulating factors 

(CSF), granulocyte-CSF (G-CSF), macrophage CSF (M-CSF) and granulocyte- 

macrophage CSF (GM-CSF), and the chemokines, monocyte chemotactic protein-1 
(MCP-1), RANTES, and growth-related oncogene protein-alpha (GRO-alpha) 

(Dinarello et al, 1993; Krishnaswamy et al, 1999; Marfaing-Koka et al, 1995). IL-8 in 

particular has been studied extensively since the chemotactic activity of IL-8 and 

neutrophil accumulation has been associated with several inflammatory diseases 

including systemic inflammatory response syndrome, adult respiratory distress 

syndrome, and multiple organ failure (Partrick et al, 1996; Sablotzki et al, 2002). 

At physiologically relevant concentrations, cobalt, nickel and copper have been shown 

to stimulate greater IL-8 secretion from human endothelial cells than the 

proinflammatory cytokines TNF-a and IL-1p. Cu induces an increase in mRNA in 

HUVECs and HLMVECs within 24 hours, indicating early gene activation and new 

protein synthesis rather than IL-8 release from preformed storage sites (Bar-Or et al, 

2003; Wagner et al, 1998b). 

It has been shown that Cu activates the NF-kB pathway in vitro with subsequent TNF-a 

expression in the liver and lung tissues of rats (Persichini et al, 2006) and activation of 

NF-kB has been suggested as a possible mechanism for Cu induced endothelial IL-8 

synthesis (Bar-Or et al, 2003). It has also been postulated that Cu may induce NF-kB 

and subsequent IL-8 synthesis through the activation of the phosphatidylinositol S- 

kinase (PI3-kinase) pathway, which is activated by Cu independently of ROS 

generation in human fibroblasts (Bar-Or et al, 2003; Ostrakhovitch et al, 2002). P13- 

kinase activates Akt which is involved in the activation of the NF-kB transcription 

factor (Ozes et al, 1999). Alternatively, Cu may activate NF-kB via mitogen-activated 

protein kinases (MAPKs) since Cu exposure has been shown to induce TNF-a 

expression and activate the MAPKs, c-Jun N-terminal kinase (JNK) and p38 MAP 

kinase in human bronchial epithelial cells (Samet et al, 1998). 
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Whilst Cu can induce NF-kB independently of ROS (Ostrakhovitch et al, 2002), it has 

become clear that Cu-induced oxidative stress may also contribute to NF-kB activation. 
Despite previous conflicting reports it has now been clearly demonstrated that increased 

serum Cu induces oxidative stress, with the generation of ROS resulting in the 

activation of NF-kB and subsequent TNF-a synthesis in the liver and lung tissues of rats 
(Persichini et al, 2006). H202, which is generated by Cu-redox mechanisms (Section 

2.6) has also been shown to activate the P13-kinase/Akt pathway via oxidation of the 

tumor suppressor PTEN, an inhibitor of the P13-kinase/Akt pathway (Lee et al, 2002), 

but Cu 2+ itself may also have the ability to oxidise PTEN and activate NF-kB via the 
P13-kinase/Akt pathway. H202 is also a potent activator of MAPK (Fialkow et al, 1994) 

and therefore Cu-redox generated H202 may also activate NF-kB via MAPK pathways. 

Additionally, Cu (II)-oxidised low-density lipoproteins have been shown to 

independently initiate the activation of activator protein-1 (AP-1), another transcription 

factor that has been associated with endothelial IL-8 expression in endothelial cells 

(Maziere et al, 1997). 

The evidence that Cu induces cytokine and chemokine expression in human bronchial 

epithelial cells (Kennedy et al, 1998; Samet et al, 1998)(Section 1.20) and chemokine 

expression in HLMVECs in vitro (Bar-Or et al, 2003) together with evidence presented 

in this thesis to suggest that Cu promotes chemokine multimer formation (Chapters 2 

and 3) indicates that Cu may have an important pro-inflammatory role and could 

influence leukocyte trafficking during lung inflammation. It has been reported that 

RANTES synthesis induced by IL-1 ß in human epithelial cells (Manni et al, 1996) and 

IFN-y in HLMVECs (Sundstrom et al, 2001) is regulated by NF-kB, suggesting that 

RANTES synthesis in these cells may also be inducible by Cu, via the NF-kB pathway. 

In addition, Cu-binding peptides have been shown to be effective in preventing Cu- 

redox and IL-8 release from endothelial cells (Rael et al, 2007), suggesting that Cu 

chelators may have therapeutic potential in inhibiting cytokine and chemokine 

synthesis, and subsequent leukocyte recruitment during inflammation. 
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4.1.4. Copper-dependent semicarbazide-sensitive amine oxidase 

Lymphocyte trafficking is governed by adhesion molecules expressed both on 
lymphocytes and vascular endothelial cells (Section 1.1). One of the endothelial 

adhesion molecules involved in the multistep extravasation cascade is the copper- 
dependent ectoenzyme, vascular amine oxidase-1 (VAP-1). 

VAP-1 is a dimeric sialoglycoprotein with a molecular mass of 170-180 kDa (Salmi & 

Jalkanen, 1992; Salmi & Jalkanen, 1995; Salmi & Jalkanen, 1996). VAP-1 contains two 

atoms of copper per dimer co-ordinated by three conserved histidines - one His-X-His 

motif and another histidine near the N-terminus (reviewed in Jalkanen and Salmi, 

2001). VAP-1 is constitutively present in intracellular granules within endothelial cells 
(Salmi et al, 1993) but is only translocated lumenally from intracellular storage granules 

upon elicition of inflammation (Salmi et al, 1993). Animal studies, using an in vivo 
immunodetection method have provided convincing evidence that luminal VAP-1 is 

induced only upon elicitation of inflammation at lesion sites (Jaakkola et al, 2000). 

It has been reported that VAP-1 is important for both the rolling phase and also the 

transmigration step of leukocyte extravasation (figure 4.1) (Jalkanen & Salmi, 2001; 

Salmi et al, 2001). On endothelial cells, VAP-1 can serve as a traditional adhesion 

molecule (Lalor et al, 2002; Salmi & Jalkanen, 1992; Salmi & Jalkanen, 1996) but 

VAP-1 belongs to a distinctive group of cell surface-expressed amine oxidases known 

as semicarbazide-sensitive amine oxidases (SSAOs) and it has been shown that the 

SSAO activity of VAP-1 is also important for leukocyte adhesion (Jalkanen & Salmi, 

2001; Klinman & Mu, 1994; Salmi & Jalkanen, 2005). 

Mechanistic analyses have revealed that VAP-1 displays both enzyme-activity- 

dependent and enzyme-activity-independent adhesive functions. Thus, anti-VAP-1 

antibodies, which do not interfere with the SSAO activity of VAP-1, block leukocyte 

extravasation. On the other hand, SSAO inhibitors also suppress VAP-1-dependent 

extravasation without affecting the antibody-defined epitopes (Jalkanen & Salmi, 2001; 

Koskinen et al, 2004; Martelius et al, 2004). 
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It has been suggested that VAP-1 mediates adhesion and transmigration of lymphocytes 

through the binding of VAP-1 sialic acid residues to an unknown leukocyte-expressed 

lectin (Lalor et al, 2002; Salmi & Jalkanen, 1992; Salmi & Jalkanen, 1996). 

Previous in vitro and in vivo studies have shown that the SSAO activity of VAP-1 

mediates rolling, firm adhesion and transmigration of leukocytes under normal 

conditions and in inflammation (Koskinen et al, 2004; Marttila-Ichihara et al, 2006; 

Salmi & Jalkanen, 1996; Salmi & Jalkanen, 2001). 

VAP-1 possesses MAO activity and it is generally agreed that in vitro, SSAOs only 

accept primary amines as substrates, with benzylamine and methylamine being the 

preferred substrates in vitro (Salmi et al, 2001). It has also been reported that VAP-1 

binds to a primary amino group presented on the lymphocyte surface and oxidatively 
deaminates it in a reaction resulting in the formation of a transient covalent bond 

between the two cell types, which may be important in binding during the leukocyte 

rolling step (figure 4.1). 

The SSAOs mediate oxidative deamination of primary amines in a reaction that results 
in the production of aldehyde, ammonium and H202. All end-products of the SSAO- 

catalysed reaction are biologically active compounds that may alter the function of the 

endothelial cells or affect other nearby cells in a paracrine manner (Jalkanen & Salmi, 

2001). 

Probably the most important of the end-products is H202 which, although toxic at high 

concentrations, is becoming increasingly recognised as a signal-transducing molecule at 

lower concentrations. H202 is known to up-regulate the function of transcription factors, 

such as NF-kB (Section 4.1.3), and hence the expression of many genes, including 

chemokines, adhesion molecules, cytokines and metalloproteinases (Bogdan et al, 2000; 

Finkel, 1998; Kunsch & Medford, 1999). In the vascular wall, H202 regulates the 

adhesive properties of endothelial cells and it has been shown that VAP-1 enzyme 

activity induces E- and P-selectin expression in human and mouse endothelial cells in 

vitro and that the induced selectins are induced by H202 and are functionally active in 

supporting leukocyte adhesion (Jalkanen et al, 2007). 
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Figure 4.1. The leukocyte extravasation cascade. The different steps of the adhesion cascade and 
the involvement of VAP-1 are shown. The oligosaccharides of VAP-1 (purple extensions) can bind 
to an unknown lectin-like molecule (yellow) on lymphocytes. Alternatively, when endothelial VAP-1 
uses a lymphocyte surface amine as a substrate the catalytic reaction results in the formation of a 
transient covalent bond between the two cell types. This enzymatic reaction seems to be involved in 
the binding during the rolling step (Jalkanen & Salmi, 2001). 

4.1.5. Copper chelators 

Neocuproine (2,9-dimethyl-1,10-phenanthroline) is an intracellular Cu chelator that can 

cross cellular membranes as indicated by studies that report the uptake of radio-labelled 

neocuproine into mycoplasmal cells (Smit et al, 1982). Neocuproine binds selectively to 

Cu (I) as confirmed by specrophotometric studies (Smith & McCurdy, 1952). 

Specrophotometric studies have also confirmed that the neocuproine derivative, 

bathocuproine disodium salt (4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline), binds to 
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Cu (I) (Klemens et al, 1989; Smith & Wilkins, 1953), but this compound does not 

permeate cell membranes and is therefore considered an extracellular Cu chelator. 
These two compounds, neocuproine and bathocuproine disodium salt, are highly 

specific chromogens that bind to Cu to give coloured complexes. Two molecules of 

each compound are associated with each Cu atom, via two nitrogen atoms in each 

molecule. 

Both neocuproine and bathocuproine disodium salt are useful in the spectrophotometric 

determination of Cu and also for extracting and concentrating Cu in the preparation of 
distilled water and reagents used in the analysis of Cu, thereby improving the certainty 

with which Cu determinations can be made (Buerge-Weiricht & Sulzberger, 2004; 

Guclu et al, 2005; Sozgen et al, 2006; Tutem et al, 1997; Williams et al, 1977; Yamini 

& Tamaddon, 1999). 

D-penicillamine is a metabolite of penicillin and a well known Cu-chelating agent, with 
binding affinity for Cu (I) (Cui et al, 2005). The Cu binding affinity of D-penicillamine 

has been confirmed using spectroscopic studies (Mohanakrishnan & Chignell, 1985) 

and it has long been thought that this property of D-penicillamine may contribute to its 

anti-inflammatory effects. Although the mechanism of action is not known, D- 

penicillamine induces urinary Cu excretion (Walshe, 1956), and it is thought that this 

may be the mechanism by which D-penicillamine exerts its anti-inflammatory effects in 

the treatment of Wilson's disease and possibly rheumatoid arthritis (McQuaid et al, 

1992). 

Tobramycin is an aminoglycaside antibiotic used to treat bacterial infections, 

particularly gram positive infections. Tobramycin works by binding to a site on the 

bacterial 30S and 50S ribosome, preventing formation of the 70S complex. As a result, 

mRNA cannot be translated into protein and cell death ensues. Using potentiometric and 

spectroscopic studies is has been shown that tobramycin binds Cu (II) via several 

distinct binding sites to form strong complexes (Jezowska-Bojczuk et al, 1998), 

however, as yet the role of transition metal ions in the biological activity of 

aminoglycoside antibiotics has not been determined. 
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4.1.6. Objectives 

The objectives of the experiments described in this chapter were to investigate: 

1. The form (monomer or multimer) of RANTES expressed by endothelial cells 

under basal and stimulated conditions 

2. The effect of CuCl2/H202 on the form of RANTES expressed by endothelial 

cells 

3. The effect of copper chelators on the form of RANTES expressed by endothelial 

cells 

4. The effect of CuC12/H202 on the amount of RANTES expressed by endothelial 

cells 

5. The concentration and form of RANTES released by unactivated and thrombin 

activated platelets 

6. The concentration of RANTES released by T-cells activated in vitro 

7. The response of T-cells to RANTES multimers, and definition of which 

receptors were involved 

8. The role of platelet-derived RANTES in T-cell transendothelial migration 

9. The effect of copper chelators on platelet-dependent T-cell transendothelial 

migration 
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4.2. Materials 

Human lung microvascular endothelial cells (HLMVECs) were obtained from Clonetics 

(Lonza Ltd., Slough, Berkshire, UK). EGM-2MV cell growth medium was prepared by 

supplementing 500 ml EGM-2 Basal Medium (CC-3156, Lonza, UK) with EGM-2MV 

BulletKit (CC-3202, Lonza, UK) (includes Basal Medium and SingleQuots). 

Trypsin/EDTA (TE) containing 0.025 % trypsin and 0.02 % EDTA and trypsin 

neutralising solution (TNS) were also obtained from Lonza, UK. Uncoated 75 cm2 

culture vessels and 24-well companion plates were obtained from Triple Red Ltd., Long 

Crendon, Buckinghamshire, UK. 5µm, PVP-free polycarbonate filters were obtained 
from Fisher Scientific, Loughborough, Leicestershire, UK and 3 µm fibronectin coated 

and uncoated cell culture inserts were obtained from BD Biosciences, Oxford, 

Oxfordshire, UK. 

Boyden chambers (48-well with 50 µl upper and 25 µl lower wells) were obtained from 

Neuro Probe, Maryland, USA. Anti-CCR3, anti-CCR5 neutralising antibodies, and 

isotype control (rat IgG2a and mouse IgG2b) antibodies were obtained from R&D 

Systems, Ltd., Abingdon, Oxfordshire, UK. 

Lymphoprep was obtained from Axis-Shield UK, Kimbolton, Cambridgeshire, UK. 

Phytohaemagglutinin (PHA), fetal calf serum (FCS, heat inactivated), antibiotics, L- 

glutamine, bovine serum albumin (30 %, cell culture tested), sodium pyruvate (1 M), 

trypan blue (0.4 % (w/v) in 0.9 % (w/v) NaCl), collagen IV, thrombin, NaCl, Tris base, 

EDTA, sodium dodecyl sulphate (SDS), tergitol nonidet P-40, copper chloride (CuCl2), 

hydrogen peroxide (H202), catalase, sodium phosphate (Na2HPO4), citric acid, 

dithiothreitol (DTT), sodium acetate, glacial acetic acid, tetramethylbenzidine (TMB), 

2,2'-Azino-bis(3-ethylbenzthiazoline- 6-sulfonic acid) (ABTS), dimethyl sulphoxide 

(DMSO), triton-X-100, sodium chlorate and the lactate dehydrogenase (LDH) (TOX-7) 

and plasmin enzyme assay kits were obtained from Sigma-Aldrich Inc., Poole, Dorset, 

UK. IOX Hanks balanced salt solution (HBSS) (-Ca t+/Mg2+), RPMI 1640 containing 25 

mM HEPES, and L-Glutamine and phosphate buffered saline (PBS) (-Ca t+/Mg2+) were 

obtained from Invitrogen Ltd, Paisley, UK. 
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Recombinant human RANTES, interferon (IFN)-y, tumor necrosis factor (TNF)-a, 

human interleukin-2 (IL-2) and the IFN-y and TNF-a enzyme-linked immunosorbant 

assay (ELISA) antibody duosets were obtained from Peprotech EC, London, UK. The 

RANTES enzyme linked immunosorbent assay (ELISA) duoset was obtained from R& 

D Systems, Ltd., Abingdon, Oxfordshire, UK. 0.2 µm sterile filters were obtained from 

BD Biosciences, Oxford, Oxfordshire, UK. All copper chelators were supplied by 

Sigma, UK. The PAI-1 inhibitor, XR5118 was a gift from Xenova. 

Polyacrylamide mini-gels were cast using the Bio-Rad Protean II system and markers 

and reagents for electrophoresis were obtained and prepared as previously described in 

Section 2.3.4. Gradient (4 - 15 %) polyacrylamide ready-gels were obtained from Bio- 

Rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK. 

Non-biotinylated goat polyclonal anti-duffy antigen receptor complex (DARC) was 

obtained from Abcam plc., Cambridge, UK. Biotinylated primary polyclonal rabbit anti- 

human RANTES antibodies and rabbit polyclonal anti-RANTES (non-biotinylated) 

antibodies were obtained from Peprotech EC, London, UK. Rabbit anti-goat secondary 

biotinylated antibodies (for DARC staining) and the streptavidin-biotinylated 

horseradish peroxidase complex (StreptABC) were obtained from Dako UK Ltd, Ely, 

Cambridgeshire, UK. A commercial enhanced chemiluminescence (ECL) kit, 

SuperSignal, Restore Plus Western Blot Stripping Buffer and the FOX-2 assay kit were 

obtained from Pierce Biotechnology Inc., Chester, UK. Tween-20, Super RX Fuji 

medical X-Ray film, Hema Gurr staining reagents and 24 and 6-well culture plates were 

obtained from Fisher Scientific, Loughborough, Leicestershire, UK. 

Complete mini® Protease inhibitor tablets which when dissolved at double strength in 5 

ml of water contain (EDTA (2 mM, inhibits metalloproteases), aprotinin (0.6 µM, 

inhibits plasmin, kallikrein, trypsin, and chymotrypsin with high activity), bestatin [(2S. 

3R)-3-Amino-2-hydroxy-4-phenylbutanoyl]-L-leucin. e hydrochloride, (260 µM, an 

inhibitor of amino peptidases), calpain inhibitor I (N-Acetyl-Leu-Leunorleucinal, 34 

µg/ml, inhibits activity of Calpain I), calpain inhibitor II (N-Acetyl-Leu- 

Leumethioninal, 14 µg/ml, inhibits activity of Calpain II), chymostatin (200 µM, 

specific inhibitor of a, ß, y and 6-chymotrypsin), E-64 (N-(N-(L-3-Transcarboxirane-2- 

carbonyl)-Lleucyl)-agmatine. 56 µM, inhibits papain and other cysteine proteases such 

172 



as cathepsin B and L), leupeptin (Ac-Leu-Leu argininal x 1/2 H2SO4,2 µM, inhibits 

serine and cysteine proteases such as trypsin, papain, plasmin, and cathepsin B), a2 

macroglobulin (25 Inh. U, inhibits most endoproteinases, unit definition: One inhibitor 

unit inhibits 9.1 µg of trypsin), pefabloc SC 4-(2-Aminoethyl)-benzenesulfonyl-fluoride 

hydrochloride (AEBSF), 8 mM, irreversibly inhibits serine proteases. including trypsin, 

chymotrypsin, plasmin, plasma kallikrein, and thrombin, pepstatin (2 µM, inhibits 

aspartic (acid) proteases such as pepsin, renin, cathepsin D, chymosin, and many 

microbial acid proteases), Phenyl methyl sulfonyl fluoride (PMSF), 2 mM, inhibits 

serine proteases (chymotrypsin, trypsin, and thrombin) and also inhibits cysteine 

proteases such as papain, L-1-Chloro-3-(4-tosylamido)-7-amino-2-heptanone 

hydrochloride N-a-Tosyl-Llysine chloromethyl ketone (TLCK-HC1), 270 . iM, 
irreversibly and specifically inhibits trypsin and also inhibits many other serine and 

cysteine proteases such as bromelain, ficin, and papain, trypsin inhibitor from chicken 

egg white (200 pg/ml) and trypsin inhibitor from soyabean (200 pg/ml, also inhibits 

factor Xa, plasmin, and plasma kallikrein) were obtained from Roche Ltd., Welwyn 

Garden City, Hertfordshire, UK. A protein A agarose bead suspension was obtained 

from Merck Chemicals Ltd., Nottingham, Nottinghamshire, UK. Vacutainers (9 ml) 

containing EDTA for blood collection were obtained from Greiner-Bio-One Ltd., 

Stonehouse, Gloucestershire, UK. Plasmin substrate; S2251 (25 mg/vial) was purchased 

from Chromogenix (Lexington, MA, USA). 
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4.3. Methods 

4.3.1. Cell culture 

4.3.1.1. Growth medium for endothelial cell culture 
Endothelial full growth medium type 2 for microvascular cells (EGM-2MV) is 

optimised for use with human lung microvascular endothelial cells. The full medium 

was prepared from endothelial basal medium type 2 (EBM-2) and the EGM-2MV 

BulletKit supplements supplied by Lonza, UK. The final fully supplemented growth 

medium contained heat inactivated FBS (5 %), hydrocortisone (0.04 %), human 

fibroblastic growth factor (hFGF-2,0.4 %), vascular endothelial growth factor (VEGF, 

0.1 %), insulin-like growth factor (R3-IGF-1,0.1 %), ascorbic acid (0.1 %), human 

epidermal growth factor (hEGF, 0.1 %), gentamycin (50 ng/ml) and amphotericin-B (50 

µg/m1). The contents of each supplement vial was split into 5 aliquots and frozen at -20 
°C. 1 aliquot was added to 100 ml of the basal media in a sterile glass bottle, and the full 

medium stored at 4 °C for up to 1 week. 

4.3.1.2. Culture setup/seeding 

HLMVECs were seeded at 5000 cells / cm2 in 75 cm2 flasks with vented caps. The 

number of vessels to be set up was calculated with reference to the certificate of 

analysis and technical information supplied with the cryovial by Lonza, UK. Each flask 

was labelled with the passage number, cell type, lot number and date. Supplemented 

growth medium was aseptically transferred to uncoated culture vessels (Triple Red, 

UK), adding 1 ml growth medium for every 5 cm2 flask surface area. Vented caps were 

applied and culture vessels allowed equilibrate at 37 °C and 5% CO2 in a humidified 

incubator for at least 30 minutes. Cryovials were thawed one at a time. Once removed 

from liquid nitrogen storage, vials were sterilised and opened a quarter turn to relieve 

the internal pressure before retightening. The bottom 3/4 of the cryovial was dipped in 

the 37 °C water bath and swirled gently for 1-2 minutes until the contents were 

thawed, and then wiped dry. The cap was removed and the thawed cells in the vial (1 

ml) were resuspended with a pipette set to 800 µl. An equal amount of cells was 

dispensed into each of the flasks to be set up (number of flasks calculated from the 

certificate of analysis supplied with the cryovial for a final seeding density of 5000 

cells/ cm2) and the vented caps replaced. Flasks were returned to the incubator and cells 

allowed to adhere overnight. 
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4.3.1.3. Feeding 

The growth medium was changed one day after seeding to remove residual dimethyl 

sulphoxide (DMSO) from the freezing medium in which the cells were shipped and any 
unattached cells, and then every other day thereafter, examining them daily. Fully 

supplemented growth medium was warmed to 37 °C for 30 minutes. Old medium was 
removed from flasks by aspirating with a sterile pipette on the opposite side of the flask 

from where the cells were attached. New medium (15 ml) was added down the same 

side. 

The cells were fed a larger volume of medium as they became more confluent, 

according to the table below. 

Feeds: 

Under 25 % confluent Feed 0.67 ml per 5 cm2 (10 ml) 
From 25 - 45 % confluent Feed 1 ml per 5 cm2 (15 ml) 
Exceeding 45 % confluence Feed 1.5 ml per 5 cm2 (22.5 ml) 

Feeding was continued until cells were 60 - 90 % confluent. 

4.3.1.4. Subculture 

Cells were sub-cultured when they were 60 - 90 % confluent and displayed many 

mitotic figures throughout the flask. For each 75 cm2 of cells to be sub-cultured 2 ml of 

trypsin/EDTA (TE) (Lonza, UK) and 4 ml trypsin neutralising solution (TNS) (Lonza, 

UK) was thawed and allowed to reach room temperature. EGM-2MV growth medium 

was pre-warmed at 37 °C and 1 ml growth medium transferred to the flasks for every 5 

cm2 surface area. Flasks were equilibrated for 30 minutes in a humidified 37 °C 

incubator with 5% CO2. Medium was aspirated from one culture vessel at a time, and 

the adhered cells rinsed with 5 ml lx Hanks Balanced Salt Solution (HBSS) - 
Ca2+/Mg2+ (Invitrogen, UK) The HBSS was aspirated from the flask and the cells 

covered with 2 ml TE solution per 75 cm2. The cap was tightened and the cells 

monitored under a microscope. Trypsinisation continued until approximately 90 % of 

cells were rounded up. Cells were released from the culture surface by rapping the flask. 

The trypsin was neutralised with 4 ml of TNS per flask. The detached cells were 

transferred to a sterile 15 ml centrifuge tube and the flask rinsed with 2 ml of HBSS (- 

Ca2+/Mg2+) to collect residual cells which were added to the centrifuge tube. Cells were 
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centrifuged at 220 g for 5 minutes, and the supernatant aspirated. The pellet was re- 

suspended in 1-2 ml full growth medium and cells counted with a haemocytometer (10 

µl suspension was added to 90 µl Trypan Blue and 10 µl was loaded onto the 
haemocytometer). The total number of cells was calculated and cell viability assessed. 

The total number of viable cells was counted using the following formula: 

Total cell count x% viability = Total no. of viable cells 

Cells were diluted and seeded at the recommended seeding density (5000 cells/cm2 for 

HLMVECs. ) Flasks were labelled with the passage number, cell type, lot number and 
date and incubated at 37 °C, and 5% CO2 until 60 - 90 % confluent. 

4.3.1.5. Collagen coating 24 and 6-well plates 

The method for collagen coating was adapted from the supplier's instructions. 

Lyophilised collagen IV (Sigma, C5533) was reconstituted to 0.1 mg/ml in 3% (v/v) 

acetic acid and dissolved for several hours at 4 °C. 2 ml of collagen IV solution was 

added to each well of a 6-well plate, 500 . tl per well for a 24-well plate. Plates were 

incubated for 1 hour at room temperature. Excess collagen IV was removed, the plates 

dried and the wells washed 3 or more times with lx HBSS (-Ca/Mg) (Sigma) containing 

phenol red to remove acetic acid. Finally, plates were rinsed in 70 % (v/v) ethanol, air 

dried and stored at 4 °C under sterile conditions. 

4.3.1.6. Subculture of HLMVECs into collagen IV coated 6-well and 24-well 

plates 

Collagen IV coated 24-well and 6-well plates (Fisher Scientific, UK) were incubated at 

37 °C and 5% CO2 for a minimum of 30 minutes prior to subculture. One 75 cm2 

culture flask (1 -2x 106 cells) was harvested per 24/6-well plate to be seeded. Cell 

medium was aspirated from flasks, followed by washing with 5 ml lx HBSS (- 

Ca2+/Mg2+) and trypsinisation with 2 ml TE solution / 75 cm2flask. Flasks were 

incubated at 37 °C and 5% CO2 for 10 minutes to lift cells from the culture surface. 

Flasks were either rapped or scraped with a cell scraper to release remaining attached 

cells and trypsin was neutralised with 4 ml TNS / 75 cm2 flask. Harvested cells were 

aspirated, and flasks washed with 5 ml lx HBSS (-Ca t+/Mg2+) which was added to the 

harvested cells. Cells were centrifuged at 220 g for 5 minutes, the supernatant aspirated 
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and the pellet re-suspended in 1 ml growth medium (EGM-2MV, Lonza, UK. ) The total 

number of cells was calculated using a haemocytometer slide as previously described. 

24-well plates 

Cells were diluted to 2x 105 cells / ml in 6 ml growth medium per 24- well plate and 

seeded at 250 µl per well. The total number of cells was 50,000 per well. Plates were 

covered and incubated overnight at 37 °C and 5% CO2. Before use in an assay, the cells 

were examined for mitotic figures to ensure that they had resumed active growth. 

6-well plates 

Cells were diluted to 2x 105 /ml and seeded at 1.5 ml / well. This corresponded to a total 

cell number of 300,000 per well. Plates were covered and incubated overnight at 37 °C 

and 5% CO2. Before use in an assay, the cells were examined for mitotic figures to 

ensure that they had resumed active growth. 

4.3.1.7. Cryopreservation of cells 

Cells were harvested as previously described in section 4.3.1.4 and centrifuged at 220 g 

for 5 minutes. The supernatant was aspirated leaving 100-200 µl. The pellet was re- 

suspended in cold freezing solution composed of EGM-2MV (Lonza, UK) containing 

10 % (v/v) DMSO. Cells were counted and diluted to 500,000 - 2,000,000 cells/ml and 

aliquotted into freezing vials or ampoules and sealed. Cryovials were insulated in a 

Styrofoam or propanol freezing canister and stored at -80 °C overnight. Within 12-24 

hours, cells were placed in liquid nitrogen (-200 °C) for long term storage. 

4.3.1.8. Sodium chlorate 

HLMVECs were grown in full growth medium supplemented with 30 mM sodium 

chlorate for 3 days to inhibit glycosaminoglycan (GAG) synthesis. A lOx stock solution 

(300 mM) was prepared in EGM-2 MV medium. The stock solution was diluted to a 

final concentration of 30 mM in EGM-2 MV medium (1: 10 dilution). HLMVECs were 

re-suspended and diluted in the medium before seeding. 
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4.3.2. Induction of RANTES expression in HLMVECs and analysis by SDS- 
PAGE and Western blotting 

4.3.2.1. Subculture 

HLMVECs were subcultured as previously described (Section 4.3.1.6) into collagen IV 

coated 6-well plates in EGM-2MV culture medium, 1.5 ml / well and 2x 105/ml. This 

corresponded to a total cell number of 300,000 per well. Plates were covered and 
incubated for 24 hours at 37 °C and 5% CO2, 

4.3.2.2. Induction of RANTES synthesis 

Following incubation, spent medium was aspirated from wells, and adherent cells 

washed once with lx HBSS (-Ca t+/Mg2+) to remove non-adherent cells. New full 

culture medium (EGM-2MV) containing 100 U/ml IFN--y plus 10 ng/ml TNF-a was 

added to each well, total volume 1380 µl. The plates were incubated for 24 hours at 37 

°C and 5% CO2. 

4.3.2.3. HLMVEC culture in 6-well plates with 12.5 - 200 µM CuC12 

A 1.25 MM CuC12 (MW 134.45, Sigma, UK) solution was also prepared in serum and 

ascorbic acid free EGM-2MV. This was to prevent the removal of Cu through binding 

to serum components and the protective effects of ascorbic acid against oxidative stress, 

as observed by Bar-Or et al, 2003 (Bar-Or et al, 2003). The solution was filter- 

sterilised using a 0.2 µm filter (BD Biosciences, UK. ) Following incubation of 

HLMVECs for 24 hours, spent medium was aspirated from wells, and adherent cells 

washed once with lx HBSS (-Ca t+/Mg2+) to remove non-adherent cells. Serum and 

ascorbic acid free EGM-2MV was added to the cells. CuC12 was added to the wells (15, 

30,60,120 and 240 µl) and wells were adjusted to 1500 µl of medium per well resulting 

in final concentrations of 12.5,25,50,100 and 200 µM CuC12. Culture medium alone 

was added to the control wells. The plates were covered and incubated for a further 24 

hours at 37 °C and 5%CO2. 

4.3.2.4. HLMVEC culture in 6-well plates with 50 µM CuC12 and 100 - 400 pM 

H202 

A 1.25 mM CuC12 (MW 134.45, Sigma, UK) solution was prepared in full culture 

medium. The solution was filter-sterilised using a 0.2 µm filter (BD Biosciences, UK), 

and 60 µl added to the wells resulting in a final concentration of 50 µM CuCl2. Culture 

medium was added to the control wells. 
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A 10 mM H202 (MW 34, Sigma, UK) solution was prepared in full culture medium. 
The 10 mM stock solution was diluted 1: 2 to 5 mM, and a further 1: 2 to 2.5 mM. The 

solutions were filter-sterilised using a 0.2 µm filter. The addition of each solution (60 

µl) to the wells resulted in final concentrations of 400,200, and 100 µM H202 in the 

presence of 50 µM CuC12. Culture medium alone was added to control wells. 

The plates were covered and incubated for 24 hours at 37 °C and 5% CO2. 

4.3.2.5. Harvesting 

Following incubation, the plates were placed onto ice and 1500 µl of cell supernatants 

was harvested. Cell debris was cleared by centrifuging at 900 g for 10 minutes at 4 °C. 

The supernatant was retained and stored at -80 °C for analysis by Western blotting or 
ELISA. The cells in the plate were washed twice with 1000 µl ice cold Ix PBS (- 

Ca2+/Mg2+), and 500 µl of ice cold 1% Triton-X-100 (v/v) containing double strength 

protease inhibitors (Roche, UK) was added to each well. Double strength protease 
inhibitors were used since Ix strength protease inhibitors failed to prevent the 

proteolysis of RANTES in the samples. The plate was stored at -80 °C and subjected to 

2 freeze-thaw cycles. The cell lysates were removed from the plate and stored at -80 °C 

in 1.5 ml eppendorf tubes for analysis by SDS-PAGE or ELISA. 

4.3.2.6. Freeze drying for SDS-PAGE analysis 

500 
.d 

lysate and 1500 µl supernatant samples were freeze dried for a minimum of 6 

hours using a Thermo Scientific Modulyo freeze drier. 

4.3.2.7. Immunoprepitation of human RANTES for SDS-PAGE analysis 

Freeze dried samples were reconstituted to 40 µl in 1x PBS (-Ca t+/Mg2+). Samples 

were then diluted 1/5 in immunoprecipitation buffer (150 mM NaCl, 50 mM Tris, 5 mM 

EDTA, 0.1 % (w/v) SDS, 0.5 % (v/v) Tergitol Nonidet P-40, and protease inhibitor 

cocktail (2 x tablets in 10 ml, double strength) (Roche, UK)). Affinity purified rabbit 

polyclonal anti-RANTES (non-biotinylated) was added at 1 µg/m1 (4 µl of 50 µg/ml 

stock was added to a 200 µl sample). Protein A agarose bead suspension (3 . il) was 

added to the samples followed by incubation with shaking at 4°C overnight. 
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Following overnight incubation, samples were centrifuged at 3000 g and 4°C for 5 

minutes. The supernatant was removed and the pellet washed 3 times with ice-cold 

immunoprecipitation buffer with centrifugation at 3000 g. To release the 
immunoprecipitated protein from the primary antibody-protein A agarose complex, 

samples were incubated with 40 µl/sample 5x Laemmli sample buffer (8 ml 5x running 
buffer, 2.5 ml glycerol and 1.25 mg bromophenol blue) containing 100 mM DTT at 

room temperature for 30 minutes, or in the absence of DTT with boiling at 95 °C for 5 

minutes. Samples were then centrifuged for 5 minutes at 3000 g before analysis by 

Western blotting. 

4.3.2.8. Analysis by SDS-PAGE and Western blotting 

Samples were analysed by SDS-PAGE on either 14 %, or 4- 15 % gradient 

polyacrylamide gels, transferred, blocked overnight in 2% (v/v) Tween-20 / PBS (- 

Ca2+/Mg2+) and Western blots were stained for RANTES as previously described in 

Chapter 2, Sections 2.3.4 and 2.3.5. 

4.3.2.9. Quantification of human RANTES by ELISA 

The ELISA was performed according to the manufacturer's instructions (R &D 

Systems, UK) 

Wells of a 96-well plate were coated with 100 µl of mouse anti-human RANTES 

capture antibody (R &D Systems, UK) at 1 µg/ml in PBS -Ca 
t+/Mg2+, sealed and 

incubated overnight at room temperature. Following overnight incubation, the capture 

antibody was aspirated and each well washed three times with 200 µl wash buffer (0.05 

% Tween-20 (Fisher, Scientific, UK) / PBS -Ca 
t+/Mg2+). 

Plates were blocked by adding 300 µl reagent diluent / well (sterile filtered (0.2 µM) 1 

(w/v) BSA (Sigma, UK) / PBS -Cat+/Mg2+), sealed and incubated for 1 hour at room 

temperature. Following incubation, wells were washed three times with 200 µ1 wash 

buffer (0.05 % Tween-20/ PBS -Cat+/Mg2+) and 100 µl of samples or standards (50 

ng/ml) diluted in reagent diluent in the range 0-500 pg/ml were added to the wells. 

Plates were sealed and incubated for 2 hours at room temperature. Following 

incubation, wells were washed three times with 200 µl wash buffer (0.05 % Tween-20/ 

PBS -Ca 
t+/Mg2+). 
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The detection antibody (biotinylated goat anti-human RANTES -R&D Systems, UK) 

was diluted in reagent diluent to 20 ng/ml, and 100 µl added per well. Plates were 

sealed and incubated for 2 hours at room temperature. Following incubation, wells were 

washed three times with 200 µl wash buffer (0.05 % Tween-20). Streptavidin-HRP (R 

&D Systems, UK, kept at 4°C) was diluted 1: 200 to working strength in reagent 
diluent, and 100 µl added per well. Plates were incubated for 20 minutes at room 
temperature, avoiding direct sunlight. Following incubation, wells were washed three 

times with 200 µl wash buffer (0.05 % Tween-20/ PBS -Ca 
t+/Mg2+). 

A substrate solution was prepared using the following formula per one plate: 

12 ml substrate buffer (1.8 mM, pH 5.5) 

200 µl Tetramethylbenzidine (TMB) stock solution (6 mg/ml in DMSO) 

1.2 µl H202 stock solution (30 % (v/v), Sigma, UK). 

The solution was stored for up to 1 month at room temperature, protecting against light. 

100 µl of the substrate solution was added per well and plates were incubated for 20 

minutes at room temperature (or until the top standard had developed a strong colour). 

To stop the reaction, 50 µl of 2M H2SO4, (Fisher Scientific, UK) was added to each 

well. The optical density at 450 nm for each well was determined immediately using a 

micro-plate reader. 

4.3.3. Analysis of T-cell derived RANTES 

4.3.3.1. T-cell isolation 

Normal venous blood was collected by venepuncture from healthy volunteers into 

vacutainers containing EDTA and diluted 1: 1 with PBS -Ca/Mg in sterile conditions. 

Diluted blood was layered onto an equal volume of sterile Lymphoprep using a long 

necked Pasteur pipette and centrifuged at 438 g for 30 minutes at 20 °C. The peripheral 

blood mononuclear cell (PBMC) layer was harvested using a plastic pipette and diluted 

to 50 ml in Falcon tubes with HBSS - Cat+/Mg2+. PBMCs were centrifuged at 760 g for 

10 minutes and the supernatant discarded. The pellet was re-suspended and diluted to 50 

ml with HBSS - Cat+/Mg2+, and centrifuged at 190 g for 5 minutes to remove platelets 

and erythrocytes. The supernatant was discarded and the PBMC pellet re-suspended in 

RPMI/10 % FCS, 0.5 ml per 9 -10 ml of blood collected. Re-suspended pellets were 
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combined before counting. The number of viable cells was counted, and the purity of 
the final preparation was assessed by microscopic observation with x400 magnification. 
10 µl of cell suspension was mixed with 90 µl Trypan blue stain and 2x 10 pl was 
loaded onto a haemocytometer slide. 

The following formula was used to estimate the number of viable cells: 

No. of cells/m1= nx 10 x 104 (where n= no. of cells in the 25 square field) 

PBMCs were diluted to 2x 106/ml in warm RPMI/10 % (v/v) FCS containing 2 mM 1 

glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin, 100 µg/ml streptomycin and 
250 ng/ml amphotericin B. The PBMC suspension was transferred into 25 ml Petri 

dishes (10 ml / dish) and incubated overnight at 37 °C and 5% C02 to remove adherent 

monocytes. 

Non-adherent T-cells were harvested and the Petri dishes washed with warm RPMI 

containing 10 % (v/v) FCS. The wash was combined with the T-cell suspension and 

centrifuged at 760 g for 10 minutes. The supernatant was discarded and the pellet re- 

suspended in RPMI / 10 % FCS. T-cells were counted and diluted to 2x 106/ml in 

RPMI/10 % FCS, supplemented with 2 mM 1-glutamine, 1 mM sodium pyruvate, 100 

units/ml penicillin, 100 µg/ml streptomycin and 250 ng/ml amphotericin B. 

4.3.3.2. T-cell activation 

The mitogen, phytohaemagglutinin (PHA), was added to activate T-cells at a final 

concentration of 1 µg/ml. The T-cell suspension was transferred to 75 cm2 tissue culture 

flasks (8-10 ml / flask) and cultured for 2 days at 37 °C and 5% CO2. Following 2 day 

incubation, interleukin-2 (IL-2) was added to the medium, final concentration 200 

units/ml. Culture was continued for 3 days at 37 °C and 5% CO2 to allow cells to 

proliferate. 

4.3.3.3. Induction of RANTES expression following T-cell activation 

Following activation, T-cells were harvested and diluted to 2x 106,5 x 106 and 1x 107 

cells/ml in RPMI/ 10 % FCS supplemented with L-glutamine, sodium pyruvate and 

antibiotics as described above. T-cells were incubated in 24-well plates (0.25 ml/well) 
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in the presence and absence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) for 2 days to 

induce RANTES production. 

Conditioned medium from activated T-cells was collected for analysis 4 hours, 1 and 2 

days following the addition of IFN-'y plus TNF-a. Cell suspensions were centrifuged at 
760 g for 10 minutes and cell-free supernatants were collected and stored at -80 °C. The 

samples were quantitatively analysed by ELISA to detect RANTES as previously 
described in section 4.3.2.9. 

4.3.4. Purification of platelets and induction of platelet derived RANTES release 

4.3.4.1. Platelet isolation 

Normal venous blood was collected from healthy volunteers into vacutainers containing 

EDTA, diluted 1: 1 with lx PBS (-Ca/Mg), layered onto lymphoprep and centrifuged at 

438 g for 30 minutes at 20 T. The platelet-rich plasma layer was extracted and 

centrifuged at 2500 g for 15 minutes to obtain platelet-rich pellets. The platelets were 

washed twice with sterile PBS (-Ca t+/Mg2+) containing 10 mM EDTA, with 

centrifugation at 2500 g for 15 minutes and re-suspended in RPMI 1640/ 0.5 % (w/v) 

BSA. Platelets were counted using a haemocytometer as previously described and 

diluted to 107,108 and 109 / ml in RPMI 1640/ 0.5 % BSA (833 µl 30 % (w/v) sterile 

BSA solution / 50 ml RPMI 1640). The purity of the final preparation was assessed by 

microscopic observation. 

4.3.4.2. Induction of RANTES release from platelets 

Purified platelets were incubated in suspension at 107,108 and 109 / ml in RPMI 1640 

(Invitrogen) / 0.5 % (w/v) BSA (Sigma, UK), 250 µl per well and cultured in a 24-well 

plate (Triple Red, UK) at 37 °C for 1 hour in the absence and presence of thrombin at 

0.5,1 and 2 U/ml. 100 U of lyophilised thrombin (Sigma, UK) was reconstituted in 1 ml 

RPMI/ 0.1 % BSA (166 ul 30% BSA / 50 ml RPMI 1640) and stored in 30 µl aliquots at 

-20 °C. 5 µl of 100,50 and 25 U/ml stock solution was added per well (24-well plate, 

0.25 ml/well) to give final concentrations of 2,1 and 0.5 U/ml. 

Conditioned medium from purified platelets was collected 1 hour after treatment with 

thrombin. Following centrifugation at 2500 g for 15 minutes at 4 °C, cell-free 

supernatants were collected, stored at -80 °C and quantified for RANTES by ELISA as 
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previously described (Section 4.3.2.9), or freeze dried and analysed by SDS-PAGE and 
Western blotting as described in Sections 4.3.2.6 and 4.3.2.8. 

4.3.5. Endothelial cell and platelet co-culture 

4.3.5.1. Co-culture 

Platelets were isolated as previously described in Section 4.3.4.1 and diluted to 108 / ml 
in RPMI 1640 / 0.5 % (w/v) BSA and added (1500 µl / well) in the absence/presence of 
thrombin at 1 U/ml (Sigma, UK) (Mack, et al. 2002) to confluent HLMVECs that were 
incubated in the presence and absence of IFN--y plus TNF-a for 24 hours in a 6-well 

plate. Following the addition of platelets and thrombin to HLMVECs, the plates were 
incubated for 1 hour at 37 °C and 5% CO2. 

4.3.5.2. Harvesting 

Following incubation the plates were placed onto ice and cell supernatants and lysates 

were harvested. Cell debris was cleared by centrifuging at 2500 g for 15 minutes at 4 

T. The supernatant (1500 µl) was retained and stored at -80 °C for analysis by ELISA. 

The cells in the plate were washed twice with 1000 µl ice cold Ix PBS (-Ca 2+ /Mg 2+ ), 

and 500 µl of ice cold 1% Triton-X-100 (v/v) (Sigma, UK) containing double strength 

protease inhibitors (Roche, UK) was added to each well. The plate was stored at -80 °C 

and subjected to 2 freeze-thaw cycles. The cell lysates were removed from the plate and 

stored in 1.5 ml Eppendorf tubes for analysis by ELISA. 

4.3.5.3. Analysis by ELISA 

The cell supernatants and lysates were quantified for RANTES by ELISA as described 

in section 4.3.2.9. 

4.3.6. Analysis of lipid peroxidation in HLMVECs 

The effect of Cu/H202 on lipid peroxidation was investigated as an indicator of 

oxidative stress in HLMVECs in the absence and presence of sodium chlorate to inhibit 

GAG synthesis. 

4.3.6.1. Seeding HLMVECs in 24-well plates 

The HLMVECs were seeded into collagen IV coated 24-well plates (Triple Red, UK) at 

2x1 05/Ml in EGM-2MV culture medium and 500 µl well (this corresponds to a total cell 

number of 100,000 per well) in the absence and presence of 30 mM sodium chlorate 

(Sigma, UK. ) 
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Sodium chlorate: 

A lOX solution (300 mM) was made up in full culture medium by dissolving 319 mg in 

10 ml culture medium. The IOX solution was diluted to give a 30 mM solution in which 
the cells were seeded. The plates were covered and incubated for 24 hours at 37 °C and 5 
% CO2. 

4.3.6.2. Induction of RANTES release 

The adherence and confluence of seeded cells was checked. The growth medium was 

changed, this also removes non-adherent cells. The old medium was aspirated from 

wells, and the cells washed once with lx HBSS (-Ca t+/Mg2+). 460 µl new full culture 

medium, +/- sodium chlorate (30 mM) containing 100 U/ml IFN-, y and 10 ng/ml TNF-a 

was added per well. Cells were incubated for 24 hours at 37 °C and 5% CO2. 

4.3.6.3. Addition of CuC12 and H202 

Following incubation, CuC12 and H202 were added to wells. A 1.25 MM CuC12 solution 

was made up in growth medium, filter sterilised using a 0.2 µm filter (BD Biosciences), 

and 20 µl added in triplicate wells to give a final concentration of 50 µM CuCl2.20 µl 

of growth medium was added to control wells (no CuCl2). 

A 10 mM H202 stock solution was made up in growth medium (5.67 µl of 30 % H202 

(kept at 4 °C) in 5 ml) and diluted to 5 mM, 1.25 mM and 0.625 mM in full growth 

medium. 

All solutions were filter-sterilised using a 0.2 µm filter. 20 . tl of each solution was 

added to the wells, in triplicate to give final concentrations of 400,200,50 and 25 µM 
H202.20 µl of growth medium was added to control wells (no H202). The plates were 

covered and incubated for 24 hours at 37 °C and 5% CO2. 

4.3.6.4. FOX-2 assay for the quantification of lipid peroxides 

Lipid peroxides were assayed in endothelial cell lysates using the PeroXOquant 

Quantitative Peroxide Assay Kit (lipid-compatible formulation) (Pierce, Chester, UK) 

according to the manufacturers instructions. 

The working reagent (WR) was prepared by mixing 1 volume of reagent A with 100 

volumes of reagent C (150 µl of A and 15 ml of reagent C per microplate). 30 % (v/v) 
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hydrogen peroxide stock solution (Sigma, UK) was serially diluted in UHQ water to 

achieve 8 standards in duplicate in the concentration range 0-1000 µM. The high 

standard (1000 µM) was prepared by adding 10 µd of the stock to 88 ml of water 

Cell supernatants were removed from each well and stored at -80 °C for analysis for 

RANTES by ELISA. Cells were washed in cell medium and 60 µl of cell medium and 
600 µl of WR were added to each well (10 volumes of WR were added to 1 volume of 

sample). The samples were incubated at room temperature for 15-20 minutes in order to 

reach the endpoint. For each well, 2x 275 µl samples were removed and pipetted into a 
96-well microplate. Sample absorbances were measured at 595 nm using a plate reader, 

and the peroxide concentrations calculated by reference to the standard curve 

absorbance values. 

4.3.7. T-cell chemotaxis assays 

4.3.7.1. RANTES preparation for chemotaxis assay 

Samples containing RANTES multimers were prepared in duplicate, in the presence and 

absence of 50 µM CuC12 and 25 µM H202, as described in Chapter 2, section 2.3.1, and 

incubated for 2 days at 37 °C. The final concentration of RANTES in the samples was 5 

x 10-7 M. Following incubation, samples were diluted to 1.25 x 10-8 M (125 ng/ml) in 

Hanks Balanced salt Solution (HBSS) with Cat+/Mg2+ supplemented with 20 mM 

HEPES (0.48 g/l00 ml and adjusted to pH 7.4, and used in a chemotaxis assay. Fresh 

unincubated RANTES was used as a positive control, final concentration 1.25 x 10-8 M 

in HBSS (+Ca2+/Mg2+) supplemented with 20 mM HEPES, pH 7.4. CuC12 and H202 

alone were added to lower wells as a negative control. 

4.3.7.2. Modified Boyden Chamber technique for T-cell chemotaxis assay 

The method for chemotaxis was modified from the methods of Harvath et al. and 

Richards et al. (Harvath et al, 1980; Richards & McCullough, 1984). 

Activated T-cells were re-suspended in HBSS with Cat+/Mg2+ supplemented with 20 

mM HEPES (0.48 g/100 ml and adjusted to pH 7.4). T-cells were counted and diluted to 

2x 10 6 /ml in this buffer. RANTES was initially diluted to a concentration range of 
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1.25 - 500 ng/ml (1.56 x 10"10 M-6.25 x 10"8 M) in HBSS (+Ca2+/Mg2+) containing 20 

mM HEPES, pH 7.4. 

All components of the microchambers were washed thoroughly for 1h in distilled water, 

rinsed and dried prior to use. Samples and standards (25 µl) were diluted in HBSS 

(+Ca2+/Mg2+), containing 20 mM HEPES, pH 7.4 and added to the lower wells. The 

buffer was added to lower wells as a negative control. Fresh unincubated RANTES was 

used as a positive control, at a concentration of 1.56 x 10-8 M (125 ng/ml). All samples 

were analysed in duplicate. 

A 5µm pore-size, PVP-free polycarbonate filter was placed over the lower wells, with 

no cross contamination between wells. The top gasket was placed over the filter and the 

top plate on the filter and the thumb nuts secured and tightened. The upper wells were 
filled with the T-cell suspension, 50 µl per well, and the chambers were incubated at 37 

°C in an incubator with 5% CO2 for 30 minutes under humidified conditions. 

Following incubation, the thumb nuts were removed and each chamber inverted. The 

lower plate and gasket were removed so that the underside of the filter was exposed 

with the migrated cells adhered. Both ends of the filter were held firmly with clamps. 

Keeping the underside facing upwards, the topside (with non-migrated T-cells) was 

washed in lx HBSS with Cat+/Mg2 and wiped on a plate at an angle of 45 ° to remove 

non-migrated cells. Washing was repeated three times, to. ensure non-migrated cells 

were removed. The filter was allowed to dry before staining. 

4.3.7.3. Anti-CCR3 and CCR5 antibodies 

RANTES samples and isolated T-cells were incubated with 100 µg/ml anti-CCR3, anti- 

CCR5 neutralising antibodies or isotype controls (rat IgG2a and mouse IgG2b) for 30 

minutes before they were used in the chemotaxis assay. 

4.3.7.4. Hema-Gurr staining 

Filters were stained using Hema Gurr stain (BDH). Filters were fixed in methanol for 10 

seconds and stained for 10 seconds with eosin red followed by methylene blue for 10 

seconds. Finally, filters were washed in lx PBS without Cat+/Mg2+ and allowed to dry. 

Filters were placed on a glass slide with migrated cells facing up. 
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When dry, filters were covered with immersion oil and the total number of cells counted 

using a light microscope at x 400 magnification in five high power fields (hpf) per well. 
Data was presented as the mean number of cells in one hpf. 

4.3.8. Transendothelial migration assays 

4.3.8.1. Subculture of HLMVECs into fibronectin coated and uncoated Transwells 

The method was adapted from the supplier's instructions and that of (Sundstrom et al, 
2001); (Broughton-Head, 2005; Carr et al, 1994; Kanda et al, 2004). 

HLMVEC cells were seeded in T-75 flasks at a density of 5000 cells/cm2 and grown for 

1 week in 15 ml EGM-2MV fully supplemented culture medium. HLMVEC subcultures 

were used in experiments when they reached 60 - 70 % confluence at passage 5-11. 

Cells were harvested by trypsinisation as previously described in Chapter 4, Section 

4.3.1.6 (2 ml of Trypsin/EDTA / 75 cm2 of cells to be sub-cultured on Transwells. ) 

Trypsin/EDTA was neutralised with trypsin neutralisng solution as previously described 

(4 ml / 75 cm2 of cells. ) Fully supplemented EGM-2MV growth medium was pre- 

warmed to 37 °C in a water bath. In a tissue culture hood, sterile 3 µm uncoated and 
fibronectin coated polyethylene terephthalate (PET) BD Biosciences) culture inserts 

were placed into a 24-well companion plate (BD Biosciences, UK. ) Growth medium 

was transferred to the 24-well culture inserts (800 µl into the lower wells, and 300 µl 

into the upper wells) before they were placed in a humidified 37 °C incubator with 5% 

CO2 to equilibrate for 30 minutes. 

Harvested HLMVEC cells were centrifuged at 220 g for 5 minutes to pellet the cells. 

The supernatant was aspirated and the cells counted using a haemocytometer slide 

(naubayer bright line), adding 10 µl cell suspension + 90 µl trypan blue (Sigma, UK) 

and loading 10 µl onto the slide. The cells were counted and diluted to 2x 105 cell / ml 

in EGM-2MV (Lonza, UK. ) 

Growth medium was removed from the upper wells and the cells seeded onto the 

Transwell inserts at 60,000 cells / 300 µl per well. Cells were grown on Transwells for 2 

weeks, and confluency established by microscopic observation and staining with Hema 
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Gurr stain (BDH) as described in Section 4.3.7.4. When confluent, the cells were ready 
for use in a transmigration assay. 

4.3.8.2. Induction of HLMVEC RANTES synthesis 

RANTES synthesis was induced in HLMVEC monolayers using a method adapted from 

that of Hashimoto et al, 2000, Sundstrom et al, 2001 and Terada et al, 1996. 

The confluence of HLMVEC monolayers was observed and the culture medium 

changed to remove non-adherent cells. Old medium was aspirated from the wells, and 

adherent cells washed once with lx HBSS (-Ca t+/Mg2+). New full culture medium 
(EGM-2MV) containing 100 U/ml IFN--y plus 10 ng / ml TNF-a was added to each 

well. The HLMVEC monolayers were incubated for 1 day at 37 °C and 5% CO2. 

4.3.9. Purification of platelets and induction of platelet derived RANTES release 

Platelets were isolated as previously described in Section 4.3.4.1 and diluted to 108/ml 

in RPMI/ 10 % (v/v) FCS. Isolated platelets were activated with 1 U/ml thrombin 

(Mack, et al. 2002). 

4.3.10. T-cell trans endothelial migration assay 

HLMVECs were grown to confluence in EGM-2MV growth medium for 2 weeks in 

monolayers on Transwells as previously described. T-cells were isolated and activated 

with PHA and IL-2 for 5 days as previously described in Chapter 4, Sections 4.3.3.1 and 

2. Platelets were isolated as previously described in Section 4.3.4.1. HLMVECs were 

used in transendothelial migration assays at passage 5- 10. Where indicated, 

HLMVECs were pre-treated with copper chelators overnight prior to the migration 

assay. Chelators were added to both the apical and basal wells. Neocuproine (NC) or 

bathocuproine disodium salt (BCDS) were added at a final concentration of 0.1,0.25, 

and 0.5 mM, and D-penicillamine or tobramycin were added at a final concentration of 

0.01,0.1 and 0.5 mM. 

On the day of the transendothelial migration assay, 30 minutes before T cells are added, 

confluent HLMVEC layers were washed with RPMI 1640. The lower wells of the plate 

were filled either with isolated platelets at a final concentration of 1x 108/ml in RPMI 

1640 containing 25 mM HEPES and 2 mM 1-glutamine (Invitrogen, UK) supplemented 

with 10 % FCS serum (Sigma, UK) and activated with 1 U/ml thrombin, 1.25 x 10-8 M 
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recombinant RANTES (Peprotech, UK) in RPMI/10 % FCS or RPMI/10 % FCS alone 
as a control. Cu chelators were added to the basal wells containing platelets 30 minutes 
before the start of the assay. The final volume in all basal wells was 800 µl. 

Activated T-cells were counted and diluted to 2x 106/ml in RPMI 1640 containing 25 

mM HEPES and 2 mM L-glutamine (Invitrogen, UK) and supplemented with 10 % 

FCS serum (Sigma, UK) (Kawai et al, 1999). Anti-RANTES (Peprotech, UK) was 

added to T-cells (final concentration 10 µg/ml) 30 minutes before the transendothelial 

migration assay and at the start of the assay to basal wells at a final concentration of 10 

µg/ml. The PAI-1 inhibitor XR5118 (a gift from Xenova, UK) was added at final 

concentration 1,10 and 100 µM and catalase was added at a final concentration of 500 

U/ml, to basal wells 30 minutes before the start of the assay and to the apical wells at 

the start of the assay. Cu chelators were also added to the apical wells at the start of the 

assay. The confluent HLMVEC layers were overlaid with pre-treated or untreated 

activated T cells in the upper wells (in RPMI 1640 / 10 % FCS) at 2x 105/ml and in a 
final volume of 300 µl / well (Kawai et al, 1999). Transwells were incubated at 37 °C 

and 5% CO2 for 5 hours (Kawai et al, 1999). 

4.3.11. Harvesting 

Following incubation, the plates were removed from the incubator and placed on ice for 

10 minutes. 80 µl of 100 mM EDTA (Sigma, UK) was added to each lower well, 

resulting in a final concentration of 10 mM. The plate was incubated for 5 minutes at 

room temperature. The inserts were shaken gently to loosen adherent cells. All cells 
from the basal wells were collected, and the wells washed once with 600 µl RPMI 1640. 

This was added to the cells recovered from each well. The cell suspensions were 

centrifuged at 2500 g for 15 minutes. The supernatant was retained and stored at -80 °C 

for analysis by ELISA and Western blotting, and the pellet re-suspended in 100 µl PBS 

-Cat+/Mg2+. 10 pl cell of the cell suspension was added to 10 µl Trypan Blue and the 

total number of cells migrated was calculated by loading 10 µl onto a haemocytometer 

slide and using the following formula: 

No. of cells/ml =nx2x 104 (where n= no. of cells in the 25 square field) 

The apical supernatants were harvested, cleared at 2500 g and stored at -80 °C for 

immunoprecipitation and analysis by ELISA and Western blotting. The HLMVECs in 
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the Transwells were washed twice with 200 µ1 ice cold 1x PBS (-Ca t+/Mg2+). and 200 

µl of ice cold 1% (v/v) Triton-X-100 in UHQ water containing double strength 

protease inhibitors (Roche, UK) was added to each well. The plate was stored at -80 °C 

and subjected to 2 freeze-thaw cycles. The cell lysates were removed from the plate and 

stored at -80 °C in 1.5 ml eppendorf tubes for analysis by SDS-PAGE and Western 

blotting. 

4.3.12. Immunoprecipitation of human RANTES from HLMVEC lysates and 

supernatants for SDS-PAGE analysis 

Lysates (200 µl) and supernatants (300 µl of apical and 500 µl of basal supernatant) 

were freeze dried and immunoprecipitated for RANTES as previously described in 

Sections 4.3.2.6 and 4.3.2.7. 

4.3.13. Analysis of supernatants and HLMVEC monolayer lysates by SDS-PAGE 

and Western blotting 

Cell lysates and supernatants were analysed by SDS-PAGE on 4- 15 % gradient 

polyacrylamide gels, transferred and blocked overnight in 2% (v/v) Tween-20 / PBS (- 

Cat+/Mg2+) as previously described in Chapter 2, Section 2.3.4. Western blots were 

stained for RANTES as previously described in Chapter 2, Section 2.3.5. 

4.3.14. Quantification of human IFN-y in apical supernatants by ELISA 

The ELISA was performed according to the manufacturer's instructions supplied with 

the duoset (Peprotech EC, UK) 

Wells of a 96-well plate were coated with 100 µl rabbit anti-human IFN-, y capture 

antibody (Peprotech EC, UK) at 1µg/ml in PBS -Ca 
t+/Mg2+, sealed and incubated 

overnight at room temperature. Following overnight incubation, the capture antibody 

was aspirated and each well washed three times with 200 µl wash buffer (0.05 % 

Tween-20 (Fisher, Scientific, UK) / PBS -Ca 
t+/Mg2+). 

Plates were blocked by adding 300 µl reagent diluent / well (sterile filtered (0.2 µM) 1 

% (w/v) BSA (Sigma, UK) / PBS -Cat+/Mg2+), sealed and incubated for 1 hour at room 

temperature. Following incubation, wells were washed three times with 200 µ1 wash 

buffer (0.05 % Tween-20/ PBS -Cat+/Mg2+) and 100 µl of samples or standards (1 

µg/ml) were diluted in reagent diluent in the range 0- 1000 pg/ml. Supernatants from 
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transendothelial migration experiments (apical side) were assayed at a dilution of 1: 10 
in reagent diluent. 

Plates were sealed and incubated for 2 hours at room temperature. Following 
incubation, wells were washed three times with 200 µl wash buffer (0.05 % Tween-20/ 

PBS -Ca 
t+/Mg2+). 

The detection antibody (biotinylated rabbit anti-human IFN-y (Peprotech EC, UK) was 
diluted to a working concentration of 0.25 µg/ml in reagent diluent, and 100 µl added 

per well. Plates were sealed and incubated for 2 hours at room temperature. Following 

incubation, wells were washed three times with 200 µl wash buffer (0.05 % Tween-20). 

Avidin-HRP (Peprotech EC, UK), kept at -20°C) was diluted 1: 2000 to working 

strength in reagent diluent, and 100 µl added per well. Plates were incubated for 30 

minutes at room temperature, avoiding direct sunlight. Following incubation, wells were 

washed three times with 200 µl wash buffer (0.05 % Tween-20/ PBS -Ca 
t+/Mg2+). 

A substrate solution was prepared using the following formula per one plate: 10 ml of 
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) solution (prepared by 

dissolving 1x ABTS tablet (Sigma, UK) in 100 ml 50 mM phosphate-citrate buffer, 

adjusted to pH 5.0) and 25 µl H202 stock solution (30 % (v/v), Sigma, UK). 

The phosphate-citrate buffer (50 mM) was prepared by dissolving 0.71 g sodium 

phosphate (Na2HPO4, Sigma, UK) in 100 ml of UHQ water and 0.961 g citric acid 
(Sigma, UK) in 100 ml distilled water, and adjusting the sodium phosphate to pH 5.0 by 

adding the citric acid. 

Substrate solution was added 100 µl per well, and plates were incubated for 20 minutes 

at room temperature (or until the top standard had developed a strong colour). To stop 

the reaction, 50 µl of 1% SDS (in water) was added to each well. The optical density 

for each well was determined immediately using a micro-plate reader set to 405 nm. 
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4.3.15. Quantification of human TNF-a in apical supernatants by ELISA 

The ELISA was performed according to the manufacturer's instructions supplied with 
the duoset (Peprotech EC, UK) 

Wells of a 96-well plate were coated with 100 µl of rabbit anti-human TNF-a capture 

antibody (Peprotech EC, UK) at 1 . ig/ml in PBS -Cat+/Mg2+, sealed and incubated 

overnight at room temperature. Following overnight incubation, the capture antibody 

was aspirated and each well washed three times with 200 µl wash buffer (0.05 % 

Tween-20 (Fisher, Scientific, UK) / PBS -Cat+/Mg2+ 

Plates were blocked by adding 300 µl reagent diluent / well (sterile filtered (0.2 µM) 1 

%o (w/v) BSA (Sigma, UK) / PBS -Cat+/Mg2+), sealed and incubated for 1 hour at room 
temperature. Following incubation, wells were washed three times with 200 µ1 wash 
buffer (0.05 % Tween-20/ PBS -Cat+/Mg2+) and 100 µl of samples or standards (1 

µg/ml) were diluted in reagent diluent in the range 0-1000 pg/ml. Supernatants from 

transendothelial migration experiments (apical side) were assayed at a dilution of 1: 10 

in reagent diluent. 

Plates were sealed and incubated for 2 hours at room temperature. Following 

incubation, wells were washed three times with 200 µl wash buffer (0.05 % Tween-20/ 

PBS -Cat+/Mg2+). 

The detection antibody (biotinylated rabbit anti-human TNF- a (Peprotech EC, UK) 

was diluted in reagent diluent to a working concentration of 0.5 µg/ml and 100 µ1 added 

per well. Plates were sealed and incubated for 2 hours at room temperature. Following 

incubation, wells were washed three times with 200 µ1 wash buffer (0.05 % Tween-20). 

Avidin-HRP (Peprotech EC, UK), kept at -20°C) was diluted 1: 2000 to working 

strength in reagent diluent, and 100 µl added per well. Plates were incubated for 30 

minutes at room temperature, avoiding direct sunlight. Following incubation, wells were 

washed three times with 200 µl wash buffer (0.05 % Tween-20/ PBS -Cat+/Mg2+). 

A substrate solution was prepared using the following formula per one plate: 10 ml of 

2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) solution (prepared by 
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dissolving 1x ABTS tablet (Sigma, UK) in 100 ml 50 mM phosphate-citrate buffer, 

adjusted to pH 5.0) and 25 µ1 H202 stock solution (30 % (v/v), Sigma, UK). 

The phosphate-citrate buffer (50 mM) was prepared by dissolving 0.71 g sodium 
phosphate (Na2HPO4, Sigma, UK) in 100 ml of UHQ water and 0.961 g citric acid 
(Sigma, UK) in 100 ml distilled water, and adjusting the sodium phosphate to pH 5.0 by 

adding the citric acid. 

Substrate solution was added 100 µl per well, and plates were incubated for 20 minutes 

at room temperature (or until the top standard had developed a strong colour). To stop 
the reaction, 50 µl of 1% SDS (in water) was added to each well. The optical density 

for each well was determined immediately using a micro-plate reader set to 405 nm. 

4.3.16. Quantification of human RANTES in supernatants from transendothelial 

migration assays by ELISA 

Apical and basal supernatants were analysed by RANTES ELISA as previously 
described in Section 4.3.2.9. 

4.3.17. Lactate dehydrogenase (LDH) assay 

The lactate dehydrogenase (LDH) assay (TOX-7, Sigma, Dorset, UK) was used to 

determine whether the effects of Cu chelators was due to cytotoxicity. LDH is an 
intracellular cytoplasmic protein that is released into cell culture supernatants when 

cells become non-viable and sustain damage to their membrane (Legrand, C. et al., 
1992). The assay works on the principle that LDH released from cells will reduce NAD 

to NADH. The NADH can then convert a tetrazolium dye into a coloured compound. 

The assay was adapted for use in a microtitre plate and 5 µl of cell culture supernatant 

was added to 45 µl lx PBS. The LDH assay solution was prepared by mixing equal 

volumes of substrate, enzyme and dye together. 100 µl of the mixture was added per 

well. The plate was incubated for 30 minutes at room temperature, protected from light. 

To stop the reaction, 8.33 µl of 1M HC1 was added to each well and the absorbance was 

measured at 490 nm using a microplate reader (Dynex microplate reader, West Sussex, 

UK). 
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4.3.18. Plasmin activity assay 

The assay was based on methods in the Chromogenix catalogue. 

The plasmin substrate stock solution was prepared by dissolving 25 mg plasmin 

substrate (S2251, Chromagenix, UK) in 11.33 ml UHQ. The stock was stored at 4 °C. 

The enzyme standard (plasmin from human plasma, Sigma, UK) was prepared by 

dissolving 0.5 mg (3.2 U/ml protein) in 0.5 ml assay buffer (50 mM Tris-HC1 with 130 

mM NaCl, pH 8.5) giving a final concentration of 1 mg/ml. The enzyme standard was 

aliquotted and stored at -20 T. Standards were diluted in assay buffer from the 1 mg/ml 

stock to a range of 0 -100 µg/ml. 

Supernatant samples and standards were assayed by adding 25 µl of sample to 75 µl 

assay buffer in a 96-well plate. The reaction was initiated by adding 25 µl of substrate 
(final concentration 0.8 mM) to the wells. The plate was incubated at 37 °C for 60 

minutes and read on a plate reader at 405 nm. 

4.3.19. Vascular amine oxidase activity assay 

HLMVECs were grown to confluence in 75 cm2 flasks and 1 flask of cells was treated 

overnight either with neocuproine, bathocuproine disodium salt, D-penicillamine or 

tobramycin (0.5 mM). Following overnight incubation, the flasks were treated for 5 

hours with IFN--y (100 U/ml) and TNF-a (10 ng/ml) before harvesting. Medium was 

aspirated from one culture vessel at a time, and the adhered cells rinsed with 5 ml lx 

HBSS (-Ca t+/Mg2+). The HBSS was aspirated from the flask and the cells covered with 
10 ml Ix HB SS (-Ca t+/Mg2+) containing EDTA (10 mM) per 75 cm2 flask. The cap was 

tightened and the cells monitored under a microscope until approximately 90 % of cells 

were rounded up. Cells were released from the culture surface by rapping the flask. The 

detached cells were transferred to sterile 50 ml centrifuge tubes and the flasks rinsed 

with 5 ml of lx HBSS (-Ca t+/Mg2+) to collect residual cells which were added to the 

centrifuge tubes. Cells were centrifuged at 220 g for 5 minutes, and the supernatants 

aspirated. Each pellet was re-suspended in 300 µl physiological HEPES buffer solution 

(UHQ water containing HEPES (50 mM), KC1 (5 mM), CaC12 (2 mM), MgC12 (1.4 

mM) and adjusted to pH 7.4 with NaOH (approximately 20 mM) with NaCl 

subsequently added such that the final concentration of sodium in the buffer is 140 

mM). 
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Whole cell samples were assayed by adding half (150 µl) of each cell suspension to 150 

µl of physiological HEPES buffer containing the SSAO inhibitors semicarbazide (100 

µM) and hydroxylamine (5 µM), and half (150 µl) of each cell suspension to 150 µl 

physiological HEPES buffer alone without inhibitors in a 24-well plate. Plates were 
incubated for 30 minutes at 37 T. The reaction was initiated by adding 150 µl of 

chromagenic solution (physiological HEPES buffer containing 4-aminoantipyrine, (500 

µM), 2-4-dichlorophenol (1 mM) and horseradish peroxidise (40 U/ml)) and 150 µl of 

methylamine substrate (16 mM in physiological HEPES buffer) to the wells. The final 

assay volume was 600 µl. The plate was incubated at 37 °C for 24 hours and read on a 

plate reader at 510 nm. 

4.4. Statistical analysis 

Data were compared with a paired student's t-test, or a1 or 2-way ANOVA followed by 

either a Dunnet's or Tukey's post-hoc test where appropriate, as indicated in the figure 

legends. p<0.05 was the minimum accepted level of significance. 
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4.5. Results 
4.5.1. The effect of copper plus H202 on RANTES expression by HLMVECs 

Whilst it is known that endothelial cells synthesise RANTES, experiments were carried 

out to analyse the form, monomer or multimer, of RANTES expressed by HLMVECs 

under basal conditions and following stimulation with IFN--y plus TNF-a. Further, in 

view of the evidence presented in Chapters 2 and 3, the effect of CuC12 plus H202 on 

the multimerisation of RANTES expressed by HLMVECs was investigated. 
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Figure 4.1. RANTES synthesised by HLMVECs and released into supernatants. RANTES in 
supernatants from HLMVECs grown for 24 hours in collagen IV coated 6-well plates followed by 
incubation for 24 hours in the absence and presence of 50 pM CuCI2,25 - 400 pM H202, IFN-y (100 
U/ml) and TNF-a (10 ng/ml). M: molecular weight markers. Lanes 1-6 show HLMVEC 
supernatants in the absence of IFN-y plus TNF-a, and in Lane 1: in the absence of CuC12 and H202, 
lane 2: in the presence of 50 µM CuCI2, lane 3: 50 µM CuCI2 and 25 µM H202, lane 4: 50 µM CuCl2 

plus 50 µM H202, lane 5: 50 µM CuC12 and 200 µM H202 and lane 6: 50 µM CuCI2 and 400 µM 
H202. Lanes 7-12 show HLMVEC supernatants in the presence of IFN-y (100 U/ml) plus TNF-a (10 

ng/ml) and in lane 7: no CuCI2 or H202, lane 8: 50 µM CuCl2, lane 9: 50 µM CuCI2 and 25 pM H202, 
lane 10: 50 µM CuC12 and 50 µM H202, lane 11: 50 µM CuCI2 and 200 pM H202 and lane 12: 50 

µM CuCI2 and 400 µM H202. Representative of two independent experiments. 

RANTES was not detectable in supernatants from HLMVECs incubated in the absence 

of IFN-y plus TNF-a (figure 4.1, lanes 1- 6). However, monomeric (8 KDa) 

endogenous RANTES was detected in supernatants from HLMVECs incubated in the 

presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) (lanes 7- 11). The addition of 50 

µM CuC12 alone and in the presence of 25 - 400 µM H202 had no effect on the form of 
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RANTES detected in the supernatant (lanes 8-11), when compared to the control (no 

CuC12 or H202, lane 7), RANTES remains monomeric. However, high concentrations 
(400 µM) of H202 appear to destroy the RANTES monomer (lane 12). 

It was speculated that if there were any multimers of RANTES formed in the presence 

of 50 pM CuC12 and 25 - 400 pM H202 they may remain bound to glycosaminoglycans 

(GAGs) on the endothelial cell surface, rather than appear free in the supernatant. 
Therefore, endothelial cell lysates were analysed for the presence of RANTES. 

Preliminary experiments indicated that analysis of RANTES in whole cell lysates was 

affected by proteolysis and non-specific binding and very low levels of RANTES were 

recovered. Therefore the lysates were concentrated and RANTES immunoprecipitated 

in the presence of double strength protease inhibitors before analysis by SDS-PAGE 

and Western blotting. 

First, the effect of CuC12 alone on the form of endothelial bound endogenous RANTES 

was investigated. HLMVECs were grown in collagen IV coated 6-well plates in the 

presence of 12.5 - 200 µM CuC12 as previously described in Sections 4.3.2.1 - 4.3.2.3. 

The cells were harvested as described in Section 4.3.2.5 and RANTES 

immunoprecipitated from cell lysates was analysed on 4-15 % gradient gels as 

described in Sections 4.3.2.6 - 4.3.2.8. Gradient gels were used to separate the RANTES 

optimally in the mid-high molecular weight range where it was expected that GAG 

bound RANTES may be detected. 
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Figure 4.2. The effect of Cu on RANTES multimerisation in HLMVECs. Lysates from HLMVECs 
grown in collagen IV coated 6-well plates and incubated for 24 hours in the presence of IFN-y (100 
U/ml) plus TNF-a (10 ng/ml) and a further 24 hours in the presence of 12.5 - 200 µM CuCI2. 
Lysates were freeze-dried from 500 µl, reconstituted in 40 µl lx sample buffer, immunoprecipitated 
for human RANTES, analysed by SDS-PAGE on a 4-15 % gradient polyacrylamide gel and stained 
for RANTES. M: molecular weight markers. Lanes 1-6 show HLMVEC lysates in the presence of 
IFN-y (100 U/ml), TNF-a (10 ng/ml), and in Lane 1: 0 µM CuCI2 (control), lane 2: 12.5 µM CuCI2, 
lane 3: 25 µM CuCl2, lane 4: 50 µM CuC12, lane 5: 100 µM CuC12 and lane 6: 200 µM CuCI2. 
Representative of two independent experiments. 

In the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and absence of CuC12 

RANTES was detected in HLMVEC lysates predominantly in 32 KDa form, which may 

be tetrameric RANTES. In addition, resistance to SDS and the disulphide reducing 

agent, dithiothreitol (DTT), during immunoprecipitation indicates that the RANTES 

tetramer is covalently linked as shown for recombinant human RANTES (Sections 2.5.1 

and 3.5.2). Using a standard curve (figure 4.3) a high molecular weight form of 

RANTES was detected with an estimated molecular weight of 73-74 KDa (arrowhead, 

figure 4.2, lanes 1-6). This Western blot shows clearly the RANTES stained band at 73- 

74 KDa which may be a RANTES complex or RANTES bound to another protein. 

However, further higher molecular weight complexes of RANTES could be seen 

following over-exposure of the Western blot (not shown). These complexes are seen 

clearly in figures 4.5 and 4.7 which show the results of other experiments. 

CuC12 in the range 12.5 - 200 µM had no effect on the form of RANTES (lanes 2-6) 

compared to the no CuC12 control, (lane 1). However, a dose-dependent increase in the 

amount of tetrameric RANTES was observed (figure 4.2, lanes 2- 6). 
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Figure 4.3. A standard curve of log molecular weight markers plotted against rf value where the rf 
value = distance moved by the protein / total distance moved by the bromophenol blue dye front 

and the RANTES complex had an rf value of 0.53. The RANTES band below the tetramer had an 
rf value of 0.73. 

The rf value of 0.73 correlates to a molecular weight of 30.3 KDa for the RANTES 

band observed below the tetramer. It is likely that despite the presence of protease 

inhibitors upon lysis of the cells, this is a post-translational proteolytically processed 

form of RANTES. 

In order to investigate whether the 73-74 KDa RANTES was a complex with GAGs in 

the cell lysates (figure 4.2), HLMVECs were grown in a collagen IV coated 6-well plate 

as before, stimulated with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) for 24 hours in the 

presence of 12.5 - 200 µM CuC12 and sodium chlorate (30 mM) to inhibit 

glycosaminoglycan (GAG) synthesis. The agent inhibits GAG sulphation and has been 

shown to abolish chemokine presentation on the endothelial cell surface (Davies et al, 

2001; Humphries & Silbert, 1988; Humphries et al, 1989; Qiao et al, 2003; Safaiyan et 

al, 1999). 
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Figure 4.4. The effect of sodium chlorate on RANTES multimers in the presence of copper alone. 
HLMVECs were grown in collagen IV coated 6-well plates with 30 mM sodium chlorate and 
incubated for 24 hours in the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and a further 24 
hours with 12.5 - 200 µM CuC12. Lysates were freeze-dried from 500 µl, reconstituted in 40 µl Ix 
sample buffer, immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 4-15 % 
gradient polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lanes 1-6 
show HLMVEC lysates in the presence of IFN-y (100 U/ml), TNF-a (10 ng/ml), sodium chlorate (30 
mM) and in Lane 1: 0 µM CuC12 (control), lane 2: 12.5 µM CuC12, lane 3: 25 µM CuCl2, lane 4: 50 
µM CuCI2, lane 5: 100 µM CuCI2 and lane 6: 200 µM CuCl2. Representative of two independent 
experiments. 

In the presence of 30 mM sodium chlorate (figure 4.4, lanes 1- 6) the RANTES 

complex (MW 73-74 KDa, figure 4.2) observed following HLMVEC stimulation with 

IFN-y (100 U/ml) plus TNF-a (10 ng/ml) for 1 day was not observed. The result 

suggests that this form of RANTES was bound to a sulphated GAG on the endothelial 

cell surface (figure 4.2), which was not synthesised in the presence of sodium chlorate 

(figure 4.4). The tetrameric form of RANTES remains, and there is an increase in 

expression with increasing CuC12 as previously observed in figure 4.2. 

In the presence of sodium chlorate, RANTES was detected only as a tetramer in cell 

lysates in the absence and presence of CuC12 alone. The effect of CuC12 plus H202 was 

subsequently investigated. HLMVECs were grown in collagen IV coated 6-well plates 

as before and incubated for 24 hours in the presence and IFN--y (100 U/ml) plus TNF-a 

(10 ng/ml) to stimulate RANTES synthesis, and in the presence of 50 µM CuC12 plus 25 

- 400 µM H202. 
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Figure 4.5. The effect of CuCI2 and H202 on RANTES multimers. HLMVECs were grown in 
collagen IV coated 6-well plates and incubated for 24 hours in the presence of IFN-y (100 U/ml) 
plus TNF-a (10 ng/ml), and a further 24 hours in the presence and absence of 50 µM CuC12 and 25 
- 400 pM HZO2, Lysates were freeze-dried from 500 µl, reconstituted in 40 pl lx sample buffer, 
immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 4-15 % gradient 
polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lanes 1-6 show 
HLMVEC lysates in the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and in Lane 1: 0 µM 
CuCl2 (control), lane 2: 50 µM CuC12, lane 3: 50 µM CuC12 plus 25 µM H202, lane 4: 50 µM CuCI2 
plus 50 µM H202, lane 5: 50 µM CuC12 plus 200 µM H202 and lane 6: 50 µM CuCI2 plus 400 µM 
H202. Representative of two independent experiments. 

H202 (25 - 400 µM) had no effect on the form of RANTES in the presence of 50 µM 

CuC12 (figure 4.5, lanes 2-6) compared to the control (no CuC12 or H202, lane 1). The 

tetramer remained in the presence of 400 µM H202, unlike the monomeric RANTES 

which was destroyed in the supernatant (figure 4.1). This indicates that the tetramer in 

cell lysates is more stable than the monomer in supernatants. 

Another high MW complex was observed that was not due to an effect of CuC12 or 

H202, since it was observed in the control (lane 1). This RANTES complex was 

estimated to be approximately 116 KDa (figure 4.5). This 116 KDa RANTES complex 

is likely to be a HSPG-RANTES complex. In order to investigate further the 116 KDa 

RANTES complex, HLMVECs were grown in a collagen IV coated 6-well plate as 

before, stimulated with IFN-y (100 U/ml) and TNF-a (10 ng/ml) for 1 day in the 

presence of 50 µM CuC12,25 - 400 µM H202 and 30 mM sodium chlorate to inhibit 

glycosaminoglycan (GAG) synthesis. 
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Figure 4.6. The effect of sodium chlorate on higher order forms of RANTES in the presence of 
CuC12 plus H202. HLMVECs were grown in collagen IV coated 6-well plates with sodium chlorate 
(30 mM) , incubated for 24 hours in the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml, and a 
further 24 hours in the presence and absence of 50 µM CuC12 and 25 - 400 µM H202" Lysates were 
freeze-dried from 500 µl, reconstituted in 40 µl Ix sample buffer, immunoprecipitated for human 
RANTES, analysed by SDS-PAGE on a 4-15 % gradient polyacrylamide gel and stained for 
RANTES. M: molecular weight markers. Lanes 1-6 show HLMVEC lysates in the presence of IFN- 
y (100 U/m1 plus TNF-a (10 ng/ml), sodium chlorate (30 mM), and Lane 1: 0 µM CuC12 (control), 
lane 2: 50 µM CuCl2, lane 3: 50 µM CuC12 plus 25 pM H202, lane 4: 50 µM CuCl2 plus 50 pM H202, 
lane 5: 50 µM CuC12 plus 200 µM H202 and lane 6: 50 µM CuCl2 plus 400 µM H202. Representative 
of two independent experiments. 

In the presence of sodium chlorate (30 mM, figure 4.6, lanes 1- 6) the RANTES 

complexes observed following HLMVEC stimulation with IFN-, y (100 U/ml) plus TNF- 

a (10 ng/ml) for 1 day (MW 73-74 KDa and 116 KDa, figure 4.5) were both abolished. 

The result again suggests that RANTES was bound to a protein or a proteoglycan on the 

endothelial cell surface in figure 4.5, which was not synthesised in the presence of 

sodium chlorate in figure 4.6. Again, both CuC12 and H202 had no effect on the form of 

RANTES compared to the control (no CuC12 or H202, lane 1). 

Since added CuC12 and H202 had no effect, and RANTES has so far been detected at a 

minimum MW of 30.3 KDa, it was speculated that there may already be sufficient 

physiological levels of CuC12 and H202 in the endothelial model to induce covalently 

linked tetramer formation, which has been shown to be the form which induces 

leukocyte migration in vivo (Proudfoot, 2006). To investigate this possibility, 

HLMVECs were incubated with IFN-, y (100 U/ml) plus TNF-a (10 ng/ml) for 1 day as 

before, but in the presence of the intracellular copper chelator, neocuproine (NC) and 
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the extracellular copper chelator bathocuproine disodium salt (BCDS), to chelate free 

copper. Copper chelators were added at the seeding of the cells into the collagen IV 

coated 6-well plate for maximum effect. This was 2 days before the addition of IFN-y 

plus TNF-a. 
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Figure 4.7. The effect of copper chelators on RANTES multimers. HLMVECs were grown in 
collagen IV coated 6-well plates in the presence of copper chelators, and incubated for 48 hours in 
the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and Cu chelators. Lysates were freeze- 
dried from 500 µl, reconstituted in 40 pl lx sample buffer, immunoprecipitated for human 
RANTES, analysed by SDS-PAGE on a 4-15 % gradient polyacrylamide gel and stained for 
RANTES. M: molecular weight markers. Lanes 1-6 show HLMVEC lysates of cells grown in the 
presence of IFN-y (100 U/ml plus TNF-a (10 ng/ml) and Lane 1: no copper chelators (control), lane 
2: 0.1 mM neocuproine, lane 3: 0.5 mM neocuproine, lane 4: 0.1 mM bathocuproine disodium salt, 
lane 5: 0.5 mM bathocuproine disodium salt and lane 6: 0.5 mM neocuproine plus 0.5 mM 
bathocuproine disodium salt. Representative of two independent experiments. 

NC (0.1 and 0.5 mM) had no effect on the tetrameric (32 KDa) or complexed form of 

RANTES (figure 4.7, lanes 2 and 3) compared to the control (no copper chelators, lane 

1). In addition to the RANTES complex observed at 73-74 KDa, another RANTES 

complex was observed that was not due to the presence of copper chelators, since it 

appears in the control (lane 1) and the RANTES complex had an rf value of 0.6. The 

complex was estimated to be approximately 64 KDa, calculated using a standard curve 

(figure 4.8). 
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Figure 4.8. Standard curve of log molecular weight markers plotted against rf value. 

The 64 KDa complex was diminished in a dose-dependent manner following treatment 

with the extracellular copper chelator, BCDS (0.1 - 0.5 mM) (figure 4.7, lanes 4-5). A 

combination of NC (0.5 mM) and BCDS (0.5 mM) also resulted in attenuation of the 64 

KDa complex (lane 6), but this was only attributed to the effect of BCDS (0.5 mM), 

since NC (0.5 mM) had no effect alone (lane 3). While it appears that the 73/74-116 

KDa bands may be RANTES bound to GAGs, the 64 KDa band may be a RANTES 

dimer bound to duffy antigen receptor complex (DARC). 

RANTES was observed predominantly in tetrameric form (figures 4.2,4.4 4.5 4.6 and 

4.7). It was proposed that the tetramer may have been non-covalently bound to a GAG, 

and that the denaturing of the samples abolishes the GAG-RANTES interaction with the 

subsequent release of the tetramer. One suggestion was that dithiothreitol (DTT), a 

reagent which reduces disulfides, may have caused this denaturing during recovery of 

the immunoprecipitated proteins. Therefore, the recovery was performed in the absence 

and presence of DTT, with boiling at 95 °C for 5 minutes used as an alternative to DTT 

for the release of the RANTES from the agarose beads following immunoprecipitation. 
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Figure 4.9. The effect of DTT on the form of RANTES. HLMVECs were grown in collagen IV 
coated 6-well plates in the absence and presence of sodium chlorate (30 mM) and incubated for 24 
hours in the presence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml). Lysates were freeze-dried from 
500 µl, reconstituted in 40 pl lx sample buffer, immunoprecipitated for human RANTES in the 
absence of DTT with boiling at 95 °C for 5 minutes or in the presence of DTT (100 µM) for 30 
minutes, analysed by SDS-PAGE on a 4-15 % gradient polyacrylamide gel and stained for 
RANTES. M: molecular weight markers. Lanes 1-4 show HLMVEC lysates of cells grown in the 
presence of IFN-y (100 U/ml plus TNF-a (10 ng/ml) and Lane 1: 30 mM sodium chlorate and 
immunoprecipitation in the absence of DTT, lane 2: 30 mM sodium chlorate with 
immunoprecipitation in the presence DTT, lane 3: immunoprecipitation in the absence of DTT, 
lane 4: immunoprecipitation in the presence of DTT. Representative of two independent 
experiments. 

In the presence of sodium chlorate (30 mM, figure 4.9, lanes 1- 2) the high MW 

RANTES complexes observed following HLMVEC stimulation with IFN-y (100 U/ml) 

plus TNF-a (10 ng/ml) for 1 day (MW 73-74 KDa and 116 KDa, lanes 3 and 4) were 

both abolished. Again, the results (lanes 3 and 4) suggest that RANTES was bound to a 

protein or a proteoglycan on the endothelial cell surface, which was not synthesised in 

the presence of sodium chlorate (lanes 1 and 2). The 30.3 KDa post-translational 

proteolytically processed form of RANTES was observed in the presence (lanes 1 and 

2), but not the absence (lanes 3 and 4) of sodium chlorate, indicating that the inhibition 

of GAG synthesis by sodium chlorate also leads to a reduced protective effect against 

proteolytic degradation. In addition, the presence of DTT (lane 4) had no effect on the 

form of RANTES recovered compared to the absence of DTT (lane 3) which was found 

to be predominantly tetrameric. 
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Subsequent experiments investigated the concentration of RANTES synthesised by 

HLMVECs in response to CuCl2, as measured by ELISA. HLMVECs were cultured as 
described in Section 4.3.2. 
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Figure 4.10. RANTES released into supernatants in response to CuC12. RANTES was measured in 
supernatants (1500 µl) from HLMVECs grown on collagen IV coated 6-well plates and incubated 
for 24 hours with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and a further 24 hours with CuC12 (12.5 

- 200 µM). RANTES was quantified by ELISA. Results are represented as mean ± SEM (* p<0.05, 
** p<0.01 compared to the no Cu control, n= 4), data were compared using a 1-way ANOVA 
followed by a Dunnett's post-hoc test. 

The addition of CuC12 in the range 12.5 - 25 µM resulted in a significant dose- 

dependent increase in RANTES synthesis and release into the HLMVEC supernatant as 

detected by ELISA (figure 4.10). The greatest increase (p < 0.01) in RANTES release 

was detected in the presence of 25 µM CuC12 (3189.8 + 124.4 pg/ml) compared to the 

no CuC12 control (2508.3 + 58.1). The effect was biphasic with another significant dose- 

dependent increase (p < 0.05) in RANTES synthesis and release in the presence of 200 

µM CuC12 (2993.6 ± 35.8 pg/ml). 

The concentration of RANTES in HLMVEC lysates was also measured by ELISA 

(figure 4.11). 
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Figure 4.11. RANTES synthesis by HLMVECs in response to CuCl2. RANTES was measured in 
lysates (500 µl) from HLMVECs were grown on collagen IV coated 6-well plates and incubated for 
24 hours with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and a further 24 hours with CuCI2 (12.5 - 
200 µM) for 1 day. Values are adjusted for relative volumes (i. e. 500/1500 µl) for comparison with 
the amount of RANTES measured in supernatants. Results are represented as mean ± SEM (n =3- 
4), data were compared using a 1-way ANOVA followed by a Dunnett's post-hoc test. 

The addition of CuC12 in the range 12.5 - 25 µM resulted in a dose-dependent increase 

in RANTES synthesis as detected by ELISA. A non-significant increase in RANTES 

was detected in the lysates (figure 4.11) at 25 µM CuC12 (709.2 + 168.6 pg/ml) 

compared to the no CuC12 control (369.9 ± 95). At 50 µM CuC12 the RANTES 

concentration fell to 220.1 + 41.4 pg/ml), with another dose-dependent increase in 

RANTES synthesis and release from 50 - 200 µM CuCl2 to levels not significantly 

different to the control. The levels of RANTES detected in the lysates (figure 4.11) 

were lower than those detected in the supernatants (figure 4.10). RANTES was detected 

at 369.9 + 95 pg/ml in the HLMVEC lysate control (0 µM CuCl2,500 µl) compared to 

2508.3 + 58.1 pg/ml in the HLMVEC supernatant control (0 µM CuCl2,1500 µl). The 

result suggests that under the incubation conditions more RANTES is released into the 

supernatant than is bound to the endothelial cell surface. 

Subsequently, the effect of H202 together with 50 µM CuC12 on the concentration of 

RANTES in HLMVEC supernatants and lysates was investigated. 
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Figure 4.12. RANTES released into supernatants in the presence of CuCI2 plus H202. RANTES was 
measured in supernatants from HLMVECs grown on collagen IV coated 6-well plates and 
incubated for 24 hours with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and a further 24 hours with 
the addition of CuCl2 (50 µM) Plus H202 (50 - 400 µM). The experiment was carried out in the 
absence (Q) and in the presence (L of sodium chlorate (30 mM). RANTES was quantified by 
ELISA. Results are represented as mean ± SEM (n = 3), data were compared using a 2-way 
ANOVA followed by a Tukey's post-hoc test. 

As seen in these experiments (figure 4.12) 50 µM CuC12 had no effect on RANTES 

levels in supernatants as previously shown (figure 4.10). Additionally, there was no 

significant difference in RANTES release into HLMVEC supernatants following 

treatment with 50 - 400 µM H202 in the presence of 50 µM CuCl2 compared to the 

control (EGM-2MV growth medium). The addition of sodium chlorate also had no 

effect, which was unexpected. 

To confirm an effect of chlorate on GAG synthesis under these conditions, the effect of 

CuC12 plus H202 on lipid peroxidation was investigated. HLMVECs were grown as 

before, in collagen IV coated 6-well plates and incubated in the presence of IFN-y (100 

U/ml) plus TNF-a (10 ng/ml) to stimulate RANTES synthesis, in the presence of 50 µM 

CuC12 plus 50 - 400 µM H202 and in the absence and presence of sodium chlorate. Cell 

lysates were analysed for lipid peroxides using a quantitative FOX-2 assay kit. 
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Figure 4.13. Lipid peroxides measured in lysates in the presence of CuCI2 Plus HZO2. HLMVECs 
were grown in collagen IV coated 6-well plates and incubated for 24 hours with IFN-y (100 U/ml) 
plus TNF-a (10 ng/ml) and a further 24 hours with the addition of CuCI2 (50 µM) plus H202 (50 - 
400 µM) in the absence ([-ý) and in the presence of sodium chlorate (30 mM) (s). Lipid peroxides 
were quantified by FOX-2 assay. Results are represented as mean ± SEM (*** p<0.001 and ** p< 
0.01 (2-way ANOVA, Tukey's post-hoc test), n= 4). 

There was no significant difference in lipid peroxide measured in HLMVEC 

supernatants following treatment with 50 - 400 µM H202 in the presence of 50 µM 

CuC12 compared to the control (EGM-2MV growth medium) either in the presence or 

absence of sodium chlorate (figure 4.13). However, in the presence of sodium chlorate 

(30 mM), there was a significant increase in lipid peroxides under all conditions tested. 

The maximum increase in lipid peroxides occurred in the EGM-2MV control group 

(increase from 238.7 + 58.6 µM in the absence of sodium chlorate to 1037.2 + 101.3 

µM in the presence of sodium chlorate, p<0.001). 

4.5.2. Platelets 

Initial experiments quantified RANTES release by thrombin-stimulated normal platelets 

using ELISA. Platelets were isolated and incubated as described in Section 4.3.4. 
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Figure 4.14. RANTES release by thrombin-activated platelets. RANTES was measured in 
supernatants (250 µl) from isolated platelets diluted to 107/ml (Q), 5x 107/mI (Q) and 108/ml (Q) 
and incubated in an uncoated 24-well plate for 1 hour with 0.5 -2 U/ml thrombin. Results are 
represented as mean ± SEM (2-way ANOVA, Tukey's post-hoc test, n= 5). 

An increase in RANTES release into supernatants was observed with increasing 

concentrations of thrombin (figure 4.14). Concentrations were significantly higher than 

unstimulated control values at 2 U/ml at platelet concentrations 107 (increase from 

200.3 + 47.5 to 330.3 + 110.6), 5x 107 (increase from 276.7 + 139.1 to 422.9 ± 361.1 

pg/ml (p < 0.05)) and 108/ml (increase from 306.1 ± 236.3 to 489 + 357.9 pg/ml (p < 

0.01)). The increase in RANTES release in response to thrombin therefore appears to be 

dose-dependent. There was no significant increase in RANTES concentration as the 

platelet concentration was increased from 107 through to 108/ml at all concentrations of 

thrombin. The data suggests that RANTES is released spontaneously from platelets and 

in response to thrombin, but that there is a limiting factor at high cell density. 

To determine the form of platelet-derived RANTES, isolated platelets were suspended 

at 108/ml and cultured in an uncoated 6-well plate for 1 hour in the presence of 

thrombin (1 U/ml). For comparison, HLMVECs were grown on collagen IV coated 6- 

well plates and incubated in the presence and absence of thrombin. The form of 

RANTES in platelet supernatants was analysed by SDS-PAGE on a 14 % 

polyacrylamide gel and Western blotting. 
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Figure 4.15. Platelet-derived RANTES. Platelets (108/ml) were incubated in a 6-well plate (lanes I 
and 2) for 1 hour in the presence and absence of IFN-y (100 U/ml) plus TNF-a (10 ng/ml) and in the 
presence of thrombin (1 U/ml). Supernatants were freeze-dried from 1500 µl, reconstituted in 40 pl 
lx sample buffer, analysed by SDS-PAGE on a 14 % polyacrylamide gel and stained for RANTES. 
M: molecular weight markers. Lane 1: isolated platelets in the presence of thrombin and lane 2: 
isolated platelets in the presence of IFN-y plus TNF-a and thrombin. Representative of two 
independent experiments. 

In the presence of thrombin (1 U/ml), platelet-derived RANTES was monomeric (figure 

4.15, lane 1). IFN-y (100 U/ml) plus TNF-a (10 ng/ml) had no effect on the form of 

RANTES released by thrombin stimulated platelets (lane 2), which remained 

monomeric. The results indicate that platelets release monomeric RANTES following 

stimulation with thrombin (1 U/ml), (figure 4.15). 

Whilst platelet and HLMVEC-derived RANTES has separately been determined by 

ELISA, the extent of RANTES release when platelets and HLMVECs are cocultured 

together was not known. To investigate the contribution of each, HLMVECs and 

platelets were cultured alone and together in the presence and absence of IFN--y (100 

U/ml) plus TNF-a (10 ng/ml) and thrombin (1 U/ml). RANTES was quantified by 

ELISA in both supernatants and cell lysates, which were prepared as previously 

described (Section 4.3.5). 
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Figure 4.16. HLMVEC and platelet-derived RANTES release in supernatants from co-cultures. 
RANTES was measured in supernatants from isolated platelets (108/ml) and HLMVECs co- 
cultured in collagen IV coated 6-well plates. HLMVECs were incubated for 1 day in the presence 
and absence of IFN-y (100 U/ml), TNF-a (10 ng/ml) and following incubation, platelets and 
thrombin (1 U/ml) were added to the wells for 1 hour. Supernatants (1500 µl) were analysed by 
ELISA. EC: endothelial cells, P: platelets (108/ml). Results are represented as mean ± SEM (*** p< 
0.001, ** p< 0.01 compared to EC control). Data was compared using a 1-way ANOVA and Tukey's 
post-hoc test, n= 5). 

HLMVEC activation with IFN-y plus TNF-a significantly (p < 0.01) increased 

RANTES release into supernatants in the absence of platelets (from 18.7 + 8.4 in the 

control (endothelial cells only) to 694.4 + 264.5 pg/well. Reduced levels of RANTES in 

the presence of platelets and activated HLMVECs suggests either that the platelets are 

binding RANTES synthesised by the endothelial cells, or that the addition of platelets 

results in increased binding of RANTES to the endothelium thus removing it from the 

supernatant. 

213 



RANTES was also measured in HLMVEC lysates. 
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Figure 4.17. HLMVEC and platelet-derived RANTES in lysates from co-cultures. RANTES was 
measured in lysates (500 µl) from isolated platelets (108/ml) and HLMVECs co-cultured in a 
collagen IV coated 6-well plate. HLMVECs were incubated for 1 day in the presence and absence of 
IFN-7 (100 U/ml), TNF-a (10 ng/ml). Following incubation, platelets and thrombin (1 U/ml) were 
added to the wells for 1 hour. Values are adjusted for relative volumes (i. e. 500/1500 µl) for 
comparison with the amount of RANTES measured in supernatants. Lysates were analysed by 
RANTES ELISA. EC: endothelial cells, P: platelets (108/m1). Results are represented as mean ± 
SEM (** p<0.01). Data was compared using a 1-way ANOVA and Tukey's post-hoc test, n= 3). 

Treatment with IFN--y plus TNF-a increased RANTES in HLMVEC lysates in the 

presence and absence of platelets but the effect was not significant compared to 

HLMVECs alone as a control (figure 4.17). The presence of unactivated platelets also 
did not significantly increase the amount of RANTES in the activated endothelium. 

However, the addition of thrombin activated platelets to HLMVECs activated with IFN- 

y plus TNF-a results in a significant increase in endothelial RANTES (from 238.3 ± 

105.1 to 1035.8 ± 168.5 pg/well (p < 0.01) indicating a requirement for thrombin 

activated platelets for RANTES binding to the activated endothelium. 

The results indicate that in both the supernatants and lysates, RANTES is measured at 

the highest concentrations in the presence of activated HLMVECs and platelets. In 

addition, under these conditions there appears to be more RANTES bound to the 

endothelium than free in the supernatant (1035.8 ± 168.5 pg/well bound compared to 

753.6 ± 213.7 pg/well free in the supernatant). 
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4.5.3. T-cells 

In order to quantify RANTES release by T-cells, T-cells were isolated, activated with 
PHA and IL-2 as described in Section 4.3.3.2 and cultured in a 24-well uncoated plate 

at 1x 106/ml, 5x 106/ml and 1x 107/ml in the absence and presence of IFN-y (100 
U/ml) plus TNF-a (10 ng/ml) for 4 hours -2 days. Supernatants were harvested and 

analysed by RANTES ELISA. 
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Figure 4.18. RANTES released into T-cell supernatants. T-cells (2 x 106/ml) were cultured in a 24- 

well uncoated plate (250 µl/well) following incubation with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) 
for 4 hours C]), 1 day ) and 2 days C). Results are represented as mean ± SEM, n=3. 
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Figure 4.19. RANTES released into T-cell supernatants. T-cells (5 x 106/ml) were cultured in a 24- 
well uncoated plate (250 µl/well) following incubation with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) 
for 4 hours (E]), 1 day ) and 2 days C). Results are represented as mean ± SEM, n=3. 
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Figure 4.20. RANTES released into T-cell supernatants. T-cells (1 x 107/ml) were cultured in a 24- 

well uncoated plate (250 pl/well) following incubation with IFN-y (100 U/ml) plus TNF-u (10 ng/ml) 
for 4 hours ([: ]), I day ) and 2 days Cj). Results are represented as mean ± SEM, n=3. 
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There was no significant effect of IFN-y (100 U/ml) plus TNF-u (10 ng/ml) stimulation 
and no significant time-dependent increase in RANTES release at any T-cell density 
(figures 4.18-4.20). 

4.5.4. T-cell migration assays 

The activity of RANTES multimers in assays of T-cell migration was initially 
determined using Boyden chambers. The optimum assay incubation time and RANTES 

concentration was established by adding fresh recombinant RANTES (in the absence of 
CuC12 and H202) to the lower wells, activated T-cells to the upper wells and incubating 

for 1-4 hours at 37 °C. 
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Figure 4.21. The timecourse and dose-response curve for RANTES-induced T-cell migration in 
Boyden Chambers. The response of T-cells to recombinant human RANTES (1.25 - 500 ng/ml (1.56 
x 10"10 M-6.25 x 10-8 M)) in HBSS + 20 mM HEPES, pH 7.4 was investigated. T-cells were 
activated for 2 days with PHA (1 µg/ml) and 3 days with IL-2 (200 U/ml) and added to the upper 
wells of a Boyden chamber (2 x 106/ml in HBSS + 20 mM HEPES, pH 7.4). Recombinant RANTES 
was added to the lower wells, and the chambers were incubated for 1(U), 2 (0), 3 (0) and 4 (®) 
hours. Results are represented as the mean number of cells/hpf. Results are from a single 
experiment. 

Figure 4.21 shows that maximum T-cell migration occurred following 2 hours 

incubation and in response to a concentration of 125 ng/ml (1.56 x 10-8 M) RANTES 

(47.2 cells/hpf). RANTES stimulated a maximum increase in T-cell migration from 12 

(spontaneous migration) to 47.2 T-cells/hpf following 2 hours incubation, indicating the 

most appropriate RANTES concentration and time for sensitive assay of RANTES- 

induced T-cell migration in Boyden chambers. After 3-4 hours, T-cells had begun to 

die, confirmed by the uptake of Trypan blue by T-cells from the lower chambers 
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analysed by cytospin (data not shown). This reflects the lower numbers of migrated 
cells at these timepoints. 

Migration of T-cells over 2 hours was measured using multiple T-cell donors and due to 
donor variability, the results normalised to the response observed for 125 ng/ml 
RANTES which was designated as 100 % response. 
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Figure 4.22. RANTES-induced T-cell migration. The response of T-cells to recombinant human 
RANTES (15 - 500 ng/ml (1.88 x 10-9 M-6.25 x 10"8 M)) in HBSS + 20 mM HEPES, pH 7.4 was 
measured. T-cells were activated as before and added to the upper wells of a Boyden chamber. 
Recombinant RANTES was added to the lower wells and the chamber was incubated for 2 hours. 
Following incubation, migrated cells were stained and counted as before. Results are presented as 
the mean number of cells/hpf. The results were normalised to the maximum migration at 125 ng/ml 
(151.3 ± 43.8 T-cells/hpf, ) which was designated as 100 %. Results represent mean ± SEM, and were 
compared using a 1-way ANOVA and Dunnett's post-hoc test (control =0 ng/ml RANTES, *p < 
0.05, ** p<0.01 compared to the no RANTES control, n= 6). 

Maximum migration occurred at 125 ng/ml RANTES (151.3 ± 43.8 T-cells/hpf, 100 

p<0.01), compared to the control (14.5 ± 3.1 %, figure 4.22). 

The activity of RANTES multimers in T-cell migration assays was then investigated. 

Recombinant RANTES was incubated for 2 days in the presence and absence of CuC12 

(50 µM) and H202 (25 µM) (as described in Chapter 2, Section 2.3.1) to induce 

RANTES multimerisation, diluted to 125 ng/ml (1.56 x 10-1 M), and used in a T-cell 

migration assay. 
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Figure 4.23. T-cell migration induced by RANTES multimerised in the presence of CuCI2 Plus 
H202. The response of T-cells to recombinant human RANTES (125 ng/ml (1.56 x 10-8 M) was 
measured in the presence of CuC12 and H202. RANTES (5 x 10-7 M in PBS -Caz+/Mg2) was 
incubated for 2 days in the presence and absence of 50 pM CuC12 and 25 pM H202 and diluted to 
125 ng/ml in RPMI/0.1 % (w/v) BSA. T-cells were activated as before and added to the upper wells 
of a Boyden chamber. RANTES multimers were added to the lower wells and the chamber was 
incubated for 2 hours. Following incubation, migrated cells were stained and counted as before. 
Results are presented as mean number of cells/hpf. The results were normalised to the positive 
control (fresh/unincubated RANTES at 125 ng/ml (150.8 ± 39.4 T-cells/hpf) which was designated 

as 100 %. Results represent mean ± SEM, and data was compared using a 1-way ANOVA and 
Tukey's post-Iioc test (*** p<0.001 compared to the RPMI/BSA control, n= 5). 

RANTES multimers generated in the presence of CuC12 and H202 over 2 days were 

shown to be chemotactically active, inducing 100 % migration compared to the 

RPMI/0.1 % (w/v) BSA control (19.3 + 6.7 % migration, p<0.001). RANTES 

multimers were chemotactically as active (100 + 19.9 %) as the fresh un-incubated 

RANTES control (100 %, figure 4.23). There was no observed difference between the 

chemoattractant activity of fresh un-incubated RANTES (100 % migration) and 

incubated RANTES in the absence of CuC12 and H202 (96.8 + 36 % migration). In 

addition, CuC12 and H202 alone neither induced nor attenuated T-cell migration 

compared to the RPMI/0.1 % BSA control (22.2 + 7.5 % migration). 
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Although Thl and Th2 T-cells both signal through CCR1 in response to RANTES, 
RANTES recruits Thl T-cells through CCR5 and Th2 T-cells through CCR3 receptors. 
In addition, CD8+ cytotoxic T-cells also express CCR-1 and CCR-3, and CCR-1 and 
CCR-5 receptors on Tc type-1 and Tc type-2 cytotoxic T-cells respectively 
(D'Ambrosio et al, 1998; Sallusto et al, 1998a). To determine which T-cells responded 
to RANTES, it was necessary to determine which receptors were involved. T-cell 

migration experiments were therefore conducted in the absence and presence of 100 

µg/ml anti-CCR3 and anti CCR5 antibodies. Antibodies were added to both to the upper 

and lower wells 30 minutes prior to transmigration experiments. Initially, T-cell 

responses to fresh, un-incubated RANTES were investigated in the absence and 

presence of anti-CCR3 or anti-CCR5 antibodies. 
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Figure 4.24. The effect of CCR3 and CCR5 neutralising antibodies on RANTES-induced T-cell 
migration. The response of T-cells to fresh recombinant human RANTES (0) (125 ng/ml (1.56 x 10- 
8 M) was measured in the presence of 100 pg/ml anti-CCR3 (Q) and anti-CCR5 (®) antibodies. T- 
cells were activated as before and incubated for 30 minutes with anti-CCR3 or anti-CCR5 
antibodies before they were added to the upper wells of a Boyden chamber. RANTES was 
incubated for 30 minutes with anti-CCR3/5 antibodies before adding to the lower wells and the 
chamber was incubated for 2 hours. Following incubation, migrated cells were stained and counted 
as before. Results are presented as the mean number of cells/hpf. Results are the mean of two 
independent experiments. 

Maximum T-cell migration occurred, as before, in response to 125 ng/ml RANTES 

(134 T-cells/hpf, figure 4.24). The addition of anti-CCR3 antibody (100 µg/ml) resulted 

in a 50.1 % reduction in T-cell migration (reduction from 134 to 66.8 T-cells/hpf). 

Similarly, the addition of anti-CCR5 antibody (100 µg/ml) resulted in a 56.5 % 

reduction in T-cell migration (reduction from 134 to 58.3 T-cells/hpf). The results 
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suggest that both CCR3 (CD4+, Th2 and CD8+ Tc2) and CCR5 bearing T-cells (CD4+ 
Thl, and CD8+ Tcl) may be involved in the response to fresh/unincubated RANTES 
(125 ng/ml). The results also show that there was an equal response of T-cells 

expressing either CCR3 or CCR5 receptors. 

Figure 4.25 shows the effect of anti-CCR3 and anti-CCR5 antibodies on the responses 

of T-cells from different donors to fresh, unincubated RANTES at an optimum 
concentration, and also compares the effect of isotype control antibodies. 
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Figure 4.25. The effect of CCR3 and CCR5 neutralising antibodies on RANTES-induced T-cell 
migration. The response of T-cells to fresh recombinant human RANTES (125 ng/ml (1.56 x 10-8 M) 
was measured in the absence and presence of 100 gg/ml anti-CCR3, anti-CCR5, rat IgG2a isotype 
control and mouse IgG2b isotype control antibodies. T-cells were activated as before and incubated 
for 30 minutes with anti-CCR3, anti-CCR5 (n = 4) or isotype control antibodies (n = 2) before they 
were added to the upper wells of a Boyden chamber. RANTES was incubated for 30 minutes with 
anti-CCR3, anti-CCR5 or isotype control antibodies before adding to the lower wells and the 
chamber was incubated for 2 hours. Following incubation, migrated cells were stained and counted 
as before. Results are represented as the mean number of cells/hpf. Results are presented as mean ± 
SEM, and were compared using a 1-way ANOVA and Tukey's post-hoc test (* p<0.05 compared to 
RANTES control, n= 4). 

A concentration of 125 ng/ml RANTES induced a T-cell response of 130.2 t 38.5 

cells/hpf (figure 4.25). The addition of anti-CCR3 (100 µg/ml) caused a 56.3 + 4.2 % 

reduction in T-cell migration to 60.4 f 21.6 T-cells/hpf (p < 0.05). The cells that did not 

migrate were attributed to CCR3 bearing T-cells. The addition of anti-CCR5 (100 

µg/ml) caused a 53.3 + 3.3 % reduction in T-cell migration to 58.7 + 15.6 T-cells/hpf (p 

< 0.05) and the T-cells that did not migrate can be attributed to CCR5 bearing T-cells. 
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Since the isotype controls had no effect on T-cell migration, the results suggest that two 
T-cell populations are responding to fresh RANTES through CCR3 and CCRS 

receptors. 

To determine whether RANTES multimers stimulate a response through CCR3 or 
CCR5 bearing T-cells, RANTES multimers were generated in the presence of CuC12 (50 

µM) and H202 (25 µM), and used in T-cell migration assays in the absence and presence 

of anti-CCR3 and anti-CCR5 antibodies. 
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Figure 4.26. The effect of CCR3 and CCR5 neutralising antibodies on RANTES multimer-induced 
T-cell migration. The response of T-cells to RANTES multimers (0) (125 ng/ml (1.56 x 10-8 M) was 
measured in the presence of 100 µg/ml anti-CCR3 (Q) and anti-CCR5 (®) antibodies. T-cells were 
activated as before and incubated for 30 minutes with anti-CCR3 and anti-CCR5 antibodies before 
they were added to the upper wells of a Boyden chamber. RANTES multimers were generated by 2 
day incubation in the presence of 50 pM CuC12 and 25 pM H202 and incubated for 30 minutes with 
anti-CCR3 and anti-CCRS antibodies before adding to the lower wells and the chamber was 
incubated for 2 hours. Following incubation, migrated cells were stained and counted as before. 
Results are presented as the mean number of cells/hpf. Results represent the mean of two 
independent experiments. 

Maximum T-cell migration occurred, as before, in response to 125 ng/ml RANTES 

multimers (78.9 T-cells/hpf, figure 4.26). The addition of anti-CCR3 antibody (100 

µg/ml) resulted in a 58.4 % reduction in T-cell migration to 32.8 T-cells/hpf. Similarly, 

the addition of anti-CCR5 antibody (100 µg/ml) resulted in a 64 % reduction in T-cell 

222 

0 15.625 31.25 62.5 125 250 



migration to 28.4 T-cells/hpf. The results suggest that T-cells are responding to 
RANTES multimers (125 ng/ml) through both CCR3 and CCR5 receptors. 

Figure 4.27 shows the effect of anti-CCR3 and anti-CCR5 antibodies on the response of 
T-cells from different donors to RANTES multimers, and compares the effect of isotype 

control antibodies. 
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Figure 4.27. The effect of CCR3 and CCR5 neutralising antibodies on RANTES multimer-induced 
T-cell migration The response of T-cells to RANTES multimers (125 ng/ml (1.56 x 10-8 M) was 
measured in the presence of 100 µg/ml anti-CCR3, anti-CCR5, rat IgG2a isotype control and mouse 
IgG2b isotype control antibodies. T-cells were activated as before and incubated for 30 minutes 
with anti-CCR3/5 or isotype control antibodies before they were added to the upper wells of a 
Boyden chamber. RANTES multimers were generated by 2 day incubation in the presence of 50 
µM CuCI2 and 25 pM H202 and incubated for 30 minutes with anti-CCR3, anti-CCR5 (n = 4) or 
isotype control antibodies (n = 2) before adding to the lower wells and the chamber was incubated 
for 2 hours. Following incubation, migrated cells were stained and counted as before. Results are 
presented as the mean number of cells/hpf. Results represent mean ± SEM, and were compared 
using a 1-way ANOVA and Tukey's post-hoc test (** p<0.01 compared to RANTES control, n= 4). 

A concentration of 125 ng/ml RANTES caused a T-cell response of 90.8 + 21.5 

cells/hpf (figure 4.27). The addition of anti-CCR3 (100 µg/ml) caused a 66.3 + 5.5 % 

reduction in T-cell migration to 32.9 ± 11.1 T-cells/hpf (p < 0.01). The cells that did not 

migrate were attributed to CCR3 bearing T-cells. The addition of anti-CCR5 (100 

µg/ml) caused a 70.6 ± 7.04 % reduction in T-cell migration to 30.6 + 12.4 T-cells/hpf 

(p < 0.01). The cells that did not migrate were attributed to CCR5 bearing T-cells. Since 

the isotype controls had no effect on T-cell migration, the results suggest that T-cells are 

responding to RANTES multimers through both CCR3 and CCR5 receptors. 
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4.5.5. RANTES-induced T-cell transendothelial migration. 

It has been shown by others that RANTES has a minimal tetrameric quaternary 

structure for cell attractant activity in vivo and that both the monomeric and dimeric 

forms of RANTES are devoid of chemotactic activity in vivo (Czaplewski et al, 1999; 

Proudfoot et al, 2003). Since it appears that CuC12 is important for RANTES multimer 
formation in vitro, it is possible that copper is required under physiological conditions 
for T-cell recruitment and accumulation during inflammation. 

The effect of copper chelators on T-cell migration in response to RANTES was 
investigated in transendothelial migration (TEM) assays, a physiological model of the 

vascular endothelium. HLMVECs were seeded and grown on polyethylene 

terephthalate (PET) 3 µm uncoated Transwell culture inserts for 2 weeks. After 2 weeks 

the cells were confluent. 
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Figure 4.28A and B. 

A: HLMVECs grown on polyethylene terephthalate (PET) 3 µm uncoated Transwell culture 
inserts, stained with Hema-Gurr stain and photographed after 2 weeks at x200 magnification on a 
light microscope. 

B: HLMVECs grown on polyethylene terephthalate (PET) 3 µm uncoated Transwell culture 
inserts, stained with Hema-Gurr stain and photographed after 2 weeks at x400 magnification on a 
light microscope. 

Figure 4.28A shows confluent HLMVECs grown for 2 weeks on PET 3 µm uncoated 

Transwell culture inserts at x200 magnification. Figure 4.28B shows the same cells at 

x400 magnification. The photographs show that the cells were confluent after 2 weeks 

of culture, and ready to use in a transmigration assay. 

Air 
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Initially, to find the best endothelial model, HLMVECs were seeded and grown for 2 

weeks on both fibronectin coated and uncoated 3µm PET membranes. The T-cell 

response to both endogenous RANTES synthesised by IFN-y plus TNF-a activated 
endothelium and exogenously added recombinant RANTES was investigated. 
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Figure 4.29. Transendothelial migration of activated T-cells in response to endogenous RANTES 
and recombinant RANTES. HLMVECs were grown on uncoated (M) and fibronectin coated 1) 3 
µm PET membranes for 2 weeks. To induce endogenous RANTES synthesis, HLMVECs were 
stimulated with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) 1 day before the transendothelial 
migration assay. Recombinant RANTES was added to the medium in the basal wells (800 µl) 30 
minutes before the assay. Activated T-cells (2 x 106/ml) were added to the apical wells (300 µl), and 
plates were incubated for 5 hours. Following incubation, migrated cells were removed and counted 
using a haemocytometer. Results are represented as mean ± SEM, n=3. Data was compared using 
a 1-way ANOVA and Dunnett's post-hoc test (control = RPMU10 % FCS, ** p<0.01). 

Endogenous RANTES synthesised by endothelial cells in response to IFN-'y (100 U/ml) 

and TNF-a (10 ng/ml) did not induce significant T-cell migration (figure 4.29), despite 

the evidence that IFN-y plus TNF-a induces HLMVEC RANTES synthesis (Section 

4.5.1, figures 4.1,4.16 and 4.17. ) The addition of recombinant RANTES (125 ng/ml) 

below the endothelial monolayer induced a significant increase in T-cell migration 

across endothelium grown on uncoated 3 µm PET membranes compared to the 

RPMI/10 % FCS control (increase from 7.2 + 3.9 % to 20.1 + 5.5 % of the total T-cells 

added at the start of the assay, p<0.01). There was no significant migration across 

225 

Control (RPMI / 10 % FCS) IFN (100 U/ml) /TNF (10 ng/ml) RANTES (125 ng/ml (1.56 x 
10E-8 M)) 



endothelial monolayers grown on fibronectin coated 3 µm PET membranes in response 
to recombinant RANTES. 

Platelets added to the lower well were activated with 1 U/ml thrombin, which had 

previously been shown to induce significant RANTES release (Section 4.5.2, figure 
4.16). Platelets with 1 U/ml thrombin were added to either apical or basal wells, 30 

minutes before the TEM assay. 
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Figure 4.30. Transendothelial migration of activated T-cells in response to endogenous RANTES 
and platelet derived RANTES. HLMVECs were grown on uncoated 3 µm PET membranes for 2 

weeks. To induce endogenous RANTES synthesis, where indicated, HLMVECs were stimulated 
with IFN-y (100 U/ml) plus TNF-a (10 ng/ml) 1 day before the transendothelial migration assay. 
Isolated platelets (108/ml) were activated with 1 U/ml thrombin and then immediately added to the 
basal wells (800 µl) 30 minutes before the assay. Activated T-cells (2 x 106/ml) were added to the 
apical wells (300 µl), and plates were incubated for 5 hours. Following incubation, migrated cells 
were removed and counted using a haemocytometer. Anti-RANTES (10 µg/ml) was added to T-cells 

and basal wells at the start of the assay. Results are represented as mean f SEM, n=3. Data was 
compared using a 1-way ANOVA and Tukey's post-hoc test, *p<0.05, ** p<0.01 and *** p< 
0.001. 

The addition of anti-RANTES antibody caused a significant (p < 0.05) reduction in 

spontaneous T-cell migration in the control from 9.56 + 2.2 % to 2.2 + 0.6 % which 

indicated constitutive RANTES expression. In response to IFN--y plus TNF-a stimulated 

RANTES synthesis, T-cell migration was not significantly increased, as also seen in 

figure 4.29. However, the anti-RANTES antibody significantly (p < 0.05) reduced 
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migration from 16 + 4.5 % to 6.1 ±1%, which was not significantly different from the 
control value (figure 4.30). 

Platelets in the lower wells activated with 1 U/ml thrombin induced a significant (p < 
0.01) increase in T-cell migration (24.4 + 2.2 %) compared to the RPMI/10 % FCS 

control (9.56 ± 2.2 %). However, activated platelets added apically significantly 
inhibited T-cell migration when compared to the RPMI/10 % FCS control (1.2 ± 0.5 %, 

p<0.05). T-cell migration in response to activated platelets added basally was reduced 
significantly (p < 0.01) from 24.4 ± 2.2 % to 10.7 ± 1.4 % by the anti-RANTES 

antibody and T-cell migration was 66.1 ± 8.1 % RANTES dependent. 

Since anti-RANTES blocks T-cell migration, the results indicate that endothelial cells 

synthesise low levels of RANTES in the absence of IFN-y plus TNF-a inducing low 

levels of T-cell migration and that endothelial activation with IFN--y plus TNF-a results 
in the endothelial synthesis of RANTES which contributes non-significantly to 

enhanced T-cell migration. In addition, the results show that activated platelets added 
basally release the chemokine RANTES and contribute significantly to T-cell migration 
in the absence of added IFN-y plus TNF-a in this in vitro model of the lung 

microvascular endothelium. 

It has been reported that RANTES binds preferentially to endothelial cells activated by 

IFN-y plus TNF-a (von Hundelshausen et al, 2001) and it was speculated that these 

cytokines may be released by T-cells, platelets and HLMVECs in vitro which would 

promote the binding of platelet-derived RANTES to the endothelium. It has previously 
been reported that TNF-a is stored by platelets (Muylle et al, 1993) and both IFN-'y and 

TNF-a are released by naive CD45RA+ T-cells, CD4+ memory Thl type T-cells and at 

low levels by Th2 type T-cells (Conlon et al, 1995; Mosmann & Coffman, 1989; 

Tsicopoulos et al, 1992). Therefore, IFN-y and TNF-a were measured in apical 

supernatants from experiments in which T-cell transmigration was induced by platelets 

in the basal compartment, and in which these cytokines had not been added 

exogenously to activate the endothelium. 
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Figure 4.31. IFN-y and TNF-a detected in apical supernatants from HLMVECs grown on 
Transwell inserts and used in a TEM assay. Isolated platelets (108/ml) were activated with 1 U/ml 
thrombin and added to the basal wells (800 µl) 30 minutes before the assay. Activated T-cells (2 x 
106/ml) were added to the apical wells (300 µl), and plates were incubated for 5 hours. Following 
incubation, apical wells were cleared (2500 g) and cytokines analysed by ELISA. Results are 
expressed as mean ± SEM, n=3. 

Figure 4.31 shows that both IFN--y and TNF-a were released into the supernatants. IFN- 

7 was detected at 3.6 ± 0.3 ng/ml and TNF-a was detected at 2.4 ± 1.1 ng/ml. The 

amount of IFN--y (2 x 107 U/mg) and TNF-a added exogenously to activate HLMVECs 

was 100 U/ml (or 5 pg/ml) and 10 ng/ml respectively. Thus, the amount of endogenous 

IFN-, y detected by ELISA was higher than the amount that was used to induce 

endothelial RANTES release when added in combination with TNF-a. This indicates 

that the concentration of endogenous IFN--y released in the presence of platelets and T- 

cells was sufficiently high to remove the need to add exogenous IFN-'y in the model of 

the endothelium. The amount of endogenous TNF-a detected by ELISA was of the 

same order as that which was used to induce endothelial RANTES release when added 

exogenously (10 ng/ml). Therefore, in subsequent experiments, exogenous IFN-y plus 

TNF-a was not added. 

Platelets are essential for leukocyte recruitment and have been shown to induce T-cell 

migration in the vascular endothelial model when activated with thrombin (1 U/ml) and 

added basally (figure 4.30). Since this was a physiological model, it was used to 

investigate the anti-inflammatory potential of the copper chelators neocuproine (NC), 

bathocuproine disodium salt (BCDS), D-penicillamine (D-pen) and tobramycin (Tob). 

In order to determine whether these copper chelators could attenuate T-cell migration, 

HLMVECs grown on Transwells were exposed to these copper chelators for 24 hours 
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before the TEM assay and T-cell migration was induced by adding activated platelets to 
the basal wells of the plate (figures 4.32 and 4.33). 

45 

40 

35 

30 

c 
2 25 
. 61 I- L- rn 

20 

a) 
V 

15 

10 

5 

0 
Control 0.1 0.25 0.5 0.1 

(RPMV10 % 
FCS) 

NC (mM) 

0.25 

BCDS (mM) 

* 

NC + 
BCDS 
(mM) 

Figure 4.32. The anti-inflammatory activity of the copper chelators, neocuproine (NC (0.1 - 0.5 

mM)) and bathocuproine disodium salt (BCDS (0.1 - 0.5 mM)) in a model of the vascular 
endothelium. Copper chelators were added to both the apical and basal wells 1 day before the 
transendothelial migration (TEM) assay. T-cells (2 x 106/ml) were added to the apical wells (300 µl) 
and T-cell migration was induced by the addition of activated platelets (108/ml +1 U/ml thrombin) 
to the basal wells (800 µl) 30 minutes before the assay. Results are represented as mean ± SEM, n= 
3. Data was compared using a 1-way ANOVA and Dunnett's post-hoc test, *p<0.05, ** p<0.01 
compared to RPMI/10 % FCS control. 

Treatment with NC (0.1 - 0.5 mM) induced a significant (p < 0.05) dose-dependent 

decrease in T-cell migration from a control value of 29.8 ± 8.5 % to 12.1 +5% at 0.25 

mM, and 5.9 + 1.7 at 0.5 mM (p < 0.01), (figure 4.32). Similarly, BCDS (0.1 - 0.5 mM) 

induced a significant (p < 0.05) dose-dependent decrease in T-cell migration from the 

control value to 14.3.1 + 6.4 % at 0.5 mM. 

The addition of 0.25 mM NC and BC together did not result in an additive effect and T- 

cell migration (10.4 + 4.2 %) was not significantly lower than the migration in the 

presence of 0.25 mM NC or BCDS alone. 
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Figure 4.33. The anti-inflammatory activity of the copper chelators, D-penicillamine (D-pen (0.01 - 
0.5 mM)) and tobramycin (Tob (0.01 - 0.5 mM)) in a model of the vascular endothelium. Copper 
chelators were added to both the apical and basal wells I day before the transendothelial migration 
(TEM) assay. T-cells (2 x 106/ml) were added to the apical wells (300 µl) and T-cell migration was 
induced by the addition of activated platelets (108/ml +1 U/ml thrombin) to the basal wells (800 µl) 
30 minutes before the assay. Results are represented as mean ± SEM, n=3. Data was compared 
using a 1-way ANOVA and Dunnett's post-hoc test, *p<0.05, ** p<0.01 compared to RPMI/ 10 
% FCS control. 

Treatment with D-penicillamine (0.01 - 0.5 mM) induced a significant (p < 0.01) dose- 

dependent decrease in T-cell migration from a control value of 53.3 ± 19 % to 12.4 ± 

3.6 % at 0.5 mM (figure 4.33). Similarly, tobramycin (0.01 - 0.5 mM) induced a 

significant (p < 0.05) dose-dependent decrease in T-cell migration from the control 

value to to 25.3±4.3 %at0.1 mMand 15.8±6.5 %at0.5mM(p<0.01). 

The inhibitory effect of the PAI-1 inhibitor, XR5118 (Einholm et al, 2003), a gift from 

Xenova, on T-cell migration was also investigated since inhibition of PAI-1 was 

previously shown to induce shedding of IL-8 and inhibit neutrophil migration (Marshall 

et al, 2003). It was expected that XR5118 would increase plasmin activity and induce 

the shedding of proteoglycan-bound RANTES on the endothelial cell surface, thereby 

inhibiting T-cell migration. XR5118 (1-100 µM) was added to apical and basal wells at 

the start of the TEM assay. 
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Figure 4.34. The anti-inflammatory activity of the PAI-1 inhibitor, XR5118 (1 - 100 µM) in a model 
of the vascular endothelium. XR5118 was added to both the apical and basal wells at the start of the 
transendothelial migration (TEM) assay. T-cells (2 x 106/ml) were added to the apical wells (300 µl) 
and T-cell migration was induced by the addition of activated platelets (108/ml +1 U/ml thrombin) 
to the basal wells (800 µl) 30 minutes before the assay. Results are represented as mean ± SEM, n= 
4. Data was compared using a paired student's t-test, *p<0.05. 

Treatment with the PAI-1 inhibitor, XR5118 (1 - 100 µM) induced a significant (p < 

0.05) dose-dependent decrease in T-cell migration from a control value of 53.3 + 19 % 

to 15 +3% at at 100 µM, figure 4.34. The reduction in T-cell migration at 100 µM 

X5118 was associated with an increase in plasmin activity in the basal supernatants 

from 6.3 + 1.4 in the control to 7.7 + 0.9 µg/ml following treatment with 100 µM 

XR5118 (n = 4, p<0.05). 

The analysis of basal supernatants for lactate dehydrogenase (LDH) enzyme activity 

confirmed that T-cell migration was not attenuated due to the toxicity of copper 

chelators, PAI-1 inhibititor or XR5118 (figures 4.35 - 4.37). 
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Figure 4.35. LDH release measured in basal supernatants (total volume 1400 µl) following 
treatment with NC (0.1 - 0.5 mM), BCDS (0.1 - 0.5 mM) and NC + BCDS (0.25 mM). Results are 
expressed as mean ± SEM, n=3. 

Figure 4.35 shows that there was no significant increase in LDH release after treatment 

with NC, BCDS, or both NC and BCDS together. The result indicates that NC and 

BCDS did not cause toxicity and cell death as a mechanism for the reduction in T-cell 

migration. 

232 

Control 0.1 0.25 0.5 0.1 0.25 



0.14 

0.12 

0.1 

0.08 
0 

0.06 

O 

0.04 

0.02 

0 
Control 0.01 0.1 0.5 

D-pen (mM ) 

0.01 0.1 0.5 

Tob (mM ) 

Figure 4.36. LDH release measured in basal supernatants (total volume 1400 µl) following 
treatment with D-penicillamine (0.01 - 0.5 mM) and tobramycin (0.01 - 0.5 mM). Results are 
expressed as mean ± SEM, n=3. 

Figure 4.36 shows that treatment with D-penicillamine or tobramycin caused no 
increase in LDH release. The result indicates that these copper chelators were not toxic 

to cells, and that cell toxicity did not contribute to the observed reduction in T-cell 

migration following treatment with these copper chelators. 
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Figure 4.37. LDH release measured in basal supernatants (total volume 1400 µl) following 
treatment with the PAI-1 inhibitor, XR5118 (1 - 100 µM). Results are expressed as mean ± SEM, n 
= 3. 

Figure 4.37 shows that treatment with XR5118 did not cause an increase in LDH 

release, and again, the result indicates that XR5118 does not exert its inhibitory effects 

on T-cell migration through cell toxicity and death. 

Since it was established that both copper and H202 are involved in multimer formation 

(Chapters 2 and 3), the involvement of H202 in RANTES induced T-cell migration was 

investigated. Catalase is an endogenous enzyme that catalyses the dismutation of H202 

to 02 and H2O and protects cells from peroxidation and damage induced by free 

radicals. 

HLMVECs were treated with catalase (500 U/ml) at the start of transendothelial 

migration assays. 
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Figure 4.38. The anti-inflammatory activity of catalase (500 U/ml) in a model of the vascular 
endothelium. Catalase (500 U/ml) was added to both the apical and basal wells at the start of the 
transendothelial migration (TEM) assay. T-cells (2 x 106/ml) were added to the apical wells (300 µl) 
and T-cell migration was induced by the addition of activated platelets (108/ml +1 U/ml thrombin) 
to the basal wells (800 µl) 30 minutes before the assay. Results were normalised to the control 
(mean = 24.3 % of total T-cells added, 100 %) and are represented as mean ± SEM, n=3. Data was 
compared using a paired student's t-test, ** p<0.01. 

The addition of catalase (500 U/ml) induced a significant reduction in T-cell migration 

from 100 % to 48.6 ± 3.9 % (p < 0.01, figure 4.38) indicating that H202 may be 

involved in the mechanism of RANTES induced T-cell migration. 
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Figure 4.39. LDH release measured in basal supernatants (total volume 1400 µl) following 
treatment with catalase (500 U/ml). Results are expressed as mean ± SEM, n=3. Data was 
compared using a paired student's t-test, ** p<0.01. 

Figure 4.39 shows that treatment with catalase (500 U/ml) caused a significant increase 

in LDH release. The result indicates that toxicity and cell death may have contributed to 

the reduction in T-cell migration observed following treatment with catalase. However, 

100 % Trypan blue dye exclusion of HLMVECs, platelets and T-cells at the end of the 

transmigration assay indicated that these cells were still viable. 

In order to investigate the mechanism of action of copper chelators, HLMVECs were 

lysed following a transmigration assay, and the cell lysates were analysed by SDS- 

PAGE, Western blotting and staining for RANTES. It was expected that the addition of 

copper chelators and catalase may alter the form of RANTES bound to the endothelium. 
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Figure 4.40. Lysates from HLMVECs grown for 2 weeks on uncoated 3 µm PET cell culture inserts, 
treated with copper chelators, the PAI-I inhibitor XR5118 and catalase and used in a TEM assay.. 
Lysates were freeze-dried from 200 µl 1% (v/v) triton-X-100 with protease inhibitors, reconstituted 
in 40 µl lx sample buffer, immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 
4-15 % gradient polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lane 
1: HLMVECs only, Lane 2: HLMVECs treated with 0.5 mM NC, lane 3: HLMVECs treated with 
0.5 mM BCDS, Lane 4: HLMVECs treated with 0.5 mM D-pen, lane 5: HLMVECs treated with 0.5 
mM tobramycin, lane 6: HLMVECs treated with catalase (500 U/ml) and lane 7: HLMVECs 
treated with 100 µM XR5118. Results from a single experiment. 

Figure 4.40 shows that RANTES was predominantly present as the 32 KDa tetramer 

and there was no change in the form of RANTES following treatment with the copper 

chelators NC, BCDS, D-pen or tobramycin, the PAI-1 inhibitor XR5118 (100 µM) or 

the preotective enzyme catalase (500 U/ml) indicating that the form of RANTES was 

not changed as a mechanism of action for the anti-inflammatory activity of copper 

chelators, XR5118 or catalase. 

Since it has already been shown that the addition of CuC12 induces production of 

RANTES by HLMVECs (Section 4.5.1) it may be that copper chelators reduce the 

amount of RANTES synthesised by the endothelium as a mechanism for decreased T- 

cell recruitment. Basal supernatants were cleared following a TEM assay and analysed 

for RANTES by ELISA. 
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Figure 4.41. Basal supernatants from a TEM assay analysed for RANTES by ELISA. 
Representative of 2 independent experiments. 

Figure 4.41 shows that there was no change in the amount of RANTES present in the 

basal supernatants following treatment with the copper chelators, NC, BCDS, D-pen 

and tobramycin indicating that copper chelators did not alter RANTES synthesis or 

release through the removal of copper. 

A further possible mechanism of action of copper chelators is through PAI-1 inhibition. 

The subsequent activation of plasminogen by plasminogen activator results in plasmin 

accumulation and increased shedding of endothelial bound proteoglycans. 

A plasmin enzyme assay was used to confirm activity levels in basal supernatants from 

TEM assays in response to treatment with copper chelators. 
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Figure 4.42. Basal supernatants from a TEM assay analysed for plasmin. Representative of 2 
independent experiments. 

Figure 4.42 confirms that there was no change in plasmin activity levels as a result of 

treatment with copper chelators. 

Figures 4.43-4.45 show RANTES released into the apical and basal supernatants from 

transmigration assays in the absence and presence of the Cu chelators NC, BCDS, D- 

penicillamine and tobramycin and the PAI-1 inhibitor XR5118. Platelet-derived 

RANTES was the T-cell chemoattractant in the lower compartment in the absence of 

exogenously added IFN-y plus TNF-a. 
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Figure 4.43. Apical supernatants from transmigration experiments in the absence and presence of 
Cu chelators. HLMVECs were grown for 2 weeks on uncoated 3 pm PET cell culture inserts, 
treated with copper chelators or the PAI-1 inhibitor XR5118 overnight and used in a TEM assay.. 
Apical supernatants were freeze-dried from 300 pl, reconstituted in 40 pi 1x PBS (-Ca t+/Mg2+), 

immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 4-15 % gradient 
polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lane 1: HLMVECs 

no Cu chelators, Lane 2: 0.5 mM NC, lane 3: 0.5 mM BCDS, Lane 4: 0.5 mM D-pen, lane 5: 0.5 

mM tobramycin, lane 6: 100 pM XR5118. Representative of two independent experiments. 
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Figure 4.44. Basal supernatants from transmigration experiments in the absence and presence of 
Cu chelators. HLMVECs were grown for 2 weeks on uncoated 3 µm PET cell culture inserts, 
treated with copper chelators or the PAI-1 inhibitor XR5118 overnight and used in a TEM assay.. 
Basal supernatants were freeze-dried from 500 µl, reconstituted in 40 pl Ix PBS (-Ca t+/Mg2+), 

immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 4-15 % gradient 
polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lane 1: no Cu 

chelators, Lane 2: 0.1 mM NC, lane 3: 0.25 mM NC, Lane 4: 0.5 mM NC, lane 5: 0.1 mM BCDS, 
lane 6: 0.25 mM BCDS and Lane 7: 0.5 mM BCDS. Representative of two independent 

experiments. 

241 



MNt' ' 

200 
116 
97 

KDa 

58 4 73-74 

39 

29 
4 32 20 30.3 

14 
6 

M12345678 

Figure 4.45. Basal supernatants from transmigration experiments in the absence and presence of 
Cu chelators. HLMVECs were grown for 2 weeks on uncoated 3 pm PET cell culture inserts, 
treated with copper chelators or the PAI-I inhibitor XR5118 overnight and used in a TEM assay.. 
Basal supernatants were freeze-dried from 500 µl, reconstituted in 40 pi Ix PBS (-Ca 2+/Mg2+), 
immunoprecipitated for human RANTES, analysed by SDS-PAGE on a 4-15 % gradient 
polyacrylamide gel and stained for RANTES. M: molecular weight markers. Lane 1: no Cu 
chelators, Lane 2: 0.01 mM D-pen, lane 3: 0.1 mM D-pen, Lane 4: 0.5 mM D-pen, lane 5: 0.01 mM 
tobramycin, lane 6: 0.1 mM tobramycin, lane 7: 0.5 mM tobramycin and lane 8: 100 µM XR5118. 
Representative of two independent experiments. 

Despite significantly inhibited T-cell migration following treatment with the Cu 

chelators NC, BCDS, D-penicillamine and tobramycin (figures 4.32 and 4.33) there was 

no detectable change in the form of RANTES in the apical (figure 4.43) or basal 

supernatants (figures 4.44 and 4.45) from these transmigration experiments. 

Unexpectedly, RANTES was present predominantly in tetrameric form in both the 

apical and basal supernatants. The 73-74 KDa form of RANTES appeared more 

strongly in the apical supernatants than the basal supernatants. In addition, a 

proteolytically cleaved form of RANTES was also detected in both apical and basal 

supernatants (30.3 KDa) as seen previously (Section, 4.5.1, figure 4.2). 

Although NC (0.1-0.5 mM), BCDS (0.1-0.5 mM), D-penicillamine (0.01-0.5 mM) and 

tobramycin (0.01-0.5 mM) had no effect on the amount of soluble forms of RANTES 

released into apical or basal supernatants (figures 4.43 - 4.45), treatment with XR5118 

(100 µM) increased the shedding of the soluble tetrameric form of RANTES from the 

cell surface into the basal supernatant as shown clearly in figure 4.45, lane 8. 
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A VAP-1 enzyme assay (Section 4.3.1.9) was used to determine any inhibition in VAP- 

1 activity occurring in HLMVECs as a result of treatment with copper chelators. 

However, no VAP-1 activity was detected in HLMVECs using this assay. 
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4.6. Discussion 

In summary, RANTES multimers were chemotactically active, inducing T-cell 

migration via both CCR3 and CCR5 receptors suggesting the involvement of CD4+ Th2 

and Thl T-cells as well as CD8+ type 1 (Tcl) and type 2 (Tc2) T-cells. In addition, 

platelet-derived RANTES was demonstrated to be a T-cell chemoattractant when added 
to the basal compartment in a model of the lung microvascular endothelium. Platelets 

added apically induced T-cell arrest. RANTES in HLMVEC lysates was found 

predominantly present as a covalently-linked tetramer, which may have been bound to a 
HLMVEC surface-GAG via an electrostatic interaction prior to analysis. Similarly, the 

RANTES tetramer was the predominant form present in supernatants following 

transendothelial migration even though activated platelets and HLMVECs were shown 

to release monomeric RANTES. The treatment of the endothelium with Cu chelators 

and catalase inhibited T-cell migration indicating a requirement for both Cu and H202 in 

the T-cell chemotactic response to platelet-derived RANTES. 

T-cell responses to both fresh un-incubated recombinant RANTES and RANTES 

multimers generated in the presence of CuC12 and H202 were mediated through both 

CCR3 and CCR5 receptors, indicating the possible involvement of CD4+ Th2 and Thl 

T-cells as well as CD8+ type 1 (Tcl) and type 2 (Tc2) T-cells. Others have reported that 

RANTES induces both Th2 and Thl T-cell migration through CCR1, and CCR3, and 

CCR1 and CCR5 receptors respectively (Baltus et al, 2003; Gerber et al, 1997; Kawai 

et al, 1999; Sallusto et al, 1998a; Sallusto et al, 1998b; Sallusto et al, 1997) and that 

RANTES induces cytotoxic CD8+ T-cell migration through both CCR3 and CCR5 

receptors found on Tc2 and Tcl CD8+ cytotoxic cells, respectively (Hadida et al, 1998; 

lijima et al, 2003; Luangsay et al, 2003; Ohtani et al, 2004). There is no evidence to 

suggest that CD8+ cytotoxic T-cell migration is mediated by CCR1 receptors in 

response to RANTES, therefore it is speculated that any CD8+ T-cell migration would 

be predominantly mediated by CCR3 and CCR5 receptors. 

The result also indicates that T-cell responses to both fresh unincubated recombinant 

RANTES and RANTES multimers were mediated equally by CCR3 and CCR5 

receptors. It is unlikely that T-cells responded through CCR1 mediated chemotaxis, 

since 100 % of the responses were blocked by CCR3 and CCR5 neutralising antibodies. 
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CCR3 and CCR5 are also expressed on other inflammatory cells and in other tissues. 
CCR3 is also expressed by eosinophils and basophils, and CCR5 is also expressed by 

monocytes and dendritic cells (Sallusto et al, 1998b) and in addition, CCR3 is expressed 
by microvascular endothelial cells and mediates vessel wall remodelling and 
angiogenesis (Salcedo et al, 2001). There is also evidence to suggest that CCR3 may 
influence key epithelial cell functions including wound repair, and the amplification of 
profibrogenic and chemokine transcript expression (Beck et al, 2006). Therefore 

neutralising these receptors using specific antibodies may effectively limit T-cell 

migration and inflammation but not without affecting other fundamental functions that 

are mediated through CCR3 and CCR5 receptors. 

The T-cell chemotactic response to platelet-derived RANTES in transendothelial 

migration experiments indicates a role for platelets in human leukocyte recruitment 
during inflammation. It is well known that platelets release chemokines including 

RANTES upon activation with thrombin (Kameyoshi et al, 1992; Kameyoshi et al, 
1994; Klinger et al, 1995; Schroder et al, 1994) and platelets have previously been 

shown to migrate into tissues and influence the pulmonary recruitment of eosinophils 

and lymphocytes in murine allergic inflammation (Pitchford et al, 2005; Pitchford et al, 

2003). In addition, RANTES deposition by platelets has been shown to induce 

monocyte arrest in human atherosclerotic endothelium (von Hundelshausen et al, 2001) 

and platelet-derived RANTES has been shown to induce monocyte arrest on inflamed 

microvascular endothelium under flow conditions (Baltus et al, 2005). 

RANTES released from platelets on the apical side of the endothelium is likely to bind 

to the apical surface of the endothelial monolayer and prevent the formation of a 

chemotactic gradient, inducing the arrest of T-cell migration. Importantly, the 

requirement for platelets to be present and activated on the subluminal side of the 

endothelium for T-cell migration indicates that platelets must first undergo 

transendothelial migration themselves and become activated in the tissues in order to 

induce T-cell recruitment. Platelets have been reported to undergo chemotaxis in iltro 

in response to prostaglandins, autoantibodies, fMLP or necrotic cells (Clancy, 1972; 

Czapiga et al, 2005; Valone et al, 1974) and platelets have been reported to undergo 

diapedesis in sections of lung from asthmatic patients and have been detected in 
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bronchoalveolar lavage fluid from asthmatic patients (Jeffery et al, 1989; Metzger et al, 
1987). Platelets have also been detected in the bronchoalveolar lavage fluid of allergen- 

challenged mice (Pitchford et al, 2004) and have been reported to migrate out of blood 

vessels into lung tissue in vivo in allergen-sensitised mice in response to a sensitising 

allergen (Pitchford et al, 2008). Degranulated platelets have been identified in the 
bronchoalveolar lavage fluid of asthmatic individuals (Metzger et al, 1986) and it has 

also been reported that platelets promote leukocyte trafficking from blood vessels into 

lung tissue in allergen-sensitised mice (Pitchford et al, 2005; Pitchford et al, 2003). 

Furthermore, platelet depletion has been shown to reduce leukocyte accumulation in 

alveolar compartments in a murine model of lung injury (Zimmerman et al, 1984). This 

evidence demonstrates that platelets can migrate out of blood vessels into murine lung 

tissue and both murine and human alveolar spaces during inflammation and also that 

platelets influence leukocyte recruitment into the alveolar spaces in murine models. 

However, it has not yet been fully demonstrated that platelets influence leukocyte 

migration into human lung tissue or alveolar spaces or that platelets migrate into human 

lung tissue in vivo during inflammation. 

Platelet activation occurs during antigen-induced airway reactions in asthmatic subjects. 

The mechanism for platelet chemotaxis is thought to involve allergen-specific IgEs 

produced after contact with the sensitising antigen (Pitchford et al, 2008; Yoshida et al, 

2002). The IgE binds to platelet IgE receptors and, upon exposure to allergen, the 

allergen induces cross-linking of contiguous receptors and the consequent triggering of 

platelet migration (Pitchford et al, 2008). In addition, platelets of patients with asthma 

have been shown to release RANTES upon activation via IgE (Hasegawa et al, 1999), 

indicating that both platelet migration and platelet-derived mediator release may be 

triggered via an IgE dependent mechanism. However, in considering the mechanisms 

involved in murine models it must be remembered that the number of circulating 

platelets is higher in mice compared to humans (Mestas & Hughes, 2004; Tsakiris et al, 

1999). 

It is also feasible that platelet recruitment to sites of inflammation is directed by a 

number of chemokines, since SDF-1, CXCL 12, macrophage-derived chemokine 

(MDC), RANTES, CCL22, and CCL17 (TARC) can activate platelets via their 

receptors CXCR4, CCR3 and CCR4, although no migratory response has yet been 
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demonstrated in vivo or in vitro (Abi-Younes et al, 2000; Abi-Younes et al, 2001; 
Clemetson et al, 2000; Kowalska et al, 2000). It is not known whether platelets migrate 
from blood vessels into lung tissue prior to, or in conjunction with leukocyte migration. 
However, an interesting proposition is that during inflammation, platelets may initially 

migrate into lung tissue and become activated, resulting in platelet degranulation and 

release of inflammatory mediators such as the chemokine RANTES, which 

subsequently promote leukocyte migration into lung tissue. Platelet activation may 

occur in response to a variety of inflammatory stimuli including chemokines, cytokines, 

antigens, platelet activating factor (PAF), collagen, antigen-antibody complexes and 
bacterial endotoxins including lipopolysaccharides (reviewed in section 4.1.1.1). 

Following the recruitment of leukocytes into lung tissue, migrated leukocytes may be 

influenced by another epithelial derived chemotactic signal which induces leukocyte 

homing and migration across the epithelium into the alveolar spaces, such as TARC. 

TARC is synthesised by airway epithelial cells in response to IL-4, and TGF-ß (Heijink 

et al, 2007). Alternatively, platelets may migrate from lung tissue into the alveolar 

spaces themselves via an allergen-specific mechanism or in response to a chemotactic 

signal and induce subsequent leukocyte migration into alveolar spaces via degranulation 

and inflammatory mediator release. 

Interestingly, platelets are not only a source of RANTES, but also a source of 

plasminogen activator inhibitor-1 (PAI-1) and Cu. Plasmin can induce syndecan 

shedding and release of bound chemokines (Marshall et al, 2003), and is cleaved from 

plasminogen in the presence of plasminogen activator (PA). The activation of 

plasminogen is inhibited by plasminogen activator inhibitors including platelet derived 

PAI-1. Therefore PAI-1 is pro-inflammatory, its activity resulting in longer association 

of syndecan-chemokine complexes with the endothelium. Platelets have been shown to 

synthesise and release PAI-1 in response to thrombin stimulation (Booth et al, 1988; 

Brogren et al, 2004; Nordenhem & Wiman, 1997; Pawlowska et al, 2001), and Cu has 

been measured in platelets at 1.1 ± 1.0 µg/g dry weight (Hallgren et al, 1987) and 24.4 

±10.7 ng/109 cells (Milne & Nielsen, 1996). This evidence suggests that not only do 

platelets migrate into tissues and synthesise and release RANTES, but they may also 

have a role in maintaining the presentation of RANTES on proteoglycans through the 

synthesis and release of PAI-1. Since platelets also contain Cu they may also have an 

important role in inducing chemokine multimerisation. 
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In addition to the release of inflammatory mediators, the mechanism of platelet induced 

leukocyte recruitment in vivo may also be contact-dependent, involving surface CD 11 b, 

which is up-regulated on leukocytes interacting with platelets. It is possible that platelet 

aggregation with leukocytes may prime and activate leukocytes for subsequent adhesion 

to and transmigration across the endothelium (Pitchford et al, 2003) (reviewed in 

Section 4.1.1.2). Cooperation between platelets and leukocytes has been observed in 

both cardiovascular disease and tumor metastasis (Karpatkin & Pearlstein, 1981; 

Mickelson et al, 1996) and activated platelets have previously been shown to bind to 

leukocytes, including T-cells (de Bruijne-Admiraal et al, 1992). 

Interestingly, endothelial progenitor cell (EPC) recruitment during new blood vessel 

formation and angiogenesis in the asthmatic inflammatory response has been reported to 

be both Thl and Th2 dependent (Asosingh et al, 2007). This finding indicates that the 

migration of platelets into tissues may induce T-cell recruitment leading to subsequent 

EPC recruitment. Thus, platelets may be central not only to the recruitment of T-cells 

and other inflammatory cells but may also be important for angiogenesis at sites of 

inflammation. 

Although as shown in Section 4.5.1, figure 4.1 and Section 4.5.2, figure 4.15, platelet- 

derived RANTES, and RANTES released into HLMVEC culture medium is 

monomeric, RANTES was predominantly found as a tetramer in HLMVEC lysates and 

in supernatants from transmigration experiments. These tetramers were found to be 

covalently-linked as reported for isolated recombinant RANTES exposed to Cu plus 

H202 (Chapters 2 and 3). The release of RANTES from platelets and HLMVECs in 

monomeric form has not previously been reported. However, it appears that when 

platelets are activated by thrombin in the transendothelial migration model, monomeric 

RANTES is released and binds to the endothelium to induce T-cell migration. The 

binding of RANTES to the endothelium is dependent on endothelial activation (von 

Hundelshausen et al, 2001) and in the transendothelial migration model, both IFN-y and 

TNF-a were present and may have been derived from T-cells or platelets at 

concentrations sufficient to activate the endothelium (discussed later) and induce 

platelet-derived RANTES binding to the endothelium with the formation of tetramers. 

This suggests that if Cu and H202 are involved in RANTES tetramer formation they 
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must be present endogenously at concentrations sufficient to induce covalent cross- 
linking. 

During T-cell transendothelial migration it is evident that there is shedding of the 
tetramer, since the tetramer appears in the supernatants from transendothelial migration 

experiments at levels as high as in the cell lysates. The shedding of the tetramer into the 

supernatants may be due to plasmin activity and increased syndecan turnover. Plasmin 

may have been activated by thrombin which was added to platelets during the 

transmigration experiments. 

In addition, it is possible that the 74 KDa RANTES-GAG complex (discussed later) was 

more predominant in the apical supernatants than basal supernatants due to the 

requirement for RANTES presentation on the apical endothelial cell surface for 

transendothelial migration of T-cells to occur. It is possible that pro-inflammatory 

cytokines released by T-cells such as IFN-, y and TNF-a up-regulate GAG expression 

during endothelial activation, and that this occurs more strongly on the apical surface of 

HLMVECs, the site at which T-cells were added. It is also possible that RANTES is 

directed to GAGs on the apical endothelial cell surface by transcytosis, which may 

involve DARC (discussed later). 

HLMVEC lysates contained a 30.3 KDa RANTES multimer, and despite the presence 

of protease inhibitors upon lysis of the cells, it is likely that this is a post-translational 

proteolytically processed form of RANTES. A 3-68 or 4-68 truncated amino acid 

variant with a monomeric mass of 7663 or 7515 KDa has previously been reported (Lim 

et al, 2005) and the formation of a tetramer with these truncated RANTES monomers 

would result in a mass of 30.7 or 30.1 KDa. 

Both RANTES (3-68) and RANTES (1-68) have been detected in the cell culture 

medium of dermal fibroblasts stimulated with TNF- a or IL-lß and the study showed 

that the loss of the two residues does not affect the eosinophil chemotactic activity 

towards RANTES (Noso et al, 1996). It has also been shown that both full-length and 

truncated RANTES induce a similar chemotactic response in T-cells and that RANTES 

(3-68) has impaired binding and signalling capacity through CCR1 and CCR3 but 

retains activity on CCR5 (Oravecz et al, 1997). This would suggest that both the 
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tetramer of full length and truncated RANTES should be chemotactically active. This is 
in agreement with previous findings that have shown that chemotactic inactivity occurs 
only in the absence of the first 8 amino-terminus amino acids (Vives et al, 2002; Wells 
et al, 1995). 

Sodium chlorate has previously been shown to abolish GAG sulphation, including 
HSPG sulphation by competing with sulphate for sulphotransferase enzymes and 
therefore blocking the sulphation of new glycosaminoglycan chains, and subsequently 
inhibiting GAG synthesis (Davies et al, 2001; Humphries & Silbert, 1988; Humphries 

et al, 1989; Qiao et al, 2003; Safaiyan et al, 1999). Thus, treatment of HLMVECs with 

sodium chlorate depleted GAG synthesis as indicated by increases in both lipid 

peroxidation (Section 4.5.1, figure 4.13) and the post-translational proteolytic 

modification of RANTES (figure 4.9). GAGs are well known as free radical scavengers 

and have been shown to have protective effects against the degradation of chemokine 

multimers (Chapters 2 and 3). Others have reported the protective effects of GAGs 

against lipid peroxidation and oxidative damage in liposome and fibroblast cultures 

(reviewed in Section 2.6). 

An increase in lipid peroxidation in the presence of sodium chlorate therefore occurs as 

a result of the reduced protective effect of GAGs against ROS which are generated by 

the dismutation of the superoxide radical (02-) and produced by the endothelium under 

normal physiological conditions. This experiment (figure 4.13) also indicated that 

exogenously added Cu and H202 did not induce further increases in lipid peroxidation 

and therefore activated HLMVECs are producing ROS at levels sufficient to induce 

maximum lipid peroxidation in the absence of GAGs. 

The activation of HLMVECs by TNF-a and IFN-y may have contributed to the 

generation of ROS resulting in lipid peroxidation, since it has been reported that ROS, 

including superoxide radicals and H202 are generated by fibroblasts in response to 

TNF-a (0.28 nM-10 nM) and IL-1 (0.145 nM-50 nM) (Meier et al, 1989). In addition, 

TNF-a (10 pM-1 nM) has also been reported to stimulate superoxide radical generation 

by neutrophils (Ferrante et al, 1988; Tsujimoto et al, 1986). 
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Vascular endothelial cells have a capacity to produce superoxide anions and H202 from 

several intracellular sources, including eNOS, cyclooxygenase, lipoxygenase, 

cytochrome P450 enzymes and NAD(P)H oxidases (Kinnula et al, 1992c; Kunsch & 
Medford, 1999; Matoba et al, 2002; Matoba et al, 2000). Levels of H202 at or below 

20-50 µM appear to have limited cytotoxicity to many cell types (Halliwell et al, 2000a) 

and previous studies have claimed normal physiological levels of H202 of up to 35 µM 
in human plasma (Deskur et al, 1998; Lacy et al, 1998; Varma & Devamanoharan, 

1991). However in the absence of protective mechanisms, these otherwise harmless 

levels of H202 may become toxic, and result in DNA, protein and lipid peroxidation. In 

addition, pathophysiological levels of H202 have been reported of up to 100 µM, 

released by activated granulocytes during inflammation (Bucchieri et al, 2002). 

The toxic effects of H202 have been attributed to the spontaneous generation of highly 

reactive hydroxyl radicals from H202 (Halliwell et al, 2000a). The generation of 

reactive oxygen species (ROS) causes peroxidative damage to membrane lipids and 

cellular nucleic acids and the direct oxidation of proteins (Campo et al, 2004). 

Lipid peroxidation is initiated by the attack of any chemical species that has sufficient 

reactivity to abstract a hydrogen atom from a methylate carbon in the side chain, 

including the hydroxyl radical (OH-) (Gutteridge & Halliwell, 1990). 

The hydrogen atom is a free radical since it has a single unpaired electron and its 

removal leaves behind an unpaired electron on the carbon atom to which it was 

originally attached. 

Lipid-H + OH- -0 Lipid- + H2O 

In aerobic cells the resulting carbon centred radical undergoes molecular rearrangement 

followed by reaction with molecular oxygen to give a peroxyl radical. 

Lipid- + 02 10 Lipid-02- 
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Peroxyl radicals can attack membrane proteins but can also propagate lipid peroxidation 
by abstracting hydrogen from adjacent fatty acid side chains in a membrane. Once 
initiated, the process of peroxidation proceeds as a free radical chain reaction. 

Lipid-02- + Lipid-H . Lipid-02H + Lipid- 

The occurrence of lipid peroxidation in biological membranes causes impairment of 

membrane functioning, decreased fluidity, inactivation of membrane-bound receptors 

and enzymes ans increased non-specific permeability to ions (Gutteridge & Halliwell, 

1990). As well as lipid peroxidation, oxidative stress can also lead to protein and DNA 

oxidation, leading to oxidative damage. 

02 can be reduced to the superoxide radical 02- in inflammation. Mast cells, 

macrophages, eosinophils and neutrophils recruited and activated at sites of tissue injury 

are a major source of 02- radicals which can dismutase to H202 (van der Vliet et al, 
1997). 

202- + 2H+ 10 H202+02 

The mechanism for the oxidation of proteins is similar to that of lipid peroxidation. Free 

radicals can also abstract hydrogen ions from proteins generating amino acid radicals 

that can form disulphide bridges, protein-lipid and protein-protein covalent bonds. The 

cross-linking of proteins in this manner can give rise to high molecular weight 

aggregates (Horton & Fairhurst, 1987). 

Protein-H + OH- 10 Protein- + H2O 

Protein "+ Lipid -º Protein-Lipid 

Protein- + Protein- -0 Protein-Protein / High molecular weight aggregates 

HLMVEC -associated 
RANTES is predominantly tetrameric (32 KDa) in the presence 

of the anionic surfactant, SDS. It is possible though that the the RANTES tetramer may 

have been bound to a HLMVEC surface GAG through a non-covalent interaction such 

as ionic or Van der Waals forces. The loss of higher molecular weight forms of 
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RANTES in the presence of sodium chlorate indicates that RANTES is indeed 

presented on HLMVECs as a GAG-bound RANTES complex, but it may be that 

separation of proteins in the presence of SDS disrupts the complexes. In support of the 
finding that RANTES was not covalently bound to HLMVEC-expressed GAGs, the 
HS-RANTES interaction has previously been shown by others to be due to specific 

electrostatic interactions including hydrogen bonds, salt bridges and van der Waals 

forces involving the classical BBXB cluster in the 40s loop of RANTES (described in 

section 1.9) that is also implicated in CC receptor binding (Martin et al, 2001; 

Proudfoot et al, 2003; Rek, 2009). 

These findings are in contrast to reports of IL-8 bound to HS expressed by HUVECs 

through an interaction that is resistant to both SDS and the sulphydryl reducing agent, 

DTT (Marshall et al, 2003), suggesting that the interaction of IL-8 with HUVEC- 

expressed HSPG is covalent unlike the RANTES interaction with HLMVEC-expressed 

HSPG which appears to be electrostatic. Alternatively it may be that the form of 

chemokines presented on HUVECs differs to that on HLMVECs. 

The weak bands of complexed RANTES at MW 73-74 and 116 KDa are likely a 

RANTES-heparan sulphate proteoglycan (HSPG) complex since HS is the most 

ubiquitous GAG (50 - 90 % of all GAGs) found on the endothelium and is the most 

predominant GAG found in the lungs, followed by chondroitin sulphate/dermatan 

sulphate, hyaluronan and heparin (Cockwell et al, 1996; Frevert et al, 2003; Ihrcke et 

al, 1993). HS is considered the most ubiquitous and physiologically relevant cell- 

surface GAG. In addition, it has been well documented that RANTES binds to HSPGs 

on human microvascular endothelial cells and HUVECs in vitro and with a higher 

affinity than many other chemokines (Ali et al, 2002; Carter et al, 2003; Hillyer & 

Male, 2005; Hoogewerf et al, 1997; Kuschert et al, 1999; Proudfoot et al, 2001). So far, 

RANTES has been reported to bind both syndecan-1 and syndecan-4 proteoglycans 

(Bartlett et al, 2007; Slimani et al, 2003). 

The suggestion that RANTES binds to HSPG as a tetramer agrees with previous reports 

that have demonstrated RANTES binding to heparin as a tetramer (Hoogewerf et al, 

1997) with a minimal tetrameric structure for chemotactic activity in vivo and that both 

the monomeric and dimeric forms of RANTES are devoid of chemotactic activity. 
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Heparin was deemed structurally and chemically similar enough to serve as a good 
substitute for HS in these studies (Proudfoot et al, 2003). It has also been shown that 
RANTES binding to HS and subsequent oligomerisation is required for the chemotactic 
activity of RANTES in vitro as shown using oligomerisation-deficient RANTES 

mutants which were unable to induce leukocyte chemotaxis (Rek, 2009). 

In addition, the HS binding and oligomerisation domain of RANTES have been found 

to be structurally and functionally coupled. The binding of RANTES to HS was found 

to be positively cooperative - the binding of RANTES to HS promotes further 

RANTES binding and oligomerisation. Upon binding to HS, RANTES undergoes a 

conformational change which is dependent on a HS length greater than 6dp and this 
induced structural fit has been interpreted to be responsible for the GAG-promoted 

oligomerisation of RANTES (Rek, 2009). 

The predominance and higher stability of the tetrameric form of RANTES, indicated by 

resistance to higher concentrations of H202 than the monomeric form, suggests that the 

tetramer is the most likely form presented to circulating leukocytes since it will not be 

degraded, but will remain during inflammation which can generate high concentrations 

of H202 up to 100 µM. 

The observation that RANTES occurred as a 64 KDa complex (Chapter 4) indicates that 

in addition to GAG binding, RANTES may also bind to the Duffy antigen receptor for 

chemokines (DARC) expressed on the endothelium. RANTES can bind to DARC 

(Choe et al, 2005; Neote et al, 1994) and since DARC is 48 KDa, and the predominant 

form of RANTES detected in HLMVEC lysates is the tetramer (32 KDa) (Section 

4.5.1), it is speculated that a RANTES tetramer-DARC complex would be 80 KDa and 

a RANTES dimer-DARC complex would be 64 KDa. It has previously been reported 

that RANTES binds to DARC and that DARC is expressed on both apical and basal 

membrane domains of the endothelium of large venules and capillaries ex vivo 

(Chaudhuri et al, 1997; Peiper et al, 1995). DARC expression has also been 

demonstrated on the endothelium using HUVECs in vitro (Lee et al, 2003) and the 

expression of DARC has been reported on the endothelium of postcapillary venules in 

all tissues except for the liver (Hadley et al, 1994). DARC is also expressed on 

erythrocyte surfaces and it has been shown that RANTES also binds to erythrocyte 
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expressed DARC (Neote et al, 1994). In addition, it has previously been shown that IL- 
8 binds to erythrocyte DARC as a dimer (Leong et al, 1997). 

It has been shown that DARC plays a role in the transport of chemokines to the apical 

surface of the endothelium. Using HUVECs it has been shown that DARC facilitates 

the movement of IL-8 and GRO-a across the endothelium in vitro, promoting neutrophil 
transmigration both in vitro and in vivo (Lee et al, 2003). Since DARC has been shown 
to transport chemokines unidirectionally from the basolateral to the apical side of the 

endothelium (Pruenster & Rot, 2006) it is likely that RANTES is transported to the 

apical surface by endothelial expressed DARC. 

Thus DARC may intercept chemokines that are passing from the tissue into the plasma 

and may salvage their activity by redirecting these chemokines to GAGs on the luminal 

endothelial cell surface. It has been suggested that by preventing chemokines from 

entering the circulation, the surface retention of chemokines by DARC prevents 

leukocyte desensitisation in the circulation by soluble plasma chemokines leading to the 

enhancement of chemokine induced leukocyte recruitment (Rot, 2005). 

However, the weak staining of the 64 KDa RANTES complex (Section 4.5.1) indicates 

that there may be very low levels of DARC expression in cultured HLMVECs. This is 

most likely due to the lack of DARC expression in cultured endothelial cells. It has 

previously been reported that microvascular endothelial cells rapidly lose their DARC 

expression in the process of their culture in vitro (Rot, 2003) and DARC is almost 

undetectable in cultured HUVECS (Hoogewerf et al, 1997). Since others have reported 

the strong expression of DARC in the postcapillary venules of all tissues, and also in 

HUVECs, it is likely that HLMVECs do indeed also strongly express DARC, but that 

this expression has been lost during the culturing process. Further work using a DARC 

antibody to stain Western blots would confirm the presence of DARC in cultured 

HLMVECs and also whether RANTES forms a complex with DARC on the surface of 

these cells. 

Although Cu and H202 were not found to have any effect on the form of RANTES 

detected in HLMVEC lysates and supernatants, it is possible that the activation of the 

endothelium with IFN-y and TNF-a had already induced maximal ROS generation by 
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HLMVECs, as previously discussed. This may prevent Cu/H202 from having any 
further effect on multimer formation via redox and subsequent ROS generation. In 
support of this notion, RANTES tetramers were already formed prior to the addition of 
Cu/H202 (figure 4.5). However, 24 hour exposure to Cu was found to induce the 
synthesis and release of RANTES from HLMVECs. In support of this finding, others 
have reported the synthesis and release of IL-8 from HUVECs and HLMVECs similarly 
within 24 hours, indicating early gene activation and new protein synthesis rather than 
IL-8 release from preformed storage sites (Bar-Or et al, 2003). 

It has been suggested that Cu may induce NF-kB and subsequent IL-8 synthesis through 

the activation of the phosphatidylinositol 3-kinase (P13-kinase)/Akt/NF-kB pathway 
independently of ROS, possibly through the oxidation of the tumor suppressor PTEN, 

an inhibitor of the P13-kinase/Akt pathway (Bar-Or et al, 2003; Ostrakhovitch et al, 
2002) (Ozes et al, 1999) or alternatively through a MAPK (JNK, p38) / NF-kB pathway 
(Samet et al, 1998) (reviewed in Section 4.1.3). 

It has also been reported that Cu-induced ROS generation by Cu/redox mechanisms 

induces oxidative stress resulting in NF-kB activation (Persichini et al, 2006). ROS 

have also been shown to activate the P13-kinase/Akt pathway via oxidation of the tumor 

suppressor PTEN (Lee et al, 2002) and also via MAPK (Fialkow et al, 1994) (reviewed 

in Section 4.1.3). Additionally it has been suggested that Cu (11)-oxidised low-density 

lipoproteins may independently initiate the activation of activator protein-1 (AP-1), a 

transcription factor associated with endothelial IL-8 expression in endothelial cells 

(Maziere et al, 1997). 

RANTES synthesis is inducible by IL-1 ß in human bronchial epithelial cells (Manni et 

al, 1996) and IFN-y in HLMVECs (Sundstrom et al, 2001) through the regulation of 

NF-kB. Since it has been suggested that Cu-induced IL-8 synthesis in HLMVECs is 

regulated by the NF-kB pathway, and Cu has been shown to induce NF-kB 

independently of ROS through the activation of P13-kinase/Akt and MAPK pathways 

(Ostrakhovitch et al, 2002; Samet et al, 1998) and through the generation of ROS via 

Cu/redox (Persichini et al, 2006) and subsequent activation of the PTEN/PI3-kinase/Akt 

and MAPK pathways (Fialkow et al, 1994; Lee et al, 2002. Pelaia et al, 2004), this 

suggests that Cu induced RANTES synthesis in HLMVECs most likely occurs via the 
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NF-kB pathway. The activation of RANTES transcription may also occur through P13- 
kinase/Akt or MAPK (JNK or p3 8) activation, either independently of ROS or possibly 
through the generation of ROS via Cu/redox mechanisms. 

A possible explanation for the failure of increased concentrations of H202 to induce 

further RANTES synthesis in the presence of Cu is that in biological systems, H202 is 

present transiently and may immediately dismutate in the presence of antioxidants 

generated by HLMVECs in culture. Therefore in the presence of H202, RANTES 

synthesis would be regulated by Cu, generating a Cu-redox system as a constant source 

of H202 and ROS in order to activate NF-kB and transcription of RANTES mRNA. 

The biphasic manner in which Cu induced the synthesis of HLMVEC-derived RANTES 

can be explained in terms of the regulation of NF-kB and its inhibitor IkB. In most cells, 

the majority of NF-k13 resides in the cytoplasm, bound to the IkB inhibitory protein 

family, which include IkBa, IkBP, IkBc, Bcl-3, p 100, and p 105. These proteins function 

as inhibitors through ankyrin repeats, which bind to the REL domain of NF-kB and 

prevent NF-kB nuclear translocation (Beg & Baldwin, 1993). 

Activation of NF-kB is mediated through the IkB kinase complex (IKK), which 

functions to phosphorylate two serine residues on IkB proteins. Phosphorylation of 

these residues causes the ubiquitination and subsequent degradation of IkB proteins. 

Upon loss of IkB, NF-kB is free to translocate to the nucleus where it binds to its 

cognate DNA sequence and interacts with the basal transcription machinery and 

transcriptional co-activators to stimulate gene expression (Karin & Ben-Neriah, 2000). 

One of the numerous genes induced by NF-kB is the ankyrin repeat containing proteins 

that serve to recapture and inactivate NF-kB, including the IkB family (Brasier, 2006). 

Once resynthesised, IkB is transported to the nucleus where it binds and inhibits NF-kB 

DNA binding (Arenzana-Seisdedos et al, 1995). NF-kB is sequestered back to the 

cytoplasm through a nuclear export signal located in the amino terminus of IkB (Huang 

et al, 2000a). 

Therefore the activation of NF-kB by Cu would result in the transcription of both 

RANTES and the NF-kB inhibitory IkB proteins. It is possible that low doses (up to 25 

µM) of Cu induce RANTES transcription in a dose-dependent manner, but at a dose of 
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50 µM, the transcription of the NF-kB inhibitor, IkB, reaches a level sufficient to inhibit 
NF-kB, resulting in reduced RANTES synthesis. Additional increases in Cu would then 
result in further dose-dependent NF-kB mediated synthesis of RANTES. 

Although multimers of recombinant RANTES generated in the presence of Cu plus 
H202 were chemotactically active, the finding that neither the addition of either Cu plus 
H202 nor the addition of Cu chelators had any effect on the form of RANTES detected 
in HLMVEC lysates indicated that Cu is not involved in RANTES multimer formation 

and presentation in HLMVECs. However, the ability of Cu to induce RANTES 

synthesis and the Cu-dependence of the vascular adhesion protein VAP-1 (reviewed in 

Section 4.1.4) indicated that Cu may still have an important pro-inflammatory role and 

could influence leukocyte trafficking during lung inflammation. In addition, studies by 

others indicated that Cu-binding peptides were effective in preventing both Cu-redox 

and IL-8 release from endothelial cells (Rael et al, 2007), suggesting that Cu chelators 

may have therapeutic potential in inhibiting cytokine and chemokine synthesis, and 

subsequent leukocyte recruitment during inflammation. 

Much of the evidence presented in this chapter suggested that platelets may migrate into 

tissues and contribute to leukocyte recruitment, as a source of not only RANTES but 

also PAI-1 and Cu, all of which may play a role in inducing T-cell migration during the 

inflammatory response, especially in the lungs where raised levels of RANTES, PAI-1 

and excessive T-cell accumulation have been implicated in asthma, COPD and CF 

(reviewed in Sections 1.5 and 1.17). Raised levels of PAI-1 have been reported in both 

sputum and plasma from patients suffering with CF, COPD and asthma compared to 

control subjects (Ashitani et al, 2002; Kowal et al, 2007; Xiao et al, 2005). PAI-1 may 

also be derived from the HLMVECs themselves, since PAI-1 synthesis and release has 

been reported to occur in HUVECs in response to thrombin and in bovine aortic 

endothelial cells in response to TNF-a (Dichek & Quertermous, 1989; Gelehrter & 

Sznycer-Laszuk, 1986; Sawdey et al, 1989). Platelets have also been reported as a 

source of chondroitin sulphate A, which increases the binding of RANTES to 

endothelial cells (reviewed in Section 4.1.1.2). In addition, in lung tissue there is a high 

exposure to oxygen which promotes the generation of ROS through Cu/redox 

mechanisms (Section 2.6) which are known to activate NF-kB as a regulator of cytokine 

and chemokine expression. Therefore. a model of the vascular endothelium was used to 
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investigate the therapeutic potential of Cu chelators as inhibitors of T-cell 

transendothelial migration in response to platelet-derived RANTES. 

Thrombin is well known as a coagulation factor, generated by the coagulation cascade 
factors and cofactors, but also induces platelet activation and degranulation (Section 

4.1.1.1). At different phases of blood coagulation, thrombin is generated in an extremely 

wide range of concentrations, varying from pM and nM amounts to the maximal level 

of 0.8-1.4 µM (Brummel-Ziedins et al, 2004; Mann et al, 2003). Hence, during blood 

coagulation, platelets can be exposed to very low and very high thrombin 

concentrations. Studies have shown that at low thrombin concentrations of 0.5-1 nM, 

almost all platelets become activated, whereas high doses (10 - 100 nM) trigger platelet 

apoptosis (Leytin et al, 2007). In addition, the low molecular weight phospholipid, 

platelet activating factor (PAF), released from inflammatory cells including neutrophils, 

eosinophils, macrophages and platelets (Barnes et al, 1988) has been shown to induce 

human platelet aggregation and degranulation including the secretion of serotonin from 

human platelets (Henson, 1976; O'Donnell et al, 1978) and to activate rabbit platelets at 

a concentration of 1 µM. This concentration, which is around 6 orders of magnitude 

above the concentration needed to induce platelet activation and aggregation, was 

required to degranulate and remove most of the releasable ATP from the platelets 

(Vargaftig et al, 1982). Although PAF has a central role in the pathogenesis of asthma 

(Barnes et al, 1988), it appears that PAF is a less potent inducer of platelet 

degranulation than thrombin, indicating that thrombin may be more important as an 

inducer of platelet degranulation than PAF during the inflammatory response. Thrombin 

was used at a concentration of 1 U/ml which correlates to 0.019 - 7.94 nM (activity of 

thrombin was 1500 - 3500 NIH Units/mg) which is of an order sufficient to activate 

platelets without triggering apoptosis. 

It was expected that HLMVECs grown on Transwells would synthesise their own 

basement membrane following 2 weeks of culture as an important physiological 

component of the transendothelial migration model (Butler et al, 2008; Butler et al, 

2005). Platelets can become activated during coagulation through interaction with 

collagen in basement membranes. In healthy, undamaged tissues, collagens which 

support the blood vessel wall and surrounding tissue are concealed by endothelial cell 

layers and cannot come into contact with the circulating platelets. However, should the 
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endothelial cell layer be removed either in disease or upon tissue injury, then collagens 
are revealed which can interact with the cellular components of the blood as well as 
with proteins in blood plasma (reviewed in Famdale, 2006). 

Collagen can bind directly to several receptors on the platelet surface, notably integrin 

a2ß1 and Glycoprotein VI (GpVI) which is considered the primary activatory collagen 

receptor expressed on the platelet surface. Indirect interactions can also occur, as when 

von Willebrand Factor (VWF) binds to the platelet surface through the Glycoprotein lb/ 

V/IX complex, interacting directly with Gplba through its Al domain and also to 

specific sites within the collagens through its A3 domain. Thus, a series of platelet 

receptors contribute to the interaction of the platelet with the collagens and subsequent 

platelet activation (Farndale, 2006). However, in the lung microvascular endothelial 

model, it was not expected that platelets would be exposed to collagen, and therefore 

thrombin was preferentially used as a platelet activator. Thrombin has been previously 

used to activate platelets and cause degranulation in studies of RANTES release and 

platelet-induced monocyte arrest (von Hundelshausen et al, 2001) and platelet-induced 

eosinophil recruitment (Kameyoshi et al, 1992; Kameyoshi et al, 1994). 

Whilst unstimulated platelets spontaneously released RANTES, thrombin induced a 

dose-dependent increase in platelet-derived RANTES release but there appears to be a 

limiting factor at high cell density. One suggestion is that this may be due to the binding 

of RANTES to platelets. The high level of spontaneous RANTES release may be due to 

activation during platelet isolation, which could be minimised by using a rapid, one-step 

density gradient (Bagamery et al, 2005). 

During transendothelial migration experiments, HLMVECs constitutively produced 

RANTES, as indicated by the inhibition of spontaneous T-cell migration by anti- 

RANTES neutralising antibodies (Section 4.5.5, figure 4.30). However, RANTES- 

dependent T-cell migration was enhanced in the presence of IFN-, y plus TNF-a, which 

increased the synthesis of RANTES as indicated by ELISA measurements. This finding 

is in agreement with previous studies that have reported IFN-'y plus TNF-a induced 

RANTES synthesis in HUVECs and human mucosal microvascular endothelial cells 

(HMMECs) (Marfaing-Koka et al. 1995; Terada et al, 1996). This may also explain the 
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finding that in platelet-HLMVEC co-cultures, RANTES release was maximal in the 

presence of the activated endothelium. 

However, more RANTES was bound to the endothelium and detectable in the lysates 

than free in the supernatant under these conditions. In support of this result, it has 

previously been reported that greater amounts of platelet-derived RANTES bind to 

HLMVECs following endothelial activation with IFN-y and TNF-a when compared 

with non-activated HLMVECs (von Hundelshausen et al, 2001). It is thought that 

endothelial activation up-regulates the synthesis of many endothelial cell surface 

proteins including proteoglycans and induces specific endothelial binding sites for 

RANTES, explaining the enhanced binding of platelet-derived RANTES to the 

activated endothelium (von Hundelshausen et al, 2001). This may also explain the 

binding of monomeric RANTES released from platelets and HLMVECs to the activated 

endothelium in the presence of IFN--y, TNF-a and thrombin (Section 4.5.2, figure 4.17). 

Some previous studies have also shown enhanced RANTES-induced T-cell migration 

across IFN--y plus TNF-a activated endothelium (Ding et al, 2000; May & Ager, 1992) 

and the mechanism is thought to be due to the up-regulation of endothelial adhesion 

molecules. Endothelial activation also up-regulates the synthesis of E-selectin, P- 

selectin, VCAM-1 and ICAM-1 (Carlos & Harlan, 1994; Ding et al, 2000; Pober & 

Cotran, 1990; Springer, 1994), and IL-1 and TNF-a have been reported to induce GAG 

synthesis in human synovial fibroblast, human cervical fibroblasts and human lung 

fibroblast cultures. In particular, the up-regulation of hyularonic acid synthesis has been 

reported (Daireaux et al, 1990; Elias et al, 1988; Ogawa et al, 1998; Yaron et al, 1989). 

It is thought that the up-regulation of GAG synthesis occurs via the activation of NF-kB 

and induction of cyclo-oxygenase-2 and prostaglandin E2 pathway (Schmitz et al, 

2003). Therefore it is speculated that endothelial activation may be important for the up- 

regulation of cell-adhesion molecules and the binding of RANTES to the endothelium. 

Thus, pro-inflammatory cytokines may play a role in T-cell transendothelial migration. 

The cytokines IFN-y and TNF-a were both present endogenously in the transendothelial 

migration model, eliminating the need to add them exogenously in order to activate the 

endothelium. A likely source for these cytokines is synthesis by T-cells, including naive 

+ T-cells, CD4+ memory Thl type T-cells and low levels of synthesis by Th2 
CD45RA 
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type T-cells (Barnes, 2008; Conlon et al, 1995; Mosmann & Coffman, 1989; 
Tsicopoulos et al, 1992). It is also speculated that activated platelets may also release 
IFN-y and TNF-a upon degranulation. Although there is no evidence for platelet release 
of these cytokines, TNF-a has previously been detected in stored platelet concentrates 
(Muylle et al, 1993). In addition, activated human platelets also synthesise and release 
IL-1 ß which may play a role in endothelial activation (Denis et al, 2005). 

Since T-cells have been shown to release RANTES upon activation with the mitogen 

phytohaemagglutinin (PHA) (Section 4.5.3) (Mire-Sluis et al, 1987; Mizel, 1982; 

Palacios, 1982), in addition to platelet derived RANTES, T-cells may also contribute to 

RANTES release in the transendothelial migration model. The inability of IFN-y and 
TNF-a to induce T-cell RANTES release (Section 4.5.3, figures 4.18-4.20) is likely due 

to the prior activation of T-cells by PHA. However, there is little previous evidence to 

suggest that IFN- y and TNF-a can induce RANTES release by T-cells. A comparison 

of the relative amounts of RANTES released by IFN-y and TNF-a stimulated 

HLMVECs, PHA activated T-cells and thrombin stimulated platelets (not shown) 
indicated that are all likely to contribute equally to overall RANTES release in the 

proposed model of transendothelial migration. 

Although the intracellular Cu chelator neocuproine and the extracellular Cu chelator 

bathocuproine both inhibited T-cell transendothelial migration in response to platelet- 

derived RANTES in a dose-dependent manner, there was no synergistic effect when 

both were added together, indicating that extracellular chelation is more important for 

the inhibition of T-cell migration. 

Similarly, D-penicillamine and tobramycin also inhibited T-cell migration in response 

to platelet-derived RANTES in a dose-dependent manner and both had an effect at 

therapeutic concentrations (6.7 - 13 µM for D-penicillamine for and 4.3 - 21 µM for 

tobramycin) (British National Formulary, No. 56, September 2008). 

D-penicillamine is a metabolite of penicillin. Although it has no antibiotic properties, 

D-penicillamine is a Cu chelating agent (Section 4.1.5). D-penicillamine is currently 

used therapeutically for rheumatoid arthritis, cystinuria, autimmune hepatitis, Wilson's 

disease and emergency treatment of copper and lead poisoning (British National 
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Formulary, No. 56, September 2008). Although the mechanism of action in the 
treatment of Wilson's disease and hepatitis remains unknown, it has been suggested that 
the Cu-binding properties of D-penicillamine may increase urinary Cu excretion, 
preventing hepatic Cu accumulation (Klein et al, 2000; McQuaid et al, 1992; Togashi et 
al, 1992). Several mechanisms have also been suggested for the anti-inflammatory 

action of D-penicillamine in rheumatoid arthritis. It has again been proposed that D- 

penicillamine increases the urinary excretion of Cu (McQuaid et al, 1992) and it has 

also been suggested that D-penicillamine inhibits macrophage-derived IL-1 and 

collagen-inhibiting factors with a subsequent increase in synovial collagen synthesis 
(Brisset et al, 1986). It is also thought that the thiol group may be a key structural 
feature of this drug (Wood et al, 2008). In the treatment of rheumatoid arthritis, D- 

penicillamine may act by directly sequestering reactive aldehydes released by 

inflammatory cells and also by restoring intracellular thiol pools that can also act to 

sequester aldehydes, which damage collagen and cartilage and ultimately result in joint 

deterioration. 

Tobramycin is an aminoglycaside antibiotic used to treat bacterial infections (Section 

4.1.5). Tobramycin is preferred over gentamicin for Pseudomonas aeruginosa 

pneumonia due to better lung penetration and bactericidal activity (Vakulenko & 

Mobashery, 2003) and is currently used as an inhaled antibiotic for the treatment of 

Pseudomonas aeruginosa infection in cystic fibrosis (CF) patients and also for the 

treatment of local infection in the eye (British National Formulary, No. 56, September 

2008). 

The finding that tobramycin inhibits T-cell transendothelial migration indicates that 

tobramycin may have potential both as an indirect (antibiotic) and direct (non- 

antibiotic) anti-inflammatory agent. In addition, the aminoglycoside vancomycin may 

also have potential to inhibit T-cell transendothelial migration, since vancomycin has 

been shown to be a highly effective copper chelator (Swiatek et al, 2005). This could be 

confirmed by using this drug in further transmigration experiments. 

It was expected that treatment with copper chelators would inhibit RANTES production 

through the inhibition of the NF-kB pathway and possibly also via the inhibition of 

Cu/redox, and alter the form of RANTES presented on the endothelial cell surface 
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through interference with the Cu-redox mechanisms that have been shown to mediate 
RANTES multimer formation (Chapters 2 and 3). However, RANTES concentrations 

were not altered as a result of Cu chelation. Cu chelation also did not induce any 

alteration in the multimeric form of RANTES or increase plasmin activity which 
indicates that Cu chelators did not induce syndecan shedding as a mechanism for the 

inhibition of T-cell migration. Although Cu chelation did not alter the form of RANTES 

detected in HLMVEC lysates, this was only associated with overnight treatment of the 

endothelial cells, which would likely only affect the form of newly synthesised 
RANTES and not RANTES multimers that had already formed and bound to the 

endothelial cell surface prior to treatment with Cu chelators. Since Cu has been shown 

to induce RANTES multimerisation via the formation of dityrosine cross-links 

(Chapters 2 and 3), it is possible that Cu chelation may still have a long-term effect, 

preventing RANTES multimerisation to the tetramer which is the predominant and 

active form of RANTES detected in HLMVEC lysates. This effect may occur in 

addition to the short-term inhibitory effect on T-cell transendothelial migration seen in 

this chapter, suggesting further work which would involve the incubation of HLMVECs 

with Cu chelators in longer term experiments. 

The PAI-1 inhibitor, XR5118 inhibited T-cell migration in response to platelet-derived 

RANTES a dose-dependent manner, and this was associated with an increase in soluble 

tetrameric RANTES and an increase in plasmin activity confirming that the anti- 

inflammatory action of XR5118 occurs through the inhibition of PAI-1. The inhibition 

of PAI-1 by the neutralising antibody MAI-12 has previously been shown to induce 

syndecan shedding in HUVECs with an associated increase in soluble HSPG-bound IL- 

8 (Marshall et al, 2003). It therefore follows that treatment with XR5118 induces 

syndecan shedding as a consequence of PAI-1 inhibition resulting in reduced RANTES 

presentation to T-cells and reduced T-cell migration. 

In addition, the enzyme catalase also inhibited T-cell migration in response to platelet- 

derived RANTES, suggesting the involvement of H202 in T-cell migration, in addition 

to the involvement of Cu. H202 is produced by the endothelium and as a known second 

messenger, can upregulate endothelial E- and P-selectin, VCAM-1, ICAM-1, TNF-a 

and chemokine expression via NF-kB (discussed later), which may explain the 

inhibition of T-cell migration upon treatment of HLMVECs with catalase. However. 
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treatment with catalase induced a significant increase in LDH release, although 100 % 

Trypan blue exclusion of platelets, T-cells and HLMVECs indicated that these cells 

were still viable. 

However, by way of explanation of the conflicting results, the enzyme LDH is known to 
be sensitive to Cu-mediated inactivation (Pamp et al, 2005). Cu is associated with many 

oxidation processes. The ability of Cu to exchange between stable oxidised Cu (II) and 

unstable, reduced Cu (I) states is used by cuproenzymes involved in redox reactions, 

e. g. Cu/Zn superoxide dismutase or cytochrome oxidase (Camakaris et al, 1999). 

However, the Cu (II) to Cu (I) or vice versa transitions also results in the generation of 

reactive oxygen species (ROS) and oxidative stress (Halliwell & Gutteridge, 1988). 

Multivalent metal ions are fundamental to redox chemistry as they facilitate electron 

transfers during the redox process (Smith et al, 2007). The oxidised form, Cu (II), in the 

presence of a reducing agent, such as ascorbate, is reduced to Cu (I) which subsequently 

catalyses the generation of reactive oxygen species (ROS). Cu (I) reductively activates 

H202 to form OH radicals in a mechanism analogous to the metal-driven Haber Weiss 

reaction, or Fenton reaction (Zhu et al, 2002). In addition to OH radicals, the other ROS 

generated in the presence of Cu ions are: "O2- "RO2 and "ONOO- (peroxynitrite formed 

by the reaction of NO- (nitric oxide) with 02-. H202 can be generated by the free radical 

scavenger superoxide dismutase in the following reaction: 

02 + 2H20 10 2H202 

Cu (I) reductively activates H202 to form OH radicals 

H202 + Cu+ -º Cu2+ + OH" + OH 

Consequently a paradoxical situation arises where reducing agents, such as ascorbate 

can amplify oxidative damage in the presence of Cu (I) (Balogh et al, 2003). Thus, free 

radicals generated in the presence of Cu ions can result in lipid, DNA and protein 

peroxidation. 
It is therefore possible that free radicals may play a role in Cu-mediated 

inactivation of LDH. Catalase scavenges H202 and will therefore be expected to 
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influence redox cycling. If free radicals are removed it may be possible that LDH 
inactivation is reversed, resulting in increased LDH activity. This may be a mechanism 

whereby treatment with catalase could result in increased LDH activity through H202 

scavenging. 

The overnight treatment of HLMVECs with Cu chelators or XR5118 did not cause 
toxicity to endothelial cells as confirmed by lactate dehydrogenase (LDH) assay, 
indicating that cytotoxicity was not the cause of reduced T-cell migration upon 
treatment with Cu chelators. Therefore, VAP-1, a Cu-dependent membrane bound 

enzyme that can influence leukocyte transendothelial migration was investigated as a 

mechanism for the inhibitory effects of Cu chelators. VAP-1 acts as a traditional 

adhesion molecule through the binding of sialic acid residues to a leukocyte-expressed 

lectin and also oxidatively deaminates leukocyte surface primary amines via its 

semicarbazide-sensitive amine oxidase activity with a resulting transient covalent bond 

that is thought to influence leukocyte-endothelial binding during leukocyte rolling with 

important end products including H202, aldehyde and ammonium which may regulate 

NF-kB and the adhesive properties of endothelial cells including the upregulation of P- 

and E-selectin (reviewed in Section 4.1.4). 

However, failure to detect HLMVEC VAP-1 activity indicates that this enzyme is either 

not present or expressed at levels beyond the detection limit of the assay, despite reports 

that VAP-1 is expressed in the endothelium of large and mid-sized pulmonary vessels of 

normal human lungs (Singh et al, 2003) and that VAP-1 SSAO-mediated deamination is 

involved in the recruitment of leukocytes during lipopolysachharide-induced pulmonary 

inflammation in transgenic mice that overexpress VAP-1 (Yu et al, 2006). Some reports 

have shown that VAP-1 is only up-regulated in response to inflammation (Jaakkola et 

al, 2000; Merinen et al, 2005) but the activation of HLMVECs with IFN-, y and TNF-a 

did not appear to induce VAP-1 expression. 

VAP-1 has so far only been detectable intracellularly in the cytoplasm of cultured 

HUVECs, and it has been reported that cultured endothelial cells including HUVECs 

lack detectable surface VAP-1. VAP-1 in HUVECs was not translocated onto the 

endothelial cell surface after stimulation with multiple c}tokines including IFN-y and 

TNF-a, mitogens or secretagogues which induced expression of other known 
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endothelial adhesion molecules including ICAM-1, E-selectin, and VCAM-1 
(Arvilommi et al, 1997; Salmi & Jalkanen, 1995). VAP-1 detected in HUVECs also 
lacks several types of common post-translational modifications such as sialic acids in 

contrast to naturally occurring VAP-1 in HEV, which may preclude its surface 
expression in cultured endothelial cells and also render VAP-1 functionally inactive. 
The authors of these studies have suggested that populations of cultured primary 
endothelial cell types commonly used as a model in studying lymphocyte-endothelial 

cell interactions lack surface expression of VAP-1 compared to peripheral lymph node- 
type high endothelial venules (HEV), and hence are inherently of limited use in 

analyses of lymphocyte transendothelial migration (Salmi & Jalkanen, 1995). 

It may be possible to detect HLMVEC-expressed VAP-1 using a more sensitive 

radiochemical method, such as that used-by Yu, et al., 2006, to detect VAP-1 SSAO 

activity in lung tissue from transgenic mice. The method involves the use of 14C- 

labelled benzylamine or methylamine as the substrate with the use of chlorgyline and 

deprenyl to block MAO activity. The enzyme reaction was terminated with citric acid 

and the oxidised products were extracted and quantified using a liquid scintillation 

counter. SSAO activity was detected as low as 0.1 nMol/min/mg protein using this 

method. 

Endothelial cells are known to produce H202 which is involved in redox cycling and the 

subsequent generation of ROS as described. A possible mechanism for the anti- 

inflammatory effects of copper chelators on T-cell transendothelial migration is via the 

inhibition of Cu-redox mechanisms resulting in impaired redox cycling and lowered 

levels of ROS. ROS are known to act as second messengers, upregulating gene 

expression in the vasculature, via NF-kB including the expression of VCAM-1 (Kunsch 

& Medford, 1999), ICAM-1 (Cheng et al, 1998), TNF-a (Valen et al, 1999), E- and P- 

selectin (Jalkanen et al, 2007) and chemokines (Chen et al, 2004; Lakshminarayanan et 

al, 1997) and consequently may play an important role in endothelial activation, 

cytokine and chemokine production and adhesion molecule upregulation. 

Therefore, it is postulated that Cu chelators may exert their anti-inflammatory effects 

via the impairment of redox cycling and subsequent inhibition of gene expression for 

important vascular adhesion molecules, cytokines and chemokines. In support of this 
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notion, the impairment of leukocyte-endothelial adhesion has been reported in the 

muscle microcirculation of the copper-deficient rat (Schuschke et al, 2001) and in 

addition, copper-deficiency has been reported to attenuate endothelial cell Ca 2+ 

mobilisation (Schuschke et al, 2000) and suppress the expression of cell surface 

molecules in human promonocytic cells and neutrophils (Huang & Failla, 2000; 

Karimbakas et al, 1998). Furthermore, the anti-inflammatory effects of the drug 

enoxaparin (EP) were shown to occur via its antioxidant potential (Manduteanu et al, 
2007). It was demonstrated that in cultured endothelial cells exposed to non-toxic levels 

of H202, treatment with EP reduced monocyte adhesion, ICAM-1 and P-selectin 

expression, decreased the nuclear levels of c-Jun and p65 proteins, and diminished the 

phosphorylation of c-Jun protein, MAPK p38 and JNK. Thus the report demonstrates 

impaired leukocyte adhesion with the reduced expression of adhesion molecules via the 

MAPK (both p38 and JNK) / NF-kB pathway in response to antioxidant therapy. In 

addition, it has been shown that D-penicillamine has anti-oxidative properties, 

preventing hyaluronan degradation induced by Cu/redox ROS generation (Valachova et 

al, 2008). The anti-oxidative effects of D-penicillamine are likely dependent on its 

ability to impair redox cycling and may also be dependent on its ability to bind Cu, 

indicating that other Cu-binding drugs may also have anti-oxidative potential. 

Since enoxaparin is a low molecular weight heparin, other GAGs may also have anti- 

oxidant potential, as demonstrated by the increases in lipid peroxidation and post- 

translational proteolytic modification of RANTES upon treatment with sodium chlorate, 

which inhibits GAG synthesis, and the protective effects of HS against the degradation 

of chemokine multimers (Chapters 2 and 3). As discussed, the protective effects of 

GAGs against lipid peroxidation and oxidative damage have also been reported in 

liposome and fibroblast cultures (reviewed in Section 2.6). 
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5. General Discussion 

This thesis provides evidence that Cu has pro-inflammatory effects and that Cu 

chelators have anti-inflammatory properties that indicate their therapeutic potential. 
However, the use of copper per se as a therapeutic agent is well documented and 
probably dates to the beginning of recorded history and even earlier as a folk remedy for 

arthritis. The use of Cu by transdermal delivery in the form of the metal from Cu 
bracelets has been a time-honoured practice since antiquity, when it was recognised for 
its anti-inflammatory activity. The potential for the use of Cu as an anti-inflammatory 

agent remains subject to controversy, because scientific studies designed to demonstrate 

therapeutic benefits for arthritic conditions through dermal contact with metallic Cu or 
its compounds have been inadequate. 

Interestingly, raised Cu levels and mildly acidic conditions are common during 

inflammation and raised Cu serum levels that correlate with disease activity have been 

reported in particular in patients with rheumatoid arthritis (Strecker, 2005)(reviewed in 

Section 1.20). Furthermore, both acute and chronic inflammation have been 

characterised by a significant increase in total serum Cu, which can be regarded as a 

factor capable of worsening pathological processes, including oxidative stress (Milanino 

& Buchner, 2006). 

Many studies have extensively claimed that there is little benefit from the use of Cu 

bracelets in the therapy of rheumatoid arthritis (Camara & Danao-Camara, 1999; 

Herman et al, 2004; Kestin et al, 1985; Rao et al, 2003; Rao et al, 1999; Struthers et al, 

1983). However, several studies reported a significantly greater number of the patients 

who stated that their condition improved while wearing a Cu bracelet compared to 

wearing an aluminium bracelet. The effect was attributed to the supply of a steady 

supplemental amount of Cu from the bracelets. Cu bracelets were reported to have lost 

an average of 13 mg in a month of use and the lost Cu was assumed to have dissolved 

into the wearers' sweat and then to have been absorbed into their skin (Bratton et al, 

2002; Walker et al, 1981; Walker & Keats, 1976). 

It has been discovered that upon contact with skin, and in the presence of 02 and H2O, 

Cu metal oxidises and dissolves in sweat. Subsequent laboratory experiments showed 

that Cu bracelets could slowly release Cu ions that form complexes with amino acids 
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and fatty acids, which will permeate both the surrounding skin and eventually' also the 
body (Walker & Griffin, 1976; Walker & Keats, 1976; Walker & Reeves, 1977). In 

samples of artificial sweat where initial copper concentration was of the order of 2x 10- 
5 M, after 24 hours of incubation with Cu turnings the samples turned blue and the 

concentration had increased to 2x 10-3M Cu. However, quantitative data for 

percutaneous penetration of the metal's putative oxidation products, which may be 

generated in contact with skin in humans, is not available, and because no beneficial 

effect could be statistically documented for skin contact with Cu devices, the 

mechanism of action of Cu bracelets in rheumatoid arthritis, if it occurs at all, is still 

poorly understood. 

Cu is an essential trace element, present in the mammalian organism only in minimal 

concentration as free ionic Cu (10-18 M, with a range between 10-11 and 10-19 M) and is 

predominantly complexed with proteins and amino acids (reviewed in Hostynek & 

Maibach, 2006). Some studies have reported anti-inflammatory activity upon the 

parenteral administration of Cu-complexes in carrageenin rat paw oedema models 

including several tetrachlorocuprate (II) complexes (Jimenez-Hernandez et al, 1995), 

and salicylic acid Cu complexes (Beveridge et al, 1980; Beveridge et al, 1982; Walker 

et al, 1980). In addition, Cu complexes of anti-arthritic drugs, including salicylic acid, 

acetylsalicylic acid, penicillamine, and several corticoids, were found to be more active 

than the parent drugs. A comparison of Cu, gold, and silver thiomalate and thiosulfate 

complexes in models of inflammation revealed that the Cu complexes were effective, 

while the gold and silver complexes were virtually inactive (Aaseth et al, 1998). As a 

general rule, Cu complexes are less toxic and suppress the ulcerogenic effect of many of 

the ligand drugs themselves. The modem use of Cu complexes to treat arthritis dates 

from the 1940s, and the theory that Cu complexes of nonsteroidal anti-inflammatory 

drugs are more active and less toxic than the parent compounds is supported by a 

substantial body of literature (Hostynek & Maibach, 2006). 

Based on this evidence, compounds that have subsequently been investigated include 

Cu complexes of well-known antiarthritic drugs, including steroidal and nonsteroidal 

anti-inflammatory 
drugs niflumic acid, D-penicillamine, hydrocortisone, 

dexamethasone, dimethylsulfoxide, clopirac, ketoprofen, naproxen, indomethacin. 

mefenamic acid, diclofenaca and ibuprofen among a number of others. All the Cu 
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complexes of those drugs have been found to be active or more effective anti- 
inflammatory agents than the parent drug (Hostynek & Maibach, 2006). 

The anti-inflammatory activity of Cu-complexes has been attributed to superoxide 
dismutase (SOD) activity exhibited by these compounds (Santini et al, 2003), resulting 
in the dismutation of the superoxide anion (02-) to the less potent H202 and O2, Catalase 

or glutathione peroxidise can then decompose H202 into H2O and 02 (Rahman et al. 
2006). The superoxide dismutase activity of Cu-complexes occurs due the ability of Cu 

to participate in electron transfer reactions. Cu can accept and donate single electrons as 
it changes valency between the reduced Cu (I) and oxidised Cu (II) states, assisting in 

the catalysis of oxidation-reduction reactions involving oxygen radicals (Leary & 

Winge, 2007; Osterberg, 1980). This is used by cuproenzymes involved in redox 

reactions such as CuZnSOD and cytochrome c oxidase (Camakaris et al, 1999). Reports 

have shown that Cu-complexes have a potent inhibitory effect on the production of 

superoxide anions in serum and in tumor cell lines in vitro (Huber et al, 1987; 

Saczewski et al, 2007; Weser & Schubotz, 1981). These inhibitory effects could 

explain, at least in part, the anti-inflammatory activity of Cu-complexes (Frechilla et al, 

1990a; Frechilla et al, 1990b), since oxidative stress can determine alterations at the 

cellular level via oxidant-induced activation of signalling pathways. 

Reactive oxygen species (ROS), either directly or via the formation of lipid 

peroxidation products such as acrolein, 4-hydroxy-2-nonenal and F(2)-isoprostanes, 

may play a role in enhancing inflammation through the activation of stress kinases 

(JNK, MAPK, p38, phosphoinositide 3 (P1-3 )-kinase/PI- 3K-activated serine-threonine 

kinase Akt) and redox sensitive transcription factors such as NF-kB and AP-1 (Rahman, 

2002)(reviewed in Sections 4.1.3 and 4.6). Oxidative stress also causes disruption of 

membrane lipids and cellular destruction as a result of lipid peroxidation induced by 

ROS. The end products of lipid peroxidation can also activate p44/42 (ERK 1/2) and c- 

Jun MAPK pathways (Ciencewicki et al, 2008). In addition, oxidative stress can lead to 

rises in intracellular calcium ions, cytoskeleton disruption and DNA damage (Halliwell, 

1991). Recent data have also indicated that oxidative stress and pro-inflammatory 

mediators can alter nuclear histone acetylation/deacetylation allowing access for 

transcription factor binding to DNA, leading to enhanced pro-inflammatory gene 

expression in various lung cells (Rahman, 2002). 
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Oxidative stress is associated with a host of inflammatory diseases, particularly those 

associated with the lung (Ciencewicki et al, 2008). This is because of all the organs in 

the human body, the lungs are by far the most susceptible to attack by free radicals due 

to the highest exposure to oxygen and oxidants in inhaled air, and large surface area and 
blood supply to the lungs. Homeostasis of the oxidation/reduction (redox) state is 

imperative for cell viability, activation, proliferation and survival, all of which are 

necessary for the proper functioning of all organs (Rahman et al, 2006). The lungs 

defend against oxidative challenge with efficient antioxidant defenses such as 

glutathione (GSH), albumin, uric acid, vitamins C and E, SOD and catalase (Mak & 

Chan-Yeung, 2006). However, during inflammation, infiltrated phagocytic cells 
including neutrophils, eosinophils and macrophages release large amounts of ROS 

(Kinnula et al, 1995) and there is evidence that as well as inflammatory cells, non- 
inflammatory cells including the alveolar and bronchial epithelium and the endothelium 

release ROS (Folkerts et al, 2001; Holland et al, 1990; Kinnula et al, 1992a; Kinnula et 

al, 1992b). An imbalance of the redox system in the lungs leads to lung tissue damage 

and fibrosis. Oxidative stress has been increasingly recognised as one of the major 

factors contributing to the chronic inflammatory process in the lungs (Mak, 2008) and is 

well known to contribute to the inflammatory response in pulmonary hypertension 

(Bowers et al, 2004), cystic fibrosis (CF) (Brown et al, 1996; Reid et al, 2007), asthma 

(Mak & Chan-Yeung, 2006), adult respiratory distress syndrome (ARDS) (Cross et al, 

1990) and chronic obstructive pulmonarty disease (COPD) (Psarras et al, 2005). 

Antioxidant therapy using a novel antioxidant rich formulation for oral administration 

containing beta-carotene (30 mg), tocopherols (vitamin E) including alpha-tocopherol 

(200 IU) and gamma-tocopherol (94 mg) and other tocopherols (31 mg), coenzyme Q 10 

(CoQlO) (30 mg) vitamin D3 400 IU and vitamin K1 (300 mg) has been shown to 

reduce airway inflammation in CF (Papas et al, 2008) and antioxidant thiol molecules, 

polyphenol salts erdosteine and carbocysteine lysine salt have been reported to reduce 

inflammation in COPD (Rahman, 2006). It has also been suggested that antioxidant 

therapy may be useful in the treatment of asthma (Garcia-Larsen et al, 2009; Nadeem et 

al, 2008; Riccioni et al, 2007). 
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As well as increased oxidative stress, raised Cu levels have also been reported in many 
disease states including rheumatoid and osteoarthritis, cancer and angiogenesis, 

cardiovascular disease, Alzheimer's disease, chronic wounds, vasculitis and chronic 
hepatitis (reviewed in Section 1.20). Raised Cu levels induce pulmonary inflammation 

and many inflammatory diseases of the lung are associated with raised Cu status 
including COPD, CF, ARDS and asthma (Karadag et al, 2004; Percival et al, 1999; 

Rice et al, 2001). 

The evidence suggests that especially in the lung, inflammation is exacerbated by 

oxidative stress, and that Cu may also contribute to oxidative stress in these diseases 

due to its well documented role in redox reactions resulting in ROS generation (Section 

2.6). This evidence leads to the suggestion that Cu-binding compounds may be of 

therapeutic value in the treatment of pulmonary inflammation including COPD, CF, 

ARDS and asthma, both through the removal of Cu, preventing its involvement in redox 

cycling and ROS generation leading to suppressed NF-kB activation and also by acting 

directly as an antioxidant via superoxide dismutase activity. In support of this notion, 

Cu-complexes have been shown to exhibit anti-inflammatory activity which has been 

attributed to the SOD activity of these Cu-binding compounds. In addition, Cu-binding 

drugs that also have antibiotic activity may prove even more effective, such as 

gentamycin, tobramycin or vancomycin. 

Wilson's disease, an inherited disease of Cu toxicity has been the driving force in the 

development of anti-copper drugs. The genetic defect is caused by a mutation or 

deletion of the gene, ATP7B, encoding a P-type ATPase of 1411 amino acids. ATP7B 

is essential for Cu transport and elimination of Cu from the body (Bull et al, 1993). 

Wilson's disease is characterised by low ceruloplasmin concentrations in blood and a 

marked increase in the Cu contents of the liver and brain (Brewer & Yuzbasiyan- 

Gurkan, 1992). Absorbed Cu is brought to the liver by the Cu transporters albumin and 

transcuprein (reviewed in Section 1.18). Following uptake by the hepatocyte, a portion 

of the Cu is normally incorporated into ceruloplasmin and another portion is excreted in 

the bile. A third portion is incorporated into Cu-dependent intracellular enzymes such as 

CuZnSOD and cytochrome oxidase. In the liver of patients with Wilson disease the 

process of Cu incorporation into ceruloplasmin appears to be impaired, as is excretion 

of Cu into the bile. 
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Because the Cu cannot enter the bile nor participate in ceruloplasmin synthesis, the 

result is an accumulation of Cu by the liver. Prolonged accumulation of Cu in liver cells 

results in cirrhosis and subsequent deposition of excess Cu in extra-hepatic tissues as 

well as brain damage as a result of Cu accumulation in the brain (Linder & Hazegh- 

Azam, 1996). The accumulation results in neurologic symptoms of tremors, spasticity. 

rigidity and chorea, dystonia, unsteady gait and psychosis (Cui et al, 2005). The disease 

is very treatable with Cu-binding drugs with excellent clinical results (Brewer, 2008). 

D-penicillamine was the first drug developed for oral administration in Wilson's 

disease. The Cu chelator induces the excretion of a large amount of Cu in the urine 

(Walshe, 1956). Although highly effective, D-penicillamine has a long list of side 

effects including the worsening of neurological symptoms in newly diagnosed patients 

and many patients who worsen never recover (Brewer, 2008). The second drug 

developed was trientine (Walshe, 1982), another Cu chelator that increases the urinary 

excretion of Cu. Although trientine causes fewer side effects than D-penicillamine, it 

shares the propensity to cause worsening of neuralgia. 

Zinc was developed as the third treatment option (Brewer et al, 1998), and this 

treatment has very few side effects. Zinc acts by inducing intestinal cell metallothionein 

which then binds Cu from food and endogenous secretions and holds the Cu in the 

intestinal tract. The fourth drug which is not yet in the market is tetrathiomolybdate 

(TMB). This drug has been shown in clinical trials to be excellent for the stabilistation 

of neurologic status and preventing worsening. It acts by forming a tripartite complex 

with Cu and protein that is very tight. Taken with food, the drug complexes with food 

protein and endogenously secreted Cu and preventing its absorption. Taken without 

food, TMB is absorbed and binds free Cu and albumin so that the Cu is no longer 

available for cellular uptake. The TMB complex is metabolised by the liver, and 

excreted into the urine (Brewer, 2008). 

Cu-binding drugs are also used in the treatment of rheumatoid arthritis. Rheumatoid 

arthritis is a chronic destructive inflammatory joint disease, characterised by massive 

synovial proliferation and subintimal infiltration of inflammatory cells, which along 

with angiogenesis leads to the formation of a very aggressive tissue called pannus 
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(Feldmann et al, 1996; Koch, 1998). Expansion of the pannus induces bone erosion and 
cartilage thinning leading to the loss of joint function. Rheumatoid arthritis is 

characterised by increased production of inflammatory cytokines including TNF-a, IL- 
1-a and IL-I-ß (Feldmann et al, 1996) as well as raised serum Cu (Honkanen et al, 
1991) which may correlate with the increased cytokine production seen in rheumatoid 
arthritis patients (Zoli et al, 1998). 

D-penicillamine has been used in the therapy of rheumatoid arthritis for many years but 

the mechanism of the effect of D-penicillamine is still unknown, although it is thought 

that D-penicillamine may induce the excretion of endogenous Cu in the urine (McQuaid 

et al, 1992). However, TMB is much more effective in inducing Cu excretion into the 

urine than D-penicillamine and has also proved effective in suppressing adjuvant- 

induced arthritis and inflammation-associated cachexia in rats (Omoto et al, 2005), 

suggesting that the two drugs may have a similar mechanism of action that in part 

involves increasing the urinary excretion of Cu. As described above, the mechanism of 

these Cu-binding drugs likely also involves the inhibition of redox cycling and ROS 

generation. NF-kB can be activated directly by Cu but can also be activated by ROS 

that are generated by Cu-redox mechanisms. This indicates both a direct and indirect 

mechanism for the inhibition of Cu-induced NF-kB activation by Cu-binding drugs, 

leading to suppressed inflammatory cytokine production since NF-kB is the master 

regulator of many proinflammatory cytokines. This effect could occur in addition to the 

superoxide dismutase activity exhibited by Cu-complexes. 

It is likely that neocuproine, bathocuproine, D-penicillamine and tobramycin inhibit T- 

cell recruitment in response to platelet-derived RANTES in the transendothelial 

migration model via the binding and removal of free Cu, since all four of these 

compounds were effective in inhibiting T-cell recruitment (Chapter 4) and in this 

Chapter, one common property of all these compounds is their ability to bind Cu. As 

discussed here and in Section 4.6, the anti-inflammatory mechanism is likely due to the 

antioxidant potential of Cu-binding compounds with the subsequent impairment of 

redox cycling which may result in the inhibition of gene expression for important 

vascular adhesion molecules, cytokines and chemokines. 
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Beyond the treatment of Wilson's disease and rheumatoid arthritis, as discussed, Cu- 
binding compounds may prove useful for the treatment of pulmonary inflammatory 
diseases via the lowering of oxidative stress which occurs in particular in the lungs, and 
this may also result in suppressed leukocyte recruitment. Cu-binding compounds may 
prove useful in the treatment of COPD, CF, ARDS, asthma, and pulmonary fibrosis, but 

could also be beneficial in the treatment of cancer and angiogenesis, prion disease and 
Alzheimer's disease (reviewed in Section 1.22) (Squitti et al, 2005). The pathogenesis 

of these diseases may be dependent on the availability of free Cu and could be inhibited 

by lowering levels of free Cu. 

Cu has been shown to play a role in Aß-peptide aggregation and plaque formation in the 

pathophysiology of Alzheimer's disease (reviewed in Section 1.21), suggesting that a 

therapy aimed at lowering free Cu levels in Alzheimer's disease might be beneficial to 

patients. Cu chelators are effective in solubilising brain Aß (Cherny et al, 2000) and in 

addition, the metal chelation of Cu with clioquinol markedly inhibits Aß aggregation in 

Alzheimer's disease transgenic mice (Cherry et al, 2001). However, during clinical 

trials, although clioquinol has been shown to steady the cognitive ability of patients 

with Alzheimer's disease, the drug was also associated with serious neurologic side 

effects known as subacute myelo-optic neuropathy (SMON), the symptoms of which 

included numbness, pain and intestinal distress, paralysis and blindness. Clinical trials 

are on-going in order to assess the therapeutic potential of clioquinol, since it is thought 

that the toxic effects of clioquinol may have been due to the formation of a toxic 

biproduct during the manufacture of clioquinol (Cahoon, 2009). It has also been found 

that Cu chelation delays the onset of prion disease in mice (Sigurdsson et al, 2003) 

(reviewed in Section 1.22). 

In phase I/II trials, TMB has also been shown to be effective in idiopathic pulmonary 

fibrosis patients (Flaherty et al, 2007) and TMB also inhibits liver and heart 

inflammation in mouse models via the inhibition of TNF-a, IL- IP and IL-2 expression 

(Hou et al, 2005; Ma, 2004). The growth of cancers involves angiogenesis and the 

development of a blood supply for the growing tumor. Angiogenesis is stimulated by 

many cytokines and the upregulation and activity of these cytokines is dependent on Cu. 

Preclinical studies have strongly indicated that TMB inhibits angiogenesis in mouse 

models, including squamous carcinoma, mammary cancer, head and neck cancer 
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models and TMB also showed efficacy in a study of advanced cancers in pet dogs 
(reviewed in Brewer, 2008). It has been asserted that the anti-angiogenic action of TMB 

occurs via the inhibition of Cu-dependent effects on NF-kB activity (Khan & Merajver, 
2009; Pan et al, 2003; Pan et al, 2002). 

However, it is important to consider the side effects of Cu-binding drugs when 
evaluating their potential for the treatment of diseases where Cu-lowering therapy may 
be beneficial. Of all the Cu-binding drugs discussed so far, D-penicillamine has the 
highest risk with regard to side effects and toxicity. As discussed, D-penicillamine has 
in particular been associated with side effects neurological symptoms, but it has also 
been associated with reduced platelet count, proteinuria associated with immune 

complex nephritis, nausea, loss of taste and rash outbreak (British National Formulary, 

No. 56, September 2008) (Dubois et al, 1998; Magnus et al, 1987). 

The aminoglycoside antibiotics including kanamycin, gentamycin and tobramycin are 

associated with vestibular and auditory damage, nephrotoxicity, antibiotic-associated 

colitis, stomatitis, nausea, vomiting, rash and muscular weakness (British National 

Formulary, No. 56, September 2008) and the aminoglycosides are also not absorbed via 

oral administration and therefore must be administered intravenously to achieve 

effective serum concentrations. In addition, the aminoglycosides do not readily cross the 

blood-brain barrier and therefore are unlikely to be of use in the treatment of 

Alzheimer's disease (Bruckner et al, 1981; Moellering et al, 1981). 

However, so far clinical trials have shown that orally administered TMB is effective in 

the treatment of Wilson's disease (Brewer et al, 2006; Brewer et al, 2003; Brewer et al, 

1996), rheumatoid arthritis (Omoto et al, 2005) and also has antiangiogenic effects in 

malignant pleural mesothelioma patients after resection of gross disease (Pass et al, 

2008), patients with advanced kidney cancer (Redman et al, 2003) and patients with 

hormone-refractory prostate cancer (Henry et al, 2006). The trials have shown that 

TMB exhibits minimal toxicity. Side effects included anaemia, neutropaenia, 

leukopaenia and transaminase elevations but these side effects were generally resolved 

with either a dose adjustment or temporary suspension of the dosing regimen (Medici & 

Sturniolo, 2008). The evidence indicates that TMB has greater potential for use as an 
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anti-inflammatory agent than some of the Cu-binding drugs used in the past since it can 
be administered orally and is highly effective with minimal toxicity risks. 

It is also important to consider the effective targeting of Cu-binding drugs to the site of 
inflammation. Whilst systemic administration of Cu-binding drugs via the oral or 
intravenous route is effective in the treatment of Wilson's disease and some cancers, 
local inflammation may be more difficult to target. As discussed, the lung could be an 
important target for Cu-lowering therapy since many of the inflammatory diseases of 

the lung are associated with raised Cu and the infiltration of phagocytes, both of which 

contribute to oxidative stress and exacerbate inflammation. In order to target the lung, it 

may be more beneficial to use an inhaled formulation which would directly target the 

bronchial airways and alveolar spaces, the sites at which excessive inflammation can be 

life threatening. Previous studies have reported that a formulation of aerosolised 

tobramycin is effective in the treatment of CF and Pseudomonas aeruginosa infection, 

significantly improving pulmonary function, and the inhaled formulation was well 

tolerated by patients (Chuchalin et al, 2007). Aerosolised antibiotics including 

tobramycin, gentamycin, neomycin, amikacin, aztreonam, colistin, carbenicillin, 

amphoteracin, ticarcillin and ceftazidime have also been used for non-cystic fibrosis 

bronchiectasis which has been shown to decrease sputum bacterial density (Rubin, 

2008). 

However, this route of administration of Cu-binding drugs may result in toxic side 

effects that could occur upon the removal of Cu as an essential cofactor for many 

proteins and enzymes, including the intracellular proteins cytochrome c oxidase and 

CuZnSOD and the extracellular proteins ceruloplasmin, lysyl oxidase, transcuprein and 

amine oxidases (Linder & Hazegh-Azam, 1996). Cytochrome c oxidase is the terminal 

enzyme of the electron transport chain in mitochondria and the site where oxygen is 

utilised in respiration, catalysing the reduction of 02 to 2H202. CuZnSOD is important 

for the dismutation of superoxide anions and therefore the loss of the SOD activity of 

this enzyme would likely affect oxidative stress levels and exacerbate inflammation. 

Ceruloplasmin is also a Cu-dependent ROS scavenger, protecting against oxidative 

damage. As with CuZnSOD, loss of this scavenging activity would also result in 

increased oxidative stress, which could exacerbate inflammation. Inhibition of 

ceruloplasmin would also have detrimental effects on the transport of essential Cu from 
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the liver to other tissues. However it is likely that the activity of these anti-oxidative 

enzymes would be replaced with the anti-oxidative Cu-antibiotic complex. 

Lysyl oxidase is another Cu-dependent enzyme critical for the formation and function of 

connective tissue throughout the body. Its function is to catalyse cross-linking of newly 
formed collagen and tropoelastin fibres through the oxidative deamination of lysine side 

chains on these proteins. Cu deficiency leads to a lack of collagen maturation and 
defective sheathing of blood vessels by elastic fibres, which can result in aneurisms 
(reviewed in Linder and Hazegh-Azam, 1996). 

It was shown that Cu induces the multimerisation of isolated recombinant RANTES, IL- 

8 and ENA-78 (Chapter 2) and RANTES multimerisation was shown to occur via the 

formation of Cu-induced dityrosine cross-links (Chapter 3). Although Cu chelation had 

no effect on the multimerisation of RANTES in vitro, as discussed in Section 4.6, 

RANTES may already have formed tetramers during culture prior to the addition of the 

Cu chelators for 24 hours. The treatment of HLMVECs with Cu chelators in longer term 

experiments may prevent the formation of tetramers prior to transendothelial migration 

assays. The tetrameric form was predominant form of RANTES bound to the 

endothelium and was found to be highly stable (Chapter 4). This highly stable form of 

RANTES may be important in vivo under shear flow conditions and it is possible that 

Cu may be important in vivo for the formation of the tetramer and retention of RANTES 

on the endothelium during inflammation, and perhaps also other chemokines such as IL- 

8 and ENA-78 which also multimerise in the presence of Cu (Chapter 2). Therefore, 

although it has not yet been demonstrated in vitro, it is possible that Cu chelation may 

reduce the retention and presentation of chemokines on the endothelium in vivo under 

flow conditions in the bloodstream. The presentation of chemokines on the endothelium 

not only directs leukocyte recruitment but also induces the firm adhesion of leukocytes 

to the endothelium prior to transcytosis and migration to the site of inflammation 

(reviewed in Section 1.1). Therefore Cu chelation may be a useful strategy to target the 

accumulation of leukocytes as an essential response during inflammation. 

The endothelium controls the selectivity of invasive processes via its phenotype and its 

physiological or pathological state. Thus endothelial cells select populations of 

circulating cells via a multi-step process leading to leukocyte recruitment. The 
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specificity is regulated by the arrangement of cytokines, chemokines and adhesion 

molecules that guide circulating leukocytes to specific locations. The presentation of 

chemokines via GAGs on the endothelial cell surface plays an essential role in the 

selective regulation of leukocyte homing by attracting circulating cells via a gradient 

and activating integrins upon binding to specific GPCRs on leukocytes (reviewed in 

Section 1.1). 

The profile of chemokine expression varies between different endothelial types. As the 

focus of this thesis, RANTES is implicated in many diseases of the lung (reviewed in 

sections 1.5 and 1.16), but since RANTES presentation on the endothelium occurs 

predominantly via HSPGs (Hillyer & Male, 2005) and HSPGs are ubiquitously 

expressed, it is not surprising that RANTES expression has been reported in many 

endothelial types. RANTES binds strongly to several endothelia including human lung 

and dermal microvascular endothelium, saphenous and umbilical vein endothelium, 

appendix endothelium, brain endothelium, skin endothelium, bone marrow endothelium 

and mesenteric lymph node endothelium (Crola Da Silva et al, 2009; Hillyer & Male, 

2005). As a chemokine involved in T-cell recruitment, it is most likely that RANTES is 

involved ubiquitously in inflammation, as an important chemotactic signal in the 

adaptive immune response. 

Binding sites for several chemokines including RANTES have been demonstrated on 

the endothelial cells of dermal venules and small veins but not arteries or capillaries 

(Hub & Rot, 1998; Rot, 1992), in the afferent lymphatic vessels in the upper and lower 

dermis of human skin (Hub & Rot, 1998) and also in the lining of high endothelial 

venules (HEV) suggesting that RANTES may be implicated in directing the trafficking 

of T-cells through the afferent lymphatic vessels to the lymph nodes. It is thought that 

during clearance, chemokines are channelled and redistributed to the lymph nodes 

where they can induce leukocyte recruitment after association with HEV (Rot, 2003). 

The chemokines CCL19 and CCL21 have been shown to be essential in the 

transmigration of T-cells across HEVs via binding to CCR7, the shared receptor for 

these two chemokines. CCR7 is uniformly expressed by all naive T-cells as well as 

subsets of resting memory T-cells (Ebert et al, 2005). However. RANTES may be 

involved in the recirculation of activated T-cells expressing the receptors CCR3 and 

CCR5. 

281 



Therefore a strategy such as Cu-lowering therapy for altering RANTES presentation on 
the endothelium may not only be important for lung inflammation where RANTES has 

been implicated with several inflammatory diseases, but also in a wide range of other 
diseases involving other major organs. However, because in addition to Cu, oxidative 

stress has also been implicated in inflammation, required both for redox cycling and 

also inducing chemokine multimer formation, as the most susceptible organ to oxidative 

stress the lungs may be the most important target for Cu chelation therapy. 

Further work: 

Possible suggestions for further work include investigating the Cu chelators TMB and 

vancomycin for anti-inflammatory activity, anti-oxidant activity and therapeutic 

potential using transmigration assays and FOX-2 assays to determine whether these Cu 

chelators inhibit T-cell migration or protect lipids from peroxidation in cell cultures. 

The effect of Cu-tobramycin or Cu-vancomycin complexes, which are easily 

synthesised by overnight incubation of tobramycin or vancomycin with CuCl2 followed 

by ethanol precipitation could also be investigated using a FOX-2 assay to determine 

whether Cu-tobramycin or Cu-vancomycin protect lipids from peroxidation or have any 

effect on the redox state of cells in culture. 

The effect of Cu on RANTES NFkB/IkB expression could be determined at the mRNA 

level. 

Further longer-term experiments could be used to evaluate the effect of Cu depletion on 

chemokine multimer formation and binding to the endothelium in conjunction with the 

effect on leukocyte migration. 

Transmigration experiments using several different endothelial types would facilitate 

the speculation of which tissues could be targeted with Cu-binding drugs to the greatest 

anti-inflammatory effect. 

In addition, treatment of immunoprecipitated cell lysates with GAG-lyases would also 

give an indication as to which GAGs the chemokines are binding in different 
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endothelia, and this could parallel the use of Western blotting and immunostaining for 

GAGs including HSPG, chondroitin sulphate and dermatan sulphate. 

Furthermore, to determine the mechanism of action of Cu chelators in the suppression 

of leukocyte migration it would be necessary to investigate the expression of endothelial 

expressed adhesion molecules including ICAM-1, VCAM-1, P-selectin and E-selectin 

and also the nuclear levels of NF-kB, and the phosphorylation of proteins associated 

with the MAPK pathway such as c-Jun, p65, p38 and JNK. 
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