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ABSTRACT

The ocean is a major source of structurally unigatiral products that are mainly
found in marine organisms. Numerous compounds @&realated from these marine
organisms have been shown to possess anti-inflabnynacttivities. The objective of
this work was to examine a range of marine orgasisnorder to identify compounds
that had anti-inflammatory potential and also tacelate the mechanism of their
actions. Inflammatory diseases account for sigaificill health and morbidity
worldwide and are typically associated with dystatgd T cell responses, which are
activated by dendritic cells (DC). Therefore, nowttategies that modulate the
activation of DCs may have therapeutic potentiak ¥¢reened a number of marine
species by examining their effects on DC functiard grom this focussed on
candidate marine extracts for further assessmedrgsd were then fractionated and
further purified until we had a single compound pEm(INV013). This purified

compound was then used to determine the intraeeflatget of INV013.

DCs were exposed to marine extract INV013 and #detivated with a panel of TLR
ligands (TLR2/1, TLR2/6, TLR3, TLR4, TLR5, TLR7 andLR9). INV013
specifically suppressed the IL-12 family of cytodsn(IL-12p40, IL-12p70 and IL-
23), IL-1B, IL-6 but not TNFe, and enhanced IL-10 production following activatio
only with TLR4 or TLR2 ligands. The marine compoandiso suppressed DC
migration in response to TLR4 and inhibited producibf chemokines. INV013 had
no effect on DCs stimulated with ligands to theeotLRs. While there are some
common pathways downstream of TLR activation TLR2 &LR4 use an adaptor
protein called MyD88 adaptor-like molecule (Mal)hiah is not used by the other
TLRs.

Examination of the TLR downstream signalling patiisvaevealed that INV013
selectively inhibited NReB activation but had no effect on IRF3 activation.
Furthermore, INV0O13 was also able to block Mal-drivactivation of NkB. These
findings demonstrate that marine extract INVO13 bpscific effects on DCs and
indicates that it exerts these effects by targelitag. This suggests that INVO13 has
the potential to be developed as a therapeutitéatment of inflammatory disease.
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CHAPTER 1

GENERAL
INTRODUCTION



1.0 THE IMMUNE SYSTEM

The immune system is an extremely complex systentyraphoid organs, cells,
humoral factors and cytokines. An effective immuasponse is provided by means
of innate ‘early’ and adaptive ‘delayed’ immuni#dthough considered independent,

there is a high level of interaction and collabamatbetween the two.

1.1 OVERVIEW OF INNATE IMMUNITY

The innate immune system comprises the first lindefence to the body in a non-
specific manner. Most organisms exist with only aten mechanisms however
vertebrates have alternative systems for pathogmognition and elimination,
collectively known as adaptive immunity (Kimbrehda Beutler 2001) The principal
components of innate immunity include physical,maleal and anti-microbial barriers
to infection (Beutler 2004). Innate immunity is rtlgsdependant on phagocytosis, a
process which engulfs and destroys invading pategePhagocytic cells
(macrophages, neutrophils) also produce a wideerarfginflammatory mediators,
including cytokines and chemokines, which simultarsty direct other host
responses. Macrophages are found throughout the (@d. heart, lung, brain and
liver), and upon breach of the epithelial barriex #he first cells to encounter invading
microbes (Beutler 2004). The majority of neutrophdre found circulating in the
blood and have a short life span. They are attidctéhe site of infection by activated
macrophages and upon activation they release oyskand chemokines which in

turn amplify inflammatory reactions by several atbell types (Janeway et al. 2008)



1.2 MACROPHAGE FUNCTION AND ACTIVATION

Macrophages (M@) are key effector innate immunés ¢bhbt play a fundamental role
in tissue homeostasis, pathogen clearance, wouradingeand resolution of
inflammation. M@ have been a continuous sourceneéstigation for immunologists
since their discovery by Elie Metchnikoff in 190HIRSCH 1959). M@ are
prodigious phagocytic immune cells that perform esal different functions
throughout the innate and adaptive immune resportsey are present in lymphoid
and non-lymphoid tissues and their primary roletasrecognise, engulf and Kkill
invading pathogens. M@ express numerous patteognéton receptors (PRRs) such
as toll-like receptors (TLRs) which enable them rexognise pattern associated
molecular patterns (PAMPs) resulting in phagocgosind the initiation of
intracellular signalling pathways, leading to thhequction of inflammatory mediators
such as cytokines and chemokines (Gordon 2007adtition M@ are capable of
initiating an adaptive immune response by presgnéintigen to CD4 T cells via
major histocompatibility class (MHC) Il moleculeBhagocytosis is a fundamental
process that is involved in the clearance of cafldebris from tissue remodelling and
apoptosis and without this process the host woatdsarvive (Janeway et al. 2008).
The receptors that are involved in this homeostal&arance include scavenger
receptors (SRs), phosphatidyl serine receptorsgiims and complement receptors
(Erwig and Henson 2007). M@ activation is dependamtthe type of pathogen
encountered or the environment in which the maagphresides. Currently M@ can
be classified into three different subsets cladlyicectivated (M1 or host defence),
alternatively activated (M2 or wound healing) aegulatory M@ (Fairweather and
Cihakova 2009, Gordon and Martinez 2010) [see &gll]. However they are not

permanently differentiated but have plasticity aame capable of moving from



classically activated to alternatively activated drack again depending on the local

environment (Stout and Suttles 2004)

IL-4,
IFN-y Thl 13 Th2

% response

response

Alternatively activated
macrophage

Classically activated
macrophage

Figure 1.1: Diagrammatic representation of cytokines producgdrbmune cells and their
effect on macrophage physiology.

1.2.1 CLASSICAL AND ALTERNATIVE ACTIVATION

M@ that are produced during cell-mediated immurspoases are termed ‘classically
activated.” Classically activated M@ are generdtdtbwing stimulation with pro-
inflammatory cytokines IFN- and TNFe or LPS. Cells of both the innate and
adaptive immune system are involved in the produactf IFNy whereas TNFe is
produced by the ligation of a TLR to its respectigand, activating the MyD88-
dependant signalling pathway (O'Shea and Murray8200a, et al. 2003). IFN-
primes M@ to secrete pro-inflammatory cytokineshsas TNFe, I1L-1p3, IL-12, and
the chemokines MIP«lCCL3, IP-10/CXCL10 and MCP-1 (Fairweather and

Cihakova 2009). In addition, classical activation associated with increased



expression of the antigen presentation receptorCMtdnd also the co-stimulatory
marker, CD86 (Martinez, Helming and Gordon 2009thdugh these M@ are vital
components of host defence there activation musfirndy controlled as over-
production of pro-inflammatory cytokines can leachbst-tissue damage resulting in
autoimmune diseases such as rheumatoid arthridg @dd inflammatory bowel

disease (IBD) (Szekanecz and Koch 2007, Zhang avsb&t 2008).

Contrastingly, alternative activation of macrophage induced by IL-4 and IL-13,
cytokines that are secreted in a Th2 responsecpkatly in allergic, cellular and
humoral responses to parasitic and extracelluléngggns (Martinez, Helming and
Gordon 2009). Similar to classically activated nogtrages they can develop in
response to innate and adaptive signals. Innataimerells including basophils, mast
cells and granulocytes are fundamental early ssuofelL-4 secretion following
tissue injury (Louis, et al. 1999, Brombacher, et29009). Similar to classically
activated macrophages, these M@ can be detrimentale host when their matrix-
enhancing activity is dysregulated leading to antoune diseases such as RA. In
addition alternatively activated macrophages areensusceptible to intracellular

infections for exampl®&i.tuberculosigGordon and Martinez 2010).



1.3 OVERVIEW OF ADAPTIVE IMMUNITY

In addition to innate immunity, vertebrates havelesd an adaptive immune system,
utilizing antigen-specific receptors on T and Blséb direct effector responses. T and
B lymphocytes are the recognized cellular pillar adaptive immunity. T
lymphocytes are chiefly responsible for cellularmomity and B lymphocytes for
humoral immunity but they work together with otleetl types to mediate an effective
adaptive immune response (Pancer and Cooper Z0@&)d B lymphocytes originate
in the bone marrow from progenitor cells. T cellgrate and mature in the thymus
while B cells remain in the bone marrow undertakiongher development. The
antigen recognition of T cells is attributed to theell receptor (TCR) while B cell
specificity is due to membrane bound antibody (dayeet al. 2008). Specificity of
both T and B cells for TCR and antibody is a restitandom reorganization of genes
encoding them, thus resulting in the expressioraofast repertoire of receptors
(Nemazee 2006). Naive lymphocytes migrate to pergdliymphoid organs including
lymph nodes, spleen and the mucosa associated dithpissues such as Peyer’s
patches (PP) in the gut. It is in these particldaations where the majority of the
immune responses occur. Both lymphocytes displajasel receptors for a single
specific antigen but due to a high level of spetifi only a reasonably small number
of lymphocytes are able to recognize any givengenti Lymphocytes are constantly
circulating between the blood and the periphenaldigoid tissues in order to increase
their chances of encountering their specific amig®¥hen the lymphocytes recognize
their specific antigen which is coupled to the MHhé&teptor on the surface of an
antigen presenting cell, it ceases to migrate. Beveral days it proliferates,
undergoing clonal expansion and differentiationnewally giving rise to effector T

cells of identical antigen specificity. The effeciocells then re-enter the bloodstream



and migrate to the sites of infection (Janewayle2@08). Upon re-exposure to a
particular antigen, memory T and B lymphocytesiatg an important and effective
immune response a process often referred to asumoiagical memory’(Gourley, et

al. 2004).

1.3.1 LINKING INNATE AND ADAPTIVE IMMUNITY

The co-ordination of innate and adaptive respomsesssisted by signalling among
different PRRs (Reise Sousa 2004).While innate imitgus essential as the first line
of defence against infection, adaptive immunityviules specific targeted response to
the invading pathogen. Furthermore adaptive immyurptovides long-lasting
protection against pathogens (Janeway et al. 2@B8)dritic cells which are the main
antigen presenting cells of the immune system pl&gy role in linking innate and
adaptive immunity (Gottenberg and Chiocchia 20G7gure 1.1a illustrates various

cells of the immune system and the differentiafrom stem cells.

T Lymphocyte
--=@
Lymphoid
Stem Cell -
@ o NK Lymphocyte
- Pluripotent B Lymphocyte P.I'.liamn Cell

Stem Cell
\ Erythrocyte
/ sy Megakaryocyte
3) —— S {blood clotting)

Myeloid \
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Figure 1.la:Diagrammatic representation of the differentiatioh immune cells from a
myeloid stem cell@Geissmann, et al. 2010)



1.4 DENDRITIC CELLS (DC)

Dendritic cells (DC) are a heterogeneous familycefls that are present in low
quantities in those tissues which are in contat¢h whe environment e.g. the skin
(where they are often called Langerhans cells).yThee considered the most
influential antigen presenting cells (APC) in thedlp because they are capable of
internalizing, processing endogenous or exogenotigem and their unique ability to
present antigen-MHC complexes to the peptide spedifcells thereby initiating
adaptive immunity (Banchereau, et al. 2000). DCehawplethora of other functions
which include, induction of tolerance, control otéll polarization and recruitment of
T cells to the site of infection. They start out issmature DCs where they are
constantly patrolling for pathogens such as virumes bacteria (Knight, Burke and
Bedford 2002). Once a DC detects a pathogen, fitialimteraction is between a
specific PAMP found on the pathogen and its relevaceptor such a toll-like
receptor (TLR) on the surface of the DC (Beutle020 TLRs are essential
transmembrane proteins that detect pathogens amdthé immune system to the
presence of invading microbes (Goldstein 2004). TigR&tion leads to the activation
of DCs and the instantaneous production of pramfhatory cytokines such as IL-
12, TNFe and IL-1B that facilitate the enhancement of innate and @&dajmmmune
responses. Throughout DC maturation there is aorease in the levels of MHC
molecules bearing pathogen-derived antigen on tinlace of DCs which engages
with naive pathogen-specific T cells (signal h)addition to an up-regulation in co-
stimulatory molecules (CD40, CD80, CD86), greatiyh@&ncing their ability to
activate naive T cells (signal 2). Finally, DC nration also results in inflammatory
mediators (i.e. cytokines, co-stimulatory molechlést can act on naive T cells to

promote their differentiation into effector T cellmuch as Thl, Th2, Thl17 or



regulatory T cells (signal 3), summarised in fighir2 (Joffre, et al. 2009). DCs play a
central role in the controlling immunity and areushtargets for clinical research
examining T —cell mediated events e.g. transplematallergy and autoimmune

diseases (Banchereau and Steinman 1998Db).

Immature DCs capture antigens by phagocytosis, spawrcytosis or via interaction
with a variety of cells surface receptors and egtimis. The most prevalent antigen
receptors expressed by DCs include members of thgelectin family, such as
mannose receptor, DEC-205 andyHeceptors (Banchereau, et al. 2000). These
receptors allow efficient capture of IgG immune @bexes and opsonised particles
(Cella, Sallusto and Lanzavecchia 1997). Intera#iim of foreign antigens by these
receptors eventually leads to DC activation. Onc€sDbecome activated the
maturation process commences, DCs gain the abilityigrate to the lymph nodes

where they stimulate naive T cells.

1.4.1 DENDRITIC CELL MATURATION

The process of DC maturation coordinates a sefisgynificant changes resulting in
the loss of endocytic/phagocytic activity, up-regidn of adhesion and co-
stimulatory molecules (CD40, CD80, CD86), redisition of MHC 1l molecules and
a change in morphology (Banchereau and SteinmaBa)99he interaction of co-
stimulatory molecules will be discussed later irmamter 3 The maturation process
also results in changes in the expression of chemaleceptors on the surface of
DCs. Immature DCs express high levels of chemokeoeptors including CCR1,

CCR2, and CCR5 which are essential in assistingniigeation of DC to T cell areas.



Once DCs reach the lymph node area they lose ithigiatory capacity and produce
T and B cell stimulatory cytokines such as Interfex (IFN), IL-12 and IL-6. When
DCs have acquired the ability to activate T cellsyt have completed their core

function and thus commit suicide by apoptosis (Mat€t al. 1999).

1.4.2 ANTIGEN PROCESSING AND PRESENTATION

Antigen processing and presentation is an intrigwombination of cellular functions
and specialized processes. DCs are capable ofgsiageand presenting peptides in
the context of either MHC | or Il. Two generallystinct pathways are used by MHC |
and Il molecules in order for the presentation mtigens to T cells. If the antigen is
found endogenously i.e. within the cell, it is cdexed to MHC | through an
intracellular processing pathway. On the other hexaenous antigens taken up by
APCs (macrophages, DC, B cells) through endocytaasprocessed onto MHC I
and then expressed on the surface of the cell. BRI, a lysosomal glycoprotein, is
specifically expressed in the lysosomal MHC Il camment and aids in the
processing of exogenous antigen or in assistimppart of antigen-loaded MHC 1l
complexes to the cell surface (Banchereau, et G0R Immature DCs synthesize
high levels of MHC Il but instead of being expressm the surface of APC they are
expressed in the endosomal compartments where lihgg a short life. When
immature DCs are activated by inflammatory stimglich as lipopolysacharide
(LPS), the antigen is degraded within the MHC ld@somal compartment, coupled
to MHC Il molecules and then transported to thdasgr of the APC where it remains
stably complexed to peptide for days and avail&meCD4™ T cells (Steinman, et al.

1999).
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1.4.3 ACTIVATION OF T CELLS

T cells express a specific antigen receptor terir@d@ which interacts with DCs. This
interaction is fundamental for initiating cell matkd adaptive immune responses.
However, full activation of T cells critically depéds on three signals. The TCR is
composed of a- andp-chain that form the TCR heterodimer which is resplole for
ligand recognition. These- and p-chains are non-covalently associated with a
complex of low molecular weight transmembrane pnstereferred to as the CD3
complex (Schmitz and Krappmann 2006). The firshaigs initiated upon binding of
the TCR with antigenic peptides complexed to MHCleunoles. The TCR-CD3
complex interaction plays an essential role in @iy cell recognition and inducing
signal transduction into the nucleus, activatingegeinvolved in T cell proliferation.
Signal 2 is provided by the co-stimulatory molesuw&®80 and CD86 which engage
with the accessory molecule, CD28 on the T celks@mulatory molecules are only
present on activated DCs ensuring that T-cell imigus not activated unnecessarily
(Smith-Garvin, Koretzky and Jordan 2009). Theseremeptors are essential to
enhance a productive immune response, which leatietsecretion of cytokines and
increased survival and clonal expansion of T céllswever, in the absence of these
costimulatory signals, the T cells will either bew anergic or die by apoptosis,
thereby promoting T cell tolerance. Anergy can odauwo distinct ways, one being
if the TCR is engaged by a non-professional APRitecostimulatory molecules on
its surface (Macian, et al. 2004, Schwartz 2008¢ $econd is if TCR ligation is
followed by the binding of cytotoxic T-lymphocytessociated antigen-4 (CTLA-4)

with CD28 on the T cell (Inobe and Schwartz 2004).
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Signal 3, relies on the ligation of a polarizingakine to its corresponding receptor
on the T cell allowing naive T cells to finally lwene effector T cells (Corthay 2006).
Naive T cells require stimulation for at least 2@ Im order to be committed to
proliferate whereas memory/effector cells are atderespond within 0.5-2hrs.
Following engagement with antigen, the TCR is imééised and degraded and the
differentiated cells lose their lymph-node homiegaptors and acquire receptors that
control their migration to inflamed tissues whemneyt execute their effector functions
(Sallusto and Lanzavecchia 2002). In contrast, | tleat receive a short stimulation
proliferate, but fail to differentiate to effectaells and maintain the lymph node
homing characteristics of naive T cells. Divisiodalonal expansion of each T cell
results in up to 1000 progeny, most of which amaeat effector cells (Parkin and

Cohen 2001a).
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1.5 TCELLS

T cells are a subset of lymphocytes that arise fteenbone marrow and undergo a
cascade of events in the thymus including, diffeagion and proliferation before
returning to the circulation as mature T cells. yiiage found throughout the body,
they often reside in the secondary lymphoid org#éms lymph nodes and spleen) as
sites where activation occurs, but they are alsmdoin other tissues of the body,
most conspicuously the liver, lung, blood, and stiteal and reproductive tracts
(Bousso 2008). T cells can be divided into two majdbsets that are functionally and
phenotypically different; T-helper cells (Th) andytatoxic T-cells (CTLSs)
characterised by the expression of CD4 and CD8ertsjely on their cell surface
[see table 1.1]. T cells are able to recognisegantbound to MHC molecules. CD4
T cells recognise antigen complexed to MHCII molesuwhereas CD8T cells
recognise antigen complexed to MHCI molecules (lRadnd Cohen 2001a). As
mentioned in section 1.4 these T cells are onlivaietd if accessory molecules on the

T cell are ligated to costimulatory molecules oa &PC.

CD8" T cells exhibit cytotoxic activity, which is fundeental in directly killing

certain tumour cells, viral-infected cells, anylsalisplaying foreign antigen coupled
to MHCI and occasionally parasites. The CDB8cells are also essential in down-
regulation of immune responses (Foulds, et al. ROOR4" T cells are important in

directing the immune response. CDZ lymphocytes differentiate into distinct
effector cell subsets characterised by their fumctind cytokine production profile.
Defects in the appropriate regulation of CDHcell function have been implicated in
the exacerbation of humerous autoimmune diseasgsaaIRA and IBD (Egwuagu

2009, Palmer and Weaver 2010). Until recently teeegal agreement was that there
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were only 2 types of T helper lineages; Thl and, Tia&vever new lineages of T cells
are emerging including Th17, Th9 and Th22. Figubelow depicts the processes

involved in the polarisation of Thl and Th2 cells.

> CDS8O0
CD86
CD40

Co-stimulation

Recognition

o
Cytokines
1 3 IL-12
T cell receptor ' : IL-6
antigens: IL-1B
MHC | IL-10
MHCII IL-21

Figure 1.2 T-cell activation and TH1/TH2-cell differentiatiorquire three dendritic
cell-derived signals; Signal 1 is the recognitiondaligation of the TCR receptor to
MHC peptide complexes. Signal 2 is the co-stimwasignal, mainly mediated by
ligation of CD28 by CD80 and CD86 on APC and, sighaecretion of cytokines by
APC that bind to cytokine receptors on the surface.

1.5.1 TH1 AND TH2 CELL DEVELOPMENT

Numerous factors are involved in the polarisatibnaive T cells into a Thl or a Th2
phenotype. The cytokines IL-12, IL-27, IFNand the transcription factors, signal
transducer and activator of transcription- (STAT)SITAT4, the adhesion molecule,
ICAM-1 (intracellular adhesion molecule-1) and T-Ipeomote the development of
Th1l cells, where as the differentiation of Th2asykely dependant on the cytokine IL-
4 in combination with the transcription factors SlleAand GATA3 (Murphy and

Reiner 2002, Callard 2007).
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The conventional definition of Thl and Th2 cellpdeds firmly on the cytokines that
they produce. Thl cells produce IL-2, IL-15, TIRF-and IFNy which activate
macrophages, NK cells, and CTLs. The primary roleTbl cells is regulating
protective immune responses against infection wtracellular pathogens (Murphy
and Reiner 2002). In addition, they are princidéators of cell-mediated immunity
and delayed type hypersensitivity (DTH) (Agnellbak 2003). Conversely, Th2 cells
secrete IL-4, IL-5 and IL-13, which promote humoraimunity, allergic responses
and constrain cell mediated immunity and inflamwatiDuring Th2 responses, IL-4
and IL-13 stimulate B cells to produce IgE, in gast IL-5 is the main eosinophil-
activating cytokine (Trinchieri 2003b). ExtraceHdulpathogens, such as helminthic
worms, tend to induce differentiation along the Tg&hway (see table 1.1). IFN-
and IL-4 act in regulatory feedback loops promofungher differentiation of Th1l and
Th2 cells, respectively, in an anticrine manner phy and Reiner 2002). One vital
characteristic of the Th1/Th2 paradigm is that tkap antagonise each other, Thi-
type cytokines, especially IFN-inhibit the differentiation of Th2 cells, whileh2-
type cytokines, especially IL-4, inhibit the difégtiation of Thl cells (Ho and

Glimcher 2002).

Several diseases have been associated with thegdysted function of Thl and Th2
cells. For example, Thl cells have been implicatledthe development and
pathogenesis of autoimmune diseases such as raigtif@rosis (MS) while Th2 cells

contribute atopic diseases such as allergy andnas(beenick and Tangye 2007).
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1.5.2 TH17 CELL DEVELOPMENT

Recently a subset of Th cells have been identitieaned Th17 cells (Bettelli, Korn
and Kuchroo 2007, McGeachy and Cua 2008). In theesmay as Th1l and Th2 cells,
Th17 cells require specific cytokines and trangimipfactors for their differentiation.
Th17 cells are characterised by the secretion diktnct cytokine profile, including
IL-17A, IL-17F, IL-21 and IL-22 (see table 1.1).-07 has emerged as a key pro-
inflammatory cytokine and is known to induce theduction of IL-1, TNFe, and
GMCSF. Differentiation of this subset is contrdllby transforming growth factor-
(TGF)$ and IL-6 (Smith-Garvin, Koretzky and Jordan 200R)ese cytokines act in
a STAT3-dependant manner to induce the expresditimearphan nuclear receptor-
RORyt which subsequently upregulates the productionllet7 and the IL-23R
(Deenick and Tangye 2007). In addition, the productof IL-21 by Th1l7 cells
together with TGH3 and in the absence of IL-6 are able to initiatel7h
differentiation, therefore IL-21 may be a positifeedback loop to amplify the
precursor frequency of Th17 cells (McGeachy and 20@8). The differentiation of
this subset was shown to be inhibited by IL-4 dfd-/ as naive T cells cultured with
TGFf$ and IL-6, in the absence of IFNand IL-4 were found to differentiate into
Th17 cells (Kikly, et al. 2006). Development of Théells can also be suppressed by
the presence of IL-27, a member of the IL-12 fanoil\cytokine, as mice lacking the
IL-27 receptor are highly susceptible to EAE beeaosincreased production of IL-

17 (Batten, et al. 2006).

Initially 1L-23, a member of the IL-12 family, wathought to be involved in the

development of Th1l7, however later studies shovirad K_-23 acts on previously

differentiated Th17 cells to induce expansion andvigal of the Th1l7 phenotype
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(Kikly, et al. 2007). Th17 cells are fundamentallé host defence against certain
pathogens such &andida albicansand specific extracellular bacteria and fungi and
have been implicated as being responsible for marlammatory disorders
previously attributed to Thl cells, including RAdaficAE (Himer, et al. 2010,

Lubberts 2010, Segal 2010, Furuzawa-CarballedagagaRojas and Cabral 2007).

1.5.3 TH9 CELL DEVELOPMENT

The complexity of Th cells increased further witle identification of a new subset of
Th cells, termed Th9 cells (Veldhoen, et al. 2008)e combination of TGB-and IL-

4 induced the differentiation of naive CDZ cell into a Th9 subset which are
characterised by the secretion of a distinct cytelprofile including IL-9 and IL-10.
The generation of these cells requires the expmegsi the transcription factor, PU.1
and secretion of IL-9 is upregulated by IL-25 (Ldognd Hessel 2010). Both human
and murine Th9 cells do not co-express the charatits of other Th subsets such as
IFN-y produced by Thl cells. IFK-and/or IL-27 impeded the generation of Th9
cells. Th9 cells have been demonstrated to be wedoln promoting inflammation
and allergic reaction, mostly by recruiting macragés, mast cells and eosinophils.
Conversely, IL-9 modulates virus initiated inflamima and enhances the
immunosuppressive activity of natural T regulatoglls. However, Vijay Kuchroo
and workers have demonstrated that Th9 may eldiarnmation, particularly

following re-stimulation (Jager, et al. 2009).

1.5.4 T REGULATORY CELL DEVELOPMENT

T regulatory cells or Tregs play a fundamental molsuppressing T cell responses to
foreign and self antigens, preventing autoimmungeales and limiting chronic

inflammatory diseases (Mills 2004).
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In general, Tregs can directly suppress the aativadf effector T cells, compete with
pathogenic T cells for access to APCs, or diretalget APCs (Rutella and Lemoli
2004). Treg cells can be divided into two subsetsed on the expression of cell
surface markers, production of cytokines and mesharof action; CDACD25
Tregs that are developmentally programmed and sgpphe activation of other self
reactive T cells, and those that secrete abundaatiats of IL-10 and TGB-which
have shown to be essential for the prevention dfixon mouse models of IBD

(Izcue and Powrie 2008, Iwasaki and Medzhitov 2004)

l'ell-llelper Differentiated Cytokines Inhibited Protective
subsets by produced by activity
IL-12 IFN-y IL-4 ﬁ%ﬁiﬂ'iﬁﬁmt
a JEi 12 | L-17 intracellular bacteria
IL-27 TNF-o/p ;
& some viruses
Humoral responses
IL-10 :tg Ny against helminth
Th2 OX40L mfeqtlons &
IL-4 IL-6 IL-12 multicellular
IL-13 organisms
Extracellular bacteria
IL-23 :tgé IFN-y & some fungi
Th1l7 IL-1pB, IL-6 IL-22 IL-4 (Klebsiella
TNF-o, TGF$ IL-6 pneumoniae; Candida
albicans)
Homeostasis — self-
Treg IL-10 IL-10 IL-6 toleran(_:e & control of
TGF$ TGF$ excessive responses

against non-self

TABLE 1.1 Summary of the CD4T-helper subsets, the cytokines they secretecyhekines that
influence their differentiation, and their main imnological functions.
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1.6 CYTOKINES

Cytokines are a group of low molecular weight pelptides or glycoproteins that are
produced primarily by immune cells and encompassda range of functions. These
molecules facilitate communication between celispnglate proliferation of antigen
specific effector cells and mediate local and systeinflammation in an autocrine,
paracrine and endocrine manner (Sanchez-Munoz, myprez-Lopez and
Yamamoto-Furusho 2008). Cytokines that act as mtdecmessengers between
leukocytes are termed interleukins, while those Hth against viruses and regulate
cellular activation are characterized as interferdiFN). Cytokines that cause
differentiation and proliferation of stem cells aralled colony stimulating factors.
The cytokine system is a very potent force in hasteis, when cytokine production
is sustained they contribute to the pathology dfammation. Cytokines can be
classified according to their biological effectsrofinflammatory and anti-
inflammatory cytokines (Parkin and Cohen 2001ap-iRflammatory cytokines are
involved in the up-regulation of inflammatory raacs (i.e. Thl and Th17 responses)
which comprise IL-12, IFNs IL-17 and IL-B whereas anti-inflammatory cytokines
are involved in the down-regulation of inflammatorgactions (i.e. Th2 and T
regulatory responses) which include IL-4, IL-10 ar@F{ (Zidek, Anzenbacher and
Kmonickova 2009a) [see figure 1.3]. Below | will sbeibe in detail some of the

cytokines and chemokines relevant to this studietal®
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Inflammatory

Cytokine Source Modes of Action Status

Monocytes, M@, B Co-stimulates T cells, enhances

St cells, DC NK cell activity, chemoattractant PO ST
L-4 Tu2 cells, NK cells, Ty2 polarising cytokine, M@ Anti-inflammatory
Basophils activation (Th2)
IL-6 Monocytes, M@, DC, Activates T and B cells, Pro-inflammator
Tu17 cells Tw17 cell differentiation y
IL-10 Treg DC, Monocytes, Immunosuppressive, inhibitssT  Anti-inflammatory
Md, B cells response and cytokine production(Tyeg
Directs Ty1 cell development,
IL-12 rh}/le%:[rrgorﬂfscytes, DC, stimulates APC, NK cells, and  Pro-inflammatory
P CD8' T cells
IL-13 Tn2 cells, NK cells, M@ activation, induces B cell Anti-inflammatory
Basophils isotype switching (Th2)
Tul7 cells, : : .
IL-17 Neutrophils, CD& T Indléceg cytoDkge and chemoklne P_I_roll;lflammatory
cells production, maturation (Twl7)
Expansion and survival ofgL7
IL-23 l\élgnocytes, M2 & cells, induces pro-inflammatory  Pro-inflammatory
cytokine production
T2, CD8 T cells, Tyl expansion, induces cytokine Pro-inflammator
IFN-vy NK cells, M@, B & chemokine secretion, enhance (Tul) y
cells NK cell function H
TNF-a M@, DC, T cells, Amplifies inflammation & induces Pro-inflammator
NK cells cytokine release y
Tu3, M2, Immunosuppressive but involved AT I e ol
TGF-p Neutrophils, many PP but multi-faceted

in Ty17 cell differentiation

non-lymphoid cells (mainly Treg)

TABLE 1.2 Representative cytokines produced by differens @ild their mode of action. Main reference
sources (Janeway, Charles 2008; Borish,L.C. 2008p#8{L.P. 1993)
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Figure 1.3Diagrammatic representations of the cytokines imedlin promoting and
inhibiting the differentiation of the distinct Tlper cell subsets

1.6.1 INTERLEUKIN-12 (IL-12)

IL-12 was independently discovered by Trinchiem aolleagues in 1989 as a natural
killer—stimulatory factor (Kobayashi, et al. 1989)he production of IL-12 by
phagocytes and antigen presenting cells is esséntikhost defence against a wide
range of pathogens. IL-12 functions in both innated adaptive mechanisms,
enhancing the phagocytic and bactericidal actiwibéphagocytes and the generation
of other pro-inflammatory cytokines. IL-12 is a étdimeric cytokine formed by a

35kDa light chain termed p35 and a 40kDa heavyrcteamed p40. The p35 subunit
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has homology to single- chain cytokines while td® gubunit is homologous to the
extracellular domain of cytokine receptors (Watfartlal. 2003). The genes encoding
these subunits are located on different chromosoares protein expression is
therefore independently regulated. However, wheh benes are co-expressed in the
same cells, these subunits form the biologicallyvacp70 heterodimer (Agnello, et
al. 2003). In addition to forming IL-12p70, p40 cassociate with a p19 subunit to
form 1L-23, which has similar biological effects th-12, but yet are distinc
t(Kastelein, Hunter and Cua 2007). Induction ofl2-occurs following stimulation
with a variety of purified microbial products (i.ePS), parasites, viruses and fungi.
T-cell activation also drives IL-12 production thgh CD40-CD40L interactions and
stimulation through CD28 augments the expressiotLdf2R (Trinchieri 2003a) .
Furthermore, IL-12 secretion stimulates the prodncdf a variety of cytokines, most
significantly IFNy but also TNFe, IL-18 and GM-CSF from T cells, NK cells

(Bettelli and Kuchroo 2005) [see figure 1.4].

A critical function of IL-12 is its regulation ohé adaptive immune response, as IL-
12 is the classic cytokine that directs naive Tpéekells to a Thl phenotype. In T
cells IL-12 is synergistic with many activatingmstili, including, IL-2, TCR-CD3
complex and CD28 ligation for inducing rapid andiceéént secretion of IFNx In
addition IL-12 augments the cytotoxic activity offi& and NK cells (Trinchieri
2003a, Trinchieri 1998). [See Figure 1.4 for a daagmatic illustration of the main

roles of IL-12]
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IL-12 has been shown to be directly and predomipantolved in autoimmune
diseases including MS, IBD, and RA (Gee, et al.®Y00onsequently it represents a

potential therapeutic target for the treatmentete inflammatory disorders.
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Figure 1.4: Diagrammatic representation of the major biologicaffects of the
cytokine IL-12[Adapted from(Trinchieri 20034])

1.6.2 IL-23
IL-23 is a heterodimeric protein that is a membiethe IL-12 family of cytokines. It

iIs composed of a unique pl9 subunit along with @ pdbunit, which is also a
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component of IL-12. Just like IL-12, the formatiai biologically active IL-23
requires the co-expression of both subunits (p1® BAO) within the same cell
(Collison and Vignali 2008). The p40-p19 complexyisduced by activated DCs and
macrophages. It is now accepted that IL-23 is hetdifferentiation factor for IL-17
producing T helper cells but it does act on presipulifferentiated Th17 cells to
induce expansion and survival of the Th17 phenotifave T cells cultured in the
presence of TGB-and IL-6 and in the absence of Thl producing ayiedk IFNy or
IL-4 are polarized to a Thl7 phenotype, in additibee IL-23R is up-regulated

(Langrish, et al. 2004)

Emerging evidence indicates the definitive roléL,e23 and not IL-12 in autoimmune
pathogenesis, this has been demonstrated usind knbanice. Mice deficient in the
subunit p19 but not p40 showed resistance to thaciion of EAE (Wong, et al.
2008). Furthermore, elevated levels of IL-17, ILH6;23p19 and TNFe have been
found in the biopsies from patients with RA thuglitating IL-23 as a major agent in

the progression of inflammatory disorders (Li, e2810).

1.6.3 IL-10

IL-10 is the crucial immunoregulator during infextiwith bacteria, viruses, fungi and
helminths ameliorating the excessive Thl and CDS8+cell responses. IL-10

modulates expression of cytokines, soluble mediadmd cell surface markers by a
variety of cells including T and B lymphocytes, m@gihages, dendritic cells and mast

cells (Borish and Steinke 2003).
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IL-10 limits the production of pro-inflammatory ©kines such as ILfl IL-6, IL-12,
GMCSF, and TNF, it also acts directly on Thl cells, inhibitingetproliferation and
production of IL-2 and IFNs IL-10 also reduces the production of chemokines
including, MCP-4,, MIP-1, MIP-2, RANTES and IP-10, this prevents D@grating

to lymph nodes and inducing Thl differentiationnafive T cells. In addition IL-10
inhibits expression of MHC Il antigens and co-stiatory molecules CD80, CD86
and ICAM-1, all of which impaired T cell activatiqRretolani 1999). Mice deficient
in IL-10 signalling leads to the excessive produttof pro-inflammatory cytokines
directing the development of chronic inflammatorgedses such as Crohn’s disease

(CD), psoriasis and RA (Asadullah, et al. 1998).

1.6.4 TNF-a

TNF-o is a 17kDa pleiotropic cytokine produced by nunoerccells such as
macrophages, dendritic cells, monocytes and aetiMgimphocytes (Sanchez-Munoz,
Dominguez-Lopez and Yamamoto-Furusho 2008). Thiegical responses to TNé-
are mediated through two distinct receptors, TNER#l TNFR2 (Palladino, et al.
2003). TNFe activates a variety of cells including macrophaged NK cells and
induces the production of pro-inflammatory cytoldnélL-13 and IL-6) and
chemokines (MCP-d). TNF-a also interacts with endothelial cells to inducbesion
molecules such as ICAM-1, stimulates proliferatioh fibroblasts as well as the
initiation of cytotoxic, apoptotic, acute phasep@sses and inhibition of apoptosis.
TNF-o also influences the function of APC by augmentiagtigen-presenting
capability and up-regulating the expression of toHdatory molecules but
conversely inhibitghe properties of mature DCs by inducing their apsis and

impairing antigen presentation (O'Shea, Ma andKyi[Z002) .
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Over-production of TNFr has been extensively documented in RA, CD, MSiand
many other autoimmune diseases and consequentiphisition or blockade has

proved efficacious in treating many of these disosqPalladino, et al. 2003).

1.6.5 INTERFERON (IFN)-y

IFN-y is a pleiotropic cytokine and its production by@d$’not only enhances innate
immunity but also adaptive immunity. One of thenmairy roles of IFNy is to activate
macrophage and dendritic cells leading to increasg@dession of MHC class | and I
molecules, and the elevated production of IL-12jciwhnduces the production of
IFN-y by NK cells and directs naive T cells to differatd into Thl cells (Borish and
Steinke 2003). In addition, IFNaids macrophage and neutrophil intracellularrigjli
by increasing NO and superoxide production andhggpcytosis. It also induces the
production of TNFe. and IL-1 from APC, and upregulates the secretibrpro-
inflammatory chemokines to augment the inflammatmrgcess (Parkin and Cohen

2001b).

IFN-y is primarily produced by CO4T cells (mainly by Thi cells), CDO8T cells and
NK cells, however other cells including macrophagad DCs have been shown to
secrete this cytokine but to lesser degree, fohgw€D40-CD40 ligand costimulation
(Choy and Panayi 2001). The production of HNby NK cells might play an
important role in the initial stages of infectignrjor to specific recognition of T cells.
The IL-12 family of cytokines including the newlgentified member, IL-35, share
the common feature of inducing the production di4fby T cells and NK cells. For
instance, IL-35 effectively attenuated establisbetlagen-induced arthritis in mice,
with concomitant suppression of IL-17 productiont bnhanced IFN= IFN-y in turn

promotes IL-12 production from APCs creating a pesifeedback loop between the

26



Th1 cytokines and enhancing the Thl response. $recproduction of IFN-by Thl
cells is involved in the pathogenesis of inflammatdisease such as, IBD, antibodies
that target this specific cytokine could be of #pmutic value. For instance,
fontolizumab is an anti- IFN-drug that has proved efficacious in patients with
moderate to severe active IBD (Hommes, et al. 20B&)ensive research has also
indicated IFNy as a mediator for disease as the genetic delefitiN-y and/or the
IFN-yR actually increased disease severity (for exanmpeAE and collagen-induced
arthritis (CIA) (Guedez, et al. 2001) however caiihg studies by Komiyama and
colleagues demonstrated that IFNmay be involved in the initiation of EAE

(Komiyama, et al. 2006)

1.6.6 IL-17

IL-17 has numerous activities including the pratition, maturation and chemotaxis
of neutrophils, co-stimulates T cells, and enharthesmaturation of dendritic cells,
the production of pro-inflammatory cytokines TNF4L-1, IL-6, IL-8 and GMCSF
and chemokine monocyte chemoattractant protein (NIC&d MIP-2 (Korn, et al.
2009). IL-17 is mainly secreted by CD%h17 cells. In addition, COST cells lacking
T-bet can differentiate into an IL-17 secretingelige. NK cells have been shown to
be able to produce high levels of IL-17 rapidly ngtivation and rapid secretion of
IL-17 has also been detected upon stimulation ofplyoid tissue inducer cells by
zymosan (Pernis 2009). IL-17 shares transcriptipa#ttways with IL-B and TNFe.
IL-17 binding to the IL-17R can activate NB and MAPK (p38, JNK, ERK)
resulting in T cell proliferation and the productiof pro-inflammatory cytokines and
chemokines (Paradowska, et al. 2007). IL-17 has beplicated in the pathology of
autoimmune diseases such as RA, IBD and MS (Seif0,4.i, et al. 2010, Kolls

2010). For instance, numerous studies have detettedted levels of IL-17 in the
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sera and synovial fluid in patients with RA alsadsés by Langrish and colleagues
demonstrated that mice deficient in IL-17 are tesisto the development of EAE

(Langrish, et al. 2005)
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1.7 CHEMOKINES

Chemokines are a superfamily of small proteinsZBEia) able to induce chemotaxis
in a variety of cells including dendritic cells, oneaphages, monocytes and
lymphocytes (Borish and Steinke 2003). These médsctegulate activity through
interactions with members of the 7- transmembra&aoupled receptor (GPCR)
superfamily (Lodowski and Palczewski 2009). Chemekiare produced in response
to Thl cytokines IFN+ and IL-2 and other pro-inflammatory cytokines sashiL-1
and TNFe. In contrast, the Th2 cytokine IL-4 and Treg cytas, IL-10 and TGH-
are known to down-regulate secretion of chemoki@éemokines execute humerous
functions aside from chemotaxis (Sozzani, et 809)9They have direct effects on T
cell differentiation by altering APC migration oytokine secretion. Chemokines such
as MIP-Tn and RANTES can promote the development of Thl lyoagtes while in
contrast chemokines including MCP can inhibit IL-p2oduction and enhance
secretion of IL-4 directing a Th2 response (Lodaveskd Palczewski 2009, Foti, et
al. 1999). Representative Chemokines, their marfeaction and the cells that

produce them are listed in table 1.3

Inflammatory

Chemokines Source Modes of Action
Status

M@, DC, T cells, NK | Cell proliferation, enhanced

MIP-1 a CDS8' cytotoxity, cell recruitment, Pro-inflammatory
cells, stem cells )
Wound Healing
Md, Monocytes, Recruitment of effector cells, .
MIP-2 neutophils mucosal lymphocyte migration Pro-inflammatory
MCP-1 Monocytes, Vel Inflammatory, Wound Healing Pro-Inflammatory
Basophils, stem cells
Monocytes, T Cells,  pecryitment of pro-inflammator
MCP-2 Eosinophils, Mast P y Pro-inflammatory

cells
cells

TABLE 1.3 Representative chemokines produced by differelst @etl their mode of action. Main reference
sources {{91 Lodowski,D.T. 2009; 326 Viola,A. 20885 Wang,Y. 2006}}
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1.8 INNATE IMMUNE RECEPTORS

The primary role of the immune system is to detantl eliminate microbial
components following recognition of conserved molac patterns referred to as
‘pathogen associated molecular patterns’ (PAMPIhces PAMPs are highly
conserved components of microbes, they are notilyealtered by mutation or
selection and provide ideal targets for innate gadmn. PAMPSs are recognised by a
limited number of germ line encoded receptors knoam ‘pattern recognition
receptors’ (PRRs). There are numerous types of RRfRs include TLRs, NOD-like
receptors (NLRs), Scavenger receptors (SRs) andliRéGeceptors (RLRs) (Gordon
2002). These PRRs are expressed by many celledhtinune system and they all
play a fundamental role in innate and adaptive imenuesponses. PRRs can
recognise and respond to components derived frootetial, fungal and viral
pathogens. In addition PRRs respond to danger iassdcmolecules (DAMPS)
including heat shock proteins, DNA and uric acidaihi 2007). Signalling through
PRRs activates specific intracellular signallinghpaays leading to a cascade of
events including the production of inflammatory akihes and chemokines,

upregulation of surface markers and also the mabaraf immune cells.
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1.9 THE IL-1 (IL-1R)/TOLL-LIKE RECEPTOR (TLR)

SUPERFAMILY

Toll-like receptors are a family of PRRs that ratiag PAMPs. The ligation of these
receptors involves the maturation of immune cehlsl activation of intracellular
signalling pathways leading to the production ofo&nes and other inflammatory
mediators (Sandor and Buc 2005). TLRs were diseavevrith the identification of
toll, a receptor expressed yrosophila meganogastefHashimoto, Hudson and
Anderson 1988)It was observed that Toll displayed remarkableusaege similarity
in its intracellular domain to that of a mammalia@ceptor for the IL-1R1, toll was
shown to have a role in host defence and to beafmedtal for antifungal immunity in
Drosphila (Akira and Takeda 2004a). TLRs play a key rol¢hi initiation of innate
immunity which is essential for the induction of atlaptive immune response. TLRs
are expressed on sentinel cells of the immune mystmost notably, DCs,
macrophages and neutrophils. They are also expressea variety of other cells
including vascular endothelial cells, adipocyted artestinal epithelial cells (O'Neill

2006).

TLRs are type 1 transmembrane proteins that arugwoarily conserved between
insects and humans. They encompass a subfamilynwtitle larger superfamily of
interleukins (IL-1) receptors based on the simijawithin their cytoplasmic regions,
which is now referred to as the Toll/IL-1 recep{@tR) domain (O'Neill 2008). In
contrast, the extracellular (ectodomains) portiohboth types of receptors are quite
distinct. The IL-1 receptors possess three immuoingin (Ig) like domains, whereas

TLRs ectodomains are characterized by the presehieicine rich regions referred
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to as leucine rich repeats (LRRs) [see figure {(Bgutler 2009, Akira and Takeda
2004a)(Beutler 2009, Akira and Takeda 2004b)

Ten human TLRs have been found to date and theyidn@lly have a distinct
function in innate immune recognition. Based on¢heomosomal location, genomic
structures and amino acid sequence, the human Tdd®s be divided into 5
subfamilies; TLR2, TLR3, TLR4, TLR5, TLR9 (SandandaBuc 2005). Each TLR
has the ability to recognise a specific ligand mcikte set of ligands as outline in
section 1.9.1. The assembly of LRR side chainsgptesa sole combinational code to
each TLR facilitating its binding to a particulagdnd (Goldstein 2004, Kawai and
Akira 2006). Imperatively, Charles Janeway and Rudlledzhitov identified human

toll, htoll, now called TLR4, as the fist humanl tm be discovered.

Toll receptor
Ectodomain
LA Cterminus
Extracellular _ Juxtamembrane region

Transmembrane region

Cytoplasmic | TIR j’-\

domain | domain | BB loop

Intracellular —_

Figure 1.5: Schematic diagram of toll and toll-like receptordapted from(Gay, Gangloff
and Weber 2006)
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1.9.1 TOLL LIKE RECEPTORS (TLRS)

So far, 10 and 12 functional TLRs have been ideatifin humans and mice,
respectively (Georgel, Macquin and Bahram 2009k most extensively studied is
TLR4, which recognises the gram negative bactg@blysaccharide (LPS) (Chow,
et al. 1999). TLR2 is also involved in the recogmitof bacterial components which,
in combination with TLR1, recognises triacylatedoleptides, or in combination
with TLR6, recognises diacylated lipopeptides. TLRBognises flagellin, a protein
component of bacterial flagellum (Gomez-Gomez aolleB 2002). Several TLRs are
involved in the recognition of viral components luding TLR3 which recognises
double stranded RNA (dsRNA), TLR7 and TLR8 whicleagnise single stranded
RNA (ssRNA), and TLR9 which recognises bacteriatl arral DNA containing

unmethylated CpG motifs (Yamamoto and Takeda 20TQRs, relative adaptor

molecules, signalling pathways and inducible geredisted in table 1.2.

19.1.1 TLR1, TLR2, TLR5 AND TLR6

TLR2 recognises numerous different microbial congmis including lipoproteins
derived fromM.tuberculosis Treponema pallidunand Mycoplasma fermantansn
addition, TLR2 mediates a cellular response fronolehgram positive and gram
negative bacterium, the yeast cell wall compongntasan and peptidoglycan (PGN),
the Trypanosoma cruzglycophosphatidylinositol anchor (Aliprantis, et dl999,
Takeuchi, et al. 2000, Underhill, et al. 1999). TL&Sso recognises viral components
such as herpes simplex virus 1 (HSV-1) and meagles (MV) wild-type H protein
(Kurt-Jones, et al. 2000, Bieback, et al. 2002).a&mgly, TLR2 is also able to

recognise various kinds of LPS that are not recsghiby TLR4 for example LPS
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derived fromPorphyromonas gingivali@Ogawa, et al. 2002 he ability of TLR2 to
recognise a variety of components and to initiagmaling is based on TLR2's
unique ability to form heterodimers with other TLRmily members. The
TLR2/TLR1 heterodimer recognises triacylated lipmpms such as Pa@K,
whereas TLR2/TLR6 recognises diacylated lipopratesuch as zymosan (West,
Koblansky and Ghosh 2006). Generally activatio@ loR2 leads to the production of
inflammatory cytokines and not type | interferon iaacrophages and dendritic cells
(DCs), however it can mediate the production ofetypgnterferon by inflammatory
monocytes following infection with vaccinia virughich suggests a cell type specific
role for TLR2 in antiviral responses (Barbalat,att 2009). Flagellin is a 55kda
protein from bacterial flagella which is found dretouter membrane of gram positive
and gram negative bacteria and is recognised by5TLAR wide range of acute
infections are caused by flagellated bacteria aghespiratory tract infection (de C
Ventura, et al. 2008). The vital function of flagein bacterial motility creates a
situation in which the capacity for the moleculenatate is constrained, and this

renders it an ideal candidate for innate immunegaition (Hayashi, et al. 2001).

19.1.2 TLR3, TLR7, TLR8 AND TLR9

TLR3, TLR7, TLR8 and TLR9 are antiviral receptohsitt execute their functions in
the intracellular compartment of the cell. TLR3oguises a synthetic analog termed
polyinosinic acid (Poly:IC), which is widely useal inimic viral infection. In addition
TLR3 has been shown to recognise (Koyama, et &8R0Nest Nile Virus (WNV).
WNV is a positive ssRNA virus that produces dsRMAts life cycle. WNV causes a
breakdown in the blood brain barrier leading teeahanced systemic infection in the
brain resulting in encephalitis and death. Micgoient in TLR3 are more resistant to

lethality after WNV infection (Wang, et al. 2004)LR7 and TLR8 are structurally
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and phylogenetically related. Synthetic compounfishe imidazoquinoline family,
including imiquimod (R-837) and resquimod (R-84&ntnstrate potent anti-viral
and anti-tumour activities in animal models (Smi&d, al. 2008). Hemmi and
colleagues have shown that TLR7 is involved in r@gnition of both imiquimod
(R-837) and resquimod (R-848) (Hemmi, et al. 206&)wever human TLR8 only
recognises R-837 whereas mouse TLR8 does not riseogither, indicating that
TLR8 is non-functional in mice (Hemmi, et al. 200Bpth TLR7 and TLR8 have
recently been discovered as natural receptors &RN#A including vesicular
stomatisis virus and influenza virus. Furthermot¢gil and colleagues have
demonstrated that the guanosine analog, loxorikineallyl-7,8-dihydro-8-oxo-
guanosine), activates MB via TLR7 but not TLR8 in a Myd88-dependant manner
(Heil, et al. 2004). Unmethylated CpG DNA motife @resent in bacterial and viral
but not vertebrate genomic DNA. Synthetic CpG daligoxynucleotides (ODN) are
recognised by TLR9 which activates host defenceha@sms leading to innate and
adaptive immune responses (Hemmi, et al. 2000).9TlsRexpressed by numerous
cells of the immune system including pDCs and Bscdlhe TLR profile in pDC is
limited to TLR7 and TLR9 and it is for this reasiiat these cells are frequently used
to examine the immunostimulatory effects of CpG DBEAd the associated role of
TLR9 (Rothenfusser, et al. 2002). In addition tecognising DNA, TLR9 directly
recognises a non-DNA ligand termed hemozoin geeérfatlowing digestion of host

haemoglobin by malaria parasites (Coban, et al0Op01

19.1.3 TLR 4

The founding member of the TLR family, TLR4 recaggs and is activated by LPS, a

component found on the outer membrane of gram megdiacteria such as
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Escherichia coliand Salmonella MinnesotaLPS is a complex glycolipid composed
of a hydrophilic polysaccharide and a hydropholaméin termed lipid A which is
primarily responsible for the biological activity bPS and which is responsible for
instigating the life threatening condition calleddetoxic shock (Erridge, et al.
2008Db). In order for TLR4 to initiate signalling §Pheeds to bind to LPS-binding
protein (LBP), an acute phase protein that is foumthe bloodstream and produced
by the liver. The LPS-LBP complex then interactshwgluster of differentiation 14
(CD14), a leucine rich repeat containing proteihjoh enables LPS to be transferred
to the LPS receptor complex TLR4-MD-2 (Akashi-Takaen and Miyake 2008,
Palsson-McDermott and O'Neill 2004) . In additionRB is involved in the
recognition of a wide range of molecules includhmat shock proteins, fibrinogen,
taxol and also viruses such as respiratory syricytras fusion proteins, mouse
mammary tumour virus envelope proteilreptococcus pneumonigmeumolysin
and the plant-derived cytostatic drug paclitaxelyaver, LPS remains its most potent

ligand (Kurt-Jones, et al. 2000, Kawai and Akird @D

TLR4 was identified through the examination of aus® strain C3H/HeJ that was
hyporesponsive to LPS. This C3H/HeJ mouse strammesaa missense point mutation
within the tir4 gene region encoding the cytoplasmic tail. Thistation alters a
highly conserved proline to a histidine therefollevaing for the generation of mice
with non-functional TLR4. These TLR4 mice were hyporeresponsive to LPS,

confirming that TLR4 is essential for LPS signallifPoltorak, et al. 1998).

36



Transcription Factor/

Toll-like receptor Ligand Origin of Ligand Adaptor/Pathway Inducible genes
TLR1/2 Lipopeptide (BLP) Bacteria and mycobacteria Mal, MyD88 NF-«B*
TLR2/6 Peptidoglycan (PG), BLP Gram +/-bacteria Mal, MyD88 NF-«B
TLR3 dsRNA Viruses Trif IRF3/Type | IFNa/pB, NF«B
Lipopolysaccharide (LPS), Mal, MyD88 NF-«B
TLR4 Gram +bacteria
hsp60, F protein Trif, TRAM IRF3
TLR5 Flagellin Gram +/-bacteria MyD88 NF«B, TNF, IL-6
TLR6 Triacylated BLP, Zymosan Bacteria, Yeast MyD88 -
TLRY ssDNA Viruses MyD88 NF-«xB
TLRS8 ssDNA Viruses MyD88 NFRB
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-«B

Table 1.2:Toll-like receptors 1-11 and their correspondiligands, adaptor molecules and inducible genes.nMaference sources listed in text.All
TLRs activate NRB. "Orphan: denotes a receptor of similar structure ather identified receptors but no endogenous ligdras been identified.
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1.10 TLR ACTIVATION AND SIGNALLING

TLR detection of PAMPs initiates the intracelluignalling pathways that induce a
cascade of events including the up-regulation afipflammatory cytokines and
chemokines, enhancement in the expression of ousktiory molecules, activation of
complement, recruitment of phagocytic cells and ifiztion of APCs. There is clear
evidence that if TLRs are over activated infectiams inflammatory diseases can
develop therefore they must be tightly controll&@iNeill 2006, O'Neill 2005). TLRs
occur as dimers and to date several crystal strestof TLR dimers have been
elucidated, TLR2 heterodimerize with either TLR1T&R6 while TLR4, TLR5 and
TLR9 homodimerize. The preliminary step in sigmainsduction of TLRs involves
the binding of the ligand resulting in dimerizatiafi two receptor chains. This
induces a conformational change in the dimer, wibichgs the TIR domains of the
two TLRs into close proximity [see figure 1.6]. Eweally, association of the TIR
domains provides a platform that is essential i@ ftecruitment of specific adaptor
molecules which also contain a TIR domain. Once-adlaptors are engaged to TLR-
TIR domain, signalling is initiated which will uftiately lead to the activation of
specific transcription factors (O'Neill 2008, Miggand O'Neill 2006).

Pam,CSK, -
TLR2 / » LR \ dsRNA TLR4 LPS

5 % A J' MD-2+ 4 ,/\ _MD-2"
. rae oy 3¢ 7 2 e

Figure 1.6: The crystal structures of ‘m’ shaped TLR dimersugeti by ligand binding (A)
TLR1-TLR2-Pam3CSK4, (B) TLR3-dsRNA and (C) a madellTLR4-MD-2-Eritorian
complex. Double apostrophes mark the second TLRssociated molecule (MD-2) in the
receptor complex adapted fro@in and Lee 2008)

38



Signalling through TLRs via their TIR-domain invel five adaptor molecules and
include; myeloid differentiating protein 88 (MyD88Yerstak, et al. 2009), MyD88
adaptor like/TIR domain-containing adaptor prot@éutal/TIRAP) (Fitzgerald, et al.
2001), TIR-domain-containing adaptor inducing iféssn{3/TIR-containing adaptor
molecule-1 (Trif/TICAM-1 (Yamamoto and Takeda 2010)rif-related adaptor
molecule/TIR-containing adaptor molecule-2 (TRAMZAM-2) (Oshiumi, et al.
2003), and sterile alpha (SAM), HEAT/Armidillo mband TIR-containing adaptor
protein (SARM) (Jenkins and Mansell 2010). Some 3ld® not utilize the same set
of adaptors and the adaptors chosen determinedhsctiptional response induced
following microbial recognition as TLRs lead to thetivation of two major signalling
cascades, namely the MyD88- dependant pathway hedMyD88-independent

pathway (Bagchi, et al. 2007).

1.10.1 TLRSIGNALLING VIA THE MyD88-DEPENDANT PATHWAY

MyD88 was the first TLR adaptor protein to be ddsent (Burns, et al. 1998). Due to
the degree of conservation within the TIR domaitwieen family members, it is not
surprising to discover that signalling via the TLParalleled the downstream events
following ligand binding of the IL-1 or IL-18 recegr complexes, both of which have
TIR domains. The MyD88- dependant pathway eventdelids to the activation of
the transcription factor, N&B, initiating the production of pro-inflammatory
cytokines such as IL-6, IL-12 and TNE-MyD88 is involved in NkB activation of
every TLR identified so far with the exception diR3, TLR3 induced activation by
poly(I:C) was normal in the absence of MyD88 (Mateto and Seya 2008).
Signalling via the MyD88 dependant pathway is atéd by the recruitment of

MyD88 adaptor. Upon stimulation IL-1R associatedasie (IRAK-4) interacts with
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the death domain of MyD88. IRAK-4 is required fbetrecruitment of IRAK-1 to the
receptor complex which causes the activation andspimorylation of IRAK-1.
However the molecular mechanisms of IRAK-4 signglland the role of its kinase
activity remain unknown. Phosphorylated IRAK-1 Isaib the association of the
TNF-receptor associated factor 6 (TRAF6) (Akira arakeda 2004a). TRAF6 was
established to have a role in the IL-1R signalipaghway when a dominant negative
form of the protein inhibited activation of NB by IL-1. TRAF6 and IRAK1 then
dissociate from the receptor complex and interath va membrane bound pre-
associated of TGB-activated kinase (TAK-1) and two TAK-1 binding pems,
referred to as TAB-1 and TAB-2. A series of ubigqutation reactions occur on
TRAF-6 and TAK-1. This then activates inhibitor BiFkB protein (kB) kinase
(IKK), IKK oo and IKKB (O'Neill 2008). Once activated the IKK complex utes
phosphorylation and subsequent degradationkBf which leads to the release of
NFxB enabling it to translocate into the nucleus cuabaing in NkB activation and
the expression of pro-inflammatory cytokines. Aatien of the Myd88- dependant
pathway also allows for the activation of mitogexivated protein kinases (MAPK)
including JNK, P38 and ERK (Takeda and Akira 200/tters, Kenny and O'Neill
2007). TLR7, TLR8 and TLR9 act through MyD88 to uicd pro-inflammatory

cytokine secretion and the IFNs.

1.10.2 TLR SIGNALLING VIA THE MyD88-INDEPENDANT PAT HWAY

Experiments in MyD88 deficient mice show no produtiof inflammatory cytokines
and no activation of NéB in response to TLR2, TLR7 and TLR9 ligands an&LP
induced activation of NEB is observed with delayed kinetics when comparét w

wild type mice[see figure 1.7]These findings led to the identification of ateatative
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pathway utilised by TLR4, independent of MyD88 whleads to the activation of the
transcription factor (IFN) regulatory factor-3, @#B) (Takeda and Akira 2005).
Ultimately IRF3 activation leads to the productiohtype-1 interferons, IFN-and

IFN-B, and other IFN inducible genes. The MyD88 indegemghathway requires the
recruitment of the adaptor TRIF. TRIF is the sotla@or used by TLR-3 in the

activation of IRF3 and activation of MB (Yamamoto, et al. 2003a)
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Figure 1.7: Diagrammatic representation of TLR4 signallingahgh the MYD88 dependant
and Independent pathways. MYD88-independent patlwiyates IRF-3 and the late phase
activation of N=B

In contrast to TLR3 signalling, TLR4 signalling egkendent of MyD88 utilises both

TRIF and TRAM to activate IRF3. TLR4 is unique mmt it is the only know TLR
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that engages all four TIR containing adaptors @eedsvicDermott, et al. 2009). TRIF
uses some shared and unique signalling moleculegpa@d with MyD88. TRIF
allows for the activation of IRF3, N\B and is also involved in the induction of
apoptosis. TRIF binds to TLR3 and recruits TRAF6 thgding to its N-terminal
domain in an IRAK1 and IRAK4 independent manneiisTlads to TAK1 activation
and subsequent B activation. However, to mediate IRF3 activatibe N-terminal
region of TRIF engages with tank-binding-kinaséFBK-1) and IKKi (Yamamoto, et
al. 2003a). These kinases then phosphorylate IREG@Itmg in its dimerization and
translocation to the nucleus initiating in the samption of IFN-inducible genes via
the binding to an interferon stimulated responsmehnt (Beutler 2009, Akira and
Takeda 2004a, Brikos and O'Neill 2008). Schemafprasentation of TLR activation

of MyD88 dependant and independent pathways isneatlin figure 1.8.
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Figure 1.8: Diagrammatic representation of TLR signalling wsiecific TLR ligands through the MyD88 dependautiadependant pathways
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1.11 MAL

Mal was the second TIR domain containing adaptdretadentified which is capable
of driving NFB activation. It is a 25kDa protein, 235 amino acid length and
contains a TIR domain at the C-terminus (Fitzgerafdal. 2001). It was initially
assumed that Mal was involved in the TLR4 MyD88eipendent pathway. However,
mice deficient in Mal demonstrated that Mal is novolved in the MyD88-
independent pathway but is critically involved iretMyD88-dependant pathway. In
Mal deficient mice, IL-1, TLR5, TLR7 and TLR9 sidhag were normal whereas
deficiency in the activation of NdB and cytokine production was observed following
stimulation with LPS, though with delayed kinetigslorng, et al. 2002a).
Furthermore, overexpression of Mal in human emhrydadney cells (HEK293)
leads to the activation of B, MAPK, JNK and p38, indicating its involvement
with TLR4, but not with other receptors of the Ti&nily (Fitzgerald, et al. 2001,
Horng, Barton and Medzhitov 2001b). InterestingWal deficient mice showed
impairment in response to TLR2 activation, indiegtthat Mal is an essential adaptor
for TLR2-mediated innate host defence (Yamamotoalet2002). This led to the
conclusion that Mal is fundamental for signallingly through TLR4 and TLR2

(figure 1.9).

It has been clearly demonstrated that Mal serves bsdging adaptor for MyD88,
aiding the recruitment of MyD88 to the plasma mesnker; where it can activate
downstream signalling components. Mal contains easphatidylinositol-4,5-
bisphosphate (PIP2)-binding domain in its N-termsimthich mediates the recruitment

of Mal to PIP2-rich regions in the plasma membré@dagan and Medzhitov 2006).
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Obstructing this localisation of Mal to PIP2-rickgions inhibits TLR4-MyD88-
dependant signalling (McLaughlin, et al. 2002). BLRoes not bind directly with
MyD88 but alternatively interacts with Mal in assdon with TLR4. This is
consistent with the electrostatic surfaces of thie @omains of Mal and MyD88.
MyD88, TLR2 and TLR4 are greatly electropositive treir surfaces therefore
MyD88 is unable to bind these TLRs. Whereas Maha&nly electronegative on its
surface enabling it to interact with TLR2 and TLR#ad bring MyD88 into the
signalling complex (Sheedy and O'Neill 2007). LRghalling in Mal deficient mice
was restored when PIP2-binding domain was grafted the N-terminus of MyD88,
which indicates that the sole function of Mal ifaten to the NkB pathway is to

recruit MyD88 (McLaughlin, et al. 2002)

TLR4 TLR2 TLR1/6

® = phosphorylated

Figure 1.9: Diagrammatic representation of TLR2 and TLR4 Mabiated-signalling



Mal contains a caspase-1 cleavage site in its @iters, which is an essential
inflammatory caspase responsible for the cleavdgar@IL-1p into their bioactive
forms (Kenny and O'Neill 2008). The caspase-1 intibYVAD-Cmk prevented
NF«B activation, in response to LPS and phosphorylattd p38 in response to
PamCys. Moreover, TLR7 or IL-1 Né&B activation was not impaired, indicating that
cleavage of Mal by caspase-1 is fundamental for tdaignal (Miggin, et al. 2007)

[see figure 1.10].

Mal contains a TRAF6-binding domain within its T®main. Mal can interact with
TRAF6 directly and mutating this TRAF6 binding iblis Mal-induced MAPK
activation and NkB activation and was able to impede TLR2- and TlRediated
activation of NkB (Verstak, et al. 2009). A study by Gray and eafjues
demonstrated that Mal undergoes tyrosine-phospaiioyl at residues 86 and 106 by
Bruton’s tyrosine kinase (Btk) during TLR2 and TLR{nalling (Gray, et al. 2006).
This phosphorylation of Mal is fundamental for tlaetivation of a pathway
culminating in transactivation of the NB subunit p65 by phosphorylation on serine
536 and mutations in Mal at these residues resultdecreased ability to activate
phosphorylation of p38,xBa degradation and NdB (Doyle, Jefferies and O'Neill
2005). In addition, Tyrosine-phosphorylated Masigsequently degraded following
stimulation of TLR2 and TLR4. This degradation iedrated by suppressor of
cytokine signalling 1 (SOCS1) and requires tyrogphesphorylation of Mal by Btk.
Cells deficient in SOCS1 demonstrate enhanceaB\Bctivation and excessive

cytokine production (Baetz, et al. 2004, Nakagastal. 2002) [see figure 1.10]
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A variant of Mal was discovered in humans in whtble serine at position 180 is

mutated to a leucine (Watters, Kenny and O'Neid70 It was discovered by Khor

and colleagues that heterozygous carriage of thrEnt confers resistance against
numerous infections diseases including malariagrtidosis (TB), bacteraemia and
pneumococcal pneumonia (Khor, et al. 2007). Intamdit was observed that S180L
mutation inhibited TLR2 signalling. Therefore, dieethe decreased level of TLR2
and TLR4 signal heterozygotes are protected froseadies which are sufficient for

host defence but not for inflammatory diseases agRA (Sheedy and O'Neill

2007).
A, Caspase-1 cleavage of Mal B. mal s180L heterozygous variant is C. Tyrosine phosphorylation is
is required for activation protective against certain diseases required for Mal activation
Mal Mal S/S Mal S/L Mal L/L . Mal
o . R variant variant variant L |TIR |—
ﬂagmem ID 98 Y&6 ¥106 Y159
= ¥ /
Caspasa-1 Excessive Optimal Diminished € Bik
cleavage Inflammatary Inflammatory Inflammatory Phasphorylation
of Mal response resgonse resfonse of Mal ‘b:n’ Btk

Figure 1.10: Diagrammatic representation of the three main ifigd in Mal signalling: (A)
Caspase-1 cleavage of Mal is required for signglligB) A mutation in Mal at the serine
residue to a leucine results in protection agarestain disease, (C) Mal is phosphorylated at
tyrosine residues in order for the activation o thllyD88-dependant pathway adapted from
(Kenny and O'Neill 2008)
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1.12 INTRACELLULAR SIGNALLING

Intracellular signalling is the fundamental meclsamiby which cellular activation

occurs. Innate immune stimuli, including pathogeogokines and stress signals
function through distinct intracellular signallipgthways to activate protein kinases,
instigating phosphorylation and ubquitination egetttat lead to the activation of
specific transcription factors controlling gene mgsion. There are numerous
signalling pathways and transcription factors tag known to be involved in the
development of inflammatory disease such as IBD BAd(Brown, Claudio and

Siebenlist 2008). The two transcription factorgvaht to this study will be discussed

in details below.

1.12.1 NUCLEAR FACTOR (Fib)

NF«B is a vital transcription factor in inflammatioregulating genes that encode pro-
inflammatory cytokines, such as TNF4L-1p, IL-12 and IL-6, chemokines, adhesion
molecules, immune receptors, matrix metalloprowesag MMPs) and cyclooxygenase
(COX) (Tak and Firestein 2001, Plevy, et al. 19NF«xB was originally identified
by its ability to bind to the promoter of the kaplight chain in B cells (Sen and
Baltimore 2006) but it has since been shown to flesent and functional in many
cells types including DC, macrophages, neutrommid mast cells (Wan and Lenardo
2010). Five related transcription factors of thekBFamily have been identified to
date; NkB1 (p50/p105), NkB2 (p52/p100), RelA (p65), RelB, and c-Rel. The p50
and p52 subunits are transcriptionally inactive ¢an induce gene expression when
they form heterodimers with p65, c-Rel, or RelB.nktmlimers of p50/p50 or p52/p52
subunits can repress transcription, however the freguently observed active form

of NF«B is the p65/p50 heterodimer (Yan and Polk 201@e TL-12 p40 promoter
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has been reported to bind K& (p50/p65 and p50/c-Rel) in macrophages activajed
a number of IL-12 activating pathogens, includirfgS.andS. aureugMurphy, et al.
1995). All NFxB family members contain a highly conserved REL-btogy domain
(RHD) which is responsible for DNA binding, dimeation and interaction with

inhibitors of NKB (IxB) (Ghosh and Karin 2002).

Homodimers or heterodimers of N are bound to NEB (I1kB) inhibitory proteins.
This binding causes the dimers to be sequesterédtkisytoplasm and are unable to
initiate transcription of target genes. Like ®H; IkBs are also members of a
multigene family containing eight memberBb, kB, IkBy, IkBg, 1kB(, Bcl-3 and
the precursor Rel-proteins p105 and p100. Stimaraby numerous innate stimuli,
such as LPS and cytokines such as T\#&#d IL-1 results in the activation of NB

(Li and Verma 2002). Ultimately, these stimuli letdthe activation ofdB kinase
(IKK), which is a complex composed of two catalysigbunits, IKke and IKKB, and

a scaffold protein called NEMO (MB essential modulator - also known as KK
IKK B activation phosphorylateB which is then ubquitinated, which targets it for
degradation by the 26S proteasome, releasingBN#mers from the cytoplasm and
allowing to translocate to the nucleus (Yan and kP@010). Due to the
phosphorylation of the p65 subunit of RE; NF«B allows the basal transcription
initiation complex to interact with cofactors anohctivators and subsequently allows
for full transactivation of its target genes (CH2005). kBa is then degraded and is
rapidly resynthesised to allow inhibition of thetlpsay. IKK also phosphorylates
kBB leading to prolonged NEB activation whereas phosphorylation afBb
regulates transient NB activation (Krappmann and Scheidereit 1997). dle of

NF«B as a key regulator in innate and adaptive imnmyusidemonstrated by studies
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using transgenic mice whose T cells lack thacBIBignalling pathway. This shows
that NRB plays a vital role in Thl responses. Furthernid@maturation appears to
be NFKB-dependant; followingn vitro stimulation, NkB is activated to facilitate DC
maturation which is characterised by an up-regutatf co-stimulatory molecules
and MHC Il expressioninterestingly, NikB activation can have anti-inflammatory
roles by directly inhibiting expression of pro-iamfhmatory genes and by directing the
expression of anti-inflammatory cytokines suchlad® thus inhibiting NkB during
the resolution stage of inflammation (Tak and Fe®s2001). Excessive activation of
NF«kB is extensively implicated in inflammatory disesseich as RA, IBD and MS
and much attention has focused on the developmemntr-inflammatory drugs
targeting NkB (Yan and Greer 2008, Wei and Feng 2010, Boyce aad Xing

2010).

1.12.2 INTERFERON REGULATORY FACTOR 3 (IRF3)

The interferon regulatory factors (IRF) are a fanoif unique transcription factors and
they are present in high levels in the cytoplasnalbtell types. IRF play a critical
role in anti-viral responses and are responsibiéhi® production of type | interferons,
which include IFNe. and IFN$ (Taniguchi, et al. 2001). In addition to the avital
responses, IFN have further pleiotropic effects|uding essential roles in apoptosis
and growth inhibition via increased expression di®class I. IRF-3 and IRF-7 are
closely related and are the only members of theféRitly that can initiate production
of both IFNe and IFN$ (Yoneyama, Suhara and Fujita 2002). Human type |
interferon promotes differentiation of DCs and iodsi Thl polarization. IRF-3 is
activated in many ways including through TLR3 bgagnition of viral dsRNA, by
intracellular receptors such as retinoic acid-indiecgene | (RIG-I) and recognition

of bacterial components (McCoy, et al. 2008). Upstimulation IRF-3 is
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phosphorylated at multiple sites at the C termiuhe protein by two non-canonical
kB kinases; TBK-1 and IKK resulting in IRF-3 dimerization, allowing for
association with co-factor CAMP-response elememidibg protein (CREB), and

following translocation to the nucleus (McCoy, €t2008, Servant, Grandvaux and
Hiscott 2002). Entry of IRF3 into the nucleus faates binding to a consensus DNA
sequence known as the interferon-response-eled®RE] and the induction of IFN-

inducible genes including; IFM; IFN-B, CXCL10 and RANTES (Servant, et al.

2001, Servant, Tenoever and Lin 2002).

51



1.13 THE MARINE INDUSTRY

Three quarters of the Earth’s surface is covere@dd®ans and life on Earth has its
origin in the sea. It contains an extraordinaryeresir of biological and chemical
diversity and it is estimated that the biologicaledsity is higher than in tropical
rainforests. The ocean represents a rich sourcaow€l compounds with huge
potential as pharmaceuticals, nutritional supplesiecosmetics, molecular probes,
agrichemicals and enzymes with each marine biomtodiaving huge market
potential (Faulkner 2002). Already compounds isalafrom marine species have
been shown to have enormous potential in the dirgetting for treatment of many

diseases and disorders (Blunt, et al. 2011).

Many marine species are soft bodied and producelrs®condary metabolites and
compounds. This is due to the harsh conditionshithvthey live which require them
to synthesize these unique compounds to survivey Tdre also linked to the
defensive mechanisms by which the species prottsetd from predators (Haefner
2003). The marine environment is the source ofrgelagroup of unique natural
products that are mainly found in sessile marineeitebrates such as sponges,
tunicates and bryozoans. A number of these moletwdee been shown to possess a
variety of functions including anti-tumour, antidbarial, anti-viral and anti-
inflammatory activities and are therefore candigater the development of
therapeutics (Haefner 2003, Bhadury and Wright 20B#tention has been focused
on sponges as a source of biomedically importanainadites due to the discovery of
spongouridine, a potent tumour inhibitor isolatednf the Caribbean sponge
Cryptotethia cryptgKaul and Daftari 1986). Since then marine sporige& become

a rich source of biologically active compounds watlmost 100 anti-inflammatory
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compounds isolated to date. Two of these, bolimaape and petrosaspongiolide,
have recently been shown to have anti-inflammaaatvity in animal models of RA

and IBD (Busserolles, et al. 2005, Garcia-Pastaa].€1999, Lucas, et al. 2003).

1.13.1 COMPOUNDS IN PRECLINICAL AND CLINICIAL EVALU ATION

In recent years numerous marine species have bwemso be candidates for anti-

cancer and anti-inflammatory therapies [see talflg 1

Chemical : L
Source organism Application
compound
Bryostatin-1 Bugula neritina sp Anti-cancer
Ara-C Cryptotethya crypta sp Anti-cancer
Salinosporamide A Salinospora sp Anti-cancer
Manoalide Luffariella variabilis sp Anti-inflammatory
Avarol Dysidea avara sp Anti-inflammatory
Contignasterol Petrosia contignata sp  Anti-inflammatory
Capnellene Capnella imbricate sp Anti-inflammatory

Table 1.4: Anti-cancer/anti-inflammatory compounds isolatednf marine organisms in
clinical trials

1.13.2 BRYOSTATIN-1

The bryostatins are macrocyclic lactones isolatemnf the bryozoansBugula
neritina. They have been extensively studied for theirapeutic potential since 1986
(Hale, et al. 2002). Bryostatin-1 is the most stddtompound of this species. It is a

potent anti-cancer compound in combination witheotdrugs showing remarkable
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selectivity against human leukaemia, renal canoer melanoma. It has also been
shown to bind to and modulate the signal transdocBnzyme protein kinase-C
(PKC) (Barr, et al. 2009). Owing to their therapeuygotential, scientists at Stanford
University have synthesised numerous analogueshwiawe been shown to be more
potent against tumour cell lines (Haefner 2003).difidnally Neristatin-1, an
analogue of bryostatin-1, reduced the productioriLe8 and prostaglandin JEin
human cells, showing that it has anti-inflammatativity (Breton and Chabot-

Fletcher 1997).

1.13.2 NkB INHIBITORS

NF«B is a crucial mediator in the inflammatory procass this transcription factor is
an attractive target in suppressing an overacthflammatory response (Atreya,
Atreya and Neurath 2008). Many products isolateinfmarine species have been
found to possess potent anti-inflammatory effebteugh their inhibition of NkB
[see figure 1.11]. One of the interesting explaadi for the discovery of NdB
inhibitors from marine species comes from an evahary point of view (Folmer, et
al. 2008). Marine invertebrates in many cases Pss$¢«B or closely related
analogues and are therefore more likely to haveeldped metabolites that can
counterbalance the effect of NB. Sea urchins have been shown to use sBNEn
analogue of NkB, to protect themselves against predators and talsespond to

bacterial infection (Pancer, Rast and Davidson 1999

Marine compounds that act as ®B-inhibitors can be divided into four categoriek) (

compounds targetingkB degradation, (2) compounds that impede the pigteo

activity of the 26S proteasome, (3) compounds ititatfere with the translocation of
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NF«B to the nucleus, and (4) compounds with unknowiremdar targets (Folmer, et
al. 2008). Scytonemin, Cacospongioloide B and Bptingiolide M have all been
shown to interfere with the degradation oBI(Stevenson, et al. 2002, Posadas, et al.
2003). Marine products that have been shown tofereewith the proteosome include
Salinosporamide A, Mycalolide A and acetate agost€r (Folmer, et al. 2008,
Macherla, et al. 2005, Tsukamoto, et al. 2003). el@v the mechanisms of action of
most of the NKB inhibitors remain unknown including the isolat€siracin A,
llimaquinone, Verracurin A and Cycloprodigiosin Hgdhloride (Folmer, et al.
2008). Helenaquinone has been shown to inhibit PIaKd the sesterterpene
scalaradial has been shown to impede the phospaiioryl of Akt. Akt is
phosphorylated downstream of PI3K and both haven b&gown to be potent

activators of NKkB (Xie, et al. 2005).

The anti-inflammatory potential dbolinaquinoneand petrosaspongiolide Mvere
assessed by (Busserolles, et al. 2005). Bolinageineas acquired from the Dysidea
species of marine sponge while Petrosaspongiolides vacquired from the
Petrosaspongia nigra marine sponge. These expdsmere performed on mice
treated with 2,4,6-trinitrobenzenesulphonic acidNBB) which induced Crohn’s
disease like symptoms. After administration with B® the size of the colon
increased due to inflammation. Administration of lit@gquinone and
petrosaspongiolide decreased the size of the coltwe. level of NKkB expression in
the nucleus was found to be low after treatmeni wétrosaspongiolide which shows
that it must inhibit its translocation to the nugeby blocking the degradation of

IkB(Busserolles, et al. 2005). These marine produwse so far shown no
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complications or side-effects which make them eepial candidate in the future

treatment of inflammatory conditions (Busserolkgsal. 2005).
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Figure 1.11: Diagrammatic representation of the molecular tasgef marine compounds
known to inhibit NkB activation adapted frorfFolmer, et al. 2008)

56



AIMS AND OBJECTIVES

Although numerous marine natural products have beeported to have
pharmaceutical activity, relatively few marine cayapds have been shown to have
therapeutic effects in inflammatory disorders. Thisrk aims to identify a novel
marine compound with anti-inflammatory effects aiso to elucidate its molecular

target.

= To screen crude and fractionated marine extractding an individual
compound showing anti-inflammatory potential, byaexning the effects of
marine extracts on macrophage, DC maturation, midgra phagocytosis,

cytokine and chemokine production

= To ascertain the possible mechanisms utilized leyrttarine compound to
elicit its anti-inflammatory effects in DC, by exanmg alterations in NkB

and IRF-3 downstream of TLR4

= To determine if the marine extract elicits its @nflammatory effects by

interacting with the adaptor molecule, Mal.
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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 &if-175cnf  Nunc

6.5mm Transwell 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) Signia

OVA Peptide 323-339 Genescript Corp
GMCSF J558 GMCSF producing cell line
CCL19 R&D System$
GM-CSF R&D Systenfs
Recombinant IL-2 BD Pharmigen
Trypan blue (0.4% v/v) Signia

Anti-mouse CD3e monoclonal antibody BD Pharmingen

Anti-mouse CD28 monoclonal antibody = BD Pharmingen

CellTiter 96° Aqueous One Solution Pierce

RPMI-1640 Invitrogen

Foetal Calf Serum (FCS) Invitrogen'

Penicillin Streptomycin Invitrogen"

LPS E.Coli serotype R515) Alexis Biochemicals
PGN Invitrogen'

PamGS;, Invitrogen"

Poly:IC Invitrogen"

Zymosan Invitrogen

Flagellin Invitrogen'

CPG Invitrogen'

DMEM Invitrogen'"

LPS E.Coli serotype R515) Alexis Biochemicals
Hygrogold Invitrogen'

Blasticidin Invitrogen'

TABLE 2.1: All tissue culture materials/reagents and corregging sources.
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PROTEIN PURIFICATION REAGENTS

Materials Source
BCA Protein Assay Pierce
Potassium Chloride (KCI) Sigrfia
Sodium phosphate dibasic (¥adOy) Sigm&
Dithiothreitol (DTT) Sigm&
Potassium phosphate (KPIOy) Sigm&
Glycerol 99.99 % Signfa
Trizma Base Signfa
Sodium dodecylsulphate (SDS) Sigha
Tweerf 20 Sigm&’
N,N,N’,N'-Tetramethylethylenediamine (TEMED)  Sigfha
Ammonium persulphate (APS) Sigha
Phenylmethanesulfonyl fluoride (PMSF) Sigha

Propan-2-ol (isopropanol)

30 % Acrylamide/Bis solution
Sodium Orthovanidate

Leupeptin

Aprotinin

Immobilon Western HRP Substrate
Re-Blot Plus Solution (10 X)
Ponceau S Solution

Nitrocellulose membranes

Fuji SuperRX film

Precision Plus ProteinDual Color Standard

Nitrocellulose membrane

VWR International Ltd.
Bio-Rad
SigMa
Sigm&
Sigm&
Millipore
Millipore
Sigfha
Biosciences
FujiFilm Ireland Ltd.
Bio-Rad

Biosciences

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

blotting, and lysis buffers.
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WESTERN BLOTTING ANTIBODIES

Antibody Source
Anti-Phospho NkB-p65 Cell Signalling
Anti-Phospho-p38 Cell Signalling
Anti-1kB Cell Signalling
Anti-Phospho-IRF3 Cell Signalling
Anti-NFxBp65 (C-21) Santa-Cruz Biotechnology Inc.
Anti- p38 Cell Signalling
Anti-Batin Sigm&
Anti-Phosphotyrosine, clone 4G10 Millipore
HA-MAL Sigma”®
Anti-mouse IgG peroxidase Sigfha
Anti-rabbit IgG peroxidase Sigrfia

TABLE 2.3: All antibodies used for western blotting analysis.

ELISAs

Materials Source

96-well microtitre plate Nunc"
3,3',5,5'-tetramethyl-benzidine (TMB) Sigm&’

Tweerf 20 Sigm&

Bovine serum albumin (BSA) SigMa
DuoSet ELISA kits R&D Systerfis
1X PBS Biosciences

TABLE 2.4: All ELISA materials/reagents and corresponding sesr
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FLOW CYTOMETRY

Antibody Fluorochrome Source Isotype Control fgﬁngee"nstration/
TLR4-MD-2 PE BD RatlgG2a 0.hg
CCR5 PE BD Rat IgG2a 0.hg
CD11c APC Caltag Rat IgG2b 04
CD40 FITC/PE BD Ham IgM 0.5u9
CD80 PE BD Ham IgG 0.7g
CD86 FITC BD Rat 1gG2a 0.pg
MHCII FITC/PE BD Rat 1gG2a 0.hg

TABLE 2.5: Antibodies used for FACs analysis of cell surfacarkers; suppliers
concentrations used.

FACS MACHINE/PREPARATION FACS MACHINE/PREPARATION

and

Materials Source
FACS Flow BD
FACSRinse BfD
FACSClean BD

37% (v/v) paraformaldehyde Sigta

TABLE 2.6: Materials/reagents used for flow cytometry and FA@Sparation.

DNA MANIPULATION AND LUCIFERASE ASSAYS

Materials Source
geneJuic@ Transfection Reagent Novagden
QIlAprep Spin Maxiprep kit QlAgén
10 X Passive Lysis buffer Promega

TABLE 2.7: Materials used for manipulation of DNA plasmidgramsient transfections.
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2.2 METHODS

PREPARATION OF MAIN BUFFERS/ ELECTROPHORESIS GELS

Buffer

Composition

10 X Phosphate Buffered Saline (10 X
PBS)

8 MM NaHPGQ;, 1.5 M KH,P(Gy, 137 Mm
NaCl, 2.7 mM KCL, pH 7.4

PBS-Tween (PBS-T)

1 X PBS with 0.05% Tw&&0

10 X Tris Buffered Saline (10 X TBS)

20 mM Trizma, 150 mM NaCl pH 7.2 —
7.4

TBS-Tween (TBS-T)

1 X TBS with 0.05% Tweea0

Electrode Running Buffer (10X)

25mM Tris Base, 200mM Glycine, 17mM
SDS

Low Stringency Lysis Buffer

50mM HEPES, 100mM NaCl, 10%
glycerol, 0.4% NP40, 1ImM EDTA

Sample Buffer (5X)

0.5mM Tris-HCL pH 6.8, 10% Glycerol,
10% SDS, 5%-mercaptoethanol, 0.05%
w/v Bromophenol blue

Separating Gel (12%)

33% v/v Bisacrylamide (30% stock), 1.5M
Tris-HCL pH 8.8, 1% w/v SDS, 1%
w/vAmmonium persulphate, ¢, 0.1%
TEMED

Stacking Gel

6.5% v/v Bisacrylamide (30% stock),
0.5M Tris-HCL pH 6.8 1% w/v SDS, 1%
w/vAmmonium persulphate, ¢, 0.1%
TEMED

TABLE 2.8: Composition of most commonly used buffers.
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2.3 CELL CULTURE

All tissue culture was carried out using aseptahteques in a class Il laminar airflow
unit (Holten 2010- ThermoElectron Corporation, QFgA). Cells were maintained in
a 37°C incubator with 5% CQ@nd 95% humidified air (Model381- ThermoElectron
Corporation, OH, USA).Cells were grown in compld®MI-1640 medium as
indicated in Appendix A. FCS was heat inactivate@°C for 30mins) to order to
inactivate complement and then aliquoted for swrag -20°C. Supplemented

medium was stored at 4°C.

2.3.1 CELL ENUMERATION AND VIABILITY ASSESSMENT

Cell viability was assessed using the trypan blye ekclusion test. This test is based
on the principle that live cells possess intact m&mbranes that exclude certain dyes
were as dead cells are unable to exclude the dya@gpear blue when viewed under a
microscope. 100ul of cell suspension was mixed WEBul PBS and 250ul trypan
blue solution (0.4% (v/v)). After ~2mins cells wermgpplied to a brightline
haemocytometer (Sigma®) and examined under highepawagnification (x40)
using an inverted microscope (Olympus CKX31, OlysigDorporation, Tokyo,

Japan). Cells inside the central grid were coufded Figure 2.1].

A viable cell count was determined using the follayvformula: Cell/ml= N x 5 x 1b

Where, N= average cell number counted, 5 = dilutémtor, and 1b= constant.

FIGURE 2.1: Diagrammatic Representation of haemocytometer tsedunt cells
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2.3.2 MURINE MACROPHAGE CELL LINE J774

The murine macrophage cell line J774A.1 was usetthisistudy and is referred to
solely as J774 throughout. The J774 cell line wasclmsed from the European
Collection of Cell Cultures (ECACC). J774A.1 cell®re maintained in complete
RPMI-1640[see Appendix]in 75 cnf flasks Cell monolayers were passaged at a
confluency of 80 % (every 3 to 4 days). Cells weetached by gentle tapping and
transferred to a 50 ml falcon. Cells were spun2&0lrpm for 5 min and supernatant
discarded. Cells were resuspended in 10 ml of cemgRPMI-1640. Each 75 ém
flask yielded approximately 20 x 4€ells. For subculture, cells were split 1 in 1®int
25 ml complete RPMI-1640 in a fresh 75 Zitask. For experiments cells were

counted as described [see section 2.2.1].

2.3.3 HUMAN EMBRYONIC KIDNEY CELL LINES HEK293

Human embryonic kidney cell line HEK293 stably stetted with TLR4, CD14 and
MD-2, (HEK293-MTC) were a kind gift from Prof. Luk®’'Neill, School of
Biochemistry, Trinity College Dublin. The HEK293-MLTcell line was cultured with
appropriately supplemented complete DMEM mefdiae Appendix] Cells were
cultured in 175 ciflasks as follows; HEK-MTC: complete DMEM supplenteh
with 50 pg/ml Hygrogold and 1 pg/ml Blasticidin meaintain expression of TLR4,
CD14 and MD-2. Cells were passaged every 3 to 4 diaged on confluency. For
subculture, the media was removed from the flaskscells washed twice with 5 ml
ice cold sterile PBS (Invitrogen. Following this cells were removed from the
surface of the flasks by incubating them with 2ahlL X Trypsin solution (Signf3

for 5 min at 37°C. 10 ml of complete media was then added to resubspells and
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cells were spun at 1200 rpm for 5 min. Finally €eNere resuspended in media,

subcultured or counted for experiments.

2.3.4 PREPARATION OF CELL STOCKS

Cells were grown to a state of sub-confluency amdewharvested and counted as
previously described in section 2.3.1-2.3.3. Ceallsre removed from culture as
appropriate and resuspended in 1 ml cryoprotecih®so (v/v) dimethylsulphoxide
(DMSO), 40 % (v/v) FCS and 50% RPMI) and transférte labelled and dated
cryovials (Nalgen® Cryoware). These aliquots are placed at -20°Q fors and then

at -80°C for 3 hrs before being stored in a liquidogen vessel.
2.3.5 REVIVAL OF FROZEN STOCKS

Cryovials were carefully removed from liquid nitergtank and quickly thawed in a
37 °C water bath. Thawed cells were transferred to L&RMI on ice and carefully
resuspended. Cells were spun at 1200 rpm for 5 tmiremove excess DMSO.
Following this supernatant was discarded and aelsispended in 10 ml of room
temp RPMI. Cells were spun again and a third washied out using 37C RPMI.
After the final wash cells were resuspended in loftihe appropriate medium and

transferred to a 75 cnflask with appropriately supplemented mejdiee Appendix]

2.3.6 ISOLATION OF BONE MARROW -DERIVED DENDRITIC CELLS

2.3.6.1 DAY 1-BONE MARROW HARVEST

Bone marrow from the tibiae and femurs of BALB/Cceiwas extracted by flushing
RPMI through the bones using a syringe and a 2ieaglle into a sterile petri dish.
The bone marrow was then broken up using a syramgea 19.5g needle and then

transferred to a 50ml falcon. Cells were centrifiger 5 mins at 1200 rpm,
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supernatant removed and the bone marrow cells westespended in RPMI to allow
1ml of cells per petri dish required. A cell couvds preformed using the trypan blue
exclusion method to make certain an adequate nurmbetiable cells had been
obtained. 9mls of RPMI supplemented with GMCSF and of cells were added to

each petri dish. The cells were incubated at 37°C.

2.3.6.2 DAY 4 —FEEDING CELLS

Petri dishes were tilted slightly so the cell mayer was easily visible, and using a
transfer pipette approximately 6-7mls of media wersoved. 10mls of pre-warmed
RPMI supplemented with GMCSF was then added gdotlgach petri dish. Cells

were incubated at 37°C.

2.3.6.3 DAY 7 — COUNTING AND PLATING CELLS

To remove semi-detached and therefore immature rdiendells, the cells were
scraped using cell scrapers and media was collegséy transfer pipettes and
transferred to a 50ml falcon. Each petri dish weasm@ned under the microscope to
verify that the majority of the cells were remové&alcons were spun at 1200rpm for
5mins, supernatant removed and the cells were peaded in RPMI and then
counted using the trypan blue exclusion method. Gédlleconcentration was adjusted

with RPMI — generally cells were plated at 1Xt8lls/ml.

2.3.7 CULTURE OF THE J558 GMCSF-SECRETING CELL LINE

The mouse gene for GMCSF (granulocyte macrophalgaygatimulating factor) was
cloned into a mammalian expression vector (Karasaya&udo and Melchers 1990)
and transfected into the plasmacytoma line X63-AgSell stocks were kindly

donated by Professor Kingston Mills (Trinity Coleedoublin).

67



After removal from liquid nitrogen and rapid thagjncells were washed in 30mls
cRPMI, then resuspended in 5mls of selection mediomsisting of 1mg/ml G418
Geneticin (GibcoBRL) in complete RPMI for 2 passag€ells were seeded at 1%10
cells/ml each time and culture flasks stood uprighthe incubator. After the second
passage cells were washed twice in cRPMI, countedsaeded in cRPMI at 1X30
cells/ml. When cells reached a medium density theye subsequently seeded at
2.5x10 cells/ml at each passage. Up to and includingames 9, supernatant was
collected from the J558 cells and the amount ofeted GMCSF quantified by
ELISA (R&D). For bone marrow culture, GMCSF wasdsat a concentration of

40ng/ml.

2.3.8 MARINE EXTRACTS

Marine extracts were received from UCD and dissbiveDMSO. Stability tests were
carried out to ensure the optimum storage temperditu these extracts. The marine
extracts were stored at 4°C and -20°C and cytakiradysis of the extracts confirmed
that they are stable at both 4°C and -20°C. Therefarine extracts were aliquoted
and stored at 4°C. Marine extracts were addedayn7dof culture. On day 7 of
culture the cells were treated with a vehicle andMSO), or the marine extracts,
Alcyonium digitiaand Membranipora membranaces a range of different dilutions

(1:100, 1:1000, 1:10000) 1 hr prior to activatiothaM LR ligand.

2.3.8.1 FRACTIONATION AND PURIFICATION OF MARINE EXTRACTS

Initial extractions fromMembranipora membranaceand Alyconium digitiacrude
extracts were carried out based on compound pplant a series of fractionations
were performed with an equal quantity of sampleeach fractionation using a

different solvent. The solvents chosen were useépesent the spectrum of polarity
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from polar to non-polar (pentane, DCM and methanbhe extracts were stirred in
these solvents for 24-48 hours before the solvert® filtered and evaporated to
leave a mix of fractionated compounds. These mmee then tested for activity, and
the most active fractions underwent a second rafnidactionation. This round of

fractionation used a new selection of solvents|@exane and ethanol) which were
chosen based on the solvent which gave the mosteattix in the first round of

fractionation. The mixing, filtration, evaporati@nd testing were carried out again

until the highest solvent extraction system — hilvég relationship has been reached.

Once satisfied with the solvent extraction systamther purification step took place,
based on the properties of the compound mixturédgnwo chromatography was
chosen as the method to purify the compounds. phidication step led to the
isolation of the pure compound INV013. INV013 whsert submitted for a large array

of spectroscopic tests in order to identify theciure of the compound.

2.3.9 TOLL-LIKE RECEPTOR ACTIVATION

Cells were activated with TLR ligands which arelioed in Table 2.9 and incubated

for 24 hrs before being used in the relevant assays
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TLR Working

TLR Stock
Ligand Concentration Concentration

2/1 PamGS, 1 mg/ml 1.0 pg/ml
2/6 Zymosan 1 mg/ml 10 pg/ml

3 Poly:(IC) 1mg/ml 10 pg/ml

4 LPS 1 mg/ml 100 ng/ml
5 Flagellin 100 ug/ml 5.0 ug/ml

7 Loxoribine 10 mM 1mM

9 CPG 500uM 2uM

TABLE 2.9: Concentrations of the TLR ligands used for thevatitbn of dendritic

2.3.10 ADDITION OF OVA PEPTIDE (323-339)

The OVA peptide sequence is given below and reptese T and B cell epitope of
OVA: ISQAVHAAHAEINEAGR [C74H12dN26025 MW 1773.9]

1g vials of lyophilized OVA peptide were kept at0*€ and dissolved in 1ml of
sterile water to give a 1mg/ml stock which was &lspt at -20C. OVA was added to

DCs at pig/ml for 24 hrs before use in the co-culture expents.

2.3. 11 CYTOTOXICITY ASSAY FOR MARINE EXTRACT DOSE
RESPONSE

The CellTiter 96® Aqueous One Solution (Promegag isolorimetric method for
determining the number of viable cells in a samfileontains an MTS tetrazolium
compound (Owen’s reagent) which is bioreduced His dato a soluble coloured
formazan product. The quantity of formazan prodacineasured at an absorbance
reading of 450nm and is directly proportional t@ thumber of living cells in the

culture medium. Bone marrow-derived dendritic celisre cultured for 7 days. On
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day 7 cells were collected, counted and plated96-avell plate with 100ul per well
at 1x16 cells/ml. Marine extracts were then added at wéfie dilutions (1:100,
1:1000, 1:10,000) 1 hr prior to stimulation with $K100ng/ml). 24 hrs after the
addition of LPS, 20ul of the CellTiter 96® AquedDse Solution was added to each
well of the 96-well plate. The plates were incubaf@a 2 hrs at 37°C in 5% Gand
absorbance read at 490nm. The cell viability ofheaample was calculated by
treating the absorbance of the vehicle control, @M& 100% and comparing the

remaining samples to this and expressing resulpgaentage viability.

The CytoTox 96® Non-Radioactive Cytotoxicity Ass@romega) is an alternative
colorimetric cytotoxicity assays that we used ie #tudy to assess the viability of
cells following treatment with marine extracts. ThéytoTox 96® Assay
guantitatively measures lactate dehydrogenase (L.BIJable cytosolic enzyme that
is released upon cell lysis. Released LDH in celsumpernatants is measured with a
30-minute coupled enzymatic assay that resultearconversion of a tetrazolium salt
(INT) into a red formazan product. The quantityfafmazan product is measured at
an absorbance reading of 450nm and is directlygtmmal to the number of living
cells in the culture medium. HEK293-MTC cells weraunted and plated in a 96-
well plate with 100p!| per well at 1xi@ells/ml. Marine extracts were then added at
different dilutions (1:100, 1:1000, 1:10,000) 1 jwrior to stimulation with LPS
(100ng/ml). 24 hrs after the addition of LPS, cellsre lysed with 10X lysis solution
to Target Cell Maximum LDH Release Control and tkentrifuged at 250 x g for 4
mins. 50ul of 1:5000 dilution of LDH positive coatrwas added to separate wells
and 50pul of substrate mix was then added to eadlh Téee plate was then incubated

for 30 mins in the dark at room temperature. Foitgathis incubation 50ul of stop
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solution was added to each well and absorbanceaed€0nm. The cell viability of
each sample was calculated by treating the abscebainthe vehicle control, DMSO
as 100% and comparing the remaining samples to ahik expressing results as

percentage viability

2.3.12 CD4+ T CELL ISOLATION

2.3.12.1 ERYTHROCYTE LYSIS

(R&D Systems - mouse erythrocyte lysing kit WL2000)

Spleens were removed aseptically and collectedB8%/10% FCS on ice. A single
cell suspension was achieved by pushing each spiheeagh a cell strainer (4én,
BD falcon). Cells were then washed in HBSS/10% D8 erythrocytes lysed by
adding a 1x solution of M-lyse for approximately ffinutes at room temperature
(2ml of 1x solution per spleen). Following incubat cells were vortexed for 2
seconds. 40ml of wash buffer was then added amedc#ils centrifuged and
resuspended in 2ml of 1x column wash before beinmied and adjusted ©2x1CF

cells/ml.

2.3.12.2 CD4T CELL ISOLATION

(R&D Systems - Mouse T cell CD4 Subset Column KEDYC-1000)

< 2x1@ of cells (in 2ml of column wash) was mixed withvial of monoclonal
antibody cocktail (1ml CD4enrichment cocktail) and incubated at room tentpega
for 15 minutes. During this incubation period tt®@umn was washed with 10ml of
column buffer. After incubation, cells were washwice with 10mls of 1x column
wash and finally resuspended in 1ml column wasthe Tells were added to the
column and any liquid displaced from the columnlemkd in a sterile falcon tube.

Once the cells had moved onto the column, the botap was replaced and the cells
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left in the column at room temperature for 10 masutThis allowed B cells, non-
selected T cells and monocytes to bind to the glasads coated with anti-
immunoglobin via both F(ab) and Fc interactiondie Tolumn was eluted with 10mls
of column buffer. Eluted and therefore CD4 positiv cells were centrifuged (2509
for 5 minutes), resuspended in cRPMI, and coungdguthe trypan blue exclusion

method. Cells were adjusted to the required caragon with cRPMI.

2.3.13 DC-T CELL CO-CULTURE

Dendritic cells were grown as previously describ@d7 days. At this time (i.e., 24
hrs prior to commencement of the co-culture expenithcells were treated with the
M.membrancedor 1 hr prior to activation with OVA peptide (&§/ml). The cells
were incubated for a further 24 hrs at@7in 5% CQ. After 24 hrs, DCs were
collected and washed twice in sterile PBS/2%FCS$etnove any traces of RPMI
before being irradiated. DC were irradiated withG¥ (4000rads) using a gamma
irradiator with a Caesium-137 source. IrradiatidiD€s is necessary to terminate DC
maturation. Cells were then counted and resusperided¢RPMI at a final

concentration of 2xT@ells/ml.

CD4" T cells were isolated from the spleens of OVA s$genic D011.10 mice as
described in section 2.3.12. A large portion a th lymphocytes from these mice
express a TCR specific for a peptide within thellowain (OVA) molecule (OVA
(323-339)). When this antigen is presented by D@splexed to MHCII (together
with costimulation), these naive CD4T cells become activated and proliferate

(Pompos and Fritsche 2002)
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Following purification, OVA transgenic CD4T cells were adjusted to 2>Xt@lls/ml.
Equal volumes of T cells and DCs were added tede®96-well plate to give a final
volume of 20Ql/well. Plates were incubated at°87in 5% CQfor 5 days. On day 5
of the co-culture, plates were centrifugally pul¢ednove cells to the bottom of the
wells. 20Qu of fresh media was added to each well and plate incubated at 3C

in 5% CQ until day 7.

On day 7 of the co-culture, plates were again pulsefore 100l of media was
removed. 100l of newly harvested OVA-activated DCs pre-treatedth
M.membranceavere added at a concentration of 23cHlis/ml for the second round
of T cell stimulation. Recombinant murine IL-2 @en Dickinson) was also added
at this time (10U/ml). At the end-point of the colture experiment (day 10), 2@0
of media was removed after plates were pulsed lamdupernatant frozen for future

cytokine analysis.
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24 FLOW CYTOMETRY

Flow cytometry is a means of quantitating strudtdemtures of cells by optical
means. By using up to 4 different fluorescently giedy markers different
characteristics can be measured at the same timeeimixture. Cells containing the
desired features are measured individually and thggregated. The FACScan™

system can process thousands of cells in seconds.

2.4.1 CELL SURFACE MARKER STAINING

DCs were cultured for 7 days as previously desdriime(see section 2.3.6). Cells
were then plated at a concentration of Bxddlis/ml into a 6-well plate (2ml/well).
Cells were treated with the marine extract 1 homitio stimulation with LPS
(100ng/ml) and incubated at 37°C in 5% L0r 24 hrs. Following incubation, cells
were scraped using cells scrapers and collectéaléon tubes. An equal volume of
FCS was added for 15 minutes to prevent non-spdaifiding. Tubes were then spun
at 1200rpm for 5 mins and cells resuspended indfrfACs buffer[see Appendix]
200u! of cells were added to a 96-well round bottolate to give approximately
400,000 cells/well. One well per treatment group.(ieach marine extract treatment
+/- LPS) was assigned for each antibody group aredveell for each corresponding

isotype control groupisee Table 2.5]

Plates were spun at 2000rpm for 10 mins and sufzrnearefully removed from the
wells. 100ul of the correct antibody and isotypesvadded to the appropriate wells.
Plates were incubated for 30 mins in the dark &. 4"ollowing incubation, plates
were spun at 2000rpm for 10mins. Cells were waswezk by resuspending in 200ul

of FACs buffer and were then fixed in 200ul of 4étnhaldehyde/PBS before being
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transferred to labelled FACs tubes. Samples weauiged immediately or left
overnight at 4°C in the dark. 30,000 events werpigied per sample using a 4-colour
FACS Calibur (fluorescence activated cell sorteect®n Dickson (BD). Data was
analysed using CellQuest software and samples gated€D11¢ cells for DC

samples to ensure histograms and dot plots regssspare cell populations.

2.4.2 PHAGOCYTOSIS ASSAY

J774 macrophage were cultured as described [séers€c3.7]. 5 x 10 cells were

plated onto 6 well plates in a total volume of 2welll and left to rest overnight at 37
°C. The next day cells were treated with DMSO (gkehcontrol) or marine extracts
1hr prior to activation with LPS (100ng/ml) or laxaine (1mM). On the third day, to
investigate phagocytosis 2% of flourescently labelled latex beads were added

concentration of 1 x fbeadsll for a period of 0, 2, 4, 6, 12 and 24 h. Follogvthis

media was removed and each well washed twice wélcold PBS. Cells were then
scraped and transferred to 15 ml falcons. Cellewpun at 1200 rpm for 5 min and
resuspended in 200 ul 4% (v/v) paraformaldehyde/HBfagocytosis of latex beads
was assessed by flow cytometry on BD FACSCalibuNBte: latex beads were

sourced from Sigma® and were 1 pm in diameter.

2.4.3 CHEMOTAXIS ASSAY

Bone marrow-generated DC were cultured for 7 deyslescribed in [see section
2.3.6]. Cells were counted and plated at a conagoir of 1x16 cells/ml in a 6 well

plate (3mlis/well). Marine extract was then adde@ach required well 1 hr prior to
stimulation with LPS (100ng/ml) or loxoribine (ImMJells were incubated at 37°C
for 24 hrs. Following incubation, cells were remavieom wells using a transfer

pipette and counted. Transwell® plates were usedadatordance with the
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manufacturer’s instructions; 3x1@ells were added to the insert well in 100pl of
media, and 600ul of media supplemented with or auththe chemokine CCL19
(200ng/ml) for DCs and GM-CSF (10 ng/ml) and IL1D BRMP/ml; where 1 BRMP

= 40 pg/ml) for macrophages, was added to the botthamberssee Figure 2.2
Plates were incubated for 5 hrs at 37°C. Cells tred migrated to the bottom
chamber were collected and transferred to epperndbes, spun and resuspended in
4% formaldehyde/PBS before being transferred to FAGbes. Migrated cells were

counted for 60 seconds on a BD FACsCalibur.

Transwell® I nsert

=— Transwell® insert
3x10 cells
Upper compartment

. L] L] .
HANENENNENNEENESE Microporous membrane

I = Lower compartment

CCL19 (100ng/ml) — DCs
GM-CSF (10na/ml/IL-2BRPM/ml -- M@

FIGURE 2.2: Diagrammatic representation of Chemotaxis Assayn3neli". Schematic
taken from TranswéllPermeable Supports Selection and Use Guide, Cgrnin
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2.5 ENZYME LINKED IMMUNOSORBANT ASSAY (ELISA)

The concentration of cytokines I31IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-12p70,
IL-17, 1L-23, TNF1, IFN-y, IFN-3 and chemokines MIPel MIP-2, MCP-1 and
Rantes in cell supernatants was established usin§AEDuoset kits from R&D
Systems in accordance with the manufacturer's unogons. A diagrammatic

representation of the principles of a sandwich BL#8e shown irFigure 2.3

3
3
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Step 1. Step 2, Step 3. Step 4. Step 5.

FIGURE 2.3: Schematic representation of sandwhich ELISA. Sctierzken from ELISA

Kit Technology Principals omwww.epitomics.com

2.5.1 IL-6, IL-10, IL-12p40, IL-12p70, IL-23, TNF-a ELISA

96- well Nuf¢ microtitre plates were coated with 50ul of the rappiate capture
antibody diluted to working concentration in PP&e Table 2.10]Jand incubated
overnight at room temperature. Following overnigitubation, plates were washed 3
times with was buffer (PBS/0.05% Tween®) beforelsvelere blocked with 300ul of
reagent diluent (PBS/1% BSA) for at minimum of ldtrroom temperature. After
repeating the washing step, 25ul of reagent dilaedt25ul of supernatant or serially

diluted standards (top standard serially dilutedrx@eagent diluent- see table 2.10)
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were added to wells in duplicate, and plates weoelbated overnight at@. The
following day plates were washed x3 with wash huffeOul of the appropriate
biotinylated detection antibody, diluted in reageliuent- [see Table 2.1Q] was
added to each well and plates were incubated ah reonperature for 2 hrs. Plates
were washed x3 with wash buffer and 50ul of stnagia-HRP (1:200 dilution in
reagent diluent) was added to each well. Plateg werubated for 20 mins at room
temperature. Finally, wells were washed x3 with hvasiffer and 100ul of TMB
(Sigma Aldrich) was added to each well and platesevihen incubated in the dark.
Once the colour had developed sufficiently platesenstopped by adding 25ul of 2N
H,SO, per well. Optical densities were read immediatl#50nm on VERSA Amax
microplate reader (Molecular devices, CA, USA). Tlogtokine/chemokine

concentrations in the supernatants were deternfinedthe standard curves.

252 IL-1B

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

0.1%BSA/TBS + 0.05% Tween.

2.5.3 [L-12p40, IL-6

Samples were diluted 1:100 in reagent diluent a@dl of diluted samples and
undiluted standards were added to the plates iticdig@. Concentrations of samples

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

254 TNFwu

Samples were diluted 1:10 in reagent diluent and 60diluted sample and undiluted
standards were added to the plates in duplicatec&urations of samples were were

multiplied by the dilution factor once calculatedrh the standard curve.
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Capture Antibody Top Standard  Detection Antibody

Cytokine

(ng/ml) (pg/ml) (ng/ml)
IL-1B 4.0 1000 400
IL-4 4.0 1000 600
IL-6 2.0 1000 200
IL-8 4.0 2000 20
IL-10 4.0 2000 500
IL-12p40 4.0 2000 400
IL-12p70 4.0 2500 400
IL-17 2.0 1000 400
IL-23 4.0 2500 200
TNF-a 0.8 2000 75
IFN-vy 4.0 2000 800

Capture Antibody Top Standard  Detection Antibody
Chemokine

(Hg/ml) (pg/ml) (ng/ml)
MCP 0.2 250 50
MIP-1a 0.4 1000 100
MIP-2 2.0 500 75
Rantes 2.0 2000 400

TABLE 2.10: Concentration of standards, capture and detectiotibadies used in sandwich
ELISA assays.
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2.6 WESTERN BLOT ANALYSIS

2.6.1 PREPARATION OF WHOLE CELL LYSATES

Cells were seeded at 1 x°16ell/ml in a 6-well plate (2 ml/well) and left test
overnight. Cells were then treated with marine aottrl hr prior to stimulation with
LPS (100ng/ml) or loxoribine (1mM). Following acdtion, cells were washed with
PBS and scraped in 100ul of low stringency lysifdnseeTable 2.8 Protease and
phophatase inhibitor were added just before uséolémvs: 1 pg/ml aprotinin, 1
png/ml leupeptin, 100 uM sodium orthovanidate arisl M. PMSF. Cells were then
incubated on ice for 30 mins. Following this inctiba period samples were
centrifuged at 13,000 x g for 5 mins at 4°C. Thetgin concentration of the samples
were then determined using Bradford assay seeose&iid aliquots containing equal
amounts of protein were mixed with 5X SDS sampl#édoubefore loading on gels

samples were boiled at 96 for 5 min to denature proteins.

2.6.2 DENATURING POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-
PAGE)

Proteins were fractionated by SDS denaturing pojjamide gel electrophoresis
(SDS PAGE). Acrylamide gels (12 Y9ee Appendix]were cast between two glass
plates and affixed to the electrophoresis unitgisipring clamps. Electrode running
buffer [see Appendix]was added to the upper and lower reservoirsl @0prepared
samples were loaded into the wells and run at 30p@Agel for approximately 45
minutes. Pre-stained protein molecular weight mark(Bio-Rad laboratories)

ranging from 10 — 250 kDa were added to the faselin each gel.
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2.6.3 TRANSFER OF PROTEINS TO MEMBRANE

The resolved proteins were quantitatively transférto nitrocellulose membranes
using the iBlot Dry Blotting System (Invitrogen). The iBlof efficiently and

reliably blots proteins from polyacrylamide gels T min without the need for
additional buffers or an external power supply isedf-contained unit. Following
transfer, the nitrocellulose membrane was removeadd aprocessed for

immunoblotting.
2.6.4 IMMUNODETECTION AND DEVELOPMENT

Following transfer, membranes were blocked for apeeific binding by incubation
with freshly prepared blocking buffer, 5 % (w/v)mtat dried skimmed milk/TBS-T
[see Table 2.11for 1 h on a slow rocker at room temperature. fieenbranes were
then washed for 5 mins in TBS-T (wash buffer) thigees. The membrane was then
incubated with appropriate primary antibodies @tltn TBS/5% dried milk or BSA
/0.05% Tween 20® (reagent diluent). Membranes wggntly agitated with the
primary antibodies overnight at 4 °C. Followingeavght incubation, membranes
were washed four times for 5 min in wash buffer.nMbeanes were then incubated
with the appropriate secondary antibodies (horsehnageroxidase (HRP) conjugated
secondary antibodysee Table 2.11]Jand incubated with gentle agitation at room
temperature for 2 h. Following incubation with sedary antibody, membranes were

washed four times for 5 min with washing buffer.

HRP-labelled antibody complexes were visualised ngisi enhanced
chemiluminescence (ECL). Membranes were incubated5f minutes in 3 ml of
Immobilon Western HRP Substrate (Millipore). Exxesibstrate was decanted and

the membrane placed between acetate sheets andliatehe exposed to FujiFilm
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SuperRX film in a dark room under red light. Thienfwas developed using a film
Hyperprocessor (Amersham Pharmacia Biotech). Exposmes varied depending
on the concentration of protein used and the imew$ signals obtained. In general
exposure times varied between 15 sec to 5 min.dEmsity of resultant bands was
calculated using the densitometry program on theig8ye gel analysis and

documentation system (Syngene NJ USA).

2.6.5 STRIPPING AND RE-PROBING MEMBRANES

To reprobe membranes, antibody complexes were rethby incubating membranes
in 10 ml 1 X Re-Blot Plus Solution and was madeoading to manufacturers’

instructions (Millipore) for 10 min with gentle dgtion. Following this membranes
were washed in 5 ml of blocking buffer three tinfes 5 min to remove excess
stripping solution. At this point membranes werthei re-probed with antibodies or

stored in TBS-T at 4C for later use.

1° ANTIBODY | DILUTION | 2° ANTIBODY | DILUTION
NFkB p65 | |

Phospho-IRF3
Phospho-P38

>. 1:1000 . orabbitlgG- | 1:2000

IxB HRP

Total NFkBp65

Total P38 )

Phospho tryosine 1:1000 1:2000

HA-Mal | 1:1000 | a-mouse | 1:2000
| | IgG- HRP |
pactin i 1:10000 i i 1:20000

TABLE 2.11: Dilution of primary and secondary antibodies forstexn blotting.
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2.7 DNA MANIPULATION

2.7.1 DNA TRANSFORMATION INTO BACTERIA

Chemically competent DH5E. coli cells and cloned DNA were generated by Kathy
Banahan (Biochemistry, Trinity College Dublin). Ftransformation cells were
thawed on ice after which, ligated DNA (5-10 pl)saedded, mixed gently to ensure
the cells were evenly suspended and left for 5aniiice. The cells were heat shocked
in a water bath at 42 °C for exactly 2 min and tbealed on ice for a further 2 min.
As ligation DNA contained an ampicillin cassette timnsformation, cells were plated
onto selective LB agar plates containing 100ugimpiaillin and grown for 16-18 hrs
at 37 °C. Transformed cells were then single oplparified and used to purify

plasmids for transfection.

2.7.2 PURIFICATION OF PLASMID DNA FROM BACTERIA

To prepare milligram quantities of plasmid DNA arividual quantity of plasmid
transformed bacteria was inoculated into 4 ml LBtlvrfor 6 h. This starter culture
was then used to inoculate a 500 ml LB broth suppltged with 100 pg/ml
ampicillin and grown overnight at 37 °C in a shakincubator. Bacterial cells were
harvested by centrifugation at 300 rpm for 15 mirt&C. Milligram quantities of
plasmid DNA were purified using a QlAprep Spin Mardp kit according to
manufacturers’ instructions. The DNA was quantifiesing a NanoDrop3300. Stocks
were stored at 4 °C and used for transient tratisfeof HEK293 cell line. A 500 ml
culture typically yielded 1 — 3 mg/ml of plasmid BNGlycerol stocks were made by

aseptically mixing 930ul bacterial culture and 76UDMSO and storing at -80°C.
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2.7.3 TRANSIENT TRANSFECTION USING GENEJUICE®

GeneJuic® (Novagene) transfection reagent is a liposomal basmsfection reagent
from Novagen and is used for the transfection oKR&3 cells. The ISRE luciferase
plasmid, NkB luciferase plasmidRenilla luciferase plasmid and empty pcDNA3.1
vector (Invitrogen) were kind gifts from Prof. Luke O’Neill, School f o
Biochemistry, Trinity College Dublin. For 96 wellgte transfections, HEK-MTC
cells were seeded at at 4 x°1€ell/ml with a total volume of 200ul. Cells were
incubated overnight and transfected the followimy dsing geneJuifetransfection
reagent according to the manufacturers’ instrustionCells were transfected in
triplicate. FOHSRE/NFB luciferase assays, 75 ng of ISREKBHuciferase plasmid,
30ng of Renillaluciferase, and 115 ng empty pcDNA3.1 vector maoi® a total of
220 ng of DNA were transfected into each wélh 96-well plate. For both ISRE and

NF«B luciferase assays cells were harvested 24hewolg transfection.
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2.8 LUCIFERASE REPORTER GENE ASSAY

HEK293-MTC cells were transfected in 96 well platssdescribed in section 2.7.3.
Following 24hr transfection cells were treated witharine extract 1lhr prior to
stimulation with 100ng/ml of LPS. Media was thepiested from each well and cells
were lysed for 15 min on a rocking platform at rotemperature with 50ul of 1 X

Passive Lysis Buffer (Promega, Southampton, UK).

2.8.1 MEASUREMENT OF LUCIFERASE ACTIVITY

Firefly luciferase activity was assayed by the &ddiof 40ul of luciferase assay mix
(20 mM Tricine, 1.07 mM (MgCg4Mg(OH),-5H,0, 2.67 MgSQ, 0.1 M EDTA,
33.3 mM DTT, 270 mM coenzyn#e 470 mM luciferin, 530 mM ATP) to the sample
and Renilla luciferase was read by the addition of 400¢fila 1:1000 dilution of
Coelentrazine (Argus Fine ChemicalsPBS to 20 ul of lysed sample. Luminescence
was read using a Reporter microplate luminometeurr@r Designs). Firefly
luminescence readings were corrected Ranilla activity and expressed as fold

stimulation over unstimulated empty vetor (EV) goht
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29 IMMUNOPRECIPATION

HEK293-MTC cells were cultured into 10cm dishes1(@xcells/ml) 24hr prior to
transfection. Transfections were carried out usBemejuice® Transfection Reagent
(Novagen) as previously described in section 2.443g of Mal construct was
tranfected and after 24hr transfection cells wezated with marine extract 1 hr prior
to stimulation with LPS (100ng/ml). The cells wevashed in 5mls of PBS and then
scraped in 850ul of low stringency lysis bufferllI€evere then incubated on ice for
30 mins. Following this incubation period samplesravcentrifuged at 13,000 x g for
5 mins at 4°C. Protein concentrations of the swggant were determined by Bradford
assay and lysates containing equal protein wereecadd 30ul of protein A/G
sepharose beads. lug of relevant antibodies (HA-Mals then added and the
samples were incubated for 2h at 4°C with gentiatiom. A portion of the lysate was
retained to confirm that the protein of interestswexpressed, this was added to
sample buffer and boiled for 5 mins. Following tBehr incubation the immune
complexes were spun at 2300rpm and then washeel tinmes with 1ml lysis buffer.
All supernatants were aspirated off and beads vesespended in 60ul of 5X sample
buffer. The samples were boiled for 5 mins and $I2&E analysis were preformed

on the precipitated complexes as described in®e2t6.2-2.6.4.
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2.10 STATISICAL ANALYSIS

One-way analysis of variance (ANOVA) was used totedeine significant
differences between conditions. When this indataignificance (p<0.05), post-hoc
Student-Newmann-Keul test was used to determineclwhtonditions were
significantly different from each other. There was significant difference between
cells alone and DMSO (vehicle control) treated s;ettherefore DMSO was used as

the reference treatment.

The luciferase and immunoprecipitaions experimentsn chapter 5 represented
by figure 5.23 - 5.25 and figure 5.30, respectiweWere carried out in conjunction

with Dr. Jennifer Dowling in the Biochemistry Group in TCD.
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CHAPTER 3

INITIAL SCREENING OF

MARINE EXTRACTS FOR

ANTI-INFLAMMATORY
EFFECTS
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3.1 INTRODUCTION

The ocean is a major source of organisms with ardesrange of biological materials
which may be a source of novel compounds with psorgitherapeutic applications
To date only a limited portion of the oceans biedsity has been explored which
suggests that there is still enormous potentialcivtias not yet been uncovered.
Compounds isolated from marine species have retaivech attention recently as
studies have shown that marine compounds have ibehefffects. These molecules
and compounds have come from a variety of marieeisp including sponges, algae,
sea slugs and marine bacteria (Haefner 2003, Stdmann, et al. 2003)and have
been shown to offer some protection against turpoagression and the development
of autoimmune diseases (Jean, et al. 2008, Taetlal, 2006). In addition they have
been shown to possess anti-viral and anti-bactectlities (Haefner 2003). The
prevalence of inflammatory diseases such as RAdeasing and current treatments
for these diseases are not entirely efficacious amedassociated with severe side
effects. Therefore there is a huge need for neatrtrents that combat these diseases.
This study aimed to screen a range of marine spdoiedentify those compounds

with anti-inflammatory activity.

Marine extracts isolated by our collaborators in DJ@ere screened and active
fractions were then further fractionated into numosr compounds. These fractions
were then assessed in order to find those contathim anti-inflammatory compounds

[see figure 3.1.1].

In order to carry out this study we screened comgsuor their effects on DCs. DCs

play a key role in the initiation and progressidraotoimmunity (Gutcher and Becher
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2007). Indeed, the role of DCs in various inflamomatand autoimmune disorders has
been well documented including IBD, RA and MS (@nberg and Chiocchia 2007,
Gutcher and Becher 2007, Blanco, et al. 2008, Kaehial. 2006)Therefore we
hypothesized that DCs may be logical targets ofgheompounds and that their

effects on DC may suppress inflammation and halsstaatial beneficial effects.

The activation of DCs leads to the up-regulatiorc@fstimulatory molecules, pattern
recognition receptor (PRR) and surface markersudich CD40, CD80, CDS86,
TLR4-MD-2 and MHCII. These surface markers havavatal role in the activation
of an effective T helper cell response as abseho®-stimulation can result in cell
anergy or apoptosis (Kobata, et al. 2000). Alteregiin co-stimulatory surface marker
expression could modulate the ability of DCs toivate T cells, therefore we

examined the effects of the marine extracts orethearkers.

While the upregulation of co-stimulatory markersniportant, the differentiation of T
cells into numerous subsets is partially determimgdhe cytokines DCs produce i.e.
IL-12 induces the generation of T cells to a Thmpdtype; IL-23, IL-6 and IL{1 are
involved in generating a Th17 response; IL-4 drige§h2 phenotype and IL-10
promotes the induction of type 1 regulatory cellgriello, et al. 2003, de Jong, Smits
and Kapsenberg 2005, Guermonprez, et al. 2002¢ethdhe secretion of IL-10 acts
as a potent deactivator of DC pro-inflammatory kyte production. Consequently,
altering the production of these cytokines by DCaynmodulate the subsequent
adaptive immune response. Therefore we examinedftbets of marine extracts on

LPS-induced cytokine production from DCs.
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Given that impaired expression of chemokines arccloemokine receptors can be
involved in the development of autoimmune diseadsish and Steinke 2003,
Cravens and Lipsky 2002), we also assessed whitthextracts effected chemokines
such as MCP-1, MIP«l and MIP-2. Finally the ability of DCs to migrate to the

lymph node homing chemokine CCL19 was also examined
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Chapter 3

Membranipora membranacea A. digitia

N/

Crude Extract

Both crude extracts showed anti-inflammatory
1* fractionation abilities so where fractionated into numerous
compounds by our chemists at UCD

C001/C002/C008 C001/C002/C008

M. membrance&002demonstrated
the most significant anti-
inflammatory effects so was therefore
further fractionated

2" fractionation

\ 4

C001/C005/C0017/C021/C023/C027

Final fractionation

C023/C021 fractions where
further fractionated
generating the individual

compoundNV013
Chapter 4 Chapter 5
* Examined the effects of « Examined the effects of
the second fractions on a the second fractions on
panel of TLR ligands macro ;
i phage function
with TLR4 and TLR7

INVO13 to determine its

molecular target ligands

Figure 3.1.1:Diagrammatic representation of the outline of thisject.
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3.2 RESULTS

3.21 THE DOSES OF CRUDE MARINE EXTRACTS USED HAVE NO

SIGNIFICANT EFFECT ON CELL VIABILITY.

We examined the effects of the crude marine extrsclyonium digitia and
Membranipora membranacean DCs cytokine production and surface marker
expression following stimulation with LPS. Crudetraxts that demonstrated anti-
inflammatory activity were then sent to our colledtors in UCD where they were
fractionated. Initially we examined the toxicity thfe crude extracts by exposing DCs
to a range of dilutions. Following marine extractatment the cell viability was
assessed using Cell Titer 96 Aqueous One SoluRooniega, WI, USA) according to
the manufacturer's instructions. The doses of nearéxtracts (1:100, 1:1,000,
1:10,000) chosen for use in future experimentsndidhave any significant cytotoxic

effect on DGin vitro [Figure 3.1]

3.2.2 CRUDE MARINE EXTRACTS DOSE-DEPENDENTLY MODULA TE
LPS-INDUCED CYTOKINE PRODUCTION BY DENDRITIC CELLS

IN VITRO

BMDC isolated from the bone marrow of BALB/c miceene differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), marine extractgslcyonium digitia or Membranipora
membranaceaat different dilutions (1:100, 1:1000, 1:10,00®r f1 hr prior to
stimulation with 100ng/ml LPSK.Coli serotype R515). After 24 hrs supernatants
were removed and analysed for levels of IL-12p4@ kR12p70[Figure 3.2], IL-23
and IL-6 [Figure 3.3], IL-1p and TNFe [Figure 3.4] and IL-10[Figure 3.5] using

specific immunoassays.
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The production of the pro-inflammatory cytokinds;112p70 and IL-12p40 following
LPS activationFigure 3.2] were significantly reduced, in a dose dependantraa
in DCs pretreated withA.digitia and M.membrancea(p<0.001) compared to the
DMSO control group. A significant reduction was al®bserved in the pro-
inflammatory cytokines, IL-23, IL-§Figure 3.4] and IL-1B [Figure 3.4] following
treatment with both marine extractg<(.001) Furthermore, the levels of TNk-
remained relatively unchanged regardless of makteact treatment, indicating that

the effects of the extracts are spedifigure 3.4].

In contrast the production of IL-10 post LPS stiatidn was significantly increased

in the marine extract treated- Eigure 3.5].

3.2.3 CRUDE MARINE EXTRACTS MODULATE CELL SURFACE

MARKER EXPRESSION ON DENDRITIC CELLS IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), marine extracté.digitia or M.membranaceat 1:1000

dilution for 1 hr prior to stimulation with 100ng/nbPS E.Coli serotype R515).
Control cells and LPS-stimulated cells were subsetiy washed and stained with
flurochrome-labelled monoclonal antibodies for was cell surface markers (i.e.,
CD11c, CD40, CD80, CD86, MHCII, TLR4-MD-2 and CCR[seeTable 2.7 in

preparation for cytometric analysis by flow cytonyet

As expected, stimulation with LPS enhanced theaserimarker expression of CD40

[Figure 3.6], CD86 [Figure 3.7], CD80 [Figure 3.8], MHCII [Figure 3.10] and
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TLR-4-MD-2 [Figure 3.11] and decreased the expression of the chemokinetogcep
CCRS5 [Figure 3.9], where control DMSO cells are shown by the fillpdrple
histogram and LPS-treated cells are overlaid witjreen line. The marine extracts
A.digitia and M.membranacealid not alter the levels of key surface markers in
unstimulated DCs cells, however they were ableufipress the upregulation of some
of these surface markers following LPS stimulatigxpression of MHCII[Figure
3.10] and TLR4-MD-2[Figure 3.11] were markedly suppressed Andigitia-treated
DCs in response to LPS while levels of expressibi€b40 [Figure 3.6], CD80
[Figure 3.7] and CD86[Figure 3.8] remained relatively unchanged compared to
DMSO-treated cells. Whereabl.membranaceahad no suppressive effect on
expression of MHCI[Figure 3.10] and TLR4-MD-2[Figure 3.11] but significantly
inhibited the expression of CD4bBigure 3.6], CD86[Figure 3.7] and CD8(Figure
3.8] following LPS stimulation. In addition both extradblocked the suppression of
CCR5 normally seen in mature DC with levels higtiean in DMSO-treated cells

[Figure 3.9].

3.24 THE DOSES OF FIRST-ROUND FRACTIONS OF MARINE
EXTRACTS USED HAVE NO SIGNIFICANT EFFECT ON CELL

VIABILITY.

After establishing that crude marine extract@daligitia and M.membrancedad the
ability to suppress DC maturation and also modutgtekine production, these crude
extracts were then fractionated. These fractionsew&en further examined to
determine the active fractions. We first assesked toxicity by exposing DCs to a
range of dilutions. After treatment with fraction$ marine extract the viability of

cells was determined using Cell Titer 96 Aqueousg Solution (Promega, WI, USA)
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according to manufacturer’s instructions. The dosiefractions of marine extracts
selected for use in future experiments did not rewesignificant cytotoxic effect on

DC in vitro [Figure 3.12].

3.25 FIRST-ROUND FRACTIONS OF MARINE EXTRACTS DOSE-
DEPENDENTLY MODULATE LPS-INDUCED CYTOKINE

PRODUCTION BY DENDRITIC CELLS IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), marine extract&. digitia (C001, C002, C008) oM.
membranace&C001, C002, C008) at different dilutions (1:1@€1000, 1:10,000) for
1 hr prior to stimulation with 100ng/ml LPE.Coli serotype R515). After 24 hrs
supernatants were removed and assessed for ldeld?p40 and IL-12p7QFigure
3.13] IL-23 and IL-6 [Figure 3.14], IL-1p and TNFe [Figure 3.15] and IL-10

[Figure 3.16] using specific immunoassays.

The production of the pro-inflammatory cytokine$-12p40, IL-12p70[Figure
3.13] IL-23 and IL-6[Figure 3.14] were inhibited significantly after exposure to
fractions of marine extractdA. digitia (C001, C008) [§<0.001) had the greatest
suppressive effect on IL-12p40, IL-12p[Fdgure 3.13]and IL-23[Figure 3.14]. The
production of these cytokines was also significamédduced after exposure M.
membranaceaC002, C008) [{<0.001). M. membranaceaC001 £<0.01) andA.
digitia C002 0<0.01) also decreased IL-12p[Fgure 3.13]and IL-23[Figure 3.14]
production but to a lesser extent at 1:1000 an®@0DQ dilutions. Furthermore, a
significant decrease was observed in the produatfdh-1p [Figure 3.14] and IL-6

[Figure 3.15] with the fractions,A. digitia (C001, CO008) §<0.001) and M.
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membranacea(C002, C008) whileA. digitia C002 andM. membranaceaC001

exhibited no effect. In contrast to the other ciytek, which were modulated
significantly, levels of TNFx remained relatively unchanged regardless of treatm
with marine extract fractions, suggesting that éffects of the extracts are specific

[Figure 3.15].

The production of the anti-inflammatory cytoking;10, was substantially increased
in marine treated-DCs following activation with LPSgure 3.16]. A. digitia (C001,
C008) p<0.001) andM. membranace&C001, C002, C008)pk0.001) significantly
enhanced IL-10 production at 1:100 dilution howei/d 000 and 1:10,000 dilutions

of these marine extracts had no effect followingatation with LPS.

3.2.6 FIRST-ROUND FRACTIONS OF MARINE EXTRACTS MODU LATE

LPS-INDUCED CHEMOKINE PRODUCTION BY DCs IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), marine extrac&.digitia (CO01, C008) oM.membranacea
(C002, C008) at different dilutions (1:100, 1:10QD10,000) for 1 hr prior to
stimulation with 100ng/ml LPSHE.Coli serotype R515). Supernatants were then
removed and assessed for levels of MéR-WIP-2 and MCP[Figure 3.17] using

specific immunoassays.

The production of the pro-inflammatory chemokin®$lP-1o. and MCP-1 were
significantly suppressed b#. digitia C008 (<0.001) following LPS stimulation,
while A. digitia CO01 exhibited no effedFigure 3.17]. However,A. digitia CO01

(p<0.001) enhanced MIPe2expressionFigure 3.17]. In contrast;M.membrancea
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C002 0<0.001) significantly suppressed the productioiMdP-1a and MCP-1 post
LPS activation. Again, an increase in the productd MIP-20 was seen following
exposure tvi.membrance& 008 ©£<0.001) whereadM.membrance&002 exhibited

no alteratiorfFigure 3.17].

3.2.7 FIRST-ROUND FRACTIONS OF MARINE EXTRACTS INHI BIT DC

CHEMOTAXIS

CCL19, also known as MIPB3is a ligand for CCR7. Following maturation of DC,
CCRY7 is up-regulated on the surface of DCs whidistsin directing them to T cell
areas of draining lymph nodes where they interaitt and activate naive T cells. The
chemotaxis of DCs following LPS activation towats chemokine MIP{3[Figure
3.18] was significantly suppressed by culturing cellshvA. digitia CO08 (£<0.001)
and M. membranace&008 (p<0.001) and to a lesser extent iithmembranacea
C002 0<0.01)[Figure 3.18]. In contrastA. digitia CO01 did not have an inhibitory

effect on DC migration following LPS activatigRigure 3.18]

3.2.8 FIRST-ROUND FRACTIONS OF MARINE EXTRACTS MODU LATE
CELL SURFACE MARKER EXPRESSION ON DENDRITIC CELLS

IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), marine extract&. digitia (C001, C002, C008) oM.
membranacegC001, C002, C008) at 1:1000 dilution for 1 hroprto stimulation
with 100ng/ml LPS E.Coli serotype R515). Control cells and LPS-stimulatellisc
were subsequently washed and stained with flureckrtabelled monoclonal

antibodies for various cell surface markers (CD1@bB40, CD80, CD86, MHCII,
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TLR4-MD-2 and CCRS5) [se@able 2.7 in preparation for cytometric analysis by

flow cytometry. .

As expected, LPS increased the expression of (b#fure 3.19], CD80 [Figure
3.20], CD86][Figure 3.21], MHCII [Figure 3.23] and TLR4-MD-2[Figure 3.24] and
decreased the expression of CCHREgure 3.22] with control DMSO cells
represented by the filled purple histogram and te&ted cells overlaid with a green
line. The fractions were able to alter the expmssdf pivotal surface markers.
Expression of MHCII [Figure 3.23] and TLR4-MD-2 [Figure 3.24] were
significantly downregulated by the fractionatéddigitia marine extract following
LPS activation, with C001 and C008 showing the g&tasuppression. Furthermore
A.digitia fractions C001 and CO00&lightly decreased the expression of CD86 and
CD40, respectively following activation with LPS iéh no alteration was
demonstrated with C008. No modification was seethe levels of CD8QFigure
3.20] expression with any of thA.digitia fractions post stimulation with LPS. In
contrast fractionated marine extrddtmembranace#&reated DCs in response to LPS
showed relatively no change in surface expressioMECIl [Figure 3.23] and
TLR4-MD-2 [Figure 3.24]. However expression of CD4Figure 3.19], CD86 and
CD80 [Figure 3.20-3.21] were significantly suppressed in fractionated
M.membranace&reated DCs following LPS activation, with fractoC001 and C008
having the greatest effects. Expression of CCR5 evdmnced witiM.membrancea
C008 following stimulation with LPS however no aiteon was demonstrated
following treatment withM.membranceaC001,C002 fraction and alsA.digitia

fractions C001, C002 and CO(FEgure 3.22].
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3.2.9 SECOND-ROUND FRACTIONS OF MARINE EXRACT Membranipora
membranacea HAVE NO SIGNIFICANT EFFECT ON CELL

VIABILITY

The surface markers CD80 and CD86 are essent@@Cimaturation and initiating T
cell differentiation. Furthermore numerous studlesve demonstrated that pro-
inflammatory cytokines such as IL-12, IL-6 and IB-4nd chemokines such as MCP-
1 and MIP-1 are involved in the progression of numerous inffaatory diseases.
Therefore we decided to concentrate on the mantract M.membranceaC002 as
this fraction was able to significantly downregelahe expression of these co-
stimulatory. In additionM.membranceaC002 also modulated the secretion of pro-
inflammatory cytokines and chemokines post actatvith LPS. Following second-
round fractionation oM.membrancea002 we received numerous fractions (C002,
C017, C021, C023, and C027) which we examined tteraene the active
component. Firstly we examined the toxicity of thections by using Cell Titer 96
Aqueous One Solution (Promega, WI, USA) accordmmanufacturer’s instructions.
The 1:200 dilutions of marine fractions chosenuse in future experiments did not

have any significant cytotoxic effect on Dxvitro [Figure 3.25].

3.2.10 SECOND-ROUND  FRACTIONS OF MARINE EXTRACT
Membranipora membranacedMODULATE LPS-INDUCED CYTOKINE

PRODUCTION BY DENDRITIC CELLS IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), fractions of marine extigdl. membranace&C002, C004,

C017, C021, C023 or C027) at 1:200 dilution forrlphor to stimulation with or
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without 100ng/ml LPS E.Coli serotype R515). After 24 hrs supernatants were
removed and assessed for levels of IL-12p70, 1L402pL-23 [Figure 3.26] IL-1p,

IL-6, TNF-o and IL-10[Figure 3.27] using specific immunoassays.

The M.membranceafractions (C017, C021, C023 and C027) suppressed the
production of IL-12p40 and IL-12p70 following stitation with LPS [p<0.001)
while C002 and C004 suppressed IL-12p70 productibey had no effect on IL-
12p40 secretionFigure 3.26]. In addition the fractions C017 (p<0.01), C021
(p<0.001) and C027pk0.01) were capable of significantly inhibiting theoduction

of IL-23p19[Figure 3.26].

In contrast levels of TNlk-remained relatively unchanged regardless of thetibn
of marine extract used. Fractions, C017, C021, C@z@l C027 [<0.001),
significantly decreased IL-6 production in LPS stlated DCs while C002 and C004
showed no effediFigure 3.27]. However fractions C002 and C03%(.05) were the

only fractions capable of inhibiting the productioilL-1p [Figure 3.27].

The production of the regulatory cytokine, IL-IBigure 3.27] was substantially
increased inM.membranceafractionated-treated DCs following LPS activation.
M.membrancedractions, C002, C017, C021 and C02&{.001p<0.05), had the
most profound effects on IL-10 production followiaimulation of DCs while, C004

and C023 demonstrated no significant effect.
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3.2.11 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranace®MODULATE CELL SURFACE MARKER

EXPRESSION ON DENDRITIC CELLS IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), second fractionsMf membranace&C021, C023 or C027)
at 1:200 dilution for 1 hr prior to stimulation Wwitor without 100ng/ml LPSH.Coli
serotype R515) for 24 hrs. Control and LPS-stinmdatells were subsequently
stained with flurochrome-labelled monoclonal antiies for various cell surface
markers (CD11c, CD40, CD80, CD86, MHCII and TLR4-MD[seeTable 2.7 in

preparation for cytometric analysis by flow cytomydEigure 3.28].

As expected LPS stimulation enhanced the surfackenaexpression of CDA40,
CD80, CD86 TLR4-MD-2 and MHCII as seen in the firstv in figure 3.28 where
DMSO control cells are shown by the filled purpistbgram and LPS-treated cells
are overlaid with a green line. All tid.membrancedractions including, C021, C023
and C027 were able to significantly reduce the lewé key surface markers CD40,
CD86 and MHCII post activation with LAEigure 3.28]. There was no alteration in
the expression of CD80 or TLR4-MDI}Rigure 3.28] again indicating that the marine

extracts are acting specifically.

3.2.12 Membranipora membranacea MODULATED DCs CAN ALTER

CYTOKINE PRODUCTION PROFILES OF CD4 * T CELLS.

The cytokines secreted by DCs and their expressiao-stimulatory molecules are
critical for activating T helper cells. Given thiactions fromM.membranceaan

alter DC activation we next assessed whether #féact on DCs had consequences
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for T cell activation and cytokine production. D@&re harvested for 7 days as
previously describefsee section 2.26]0On day 7 cells were pretreated with marine
extract at 1:200 dilution for 1 hr prior to actii@at with OVA peptide. Following
activation DCs were co-incubated with CD#% cells isolated from the spleens of
D011.10 mice which express a TCR specific for atigepwithin the ovalbumin
(OVA) molecule (OVA (323-339)). When this OVA angig is presented by DC
complexed to MHCII (together with costimulationhetnaive CD4 T cells become
activated and proliferate (Pompos and Fritsche ROBRyure 3.29shows that T cells
activated with marine-treated DC produce signiftaless IFNy (p<0.001), less IL-

17 (p<0.001), and less IL-4€0.001) on day 10 of culture.
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FIGURE 3.1: The concentrations of crude marine extacts used do not significantly
affect the viability DCs.

BMDCs were grown for 7 days and then treated wittarzgge of dilutions (1:100, 1:1000,
1:10000) of DMSO (vehicle control), crud&.digitia and M.membranacedor 24 hrs.
Following 24 hr treatment cellular viability wassassed using an MTS assay (Cell Titer 96
Aqueous One Solution — Promega, WI, USA). Results expressed as a percentage of
untreated cells.
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FIGURE 3.2: Marine extracts suppress LPS-induced IE12p40 and IL-12p70 production

in DCs. BMDCs were differentiated in the presence of GMG6r 7 days, plated at (1x10
cells/ml) and then treated with either DMSO (vehidontrol), crude marine extracts-
A.digitia and M.membranaceafor 1 hr prior to stimulation with 100ng/ml of LPS.
Supernatants were recovered after 24 hrs and agstmslevels of IL-12p40 and IL-12p70
using specific immunoassays.

Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.3: Marine extracts suppress LPS-induced 1E23 and IL-6 production in DCs.
BMDCs were differentiated in the presence of GMG&F7 days, plated at (1xi@ells/ml)
and then treated with either DMSO (vehicle confrofude marine extractg\.digitia and
M.membranacedor 1 hr prior to stimulation with 100ng/ml of LPS. Suwpatants were
recovered after 24 hrs and assessed for levels23 bnd IL-6 using specific immunoassays.
Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** n<0.001, *p<0.01, <0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas

determined by one-way ANOVA test
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FIGURE 3.4: Marine extracts suppress LPS-induced IL1p production but do not alter
TNF-a production in DCs. BMDCs were differentiated in the presence of GMJ8F7
days, plated at (1xfGells/ml) and then treated with either DMSO (véhicontrol), crude
marine extractsA.digitia andM.membranace#or 1 hr prior to stimulation with 100ng/ml of
LPS. Supernatants were recovered after 24 hrs ssessed for levels of ILBland TNFe
using specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.
*** n<0.001, *p<0.01, <0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas

determined by one-way ANOVA test
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FIGURE 3.5: Marine extracts enhance LPS-induced IL10 production in DCs.BMDCs
were differentiated in the presence of GMCSF falays, plated at (1xf@ells/ml) and then
treated with either DMSO (vehicle control), crudearme extracts-A.digitia and
M.membranacedor 1 hr prior to stimulation with 100ng/ml of LPS. Swpatants were
recovered after 24 hrs and assessed for levelsHd using specific immunoassays.
Results are + SEM of quadruplicate assays andsept¢hree independent experiments.
*** n<0.001, *p<0.01, <0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas
determined by one-way ANOVA test
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FIGURE 3.6: Marine extracts modulate the expressiorof CD40 on the surface of DCs
BMDC were differentiated in the presence of GMCS8F #days and then treated with crude
A.digitia andM.membrancedor 1 hr prior to stimulation with LPS (100ng/mlulSsequently,
cells were washed and stained with antibody spetifi CD40 or with an isotype matched
control. Results of flow cytometric analysis andresponding MFI values are showop
row: DMSO-treated DCs (filled purple histogram) vs L&®nulated DCs (green line) and
isotype control (pink dotted lineBottom two rows: DMSO-treated DCs (filled purple
histogram) vs. marine extract-treated DCs (greew)lifor unstimulatedControl] vs.
stimulated [LPS] cells. MFI values for marine treated cells are atBsplayed on all
histograms for comparison of those of DMSO groupicated in the top row. Profiles are
shown for a single experiment and are representafid experiments.
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FIGURE 3.7: Marine extracts modulate the expressiorof CD86 on the surface of DCs.
BMDC were differentiated in the presence of GMCS8F #days and then treated with crude
A.digitia andM.membrancedor 1 hr prior to stimulation with LPS (100ng/mlulSsequently,
cells were washed and stained with antibody spetoii CD86 or with an isotype matched
control. Results of flow cytometric analysis andresponding MFI values are showrop
row: DMSO-treated DCs (filled purple histogram) vs L&tBnulated DCs (green line) and
isotype control (pink dotted lineBottom two rows: DMSO-treated DCs (filled purple
histogram) vs. marine extract-treated DCs (greew)lifor unstimulatedControl] vs.
stimulated [LPS] cells. MFI values for marine treated cells are atisplayed on all
histograms for comparison of those of DMSO groupicated in the top row. Profiles are
shown for a single experiment and are represeptafid experiments.
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FIGURE 3.8: Marine extracts modulate the expressiorof CD80 on the surface of DCs.
BMDC were differentiated in the presence of GMCS8F #days and then treated with crude
A.digitia andM.membrancedor 1 hr prior to stimulation with LPS (100ng/mlulSsequently,
cells were washed and stained with antibody spetdfi CD80 or with an isotype matched
control. Results of flow cytometric analysis andresponding MFI values are showrop
row: DMSO-treated DCs (filled purple histogram) vs L&®nulated DCs (green line) and
isotype control (pink dotted lineBottom two rows: DMSO-treated DCs (filled purple
histogram) vs. marine extract-treated DCs (greew)lifor unstimulatedControl] vs.
stimulated [LPS] cells. MFI values for marine treated cells are atisplayed on all
histograms for comparison of those of DMSO groupicated in the top row. Profiles are
shown for a single experiment and are representafid experiments.

112



CCR5

= =
= =
DMSO/LPS
(A. digitia) g g
TR T LI T AT AT Y w? 1l g o ad
FL2-Height FL2-Height
CONTROL LPS
[ ] A
=
A. digitia £
=
~ e
L
= =
w? ! o o >
FL2-Height z
|
L
O
= = g
! 19.F = 9202 23.2( E
M.membrancea " " -
= £ @
Z z
3 S
L w® ! e ot o
FLZ-Height FLZ-Height

\ 4

MEAN FLUORESCENCE INTENSITY

FIGURE 3.9: Marine extracts modulate the expressiorof CCR5 on the surface of DCs.
BMDC were differentiated in the presence of GMCS8F #days and then treated with crude
A.digitia andM.membrancedor 1 hr prior to stimulation with LPS (100ng/mlulSsequently,
cells were washed and stained with antibody spefifi CCR5 or with an isotype matched
control. Results of flow cytometric analysis andresponding MFI values are showiiop
row: DMSO-treated DCs (filled purple histogram) vs L&®nulated DCs (green line) and
isotype control (pink dotted lineBottom two rows: DMSO-treated DCs (filled purple
histogram) vs. marine extract-treated DCs (greew)lifor unstimulatedControl] vs.
stimulated [LPS] cells. MFI values for marine treated cells are atisplayed on all
histograms for comparison of those of DMSO groupicated in the top row. Profiles are
shown for a single experiment and are represeptafid experiments.
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FIGURE 3.10: Marine extracts modulate the expressio of MHCII on the surface of
DCs. BMDC were differentiated in the presence of GMA8F7days and then treated with
crude A.digitia and M.membrancea for 1
(100ng/ml).Subsequently, cells were washed andedaivith antibody specific for MHCII or
with an isotype matched control. Results of flowworyetric analysis and corresponding MFI
values are shownTop row: DMSO-treated DCs (filled purple histogram) vs L&Bnulated
DCs (green line) and isotype control (pink dottaw). Bottom two rows: DMSO-treated
DCs (filled purple histogram) vs. marine extraeatted DCs (green line) for unstimulated
[Control] vs. stimulatedLPS] cells. MFI values for marine treated cells are asplayed
on all histograms for comparison of those of DMSGugs indicated in the top row. Profiles
are shown for a single experiment and are repraesmf 3 experiments.
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FIGURE 3.11: Marine extracts modulate the expressio of TLR4-MD-2 on the surface

of DCs. BMDC were differentiated in the presence of GMUSBF 7days and then treated
with crude A.digita and M.membranceafor 1 hr prior to stimulation with LPS
(100ng/ml).Subsequently, cells were washed andedawith antibody specific for TLR4-
MD-2 or with an isotype matched control. Results fidw cytometric analysis and
corresponding MFI values are showmop row: DMSO-treated DCs (filled purple
histogram) vs LPS stimulated DCs (green line) @otlype control (pink dotted lineottom
two rows: DMSO-treated DCs (filled purple histogram) vs. marextract-treated DCs (green
line) for unstimulatedControl] vs. stimulatedLPS] cells. MFI values for marine treated
cells are also displayed on all histograms for camngpn of those of DMSO groups indicated
in the top row. Profiles are shown for a single esipent and are representative of 3
experiments.
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FIGURE 3.12: The concentrations of first-round fradions extracts used do not
significantly affect the viability of DCs.

BMDCs were grown for 7 days and then treated wittarzge of dilutions (1:100, 1:1000,
1:10000) of either DMSO (vehicle control) Acdigitia (C008, C009)and M.membranacea
(C009, C008) for 24hrs. Following 24 hr treatmeeliwdar viability was assessed using an
MTS assay (Cell Titer 96 Aqueous One Solution —nirga, WI, USA). Results are
expressed as a percentage of untreated cells.
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FIGURE 3.13: First-round fractions of marine extracts suppress LPS-induced IL-12p40
and IL-12p70 production in DCs.BMDCs were differentiated in the presence of GMCSF
for 7 days, plated at (1xi@ells/ml) and then treated with either DMSO (véhicontrol),
fractions of marine extractsA.digitia (C001, C002, C008and M.membranacegC001,
C002, C008¥or 1 hr prior to stimulation with 100ng/ml of LPS. Swpatants were recovered
after 24 hrs and assessed for levels of IL-12p4Dlla+i2p70 using specific immunoassays.
Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.14: First-round fractions of marine extracts suppress LPS-induced IL-23
and IL-6 production in DCs. BMDCs were differentiated in the presence of GMG&F7
days, plated at (1xf@ells/ml) and then treated with either DMSO (véhizontrol), fractions

of marine extractsA.digitia (C001, C002, C008and M.membranace&C001, C002, C008)
for 1 hr prior to stimulation with 100ng/ml of LPS. Supatants were recovered after 24 hrs
and assessed for levels of IL-23 and IL-6 usingiisgdmmunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** n<0.001, *p<0.01, <0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas
determined by one-way ANOVA test
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FIGURE 3.15: First-round fractions of marine extracts suppress LPS-induced IL-$
production in DCs. BMDCs were differentiated in the presence of GMG@&F days, plated
at (1x1G cells/ml) and then treated with either DMSO (véghicontrol), fractions of marine
extracts-A.digitia (C001, C002, C008xand M.membranacedC001, C002, C008jor 1 hr
prior to stimulation with 100ng/ml of LPS. Supermats were recovered after 24 hrs and
assessed for levels of Il3and TNFe using specific immunoassays.

Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.16: First-round fractions of marine extracts enhance LPS-induced IL-10
production in DCs. BMDCs were differentiated in the presence of GMG& 7 days, plated
at (1x16 cells/ml) and then treated with either DMSO (végicontrol), fractions of marine
extracts-A.digitia (C001, C002, C008xand M.membranaceqdC001, C002, C008jor 1 hr
prior to stimulation with 100ng/ml of LPS. Supermats were recovered after 24 hrs and
assessed for levels of IL-10 using specific immwssags.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *p<0.01, <0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas
determined by one-way ANOVA test
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FIGURE 3.17: First-round fractions of marine extracts modulate LPS-induced
chemokine production in DCs.BMDCs were differentiated in the presence of GMG&F
days, plated at (1x2@ells/ml) and then treated with either DMSO (véhizontrol), fractions

of marine extractsA.digitia (C001, C008andM.membranacedC002, C008¥or 1 hr prior

to stimulation with 100ng/ml of LPS. Supernatanerevrecovered after 24 hrs and assessed
for levels of MIP-h,, MIP-20. and MCP-1 using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.18: Fractions of marine extracts modulatehe migration of DCs towards the
chemokine MIP-3 (CCL19). DC were cultured in the presengaligitia (C001, C008and
M.membranacegC002, C008gnd stimulated with LPS (100ng/ml) before 3kaélls were
placed in the upper chamber of a Transwell platéu(8). Media containing recombinant
CCL19 (100ng/ml) was added to the lower chamber @atkés were incubated for 5 hrs at
37°C. To determine the number of migrated cellsdienfrom the bottom well was collected
and events (cells) for 1 min were counted on a R@§Calibur™.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.19: First-round fractions of marine extracts modulate the expression of
CD40 on DCs.BMDC were differentiated in the presence of GMCSF 7days and then
treated with fractions oA.digitia (C001, C002, C008and M.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlui$sequently, cells were washed and
stained with antibody specific for CD40 or with i@otype matched control. Results of flow
cytometric analysis and corresponding MFI valuessimown.Top row: DMSO-treated DCs
(filled purple histogram) vs LPS stimulated DCsef@n line) and isotype control (pink dotted
line). Bottow three rows: DMSO-treated DCs (filled purple histogram) vs. L@8uced
marine extract-treated DCs (green line). MFI valioesnarine treated cells are also displayed
on all histograms for comparison of those of DMS@ugs indicated in the top panel.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.20: First-round of fractions of marine extracts modulate the expression of
CD80 on DCs BMDC were differentiated in the presence of GMCUSBF 7days and then
treated with fractions oA.digitia (C001, C002, C008and M.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlulSsequently, cells were washed and

stained with antibody specific for CD80 or with @otype matched control

. Results of flow

cytometric analysis and corresponding MFI valuessimown.Top row: DMSO-treated DCs
(filled purple histogram) vs LPS stimulated DCsef@n line) and isotype control (pink dotted

line). Bottow three rows: DMSO-treated DCs (filled purple histogram)

vs. LirBuced

marine extract-treated DCs (green line). MFI valiogsnarine treated cells are also displayed
on all histograms for comparison of those of DMSfugs indicated in the top panel.
Profiles are shown for a single experiment andepeesentative of 3 experiments..
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FIGURE 3.21: First-round fractions of marine extracts modulate the expression of
CD86 on DGs. BMDC were differentiated in the presence of GNMJ8r 7days and then
treated with fractions oA.digitia (C001, C002, C008and M.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlulSsequently, cells were washed and
stained with antibody specific for CD86 or with i@otype matched control. Results of flow
cytometric analysis and corresponding MFI valuessdnmown.Top row: DMSO-treated DCs
(filled purple histogram) vs LPS stimulated DCse@n line) and isotype control (pink dotted
line). Bottow three rows: DMSO-treated DCs (filled purple histogram) vs. LR@8uced
marine extract-treated DCs (green line). MFI valigggnarine treated cells are also displayed
on all histograms for comparison of those of DMS@ugs indicated in the top panel.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.22: First-round fractions of marine extracts modulate the expression of
CCR5 on DCs.BMDC were differentiated in the presence of GMCS8F Tdays and then
treated with fractions oA.digitia (C001, C002, C008and M.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlui$sequently, cells were washed and
stained with antibody specific for CCR5 or with iaotype matched control. Results of flow
cytometric analysis and corresponding MFI valuessimown.Top row: DMSO-treated DCs
(filled purple histogram) vs LPS stimulated DCsef@n line) and isotype control (pink dotted
line). Bottow three rows: DMSO-treated DCs (filled purple histogram) vs. Li@8uced
marine extract-treated DCs (green line). MFI valioesnarine treated cells are also displayed
on all histograms for comparison of those of DMS@ugs indicated in the top panel.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.23: First-round fractions of marine extracts modulate the expression of
MHCII on DCs. BMDC were differentiated in the presence of GMUOBF7days and then
treated with fractions oA.digitia (C001, C002, C008and M.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlulSsequently, cells were washed and
stained with antibody specific for MHCII or with &otype matched control. Results of flow
cytometric analysis and corresponding MFI valuessimown.Top row: DMSO-treated DCs
(filled purple histogram) vs LPS stimulated DCse@n line) and isotype control (pink dotted
line). Bottow three rows: DMSO-treated DCs (filled purple histogram) vs. Li@8uced
marine extract-treated DCs (green line). MFI valiggsnarine treated cells are also displayed
on all histograms for comparison of those of DMS@ugs indicated in the top panel.
Profiles are shown for a single experiment andepeesentative of 3 experiments.
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FIGURE 3.23: First-round fractions of marine extracts modulate the expression of
TLR4-MD-2 on DCs. BMDC were differentiated in the presence of GMCS8F #days and
then treated with fractions éf.digitia (C001, C002, CO0&ndM.membrancegC001, C002,
C008)for 1 hr prior to stimulation with LPS (100ng/mlui$sequently, cells were washed and
stained with antibody specific for TLR4-MD-2 or Wiin isotype matched control. Results of
flow cytometric analysis and corresponding MFI esdware shownlop row: DMSO-treated
DCs (filled purple histogram) vs LPS stimulated D@eeen line) and isotype control (pink
dotted line).Bottow three rows: DMSO-treated DCs (filled purple histogram) vs. LPS
induced marine extract-treated DCs (green line)l Mffues for marine treated cells are also
displayed on all histograms for comparison of thos®MSO groups indicated in the top
panel. Profiles are shown for a single experimedtare representative of 3 experiments.
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FIGURE 3.25: The concentration of second-round/l.membrancedractions used did not
significantly affect the viability of DCs.

An assay was carried out in DCs to assess thebpedsixicity of the fractions of marine
extracts used BMDCs were grown for 7 days and then treated with2890 dilution of either
DMSO (vehicle control) oM.membranacegC002, C004, C017, C021, C023, C027) for
24hrs. Following 24 hr treatment cellular viabilityas assessed using an MTS assay (Cell
Titer 96 Aqueous One Solution — Promega, WI, US2gsults are expressed as a percentage
of untreated cells.
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FIGURE 3.26: Second-roundM.membrancedractions suppress LPS-induced IL-12p40,
IL-12p70 and IL-23 production in DCs. BMDCs were differentiated in the presence of
GMCSF for 7 days, plated at (1¥16ells/ml) and then treated with either DMSO (véhic
control), second fractions ®&fl. membranacegC002, C004, C017, C021, C023, C02ai) 1

hr prior to stimulation with 100ng/ml of LPS. Supatants were recovered after 24 hrs and
assessed for levels of IL-12p40, IL-12p70 and ILu8Bg specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, **p<0.01, *»<0.05 comparing DMSO/LPS vs marine extract/LPS pgsoas

determined by one-way ANOVA test

130



3000

kkk  kkk *kk
— 20004 i

IL-6 pg/m

10004

O & & & PP @
Q@ S S

4000
30004
20004

10004

TNF-alpha pg/ml

0-
O & & & PP P
Q\\% S TS

Oocn
Il LPS(100ng/mi)

Oocn
Il LPS(100ng/mi)

2501

2004

e
1504
o

=%
«— 1004
4

504

0

O CTL
Il LPS(100ng/mi)

O & & PP P
Q&’ S F S

8001

6004

IL-10 pg/ml
S
S

2004

0

O & & & @ & @
Q&’ S S

okok O CTL
ok *  J LPS(100ng/ml)

7\

FIGURE 3.27: Second-round M.membrancedtractions suppress LPS-induced IL-6, IL-
1p production and enhance IL-10 production in DCs BMDCs were differentiated in the
presence of GMCSF for 7 days, plated at (£xceis/ml) and then treated with either DMSO
(vehicle control), second fractions M.membranacegC002, C004, C017, C021, C023,
C027)for 1 hr prior to stimulation with 100ng/ml of LPS. Swpatants were recovered after
24 hrs and assessed for levels of IL-6, f,-INF-o and IL-10 using specific immunoassays.
Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 comparing DMSO/LPS vs marine extract/LPS psoas
determined by one-way ANOVA test
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FIGURE 3.28: Second-roundM.membrancedractions modulate the expression of CD40, CD86 andHCIl on DCs. BMDC were differentiated in the
presence of GMCSF for 7days and then treated wettorsl M.membrancedaractions (C021, C023, CO27#pr 1 hr prior to stimulation with LPS
(100ng/ml).Subsequently, cells were washed andedaivith the specific antibodies or with an isotypatched control. Results of flow cytometric asay
and corresponding MFI values are showap row: DMSO-treated DCs (filled purple histogram) vs L&8nulated DCs (green line) and isotype control
(pink dotted line)Bottom three rows: DMSO-treated DCs (filled purple histogram) vs. LiRBuced marine extract-treated DCs (green lindjl alues for
marine treated cells are also displayed on albpisims for comparison of those of DMSO groups iadid in the top panel. Profiles are shown for glsin
experiment and are representative of 3 experiments.
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FIGURE 3.29: Crude extract of M.membranceamodulated DCs can inhibit subsequent

T cell cytokine production. DCs were treated with DMSO (control), or marindract
M.membrancea for 1 hr prior to activation with OVApgide (Sug/ml). After 24 hrs DCs
(2x10°/ml) were added to COA cells (2x16/ml) purified from the spleens of OVA D011.10
transgenic mice. Fredl.membrancedreated pre-activated DCs were added on day 7 plus
riL-2 (10U/ml), and supernatants removed on day Samples were analysed for levels of
IL-4, IL-17 and IFN using specific immunoassays.

Results are + SEM of quadruplicate assays an@sept three independent experiments.

*** p<0.001,** p<0.01, *p<0.05 vs DMSO vehicle control determingddme-way ANOVA

test
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3.3 DISCUSSION

Autoimmune diseases are responsible for significdiAbealth and morbidity
worldwide and several findings have demonstrated DCs are key players in both
the initiation and progression of autoimmunity. @&s have shown DCs are present
in high numbers in the synovial fluid of patientstwWRA and high levels of
circulating DCs secreting pro-inflammatory cytolsnere associated with MS
(Drakesmith, Chain and Beverley 2000). Additionalljumerous studies have
demonstrated that DCs play an early and fundameuoiain the pathogenesis of IBD
(Stagg, et al. 2003, Ikeda, et al. 2001). Consettyyeaitering DC responses possess
tremendous therapeutic potential. In this studycasied out a screening process of
different marine extracts. Firstly we examined #fects of crude marine extracts
A.digitia and M.membranceaon LPS-stimulated DCs. Those that showed to have
anti-inflammatory activity were then sent to oull@borators in UCD where they
were fractionated. These fractions were then sext@norder to determine the active
ones. From these fractions we decided to fracton#te marine extract
M.membrancedurther as it was able to suppress pro-inflammaiytokines and
chemokines and also downregulate DC surface mafkB&0 and CD86 which are

essential for T cell activation and differentiation

Results here demonstrate that the crude marinaatgtand their first round fractions
of A.digitia and M.membranac€C001, C002, C008) and second round fractions of
M.membrancea(C017, C021, C023, CO0273trongly inhibit the production of
important pro-inflammatory cytokines IL-12p40, 124470 and IL-23. IL-12 is a key
cytokine that links innate and adaptive immunityitastargets include DCs, T cells

and NK cells. IL-12 has pleiotrophic functions, ame of its fundamental functions
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is to differentiate naive T cells into a Thl phepet In addition it has an essential
role in maintaining the balance between Th1l and fEisponses vivo (Brahmachari

and Pahan 2008, Caprioli, Pallone and MonteleonelR0Several studies have
addressed the role of IL-12 in autoimmune diseases as RA, IBD and MS by
using IL-12 deficient mice and overproduction isportant in inflammatory states
such as septic shock (Adorini 1999b, Adorini, et #097). For instance, the
expression of IL-12p40 is enhanced in inflamed smdissue from patients with IBD

(Ng, et al. 2010). Furthermore, a study by Smitld avorkers showed decreased
production of IL-12p40 in endotoxemic mice followinreatment with cannabinoid
agonist, tetrahydracannabinal (THC) (Smith, Tertiinand Denhardt 2000).

Therefore targeting this cytokine may have ther@ipeadvantage. Given that the
crude marine extracts and their fractions are &blanpede the secretion of IL-12

suggests that they may be beneficial in disease.

IL-23 is a heterodimeric cytokine that is also anmber of the IL-12 family of
cytokines. It is composed of a p40 subunit andiguepl19 subunit. Similar to 1L-12,
formation of biologically active IL-23 requires diesis of both p19 and p40 subunits
within the same cell. IL-23 binds to the IL-23R @D4" T cells promoting their
development into Thl7 cells, characterized by tkeretion of IL-17 and IL-6
(Langrish, et al. 2004, Bettelli, Oukka and Kuchr2@07). IL-23 appears to be an
essential player in numerous chronic inflammatasgases such as IBD and collagen
induced arthritis (Yago, et al. 2007). IL-23 is guoced by DCs and promotes the
expansion and survival of already differentiatedl 7tcells but it is not involved in
Th17 initial differentiation. Naive T cells cultuten the presence of TGFand IL-6

are polarized to Th17 cells and also allows forupeegulation of IL-12R (Kikly, et
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al. 2007). Studies have shown that [B-4nd TNFe have a synergistic effect on IL-
23 mediated IL-17 production in a model of EAE (Breachari and Pahan 2008). Our
study demonstrates a robust reduction in the searef IL-23 following treatment
with crude extracts and both rounds of fractionatedine extracts. Numerous studies
have demonstrated that inhibiting the productionllof3 can have therapeutic
advantage. For example, a study by Xiao and calesaghowed that the vitamin A
metabolite retinoic acid (RA) resolved EAE by desieg the production of IL-23
and enforcing the generation of T regulatory cdlerefore inhibiting the
development of Th17 cells (Xiao, et al. 2008). @udings highlight for the first time
the effects of marine extracts on IL-23 productidfurthermore a significant
downregulation was also observed in the produatibh.-6 and IL-13 in crude and
fractionated treated DCs post activation with LPBis may point to a consequential
downstream effect of marine extract-treated DCsTenrdi7 cell development or
maintenance. In addition, it suggests that theseinmacompounds may have
therapeutic potential in the treatment of inflamonatiseases including RA and IBD.
Other compounds isolated from marine species haea primarily demonstrated to
reduce the secretion of IBland IL-6. For instance, extracts isolated from
Staphylococcus arlettaendPlanococcus maritimushowed a robust reduction in the
secretion of IL-B in PMBCs (Krishnaveni and Jayachandran 2009). Neradion
was observed in TNE-production in both crude and fractionated marmneated DCs

which indicates that the extracts are acting sppadiy.

In contrast to the above mentioned cytokines, IL-%0 considered an anti-

inflammatory or regulatory cytokine. It down-regigéds the production of pro-

inflammatory cytokines including IL-1, IL-6, IL-12nd TNFe from APCs. IL-10 can
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also act directly on CD4 T cells, inhibiting prelfition and production of IL-2, IFM-
and IL-4 (Asadullah, et al. 1998, Asadullah, Steangl Volk 2003) . Indeed, ablation
of IL-10 leads to the overproduction of pro-inflamtory cytokines and the
development of chronic diseases; this has beemest@xtensively in IL-10 deficient
mouse models (Conti, et al. 2003). Primarily, asreéase in IL-10 can inhibit Th1 cell
differentiation or direct cells to a regulatory pease (Asadullah, Sterry and Volk
2003). The crude marine extracts and their frastiambustly enhance the expression
of IL-10. Indeed a crude extract isolated from tteribean spongé\grococcus
jenensis has already shown to significantly upregulate @O.-production in
macrophages (Tabares, et al. 2011). InterestinglylO0 can suppress IL-12
production and Loscher et al has shown that theedse in IL-12 induced by the n-6
polyunsaturated fatty acid, CLA is dependant ori@_¢Loscher, et al. 2005). Further
to its effects on cytokine production, IL-10 carsalmodulate surface marker
expression by inhibiting the complete maturation @€ by downregulating the
expression of CD80 and CD86 (de Jong, Smits andsé@perg 2005). In addition,
IL-10 has the ability to prevent the peptide-MHCdimplexes translocating to the DC
plasma membrane (Banchereau, et al. 2000) all athMead to impaired T helper
cell responses. In contrast, IL-12 causes the wpasagn of MHCII, CD80 and CD86
expression on APC (Bettelli and Kuchroo 2005). Thanges seen in the production
of IL-10 and IL-12 in this study with the marineaftions could also explain the

recorded alterations in cell surface marker exjpoass

The engagement of CD80, CD86 on APCs with CD28 ocells initiates T cell

proliferation and differentiation and also cytokipeduction. CD80 and CD86 play

important pathogenic roles in T-cell responses.ifkstance Odobasic and colleagues
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demonstrated that monoclonal antibodies for CD&D@D86 significantly decreased
the production of IL-17 in the synvioum of mice thire suppressing the
development of arthritis (Odobasic, et al. 2008)adldition the interactions between
CD40 and CD40L are bi-directional as it not onlyiates DCs but also enhances T
cell activation. Ligation of CD40 with CD40L alsaiggers the production of
extremely high levels of IL-12 (Danese, Sans arat¢hi 2004, Kato, Yamane and
Nariuchi 1997). Predictably, over expression ofsthesurface markers have been
associated in the pathology of tissues from paienth IBD, RA and MS (Kobata, et
al. 2000, Toubi and Shoenfeld 2004, Polese, €2(#3). Altering these markers on
the surface would have detrimental consequenced foells responses, ultimately
indicating that co-stimulatory molecules are padtnttargets for treating

inflammatory diseases.

In the present study, it was demonstrated thatitige®Cs with crude marine extract
M.membranaceaignificantly downregulated the surface markerregpion of CD40,
CD80 and CD86 in LPS-induced DCs. It is possiblat tine strong suppression of
CD40 may contribute to the notable reduction inlR.-secretion in treated marine
extracts post LPS activation. A study by Walker avatkers demonstrated that the
inhibiton of IL-12 by neuroblastoma (NB)-derivednggiosides in DCs is mediated by
deficient CD40 expression and signalling. Furtheenibe decrease in expression of
CD86 may attribute to the enhancement in IL-10 potidn in LPS induced treated
cells (Walker, Redlinger and Barksdale 2005). Angigant reduction in the
expression of CD40, CD80 and CD86 was still obseriveM.membrancedreated
DCs from both rounds of fractionation, indicatirgat these fractions are active and

have tremendous anti-inflammatory potential. A gtuay Platten and workers

138



demonstrated that catabolites of the amino acjgtdphan suppressed the expression
of CD40, CD80 and CD86 reversing paralysis in mitth EAE (Platten, et al. 2005).
The treatment with crude marine extra&igigitia, showed a significant reduction in
the expression of TLR4-MD-2 following LPS activatioSince TLR4 is required for
the initiation of intracellular signalling pathwaydsltimately leading to the activation
of transcription factors, N and IRF3, and subsequent secretion of pro-
inflammatory cytokines and IFN'’s, this suggestst thAalitgitia extracts may affect
TLR4 signalling. The expression of MHCII was alsstihctly suppressed by crude
and fractionatedA.digitia extracts following LPS stimulation. DCs are capabf
activating naive T cells specifically because thexpress MHCII for antigen
presentation along with the necessary co-stimylasoanrface molecules for T cell
activation. Since marine extracésdigitia decrease MHCII suggests this treatment

would have downstream affects on T cell response.

The recruitment of leukocytes in response to chenaskis paramount in clearing
infection, however elevated levels of chemokinesaso implicated in inflammatory
disease (Godessart and Kunkel 2001). The mosteafitactions forA.digitia, C002
and C008, and favl.membranaceaC002 and C008, were investigated further in this
study by assessing their modulatory effects on mauosecytokines including MCP-1,
MIP-1o. and MIP-2. In addition the chemotaxis of DCs tadgathe chemokine

CCL19 was also assessed.

Effects on chemokine secretion was specific forhefaction but the most potent

effects were withA.digitia fraction C008 andMl.membrancedraction C002 which

significantly suppressed production of MIB-and MCP post stimulation with LPS.
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MIP-1a acts as a robust chemoattractant to a varietgukidcytes and elevated levels
of this chemokine have been shown in inflammatoesgmers including RA and IBD
(Pender, et al. 2005). Furthermore increased |lefé¥4lP-1o have been demonstrated
in biopsy samples of asthmatic patients (Alam,|e1296). Correspondingly, MCP-1
is implicated in MS and RA (Gonzélez-Escribanoakt2003). Indeed triptolide, a
compound isolated from the vine plant Tripterygiwntfordii Hook F (TWHF) was
shown to significantly inhibit MCP-1 and MIRtlin rats induced with adjuvant
arthritis (AA) (Wang, et al. 2006). A decreasehe themotaxis of DC to CCL19 was
also demonstrated with thedd.membranceafractions and it would also be
reasonable to assume that the decrease in DC clwematould have serious
consequences for T cell responses considering tharidst migrate to the lymph
nodes in order to activate naive T cells and it@tedaptive immunity. A variety of
compounds have been generated that antagonize kimameceptor function, some
of which are currently undergoing clinical trialZidek, Anzenbacher and
Kmonickova 2009a). A study by Yang and workers regmbthat a compound purified
from the marine spongkcinia sp downregulated the expression of the receptor for

CCL19 (Yang, et al. 2003).

Numerous molecules have been described that haveorddrated cytokine,
chemokine and surface marker alteration similah&results obtained in our study.
For instance, Kong and collagues demonstrateddbabdsahexaenoic acid (DHA) a
long-chain n-3 polyunsaturated fatty acids (n-3 RUfFom fish oils suppressed the
production of pro-inflammatory cytokines IL-12p7@caIL-23 and increased the
production of the regulatory cytokine IL-10. In atth DHA downregulated the

expression of CD40, CD80, CD86 and MHCII in bonenma derived DC following
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stimulation with LPS (Kong, et al. 2010). Furthemadindings by Panther and
workers showed that treatment of DCs with adenosineultaneously showed a
downregulation in the production of IL-12 and arhamcement in IL-10 secretion
following activation with LPS. In addition a decseain the pro-inflammatory
chemokine, IP-10 was observed (Panther, et al.)2008vever the authors reported
an increase in the surface marker expression ofOCE4D80, CD86 and MHCII in

immature and mature DCs.

Since the marine extracts were able to modulateibB&ed DC cytokine production
and surface marker expression which is vital for D@turation, and T helper cell
activation, we decided to see if the marine extianembranceahad an overall
effect on subsequent T helper cell responses. R®Resdémonstrated that
M.membrancedreated DCs had consequences for the resultingti@daimmune
response. This was demonstrated wilenmembranceamodified DCs suppressed the
production of IFNy, IL-17 and IL-4 by CD4T cells in a DC-T cell co-culture model
suggesting thatM.membrancealtered DCs can destabilise Thl, Th2 and Thl7
responses by reducing IFN4L-4 and IL-17 production respectively. LevelsIBN-y
were significantly suppressed. IBNis a pro-inflammatory cytokine and is the
signature cytokine of Thl dominated autoimmune @sees. The involvement of
IFN-y in the development of autoimmune diseases haswekiocumented over the
years. One of the vital roles of IFNis to activate numerous cells in the immune
system including macrophages and DCs and also entlue production of IL-12
(Watford, et al. 2003). However the role of IFNA autoimmunity is continuously
questioned as the ablation of IRNeither enhances or inhibits collagen induced

arthritis in mice and also augments disease sguvariEAE mice models. In contrast,
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certain molecules have demonstrated therapeutienpal by altering IFNy
production. For instance, Peroxisome proliferativated receptoy- (PPARy)
ligands inhibit IFNy production and this was demonstrated in numertugies to
ameliorate RA (Giaginis, Giagini and Theocharis @00L-17 is the cytokine that is
responsible for the progression of EAE where as-{HNwd a protective effect. The
presence oM.membranceaobustly decreased the secretion of IL-17. IL-17%he
principal cytokine produced by Th17 cells and playpathogenic role in numerous
autoimmune diseases including MS and RA which wasipusly accredited to the
dysregulated Thl response (Pernis 2009). Theréfiisemakes Th17 cells and their
producing cytokine IL-17 possible therapeutic tésgéor example, treatment with
the synthetic glucocorticod, methylprednisolone jM&duced the production of IL-
17 in cells isolated from the CNS of rats with EAis ameliorating the disease

(Miljkovic, et al. 2009).

In conclusion our findings highlight for the firsme distinct effects of extracts and
fractions from the marine specieA.digita and M.membranceaon cytokine,
chemokine and cell surface marker expression idkncells. These effects point to
their potential as anti-inflammatory compounds.tkermore, their ability to target
cytokines such as IL-12, IL-23 and IL-6, known te mvolved in inflammatory
diseases further supports this. One of the mairctibps of this study was to
determine which fraction showed to have the mostengo anti-inflammatory
properties and fractions that demonstrated thetegedioactivity were then sent to
UCD to begin the final purification step in orderdetermine the identity of the active

compound that possess these anti-inflammatorytsffec
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CHAPTER 4

THE EFFECTS OF SECOND
FRACTIONS OF
M.MEMBRANCEA ON
MACROPHAGE FUNCTION
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4.1 INTRODUCTION

Macrophage, (MQ) execute many roles within innatenunity and their activation is
fundamental for the initiation of host defence anddirecting adaptive immune
responses. M@ are prodigious phagocytic cells Haate the ability to recognise,
engulf and destroy invading pathogens (Geissmainal. €010). They are actively
involved in the clearance of infection and withthis crucial function the host would
not survive. While the innate immune response geadragainst a pathogen is
essential in controlling infection, a persisterftammatory reaction can actually do
more harm than the pathogen itself. The role of M@various inflammatory
disorders has been well documented including; IB®A, schistosmiasis and
atherosclerosis (Zhang and Mosser 2008). In oraetetzelop new therapeutics for
inflammatory diseases it is important to determiheir effects on the cells that
initiate the immune responses. Since we demondtrite second fractions of
M.membranceato have potent anti-inflammatory effects on actdatDCs we
therefore decided to examine their effects on Midjdtermine if they affected them
in a similar way. Furthermore, given their rolepathogen clearance we wanted to see
if this was affected by the fractions. We examitieel effects of the fractions on M@
following stimulation with a bacterial ligand vialR4 and a viral ligand via TLR7.
TLR7 is an anti-viral receptor that carry’s out ifsinction in intracellular
compartments in the cell leading to the activatdrihe transcription factors NB
and IRF7. It recognises ssRNA from viruses sucHI&sand influenza (Hemmi, et al.
2002). Contrastingly, TLR4 is found on the surfack cells and recognises
components found on the outer membrane of gram timegdacteria such as

Escherichia colandSalmonella Minnesot@ran 2006).
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There are a number of parameters of M@ activatibichvthe marine extracts may
affect. Activation signifies a change in the searngtprofile and morphology of M@.
Continued stimulation of M@ in the presence of dtfen leads to increased
production of the pro-inflammatory cytokines TNF-L-1 and IL-6 through the
activation of NikB (Geissmann, et al. 2010). These cytokines affegans such as
the brain and liver which are far removed from $ite of infection. IL-1 acts on the
brain and is involved in the regulation of slegppetite and fever (Apte, et al. 2006),
while IL-6 plays an important role in the acute ghaesponse (Maggio, et al. 2005).
Over production of IL-6 and TNE-has been extensively documented in RA, Crohn’s
disease (CD), MS and in many other autoimmune sésaand consequently
inhibition or blockade of these cytokines has pefficacious in treating many of
these disorders (Palladino, et al. 2003, Fonse@d, 2009). Differentiation of T cells
into various subsets is partially determined by ¢htokines that M@ produce. M@
secrete the pro-inflammatory cytokines IL-12 aneé2B which are involved in Thl
and Th17 polarization respectively (Jager, et B0 Bettelli and Kuchroo 2005).
Therefore, the effect of thiel.membrancean cytokine release from M@ following
stimulation with TLR4 and TLR7 ligands was asseste@valuate any beneficial

effects.

In addition, activation of M@ initiates the secostiof various chemokines which
trigger the migration of monocytes into injutgssue, thereby initiating a central step
during infection. These chemokines include MiPACLS, MIP-2/CXCL2 and MCP

(Zidek, Anzenbacher and Kmonickova 2009b). Chemedkiare essential mediators
of inflammation and are important for controllingfection and ablation of these

chemokines causes reduced ability to clear infastguch a&isteria monocytogenes
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(Heesen, et al. 2006)Dysregulated expression of chemokines and tkegptors has
been implicated in the development of many humaseaties including; allergy,
psoriasis, atherosclerosis, and malaria (MurdochFann 2000). Numerous therapies
are now being developed to combat these chemokewated diseases (Viola and
Luster 2008). As a result we have examined theceffef the second fractions of
M.membranceaon M@ chemokine production following stimulatiorithvLPS and
loxoribine to evaluate any advantageous changeshdfmore, the response of cells
to chemokines and subsequent migration to sitesftdmmation remains crucial
during an immune response, therefore we have asesaed whether the fractions

affect the chemotaxis of M@ in response to TLR4 &hR7 stimuli.

Phagocytosis is a hallmark function of M@ in thealation of inflammation (Aderem
2003). In addition to eliminating microbial pathoge phagocytosis triggers the
secretion of pro-inflammatory cytokines and chemeki and activates antigen
processing and presentation by up-regulating kefasel markers including MHCII,
CD40, CD80 and CD86 leading to subsequent adaptiveune responses (Kang, et
al. 2008). Phagocytosis is vital in clearing infexatand disruption to this process can
lead to systemic inflammatory diseases such asriadlarban and Roberts 2002). As
key phagocytes, the rate of phagocytosis by M@ imasstigated following exposure
to M.membrancean order to determine if the extracts were ablalter susceptibility
to infection following activation with a bacteriphthogen mediated through TLR4 or

a viral infection mediated through TLRY7.
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4.2 RESULTS

4.2.1 SECOND-ROUND FRACTIONS OF MARINE EXRACT Membranipora
membranacea HAVE NO SIGNIFICANT EFFECT ON CELL

VIABILITY IN J774 MACROPHAGES.

Since M.membranceafractions (C017, C021, C023 and C027) demonstrated
significant anti-inflammatory effects we decided tetermine their effects on
macrophages function following stimulation with twidferent TLR ligands. Firstly
we examined the toxicity of the fractions by usi@gll Titer 96 Agqueous One
Solution (Promega, WI, USA) according to manufagetisr instructions. The 1:200
dilutions of marine fractions chosen for use irufatexperiments did not have any

significant cytotoxic on J774 macrophdgevitro [Figure 4.1].

4.2.2 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranaceODULATE CYTOKINE PRODUCTION
BY J774 MACROPHAGES FOLLOWING STIMULATION WITH

TLR4 LIGAND ONLY IN VITRO

J774 macrophages were plated at a concentratidnxofl@ cell/ml and pretreated
with DMSO (vehicle control) oM.membranceanarine fractions (C017, C021, C023
or C027) at 1:200 dilution for 1 hr prior to actien with 100 ng/ml LPSE.Coli
serotype R515) or loxoribine (1mM). After 24 hssipernatants were removed and
assessed for levels of I1L-12p40, IL-23Fgure 4.2], IL-6 , IL-1B [Figure 4.3], IL-

10 and TNFe [Figure 4.4] and using specific immunoassays.
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The production of the pro-inflammatory cytokineslPp40 and to a lesser extent IL-
23 were both decreased in the supernatant of miteaogonated-treated macrophages
following LPS stimulation compared to the DMSO aohtgroup. All marine
fractions were able to significantly decrease thedpction of IL-12p40 ¢<0.001)
[Figure 4.2]. IL-23, IL-6 and IL-3B production was also significantly decreased by all
fractions (<0.05p<0.001)[Figure 4.2-4.4] Similar to what we have seen in DCs,
the marine fractions did not alter the productidnTdlF-a demonstrating that the
marine extract is acting specifical[jrigure 4.4]. The production of IL-10 was
increased in marine-treated macrophage post acdtivaith LPS with C027¢<0.01)
having the most profound effect on IL-10 productenmd fractions C021 and C023
also increasing IL-10 but to a lesser extgrt0(05). The marine fraction, C017, had

no effect on IL-10 production following LPS stimtitan [Figure 4.4].

In contrast to LPS stimulation, thd.membranceaecond-round fractions had no
effect on cytokine production when macrophages wasgvated with the TLR7

agonist, loxoribingFigure 4.2-4.4].

4.2.3 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranacea  MODULATE CHEMOKINE
PRODUCTION BY J774 MACROPHAGES FOLLOWING

STIMULATION WITH TLR4 LIGAND ONLY IN VITRO

J774 macrophages were plated at a concentratidnxol@ cell/ml and pretreated
with DMSO (vehicle control) oM.membranceanarine fractions (C017, C021, C023
or C027) at 1:200 dilution for 1 hr prior to actia with 100 ng/ml LPSE.Coli

serotype R515) or loxoribine (ImM). After 24 hrgipsrnatants were removed and
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assessed for levels of MIRL1MIP-20 [Figure 4.5] and MCP-1[Figure 4.6] using

specific immunoassays.

The production of MIP-2 was not significantly affected by marine fractitedh
treated macrophage regardless of whether cells astineated with LPS or loxoribine
[Figure 4.5]. M.membranceafractions C021, C023 and CO027 were able to
downregulate the production of MIR+Jand MCP-1 following activation with LPS
[Figure 4.5-4.6]. In contrast, no alteration in the production of afiyhe chemokines

was demonstrated following loxoribine stimulatigiigure 4.5-4.6]

4.2.4 SECOND-ROUND FRACTIONS OF MARINE EXTRACT

Membranipora membranacefNHIBIT M@ CHEMOTAXIS

GM-CSF and IL-2 are frequently used in macrophdgenmtaxis studies and have
also been employed here (Stagg, et al. 2004, Pemabi and Galipeau 2007). IL-2
is a ligand for CXCR2, which is largely expressedneacrophage and is involved in
the recruitment of macrophage to sites of inflamoma{Boisvert, et al. 1998). GM-
CSF (granulocyte-macrophage colony stimulatingdigcis a cytokine that initiates
the activation of monocytes and macrophages (HagskBlias and Zapas 2006). The
migration of J774 macrophages towards the chemsklhe2 and GM-CSF was
significantly upregulated when cells were activateth LPS or loxoribine. The LPS-
induced chemotaxis was significantly inhibited bwyltaring cells with marine
fractions C021, and C02p<0.001)[Figure 4.7]. In contrast the marine extracts had

no effect on loxoribine-induced chemotapggyure 4.7].
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4.2.5 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranacea MODULATE THE RATE OF

PHAGOCYTOSIS IN J774 MACROPAHGE IN VITRO

J774 macrophages were plated at 2.5 X ci#l/well and left to rest overnight. To
assess the rate of phagocytosis in stimulated ,celdls were treated with
M.membrancedractions (C021, C023 or C027) for 1 hr beforenstiation with LPS

(100ng/ml) or loxoribine (1mM) for 24 hrs beforedittbn of fluorescently labelled

latex beads (Sigma®). On the following day, 2.5 fluorescently labelled latex
beads were added to the required wells for 2, 4,26,20 and 24 hr. At each time
point wells were washed to remove excess beadseallsdscraped and fixed in 200 pl
4 % (viv) paraformaldehyde/PBS. The rate of phatusiy over time in macrophage
was assessed using a BD FACSCalibur™ to measurfiutirescence of cells from
bead uptake. The rate of phagocytosis increased tove in LPS and loxoribine

stimulated macrophages where LPS or loxoribinetdaited cells are shown by the
filled purple histogram and marine treated-LPSaxolibine-activated cells with the

addition of latex beads are overlaid with a greee (top row)[Figure 4.8-4.9]

Fractions, C021 and C023 and to a lesser extent @62reased phagocytosis at 2 h,
4 h, 6 h and 12 hrs after LPS stimulation (bottbneé¢ rows)Figure 4.8]. In contrast
phagocytosis remained relatively unchangedlimembrancedreated macrophages
post loxoribine activation with compared to contfieigure 4.9]. Confirmation that
latex beads were phagocytosed following stimulatioth LPS can be observed in

figure 4.9a.
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4.2.6 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranace®MODULATE CELL SURFACE MARKER

EXPRESSION ON J774 MACROPHAGES IN VITRO

J774 macrophages were plated at a concentratidnxol@® cell/ml and pretreated
with a 1:200 dilution oM.membrancedractions (C021, C023 or C027) 1 hr before
activating with 100 ng/ml LPSE(Coli serotype R515) or loxoribine (1mM) for 24
hrs. Cells were subsequently washed and staingd fiuorochrome-labelled
monoclonal antibodies for numerous cell surfacekerar (i.e., CD40, CD80, CD86,
TLR4-MD-2 and MHCII) [SeeTable 2.7 in preparation for cytometric analysis by

flow cytometry[Figure 4.10-4.11]

As expected, LPS and loxoribine enhanced the sunfaarker expression of CD40,
CD80, CD86, TLR4-MD-2 and MHCII as seen in the tow of Figure 4.10-4.11
where control DMSO cells are shown by the filledgde histogram and LPS or

loxoribine-treated cells are overlaid with a gréiee.

Marine fractions decreased the levels of key serfaarkers in J774 macrophages
activated with LPS however no reduction in surfacerker expression was
demonstrated post activation with loxoribifieigure 4.10-4.11] M.membrancea
fractions C023 and C027 had similar effects on nadsthe cell surface markers
analysed; following LPS stimulation these fractioeduced the expression of CD40,
CD80, MHCII and CD86 expression. Similarly fractioB021 was able to
downregulate the surface expression of CD40, bt ¢weater extent than the other
fractions. Furthermore, expression of TLR4-MD-2 vedso markedly suppressed in

C021-treated macrophages in response to LPS howeveis of TLR4-MD-2
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remained relatively unchanged in both C023- and7a@@ated macrophad€&igure

4.10]

4.2.7 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranacealNHIBITS PHOSPHORYLATION OF

NFkB-P65 BY TLR4 LIGAND ONLY

J774 macrophages were plated at a concentratidnxol@ cell/ml and pretreated
with DMSO (vehicle control) oM.membrancedraction C027 at 1:200 dilution. The
cells were then stimulated with LPS or loxoribirme & number of time-points (0, 5,
15, 30 and 45 mins) and lysates were generatedsasibled in [section 2.6]. Lysates
were then run on SDS gels, transferred onto nilidose membranes and

immunoblotted for phospho-MB-p65 and phosphor-IRF3 [Figure 4.12-4.14].

As shown in figure 4.12 N&-p65 was phosphorylated rapidly with maximum
phosphorylation occurring at 15 mins in LPS-stinedcells. In cells pretreated with
the M.membranceafraction C027 this phosphorylation of p65 was Higantly

reduced at 15, 30 and 45 mins following activatioth LPS compared to the control
which can be seen in all three phospha<BH¥p65 blots [Figure 4.12]. Densiometric
analysis of the blots revealed that the changé&s &b and 30 mins were statistically
significant (p<0.001) [Figure 4.12]. Contrastingtyyere was no alteration in the
phosphorylation of NEB-p65 in M.membrancea027-treated cells post stimulation
with loxoribine at any time point [Figure 4.13]. &lphosphorylation of IRF3 was not
modulated in cells treated withl.membrancedraction C027 compared to control
cells [Figure 4.14]. Again densiometric analysisnubnstrated there was no

significant change in phospho-IRF3 [Figure 4.14].
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FIGURE 4.1: The concentration of second-roundv.membranceafractions used did not
significantly affect the viability of J774 macrophajes

Macrophage were pretreated with the specified idihst (1:200, 1:500 and 1:1000) of either
DMSO (vehicle control) oM.membrancedractions (C002, C004, C017, C021, C023 and
C027) for 1 hr prior to stimulation with LPS (1@@ml) for 24 hrs. Following 24hr activation
cellular viability was assessed using an MTS ag&sliTiter 96 AQueous One Solution
(Promega)). Results are expressed as a percerftaggeated cells
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FIGURE 4.2: Second-roundM.membranceafractions suppress LPS-induced IL-12p40
and IL-23 production in J774 macrophages.J774 macrophages were plated at (£x10
cells/ml) and then treated with either DMSO (vehiatontrol) or second fractions of
M.membranaceqdC017, C021, C023, CO27pr 1 hr prior to stimulation with 100ng/ml of
LPS or loxoribine (ImM). Supernatants were recodexiéer 24 hs and assessed for levels of
IL-12p40 and IL-23 using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 4.3: Second-roundM.membranceafractions suppress LPS-induced IL-6 and
IL-1 production in J774 macrophages.J774 macrophages were plated at (2xddls/ml)
and then treated with either DMSO (vehicle confreBcond fractions d¥l.membranacea
(C017, C021, C023, CO27r 1 hr prior to stimulation with 100ng/ml of LPS axbribine
(ImM). Supernatants were recovered after 24 hrsaasdssed for levels of IL-6 and IB-1
using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbiynede-way ANOVA test
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FIGURE 4.4: Second-round M.membranceafractions enhance LPS-induced IL-10
production in J774 macrophagesJ774 macrophages were plated at (£xdells/ml) and
then treated with either DMSO (vehicle control);agd fractions oM.membranace4C017,
C021, C023, C027pr 1 hr prior to stimulation with 100ng/ml of LPS axbribine (1mM).
Supernatants were recovered after 24 hrs and assfsslevels of IL-10 and TNE-using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbiynede-way ANOVA test
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FIGURE 4.5: Second-round M.membranceafractions suppress LPS-induced MIP-&
production in J774 macrophages.J774 macrophages were plated at (2xddlis/ml) and
then treated with either DMSO (vehicle control);asd fractions oM.membranace4C017,
C021, C023, CO27pr 1 hr prior to stimulation with 100ng/ml of LPS axbribine (1mM).
Supernatants were recovered after 24 hrs and assiesdevels of MIP-& and MIP-21 using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 4.6: Second-round M.membranceafractions suppress LPS-induced MCP-1
production in J774 macrophages.J774 macrophages were plated at (2xddlis/ml) and
then treated with either DMSO (vehicle control);asd fractions oM. membranace4C017,
C021, C023, C027pr 1 hr prior to stimulation with 100ng/ml of LPS axbribine (1mM).
Supernatants were recovered after 24 hrs and assésslevels of MCP-1 using specific
immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 4.7: Second-roundM.membranceafractions modulate the migration of J774
macrophages in response to LPSVI@ were cultured with either DMSO (vehicle conjrol
second fractions dl.membranace4C017, C021, C023, CO27)r 1 hr prior to stimulation
with 100ng/ml of LPS or loxoribine (1mM). 3 x %16ells were placed in the upper chamber
of a Transwefl plate (8.0um). Media containing recombinant GMCSF (10 ng/amyl IL-2
(10 BRMP/ml; were 1 BRMP = 40 pg/ml) was addedhe lower chamber and plates were
incubated for 5 hrs at 37 °C. To determine the remd§ migrated cells, media from the
bottom well was collected and events (cells) codifite 1 min on a BD FACsCaliblir

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 4.9a: Confirmation that latex beads were phagocytosddviig stimulation with
LPS (100ng/ml) by fluorescent imaging (60X).
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FIGURE 4.12: Second-round M.membrancea fraction (C023) suppresses
phosphorylation of NFkB-p65 in J774 macrophagedollowing LPS activation. J774
macrophages were plated at (1%1@lls/ml) and then treated with either DMSO (véghic
control), M.membranacedraction C023 forl hr prior to stimulation with 100ng/ml of LPS
over a time-course, after which cells were lysed mmmunoblotted for phospho-MB-p65.
Total cellular levels of total NEB-p65 were used as a loading control. Densitomatnalysis
was conducted on immunoblots and graphical reptasen of phospho-NEB-p65
expression in arbitrary units (AU) is shown.
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FIGURE 4.13: Second-round M.membranceafraction (C023) does not suppress the
phosphorylation of NFkB-p65 in J774 macrophages following loxoribine stimlation.
J774 macrophages were plated at (2xcelis/ml) and then treated with either DMSO (véhic
control), M.membranacedraction C023 forl hr prior to stimulation with 100ng/ml of
loxoribine over a time-course, after which celskrev/sed and immunoblotted for phospho-
NFxB-p65. Total cellular levels of total MB-p65 were used as a loading control.
Densitometric analysis was conducted on immunobloid graphical representation of
phospho-NkB-p65 expression in arbitrary units (AU) is shown.
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FIGURE 4.14: M.membrancedraction (C023) does not suppress the phosphorylam of
IRF3 in J774 macrophages.J774 macrophages were plated at (2xd€lls/ml) and then
treated with either DMSO (vehicle contrall.membranacedraction C023 forl hr prior to
stimulation with 100ng/ml of LPS over a time-coursdter which cells were lysed and
immunoblotted for phospho-IRF3. Total cellular Isvef factin were used as a loading
control. Densitometric analysis was conducted omumoblots and graphical representation
of phospho-IRF3 expression in arbitrary units (A&J$hown.
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4.3 DISCUSSION

The findings of this study demonstrate that the osdeaound fractions of
M.membranceadlemonstrate anti-inflammatory properties when M@ stimulated
with the TLR4 ligand, LPS but not with the TLR7 digd, loxoribine. Numerous
studies have shown that over activation of macrgpbaplay a major role in
mediating chronic mucosal inflammation which hasrbeseen in patients with
ulcerative colitis and Crohn’s disease (Xavier d@hadolsky 2007). Additionally,
aggravated macrophage activation results in extertssue damage associated with
autoimmune diseases such as RA (Feldmann and M@B8) and with infection,
such as schistosmiasis (Wynn, et al. 2004). Thezefgtering macrophage function
may hold great therapeutic potential. The pararmetglamined in this study have
extensive implications and importance in both mplege activation in inflammatory
disease and their involvement in the normal immuesponse to infection.
Furthermore, this comparative study has revealed the marine fractions only

suppress inflammation when cells are activatedutfinaccertain TLRs.

It has been extensively shown in numerous autoinentliseases, such as RA, that the
pro-inflammatory cytokines TNk; IL-1 and IL-6 synergistically mediate synovitis
and destruction of bone cartilage and that IL-1 @N&-o trigger the secretion of IL-6
by synovial cells (Szekanecz and Koch 2007). A wtbg Hata and colleagues
demonstrated that the synovial fluid of SKG micetamed high amounts of IL-6,
TNF-o and IL-1 and that genetic deletion in IL-6 comelgt suppressed the
development of arthritis in these mice (Hata, e280D4). In addition, enhanced IL-1

production has been implicated in the developmedtmogression of atherosclerosis
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(Andersson, Libby and Hansson 2010). As a resulsiderable effort has been placed
on developing therapeutic targets that can modukegeactivities of these cytokines.
Anti-TNF-o and IL-1 receptor antagonist (IL-lra) drugs haweerb shown to
ameliorate RA. For instanc&eatment with anakinra, a recombinant form of hama
IL-1ra has been shown to significantly reduce Isvef IL-1 and improve the
progression of RA (Fleischmann,R.M, 2003). Resudtsm our study provide
evidence that the second-round fractionsMifnembrancearobustly inhibits the
production of the pro-inflammatory cytokine, IL-@&cha slight reduction in IL{1
following stimulation with LPS. Anti-IL-6 recept@ntibodies have been developed as
a therapeutic agent for these diseases, with sdicaay revealed in clinical trials.
The effects ofM.membrancean the production of these cytokines have not been
reported to date and suggests that it might beulisef diseases such as RA.
Interestingly, two marine compounds bolinaquinonad goetrosaspongiolide M
isolated fromDysidea spndPetrosaspongia nigragespectively, have been shown to
significantly reduce the levels of ILBlin mice with crohns diseases (Busserolles, et

al. 2005)

IL-12 and IL-23 are closely related cytokines amd heterodimers made up of a
common p40 subunit complexed to unique p35 (IL-&2)pl9 (IL-23) subunits,
respectively. The primary function of IL-12 and 23-is to direct newly activated T
helper cells to a Thl and Th17 phenotype, respagtiBettelli and Kuchroo 2005).
Marked production of IL-12 and IL-23 by macrophagee largely implicated in
autoimmune diseases including; MS, IBS and RA amdeting these cytokine may
hold therapeutic potential (Choy and Panayi 2001etal. 2007, Uhlig, et al. 2006).

IL-12 is a potent inducer of IFMwhich directs the induction of classically acteet
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macrophage by inactivating feedback inhibitory nastms, such as those mediated
by IL-10 (Trinchieri 2003a). Furthermore, a study I&lliott and colleagues
demonstrated that ustekinumab reduced the sewdrplaque psoriasis by inhibiting
IL-12 and IL-23 mediated cellular responses (Hijiet al. 2009). Results here provide
evidence that the second fractionshbimembranceaignificantly inhibit IL-12p40
and IL-23 in macrophages. To the best of our kndgéethis is the first report of

alterations in these cytokines by a marine extract.

The interaction of surface markers CD40, CD80 ab@&with T cells plays a major
role in the activation and expansion of all effea@ad regulatory Th cell subsets (Lu,
Wang and Linsley 1997). Overexpression of thestasermarkers has been reported
in the inflamed tissue of patients with RA and IB@nifying that costimulatory
markers are potential therapeutic targets foritigahflammatory disorders (Maerten,
Liu and Ceuppens 2003). In the present study,ouad that culturing macrophages
with second-round fractions ®fl. membrancealecreased the surface expression of
CD80, but more significantly, CD40 expression,dualing stimulation with the TLR4
ligands however no alteration was observed follgwiiLR7 simulation. This
suggests that they may be useful in inflammatosgakes. The expression of MHCII
was also markedly down-regulated Mymembranceafter LPS activation. MHCII is
essential for antigen processing and presentatioohsallows macrophages to initiate
an adaptive immune response by interacting with ellscin the lymph nodes
(Viladangos 2001). Many viruses have been shownrdgduce MHC class I
expression to avoid protective immune response aglhlamydia trachomatis
(Zhong, Fan and Liu 1999). However, abnormal exgpoesof MHCII is linked to the

development of autoimmune and infectious diseasef &s RA (Guardiola and
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Maffei 1993). A study by Alisky and colleagues dearsiwated that the gluccorticoid,
dexamethasome decreased levels of MHCII on actvaieroglia and this inhibition
of class Il expression may be one mechanism ufilibg glucocorticoids in the
suppression of neuroinflammatory disease (Alisk§680O0ur results demonstrate that
M.membranceaignificantly downregulate MHCII again indicatirigeir potential in

the treatment of a range of inflammatory diseases.

Chemokines initiate the recruitment and activatioh macrophages leading to
enhanced inherent protective responses to invadmaghogens. Macrophage
infiltration is of paramount importance during it@ahost defence. In a model of
pulmonarypseudomonas aeruginog#ection, inhibition of MIP-2 impaired bacterial
clearance (Tsai, et al. 2000). In addition, deptetin MIP-lo levels significantly
decreases clearance Gfyptococcus neoforméDoyle and Murphy 1997). The
interplay between macrophage and bacteria leadiset@learance of infection. This
highlights the benefits of these chemokines inbaatierial, antifungal and anti-viral
host defence. Notably, impaired bacterial clearaarmm increased mortality in mouse
models of bacterial pneumonia have been reporteshg;Tet al. 1996). However,
dysregulated expression of chemokines causes ainfhssof leukocytes to the site
of inflammation leading to inflammatory diseased arfections such as RA, MS and
meningococcal disease (Godessart and Kunkel 2004ljeddard, et al. 2010,
Halstensen, et al. 1993). Therefore impeding tleelyction of chemokines and their
receptors may have therapeutic potential. Thisystuas assessed the modulatory
effects ofM.membrancean MIP-lo, MIP-2 and MCP-1 following stimulation with
bacterial and viral TLR ligands. The chemokines,PM& and MCP-1 were

significantly reduced following treatment with sedofractions ofM.membrancea
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post TLR4 activation however no alteration was desti@tion in chemokine
production following stimulation with the viral kand, loxoribine. MIP-& production

is enhanced in mice with pulmonary fibrosis by #eeretion of IL-6 and anti-IL-6
antibodies have been demonstrated to reduce MI&xfression thus ameliorating the
disease (Smith, et al. 1998). Furthermore, MCP-Hiates the trans-endothelial
migration of leukocytes across the blood-brain ibarinto the CNS initiating
neuroinflammatory diseases including Alzheimer'sedise and Parkinson disease
(Reale, Greig and Kamal 2009). Reduced levels &6 b M.membrancedreated
macrophage following LPS activation reported heggyraccount for the decrease in
MIP-1a. Similarly, MCP-1 is regulated by IL-1 and TNFAdams and Lloyd 1997)
thereforeM.membranceaeduced IL-1 production may partly be responsfblethe
significant reduction in MCP-1 post LPS stimulation addition, the chemotaxis of
cells have been implicated in the pathogenesisfl@mmatory diseases. For instance,
there is a significant enhancement in the migradioh cells in patients with systemic
lupus erythematosus (SLE) (Li, et al. 2007). Trereethe ability of the second-round
fractions ofM.membrancedo inhibit chemotaxis demonstrates that they haweatg
anti-inflammatory potential. While the decreaseciremokines and chemotaxis may
be beneficial in disease, it is also important dterthat these chemokines are central
to cell recruitment during infection and therefarey suppress the normal host
immune response to infection and thus delay clearafor instance, genetic deletion
of MCP-1 in mice significantly reduced the recrugmb of monocytes and therefore
impaired the response to infection by the intradatl bacteriumMycobacterium

tuberculosigLu, et al. 1998)
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Phagocytosis is a vital role of all macrophagesiaridndamental in the ingestion and
clearing of pathogens (Aderem 2003). To date ndissuhave investigated the role of
M.membrance@n phagocytosis activity. Here we report a supgesdility of LPS-
stimulated macrophage to phagocytose as a resuM.ofembranceatreatment
however no alteration in the ability to phagocysoillowing loxoribine stimulation
was observed. Numerous diseases have resulted drolecrease in the ability of
macrophages to phagocytose (Allen and Aderem 1996yvever, phagocytosis is
crucial in the host in controlling infection andhas been well documented that a
reduction in phagocytosis can cause increased sitsitiey to infection. A study by
Morran and workers demonstrated that phagocytasisignificantly reduced in
diabetic NOD mice stimulated with LPS under hypgegmic conditions causing
infections to flourish (Morran, et al. 2009). Rksueported in our study suggest that
M.membranceaan cause increased susceptibility to infectiomtiqdarly to those
pathogens who utilize TLR4 however not to pathogéas utilize the viral receptor,
TLR7. Studies have shown that &B-is involved in the regulation of phagocytosis
and deletion of the p65 subunit by siRNA inhibite®S induced phagocytosis
(Suzuki and Umezawa 2006). A reduction in phosplation of NFB-p65 was
demonstrated in our study itM.membranceatreated macrophages following
stimulation with only LPS which may account for tikecreased ability of these cells
to phagocytose. This overall study demonstrated tha second-fractions of
M.membranceahave the ability to suppress effects downstreanthef bacterial
ligand, TLR4 and not the viral ligand, TLR7 whiadlus to explore their effects on a

wider range of TLRs.
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CHAPTER 5

ELUCIDATION OF THE
MECHANISM OF THE
PURIFIED MARINE
FRACTION, INVO13
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5.1 INTRODUCTION

In chapter 3 we described the suppression of ayeoknd chemokine production and
the down-regulation in cell surface marker expssby crude marine extracts,
A.digitia and M.membrana¢and also by the sub-fractions of these extranttaviing
stimulation of DCs with LPS. The fractions bf.membranceashown to have the
most potent anti-inflammatory effect were furtheactionated and in this chapter we
set out to elucidate the mechanisms through wiiehrarine extracts exert their anti-
inflammatory effects. Initially we screened thectransM.membrance&017, C021,
C023, C027to determine which fraction was the most active.r ©allaborating
chemists at UCD then isolated the individual magoenpound (INV013) by using
column chromatography and spectroscopy. INV013 thas used to determine the
mechanism of action of the marine compound andtiijetme molecular target. Our
marine extracts were able to alter the effects 6kDollowing activation with LPS
however they did not modulate the function of imanatDCs, this finding and the
fundamental role of TLR4 in signalling in DC actiia led us to investigate the

effects of the marine extracts on TLR signallinthpaays.

LPS is the most widely studied and extensively uBeld ligand and it is an effective
activator of, TLR4 (Sandor and Buc 2005, O'Neil0ZR TLR4 is the only TLR

capable of activating both the MyD88 dependent lsliy88 independent pathways
leading to the induction of the transcription fasttNF«B and IRF-3, respectively.
This leads to the production of pro-inflammatoryodynes, such as IL-6, IL-12 and
TNF-a, via NFB activation and type 1 interferons (IFN) via IR&&ivation (Takeda

and Akira 2007). TLR2 can heterodimerize with TLRAd respond to triacylated

lipoproteins such as Pam3CSk4 and peptidoglycarNjP& it can dimerize with
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TLR6 and respond to diacylated lipoproteins suchyasosan (West, Koblansky and
Ghosh 2006). TLR2 and TLR4 are distinct from otfieRs in that they are the only
TLR complexes that utilize the adaptor protein Malassociation with MyD88 to

initiate downstream signalling which leads tokBFactivation and the release of pro-

inflammatory cytokines such as IL-12, IL-6 and1B{Sheedy and O'Neill 2007).

The remainder of the TLRs do not utilise the adaptial. These include, TLR5
which is activated by flagellin and activation biis receptor mobilizes the nuclear
factor NRB and stimulates pro-inflammatory production (d&éhtura, et al. 2008).
TLR3 recognizes double stranded RNA (dsRNA), sush Paly:(IC), and the
stimulation of this receptor induces the activatwnlIRF-3 through the exclusive
signalling pathway independent of MyD88 utilizing@le adaptor, TRIF (Sandor and
Buc 2005). TLR7 and TLRS8 both detect viral singleanded RNA (ssRNA) such as
loxoribine and TLR9 detects unmethylated CpG (Cp®Bjifs from bacterial and viral
DNA. These TLRs trigger inflammatory cytokine sewme and IFN secretion through

MyD88.

In this chapter we examined the effects of secanuhd fractions oM.membrancea
(C017, C021, C023, and C027) and the individual pawumd, INVO13, on DCs
activated with a range of TLR ligands. We also stigated their effects on MB and

IRF3 activation which are downstream of TLR actiwat Furthermore, we carried
out advanced mechanistic studies on INV013 by emengiits potential to target TLR

adapter molecules.
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5.2 RESULTS

5.2.1 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranacetODULATE CYTOKINE PRODUCTION
BY DENDRITIC CELLS FOLLOWING STIMULATION WITH TLR2

AND TLR4 LIGANDS ONLY IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control), fractions of marine extigdl. membranaceé&C017, C021,
C023 or C027) at 1:200 dilution for 1 hr prior tonwlation with TLR ligands,
PamCSK, (5ug/ml), Zymosan (10pug/ml), PGN (10ug/ml), Pd@)( (10pg/ml),
Flagellin (5pg/ml), Loxoribine (5pug/ml) or CpG (2)MAfter 24 hrs supernatants
were removed and assessed for levels of IL-12p4Qure 5.1-5.2] IL-12p70
[Figure 5.3-5.4] IL-23 [Figure 5.5-5.6] IL-6 [Figure 5.7-5.8] IL-1B [Figure 5.9-
5.10] TNF- [Figure 5.11-5.12] and IL-10 [Figure 5.13] using specific

immunoassays.

The secretion of the pro-inflammatory cytokinesl2p40, IL-12p70 and IL-23 were
significantly suppressed in the second-round foasti of M.membranceaextracts
(C017, C021, C023 and C027) following stimulatiothw.PS, PargCSK,, Zymosan
and PGNFigure 5.1-5.5]compared to the control group<Q.001). In marine extract
treated-DCs stimulated with PGN and LPS a sigmificaduction was also observed
in the secretion of the pro-inflammatory cytokinke<s (p<0.05-p<0.001). In addition,
a reduction was demonstrated in Ig-fiost PGN activationp&0.001) [Figure 5.7-
5.9] however there was increased levels of fLaklhen DCs were treated with

fractions, C017 and C027 following activation wiyimosan activatiofFigure 5.9].
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The levels of TNFs remained relatively unchanged regardless of thenmdraction
used or the TLR ligand usefFigure 5.11-5.12] Exposure of DCs to the
M.membranceasecond-fractions (C017, C021, C023, C027) resultech small
increase in IL-10 with LPSpK0.001) or ParCSK, (p<0.01) In contrast, the
fractions decreased IL-10 production when cellsewactivated with PGNFigure
5.13] Furthermore, no change was observed in any awo&kpression when DCs
were activated through TLR3, TLR5, TLR7 and TLRSthwPoly:(IC), flagellin,

loxoribine and CpG, respectivellyigure 5.2-5.14]

5.2.2 THE DOSE RESPONSE OF THE PURIFIED MARINE COMPOUND,
INVO13, ISOLATED FROM Membranipora membranacedSED HAVE

NO SIGNFICIANT EFFECT ON CELL VIABILITY.

Since the second fractions it membrance&£023 and C027 demonstrated the most
significant anti-inflammatory effects our collabtoes at UCD carried out further
fractionations. From this we received a pure compowhich we coded INV013.
With this pure compound we carried out numerousegrpents to determine its
molecular target [see figure 3.1.1]. Initially weaenined the toxicity of INV0O13 by
exposing DCs to a range of dilutions. Following 1B\ treatment the cell viability
was assessed using Cell Titer 96 Aqueous One SolufPromega, WI, USA)
according to the manufacturer’'s instructions. Thsed of INV013 (1:100, 1:200,
1:500, 1:1,000, 1:10,000) chosen for use in futexeeriments did not have any

significant cytotoxic effect on DAs vitro [Figure 5.15]
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5.2.3 PURIFIED MARINE COMPOUND, INVO013, ISOLATED FR OM
Membranipora membranacea MODULATES CYTOKINE
PRODUCTION BY DENDRITIC CELLS FOLLOWING

STIMULATION WITH TLR2 AND TLR4 LIGANDS ONLY INVITR O

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1®c&l/ml and pretreated with either
DMSO (vehicle control), purified marine compoundVI013 at 1:200 dilution for 1

hr prior to stimulation with TLR ligands, LPS (1@@ml), Zymosan (10ug/ml), PGN
(10ug/ml), Poly:(IC) (10upg/ml), Flagellin (5pg/miloxoribine (5pug/ml) and CpG

(2uM). After 24 hrs supernatants were removed aseéssed for levels of IL-12p40,
IL-12p70 [Figure 5.16], IL-23, IL-6 [Figure 5.17], IL-1B, TNF-« [Figure 5.18], IL-

8, Rantes and IF-{Figure 5.19] using specific inmunoassays.

Treatment with INV013 significantly inhibited theqaluction of the IL-12 family of
cytokines IL-12p40, IL-12p70 and IL-23 following taation with the TLR4 ligand
LPS (100ng/ml) and the TLR2 ligands PGN (10pg/miyg &ymosan (10pg/ml)
(p<0.001)[Figure 5.16-5.17] Furthermore INV013-treated DCs were able to desze
the secretion of the pro-inflammatory cytokines6lland IL- post stimulation with
LPS and PGNp@<0.001) and to a lesser extent post activation mythosan (§<0.05)
[Figure 5.17-5.18] The levels of TNF:, Rantes and IFN-remained unchanged
regardless of how cells were activatggdgure 5.18-5.19] Furthermore, a notable
decrease was observed in the secretion of thenflesvimatory cytokine IL-8 in
INVO13-treated DCs post activation with LPS and P@KO0.001)[Figure 5.19]. In
contrast, no alteration in the profile of any cytek was demonstrated following

stimulation with the TLR ligands: Poly:(IC), Flatie] Loxoribine and Cp3Figure
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5.16-5.19] Therefore the pure compound, INV013, only exggsanti-inflammatory
effects following TLR2 and TLR4 ligation giving us clear indication that the
molecular target of INV013 is downstream of the¢d&kTreceptors. Furthermore our
observation that INV0O13 blocked cytokines downstred NFB (IL-8) but not IRF3
(IFN-p and Rantes) indicates that its target may be waebin the NikB signalling

pathway.

5.2.4 PURIFIED MARINE COMPOUND, INV013, ISOLATED FR OM
Membranipora membranacea MODULATES CELL SURFACE

MARKER EXPRESSION IN DENDRITIC CELLS IN VITRO

BMDC isolated from the bone marrow of BALB/c miceeng differentiated in the
presence of GMCSF for 7 days and plated at 1%c&l/ml and pretreated with either
DMSO (vehicle control) or the purified compoundMOL3 at 1:200 dilution for 1 hr
prior to stimulation with or without 100ng/ml LP%.Coli serotype R515), PGN
(5ug/ml) or flagellin (5pg/ml) for 24 hrs. Controélls and LPS, PGN and flagellin-
stimulated cells were subsequently stained witlhirlohrome-labelled monoclonal
antibodies for various cell surface markers (CDX1040, CD80, CD86, MHCII and
TLR4-MD-2) [see Table 2.7 in preparation for cytometric analysis by flow

cytometry[Figure 5.20-5.22]

Stimulation of DCs with LPS, PGN and flagellin enbad the expression of CD40,
CD80, CD86, TLR4-MD-2 and MHCII (top row) and theurgied compound,
INV0O13 was able to inhibit some of these LPS andNR@&luced changes (bottom
row) [Figure 5.20-5.22] Following, LPS and PGN stimulation INV013 signéntly
downregulated CD40 and MHCII expression. A smafirdase was also observed in

the expression of surface marker CD86 and therenmashange in TLR-4-MD-2. In
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addition, a significant downregulation in CD80 eagsion was demonstrated post
PGN activation [Figure 5.20-5.21] Contrastingly, INV0O13 did not change the
expression of any surface markers following actoratwith flagellin [Figure 5.22].

Furthermore, there was no significant effect of IN\2 on expression of these surface

markers in resting D& igure 5.20-5.22]

5.2.5 SECOND-ROUND FRACTIONS OF MARINE EXTRACT
Membranipora membranacedNHIBITS THE ACTIVATION OF NF B

BUT NOT IRF3 FOLLOWING TLR4 LIGATION

Given that our extracts were able to block cytogidewnstream of NéB but not

IRF3 we next examined the effect Mfmembranceaecond-round fractions on the
activation of these transcription factors. HEK 2@&Is stably expressing TLR4-
CD14-MD-2 (HEK-MTC) were plated at 1 x 105 cell/mahd transiently transfected
with either an NkB or ISRE luciferase reporter plasmid as descrifseg section

2.8.3]. The IFN-stimulated response element (ISRieyides a specific readout for
the induction of IRF3. Following transfection thells were pretreated with second
fractionatedM.membranceaxtracts (C017, C021, C023 or C027) for 1 hr ptoor

stimulation with LPS for 6 hrs and activation of dF-and IRF3 were assessed. In
addition supernatants were removed and assessésl&és of downstream readouts,

IL-8 and Rantes respectively, using specific immassaygFigure 5.23].

In cells treated with second-round fractiondvbfnembrance4C017, C021, C023 or

C027) NKB activation was significantly inhibited and subgent IL-8 production

was also reduced following stimulation with LR&Q.001)[Figure 5.23]. However,
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no modulation was observed in IRF3 activation aodsequent Rantes secretion

compared to control groypigure 5.23]

5.2.6 PURIFIED MARINE COMPOUND, INVO013, ISOLATED FR OM
Membranipora membranacedDOSE DEPENDENTLY INHIBITS THE
ACTIVATION OF NF kB BUT NOT IRF3 FOLLOWING TLR4

LIGATION

We next examined the effect of the purified commbuNV013 on activation of
NFxB and IRF3. HEK 293 cells stably expressing TLR41@BMD-2 (HEK-MTC)
were plated at 1 x 105 cell/ml and transiently $fanted with either an NdB or ISRE
luciferase reporter plasmid as described [see ei8.3]. The IFN-stimulated
response element (ISRE) provides a specific reaflmuthe induction of IRF3.
Following transfection the cells were pretreatethwine purified compound, INV013
at a range of doses (1:50, 1:100, 1:200, 1:50000,12:10,000) for 1 hr prior to
stimulation with LPS for 6 hrs and activation of d-and IRF3 were assessed. In
addition supernatants were removed and assesséelv@ds of downstream readouts

IL-8 and Rantes respectively using specific immuwsegdFigure 5.24].

As shown in figure 5.24 activation of NB was significantly inhibited in a dose
dependant manner and subsequent IL-8 productionaigassignificantly reduced in
INVO013 treated- HEK-MTC cellsp0.001) post stimulation with LPS. In contrast, no
alteration was demonstrated in the activation ¢f-BRor subsequent Rantes secretion

compared to the contrfffigure 5.24].
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5.2.7 PURIFIED MARINE COMPOUND, INVO013, ISOLATED FR OM
Membranipora membranace@NHIBITS MAL-DRIVEN NFKB IN HEK-

MTC CELLS.

Given that INV013 specifically suppresses the é¢ffet TLR4 and TLR2 ligands and
the fact that TLR4 and TLR2 utilize Mal, we nextaexned whether INV013 could
block Mal-driven NkB activation. HEK 293 cells stably expressing TLEB14-
MD-2 (HEK-MTC) were plated at 1 x 2Ccell/ml and transiently transfected with
NF«xB luciferase reporter plasmid and co-transfectetth weporter plasmid encoding
Mal at different concentrations (20ng and 50ngr@itransfected with TRIF, which
served as a control. Following transfection thelscelere pretreated with either
DMSO (vehicle control) or purified compound, INVOES 1:200 dilutions for 1 hr
prior to LPS activation. Control cells, which weret transfected with either Mal or

TRIF, were activated with LPS (100ng/ml) for 6 fFggure 5.25].

As expected, a significant reduction was observedhe activation of N&B in
INVO13-treated cells following stimulation with LP$0<0.001) [Figure 5.25]
Exposure of HEK-MTC cells to INV013 was able torsfgcantly block Mal-induced
NFxB activation at both of the Mal concentrations emypld £<0.001). Furthermore,
INVO13 treatment exerted no effect on TRIF-drivaduction of NikB as expected

[Figure 5.25]
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5.2.8 PURIFIED MARINE COMPOUND, INV013, ISOLATED FR OM
Membranipora membranacea INHIBITS LPS INDUCED
PHOSPHORYLATION OF NF kB-P65, DEGRADATION OF IkBa AND
PHOSPHORYLATION OF P38 BUT NOT PHOSPHORYLATION OF

IRF3

Given that Mal is essential for the TLR4 activatpdthway leading to the
phosphorylation of NkB-p65 on serine 536 (Doyle, Jefferies and O'NeilZ), we
decided to investigate the effects of INVO13 on giesphorylation of NEB-p65
using western blotting techniques. BMDC isolatexhf the bone marrow of BALB/c
mice were differentiated in the presence of GMC&F7fdays and plated at 1 x 106
cell/ml and pretreated with either DMSO (vehiclentol), and the purified
compound, INV013 at 1:200 dilution. The cells wéren stimulated with LPS over a
time course (0, 5, 15, 30 and 45 mins) and lysai® generated as described in
[section 2.6.1]. Lysates were then run on SDS,dgehnsferred onto nitrocellulose
membranes and immunoblotted for phosphocBHp65, kBa, phospho-p38 and
phospho-IRF3 using specific antibodies. TotakBF3-actin and total p38 were used

a controlgFigure 5.22-5.25].

As shown in figure 5.26 N&-p65 was phosphorylated following LPS stimulation
with maximum phosphorylation occurring at 15 mims gontrol cells. In cells
pretreated with the purified marine compound, INS0this phosphorylation of p65
was significantly reduced at 0, 5, 15 and 30 mioi§ofing activation with LPS
compared to the control phospho+#-p65 blots. Densitometric analysis of the blots
revealed that the changes at 5, 15 and 30 mins statistically significan{p<0.001)

[Figure 5.26].
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Interestingly, when the samples were immunoblofied kB degradation, it was
observed that treatment with INVO13 caused a delayB degradation at O, 5, 15
and 30 mins when compared with the degradationrhé dontrol samples. Again
densitometric analysis demonstrated this delay @gradation of #Bo be to
statistically significant§<0.001)[Figure 5.27]. Furthermore, we decided to examine
p38, a member of the MAP Kinase family, which isogbhorylated downstream of
Mal (Piao, et al. 2008). LPS strongly induced p&8gphorylation where the effect of
LPS was evident at 15 mins. INV013 was able tolaihe phosphorylation of p38 in
response to LPS at all time-points. Densitometnalysis of the blots revealed that
the changes at 5, 15 and 30 mins were statisticadjgificant <0.001) [Figure
5.28]. In addition, we immunoblotted for phospho-IRF3 @sdexpected no alteration
in the phosphorylation of IRF3 was observed in INS@reated DCs post LPS
activation. Again densitometric analysis demonetidahere was no significant change

in phospho-IRF3Figure 5.29].

5.2.9 PURIFIED MARINE COMPOUND, INV013, ISOLATED FR OM
Membranipora membranaceaNTERFERS WITH THE TRYOSINE
PHOSPHORYLATION OF OVEREXPRESSED MAL IN HEK-MTC

CELLS.

Given that Mal undergoes tyrosine phosphorylatiaurindy TLR2 and TLR4
signalling and that this phosphorylation is fundatagfor the activation of NEB we
next examined whether INVO13 could modulate thesphorylation of Mal. HEK
293 cells stably expressing TLR4-CD14-MD-2 (HEK-MT@ere plated 1 x FO
cell/ml and transiently transfected with a repopi&rsmid encoding Mal (4ug/dish).

Following transfection, the cells were pretreatathwither DMSO (vehicle control)
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or purified compound, INV013 at 1:200 dilutions fbhr prior to LPS activation. The
cells were then stimulated with LPS for a numbetiae-points (5, 15, 30 mins) and
lysates were generated as described in [section.1]2.6Lysates were
immunoprecipitated (IP) with HA-Mal antibody usingy/G sepharose beads as
described in section [section 2.8]. Lysates weea ttun on SDS gels, transferred onto
PVDF membranes and immunoblotted (IB) éephospho-tyrosine. To examine total

levels of Mal proteins, whole cell lysates were iomhlotted with HA-Mal antibody.

Figure 5.30 demonstrates that immunopreciptiatidnMal with HA-Mal and
immunblot analysis witlu-phospho-tyrosine-specific antibody showed a ctutste
Mal tyrosine phosphorylation. In cells pretreatathwhe purified marine compound,
INVO13, tyrosine phosphorylation of overexpressedl Mas significantly reduced
[Figure 5.30] Furthermore, INVO13-treated cells downregulatde ttyrosine
phosphorylation of Mal at 5, 15 and 30 mins follogriactivation with LPS compared
to the control Densitometric analysis showed thaté reductions were statistically

significant £<0.05p<0.01-)[Figure 5.30]
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FIGURE 5.1: Second-roundM.membranceafractions suppress IL-12p40 production in
DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in
the presence of GMCSF for 7 days, plated at (1x#ls/ml) and then treated with either
DMSO (vehicle control), second fractionsMfmembranace§C017, C021, C023, CO27)r

1 hr prior to stimulation with either LPS (100ngymPGN (5upg), PagtSK, (5ug) or
zymosan (10pg). Supernatants were recovered aftehr® and assessed for levels of IL-
12p40 using specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.2: Second-round M.membrancea fractions do not suppress IL-12p40
production in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands.
BMDCs were differentiated in the presence of GMG&F7 days, plated at (1xi@ells/ml)
and then treated with either DMSO (vehicle confreBcond fractions dfl.membranacea
(C017, C021, C023, CO27r 1 hr prior to stimulation with either poly:(IC) (19), flagellin
(5pn0), loxoribine (ImM) or CPG (2mM). Supernatamisre recovered after 24 hrs and
assessed for levels of IL-12p40 using specific imoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.3: Second-roundM.membranceafractions suppress IL-12p70 production in
DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in
the presence of GMCSF for 7 days, plated at (1x#lls/ml) and then treated with either
DMSO (vehicle control), second fractionsMfmembranace§C017, C021, C023, CO279r

1 hr prior to stimulation with either LPS (100ngymPGN (5ug), PapCSK, (5ug) or
zymosan (10pg). Supernatants were recovered aftehr® and assessed for levels of IL-
12p70 using specific immunoassays. Results areM &Hjuadruplicate assays and represent
three independent experiments. p%0.001, **p<0.01, *<0.05 comparing TLR ligand-
activated group in the presence/absence of maraeidns as determined by one-way
ANOVA test
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FIGURE 5.4: Second-round M.membrancea fractions do not suppress IL-12p70
production in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands.
BMDCs were differentiated in the presence of GMG&F7 days, plated at (1xi@ells/ml)
and then treated with either DMSO (vehicle confreBcond fractions dfl.membranacea
(C017, C021, C023, CO27r 1 hr prior to stimulation with either poly:(IC) (19), flagellin
(5pn0), loxoribine (ImM) or CPG (2mM). Supernatamisre recovered after 24 hrs and
assessed for levels of IL-12p70 using specific imoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.5: Second-roundM.membrancedractions suppress 1L-23 production in DCs
following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in the
presence of GMCSF for 7 days, plated at (£xEls/ml) and then treated with either DMSO
(vehicle control), second fractions bf. membranacegdC017, C021, C023, C02Tyr 1 hr
prior to stimulation with either LPS (100ng/ml), RG5ug), PanCSK, (5ug) or zymosan
(10pg). Supernatants were recovered after 24 hisaassessed for levels of IL-23 using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 5.6: Second-roundM.membrancedractions do not suppress IL-23 production

in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daysted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control), secdnactions of M.membranacegC017,
C021, C023, C027pr 1 hr prior to stimulation with either poly:(IC) (@), flagellin (5ug),
loxoribine (1mM) or CPG (2mM). Supernatants wereokered after 24 hrs and assessed for
levels of IL-23 using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 5.7: Second-roundM.membrancedfractions suppress IL-6 production in DCs
following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in the
presence of GMCSF for 7 days, plated at (£xEls/ml) and then treated with either DMSO
(vehicle control), second fractions bf.membranacegdC017, C021, C023, C02Tyr 1 hr
prior to stimulation with either LPS (100ng/ml), RG5ug), PanCSK, (5ug) or zymosan
(10pg). Supernatants were recovered after 24 hdsassessed for levels of IL-6 using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 5.8: Second-roundM.membranceafractions do not suppress IL-6 production

in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daylsted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control), secdnactions of M.membranacegC017,
C021, C023, C027pr 1 hr prior to stimulation with either poly:(IC) (@), flagellin (5ug),
loxoribine (1mM) or CPG (2mM). Supernatants wereokered after 24 hrs and assessed for
levels of IL-6 using specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.9: Second-roundM.membrancedractions suppress IL-13 production in DCs
following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in the
presence of GMCSF for 7 days, plated at (£xEls/ml) and then treated with either DMSO
(vehicle control), second fractions bf.membranacegdC017, C021, C023, C02Tyr 1 hr
prior to stimulation with either LPS (100ng/ml), RG5ug), PanCSK, (5ug) or zymosan
(10pg). Supernatants were recovered after 24 hdsagsessed for levels of 113-lusing
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 5.10: Second-roundM.membrancedractions do not suppress IL-B production

in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daylsted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control), secdinagctions of M.membranacegC017,
C021, C023, C027pr 1 hr prior to stimulation with either poly:(IC) (@), flagellin (5ug),
loxoribine (1mM) or CPG (2mM). Supernatants wereokered after 24 hrs and assessed for
levels of IL-1B using specific immunoassays.Results are + SEMuafiuplicate assays and
represent three independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.11: Second-round M.membrancea fractions do not suppress TNFe
production in DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daysted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control), secdnactions of M.membranacegC017,
C021, C023, C027jor 1 hr prior to stimulation with either LPS (100ngymPGN (5u0),
PamCSK, (5png) or zymosan (10ug). Supernatants were reedvater 24 hrs and assessed
for levels of TNFe using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *Pp<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbiynede-way ANOVA test
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FIGURE 5.12: Second-round M.membrancea fractions do not suppress TNFea
production in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands.
BMDCs were differentiated in the presence of GMG&F7 days, plated at (1xi@ells/ml)
and then treated with either DMSO (vehicle conirefcond fractions d¥l.membranacea
(C017, C021, C023, CO27r 1 hr prior to stimulation with either poly:(IC) (19), flagellin
(5uQ), loxoribine (ImM) or CPG (2mM). Supernatamsre recovered after 24 hrs and
assessed for levels of TNFdsing specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *Pp<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test
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FIGURE 5.13: Second-roundM.membrancedractions enhance IL-10 production in DCs
following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in the
presence of GMCSF for 7 days, plated at (£xcEis/ml) and then treated with either DMSO
(vehicle control), second fractions bf.membranacegdC017, C021, C023, C02Tyr 1 hr
prior to stimulation with either LPS (100ng/ml), RG5ug), PaCSK, (51g) or zymosan
(10ug). Supernatants were recovered after 24 hidsaasessed for levels of IL-10 using
specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrinede-way ANOVA test
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FIGURE 5.14: Seond-roundM.membranceatractions do not enhance IL-10 production

in DCs following stimulation with TLR3, TLR5, TLR7 and TLR9 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daylsted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control), secdnactions of M.membranacegC017,
C021, C023, C027pr 1 hr prior to stimulation with either poly:(IC) (@), flagellin (5ug),
loxoribine (1mM) or CPG (2mM). Supernatants wereokered after 24 hrs and assessed for
levels of IL-10 using specific immunoassays.

Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.15: The concentrations of the purified maime compound, INV013, used do
not significantly affect the viability of dendritic cells (DCs).

BMDCs were grown for 7 days and then treated wittiee a range of dilutions (1:100, 1:200,
1:500, 1:1000, 1:10000) of DMSO (vehicle contrat)purified compound, INV013 for 24
hrs. Following 24 hr treatment cellular viabilityag assessed using an MTS assay (Cell Titer
96 Aqueous One Solution — Promega, WI, USA). Resatle expressed as a percentage of
untreated cells.
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FIGURE 5.16: The purified marine compound, INV013, suppresses H12p40 and IL-
12p70 production in DCs following stimulation with TLR2 and TLR4 ligands. BMDCs
were differentiated in the presence of GMCSF faays, plated at (1xf@ells/ml) and then
treated with either DMSO (vehicle control) or INV®Zor 1 hr prior to stimulation with
numerous TLR ligands. Supernatants were recovdted 24 hrs and assessed for levels of
IL-12p40 using specific immunoassays.

Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.17: The purified marine compound, INV013, suppresses K23 and IL-6
production in DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were
differentiated in the presence of GMCSF for 7 daylsted at (1x1Dcells/ml) and then
treated with either DMSO (vehicle control) or IN\@Zor 1 hr prior to stimulation with
numerous TLR ligands. Supernatants were recovdted 24 hrs and assessed for levels of
IL-23 and IL-6 using specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbynede-way ANOVA test

203



IL-1

300+
CJ CTL
Bl TLR Stimulation
£ 2001 ** BXl TLR Stimulation+INV013
g 2
F|| *kk }1 & .:
= 100- d B BE
2 e o
% . S
2 o p
2 o .
o < S
) ) o) 5\ A W »
LA A R RS- AN =
AZ <& <& PAZEEPA 2V AN
C rW Ry Q Q Q Q
N AN O R e
Q N Q° )
N <&
/\;\
TNF-alpha
1500-
CJ CTL
.
£ T R E Bl TLR Stimulation
S 1000~ N M 1 BX TLR Stimulation+INVO013
< % % . "
S X p o : X
3 Nl |
i soo{ B8 B B NE < |
Z 1 B BK BH e B BE
[ . % Q . ( X "
. % X o ’c X K
. % % o ) X K
) % X [ ] % %
0= DS » D a D D D
M ) 2) A\ ) N »
SR S SR SR AR 2
A% <& A% AZ "% "%
O R RV O O QC N
NXC R S R A e
< Q Qo \’b‘o"
< <
%

FIGURE 5.18: The purified marine compound, INVO13, suppresses H1p production in
DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in
the presence of GMCSF for 7 days, plated at (1x#ls/ml) and then treated with either
DMSO (vehicle control) or INV0O13 for 1 hr prior stimulation with numerous TLR ligands.
Supernatants were recovered after 24 hrs and assEsslevels of IL-B and TNFe using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterrbiynede-way ANOVA test
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FIGURE 5.19: The purified marine compound, INVO13,suppresses IL-8 production in
DCs following stimulation with TLR2 and TLR4 ligands. BMDCs were differentiated in
the presence of GMCSF for 7 days, plated at (1x#ls/ml) and then treated with either
DMSO (vehicle control) or INVO13 1 hr prior to stitation with numerous TLR ligands..
Supernatants were recovered after 24 hrs and assEsslevels of IL-8, Rantes and IAN-
using specific immunoassays.

Results are + SEM of quadruplicate assays andsepté¢hree independent experiments.

*** p<0.001, *P<0.01, *<0.05 comparing TLR ligand-activated group in the
presence/absence of marine fractions as deterriynede-way ANOVA test
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FIGURE 5.20: The purified marine compound, INV013,modulates the expression of CD40, CD86 and MHCII othe surface of DCs following
stimulation with TLR4 ligand. BMDC were differentiated in the presence of GMJ8IF7 days and then treated with DMSO or INV013 fanr prior to
stimulation with LPS (100ng/ml).Subsequently, cellere washed and stained with specific antibodRResults of flow cytometric analysis and
corresponding MFI values are showiop row: DMSO-treated DCs (filled histogram) and LPS-stinedaDCs (green lineMiddle row: DMSO-treated
DCs vs INV013-treated DC8ottom row: LPS-stimulated DCs (filled purple histogram) v&3 induced INV013-treated DCs (green line). MFLwesl for
INVO13-treated cells are also displayed on alldgsams for comparison of those of DMSO groups iaiid in the top panel.
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FIGURE 5.21: The purified marine compound, INV013, modulates the expression of CD40, CD80, CD86 and MHI on the surface of DCs
following stimulation with TLR2 ligand . BMDC were differentiated in the presence of GMG&F7 days and then treated with DMSO or INVO18Xdr
prior to stimulation with PGN (5upg).Subsequentlgll€ were washed and stained with specific anté®dResults of flow cytometric analysis and
corresponding MFI values are showhop row: DMSO-treated DCs (filled histogram) and PGN-stiatetl DCs (green lineMiddle row: DMSO-treated
DCs vs INV013-treated DC8ottom row: PGN-stimulated DCs (filled purple histogram) v&Ninduced INV013-treated DCs (green line). MFlued for

INVO13-treated cells are also displayed on alldgsams for comparison of those of DMSO groups iagid in the top panel.
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FIGURE 5.22: The purified marine compound, INV013,does not modulate the expression any of on the sade markers of DCs following TLR5
stimulation. BMDC were differentiated in the presence of GMJSF7 days and then treated with DMSO or INV013 fohr prior to stimulation with
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FIGURE 5.23: Second-roundM.membrancedractions suppress activation of NkB but
not IRF3 activation downstream of TLR4. HEK-MTC cells were transiently transfected
with either an NkB or ISRE luciferase reporter plasmid for 24hrsh$aguently, HEK-MTC
cells were treated with either DMSO (vehicle coitoy second fractions d¥fl.membrancea

fractions (C017, C021, C023, CO2i)r 1hr prior to LPS activation. Induction of both
transcription factors was assessed following 6 timwation with LPS (100ng/ml).
Supernatants were also recovered and levels f@ #nd Rantes were measured using
specific immunoassays.

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, **p<0.01, 1<0.05 vs DMSO/LPS vs marine extract/LPS controedatned by
one-way ANOVA
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FIGURE 5.24: The purified marine compound, INV013, suppresses &gation of NFkB
but not IRF3 activation downstream of TLR4 in a dog dependant mannerHEK-MTC
cells were transiently transfected with either @Bl ISRE luciferase reporter plasmid for
24hrs. Subsequently, HEK-MTC cells were treatechweither DMSO (vehicle control) or
INV013. Induction of both transcription factors svassessed following 6 hr stimulation with
LPS (100ng/ml). Supernatants were also recovered lewels for IL-8 and Rantes were
measured using specific immunoassays.

Results are £+ SEM of quadruplicate assays andsepté¢hree independent experiments.

*** n<0.001, **p<0.01, 1<0.05 vs DMSO/LPS vs INVO13/LPS control determirgdone-
way ANOVA
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FIGURE 5.25: The purified marine compound, INV013, blocks Mal-diiven activation of
NFxB. HEK-MTC cells were transiently transfected wiither an NkB, Mal (20ng. 50ng),
TRIF luciferase reporter plasmid for 24hrs. Cellerevthen cultured with DMSO (vehicle
control) or INV013 for 1hr. Activation of NEB was assessed following 6 hr stimulation with
LPS (100ng/ml).

Results are + SEM of quadruplicate assays andsept¢hree independent experiments.

*** p<0.001, **P<0.01, *<0.05 vs DMSO/Mal vs marine extract/Mal vehicle toh
determined by one-way ANOVA
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FIGURE 5.26: The purified marine compound, INV013, suppresses pisphorylation of
NFxBp65 in DCs.BMDCs were differentiated in the presence of GMG&F7 days, plated
at (1x16 cells/ml) and then treated with either DMSO (végnicontrol) or INV013 (1:200
dilution) 1 hr prior to stimulation with 100ng/mf &PS over a time-course after which cells
were lysed and immunoblotted for phosphoxBp65. Total cellular levels of total NBp65
were used as a loading control. Densitometric amalywas conducted on immunoblots and
graphical representation of phosphordBp65 expression in arbitrary units (AU) is shown.
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FIGURE 5.27: The purified marine compound, INV013,suppresses the degradation of
IkBa in DC. BMDCs were differentiated in the presence of GNMJ8r 7 days, plated at
(1x1@ cells/ml) and then treated with either DMSO (véhicontrol) or INV013 (1:200
dilution) 1 hr prior to stimulation with 100ng/mf &PS over a time-course, after which cell
were lysated and immunoblotted faeBli. Total cellular levels oflactin were used as a
loading control. Densitometric analysis was conddcbn immunoblots and graphical
representation okBa expression in arbitrary units (AU) is shown.
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FIGURE 5.28: The purified marine compound, INV013, suppresses pisphorylation of
p38 in DCs.BMDCs were differentiated in the presence of GMJBF7 days, plated at
(1x10 cells/ml) and then treated with either DMSO (véhicontrol) or INV013 (1:200
dilution) 1 hr prior to stimulation with 100ng/mf &PS over a time-course, after which cells
were lysed and immunoblotted for phospho-p38. Totdllar levels of total p38 were used
as a loading control. Densitometric analysis wasdoocted on immunoblots and graphical
representation of phospho-p38 expression in arpitraits (AU) is shown.
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FIGURE 5.29: The purified marine compound, INV013, doesn't suppess
phosphorylation of IRF3 in DCs BMDCs were differentiated in the presence of GMG&

7 days, plated at (1xi@ells/ml) and then treated with either DMSO (véhicontrol) or
INVO13 (1:200 dilution) 1 hr prior to stimulationithr 200ng/ml of LPS over a time-course,
after which cells were lysed and immunoblotted ghospho-IRF3. Total cellular levels of
Bactin were used as a loading control. Densitometradysis was conducted on immunoblots
and graphical representation of phospho-IRF3 egmrsn arbitrary units (AU) is shown.
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FIGURE 5.30: The purified marine compound, INV013, suppresses Mayrosine
phosphorylation in HEK-MTCs. HEK-MTC cells were transiently transfected with H#al
(4pg) for 24hrs. Subsequently, HEK-MTC cells wenétwred with DMSO (vehicle control)
or INV013 for 1hr prior to stimulation with 100ngirof LPS over various time-points as
indicated, after which cells were lysed, immunofp#aed with HA-Mal and immunoblotted
with a-phospho-tyrosine antibody. Whole cell lysates wemmunoblotted with HA-Mal as a
loading control. Densitometric analysis was conddcbn immunoblots and graphical
representation af-phospho-tyrosine expression in arbitrary units {AdJshown.
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5.3 DISCUSSSION

The focus of this study was to investigate the ipdssnechanism underlying the anti-
inflammatory effects oM.membrancean DCs reported in chapter 3. The ability of
these fractions to suppress macrophage functidowilg activation through TLR4
and not through TLR7 led our study to examine tbssfble mechanisms underlying
the M.membranceaxtracts by activating DCs with a panel of TLRalgls. In this
study we have demonstrated that the pure compotind.membrancegINV013)
exerts its anti-inflammatory effects by suppressing phosphorylation of Mal, the

downstream adaptor which is unique to the TLR2 Hd4 signalling pathways.

TLRs sense invasion of pathogens by detecting mialocomponents that are
conserved among micro-organisms thus triggeringattievation of innate immunity.
They are considered a link between innate and md@apnmunity due to their
promotion of pro-inflammatory cytokine productiosurface maker expression and
activation of T cells. On engagement with ligan@&Rs recruit specific adaptor
molecules that propagate downstream signalling (®cCet al. 2008). Two
predominant TLR signalling pathways have been ifledf the MyD88 dependant
and the MyD88 independent pathways. Although dfierTLRs share the same
pathways, there are dissimilarities in patternghef inflammatory response to TLR
ligands (Akashi-Takamura and Miyake 2008). Roles TLRs have emerged in
sepsis (Lorenz, et al. 2002), RA (Seibl, et al. 3p@sthma (Eder, et al. 2004) and
atherosclerosis (Kiechl, Wiedermann and Willeit 200Numerous studies have
reported that interfering with TLR signalling camprove inflammatory diseases

(O'Neill, Bryant and Doyle 2009) . For example,tady by Posadas and colleagues
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demonstrated that mannoproteins protects intestirsdue againstSalmonella

triphymoriuminfection in rats by impeding TLR5 expression (&ttess, et al. 2010)

Results here demonstrate that treatment of DCs wdétond-round fractions of
M.membracedC017,C021,C023,C028jgnificantly suppresses the production of the
IL-12 family of cytokines (IL-12p40, IL-12p70 and-R3) following activation with
ligands for TLR4 (LPS), TLR2/1 (PGN, PaBtK,;) and ligands for TLR2/6
(zymosan). In contrast, thd.membranedractions had no effect when cells were
activated with ligands for TLR5 (flagellin), TLR®¢ly:(IC)), TLR7 (loxoribine) and
TLR9 (CpG). This result demonstrated that our commgbis exerting its anti-
inflammatory properties downstream of TLR2 and TUfhway but does not affect
TLR signalling downstream of any other TLR. TLRZanRLR4 are highly expressed
in the synovial tissue of patients with RA and associated with high levels IL-12
(Radstake, et al. 2004). Additionally, a study bgn@ariz and workers demonstrated
an up-regulation of TLR2 and TLR4 in a mouse moodelCrohn’s disease and
treatment with Vasoactive intestinal peptide (VIRYluced a decrease in these
receptors ameliorating the disease (Gomariz, €2045). We found C023 and C027
to have the most potent anti-inflammatory effects vee therefore chose these
fractions to be further fractionated in order torgaut advanced mechanistic studies.
We received a purified compound from our collabaratin UCD termed INVO13.
This pure compound demonstrated similar propertiegshe second fractions of
M.membranceadownregulating the production of pro-inflammatorytakines IL-
12p40, IL-12p70, IL-23, IL-6 and ILflfollowing stimulation with TLR4 and TLR2
ligands however not with the other TLR ligands. émber of studies have reported

molecules that specifically suppress TLR2 and TLRekjvation. For instance, the
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compound rabeximod has been shown to suppresstiartbeverity in mice by
exerting its anti-inflammatory effects downstreamTaR2 and TLR4 however it's
molecular target has not been identified (Hultqwestal. 2010). Therefore we decided

to examine the effects of INV013 on the pathwaysmkiream of these TLRs.

TLR2 signalling activates the MyD88 dependant pathvieading to activation of
NF«xB however TLR4 signalling is unique in its ability activate both NEB and
IRF3 via MyD88 dependent and independent pathwagspectively (Akira and
Takeda 2004a, Akashi-Takamura and Miyake 2008).d&ta generated in this study
demonstrates that second-round fractions Mimembranceaand the purified
compound, INV013 all suppress NB activation and subsequent IL-8 production.
This wasn’t surprising as many of the cytokinest tlamembrancedractions had
suppressed are know to be ®-dependant such as IL-12, II3-5nd IL-6 (Atreya,
Atreya and Neurath 2008)Furthermore, our data demonstrates that INVOX3rta
effect on IRF-3 activation post LPS stimulation.eTéctivation of IRF-3 leads to the
secretion of IFNB and Rantes (Yoneyama, Suhara and Fujita 2002) ré&3uits also
demonstrate no alteration in the production oféh®gokines in INV013-treated cells
following TLR4 stimulation indicating further th#ttis compound mediates its affects

through the MyD88 dependant pathway.

Upon activation, NkB is released from its inhibitory proteirBa, leading to the
phosphorylation of NEB on serine residues. This phosphorylation is meguior
transactivation of gene expression because mutdkiage serine residues greatly
impairs NkB-dependant gene transcription (Schmitz, Bacherkaadht 2001). Our

data demonstrates that culturing DCs in the presesic INVO13 inhibits this
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phosphorylation of p65 post LPS stimulation. A nedny (Moussaieff, et al. 2007)
demonstrated that the compound incensole acetalated from Boswellia resin,
inhibited inflammation in the inflamed paw model mice by suppressing the
phosphorylation of NEBp65. Furthermore, numerous marine compounds haea b
reported to date as MNB inhibitors (Folmer, et al. 2008). For example,
hymenialdisine, a compound isolated from the maspenge®#xinella verrucosand
Acanthella aurantiacajnhibited IL-8 production in U937 cells by blockgirDNA
binding of NKB following stimulation with LPS (Breton and Chalédetcher 1997).
Similarly, Cycloprodigiosin hydrochloride (cPrG-HCbbtained from a marine
bacterium Pseudoalteromonas denitrificansuppresses NiB-dependent gene
expression through the inhibition of transcriptibaativation (Kamata, et al. 2001).
We also examined the signalling molecul®d that leads to N&B activation. Our
data demonstrates that the degradationkBilwas interrupted in INVO13-treated
DCs post LPS activation. A number of marine compisuihave been shown to
interfere with this signalling molecule. For exampBcytonemin a marine natural
product isolated from cyanobacteria inhibk8d degradation (Shah, et al. 2002). Of
significant note is that the phosphorylation of &5 subunit of NkB at serine 536
in response to LPS requires the adaptor Mal (Geawl. 2006). We next examined
the effect of INVO13 on Mal driven NdB activation and showed that it is inhibited
indicating that our extract is mediating its amfilammatory effects through Mal. A
study by Medvedev and colleagues demonstrated dhatexpression of Mal in
human embryonic kidney 293T cells led to activatioih p38, N&kB and IL-8
expression and mutations in the phosphorylatioklalfreduces the ability to mediate
IxBa degradation, p38 phosphorylation and«BFreporter activation (Piao, et al.

2008). Given that p38 is phosphorylated downstreaMal we examined the effects
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of INV013 on p38 phosphorylation. Our findings sagmur hypothesis that INV013
targets Mal. Numerous reports showed a significadtiction in the phosphorylation
of p38 in Mal deficient cells (Yamamoto, et al. 20). Additionally, activation of the
p38 pathway has been shown to be involved in IL4D2promoter activity and
cytokine release in DCs. Our study demonstratetttbatment of DCs with INV013

significantly reduced the phosphorylation of p38.

It has been well documented that inhibiting Mal edps the production of pro-
inflammatory cytokine following stimulation with TR2 and TLR4 ligands
(Yamamoto,M. 2010). The reduced levels (Kikuchiaket2003) of pro-inflammatory
cytokines in M.membranceatreated DCs following TLR4 and TLR2 activation
reported here may be due to inhibition of Mal, gividat the marine extract only
exerts there effects when DCs are activated by TAiRPLR4 ligand. Additionally, it
has been shown that inhibition of Mal alters thpregsion of cell surface markers. A
study by Akira and workers demonstrated that endgraent of MHCII following LPS
activation was severely impaired in Mal-deficieqlenocytes (Yamamoto, et al.
2002). Interestingly we showed a significant reductin MHCIlI expression in
INVO13-treated DCs post TLR2 and TLR4 activationviewer there was no alteration

following TLR5 stimulation.

To date no specific compounds inhibiting Mal haeer identified. However, a Mal
inhibitory peptide that specifically interferes WwiMal signalling by blocking TIR-

TIR domain interactions has been described andnswonly used in experiments to
examine the effects of Mal on TLR signalling (Horreg al. 2002a, Doyle, et al.

2003).
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The final question of this study concerns how IN8QGhhibits Mal signalling. A
study by Gray and workers demonstrated that upds ¢titnulation of macrophages,
Mal is tyrosine phosphorylated by Bruton’s tyroskirase (Btk) at residues 86 and
187 following TLR2 and TLR4 activation (Gray, et 4D06). It has been reported in
numerous studies that tyrosine phosphorylation af iSlessential in TLR2 and TLR4
signalling (Piao, et al. 2008). Furthermore, it wslown that this tyrosine
phosphorylation of Mal is important for the trardion of NKB into the nucleus
via the phosphorlaytion of the p65 subunit (Doylefferies and O'Neill 2005). To
confirm that INVO13 exerts its effect on Mal, werrdad out immunoprecipitation
with HEK-MTC cells over expressing Mal. Our findsmglemonstrated a significant
reduction in the tyrosine phosphorylation of Mallikiv013-cultured DCs post LPS
stimulation. Numerous diseases such as diabetesariRlAcardiovascular disease are
linked to both TLR2 and TLR4 therefore interfermgh the tyrosine phosphorylation
of Mal is an attractive target for these diseaséisdérhill, et al. 1999, Park, et al.
2004, Frantz, Ertl and Bauersachs 2007). In amdita mutation in Mal where the
serine at position 180 is mutated to leucine, awatke protection against disease

including pneumonia, malaria and bacteraemia (Kéia). 2007).

Results presented in this chapter confirm thatpowified marine compound, INV013,
exerts its anti-inflammatory effects on the TLR ptda, Mal, specifically by

inhibiting its tyrosine phosphorylation. A schengailiustrating our proposed model
for INVO13-mediated effects on TLR2 and TLR4 sidimgl is presented in figure

5.30
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FIGURE 5.30: lllustration of our proposed model of INV013-meeia effects on TLR4 and
TLR2 signalling. INVO13 inhibits MAP kinase and NB activation by suppressing the
phosphorylation of the adaptor MAL following TLRR&TLR4 stimulation.
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6.1 GENERAL DISCUSSION

Inflammation is a crucial process initiated by theate cells of the immune system
and dysregulation at any stage of cellular actvattan have detrimental effects.
Inflammation is part of the normal host responsat ghrotects us from invading
pathogens and infectious micro-organisms in gengralumstances (Calder 2006).
However, excessive and prolonged inflammation isnifial to the host and in some
cases fatal, leading to extensive tissue damagmnimolled infection and acute and
chronic diseases (O'Neill, Bryant and Doyle 200@)merous inflammatory diseases
have been associated with this sustained inflammpatsponse such as, IBD, MS,
RA and atherosclerosis (Andreakos, Foxwell and fRalth 2004). Biological agents
such as steroids have been developed to treat tiiesases however a large
proportion of patients are unresponsive to treatmand can have severe side effects
(Hultgvist, et al. 2010). Therefore, novel composindth better therapeutic efficacy
are required. Within many inflammatory cascadepathways there are often pivotal
molecular targets that, when antagonized or nemdl block the output of the
pathway. For instance, resveratrol, a polyphenohdbin grapes, has been shown to
exert its anti-inflammatory effects by interactimgth the adaptor TBK-1 which is
downstream of TLR3 and TLR4 (Youn, et al. 2005)rtkermore, advances in our
understanding of the inflammatory process havetdethe development of therapies
which selectively inhibit pro-inflammatory mediaspisuch as cytokines, chemokines
and cell surface markers. The ocean representh aesource for the development of
therapeutic drugs and a lot of pharmacologicallypontant substances have been
isolated with novel anti-microbial, anti-tumour arahti-inflammatory properties

(Bhadury and Wright 2004).
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The main strategy for this study involved screemaogierous marine species in order
to identify a compound that can be used as a tkatapdrug for the treatment of
inflammatory diseases. A range of marine specia® \warvested from the Irish Sea
by National University of Ireland, Galway (NUIG) drsubsequently given to our
collaborating chemists at UCD where they generdtesl crude marine extracts
isolated from marine algaéJcyonium digitiaand the marine spongklembranipora
membranceal’hese crude marine extracts were examined to gheyifhad any anti-
inflammatory properties and those that were actieee sent to UCD were they were
fractionated.A.digitia and M.membrancedirst-round fractions were then screened
and M.membrancedractions were chosen to be further fractionatestg¢ad-round
fractions) as they demonstrated to have the mdshpanti-inflammatory properties.
This overall process allowed for the isolation oh@el purified marine compound
from M.membrancea(INV013) that has demonstrated to have potent - anti
inflammatory capabilities [see figure 3.1.1]. Irder to examine the activity of these
marine extracts we used parameters that were rdleiea the pathogenesis of
inflammatory diseases. For instance we examinadéffects of the production of the
pro-inflammatory cytokines IL-12 and IL-23 as numes studies have demonstrated
their detrimental effect in inflammatory diseaselswas IBD and MS (Gee, et al.
2009, Wakashin, et al. 2009). Additionally, we feed on examining their effects on
dendritic cells and macrophages as they are tha@ manune cells implicated in
inflammatory disease. Given the success of theifr@ation and the identification of
the anti-inflammatory compound (INVO13) we also eridok to identify the

molecular target.
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The anti-inflammatory activity of the compounds wasadent in a number of cell
types. DCs are considered to be the most potergeanpresenting cells possessing
the unique ability to activate naive T cells. histstudy we found that DCs exposed
to the marine extracts produced significantly l8s42 and IL-23 following LPS
stimulation. Since IL-12 and IL-23 have such sigaifit roles in initiating and
maintaining inflammation in EAE, RA and IBD (Betteland Kuchroo 2005,
Stockinger, Veldhoen and Martin 2007), their intidn has proved beneficial in
treating these inflammatory disorders (Zhang, et2@D7). For instance, in several
rodent models dBD, treatment with anti-IL-12 antibody prevente tthevelopmeruf
colitis (Blumberg, Saubermann and Strober 1999). wedl as suppressing pro-
inflammatory IL-12 and IL-23 production, treatmemtith the marine extracts
enhanced the production of IL-10 from D@s vitro. IL-10 is known for its
regulatory and anti-inflammatory properties and eustration of IL-10 to patients
with Crohn’s disease has been reported to reduselboflammation (Mocellin, et al.

2004).

Since IL-12 and IL-23 are involved in initiating Thand Th17 cell development
respectively, and because IL-10 promotes the @iffigation of T regulatory cells, the
marine-induced suppression of IL-12 and IL-23 antdamcement of IL-10 suggests
that the marine extracts may have consequentiettsffor T cell responses, therefore
we investigated the down-stream effectsMhiimembranceaon adaptive immunity.
Numerous autoimmune diseases such as IBD have kmumented as
predominantly Thl mediated disorders associatech vinigh levels of IFNy
production. Our data demonstrates a significanteeon in IFNy production from a

DC-T cell co-culture model following treatment witii. membranceaGiven the
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widely accepted pro-inflammatory role of IFN4nhibition of this cytokine may have
tremendous therapeutic potential in inflammatogedses. The compouBdsweilla
carterii isolated from the planBurseraceaghas shown some efficacy in treating
patients with arthritis by inhibiting IFN- (Chevrier, et al. 2005). Furthermore,
fontolizumab, a monoclonal antibody directed agaihaman IFNy, has been
demonstrated to have tremendous therapeutic effegiatients with Chron’s disease

(Hommes, et al. 2006).

Th17 cells are another subset of T cells that Haeen implicated in a number of
inflammatory disorders and their presence has haked to some of the pathology
previously attributed to a disproportionate Thl pmse (Wong, et al. 2008,
Komiyama, et al. 2006, Paradowska, et al. 2007). #Mend that IL-17 was
significantly reduced byvl.membrancean a DC-T cell co-culture model. Numerous
studies have evaluated the benefit of neutralilinty7 to alleviate inflammation. For
instance the active form of vitaming[1,25-dihydroxyvitamin ) suppresses the
production of IL-17 from Th17 cells and amelioratkee onset of the EAE (Chang, et
al. 2010). This overall result from the DC-T cedl-culture demonstrates that the
inhibition of the cytokines from DCs by our mariagtracts has a subsequent effect
on T helper cell responses. The significant deer@ascytokine production by DCs
and T cell response reported in the study demdestthe potential for the marine

compound as a therapeutic drug for a range ofrmflatory diseases.

Furthermore our results indicated that the marioepounds may have an overall

effect on T helper cell responses by inhibiting keyface markers found on DCs. In

order to activate a naive T cell, dendritic cellsgent antigen coupled to MHCII and
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express co-stimulatory markers CD40, CD80 and CDHBét interact with
corresponding receptors on T cells (Lu, Wang andsley 1997). Enhanced
expression of these surface markers has been migddicin disease. The over-
expression of CD80 molecules has been reportetannflamed tissues of patients
suffering from MS and IBD (Kobata, et al. 2000) andnerous researchers have also
reported increased expression of CD40 and CD40théninflamed ileum of CD
sufferers (Battaglia, et al. 1999), therefore tange co-stimulatory molecules can
have therapeutic potential in inflammatory diseaggeamination of surface marker
profiles in marine-treated DC showed a collectiwcrdase in CD80, CD40 and
MHCII expression. The reduction in T cell cytokinglsserved in our study may be
due to the decreases in these markers as it woyddii the ability of DCs to present
antigen to T cells and activate them. Inhibiting #xpression of CD80 using a CD80-
CAP (competitive antagonist peptide) has been showvnsuppress established
inflammation in TNBS-induced colitis (Eri, et al0@8). Furthermore, a study by
Danese and workers demonstrated that the use ie€B40L antibodies in TNBS-
induced colitis effectively prevented mucosal inflaation and decreased IFN-
production by lamina propria T helper cells (DaneSans and Fiocchi 2004). The
significant down-regulation of these surface magkerour study further demonstrates
the potential for the marine compound as a thetapedrug in a range of

inflammatory diseases.

Macrophages, M@ are highly sophisticated phagocyed one of the many
leukocytes recruited to sites of inflammation irdar to neutralise and eliminate
potentially harmful stimuli. TNF, IL-6 and IL-13 are the principle cytokines

produced by these cells and are highly implicatedhe pathogenesis of numerous
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inflammatory diseases, in particular RA (Kinneakt2000). In RA, TNFe is mainly
produced by M@ in the synovial membrane and is ghaximal cytokine in the
inflammatory response (Feldmann and Maini 1999addition, IL-1 gene expression
is found predominantly in CDIM@ and acts in sequence after TM@nd mediates
articular damage in arthritis (Kinne, et al. 200®)rthermore, IL-6 is highly elevated
in the synovial fluid of patients with RA and is piicated in the promotion of
osteoclasts (Kinne, et al. 2000). Numerous drugs tdrget these specific cytokines
have been developed and have demonstrated greatseffi ameliorating diseases.
For example, Golimua is a human monoclonal antilaichcted against TNE-and is
widely used in the treatment of patients with RAn(#en, et al. 2009). Our results,
demonstrate a significant reduction in IL-6 butréhes no alteration in the levels of
TNF-o in macrophages following LPS stimulation. Giveatthlockade of TNFx has
been shown to effectively treat RA, this may sugdgleat our marine extract would
not be very effective in this disease. However, Bi@secrete IL-12 which plays a
major role in interacting with activated Th1l cedishancing the production of IFN-
Largely on the basis of animal studies, RA has lmmsidered a Thl cell-mediated
disease as the synovial fluid contains high leeéls&-N-y (Adorini 1999a). Retinoids
are used in the treatment of patients with RA andMi@d they have shown a
significant reduction in IL-12 secretion (Nozaki,a¢. 2005). Therefore, the inhibition
of IL-12 by M@ in our study demonstrates thimembranceaan still have great
effects on a wide range of diseases including Régdardless of the effects of the
marine extracts on M@, their effect on DCs is stepband specific for the generation
of Thl and Th17 cells which are known to mediatargge of inflammatory diseases,
that the effects oM.membranceaon DCs alone may be sufficient to treat the

diseases.
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If the effect ofM.membrancean M@ is less important than DCs then is it bengific
to turn off a wide range of M@ functions? In thisady we have found distinct effects
of our marine extracts on macrophage function. \Aieeldemonstrated that the effects
of the second-round fractions df.membranceaon M@ may modulate parameters
which suggest increased susceptibility to infectidhe ability of macrophage to
phagocytose, a fundamental event in bacterial @tes and homeostasis was
decreased following treatment with marine fractioh#1.membranceaFurthermore,
we found M.membrancedractions also significantly reduced chemotaxis dhe
production of the chemokines MIRxTand MCP-1. The infiltration of leukocytes to
the site of infection is crucial in mounting an imne response. Furthermore, depleted
levels of MCP-1 have been broadly implicated in a&ngd bacterial clearance
(Matsukawa, et al. 1999). In addition chemokineseha crucial anti-viral role
(Melchjorsen, Sorensen and Paludan 2003). Numestudies have reported that
MIP-1o. knockout mice have a reduced ability to clear wiinfections such as
influenza (Cook, et al. 1995). Although phagocyopsnigration and the production of
chemokines by macrophages are essential in theimasintrolling infections they
have also been implicated in the pathogenesis ofenous inflammatory diseases
including IBD and MS (Murdoch and Finn 2000, RedBreig and Kamal 2009,
Adams and Lloyd 1997). It has been well documethtatienhanced levels of MIRx1
and MCP-1 are greatly involved in the promotionM$ by mediating an influx of
macrophages and T cells into the CNS (Simpsor, é088). Furthermore, enhanced
levels of MCP-1 and MIP«.have been shown in patients with active lupus neph
idiopathic pulmonary fibrosis, atherosclerosishemia and RA (Adams and Lloyd

1997). Although inhibiting these chemokines canehgreat therapeutic potential they
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can also cause increased susceptibility to infectiblumerous studies have
demonstrated that MIP-1 knockout mice are resistatec EAE however have
increased susceptibility td. gondii infection compared to wild type mice (Power
2003). Our study shows that second-fractionMahembranceanay only increase
susceptibility to infection to bacterial pathogesms TLR4 but not to viral pathogens

via TLR7.

Since the fractions ofM.membranceaand the purified marine compound
demonstrated significant anti-inflammatory effeats therefore decided to elucidate
the mechanism underlying their actions. TLRs ar@artant at initiating innate
immunity and recognising diverse microbial produtipon recognition of a ligand,
TLRs recruit specific adaptor molecules that ingidownstream signalling. Although
TLRs induce common signalling pathways, there ecHjity in recruitment of TLR
adaptors. Therefore the first step in our mechansudy was to examine if the
marine extracts dfl.membrance&ad any specific effects on these TLR pathways by
activating DCs with a panel of TLR ligands. Ouraddemonstrated that the fractions
of M.membranceaand its purified compound demonstrate significantti-a
inflammatory effects by downregulating pro-inflamory cytokines and surface
marker expression following stimulation with TLRAAATLR4 ligands but not when
cells were activated with other TLR ligands. TheRPL and TLR4 signalling
pathways are unique as they are the only TLRs ¢adlyecruiting the TIR adaptor,
Mal. Numerous studies have shown that Mal signattusively through the MyD88-
dependant pathway leading to the activation of MéRases and the transcription
factor NB (Verstak, et al. 2009, Horng, et al. 2002b). thirsve showed that

INVO13 decreased N#B activation but not IRF3 activation, indicatingaththe
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marine extract is exerting its effect through thgD88-dependant pathway. We then
showed that it significantly reduced Mal driven#®activation in HEK-MTC cells.
Furthermore, the phosphorylation of p38 andxBp65 was greatly impaired in
INVO13-treated DCs following LPS stimulation. Filyalwe showed that INV013
significantly reduced the tyrosine phosphorylatioin Mal, demonstrating that our
marine extract exerts its anti-inflammatory aleltiby targeting this specific adaptor.
It has been reported that Mal-deficient mice amsstant to the toxic effects of LPS,
with defective induction of IL-6, IL-A and IL-12, decreased activation of d§-and
MAP kinases (Horng, Barton and Medzhitov 2001a)e Técruitment of neutrophils
to the lungs is also abrogated in Mal-deficient enieducing the severity of LPS-
induced lung inflammation in this model (Togbe,akt 2006). This also correlates
with our study as we saw a significant reductiochemokines and migration in LPS-
induced DCs following treatment with INV013. It hlasen well documented that Mal
plays a major role in diseases such as RA, IBD ande lung injury. A study by
Sacre and workers demonstrated that RA synoviélcadures release a TLR ligand
that stimulates human macrophages in a Mal-depéndanner, contributing to the
destructive processes of RA (Sacre, et al. 200djthErmore, a variant in Mal
(S180L) showed to be protective against diseasesh sas systemic lupus
erythematosus (Castiblanco, et al. 2008). Since muified marine compound,
INVO13 has the ability to target this specific atbapit may have therapeutic
advantage in a wide range of diseases. To date nusi@nti-inflammatory drugs
have been identified that have specific targetsaallg them to have major benefits in
specific inflammatory diseases (Simmons 2006). ikstance, the anti-inflammatory
drug, Celebrax, specifically targets the enzyme €DXnd is widely used in the

treatment of patients with RA. Furthermore, thegdcanakinumab specifically blocks
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the production of IL-f and is currently being tested in clinical triats treating
patients with type 1 and type 2 diabetes (Dinar20&0). The compound, TAK-242
(resatorvid) has been shown to selectively bin@iltR4 and subsequently disrupt the
interaction of TLR4 with adaptor molecules Mal arfdAM thereby inhibiting TLR4
signal transduction (Matsunaga, et al. 2011). Aemiange of molecules have been
shown to interfere with TLR2 and TLR4 signallingh€el oxidised 1-palmitoyl-2-
arachidonylsn-glycero-3-phosphorylcholine (OxPAPC), has been alstrated to
inhibit LPS (TLR4) and Pag&SK, (TLR2) signalling but not other TLRs which can
be used in the treatment of TLR-mediated inflammpadiiseases such as RA (Erridge,
et al. 2008a). However only one drug to date hanhdentified to specifically

interact with Mal and has been used in numeroutiety(Radin, et al. 2008).

Steroids such as glucocorticoids are currently deised to treat inflammatory
diseases but have demonstrated serious side effeetf which is decreased ability
to mount an immune response to infection-immunoseggant. Therefore by finding
a drug that has a specific target that has fewdw sffects may be more beneficial
(McCoy, et al. 2008). The major advantage of ourimeacompound is that it is

specific and may only suppress the ability to moaitormal immune response to
gram-positive and gram-negative bacteria whereasathility to mount a normal

immune response to most other pathogens wouldenaffbcted.

As the novel compound has demonstrated tremendatestal for the development
of an anti-inflammatory drug, an invention disclesuhas been filed. The
identification of the structure is currently beiogrried out by our collaborators at

UCD.
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Future Work

* Given that we have already generated a signifieambunt of datan vitro,
future work will concentrate on examining the eféeof INVO13 inin vivo
models. Firstly we will assess the effects of ING0dn Thl and Thl7
responsesn vivo using an adoptive transfer model. Following thie will
undertake a study using two murine models of IBDd&termine whether
administration of INVO13 results in suppressionTéfl and Th1l7 response
and thus inhibition of disease. If INVO13 demont&sa significant anti-
inflammatory effects in both these studies it willow the translation of this
research into a therapeutic, therefore permittsmgpypatent this compound.

* The mRNA expression of cytokines following treatrmesth INVO13 will be
assessed by real time-PCR to support the decreagelline production
presented in chapter 3, 4 and 5.

* Exam alternative effects that INVO13 may have onddadptor Mal; does it
interfere with caspase-1 binding? What effect dbkave on PKG3 activity?

* Examine the effects on INVO13 on the promoter regiof cytokines in the
nucleus such as IL-12p40, IL-12p70, TNF- by chromatin
immunoprecipitation (CHIP).

* Once the structure has been identified future wetk concentrate on
developing analogues of the structure and screehag to see if potency can

be improved.
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7.1 APPENDIX

CELL CULTURE MEDIA

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

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

COMPLETE DMEM 500 ml
5% Heat inactivated Foetal Calf Serum (FCS) 25ml
Penicillin/streptomycin/L-glutamine Culture Cocktai 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 H,SO4

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

0.05% NaN
PBS

LOW STRINGENCY LYSIS BUFFER:

1M HEPES (pH 7.9) 11.92g into 50ml

1M MgCl, 74.55¢ into 50ml

1M KCI 3.73g into 50ml

1M NacCl 2.92g into 50ml

0.5M PMSF 0.3484g into 4ml acetone
0.5M EDTA 9.306g into 50ml

Glycerol 25% = 12.5ml into 50m|

20% = 10ml into 50ml

SX SAMPLE BUFFER

125 mM Tris 6.25 ml 1M Tris HCI pH 6.8
10 % Glycerol 5mi

2 % Sodium dodecyl sulphate (SDS) 10 ml (10 ) \8DS)

0.05 % (w/v) Bromophenol Blue 0.01g

dH,O 28.75 ml

0.25 M Dithiothreitol (DTT)* 25 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
dHO

0.1% v/iv TEMED

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

1% w/v SDS

0.5% w/v Ammonium persulphate
dH,O

0.1% v/iv TEMED

ELECTRODE RUNNING BUFFER

25mM Tris base
200mM Glycine
17mM SDS
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