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ABSTRACT
Polyunsaturated fatty acids (PUFA) have been shtmvmmodulate immune

responses and have therapeutic effects in inflammypatisorders. The specific
mechanisms of their actions have yet to be defiiié@. objective of this work
was to elucidate such mechanisms. Macrophages &sy @omponent of the
innate response, which express toll-like receptdtdrs). Ligation of TLR4, by
its ligand lipopolysaccharide (LPS), results in noghage activation. This study
demonstrates that the n-6 derivative, conjugatedldic acid (CLA) and n-3
PUFA, DHA and EPA differentially modulate the reape of macrophages to
LPS. Specifically, phagocytosis was enhanced by GIbél suppressed by n-3
PUFA and these PUFA suppressed GNFE-6 and enhanced IL-10 production,
rendering the macrophage less inflammatory. PUBA alippressed macrophage
migration in response to LPS and inhibited produrctiof chemokines.
Furthermore, CLA inhibited activation of the TLR#4winstream transcription
factors NFkB and IRF3, while n-3 PUFA, DHA and EPA solely ibited NF-

kB.

Further investigation revealed that PUFA selecyivelgulate the expression of
TLR4 and its associated molecule CD14 in respam$€’S, but had no effect on
LPS binding to TLR4. The exact mechanism of thea# of PUFA on CD14
was elucidated by examining lipid raft ‘microdomslinthe location where the
receptor complex clusters upon activation. We fouth@t treatment of
macrophages with CLA reduced the incorporation ®@1€ into lipid rafts
following activation with LPS. We then examined eogtosis of TLR4 given
the role of CD14 in this process, and we found thatas suppressed by CLA.
This study therefore reveals a novel mechanism &lheCLA exerts its anti-
inflammatory effects. This involves suppression ©D14, the subsequent

suppression of TLR4 endocytosis culminating in dased IRF3 activation.
XVIII



CHAPTER 1

GENERAL INTRODUCTION



1 THE IMMUNE SYSTEM

The immune system is a complex network of lymphmiglans, cells and humoral
factors. Collectively, they provide defences ofre@asing specificity by means of
innate ‘early’ and adaptive ‘delayed’ immunity. Adtugh considered separate, both

responses work closely to initiate and maintairigaoon within the body.

1.1 OVERVIEW OF INNATE IMMUNITY

Innate immunity represents a non-specific firsteliof defence to the body.
Metazoans have survived millions of years with tenalefence alone. Only
vertebrates have developed alternative modes otegion and pathogen
elimination, collectively known as ‘adaptive immtyi[see section 1.2]. Primary
components of innate defence include physical dramecal barriers to infection.
Upon breach of these barriers a combination ofitliand humoral elements are at
the face of innate immunity (Beutler 2004). Thelsgnents are involved in both the
sensing or ‘activation’ and action or ‘effector rhanisms’ of fighting infection.
Present since birth, the innate network operatesspecifically and immediately

against practically any pathogen/molecule to tleedbhe body.



1.1.1 CELLULAR AND HUMORAL ACTIVATION

Cellular activation is mainly dependant on myeloglls that engulf and destroy
pathogens, including macrophage (M@) and neutrsplitiditionally, mast cells

and polymorphonuclear phagocytes such as eosisogahd basophils are crucial to
the containment of infection as reviewed by (Beu®®04). Pathogens that
overcome the epithelial barrier are first encowrddry M@ in residing tissues and
secondly by neutrophils and monocytes recruitedth® site of infection. As

specialised phagocytes, macrophage and neutroptalsequipped with pathogen
recognition receptors (PRRs) that bind recognisatslectures or components of the
invading microbe [see sections 1.6 — 1.8] (Janegtagl. 2008). Such components
are shared by many types of prokaryotic organismisase not found on eukaryotic
cells allowing for discrimination between self andn-self [see section 1.10]
(Janeway et al. 2008). They also express surfameptars that recognize the Fc
portion of antibodies. Binding of these receptaduices the engulfing of microbes
into a membrane-bound vesicle or ‘phagosome’ (BeuB004). Concurrently,

binding of PRRs triggers cell signaling, produciegluble mediators such as
cytokines, chemokines, acute phase proteins andpleoment initiating an

inflammatory response.

Neutrophils are released daily into the blood streéa high numbers and recruited
to sites of infection in response to cytokines aoednplement activation. They
express some but not all PRRs and have a halbfifgeveral hours. Importantly,
they express other cell associated molecules that heen recognised as microbial
sensors. For example, f-methionyl-leucyl-phenylgla(fMLP) receptor is an

important inducer of chemotaxis during infectiora(G Lee and Murphy 1999).



The innate system also has ‘humoral’ means of tetemicrobial pathogens and
activating a response. Extracellular proteins sagimannose binding lectin (MBL)
of the collectin family (Super and Ezekowitz 1992fognise terminal mannosyl
residues on the surface of microbes and activatectimplement (C') cascade
(Janeway et al. 2008). Similarly, CD14 in its shiedm (a co-receptor for

lipopolysaccharide (LPS)), [see section 1.9.1] didscellular activation of innate
cells in response to gram-negative bacteria (Frey. 4992). Collectively, cellular

and humoral activation initiate the inflammatorgpense leading to an influx of

effector cells and an accumulation of plasma pnstet the site of infection.

1.1.2 CELLULAR AND HUMORAL EFFECTOR MECHANISMS

Effector cells include macrophage, dendritic c€xC), neutrophils and natural
killer (NK) cells. Monocytes and neutrophils mitgdo the site of infection, engulf
and destroy invading pathogens. Monocytes, whickuraato macrophage at the
site of infection, are long lived and play a broatk in the clearance of invading
pathogens, apoptotic cells and necrotic cells bsgpbytosis [see section 1.3]
(Gordon and Taylor 2005). Within the phagosomeseniftrophils and macrophage,
reactive oxygen species (ROS) act as powerful rhicidal molecules destroying
and often eliminating infection. ROS are produceda series of enzymatic
reactions initiated by NADPH oxidase (HIRSCH and HID 1960) and are

reviewed by (Hampton, Kettle and Winterbourn 1998).

DC, like macrophage, reside in connective tissugsare antigen presenting cells
(APC), meaning they have the ability to presenigant and up-regulate cell surface
markers required for the activation and co-stimafatof T-cells in adaptive
immunity. This includes up-regulation of major bisbmpatability complex Il

(MHCII) (antigen presentation) and CD40, CD86 (timslation). (Janeway et al.

4



2008). Up-regulation of such molecules is highlijcetious and was described as
accounting for the adjuvant effects of microbiabetoxin or LPS 50 years ago

(CONDIE, ZAK and GOOD 1955).

Influx of effector cells is critical to immune futien and accomplished in three
stages that include adhesion, diapedesis and cheimdsee figure 1.1.2]. Cell-
adhesion molecules and soluble mediators in theeidnate inflammatory milieu
control interactions between leukocytes and endiatheells allowing this process
to occur (Janeway et al. 2008)omeostatically, leukocytes flow in the centrelod t
blood vessel and some roll slowly along the vascetalothelium making contact
via intergrin receptors on their surface and selea@xpressed on the endothelium.
However, under inflammatory conditions autocoid stahces (i.e histamine,
bradykinin) cause local vasodilation, slowing blofidw and allowing many
leukocytes to interact with the vascular endotmeli{Beutler 2004). Secretion of
the cytokine TNk by macrophage activates the endothelium increastpgession
of selectin molecules (i.e P-selectin (minutesyetectin (~2 h)). Selectins interact
with sulfated-sialyl-Lewi$§ (s-L&) on leukocytes. This interaction increases the
percentage of leukocytes rolling slowly and adhgrito the endothelium.
Concurently, TNk upregulates intracellular adhesion moleculesI@A&M-1) on
the inflamed endothelium. ICAMs in turn bind toagtin LFA-1 on leukocytes in
the later and stronger stages of adhesion (Befled4). Chemokines such as IL-8
stimulate leukocyte diapedesis, the process by wHeukocytes cross the
vasculature. They convert leukocyte-endotheliumeadin into stable binding by
inducing conformational changes to integrins (LIEA-1). In turn, leukocytes cross
the blood vessel walls squeezing between endothedils. In the final step
chemokines direct the migration or ‘chemotaxis’ tdukocytes along a

concentration gradient increasing towards the efténfection (Janeway et al.



2008). The entire process is reversible, faciligtihe trafficking of antigen to and

from local lymph nodes [see section 1.2].

Roiling adhesion Tight binding Diapedesis Migration

Figure 1.1.2: Diagrammatic representation of leukocyte adhesioimpedesis and
chemotaxis at the inflammed endothelium. Taken (dameway et al. 2008).

Humoral effector mechanisms include the actionseokzymes and proteins
particularly those of the acute phase response jJARPR complement system (C')
(Beutler 2004, Janeway et al. 2008, Wood 2006).til6oed stimulation of M@ in
the presence of infection leads to increased ptamuof the pro-inflammatory
cytokines TN, IL-1 and IL-6, (common nomenclature, interleuklh). These
cytokines affecbther organs such as the brain and liver whicHareemoved from
the site of infection. IL-1 acts on the brain inthgc fever, lethargy and loss of
appetite (Wood 2006). While IL-6 potently activatepatocytes to secrete a group
of proteins termed ‘acute phase proteins’ (APPshdway et al. 2008). Like
antibodies, APPs have the ability to bind and opsobacterium (the process by
which pathogens are targeted for phagocytosis). édew unlike antibodies APPs
have a broad specificity and depend solely on tlesgnce of cytokines for their

production (Wood 2006).



Acute phase proteins include fibrinogen, mannosdibg lectin (MBL), C-reactive
protein (CRP), serum amyloid A (SAA) and pulmonayrfactants A and D
(Janeway et al. 2008, Wood 2006) to name a fewRsAplay a direct role in the
killing of microbes by activating the complements®m/cascade (C'). C' is
involved in the destruction of microbes and cossidta group of inactive precursor
proteins that upon activation are converted torthesteolytic form. Activation of
one is followed by the sequential activation of thext protein in the cascade
(Janeway et al. 2008). C' can be activated in drthree ways: 1. The Classical
Pathway, 2. The Lectin Binding Pathway and 3. TlterAative Pathway. All three
pathways culminate in the activation of the enzymeascade commonly referred
to as the complement cascade, C' (Beutler 200&wknet al. 2008, Castellano et

al. 2004).

Enzymes such as lysozyme and lactoferrin also@ebticteria. Lysozyme destroys
the cell walls of gram-negative and gram-positivactbria (Beutler 2004).
Lactoferrin alters bacterial motility and was peutarly found to inhibit biofilm

formation in certain bacteria (Singh et al. 2002).



1.2 OVERVIEW OF ADAPTIVE IMMUNITY

Infectious agents must overcome the innate hostndets to establish a focus of
infection. In such circumstances the innate systets the scene for the induction of
an adaptive response. Adaptive immunity utilizeBgam-specific receptors found
on T and B lymphocytes to direct effector responsés and B lymphocytes
originate in the bone marrow from progenitor cellB.cells migrate and mature in
the thymus whereas B cells remain in the bone maromdergoing further
development (Janeway et al. 2008). Antigen speiyifis attributed to membrane-
bound antibody (Ab) and a T cell receptor (TCR)ndwn B cells and T cells,
respectively. In both cases specificity is duehe tandom rearrangements of the
genes encoding Ab and TCR. This results in theesgion of a huge repertoire of
receptors (Nemazee 2006). Naive lymphocytes ergepheral lymphoid organs
where the majority of immune responses occur. Baophocyte cell bears surface
receptors for a single antigen. However, high dp#yi combined with the huge
repertoire of lymphocytes means only a small nundfdymphocytes are able to

recognise a given antigen (Janeway et al. 2008).

Naive lymphocytes are activated in the presencethoée signals: 1) TCR
stimulation 2) co-stimulatory molecule ligation aByl stimulation by polarising
cytokines. This results in the activation and clomxpansion of specific
lymphocytes over several days. Naive T cells peddife and differentiate into
effector T cells (Bono et al. 2007). An effectivermune response upon re-exposure
to antigen or ‘immunological memory’ is achieved means of a number of
antigen-specific B and T lymphocytes that persistdome time after removal of

the initiating antigen (Janeway et al. 2008).



Signal 1 is the antigen-specific signal via TCRatign with MHC class-II-peptide
complexes found on APCs. APCs include DC, M@ ancebs, however, DC are
viewed as the most potent APC. DC act by ingestinigen at sites of infection
and then travelling to local lymph nodes where theture to present antigen and
activate T cells (Janeway et al. 2008). Converstyenhance opportunities of
encountering antigen, lymphocytes continually datsi between the blood and
peripheral lymph nodes. This migration is aidedthwy production of chemokines
during an inflammatory response (Ebert, Schaendi Bloser 2005), as discussed
[see section 1.1.2]. Signal 2 is the co-stimulatapfecule ligation mainly mediated
by the triggering of CD28 on naive T cells by CC8@ CD86 on an APC. Finally,
signal 3 is a polarizing signal mediated by varieatuble or membrane-bound
factors, such as cytokines. This last signal welbeind on the response of APCs to a

particular pathogen via their PRRs (Janeway 20418).

Naive T cells are divided into CD4nd CDS8 populations. CD8 T cells, also
known as cytotoxic lymphocytes (CTL), kill theirgget cells and are important in
defence against intracellular pathogens such asesr Viral antigens are displayed
to CDS8 T cells complexed with MHCI molecules on the scefaf APCs. CD4T
cells have the ability to differentiate into sulssetf effector cells mainly T helper
types (), Tul, Tu2, Tyl7 and regulatory T cells ). Tul differentiation is
regulated by IL-12, IL-27, type | IFNs, and IFN-T42 differentiation is influenced
by IL-4 (Agnello et al. 2003) andyL7 are induced by TGFand IL-6 (Janeway et
al. 2008). T, subtypes are regulated by a heterogenous groaffemftor cells, oy
Teg are characterised by an ability to suppress agafticell responses in order to
prevent autoimmunity. In general,J can target effector T cells, compete with
pathogenic T cells for access to APCs, or direiiget APCs, reviewed by (Mills

2004).



T helper cells also vary in terms of their cytokprefiles and the type of pathogen
they target. T1 cells produce IL-2, TNB; and IFNy, which activate macrophage,
NK cells, and CTL, primarily targeting intracellulpathogens (Trinchieri 2003a).
T2 cells produce IL-4, which stimulates IgE prodonti IL-5, an eosinophil
activating factor, and IL-10 and IL-13, which in nebination with IL-4 can
suppress cell-mediated immunity and inflammationoy®y et al. 2005).
Extracellular pathogens tend to induce differemiattowards a #2 subtype.
Additionally, IL-27 secreted by APCs inhibits vas® immune responses and
negatively regulatesyll and T2 cells (Stumhofer and Hunter 2008) 417 cells
produce a distinct set of cytokines, including IL-and IL-6. This subtype are
believed to target pathogens distinct from thosgeted by T,1 and {2 cells

(Weaver et al. 2006).

Cellular communication is of paramount importanceirty an immune response,
particularly between T lymphocytes and APCs. MHE€Hlound mainly on M@ and
DC and it is long established that M@ are requicechn adaptive immune response
(Beutler 2004). Expression of this marker and ott@istimulatory molecules is
pivotal in supporting bidirectional stimulatory sas between M@ and T cells. In
fact, such signals not only make T cell activatjpmssible but also act in the
regulation and activation of M@. For example, M@eé&ll contact via T cell-
associated CD40 ligand (CD40L) with CD40 on monesys required for the
production of IFN and IL-12 byM@ (Shu et al. 1995)indeed, CDA T cells can
activate M@ and therefore have a critical role efethice against pathogens that

resist killing after being engulfed by M@ (Janevedyal. 2008).
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Interferony (IFNy) produced by §1 cells or CTLs, along with TNFfrom APCs
gives rise to classically activated macrophagese [section 1.3.2.1]. These M@
secrete cytokines IL-1, IL-6 and IL-23 which giveer to T;17 cells. In addition,
classically activated M@ produce IL-12 promoting Tal phenotype. IL-10
produced by Eqcells can give rise to a population of regulator@ MRegulatory
M@ produce IL-10 and can induceyd phenotype (Mosser and Edwards 2008).
Recent evidence also indicates that alternativeliyated M@ [see section 1.3.2.2]
actively induce Egyin the periphery of the body indicating thatqfevelopment is
not solely dependent on the thymus. Converselyggdave shown thatefare
able to gain influence on the innate immune systgminteracting with M@
(Mahnke et al. 2008). The relationship between lag® production and signaling

between T cells and Md is representefignre 1.2.1

a IL-12
f //\ IL-1, IL-6,
IFNy IL-23
— —
{and TNF)
Tl cell 27 Classically activated
macrophage
&M
_wn _iLio 3 O >
- o
_“\ ~—
Regulatory Regulatory T2 cell Wound—ﬁealing
T cell macrophage macrophage

Figure 1.2.1: Taken from(Mosser 2003) Diagrammatic representation of the
interaction between macrophage and T cells.
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1.2.1 LINKING INNATE AND ADAPTIVE IMMUNITY

Co-ordination of innate and adaptive responsesippated by signalling between
different PRRs [see section 1.5]. Without vitaliaa$ of innate ‘effector’ cells such
as antigen presentation and cytokine productioaptik responses are ineffectual.
At best, innate mechanisms can prevent infectiongoestablished. While crucially
important in this role, innate mechanisms do natlléo immunological memory
(Janeway et al. 2008). It is only the adaptive oaesp that provides specifically
enhanced and lasting protection against pathogem®ssence the innate system can
more often play a delaying function, holding anectfon at bay while a more

specific adaptive response is mounted.
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1.2 MACROPHAGE

M@ are immune effector cells with well establistretes in host defence, wound
healing and immune regulation. First recognisedEbg Metchnikoff in 1905 as
important phagocytes (Metchnikoff 1905), M@ havecsi been a constant source of
investigation for immunologists. M@ develop fromnomon myeloid progenitor
cells (hematopoietic stem cells) in the bone maynongcursors for many different
cell types, for example the closely related DC é¥emy et al. 2008). These
precursor cells undergo differentiation until corttmg to the monocyte lineage
upon which they are released from the bone marndathe blood stream (Gordon
and Taylor 2005). These monocytes add integritgndothelial-cell lining of blood
vessels (Auffray et al. 2007). Furthermore, undierady state conditions they
migrate and mature to become tissue resident M@danidg infection and injury

are the main source of inflammatory M@ (Gordon &aglor 2005).

M@ are distributed widely throughout body tissugn@way et al. 2008). Monocytes
mature and replenish tissue resident M@ continuallynake up M@ of the bone
(osteoclasts), central nervous system (migrogliglsy; alveoli, liver (Kupffer
cells), spleen, peritoneum, connective tissue ghiges) and gastrointestinal tract
(Gordon and Taylor 2005). As a cell type they ds® anorphologically diverse
including, the ‘spindle-shaped’ tissue histocytes flattened Kuppfer cell and the

stellate microglial cell (Beutler 2004).
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1.3.1 MACROPHAGE FUNCTION

M@ have important roles within immunity and homesst. As specialised
phagocytes they have the ability to recognise, Engnd destroy invading
pathogens. Their involvement in the immune respamese be divided into innate
and adaptive components. Recognition of invadingrobies is performed by means
of PRRs they express such as toll-like receptonsRE) recognising specific
pathogen associated molecular patterns or PAMP=odgRéion of PAMPs by M@
initiates signalling pathways culminating in theoguction of immune and
inflammatory genes (Janeway et al. 2008). As presho discussed, M@ are
capable of initiating an adaptive immune responspriesenting antigen to CD&
cells via MHC Il molecules (Janeway et al. 200&e[section 1.2]. Indeed, this is
accompanied by the production of soluble mediatsush as cytokines and
chemokines [see section 1.4 — 1.5] that act byureg immune cells to the site of

injury or infection thereby amplifying the immunesponse (Beutler 2004).

As exceptional phagocytic cells they are involvedhie clearance of debris from
wound healing and apoptosis. Receptors that metligdéehomeostatic clearance
include phosphatidyl serine receptors, thrombospondeceptor, integrins,
complement receptors and scavenger receptors (Emnddienson 2007b). This is a
vital role without which the host would not survivienportantly, the removal of
apoptotic debris does not induce the productioniniBmmatory mediators in
unstimulated M@ (Erwig and Henson 2007a). Howepéiagocytosis of necrotic
debris initiates a striking change in their physgyl. Necrosis is a form of cell death
resulting from states of hypoxia, stress or torjany (Mosser and Edwards 2008).
Often the self antigens released in this form df death such as heat shock
proteins (hsp), histones and deoxyribonucleic adiddlA) are immunogenic

(Zzhang and Mosser 2008). The profound physiologiteinge that occurs within
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any M@ population includes the up-regulation ofieas surface markers and the

production of inflammatory cytokines (Erwig and tden 2007b).

1.3.2 MACROPHAGE ACTIVATION

A variety of stimuli can trigger M@ activation. Tadiar categories of M@ activation
have included classically and alternatively acedapopulations (Lewis 1999, Ma
et al. 2003). However, due to the remarkable pl@gtdisplayed by macrophage
these categories are under constant review andstigadon. Currently,
classification has shifted to incorporate not oiniynune functions but the crucial
homeostatic roles of macrophage. Subsets incladsichlly activated, alternatively
activated (wound healing) and regulatory M@ (Mosaed Edwards 2008). The
work within this study has focused on the functiostatus of classically activated

macrophage.

1.3.2.1 Classical Activation

M@ activated during cell-mediated immune respor@ssescommonly referred to as
‘classically activated’. Classical activation inves two signals. Firstly, M@ are
primed by cytokine IFN, produced by cells of the adaptive response atidgaas
the most important priming stimulus. Il produced by both T helperdT) cells
or CD8 T cells (Mosser and Edwards 2008). The secontepto-inflammatory
cytokine TNFe. (Lewis 1999, Ma et al. 2003). Typically TMHs induced by the
ligation of a TLR to its respective ligand, activgt the MyD88-dependant
signalling pathway [see sections 1.9.4]. M@ are alassically activated by innate
stimuli but in a transient manner (Mosser and Ed&&008). Natural Killer (NK)
cells respond to stress and infection by produdiidgy and prime the population
see figure 1.3.1. Crucially, the combination ofsthesignals enhances the overall

microbicidal and tumoricidal activity of the M@ @hiea and Murray 2008). IFN
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primes M@ to secrete the pro-inflammatory cytokibel2 (Trinchieri 2003b) and
nitrogen radicals (MacMicking, Xie and Nathan 198@hancing their ability to kill
microbes. These cells also produce moderate amaintse anti-inflammatory
cytokine, IL-10 (Mosser and Edwards 2008). IL-1@ibits T,1 cell responses by
reducing the capacity of macrophage to produce2lLllassical activation is also
associated with increased MHC Il (antigen presemtatand CD86 (co-stimulatory
molecule) expression along with enhanced productiddnchemokines, MIP-
1a/CCL3, IP-10/CXCL10 and MCP-1 (Mosser 2003). {FNhduces several
transcription factors such as interferon regulatacgtors (IRF1 to IRF 9) (Ma et al.
2003). Particularly, certain TLR agonists actividite MyD88-independent pathway
leading to production of IFpl(Yamamoto et al. 2003). Therefore, in response to
certain TLR ligands, endogenously produced jF¢én replace IF|N produced by
NK and T cells to classically activate M@. The radé classically activated
macrophages in the defence of intracellular pathede reviewed extensively by
(Gordon 2007). However, classically activated M@ sibe tightly regulated.
Exacerbation of their actions can lead to extentis®ie damage associated with
autoimmune diseases such as rheumatoid arthriteské®ecz and Koch 2007) and

inflammatory bowel disease (Zhang and Mosser 2008).
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Figure 1.3.1: Taken from(Mosser 2003) Diagrammatic representation of cytokines
produced by immune cells and their effect on matagp physiology.

1.3.2.2 Alternative Activation

M@ are said to undergo ‘alternative activation'tie presence of R cytokines,
IL-4 and IL-13 (Martinez, Helming and Gordon 200&he original classification
of ‘alternative’ was assigned as IL-4 stimulated Miplayed up-regulation of
mannose receptor (Stein et al. 1992) comparedassiclally activated M@ (Kreider
et al. 2007). However, alternatively activated M@ aow commonly referred to as
wound healing M@. Similar to classically activatéttd they can develop in
response to innate and adaptive signals. Basophiast cells and other
granulocytes provide an early source of innate ((Béandt et al. 2000), sd@gure
1.1.1 Granulocytes are activated in response to ingng also chitin, a structural
component of fungi and parasites (Reese et al. )208daptive responses to

disturbances in mucosal surfaces inducegacell phenotype (Reese et al. 2007).
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This phenotype is also found in non-mucosal tissimesesponse to helminth
infections (Wilson et al. 2007). IL-4 secreted hgge cells rapidly converts M@ to
wound healing populations by stimulating arginaseyinase activity leads to cell
growth, division and collagen formation. In thisywd@ are directed to contribute
to repair and production of the extracellular mafiKreider et al. 2007) and thus
the term wound healing M@. Additionally, severabgps have shown this M@
population aids clearance of helminth and nemat@dethony et al. 2006, Zhao et
al. 2008). However, this is overwhelmed by the emizk pointing towards their
main function as wound healers. The polyaminesdhitthase molecules produced
by arginase are vital to matrix reorganisation adnd healing (Kzhyshkowska et
al. 2006, Zhu et al. 2004). Similar to classicaflgtivated M@, dysregulated
activation of this population can have deleteriefiscts. For example, uncontrolled
activation of wound healing M@ has been attribuiéith tissue fibrosis that occurs

in schistosmiasis (Hesse et al. 2001).

1.3.2.3 Reqgulatory Macrophage

Regulatory M@ are activated by innate and adaptesponses and other varied
stimuli. These include prostaglandins (Strassmarah. 4994), ligands of G-protein
coupled receptors (GPCR) (Hasko et al. 2002), glodzoids (Sternberg 2006),
apoptotic cells (Erwig and Henson 2007b), immunamgexes (Gerber and Mosser
2001) or IL-10 (Mosser and Edwards 2008) [see &dguB.1]. This population also
requires two stimuli to induce their anti-inflammat phenotype. The first signal is
provided by stimuli mentioned above and the secgigdal from the ligation of a
TLR ligand. Both signals direct the M@ to produde-1D, the most potent
characteristic of regulatory M@ (Edwards et al. @00Regulatory M@ also down-
regulate I1L-12 (Gerber and Mosser 2001), expregb lgvels of CD80 and CD86

(required for co-stimulation) and have the ability present antigen to T cells
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(Edwards et al. 2006). They do not produce anyldelumediators involved in
production of extracellular matrix and they secriigh levels of the chemokine,
CCL1/TCA3 (Mosser and Edwards 2008). Significantlyhagocytosis is a
fundamental role of all M@ populations. Stimulatiby pathogens, particularly
through TLRs enhances the phagocytic activity of gl promotes phagosome
maturation, allowing sufficient capture and dedinrc of microbes. (Blander and
Medzhitov 2004). As iterated, M@ activation must tightly regulated to avoid
deleterious effects. While all phenotypes have irtgmi roles required for host
defence and repair the right balance must be maetdabetween populations for

adequate healing and resolution.

Macrophage execute many roles including, yet moitéid to, those within innate
immunity. As described, they exhibit remarkablesptaty allowing them to change
phenotype in response to various stimuli, a topidgewed extensively by (Mosser
and Edwards 2008, Mosser 2003, Martinez, Helming &@wordon 2008). The
immense plasticity of M@ makes it difficult to &gs specific biochemical markers
to each population. It also remains elusive as twether discrete monocyte
populations give rise to specific M@ in tissues aviiether this may be used in
disease diagnosis (Mosser and Edwards 2008). Ac hasilerstanding of the
molecular mechanisms involved in M@ activation ddqurovide a foundation for
novel drug development aimed at modulating M@ #agtiAlso, the potential of
utilising M@ subsets as biomarkers for diseasemiménse and it remains for further

studies to be carried out.
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1.3 CYTOKINES

Cellular communication within the immune systenaigyely mediated by a group
of low molecular weight polypeptides or glycoproteknown as cytokines (Parkin
and Cohen 2001). Cytokines act by binding theipeetve receptors and are
grouped on the basis of their structural featuRaggbi-Humphreys and Thompson
1998). Signalling is dependant on families of tymeskinases and the signalling
mechanism of many cytokines is mediated through (@maus-kinase)-STAT

(signal transducer and activator of transcriptipajhways (O'Shea, Ma and Lipsky

2002, Fujii 2007).

Unlike hormones, cytokines are produced by virguall immmune cells and act in an
autocrine and paracrine manner (Zidek, AnzenbaahérkKmonickova 2009). They
have multiple regulatory functions (pleiotropy) aaften the effects of different
cytokines overlap. In general terms they influemmedular division, apoptosis,
activation or recruitment (Parkin and Cohen 200A9des of action depend on the
cytokine itself and cell types in the local envinment. In addition, cytokine
functions are tightly regulated by feedback meckrasi that influence their
production both synergistically and antagonisticalZidek, Anzenbacher and
Kmonickova 2009). Cytokines are separated accorttirtheir biological function,
generally those promoting inflammation are saidoépro-inflammatory such as
IFN-y, TNF-, IL-17, IL-12, and IL-B (Gay and Gangloff 2008, Vilcek 2003).
These cytokines are commonly produced durind)/Ty17 responses. On the other
hand those generated during g@Tor regulatory response such as IL-4, IL-10, and
TGF are considered anti-inflammatory (Hill and Sariekr2002). Representative
cytokines, their modes of action and the cells gratuce them are listed in table

1.2.
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1.4.1 CHEMOKINES

Immune cells are recruited to sites of infection d@yclass of cytokines with
chemoattractant properties known as chemokines ekZidAnzenbacher and
Kmonickova 2009). Chemokines are produced by an@madche majority of cells.
They are the only members of the cytokine family twosignal through cytokine
receptors and signal through the G-protein coupéagptor (GPCR) superfamily
(Lodowski and Palczewski 2009, Goncharova and Tarak 2008). Chemokines
are classified into four subfamilies based on tbesitpn of the first N-terminal
cysteine residue in a conserved cysteine motithénCC family p-chemokines) the
first two cysteines are adjacent, in the CXC fanfdychemokines), cysteines are
intervened by one amino acid. For the third grdvg@X3C family §-chemokines)
the first two cysteines are separated by three @maamds. Finally, the fourth group
the C family ¢-chemokines) have only two of the four conservestapes (Zlotnik
and Yoshie 2000). Chemokines are secreted in respon1 cytokines IFN and
IL-2 and other pro-inflammatory cytokines such lslland TNFe. In contrast, the
Tu2 cytokine IL-4 and &4 cytokines, IL-10 and TGFare known to down-regulate
secretion of chemokines (Adams and Lloyd 1997 rbgtingly, imidazoquinoline
derivatives, inducers of interferons, also actisagecretion of IL-f, IL-6, TNFu
and IL-12p40 along with chemokines IL-8/CXCL8, M1R/CCL3 and MCP-
1/CCL2 (Gupta, Cherman and Tyring 2004, Thomseal.e2004). Representative
chemokines, their modes of action and the cellsgh@duce them are listed in table

1.2.
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1.4.2 CYTOKINES AND CHEMOKINES IN DISEASE

As with many components of the immune system, @glydation among cytokines
and their receptors can have direct implicationgh@ development of disease.
Tissue destruction in autoimmune disease is adsdciaith elevated levels of
cytokines IFN, TNFo and IL-1 (Rabinovitch 1994, La Cava and SarvetdigR9).
Particularly, high levels of TNkare evident in the pathophysiology of rheumatoid
arthritis (RA) (Furst 2008). The recruitment of Kkeeytes in response to
chemokines is paramount in aiding clearance ofctida, however elevated levels
of chemokines are also implicated in inflammatasedse. Depleted levels of MIP-
2 and MCP-1 are associated with impaired cleararid¢lebsiella pneumorand
Cryptococcus neoformiStrieter et al. 1996), respectively. Similarlyrae for
MIP-1a and RANTES in eosinophil recruitment during théhpgenesis of allergic
airway inflammation has been established (Lukacsalet1996). Additionally,
studies have shown a role for MCP-1 in macrophade areas of atherosclerotic

plagues (Nelken et al. 1991).

As a result considerable effort has been placedexeloping therapeutic targets
that can modulate the activities of chemokines eytdkines. Development of an
anti-TNFo therapy has been the most successful therapgatntent of RA to date
(Furst 2008). Also of particular interest is thevelepment of genetically modified
chemokines to abborogate excessive chemokine expnesin disease. A
recombinant MIP-& has been developed that retains its receptor rignglioperties
yet looses its functional activity and ability tecruit monocytes (Graham et al.
1994). Chemokine receptors are also implicateceirerml disease states including
psoriasis, atherosclerosis, and malaria (Patelnived and Graham 2009, Plant et
al. 2006, de Groot et al. 2007, Kershaw et al. 208®wever, comprehensive

experimental and clinical evidence remains incasiekl as to whether possible
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treatments targeting chemokines and cytokines eaah fo resolution of established

inflammation. As such further studies are warramteithis area.
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Inflammatory

Cytokine Source Mode of Action
Status
IL-1p Monocytes, M@, B Co-stimulates T cells, enhance: o . a0
cells, DC NK cell activity, chemoattractant y
Ty2 cells, NK cells, Ty2 polarising cytokine, M@  Anti-inflammatory
IL-4 . L
Basophils activation (Th2)
Monocytes, M@, DC, Activates T and B cells, _
IL-6 T.17 cells Pro-inflammatory
H Twl7 cell differentiation
IL-10 Treg DC, Monocytes, Immunosuppressive, inhibitsyT Anti-inflammatory
Md, B cells response and cytokine production (Tred
re
Directs Tyl cell development,
IL-12 Wz r:g%?%cy;ﬁ:’ D stimulates APC, NK cells, and Pro-inflammatory
P CD8' T cells
IL-13 Ty2 cells, NK cells, M@ activation, induces B cell  Anti-inflammatory
Basophils isotype switching (Th2)
Tyl7 cells, : : :
IL-17 Neutrophils, CD& T Induc%s cytoklrE)eCand chemokln Pro m_{_la;n?matory
cells production, maturation (Twl7)
Expansion and survival ofyL7
IL-23 Monocytes, M@ & cells, induces pro-inflammatory Pro-inflammatory
DC : :
cytokine production
Tu2, CD8 T cells, Tyl expansion, induces cytokint Pro-inflammator
IFN-y NK cells, M@, B & chemokine secretion, enhance y
. (Thl)
cells NK cell function
M@, DC, T cells, Amplifies inflammation & induces :
TNF-a ) Pro-inflammatory
NK cells cytokine release
Tu3, M2, Immunosuppressive but involve Anti-inflammatory
TGF-p Neutrophlls_, many in Ty17 cell differentiation but ml_JItl-faceted
non-lymphoid cells (mainly Treg)
: : Inflammator
Chemokines Source Mode of Action y
Status
T cell proliferation, enhanced
MIP-1 a 1), DX, 1T el NI CD8' cytotoxity, cell recruitment, Pro-inflammatory
cells, stem cells .
Wound Healing
MIP-2 MJ, Monoqytes, Recruitment of effecto_r cellls, Pro-inflammatory
neutophils mucosal lymphocyte migration
MCP-1 Monocytes, resll Inflammatory, Wound Healing  Pro-Inflammatory
Basophils, stem cells
Monocytes, T cells, g itment of pro-inflammator
MCP-2 Eosinophils, Mast b y Pro-inflammatory

cells
cells

TABLE 1.2 Representative cytokines produced by differens @aild their mode of action. Main reference
sources (Janeway et al. 2008, Zidek, Anzenbachg&Kamonickova 2009 and, Adams and Lloyd 1997).
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1.6 INNATE IMMUNE RECEPTORS

The general strategy of innate immune detectioregebn the recognition of
microbial molecules with conserved molecular pageknown as ‘pathogen
associated molecular patterns’ (PAMPSs). As highbnserved components of
microbes, PAMPs are not readily altered by mutatioselection and provide ideal
targets for innate recognition. PAMPs are sensed loyited number of specialised
receptors commonly referred to as ‘pattern recagmiteceptors’ (PRRs). PRRs

within innate immunity are reviewed by (Beutler 200

1.6.1 PATTERN RECOGNITION RECEPTORS (PRRS)

PRRs include TLRs, Scavenger receptors (SRs), NkdDreceptors (NLRs) and
RIG-I-like proteins, named the RIG-like receptoRLRS) [see sections 1.9]. All
play critical roles in early defence against invedpathogens. PRRs can recognise
and respond to molecules derived from bacterialgéli and viral pathogens. The
response involves the maturation of immune celld activation of intracellular
pathways leading to the influx of inflammatory dyittes and other soluble factors

(Creagh and O'Neill 2006, Ishii et al. 2008, Kumagiakeuchi and Akira 2008).
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1.7 TOLL-LIKE RECEPTORS

TLRs were discovered with the identification of [Tch receptor expressed by
Drosophilia melanogaster Originally, Toll was found to be essential for
development of dorsoventral polarity during embmsoesis (Hashimoto, Hudson
and Anderson 1988). Further studies identifiedla far Toll in the innate response
of Drosophilia to fungal infection (Lemaitre et al. 1996). Suhsemtly, it was

found that the cytoplasmic region of Toll was agalas to that of the type |
receptor (IL-1RI) in mammals and several homologwege identified in humans.
This resulted in the classification of 10 human ELHakeda and Akira 2005) and
the designation of the Toll/Interleukin-1 (TIR) sufamily of receptors.

Importantly, the first human Toll, TLR4 was clagsif in 1998 (Poltorak et al.

1998). TLR structure, activation and signalling discussed further below.

Activation of the innate system is prerequisiteifatuction of an adaptive response.
TLRs play a pivotal role in this process. TLRs axpressed on many cells of the
innate system including; M@, DC, fibroblasts, neptiils, mast cells, endothelial
and mucosal epithelial cells (Andreakos, Foxwell &®ldmann 2004, Medzhitov
2001). TLRs are type | transmembrane receptors torch part of the
Toll/interleukin-1 (TIR) superfamily that includethe IL-1 receptors (IL-1Rs)
because of the shared homology of their cytoplasagmns (Gay and Keith 1991).
In contrast, their extracellular regions (ectodamsgiare considerably different.
TLR ectodomains contain tandem repeats of leucicie regions referred to as
leucine rich repeats (LRRs), while IL-1Rs have ¢himmmunoglobulin (lg)-like
domains sedéigure 1.7.1 The TIR family of receptors iseviewed by (Martin and

Wesche 2002).
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Each TLR has the ability to recognise a particligand or discrete set of ligands,
as summarised in table 1.7.2. The arrangement &f &iBe chains confers a unique
combinatorial code to each TLR enabling it to bandpecific ligand. This was first
found in the LRR detection of follicle stimulatifgprmone (FSH) through its G-
protein-coupled receptor, FSHR(HB) (Fan and Hekdoa 2005). The particular
ligand any TLR detects is dependant on the cellideation of the TLR and the
unique code conferred to it by the arrangementtol.RRs (Brikos and O'Neill
2008, Gay, Gangloff and Weber 2006). In this wadiidual TLRs have the ability
to interact with structurally unrelated ligandsesfdogenous and exogenous origin.
The structure of TLRs and their respective ligammmplexes are reviewed

extensively (by Jin and Lee 2008).

IL-1R TLR

Ig-like LRRs

domain

|'— _'lBox2 f—

—=
| TIR domain

Figure 1.7.1: Schematic of TLR versus IL-1 receptor structurecakrom (Akira and
Takeda 2004)
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1.7.2 TLR EXPRESSION AND LOCALISATION

TLRs are distinguished by ligand specificity, sigrieansduction, expression
patterns and cellular localisation, all of whicle afiscussed here. As mentioned,
TLRs are expressed in cells at the front line dédee. However, innate immunity
is not antigen specific and varied expression oR3lbetween cell types facilitates
the direction of an immune response to a particoddhogen (Andreakos, Foxwell
and Feldmann 2004, Medzhitov 2001). TLR1 is foubdjuitously while TLR2-10
display more limited expression patterns see tablel (McGettrick and O'Neill
2004). The exact expression of TLRs in cell typemains conflicting as studies
demonstrate differences between mRNA levels anddblponsiveness of a given
cell to TLR agonists (Iwasaki and Medzhitov 2008)r example, highly purified
human peripheral blood mononuclear cells (PBMC9ress TLR1, TLR2 and
TLR4 and low levels of TLR9 yet they do not respamdunmethylated CpG
(Hornung et al. 2002). Similarly, eosinophils exggelLR1, TLR4, TLR7, TLR9
and TLR10 mRNA and only respond to stimulation vatfLR7 agonist (Nagase et
al. 2003). Ultimately, the diversity of an immuresponse lies greatly on the set of
TLRs expressed by cells and the locations thosks cebkide in (lwasaki and
Medzhitov 2004). The location of any given TLR éated to the origin of ligand it
recognises. TLR1, TLR2, TLR4, TLR5 and TLR6 are resged on the plasma
membrane and are largely involved in the detectibribacterial products in the
extracellular space. On the other hand TLR3, TLRMR8, and TLR9 are located
within endocytic compartments that present nucssims of viral origin to these

TLRs (Akira and Takeda 2004, Boehme and Compto 200
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Toll-Like Receptor (TLR) Expression

TLR1 Ubiquitous
TLR2 Monocytes, DC
TLR3 DC and NK cells
TLR4 M@, DC, Endothelial cells
TLR5 Monocytes, NK cells, immature DC
TLR6 Monocytes, B and NK cells
TLR7 Plasmacytoid precursor DC, B cells
TLR8 Monocytes, NK and T cells
Plasmacytoid precursor DC, M@, microglial
TLR9
cells, B and NK cells
TLR10 Plasmacytoid precursor DC and B cells

Table 1.7.1: Differential expression patterns of TLRs taken fidneGettrick and O'Neill
2004)
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TLR4 recognises lipopolysaccharide (LPS) from gragative bacteria [see
section 1.6.1] (Poltorak et al. 1998, Hoshino et1899). Recognition of LPS by
TLR4 leads to the activation of transcription fastblF«B and IRF3 [see section
1.9.4]. Signalling by all TLRs culminates in NdB- activation and up-regulation of
pro-inflammatory cytokines (see figure 1.7.2) (MttBek and O'Neill 2004,

Boehme and Compton 2004). TLR signalling, relevadaptor molecules and
inducible genes are listed in table 1.7.2. TLR2gedses peptidoglycan (PG) from
gram-positive bacteria (Takeuchi et al. 1999). éntain cases TLRs form dimers
broadening the range of ligands they can detecR2IL and TLR2/6 dimers
recognise triacylated and diacylated bacterial dipteins (BLP), respectively
(Takeuchi et al. 2002, Takeuchi et al. 2001, Shimeizal. 1999). TLR5 recognises
bacterial flagellin, a principal component of baigk flagella, from both gram-

positive and gram-negative bacteria (Hayashi e2@01). TLR3 is activated by
double-stranded RNA (dsRNA), a molecular pattesoasited with viral infection

(Alexopoulou et al. 2001). TLR7 and TLRS8 both a¢téral single-stranded RNA
(ssRNA) (Diebold et al. 2004, Heil et al. 2004).dddition TLR7 and to a lesser
extent TLR8 are activated by small synthetic mdieguthe imidazoquinolines
(Hemmi et al. 2002). TLR9 recognises unmethylatgezQCpG) motifs from

bacterial and viral DNA (Wagner 2002).

TLR location is also important for the discrimiraatibetween ‘self’ and ‘non-self’.
In contrast to most TLR ligands nucleic acids canob self and foreign origin. A
study by (Barton, Kagan and Medzhitov 2006) demaites that a chimeric TLR9
consisting of a transmembrane and cytoplasmic dom@other TLRs is localised
to the plasma membrane. Here it is able to detsttrespond to mammalian DNA
yet remain unresponsive to viral nucleic acidshhgnting the importance of TLR

location. Expression of the chimeric TLR9 on th#é sarface exposes the receptor
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to mammalian DNA. Endogenous TLR9 is not exposeth&mmalian DNA and
can only be activated by viral DNA ingested andddieid within endosomes.
Additionally, (Barton, Kagan and Medzhitov 2006)ntmnstrate the ability of

transmembrane and cytoplasmic regions to dictat [bcalisation.
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Figure 1.7.2: Schematic of TLR localisation and signalling padle/taken from (Boehme
and Compton 2004). TLR1, TLR2, TLR4, TLR5 and Tafe6expressed on the plasma
membrane while TLR3, TLR7, TLR8 and TLR9 typic@ilyalize within endocytic
compartments. TLRs make use of adaptor moleculds Wy&D88, Trif and TRAM to
activate signaling pathways. Like TLR4, TLR2 in bimation with TLR1 or TLR6 utilizes
MyD88 and Mal as primary adaptors to activate MB-and inflammatory cytokine
secretion. TLR4 can also make use of Trif and TRAMctivate IRF3 and the IFN
pathway. TLR3 utilizes Trif but not TRAM to act&véiRF, while TLR7, TLR8 and TLR9
trigger inflammatory cytokine secretion and the Ipathway through MyD88. Other than
MyD88, the signalling components used by TLR7, TBR8 TLR9 to activate IFN
responses remain undefined.
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1.7.2 TLR ACTIVATION AND SIGNALLING
Recognition of PAMPs by TLRs results in the acimatof signalling pathways that

induce the up-regulation of cytokines, chemokined ao-stimulatory molecules.
The initial step in signal transduction of classansmembrane receptors involves
the binding of ligand resulting in dimerizationtafo receptor chains. In the case of
TLR4 this homodimer is induced by the binding of N0o the lipid A moiety of
LPS (Saitoh et al. 2004). Conformational changethéenreceptor then leads to the
association of two receptor TIR domains (Gay, Gafighind Weber 2006, Gay,
Gangloff and Weber 2006, Gangloff, Weber and Ga@5201t is believed the
overall structure of the TLR ectodomain, transmeanbrand cytoplasmic regions
in turn constitute a molecular switch ‘turned-oly & sequence of stimulus (ligand
binding) induced conformational changes. To daterse crystal structures of TLR
dimers have been elucidated and dimers of TLR3, ZLRnd TLR4 taken from
(Jin and Lee 2008) are shown in figure 1.8.2. UAtiehy, association of TIR
domains provides a new scaffold for the recruitmengpecific adaptor molecules
which also contain a TIR domain. The result is ateceptor signalling complex

associating relevant adaptor molecules to acti®eddmains of TLR dimers.
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Figure1.7.3: The crystal structures of ‘m’ shaped TLR dimersigeti by ligand binding
are shown taken frordin and Lee 2008JA) TLR1-TLR2-Pam3CSK4, (B) TLR3-dsRNA
and (C) a model of TLR4-MD-2-Eritorian complex. Dt apostrophes mark the second
TLR or associated molecule (MD-2) in the receptanplex.
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Alternatively, it is also considered that TIR dirmenay exist in an ‘inactive’ form
within the cell and upon ligand binding reoriertatiof TIR domains may occur to
facilitate adaptor recruitment. This has recente demonstrated by (Latz et al.
2007) who show that an ‘inactive’ TLR9 dimer existsa steady state prior to
ligand binding. Binding of CpG resulted in closgasgition of the cytoplasmic TIR-
domains required for the recruitment of adaptorenoles. TLRs, relative adaptor

molecules, signalling pathways and inducible gexredisted in table 1.7.2.
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Transcription Factor/

Toll-like receptor Ligand Origin of Ligand Adaptor/Pathway Inducible genes
TLR1/2 Lipopeptide (BLP) Bacteria and mycobacterie Mal, MyD88 NF-xB*
TLR2/6 Peptidoglycan (PG), BLP Gram +/-bacteria Mal, MyD88 NF-«B
TLR3 dsRNA Viruses Trif IRF3/Type | IFNa/B, NF«B
Lipopolysaccharide (LPS), Mal, MyD88 NF-«B
TLR4 Gram +bacteria
hsp60, F protein Trif, TRAM IRF3
TLR5 Flagellin Gram +/-bacteria MyD88 NF-«B, TNFa, IL-6
TLR6 Triacylated BLP, Zymosan Bacteria, Yeast MyD88 RE--
TLRY SsSDNA Viruses MyD88 NF-xB
TLR8 ssDNA Viruses MyD88 NFeB
TLR9 CpG DNA, Hemazoin Bacteria and Viruses MyD88 NF«B, IRF-3, IRF-7/IFNe
TLR10 Orphan” - - NF«B
TLR11 Uropathogenic bacteria Toxoplasma gondii - NF-xB

Table 1.7.2: Toll-like receptors 1-11 and their correspondiigands, adaptor molecules and inducible genes.nMaference sources listed in
text. * All TLRs activate NReB. *Orphan: denotes a receptor of similar structureotber identified receptors but no endogenous lighad been

identified.

34



There are five adaptor molecules known to transdigreals through TLRs via their
TIR-domain and include; myeloid differentiating feim 88 (MyD88) (Lord,

Hoffman-Liebermann and Liebermann 1990), MyD88 aolapike/TIR domain-

containing adaptor protein (Mal/TIRAP) (Fitzgera¢d al. 2001), TIR-domain-
containing adaptor inducing interfer@AFIR-containing adaptor molecule-1
(Trif/ TICAM-1) (Yamamoto et al. 2002b), Trif-relade adaptor molecule/TIR-
containing adaptor molecule-2 (TRAM/TICAM-2) (Biixu and Shu 2003), and
sterile alpha (SAM), HEAT/Armidillo motif and TIRemtaining adaptor protein
(SARM) (Carty et al. 2006). The proximal eventsligand binding and adaptor
recruitment to the active TIR-domains of TLRs casult in the activation of two
major signalling cascades, namely the MyD88-depeindad MyD88-independent

pathways (Sharma et al. 2003, Kaisho and Akira 2006

The MyD88 pathway leads to the activation of traipgion factor N&kB and the
expression of pro-inflammatory cytokines [see ecti.10.1]. As the name implies
this pathway involves the recruitment of MyD88. THeath domain of MyD88
interacts with the IL-1 receptor associated king$RAK) family. Firstly,
phosphorylation of IRAK-1 leads to the associatah TNF-receptor associated
factor 6 (TRAF6). TRAF6 is subsequently ubiquitedhtvia a TAK1-TAB-1-TAB2
kinase complex. This activates inhibitor of ®-protein (kB) kinase (IKK), IKKa
and IKKB. IKKs in turn phosphorylatexB leading to its degradation. Degradation
of IkB means NkB is then free to translocate to the nucleus antate
transcription of genes with @B promoter element. In addition to KB, MyD88-

dependant signalling also gives rise to the adgtimabf mitogen activated protein
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kinases (MAPK) such as p38 and JNK, which also Iteisuthe expression of

inflammatory cytokines (Kaisho and Akira 2006, Darand O'Neill 2005).

MyD88-independent signalling activates the tramgmn factor interferon (IFN)
regulatory factor 3, (IRF3). IRF3 activation leatts the expression of type |
interferons, IFN and IFN3 and other IFN-inducible genes. The MyD88-
independent pathway requires the recruitment optadalrif. The N-terminus of
Trif has a binding site for tank binding kinaseTBBK-1) and IKKi. These kinases
phosphorylate IRF3 resulting in its dimerisatiord @ranslocation to the nucleus.
Upon translocation IRF3 binds to interferon stinethresponse element (ISRE) in
the promoters of IFN-inducible genes (Fitzgeraldakt 2003). As an example,
schematic representation of TLR4 activation of MgO&pendant and independent

pathways is outlined in figure 1.7.4.

All TLRs with the exception of TLR3 are known tccrait MyD88 and activate the
MyD88-dependent pathway activating MAPK and WBF [see section 1.8.1]

(Boehme and Compton 2004). In addition to MyD88,RPLand TLR4 require

Mal/TIRAP to activate the MyD88-dependant pathwafarhamoto et al. 2002a).
TLR3 typically activates IRF and expression of ifaeons (IFN) from its endocytic

compartments via Trif (Takeda and Akira 2004). TLR4nique in that it utilises

both MyD88 and Mal to activate B and Trif and TRAM to activate IRF3 [see
section 1.9.4]. Of particular interest is that TL&dgnalling via Trif and TRAM also

induces a late phase of NE activation (Kawai et al. 1999). TLR7, TLR8 andR%

act through MyD88 to induce pro-inflammatory cytuokisecretion and the IFNs.
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Other than MyD88, the signalling proteins employ®sd TLR7-9 to activate IFN

remain unidentified.

Endosome

Cytoplasm

@D
ST S

Nucleus Type | IFN

Figure 1.7.4: TLR activation of MyD88 dependant and indepengathways. Adapted
from (Kawai and Akira 2006).

TLRs have the ability to harness great immunostatau signals and are therefore
tightly regulated and activated. Incorrect and/eeroactivation of these pathways
can lead to autoimmune disease (Reindl et al. 2808)fatal sepsis (Karima et al.

1999). While many questions surround the exactrast®on of TLRs and their
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ligands, the complexities remain under constanestigation. TLR signalling and
the responses they control continue to challenigkitiy regarding the pathogenesis
and treatment of cancers (O'Neill 2003), immune amgctious diseases as

discussed in section 1.7.3.

1.7.3 TOLL-LIKE RECEPTORS: DISEASE AND THERAPEUTIC
TARGETS

Over the past 30 years a great deal has been tkabmeit innate immune activation
on a molecular level. The TLR family representst jose of four important
signalling systems involved in this activation. Asch, the role of TLRs in the
pathogenesis of infection and inflammatory diseasender constant investigation.
Roles for TLRs have emerged in sepsis (Karima.€t399, BRAUDE, JONES and
DOUGLAS 1963, Lorenz et al. 2002), rheumatoid aig(RA) (Seibl et al. 2003,
Lee et al. 2006), inflammatory bowel disease (IEB)mmel et al. 2008), cancer
(Eder et al. 2004, Smit et al. 2009), atherosclsr@isiechl et al. 2002, Liu et al.
2008, Schoneveld et al. 2008), asthma (Eder eRG04, Smit et al. 2009) and
multiple sclerosis (Reindl et al. 2003) to namewa.fAlso a role for TLRs has been
implicated in autoimmune disease with TLR4 (Ohasthal. 2000, Okamura et al.
2001) and TLR9 (Leadbetter et al. 2002) respondingndogenous ligands. As a
result, specific TLRs and their downstream signglicomponents present important

targets for drug development in a wide range damfnatory diseases and cancer.

The potential for TLRs and their signalling compotsein this regard lies in the
ability of TLRs to ‘tailor’ signalling events in sponse to specific ligands. For
example, while all TLRs are known to induce a comnset of genes, individual

TLRs use combinations of adaptor molecules to atgivdifferent signalling
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pathways, inducing specific ‘sets’ of genes optingshost responses to a particular
infection. Consequently, several approaches arentaio the development of
therapies. Limiting TLR function may limit diseapathogenesis whilst in contrast
stimulating TLRs may have adjuvant effects. Tabl@.3l summarises the links

between specific TLRs and disease.

TLR Target Disease
TLR1/2 Bacterial/Fungal Diseases, Gram-positive sepsis
TLR3 Viral Diseases
Bacterial diseases, Gram-negative sepsis, Chrofi&rimation,

ThR Autoimmune diseases, Vaccines, Cancer, Atherositero
TLR5 Bacterial diseases
TLR6/2 Mycobacterial diseases

TLR7 Viral diseases

TLR8 Viral diseases

Bacterial and viral diseases, Autoimmune diseasasgines,

TLR9

Cancer

Table 1.7.3: Taken from(O'Neill 2003)

As pointed out, TLR signalling can be inhibitedan attempt to limit exacerbated
inflammation in inflammatory and autoimmune dised&lecking of TLR signalling

by means of neutralising antibodies is a populat effective approach. TLR4, the
receptor for LPS implicated in gram-negative sepisisby far the most studied.
TLR4 is notably activated in response to endogerfag®rs such as heat shock
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protein 60 (hsp60) (Ohashi et al. 2000) and fibetine(Okamura et al. 2001)
released during tissue injury. This and other wsarggests an involvement of TLR4
in ‘sterile’ or non-infectious inflammation of aumemune disease (Kerfoot et al.

2004, Racke, Hu and Lovett-Racke 2005).

Most recently TLR4 antibodies have been generated have been shown to
protecting mice from lethal endotoxic shock d@hdcoli sepsis (Roger et al. 2009,
Daubeuf et al. 2007), demonstrating the potentialldr4 targeted therapy in the
treatment of gram-negative sepsis. Also a modelleymy Malassezia furfur
implicated in the development of scalp lesions sdr@asis, was used to demonstrate
that a TLR2 antibody could successfully inhibit furfur-induced IL-8 in human
keratinocytes (Baroni et al. 2006). Uniquely, ineatpts to evade the immune
system, vaccinia virus expresses the proteins AZ&RAS2R that limit host defence
(Bowie et al. 2000). Importantly, A52R specificalhhibits TLR3 activation (Harte
et al. 2003) and it is envisaged that inhibitorsTbR signalling may be developed

based on viral proteins such as those found ininecc

TLR antagonists have also been widely investigatat several attempts have been
made to develop a TLR4 antagonist. The latest athvincludes a phosphatidyl
ethanolamine which blocks LPS activation of TLR4uyding its co-receptor CD14
(Lee et al. 2009) and a chemically developed inbigipeptide (Slivka et al. 2009).
Plant sterol and phytochemical glugglsterone isotenqt antagonist of TLR4 and
TLR3 (Youn, Ahn and Lee 2009) while oligonucleos8deith unmethlyated motifs
antagonise TLR7 and TLR9 (Robbins et al. 2007). thaeo approach is to inhibit

common signalling components or specific adaptérILdR pathways leading to
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decreased inflammatory gene expression. Glugglstesappresses MB activation
by inhibiting the activity of inhibitonB kinase (kB) (Youn, Ahn and Lee 2009). In
terms of targeting specific adaptors the exacttionoof several of them remains to

be elucidated.

Activation of TLRs can have adjuvant effects, mad@arly in relation to anti-tumor
and anti-viral immunotherapies. Currently, alummitydroxide (alum) is the only
approved human adjuvant in many countries. Whileeexely effective at boosting
antibody responses, repeated administration isssacg and responses tend to be
anti-parasitic T helper 2 (R) rather than anti-viral and anti-bacterial T llp
1(Tul), as reviewed by (Petrovsky and Aguilar 2004)oTskinically relevant TLR
ligands have been investigated in this regard, ©pgbnucleotides (Lubaroff and
Karan 2009) and a low toxicity derivative of LPSpmophosphoryl lipid A (MPLA)
(Mata-Haro et al. 2007). CpG oligonucleotides ireltype | interferon in a MyD88-
dependent manner (Honda et al. 2005) while MPLAB®Es1 shown to induce type |
interferon in a TRIF-dependant manner (Mata-HaraleR007). This demonstrates
the ability of different TLR ligands to reach thanse endpoint using different
adaptor molecules. With this understanding impromets can be made to possible
TLR-dependent adjuvants. In addition, TLRs detecttral components such as
TLR3, 7 and 8 are potent activators of anti-virasponses. It is predicted that
stimulating TLR3, 7 and 8 would have adjuvant éfen immunotherapies (O'Neill
2003). TLR7 and TLR8 are important inducers of typeterferon’s in response to
viral infection. A group of small molecules such #® imiquimods are potent
ligands for TLR7 and TLR8 and are currently inltf@ treatment of genital herpes

(Jurk et al. 2002, Syed et al. 1998). Adjuvant @feof TLR ligands is reviewed
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extensively by (Warshakoon et al. 2009). Similaynhancing TLR activity is

favoured in developing cancer treatment. Howeuas is suggested to have the
most effect when used in combination with anti-@&nagents. This is reviewed
extensively in the Oncogene issue comprising teiewes on the topic (Journal Issue

2008).

Importantly, blocking TLR-mediated responses caad|¢o inappropriate allergic
T2 responses or tolerance (Ishii, Uematsu and AR0@6). It is also strongly
desired that TLR antagonists present minimal toxiai vivo. Furthermore, blocking
TLR responses may also inhibit the inherent arftaimmatory signalling of
pathways essential in resolution (Serhan et al7R00 is crucial that mechanisms
by which these anti-inflammatory pathways can bbhaeced are investigated in
order to promote resolution of inflammation. Cutrtninking has begun to focus on
this aspect of TLR signalling in the developmentharapies (Serhan et al. 2007). It
is in no doubt that the risks and advantages irain altering TLR signalling need

to be balanced and investigated further.
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1.8 SCAVENGER RECEPTORS

Scavenger receptors (SRs), as the name implies fisgtrdescribed for their ability
to bind, internalize or ‘scavange’ modified low-dég lipoproteins (mLDL)
(Goldstein et al. 1979, Brown and Goldstein 1983Rs are expressed by
macrophage, dendritic cells and certain endothetialls. By binding and
internalising mLDL, they contribute to the onsetatfierogenesis (Kunjathoor et al.
2002, Manning-Tobin et al. 2009). As PRRs theyliate the receptor mediated
endocytosis of microbes, and components of granathaeg(Amiel et al. 2007) and
gram-positive bacteria (Peiser, Mukhopadhyay anadi@v2002) including LPS and
lipotechnoic acid (LTA), respectively. Additionalrictions include the clearance of
apoptotic debris (Todt, Hu and Curtis 2008) anduis homeostasis. The eight
classes of the SR family (A-H) are structurallyfeliént with varying combinations
of collagenous, cysteine-rich and/or C-type-leafiomains. Yet as a family of
receptors they recognise and bind a range of conlipmhand lipo-protein based
ligands along with mLDL (Murphy et al. 2005). Althgh initial research focused on
the role of SRs in atherogenesis, their role inedeé is increasingly under
examination. Scavenger receptor signalling hasicapbns for cell morphology as
well as cytokine and survival responses. Seueraivo studies demonstrate mice
lacking SR-A have altered responses to LPS (Koltmyatsal. 2000, Fulton et al.
2006). Overexpression of class E scavenger recept®@X-1) has been
demonstrated in rat zymosan-induced arthritis neofidakagawa et al. 2002). The
gene for human LOX-1 is located on a cluster wittiimomosome 12 linked to NK
cell function and transcription of lectin proteiimaplicated in immune function

(Sobanov et al. 2001). Furthermore, mice deficintthe scavenger receptor,
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MARCO, display reduced bacterial clearance fromgluiissue indicating an
important role in host defence against airbornéqgns (Arredouani et al. 2004).
The biological function and structure of the SR ifsis reviewed extensively (by

Murphy et al. 2005, Adachi and Tsujimoto 2006).

1.8.1 SCAVENGER RECEPTOR A (SR-A)

Class A scavenger receptors (SR-A) were first aneglt classes of the SR family
(A-H) to be cloned (Kodama et al. 1990, Rohrer 1et1890). They are type I
trimeric transmembrane glycoproteins initially désed for their ability to bind
(mLDL) (Goldstein et al. 1979) although they arewn&nown to bind many
polyanionic ligands (Platt and Gordon 2001). Theugr is comprised of five
polypeptides encoded by three related genes ahdles: macrophage receptor with
collagenous structure (MARCO), scavenger receptith @-type lectin (SRCL),
SR-AIl, SRAIl and SR-AIlll (Kangas et al. 1999, Nakama et al. 2001, and Freeman
et al. 1990). The later three of the group are mdiuoccurring isoforms and
alternative splice variants of the same gene (Go@ykeaves and Gordon 1998).
Both SRA-I and SRA-II isoforms bind mLDL, bacteriedmponents, polynucleic
acids and some carbohydrate based ligands (DhadiméISteinbrecher 1999). SR-
Alll has no known ligand binding activity and isapped in the endoplasmic
reticulum (Gough, Greaves and Gordon 1998). Thd3eA Ssoforms are largely
expressed on macrophage but can also be found antemmuscle and endothelial
tissues (Murphy et al. 2005). All three isoforme aollectively referred to as SR-A
(Mukhopadhyay and Gordon 2004). SR-A is structyraflade of six domains: a
transmembrane domaiashelical coiled-coil domain, N-terminal cytoplasniggion,

a spacer, a collagenous domain and a C-terminahoosee figure 1.8.1 (Kodama et
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al. 1990, Rohrer et al. 1990). Several point matastudies have indicated that the
characteristic collagenous domain of each isofoomfers ligand binding properties

to the receptors (Doi et al. 1993).
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Figure 1.8.1: Domain organization of SRAI and SRAII adaptednf(dlurphy et al. 2005)
Each structure is made up of domains 1%6. N-terminal cytoplasmic region2.
transmembrane domaiB, a spacerd. a-helical coiled-coil domain5. collagenous domain
and6. a C-terminal domain.

Research has focused on the ability of SR-A to bindDL contributing to
atherogenesis by foam cell formation (Dhaliwal &tdinbrecher 1999, de Winther
et al. 2000). However, their biological complexand ability to bind a range of
ligands corresponds to a much broader role forgéheptors. Indeed, SR-A is known
to be multifunctional having definitive roles innate immunity, apoptotic cell
clearance, tissue homeostasis and the pathogesfesiker inflammatory diseases

such as Alzheimers, reviewed extensively by (Murghwl. 2005, Mukhopadhyay

and Gordon 2004, Peiser and Gordon 2001).
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Studies involving SR-A mice indicate a clear role for SR-A in innate inmity
SR-A” mice are more susceptible to gram-positive bac{eisteria monocytogenes
and Staphylococcus aureusompared to wild-type mice (Kodama et al. 1990,
Suzuki et al. 1997, Thomas et al. 2000). SR-A ntedigphagocytosis of gram-
negative and gram-positive bacteria has also beemdstrated (Thomas et al. 2000,
Peiser et al. 2000). In addition, SR-A is a critiphagocytic receptor in bone
marrow derived dendritic cells (BMDCs) for intensation of gram-negative
bacteria (Amiel et al. 2007) all of which indicage vital role of SR-A in the
clearance of bacteria. Importantly, SR-A mediatédgocytosis does not activate
macrophage or induce pro-inflammatory cytokineshsas TNF, crucial to

maintaining homeostasis (Platt and Gordon 200ke&P@nd Gordon 2001) .

Particularly,in vitro studies have demonstrated the ability of SR-A ittd LPS
suggesting a possible role for SR-A in LPS cleagafidampton et al. 1991).
(Haworth et al. 1997) demonstrate that SR+hice (Haworth et al. 1997)are more
susceptible to septic shock than wild type micee &kact mechanism by which SR-
A confers protection remains unclear. Howeversibelieved it is involved in the
removal of excess LPS from the site of inflammatinaking it less available for
CD14 (another LPS receptor) [see section 1.8REAs are a prime example of how
PRRs play critical roles within innate immunity amdy also contribute to disease

processes under certain pathological conditions.

46



1.9 OTHER PATHOGEN RECOGNITION RECEPTORS

TLRs occupy both the membrane and endosomes, gikigmg the ability to detect
pathogens at the cell surface and within the cytdsmether with TLRs, NLRs and
RLRs exist as cytosolic sensors and facilitatedétection of intracellular PAMPs.
TLRs recognize bacteria, fungi, protozoa and vsu$¢LRs have been found to
recognize bacteria and RLRs detect viral componéwsis are key regulators of
apoptosis and NEB activation in mammals in response to invadinghpgéns.
Nodl and Nod2 play important roles in innate anguaed immunity as sensors of
bacterial components and their activation indueepitoduction of pro-inflammatory
mediators. Specifically, Nodl confers recognitionbacterial lipopolysaccharide
(LPS) and NKkB activation in a TLR4-independent manner (Inohetral. 2001).
Mutations within theNod2 gene, primarily expressed in monocytes have been
widely implicated in susceptibility to Crohn’s dése (Ogura et al. 2001) and linked
to several immune diseases including psoriaticriigh(Rahman et al. 2003) and

allergic diseases (Kabesch et al. 2003).

The RLR family of receptors detect viral DNA aredefy expressed and are
encoded by 3 genes in the human and mouse gendimesy@ama et al. 2005). Like
anti-viral TLRs (TLR3, 7 and 9) [see section 1.7.1.7.2], RLR activation leads to
NFxB and IRF3 induction and expression of type | IFMscontrast, recent studies
indicate RLRs protect all virally infected cellslite TLRs, known to mainly detect
viral infections in plasmacytoid dendritic cellsD@). The activation and roles of
NLRs and RLRs within immunity are extensively revesl by (Creagh and O'Neill

2006, Yoneyama et al. 2005 and Inohara et al. 2005)
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In certain cases it has been established thatreliffePRRs co-operate. TLRs and
certain NLRs are known to interact and mediateinkection of pro-inflammatory
cytokine IL-18. TLRs induce pro-IL-f production and prime ‘inflammasomes’ or
NLR-containing multi-protein complexes which resgdoi bacterial products and
products of damaged cells activating caspase-1¢hwlaads to the processing of
pro-IL-1pB to its active form (Netea et al. 2008). Similatenactions are believed to
occur between TLRs and RLRs and further studiese hv be carried out.
Importantly, the interactions of various PRRs atiesgistically or co-operatively to

direct the overall innate response and provideuitngs protection.
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1.10 TLR4 RECEPTOR COMPLEX

By far, the most widely recognised and charactdrimerobial activator of an innate
immune response is lipopolysaccharide (LPS), afermred to as bacterial endotoxin
(Janeway et al. 2008). The potent role of LPS enghthogenesis of sepsis was first
recognised in the 1960s (BRAUDE, JONES and DOUGL¥®3). LPS is an
important component of the membrane of gram-negabiacteria. LPS activates
monocytes, M@ and other leukocytes promoting skixrebf pro-inflammatory
cytokines, TNk, IL-12, IL-1, IL-6 and IL-8 (Cohen 2002) causingVer,
hypotension, inadequate tissue perfusion, metabaticdosis and organ failure
(Beutler 2001). Due to the intensity with which LE&n induce inflammation and
the pathogenesis of sepsis, many efforts were noadkentify its receptor. In 1998 a
group using the C3H/HeJ mice strain known to beohlgsponsive to LPS,
demonstrated that TLR4 was the receptor for LP3tqRak et al. 1998). To date,
TLR4 has been the most studied TLR in terms of igldgical complexity,
functioning in association with two accessory pirtge cluster of differentiation 14
(CD14) and myeloid differentiation-2 (MD-2) (Shimaet al. 1999, Kirkland et al.

1993).

In its most effective form a receptor complex ofR4, CD14 and MD-2 is activated
by LPS. However, LPS can induce minimal signallthgough TLR4 and MD-2
alone (Shimazu et al. 1999, Visintin et al. 200M)R4 is the signalling subunit
directing signals intracellularly via the recruitmef adaptor molecules [see section
1.7.2]. CD14 is a glycosylphosphatidylinositol (GRihchored protein devoid of

signalling capacity acting as the major recognitieceptor of LPS (Kirkland et al.

49



1993). A lipid binding protein, (LBP) acts as aidiptransferase aiding LPS
recognition by CD14 (Schumann et al. 1990). Whil®-® a secreted protein
retained at the cell surface by TLR4, is indispélesan the cellular recognition and
signalling of LPS (Shimazu et al. 1999). A schemafithe TLR4 receptor complex
is represented in figure 1.10.1. Activation of TL®4mediated by the ligation of
LPS and results in signalling via the MyD88-depemidg@rincipal adaptor — Mal)
and independent (principal adaptor TRAM) pathwagsvating NKB and IRF,

respectively (Kaisho and Akira 2006, Takeda and@R004).
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Figure 1.10.1: lllustration of TLR4 receptor complex comprising tfour cellular adaptor

proteins known to participate in LPS recognitiorolHlike receptor 4 (TLR4), cluster of
differentiation 14 (CD14), myeloid differentiatigorotein 2 (MD-2) and lipid binding

protein (LBP).
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1.10.1 TLR4

TLR4 is an atypical TLR with extracellular leucinech repeat (LRR),
transmembrane and toll/interleukin-1 receptor (TliR® cytoplasmic domains [see
section 1.6.11]. (Espevik et al. 2003) reports twajor localisation sites of TLR4;
namely the plasma membrane and the Golgi appar&tushermore, this group
report localisation of TLR4 on the membrane of yahdosomes. The exact
mechanisms regulating TLR4 localisation remain omrsial. (Visintin et al.
2006) report accessory molecule MD-2 is not reguii@e surface expression of
TLR4, while other reports conflict with this (Nageti al. 2002, Ohnishi, Muroi and
Tanamoto 2003). However, it is recognised that TkRdidly traffics between the
Golgi and plasma membrane, suggesting it is a Yigtdbile protein (Espevik et al.
2003, Latz et al. 2002). While TLR4 recognises @ewrange of molecules
including heat shock proteins, fibrinogen and taxd®S remains its most potent

ligand (Gay and Gangloff 2007).

1.10.2CD14

CD14 is a 56kDa, GPI-anchored protein lacking agm@aembrane and intracellular
domain. CD14 acts as an accessory molecule for boR4 and TLR2 signalling
(Wright et al. 1990, Jiang et al. 2005). TLR2 enygl@€€D14 for the recognition of
lipopeptide, lipoteichoic acid and zymosan as s@sidndicate that CD14 mutant
mice display impaired responses to these TLR2 tiggdiang et al. 2005). LPS has
poor immuno-stimulating activity while it is parf ¢he bacterial membrane. To
become potent, it must be extracted and preseatr {TLR4-MD-2 receptor. LBP,
a serum glycoprotein and lipid transferase, caedythe transfer of LPS from the

bacterial outer membrane to membrane-bound (mCbd4pluble CD14 (sCD14)
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(Schumann et al. 1990, Miyake 2006a). In turn, CExbdlitates physical proximity
and binding of LPS completing the TLR4 ‘activaticnster’. Indeed, CD14 plays a
crucial role in LPS signalling as CD14-deficientceiare highly resistant to LPS

induced septic shock (Haziot et al. 1996).

1.10.3 MD-2

MD-2 is a small glycosylated protein, physicallysasiated with TLR4 on the
surface of cells and confers LPS responsivenetggetoeceptor (Shimazu et al. 1999,
Gangloff and Gay 2004, Nu-A et al. 2009). Indeé&é, absolute requirement of MD-
2 for maximal responsiveness of TLR4 signalling wamonstrated when disruption
of the MD-2 gene in mice completely abrogated thesponses to LPS (Schromm et
al. 2001). Furthermore, (Visintin et al. 2001) whthat soluble MD-2 alone had
great capacity to restore LPS responsiveness tartegpcells that expressed TLR4
but not MD-2, demonstrating the high affinity irdetion between the two. In
contrast to TLR4, MD-2 binds LPS directly and does require LBP or CD14 (da
Silva Correia and Ulevitch 2002). A hydrophobic e@nd cationic lipid binding
motif are structural features of the protein thatkenthis binding possible (Gangloff
and Gay 2004). A schematic of the crystal strucairéLR4-MD-2 binding LPS is

depicted in section 1.7.2, figure 1.7.3.

The exclusive interactions of the accessory moex@D14 and MD-2 with LPS

have been studied and reviewed extensively (Kiklahal. 1993, Miyake 2006a,

Gangloff and Gay 2004and, Nu-A et al. 2009, Kinale2005, Visintin et al. 2003).
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1.10.4 TLR4 SIGNALLING

As discussed, the specific bacterial product, LP&nfgram-negative bacteria
predominantly drives TLR4 signalling. As this caedrate an overactivation of the
immune response leading to chronic sepsis and digame, TLR4 signalling is
finely tuned. Binding of agonistic ligand, LPS, to the A_Rceptor complex causes
dimerisation of the extracellular domain of two T4 Receptors constituting a
molecular ‘switch’. This induces conformational ngas to the cytoplasmic domain
of the TLR dimer producing two symmetrically reldt@daptor binding sites (Nunez
Miguel et al. 2007). Subsequently, signalling cdssaare activated via recruitment
of adaptors MyD88, Mal, Trif and TRAM (Brikos and'Neill 2008, Akira,
Yamamoto and Takeda 2003, Lu, Yeh and Ohashi 2(&i8palling via TLR4 is
unique in that it activates both the MyD88-depengethway via MyD88 and Mal
and the MyD88-independent pathway via TRAM and.Ttifemains unknown as to
whether an activated TLR4 dimer can stimulate Mal &aRAM directed pathways
simultaneously or whether the engagement of eaeptadis mutually exclusive
(Nunez Miguel et al. 2007). The MyD88-dependenthpaty results in nuclear
translocation of NkB and induction of pro-inflammatory cytokines, whithe
MyD88-independent pathway mediates induction of el'ypinterferons and IFN-

inducible genes (e.g. IRF3) (Lu, Yeh and Ohashig200

It is well accepted that cellular activation of tMyD88-dependent pathway via
TLR4 is an event occurring at the plasma membrémgeed, (Latz et al. 2002)
demonstrate recruitment of MyD88 to the cell swfagpon LPS exposure and
antibody-induced signalling and aggregation ofatefTLR4. Mal acts as a sorting

adaptor and recruits MyD88 to TLR4 through its iapilto interact with
53



phosphatidylinositol 4, 5-bisphosphate (PIP2) (Kagand Medzhitov 2006).
Furthermore, by analogy the same group postuladiRAM may also function as
a sorting adaptor recruiting Trif to TLR4. Inde€agan et al. 2008) demonstrate
that TRAM does act in this context. Surprisinglywsver, the group demonstrate
that TRAM couples the endocytosis of TLR4 to theluction of MyD88-
independent signalling (Kagan et al. 2008). This Wwather supported by a study at
the time showing that TLR4 activates Trif-signallirvia endosomes after its
relocation from the cell surface (Tanimura et &08&). In addition, prior to the
above (Jiang et al. 2005) demonstrate the absodgieirement of CD14 for LPS
induced activation of the MyD88-independent pathwalile (Shuto et al. 2005)
elucidate the requirement facilitates LPS-inducedoeytosis and down-regulation
of surface TLR4 expression in CHO cells.(Lee ek@D1, Lee and Hwang 2006 and
Lee et al. 2003) As a result CD14 plays a fundaaiertle in the regulation of
TLR4 signalling. An outline of TLR4 activation vitne MyD88 dependant and

independent pathways is illustrated in figure 1210.
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Figure 1.10.2: lllustration of TLR4 activation of MyD88 dependaand independent

pathways. TLR4 activation of MyD88 signalling occiat the membrane. Activation of the
MyD88-independent pathway is mediated by endocyto§iTLR4 and TRAM in the
presence of CD14 and subsequent interaction withiTearly endosomes.
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1.11 INTRACELLULAR SIGNALLING

Intracellular signalling is the ultimate mechanidmg which cellular activation
occurs. PAMPS, cytokines and other mediators acutih distinct signalling
pathways to activate protein kinases, initiatingpgghorylation and ubigitination
events. At the level of signalling kinases a datmgression occurs, channelling all
signals towards activation of specific transcriptidactors controlling gene
expression. The complexity of cellular networks nsethey commonly overlap and

cross regulate each other.

1.11.1 NUCLEAR FACTOR (NF-) xB

Transcription factors such as NF play a vital role in inflammation, controlling
genes that encode pro-inflammatory cytokines, clikmes, immune receptors and
cell surface adhesion molecules (Li and Stark 2008ExB transcription factors
include proteins with a highly conserved DNA-birgliand dimerisation region
known as the Rel homology (RH) domain (Hoffmanralet1999). Proteins of this
family are divided into two groups based on theindtion, structure and mode of
synthesis. Class | includes NE1 (p50), NkB2 (p52) and class Il includes RelA
(p65), RelB and c-Rel. Members of both groups halve ability to form
homodimers or heterodimers. Importantly, i (p50) and NkB2 (p52) function
as transcription factors only upon forming dimerghwa member of the second

group (Baeuerle and Baltimore 1996).

NFkB proteins exist in resting cells as homo/heteralgsnsequestered in the

cytoplasm due to their association with &B inhibitory protein. kB disguises the

56



sequence of the NdB protein important for nuclear localization and Binding
(Chen et al. 1998, Ghosh et al. 1995). Multipleatenstimuli can lead to the
activation of NkB (i.e. LPS via the MyD88 dependent pathway via #LR
activation). Ultimately, these stimuli lead to thetivation of kB kinase, IKK and
subsequent phosphorylation okBl proteins. PhosphorylateckB proteins are
targeted for degradation in the proteosome by utangiion. Degradation ofkB
uncovers the nuclear localization sequence orBNHranslocation of NEB to the
nucleus facilitates the induction of pro-inflammagtogenes that contain @B-
binding motif in their promoter regions (Hanada avidshimura 2002). NikB
signalling can occur through either the classi@nfnical) or alternative (non-
canonical) pathway. The classical pathway is atdi¢t by members of IL-1R/TLR
superfamily and utilises IKK and IKKy. The alternative pathway is initiated by
members of the TNF superfamily (i.e. CD40L) antKiK a dependent (Bonizzi and
Karin 2004). More than 150 extracellular signals tzad to the activation of NB
and many of the possible signalling pathways ingdlun the induction of this

transcription factor are reviewed extensively byghd Stark 2002).

NF«xB plays a critical role in both innate and adaptmenunity. It is associated with
the transcription of many genes essential for lyoggte survival and activation and
is heavily involved in the induction of pro-inflanatory cytokines and chemokines
(i.,e TNF, IL-1, IL-6) (Li and Verma 2002). Constitve activation of NkB is
commonly associated with inflammatory diseasesutfiolg; RA, IBD and MS (Sun
and Zhang 2007). Interestingly, NE activation is also involved in resolution of
inflammation and is associated with the expressbranti-inflammatory genes.

Indeed, inhibiting NkB during resolution stages was found to prolong the
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inflammatory response and prevent apoptosis (Haaadayoshimura 2002). While
various stimuli lead to the induction of NB, many are largely unknown. Currently
research in the field supports identifying thesensli in order to elucidate the
signalling pathways they induce. Hopefully thisIvaid the development of small

molecule drugs for the treatment of inflammatorsedise.
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1.11.2 INTERFERON REGULATORY FACTOR 3 (IRF3)

Transcription factors such as the family of intesfe regulatory factors (IRF) play
critical roles in anti-viral responses and are oesble for the induction of Type |
Interferons (IFN) (Paun and Pitha 2007). Type éifgrons include IFN and IFNB,
two important anti-viral cytokines involved in pexting the replication and spread
of invading viral pathogens (Janeway et al. 2008 expression of IFMNf genes is
tightly regulated and the search for an IRF thatld¢tmactivate both, led to the
discovery of IRF3 and IRF7 (Au et al. 1995, Mar@urbin and Levy 1998).
Particularly, the discovery of IRF3 had a major &op on understanding the
molecular mechanisms in anti-viral innate responi$tis3 is ubiquitously expressed
and typically activated by viral double strandedRdsRNA) through TLR3 (Au et
al. 1995). Recognition of bacterial components sashLPS also activate IRF3
(Navarro and David 1999, Sakaguchi et al. 2003)RJ Linitiates this activation
from early endosomes within the cell, while recdigni of LPS by TLR4 induces
endocytosis of TLR4 and TRAM which also traffic éarly endosomes to activate
IRF3 (Kagan et al. 2008). Indeed, in response tseahstimuli, IRF3 becomes
phosphorylated by two non-canonicaBlkinases; TBK-1 and IKK (Fitzgerald et
al. 2003). This leads to a conformational changéRR3, facilitating subsequent
homodimerization or heterodimerization with IRFtaranslocation to the nucleus
(Lin et al. 1998). Here dimers associate with adda cCAMP-response binding
protein, CREB. Furthermore, entry of IRF3 into thecleus facilitates binding to a
consensus DNA sequence known as the interferonsstied-response-element
(ISRE) and the induction of IFN-inducible genes ludiing; IFNa, IFNB, and

RANTES (Paun and Pitha 2007, Schafer et al. 1988etal. 1999).
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There are well established links emphasising theoimance of IRF3 induction and
anti-viral responses. Indeed, many viruses taf@EBIfunctionally to inhibit Type |
IFN genes (Weber, Kochs and Haller 2004). Furtheemobiquitous expression of
IRF3 facilitates induction of IFBlin the majority of virally infected cells (Sato at
2000). Conversely, a distinct role for the transtton factor in anti-bacterial innate
immune responses continues to emerge (Honda andutan 2006). Indeed, IFN
is required for the induced expression of co-statarly molecules CD80 and CD86
on dendritic cells (Hoebe et al. 2003). In additiehe production of IFN is
essential for induction of endotoxic shock and IRIE3icient mice are resistant to
endotoxin shock (Sakaguchi et al. 2003). Furtheemtire absence of IRF3 affects
the expression profile of other cytokines as everalls amounts of paracrine or
autocrine IFN stimulates IRF7 activation and amplifies the resao(Sato et al.
1998). Overwhelmingly, studies point towards thebgl effects of IRF3 in the
immune response. Future investigations will progeful in the development of

possible immunomodulators and anti-viral drugs.
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1.12 LIPID RAFTS

In general terms, lipid rafts are tightly packeiduid ordered plasma membrane
microdomains enriched in cholesterol, sphingolmyeind glycolipids (Dykstra et
al. 2003). These cellular domains are consideretugonary structures that play a
role in a number of cell signalling processes aadelreceived widespread interest
and investigation regarding their possible biolagitunctions. Indeed, their very
discovery has turned on its head the historic flaimsaic model of the plasma
membrane described by Singer and Nicolson in 1$i2gér and Nicolson 1972).
(Schnitzer et al. 1995) were first to indicate #astence of structurally distinct
subsets of rafts. This is now a broadly acceptetteot and two types of rafts,
caveolae and flat lipid rafts are considered comnfeatures of the plasma
membrane. Caveolae exist as small invaginationsthef plasma membrane
containing caveolin. This protein is responsible fioee flask-shaped structure of
these lipid rafts and lines the invagination (Arsber 1998). Furthermore, flat lipid
rafts do not contain caveolin and therefore arellev ‘flat’ on the membrane and
hence the name. Typically during subcellullar fi@zation of rafts these two subsets

are isolated together. As such, the term lipidisaftsed generically to refer to both.

1.12.1 LIPID RAFT STRUCTURE

The outer leaflet of lipid rafts is composed of amgged interactions between
sphingolipids and cholesterol. The highly saturateyl chains of sphingolipids pack
tightly into microdomains. Any voids between splohigids are filled with
cholesterol which acts as a spacer. Binding of regdlipids and cholesterol

promotes formation of a tight liquid ‘ordered’ pkasThe remainder of the
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membrane exists as a liquid ‘disordered’ phasetdube unsaturated, kinked acyl
chains of the glycerophospholipid bilayer (Dyksé&taal. 2003). Proteins are also
associated with the outer leaflet of lipid rafts,artularly, through

glycosyphoshatidylinositol, GPI-linkage. In thissea the saturated lipid tail of the
GPIl-anchored protein preferentially partitions ifipyd rafts. Examples include, raft
associated immune receptor, CD14, an Fc recept®yl6Cand adhesion and
costimulatory molecules CD48 and CD58 (Dykstrale2@03). While a schematic
of lipid raft structure is presented in figure 11 2the biochemistry of lipid rafts is
extensively reviewed by (Pike 2003, Pike 2003, Braamd London 2000, van der

Goot and Harder 2001).

GPl-anchored
protein

Hingolio
Cholesterol Sphingolipids

Signaling protein

Figurn 423t Call and Mabecubar Bisdegy, 4in (0 2003 Jake Wikey & Sowil

Figure 1.12.1: Schematic representation of lipid raft microdomat@mprising packed
cholesterol, sphingolipids, GPIl-anchored proteinsdasignalling proteins. Adapted from
(Karp and van der Geer 2005)
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1.12.2 LIPID RAFT SIGNALLING

A central feature of lipid rafts owed to their bi@enistry and physical structure is
their ability to allow lateral segregation of prioie within the plasma membrane,
e.g. GPl-anchored proteins, as described (SimodsTaomre 2000). Furthermore,
rafts have been largely implicated in signal trarcsidn, inducing close proximity of
signalling receptors by specifically recruiting qolexes to raft domains upon

activation (Webb, Hermida-Matsumoto and Resh 20&hg et al. 2001).

Indeed, certain integral proteins reside constiélyi at the border of lipid rafts and
translocate to rafts following activation. Thisparticularly the case for multichain
immune recognition receptors including, TCR and BCRell and B cell receptors,
respectively. In resting T cells, TCR is excludexhi lipid rafts that actually contain
several signalling components of the TCR signallpgthway including, LAT
(linker for activation in T cells). Furthermore, arp engagement of TCR with
antigen presenting cells, TCR associates with (Mttixi et al. 1998, Xavier et al.
1998). Similarly, BCR is found to be excluded froafts in resting cells, however,
following cross linking with Ig-specific antibodies antigen, BCR and a number of
components of the BCR signalling pathway are réeduio rafts (Petrie et al. 2000).
Studies are limited with regard to additional imraureceptors and lipid raft
involvement. Most significantly, (Triantafilou et. 2004) demonstrate recruitment
of TLR4 to raft domains following stimulation withPS. Characteristics that allow
the translocation of proteins to raft domains avé understood, however evidence
suggests transmembrane domains are critical (SelgiiRoth and Simons 1997,

Field, Holowka and Baird 1999).

63



The exact biological activities and functions @idi rafts remains unclear and under
constant investigation. However, what is cleathessmounting evidence to suggest a
role of lipid rafts and their modulation in hea#thd disease. Roles for lipid rafts are
emerging in cancer (Li et al. 2006), insulin remiste (Fruhbeck, Lopez and Dieguez
2007) and microbial pathogenesis (van der GootHatler 2001). Until recently
the biological features of the plasma membrane vatiard to lipid rafts has been
under-appreciated. While there is particular cimglés to be faced in raft research
with regard their isolation and exact structurejrttmounting biological importance

warrants further investigation.
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1.13 POLYUNSATURATED FATTY ACIDS

It has long been accepted that nutrition has agon@thnt role in health. However,
only at the beginning of the $0century were fatty acids linoleic acid amnd
linolenic acid recognised as essential componehtiseodiet. Furthermore, the anti-
inflammatory potential of elongated and desaturadiedivatives of both these
molecules became evident only thirty years ago (Wsaw and Blackburn 1989).
The presence of more than one double bond dernmés ffatty acid is unsaturated.
In the absence of double bonds the fatty acid i ttabe saturated. Derivatives of
both linoleic acid andr-linolenic acid have more than one double bond ared
commonly referred to as polyunsaturated fatty acigBUFA). Classical
nomenclature of PUFA is based on the number ofotedgtoms in the fatty acid, the
number of double bonds and the position of the ficuble bond (Canalejo et al.
1996). Derivatives of linoleic acid include n-3 PAH; n-3 denoting the first double
bond is on the third carbon. The n-3 PUFAs, EPAicposapentaenoic acid (20:5)
and DHA or docosahexaenoic acid (22:6) are commfmipd in high fat fish and
marine mammals (Marszalek and Lodish 2005). On dteer hand, conjugated
linoleic acids (CLASs), exist as positional and stasomers of conjugated dienoic
derivatives of linoleic acid, specifically, dienactadecadienoate (18:2). The c9,t11
(cis-9,trans-1) CLA isomer predominantly found in foods derivedri ruminants

such as meat and dairy is used throughout thiyy $8elury 2002).

Ingestion of PUFA leads to their incorporation inictually all cells in the body
(Kew et al. 2004, Fritsche 2006). Recognition @ &émti-inflammatory properties of

PUFA has led to several nutritional studies ingzgtng their health benefits
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including; protection against the onset and incogeof coronary heart disease
(Hamer and Steptoe 2006) and diabetes (Suresh asd2D03). The impact of
PUFA in immune-mediated disease in humans is alsely reported including;
rheumatoid arthritis (RA), inflammatory bowel disea(IBD), systemic lupus
erythematosus (SLE) and asthma (Fritsche 2006, Btlet al. 2004, Schachter et

al. 2004and).

Promising results from various animal models inigading the beneficial effects of
PUFA has encouraged an emerging number of cliti@ds and nutritional studies
in the field. (Leslie et al. 1985) demonstratedyvearly in the 1980’s that n-3 PUFA
delayed and reduced incidence of type Il collageduced arthritis in mice.
Similarly, EPA and DHA have been shown to reducepsbcoccal cell wall induced
arthritis in rats (Volker, FitzGerald and Garg 2D0Bassaganya-Riera et al. 2004)
found that feeding animals CLA ameliorated the sgvef dextran sodium sulphate
(DSS) induced colitis by reducing weight loss aedskning disease activity. In
addition, mounting evidence fromm vitro studies report the ability of PUFA to
dampen production of inflammatory mediators such cgsokines and alter
infiltration of immune cells such as lymphocytesdamacrophages which has

spurred clinical interest.

Due to the vast number of clinical trials performredults are routinely collated and
reviewed extensively by many to assess progrefiseiield (Fritsche 2006, Calder
2006, Calder 2008). (Fritsche 2006) reviews mudtiphndomized control trials
(RCTs) assessing the effects of n-3 PUFA in varaigsase states. RCTs regarding

n-3 PUFA efficacy in RA, involve clinical assessrmareasuring parameters such as
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pain, swollen joints and disease activity. Heredoample several groups report n-3
PUFA reduced pain over placebo while others algmntereduced severity of
swollen joints in comparison to baseline. SimilaflyacLean et al. 2004) reviewed
extensively multiple trials focused on the rolere8 PUFA in the prevention or
treatment of diseases including arthritis and aathm a qualitative analysis of
seven studies that assessed the effect of n-3 PdFAnti-inflammatory drug or
corticosteriod requirement among arthritis patierdsx demonstrated reduced
requirement for these drugs. Encouraging resulie ladéso been reported by others,
Belluzzi et al. showed that supplementation withh 8.of n-3 PUFA preparation
daily reduced the rate of relapse of patients viittohns disease in remission
(Belluzzi et al. 1996). However, following a sysiin review of 26 studies
regarding the beneficial effects of n-3 PUFA inhasa Fritsche and collegues also
report a clinical outcome comparable to baselingh wiconsistency being a major

issue.

As such, while many trials look promising with regydo the beneficial effects of
PUFA among immune mediated disease the generatesus in the field is for the
strengthening of controls. Testing the effectstinedato a control substance is of
paramount importance. Also, many clinical studiesnmot account for the
background diets of their subjects unlike in thgamty if not all animal studies
were the diet is completely controlled thereforeluding a baseline assessment of

dietary n-3 and n-6 fatty acid intake should becaoted for.
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Ultimately researchers endeavour to elucidate teehanisms through which PUFA
exert their effects and there are namely threegoaiess under which PUFA exert
their modulatory actions, none of which are mutuakclusive. They include altered
membrane composition and function, modified eicoghnproduction and

modifications in gene expression, as reviewed Be(Bnd Hwang 2006, Fritsche

2006, Li et al. 2006, Li et al. 2005, Sampath artdnibi 2005) and represented in

figure 1.13.1.
Altered PUFA Availability
Altered membrane phospholipid
fatty acid composition
Aiermd membrane - P Altered cell signaling
fluidity pathways
(gross; rafts) Rltered petien ot and gene expression

of elcosanoids /
Altered pattern of
el

inflammatory cytokines
Anti-inflammatory actions

Figure 1.13.1: Potential mechanisms by which polyunsaturatety fatids (PUFA) can
affect inflammatory cefunction. Adapted fror{Calder 2004)
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During inflammation, arachidonic acid ((AA), [20:48)) is released from membrane
phospholipids of immune cells and metabolised tmsanoids, which have potent
inflammatory properties. Increased incorporationPFA in cell membranes is
partly at the expense of arachidonic acid and tesal decreased production of
eicosanoid products (Albers et al. 2002, Mantzietial. 2000). The cyclooxygenase
(COX) pathway gives rise to prostaglandins and rtiivoxanes (TXB) and the
lipoxygenase (LOX) pathway produces leukotrieneSB) (Luster, Alon and von

Andrian 2005). Alterations in eicosanoid productias a result of altered PUFA
intake is relatively well understood (Calder 206fyang 2000). Particularly, EPA
and DHA can act as substrates for COX and LOX emsygiving rise to less potent

inflammatory mediators known as resolvins and lipeXSerhan 2007).

PUFA can affect gene expression through severahamsms including, but not

limited to, changes in calcium levels, membrane paosition and indeed eicosanoid
production (Sampath and Ntambi 2005). Particulattgre is evidence to suggest
that PUFA exert their effects by altering fB activation. (Weldon et al. 2007)
demonstrate that EPA and DHA down-regulatexBjp65 and increase cytosolic
IkBa levels in a human macrophage cell line. Additibnalve have previously

demonstrated CLA to suppress ®p65 activation in dendritic cells (Loscher et al.
2005a). Furthermore, cell specific metabolism aattyfacid regulated transcription
factors such as peroxisomal proliferator-activateceptors (PPARSs) are likely to

play a role in determining cell responses to attdt&)FA compostion (Jump 2002a).
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PUFA mediated modulation of gene expression andeauceceptor activation are

reviewed extensively by (Sampath and Ntambi 20@Bd8ni et al. 2006).

The fatty acid composition of cell membranes infices their fluidity. Increased
saturated fatty acids and cholesterol increasditygiwhile unsaturated fatty acids
make membranes more fluid (Brenner 1984, StubbsSamith 1984, Bruno, Koeppe
and Andersen 2007). A change in membrane fluidibdifires membrane function
and membrane bound receptors, enzymes and profWSA incorporation was
reported to enhance the phagocytic activity of meirmacrophage (Lokesh and
Wrann 1984, Calder et al. 1990). In addition, mambrfluidity has been shown to
upregulate insulin receptors on the membrane amdrasult lower insulin resistance

(Das 2005).

Specifically, much research has focused on PUFAutatidn of immune function

by means of ‘lipid raft microdomain alterationsi (et al. 2006, Li et al. 2005,
Stulnig and Zeyda 2004). Current evidence suggéstistranslocation of immune
receptors into lipid rafts regulates immune actorat PUFA treatment has been
shown to alter lipid raft composition and displagnalling molecules leading to
impaired signalling (Stulnig et al. 1998). The &mase family of protein tyrosine
kinases and transmembrane adaptor, LAT (linkerafdgivated T cell), play a vital

role in T cell activation (Bijlmakers 2009). Lck éfryn two Src kinases and LAT
are activated following T cell stimulation and a@nstitutively expressed in rafts.
(Stulnig et al. 1998and, Stulnig et al. 2001) shbwat treatment of Jurkat T cells
with EPA displaced Lck, Fyn and LAT from lipid raftThis and other studies

suggest that lipid raft alterations are an undedyinhibitory effect of PUFA on T
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cell signalling. Furthermore, research in the armfa PUFA-mediated raft
modifications has focused on the immunological pgea As such, it remains for
further studies to examine the effects of PUFA trenimportant immune receptor
complexes. Taken together the potential mechanignvghich PUFA can affect cell

function warrants further investigation.

Much research has focused on the modualtory acabR&JFA among immune cell
types including lymphocytes, dendritic cells andcrophage.Particularly, multiple
in vitro studies demonstrate the dampening of pro-inflarargatytokine production
in PUFA treated cells. CLA has previously been ghmot® suppress potent
inflammatory cytokine, IL-12 in murine DC and a o& cell model of human
intestinal epithelium (Loscher et al. 2005a, Regsoét al. 2008). Similarly, EPA-
mediated inhibition of IL-12 has been reported rime dendritic cells (DC) (Wang
et al. 2007). Of particular interest to the macwge model employed in the work
presented here, several studies report suppresdionflammatory cytokines in
PUFA treated macrophage. (Babcock et al. 2002) dstrete that EPA can
suppress TNé& production by murine macrophage. In addition, &Esicemploying
human macrophage models have reported that EPAD&#A inhibit TNFa, IL-6
and IL-18 production (Goua et al. 2008, Chu et al. 1999)ilgtytokine profiling is
an aspect of macrophage functional status widehgdtigated in terms of PUFA
mediated effects, phagocytosis has also been yaegaimined. Indeed, (Lokesh and
Wrann 1984, Calder et al. 1990, Mahoney et al. 1gémonstrated that altering the
fatty acid composition of murine macrophages vitro with PUFA made
macrophage more phagocytically active. Howeverrdigencies do exist, (Kew et

al. 2003) report no change in monocyte or neutiq@fagocytic activity in a murine
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PUFA feeding study. Similarly, EPA and DHA were d#ésed as having no effect

on the ability of alveolar macrophage to phago@t@Ambola et al. 1991).

As a result of several other dispcrepencies in P@RAlies it has become largely
accepted that inhibition of pro-inflammatory cyto&s by PUFA may partly explain
their overall anti-inflammatory effects. As suchremains for more complete and
thorough investigations to be carried out, speailyc looking at the complete
spectrum representing functional status of macrgphbndeed, this is infact true for
all cell types as most recent literature suggestear dependency on cell type for

PUFA exerted effects.
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AIMS AND OBJECTIVES

While polyunsaturated fatty acids (PUFA) have behown to modulate immune
responses and have therapeutic effects in inflaompadlisorders, the specific
mechanisms of their actions remain unknown. Speifi this work aims to
elucidate mechanisms regarding the effects of tBedarivative, conjugated linoleic
acid (CLA) and n-3 PUFA, DHA and EPA on macrophagesponses to LPS.
Herein a tailored approach is taken to examine iplessnechanisms of PUFA
mediated modulation in macrophage by looking air thiéects on cellular function,

membrane markers and downstream signalling; amedtbelow.

» The effects of PUFA on macrophage function are stigated by
examining maturation, cytokine and chemokine praida¢ migration

and phagocytosis.

» The possible mechanisms used by PUFA to elicit tddi-inflammatory
effects in macrophage are deduced by looking ataibons in NkB and

IRF-3 downstream of TLRA4.

» The possibility of a PUFA modulated interactionldfS with the TLR4
receptor complex is investigated by examining LR®Hng, surface
marker expression over time, lipid raft localizatand endocytosis of the

receptor complex.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 MATERIALS

TISSUE CULTURE MATERIALS/REAGENTS

Materials Source
Tissue culture flasks T-75 ém Nunc"
6.5mm Transwefl plate (8.0um pore) Corning Inc.
Sterile Petri Dishes Nunc'’
6, 24, 96-well tissue culture plates Nunc
96 round bottom plates Sarstedt
Dimethyl sulphoxide (DMSO) Signfta

Recombinant IL-2
GM-CSF

Trypan blue (0.4% v/v)
G418 Geneticin

CellTiter 96’ Aqueous One Solution
RPMI-1640

Foetal Calf Serum (FCS)
Penicillin Streptomycin
DMEM

LPS E.Coliserotype R515)
Hygrogold

Blasticidin

DPBS

BD Pharmingen
R&D System$
Sigrfta
Sigm&
Pierce
Invitrogen"
Invitrogen"
Invitrogen"
Invitrogen"
Alexis Biochemicals
Invitrogen"
Invitrogen"

Invitrogen"

TABLE 2.1: All tissue culture materials/reagents and corregfing sources.



PROTEIN MANIPULATION

Materials Source
Chloroform > 99.99% Sigmd&’
Methanol Sigm&
BCA Protein Assay Pierce
Triton X-100 Sigm&
Potassium Chloride (KCI) Sigrfia
Sodium phosphate dibasic (¥a10y) Sigm&
Dithiothreitol (DTT) Sigm&
Potassium phosphate (KPOy) Sigm&
Glycerol 99.99 % Sigm&
Trizma Base Sigm&
Sodium dodecylsulphate (SDS) Sidma
Tweerf 20 Sigm&
N,N,N’,N'-Tetramethylethylenediamine (TEMED) Sigm&
Sodium Azide Sigm&
Ammonium persulphate (APS) Sigfa
Fuji SuperRX film FujiFilm Ireland Ltd.
Precision Plus ProteinDual Color Standard Bio-Rad
Propan-2-ol (isopropanol) VWR International Ltd.
30 % Acrylamide/Bis solution Bio-Rad
Sodium Orthovanidate Sigm&
Leupeptin Sigm&
Aprotinin Sigm&
lodoacetamide Sigm&
Immobilon Western HRP Substrate Millipore
Re-Blot Plus Solution (10 X) Millipore
Ponceau S Solution Sigm&
Phenylmethanesulfonyl fluoride (PMSF) Sigma

TABLE 2.2: All reagents/materials used for protein purificatjauantification, western

blotting, and lysis buffers.
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FATTY ACIDS

Materials Source
Eicosapentaenoic Acid (EPA) Sigma®
Docosahexaenoic Acid (DHA) Sigma®
Conjugated linoleic acid cis-9, trans-11 (CLA) Cayman Chemical
Lauric Acid (LA) — Dodecanoic acid Sigma®

TABLE 2.3: All polyunsaturated fatty acids and saturated faturic acid with
corresponding sources.

ELISAs

Materials Source
96-well microtitre plate Nunc
3,3',5,5'-tetramethyl-benzidine (TMB) Sigm&
Tweerf 20 Sigm&
Bovine serum albumin (BSA) Sigfa
DuoSet ELISA kits R&D Systerfis
IL-23 (p19/p40) “Ready-SET-Go!” ELISA o
it eBioscience

5x assay diluent and TMB also provided

TABLE 2.4 All ELISA materials/reagents and correspondingrees.
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LIPID RAFT ISOLATION

Materials Source
Triton® X-100 Sigm&’
MES Sigmd&
Mineral Oil Sigmd&
25G 1 needle BD Microlance’
Dounce Homogeniser set Sigtha
Sucrose Sigm&
lodoacetamide Sigm&
p-Nitrophenyl phosphate (pNPP) tablets Sifma

TABLE 2.5: Reagents/materials used for isolation of lipidsaf

WESTERN BLOTTING ANTIBODIES

Antibody Source
Anti-CD14 AbCan?
Anti-Flottilin-1 BD Transduction Laboritories
Anti-B-actin Sigm&
Anti-mouse IgG peroxidase Sigta
Anti-rabbit IgG peroxidase Sigrfia

TABLE 2.6: All antibodies used for western blotting analysis.
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FLOW CYTOMETRY

Antibody Fluorochrome Source Isotype Control Concentration/
10° cells
TLR4-MD-2 PE BD RatlgG2a 0.hg
CD14 FITC eBiosciences Rat IgG2a Qg
CD204 (SR-A) FITC Acris Antibodies Rat IgG2b 049
CD40 FITC BD Ham IgM 0.5ug
CD80 PE BD Ham IgG 0.7g
CD86 FITC BD Rat IgG2a 0.hg
MHCII FITC BD Rat IgG2a 0.7g

TABLE 2.7: Antibodies used for FACs analysis of cell surfacrkers; suppliers and
concentrations used.

FACS MACHINE/PREPARATION

Materials Source
FACS Flow BD
FACSRinse BD
FACSClean BD
37% (v/v) paraformaldehyde Sigfa

TABLE 2.8: Materials/reagents used for flow cytometry and FAE&paration.
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LPS BINDING

Materials Source
Free FITC Sigm&’
Biotin-LPS InvivoGen
Avidin, Alexa Flouf® 488 conjugate Invitrogen
Biotin Sigm&
LPS E.Coli serotype R515) Alexis Biochemicals
Biotin-labelling Kit Pierce

TABLE 2.9: Materials used for LPS-binding assay by Flow Cytioyne

DNA MANIPULATION AND LUCIFERASE ASSAYS

Materials Source
geneJuicB Transfection Reagent Novagen
QIAprep Spin Maxiprep kit QIAgen
10 X Passive Lysis buffer Promega

TABLE 2.9: Materials used for manipulation of DNA plasmidgrensient transfections.

CONFOCAL

Materials Supplier
Poly-L-lysine 0.1% (w/v) in KO Sigm&
Coverslips Sigm&
Glass slides Sigm&

TABLE 2.10: Materials used for preparation of cell monolayelidas for confocal
microscopy.
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BRUSH BORDER MEMBRANE VESICLE PREPARATION
For brush border membrane vesicle (BBMV) isolatibnffers A and B were pre-

prepared and stored at 4 °C. On the day of isvladil materials denoted * and

protease inhibitor mix, C were freshly prepared added just before use.

A
BUFFER A To Make 500 ml
10 MM Immidazole 0.340¢
5mM EDTA 0.730 g
1 mM EGTA 0.190 g
To Make 25 ml
0.2 mM DTT* 5ul of 1M stock
200 pg/ml Pefabloc* 5 ml of 1 mg/ml stock
BUFFER A + Protease Inhibitor (PI) Mix
1 pl PI mix added per ml of BUFFER A

B
BUFFER B To Make 500 ml
75 mM KCL 2.790 ¢
5 mM MgCh 0.238 ¢
1 mM EGTA 0.190 g
10 mM Imidazole 0.340¢
To Make 25 ml
0.2 mM DTT* 5ul of 1M stock
BUFFER B + Protease Inhibitor (PI) Mix
1 pl PI mix added per ml of BUFFER B
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Protease Inhibitor (P1) Mix Stock To Make 10 ml
1 pg/ml pepstatin 1 mg/ml 10 pl
1 pg/mlaz-macroglobulin (papaine) 1 mg/ml 10 pl
15 pg/ml benzamidine 2.5 mg/mi 6 pl
BRUSH BORDER MEMBRANE VESICLE ANALYSIS
Materials Source
CHAPS Sigm&
Biacore L1 sensor chip GE Healthcare
HEPES Sigm&’
Purified anti-mouse CD66a eBioscience
Anti-mouse FITC conjugate eBioscience
Carboxymethyl-dextran (CM-dextran) Sigfha
Bovine Serum Albumin (BSA) Sigm&

TABLE 2.11: Materials used for BBMV analysis by flow cytonang Biacore3000™.
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Running Buffer pH 7.4 To make 100 ml

10 mM HEPES 0.238 g

150 mM NacCl 0.876 g

3 mM EDTA 0.087 g
Conditioning Buffer To make 100 ml

20 mM CHAPS 1.229¢g
Activation/Regeneration Buffer To make 100 ml

40 mM CHAPS 2.459 g

TABLE 2.12: Buffers used for BBMV analysis on L1 chip usirecBie3000™.
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2.2 METHODS

2.2.1 PREPARATION AND HANDLING OF REAGENTS

2.2.1.1 BUFFERS

The most commonly used buffers are listedTiable 2.13 and any others are
described within the text and detailed within tAppendix. EDTA (ethylene

diamine tetraacetic acid) is used in the isolabbrBBMV [see section 2.9.1] to
chelate magnesium ions thus removing the essertfalctor required by protein
kinases. Similarly, EGTA (ethylene glycol tetraaceitcid) is also used for BBMV
isolation however; EGTA has a much higher affirfiby calcium than magnesium
ions. Both EDTA and EGTA are important for makingffers representative of the
environment within living cells. Various proteasghibitors have been used for
protein manipulations. Sodium orthovanidate is usednhibit protein tyrosine

phosphatases. lodoacetamide is an alkylating réaf@encysteine and histidine
residues in proteins and acts as an irreversibiynea inhibitor. Aprotinin is a

competitive serine protease inhibitor while leupemnd phenylmethanesulfonyl
fluoride (PMSF) inhibit serine and cysteine proe=asThe combination of inhibitors
used ensured that after lysis that proteolysis pratein kinase activities were
negligible. As a result proteins under investigaticere fixed at the levels vitro at

the time of cell lysis.
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BUFFER COMPOSTITON

Membrane Extraction Buffer (MEB) 20 mM MES, 150 MyaCl, pH 6.5

20 mM Tris, pH 7.5/10 mM MgGI1 mM

Membrane Fractionation Buffer (MFB)
EDTA/250uM sucrose/20@M PMSF

8 mM NaHPG,, 1.5 M KH,PO,, 137 Mm

10 X Phosphate Buffered Saline (10 X PBS)
NaCl, 2.7 mM KCL, pH 7.4

PBS-Tween (PBS-T) 1 X PBS with 0.05% Tw&e

10 X Tris Buffered Saline (10 X TBS) 20 mM Trizmi0 mM NaCl pH 7.2 -7.4

TBS-Tween (TBS-T) 1 X TBS with 0.05% Twe@R0

TABLE 2.13: Composition of most commonly used buffers.
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2.2.1.2 FATTY ACIDS

Fatty acids were dissolved in sterile filtered DM&0a stock concentration of 100
mM, and sterile filtered again. Aliquots of 10 pkre kept at -20C and were
thawed once and discarded after use to preventaterd Fatty acids were
purchasedrom suppliers and were tested for purity by HPL@pto purchase. All
newly purchased fatty acids were further testedrdbability; new stocks of PUFA
were tested for their known inhibitory effect onopnflammatory cytokine

production.

1. Eicosapentaenoic acid (EPA) 20:5n-3
CongoOz HsC =
M.W. 302.45 = x =

cis-5,8,11,14,17- Eicosapentaenoic acid

2. Docosahexaenoic acid (DHA) 22:6n-3
C22H320; 0 x X
MW 328.49 HO = = =

cis-4,7,10,13,16,19-Docosahexaenoic acid

3. cis-9, trans-11-conjugated linoleic acid (c9, t11-CLA)
(c9, t11-CLA)
CigH3202
MW 280.5 X
(9Z,11E)-octadeca-9,11-dienoic acid

=

4. Lauric acid (LA) - SATURATED

12:0 CH(CH,),,COOH ,f\/\/\/\/\)\
H(CH,).d i OH

MW 200.32

Dodecanoic acid
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2.3 CELL CULTURE

All tissue culture was carried out using aseptohteque in a class Il laminar airflow
unit (Holten 2010 — ThermoElectron Corporation, Q#5A). Cell cultures were
maintained in a 37C incubator with 5 % Cgand 95 % humidified air (Model 381-
Thermo Electron Corporation OH USA). Cells werevgnan complete RPMI-1640
or DMEM medium as indicated\ll media compositions and supplements are given
in the Appendix. FCS was heat inactivated (3&€ for 30 min) to inactivate
complement and aliquoted for storage at *20 Supplemented medium was stored

at4°C.

2.3.1 MURINE MACROPHAGE CELL LINE J774

The murine macrophage cell line J774A.1 was uséehsively in this study and is
referred to solely as J774 throughout. The J774lioe was purchased from the
ECACC. J774A.1 cells were maintained in complet&IRP640 [see Appendix]in

75 cnf flasks Cell monolayers were passaged at a confluency 6b&6very 3 to 4
days). Cells were detached by gentle tapping andsterred to a 50 ml falcon. Cells
were spun at 1200 rpm for 5 min and supernatactadigd. Cells were resuspended
in 10 ml of complete RPMI-1640. Each 75Z<fiask yielded approx. 20 x 16ells.
For subculture, cells were split 1 in 20 into 25aoimplete RPMI-1640 in a fresh 75

cnt flask. For experiments cells were counted as destisee section 2.3.4].
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2.3.2 HUMAN EMBRYONIC KIDNEY CELL LINES HEK293

Human embryonic kidney cell line HEK293 and thosdbly transfected with TLR4,
(HEK293-TLR4), TLR4, CD14 and MD-2, (HEK293-MTC) weea kind gift from
Prof. Luke O’Neill, School of Biochemistry, Trinit€ollege Dublin. All HEK293
cell lines were cultured with appropriately suppéned complete DMEM media
[see Appendix] Cells were cultured in 75 éfiasks as follows; HEK293: complete
DMEM, HEK293-TLR4: complete DMEM supplemented wgA0 pg/ml Geneticin
(G418) to maintain TLR4 expression and HEK-MTC: qdste DMEM
supplemented with 50 pg/ml Hygrogold and 1 pg/madBtidin to maintain
expression of TLR4, CD14 and MD-2. Cells were pgsdeevery 3 to 4 days based
on confluency. For subculture, the media was remdran flasks and cells washed
twice with 5 ml ice cold sterile PBS (Invitrogep Following this cells were
detached from flasks by incubating for 5 min at <& with 1 ml 1 X Trypsin
solution (Sigm&). 4 ml of appropriate media was used to resuspetis and cells
were spun at 1200 rpm for 5 min. Finally cells weesuspended in media,

subcultured or counted for experiments.

2.3.3 HUMAN ASTROCYTOMA CELL LINE U373

In addition, human astrocytoma cell line U373 ahdst stably expressing CD14
(U373-CD14) were another kind gift from Prof. Luk®’Neill, School of
Biochemistry, Trinity College Dublin. Cells werailtured in 75 crhflasks as
follows; U373: complete DMEM, U373:.CD14: completeMEM supplemented
with 500 pg/ml G418 to maintain CD14 expressiamifarly to section 2.3.2, cells

were passaged based on confluency, subculturedoonted for experiments.
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2.3.4 CELL ENUMERATION AND VIALBILITY ASSESMENT

Cell viability was assessed using the trypan blye dxclusion test. This test is
based on the ability of viable cells to activelyclkexle dye as a result of having an
intact cell membrane. Dead cells are unable tdueercthe dye and appear blue
when viewed under a microscope. 10®f cell suspension was mixed with 1pD
PBS and 25Qul of trypan blue solution (0.4% (v/v)). After ~2imcells were
applied to a brightline haemocytometer (Si§inand examined under high-power
magnification & 40) using an inverted microscope (Olympus CKX31lynipus
Corporation, Tokyo, Japan). An average count of f@rids’ was takenFigure

2.1]

A viable cell count was determined using the follogvformula:
Cell/ml =N x5x 16

Where, N = average cell number counted, 5 = ditutiawtor, and 10= constant.

Tmm 0.2 mm 0.25 mm

each small division is
0.05 mm

Shaded area
is one ‘Grid’

FIGURE 2.1 Diagrammatic Representation of Haemocytometer tsedunt cells
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2.3.5 PREPARATION OF CELL STOCKS

Cell stocks were prepared from cultures that wengra. 70 — 80 % confluent.
Cells were removed from culture as appropriate aesuspended in 1 ml
cryoprotectant (10 % (v/v) dimethylsulphoxide (DM5@0 % (v/v) FCS and 50%
RPMI) and transferred to labelled and dated crysvidNalgen&, Cryoware).
Cryovials were placed in a Nalgéhblr. Frosty freezing container. The Mr. Frosty
container was filled with isopropanol and placedair 80°C freezer. Mr. Frosty
freezing container provided slow preservation discat a rate of 2C/min. After 2 h

vials were transferred to liquid nitrogen for lotegm storage.

2.3.6 REVIVAL OF FROZEN STOCKS

Cryovials were carefully removed from liquid nitesgtank and quickly thawed in a
37 °C water bath. Thawed cells were transferred to LRAMI on ice and carefully
resuspended. Cells were spun at 1200 rpm for 5tmiremove excess DMSO.
Following this supernatant was discarded and celisispended in 10 ml of room
temp RPMI. Cells were spun again and a third washex out using 37C RPMI.
After the final wash cells were resuspended in lofrthe appropriate medium and
transferred to a 75 cmflask with appropriately supplemented medsee

Appendix].
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2.3.7 ADDITION OF FATTY ACIDS

The vehicle control DMSO, and the fatty acids, ClaAd LA, were added to cells at
a concentration of 50 uM. The n-3 PUFA, EPA andADiere added at 25uM. In
all experiments cell lines were cultured for 7 day®MSO, CLA, EPA, DHA or

LA at the indicated concentration.

2.3.8 STIMULATION WITH LPS
Cells were activated with 100 ng/ml LP&.Coli serotype R515 (Alexis
Biochemicals) and incubated for 24 h, unless otlerwtated before being used in

the relevant assays.

2.3.9 CYTOTOXICITY ASSAY FOR PUFA DOSE RESPONSE

The CellTiter 98 AQueous One Solution (Promega) is a colorimetrathod for
determining the number of viable cells in a samgtecontains an MTS tetrazolium
compound (Owen’s reagent) which is bioreduced kgblie cells into a soluble
coloured formazan product. The quantity of fornrmapaoduct is measured at an
absorbance reading of 490 nm and is directly ptopmal to the number of living
cells in the culture medium. J774 macrophage welteired for 7 days as described
[see section 2.3.1]. Fatty acids were added aterdrations of 25, 50, or 1M on
day 1 of the cell culture. On day 7 cells wererted and plated in a 96-well plate
with 100yl per well at 1 x 18 cell/ml left unstimulated for 24 h. After the 2420

ul of the CellTiter 98 AQueous One solution was added to each well.ePlaere
incubated for 2 h at 37 °C in 5 % ¢é&nhd absorbance read at 490 nm. The cell

viability of each sample was calculated by treatihg absorbance of the vehicle

91



control, DMSO as 100 % and comparing remaining $asnfo this and expressing

results as percentage viability.

24 FLOW CYTOMETRY

2.4.1 CELL SURFACE MARKER STAINING

J774 macrophage were cultured with fatty acids/fdays as described [see section
2.3.7]. Cells were then plated at a concentratioh » 1 cell/ml in a 6-well plate
(2 ml/well). To observe maturation of macrophag#lscwere left unstimulated and
stimulated with LPS (100 ng/ml) for 24 h. For kieetnalysis cells were stimulated
with LPS for 0, 2, 4, 6, 12 and 24 h. Following LE8atment cells were scraped
using a pasteur pipette and collected in falcomsubAn equal volume of FCS was
added for 15 min to prevent non-specific bindifigibes were spun at 1200 rpm for
5 min and cells resuspended in FACS buffer Balele 2.13 200 ul of cells were
added to a 96-well round bottom plate to give apipnately 400,000 cell/well. One
well per treatment group (i.e., each PUFA treatmént PS) was allocated for each
antibody group. Additionally, one well was plateat £very corresponding isotype
control group.

Plates were spun at 2000 rpm for 10 min and sugmrhearefully removed from the
wells. 100 ul of the correct antibody or isotype mixture wasded to the
appropriate wells. Plates were incubated in thi& d84°C for 30 min. Following
incubation, plates were spun at 2000 rpm for 10 aid°C. Cells were washed by
resuspending in 200 FACS buffer twice. Cells were then fixed in 2004% (v/v)
formaldehyde/PBS before being transferred to ledeHACS tubes. Samples were

acquired immediately or left overnight in the datkd °C. 30,000 events were
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acquired per sample using a 4-colour FACSCalibluo(éscence activated cell
sorter) Becton Dickinson (BD). Data was analysemhqi€ellQuest software to

generate histograms and fluorescence intensityesadtisurface marker staining.

Antibody Antibody Antibody Antibody
Groupl Group?2 Group3 Group4

Fluorochrome

FITC CD14 CD204 CD40 CD86

PE TLR4 CD80

TABLE 2.13: Antibody groups generally used for macrophage ttgtometry.

2.4.2 PHAGOCYTOSIS

J774 macrophage were cultured with fatty acids/fdays as described [see section
2.3.7]. 5 x 16 cells were plated onto 6 well plates in a totdlmee of 2 ml/well and
left to rest overnight at 37 °C. On the next dayinvestigate phagocytosis dibof
flourescently labelled latex beads were addedatreentration of 1 x flbeadsl

for a period of 0, 2, 4, 6, 12 and 24 h. Followthgg media was removed and each
well washed twice with ice cold PBS. Cells werentlseraped and transferred to 15
ml falcons. Cells were spun at 1200 rpm for 5 nmmd aesuspended in 200 pl 4%
(v/v) paraformaldehyde/PBS. Phagocytosis of lateads was assessed by flow
cytometry on BD FACSCalibur. For the analysis of phagocytosis after stimutatio
cells were treated with 100 ng/ml LPS for 24 h ptmthe addition of latex beads.

Note: latex beads were sourced from Sijraad were 1 pm in diameter.
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243 CHEMOTAXIS ASSAY

J774 macrophage were cultured with fatty acids #adays as described in [see
section 2.3.7]. Cells were then plated at a comagan of 1 x 18 cel/ml in a 6-
well plate (3 ml/well) and stimulated with LPS (18@/ml) for 24 h. Following
incubation, cells were removed from wells usingrangfer pipette and counted.
Transwelf plates were used in accordance with the manuferstinstructions; 3 x
10 cells were added to the insert well in 1000f media, and 60Q! of media
supplemented with or without chemoattractants GM~GE0 ng/ml) and IL-2 (10
BRMP/ml; where 1 BRMP = 40 pg/ml) were added to ltloetom chamber. Plates
were incubated at 37 °C for 5 h. Cells that hagrated to the bottom chamber were
collected in eppendorf tubes, spun and resuspeimdé® (v/v) formaldehyde/PBS
before being transferred to FACS tubes. Migratts avere counted for 60 seconds

on a BD FACSCalibur.

Transwell® I nsert

=—— Transwell® insert

3x10 cells
Upper compartment

L) L] L]
EEfiEmiENEENunine Microperous membrane

= Lower compartment

GM-CSF 10 ng/ml/IL-2 1BRMP/ml

Figure 2.2: Diagrammatic representation of Chemotaxis Assayn3wall’. Schematic
taken from TranswéllPermeable Supports Selection and Use Guide, Cgrnin
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2.4.4 OPTIMISATION OF LPS BINDING IN HEK293 CELLS

HEK293 and HEK-MTC cells were cultured in the altsemf fatty acids as
described [see section 2.3.2]. On reaching confiyeell suspensions of 2 x 10
cells/ml were prepared. 50 pl of cells (1 X)lWere incubated with 50 pl of 5, 10
or 50 ug/ml LPS-Biotin (Invitrogen), house LPS-Biotin (using LPSE(Coli
serotype R515), Alexis Biochemicals and Biotin-libg kit, Pierce), free Biotin
(Sigm&), or InIB-Biotin. Note: Internalin-B, (InIB) is fand on the extracellular
membrane oLysteria. monocytogenemnd known to be a TLR2 ligand. InIB-
Biotin was provided by Dr. Elizabeth Tully of thepplied Biochemistry Group,
Dublin City University. Incubation with the varisibiotinylated molecules was
carried out overnight at 4 °C. On the following d=aglls were washed 3 times in
ice cold PBS and incubated with avidin Alexa Ffoud88 conjugate
(Invitrogen") for 15 min on ice. Cells were then washed as reefand
resuspended in 1% (v/v) paraformaldehyde/PBS. Bmdif LPS to cells was

measured on a BD FACS Calibur
2.4.5 LPS BIINDING IN PUFA TREATED HEK293 CELLS

HEK-MTC cells were cultured with fatty acids for days as described [see
section 2.3.7]. Based on the optimisation of LPBding in section 2.4.4, 5
pg/ml LPS-Biotin was used in this experiment. Ingdrcontrols similar to those

performed in section 2.4.4 were included.
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25 ENZYME LINKED IMMUNOSORBANT ASSAY

(ELISA)

The concentration of cytokines IB1IL-6, IL-10, IL-12p40, IL-12p70, IL-17,
TNF-o. and chemokines MIPel MIP-2 and MCP-1 in cell supernatants was
determined using ELISA Duoset kits from R&D Systeémsccordance with the
manufacturers’ instructions. A diagrammatic repregation of the principles of a

sandwich ELISA are shown ffigure 2.3

\\\\k\/p Taga FL::{IH

Caplug Ay

RabdAan coslai Mastwils

Step 1,

FIGURE 2.3: Schematic representation of sandwhich ELISA. Schenaken
from ELISA Kit Technology Principals enww.epitomics.com
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2.5.1 IL-10, IL-12p40, TNFa, MCP-1, MIP-1a and MIP-2 ELISA

96-well Nunc" microtitre plates were coated with 1@Dof the relevant capture
antibody diluted to working concentration in PB® $able 2.13and incubated
overnight at room temperature. After washing @ate3 with wash buffer
(PBS/0.05% Tweéh20), wells were blocked with 3Q0 of reagent diluent (1%
w/v BSA/PBS) for at least 1 h at room temperatuidter repeating the washing
step, 50ul of reagent diluent and 5QlI of supernatant or serially diluted
standards (top standard serially diluted in reagdoéent — sedable 2.13 were
added to wells in duplicate. Plates were incubatedrnight at 4°C. The
following day plates were washed x 3 with wash @uffLOOul of the relevant
biotinylated detection antibody, diluted in reagdiuent (1:180 dilution), was
added to each well and plates were incubated foa2room temperature. Plates
were washed x 3 with wash buffer and 1@I0of streptavidin-HRP (1:200
dilution in reagent diluent) was added to each wWlktes were incubated for 20
min in the dark at room temperature. Finally, wellere washed x 3 with wash
buffer and 100l of TMB was added to each well. Plates were intedban the
dark until colour developed. The reaction was staplpy adding 5@1 2N H,SO,
per well. Optical densities were read immediatél¢z0 nm on VERSA Amax
microplate reader (Molecular devices, CA, USA). dkyme/chemokine

concentrations in supernatants were determined §tamdard curves.
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252 IL-1B

The method above was followed with two deviations:
Blocking buffer used was 1%BSA/PBS + 0.05% Naiid the reagent diluent

was 0.1% BSA/TBS + 0.05% Tween.

253 IL-6

Samples were diluted 1:10 in reagent diluent am@ufl6f diluted samples and
undiluted standards were added to plates in duplicRoncentrations of samples

were multiplied by the dilution factor once caldeld from the standard curve.

254 |L-23p19

The IL-23 “Ready-SET-Go!” ELISA kit was purchasewrh eBioscience and
IL-23 concentrations determined in supernatants oraoeg with the
manufacturers’ instructions. 96-well plates wevated with 10Qul of IL-23p19
capture antibody diluted 1:250 in PBS and platesevilrcubated overnight at 4
°C. After washing x 4 with wash buffer (PBS/0.05Tseer? 20), wells were
blocked with 30Qul of assay diluent for 1 h at room temperature saysdiluent
was provided in the kit at a 5 x stock and dilutedlistilled water before use.
After repeating the wash step, plOof assay diluent, and 50 of supernatant or
serially diluted standards (top standard seriallyted in assay diluent — see
Table 2.13 were added to wells in duplicate, and plates webated
overnight at £C. The following day plates were washed x 4 witrslvauffer.
100l of the biotinylated p40 detection antibody, dédtin assay diluent (1:500
dilution), was added to each well and plates wemibated for 1 h at room
temperature. Plates were washed x 4 with wastebaffd 100l of streptavidin-

HRP (1:250 dilution in assay diluent) was addede&xh well. Plates were
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incubated for 20 min at room temperature. Finallg|ls were washed x 4 with

wash buffer. 10@l of TMB (eBioscience — supplied with kit) was adde each

well and plates incubated in the dark. The reactvas stopped by adding 50

2N H,SO, per well once the colour had developed. Optiealsities were read

immediately at 450 nm on VERSA Amax microplate exa@olecular devices,

CA, USA). Cytokine concentrations in supernatantsrevdetermined from

standard curve.

_ Capture Antibody Top Standard Detection
Cytokine _
(ng/ml) (pg/ml) Antibody (ng/ml)
IL-1p 4.0 1000 400
IL-6 2.0 1000 200
IL-10 4.0 2000 500
IL-12p40 4.0 2000 400
19 40
IL-23p19 (p19) 1000 (p40)
2 200
TNF-a 0.8 2000 75
_ Capture Antibody Top Standard Detection
Chemokine _
(ng/ml) (pg/ml) Antibody (ng/ml)
MCP 0.2 250 50
MIP-1a 0.4 1000 100
MIP-2 2.0 500 75

TABLE 2.13: Concentration of standards, capture and detectiotibadies used in
sandwich ELISA assays.
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2.6 CELL MEMBRANE ANAYLSIS

2.6.1 MEMBRANE FRACTIONATION OF J774 MACROPHAGE

J774 macrophage were cultured with fatty acids#alays as described [see
section 2.3.7] Cells were seeded at 2 x*I¢®ll/ml in a 6-well plate (3 ml/well)
and left to rest overnight. Cells were stimulatathw.PS (100 ng/ml) for 0, 2, 4
and 6 h. Following stimulation cells were scrapetioi300 pl membrane
fractionation buffer (MFB) sedable 2.13 Protease inhibitors were added just
before use as follows: fug/ml aprotinin, 1 pg/ml leupeptin, 100 uM sodium
orthovanidate and 0.5 M PMSF. Cells were lysed Bithstrokes of a dounce
homogenizer (Signf and spun in thick wall polycarbonate Beckkmaretiht
425,000g for 1 h at 4 °C. The resulting supernatant (ilee, cytosolic fraction)
was removed to a fresh tube, and the pellet, tfhhe.membrane fraction) was
resuspended in 60l of 5 X sample buffefsee Appendix] Protein within the
cytosolic fraction was concentrated by MeOH/Chlorof precipitation [see
below section 2.6.2] and resuspended in6B X sample buffer. Equal volumes

of samples were run on 10 % (v/v) SDS-PAGE {mée Appendix]
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2.6.2 METHANOL (MeOH)/CHLOROFORM PROTEIN EXTRACTION

The entire protein extraction protocol was perfalnan ice. 200 pl of the
relevant protein sample was placed in a sterild 2emtrifuge tube. 800 ul of ice
cold MeOH was added. The sample was vortexed atskgudor 30 sec in a
benchtop centrifuge. 200 pl of ice cold chlorofowas added in a fume hood,
vortexed and pulsed for 30 sec. 600 pl of ice ¢tdd was added and the sample
was vortexed and spun at 6000 g for 5 min. At gusit the upper phase was
removed as protein was concentrated at the integpl&®0 pl of ice cold MeOH
was added and the sample was vortexed and spu080 g for 10 min. The
supernatant was aspirated off quantitatively ared pgfotein pellet dried under
nitrogen gas for 20 min. Finally, the protein pelas resuspended in 60 ul of 5
X sample loading buffefsee Appendix].Samples were vortexed vigorously to

ensure full resuspension of the protein pellet.
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2.6.3 LIPID RAFT ISOLATION AND OPTIMISATION
2.6.3.1 MEMBRANE PREPARATION

J744 macrophage were cultured in fatty acids fdays as described [see section
2.3.7]. 100 x 10 cells are required for sufficient protein levety fipid raft
analysis. As such, with an 80 % 75<ftask yielding approx. 20 x f@&ells, 5 x
75 cnf flasks were cultured per sample. Cell monolayeesewdetached by
gentle tapping and spun out of culture at 1200 fpnd min. Cell pellets were
washed three times in ice cold sterile PBS (Ingiém'). Following this cell
pellets were resuspended in 2 ml membrane extrabtiffer (MEB) [se€Table
2.13 containing 5 mM iodoacetamide, 1 mM PMSF, lugéaplotinin and 1
ug/ml leupeptin and left on ice for 30 min. For magical cell disruption lysates
were freeze thawed in liquid nitrogen three timé&kis was followed by 40
strokes with a dounce homogeniser and passagegth@25G 1" syringe (BD
Microlance”) ten times. Lysates were spun at 100,000 g forat 4 °C. The
cytolsolic fraction was washed away and the mendnagllet resuspended in
500 pl MEB containing 0.5 % (v/v) Triton X-100 astbred at — 86C before
application to sucrose density gradient [see secfi®.3.2]. Note: For the
optimisation of lipid raft isolation different coentrations of Triton X-100 were
employed and are indicated in the text. In addijtior the isolation of lipid raft
in stimulated cells, J774 were treated with 1000md/PS for 30 min prior to

membrane preparation.
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2.6.3.2 SUCROSE DENSITY GRADIENT

For the isolation of lipid rafts membrane prepamasi [see section 2.3.6.1] were
mixed with an equal volume (500 pl) 90 % (w/v) :is®/MEB (with protease
inhibitors as described section 2.3.6.1). This 1sarhple was transferred to the
bottom of a beckman polycarbonate tube and overaid 5.5 ml 30% (w/v)
sucrose/MEB (with protease inhibitors) followed bB%5 ml 5% (w/v)
sucrose/MEB (with protease inhibitors). Tubes wigled to the top with mineral
oil (Sigmd’) and spun for 18 h at 175,000 g in a TH-641 swigdiucket rotor
in a Sorvall WX ultracentrifuge. After spinning 1l finactions were carefully
collected form the top of the gradient (designdtadtion 1 — 11) and stored at —

80°C for further analysis.
2.6.3.3 ALKALINE PHOSPHATASE ACTIVITY

The alkaline phosphatase activity of lipid raftctians was determined using
SIGMAFAST" p-nitrophenyl phosphate (pNPP) tablets. pNPP wasdem
according to manufacturers’ instructions. 20 pleath lipid raft fraction was
added to a 96 well plate. Following this 200 plpdfPP substrate was added to
each well and the plate incubated in the dark fom8n. Following incubation

the plate was read at 405 nm on a VERSA Amax miatepeader.
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2.6.3.4 ANALYSIS OF LIPID RAFT FRACTIONS

The flottilin-1, CD14 ang-actin content of lipid raft fractions was analydad

western blot [see section 2.7.3]. Protein from efaabtion was precipitated as
described [see section 2.6.2]. For qualitative camspn of protein, pellets form
precipitations were resuspended in 60 ul 5 X sartgdding buffer and equal
volumes run on 10 % (v/v) SDS-PAGE gd¢iee Appendix] However, for

quantitative comparison of PUFA lipid raft fract®nprotein pellets were
resuspended in 60 ul MEB (with protein inhibitoas)d protein levels normalised
based on NanoDrop3300 quantification. Samples werenalised to 8 pug in a
total volume of 50 ul with appropriate vol of 5 ¥ading buffer and run on a 10
% (v/v) SDS-PAGE gel. Antibodies used in westeralgsis are listed iffable

2.6.
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2.7 PROTEIN ANALYSIS

2.7.1 PREPARATION OF SAMPLES FOR GEL ELECTROPHORESIS

All protein samples were prepared in 5 X samplefdsuds described. Before

loading on gels samples were boiled af@For 5 min to denature proteins.

2.7.2 DENATURING POLYACRYLAMIDE GEL ELECTROPHORESIS
(SDS-PAGE)

Proteins were separated by SDS denaturing polyaaige gel electrophoresis
(SDS- PAGE). Acrylamide gels (10 %¥ee Appendix]were cast between two
glass plates and affixed to the electrophoresisusiing spring clamps. Electrode
running buffer[see Appendix] was added to the upper and lower reservoirs.
12ul of prepared samples were loaded into the weldsran at 30 mA per gel for
approximately 45 minutes. Pre-stained protein mdér weight markers (Bio-

Rad laboratories) ranging from 10 — 250 kDa werdeddo the first lane in each

gel.

2.7.3 WESTERN BLOTTING

Proteins were quantitatively transferred to nittodese membranes using the
iBlot® Dry Blotting System (Invitrogen). The iBlof® efficiently and reliably
blots proteins from polyacrylamide gels in 7 mirthwiut the need for additional
buffers or an external power supply in a self-comd unit. Following transfer,

the nitrocellulose membrane was removed and preddss immunoblotting.
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2.7.4 IMMUNODETECTION AND DEVELOPMENT

Following transfer, non-specific sites on the meaner were blocked with
freshly prepared blocking buffer, 5 % (w/v) driskimmed milk/TBS-T [see
Table 2.13 for 1 h on a slow rocker at room temperature. Meanes were then
washed x 3 with TBS-T (wash buffer) and incubateth appropriate primary
antibodies. Incubation details including reagehteht and the concentration of
antibodies used are listed Trable 2.14 Membranes were gently agitated with
the primary antibodies overnight at 4 °C. Follogviovernight incubation,
membranes were washed eight times for 2 min in vbaster. Membranes were
then incubated with the relevant secondary antgsdhorseradish peroxidase
(HRP) conjugated secondary antibody) [see Tabld]2ahd incubated with
gentle agitation at room temperature for 1 h. Ralhg incubation with
secondary antibody, membranes were washed eigés tion 2 min with washing

buffer.

HRP-labelled antibody complexes were visualisedngsithe enhanced
chemiluminescence (ECL) method. Membranes wengbaied for 5 minutes in
3 ml of Immobilon Western HRP Substrate (Milliparefexcess substrate was
decanted and the membrane placed between acewd¢s sknd immediately
exposed to FujiFilm SuperRX film in a dark room anded light. The film was
developed using a film Hyperprocessor (Amersham riRaaia Biotech).
Exposure times varied depending on the concentraifgprotein used and the
intensity of signals obtained. In general exposunes varied between 15 sec to
5 min. The density of resultant bands was calcdlateing the densitometry
program on the Syngene gel analysis and documentatistem (Syngene NJ

USA).
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2.7.5 STRIPPING AND RE-PROBING MEMBRANES

To reprobe membranes, antibody complexes were rethdw incubating
membranes in 10 ml 1 X Re-Blot Plus Solution (maaecording to
manufacturers’ instructions) for 15 min with gendgitation. Following this
membranes were washed in 5 ml of blocking buffaceéwor 5 min to remove
excess stripping solution. At this point membranese either re-probed with

antibodies or stored in TBS-T af@.

1° ANTIBODY AND DILUTION 2 ° ANTIBODY AND DILUTION

Anti-rabbit 1IgG
CD14 1:5000 . 1:2000
peroxidase

Anti-mouse IgG
FL-1 1:250 _ 1:2000
peroxidase

_ Anti-mouse IgG
B-actin 1:10000 . 1:20000
peroxidase

TABLE 2.14: Dilution of primary and secondary antibodies forsten blotting. Both
1° and 2° antibody dilutions were made in 5 % (wiw skimmed milk/TBS-T. All 1°
antibody incubations were performed at 4 °C ovdrhignd all 2° antibody incubations
were performed for 1 h at room temperature.
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2.8 DNA MANIPULATION

2.8.1 DNA TRANSFORMATION INTO BACTERIA

Chemically competent DHbBE. coli cells and ligation DNA were generated by
Kathy Banahan (Biochemistry, Trinity College Dublifror transformation cells
were thawed on ice after which, ligated DNA (5-1pwas added, mixed gently
and incubated for 5 min on ice. The cells were sbatked in a water bath at 42
°C for 2 min and returned to ice for a further ZinAs ligation DNA contained
an ampicillin cassette for transformation, cellgavelated onto selective LB agar

plates containing 100 pg/ml ampicillin and growreought at 37 °C.

2.8.2 PURIFICATION OF PLASMID DNA FROM BACTERIA

To prepare milligram quantities of plasmid DNA amdividual quantity of
plasmid transformed bacteria was inoculated intml4.B broth for 6 h. This
starter culture was then used to inoculate a 50QBnibroth supplemented with
100 pg/ml ampicillin and grown overnight at 37 °& a shaking incubator.
Bacterial cells were harvested by centrifugatior3@® rpm for 15 min at 4 °C.
Milligram quantities of plasmid DNA were purifiedsimg a QIAprep Spin
Maxiprep kit according to manufacturers’ instruoso The DNA was quantified
using a NanoDrop3300. Stocks were stored at 4 o€ wsed for transient
transfection of HEK293 and U373 cell lines. A 50Daulture typically yielded 1

— 3 mg/ml of plasmid DNA.
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2.8.3 LUCIFERASE ASSAY BY TRANSIENT TRANSFECTION OF

HEK293/U373 CELLS

GeneJuic® (Novagene) transfection reagent is a liposomal dadsnsfection
reagent. The ISRE luciferase plasmid, «BF luciferase plasmid,Renilla
luciferase plasmid and empty pcDNA3.1 vector (rogen’) along with
luciferase assay reagents were kind gifts from .Prake O’Neill, School of
Biochemistry, Trinity College Dublin. All transfBons were performed in 24-
well tissue culture plates with a total volume 605u11/well. Cells were seeded as
follows; HEK293 and HEK-TLRA4 cells at 2 x 16ell/ml, HEK-MTC cells at 4 x
10° cell/ml and both U373 and U373-CD14 cells at 80% dell/ml. Cells were
incubated overnight and transfected the followingrmng using geneJuiCe
transfection reagent according to the manufacturenstructions. For
ISRE/NFKB luciferase assays, 75 ng of ISRE&BHuciferase plasmid, 3fg of
Renillaluciferase, and 115 ng empty pcDNA3.1 vector maul® a total of 220
ng of DNA were transfected into each wadlla 24-well plate. For both ISRE and
NF«kB luciferase assays cells were left to rest for2dfter transfection before
stimulating with 100 ng/ml LPS for 6 h. Followindginsulation media was
aspirated from each well and cells were lysed i u0of 1 X passive lysis
buffer (Promega, Southampton, UK) for 15 ntirefly luciferase activity was
assayed by the addition of 40 of luciferase assay mix (20 mM Tricine, 1.07
mM (MgCO3)sMg(OH),-5H,0,2.67 MgSQ, 0.1 M EDTA, 33.3 mM DTT, 270
mM coenzym@d\, 470 mM luciferin, 530 mM ATP) to 20 pl of thesgdsample.
In addition, Renilla luciferase was read by the addition of 40ofila 1:1000
dilution of Coelentrazine (Argus Fine Chemicails)PBS to 20 ul of lysed

sample. Luminescence was read using a Reporteropiate luminometer
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(Turner Designs). ThdRenilla luciferase plasmid was used to normalize for

transfection efficiencin all experiments.

2.9 Confocal Microscopy

HEK-MTC cells were cultured for 7 days in fatty @ias described in section
2.3.7. Autoclaved glass coverslips were placedweb cell culture grade plates.
500 pl of poly-L-lysine 0.1% (w/v) in ¥D was used to coat slides for 5 min in
preparation for cell culture. Poly-L-lysine was m@rad and slides left to dry for
30 min. Cells were harvested from culture and cedinCells were plated at 1.25
x 10° cell/ml (3 ml/well) and left to rest overnight. IFthe investigation of TLR4
and EEAL localisation, TLR4-YFP construct was adkigift from Douglas
Gollenbock in the University of Massachusetts Mati&chool, Worcester,
Massachusetts, USA and the EEA1-CFP construct wagftafrom Terje
Espeviks at the Norwegian University of Science aeghnology, Institute of
Cancer Research and Molecular Medicine, TrondheMoyway. Yellow
fluorescent protein (YFP) and cyan fluorescent grot(CFP) are spectral
variants of green fluorescent protein (GFP) and enadssible the visualisation
of two or more different proteins. Cells were ti@ated with TLR4-YFP (0.75
ng) and EEA1-CFP (0.75 pg) using geneJlias described in section 2.8.3.
Cells were left to rest for 24 h before removingdmeand supplying 3 ml fresh
media to cells. On the™day cells were stimulated for 7.5 and 15 min v2&®
ng/ml LPS. Following stimulation media was remowadl cells washed on ice
three time with ice cold PBS. Cells were fixed tasg coverslips by incubating
with 2% (v/v) paraformaldehyde/PBS, pH 7.4 for 1trat room temperature.
Slides were washed a further three times in PBSnaointed onto glass slides

using mounting medium (90% glycerol, 10% PBS) amled using varnish. Cell

110



preparations were analysed using an Olympus FlweViEV1000 and FV1000

Viewer Software version 1.7.
2.10 BRUSH BORDER MEMBRANE VESICLES

2.10.1 BBMV ISOLATION AND CHARACTERISATION

Brush border membrane vesicles, (BBMV) were preparging an established
method (Ferrary et al. 1999). Briefly, BBMVs wersolated from freshly
harvested mucosa from the whole small intestinea ALB/C mouse. The
mucosa was diluted in 10 ml per mg mucosal tissaght with Buffer A [see
section 2.1] and stirred for 1 h at 4 °C. Mechanwalular disruption was
performed by 10 strokes in a glass dounce homoge(Ssgm&). Following this
the cellular suspension was spun at 1000 g for itDat#t °C. Supernatant was
discarded and the pellet washed again with 10 rffieB& and centrifuged at the
same setting. Three washes were performed in téfaér the final wash,
BBMVs were isolated using a sucrose density grddidie pellet was
resuspended in 10 ml Buffer B [see section 2.1] mixed with a 40 % (w/v)
sucrose solution in Buffer B. This sample was aidrbnto an equal volume of a
65 % (w/v) sucrose solution in Buffer B. The sampbes spun at 15000 g for 30
min at 4 °C. Purified BBMVs were isolated from #h@%0:65% interphase of the
sucrose gradient. BBMVs were characterised by floytometry on a BD
FACSAria™ staining with a monoclonal antibody recmsing CD66a, also
known as ‘CEACAML’ (carcinoembronic antigen-relatl adhesion molecule
1). CD66a is constitutively expressed on brush éondembranes (Sundberg and

Obrink 2002, Hansson, Blikstad and Obrink 1989).
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2.10.2 STUDIES - BBMV IMMOBILISATION

Analyses were carried out on a Biacore 30@@strument using the L1 sensor
chip. The L1 sensor chip has a surface matrix dimeylated dextran to which
lipophilic alkyl residues are covalently attach&latore 2003). This facilitates
stable retention of lipid membranes the surface at low flow rates. The running
buffer for all Biacore experiments was detergepefHBS (HBS-DF), pH 7.4
containing 10 mM HEPES, 150 mM NaCl and 3 mM EDTs&d section 2.1].
Running buffer was freshly prepared, filtered (pamiee of 0.22um) and
degassed using a vacuum filtration apparatus (it sintered glass filtration
unit) before use. The L1 sensor chip was activatedjecting activation buffer
(40 mM CHAPS) over the sensor chip for 3 min abafate of Sul/min. A 1 in

5 or 1 in 10 dilution of purified BBMVs was injecteover the activated chip
surface for 3-5 min at a flowrate of @/min. In all experiments surface

regeneration was mediated by a 45 sec pulse ofM@TIHAPS.

2.10.3 BINDING OF LPS TO IMMOBLISED BBMV

Following the immobilisation of BBMV onto the L1 i) LPS (10pug/ml) was
passed over the surface at a flowrate ef/Bin. LPS binding was reflected by

the increase in sensorgram signal measured imampiesponse units (RU).
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2.10.4 ASSESSMENT OF NON SPECIFIC BINDING

In order to accurately qualify the LPS binding diataas important to determine
the degree of interference from non-specific bigdifNSB). A structured
approach was taken to assess any NSB of LPS tbltlehip. Initially, NSB to
the unblocked L1 chip (without BBMVs) was determin&ubsequently, a 12
mg/ml solution of BSA and CM-dextran was incorpethtis a surface blocking
agent. Additionally, LPS was incubated with CM-ttar BSA before being
passed over the surface. Finally, a liposome swiutvas used to pre-block the
L1 chip following BBMV immobilisation and prior tmjecting LPS. Liposome
solution (30:30:10 % molar ratio DSPC:CholesterSHE-PEG)see Appendix

was a kind gift from Paul Foran M.D. of the AppliBbchemistry Group, DCU.

2.11 Statistical Analysis

One-way analysis of variance (ANOVA) was used tdedwine significant
differences between conditions. When this indtaignificance (p<0.05), post-
hoc Student-Newmann-Keul test was used to determirieh conditions were
significantly different from each other. There wae significant difference
between cells alone and DMSO (vehicle control)teéaells, therefore DMSO
was used as the reference treatment. An unpaitest tvas performed to assess

statistical differences between two treatment gsoubpere indicated.

The confocal microscopy and luciferase experimentsin chapter 5
represented by figure 5.9 — 5.10 and figures 5.115-14, respectively were
carried out in conjunction with Dr. Sarah Doyle and Dr. Claire Mc Coy in

the Biochemistry Group in TCD.
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CHAPTER 3

THE EFFECTS OF PUFA ON
MACROPHAGE FUNCTION
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3.1 INTRODUCTION

There is widespread evidence that polyunsaturatdty facids (PUFA) are
beneficial within the immune systefsee section 1.11{Hwang 2000). PUFA
are found naturally in the diet; n-3 PUFA, EPA dddA, are commonly found
in fish oils, and CLA, a derivative of n-6 PUFA, jgesent in meat and dairy
products. Incorporation of PUFA within the diet netably important in the
prevention of autoimmune disorders such as rheudhatthritis, systemic lupus

erythematosus (SLE) and renal disease (Fernan@es2€08).

Increasingly, evidence is pointing towards the Mfiemeof PUFA in the
prevention and treatment of inflammatory disease -3 fatty acids, EPA and
DHA have been found to reduce cardiovascular mtortéHamer and Steptoe
2006). While CLA is known to specifically reducelgaatherosclerosis (Toomey
et al. 2006). Contemporary treatments of inflammatiisease can have severe
deleterious effects. As such, research has focasetthe development of more
natural therapeutic agents. While the exact meshaithrough which PUFA
exert their effects remains elusive, our invesiggatand that of others have
endeavoured to pinpoint their modes of action ideorto elucidate their true

therapeutic potential.

Macrophage, (MJd) execute many roles within innatemunity and their
activation is vital to initial host defence and directing subsequent immune
responses [as discussed see section 1.3]. Conttyrite role of M@ in various
inflammatory disorders has been well documentedudneg; inflammatory
bowel disease (Zhang and Mosser 2008), schistomnfldesse et al. 2001) and

atherosclerosis (Wilson, Barker and Erwig 2009).a8Aesult, we hypothesized
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that M@ may be one of the targets of PUFA. In ghigly we have addressed the
effect of PUFA on M@ activation in a comparativeessment between EPA and

DHA and CLA.

There are a number of parameters of M@ activatibichvPUFA may affect.
Cellular activation signifies a change in the stseprofile and morphology of
Md@. Activation signals the release of several mpritaimmatory cytokines
including IL-18, TNFo and IL-6 (Mosser 2003, Duffield 2003, Gordon 2003)
On the other hand, production of anti-inflammatoryegulatory cytokines such
as IL-10 act as potent deactivators of M@ pro-imftaatory cytokine synthesis
(Clarke et al. 1998, Brandtzaeg et al. 1996). D#ifdation of T cells into
various subsets is partly determined by the cyekiM@ secrete. IL-10 inhibits
Tul responses by reducing the capacity of M@ to medlL-12, a potent
inducer of a |1 phenotype. IL-23, IL-1 and IL-6 are involved iergrating
Tul7 cells and IL-10 secreted by regulatory M@ dseRi2 phenotype (Mosser
2003). Therefore, the effect of PUFA on LPS-inducgtbkine release from M@

was assessed to evaluate any beneficial changasdlyaoccur.

In tandem, e activation of M@ leads to an upregulation ofstioaulatory

molecules, pathogen recognition receptors (PRR$)sarface markers including
CD40, CD80, CD86 and TLRs. Importantly, the expas®f these markers is
vital in providing bi-directional stimulatory sigisabetween M@ and T cells
(Janeway et al. 2008, Hoebe, Janssen and Beutlgl).2lh fact, such signals
make possible the interaction of M@ and T cellppsuting T cell activation and
the regulation and activation of M@. Therefore, raes to several surface

makers in PUFA-treated M@ in response to LPS wesessed.
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Activation also triggers the production of variocisemokines acting as potent
chemoattractants for immature DCs, neutrophils, d¢is and activated T cells.
These include MIP-d/CCLS, MIP-B/CCL4 and MCP. Dysregulated expression
of chemokines and their receptors has been implicat the development of
many human diseases including; allergy, psoriagliserosclerosis, and malaria
(Murdoch and Finn 2000). Much effort has been mlage the development of
therapeutic targets that modulate the activitieclegmokines. As a result we
have investigated the effect of PUFA on LPS-induckdmokine release from
M@ to evaluate any advantageous changes. Furtherriia response of cells to
chemokines and subsequent recruitment to sitesflaimmation remains crucial
during an immune response. As such, we have alsessad the chemotaxis of

PUFA-treated M@ in response to LPS.

Phagocytosis is a critical process in the clearafcafection. Throughout the
body M@ are actively involved in this process. Ri@gosis of microbial
products triggers the release of pro-inflammatdrgrnookines and cytokines and
activates antigen processing and presentationdgithancement of key surface
markers MHCII, CD40 and CD80 (Kang et al. 2008)b\&arsively, it suppresses
genes encoding molecules involved in bacterial geition. TLR stimulation
increases the phagocytic activity of M@ and prormmgieagosome maturation,
allowing sufficient capture and destruction of mioes (Blander and Medz
2004). As key phagocytes, the rate of phagocyttsisM@ in a PUFA

environment in response to TLR4 ligand, LPS was alkamined.
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With an ever emergin role for M@ in the pathogesesivarious inflammatory
disorders the effect of PUFA on these cells isfitis€ focus of our investigations.
By examining multiple parameters of macrophage tionove aim to elucidate a
collective view of the modulatory effects of PUFA dhis cell type. The
modulatory effect of PUFA on cytokine and chemokim®duction, surface
marker expression, phagocytosis and migratory lerofif macrophage in

response to LPS are thoroughly examined.
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3.2 RESULTS

3.21 THE CONCENTRATIONS OF PUFA USED HAVE NO
SIGNIFICANT EFFECT ON CELL VIABILITY

The viability of cells following PUFA treatment waketermined using CellTiter
96° AQueous One Solution (Promega) according to thenufaaturer's
instructions. The concentrations of fatty acidéected for use in future
experiments did not have significant cytotoxic effeon J774 macrophage
vitro, i.e. 50pM DMSO, 25uM EPA, 25uM DHA, 50 uM CLA and 50uM LA

[Figure 3.1].

3.2.2 PUFA MODULATE IN VITRO LPS-INDUCED CYTOKINE
PRODUCTION BY J774 MURINE MACROPHAGE
J774 macrophage were cultured for 7 days with eSO (50 uM, vehicle
control), EPA (25uM), DHA (25 uM), CLA (50 puM) or LA (50 uM). The
resultant fatty acid-treated macrophage were htgdesand plated at a
concentration of 1 x focell/ml before stimulating with 100 ng/ml LPE.Coli
serotype R515). After 24 hours, supernatants wemeoved and assessed for
levels of IL-12p40, 1L-23p19, IL{1, IL-10, TNFw and IL-6[Figure 3.2] using

specific immunoassays.

The production of the pro-inflammatory cytokine 1Pp40 [Figure 3.2] was
inhibited significantly after culture with EPA (p<i1). The saturated fatty acid,
LA and PUFA, CLA and DHA had no effect on LPS inddcIL-12p40
production. In contrast, both CLA (p<0.001) and E@4&0.001) suppressed the

production of pro-inflammatory cytokine, IL-23p1fallowing LPS stimulation
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[Figure 3.2]. In addition, CLA was found to enhance IB-h response to LPS

[Figure 3.2].

The production of IL-10, an anti-inflammatory orgudatory cytokine, was
substantially increased in PUFA-treated macropHatiewing LPS stimulation
[Figure 3.2]. CLA (p<0.001) had the most profound effect oAl production
enhancing secretion significantly both before aftdra_PS stimulation. EPA
(P<0.01) also enhanced IL-10 but to a lesser exiBm¢ saturated fatty acid
control, LA, had no effect on IL-10 production f@lNing LPS stimulation. In
contrast to the other cytokines, which were modagignificantly, levels of
TNF-a [Figure 3.2] remained relatively unchanged regardless of faitid
treatment. PUFA, EPA (p<0.001) and DHA (p<0.01)n#igantly reduced IL-6
[Figure 3.2] production in LPS stimulated macrophage, while Cihlowed no

effect. LA, had no effect on either of the cytolsne

3.2.3 PUFA MODULATE IN VITRO LPS-INDUCED CHEMOKINE
PRODUCTION BY J774 MURINE MACROPHAGE

J774 macrophage were cultured for 7 days with eidMSO (50 uM, vehicle

control), EPA (25uM), DHA (25 uM), CLA (50 uM) or LA (50 uM). The

resultant fatty acid-treated macrophage were htedesand plated at a

concentration of 1 x focell/ml before stimulating with 100 ng/ml LPE.Coli

serotype R515). After 24 hours, supernatants wemgoved and assessed for

levels of MIP-1i, MIP-2 and MCHFigure 3.3] using specific immunoassays.

The production of pro-inflammatory chemokine, MIk#-&vas not significantly

affected by PUFA-treated macrophage following LR&dation [Figure3.3].
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Similarly, the saturated fatty acid control, LA had effect. However, CLA

significantly suppressed MIPaln unstimulated cells (p<0.0{figure3.3].

CLA (p<0.05) and DHA (p<0.01) enhanced MIP-2 follog LPS stimulation
[Figure 3.3], while EPA and LA exhibited no effect. CLA alsohemced MIP-2
secretion prior to treatment with LHBigure 3.3]. Neither PUFA nor LA had
any effect on the production of MCP-1 following LB&mulation[Figure 3.3]
however, similar to MIPd and MIP-2, CLA enhanced secretion of this

chemokine (p<0.01) in resting macrophgiggure 3.3].

3.2.4 PUFA MODULATE CELL SURFACE MARKER EXPRESSION IN
J774 MACROPHAGE
J774 macrophage were cultured for 7 days with eidMSO (50 uM, vehicle
control), EPA (25uM), DHA (25 uM), CLA (50 uM) or LA (50 uM). The
resultant fatty acid-treated macrophage were htedesand plated at a
concentration of 1 x focell/ml before stimulating with 100 ng/ml LPE.Coli
serotype R515). Control and LPS-stimulated celksewsubsequently stained
with fluorochrome-labelled monoclonal antibodies faumerous cell surface
markers (i.e., CD40, CD80, CD86, CD204 (SR-A), TERBD-2 and CD14) [See

Table 2.7.

PUFA modulated the levels of key surface markersumstimulated and
stimulated J774 macrophage. Expression of CD40CGID86 was suppressed by
all PUFA [Figure 3.4] and[Figure 3.6]. However, the effect of CLA on CD86
was more marked than with other PUFA treatmentse Tdvels of CD80

expression in response to LPS were relatively umgbad with PUFA[Figure
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3.5]. Treatment of macrophage with PUFA resulted in enbdrexpression of
SR-A which was not seen in the saturated, LA coffigure 3.7]. Furthermore,
expression of TLR4-MD-2 was markedly suppresseBUi-A-treated groups in
response to LPfrigure 3.8]. Again, no effect was observed in LA-treated cells
Expression of CD14 was modulated differently amomyJFA-treated
macrophage both before and after stimulation wiSUFigure 3.9]. CLA
significantly suppressed CD14 in both resting amudated macrophage while
the n-3 fatty acid, EPA enhanced CD14. Levels ofi€Bemained unchanged in

both DHA- and LA-treated macrophaffégure 3.9].

3.25 THE RATE OF PHAGOCYTOSIS IN J774 MACROPHAGE
INCREASES OVER TIME
Macrophage were cultured until reaching conflueaoy plated at 2.5 x 10
cell/well and left to rest overnight. On the nextyd 2.5 x 18 fluorescently
labelled latex beads (Sigma®) were added to eadhfoved, 2, 4, 6, 12, 20 and
24 h. At each time point wells were washed to reenexcess beads and cells
scraped and fixed in 200 pl 4 % (v/v) paraformaldkiPBS. The rate of
phagocytosis over time in macrophage was assessgglaiBD FACSCalibur™,
indicated by [m2 ], [Figure 3.10A]. To assess the rate of phagocytosis in
stimulated cells, J774 macrophage were treated 1a¢hng/ml LPS 24 h prior to
the addition of fluorescently labelled latex beatlise rate of phagocytosis also
increased over time in LPS stimulated macrophage tbua greater extent

[Figure 3.10B].
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3.2.6 PUFA MODULATE THE RATE OF PHAGOCYTOSIS IN
MACROPAHGE IN VITRO
J774 macrophage were cultured for 7 days with eidMSO (50 uM, vehicle
control), EPA (25uM), DHA (25 uM), CLA (50 uM) or LA (50 uM). To assess
the rate of phagocytosis in both resting and stieal cells, PUFA treated cells
were left treated or untreated with 100ng/ml LPSh2drior to the addition of
fluorescently labelled latex beads. The phagocgtesisay was performed as
described [see section 3.2.5]. Among unstimulatedigs phagocytosis in DHA
treated cells was enhanced robustly from 4 h onsvaaiparative to control
(DMSO0). Phagocytosis was enhanced in EPA treatksl &te6 and 24 fiFigure
3.11} Graphical representation of phagocytosis in umgted PUFA treated
cells by mean fluorescent intensity values (MFIf @& ] is shown in[Figure
3.13] [ m2] MFI values are indicative of the rate of phagosis as described in

[Figure 3.10].

Among PUFA treated cells stimulated with LPS, ClrAated cells displayed a
small decrease in phagocytosis at 6 and 1Figure 3.12] EPA and DHA
treated cells demonstrated a suppressed abilphagocytose from 2 h onwards.
While in LA-treated cells phagocytosis was unchahgemparative to control
[Figure 3.12] Graphical representation of phagocytosis in dtead PUFA-
treated cells by mean fluorescent intensity valiMEl) of [ m2 ] is shown in
[Figure 3.13] [ m2 ] MFI values are indicative of the rate of phagosis as

described irjFigure 3.10].

123



3.2.7 CLA ENHANCES J774 CHEMOTAXIS BEFORE AND AFTER
STIMULATION WITH LPS

GM-CSF and IL-2 are commonly employed in macrophagemotaxis studies
and have also been used here (Stagg et al. 2004, Renabi and Galipeau
2007). IL-2 is a ligand for CXCR2, which is robys#dxpressed on macrophage
and implicated in the recruitment of macrophagesi®s of inflammation
(Boisvert et al. 1998). GM-CSF (granulocyte-matrage colony stimulating
factor) is a cytokine that induces activation of nooytes and macrophages
(Hasskamp, Elias and Zapas 2006). The chemotaxid7@% macrophage
following LPS activation towards chemokines IL-2 danGM-CSF was
significantly enhanced by culturing with CLA (p<@)and DHA (p<0.01)
[Figure 3.14] The presence of EPA or LA had no effect on npgitage
chemotaxis following LPS stimulation. Only CLA (p#®8) rendered
macrophage more responsive to IL-2 and GM-CSF pootPS stimulation

[Figure 3.14].
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FIGURE 3.1: The concentrations of fatty acids used during therse ofin vitro cell
culture do not significantly affect the viabilitf 3774 macrophage. A dose response
assay was carried out in macrophage to assessadsmble toxicity of increasing
concentrations of fatty acids. Macrophage wereucett for 7 days with the specified
concentrations (25, 50 and 100) of either DMSO (vehicle control), EPA, DHA, CLA
or LA. After 7 days cellular viability was assessgging an MTS assay (CellTiter 96
AQueous One Solution (Promega)). Results are expdeas a percentage of untreated
cells.
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FIGURE 3.2: Pro-inflammatory (IL-12p40, IL-23p19, ILAL TNFu, IL-6) and anti-
inflammatory (IL-10) cytokine production by fattycid treated-J774 macrophage
following LPS stimulation. Macrophage were culturedMSO (vehicle control), EPA
(25 uM), DHA (25 uM), CLA (50 uM), — or a saturated fatty acid control, LA (hB1),
for 7 days. Subsequently, 1 x®1€ell/ml were stimulateéh vitro with LPS (100ng/ml)
and supernatants recovered after 24 hours. Leskelpro- and anti-inflammatory
cytokines were measured using specific immunoassays

Results are mean + SEM of quadruplicate assaysrepeesent three independent
experiments.

***P<(.001, **P<0.01, *P<0.05 vs. DMSO vehicle coot determined by one-way
ANOVA test.
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FIGURE 3.3: MCP production in PUFA-treated macrophage follayiPS
stimulation. Macrophage were cultured in DMSO (e&hicontrol), EPA (2uM), DHA
(25 uM), CLA (50 uM), — or a saturated fatty acid control, LA (a), for 7 days.
Subsequently, 1 x f0cell/ml were stimulatedn vitro with LPS (100 ng/ml) and
supernatants recovered after 24 hours. Levels i6-M [A] and MIP-2[B] were
measured using specific immunoassays.

Results are mean + SEM of quadruplicate assaysrapikesent three independent
experiments.

***P<(.001, **P<0.01, *P<0.05 vs. DMSO vehicle coot determined by one-way
ANOVA test
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FIGURE 3.4: PUFA modulate the expression of CD40 on the surtdamature J774
macrophage. M@ were cultured in DMSO (vehicle aaiptEPA (25uM), DHA (25
uM), CLA (50 uM), — or a saturated fatty acid control, LA (p®), for 7 days before
activation with LPS (100 ng/mlBubsequently, cells were washed and stained with
antibody specific for CD40 or with an isotype madhcontrol. Results of flow
cytometric analysis are shown for unstimulated DM8&ated M@ (filled histogram),
stimulated M@ (thin black line) and isotype cont(dbtted line)[A]. Results are also
shown for DMSO-treated M@ (shaded histogram) vs-Ritreated M@ (black line) for
unstimulated[Control] vs. stimulatedLPS] cells. Mean Flourescent Intensity (MFI)
values are also presented for each histogram.

Profiles are shown for a single experiment and@pessentative of 3 experiments.
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FIGURE 3.5: PUFA modulate the expression of CD80 on the surtdamature J774
macrophage. M@ were cultured in DMSO (vehicle aaiptEPA (25uM), DHA (25
uM), CLA (50 uM), — or a saturated fatty acid control, LA (b®), for 7 days before
activation with LPS (100 ng/mlBubsequently, cells were washed and stained with
antibody specific for CD80 or with an isotype madhcontrol. Results of flow
cytometric analysis and corresponding MFI valuessrown for unstimulated DMSO-
treated M@ (filled histogram), stimulated M@ (thibtack line) and isotype control
(dotted line)[A] . Results are also shown for DMSO-treated M@ (stiddstogram) vs.
PUFA-treated M@ (black line) for unstimulatgdontrol] vs. stimulatedLPS] cells.
MFI values for PUFA treated cells are also disptage all histograms for comparison
of those of DMSO groups indicated[#3] . Mean Flourescent Intensity (MFI) values are
also presented for each histogram.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.6: PUFA modulate the expression of CD86 on the surtdamature J774
macrophage. M@ were cultured in DMSO (vehicle aaiptEPA (25uM), DHA (25
uM), CLA (50 uM), — or a saturated fatty acid control, LA (eB®), for 7 days before
activation with LPS (100 ng/mlBubsequently, cells were washed and stained with
antibody specific for CD86 or with an isotype madhcontrol. Results of flow
cytometric analysis are shown for unstimulated DM8ated M@ (filled histogram),
stimulated M@ (thin black line) and isotype cont(dbtted line)[A]. Results are also
shown for DMSO-treated M@ (shaded histogram) vs-Ritreated M@ (black line) for
unstimulated[Control] vs. stimulatedLPS] cells. Mean Flourescent Intensity (MFI)
values are also presented for each histogram.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.7: PUFA modulate the expression of CD204 (SR-A) on sheface of
mature J774 macrophage. M@ were cultured in DMShike control), EPA (2M),
DHA (25 uM), CLA (50 uM), — or a saturated fatty acid control, LA (gM), for 7
days before activation with LPS (100 ng/mBubsequently, cells were washed and
stained with antibody specific for SR-A or with @sotype matched control. Results of
flow cytometric analysis are shown for unstimulat®iMSO-treated M@ (filled
histogram), stimulated M@ (thin black line) and tigee control (dotted line]A].
Results are also shown for DMSO-treated M@ (shadstbgram) vs. PUFA-treated
M@ (black line) for unstimulatedControl] vs. stimulated[LPS] cells. Mean
Flourescent Intensity (MFI) values are also presg:fdr each histogram.

Profiles are shown for a single experiment and@pessentative of 3 experiments.
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FIGURE 3.8: PUFA modulate the expression of cell surface markeR4-MD-2 on
the surface of mature J774 macrophage. M@ wereredltin DMSO (vehicle control),
EPA (25uM), DHA (25 uM), CLA (50 uM), — or a saturated fatty acid control, LA (50
uM), for 7 days before activation with LPS (100 ng/mBubsequently, cells were
washed and stained with antibody specific for TURB-2 or with an isotype matched
control. Results of flow cytometric analysis ahb®wn for unstimulated DMSO-treated
M@ (filled histogram), stimulated M@ (thin blacké&) and isotype control (dotted line)
[A]. Results are also shown for DMSO-treated M@ (sthallistogram) vs. PUFA-
treated M@ (black line) for unstimulatd@ontrol] vs. stimulatedLPS] cells. Mean
Flourescent Intensity (MFI) values are also presgifor each histogram.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.9: PUFA modulate the expression of CD14 on the surfdctimulated and
unstimulated J774 macrophage. M@ were culturedMtSD (vehicle control), EPA (25
uM), DHA (25 uM), CLA (50 uM), — or a saturated fatty acid control, LA (b), for

7 days before activation with LPS (100 ng/mBubsequently, cells were washed
and stained with antibody specific for CD14 or wathisotype matched control. Results
of flow cytometric analysis are shown for unstimath DMSO-treated M@ (filled
histogram), stimulated M@ (thin black line) and tigee control (dotted line]A].
Results are also shown for DMSO-treated M@ (shadstbgram) vs. PUFA-treated
M@ (black line) for unstimulatedControl] vs. stimulated[LPS] cells. Mean
Flourescent Intensity (MFI) values are also presg:fdr each histogram.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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***P<(0.001, **P<0.01, *P<0.05 vs. DMSO vehicle cook determined by one-way
ANOVA test.
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3.3 DISCUSSION

The findings of this study demonstrate that polatasated fatty acids (PUFA),
CLA, EPA and DHA have the ability to modulate LRfHiced responses in
macrophage. Exacerbated macrophage activatiortseséxtensive tissue damage
associated with autoimmune diseases such as rheidnaathritis (RA) (Szekanecz
and Koch 2007) and with infection, such as schistasis (Hesse et al. 2001).
Furthermore, several studies strongly suggest thagjoing activation of
macrophage in inflamed lamina propria mucosa israkto the immunopathology
of inflammatory bowel disease (IBD) (Papadakis @aadgan 2000, Papadakis and
Targan 1999, Podolsky 2002). Therefore, modulatiagrophage responses holds
great therapeutic potential. Critically, the paréene assessed here have broad
implications and importance in both macrophagevatibn in inflammatory
disease and their involvement in the immune respaasnfection. Furthermore,
this comparative study has revealed that exposure3 versus n-6-derived PUFA

results in distinct functional effects on macrophag

Results here provide evidence that the n-3 PUFAA Efbustly inhibits the
biologically active subunit of potent pro-inflamroag cytokine 1L-12, IL-12p40 in
macrophage. IL-12 is a vital link between innatd adaptive immunity, favouring
the differentiation of a 1 phenotype (Trinchieri 2003a). As such, IL-12aggkely
implicated in autoimmune and4T mediated diseases including; multiple sclerosis
(MS), IBD and RA (La Cava and Sarvetnick 1999, Plagé and Targan 2000). It
is also one of many pro-atherogenic cytokines foahdites of atherosclerotic
lesions (Kleemann, Zadelaar and Kooistra 2008)gdtarg this cytokine may hold
therapeutic potential. EPA-mediated inhibition &f12 has been reported in

murine dendritic cells (DC) (Wang et al. 2007) bhat macrophage. Administration
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of EPA in combination with aspirin has been showratford protection against
sulfonic acid-induced colitis in balb/c mice meditby a reduction in nitric oxide
synthase and IL-12 (Arita et al. 2005). DHA, CLAdasaturated fatty acid, LA
showed no effect on LPS induced IL-12 productioowdver, CLA has previously
been shown to suppress IL-12 production in muri@eddd a caco-2 cell model of
human intestinal epithelium (Loscher et al. 200%aynolds et al. 2008). IL-12 is a
potent inducer of IFN (Trinchieri 2003a) which directs the inductionatdssically

activated macrophage by inactivating feedback itp mechanisms, such as
those mediated by IL-10 (Mosser and Edwards 2008, €hakravarty and

Ivashkiv 2008). The unchanged response of IL-Idtpction in CLA and DHA

treated cells suggests that IL-12 is not a mechanisllised by these PUFA to

direct an anti-inflammatory phenotype in macrophage

IL-23 is a cytokine consisting of the IL-12p40 suilit and a unique p19 sub-unit.
It binds to the IL-23R on CDA4T cells promoting their development intg,II7
cells, characterised by the production of IL-17 dhéb (Langrish et al. 2005,
Kikly et al. 2006). IL-23 has emerged as a keyygtain a number of chronic
inflammatory diseases including IBD (Neurath 20080d collagen-induced
arthritis (Yago et al. 2007). Marked production Ibf12 and IL-23 by DC and
macrophage are believed to play a critical pathmgesie in psoriasis, a chronic
immune mediated skin disease (Yawalkar et al. 20088 n-3 PUFA, EPA and n-
6 derivative, CLA significantly suppressed LPS icéd IL-23 production in
macrophage.This may suggest a possible downstream role for ARtvgated
macrophage onIL7 cell development or maintenance. Furthermoigpties that
PUFA may also help ameliorate the symptoms andhisebof diseases such as

psoriasis. Importantly, the saturated fatty acié, significantly enhanced IL-23
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production post stimulation. This is indicative tbk pro-inflammatory effects of
saturated fats, which have been reported (Lee.€206l1, Kennedy et al. 2009,

Milanski et al. 2009).

EPA and DHA slightly suppressed ThFand IL-1 in macrophage. In addition,
statistical significance was observed in suppresssd LPS-induced IL-6. A
previous study has demonstrated that EPA can ssgppfélfe production by
murine macrophage (Babcock et al. 2002)(Babcocd.€2002). Specifically, this
suppression was reported to be a direct resultP# Bltered NkB activity (Lo et
al. 1999). In addition, studies employing human mplbage models have reported
that EPA and DHA inhibit TN&, IL-6 and IL-13 production (Goua et al. 2008,
Chu et al. 1999). Exacerbation of LPS recognitesuits in elevated levels of these
cytokine in endotoxemia. In line with other studiesir data suggests that daily
supplementation of n-3 PUFA may help ameliorateosior inflammation caused

during sepsis.

In contrast, CLA significantly enhanced LPS-indudied.p production, which was
surprising given that many of its effects are amlammatory and IL-f is a pro-
inflammatory cytokine. Other studies in our laborgthave also shown CLA to
enhance IL-g production by DC, however the implications of tlase still not
clear. Furthermore, although not statisticallyngigant, CLA slightly enhanced
IL-6 production pre- and post stimulation. A linezorrelation between elevated
IL-1 and IL-6 levels is associated with increasdorablast proliferation and
collagen synthesis associated with wound healingOahiel et al. 2008). The high
levels of IL-1 reported here in CLA-treated celisay suggest a pathway through

which CLA promotes a wound healing phenotype innmglcage. However, IL-1 is
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a potent pro-inflammatory cytokine and the elevaleekls reported here raise

concerns for the use of CLA in treating inflammatdrsease.

It is widely accepted that inhibition of pro-inflamatory cytokines by PUFA may
partly explain their anti-inflammatory effects. Serstudies have already assessed
the efficacy of n-3 PUFA and specifically the n-&rigtative, CLA €is-9,trans-1)

on cytokine production in murine macrohages (Bakaal. 2002, Lo et al. 1999,
Novak et al. 2003) and indeed human macrophageddMett al. 2007, Chu et al.
1999, Zhao and Chen 2005). However, what is eviderthe present study, in
conjunction with most recent literature, is a clel®pendency on cell type for
PUFA exerted effects and a distinct difference leetwthe effects of n-3 versus n-

6 PUFA in murine macrophage.

In contrast to the above mentioned cytokines, ILi$0considered an anti-
inflammatory or regulatory cytokine. IL-10 critidglinhibits macrophage and NK
activity, T cell proliferation and chemotaxis (Coet al. 2003, Mocellin et al.
2004). It suppresses the production of inflammatytpkines such as IL-1, IL-6,
IL-12, and TNFe from antigen presenting cells (APC) and also reduthe
secretion of IL-2 and IFNfrom Tyl cells (Papadakis and Targan 2000). Indeed,
IL-10 deficiency in mice leads to overproductiohpoo-inflammatory cytokines
and the development of chronic inflammatory diseg$onti et al. 2003). CLA
significantly enhanced IL-10 production in macrogégre- and post stimulation
with LPS. EPA also enhanced LPS induced IL-10 pectida but to a lesser extent
than CLA. This presents a possible mechanism uge@UA and EPA to elicit
their anti-inflammatory effects. Principally, thencrease in IL-10 suggests

subsequent regulatory effects on T helpegy) @ell differentiation as IL-10 inhibits
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Tl development (Conti et al. 2003). The effect oFHAWN IL-10 in macrophages
is previously unreported. Interestingly, it hasmbsaown that CLA enhances LPS
induced IL-10 production in murine DC (Loscher et2905a). With DC being the
most potent APC this emphasises the potential dFARuh directing subsequent

adaptive immune responses.

Further to the effects of PUFA on cytokine prodoigticytokines themselves have
regulatory roles. IL-10 can alter surface markgoression. It has been shown to
inhibit the full maturation of DC by down-regulagyrCD80, CD86 and ICAM-1
expression (Esther, Hermelijn and Martien 2005)erkction of surface markers
CD40, CD80 and CD86 with T cells plays a major rolethe activation and
expansion of all effector and regulatory €ell subsets (Janeway et al. 2008).
Furthermore, the interaction of CD40 and CD40 Idjaactivates APC and
enhances T cell activation (van Kooten and Baneche&)00). Overexpression of
these surface markers has been implicated in tti®lpgy of tissues from patients
with IBD, RA and MS (Maerten, Liu and Ceuppens 200@1 et al. 2001). As

such, these markers represent important targetsefating inflammatory disorders.

Particularly, blocking T cell co-stimulatory sigeak an attractive approach to treat
autoimmune disease. CD86 enhances severity ofiterttny enhancing IL-17
production and increasing the accumulation of éfied cells in joints without
affecting Th1/Th2 development (Odobasic et al. 2088noclonal antibodies to
CD80 and CD86 have been shown to differentially ntaid the activation of J1
and T42 cells (Kuchroo et al. 1995). However, antibodie<D80 and CD86 are
known to exacerbate autoimmune disease, in pastugfr enhanced production of

TNF in macrophages (Khan et al. 2007). Indeed,gtidy demonstrates both CLA
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and the n-3 PUFAs, EPA and DHA suppress CD40 an86Cabst stimulation.
CLA had the most dramatic effect and suppressed6C8&gnificantly prior to
stimulation It is possible this robust suppresib@&D86 observed in CLA treated
macrophage in both resting and LPS stimulated ceby be attributed to the
significantly enhanced IL-10 production in CLA tted cells. Furthermore, CLA
suppression of CD86 offers an alternative modeugipsessing T cell activation

which may be beneficial in the treatment of autoume disease.

There is overwhelming evidence for the role of dgsilated and overexpressed
chemokines in inflammatory disease. This study assessed the modulatory
effects of PUFA on potent chemokines MI&-MIP-2 and MCP. MIP-& has
strong chemotactic effects on a vast number ofdeytes and high levels of this
chemokine are common in inflammatory disorders anfé&ction including;
meningococcal disease (Moller et al. 2005) and mtegaid arthritis (Kunkel et al.
1996). Similarly, MCP is implicated in rheumatoidhaitis and other inflammatory
disorders and is known to heavily recruit ‘lipicden’ macrophage in atheroma
(Kunkel et al. 1996, Ross 1993). MIP-2 plays a magde in the infiltration of
neutrophils in response to viral infections. Paitady, MIP-2 enhances the
infiltration of neutrophils in HSV-1 infected cormewere they indirectly cause
tissue injury (Yan et al. 1998). However, questioesiain as to the benefits of
targeting chemokines in the resolution of dise#tse. unclear as to whether ‘anti’
chemokine strategies have the ability to reverstabéshed inflammation.
Furthermore, recruitment and activation of leukesyby chemokines enhance
inherent protective responses to invading pathageeskocyte infiltration is of
paramount importance during innate host defencee Titerplay between

phagocytes and bacteria leads to the clearancdedition. Depleted levels of MIP-
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2 are associated with impaired bacterial clearaf¢debsiella pneumoniéStrieter
et al. 1996). Similarly, low levels of MCP-1 markgdreduce clearance of
Cryptococcus neoformsThis highlights the benefits of these chemokimnes
antibacterial and antifungal host defence. Notaibipaired bacterial clearance and
increased mortality in mouse models of bacteriadymnonia have been reported

(Strieter et al. 1996).

Effects on chemokines were not dramatic howeverA Glgnificantly enhanced
expression of MIP-2 pre- and post stimulation, whiDHA-enhanced MIP-2
expression was observed in activated cells. An peebed role for MIP-2 in the
control of mucosal lymphocyte migration has alserbeeported (Ohtsuka et al.
2001). Additionally, groups report MIP-2 expressisrenhanced in the intestinal
(Ohtsuka et al. 2001) and corneal (Yan et al. 1@@@helium by IL-1. High levels
of IL-1 in CLA-treated macrophage reported heray account for the increase in
MIP-2 observed in CLA-treated macrophage. SimilakCP is regulated by IL-1
and TNF (Adams and Lloyd 1997). As the majority adffemokines are only
expressed upon cellular stimulation, CLA enhanded may partly account for
the significantly elevated MCP expression pre-station. In contrast to these
findings, EPA and DHA have previously been reportedsuppress MIP-2 and
MCP in mycotoxin deoxynivalenol (DON) infected mui lymphoid tissues
(Kinser et al. 2005). MCP suppression was also rebgdeby EPA and DHA in
LDL receptor null mice and a diabetic mouse motl¢aiig et al. 2009, Garman et
al. 2009) and was beneficial to the resolutioath disease states. However, as
chemokines assist rapid inflammatory response tthogans and bacterial

clearance, the administration of PUFA may have dotdilored to the particular
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inflammatory state/disease. As such PUFA exertitisf on macrophage function

warrants further investigation.

Phagocytosis is a fundamental role of all macrophaapulations, important in the
ingestion and clearing of pathogens. Membrane ifligtrongly influences this
process. As such several studies have investigaedole of PUFA membrane
incorporation on phagocytosis activity. Here wearéa suppressed ability of LPS-
stimulated macrophage to phagocytose as a resuliPéf and DHA treatment.
However, enhanced phagocytic activity among CLAated cells was observed at
several time points following LPS stimulation. Inm@mtly, LA suppressed
phagocytosis in unstimulated cells and no changeokaerved in response to LPS
comparative to control. To the best of our knowkedbis is the first report of
modulated phagocytic activity in CLA-treated celzonflicting evidence on the
effects of n-3 PUFA on phagocytosis have been wbserFeeding studies
incorporating n-3 PUFA into mouse diets report ated PUFA content in lipid
membrane but no significant effect on monocyte eutrophil phagocytic activity
(Kew et al. 2003). Similarly, EPA and DHA were delsed as having no effect on
the ability of alveolar macrophage to phagocytoBeAmbola et al. 1991).
Alternatively, very early studies in the area destmated that altering the fatty acid
composition of murine macrophagesvitro with PUFA made macrophage more
phagocytically active (Lokesh and Wrann 1984, Gaéteal. 1990, Mahoney et al.
1977). The discrepencies described here may betalube varied doses used
among these studies. Phagocytosis remains an iampodvent in bacterial
clearance and maintaining homeostasis. Resultstegpbere suggest that the n-6
PUFA derivative, CLA enhanced phagocytosis andefloee may be beneficial in

innate protection from infection.
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Further to this we report enhanced chemotaxis of @ated macrophage both
pre- and post stimulation with LPS, demonstratingt the ability to move to the
site of infection aswell as phagocytosis, is enbdndL-6 strongly enhances the
ability of cells to migrate (Clahsen and Schaped®0 The small enhancement in
IL-6 in CLA-treated cells reported here may be ahamism utilised by CLA to
increase chemotaxis and support the recruitmemeld to site of inflammation.
Little augmentative effect was displayed in EPAd drA-treated cells. However,

DHA significantly enhanced chemotaxis in respomskeRS.

Several critical parameters of macrophage actimaéind functional status have
been assessed in this study. However, it was adportant to define any effects on
the pathogen recognition ability of these cells &S, which activates TLR4, was
used throughout this study the effect of PUFA as thceptor as well as associated
molecule CD14 and SR-A were investigated. Both GIoAdl n-3 PUFA, EPA and
DHA robustly suppressed TLR4-MD-2 surface exprasdalowing stimulation
with LPS, while the saturated fatty acid, LA exioi no effect. To the best of our
knowledge this is an unreported finding for bothACand n-3 PUFA. Studies to
date have focused on the assessment of PUFA-maduleth TLR4 downstream
signalling events, particularly NBB and COX-2 gene expression (Lee et al. 2001,
Lee et al. 2003, Weatherill et al. 2005). Of furtlsggnificant interest was the
observed upregulation of SR-A by all PUFA, with abserved change by LA-
treated cells. Particularly &s vitro studies have demonstrated the ability of SR-A
to bind LPS suggesting a possible role for SR-ARS clearance (Hampton et al.
1991). Further to our findings regarding TLR4,dtsreceptor CD14 was enhanced

by EPA following stimulation with LPS. In contraglL A significantly suppressed
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CD14 both in resting and LPS stimulated cells. Tmding in relation to altered
CD14 expression was pivotal in the study. It canéd distinct immunomodulatory
effects of n-6 derived CLA isomeci§-9, trans-1) and n-3 PUFA upstream of the
parameters previously assessed. Therefore, théateguof TLR4, CD14 and SR-
A by PUFA presented important mechanisms througithwfatty acids may exert

their anti-flammatory effects. This is investigatedroughly in chapters 4 and 5.

The focus of this study was to assess the immunatatmdy properties of PUFA
regarding macrophage activation. Our findings hgittl for the first time distinct
effects of n-3 PUFA, EPA and DHA and n-6 derivatiVeA in this regard. A lack
of experimental and clinical studies in the arempglicates any implication of their
beneficial use in prevention and treatment of diseds such, it remains for
further studies to be carried out which may malasifde the administration of
PUFA and the tailoring of such for the treatmentimffammatory disease and

infection.
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CHAPTER 4

THE EFFECTS OF PUFA ON
CELL SURFACE MARKERS
AND BINDING
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4.1 INTRODUCTION

Intracellular signalling is the ultimate mechanidar the induction of cellular
activation. However, this is preceded by the attivaof receptors at the cell
membrane following their ligation by various stimuBy far, the most widely
recognised and characterised stimuli of the innatenune response is
lipopolysaccharide (LPS) (Janeway et al. 2008). ItRS been used extensively
throughout our study and is a potent activatomef pathogen recognition receptor
(PRR), Toll-like receptor 4 (TLR4) (Poltorak et dl998). Thus far we report
significant downstream effects of PUFA on the aation and inflammatory status
of macrophage, M@. In the field of PUFA researcldate, reports have focused on
the downstream signalling effects of PUFA on TLRnsilling, specifically in
relation to NikB and COX-2 expression (Lee et al. 2001, Lee e2@01, Lee and
Hwang 2006). Significantly, due to the very natofePUFA and their ability to
become incorporated within the plasma membranef(lal. 2006, Li et al. 2005),
we postulate that markers at the cell membraneeptesnportant targets for
PUFA-mediated immune effects upstream of signalliigre, we examine over
time the effect of PUFA on surface marker exprassm further delineate the
different effects of EPA, DHA and CLA and determimbether these are early

events.

This is important given that prolonged activatidnT&R4 is broadly accepted to
contribute to the deleterious effects associateti wironic infection, sepsis and
inflammatory disease (Karima et al. 1999, Salomaal.e2008, Leon et al. 2008).
Furthermore, CD14, an associated molecule of thR4Tteceptor complex plays
an important role in the maximal responsivenes$ld®4 to LPS (Kirkland et al.

1993, Landmann, Miller and Zimmerli 2000, MiyakeOgB). As such, PUFA-
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mediated effects on CD14 were investigated furlyeexamining the levels of this

protein in membrane and cytosolic fractions fromHAkireated macrophage.

The activation of macrophage and other leukocytgsLBS occurs after LPS
molecules bind to CD14 followed by loading of LP& TLR4-MD-2. This
interaction of CD14 and LPS leads to optimal LP&uied signalling (Kim et al.
2005). Indeed, CD14 mutants display impaired resesito LPS in HEK 293 cells
(Juan et al. 1995, Stelter et al. 1999, Ohnishirdviland Tanamoto 2001, Muroi,
Ohnishi and Tanamoto 2002). Considering the naidoy effects of PUFA on
CD14 and TLR4-MD-2 expression reported in the pasichapter, we deemed it
important to examine the effects of PUFA on thditgbof LPS to bind to TLR4.
This chapter describes the optimisation of a patt@ assess the binding of LPS

to the TLR4 receptor complex by flow cytometry.

By the very nature of their structure PUFA becomeorporated into the plasma
membrane. As such the membrane provides an impqgutant from which they
may exert their modulatory effects. As such thesgmity of a PUFA modulated
interaction between LPS and the TLR4 receptor cem@t the membrane is

investigated by examining surface marker expressian time, LPS-binding and
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4.2 RESULTS

42.1 PUFA MODULATE EXPRESSION OF KEY CELL SURFACE
MARKERS AT EARLY TIMEPOINTS

J774 macrophage were cultured for 7 days with eibdSO (50 uM, vehicle
control), EPA (25uM), DHA (25 uM), CLA (50 uM), or LA (50 uM). The
resultant fatty acid-treated macrophage were htgtdesand plated at a
concentration of 1 x focell/ml before stimulating with 100 ng/ml LPE.Coli
serotype R515) for O, 2, 4, 6 and 12 h. Control &R&-stimulated cells were
subsequently stained with fluorochrome-labelled aubonal antibodies for
numerous cell surface markers (i.e., CD40, CD808&BCD204 (SR-A), TLR4-

MD-2 and CD14) [Se&able 2.7.

PUFA modulated the levels of key cell surface mewkemn unstimulated and
stimulated J774 macrophage over tiffegure 4.1] and[Figure 4.2] shows that
CD40 and CD80 expression was upregulated in celts tme from 0 h to 12 h.
There was no suppression of CD40 in any of the PitfEAted groups or the
saturated fatty acid control, LA, at any of thelgdime points examinefFigure

4.1]. However, there was a marked enhancement of GDBMHA treated cells at
4 h. This indicates that the observed suppressiddD40 in PUFA-treated cells
reported in Chapter 3 is a late event. In additimither the PUFA or LA exerted
any effect on CD80 expression between 0 and 1#ruksttion with LPS[Figure

4.2)

Conversely, expression of CD86 was significantlyilited in CLA-treated cells

prior to stimulation with LPS and indeed over tlmanplete time cours@Figure
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4.3]. From the previous chapter, we can see that ffestas maintained at 24 h.
CD86 expression was unaltered in both DHA- and ERAted cells with the
exception of a slight suppression at 2 h in the Efdup. Our previous study
indicated a suppression of CD86 in EPA treateds&imulated with LPS for 24 h.
Furthermore, LA exerted no effect on CD86 exprassiwer the course of LPS

stimulation.

The effects of PUFA on SR-A expression were noteoled over this early time
course following LPS stimulatioffrigure 4.4], indicating that the increase in SR-A
in PUFA-treated cells reported in Chapter 3 ista &vent. The previous chapter
also demonstrated a clear decrease in expressiomnLB# in PUFA-treated
macrophage. In this study we show that these clsaagenot obvious at the early
time points examined, however by 12 h, DHA- and HRAted cells begin to
show a small decrease in the expression of thisptec [Figure 4.5]. This

indicates that the effects of PUFA on TLR4 exprasss a late event.

Given our previous data that CLA suppressed CDptession in both resting and
LPS-activated macrophage, we were particularlyrasted to see if this change
was indeed an early event. Our data revealed that<tippressed CD14 at early
time points (0 h, 2 h, 12 HFigure 4.6], confirming that these changes are an early
event. In contrast, enhancement of CD14 was obdarv EPA and DHA treated
macrophage from 2 h onwards comparative to contntlile treatment with

saturated fatty acid, LA enhanced CD14 expressmm # h onwards.
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4.2.2 PUFA DIFFERENTIALLY MODULATE EXPRESSION OF CD 14
AT THE CELL MEMBRANE
J774 macrophage were cultured in the absencetgfdeids, as described [section
2.3.1] and plated at a concentration of 1 & d&ll/ml or 2 x 16 cell/ml in a 6-well
plate (3 ml/well) and left to rest overnight. Celiere stimulated with LPS (100
ng/ml) for 0, 2, 4 and 6 h prior to scraping andcfronating membranes from
cytosolic fractions as described [section 2.6.Hvels of CD14 were assessed by
western blot. Upregulation of CD14 could not beesfeed following stimulation
with LPS in the membrane fraction of cells platedlax 10 cell/ml [See
APPENDIX A]. However, change in the levels of both membrare gmosolic
CD14 was clearly evident in cells plated at 2 X &éll/ml [See APPENDIX A}
As such it was decided that 2 x°16ell/ml be used in further experiments
investigating the effect of PUFA-treatment on cglas and membrane bound

levels of CD14.

Further to this J774 macrophage were cultured fdays with either DMSO (50
UM, vehicle control), EPA (26M), DHA (25 uM), CLA (50 uM), or LA (50 uM).
The resultant fatty acid-treated macrophage wemeelted and plated at a
concentration of 2 x focell/ml (3 ml/well) and stimulated with LPS (10@/ml)

for 0, 2, 4 and 6 h. Membrane and cytosolic frardivere generated as described
[section 2.6.1] and levels of CD14 assessed byemedblot and densitometric

analysis.

LPS stimulation resulted in enhanced expressionCbfl4 in the membrane
fractions of DMSO treated cells between 0 and B-igure 4.8], [Figure 4.9],

[Figure 4.10] and [Figure 4.11]. This was accompanied by a drop in cytosolic
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levels of CD14 at 0, 2 and 4 h and subsequent eehant at 6 h LPS stimulation.
PUFA-treatments differentially modulated the expras of membrane-bound and
cytosolic CD14. Membrane CD14 was significantly dased at O h in CLA-
treated cell§Figure 4.8] which agrees with our flow cytometry data. Furthere,
levels of CD14 in these cells are reduced after @evation compared to the
DMSO controls. The opposite was observed in thesojtof these cells with CD14
being increased after LPS stimulation compareché&o@MSO control. Similar to
the DMSO group, EPA-, DHA- and LA-treated cells plisssed enhanced
expression of membrane bound CD14 over the codrE®$ stimulation with no
significant differences between the groups. Howewecontrast to CLA, EPA and
DHA treated cells displayed significantly highevéés of CD14 at the membrane
at early time points compared to DMSO (contr{ffjgure 4.9] and[Figure 4.10],
respectively. The cytosolic fractions of DHA-trediteells had decreased levels of
CD14 particularly at 4 h and 6 h following LPS gtiiation[Figure 4.9] with EPA-
treated cells showing no clear differenflégure 4.10]. The levels of CD14 in the
cytosol of the LA-treated cells were increasedome of the time points examined

with little change in the membrane CD[Hgure 4.11]

4.2.3 OPTIMISATION OF LPS-BINDING IN HEK 293 CELLS

HEK 293 and HEK MTC cells were incubated with 5, dl050 ug/ml of various
biotinylated conjugates as described [section R.8ihding of conjugates to cells
was assessed by flow cytometry on a FACSCalibur™¥.efpected, binding to
HEK 293 cells was negligible for all conjugates dre biotin[Figure 4.12B]. On
the other hand binding to HEK-MTC cells was nedjigifor all conjugates and
free biotin except Biotin-LPS (Invivogen [Figure 4.13B] Binding was observed

at 5, 10 and 5Qg/ml Biotin-LPS. The range of conjugates used & é¢lkperiment
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significantly ruled out non specific binding (NSBjurthermore, NSB in both cell
lines was further ruled out by incubating cellsebplwith the streptavidin-FITC
conjugate [Figure 4.12A] and[Figure 4.13A]. Substantial binding at low doses
of Biotin-LPS (5upg/ml) lead to the use of this concentration of¢bejugate being
used in experiments to assess the effect of PUFAIding of LPS in this cell

line.

4.2.4 PUFA DO NOT MODULATE THE BINDING OF LPS IN HE K 293
CELLS

HEK-MTC cells were cultured for 7 days with eitheMSO (50 uM, vehicle
control), EPA (25uM), DHA (25 uM), CLA (50 uM), or LA (50 uM). Following
this HEK 293 and HEK MTC cells were incubated wihug/ml of Biotin-LPS
(Invivogen') and assessed for binding by flow cytometry omPAZSCalibur’, as
described [section 2.4.5]. Internal controls simita those performed in the
optimisation experiments were included. As expec®&idtin-LPS (Invivogen)
was the only conjugate to bind to the HEK-MTC ce[lBigure 4.14A].
Furthermore, no significant change in binding whsesved in PUFA treated cells

compared to DMSO (controfrigure 4.14B].
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FIGURE 4.1: Effects of PUFA on CD40 expression on J774 macaagph(MQ).
Macrophage were cultured with DMSO (vehicle contr&PA (25uM), DHA (25 uM),
CLA (50 uM), — or a saturated fatty acid control, LA (5M), for 7 days,before
activation with LPS (100 ng/ml) for 0, 2, 4, 6 ah@d h Subsequently, cells were
washed and stained with antibody specific for CD&Results of flow cytometric analysis
are shown for DMSO-treated M@ (filled histogram)daRUFA-treated M@ (thin black
line). Mean Flourescent Intensity (MFI) values algo presented for DMSO (bold black)
and PUFA groups (on histogram) over the time course

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.2: Effects of PUFA on CD80 expression on J774 maagph Macrophage
were cultured with DMSO (vehicle control), EPA (281), DHA (25 uM), CLA (50 uM),

— or a saturated fatty acid control, LA (p®1), for 7 days,before activation with LPS
(100 ng/ml) for O, 2, 4, 6 and 12 8ubsequently, cells were washed and stained with
antibody specific for CD80. Results of flow cytame analysis are shown for DMSO-
treated M@ (filled histogram) and PUFA-treated M#@ir{ black line). Mean Flourescent
Intensity (MFI) values are also presented for DM@OId black) and PUFA groups (on
histogram) over the time course.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.3: Effects of PUFA on CD86 expression on J774 maagph Macrophage
were cultured with DMSO (vehicle control), EPA (281), DHA (25 uM), CLA (50 uM),

— or a saturated fatty acid control, LA (pM), for 7 days,before activation with LPS
(100 ng/ml) for O, 2, 4, 6 and 12 8ubsequently, cells were washed and stained with
antibody specific for CD86. Results of flow cytame analysis are shown for DMSO-
treated M@ (filled histogram) and PUFA-treated M#@ir{ black line). Mean Flourescent
Intensity (MFI) values are also presented for DM@OId black) and PUFA groups (on
histogram) over the time course.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.4: Effects of PUFA on SR-A (CD204) expression on J7iidcrophage.
Macrophage were cultured with DMSO (vehicle conir&PA (25uM), DHA (25 uM),
CLA (50 uM), — or a saturated fatty acid control, LA (5M), for 7 days,before
activation with LPS (100 ng/ml) for 0, 2, 4, 6 ah@d h Subsequently, cells were
washed and stained with antibody specific for SRResults of flow cytometric analysis
are shown for DMSO-treated M@ (filled histogram)daRUFA-treated M@ (thin black
line). Mean Flourescent Intensity (MFI) values algo presented for DMSO (bold black)
and PUFA groups (on histogram) over the time course

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.5: Effects of PUFA on TLR4-MD-2 expression on J774crmahage (MQ).
Macrophage were cultured with DMSO (vehicle conir&PA (25uM), DHA (25 puM),
CLA (50 uM), — or a saturated fatty acid control, LA (M), for 7 days, bfore
activation with LPS (100 ng/ml) for O, 2, 4, 6 ah@ h Subsequently, cells were
washed and stained with antibody specific for TU8B-2. Results of flow cytometric
analysis are shown for DMSO-treated M@ (filled digam) and PUFA-treated M@ (thin

black line). Mean Flourescent Intensity (MFI) vaduare also presented for DMSO (bold

black) and PUFA groups (on histogram) over the timerse.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.6: Effects of PUFA CD14 expression on J774 macroplii§®). Macrophage
were cultured with DMSO (vehicle control), EPA (281), DHA (25 uM), CLA (50 uM),

— or a saturated fatty acid control, LA (p®), for 7 days,before activation with LPS
(100 ng/ml) for O, 2, 4, 6 and 12 8ubsequently, cells were washed and stained with
antibody specific for CD14. Results of flow cytame analysis are shown for DMSO-
treated M@ (filled histogram) and PUFA-treated M#@ir{ black line). Mean Flourescent
Intensity (MFI) values are also presented for DM@OId black) and PUFA groups (on
histogram) over the time course.

Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.8: CLA modulated expression of membrane and cytos@iol4 in
macrophage. Macrophage were cultured with DMSOigkelzontrol) or CLA (5QuM) for

7 days. Subsequently, cells were plated at 2 %c&li/ml, (3 ml/well) and left to rest
overnight. Cells were then stimulated with LPS (I@@ml) over 6 h, as indicated, after
which cell lysates were harvested and membrandidration performed. Total cellular
levels ofp-actin were used as a loading control. Densitometnialysis was conducted on
immunoblots and graphical representation of CDlgre&ssion in arbitrary units (AU) is
given for both membrane and cytosolic fractionssi®s are shown for two experiments
and are representative of 3 independent experiments
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FIGURE 4.9: DHA modulated expression of membrane and cytos@iol4 in
macrophage. Macrophage were cultured with DMSO i¢keltontrol) or DHA (25uM)
for 7 days. Subsequently, cells were plated atl®xcell/ml, (3 ml/well) and left to rest
overnight. Cells were then stimulated with LPS (I@@ml) over 6 h, as indicated, after
which cell lysates were harvested and membrandidration performed. Total cellular
levels ofp-actin were used as a loading control. Densitometnialysis was conducted on
immunoblots and graphical representation of CDlgre&ssion in arbitrary units (AU) is
given for both membrane and cytosolic fractionssi®s are shown for two experiments
and are representative of 3 independent experiments

164



DMSO EPA

! LPS I LPS |
Oh 2h 4h 6h Oh 2h 4h 6h

Membrane

Al

Cytosolic

B-actin
DMSO EPA

| LPS | LPS |
Oh 2h 4h 6h Oh 2h 4h 6h
Membrane

g==8" =@
Cytosolic

LA B B L T T ¥
B-actin

FIGURE 4.10: EPA modulated expression of membrane and cytosClixl4 in
macrophage. Macrophage were cultured with DMSOi¢lelcontrol) or EPA (25uM) for
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7 days. Subsequently, cells were plated at 2 %c&li/ml, (3 ml/well) and left to rest
overnight. Cells were then stimulated with LPS (I@@ml) over 6 h, as indicated, after
which cell lysates were harvested and membrandidration performed. Total cellular
levels ofp-actin were used as a loading control. Densitometnialysis was conducted on
immunoblots and graphical representation of CDlgre&ssion in arbitrary units (AU) is
given for both membrane and cytosolic fractionssi®s are shown for two experiments
and are representative of 3 independent experiments
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FIGURE 4.11: Effects of LA on expression of membrane and cytos€D14 in
macrophage. Macrophage were cultured with DMSOi¢lelzontrol) or LA (50uM) for 7
days. Subsequently, cells were plated at 2 X cki/ml, (3 mi/well) and left to rest
overnight. Cells were then stimulated with LPS (I@@ml) over 6 h, as indicated, after
which cell lysates were harvested and membrandidretion performed. Total cellular
levels ofp-actin were used as a loading control. Densitometnialysis was conducted on
immunoblots and graphical representation of CDlgre&ssion in arbitrary units (AU) is
given for both membrane and cytosolic fractionssi®s are shown for two experiments
and are representative of 3 independent experiments
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FIGURE 4.12: Optimisation of LPS-binding in HEK 293 cells byacytometry. 1 x 10
cells were incubated with 5, 10 or @/ml of various biotinylated conjugates. Following
this a streptavidin-FITC probe was used to detéatlibg of the conjugates by flow
cytometry[B]. HEK 293 cells were also incubated with strptaviBiTC alone to rule out
any non-specific bindingA]. Results of flow cytometric analysis are showrofies are
shown for a single experiment and are representafid experiments.
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FIGURE 4.13: Optimisation of LPS-binding in HEK-MTC cells by flocytometry. 1 x
10° cells were incubated with 5, 10 or 5@/ml of various biotinylated conjugates.
Following this a streptavidin-FITC probe was usedlétect binding of the conjugates by
flow cytometry[B]. HEK MTC cells were also incubated with streptawBITC alone to
rule out any non-specific bindingA]. Results of flow cytometric analysis are shown.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 4.14: PUFA do not affect LPS binding to TLRternal controls for binding of
LPS in HEK-MTC cells are shown (filled histogranas)d unstained cells (dotted lif&)] .
HEK-MTC cells were cultured with DMSO (vehicle cosl), EPA (25uM), DHA (25
uM), CLA (50 uM), — or a saturated fatty acid control, LA (30), for 7 days.

Subsequently, cells were incubated with Biotin-Ld®®jugate and binding assessed using

a streptavidin-FITC probe. Results of flow cytoneetinalysis are shown for DMSO-
treated M@ (filled histogram) and PUFA-treated M@ir{ black line)[B]. Profiles are

shown for a single experiment and are representafid experiments.
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4.3 DISCUSSION

The focus of this study was to investigate the issnechanisms underlying the
PUFA-induced effects on the activation status ofmophage reported in chapter 3.
To this end, PUFA-modulated expression of cell axef markers, particularly
TLR4 and CD14, represented important targets ugstref signalling events
through which PUFA may exert their effects. Furthere, binding of LPS to
CD14 and subsequent transfer and loading to TLR4Mihitiates cellular
activation (Kirkland et al. 1993, Miyake 2006a). efefore, we also set out to
assess whether the previously observed downstréf@atiseof PUFA treatment,
such as altered cytokine and chemokine productiere wnked to any changes in

this putative binding event.

While it is clear that PUFA affect signalling evenivhich are downstream of
TLR4, their exact mechanism of action is still wal and some studies suggest
that they exert their effects upstream of the dlgnpevents, at the TLR4 complex
itself (Lee et al. 2003). Studies have shown thatimber of molecules affect LPS
binding. Specifically, the antibacterial peptidesathelicidins, secreted by
mammalian cells have been shown to exert prote@ot®ns against endotoxin
shock by blocking the binding of LPS (Nagaoka et28l01). Moreover, when
preincubated with RAW?264.7 cells they bound to tlel surface and inhibited
binding of FITC-LPS to the cells. In addition, asitfom its commonly known
function as an anticoagulant, heparin has been shownhibit LPS binding and
subsequent cytokine production (Anastase-Raviomal.e2003a). Therefore, we

firstly examined the effects of PUFA on LPS binding
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To this end, the protocol for these experiments wigerously optimised.
Specifically, a HEK 293 cell line stably expressifigR4, CD14 and MD-2 (HEK-
MTC) was employed to rule out any alternate bindim@dditional LPS receptors
(e.g. SR-A). Our data presented here demonstriasétPtJFA do not modulate the
binding of LPS to the TLR4 receptor complex. Ini#idd, no significant effect on
LPS binding was observed in saturated fatty achl trieated cells. Given that our
data from the previous chapter showed that PUFAedsed expression of TLR4,
we were initially surprised to find that the amoohtLPS binding to TLR4 was not
reduced. However, further experiments in this ckapeveal that the effects of
PUFA on TLR4 are not early events and changesdre®pression of this receptor
were not obvious until 12 h post LPS-stimulatioR-& is another receptor present
on macrophages, which has been shown to bind LRBowi any subsequent
downstream signalling (Haworth et al. 1997). Oueviiwus chapter showed that
PUFA increased SR-A and indicated the possibiliigt tupregulation of SR-A by
PUFA may be a mechanism whereby LPS can bind té&\ $i&tead of TLR4, thus
decreasing the cells response to LPS stimulatiomak therefore important to
determine whether these changes occurred earlys 3tidy demonstrates that
changes in SR-A expression are not an early evedt therefore cannot be
responsible for the decreased response of macrepbalgPS following treatment

with PUFA.

This study also revealed that similar to our obatown for SR-A and TLR4-MD-2,
the effects of PUFA on CD40 and CD80 expressionatse not early events and
are likely to be as a result of the overall dinf@d response of the macrophage to
LPS stimulation. However, the expression of CD4G waarkedly enhanced in

DHA treated cells after 4 h stimulation. This iypusly unreported, nonetheless,
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studies involving DHA have looked at the effectlat fatty acid on CD40 after 24
h stimulation and correlate with our observationsoppressed CD40 at this time

(Chapter 3) (Wang et al. 2007).

This study so far has demonstrates that many oftihages in cell surface receptor
expression induced by PUFA are not early eventsaamdherefore likely to be as a
result of the decreased response of the cells & LiPdirect contrast to the above,
CLA suppressed CD14 and CD86 prior to and throughitne course of
stimulation. Conversely, n-3 PUFA, EPA and DHA didt alter CD86 however;
both n-3 PUFA were seen to enhance CD14 from dg aar4 h stimulation. As
discussed before, blocking T cell co-stimulatorgnsils by targeting CD86 is an
attractive approach to treat autoimmune diseaself@sic et al. 2008). On the
other hand, lack of co-stimulatory signals resuitshe failure of cytotoxic T cell
activation against tumor specific antigens (Lugdeyburn and Strominger 2000,
Suzuki et al. 2003). Furthermore, high levels of 8Dare found in the bone
marrow and peripheral blood of patients with checograft-versus-host disease
(Arpinati et al. 2008). Our finding in relation €@D86 further emphasises not only
the differential effects of fatty acids but the ionfance of tailoring their
administration in the treatment of individual inflanatory diseases. The

consequences of suppressed CD86 in macrophagesnwegaiurther investigation.

Our finding regarding the alternate effects of ClaAd n-3 PUFA on CD14
expression and the fact that it is an early eveiheé most significant piece of data
generated here and was further assessed in thgsignaf membrane versus
cytosolic expression of the protein. There are ioously emerging roles for

CD14 in the exacerbation of infection and inflamomngtdisease. Indeed, high
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levels of CD14 are indicative of intestinal macragl populations from patients
suffering with IBD (Kamada et al. 2008). Signadlithrough CD14 has been
shown to play an obligate role in cardiac inflamimratoccurring after major burn
injuries (Barber et al. 2008). (Panaro et al. 2@f8nonstrate the overexpression of
CD14 in specific areas of the central nervous syst€NS) within an endotoxin
induced mouse model of Parkinson's-like diseaserth€éumore, Wegener's
granulomatosis is partially characterised by theegplation of CD14 and CD18 on
monocytes by antineutrophil cytoplasmic auto artiee (ANCA) (Yard et al.
2002). The findings presented here demonstrateldwy ¢ytometry and western
blot that CLA suppresses surface expression of CPpfidr to and during
stimulation. Taken together with our earlier fingsnregarding the effects of CLA
on activation status (Chapter 3) this implies dutal phenotype less responsive to
LPS and therefore less likely to produce exacetbpte-inflammatory signals in
the presence of immune stimuli. Interestingly, otftedies in our laboratory have
recently shown that CLA reduces the symptoms obtmdc shock and that this is
associated with a decreased expression of CD14eadritic cells (unpublished
observation). In this regard, administration of Cinay offer an alternative to anti-

CD14 therapies suggested by many of the groupd alieve.

It cannot be concluded from the results presentzd Wwhether PUFA-modulated
expression of CD14 occurs at the transcriptionalledndeed, suppressed levels of
CD14 at the membrane in CLA treated cells is acamga by significantly
enhanced levels in the cytosol. This is perhapstduan inability of transcribed
CD14 to become incorporated into the membrane ariderefore retained in the
cytosol. This is a novel finding in relation to CLRurthermore, after attachment

of the GPI-anchor, GPI-anchored proteins are traneg to the cell surface via the
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‘canonical’ secretory pathway (Lippincott-SchwartRoberts and Hirschberg
2000). Thus far, fatty acids have not been repottedinterfere with this

translocation event.

In contrast to CLA, n-3 PUFA, EPA- and DHA-treatsslls showed enhancement
of CD14 at early time points at the membrane aloith decreased levels in the
cytosol. In contrast to our findings (De Smedt-losge et al. 2008) report
suppressed levels of membrane CD14 and enhancedotygt levels following
DHA treatment in microglial cells. However, whildi¢ was indeed prior to
stimulation, cells were treated exogenously with ADKBO umol/L for 24 h).
Findings presented here significantly emphasizealitierent modulatory effects of
CLA and n-3 PUFA, EPA and DHA on LPS receptor CE requires further
clarification. Studies assessing the effect of PUFACD14 mRNA levels may

help elucidate the mechanisms involved.

Most significantly, in conjunction with our previsuindings, PUFA modulated
effects on CD14 may be a key point upstream ofadiigiyg through which PUFA

exert their anti-inflammatory effects. Moreoverisitvitally important to assess this
further. Certainly, (Ji et al. 2006) report supgres of CD14 by components of
Qinggan Huoxue Recipe (QGHXR), however, the effeftthese compounds on

CD14 was not associated with subsequent supprestNBRB.

While CD14 is required for the maximum responsiasnef the TLR4 receptor
complex to LPS, is it absolutely required for TLRAdocytosis and subsequent
activation of interferorg via adaptors Trif and TRAM (Jiang et al. 2005, Kagpt

al. 2008, Godowski 2005). Lipid rafts representam@nt microdomains within the
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plasma membrane of cells that constitutively expré®l-anchored proteins. In
addition, translocation of key signalling receptorsluding TLR4 and indeed the
expression of GPl-anchored proteins is enhanced ugtonulation in these
domains. As a result, in the following chapter, reggion of CD14 in lipid raft
microdomains of PUFA treated macrophage will bengrad. Furthermore, the
effect of PUFA on TLR4 endocytosis and the inductiof key inflammatory

transcription factors NEB and IRF will also be assessed.
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CHAPTER 5

THE EFFECTS OF PUFA ON
THE TLR4 RECEPTOR
COMPLEX AND
DOWNSTREAM SIGNALLING
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5.1 INTRODUCTION

Throughout this work we have endeavoured to elteidae pivotal mechanisms
through which fatty acids exert their anti-inflantory effects. Thus far our
finding regarding PUFA modulated expression of CDdds been of great
significance. Not only do CLA and n-3 PUFA diffetetly modulate the
expression of this protein, in particular suppr@ssian be observed at very early
stages in CLA-treated cells. This finding and tbnedamental role of CD14 in
TLR4 signalling warranted further investigation. Asch the rationale for the
current study has been to concentrate on PUFA-reetiaffects in relation to
TLR4 endocytosis, downstream signalling and indeedeting of CD14 itself to

microdomains of the plasma membrane.

With regard to signalling, TLR4 is unique in thdt activates both MyD88
dependant and independent pathways leading tonthection of the transcription
factors NikB and IRF3, respectively (Brikos and O'Neill 20@&ira, Yamamoto
and Takeda 2003). This facilitates the productibmpre-inflammatory cytokines
via NFB (O'Neill 2006) and typd interferons via IRF3 (McCoy and O'Neill
2008). Activation of the MyD88 dependant pathwayniginly an event initiated at
the plasma membrane. Furthermore, induction of \RRhe MyD88-independent
pathway is dependant on the endocyotosis of TLRdvant requiring the presence

of CD14 (Jiang et al. 2005, Kagan et al. 2008).

In the previous chapter we describe the suppressionembrane-bound CD14 in
CLA-treated cells both prior to and at very eatiyges following stimulation with
LPS. In this chapter we investigate the effect OFR-treatment on the activation

of IRF3, a completely novel area in the field of FAUresearch. In conjunction
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with this we also assess the modulatory effect® 0FA used in our study on
NFxB, given that it is broadly accepted that PUFA magglipart of their anti-

inflammatory effects through the suppression ofkBIHSampath and Ntambi
2005). Furthermore, we postulate that the effecCbA on CD14 may indeed

modulate TLR4 signalling by limiting the ability GiLR4 to become endocytosed
leading to a suppression of IRF. Importantly, uport of this (Lee et al. 2003)
demonstrate that the target for PUFA mediated effe@y in fact lie upstream at

the receptor complex itself.

Interestingly, the activation of several signalliogmplexes has been linked with
their specific recruitment to microdomains withiretplasma membrane known as
lipid rafts. In particular, this is widely document regarding immune cell
signalling (Dykstra et al. 2003, Goebel et al. 2008deed, lipid rafts have been
widely implicated in T-cell activation (Horejsi el. 1999). Specifically, the
recruitment of TLR2 (Soong et al. 2004)(Soong et 2004) and TLR4 and
associated molecule CD14 (Triantafilou et al. 200Q) lipid rafts following
stimulation with their respective ligands has belemonstrated. As a result, we
aim here to assess the effect of PUFA on the racemt of CD14 to lipid raft

micro-domains following stimulation with LPS.
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5.2 RESULTS

5.2.1 OPTIMISATION OF LIPID RAFT ISOLATION FROM J77 4
MACROPHAGE

J744 macrophage were cultured and left unstimulatestimulated with LPS for
30 min. Following this lipid raft fractions wereoigsted as described [see section
2.6.3]. As a means of optimising the isolation pehare various concentrations of
Triton X-100 were employed and lipid raft fractioassessed by western blot.
Results demonstrate that 0.2 % (v/v) Triton X-108svan insufficient amount of
detergent to successfully solubilize cellular mateand leave lipid rafts free to
float to the interface of the sucrose gradient ¢koas 4 -6)[Figure 5.1]. Indeed
this is indicated by the lack of alkaline phospbkatactivity, indicative of lipid rafts
and lipid raft marker, flotillin-1, FL-1 localisath within these fractions.
Furthermore, CD14 and the non-raft marReactin were also detected throughout

fractions 2- 11.

Alternatively, resuspending cellular membranes iB @6 (v/v) Triton X-100
provided sufficient solubilization for partitioningf lipid rafts to the sucrose
interface[Figure 5.2]. Indeed, high levels of alkaline phsophatase rdecated in
fractions (4-6) in both unstimulated and stimulatl samples. Furthermore,
specific localisation of lipid raft marker, FL-1 d&PI-anchored protein, CD14 can
also be observed in these fractions. In additiea,non-raft markef}-actin is only
localised within the bottom fraction or ‘pellet’n Icontrast, employing 1 % (v/v)
Triton X-100 completely solubilized non-raft andtrenaterial [Figure 5.3]. In a
case such as this, both raft and non-raft domavas¢escence with detergent and

result in disordered flotation of proteins throughthe gradient (Shogomori and
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Brown 2003). Certainly, in support of this, CD14L.-F and B-actin were all

detected throughout the gradient. Furthermore,liakkgphosphatase activity is
completely skewed in both resting and stimulatedls.celherefore, for the
investigation of lipid rafts from PUFA-treated maphage 0.5 % (v/v) Triton X-

100 was employed.

5.2.3 ANALYSIS OF LIPID RAFTS FROM PUFA TREATED J774
MACROPHAGE

J774 macrophage were cultured for 7 days with eibdSO (50 uM, vehicle

control), EPA (25uM), CLA (50 uM), or LA (50 uM) after which approx. 100 x

10° cells were left unstimulated or stimulated withS.fr 30 min. Following this,

lipid raft fractions were isolated as describede[section 2.6.3] and assessed by

western blot. The lipid raft marker, FL-1 was swesfally detected at the interface

of sucrose gradients for DMSO (vehicle control) @&ldFA-treated cell$Figure

5.4 — 5.7] Importantly, the non-raft markep-actin was also detected distinctly

apart from FL-1 at the bottom of gradients, maimycell pellets[Figure 5.4 —

5.7

Furthermore, significant alkaline phosphatase dagtiwas present for lipid raft
fractions (Fraction 4-6) in DMSO treated cells (\## control) both before and
after stimulation[Figure 5.4]. In contrast PUFA-treatment significantly altered
alkaline phosphatase activity pellefisigure 5.5— 5.6] This was particularly
prominent in CLA-treated cell§Figure 5.5]. Moreover, LA-treated cells also
displayed randomised effects on alkaline phospbhatadivity throughout the
sucrose gradieniFigure 5.7]. Importantly, stimulation with LPS resulted in an

increase in CD14 in the lipid rafts in all of theogps examinefFigure 5.4 — 5.7]
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The method employed here afforded qualitative assest of raft associated
proteins. Nonetheless, even with the restrictiorgoélitative assessment, CD14
‘appeared’ to be suppressed in lipid raft fractioh<CLA treated cells following
stimulation[Figure 5.5] unlike raft fractions from EPA treated cellsgure 5.6].

In conjunction with observed effects of CLA on dika phosphatase activity this

warranted further investigation.

5.2.4 QUANTITATIVE ASSESSMENT OF CD14 LEVELS IN LIPID
RAFT FRACTIONS OF PUFA TREATED J774 MACROPHAGE

The direct effects of PUFA on the recruitment of XdDto lipid rafts following
stimulation with LPS was quantitatively assessedmegtern blot. Protein levels
were normalised following quantitative analysis gidNanoDrop3300 [see section
2.3.6.4]. Levels of CD14 within the lipid raft frié@ns of LPS-stimulated CLA-
treated cells were significantly lower compared slaene fractions from DMSO-
treated cells (vehicle contrdlirigure 5.8B and C] Conversely, EPA-treated cells
displayed elevated levels of CD14 in lipid raftdiians compared to the DMSO

group following LPS stimulatiofFigure 5.8B and C}

5.2.5 PUFA SELECTIVELY INHIBIT NFKB AND IRF3 EXPRES SION

HEK 293 cells and HEK 293 cells stably expressindQR4-CD14-MD-2 (HEK-
MTC) were cultured for 7 days with either DMSO (@M, vehicle control), EPA
(25 uM), DHA (25 uM), CLA (50 uM), or LA (50 uM). The resultant fatty acid-
treated cells were plated and transiently transteetith either an NiEB or ISRE
luciferase reporter plasmid as described [see ®e@i8.3]. The IFN-stimulated

response element (ISRE) provides a specific reaootibe induction of IRF3.
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As expected, no induction of B or ISRE was detected in HEK 293 cells
stimulated with LPgFigure 5.9A] and[Figure 5.9B], respectively. Analysis by
means of unpaired t-test demonstrated that CLAfggntly (p<0.001) suppressed
NF«xB in comparison to DMSO (vehicle control) in HEK-IETcells [Figure
5.9C]. In addition, the n-3 PUFA, DHA (p<0.05) and EPA<(.01) also
suppressed NEB in HEK-MTC cells but to a lesser extant than C[RAgure
5.9C]. The saturated fatty acid, LA, exerted no effettNd«B or ISRE in HEK-

MTC cells.

CLA (p<0.01) also significantly suppressed theatton of IRF3 compared to the
DMSO (vehicle control) in stimulated cells, by umpd t-test[Figure 5.9D].
Furthermore, DHA and EPA treatments exerted nocefém IRF3 induction in
response to LPfigure 5.9D]. Similarly, CLA was observed to suppress levéls o
IRF3 in U373 cells, while n-3 PUFA exerted no effd&igure 5.10A].
Significantly, in a U373 cell line stably overexpseng CD14, the inhibitory effect

of CLA on IRF3 was completely reversggéigure 5.10B].

5.2.6 EFFECTS OF PUFA ON LPS INDUCED ENDOCYTOSIS OFTLR4
HEK-MTC cells were cultured for 7 days with eitheMSO (50 uM, vehicle
control), CLA (50uM), EPA (25 uM) or LA (50 uM). Subsequently, for the
investigation of LPS-induced endocytosis of TLRAEKAMTC cells were
transiently transfected with TLR4-YFP and EEA1-Cferly endosomal antigen)
constructs as described [see sections 2.8.3 — Qs were either stimulated for
7.5 min, 15 min or left unstimulated and analyssihg an Olympus FluoView

FV1000.
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Results demonstrate that in resting cells treatéd WMSO (vehicle control),
TLR4 is localised on the plasma membrane with feaslyeendosomes present
[Figure 5.11] In addition, there is little co-localisation oLR4 and EEA1l. As
expected, following 7.5 min stimulation with LPS,R4 was rapidly endocytosed
and is almost completely inside the cell. At thanp, early endosome formation
and co-localisation of EEA1 with TLR4 is more prowmnt. After 15 min of
stimulation TLR4 has not returned to the plasma brame however, there is

significantly less co-localisation of the two malées and less endosomes present.

In direct comparison to DMSO, PUFA treated cellspthyed distinct patterns of
TLR4 localisation and endocytosis. Indeed, whileRfiLwas clearly localised on
the plasma membrane in resting cells treated with @ere was significantly
more early endosome formation and co-localisatioBEA1 with TLR4 compared
to DMSO [Figure 5.12] Following stimulation with LPS at 7.5 min early
endosome formation and EEA1 and TLR4 co-localisatieas comparative to
DMSO treated cells at this time point. However,nfigantly more TLR4 was
retained at the plasma membrane. Similarly, at ibstimulation early endosome
formation and EEA1 co-localisation with TLR4 wasmgmarative to that of DMSO

however; again TLR4 was seen to remain signifigagitthe membrane.

Conversely, TLR4 was extremely difficult to detect the plasma membrane of
resting cells treated with EPfigure 5.13]. Co-localisation of EEA1 and TLR4
was similar to that of resting cells treated witMB0. Similar to CLA, treatment
with this PUFA enhanced the number of endosomeesting cells. Following 7.5

min stimulation practically all TRL4 was observed Ibe inside cells and co-
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localised with EEAL. In addition, at 15 min stimtida there is a definite shift of
TLR4 away from endosomes, however, more co-lodadisas observed at this
time point in EPA treated cells compared to DMS@tedestingly, virtually no
TLR4 is evident on the membrane. Cells treated wulith saturated fatty acid
control, LA, displayed patterns of TLR4 endocytosaasd early endosome

formation similar to those of DMSO-treated c¢Rgyure 5.14].

184



0.2 % Triton X-100

CONTROL LPS

0.137
0.134

0.121

AP activity
o
B
AP Activity
o
B

0.111

0.101 0.101

0.09 0.09
Fracton 1 2 3 4 5 6 7 8 9 10Pellet 12 3 4 5 6 7 8 9 10Pellet

CD14

FL-1

B-actin

Sucrose Gradient Sucrose Gradient

|
|

FIGURE 5.1: Isolation of lipid raft fractions by sucrose degsgradient. Membrane
preparations from unstimulat§€ONTROL] and stimulated[LPS] J774 macrophage
were solubilised in 0.2 % (v/v) Triton X-100 befapplication on a discontinuous sucrose
gradient. Following 16 h of centrifugation, 1 mhdétions were harvested from the top
(Fraction 1) to the bottom (pellet) of the gradieftactions were analysed for alkaline
phosphatase activity (graph), raft marker flotilin(FL-1), non-raft markef-actin and
GPIl-anchored protein, CD14 (blots).
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FIGURE 5.2: Isolation of lipid raft fractions by sucrose demsgradient. Membrane
preparations from unstimulatg(€ONTROL] and stimulatedLPS] J774 macrophage
were solubilised in 0.5 % (v/v) Triton X-100 befapplication on a discontinuous sucrose
gradient. Following 16 h of centrifugation, 1 mhétions were harvested from the top
(Fraction 1) to the bottom (pellet) of the gradieftactions were analysed for alkaline
phosphatase activity (graph), raft marker flot#lin(FL-1), non-raft markef-actin and
GPl-anchored protein, CD14 (blots).
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FIGURE 5.3 Isolation of lipid raft fractions by sucrose demsgradient. Membrane
preparations from unstimulatg(€ONTROL] and stimulatedLPS] J774 macrophage
were solubilised in 1 % (v/v) Triton X-100 beforppdication on a discontinuous sucrose
gradient. Following 16 h of centrifugation, 1 mhétions were harvested from the top
(Fraction 1) to the bottom (pellet) of the gradieRtactions were analysed for alkaline
phosphatase activity (graph), raft marker flotflin(FL-1), non-raft markef-actin and
GPl-anchored protein, CD14 (blots).
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FIGURE 5.4: Isolation of lipid raft fractions by sucrose dewsigradient. J774

macrophage were treated with DMSO (pbM) for 7 days. Subsequently, membrane
preparations from unstimulat¢@ONTROL] and stimulatedLPS] cells were solubilised

in 0.5 % (v/v) Triton X-100 before application on dikscontinuous sucrose gradient.
Following 16 h of centrifugation, 1 ml fractions meeharvested from the top to the bottom
(pellet) of the gradient. Fractions were analyswmdalkaline phosphatase activity (graph),
raft marker flotillin-1 (FL-1), non-raft markef-actin and GPIl-anchored protein, CD14

(blots).
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FIGURE 5.5: Isolation of lipid raft fractions by sucrose degsigradient. J774
macrophage were treated with CLA (50) for 7 days. Subsequently, membrane
preparations from unstimulat¢@ONTROL] and stimulatedLPS] cells were solubilised
in 0.5 % (v/v) Triton X-100 before application on discontinuous sucrose gradient.
Following 16 h of centrifugation, 1 ml fractions reeharvested from the top (Fraction 1)
to the bottom (pellet) of the gradient. Fractionsrevanalysed for alkaline phosphatase
activity (graph), raft marker flotillin-1 (FL-1), on-raft markerB-actin and GPIl-anchored

protein, CD14 (blots).
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FIGURE 5.6: Isolation of lipid raft fractions by sucrose dewsigradient. J774
macrophage were treated with EPA (@M) for 7 days. Subsequently, membrane
preparations from unstimulat¢@ONTROL] and stimulatedLPS] cells were solubilised
in 0.5 % (v/v) Triton X-100 before application on dikscontinuous sucrose gradient.
Following 16 h of centrifugation, 1 ml fractions reeharvested from the top (Fraction 1)
to the bottom (pellet) of the gradient. Fractionsrevanalysed for alkaline phosphatase
activity (graph), raft marker flotillin-1 (FL-1), on-raft markerB-actin and GPIl-anchored

protein, CD14 (blots).
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FIGURE 5.7: Isolation of lipid raft fractions by sucrose degsigradient. J774
macrophage were treated with LA (5M) for 7 days. Subsequently, membrane
preparations from unstimulat¢@ONTROL] and stimulatedLPS] cells were solubilised
in 0.5 % (v/v) Triton X-100 before application on discontinuous sucrose gradient.
Following 16 h of centrifugation, 1 ml fractions reeharvested from the top (Fraction 1)
to the bottom (pellet) of the gradient. Fractionsrevanalysed for alkaline phosphatase
activity (graph), raft marker flotillin-1 (FL-1),on-raft marker-actin and GPl-anchored

protein, CD14 (blots).
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PUFA LIPID RAFTS FRACTIONS AND CD14
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FIGURE 5.8: Quantitative analysis of CD14 levels in lipid raftem PUFA-treated cells
stimulated with LPS. J774 macrophage were treaidd DMSO (50uM), CLA (50 uM)

or EPA (25uM) for 7 days and stimulated with LPS (100ng/ml) 8) min. Qualitative
detection of CD14 in lipid rafts from PUFA treatedlls is shown[A]. Additionally,
protein levels were equalised and quantitative yamalof CD14 levels in lipid rafts
(Fractions 5-6) was performed by western PRjt Densitometric analysis was conducted
on the immunoblot and graphical representation DfLL expression in arbitrary units
(AU) is given[C].
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FIGURE 5.9: The effect of PUFA on the induction of NB and ISRE (IRF3 response
element) was assessed using luciferase reporteysasdEK 293A&B] and HEK-MTC
cells[C&D] were cultured for 7 days with either DMSO (50 éhicle control), EPA
(25 pM), DHA (25 uM), CLA (50 uM) or LA (50 uM). Subsequently, cells were
transiently transfected with either an ®B-or ISRE luciferase reporter plasmid.
Induction of both transcription factors was assgdeowing 6 h stimulation with
LPS (100 ng/ml).

Statistical analysis was carried out between DM$@ BUFA-treated groups using an
unpaired t-test.
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FIGURE 5.10: Over-expression of CD14 reverses the inhibitorgdfiof CLA on IRF3
actiavtion. U373 cell$A] and U373-CD14 cellfB] were cultured for 7 days with either
DMSO (50 uM, vehicle control), EPA (28M), DHA (25 uM), CLA (50 uM) or LA (50
uM). Subsequently, cells were transiently transiotéth an ISRE luciferase reporter
plasmid. Induction of IRF3 was assessed followirlggéimulation with LPS (100 ng/ml).
Statistical analysis was carried out between DM®@ BUFA-treated groups using an
unpaired t-test.
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FIGURE 5.11: LPS-induced endocytosis of TLR4 in DMSO treatedscdHEK-MTC
cells were cultured in DMSO (5a0M) for 7 days. Subsequently cells were transiently
transfected with TLR4-YFP (green) and EEA1-CFP )Xrethsmids. Cells were left
unstimulated or stimulated with LPS (250 ng/ml) o6 and 15 min. Endocytosis of TLR4
and its localisation relevant to EEAl was assesBgdconfocal microscopy. Co-
localisation of TLR4 and EEAL is shown in the comipmimage (yellow).

195



CLA

o'y
b

0 min

7.5 min ||

FIGURE 5.12: LPS-induced endocytosis of TLR4 in CLA-treated £eHEK-MTC cells
were cultured in CLA (5@M) for 7 days. Subsequently cells were transietrdnsfected
with TLR4-YFP (green) and EEAL1-CFP (red) plasmi@glls were left unstimulated or
stimulated with LPS (250 ng/ml) for 7.5 and 15 mindocytosis of TLR4 and its
localisation relevant to EEA1 was assessed by cahfmicroscopy. Co-localisation of
TLR4 and EEA1 is shown in the composite image ¢ye)l
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FIGURE 5.13: LPS-induced endocytosis of TLR4 in EPA-treatedscdHEK-MTC cells
were cultured in EPA (2pM) for 7 days. Subsequently cells were transietrdysfected
with TLR4-YFP (green) and EEAL1-CFP (red) plasmi@glls were left unstimulated or
stimulated with LPS (250 ng/ml) for 7.5 and 15 mindocytosis of TLR4 and its
localisation relevant to EEA1 was assessed by cahfmicroscopy. Co-localisation of
TLR4 and EEA1 is shown in the composite image ¢ye)l
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FIGURE 5.14: LPS-induced endocytosis of TLR4 in LA-treated celEK-MTC cells
were cultured in LA (5QuM) for 7 days. Subsequently cells were transietriysfected
with TLR4-YFP (green) and EEAL1-CFP (red) plasmi@glls were left unstimulated or
stimulated with LPS (250 ng/ml) for 7.5 and 15 mindocytosis of TLR4 and its
localisation relevant to EEA1 was assessed by cahfmicroscopy. Co-localisation of
TLR4 and EEA1 is shown in the composite image ¢ye)l
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FIGURE 5.15: Representative.PS-induced endocytosis of TLR4 in PUFAtreatedscell
after 15 min of stimulation. HEK-MTC cells were turied in DMSO (vehicle control),
EPA (25uM), CLA (50 uM), — or a saturated fatty acid control, LA (bM), for 7 days.
Subsequently cells were transiently transfectedh WitR4-YFP (green) and EEA1-CFP
(red) plasmids. Cells were stimulated with LPS (260ml) 15 min. Endocytosis of TLR4
and its localisation relevant to EEA1 was assessgdconfocal microscopy. Co-
localisation of TLR4 and EEAL is shown in the comipmimage (yellow).
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5.3 DISCUSSION

Mounting evidence points towards the beneficiate of PUFA in the prevention
and treatment of inflammatory disease. This haspted widespread research in
relation to PUFA-mediated anti-inflammatory effewtgh the hope of elucidating

the exact mechanisms which can in turn be harndeséderapeutic use. Currently,
the field has focused its attention on the effe€BUFA on the events downstream
of receptor activation, specifically those mediatbg modified eicosanoid

production and gene expression, (Calder 2006, Sénapal Ntambi 2005, Schmitz

and Ecker 2008).

However, thus far our results highlight the diretfects of PUFA on key surface
markers, particularly CD14. As a result, we hypesthed, that the plasma
membrane may be a principal target through whiah riodulatory effects of
PUFA are mediated. Indeed, it is well establisiett by their very nature PUFA
become incorporated into the plasma membrane. éunthre, a keynote paper
published by (Lee et al. 2003) and colleagues stppthis hypothesis.
Fundamentally, the group demonstrated that in RA84.2 cells, DHA inhibited
LPS-induced NEB activation in the presence of key signaling daninnegative
mutants with the introduction of constitutively i@ete TLR4 (TLR4-CA).
Furthermore, DHA failed to inhibit NéB activation in the presence of dominant
negatives and introduction of MyD88-CA or AKT-CA regsiructs. This indicated

that PUFA may exert their effects at the membrah#)e receptor complex itself.

Given these findings and the overwhelming obseowatiof our study regarding
PUFA modulated membrane-bound CD14, the targetirf@il4 to key signaling

domains known as ‘lipid rafts’ became the firstds®f this study. Importantly, in
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order to critically assess the effects of PUFA @@ lipid raft recruitment; a lipid
raft isolation procedure was stringently optimizegbid rafts are isolated based on
the insolubility of raft proteins and lipids in tipeesence of non-ionic detergents. It
is crucially important to obtain a detergent conagion that remains low enough
not to solubilise tightly packed lipid raft domaiasd yet solubilise the remainder
of the membrane or ‘disordered domain’. Deterg@solubility is a relatively,
cheap and widely used method for the isolationhes¢ domains. However, the
type and concentration of detergent used will viaoyn cell type and must be
appropriately tested to insure separation of raét aon-raft proteins (Shogomori
and Brown 2003, Chamberlain 2004). Indeed, resquksented here demonstrate
that concentrations lower that 0.5 % Triton X-108revinsufficient to solubilise
non-raft material. Furthermore, concentrations &mgher resulted in complete

disruption of lipid raft ordered domains.

As such, 0.5 % Triton X-100 was successfully usadtlie isolation of lipid raft
domains from J774 macrophage. This concentratiatetdrgent afforded complete
separation of raft marker flotillin-1, FL-1 from neaft marker, g-actin. In
addition, alkaline phosphatase activity, indicafdipid rafts, was notably high in
fractions in which FL-1 was detected. As expecteng a GPl-anchored protein,
CD14 could be successfully detected in raft fraxtio Notably, alkaline
phosphatase activity was used in this study asr&enaf lipid raft partitioning at
the interphase of sucrose gradients (Gargalovic oy 2003). While activity
corresponded to FL-1 localisation in untreatedscdlUFA treated cells displayed
skewed alkaline phosphatase activity specificalhewtreated with CLA. As such,
we suggest that PUFA in some way compromise akkalimosphatase in lipid rafts

and that its activity should be used solely duopgmisation procedures.
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In keeping with our previous findings, PUFA distigcmodulated recruitment of
CD14 to lipid raft domains in LPS-stimulated cel.A was seen to significantly
suppress recruitment of CD14 to lipid raft domaifmlowing stimulation.
Furthermore, EPA acutely enhanced levels of CD14ipm raft fractions of
stimulated cells compared to control. These are ptetely novel findings in

relation to PUFA and lipid rafts, specifically redang CLA.

Certainly to date, studies have documented thectefie PUFA, particularly, n-3
PUFA on membrane composition and report alteratiorsze and distribution of
rafts (Li et al. 2005, Chapkin et al. 2008b, Makt2004). However, studies have
also generally focused on the effect of PUFA orell fanction via alteration of the
lipid raft structure and indeed translocation ajnsilling molecules. Given the
potent inflammatory potential of T cells this resdais no doubt warranted.
Nevertheless, mechanisms utilised by PUFA regardiraglls and their lipid raft
status may indeed be extended to other cell types.effects of PUFA on T cell
lipid rafts has been extensively reviewed (Yaqo0b9). For example, it has been
demonstrated that changes in the fatty acid coriposiof lipid rafts was
associated with a decrease in the translocatigoratein kinase C, PKC to lipid
rafts, a key molecule regulating CDA cell activation(Chapkin et al. 2008a)(Fan

et al. 2004).

To the best of our knowledge no other anti-inflartona molecules have been
reported to alter lipid raft composition or functido the extent of PUFA. With
regard to our finding in relation to CD14, two deslare of particular interest. (De

Smedt-Peyrusse et al. 2008) report that DHA affdatsproteins presentation but
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not its localisation to lipid rafts. In contrast tiois, (Chapkin et al. 2008b) report
that DHA specifically increases clustering of sifng proteins to lipid raft
domains. Furthermore, only one study has citedaitns in the partitioning of
CD14 to lipid rafts by an anti-inflammatory moleeul(Dai, Zhang and Pruett
2005) demonstrate that ethanol, EtOH suppressesiride@ed TNl and CD14
recruitment to lipid rafts in RAW 264.7 cells. Dand colleagues suggest that
EtOH may cause subtle changes in the lipid portibmafts, causing changes in
clustering or sequestration of proteins within th&uacently it has been shown that
GPl-anchored proteins contain two saturated fattyd achains in their
phosphatidylinositol, Pl moiety which allow themlte incorporated to lipid rafts
(Maeda et al. 2007). The remodelling of the GPIhandakes place between the
ER and Golgi with the unsaturated sn-2 chain beeamyoved and a saturated one
added. This process is mediated by post GPIl-attachmproteins (PGAP2 and
PGAP3). Furthermore, S-acylation of proteins widtenogenous unsaturated fatty
acids has been proposed as a mechanism by whidh julate signalt
transduction by altering the association of pratewith rafts (Webb, Hermida-
Matsumoto and Resh 2000, Liang et al. 2001). Ohdirfigs that CLA reduced the
incorporation of CD14 into the lipid raft, may st that the fatty acid (Webb,
Hermida-Matsumoto and Resh 2000, Liang et al. Zdl)interfere with these

processes.

We suggest the membrane action of CLA regarding4i@truitment to lipid rafts
may be a principal mechanism by which this fattiy atippresses TLR4 signalling.
Indeed this finding compounded our interest regaydne effects of CLA on TLR4
downstream signalling. Thus far the field has fecuscompletely on the

suppressive effects of PUFA on &, however TLR4 signalling is unique in its
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ability to activate both NEB and IRF3 via MyD88 dependant and independent
pathways, respectively (Brikos and O'Neill 2008,irAkand Takeda 2004). We
have previously demonstrated that CLA can supphSsB in dendritic cells
(Loscher et al. 2005b) and in adipose tissue fromenfied on diets of CLA
(Moloney et al. 2007). Furthermore, we have algored the suppressive effects
of EPA and DHA on NkB in a human macrophage cell line (Weldon et a720
Mullen, Loscher and Roche 2009). The data generhtzd agree with these
previous studies and demonstrate that CLA, EPA RR\ all suppress NiB
activation. However, interestingly our data alsendestrates a completely novel
and selective inhibition of IRF3 in PUFA-treatedlseWhile both n-3 PUFA and
CLA suppressed levels of MB, CLA was the only fatty acid to significantly
suppress IRF3. Furthermore, we postulated that wlas indeed related to the
suppression of CD14 at the membrane in CLA-treaets. Particularly as the
activation of IRF3 downstream of TLR4 requires enydosis of the TLR4 complex
and its subsequent association with TRIF and TRKgan et al. 2008), a process
that is dependent on CD14 (Shuto et al. 2005).adyt in cells over-expressing

CD14 the inhibitory effect of CLA on IRF3 was corefaly reversed.

In order to assess whether the suppression of Gixstassociated with reduced
endocytosis of TLR4, which would explain the deseean IRF3 activation, we
used confocal microscopy to examine TLR4 expressaiothe membrane and in
early endosomes in cells treated with CLA and EB#&en that the involvement of
CD14 in TLR4 endocytosis has only been reportethénlast few years (Shuto et
al. 2005), there is a lack of literature examinthg effects of anti-inflammatory
compounds on these parameters as a potential mschandeed the only paper

we found reported a positive correlation betweearrdased CD14 with increased
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consequences of TLR4 activation. Specifically, (Huaaal. 2007) report that an
extract of Ganoderma lucidum polysaccharides erds®a@D14 expression which
results in a subsequent increase in pro-inflammatoytokine production
downstream of TLR4In our study we clearly demonstrate retention oR#Lon
the plasma membrane following stimulation with LBRE CLA-treated cells
indicating a decrease in endocytosis of TLR4 corgbao the DMSO control. This
was not the case in EPA-treated cells. Our dataéweesled a novel mechanism for
how CLA exerts its anti-inflammatory effects in maghage. Furthermore, to our
knowledge this is the first report of an anti-imflamatory compound exerting its
effects via a CD14-dependent suppression of TLRdoeytosis. A schematic
illustrating our proposed model for PUFA-mediatéi@@s on TLR4 signalling is

presented in figure 5.15.
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FIGURE 5.15: lllustration of our proposed model of PUFA-medaieffects on TLR4
signalling. Both CLA and n-3 PUFA, EPA and DHA suvpgs NikB. CLA selectively
inhibits signalling through adaptors TRAM and TRs$Eppressing IRF3 by means of
inhibiting recruitment of membrane bound CD14 te Th.R4 complex in lipid rafts.
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6.1 GENERAL DISCUSSION

Inflammation is the body's natural response to atite or injury in most
circumstances. However, when it becomes dysregutatedan lead to extensive
tissue damage, uncontrolled infection and chrorgeake. Ironically, inflammation
is also vital in order to promote resolution (Serted al. 2007) and considerable
efforts are placed on elucidating mechanisms by clwhanti-inflammatory
pathways may be enhanced to promote this procesthefmore, contemporary
treatments of inflammatory disease can have saadeterious effects and research
now focuses on the development of more naturabpertic agents. Interestingly,
evidence continues to point towards the benefit®0FA in the prevention and
treatment of inflammatory disease (MacLean et aQ42@®chachter et al. 2004).
This study has uncovered a number of PUFA-mediattts on macrophaga
vitro that suggest possible pathways used by these nieteda elicit their
immunomodulatory actions. Furthermore, a novel mashaimmplicating CLA in
the modulation of CD14 within lipid rafts was eldated and may represent the
ultimate mechanism through which this fatty acicerex its anti-inflammatory

effects.

Macrophage, M@ are highly sophisticated phagocyted ane of the many
leukocytes recruited to sites of inflammation imarto neutralise and eliminate
potentially harmful stimuli (Beutler 2004, Mosser03&). It is not surprising that
exacerbated Md responses play a role in variolsnimhatory disorders including;
inflammatory bowel disease (Zhang and Mosser 2@B)stosmiasis (Hesse et al.
2001) and atherosclerosis (Wilson, Barker and ER2@@9). In this study we have

found a modulatory role for PUFA regarding the fiimtal status of macrophage
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with potential implications for inflammatory diseasnd immune responses to

infection.

Throughout this study we have found distinct eBeot CLA and n-3 PUFA on
macrophage. This has led us to equally distinct losians with regard to their
possible roles in modulating an immune response. fddad that macrophage
exposed to CLAIn vitro produced significantly more IL-10 in response t®S.
This anti-inflammatory cytokine has a potent retuha and immunosuppressive
role. Administration of IL-10 to patients with CroBrdisease has been reported to
reduce bowel inflammation (Mocellin et al. 2004). thermore, differentiation of
T cells into various subsets is partly determingdb10 and it has been shown to
inhibit T4l responses. Indeed, work in our lab has demonsttiag&¢enhanced IL-
10 production in CLA-treated DC results in dimireshT helper cell cytokine
production (unpublished observation). Our findingetation to enhanced IL-10 in
CLA-treated M@ was the first of our results to segjgthe potential use of CLA in
the treatment of inflammatory disease. In support tluk, our study also
demonstrates that CLA-treated M@ display suppresseels of IL-23 following
stimulation. The involvement of this cytokine in proting Ty17 development is
well established. Furthermore, IL-23 is implicatedaamajor causative agent of
inflammatory pathology in IBD (Kikly et al. 2006), EA(Langrish et al. 2005) and
collagen-induced arthritis (Yago et al. 2007). Iniadd, CLA treatment resulted
in significant inhibition of surface CD86. This stimulatory molecule enhances
severity of arthritis by enhancing IL-17 productiand increasing the accumulation
of effector T cells in joints (Odobasic et al. 2008pnventional CD86 antibody

therapies have been shown to exacerbate autoimulisaase. We suggest CLA
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may provide an alternative mode of suppressing ITamdivation which may be

beneficial in the treatment of these diseases.

One of the results we obtained with regard to dwekproduction was very
surprising. The fact that CLA enhanced the productb IL-1p by macrophage
was unexpected and raises concerns regarding thaiattation of CLA during
inflammatory diseases in which I3is known to play a key role. This increase in
IL-1B by CLA is a recurrent observation in our laborgtior both macrophage and
dendritic cell studies and something we cannot explaimstime. We suggest that
while CLA may in fact be extremely beneficial inetlprevention/treatment of
inflammatory disease its administration may havkeddailored for the treatment of

specific disease states.

With regard to the more extensively studied n-3 RUPHA and EPA, our study
demonstrates multiple anti-inflammatory effectshadse fatty acids in macrophage.
Specifically, EPA markedly suppressed levels of pogent pro-inflammatory
cytokine IL-12 in response to LPS. IL-12 favours ih@uction of a T;1 phenotype
(Trinchieri 2003a) and as such IL-12 is largely litgaed in autoimmune andyT
mediated diseases including; multiple sclerosis XMBD and RA (La Cava and
Sarvetnick 1999, Papadakis and Targan 2000). EPAateetinhibition of IL-12
has been reported in murine dendritic cells (DC)afigy/ et al. 2007) but not
macrophage and this finding may indicate its theudip potential. In addition
EPA-treated macrophage displayed significantly sesged levels of IL-23. The
inflammatory actions of this cytokine are implichtéen the pathogenesis of
inflammatory diseases such as IBD, EAE and arthjatssdiscussed). Furthermore,

blocking T cell co-stimulatory signals is an attrae approach for the treatment of
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autoimmune disease. Indeed, we found that EPA and Bdppress CD40
expression in macrophage following stimulation. €dilvely, our study suggests
that the n-3 PUFA modify cytokine production andface marker expression in
macrophage. This may lead to altered(Neurath et28)Lantigen presentation
and/or co-stimulation with the possibility of modtihg the expansion and
cytokine production profile of T cells. We postuldltat these critical events are

mechanisms through which n-3 PUFA prove beneficial irmmfhatory disease.

Certainly, many studies involving n-3 PUFA indicate tloeinsumption can benefit
persons with various inflammatory diseases inclgdoardiovascular disease and
rheumatoid arthritis (MacLean et al. 2004, Mantziatisal. 2000). Unfortunately,
few have examined their role in macrophage andethibat have are commonly
found to be contradictory. Most recent literatulgandicates a clear discrepancy
between PUFA-induced effects in different cellsetypTo this end in order to be
used beneficially in inflammatory disease, it remsaifor more powerful and
controlled studies to be carried out. Importante(rath et al. 1998) suggest that
targeting NikB may be a novel molecular approach for the treatnodé IBD,
particularly because over-expression ofd8Hoy macrophages is common among
IBD patients. We found that CLA and indeed the ni3FR, DHA and EPA
suppressed activation of NB. As such this represents another potential baakfic

effect of PUFA in an inflammatory disease situation.

Further to this, we have found the immunomodulatactions of CLA and n-3
PUFA in macrophage may afford protective effectsrdpinfection. In this regard,
the enhanced levels of IL-10 and IL-1 productiorCipA treated cell may be very

useful during and after injury and infection. IL-18 notably involved in the
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resolution stages of infection (Serhan et al. 2(®athan et al. 2007, Serhan 2007)
while IL-1 commonly promotes wound healing actiamsnacrophage populations
(Mosser and Edwards 2008). CLA treatment also erdwhnihie ability of
macrophage to phagocytose, an important event irteftiac clearance and
homeostasis. Furthermore, we found CLA also sigmflgaenhance chemotaxis
and MIP-2 production. The infiltration of leukocytés the site of infection is
crucial in mounting an immune response. Furthermdep)eted levels of MIP-2
have been broadly implicated in impaired bactesiehrance (Strieter et al. 1996).
Therefore, not only do our findings implicate a #peutic role for CLA in
inflammatory disease, it also suggests that CLA rbaybeneficial in innate

protection from infection.

On the other hand, we found alternative effects atediby n-3 PUFA that may
prove beneficial to or hamper innate responsesdunfection. DHA and EPA
significantly suppressed levels of IL-6 in respotsd.PS stimulation. Certainly,
studies employing human macrophage models havetegpthat EPA and DHA
inhibit TNFa, IL-6 and IL-18 production (Goua et al. 2008, Chu et al. 1999).
Elevated levels of these cytokines are charade$tLPS-induced endotoxemia.
In line with other studies, our data suggests tlaly dsupplementation of n-3
PUFA may help ameliorate chronic inflammation causduring sepsis.
Furthermore, DHA markedly enhanced expression of -BIRn important
chemokine in the process of bacterial clearancali@sissed). However, we also
found that EPA and DHA suppressed the rate of ptydgsis in macrophage. This
suggests that n-3 PUFA may delay bacterial cleardnycimpeding the ability of
macrophage to phagocytose. This conflicts with nevistudies employing n-3

PUFA treatments in macrophage (Calder et al. 199®, &teal. 2003, D'Ambola et
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al. 1991). Certainly, such discrepancies are commaheriterature. It is believed
to be due variations in dose and cell lines usedpaiasents an arguable challenge

in PUFA research.

In conclusion, there are conflicting reports as toeter PUFA collectively or
individually have the ability to enhance or dimimisimmune functions.
Furthermore, it is notable that PUFA have differaingiffects on immune function,
as reviewed extensively by (Fritsche 2006, Cald@062 Yaqgoob 2009).
Importantly however, it its broadly accepted thag tatio between n-3 and n-6
fatty acids is significant in determining cell fulon, whole body physiology and
human health (Simopoulos 2002, Burdge and Calde6,28@mopoulos 2008).
Certainly a lower ratio of n-6/n 3 fatty acids i®m desirable in reducing the risk
of many of the chronic diseases of high prevalancé/estern societies. There is
need not only to examine the effect of dose on imeand inflammatory
responses, but also to separate the effects of idudiv PUFA and their
combination with others in different ratios. Thesgeastigations will promote an
understanding of the mechanisms employed by PUF&xwot their effects. Our
data certainly suggest that CLA and the n-3 PUFAAD&d EPA may have
immunomodulatory effects and could be useful idamimatory situations. The
compelling evidence in the literature regarding tin@any immunomodulatory

effects of PUFA is certainly difficult to explain and wartsfurther investigation.

A lack of experimental and clinical studies in #rea complicates any implication
of their beneficial use in prevention and treatnedrdisease. Indeed, many clinical
studies cannot account for the background dietheif subjects. In the majority if

not all animal studies, the diet is completely coleéd. Furthermore, many
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diseases are the result of genetic predispositi@Quie possibly the dose of PUFA
administered may depend on the degree of sevefitisease on a case by case
basis. In realistic terms it is foreseeable that Rdtay not be administered for the
complete prevention or treatment of a disease fection. But the evident anti-
inflammatory benefits of PUFA suggest that they rhalp ameliorate symptoms

and certainly assist in their resolution.

The secondary focus of this work was to define ahmrism through which PUFA
may exert anti-inflammatory effects with particulenterest to CLA. Previous
investigations in the field have paid particulaieation to downstream signalling
components, and suggest these as pinnacle targetgthwhich PUFA exert their
effects. Indeed DHA and EPA have been shown to aser@hosphorylation of p38
and epidermal growth factor receptor, EGFR, a bemg¢fieffect considering
sustained activation of the EGFR and p38 MAPK hagnbassociated with
apoptosis in human breast cancer cells (Schleyndiy and Field 2007).
Furthermore, several groups have demonstrated ttréenBammatory effects of
PUFA via the involvement of PI3K/Akt (Wan et al. ZQ0Neaver et al. 2009). In
addition, numerous studies report PUFA mediated aggpn of transcription
factors particularly NKB (Sampath and Ntambi 2005) and activation of

peroxisome proliferator activated receptors, PPARs (12002b).

However, an important observation was made by (lted. €003) and colleagues.
Based on their work, with various downstream dontinaggative mutants and
constitutively active molecules, they suggest thdFR may exert their effects
upstream at the membrane, or even at the TLR4 m@cepmplex itself. Notably,

PUFA-modulated effects are mediated via modifyingo&noid production.
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However, PUFA perform this modulation primarily bgnepeting with arachidonic
acid at the ‘membrane’ leading to the decreasedymtoon of the inflammatory
eicosanoid products (Albers et al. 2002, Mantzietigl. 2000). Certainly in early
chapters we found the modulation of CD14 in restalls treated with CLA to be
a pivotal finding. This GPIl-anchored protein resideshe membrane and acts as
an associated molecule of TLR4 (Wright et al. 19983, such it plays a
fundamental role in TLR4 signalling (Shuto et al. 2005, Jtal. 1995).

We also found that CLA suppressed surface expmessioCD14 at very early
stages of stimulation with LPS. This suppressionC@fl4 at the membrane in
CLA-treated cells was accompanied by enhanceddewvihin the cytosol. Further
to this our study focused on clarifying if modutatiof CD14 by CLA involved
altered targeting of the protein to lipid raft rmdomains in the plasma membrane.
Indeed we found this to be the case. CD14 was mbrlseghpressed in lipid raft
fractions isolated from stimulated macrophage é@awith CLA. With the
exception of disrupted raft association of CD14£tOH treated cells (Dai, Zhang
and Pruett 2005), this is the only example of an-iafftammatory molecule
modulating CD14 in this way. In addition, we alsoessed the consequences of
this effect on signalling pathways downstream oR#iLand its possible effects on

the ability of TLR4 to become endocytosed.

We found direct downstream implications for theiadton of NFB and IRF3,
with CLA treatment suppressing the induction of Hbdtanscription factors.
However, an exact mechanism was elucidated regattaguppression of IRF3.
Indeed, CD14 is a requirement for LPS induced enmwscy of TLR4 and
subsequent activation of IRF3 (Kagan et al. 2008it&bkt al. 2005). We found the

inhibitory effect of CLA on IRF3 was reversed btaver-expression of CD14 in
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U373 cells. Furthermore, we found that the ability'bR4 to become endocytosed
upon activation was diminished significantly in Clt#eated cells. As such, our
study revealed a novel mechanism for CLA-inducet-iaflammatory effects.

Furthermore, to our knowledge this is the first mepaf an anti-inflammatory

compound exerting its effects via a CD14-dependsmppression of TLR4
endocytosis. While it was clear that EPA and DHA dat suppress CD14, this
study did not extend to determining their exace@&l at the cell membrane.
However we did report that these fatty acids suggme expression of TLR4,
therefore rendering the macrophage less resporisivePS. Furthermore, our
observation that all of the PUFA we examined enkdribe expression of SR-A is
an interestingly observation, given that this regep known to bind LPS, and
warrants further investigation. These changes ireptc expression at the

membrane may explain some of the anti-inflammatory effetcthese fatty acids.

We postulate that with emerging roles for CD14he exacerbation of infection
and inflammatory disease our finding regarding Gkl have direct implications
for the possible use of this fatty acid as a tresimHigh levels of CD14 are
indicative of intestinal macrophage populationgrfrpatients suffering with IBD
(Kamada et al. 2008). Signalling through CD14 hasnbshown to play an
obligate role in cardiac inflammation occurringeaftnajor burn injuries (Barber et
al. 2008). The over-expression of CD14 in specifieaarof the central nervous
system (CNS) within an endotoxin induced mouse madeParkinson's-like
disease has also been demonstrated (Panaro etO&8)). ZFurthermore, diseases
such as Wegener’'s granulomatosis are partiallyactansed by the up-regulation
of CD14 on monocytes (Yard et al. 2002). In this rdgae suggest the possibility

that administration of CLA may offer an alternative to camtional CD14 antibody
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therapies for inflammatory disease. Importantly, padgn of IFN$ (downstream
of IRF3 activation) is essential for induction afd®toxic shock and the activation
of a full immune response (Pechine et al. 2007nc&ICLA can suppress IRF3,
our data suggests that CLA may be useful in endotoxic shatekestingly a recent
study in our laboratory has revealed that feedingemvith CLA protects them

from endotoxic shock (Loscher et al., unpublished).

This work has uncovered a completely novel meclhanisgarding the anti-
inflammatory effects exerted by CLA. Furthermorestls highly relevant to
research within our field of nutritional immunolagy was over thirty years ago
that investigations first examined and tried to celate the possible anti-
inflammatory potential of fatty acids (Palmblad a@gllenhammar 1988). At that
time it was a well held belief that fatty acid-irwhal changes in the cell membrane
were responsible for subsequent changes observednambrane-dependent
functions including; phagocytosis and cell sigmglevents. All were thought to be
a direct result of alterations in membrane compmsiand fluidity (Peck 1994).
However, this theory rapidly lost favour as; ‘itléal to explain why n-6 and n-3
PUFAs have contradictory actions on the immune esyst(Fritsche 2006,
Palmblad and Gyllenhammar 1988). Currently, this théas re-emerged with the
recent discovery of discrete lipid domains or tipafts’ in the plasma membrane.
We believe that the work in our study reinforceds tlhrenewed interest.
Furthermore, we postulate this will be a criticalcdse within the field of
nutritionally based immunological research and prdwndamental in efforts to
elucidate the multiple mechanisms used by PUFAlitit ¢heir anti-inflammatory

effects.
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7.1 FUTURE PERSPECTIVES

Within chapter 4 a study to assess the binding BS Lto the TLR4 receptor
complex by flow cytometry is described. Various otlggoups have conducted
studies with the premise of elucidating the exaure of LPS bindingn vitro,
particularly emplying neutrophils and monocytes #8tase-Ravion et al. 2003b,
Kitchens et al. 2000). While several knockout micedels have revealed
unexpected features of LPS actimnvivo (Fenton and Golenbock 1998), to the
best of our knowledge there are no reports citirgdxamination of LPS binding
events in an artificial environment outside theings organism (i.e.ex vivQ.
Consequently, we describe herein as a future pdrgpeo the work conducted on
LPS binding in chapter 4, the development ofeanvivo model to assess LPS
binding to brush border membrane from the smaéistibe of BALB/C mice. In
order to do this, the Biacore300Gurface plasmon resonance (SPR) system was
employed, providing a highly sensitive platform fooking at real time binding

events. The results of this work are presented in appendnd@iscussed below.

Brush border membrane vesicles (BBMVs) are gainmegognition as an
alternative tool to investigate active transportetiactions as they contain
phospholipids, hydrolytic enzymes, carrier proteiBsaroni et al. 2006, Balon,
Riebesehl and Muller 1999, Kramer et al. 1994) apdl Irafts (Danielsen and
Hansen 2003) that are responsible for many biolagieractions and binding
events. BBMV surfaces have been useful for the esiim of binding events,
particularly of orally administered drugs as thesgsess structural and functional
similarity to real intestinal membranes (Kim et2004, Cho et al. 2004). They are

of particular interest as over activated and/orrelyslated function of toll-like
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receptors including TLR3, TLR4 and TLR5 are largetgplicated in many
diseases of the gut (Lodes et al. 2004, Cario armblBly 2000). However, the
exact expression of TLRs and indeed interactior whieir respective ligands in

BBMVs has not been investigated.

The possibility of using the Biacore 3008PR-based biosensor to monigarvivo
real-time binding of LPS to BBMVs was investigatégsing the L1 chip it was
possible to successfully capture significant levad8BBMVs. A pilot experiment
suggested significant LPS binding to the immobdi&BMVs. However, follow-
up experiments indicated that there was substaNt& of LPS to the L1 chip
surface itself. A series of scouting experiments tha&s undertaken to determine
the most appropriate strategy to counteract the.MSIBigh concentration solution
(12 mg/ml) CM-dextran and BSA blocking buffer wassped across the surface. In
addition, the LPS was diluted in this same blocKmugfer. BSA is a commonly
employed blocking protein and the CM-dextran mireatkhe actual surface matrix
of the L1 chip and thus, it was postulated that [@A$ with non-specific affinity to
the CM-detxtran surface would be effectively blathe the high concentration of
CM-dextran in the blocking buffer. However, thisastrgy alone did not fully
eliminate the NSB contribution. (Anderluh et al. 2p@Beviously reported that
blocking with lipids was an effective approach emluce NSB. We found that a
combination of CM-dextran/BSA blocking buffer andegblocking the L1 chip

surface with a concentrated liposome solution was effeatieliminating NSB.

Unfortunately, when the blocking steps were incaspent no binding of LPS was
discernable. One possible reason for this is treaCill-dextran/BSA and liposome

blocking agents also effectively coated and blodkedBBMV surface. This could
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be overcome by employing an alternative blockimgtegy. It is also possible that
the integrity of the BBMVs is somehow compromisetiew immobilised. This
could be due to aggregation and degradation edhechip or during prolonged
storage in buffer. It is also important to note thia@ expression of TLRs on
BBMVs has not yet been characterised, thereforeroligands, apart from the
TLR4 ligand used here, will be used during furtlogtimisation. Although at
present it will not supplant cellular-based assays confidently predicted that
with further optimisation and amendment this magalatform will provide a novel
strategy for investigating the interactions of ottwl ligands in a simple and rapid

real-timeex vivoassay format.
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APPENDICES

APPENDIX A

CELL CULTURE MEDIA

COMPLETE RPMI 1640 500 ml
5% Heat inactivated Foetal Calf Serum (FCS) 25ml
Penicillin/streptomycin/L-glutamine Culture Cocktail 10 ml
(Gives a final concentration of 2 mM L-glutamine,

100 pg/ml penicillin and 100 U/ml streptomycin)

COMPLETE DMEM 500 mi
5% Heat inactivated Foetal Calf Serum (FCS) 25ml
Penicillin/streptomycin/L-glutamine Culture Cocktail 10 ml
(Gives a final concentration of 2 mM L-glutamine,

100 pg/ml penicillin and 100 U/ml streptomycin)

10X PHOSPHATE BUFFERED SALINE (PBS)
NaHPO,.2H,0 (8 mM) 23.2 ¢
KH.PO, (1.5 mM) 49

NaCl (137 mM) 160 g

KCI (2.7 mM) 49

Make upto2 LpHto 7.4

10 X TRIS BUFFERED SALINE (TBS) pH 7.6

NacCl 48.4 g
Trizma Base 160 g
Dissolve in 2 L dHO pH to 7.6

2N HySO4

H,SO, (36 N) 11.1 mi
dH,O 88.9 ml
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FACS BUFFER
2%FCS

0.05% NaN
PBS

5X SAMPLE BUFFER

125 mM Tris

10 % Glycerol

2 % Sodium dodecyl sulphate (SDS)
0.05 % (w/v) Bromophenol Blue
dH,O

0.25 M Dithiothreitol (DTT)*

6.25 ml 1M Tris HCI pH 6.8
5ml
10 ml (10 % (w/v) SDS)
0.01 g
28.75 ml

25U 1 M DTT S

* Added to 1 ml 5X Sample Buffer just before use

SEPARATING GEL (10 % (v/v))
33% w/v Bisacrylamide (30% stock)
1.5M Tris-HCI pH8.8

1% w/v SDS

0.5% w/v Ammonium persulpate
dH,O

0.1% v/iv TEMED

STACKING GEL

6.5% v/v Acrylamide/Bisacrylamide (30% stock)
0.5M Tris-HCI pH6.8

1% w/v SDS

0.5% w/v Ammonium persulphate

dH,O

0.1% v/iv TEMED
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ELECTRODE RUNNING BUFFER
25mM Tris base

200mM Glycine

17mM SDS

LIPOSOMES
Liposomes: 30:30:10 % molar ratio DSPC:Cholesterol:DEEG

DSPC: Sigm& DSPE-PEG: Avanti Polar Lipids Inc.,; Cholesterol: Sijm
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APPENDIX B
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FIGURE 8.1: Membrane and cytosolic expression of CD14 in J7&trophage. Cells
were plated at 1 x f@ell/ml, (3 ml/well)[A] or 2 x 18 cell/ml, (3 ml/well)[B] and left to
rest overnight. On the following day cells weremstiated with LPS (100 ng/ml) over 6 h,
as indicated. After the completed time course lyshites were harvested and membrane
fractionation performed. Total cellular levelsfeactin were used as loading control.
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APPENDIX C

BRUSH BORDER MEMBRANE CHARACTERISATION

Brush border membrane vesicles (BBMV) were isolatsddescribed [section
2.10.1] and characterised with a monoclonal antibagginst CD66a which is
constitutively expressed on BBMV. Following inculoatiwith CD66a antibody
BBMV were stained with an anti-mouse FITC conjugatel analysed by flow
cytometry on a BD FACSAria™. CD66a bound signifitanto BBMV
preparations[Figure 8.2]. In addition binding of solely the anti-mouse FITC

conjugate to BBMV was negligible.

ESTABLISHING AN EX VIVO MODEL TO INVESTIGATE LPS BINDING

In an attempt to establish ax vivomodel for the investigation of binding of LPS,
BBMV were immobilised on the surface of an L1 chiging a Biarcore300Q as
described [section 2.10.2]. BBMV were successfully mbiised on the surface
with a final level of 2166 response units (RU) avalently attached BBMV
achievedFigure 8.2A]. Subsequently, LPS (1®/ml) was passed over the surface
resulting in a binding event to the significance2d6 RU[Figure 8.2A and B].
Following this, any non-specific binding (NSB) of &Ro the surface of the L1
chip was assessed [section 2.10.4]. LPS bound signific to the surface of a
blank flowcell [Figure 8.3A]. In addition, blocking the flowcell with CM-dextran
BSA and preincubation of LPS with the same resuite@inding of LPS to the
surface of the flowcell by approx. 100 RWFigure 8.3B]. Furthermore, full
analysis of a BBMV-functionalised, liposome and Clkttan BSA blocked chip

resulted in complete elimination of LPS to the aaéfFigure 8.4]. This suggests
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that the previously observed LPS binding eventimobilised BBMVs was non-

specific[Figure 8.2A].
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FIGURE 8.2: Flow cytometric analysis of BBMV isolated from tisenall intestine of
BALB/C mice[A]. Unstained BBMV are represented by the grey histimg Non-specific
binding of the anti-FITC conjugate used in chanastdion was assessed (black
histogram). Specific binding of CD66a to BBMV issdiayed (green histogram). Mean
fluorescence intensity values are also represeiiede[B].
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FIGURE 8.3: Binding sensorgram demonstrating capture of BBM\ aubsequent
binding of LPS in HBS-DF buffefA]. After passing BBMVs over the surface of the L1
chip a final level of 2166 RUs of covalently attadlBBMVs was achieved. Subsequently,
LPS (10ug/ml) was passed over the surface leading to argnelvent to the significance
of 216 RU change. Binding of LPS is highlightedB}. The surface of the L1 chip was
regenerated by injecting 40 mM CHAPS.
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FIGURE 8.4: Testing for binding of LPS on a blank L1 chip sad§]. Injection of LPS
(10 pg/ml) over the blank flowcell resulted in bindingsponse of 161 RU. Non-specific

binding (NSB) was recognised as a significant poband in an attempt to overcome this,

blocking agent CM-dextran BSA was passed over thiase prior to injecting LPS diluted
in blocking buffer{B]. However, LPS still bound significantly to the awe.
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FIGURE 8.5: Full analysis of BBMV-functionalised and liposomit¢ked chip.
Following immobilisation of BBMV to the L1 chip sfaice, non-specific sites were
blocked using a liposome solution followed by CM<ilan BSA. Blocking procedures
efficiently abrogated NSB, however there was alsooacomitant abrogation of LPS
binding to captured BBMVs.
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