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Summary

The aim of this thesis was to investigate the effects in vitro of novel 

compounds on LFA-1 mediated T cell motility, and, to develop a profile of 

the compounds with respect to cytotoxicity and apoptosis. The compounds 

evaluated in this work were categorised as those that are synthetic derivatives 

o f the naturally occurring pharmacological products from the fern Pteridium 

aquilinum, which had previously been evaluated in animal models of 

inflammation, denoted with a prefix PH. Following a pilot study, the 

following were chosen for further investigation; 6C6, 6C6-OH,7C9 and 7C17 

based on activity demonstrated and to examine the potential with varying 

structures. PH 6 (6C6) had demonstrated significant efficacy in animal 

models o f inflammation. A second group of compounds were isolated in 

house, known as quinones, and are denoted with a prefix HIH. This group o f 

compounds were also assessed for their inhibitory properties in LFA-I 

mediated T cell motility. The cytotoxicity o f these compounds was restricted 

to investigation in MTT and LDH assays owing to limited quantities.

This thesis opens with an introduction that describes inflammation and 

autoimmunity with the emphasis on T cell involvement. The process of, and 

molecules involved in LFA-I mediated T cell motility are also described. 

Cytotoxicity and apoptosis are introduced, and the involvement o f apoptosis 

in the regulation o f the immune system is also described.

A pilot study was performed and determined the utility o f the LFA-I 

mediated T cell motility assay as an appropriate model to evaluate drugs in 

an anti-inflammatory context with respect to T cell function. The pilot study 

demonstrated the significant effect o f PH 11 and PH 12 as inhibitors o f LFA- 

1 mediated T cell motility. The effect o f the four main PH compounds 

studied in this work was determined firstly, in the LFA-I mediated T cell 

motility assay 4 h post treatment, and the findings indicated PH 6 to be a 

significantly potent inhibitor. Furthermore, its effect was found to be dose 

dependent. Cytotoxicity experiments in HuT-78 and Jurkat T lymphocytes 

demonstrated PH 6 again to be the most significant drug. The cytotoxic effect 

was also found to be dose dependent, and more pronounced in Jurkat T 

lymphocytes. The toxicity o f the test compounds was further investigated



with determination o f  Annexin V and PI (Propidium iodide) binding. PH 6 

was found to induce apoptosis significantly in Jurkat T lymphocytes, and also 

HuT-78 T lymphocytes, which are resistant to apoptosis as a result o f  

constitutively activated N F-kB. This fact indicated that PH 6 was mediating 

the apoptotic effect in an NF-kB independent manner. Caspase activity 

following treatment with PH 6 was then determined in a poly caspase FLICA 

assay and PH 6 was found to cause significant caspase activation. The 

expression o f  TN F-a mRNA was then determined and PH 6 was found to 

upregulate its expression. These results are discussed, in the context o f  

inflammation and autoimmunity.

Based on the findings o f  this work, PH 6, HIH 6 and HIH 7 could be further 

investigated with respect to cytokine regulation and also mRNA expression 

o f  LFA-1 and ICAM-1 to determine the means by which these compounds 

mediate their effects.

The appendices include supplemental images acquired during the pilot study 

o f  LFA-I mediated T cell motility, supplemental preliminary cytotoxicity 

experiments which were carried out in HMC-I mast cells and A549 epithelial 

cells, and structures o f  the compounds used in the pilot study.



1. Introduction

1.1 The immune system

The immune system mediates a resistance to infection and the invasion o f 

pathogens through an assortment o f cells, tissues and molecules which in a 

concerted manner provide defence mechanisms against foreign invaders 

(Abbas, Lohr et al. 2004). These defence mechanisms include the skin, tears, 

saliva, mucous layers, and pH controlled surfaces, as well as cellular 

responses. In the event o f the protective surface defence mechanism failing to 

destroy the invading pathogen, the cellular response is mounted (Janeway et 

al., 2005).

Innate immunity

The responses o f the immune system can be classified as innate and adaptive, 

the former also being referred to as natural. They are always present in the 

healthy individual. The innate response is the first line o f defence. Epithelia, 

phagocytes and natural killer (NK) cells, cytokines and plasma proteins, 

including those o f  the complement system, make up the components o f the 

innate immune system. A physical barrier against microbes is provided by the 

epithelial cells. Neutrophils and monocytes are the main phagocytes recruited 

to the site o f infection. They ingest microbes and secrete cytokines. NK cells 

function by killing cells infected by intracellular microbes and aid in the 

activation o f macrophages by secreting IFN-y. The proteins o f the 

complement system stimulate inflammation, lyse microbes, and opsonise 

microbes for phagocytosis (Abbas, Lohr et al. 2004).



Adaptive immunity

The adaptive response o f  the immune system, also known as specific or 

acquired immunity, is a defence mechanism that is mediated by the presence 

o f microbial invaders. With each successive encounter with a microbe the 

adaptive response is more effective. The two types o f adaptive immunity are 

humoral immunity and cell mediated immunity. The former is mediated by 

antibodies produced by B cells, and the latter by T cells. The role o f  the 

antibodies in humoral immunity is to neutralise extracellular toxins, while the 

T lymphocytes in cell mediated immunity function to eliminate intracellular 

microbes. The purpose o f  the adaptive immune response is long lived 

memory against immune insult. This is achieved by a series o f phases. They 

are lymphocyte recognition o f  antigen, lymphocyte proliferation and 

differentiation induced by activation, and elimination o f microbes followed 

by a decline in immune response (Abbas et al., 2006).

1.2 Inflammation

Inflammation is a complex reaction o f the innate immune system, involving 

the cells o f the immune system. It is a local response to injury, at a local site 

(Watkins, Maier et al. 1995) the cardinal signs o f which are redness, heat, 

swelling and pain. Distinguishable by duration and cells involved, 

inflammation is classified as acute or chronic (Lydyard et al., 2004), with 

acute inflammation being short in duration and resulting from the initial 

response by polymorphonuclear phagocytes (PMN). Chronic inflammation, 

on the other hand, is longer in duration and is the result o f  lymphocytes, 

macrophages and plasma cells responding to a persistent microbe. Both acute 

and chronic inflammation, result in some tissue damage. The main causes o f
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acute inflammation include microbial infection, trauma, allergens and 

autoimmunity (Lydyard et al., 2004).

Regulation o f host responses to infection, immune responses and 

inflammation occurs by way of cytokine mediation. Those cytokines that 

function to make disease worse are referred to as pro-inflammatory. The 

cytokines that work to reduce inflammation and promote healing are known 

as anti-inflammatory (Dinarello 2000). Pro-inflammatory cytokines include 

IL-6, TNF-a, IL-12, IFN-y. Anti-inflammatory cytokines include IL-4, IL-10, 

and TGF-P (Janeway et al., 2005).

1.3 Autoimmunity

As mentioned above, the immune system is designed to react to, and prevent 

against foreign microbes. Distinction between self and non self antigens, by 

the immune system, is essential in the response to an invading pathogen. Self 

tolerance or immunologic tolerance occurs in the normal immune system, 

remains unresponsive to self antigens or autoantigens when lymphocytes are 

exposed to these autoantigens. This is known as self tolerance or 

immunologic tolerance. Autoimmunity occurs when there is a breakdown or 

failure of self tolerance (Sinha, Lopez et al. 1990; Kamradt and Mitchison 

2001). Mechanisms are in place to maintain this tolerance of, or lack of 

immune response to, self antigens. It is when these mechanisms fail that the 

immune system responds by mounting an attack on the individual’s own cells 

and tissues (Abbas et al., 2006).

3



1.3.1 Mechanisms of self tolerance

Various meciianisins have been proposed to describe how self antigens are 

tolerated by the immune system while maintaining an effective response to 

foreign pathogens(Chen, Benoist et al. 2005). The mechanisms o f self 

tolerance can be categorised into central tolerance and peripheral tolerance. 

Central tolerance is the primary mechanism that leads to self tolerance and is 

maintained by clonal deletion o f immature T cells in the thymus and 

immature B cells in the bone marrow. Peripheral tolerance involves several 

mechanisms that inhibit autoimmune diseases (Kamradt and Mitchison 2001; 

Abbas, Lohr et al. 2004).

Self tolerance involves T cells and B cells. T cells do not recognise T- 

independent antigens such as self polysaccharides, lipids and nucleic acids. 

The role o f B cells in self tolerance comes onto play at this point to prevent 

the production o f autoantibodies (Abbas et al., 2006). T cells have a 

prevailing role over B cells in self tolerance and autoimmunity.

1.3.1.1 Central T lymphocyte tolerance

Central tolerance is also known as thymocyte negative selection and entails

the deletion by apoptosis o f  self reactive immature T cells in the thymus.

When the immature T cells have relocated to the thymus from the bone

marrow, they encounter self antigens. T cells can express receptors that

recognise the self antigen with high or low affinity. Deletion occurs by

apoptosis. Those T cells whose receptors have a low affinity for the antigen

do not receive the signal to inhibit spontaneous apoptosis and therefore die in

the thymus. T cells whose receptors, on the other hand, have a high affinity

4



for the antigen are also deleted by undergoing apoptosis. Maturation o f T 

cells in the thymus with no deletion by apoptosis allows the residual T cells 

to migrate to the periphery. This is achieved when the T cells have receptors 

with neither high nor low, but an intermediate affinity for the antigen. This 

process is known as positive selection (Kamradt and Mitchison 2001; Chen, 

Benoist et al. 2005).

The mechanism o f central tolerance described above is inadequate in acting 

alone to prevent autoimmune events. The existence o f self antigens and 

potentially pathogenic lymphocytes in the periphery lends itself to the 

suggestion o f mechanisms o f  peripheral self tolerance (Kamradt and 

Mitchison 2001; Ballotti, Chiarelli e ta l. 2006).

1.3.1.2 Peripheral T lymphocyte tolerance

Peripheral tolerance is the second line o f  protection against self recognition. 

Several mechanisms function to maintain tolerance in the periphery. Not just 

deletion, but also functional anergy and suppression by regulatory T cells
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Figure 1.1: (Kamradt and Mitchison 2001)
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(Tregs), prevent the initiation o f  autoimmune diseases (Abbas, Loiir et al. 

2004).

Normal T cell 
response

CD28
V A ctivated 

T cells

Inhibitory
recep to r

Anergy Functionaliff s igna ls
'  u n re sp o n siv en e s

Deletion
A poptosis 

(activation-induced 
cell death)

Suppression
Block in 

activation

j R egulatory 
T cell

Figure 1.2 : M echanisms of peripheral T cell tolerance.

The mechanisms that maintain tolerance in CD4 T cells are illustrated with antigen 

presenting cells (APC), T cells and activated T cells, and compared with a normal immune 

response (Abbas, Lohr et al. 2004)

T cells require the engagement o f the T cell receptor (TCR) and co

stimulatory molecules for full activation. The functional inactivation o f a 

lymphocyte, when it encounters an antigen in the absence o f sufficient levels 

o f co-stimulators required for full lymphocyte activation, is known anergy. In 

the anergic state, the T cells do not transcribe the gene that encodes 

interleukin 2 (IL-2), when stimulated again with appropriate amounts o f 

antigen. This failure to produce IL-2 prevents T cells from proliferating and 

differentiating (Davis and Neriah 2004).
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F ig u re l.3 :A n  antigen presented by costimuiator-expressing antigen presenting cells (APCs) 

induces a normal T  cell response. I f  the T  cell recognises antigen without costimulation, or in 

the presence o f C T L A -4 -B 7  interactions, the T  cell fails to respond and is rendered 

unresponsive even i f  the antigen is subsequently presented by costimulator-expressing APCs.

Abbas et al., 2006

Immune suppression involves different subsets o f regulatory cells including 

N KT (natural k ille r T cells), CD8^CD28‘, and y5 T cells, which prevent the 

activation o f other autoreactive lymphocytes. Suppression can be exerted by 

the production o f cytokines that can block activation or by mechanisms o f 

cell to cell interactions (Abbas, Lohr et al. 2004).

There are numerous types o f regulatory T (Tregs) cells. The subsets o f Tregs 

that prevent activation are nTregs and iTregs. O f these two subsets, the 

prevailing importance lies with the nTregs, or CD4^CD25^ T cells. This

7



naturally occuring subpopulation o f T cells develops in the thymus and 

suppression by these cells is proposed to be mediated through cell to cell 

contact. iTregs, the CD4^CD25^ counterpart o f nTregs, occur extrathymically 

and the induction o f these regulatory T cells occurs in the presence o f certain 

cytokines or cells(Lan, Ansari et al. 2005; Ballotti, Chiarelli et al. 2006).

T h y m u s

TGF-iVIL-4 Vitamin D3. 
IL-10/IFNu,CD3/CD46 

stimulation. 
pDCs/CpG. autologous 
DCs. estrogen. CD401 

blockade

nTrogs

Naive C 04-f  
T cells

S u p p r e s s o r  C e l l s
other regulatory 

cells

NKT CD8+C D25+
nTiegs

nTregs

SUPPRESSION

T a r g e t  C e l l s

CD8+ T cells
Thi DCsTh2

Figure 1.4: R.Y. Lan et a!.. Autoimmunity Reviews 4 351-363,2005

Deletion is the elimination o f self reactive lymphocytes. As with the process 

o f negative selection described earlier, deletion in the periphery also occurs 

through apoptotic pathways.
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The initiation o f the apoptotic pathways is mediated by either engagem ent o f 

the Fas receptor with its ligand (FasL) or by the induction o f  pro-apoptotic 

proteins in the T cells(K am radt and M itchison 2001). W hen interaction 

between Fas - FasL occurs, a sequence o f events ensues, causing the cell to 

undergo apoptosis. These events include the activation o f  caspase cascades 

and m itochondrial alterations(K am radt and M itchison 2001). A failure in this 

m echanism to maintain se lf tolerance is dem onstrated by the autoim m une 

lym phoproliferative syndrom e (ALPS). In this instance, alterations in Fas 

induced apoptosis result from m utations in Fas sequences. The alterations in 

Fas induced apoptosis resulting in ALPS are also the cause o f  other 

autoim m une diseases such as m ultiple sclerosis (M S)(Ballotti, Chiarelli et al. 

2006).
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Figure 1.5; Activation-induced death of T lymphocytes. I cells respond to antigen 

presented by normal APCs by secreting IL-2, expressing anti-apoptotic proteins, and 

undergoing proliferation and differentiation. In one form o f activation-induced cell death, 

restimulation o f recently activated T cells by antigen leads to coexpression o f Fas and Fas 

ligand (FasL), engagement o f Fas, and apoptotic death o f the T cells. Note that FasL on one 

T cell may engage Fas either on a neighboring cell (as shown) or on the same cell. Fas- 

independent activation-induced cell death may also occur when antigen recognition by T 

cells without costimulation or innate immunity leads to expression o f intracellular pro- 

apoptotic proteins. Abbas et al., 2006

1.3.1.3 B lymphocyte tolerance

Tolerance breakdown can occur as a result o f the activation o f either T or B 

cells. Self tolerance involves T cells and B cells. T  cells do not recognise T- 

independent antigens such as self polysaccharides, lipids and nucleic acids. 

The role o f B cells in self tolerance comes onto play at this point to prevent
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the production o f  autoantibodies (A bbas et al., 2006). As with T ceil 

tolerance there are central and peripheral B cell tolerance m echanism s to 

filter autoreactive B cells out o f  the B cell repertoire(K am radt and M itchison 

2001 ).

1.3.1.4 Central B lym phocyte tolerance

The interaction o f  im mature B lym phocytes in the bone m arrow with se lf or 

autoanitgens results in the clonal deletion o f the B cell, or with receptor 

editing. The process o f  deletion occurs by apoptosis as in the T cell repertoire 

(K am radt and M itchison 2001). R eceptor editing is a change in receptor 

specificity. Rearrangem ents and expression o f the genes o f the heavy chain 

(HC) o f  the B cell receptor changes the specificity o f  the receptor for antigen. 

Receptor editing allows the cell to interact with the antigen which in turn 

allows for the events o f  negative (deletion by apoptosis) or positive selection. 

Positive selection occurs in B cells that express an interm ediate level o f 

signals. Cells escaping negative selection and undergoing positive selection, 

enter the periphery(Ballotti, Chiarelli et al. 2006).

1.3.1.5 Peripheral B lym phocyte tolerance

Again, as with the T cell repertoire, B cell tolerance is m aintained in the

periphery by the m echanism  o f  anergy. Having escaped the fate o f  deletion in

the bone marrow, B cells that have m igrated to the periphery with a lower

affinity to m em brane -  bound self antigens undergo transition to an anergic

or indifferent state. This transition is dependent on the availability o f T cell

help ((M iller and Basten 1996). In the presence o f  T  cell help the B cells

becom e activated. In their absence the B cells becom e either anergic or
1 1



activated by T independent antigens that trigger strong signals in B cells. 

Anergic autoreactive B cells are excluded from lymphoid follicles and as 

such are more likely to undergo apoptosis as a result o f  a lack o f  survival 

stimuli(Ballotti, Chiarelli et al. 2006).

1.4 LFA-1 mediated T cell motility

The migration o f  cells from the blood into peripheral tissues acts as an 

essential part o f  the immune response by facilitating the participation o f  cells 

in both immune surveillance and host defence (Rose, Alon et al. 2007). This 

“trafficking” o f  cells across the vascular endothelium comprises a multistep 

process that is highly controlled and is mediated by the collective effects o f  

adhesion and signalling molecules (Butcher 1991; Springer 1994).

Three main molecular families o f  adhesion proteins coordinate to form an 

integrated adhesion network to facilitate leukocyte adhesion. The three 

families are namely the intracellular adhesion molecules (ICAMs), the 

integrins (CD11/CD18) and the carbohydrate binding L-, E- and P-selectins 

(Kotovuori, Tontti et al. 1993).

Also known as extravasation, this multistep adhesion cascade is initiated 

when leukocytes circulating the blood interact with the endothelium, or 

platelets attached to the endothelium. (F igu re  1.6) With the transitory contact 

between the leukocyte selectins and their vascular ligands, or subsets o f  

leukocyte integrins and their ligands o f  the immunoglobulin superfamily, in 

the presence o f  shear flow, the cells begin to roll along the endothelium 

(Barreiro, Fuente et al. 2007; Rose, Alon et al. 2007). As the leukocyte
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begins rolling along the endothelium , the contact tim e between the selectins 

and integrins lengthens, allow ing tethering o f the cell to the endothelium . It is 

at this point that the leukocytes undergo activation, typically triggered by 

chem oattractants, which results in the in situ  m odulation o f  the integrins 

(W oodside and Vanderslice 2008). The subsequently induced high avidity 

conform ation o f the integrins for their specific endothelial ligands establishes 

firm adhesion o f  the leukocyte to the endothelium  (Carm an and Springer 

2003; Luster, Alon et al. 2005; Rose, Alon et al. 2007). This firm adhesion, 

also referred to as arrest, is the point at which the leukocyte adopts a 

polarised m orphology allow ing locom otion o f  the cell laterally along the 

endothelium . Transm igration o f the polarised cell across the endothelium  

then occurs, paracellularly being the prevailing route for m ost extravasation 

processes (Feng, Nagy et al. 1998).
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Figure 1.6 ; Key migratory steps of immune cells at sites of inflammation

Tethering and rolling o f the cell along the endothelium. Activation by chemokine signal. 

Integrin and ligand binding causing docking o f the cell and arrest. Polarisation of the 

leukocyte followed by diapedesis (Barreiro, Fuente et al. 2007).

Networks o f intracellular signalling co-ordinate the repeated cycles o f

cytoskeletal rearrangement, that is characteristic o f actively migrating cells,

thereby facilitating the net translocation o f the cell contents (Volkov, Long et

al. 2001). These intracellular signalling networks are based largely on

phosphorylation - dependent cascades integrated by GTPases o f small
14



molecular weight, including protein kinase C (PKC) (Volkov, Long et al. 

1998). The PKC family o f isoforms is subdivided, according to enzymatic 

properties, into the classical a, p and y, the novel 8, e, t ] , 0 and p and the 

atypical  ̂and A.A (Nishizika 1992). With respect to T cells, which express the 

isoforms a, p (1), 5, e, t] and 0, PKC plays an important functional role in 

motility, through the cytoskeleton (Thorp, Verschueren et al. 1996). During 

LFA-1 induced T cell locomotion, PKC P (I) and 5 translocate, to the 

centrosome and micotubule-rich tail o f the polarised cell, and close to the 

organising centre (MTOC), respectively(Fanning, Volkov et al. 2005).

1 .4.1 The actin cytoskeleton

The reorganisation of the actin cytoskeleton is involved at many different 

points during signaling, migration, and execution o f effector functions, and 

controls the shape of T cells. During the key steps o f migration, as described 

earlier, the actin cytoskeleton undergoes substantial rearrangement. The 

morphology o f a migrating cell has been likened to that of a hand mirror, 

with a broad leading edge that is enriched in chemokine receptors such as 

CCR2 and CCR5, a large cell body and narrow trailing uropods (Nieto, Frade 

et al. 1997; Wei, Tromberg et al. 1999). Contained in this trailing uropod are 

different cytoskeletal elements including the microtubule organising centre 

(MTOC), actin filaments, ERM (ezrin, radixin, moesin) proteins, along with 

the cytoskeletal linker protein known as plectin (Brown, Hallam et al. 2001), 

that work in concert to produce a movement that is, in essence, amoeboid- 

like (Jacobelli, Chmura et al. 2004).
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The leading edge o f  the m igrating cell also contains the activated integrins 

that are involved in the attachm ent to the substratum  o f the leading 

pseudopodal projections. The rear o f  the moving cell, the trailing uropod, 

holds the M TOC, as m entioned above, and it is here that de-adhesion occurs 

to facilitate the translocation o f the cell and retraction o f  the trailing uropod, a 

process indicated to be the result o f  de-activation o f  integrins (V icente- 

M anzanares, Sancho et al. 2002).

To elaborate on the above introduction to cell m igration, and in the context o f  

the work carried out for this thesis, the adhesion m olecules involved in the 

m igratory process will be reviewed in more detail, with the em phasis being 

on those molecules involved specifically in the assay perform ed, that is, 

LFA-1 and IC A M -1.

1.4.2 Adhesion molecules

The m olecules that participate in the extravasation process are collectively 

known as adhesion m olecules. Expressed on all cell surfaces, adhesion 

m olecules are glycoproteins that are involved at each point o f  the 

extravasation process by m ediating the contact between two cells, 

hom otypically or heterotypically, and the contact between cells and the 

extracellular matrix (Carlos and Harlan 1994; Gum biner 1996). These 

adhesion m olecules are categorised, according to their structural 

characteristics and functions, into fam ilies namely cadherins, integrins, 

selectins and the im m unoglobulin superfam ily (B ochner 1997; Henricks and 

N ijkam p 1998; Petruzzelli, Takami et al. 1999).
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1.4.2.1 Cadherins

Cadherins are a family o f cell adhesion receptors, Ca^^ -dependent in nature, 

which bind cells together by haem ophilic interactions. They fall into groups 

o f classic cadherins and subfam ilies o f  structurally related proteins. Classic 

cadherins contain a single protein chain, spanning the cell mem brane. The 

external dom ain o f this protein chain contains motifs bridged by Ca^^ 

(Petruzzelli, Takam i et al. 1999).

1.4.2.2 Selectins

Selectins are protein receptors that are divided into three fam ilies based on 

the cell type on which they are expressed. L-selectin is expressed by 

leukocytes, P-selectin on both platelets and endothelial cells, while 

expression o f E-selectin occurs on ju st endothelial cells (Stefanelli, Malesci 

et al. 2008). Selectins are involved in the early stages o f  cell adhesion, 

facilitating the attachm ent o f leukocytes to cells o f the endothelium , by 

interacting with their sialyl-Lew is X-like carbohydrate ligands, which are 

presented by sialom ucin-like surface m olecules (Luster, Alon et al. 2005). 

Regulation o f  selectin and selectin ligand adhesion is affected by their 

topographical distribution, shedding, and also associations with the actin 

cytoskeleton (H afezi-M oghadam , Thom as et al. 2001). L-selectin is 

expressed on all leukocytes and is upregulated by the pro-inflam m atory 

cytokine TN F-a (Stefanelli, M alesci et al. 2008).

1.4.2.3 Integrins

R epresenting a large family o f transm em brane glycoproteins, integrins 

consist o f  two noncovalently associated heterodim ers known as a  and (J 

subunits. It is the association o f these two subunits in the presence o f divalent
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cation s that is vital for ligand b ind ing. S u b d iv ision  o f  th is fam ily  o f  ad hesion  

m o lecu les , on the b asis o f  the type o f  P subunit exp ressed  y ie ld s  various  

integrin su b fam ilies. T h ose  su b fam ilies  w ith  pi, P2 and P7 ch ain s and those  

w ith  0 4  ch ain s are o f  particular re levan ce to leu k ocyte  m igration , e sp ecia lly  

P2 in tegrins (Pan es 1999; Luster, A lon  et al. 200 5 ).

From the repertoire o f  m ore than 20  integrins that h ave b een  id en tified  to  

date, leu k o cy tes  are know n  to exp ress 13, and ju st f iv e  o f  these are m ajor  

contributors to leu k ocyte-en d oth elia l ad hesion  (Luster, A lon  et al. 2 0 0 5 ).

Integrins o f  the Pi (C D 2 9 ) su b fam ily , w hich  result from  the b ind in g  o f  the pi 

chain to  variable a ch a in s, participate in tissu e organ isation  (H en rick s and 

N ijkam p 1998), and the tt4 Pi (very  late an tigen-4  A ^L A -4) h eterodim er is one  

o f  the fiv e  m ain  m odulators in ad h esion . V L A -4  m ed iates the h om in g  o f  a 

su bset o f  lym p h ocytes that resid e in the gut, to P ey er’s patches, and a lso  

participates in the ad hesion  o f  lym p h ocytes , m o n o cy tes , eo s in o p h ils  and 

natural k iller c e lls  to en d oth elia l c e lls  stim ulated  by cy to k in es. V L A -4  is not 

present on n eutrophils (H en rick s and N ijkam p  1998; B en-H orin  and Bank  

200 4 ).

M em bers o f  the P2 su b fam ily  are a lso  referred to as leu k ocy te  integrins due to  

their ex p ressio n  b ein g  a p hen om en on  so le ly  a ssoc ia ted  w ith this ce ll type. 

T he com m on  P2 subunit (C D  18) o f  these in tegrins b inds to  on e o f  three a 

subunits C D l la ,  C D l lb ,  or C D l l c  y ie ld in g  C D lla /C D 1 8  (L F A -1; 

lym p h ocyte  fun ction  assoc ia ted  an tigen -1 ), C D llb /C D 1 8  (m y e lo id -sp ec if ic  

integrins M a c-1 ) and C D l l c / C D lS  ( g p l5 0 ,  95 ). T he con tact b etw een  

leu k o cy tes  exp ressin g  P2 in tegrins and various target c e lls  is m ediated  

through intracellu lar ad hesion  m o lec u le s  (IC A M s) exp ressed  on  the target



cells, namely ICAM -1, 2 or 3(Stefanelli, M alesci et al. 2008). The interaction 

o f  C D lla /C D 1 8  (LFA-1) with the intracellular adhesion molecule-1 and 2, 

and C D l Ib /C D IS  with ICAM-1 on endothelial cells places them  as two more 

o f  the main m odulators o f adhesion previously m entioned. (Henricks and 

N ijkam p 1998; Barreiro, Fuente et al. 2007; Stefanelli, M alesci et al. 2008). 

Given the specific involvem ent o f the integrins LFA-1 in the study perform ed 

for this thesis, it is reviewed in more detail below.

1.4.2.4 Immunoglobulin superfamily

Exhibiting variety both structurally and functionally, m em bers o f  the 

im m unoglobulin (Ig) superfam ily (IgSF), act as ligands for the leukocyte 

integrins (Petruzzelli, Takam i et al. 1999; Anderson and Siahaan 2003). 

These cell surface proteins are characterised by m ultiple extracellular Ig-like 

dom ains, which have two conserved cysteine sequences, separated by 55 to 

75 am ino acids, which stabilise p-sheets o f  the tertiary structure by form ing 

disulphide bonds (Henricks and N ijkam p 1998; Petruzzelli, Takami et al. 

1999).

The m em bers o f  this family o f  adhesion m olecules that participate in 

leukocyte -  endothelial interactions are intercellular adhesion m olecules 

(ICAM s), ICAM-1 (CD56), ICAM -2 (CD 102), vascular cell adhesion 

molecule VC AM (CD 106), PEC A M -1; platelet-endothelial cell adhesion 

molecule-1 (C D 3I) and M AdCAM -1 which is the mucosal addressin -1 

(Panes 1999). The adhesive interactions o f  these proteins with their integrins 

are dependent on both the leukocyte and endothelial cell involved.
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1.4.3 Structural interaction of LFA-1 /IC A M -1

As m entioned previously, LFA-1 is a cell surface receptor which belongs to  

the P2 fam ily o f  integrins, com prised o f  a  and (3 subunits. The I (inserted)- 

dom ain contained in the -  subunit o f  LFA -1, is fundamental for the 

binding o f  this integrin to its ligand ICAM-1 (Lu, Shim aoka et al. 2001). The 

I-domain x-ray structure has show n a di-nucleotide binding fold o f  a central 

P-sheet, with 7 a-helices surrounding it. The N -term inus o f  the a-subunit, 

consisting o f  a P-propeller structure made up o f  7 P-sheets, sits below  the I- 

dom ain, and is connected to the I-domain by a hinge sequence w hich  

facilitates m ovem ent (M cD ow all, Leitinger et al. 1998; Ma, Shim aoka et al. 

2002). A lso  present on the p2 subunit o f  LFA-1, near the N-term inus, is a pi- 

like domain, which is structurally hom ologous to the aL -subunit.

Figure 1.7: Structural model o f LFA-1. The position o f the C-terminal a-helix, shown 

above as the blue cylinder o f  the I domain, controls ligand binding affinity. The red tail 

(peptide) associated with the helix connects the seventh helix o f  the I domain to the propeller 

domain. Conform ational changes in the integrin are transm itted to the ligand- binding site by 

the peptide. Ligand-binding status and and overall ligand-binding affinity may be controlled 

by the angle between the hybrid dom ain and 1-like domain. (Dustin, B ivona et al. 2004).
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1.4.3.1 Activation o f LFA-1

For activation o f LFA-1 to happen both conform ational changes o f  the 

integrin and receptor clustering occur (Hynes 2002; Carm an and Springer 

2003; Dustin, Bivona et al. 2004). One o f tw o m echanism s can activate LFA- 

1; inside out signaling and outside in signaling. The form er process is 

produced upon induction o f  secondary m essengers by activated cell surface 

m olecules such as TCR or chem okine receptors (Hogg, Laschinger et al. 

2003), and is also known as priming.

The latter process o f outside-in signaling occurs in response to external or 

“outside” stimuli, such as ICAM-1 or activating antibodies, which results in a 

signalling cascade in the cytoskeletal region o f  the cell which results in 

activation o f  the tyrosine kinase associated protein-70 (Zap-70), that in 

turn causes the formation o f  clusters resulting from the activation o f  other 

LFA-1 m olecules (Soede, Driessens et al. 1999). In vitro, as in the work 

carried out for this thesis using m onoclonal antibodies, outside-in activation 

occurs and increased affinity o f  LFA-1 for its ligand ICAM-1 is observed.

Integrin activation occurs from either the clustering, also known as avidity, o f  

the cell surface integrins or a conform ational change which results in high 

affinity for the ligand (van Kooyk and Figdor 2000). W hen the structure o f 

LFA-1 undergoes a conform ational change, from a low affinity state, where 

adhesive contacts are not formed by cells in circulation, to a high affinity 

state, whereby the I-domain o f  the integrin goes from a closed to an open 

form, ligand binding is possible (Ma, Shim aoka et al. 2002).
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T here are tw o suggested  d ivalent cation b ind ing  sites p resent on both the a t -  

and P2- subunits  o f  LFA -1 , nam ely  b inding sites for Ca^^ and Mg^^ ions 

w hich  w ork  together to allow a change in affinity o f  LFA-1 (Binnerts  and van 

Kooyk 1999). Low  affinity LFA -1, o r  c losed conform ation , is a result o f  the 

d isp lacem ent o f  Mg^^ from its site in the p resence  o f  high concentra tions o f  

Ca^^. The high affinity form o f  LFA-1 is the result o f  Mg^^ s tim ulation 

extracellularly , and a conform ational change in the integrin then occurs 

(Labadia, Jeanfavre  e t al. 1998). Fittingly, for the rapid form ation  o f  

adhesions and then de-adhesion  during  m igration , LFA-1 m ain ta ins  a 

relatively low affinity for its ligand IC A M -1, even w hen  activated (W oska, 

M orelock  et al. 1996).

Following the conform ational change, b inding o f  LFA-1 to ICAM-1 occurs 

via the I-dom ain  o f  LFA-1 and the D1 dom ain  o f  IC A M -1 , D1 referring to 

the im m unoglobu lin -like  dom ain  n um ber  on the transm em brane  

g lycoprotein, lC A M -1 .
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F igure 1.8 :ln teg rin  activation . Integrins are activated by either clustering o f  the integrins 

on the cell surface, or increased affinity for the ligand resulting from conformational 

changes. Experimentally, the above states are achieved by the use o f  activating mAbs, 

binding o f  Mg^^ and Mn^^ or by treatment with phorbol ester or cross linking o f  TCR. 

(H ogg, Laschinger et al. 2003).

1.4.4 Therapeutic implication o f  inhibiting motility

The blockade or m odulation o f the expression o f  adhesion m olecules 

provides a potential strategy for the treatm ent o f  inflam m atory conditions by 

reducing the num ber o f  cells that m igrate to the site o f  injury.

The inhibition o f  the LFA-1 / 1C A M -1 interaction provides a therapeutic 

target in term s o f  inflam m ation and autoim m unity as when this interaction is 

interrupted or m odulated, the activated T cell can no longer participate in the 

immune response(Anderson and Siahaan 2003).

Various m ethods o f m odulating or inhibiting the LFA-1 / ICAM-1 interaction

have been developed including antibodies, peptides and small molecules
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1.5 Apoptosis and Cell death

It was during the 1970s that the discovery o f new patterns o f cell death led to 

the arrival of apoptosis as a concept (Kerr, Whyilie et al. 1972).

Kerr et al were the first to use the term apoptosis to describe this essential 

physiological process of cell death. As a programmed form of cell death, 

apoptosis, which comes from Greek with apo = for, ptosis = falling, is a 

tightly controlled intracellular process involving the eradication of unwanted 

cells, thereby fulfilling critical roles in development, differentiation, cellular 

homeostasis and pathophysiological processes (Sun and Shi 2001; O'Brien 

and Kirby 2008).

Cell death can occur by either necrosis or apoptosis. Cells that are damaged 

by external injury die by the process of necrosis and those cells that undergo 

the programmed cell death o f apoptosis can be induced to do so by either 

external and internal stimuli (Ghobrial, Witzig et al. 2005).

Necrosis, on the other hand, is characterised by rapid swelling o f the cell, 

disruption o f the plasma membrane and its organelles, resulting in cell lysis. 

An inflammatory reaction can subsequently be observed, caused by the 

release o f the cell contents into the surrounding tissue (Proskuryakov, 

Konoplyannikov et al. 2003; Vanden Berghe, Kalai et al. 2006). However, in 

the event of the apoptotic bodies escaping phagocytosis in vivo, or as is the 

case in vitro, where there are no cells to mop up the apoptotic debris, a 

process known as secondary necrosis is observed with the apoptotic bodies 

swelling, subsequent loss o f density leading to rupture o f the membrane with 

the content o f organelles being released, as in necrosis (Power, Fanning et al. 

2002).
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The morphological features o f  apoptosis, at the early stages, include cell 

shrinkage with the organelles becom ing more closely packed and the 

cytoplasm  becom ing more dense. Chrom atin condensation also occurs, which 

is one o f the m ost characteristic features o f  apoptosis. M em brane blebbing 

also occurs and is followed by the form ation o f apoptotic bodies during 

“budding” where the cell disintegrates into tightly packed organelles. These 

apoptotic bodies m ade up o f  cytoplasm  and com pacted organelles can occur 

either with or w ithout nuclear fragm ents. Lack o f adhesion and rounding are 

also associated with apoptosis (Elm ore 2007). Biochem ical alterations 

indicative o f apoptosis are DNA fragm entation, protein cleavage at specific 

locations, the mitochondria) m em brane potential is increased, and 

phosphatidylserine (PS) appears on the ceil m em brane (H engartner 2000).

1.5.1 Pathways of apoptosis

The sequences o f energy dependent m olecular events that result in apoptosis 

are highly com plex and sophisticated. Tw o independent pathways have been 

identified as the main signalling pathways by which apoptosis occurs 

(Strasser, O 'Connor et al. 2000). The extrinsic pathway involves the 

activation o f death receptors and is therefore also known as the death receptor 

pathway and the intrinsic or m itochondrial pathway involves the release o f 

the apoptogenic factors cytochrom e c and AIF (apoptosis inducing factor) 

from the m itochondria into the cytoplasm . W hen these pathways are 

activated the end point results with their convergence on the activation o f 

caspases which execute the final stages o f  apoptosis (Strasser, O 'C onnor et al. 

2000; Elm ore 2007).
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l.S.l.lExtrinsic pathway

Known also as the death receptor pathway and cytoplasm ic pathway, the 

extrinsic pathway is initiated through the ligation o f  the Fas (Apo-1) death 

receptor. As a m em ber o f  the tum our necrosis factor receptor (TNFR) gene 

superfam ily, the Fas receptor contains cyteine rich extracellular dom ains. The 

cytoplasm ic or intracellular dom ain is referred to as the “death dom ain” (DD) 

o f  this receptor and consists o f  approxim ately 80 am ino acids (W ajant 2002; 

Ghobrial, W itzig et al. 2005; Elm ore 2007). The role o f  the death dom ain is 

to transm it the death signal to the intracellular signalling pathways from the 

cell surface and when this pathway is triggered (Elm ore 2007).

Form ation o f a death inducing signalling com plex (D ISC) results from the 

interaction o f  the FasL with inactive Fas com plexes (Ghobrial, W itzig et al. 

2005). The Fas com plex com es about when the receptors cluster together and 

bind with the hom ologous trim eric ligands. C ytoplasm ic adaptor proteins 

subsequently recruited exhibit the corresponding death dom ains to which the 

receptors bind (Elm ore 2007).
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Figurel.9: The extrinsic pathway. Also known as the death receptor pathway. A poptosis is 

initiated by the effector caspases 3 and 7 which are activated when initiator caspase 8 

releases active caspase enzyme into the cytosol. (O'Brien and Kirby 2008).

1.5.1.2Intrinsic pathway

The intrinsic or m itociiondrial pathway occurs when the cell is exposed to 

stresses or injury such as DNA dam age, ROS (radical oxygen species), 

radiation, cytokines, chem otherapeutic agents, horm one or growth factor 

deprivation and glucocorticoids, which act independently o f  the receptors. 

M itochondrial events are initiated when targets within the cell are acted on by 

intracellular signals resulting from these non- receptor-m ediated stimuli 

(Zim m erm ann, Bonzon et al. 2001; Elm ore 2007). The effect o f  these stimuli 

is seen with the alteration o f  the inner m itochondrial m em brane which causes 

the m itochondrial permeability transition (M PT) pore to open. Subsequently, 

a loss o f  m itochondrial transm em brane potential is observed that facilitates
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the release o f  pro-apoptotic proteins into the cytosol from the m itochondria 

(Saelens, Festjens et al. 2004).

M em brane perm eability is controlled by the B cell lym phoma-2 (Bcl-2) 

family m em bers o f proteins that are present on the outer m itochondrial 

membrane. By controlling the perm eability o f  the m em brane, the Bcl-2 

family m em bers in turn determ ine whether the apoptogenic factors are 

released into the cytosol through creation o f pores or ion channels (M inn, 

Velez et al. 1997; O 'Brien and Kirby 2008). Included in the Bcl-2 family are 

both pro-apoptotic and anti-apoptotic proteins. Bax, Bak, Bcl-Xs, Bid, Bik, 

Bim, and Hrk are som e o f  the pro-apoptotic mem bers, while Bcl-2, B c I - X l, 

Bcl-W , B fl-land  M cl-l are some o f  the anti-apoptotic mem bers. It is the fine 

balance between pro and anti-apoptotic Bcl-2 proteins that regulates whether 

the cell com m its to apoptosis, and places the Bcl-2 family o f  proteins o f  high 

im portance in the regulation o f  this pathway (Ghobrial, W itzig et al. 2005; 

Elmore 2007).

O f the apoptogenic factors released from the m itrochondria there are two o f 

the main groups o f  proteins. Firstly, cytochrom e c, Smac /D IA BLO, and the 

serine protease HtrA2, also known as Omi, (van Loo, van Gurp et al. 2002; 

Ghobrial, W itzig et al. 2005; O 'Brien and Kirby 2008). The effect o f  the 

cytochrom e c release is seen with the activation o f  pro-caspase 9, which 

occurs follow ing interaction o f Apaf-1 with cytochrom e-c which com bines 

with pro-caspase 9, form ing an apoptosom e. The apoptosom e then in turn 

activates caspase-3, followed by the activation o f  the caspase cascade that 

results in apoptosis. The pro-apoptotic effect o f  the Sm ac/DIABLO and 

HtrA2/Omi proteins is reported to be a result o f  the inhibition o f  the
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inhibitors o f  apoptosis proteins (lA P) (Schim m er 2004; O 'Brien and Kirby 

2008).

The second group o f  pro-apoptotic proteins released are apoptosis inducing 

factor (AIF), endonuclease G (Endog G), and caspase-activated 

deoxyribonuclease (CAD). Their release occurs following com m itm ent o f  the 

cell to death. AIF and Endog G both translocate to the nucleus, where AIF 

results in DNA fragm entation and peripheral nuclear chrom atin 

condensation, and Endog G causes the production o f oligonucleosom al DNA 

fragem ents by cleavage o f  nuclear chrom atin. Their effects are caspase 

independent (Joza, Susin et al. 2001; Li, Luo et al. 2001). Subsequently, 

m itochondrial release o f CAD and translocation to the nucleus allows 

cleavage o f  caspase-3. O ligonucleosom al DNA fragm entation then occurs 

with a more pronounced chrom atin condensation than that caused by 

AIF(Enari, Sakahira et al. 1998).
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Figure 1.10: The intrinsic pathway. Also known as the mitochondrial pathway, as 

apoptosis is initiated intraceliularly. Cytochrom e c released from the m itochondria forms an 

apoptosome with Apaf-1 and pro-caspase 9. Activation o f  caspases 3 and 7 follows 

activation o f  caspase 9 and apoptosis occurs. Caspase independent apoptosis occurs via 

stimulation by EndoG and AIF. (O'Brien and Kirby 2008).

1.5.1.3 p53

As m entioned above it is tiie Bcl-2 family o f  proteins that control the 

permeability o f  the mem brane. Regulation o f  this family is by the tum or 

suppressor phosphoprotein p53, w hose function as a transcription factor is to 

regulate dow nstream  genes that are not only im portant in apoptosis, but cell 

cycle arrest and DNA repair as well (Ghobrial, W itzig et al. 2005). p53 also 

functions as a stress sensor that is capable o f  inducing the intrinsic pathway 

(O 'Brien and Kirby 2008). Prom otion o f apoptosis by p53 occurs by way o f 

the suppression o f  the transcription o f  the anti-apoptotic factors such as Bcl-
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2. Alternatively, it can also prom ote apoptosis by up regulating the Fas 

receptor (Bauer and Helfand 2006).

1.5.2 Caspases

As cysteine-dependent aspartate-specific proteases, caspases have a critical 

role in the process o f apoptosis, through their participation in both the signal 

transduction and execution o f the process (Yi and Yuan 2009).

It is as inactive latent pro-form s as precursor zym ogens, that caspases are 

present in the cell. Expressed as these proenzym es, caspases are com posed o f 

three dom ains; an N-term inal prodom ain, a large subunit containing the 

active site, and a small C -term inal subunit, also known as the catalytic 

subunit (Zim m erm ann, Bonzon et al. 2001; Chowdhury, Tharakan et al. 

2008).

Based on their preference for substrate, the extent o f  sequence identity and 

the structural sim ilarities, caspases are divided into subfam ilies. These 

subgroups are the initiator caspases, the executioner caspases and those 

caspases involved in cytokine activation (Zhang, Wu et al. 2004). The 

initiator caspases include caspase-2, 8, 9 and 10, while caspase-3, 6 and 7 are 

the executioner caspases, also known as effector caspases. Those involved in 

cytokine regulation are caspase-1, 4, 5, 11, 12, 13 and 14. As their name 

suggests, initiator caspases are involved in initiating the apoptotic process 

(H engartner 2000) and can also be molecularly defined on the basis o f  the o f 

a long N-term inal domain, the presence o f  which allows the form ation o f the 

protein com plexes that provide m olecular platform for caspase activation and 

inhibition (Degterev, Boyce et al.).
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Caspase activation, from latent zym ogens to fully functional proteases, 

involves two cleavage events at specific aspartic acid residues thereby 

forming the active heterotetram eric protease subunit.

W hile in the context o f  apoptosis, the activation o f  caspases results in the 

eradication o f  the cell, the involvem ent o f  these proteolytic enzym es in 

functions other than cell death is dem onstrated by their participation in 

immune function, cellular proliferation and differentiation (Chowdhury, 

Tharakan et al. 2008).

1.5.3 Necrosis

While apoptosis is a tightly regulated and highly controlled process, necrosis 

serves to dem onstrate the opposite. N ecrosis is the passive and degenerative 

side o f  cell death and is characterised by the rapid and extensive lysis o f  the 

cell, the contents o f  which are released into the surrounding tissue and may 

induce an inflam m atory reaction (Form igli, A. et al. 2000). Also, necrosis 

does not display the same stim ulus-specific and cell -  type specific behaviour 

associated with apoptosis. In the context o f  therapeutic strategies, and while 

induction o f  apoptosis is discussed as a desirable approach, where once 

apoptosis and necrosis were considered two distinct m odes o f  cell death, it is 

now recognised that necrosis and apoptosis are not entirely separate 

processes and have been dem onstrated to occur separately, sequentially and 

at the sam e time.
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1.5.4 Cam ptothecin (CPT)

The positive control o f apoptosis used in the woric carried out for this thesis 

was Camptothecin, a modified monoterpene indole alicaioid, produced by 

Camptotheca acuminate (Nyssaceae), Nothapodytes foetida, Pyrenacantha 

klaineana, Merrilliodendron megacarpum  (Icacinaceae), Ophiorrhiza pumila  

(Rubiaceae), Ervatamia heyneana (Apocynaceae) and Mosteua brunonis 

(Gelsemiaceae), species o f unrelated orders of angiosperms (Lorence and 

Nessler 2004)(Lorence and Nessler, 2004)(Lorence and Nessler, 

2004)(Lorence and Nessler, 2004)(Lorence and Nessler, 2004)(Lorence and 

Nessler, 2004)(Lorence and Nessler, 2004)(Lorence and Nessler, 2004). 

Camptothecin was first isolated in 1958 and has been used widely in Chinese 

medicine. Camptothecin is a 5-ring heterocyclic alkaloid that contains an a- 

hydroxylactone (Figure xxxxx).

OH O
Figure 1.11: C am pto thec in
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The mechanism  o f  action o f C am ptothecin involves the poisoning o f  the 

ubiquitous enzyme topoisom erase, which participates in DNA replication, 

transcription, recom bination, repair, chrom atin assem bly, and chrom osom e 

segregation (Avem ann, Knippers et al. 1988). The use o f  CPT as an apoptotic 

inducing agent is w idely referred to in the literature where many cell lines 

have been studied and topoisom erase inhibitors such as C am ptothecin have 

been shown to either inhibit proliferation or induce apoptosis, depending on 

the cell line used (Hannun 1997). Treatm ent o f both HuT-78 and Jurkat T 

cells with Cam ptothecin for the induction o f  apoptosis has been reported by 

many groups (Zisterer, Cam piani et al. 2000; Sane, Cantin et al. 2004), with 

HuT-78 reported to dem onstrate resistance to apoptosis but not im munity, 

following treatm ent (Giri and Aggarwal 1998). Furtherm ore, CPT has shown 

success by way o f anticancer properties as dem onstrated by its use in 

preclinical studies in tum ours o f  both colonic and gastric origin and the CPT 

derivatives, irinotecan and topotecan, are widely used treatm ents for various 

cancers. (Lorence and N essler 2004).

1.5.5 Apoptosis and the immune system- inflammation / 

autoimmunity

Apoptosis plays a central regulatory role in the im m une system and as such 

dysregulation or extrem es o f this process result in num erous diseases, 

including those o f  an autoim m une nature.

This central regulatory role is m ediated at many stages o f  the immune 

response, including T cell developm ent. W hile T cells originate in the bone 

marrow, they em igrate to the thym us and it is here that they undergo either 

positive or negative selection, which is dependent on the affinity o f  the T cell
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antigen receptors (TCRs) for m ajor histocom patability antigens (K ram m er 

2000). A utoim m unity can be avoided at this point, as tolerance o f  the T cells 

with a high affinity for se lf MHC m olecules and peptide, is induced by their 

elim ination, by apoptosis, which is negative selection. Those that avoid cell 

death because o f recognition for self M HC m olecules and peptide with low 

affinity, are referred to as positively selected and this low affinity binding to 

the MHC allows the specificity o f  the adaptive im mune response (Palm er 

2003).

Resolution o f inflam m ation involves the return to normal, with respect to 

overall cell num bers, and the proportion o f  different cells that m ake up this 

population (A kbar and Salmon 1997), and it is at this point that the role o f 

apoptosis dem onstrates its importance.

Autoim m une and allergic reactions can result from the excess o f  

lym phocytes, and this surplus can be the result o f im paired apoptosis. 

Therefore, cell death processes are necessary for the removal o f  unwanted 

cells and in this context o f  autoim m unity, the induction o f apoptosis provides 

a strategy for disease treatment.

Defects in the Fas pathway are associated with autoim m une diseases as Fas 

signaling plays an im portant part in both the removal o f  self-reactive 

lym phocytes and in immune surveillance o f transform ed or virus infected 

lym phocytes (Lamy, Liu et al. 1998; Landow ski, M oscinski et al. 2001).
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1.5.6 Cytokines and Inflammation

As previously mentioned, the immune response and inflammatory process 

are highly regulated, and cytokines are involved in the initiation, mediation 

and resolution o f  inflammation (Williams, Paleolog et al. 2007).

Stanley Cohen first introduced the term cytokine in 1974 to describe soluble 

proteins which are hormone like, and their fundamental role is that o f  

communication between cells and the microenvironment. The secretion o f  

cytokines is a response to inducing stimuli, and they are constitutively 

expressed(Cohen, Biggazzi et al. 1974).The involvement o f  cytokines in 

immunoregulation and inflammation has been well documented

In basic terms, cytokines can fall under the heading o f  pro-inflammatory or 

anti-inflammatory. The concept o f  the role o f  pro-inflammatory cytokines, 

being solely that o f  an up-regulatory nature, while anti-inflammatory 

cytokines act by way o f  suppression, is too simple. It is now known that 

many cytokines demonstrate paradoxical effects as a result o f  their basic 

pleiotropy, redundancy and multifunctional properties (Tayal and Kalra 

2008). This is exhibited by the pro-inflammatory cytokines T N F-a  and 

interleukin-ip (IL-ip). A positive feedback loop between the two results in 

the up regulation o f  both cytokines.

As with apoptosis, the role that cytokines play in the immune system is 

critical to the development, and regulation o f  immunity, inflammation and 

hematopoiesis (Dinarello 2000).

In terms o f  the production o f  cytokines, T helper cells are the group o f  cells 

that are the major producers o f  cytokines (Tayal and Kalra 2008).
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With emphasis o f this worlc on the apoptosis inducing potential o f the 

compounds, the role o f TNF-a in mediating apoptosis is introduced below.

1.5.6.1 TNF-a

TNF-a is a pro-inflammatory cytokine, a 17-kDa protein composed o f three 

identical subunits, the production of which is predominantly from activated 

mononuclear phagocytic cells, but it is also a product of NK (natural killer), 

B cells, and activated T cells. As a pro-inflammatory cytokine, it causes the 

activation of cells, the expression o f adhesion molecules, chemokines and 

other cytokines (Issazadeh, Ljungdahl et al. 1995; Issazadeh, Lorentzen et al. 

1996).

1.5.7 Current anti-inflammatory treatments in autoimmunity

Glatiramer acetate, a mixture of synthetic polypeptides made up o f four 

amino acids similar to myelin basic protein (MBP). It is used for the immune- 

modulatory treatment of multiple sclerosis (MS). The exact mechanism of 

action is not yet fully understood but in vitro investigations have shown that 

glatiramer acetate binds with MHC molecules in a competitive manner and 

inhibition o f T cell response to several myelin antigens (Fridkis-Hareli, 

Teitelbaum et al. 1994).

Immunological effects observed following treatment included decreased T 

cell proliferation both in vitro and in vivo, reduced T cell migration, and a 

shift from Thl to Th2 cellswas recorded (Thibault 2009).
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N ata lizum ab  is a selective adhesion  m olecule  0 4  antagonist.  By b ind ing  to the 

tt4 subunit  o f  the a 4 pi and 0 4 (3? integrins, b inding o f  the integrins to their  

endothelial receptors is b locked  and so attenuates inflam m ation  (Polm an, 

O 'C onnor  et al. 2006). N a ta l izum ab  was first adm inis tered  in a random ised , 

double  blind placebo  controlled  study to patients w ith  C ro h n ’s disease, 

dem onstra ting  efficacy and subsequently  resulted in significant clinical 

rem ission was observed. This d rug  has also been reported  to be effective in a 

study o f  10 patients w ith  U lcerative Colitis (G ordon , H am ilton  et al. 2002)

Infliximab, an anti- T N F -a  m onoclona l  antibody with m urine  variable 

regions and hum an  IgG l constant regions has been  show n to be effective 

against rheum ato id  arthritis (RA). (Knight, Trinh  et al. 1993) It w as first 

approved in 1999 for trea tm ent o f  patients  with RA, in conjunction  with 

m ethotrexate  (M T X ), in cases w here  M T X  trea tm ent a lone w as inadequate. 

Since then it has been prescribed for the trea tm ent o f  o ther  in flam m atory  

diseases such as C ro h n ’s d isease, ulcerative colitis, psoriatic arthritis  and 

psoriasis. The p roposed  m echan ism s  o f  action  include dow n regulation  o f  

p ro - inflam m atory  cytokines, reduced  leukocyte  recru itm ent as a result o f  the 

reduced expression o f  adhesion m olecules  and chem ok ines  into the jo in t  and 

a reduction in angiogenesis  by w ay  o f  reduced  V E G F production  (Feldm ann 

and Ste inm an 2005). E tanercept, a T N F  recep to r / im m unoglobu lin  fusion 

protein is ano the r  anti- T N F -a  agen t  used in the trea tm ent o f  au to im m une  

diseases. The p roposed  m echan ism s  o f  action is s im ilar to that o f  Infliximab, 

how ever, one notable  difference is the lack o f  activity o f  E tanercep t in 

C ro h n ’s d isease (Hochberg , T racy  et al. 2003). A da lim um ab  is a fully 

hum anised  anti-TN F m onoclona l IgGI antibody  that b inds only to  T N F -a
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and is approved for the treatm ent o f  m oderate to severe RA, psoriatic 

arthritis, ankylosing spondylitis and C rohn’s disease (Tayal and Kalra 2008).
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1.6 Background of test compounds 

PH compounds

The first group o f test compounds evaluated in the work for this thesis 

stemmed from the naturally occurring pharmacological products from the 

fern Pteridium aquilinum, Pterosin Z and acetylpterosin.. Their activity has 

been demonstrated with the inhibition o f intestinal contractions to histamine 

and 5-hydroxy tryptamine (5-HT), along with inhibition o f calcium-induced 

contractions in - depolarised smooth muscle guinea-pig ileum (Sheridan 

H, Frankish N et al. 1999).

Work carried out to develop a synthetic route revealed Pterosin Z to have 

potent inhibitory capacity. Subsequently, the development of over 200 

compounds, after research o f the derivatives o f theses natural products, led to 

large scale testing in smooth muscle relaxant and mast cell stabilisation 

studies (Sheridan, Frankish et al. 1999). Any compound showing efficacy in 

these studies could provide a potential anti-inflammatory compound. The 

compounds selected for this work belonged to the following groups of 

compounds; 3C8, 6C6, 7C9and 7C17.

Numerous in vivo models o f inflammation were then employed to evaluate 

the potential o f the compounds as possible drugs for autoimmune diseases 

such as multiple sclerosis and ulcerative colitis. Specifically, PH 6 (6C6) was 

shown to have a substantial effect in the animal model o f multiple sclerosis, 

EAE, experimental autoimmune encephalomylitsis. However, behavioural
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indications o f  toxicity were also observed. Other previous work included IL2 

secretion, and oxazalone mouse ear studies.

The indication that these compounds could inhibit inflammation, in in vivo 

models, warranted further investigation o f  their effects in vitro. Therefore, 

the selected compounds were evaluated in various systems representative o f  

lymphocyte function. The areas investigated were T cell motility, toxicity 

profiling and regulation o f  TNF-a.

Quinones

As part o f  an ongoing study into the use o f  natural products as anti

inflammatory agents, the effects o f  a series o f  quinones on T-cell motility has 

been investigated. Quinones are an important group o f  pharmacologically 

active pigments widely distributed in nature; they are well known to 

demonstrate various physiological effects such as antimicrobial, anti

inflammatory and anti-cancer activity. Many efficient antineoplastic drugs 

are either quinones (anthracycline derivatives, mitoxantrone, actinomycin), 

quinonoid derivatives (quinolones, genistein, bactracyclin), or drugs such as 

etoposide that can easily be converted to quinones by in vivo oxidation (Hsu, 

Cho et al. 2006). The compounds evaluated in the work carried out for this 

thesis were isolated in house by
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1.7 Aims

The aims o f  the woric performed for this thesis were

To determine use o f  the LFA-1 mediated T ceil motility assay as an 

indicator to the potential anti-inflammatory properties o f  novel 

compounds in T cell function.

To investigate the potential inhibitory properties o f  novel compounds 

in vitro on LFA-1 T cell mediated motility

To develop a profile o f  the compounds with respect to cytotoxicity by 

evaluating the effect o f  the compounds on mitochondrial viability 

(MTT) and membrane integrity (LDH), Annexin V and Propidium 

Iodide binding and poly caspase activity.
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2.Materials and Methods 

2.1Materials

2.1.1 General cell culture

Isopropanol

Biozidal ZF™

Virkon

RPMI 1640 media

Dulbecco’s Modified Eagle Medium (DM EM ) 

Iscove’s Modified D ulbecco’s Medium(lM DM ) 

DPBS

a-Thioglycerol

Sodium pyruvate (100 mM)

Sodium bicarbonate (7.5 %)

Trypsin/EDTA 

Sterile-filtered DMSO 

HEPES

Sterile 25 mL serological pipettes 

Sterile 10 mL serological pipettes 

Sterile 5 mL serological pipettes
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TCD solvent stores

Wak-Chemie

DuPont

Gibco

Gibco

Invitrogen

Gibco

Invitrogen

Sigma

Sigma

Sigma

Sigma

Invitrogen

Greiner

Greiner

Greiner



Sterile eppendorf 1.5 mL tubes Sarstedt

Sterile eppendorf 0.5 mL tubes Sarstedt

Sterile transfer pipettes Sarstedt

10 -  300 fiL pipette tips Greiner

200 -  1000 nL pipette tips Greiner

Sterile 24 well tissue culture plates Nunc

Sterile 96 well tissue culture plates Greiner

Sterile 15 mL tubes Greiner

Sterile 50 mL tubes Greiner

Sterile 0.22 filters Spark

Penicillin / Streptomycin (P/S) Gibco

Fetal bovine serum (FBS) Biowest

Iron supplemented fetal bovine serum Sigma

Trypan blue Sigma

Sigma clean water bath treatment Sigma

T75 cm^ tissue culture flasks Greiner

T25 cm^ tissue culture flasks Greiner
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2.1.2 M otility assay

Rabbit anti-mouse IgG

C D l la ,  LFA-1 antibody clone SPV-L7 

Go6976

2.1.3 Cytotoxicity and Apoptosis

MTT assay

LDH assay 

Triton-X

Poly caspase assay 

Camptothecin 

Annexin V 

Propidium iodide 

Wash buffer for FACs

2.1.3 Gene expression profiling

Total RNA isolation and purification kit

cDNA reverse transcription kit 

Taqman master mix

Dako 

Monosan 

Calbiochem UK

Roche Applied Science 

Roche Applied Science 

Sigma

AbD Serotec 

Sigma

BD Biosciences 

BD Biosciences 

BD Biosciences

Qiagen

Applied Biosystems 

Applied Biosystems
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2.1.5 Equipment

C O 2 Incubator

M icroscope

Im age Proplus software 

F L U O S ta r  O ptim a plate reader 

Flow cy tom eter  (FA C S) 

Pipette-aid 

M icro-balance

N uA ire

O lym pus

M edia Cybernetics  

BM G  Labtech 

BD Biosciences 

D rum m ond  Scientific Co. 

Mettler, Toledo , mt5
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2.2 M ethods

2.2.1 In vitro cell culture

2.2.1.1 Aseptic technique

A sep tic  tech n iq u es w ere u tilised  during all ce ll culture w ork and a lso  in the 

preparation o f  ce ll culture reagents. T h is is n ecessary  to m aintain  a sterile  

en vironm en t free from  fun gal, bacterial and viral in fectio n s that can alter 

norm al ce llu lar  fun ction s. A sep tic  tech n iq u es u tilised , in clu d e the use o f  

ster ile  d isp osab le  p lastics, and sterilisation  o f  g lassw are, p lastics and H 2O by 

au toc lav in g  at 121°C for 3 0 -6 0  m inu tes. A ll ce ll culture w ork  w as carried out 

in a lam inar f lo w  h ood  (H era S afe, category 2). T h is a llo w s  on ly  filtered  air 

to  co m e into con tact w ith  c e lls , thus preventing con tam in ation  w ith  airborne 

p ath ogen s. The interior o f  the h ood  w as w ip ed  d ow n  w ith  70%  isopropanol 

b efore and after use. T h e h ood  su rface w as a lso  ex p o se d  to u ltraviolet (U V )  

ligh t for 15-30  m inutes after use. A ny item s taken into the f lo w  h ood  w ere  

ligh tly  sprayed w ith  70%  isop rop anol to prevent in troduction  o f  any 

p ath ogen s to the h ood  w ork area. D isp o sa b le  latex g lo v e s  w ere w orn and 

sprayed  w ith  isop rop anol b efore u se. G lo v e s  w ere ch an ged  regularly during  

ce ll culture w ork. C ells  w ere m aintained  in a sterile N u aire incubator (95%  

air, 5% CO^ at 37°C ) and any item s p laced  in the incubator w ere lightly  

sprayed  w ith  isop rop anol to prevent con tam in ation  w ith  any p athogens. Both  

the incubator and lam inar flo w  h ood  w ere regularly c lean ed  w ith  B iocid al 

ZpTM to m aintain  a sterile en vironm en t.
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2.2.1.2 Cell culture

H ut-78 ce lls .

HuT 78, a cu taneous T ce ll lym ph om a derived  from  peripheral b lood  o f  a 

C aucasian  patient w ith  Sezary syn d rom e, w ith  the properties o f  a m ature T 

ce ll line o f  inducer/helper p hen otyp e , w as purchased from  the A T C C , and  

ce lls  w ere cultured in RPM I 1640  su pp lem ented  w ith  1% p en ic illin  /  

streptom ycin  (25  U / m L, 2 5 |iG  /m L ), 1 % L -glu tam in e, 4 0  m L F B S , 5 m L  

H E PE S at 10 |o,M, 5 m L g lu co se  at 4 .5  g /  L, 5 m L sod ium  pyruvate at 1 |iM  

and 2 m L sod ium  b icarbonate at 1.5 g /  L in a h um id ified  atm osphere at 37  °  

C and 5% C O 2 . C ells  w ere seed ed  at a density  o f  0 .5  x 10^ c e lls  per m L in T- 

75 cm^ flask s w ith  filter lid and m aintained  at a d en sity  o f  0 .5 -0 .9  x 10^ c e lls  

per m L. C ells  w ere passaged  every  3 to 4 days.

Jurkat ce lls .

Jurkat c e lls , a hum an lym p h ob lasto id  T -ce ll lin e, w ere purchased from  the 

A T C C , and c e lls  w ere m aintained  in R P M I-1640 su pp lem ented  w ith  w ith  1% 

p en icillin  /  streptom ycin  (25  U /  m L, 2 5 ^ 0  /m L ), 1 % L -glu tam in e, 4 0  m L  

F B S , 5 m L H E PE S at 10 ^M , 5 m L g lu co se  at 4 .5  g /  L, 5 m L sod ium  

pyruvate at 1 |j.M and 2 m L sod ium  b icarbonate at 1.5 g  /  L in a h u m id ified  

atm osphere at 37  ° C and 5% C O 2 . C e lls  w ere seed ed  at a d en sity  o f  0 .5  x  

10^ c e lls  per m L in T -75  cm^ flask s w ith  filter lid and m aintained  at a d en sity  

o f  0 .5 -0 .9  X 10^ c e lls  per m L. C ells  w ere passaged  every  3 to 4 days.

A 5 4 9  and H M C-1 (A p p en d ix  3)

A 5 4 9 , hum an type Il-lik e  ep ithelia l lung carcinom a ce lls , w ere purchased  

from the A T C C , and w ere cultured in D u lb e c c o ’s M od ified  E agles M edium

51



(DM EM ) supplemented with 10% FBS, 1% penicillin / streptomycin and 1% 

L-glutamine. Cells were seeded at a density o f  0.2 x 10^ cells per mL in T- 

75cm^ flasks with filter lid and maintained at a density o f  0.5-0.9 x 10^ cells 

per cm^. Cells were passaged every 4 to 5 days.

The human mast cell line HMC-1 was kindly provided by Dr J. H. Butterfield 

o f  the Mayo Clinic and Mayo Foundation, Rochester, USA. HMC-1 cells 

were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) containing 

25 mM HEPES, sodium bicarbonate and without a-thioglycerol 

supplemented with 10% iron supplemented FBS, 1.2 mM a-thioglycerol and 

1% penicillin / streptomycin. Cells were seeded in T-75cm^ flasks with filter 

lid at a density o f  0.5 x 10^ cells per mL and maintained at a density o f  0.6 -  

1 x 1 0 ^  cells per mL. Cells were passaged every 5 to 6 days.

Cell culture media was stored at 4 °C. Aliquots o f  FBS and P/S were stored at 

-18 °C.

2.2.2 LFA-1 mediated T cell motility

This assay was based on a model developed by Kelleher et al where T cell 

migration is induced by the presence o f  antibodies, in this case anti-LFA- 

1.(Fanning, Volkov et al. 2005) This study differed in that cells were not 

fixed for subsequent morphology examination, nor was immunofluorescence 

carried out. The deformation index was calculated similarly to previously 

published, with greater emphasis on the extent o f  deformation being an 

indicator o f  the inhibition o f  LFA-1 T cell motility, when calculated with 

respect to the overall number o f  cells. See appendix for sample calculation.
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A 24 well sterile flat-bottom ed tissue culture plate was pre-coated with 250 

per well o f a 1 / 100 dilution o f  rabbit anti-m ouse IgG in sterile PBS. The 

plate was sealed with parafilm  and stored at 4 °C overnight. The antibody 

coated plate was then washed twice with sterile Ix  PBS and subsequently 

coated with 250 pL per well o f  a 1 / 100 dilution o f  m Abs to a-chain  o f  LFA- 

1, clone SPV-L7, in sterile PBS (Kelleher, M urphy et al. 1995). The plate 

was covered and incubated in a hum idified atm osphere at 37 °C and 5% CO 2 

for at least 1 hour.

Drugs and controls were prepared on a second plate. The model used for this 

investigation was the HuT-78 T lym phocyte cell line. 10'* cells / well were 

required. Cell density was determ ined by suspension o f  50 o f  cells in 50 

|aL Trypan blue with 400 |iL PBS and a haem ocytom eter was used to count 

the cells. Adjustm ents to the cell density were made as appropriate.

Cells were dispensed into each well, and the plate was incubated at 37 °C, 5% 

C O 2 for 10 m inutes. The density was then checked under the m icroscope and 

adjusted accordingly if  necessary.

Cells were treated with the appropriate volum es o f  stock concentrations, o f 

test com pounds in DM SO, to give the desired final concentration. Go6976, a 

selective PK C-a and p inhibitor, was used as a positive control o f  inhibition 

o f  T cell m otility. The cell / drug m ixture was incubated in a hum idified 

atm osphere at 37 °C and 5% CO 2 for 30 m inutes.

The antibody plates were washed as before. The cell / drug m ixture was 

added and incubated at 37 °C again, until sufficient cytoskeletal 

rearrangem ent in control untreated cells had been observed.
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Image Pro Plus (M edia Cybernetics), was used to analyse the cells. Triplicate 

photos o f  each well were recorded. M otility was then determ ined by 

calculation o f the deform ation index, based on the follow ing equations. A 

deform ation index greater than 3 was considered to indicate motility.

Equation 1: Elongation index = m ajor ellipse diam eter / m inor ellipse

diam eter

Equation 2: C ircularity index =4 x n x (area / (perimeter)^).

Equation 3: D eform ation index = elongation index / circularity index

2.2,3 C ytotoxicity and cell death

2.2.3.1 FACS Apoptosis -  Annexin V / PI staining

The analysis o f  Annexin V and propidium  iodide (PI) binding was carried out 

with Annexin V and propidium iodide (BD Pharm ingen) according to the 

m anufacturer’s instructions. The hum an T lym phoma cell line, HuT-78, was 

firstly used in this study to investigate the apoptotic potential o f  the test 

compounds. The initial incubation period o f  4 h was not sufficient to yield 

statistically significant different results between the control sam ples and 

therefore the incubation period was increased to 24 h. This incubation period 

was also applied to the study o f the test com pounds on the Jurkat, hum an T 

cell line.

7 mL o f  500,000 cells / mL were incubated in a hum idified atm osphere at 37 

°C and 5% CO?, in T25 cm^ tissue culture flasks with test com pounds at the 

indicated concentration for 24 h. Positive control sam ples were treated with
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C am pto thec in  (6 ^M ).  Follow ing  incubation w ith  test com pounds , cells were 

transferred  to 15 m L sterile tubes, w ashed  tw ice w ith  co ld  PBS and 

centrifuged at 300 X g for 5 min. The cell pellet was then  re -suspended  in 1 

X B inding  B uffe r  at a concentra tion  o f  1 X 10^ cells / mL. O f  this solution, 

100 |iL (10^ cells) w as transferred  to a 1.5 m L ep p en d o rf  to which  5 |aL 

A nnex in  V and 5 [j,L PI were  added. The solution was m ixed  by gently 

p ipetting  up and dow n and then  incubated  for 15 min, p rotected  from light at 

room  tem perature . A further 400 jiL o f  1 X B ind ing  B uffer  w as subsequently  

added. Sam ples were  analysed by FA C SA rray  (B D  Biosciences). For each 

sam ple  10,000 ungated events were  acquired. A nnex in  PL cells 

represented  the early  apoptotic  populations, w hile  A nnexin  V *  P L  cells 

represented  late apoptotic  or secondary  necrotic  populations.

2.2.3.2 Caspase activity (Fluorochrom e inhibitor o f caspase, 

FLICA)

The potential caspase  activity o f  PH 6 in Jurkat T  cells was de term ined  with 

C arboxyfluouresce in  F L I C A ™  Apoptosis  detection kit, Caspase  Assay (A bD  

Serotec). The  polycaspase  kit contains  a caspase  inhibitor w hich  is 

fluorescently  labelled. This inhibitor, F A M -V A D -F M K , is a 

carboxyfluorescein  derivative o f  va lylalanylaspart ic  acid fluorom ethyl 

ketone, and once inside the cell, covalently  binds to  the  cysteine residue o f  

the active caspase. W hen bound to the active caspase F A M -V A D -F M K  

inhibits any subsequen t  enzym e activity.

To de term ine  if  caspase activity was associated  with the apoptotic  effect o f  

PH 6 as dem onstra ted  in the FA CS study, 7 m L o f  500,000 cells / m L were  

treated with PH 6 (10 | iM ) in a T25 cm^ flask and incubated for 12 h in a
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hum idified atm osphere at 37 °C and 5% CO 2 . The incubation period o f  12 h, 

as opposed to 24 h for Annexin V and PI binding, was chosen as the 

m orphological changes associated with apoptosis as determ ined by Annexin 

V and PI binding are the result o f  a cell that has fully com m itted to the 

process o f cell death. Apoptosis o f  control cells was induced by treatm ent 

with cam ptothecin (2 |ig  / mL) for 12 h.

Following treatm ent o f  the Jurkat cells with PH 6 and induction o f  apoptosis 

in the control samples, the cells were labelled with FLICA. The cells were 

transferred to 15 mL sterile tubes and centrifuged at 300 X g for 5 min. The 

cell pellet was resuspended at a density o f  lO’ cells / mL. To 290 |iL  o f  this 

cell suspension, 10 |iL  o f  30X FLICA label was added. The SOX FLICA was 

prepared by a 1 / 5 dilution o f  150X FLICA stock in PBS. The tubes were 

flicked gently to ensure uniform m ixing o f  the cells with the FLICA label and 

covered with alum inium  foil to protect from light. The tubes were then 

incubated for 1 h in a hum idified atm osphere at 37 °C and 5% CO 2 .

After incubation with the FLICA label, the cells were washed three times. 

Firstly, 2 mL o f  wash buffer was added to each tube and the cells were 

centrifuged at 300 X g for 5 min. The supernatant was gently decanted and 

the cell pellet was resuspended with another 1 mL o f wash buffer. Again, the 

cells were centrifuged at 300 X g for 5 min and the supernatant gently 

decanted. The last wash was repeated once m ore, but before centrifugation, 

the cell density o f  each sample was determ ined and adjusted so that all tubes 

contained a sim ilar quantity o f cells to that o f  the control untreated sample. 

The cells were again centrifuged at 300 X g for 5 min, the supernatant 

decanted and the cell pellet resuspended in 400 |iL  o f sterile PBS.
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100 nL o f  each sam ple was then transferred to a black 96 well plate and the 

fluorescence m easured with an excitation w avelength o f  490 nm and an 

em ission wavelength o f 520 nm.

2.2.3.3 Lactate dehydrogenase (LDH) release.

The cytotoxicity o f  the test com pounds was determ ined by the m easurem ent 

o f  the lactate dehydrogenase (LDH) enzym e activity as released in the 

supernatant o f  the treated cells. This is a colorim etric assay where the extent 

o f lactate dehyrogenase released by the dam aged cells is proportional to the 

am ount o f  formazan formed. The enzym atic reaction whereby the formazan 

is formed is a two step reaction. Upon incubation o f  the reaction m ixture with 

the cell free supernatant the first step o f the reaction occurs when the LDH in 

the supernatant catalyzes the conversion o f  lactate to pyruvate by reduction. 

In the second step, the diaphorase catalyst o f  the reaction m ixture reduces the 

pale yellow  tetrazolium  salt to the red form azan salt. (Roche M TT manual). 

The assay was carried out according to the m anufacturer’s instructions.

Prior to the experim ent it was necessary to prepare assay media. M edia for 

each cell line was prepared with 1% FBS as opposed to the standard 10% for 

culture media, as FBS has inherent LDH activity, and as such interferes with 

the enzyme reaction. Also for the HuT-78 assay m edia both sodium pyruvate 

and sodium bicarbonate were om itted during m edia preparation, as they 

would participate in the enzyme reaction.

100 nL o f  LDH assay m edia were dispensed into the wells o f a 96 well plate.

HuT-78 or Jurkat cells were counted and the density was adjusted to 500,000

cells / mL. 100 |iL  o f this cell suspension was then added to the wells

containing the LDH assay media. The cells were then treated with the desired
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concentration  o f  test com p ou n d , as indicated  in the resu lts. U ntreated ce lls  

provided  both the sp ontaneous release o f  LD H  for the cy to to x ic ity  

ca lcu la tion , and therefore the n eg a tiv e  control o f  cy to to x ic ity , w h ere the 

LD H  release ob served  w as that o f  the c e lls  in their resting state. D M S O  

(0 .01% ) w as added to m ultip le w e lls  as v e h ic le  control and c e lls  treated w ith  

Triton X -1 0 0  (2 % in assay m ed ia ) provided  the p o sitiv e  control o f  

cy to to x ic ity  resu lting  in m axim al release o f  L D H . T he ce ll and drug m ixture  

w as then incubated  in a h u m id ified  atm osphere at 37 °C and 5% C O 2 for 

either 4 h or 2 4  h.

F o llo w in g  the in cubation  period, the 96  w ell p late w as cen tr ifu ged  at 3 0 0  X g  

for 10 m in. 100 [iL o f  the supernatant w as then transferred to the 

corresp ond ing w e lls  o f  another 96  w ell plate. D uring th is tim e the reaction  

m ixture w as prepared by addition  o f  2 5 0  )j L ca ta lyst (d iaphorase /  NAD"  

m ixture) to 11 .25 m L o f  the d ye so lu tion  (both su pp lied  in kit). 100 ^L o f  

this reaction m ixture w as then added to each  w ell con ta in in g  100 fiL 

supernatant and the p late w as incubated  at room  tem perature for 15 m in and 

protected from  light. A bsorban ce w as then read on an O P T IM A  plate reader 

at 4 9 0  nm. U sin g  the absorbance va lu es ob tained , the percen tage o f  

cy to to x ic ity  w as determ ined  by the fo llo w in g  ca lcu lation .

% C yto to x ic ity  =

((sam p le  va lu e - untreated ) /  (Triton- X  - untreated ) )  X 100
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2.2.3.4 Ceil proliferation Cytotoxicity ((3-[4, 5-

dimethylthiazol-2-yi]-2, 5-diphenyltetrazoliutnbromide) MTT)

As with the above m entioned  LD H  assay, the determ ination  o f  cytotoxicity  

and cellular proliferation by the  M T T  assay is colorim etric . H ow ever,  while 

the LD H  assay is a determ ination  o f  cell m em brane  dam age, the M T T  assay 

is a direct m easure  o f  those cells in the  population  that are m etabolically  

active. The extent o f  co lour  p roduced  by the cleavage o f  the yellow  

te trazolium  salt M T T  by enzym es o f  the endop lasm ic  reticulum, to purple 

fo rm azan  crystals by m etabolica lly  active cells is directly  proportional to  the 

n um ber  o f  viable cells.

This assay w as carried out accord ing  to the m an u fac tu rer ’s instructions. HuT- 

78 or Jurkat cells were  counted and the density  was adjusted  to 500,000 cells 

/ mL. 100 |iL  o f  cell suspension was d ispensed into a 96-well plate. The cells 

were  then treated with the desired concentration  o f  test com pound , as 

indicated in the results. M ultip le  wells  were  left untreated  as a negative 

control o f  cytotoxicity . D M S O  (0 .01% ) w as added  to m ultip le  wells  as 

vehicle control and cells treated with Triton X -100 (2 % in assay m edia)  

provided the positive control o f  cytotoxicity . The  cell and drug m ix ture  was 

then incubated  in a hum idified  a tm osphere  at 37 °C and 5% C O 2 for either 4 

h or 24 h.

Follow ing  the incubation period, 10 |jL  o f  yellow  M T T  labelling reagent was 

added  to  each well and the plate was incubated  for a further 4 h in a 

hum idif ied  a tm osphere  at 37 °C  and 5%  C O 2 . T o  solubilise the w ater  

insoluble form azan dye form ed during this incubation period, 100 ^ L  per 

well o f  solubilisation solution (10%  SD S in 0.01 M HCl, supplied  in the kit)
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was added and the plate was incubated overnight in a humidified atmosphere 

at 37 °C and 5% CO2 . The absorbance was then recorded at 550 nm.

2.2.4 Cell preparation for QPCR 

2.2.4.1 RNA isolation

Purified total RNA was isolated from treated cells according to the Qiagen 

RNeasy mini kit manual. To harvest cells, the total cell suspension was 

placed in a 2 mL sterile tube and centrifuged for 5 min at 300 x g. The 

supernatant was gently aspirated. The cell pellet was then loosened by 

vigorously flicking the tube. To disrupt and lyse the cells, 350 [iL o f  buffer 

RTL was then added to the pellet and the tube was vortexed to mix the buffer 

RTL and cell pellet. 350 |il o f  70 % ethanol was then added to each sample o f  

homogenised lysate and pipetted up and down to mix. This total volume o f  

700 |.iL for each sample was then transferred to RNeasy spin columns which 

were placed in supplied 2 mL collection tubes and centrifuged for 15 s at 

8000 X g to bind the RNA to the columns. The flow-through was then 

discarded and the collection tube re-used for the following wash steps. 700 

|iL o f  Buffer RW l was then added to each spin column and centrifuged for 

15 s at 8000 X g to wash the spin column membranes. Again the flow-through 

was discarded carefully to ensure no contact o f  the spin columns with the 

flow-through. 500 |iL o f  buffer RPE was then added to each spin column and 

centrifuged for 2 min at 8000 x g. A further 500 |iL buffer RPE was then 

added to wash each spin column, and centrifuged for 2 min at 8000 x g. Each 

RNeasy spin column was then transferred to new 1.5 mL supplied collection



tube. 50 fiL o f  RN ase-free water was then added directly to each spin colum n  

membrane and centrifuged for 1 minute at 8000 x g to elute the R N A . The 

eluated RNA was then aliquoted and stored at -80° C.

2.2.4.2 cD N A  synthesis

RNA quantification: The optical density (O D ) o f  R N A  was measured using a 

spectrophotom eter (U V /vis Beckm an Coulter D u730) to determine RNA  

concentration and purity. The concentration o f  RNA can be measured due to 

its ability to absorb light at 260nm . A s an OD reading o f  1.0 at 260nm  is 

equivalent to an RNA concentration o f  40fig/m l, sam ple RNA concentrations 

can be quantified using the fo llow ing equation: RNA = O D 260 X dilution  

factor X 40 |jg/m l. The purity o f  RNA may also be established by measuring 

absorbance at 280nm . A ratio o f  O D 260/O D 280 o f  approx. 1.8-2.1 is indicative 

o f  pure RNA. A ll RNA sam ples used had ratios o f  >1.5 . RNA concentrations 

were then equalised so that equal concentrations o f  RNA could be used as 

tem plate for cD N A  transcription. Sam ples were aliquoted in equal volum es 

until reverse- transcribed.

2.2.4.3 cDNA synthesis by Reverse Transcription

RNA sam ples were reverse transcribed into cD N A  using a high capacity

cD N A  archive kit (A pplied B iosystem s) according to the manufactures

protocol. Briefly, 20|al o f  0 .5 -2 .5n g  o f  RNA w as m ixed in a PCR mini-tube

with an equal volum e o f  2X  master m ix that was made up as follow s: 1:5

dilution o f  lOX Reverse Transcription Buffer, 1:12.5 dilution o f  25X  dNTPs,

1:5 dilution o f  Random Primers, 1:10 dilution o f  M ultiScribe Reverse
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T ranscriptase and 1:2.381 d ilu tion  o f  H 2O. S am p les w ere then p laced  in 

therm al cy c ler  and incubated  at 25°C  for 10 m inu tes fo llo w ed  by a 2 hour 

incubation  at 37°C . R esultant c D N A  w as frozen  at -2 0 ° C  until ready for real 

tim e p o lym erase chain  reaction  (P C R ) an a lysis.

2.2.4.4Real-time PCR

A ssesm en t o f  target g en es  w as perform ed u sin g  Taqm an gen e  ex p ressio n  

assays con ta in in g  sp ec ific  target prim ers, and F A M -la b e lled  M G B  target 

probes (A p p lied  b io sy stem s). P -actin  gen e exp ression  w as used  to n orm alize  

gen e exp ression  b etw een  sam p les, and w as q uantified  u sin g  a G A P D H  

en d o g en o u s control g en e  exp ression  assay con ta in in g  sp e c ific  prim ers, and a 

V lC -la b e lled  M G B  probe for hum an G A P D  (G A P D H ). N o  requirem ent for  

op tim isation  o f  the prim er seq u en ces w as n ecessary  as all prim ers u sed  w ere  

pre-op tim ised  by A p p lied  B io sy stem s.

A m p lifica tion  o f  a gen e  o f  interest and en d o g en o u s control (P -actin ) w as  

carried out for each  c D N A  sam p le. B riefly , cD N A  w as d iluted  1:4 and lOjil 

o f  d iluted cD N A  w as p ipetted on to  a PCR plate, to  w h ich  1 .2 5 |il o f  

prim er/probe, 1.25 o f  |al o f  P -actin /probe and 12.5^1 o f  Taqm an m aster m ix  

w as added. S am p les w ere run in d up licate, and electron ic  p ipettes (E D P 3 2 0 -  

2 0 0 |i l ,  2 -2 0 |j 1 and 1 0 -1 0 0 |il)  w ere u sed  to ensure p ipettin g  accuracy. S am p les  

w ere p laced  in the real-tim e PC R  th erm ocycler  (A p p lied  B io sc ie n c e s  7 3 0 0 )  

u sing  the fo llo w in g  program m e; step  1: 9 5 ‘’C for 10 m inu tes, step  2: 95°C  

fo r i 5 seco n d s fo llo w e d  by 1 m inute at 60°C . Step tw o  w as repeated 4 0  tim es.
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and fluorescence read when the cycle was at 60“C for the duration o f  the 

programme.

During step two o f the PCR reaction, the double stranded cDNA is denatured 

at 95‘’C for ISseconds. As the tem perature begins to fall to 60°C (annealing 

and extension) the target probe is first to anneal to the single-stranded cDNA 

as it has a higher m elting tem perature than the target prim ers (Applied 

Biosystems). This probe contains a FAM /VIC dye and a proprietary non- 

fluorescent quencher (NFQ) dye, this quencher prevents the dye from 

em itting a fluorescent signal by fluorescence resonance energy transfer 

(FRET) technology (A pplied Biosystems). At 60*^C the prim ers anneal and 

the strand is extended by 5 ’ nuclease activity o f  the Taq polym erase. This 

displaces the FA M /V IC-labeled probe causing the FRET betw een the dye 

and quencher to be broken, and the generation o f  a fluorescent signal. Due to 

the specificity o f the probe and prim ers for the cDNA sequence, one 

fluorescent signal is generated for each new cDNA copy and m easured 

during the annealing stage o f  the PCR cycle (60”C).

2.2.5 Statistical analysis

All data was analysed using the Prism statistical software package. Statistical 

com parisons were initially perform ed using a one or two-way analysis o f  

variance (ANOVA) as indicated in the experim ental sections. Data was 

deem ed significant when P<0.05. Results are expressed as m eans and 

standard error o f  the mean (SEM).

63



3. R esults

3.1 LFA-1 mediated T cell motility

The inhibitory property o f  the test compounds on LFA-1 T cell motility was 

assessed in this assay. Calculation o f  the deformation index determined 

whether a cell was considered to be motile or not. A cell, upon activation by 

LFA-1, developed a motile phenotype illustrated by leading edges, lamellae 

and a deformation index greater than three.

As a pilot study, a range o f  compounds were evaluated in the LFA-1 

mediated T cell motility assay to determine its expediency as a model o f  T 

cell function in the context o f  immune function (Figure 3.1). This pilot study 

was followed by evaluation o f  the four main test compounds o f  interest; PH 

6, PH 7, PH 8 and PH 34 (Figure 3.2).
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P ilo t study w ith P H  compounds.
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Figure 3.1: ®/o Motile HuT-78 cells 4 h post Incubation with test compounds (10 fiM ).

PH 11 and PH 12 significantly inhibited LFA-1 mediated T cell motility. Data are expressed 

as mean ± SEM where ♦♦♦ indicates statistical significance (P<0.001) compared to DMSO 

(0.5%). Go6976 (5 jiM ).
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Determination o f  inhibitory effects o f  PH  6 in Hut-78 cells 

PH  6 significantly inhibits LFA-1 m ediated T cell motility

60n

Figure 3.2: %  M otile  H uT -78  cells 4 h post incub ation  w ith  test co m p o u n d s (tO  |ulVI).

PH 6 (10 nM ) significantly inhibited T cell motility. Data are expressed as mean ±  SEM 

(N=24) from three experim ents carried out independently, where *** indicated statistical 

significance with P<0.001 compared to DMSO (0.5% ). Go6976 (5|iM ).
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PH  6 inhibits T cell m otility in a dose dependant manner.

60 n

F igure 3.3: PH 6 D ose response. % M otile  H uT -78  cells 4 h post incub ation  w ith 0 .01 , 

0 .03 , 0 .1 , 0.3, 10 and 30 ^M  PH 6.

PH 6 (lO uM ) significantly inhibited T cell motility. Data are expressed as mean ± SEM 

(N =52) from three experim ents carried out independently, where *** indicated statistical 

significance with P<O.OOI compared to DMSO.

C om pared to Go6976 (5|aM), the only test com pounds to inhibit m otility 

significantly were PH 6, PH 11, and PH 12 (P<0.001). Cells treated with the 

PKC selective inhibitor did not undergo cytoskeletal rearrangem ent, as 

observed in the untreated and DM SO controls, where cells rem ained 

spherical in shape and no spreading o f  the cytoskeleton was recorded. 

U ntreated and DM SO treated HuT 78 cells, originally non-adherent, were 

observed to spread, and, over the 4 hour incubation period, showed extensive
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rearrangement o f  the cytoskeleton culminating in long cytoplasmic 

projections.

Treatment o f  cells with PH 11 and PH 12 significantly inhibited the 

locomotory behaviour o f  the HuT-78 cells. Treatment with these compounds, 

at 10 |iM, resulted in 15.45 ± 0.79% and 11.78 ± 1.36% motile cells 

respectively.

PH 6 showed the most significant inhibition o f  HuT-78 motility at 10 [xM, 

with only 1.40 ±  0.02% o f  cells determined to be motile. The remaining PH 6 

treated cells were calculated to have a deformation index o f  less than 3 and as 

such had not developed a motile phenotype. This is clearly demonstrated in 

the images as the cells displayed a predominantly spherical or oval shape, 

with little or no evidence o f  cytoskeletal rearrangement, compared to that 

seen in DMSO treated cells.
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Table 1: Representative im ages o f  PH test com pound treated HuT-78 cells 

acquired for analysis and calculation o f deform ation index.

PH 6 PH 34

PH 7 DMSO

Go6976



Table 2: Representative images o f  HIH test com pound treated HuT-78 cells 

acquired for analysis and calculation o f deform ation index.

HIH 1 HIH 5

'  t l  .

H I H  2 HIH 6

o O ,
O

. . < 0  0

HIH 3 HIH 7

HIH 4

DMSO Go6976



HIH 4, HIH 6 and HIH  7 significantly inhibit LFA-1 T cell motility.

ieieic

F ig u r e  3.4: %  M o t i le  H u T -7 8  cells 4 h post  in c u b a t io n  w ith  n a p h to q u i n o n e  c o m p o u n d s  

(10 fiM).

HIH 4, HIH 6 and HIH  7 all sig n ifican tly  inh ib ited  LFA-1 m ediated  T cell m otility . D ata are 

expressed  as m ean  ±  SE M , w here *** ind icates sta tistical sign ificance (P<  0 .001) com pared  

to D M SO .
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HIH 6 an d  H IH  7 sign ifican tly  inhibit LFA-1 T ce ll m otility  in a dose  

depen den t manner.

60 - | 

50
in
0)  40 -  u

100 nM 300  nM 1 3 nM 10 nM 30 nM

Figure 3.5: Dose R esponse  % M otile  H uT -78  cells 4 h post incubation with HIH 6 and  

HIH 7.

HIH 6 and HIH 7 (10 |iM ) inhibited T cell motility dose dependent manner. Data are 

expressed as mean ± SEM (N=24) from three experim ents carried out independently, where 

*** indicated statistical significance with P<0.001 com pared to DMSO (0.5%). Go6976 

(5nM ).

A ll com pounds were tested at 10 jiM initially. The PKC selective inhibitor, 

G o6976, w as again used as a control o f  m otility inhibition. O f the seven HIH 

com pounds tested, HIH 6 and HIH 7 were the only com pounds that had a
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significant effect on LFA-1 m ediated T cell m otility. Treatm ent for 4 hours 

with these com pounds (Figure 3.4), resulted in negligible rearrangem ent o f 

the cytoskeleton. No leading lam ella or trailing uropods were observed, 

which in turn determ ined a consistent deform ation index o f  less than three. 

Hence, cell m otility for HIH 6 and HIH 7 was observed at 1.75 ± 0.21%  and 

5.8 ± 0.58%  respectively. HIH 1, HIH 2, and HIH 3 treatm ent o f  the Hut 78 

cells resulted in 47.6 ± 0.39% , 47.09 ±  6.25% and 44.68 ± 5.25% m otile 

cells, respectively. In all three o f  these com pounds extensive rearrangem ent 

o f  the cytoskeleton was observed. There were low cell num bers resem bling 

the original spherical shape. The cells were observed as having adhered, 

spread and undergone sim ilar rearrangem ent to that o f  the untreated DMSO 

control. HIH 4 treatm ent o f  the HuT 78 cells was more effective in inhibiting 

m otility, than HIH I, HIH 2 or HIH 3. Cell adherence in HIH 4 treated cells 

was observed, however, m igration was significantly inhibited (P<0.001) with 

the result that 30.05 ± 6.1% o f  cells were motile.

The significant inhibition o f HuT-78 m otility in response to treatm ent with 

HIH 6 and HIH 7 at 10 ^M , necessitated a further study, to examine the 

effects on T cell locomotory behaviour, with respect to a varying doses o f  the 

com pounds. The assay was perform ed as previously described, with cells 

treated with com pounds, at final concentrations o f 100 nM, 300 nM, 1 n,M, 3 

|iM, 10 (iM and 30 [iM.

Data o f cells treated in the dose response study dem onstrated the 

concentration dependent effect o f  HIH 6 and HIH 7 on T cell motility. 

Treatm ent at 30 |iM resulted in alm ost com plete inhibition o f  cell m otility,
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where only 0.7 ± 0.0006%  o f cells were determ ined to be motile, for HIH 6 

and 0.79 ±  0.03%  for HIH 7. The very low num bers o f  cells assigned a 

deform ation index greater than three, from which the percentage o f  m otile 

cells was calculated, confirm ed the visual observations where limited 

rearrangem ent o f  the cytoskeleton, resulting in cytoplasm ic projections, had 

occurred. The cells had not developed a m otile phenotype. Furtherm ore, even 

at the lowest concentration o f  100 nM , the m otility o f  cells rem ained low at 

21.7 ±  2.16% and 13.34 ±  2.96%  respectively for HIH 6 and HIH 7. This 

suggests that both HIH 6 and HIH 7 are potent inhibitors o f  LFA-1 m ediated 

T cell locom otory behaviour.
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3.2 Cytotoxicity and Apoptosis

The premise o f  this MTT assay is that those cells with viable and live 

m itochondria will cleave the yellow tetrazolium  salt to form purple formazan 

crystals in the reaction, and as such the live cells are directly proportional to 

absorbance observed.

The PH test com pounds were incubated for both 4 and 24 h incubation 

periods to determ ine the anti-proliferative or cytotoxic effect, if  any, o f  the 

drugs. The PH test com pounds were tested in both Jurkat and HuT 78 T cell 

lines, with an initial concentration o f 10 |j M , followed by a dose response 

study.
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Determination o f  cytotoxic effects o f  test compounds in Jurkat T cells 

PH  6 significantly induces cell death at both 4 and 24 h.

1.25n

1.00-

* * *

•kicif

Figure 3.6: M T T  Cytotox icity  o f  Jurkat  T cells 4 h post trea tm ent with PH com poun ds

at 10 nM . The cytotoxic effect o f the com pounds as determined by MTT assay. Data are 

expressed as mean ± SEM (N=3) where *** indicates statistical significance with P<O.OOI 

compared to UNT.
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Figure 3.7: M TT Cytotoxicity o f Jurkat T cells 24 h post treatm ent with PH 

com pounds at 10 ÎVI.

The cytotoxic effect o f  the com pounds as determined by MTT assay. Data are expressed as 

mean ± SEM (N=3) where *** indicates statistical significance with P<0.001 compared to 

UNT.

Following 4 h incubation with the test com pounds, PH 6 was the only drug to 

have a significant effect, com pared to the untreated control, on the Jurkat 

cells with an absorbance value o f 0.135 ± 0.0548, which was also more 

potent than the apoptosis inducing Cam ptothecin, as illustrated in Figure 3.6. 

Absorbance values for PH 7, PH 8 and PH 34 were all substantially higher 

and did not differ significantly from the vehicle and untreated control, clearly 

indicating that these drugs do not have any cytotoxic or anti-proliferative 

effect on Jurkat T cells.
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From  data  o f  the 24 h incubation  w ith  the test com pounds, PH 6 w as revealed  

to  have the m ost substan tia l e ffect on Ju rk a t cell v iab ility  w ith  a m ean  

absorbance  value o f  0.135 ± 0 .0007  com pared  to  the un trea ted  cells, 1.138 ±  

0 .343. The absorbance  values fo r both  C PT  and  T riton-X  w ere  ind ica tive  o f  

m axim um  cyto tox ic ity  w ith  0 .154  ±  0 .0536  and 0 .015  ±  0 .0036  values 

respectively . T his sign ifican t d ifference  is exp la ined  by the lack o f  v iab le  

m itochondria  p resen t in the  te s t sam ple. T his e ffec t is tim e dep en d en t and  is 

illustrated  by data  ob ta ined  fo r Ju rka t cells fo llow ing  trea tm en t fo r the  shorter 

incubation  period  o f  4 h.

T he cy to toxic  e ffec t o f  PH 34 w as observed  to  be sign ifican t, w ith  an 

absorbance  o f  0 .794 ±  0 .1464  (P<0.001 vs U N T). H ow ever, w orthy  o f  

m en tion  is the lack o f  sign ifican t d ifference  fo r the sam e d rug  w hen 

com pared  to the vehicle contro l, D M SO  (1 .052  ±  0 .2830). F urtherm ore, 

given the length  o f  the incubation  period  o f  24 h, coup led  w ith  the sign ifican t 

d ifference com pared  to  the  positive  con tro ls o f  cy to tox ic ity , PH 34 is not 

considered  to  have a cy to tox ic  effect.

N e ith e r PH 7, no r PH 8 dem onstra ted  a sign ifican t e ffec t on the Ju rk a t cells 

w ith  absorbance  values o f  1.001 ±  0 .1328 and 0 .948 ±  0 .1504  respective ly .

A subsequen t dose response study w as perfo rm ed  to  determ ine  i f  a 

rela tionsh ip  betw een  the concen tra tion  o f  test com pounds used and the ex ten t 

o f  cell death , ex isted . A s PH 6 had  in the in itia l M T T  study  d em onstra ted , at 

10 ^M , sign ifican t an ti-p ro liferative  capacity  and PH 7, PH 8 and  PH 34 

show ed neg lig ib le  e ffec t a t the sam e concen tra tion , it w as necessary  to  use a 

series o f  doses tha t w ould  incorpora te  both h ig h er and  low er concen tra tions
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than the inital 10 |iM . Therefore, Jurkat cells were incubated with 1, 3, 10, 

30, 10 and 30 nM o f each o f the test com pounds for 4 hours.

PH  6 induced cytotoxicity occurs in a dose dependent manner.

0.75n

Figure 3.8: M T T  Cytotox icity  o f  Jurkat  T cells 4 h post treatm ent with PH com poun ds  

at 0 .01 , 0.03, 0.1, 0.3, 10 and 30 ^M .

The cytotoxic effect o f  the com pounds as determined by MTT assay. D ata are expressed as 

mean ± SEM (N=3) where indicates statistical significance with P<0.001 compared to 

UNT.

As illustrated in Figure 3.7, a dose dependent relationship did not exist 

between PH 7, PH 8, PH 34 and cell death in Jurkat cells 4 h post treatment. 

Only at the highest dose o f  30 |j M did PH 34 have a significant im pact on 

Jurkat cell viability, com pared to the untreated and DM SO vehicle control 

cells, with an absorbance value o f  0.325 ± 0.0345 recorded. Cam ptothecin
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treatm ent was observed to have a sim ilar effect on the cells with an 

absorbance value o f  0.323 ± 0 .0 1 7  recorded.

The m ost significant effect observed was that o f  the dose dependent 

relationship follow ing treatm ent with PH 6. Results follow ing incubation 

with the lower concentrations o f 0.1, 0.3 and 1 |iM  revealed no difference 

between drug treated cells and untreated or DMSO vehicle treated cells. 

Those cells treated with 10 )liM  gave the expected result, as per the initial 

study. However the highest dose o f  30 ^lM induced an effect such that no 

significant difference between Jurkat ceils with this treatm ent, and the 

positive control o f  maximum cell death, Triton-x treated cells, was observed. 

Furtherm ore, PH 6 at this concentration was significantly more potent than 

Camptothecin.

LDH

Determination o f  cytotoxic effects o f  PH test compounds in Jurkat T cells

Further investigation o f  the potential toxicity o f  PH6, PH7, PH 8 and PH 34 

was perform ed by evaluating the lactate dehydrogenase (LDH) activity. 

Again, the test com pounds were incubated for 4 and 24 hours respectively, in 

both Jurkat and HuT 78 T cells.
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PH  6 significantly induces cell death at both 4 and 24 h. (LDH)

125n

100 -
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25-
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Figure 3.9: LDH Cytotoxicity of Jurkat T cells 4 h post treatment with PH compounds 

at 10 fiM. The cytotoxic effect o f the com pounds is determined by LDH assay. Data are 

expressed as mean ±  SEM (N=3) where *** indicates statistical significance with P<0.001 

compared to UNT.
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Figure 3.10: LDH  Cytotox icity  o f  Jurkat T ceils 24 h post treatm ent witii PH 

c o m po un ds  at 10 filVI.

Tiie cytotoxic effect o f the com pounds is determined by LDH assay. Data are expressed as 

mean ± SEM (N=3) wtiere *** indicates statistical significance witii P<0.001 compared to 

UNT,

Following the initial incubation o f  4 hours (Figure 3.8), only PH 6 was 

observed to have any significant effect on the Jurkat cells. Treatm ent with 

this com pound induced an alm ost equipotent release o f  LDH to the positive 

control Triton-X , where m axim um  ceil death o f  Jurkat cells was observed. 

PH 7, PH 8 and PH 34 did not result in LDH release indicative o f cell death 

when com pared to the vehicle or untreated control. N or did Cam pothecin 

induce cell death with ju st L590 ±  0.749 % cytotoxicity calculated based on 

LDH released. This is explained by the fact that the mode o f  action o f 

Cam ptothecin is to induce apoptosis, and as such the cell m em brane remains
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intact with no release o f  the cel! contents. As expected, 24 hours post 

treatm ent with the test com pounds, PH 6 and the positive control Triton-X, 

again resuhed in m aximum cytotoxicity. O f the other treatm ents, a significant 

increase in LDH release was not observed for the test com pounds PH 7, PH 8 

or PH 34. However, cytotoxicity following the extended incubation with 

Cam ptothecin did result in an increase in cytotoxicity at 4 hours to 24 hours 

where significant cytotoxicity was observed.

PH  6 induces cytotoxicity (LDH) in a dose dependent manner in Jurkat T 

cells

90-1
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Figure 3.11: LDH Cytotoxicity of Jurkat T cells 4 h post treatment with PH compounds 

at 0.1, 0.3, 1, 3 ,10  and 30 nM.

The cytotoxic effect o f  the com pounds as determ ined by LDH assay. Data are expressed as 

mean ± SEM (N=3) where indicates statistical significance with P<0.001 compared to 

UNT.
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As observed in the M TT dose response study, a dose dependent relationship 

did not exist between PH 7, PH 8, PH 34 and cell death as determ ined by 

lactate dehydrogenase (LDH) release in Jurkat cells 4 h post treatm ent 

(Figure 3.10). Only at the highest dose o f  30 |aM did PH 34 have a notable, 

but not significant, im pact on Jurkat m em brane integrity, com pared to the 

untreated and DM SO vehicle control cells, with 39.51 ± 6.62 % cytotoxicity 

observed. PH 6 treatm ent was again dem onstrated to have the most 

significant effect on the cell population with a dose dependant relationship 

clearly illustrated (Figure 3.10). Results following incubation with the lower 

concentrations o f  0.01, 0.03 and 0.1 revealed no difference between drug 

treated cells and untreated or DM SO vehicle treated cells. Those cells treated 

with 10 |iM  gave the expected result, as per the initial study. H ow ever the 

highest dose o f 30 |jM  induced an effect such that no significant difference 

between Jurkat cells with this treatm ent, and the positive control o f  maximum 

cell death, Triton-x treated cells, was observed. Furtherm ore, PH 6 at this 

concentration was significantly m ore potent than Cam ptothecin.

Incubation o f  the test com pounds with HuT 78 cells for 24 hours showed that 

PH 7, PH 8 and PH 34 did not affect cell proliferation after 24 hours when 

com pared to the untreated and DM SO control. As with the aforem entioned 

results, treatm ent with PH 6 resulted in significant cytotoxicity with 0.827 ± 

0.042 absorbance recorded.
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Determination o f  the cytotoxic effects o f  test compounds in Hut - 78 

PH  6 significantly induces cell death at both 4 and 24 h.

(/)

<

Figure 3.12: IMTT C ytotoxicity  o f  H uT 78 T cells 4 h post trea tm ent  with PH  

com p o u n d s  at 10 ^M .

The cytotoxic effect o f the com pounds as determ ined by MTT assay. Data are expressed as 

mean ± SEM (N=3) where indicates statistical significance with P<0.001 compared to 

UNT, DM SO, C P I  and TRITON-X.
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Figure 3.13: M T T  Cytotoxicity of H uT  78 T  cells 24 h post treatment with PH 

compounds at 10

The cytotoxic effect o f  the compounds as determined by M T T  assay. Data are expressed as 

mean ±  SEM (N =3) where indicates statistical significance w ith  P<O.OOI compared to 

U N T, DMSO, CPT and T R ITO N -X .
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HuT 78 MTT Dose Response (4HRS)
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Figure 3.14: M T T  C ytotoxicity  o f  H uT 78 T cells 4 h post trea tm ent with PH

com p o u n d s  at 0 .01, 0.03, 0.1, 0.3, 10 and 30 fiM.

The cytotoxic effect o f  the com pounds as determined by MTT assay. D ata are expressed as

mean ± SEM (N=3) where *** indicates statistical significance with P<0.001 compared to

UNT.
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Figure 3.15: L D H  Cytotoxicity of H u T  78 T  cells 4 h post treatment with PH 

coitipounds at 10 fiM .

The cytotoxic effect o f the compounds as determined by LDH assay. Data are expressed as 

mean ± SEM (N=3) where * * *  indicates statistical significance with P<0.001 compared to 

UNT, DMSO, CPT and TRITON-X.
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Figure 3.16: L D H  Cytotoxicity of H u T  78 T  cells 24 h post treatment with PH 

compounds at 10 fiM .

The cytotoxic effect o f the compounds as determined by LDH assay. Data are expressed as 

mean ± SEM (N=3) where * * *  indicates statistical significance with P<O.OOI compared to 

UNT, DMSO, CPT and TRITON-X.
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HIH 6 induces cytotoxicity in a dose dependent manner.
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Figure 3.17; L D H  C ytotoxicity  o f  H uT -78  T cells 4 h post treatm ent with HIH  

com poun ds  at I, 3, 10, 30, 100 and 300  fiM.

The cytotoxic effect o f  the com pounds as determined by LDH assay. Data are expressed as 

mean ± SEM (N=3) where *** indicates statistical significance with P<0.001 compared to 

U N I.

Treatm ent o f  HuT-78 cells with HIH 6 was the only com pound to induce 

cytotoxicity in a dose dependant manner. Even at the highest concentrations, 

HIH 4 and HIH 7 did not affect the viability o f  the cell population with the % 

cytotoxicity for these drugs close to ju s t 10 %. HIH 6 caused a significant 

increase from 0.1 |iM  to 30 |iM with cytotoxicity observed to be higher than 

50 % .(Sheridan, Hook et al. 2008)
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3.3 Apoptotsis - FACs Annexin V /PI binding

Further investigation o f  any cytotoxic effect associated with treatment with 

the test compunds was warranted to determine the nature o f  the type o f  cell 

death observed. This was especially true for PH 6 which had, in both the 

MTT and LDH studies, shown significant anti-proliferative capacity. 

Annexin V and Propidium Iodide binding was analysed by flow cytometry to 

determine the apoptotic potential o f  the test compounds.

The initial flow cytometry study was carried out in HuT-78 cells, as these 

cells were used as the model for the LFA-1 mediated T cell motility study. It 

followed that, given the results o f  the test compounds in the cytotoxicity 

study, most notably the impact o f  PH 6 on cell viability, in both HuT-78 and 

Jurkat cells, coupled to the significant inhibition o f  LFA-1 mediated T cell 

motility observed, HuT-78 cells were primary initial interest.

HuT-78 cells were initially incubated for 4 h, as per LFA-1 mediated T cell 

motility protocol, with the positive control o f  apoptosis, Camptothecin (2 ^g  / 

mL). No significant difference between Camptothecin and the untreated cells 

was observed, and a time course study was performed to optimise 

experimental conditions, that is, the optimum incubation period to obtain 

significant difference between controls. This revealed the optimum 

incubation period to be 24 h. The lengthy incubation period results from the 

constitutively activated N F-kB which promotes cell survival and as such 

renders HuT-78 cells resistant, but not immune, to apoptosis. The alternative 

T lymphocyte Jurkat line was then incubated with the test compounds to 

determine any apoptotic effect. PH 6 demonstrated significant capacity to 

induce apoptosis in this cell line. The next question to be answered was
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w hether PH 6 could induce apoptosis in the resistant HuT-78 cell line. 

Results dem onstrated the potency o f  PH 6 in HuT-78 cells to be sim ilar to 

that observed in Jurkat cells, and as such were deemed to do so independently 

o f  N F-kB.
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Figure 3.18: F A Cs.Cam pto thecin  induction o f  apoptosis is significant 24 h post

trea tm en t .
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Figure 3.19 : The %  o f A nnexin V * /  PT  (early  apoptosis) (a ) and A nnexin  V *  /  P I*  (late  

apoptotic) (b ) H u T -7 8  cells follow ing trea tm ent w ith  C P T  at 2ng /m L  at 4, 12,18 and 24 

hours incubation as determ ined by F A C s w ith  A nnexin  V  and P I b inding.
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PH  6 significantly induces apoptosis in Jurkat T cells as determ ined by FACs 

analysis 24 h post incubation.
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Figure 3.20(a): FACs. PH 6 significantly induces apoptosis in J u rk a t  T cells as 

determ ined  by FA Cs analysis 24 h post incubation.
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Figure 3.20(b): FACs. PH 6 significantly induces apoptosis in Jurkat T  cells as 

determined by FACs analysis 24 h post incubation.
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Figure 3.21: Total % apoptotic  Jurkat cells fo l low ing  treatm ent with test com p o u n d s  at 

10 filM for 24 hours.

D ata o f  cells positive for A nnexin  V b ind ing  and negative for PI b ind ing  (early  apop to tic) 

and positive  for both A nnex in  V and PI b ind ing  (late  apop to tic) w ere com b in ed  to give the 

total percen tage  o f  cells  that dem onstra ted  apopto tic  p roperties fo llow ing  trea tm en t w ith 

co m pounds at 10 (iM, D ata are expressed  as m ean ±  SEM  (N = 3) w here *** ind icates 

sta tistica l sign ificance w ith P<0.001 com pared  to D M SO , U N T, C PT  and all o ther 

com pounds.
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Figure 3.22: %  J u rk a t cells A nnexin \ *  /  P I '(e a r ly  apoptotic) follow ing trea tm ent w ith  

test compounds at 10 fo r 24 hours.

Data o f cells positive for Annexin V binding and negative for PI b inding (early apoptotic) 

fo llow ing  treatment w ith  compounds at 10 jiM  for 24 hours. Data are expressed as mean ± 

SEM (N=3) where * * *  indicates statistical significance w ith  P<O.OOI compared to DMSO, 

UN T, CPT and all other compounds.
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Figure 3.23: T he  percentage  o f  Jurkat  cells posit ive for  both Annexin  V and PI (late  

apoptotic)  fo l low in g  treatm ent with test c o m p o u n d s  at 10 for 24 hours.

D ata are ex p ressed  as m ean ±  SEM  (N =3) w here *** ind icates sta tistica l sign ificance  with 

P<0.001 co m p ared  to at! o th er sam ples.

The total percentage o f cells undergoing apoptosis was calculated by 

addition o f  the values observed for Annexin / PI" (early apoptotic) cells 

and A nnexin / P f  (late apoptotic) cells. Following treatm ent with the test 

com pounds, all at 10 |jM  for 24 hours, PH 6 was revealed to be the only 

com pound to have a significant apoptotic effect, where the total percentage 

was calculated to be 37.1 ± 10. While this value indicated the potential o f  PH 

6 to induce apoptosis when com pared to the untreated control, it also 

dem onstrated that the effect o f  PH 6 was not com parable to that o f the
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postive contro l o f  apop tosis, C am pto thecin , fo r w hich  the total apop to tic  

value w as ca lcu la ted  to  be 82.96 ±  5.4 .

The separate  analysis o f  the data  ob tained  fo r A nnex in  V " '  /  P I ' (early  

apop to tic) cells and A nnex in  /  ? r  (la te  apop to tic) ce lls  gave a c leare r 

ind ica tion  o f  the e ffec t o f  the te s t com pounds, especia lly  PH 6.

Illustra ted  in F igure 3.15, are those  cells that, 24 hours post trea tm en t w ith 

the test com pounds, exh ib ited  early  apoptosis. C ells treated  w ith PH 6 w ere 

the only popu la tion  o f  com pound  treated  cells to  show  a sta tistica lly  

sign ifican t e ffec t com pared  to  the un trea ted  contro l (P < 0 .001) w ith  28 .36  ± 

6.5 %  o f  cells b ind ing  A nnexin  / PP. A s w ith the total p ercen tage  o f  

apop to tic  cells, PH 6 w as a lso  s ign ifican tly  d iffe ren t to  the  positive control 

C am pto thecin . PH 7, PH 8 and PH 34 show ed  neg lig ib le  d ifference  

com pared  to  the vehicle  control D M SO  and the un trea ted  cells. They all 

d isp layed  sta tistica lly  s ign ifican t d iffe rence  to  C am pto thec in  (P < 0.001).

T he percen tage  o f  cells positive  fo r both A nnexin  V and  Propid ium  Iodide 

b ind ing  ind ica tes those  cells tha t are  late apop to tic  or dead . F o llow ing  24 

hours incubation  none o f  the test com pounds show ed  a sta tistically  

s ign ifican t e ffec t on the Ju rkat ce lls  com pared  to  the  un trea ted  contro l. All 

test com pounds, D M SO  and untrea ted  sam ples w ere s ign ifican tly  d iffe ren t to 

the positive  contro l o f  apop tosis, C am pto thecin  (P<0.001).

T hese resu lts clearly  dem onstra te  tha t PH 6 m edia tes its e ffec t by w ay o f

apoptosis. G iven  th a t the m ajority  o f  the to tal apop to tic  popu lation , 24 hours

post trea tm en t w ith  PH 6, consists o f  cells in early  apop tosis , coup led  w ith

the lack o f  sta tistical s ign ificance fo r PH 6 trea ted  cells d isp lay ing  A nnex in  V

and PI b ind ing  characteristic  o f  dead cells o r those  in late apop tosis , the

100



conclusion that the cytotoxic effect observed in LDH and M TT results was 

not one o f necrosis but apoptosis, required further investigation.

A visual observation o f a notably sm aller pellet size 24 hours post treatm ent 

with PH 6, com pared to the pellet size o f  the untreated Jurkat cells, suggested 

that part o f  the PH 6 treated cell population had undergone apoptosis and the 

dead cells had disintegrated. As such they would not be identifiable at the end 

point o f  this assay. Therefore, taking the pellet size into consideration, along 

with the statistical significance o f  treatm ent with PH 6 at 10 |iM  for 24 hours 

(P<0.001) as illustrated in Figure 3.14, which resulted in the decreased pellet 

size, it was postulated that a lower dose may yield a higher apoptotic 

population o f  cells. A dose response study was subsequently perform ed to 

determ ine if  there was a dose dependent relationship.
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P H  6 does not induce apoptosis in a dose dependent manner. 

PH 6 0.1 |iM  Jurkat 24 hrs

5  2 -  _o

>  O -

' Q1- 1 ■ 02 :1

10 10 10 10 

AN N E XIN  V  Red-A

g-

O a

PI Yellow-A

PH 6 If iM  Jurkat 24hrs

5  2 -  o
“55 CO 
>
CL

' Q1- 1 Q2--r-: - ■

fO 10 10 10
A N N E XIN  V  Red-A

c
3
o
O

PI Yellow-A

PH 6 10 juM Jurkat 24hrs

, . . '  . Q1- t

10^ 10^  i d "* 10^

AN N E XIN  V  Red-A

c
3O
O

PI Yellow-A

Figure 3.24: FACs. PH 6 does not induce apoptosis in a dose dependent manner.
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Figure 3.25: FACs Vehicle control (DMSO), Untreated (UNT) control and positive 

control of apoptosis, CPT.
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Figure 3 .26: PH 6 Dose response in J u r k a t  cells 24 hours  post t r ea tm en t .

D ata o f  cells positive  for A nnexin  V b in d in g  and negative  for PI b ind ing  (early  ap o p to tic) 

and positive  for bo th  A nnex in  V and PI b ind ing  (late apop to tic) w ere  com bined  to g ive  the 

total percen tage  o f  cells that d em onstra ted  apopto tic  p roperties fo llow ing  trea tm en t w ith PH 

6 at 0 .1, I and 10 nM . D ata are expressed  as m ean ±  SEM  (N = 3) w here *** ind ica tes 

statistical sign ificance  w ith P<0.001 co m pared  to D M SO , U N T , C P T  and all concen tra tions 

o f  PH 6, and w here  +++  ind icates sta tistical sign ificance co m pared  to  D M SO , U N T  and 

CPT.

The dose response study with 0.1 nM , IjjM and 10 fiM revealed that there 

was not a dose dependent relationship at 24 hours betw een PH 6 and cells  

binding A nnexin V and PI. There w as negligible difference between 0.1 and 

l|iM  compared to the untreated controls. A s expected, Cam ptothecin was 

statistically significantly different from all sam ples and again PH 6 at 10 fiM 

was significantly different to the untreated controls.
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Following the dose response study which dem onstrated no significant 

difference between the lower doses o f  PH 6 and the untreated control and 

with no further inform ation gained regarding the effect o f  PH 6 on the Jurkat 

cells, the question o f  the pellet size still remained. G iven that at 0.1 and 1 

HM, PH 6 had no effect w hatsoever on the cell population after a 24 hour 

incubation period, while treatm ent with 10 |iM  induced a significant 

response, the m ost evident avenue to pursue was a tim e course study o f PH 6.

The hypothesis for this study was that treatm ent with the com pound for a 

shorter period could reveal a peak incubation period for this drug where cells 

were undergoing apoptosis but had not yet disintegrated. The cells were 

therefore incubated at 4 and 12 hours with PH 6(10nM ).

105



PH 6 Jurkat 4 hrs

10 10 10 10 

ANN EXIN V Red-A PI Yellow-A

PH 6 Jurkat 12 hrs

5 s o
fl> fO
>  s

Q1- 1

■ ■

10 10 10 10 

ANNEXIN V Red-A PI Yellow-A

PH 6 Jurkat 24 hrs

a>m 
>  °

V . L  s3

10 10 10 10 

ANNEXIN V Red-A

o S'

PI Yellow-A

Figure 3.27:.FACs Representative FACs plots of Jurkat cells obtained following 

incubation for 4, 12 and 24 h with PH 6 (lO^IM).
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Figure 3.27;.FACs Representative FACs plots of Jurkat cells obtained following 

incubation for 4, 12 and 24 h with C PT (2^g /m L).
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Figure 3.28: The %  of early apoptotic Jurkat cells (Annexin V^ / PT) following 

treatment with PH 6 at 10 ÎV1 at 4, 12 and 24 hours incubation.

Data o f cells positive for Annexin V binding and negative for PI binding (early apoptotic) 

following treatment with PH 6 (10 |iM ). Data is expressed as mean ± SEM (N=3) where * * *  

indicates statistical significance compared to DMSO, UNT and CPT (at all time points) and 

compared to PH 6 (24 hours), and where ### indicates statistical significance compared to 

DMSO, UNT and CPT (at all time points) and compared to PH 6 (24 hours).
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Figure 3.29: The %  of late apoptotic Jurkat cells (Annexin I  PI*) following treatment 

with PH 6 at lO^IVI at 4, 12 and 24 hours incubation.

Data o f cells positive for both Annexin V and PI binding (late apoptotic) following treatment 

with PH 6 (10 |iM ), Data is expressed as mean ± SEM (N=3) where * * *  indicates statistical 

significance (P<O.OOI) compared to PH 6 (4 hours) and where * indicates statistical 

significance (P<0.05) compared to PH 6 (24 hours).

Incubation o f Jurkat cells with PH 6 (10 nM) for a shorter period had a

clearly significant effect on the percentage o f cells undergoing early

apoptosis. A t 4 hours a significant percentage, 37.83 ± 12.7 %, o f cells were

determined to be in the early stages o f apoptosis, compared to not only the

untreated control, but also Camptothecin, the positive control o f apoptosis,

for which just 3.63 ±  0.5 % displayed Annexin / PI' binding. A t 12 hours

there was not a significant increase for PH 6 where 40.2 ± 1 . 7 %  o f cells were

observed as Annexin / PP. Again, the test compound was statistically

different to Camptothecin, even though a statistically significant time
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dependent increase was observed for Cam ptothecin. Tiie sharp decrease o f 

cells observed to be in the early stages o f  apoptosis follow ing 24 hours 

incubation with PH 6, from 12 hours, to 8.73 ± 3.4 % proves that the 

optimum incubation period for induction for apoptosis with PH 6 should be 

shorter than 24 hours.

Analysis o f  the data for cells positive for both Annexin V and PI, that is, 

those cells in the late stages o f  apoptosis or dead, revealed a tim e dependent 

increase for the cells treated with PH 6 (Figure 3.19). Follow ing 4 hours 

treatment, ju st 5.5 ±  0.7 % o f  cells were positive for Annexin V and PI 

binding. At 12 hours this increased to 14.76 ± 8.2 %, (P>0.05 versus PH 6 at 

4 hours) and was subsequently observed to be significantly higher (P<0.05) 

28.36 ± 6.5 % at 24 hours. This value fell sharply at 24 hours to 8.7 ±  3.4 

% .The increase in dead cells, over time, suggests an apoptotic effect as 

opposed to necrotic, as with necrosis a more rapid cell death would be 

observed. Furtherm ore, the proportion o f  cells Annexin and PI' (early 

apoptotic) again dem onstrate this point where treatm ent with PH 6 induced a 

significant level o f  early apoptosis at ju st 4 hours (Figure 3.18). The 

biochemical alterations associated with early stage apoptosis, which facilitate 

the binding o f Annexin V by the m ovem ent o f  phosphatidylserine to the 

external position on the lipid bilayer, but do not allow for Propidium  iodide 

binding, as is the case with necrosis. This indicates that cell death associated 

with PH 6 occurred via an apoptotic pathway as opposed to its effect being 

that o f necrosis.
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Figure 3.30 : T he total % o f  apoptotic J urkat  cells fo l low ing trea tm ent with PH 6 at 

lO^M at 4, 12 and 24 hours incubation as determ ined  by FACs with Annexin V and PI 

binding.

D ata o f  cells positive  for A nnex in  V b ind ing  and negative  for PI b ind ing  (early  apopto tic) 

and positive  for bo th  A nnex in  V and PI b ind ing  (late  ap o p to tic) w ere com bined  to give the 

total percen tage o f  cells  that dem onstra ted  apop to tic  p ro p erties  fo llow ing  trea tm en t with PH 6 

at 10 nM . D ata is ex pressed  as m ean ±  SEM  (N =3).
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PH  6 significantly induces apoptosis in HuT-78 cells.
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Figure 3 .32: %  H uT -78  cells A n nexin  \ *  /  P I'(ea r ly  a p op to tic ) fo llow in g  trea tm en t w ith  

PH 6 at 10 fiM for 24 hours.

Data o f cells positive for Annexin V binding and negative for PI binding (early apoptotic) 

following treatm ent w ith PH 6 at 10 jiM for 24 hours. Data are expressed as mean ± SEM 

(N=3) where indicates statistical significance with P<0.001 compared to DMSO, UNT, 

CPT.
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Figure 3.33: %  H uT-78 cells Annexin V * /  P I' (late apoptotic) following treatment with 

PH 6 at 10 ^IM for 24 hours.

Data o f cells positive for Annexin V binding and negative for PI binding (early apoptotic) 

fo llow ing treatment w ith  PH 6 at 10 fo r 24 hours. Data are expressed as mean ± SEM 

(N=3) where * * *  indicates statistical significance w ith  P<O.OOI compared to DM SO, UNT, 

PH 6.

As illustrated by both Figure 3.21 and Figure 3.22 x: % HuT-78 cells 

Annexin V+ / PI- (early apoptotic) follow ing treatment with PH 6 at 10 |jM  

for 24 hours, PH 6 significantly induced apoptosis in HuT-78 cells 24 h post 

treatment, with 39.96 ± 0.351 % o f cells binding Annexin / PI" and 6.93± 

0.34% binding Annexin /P r .  This was compared to the untreated 

population o f cells, for which 24.3 ± 0.98% o f cells binding Annexin / PI' 

, and 5.83 ± 0.31 % were found to bind Annexin /P r . Camptothecin 

significantly induced apoptosis follow ing 24 h with a total population o f 

apoptotic cells 69.33 ± 1.42 %.
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3.4 Poly-Caspase Activity (FLICA)

The observation o f m orphological changes associated with apoptosis 

following treatm ent with PH 6 dem onstrated in the Annexin V and PI binding 

study were clear indicators o f  the activity o f  this com pound. Further to this, 

was the observation that w hile resistance to apoptosis in HuT-78 cells had 

been dem onstrated, PH 6 significantly induced apoptosis in this cell line. To 

further investigate the effect that PH 6 had on the Jurkat cells, in the context 

o f  apoptosis, poly caspase activity was determ ined.

In this assay the FLICA reagent used binds to Caspase 1, Caspase 3, Caspase 

4, Caspase 5, Caspase 6, Caspase 7, Caspase 8 and Caspase 9. Therefore, in 

this instance it was used as a generic m ethod o f detection o f the total caspase 

activity, as an adjunct evaluation o f the apoptotic inducing capacity o f  PH 6. 

In this way a greater understanding o f  the ceil death associated with PH 6 

treatm ent, in Jurkat cells, was developed.

The rationale for investigating Jurkat ceils was based on the resistance 

dem onstrated by HuT-78 cells. Given that this poly caspase assay was the 

initial exam ination with respect to caspase activity, the Jurkat T cell line was 

preferable given its susceptibility to apoptosis.



P H  6 s ign ificantly induces caspase activ ity
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Figure 3.34: Poly Caspase activity of PH 6 (lOfilVI) treated Jurkat cells.

Data represents the relative fluorescent units (R F U ) measured with excitation wavelength o f 

490 nm and emission wavelength o f 520 nm, o f Jurkat treated cells with PH 6 (lO ^ iM ) 12 

hours post treatment. Data is expressed at mean ±  SEM  (N = 3 ) where * * *  indicates statistical 

significance compared to the untreated control, (P<O.OOI).
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Caspase activity o f Jurkat ceils 12 hours post treatment with PH 6 at 10 |jM 

further demonstrated the apoptotic potential o f this compound. The RFU 

value obtained for PH 6 treated cells was 20,269 ± 1293, which was 

statistically significantly different to both untreated control and vehicle 

control DMSO. However, PH 6 did not induce caspase activity to the same 

extent as the Camptothecin control, where statistical significance was again 

observed.
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Given that caspase activity is an effect that occurs downstream o f  the 

morphological changes associated with apoptosis and those identified in the 

Annexin V and PI binding study, the indication is that PH 6 is inducing 

apoptosis in these cells. Also as the optimum effect observed in the Annexin 

V and PI binding study followed 12 hours incubation, and as caspase activity 

occurs downstream o f  the morphological changes, the caspase inducing 

activity o f  PH 6 should be investigated at a shorter incubation period.



3.5 Pro-inflammatory cytokine regulation

The expression o f  T N F-a  following treatment with the PH test compounds 

was carried out to determine if  the drugs had any effect on the expression o f  

the pro-inflammatory cytokine TNF-a. This cytokine was chosen due to its 

involvement with apoptosis, but also even though widely reported and 

demonstrated to behave in a pro-inflammatory context, it has been shown in 

TNF-a deficient mice that the absence o f  this cytokine resulted in the 

development o f  a more severe form o f  the animal model o f  multiple sclerosis, 

EAE (experimental autoimmune encephalomyelitis).(lmitola, Chitnis et al. 

2005 )

With respect to apoptosis, PH 6 had demonstrated significant efficacy in the 

induction o f  apoptosis as discussed previously. In determining whether PH 6 

was mediating this effect by the up regulation o f  TNF-a a greater 

understanding o f  the action o f  this drug could be achieved.
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PH6, PH8 and PH  34 significantly upregulate TNF-a mRNA expression
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Figure 3.35: Relative mRNA expression of T N F -a  4 h post t r e a tm e n t

Data o f  Juricat cells treated with PH compounds at 10 nM. Data is expressed as mean ± SEM 

(N=3). PH 6 significantly upregulates expression o f  TN F-a

Follow ing treatm ent with the PH test com pounds a significant upreguiation 

o f  T N F-a was observed with PH 6 causing 140 ±  28.2 fold change with 

respect to the untreated control (P<0.001) and (P<0.01) com pared to PM A/ 

PHA treatm ent.
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4. Discussion

4.1 LFA-1 mediated T cell motility

Defined m ore than a century ago as a localised sw elling with redness, pain 

and loss o f function, inflam m ation was found to be the result o f  chem icals 

that were released by selectively recruited and activated cells that had 

m igrated to the site o f  inflam m ation (Bochner, 1997). Cell adhesion 

molecules and their receptors are crucial for the regulation o f  im mune 

responses and facilitate the m igration o f  inflam m atory cells into inflamed 

tissues.

W hile selectins are responsible for the initial interaction between cells, it is 

the activation o f integrins and their subsequent interaction with cell adhesion 

m olecules, that causes the strong adhesion and transm igration as discussed in 

the introduction.

These adhesion m olecules present num erous potential targets for the 

treatm ent o f  inflam m ation and autoim m unity, and given the focus o f  this 

thesis on LFA-1 m ediated T cell m otility, the results are discussed in that 

context.

The involvem ent o f  activated leukocytes, especially T lym phocytes, in 

m ediating the im mune response constitutes a pivotal role in both m ounting 

and am plifying the immune response. The adaptive defence against 

pathogens is com posed o f  both the cellular and hum oral im mune response. 

The humoral response is also referred to as B-lym phocyte im mune response 

and involves antibody production, whereas the T lym phocyte or cellular 

response centres on cell-cell interactions (Anderson and Siahaan 2003).

120



A u to im m u n e d isea ses  such as m ultip le sc lero sis  (M S ), rheum atoid  arthritis 

and in su lin -d ep en d en t d iabetes m ellitu s (ID D M ) all entail autoreactive  

lym p h ocyte  infiltration  to a particular organ or site  (H elen a  Y u su f- 

M akagiansar 2 0 0 2 ). A d h esion  m o lec u le s  as a target for im m u n om od ulation , 

therefore p rov id e the m eans o f  redu cing  the infiltration o f  in flam m atory ce lls  

to sites  o f  in flam m ation .

A n ti-ad h esion  therapy, as a strategy for the treatm ent o f  au toim m un e  

con d ition s, stem s from  the essen tia l participation o f  ad h esion  m o lecu les  in 

the p a th o p h y sio lo g y  o f  au to im m un e d isea ses such  as IB D . T he c lin ica l 

su cc ess  o f  the use o f  N ata lizu m ab  in the treatm ent o f  both m ultip le sc lero sis  

and Crohn d isea se  substantiates this idea. N ata lizu m ab  is a m on oclon a l 

antibody to the tt4 integrin chain  that w orks by b lock ad e o f  b inding, o f  tt4 p7 

(V L A -4 ) to V C A M -lo n  ThI c e lls  in filtrating the brain, and b lock ad e o f  

b ind ing o f  0 4 ^ 7  to M adC A M -1 on ThI c e lls  in filtrating the gut (L uster, A lon  

et al. 2 0 0 5 ).

A lso , e leva ted  le v e ls  o f  LFA-1 and lC A M -1 exp ression  h ave b een  sh ow n  in 

the C N S  o f  M S  patients. H igh le v e ls  o f  LFA-1 and V L A -4  exp ression , in 

m em ory T c e lls , w ere ob served  in intestinal in flam m ation , a lon g  w ith  h igh  

le v e ls  o f  lC A M -1  and V C A M -1 (L i, Jevnikar et al. 1997; Brandtzaeg, 

Farstad et al. 1999).

Further dem onstratin g  the potential o f  in h ib itin g  ce ll recruitm ent to the site o f  

in flam m ation  as a target, is asthm a, an inflam m atory lung d isea se  that is 

characterised by the infiltration  o f  C D4" lym p h ocytes and eo s in o p h ils  (D av id
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B roide 2001). P revention o f  allergen induced recru itm ent o f  eosinophils  into 

the a irw ays has been show n by the b lockade o f  a 4-integrin (W  R H enderson , 

E Y Chi e t a l .  1997).

In te rm s o f  m odelling  b lockade o f  adhesion molecules, extensive preclinical 

w ork  has dem onstra ted  the efficacious b lockade o f  adhesion m olecu les  in 

d iverse d isease m odels. O ne o f  the earliest investigations exam ined  the 

adm inis tra tion  o f  anti-P? integrin and an ti-M A dC A M -1 antibodies  to colitic 

SC ID  m ice, w here  a significant reduction in the n u m b er  o f  infiltrating 

leukocytes was observed in the lam ina propia  and m esenteric  lym ph nodes  o f  

inflam ed co lons (Picarella, H urlbut et al. 1997). Further to this, the 

a ttenuation o f  colitis  that was induced by CD4* T  cells, w hich  were  isolated 

from LFA-1 ( C D l l a /C D 1 8 )  - defic ient mice, and a s im ilar  a ttenuation o f  

disease that w as observed in C D 18  and C D I I a  null m ice w hen  D SS was 

adm inis tered  (A bdelbaqi, C hid low  et al. 2006; Pavlick, O stanin  et al. 2006) 

clearly dem onstra te  the impact o f  m odula t ing  adhesion  molecules. The effect 

o f  a ltering expression  o f  lCAM -1 is also dem onstra ted  in m any animal 

models. W hile increased lCA M -1 and V CAM -1 m R N A  levels have been 

observed  in T N B S-co lit ic  mice, adm inis tra tion  o f  an anti-ICAM -1 antibody 

resulted  in a ttenuation  o f  disease in rats (Sans, Salas et al. 2001; Yoshida, 

Y am aguch i et al. 2001).

Antibodies  aga ins t  several adhesion  m olecu les  in experim enta l au to im m une  

encephalom yeli t is  (EA E) have also show n the critical role for  adhesion 

m olecu les  in the pa thogenesis  o f  EAE.

N otew orthy , regard ing  the use o f  antibodies in the trea tm ent o f  au to im m une  

conditions, are issues such as physicochem ical properties, rendering  oral
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administration difficult, the cost associated with production, and stability 

issues that are problematic with respect to formulation (Anderson and 

Siahaan 2003). While literature regarding monoclonal antibody use is 

substantial, the use o f  a small chemical entity may prove more favourable in 

pharmaceutical terms.

The use o f  monoclonal antibodies provides a blockade o f  adhesion receptors. 

However, alternative strategies include inhibition o f  the expression o f  

adhesion receptors, and the inhibition o f  the activation o f  integrins. Anti

inflammatory drugs have been shown to mediate their effects through both 

the former and latter o f  these strategies (Gonzalez-Amaro, Portales-Perez et 

al. 1998).

Further to the above, the cytoskeletal machinery involved in driving the T 

cell migratory events, present further potential targets for the action o f  the 

compounds, including Rho, Rac, cdc-42, ROCK, and MLCK.

In this work, the potential o f  the test compounds to inhibit LFA-1 mediated T 

cell motility was determined by measuring the major and minor axis, and the 

perimeter o f  each activated cell. The extent o f cytoskeletal rearrangement and 

deformation was subsequently calculated as the deformation index. A pilot 

study demonstrated the use o f  this assay in evaluating the compounds for 

their potential anti-inflammatory properties, where significant inhibition o f  

LFA-1 mediated T cell motility was observed following treatment with PH 

11 and PH 12.

The extent o f  inhibition was initially indicated by visual observation whereby

cells had maintained a non-adherent property, a possible result o f  constitutive

expression o f  LFA-1 and VLA-4 integrins with low binding capacity which
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facilitates the function o f cells in a non-adherent or circulating m ode (Helena 

Y usuf-M akagiansar 2002). In com parison to the control DM SO treated cells, 

w here cells had undergone cytoskeletal rearrangem ent, PH 11 and PH 12 

treated cells displayed m orphology sim ilar to that o f  the negative control, 

Go6976, where cells m aintained a spherical shape. This observation is in 

keeping with the archetypal events o f migration, whereby the form ation o f  a 

leading lam ella is follow ed by nucleokinesis, and extension o f the uropod and 

eventual retraction o f  the trailing uropod (Volkov et al., 1998). The inhibitory 

effect o f  these two com pounds was further dem onstrated by the fact that the 

deform ation index was less than three.

A subsequent study to ascertain the potential o f  the m ain test com pounds for 

this thesis revealed PH 11, PH 12, to be less potent than PH 6, at inhibiting T 

cell motility. This com parison is evident, again in the images, where cells 

were observed to be more oval in shape. Slight spreading o f  the cytoskeleton 

was also seen and appears as very light grey projections from the front and 

rear o f  the cells. These projections were more clearly defined in the im ages o f 

the DM SO treated cells, and also, the images o f  cells treated with com pounds 

that did not significantly inhibit m igration, such as PH 9, PH 10 or PH 16.

These results dem onstrate the potential o f  PH 6 as a pharm acological 

inhibitor o f LFA-1 m ediated T cell motility and as such, upon further 

investigation, could provide an alternative to mAbs therapy, where there are 

concerns with respect to the im m unogenic potential and system ic 

adm inistration as a result o f  challenging relative efficacy / safety ratio 

(Y usuf-M akagiansar, Anderson et al. 2002).
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W ith respect to  the naph toqu inone  com pounds  assessed, all com pounds  were 

tested at 10 |iM initially. Experim enta l and control conditions were  the exact 

sam e as for the PH com pounds . O f  the seven HIH com pounds  tested, HIH 6 

and HIH 7 were  the only com pounds  tha t had a significant effect on LFA -I 

m edia ted  T cell motility fo llow ing  4 h incubation. U pon visual inspection, 

limited rearrangem ent o f  the cy toskele ton  was observed. N o  leading lamella 

or tra iling  uropods were observed, w hich  in turn de term ined  a consistent 

deform ation  index o f  less than three. Hence, cell motility  for HIH 6 and HIH 

7 was observed  at 1.75 ±  0 .21%  and 5.8 ±  0 .58%  respectively. HIH 1, HIH 2, 

and HIH 3 trea tm ent o f  the Hut-78 cells resulted in 47.6 ±  0 .39% , 47.09 ±  

6 .25%  and 44.68 ±  5 .25%  motile  cells, respectively with extensive 

rearrangem ent o f  the cytoskele ton  observed. L im ited  cells resem bling  the 

original spherical shape were observed. The cells were  observed  as having 

adhered, spread and undergone sim ilar  rearrangem ent to that o f  the untreated 

D M S O  control. HIH 4 trea tm ent o f  the HuT-78 cells w as m ore effective in 

inhibiting  motility, than HIH I, HIH 2 or HIH 3. W hile leading lamella and 

cytoplasm ic  projections were  observed, som e o f  the cells had retained a 

slightly spherical shape. They had adhered, how ever, and migration was 

inhibited with the result that 30.05 ±  6 .1%  o f  cells were  motile.

The significant inhibition o f  H uT-78  motility in response  to trea tm ent with 

HIH 6 and HIH 7 at 10 |iM necessita ted  a further dose response study. The 

assay w as perform ed as previously described, with  vary ing  concentration.

A dose dependent relationship w as observed. T rea tm ent at 30 |j,M resulted in

a lm ost com plete  inhibition o f  cell motility, where  only 0.7 ±  0 .0006%  o f
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cells were determ ined to be motile, for HIH 6 and 0.79 ±  0.03% for HIH 7. 

The very low num bers o f  cells assigned a deform ation index greater than 

three, from which the percentage o f  m otile cells was calculated, confirm ed 

the visual observations where no rearrangem ent o f  the cytoskeleton, resulting 

in cytoplasm ic projections, had occurred. The cells retained their initial 

shape. Furtherm ore, even at the lowest concentration o f  100 nM, the m otility 

o f  cells rem ained low at 21.7 ± 2.16%  and 13.34 ± 2.96%  respectively for 

HIH6 and H1H7. This suggests that both HIH6 and HIH7 are potent 

inhibitors o f  LFA-1 m ediated T cell locom otory behaviour.

As discussed with respect to the PH com pounds, the significant inhibition o f 

LFA-1 mediated T cell m otility follow ing treatm ent with HIH 6 and HIH 7 

provides potential alternatives to m onoclonal antibody treatm ent and as such 

warrants further investigation to ascertain the mechanism  o f this action.

4.2 Cytotoxicity and Apoptosis

For any novel com pound, determ ination o f  its cytotoxic properties is 

imperative in assessing the overall potential o f  the drug, be it intended as a 

toxic com pound or not. For this work all test com pounds were initially 

evaluated for their cytotoxic properties in MTT and LDH assays.

Results from these experim ents showed significant cell death associated with 

PH 6 in both HuT-78 and Jurkat T lym phocytes. The significant effect o f  PH 

6 on cell viability, as determ ined by both M TT and LDH assays, was further 

exem plified by the fact that from 4 h to 24 h incubation, the cell death 

observed in Jurkat T lymphocytes, altered only m arginally, clearly indicating
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that PH 6 was most potent at a shorter incubation period. For all other drug 

treatm ents no substantial increase in cell death was observed in either the 

M TT or LDH assays. Keeping in line with the reported mechanism  o f action 

o f Cam ptothecin, which m ediates its effect by topoisom erasel inhibition 

(Leroy F. Liu 2000), Jurkat cells incubated with this treatm ent did not show 

significant cytotoxicity as m em brane integrity was not com prom ised.

Notable, however, was the variation o f results observed for HuT-78 and 

Jurkat treated T lym phocytes. The effect o f  treatm ent with PH 6 on cell 

viability in the M TT assay was more pronounced in Jurkat cells, with 

absorbance at 24 h recorded to be less than 0.25. HuT-78 cells showed 

significantly higher values following 4 h incubation with PH 6, indicating a 

higher survival population, com pared to Jurkat ceils. Figure 3.10.

Furtherm ore, at 24 h post treatm ent with PH 6, absorbance values recorded 

for HuT-78 cells illustrated the less potent effect o f  PH 6 on these cells, 

where absorbance rose substantially, to over 0.75, com pared to treatm ent at 4 

h. This larger m argin in cell viability between incubation periods, and cell 

type, is attributable to the fact that in HuT-78 cells, at 4 h post treatment a 

larger population o f cells were deemed viable. Therefore, there was a greater 

starting population to proliferate in the following 20 h. This is due to the 

issue o f resistance in HuT-78 cells as a result constitutively activated NF-kB. 

This effect is dem onstrated by the difference in absorbance recorded in both 

cell lines at 4 and 24 h post incubation. (Figure 3.6, Figure 3.12). The 

presence o f  activated NF-kB promotes survival in the cell and therefore the 

Jurkat cells showed a higher level o f cytotoxicity.
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W hile both assays are widely utilised in the cytotoxic evaluation o f  novel 

com pounds, the results o f each are not entirely com parable. On the one hand, 

M TT is a direct m easure o f  those cells that, following treatm ent, retain viable 

m itochondria. LDH, on the other hand, assesses cell viability with respect to 

m em brane integrity, as m easured by the release o f  lactate dehydrogenase. 

Therefore, while both are considered valid in term s o f  determ ining 

cytotoxicity, they are fundam entally different.

Given the extent o f  toxicity associated with treatm ent with PH 6, determ ining 

the m eans by which this effect was m ediated necessitated evaluation with 

respect to the apoptotic inducing potential o f  these drugs.

As m entioned in the introduction, the process o f  program m ed cell death, or 

apoptosis, is essential in T cell developm ent, shaping the im mune repertoire, 

and in the initiation and resolution o f  immune responses (K ram m er 2000). 

Further to this, and in the context o f  the work carried out for this thesis, the 

dysregulation o f apoptosis is im plicated in many autoim m une conditions. 

Given the role o f apoptosis in balancing T cell num bers and in the 

developm ent o f  the T cell repertoire, pharm acological induction o f  apoptosis 

poses a prom ising target to control those activated T cells that have escaped 

apoptosis in autoim m une diseases (Rudiger Arnold 2006). This is 

dem onstrated by the inherited disorder o f apoptosis (ALPS) w here an 

inability to m aintain norm al lym phocyte hom eostasis is the result o f  failed 

apoptotic m echanism s (Giovannetti, Pierdom inici et al. 2008). As with all 

organs, balancing cell proliferation with cell death is critical to the local 

physiology and pathology. This is illustrated by im m une-m ediated diseases in 

the gastrointestinal tract, where either an increase or decrease in apoptosis
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can induce autoim m une conditions, nam ely U lcerative colitis and C rohn’s 

disease, which occur in the event o f  abnormally decreased apoptosis. 

Sulfasalazine has been shown to induce apoptosis, and w hile the m echanism  

o f  its therapeutic effect is yet to be fully elucidated, the interference o f this 

drug with NF-KB/Rel activation may play a part (Liptay, Fulda et al. 2002).

It is the survival o f  a subset o f  T cells, which upon recognition o f  “s e l f ’ 

peptide as “non-self peptide” or antigenic peptide, becom e activated and 

proliferate, that resuU in autoim m une disease pathology (A nderson and 

Siahaan 2003). In rheum atoid arthritis, defects observed in apoptosis 

activation cause the dysregulation o f  cell proliferation and the inflam ed 

synovium  becomes infiltrated with inflammatory cells, proliferating 

fibroblasts, lym phocytes and endothelial cells (Buckley, Pilling et al. 2001). 

FLIP blocks the Fas dependent apoptotic pathways in m onocytes / 

m acrophages o f  rheum atoid synovium which results in inhibition o f  

activation o f caspase-8. N F-kB and PI3K/AKT-1 activation occurs, causing 

the upregulation o f Bcl-2 which is involved with m itochondrial stabilisation 

and apoptosis inhibition (Choy and Panayi 2001; Liu and Pope 2003). All o f 

this evidence dem onstrates the m agnitude o f the involvem ent o f  apoptosis in 

autoim m une disease and as such, im plicates the potential o f  m odulating 

apoptosis as a pharm acological target.

Initially, to determ ine the apoptotic effect, if  any, o f  the test com pounds, 

HuT-78 T lym phocytes were incubated with the test com pounds for 4 h, and 

assessed flow cytom etrically for Annexin V and Propidium Iodide binding. 

The results from this experim ent were inconclusive as no significant 

difference between the untreated population o f cells and those treated with
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the positive control for apoptosis, Camptothecin, was observed. A subsequent 

attempt to determine the apoptotic effect o f the compounds, with respect to 

caspase activity, yielded a similar lack of disparity between controls. A time 

course study yielded only a significant difference at 24 h in assessment of 

Annexin V and PI binding. This was explained by the presence of 

constitutively activated NF-kB in HuT-78 cells, which causes resistance to 

apoptosis (Giri and Aggarwal 1998).

The transcription factor NF-kB mediates its participation in immune and

inflammatory responses by regulating the expression o f numerous genes,

including those involved in apoptosis (Shishodia and Aggarwal 2001;

Ashikawa, Majumdar et al. 2002). Anti-apoptotic proteins such as Bcl-2, Bcl-

xl, c-FLIP, B fl-l/A l and c-IAP are NF-kB dependent. Down regulation of

these proteins increases sensitivity to apoptotic stimuli by altering the

apoptotic threshold in favour o f commitment to cell death. Activation and

constitutive activation o f NF-kB however, can repress the apoptotic activity

normally associated with TNF-a treatment, cytotoxic drugs or radiation

(Burstein and Duckett 2003). The relationship between NF-kB and anti-

apoptotic genes has been demonstrated by various experimental techniques,

such as cell death caused by TNF (Wallach, Varfolomeev et al. 1999).

Exemplifying the effect o f NF-kB, in terms o f resistance to apoptosis induced

by TNF, were mice lacking in Rel A. NF-kB signaling was impaired as a

result and the animals were observed to die in utero resulting from

hepatocyte cell death. When fibroblasts derived from the embryos o f these

mice were cultured in vitro, sensitivity to TNF- mediated apoptosis increased

significantly (Beg and Baltimore 1996). The same was found to be true for

mice deficient in IKK(3, where again, in utero death was observed, and
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fibroblast sensitivity to TNF, o f the em bryos o f  these mice, was also 

significantly augm ented (Li, Chu et al. 1999; Tanaka, Fuentes et al. 1999).

Further evidence o f  the anti-apoptotic effect o f  N F-kB is dem onstrated by 

relationship between the expression o f  anti-apoptotic proteins and N F-kB. 

The levels o f  these anti-apoptotic proteins and subsequent sensitivity to 

apoptotic stimuli can be affected by the presence kB sites on the gene 

prom oters (Burstein and Duckett 2003).

As m entioned in the introduction, the release o f m itochondrial pro-apoptotic 

factors such as cytochrom e c and Sm ac/DIABLO, is a process regulated by 

the Bcl-2 gene family. It has been shown that induction o f the anti-apoptotic 

proteins in this gene family, is mediated by NF-kB (Chen, Edelstein et al. 

2000 ).

Given the resistance to apoptosis in HuT-78 cells, assessm ent o f  the effect o f  

treatm ent with PH com pounds on the alternative T lym phocyte cell line, 

Jurkat was carried out. Following induction o f apoptosis by Cam ptothecin at 

24 h, a significant difference between positive and untreated controls was 

observed. The test com pounds were subsequently incubated with Jurkat T 

lym phocytes for 24 h and PH 6 was shown to be the only com pound to 

induce apoptosis significantly. Figure 3.14.

Further to this, was the visual observation o f  the experim ental endpoint 

pellet size o f PH 6 treated cells, which was markedly sm aller than that o f  the 

untreated cells, and to a lesser extent, the positive control cells. This factor 

was not observed in HuT-78 treated cells, where negligible variation in pellet 

size was observed between controls, except 24 h post treatment.
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While indicative of the apoptotic effect o f PH 6, this data related to the total 

population o f cells, and as such included both those cells that were deemed to 

be in early apoptosis and those that were either in late apoptosis or dead. 

Analysis of the data for cells Annexin V* /PI' and Annexin V* /P r ,  

separately, further exemplified that the effect o f treatment with PH 6 was 

indeed that o f apoptosis, as the majority o f cells making up the total 

percentage fell into the category of those that were Annexin V* /PI'.

The disparity o f results observed for the controls, between the HuT-78 and 

the Jurkat cell lines, in the initial apoptosis study, was in keeping with the 

results observed in both the MTT and LDH assays. While both were 

demonstrative o f the cytotoxic capabilities of PH 6, the more potent effect on 

Jurkat cells reiterated the issue of resistance o f HuT-78 cells as seen in the 

FACs and caspase study. This was clear in the MTT assay with HuT-78 

treated cells, where a significantly higher population survived following 

treatment with PH 6 compared to that o f the Jurkat treated cells. Figure 3.6 

and Figure 3.10

Furthermore, while the intracellular contents o f apoptotic cells are not 

released into the surrounding tissue, as membrane integrity is maintained, the 

observed results following both 4 h and 24 h incubation where Jurkat cells 

showed significant release of LDH release can be explained by the fact that 

as the cell disintegrates into apoptotic bodies, they maintain membrane 

integrity. In the event o f these apoptotic cells not being removed quickly, a 

process known as secondary necrosis occurs, whereby, subsequent loss of 

membrane integrity causes the release o f the contents o f the apoptotic bodies, 

including LDH into the surrounding tissues (Sun and Shi 2001). Given that
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the work carried out for this thesis was in vitro in nature, phagocytosis o f the 

apoptotic bodies did not occur. In vivo, rapid disposal o f these bodies by 

phagocytosis occurs, and no inflammation is observed (Power, Fanning et al. 

2002 ).

Caspase activity was also investigated in a poly caspase FLICA assay. In this 

assay the active caspases bind to the fluorophore. The extent o f fluorescence 

is proportional to the presence o f active caspases.

The activation of caspases is fundamental to the initiation and execution of 

programmed cell death. Assessment o f Annexin V and PI binding determines 

whether the morphological changes associated with apoptosis are present. 

Positive binding for these indicates that the cell has already committed to and 

initiated the process of cell suicide. By assessing the effect of treatment with 

PH 6 on Jurkat cells with respect to caspase activity a more comprehensive 

understanding of the means by which PH 6 was inducing cell death was 

achieved.

Following incubation with PH 6 for 12 h, significant activation of caspases 

was observed, further indicating the apoptotic effect of PH 6. Figure 3.23.

Given the survival o f a larger population in the constitutively activated NF- 

kB HuT-78 cells, and the data for Jurkat treated cells in both FACs and 

caspase activity studies, which demonstrated the apoptotic properties o f PH 

6, the overall conclusion was that PH 6 associated cell death was mediated by 

apoptosis.

The next question posed was whether or not the apoptotic affect of treatment 

with PH 6 was dependent on NF-kB. To determine this, the constitutively
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activated N F-kB H uT -78 cell line was incubated with PH 6 for 24 h. The 

subsequent observation o f  the equipotent effect o f  PH 6 in this cell line 

com pared to that o f  treatm ent in the Jurkat cell line, coupled to the fact that 

the results obtained following FACs analysis and caspase activity argue 

against general toxicity, indicated the possibility that apoptosis was m ediated 

in an NF-kB independent manner. Further investigation would be required to 

confirm  this, such as gene expression profiling.

Following determ ination o f the apoptotic inducing properties o f  PH 6, it was 

investigated w hether this com pound altered regulation o f  the pro- 

inflam m atory cytokine, TN F-a. The rationale for this study was two-fold. 

Firstly, given the pro- inflam m atory nature o f  this cytokine, w hether or not 

the test com pounds showed the ability to down regulate expression o f  TN F-a 

was o f  interest and secondly, the role o f  T N F-a in m ediating apoptosis posed 

the question o f whether the PH 6 was inducing apoptosis by regulation o f 

TN F-a.

T N F-a is a com m on treatm ent for induction o f apoptosis, however, it is also 

known to activate N F-kB, which as discussed above, is involved with the 

regulation o f anti-apoptotic proteins. Therefore, the observed effect o f  PH 6 

in upregulation o f the mRNA expression o f  TNF-a, posed some questions. 

One the one hand, PH 6 has significantly induced apoptosis and results 

obtained in the Hut-78 cell line were indicative o f  this effect being 

independent o f N F-kB. W ith that evidence, the conclusion could be that PH 6 

was m ediating its cytotoxic effects through apoptosis induced by 

upregulation o f  TN F-a. However, T N F-a does not always induce apoptosis.
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Moreover, and by way o f  explanation o f  this, TN F-a is known to activate 

N F-kB.

4.3 Concluding remarks

The aims of this work were to determine the use o f  the LFA-1 mediated T 

cell motility assay as an indicator to the potential anti-inflammatory 

properties o f  novel compounds in T cell function and subsequently to 

investigate the potential inhibitory properties o f  novel compounds in vitro in 

this model o f  T cell motility. Further to this, the aim was to develop o f  a 

profile o f  the compounds with respect to cytotoxicity, by evaluating the effect 

o f  the compounds on mitochondrial viability (MTT) and membrane integrity 

(LDH), Annexin V and Propidium Iodide binding and poly caspase activity.

From the results discussed above, it has been shown that the aims o f  this 

work were met. O f  the PH compounds tested, PH 6 consistently 

demonstrated potency in the experiments. Similarly, HIH 6 and HIH 7 were 

the most potent o f  their group, with HIH 6 demonstrating a more potent 

effect in cytotoxicity.
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4.4 Future work

Based on the results presented in this thesis for PH 6 and, HIH 6 and HIH 7, 

w hich dem onstrate their potency, future woric to determ ine the m odes o f 

action o f  the com pounds could be carried out. To further elucidate the effect 

o f  the drugs in the LFA-1 m ediated T cell m otility assay, gene expression 

profiling o f the effect o f the drugs on m RNA expression, o f  the m olecules 

involved in the assay, such as ICAM-1 and LFA-1 could be carried out. With 

respect to the significant effect seen with PH 6 in term s o f inducing 

apoptosis, further work is needed to determ ine the apoptotic pathway by 

which PH 6 is m ediating this effect. Also given the ability o f PH 6 to induce 

apoptosis in an N F-kB independent m anner as observed in the HuT-78 cells, 

investigation into the effect o f  PH 6 on N F-kB could further reveal the 

m echanism  o f  the effect o f  this drug.

W ith respect to the overall investigation o f the PH com pounds, and as PH 6 

was observed to be the m ost active, further work could also incorporate the 

synthesis o f  analogues o f this com pound to determ ine if  a structure activity 

relationship exists.

Regarding the natural product compounds, they too could be investigated 

further to determ ine the m ode by which the inhibition they exerted on LFA-1 

T cell m otility, again this could involve gene expression profiling to evaluate 

the effect on m RNA expression. Furtherm ore, given the significant effect o f  

HIH 6 in the cytotoxicity study, this com pound could be further evaluated 

w ith respect to apoptotic potential.
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Appendix 1

Structures o f com pounds used in pilot study
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A ppendix  2

Table 3: Representative images of compounds tested in the pilot LFA-1 

mediated T cell motility assay.
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Appendix 3

Supplemental cytotoxicity in A549 lung epithelial cells and HMC-1 mast 

cells.

Preliminary experiments were carried out in A549 and HMC-1 cells to 

determine the cell density at which the maximum and minimum release o f  

lactate dehydrogenase occurred. The experiment was carried out as described 

in the materials and methods.
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Figure  1: Pre l l in inary  LDH study in A549 cells.

Determination o f  the optimum cell density o f  A 549  cells, that is the density at which the 

m axim um  difference betw een spontaneous release (L ow  control) and the maximum release 

o f  LDH (M ax control) was observed.

159



4 -

500000 1000000 1500000 20000000

LOW

MAX

Cells I mL

Figure 2: Prelim inary L D H  study in H M C -1  cells.

Determination o f thie optimum ceil density o f A549 cells, that is the density at which the 

maximum difference between spontaneous release (Low control) and the maximum release 

o f LDH (Max control) was observed.
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Appendix 4; Motility calculation

Sample calculation o f  the determination o f  % Motile cells.

Motility was determined by calculation o f  the deformation index, based on 

the following equations. A deformation index greater than 3 was considered 

to indicate motility.

Equation 1: Elongation index = major ellipse diameter / minor ellipse

diameter

Equation 2: Circularity index =4 x 7t x (area / (perimeter)^).

Equation 3: Deformation index = elongation index / circularity index

The percentage o f  motile cells was then calculated by:

(Number o f  motile cells / Total number o f  cells ) * 100
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Appendix 5: FACs calculation
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The four quadrants shown above represent the stages o f  apoptosis;

Q 1-] cellular debris

Q2-1 Annexin V* / P r  (Late apoptotic / dead cells)

Q3-1 Annexin V '/ p r  (Live cells)

Q 4-I Annexin VV PI" (Early apoptotic)

The total percentage o f  apoptotic cells was calculated by adding the results 

obtained for Q 4-I and Q 2 -I .
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Inhibition of LFA-1 Mediated T-Cell 
Motility by Naphthoquinones

Helen Sheridan, Ingrid Hook, Cora Nestor, Jennifer Coppins, 
Carsten Ehrhardt, Neil Frankish
Trinity College Dublin, School of Pharmacy & Pharmaceutical 
Sciences, Panoz Institute, Dublin, Ireland

Abstract
▼
An in vitro  T-cell migration assay has been established that can 
be used to study the effects of compounds on the development 
of T-cell polarisation w ith HuT-78T lymphocytes. This assay in
dicates the ability of compounds tested to inhibit the inflamma
tory response by decreasing LFA-1-mediated T-cell motility. The 
effect of a series of naturally occurring quinone isolates on mo
tility  has been evaluated in this assay. Distinct differences have 
been observed between naphthoquinones, dihydrofuranonaph- 
thoquinones and anthraquinones

Key words 
▼

T cell polarisation • HuT-78 T lymphocytes • naphthoquinone • 
plumbagin ■ dunnione • 7-hydroxydunnione

The migration of T lymphocytes from the blood stream into sur
rounding tissues and lymph nodes is critical to ensure that an ef
fective immune response is generated. This process also contrib
utes to the mechanism of inflammation in the body. Migration of 
the cells toward antigenic challenge is permitted by cytoskele- 
tal-based rearrangements, generated in response to integrin ac
tivation on the surface of the T lymphocyte. One of the best char
acterised integrin adhesion molecules on T lymphocytes is lym
phocyte functional antigen-1 (LFA-1) [11. [2).
Activation of LFA-1 on T cells by stimulatory monoclonal anti
bodies to the adhesion molecule (anti-LFA-l) induces the same 
migratory phenotype as that acquired upon activation of LFA-1 
by its cognate physiological ligand (ICAM-1). This in vitro in
duced migratory phenotype mimics the ability of lymphocytes 
to migrate to sites of inflammation in the body, as the interaction 
between LFA-1 and its physiological ligand (ICAM-l) are crucial 
for cell migration and inflammation in vivo. Weitz-Schmidt and 
co-workers [3] demonstrated that the anti-inflammatory-im- 
munosuppressive properties exhibited by statins (cholesterol- 
lowering drugs) are mediated by their binding to and inhibition 
of the LFA-1 adhesion molecule.
As part of an ongoing study into the use of natural products as 
anti-inflammatory agents, the effects of a series of quinones on 
T cell motility has been investigated. Quinones are an important 
group of pharmacologically active pigments widely distributed 
in nature. They demonstrate a range of physiological effects in
cluding antimicrobial, anti-inflammatory and anticancer activi
ty (4|. The mechanism of action of naphthoquinones has re
ceived much attention and is still under investigation. To date 
the most important biochemical reaction of quinones is their re
versible reduction to the corresponding hydroquinone [5]. The 
theory of free radical generation may be consistent as a mecha
nism for cytotoxicity and enzyme inhibition; however, it does
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not fully explain the observed anti-inflammatory activity of 
many quinones.
A range of quinones 1-7 isolated from a series of plant cell cul
tures currently under investigation in our laboratories [6], [7] 
have been evaluated in the LFA-1 mediated T-cell motility assay. 
Three structural classes of quinones were investigated in this 
study including naphthoquinones (1, 2), dihydro-furanonaph- 
thoquinones (3-6) and an anthraquinone (7). All compounds 
were tested at lOfiM initially (o Fig. 1) and those compounds 
(1 and 2) that substantially inhibited motility were then tested 
in a dose-response study (O Rg. 2). The PKC inhibitor Go6976 
(1 /iM) was used as a positive control for migration inhibition 
[ 1 ]. Untreated cells were used as a control of the extent of defor
mation: LFA-1 in the absence of any test compound induced mo
tility (deformation index > 3) in every cell observed. While all 
compounds (lO^jM) significantly (P < 0.05) reduced motility 
compared to untreated controls, a relatively high dose was em

ployed to achieve a minimal effect. Compared to the positive 
control Go6976 (1 pM), the only test compounds (at lOfiM) to 
substantially inhibit motility were the structurally related naph
thoquinones 7-methyljuglone (1) and plumbagin (2) where cell 
motility dropped to 7.7 ± 3.8 % and 2.3 ±1.6%, respectively. A sub
sequent dose-response study showed a concentration depend
ent relationship (O Fig. 2). The percentage of motile cells ranged 
from 13.3 + 2.9% and 21.6 + 2.1 % for (1) and (2), respectively, at 
100 nM, down to 0.8 ± 0.3 % and 0.6 ± 0.1 % at 30 pM. Of the fura- 
nonaphthoquinones, 7-hydroxydunnione (4) decreased cell mo
tility markedly but not significantly. Apoptotic bodies were also 
identified in cells incubated with this compound (O Fig. 3). The 
anthraquinone (7) had no effect on motility.
A cytotoxicity study using a range of concentrations was carried 
out to investigate the effect on lactate dehyrogenase (LDH) re
lease (0 Fig. 4). Negligible toxicity was observed below 100 pM 
for tested compounds. At 100 and 300 /iM, toxicity increased 
to 16.6 ± 17.1 % and 55.1 ±3.0% for plumbagin (2). At the same 
concentrations, toxicity from 7-methyljuglone (1) remained 
low at 5.0+ 2.9% and 7.6 ±3.0%, respectively [6]. The inhibitory 
effect of 1 and 2 on LFA-1-mediated polarity of HuT 78 cells is 
dose-dependent and is indicative of an inhibitory effect by naph
thoquinones on elements involved in the process of T-cell che- 
moattraction and movement towards areas of inflammation. 
The inhibition in the number of motile cells caused by either 
the furanonaphthoquinones or the anthraquinone is much less 
pronounced and may indicate a non-specific activity. The inhib
itory effects observed with 7-methyljuglone (1) and plumbagin 
(2) are not mediated by or associated with cell toxicity, which is 
only evidenced at a concentration of 100 f(M. While the mecha
nism of action is unclear, further investigation might focus on 
the potential inhibition of 12(S)-HETE and the deactivation of 
protein kinase C, which has been reported for some naphthoqui
nones 18].

Materials and Methods
T
The naphthoquinones 7-methyljuglone (1) and plumbagin (2) 
were obtained from suspension cultures of Dionaea musdpula
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Fig. 1 Percentage motile Hut-78 cells treated 
with naphthoquinones (lOfiM) and Go6976 
(1 /iM). Data are expressed as mean ± S.E.M. 
(n -8).
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Fig. 4 LDH cytotoxicity: Hut-78 cells treated 
with 30-300/iM  of 7-methyljugulone(1), plum- 
bagin (2) and 7-hydroxydunnione (4). Cytotoxici
ty is expressed as the amount of LDH released as 
percentage of LDH release by the positive con
trol. Triton-X 100 (2 mM). after subtraction of 
spontaneous release from both values. Data are 
expressed as mean ± S.E.M. (n -  7).

and Drosera species [7]. D unnione (3) and  7-hydroxydunnione 
(4) w ere  isolated from  Streptocarpusxhybridus  var Ruby, a  Dun
n ione (5), 7 -hydroxy-a-dunn ione (6) and l-hydroxy-2 -m ethy l- 
an th raq u in o n e  (7) w ere  isolated from  Streptocarpus dunnii [9], 
Isolates w ere characterised  by the ir physical and  spectroscopic 
properties.
Cell culture: HuT 78 T lym phocytes (LGC Prom ochem ) w ere cul
tu red  in RPMI 1640 (Gibco) supp lem en ted  w ith  1 % penicillin/ 
streptom ycin , 1 % i-g lu tam ine, 40 mL FBS, 5 mL HEPES a t 10 /jM, 
5 m l  glucose a t 4.5 g/L, 5 mL sodium  pyruvate  a t 1 juM and  2 mL 
sod ium  b icarbonate  a t 1.5 g/L in a hum idified a tm osphe re  a t 
37 °C and 5 % CO2 . Cells w ere seeded a t a d ensity  of 0.5 x 10® cells 
per mL in T-75 cm^ flasks w ith  filter lid and m ain ta ined  a t  a d en 
sity  o f  0 .5 -0 .9  X10® cells per m L  Cells w ere  subcu ltu red  every 3 
to  4  days.
Treatments: Go6976 a t 1 nM  (Calbiochem), a selective PKC-a and 
-|3 in h ib ito r [10], w as used as a positive contro l o f m otility  inh ib
ition  [2]. Stock concen trations o f te s t com pounds and  Go6976 in 
DMSO w ere  added  to  th e  cells a t  th e  appropria te  volum e to  give 
th e  desired  final concentration; th e  final concen tra tion  o f DMSO 
being 0.1 %. The cell/drug m ixture w as incubated  for 30 m inu tes 
in a hum idified  atm osphere  at 37 °C and 5% CO2 . T rea tm en ts 
w ere p repared  on th e  day o f  experim ent.
LFA-1 bioassay: A 24-well sterile fla t-bo ttom ed  tissue  culture  
p late w as coated  w ith  250  ̂ L per well o f a 1 /lOO dilu tion  o f rab
b it an ti-m o u se  IgG in sterile PBS. The p late w as sealed  w ith  Par- 
afilm® and  sto red  a t  4  °C overnight. The an tibody  coated  p la te  
was th e n  w ashed  tw ice w ith  sterile PBS and  subsequently  coated  
w ith  250juL per w ell of a 1/100 d ilu tion  o f LFA-1 in sterile 
PBS. The p la te  w as covered and incubated  in a hum idified  a t
m osphere a t 37 °C and 5 % CO2  for a t least 1 hour. Drugs and con
tro ls w ere  incubated  on a second plate. The m odel used  for th is 
investigation w as th e  HuT 78 T lym phocyte cell line. lO"* cells/ 
w ell w ere  required. Cell density  w as de term ined  by a suspension 
o f  50 ̂ IL o f cells in 50 juL Trypan blue w ith  4 0 0  mL PBS and  a hae- 
m ocy tom eter w as used  to  cou n t th e  cells. A djustm ents to  th e  
cell density  w ere m ade as appropriate . Cells w ere  d ispensed  
in to  each well, and  th e  p late w as incubated  a t  37 °C and  5% CO2 

for 10 m inutes. The density  w as th en  checked u n d e r th e  m icro
scope and ad justed  accordingly if necessary. Cells w ere trea ted  
w ith  th e  appropria te  volum es o f stock concen tra tions o f tes t

com pounds in DMSO, to  give th e  desired  final concen tration . 
Go6976 (1 /iM) w as used as a positive contro l o f  m otility  inhib i
tion. There w as no determ ination  m ade of w h e th e r te s t com 
pounds o r Go6976 had any d irect effect on th e  LFA-1 antibody. 
The cell/drug m ix ture w as incubated  in a hum idified  a tm o s
ph e re  a t  37 °C and 5% COj for 30 m inu tes. The antibody  plates 
w ere w ashed  as before. The cell/drug m ix ture w as added  and  in
cubated  a t 37 °C again, un til sufficient cytoskeletal rearrange
m e n t in con tro l u n trea ted  cells had  been observed. Im age Pro 
Plus (M edia Cybernetics) w as used  to  analyse th e  cells. Photo
graphs (in  trip licate) w ere  tak en  of each w ell; each  pho tograph  
con tain ing  b e tw een  8 and 21 cells. M otility w as th en  dete r
m ined by calculation o f th e  deform ation  index. A deform ation  
index g rea te r th an  3 w as considered  to  indicate m otility. Defor
m ation  In d e x -e lo n g a tio n  index/circularity  index [1], |2]. 
Cytotoxicity assay: Cytotoxicity w as assessed  using a LDH cyto
toxicity assay (Roche). Briefly, 50 ,000 HuT 78 cells/w ell w ere  in
cubated  w ith  th e  te s t  com pounds for 4 h  a t  37 °C and 5% CO2 . 
100 ;zL o f su p e rn a tan t w ere  th e n  rem oved, and  added  to  a new  
96-w ell plate. 100 jiL o f  freshly p repared  reaction  m ix tu re  w ere 
added  to  th is plate. The p la te  w as pro tected  from  light w ith  a lu 
m in ium  foil and  left to  stand  a t  room  tem p era tu re  for 10 m i
nutes. The absorbance a t  492 nm  w as m easured . Cytotoxicity is 
expressed  as th e  am o u n t o f LDH released  as percen tage o f  LDH 
release by th e  positive control, Triton-X 100 (2 mM), after sub 
trac tio n  o f spon taneous release from  bo th  values.
Data a re  expressed  as m ean  + S.E.M o f n  w ells from  th ree  individ
ual experim en ts conducted  on d ifferen t days. S tatistical analysis 
w as by m eans o f 1-w ay ANOVA follow ed by D unnett's  m ultip le 
com parison te s t as a post test, w ith  significance taken  as P < 
0.05.
Copies o f  original spectra  and  biological activ ity  d a ta  can  be ob
ta ined  from  th e  corresponding  author.
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