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Abstract

Dendritic cells (DC) are the principal, crpsisning antigerpresenting cell
responsible for naive T calttivation and differentiation. Specific programmes
of cytokine secretion by D@re particularly important for the polarisation of
CD4+ Tcells to discrete effector populations i.e. Thl, Th17, Trl &tar
knowledge of controfor some of these cytokinsignals is currently limited

and modulatinghe polarisationof defined Thsubsetsemains a challenge
Improved control of THlifferentiation has considerable potential in the fields
of immune disorders and infectious diseasee Wéscribe a noveinmune
regulatory function of twdNArepair proteinssignal tomodulate 123

secretion, a key signal for Th17 differentiation.

ATM and DNAK aretwo protein kinaselassically regardefir their
paramount importancen repairof DNA double strand breakdVe
characterised an alternate immurregulatory function foATM and DNAK
for IL-23 production by DCTherefore, constitutive expression of activated
ATM and DNAK in DC, but not in CD14+ monocytefated not only to their
ability to repair damaged DN but to secrete H23. Increased H23 secretion
was observed in activated human monocyte derii@d (moDC), mouse bone
marrow derivedDC and macrophages following inhibition of ATM and IPNA
using the highly selective antagors$tU55399 and NU7441 ,ggectively. In
contrast,inhibiting ATR, a closely related singteand DNA repair kinasbad

no effect on IE23. Interestingly whilst inhibition of ATM only activated-R3



secretion,inhibition of DNAPK also led to increased8l_Il-m | | -JORIL-A3 [
regulation through ATM/DNARK only occurred followingll-like receptor 4
(TLR4activationand notwith TLR1/2, 35, 7/8, Dectinl and DectiAl/TLR2
agonistsln support of a proposed immunggulatory role for DNAepair
proteins,ionising radiation activated ATM and DIRK andconsequently
repressed H23. Radiation-dependent ATM/DNAPK phosphorylatiowas
prevented byKU55399 and NU744howeveronlythe ATM inhibitorrestored

IL-23levels

To determine the mechanism of actiorevwested the hypothesethat
increased 423 resulted from
a) Altered activation of théJnfolded Protein Response (UPR) pathways,
b) Increased 23was llmi RS LISy RSy i =
c) Differentialactivation of NF .
These were not supported by experimental evidence as
a) whilst inhibition of ATM/DNAPK activated the UPR pathways they
could not be shown to regulate-R3
b) blocking Itmi  NJ O S LIGRANH wohti@riiatd ATM/DNAPK
regulated IE23.
c) Evidence foprolonged activation of NF .following DNAPK inhibition
was obtained howeverits role remainedunclear.
Arole for the CREBranscription factorwas establishefor ATM-dependent

IL-23 regulation. Ativated ATM phephorylatedCREB at Serl21, a residue



associated witmegativeCRERctivity and consequentlkTM inhibition
enhanced CREB activityatuciferase reporter assayhe addition of an
inhibitor of the interaction of CREB with its transcriptionalactivator, CBP

abolished ATMenhanced 23 response.

Control oflL-23 dependent immune responsesincreasingly important in
autoimmurity and cancer. This study identifies a novel immuegulatory
role for DNArepair systems in DC resulting in the regulation éf3landother
Th17 associated cytokinék-1b, 1.-6). Further studies could explore the
potential of either small molecule inhibitors of ATM/D¥K to enhance, or

stress signals (e.g. radiation) to repres@3Lresponses.
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Chapter 1Introductio n

Homeostasis in the immune system is vital for health and requires measured,
controlled and often specific responsesichare only generated and

delivered at the appropriate times. The default position of the immune

aedaidsSy Ay GKAa YaherSiie imnane dydtdnifisattivatef; R S 3S
the magnitude and duration of responses is subject to regulation to limit their

extent and duration. This balance lies at the heart of healthy immunity for

without good balance (ie magnitude of immune response) angection (ie

type of immunity e.g. CTL versus Ab responses [as illustrated by the

inappropriate direction of IgE instead of IgG responses in asthma) the
consequences for health can be profound. On the less severefahd o

spectrum this includes gerally mild autoimmune disorders such as psoriasis.
However, because of their chronic nature, even conditions such as psoriasis

(which can affect organs other than the skin) often have impacts that limit the

LI GASYyGQa FoAf AGe tker Faddliinfpdiredinim@e ( K S A NJ
responses can be extreme and potentially-tifeeatening. Examples of this

may include a range of immune deficiencies. For example, deficiencies in the
receptor and signalling pathways for interferon (IFBijd upstream signdbr

IN- = yIYSte agiSWillsSadapestryim af digorders can exist
(depending on the point of deficiey) in the casef complete IFN receptor
ligandbinding chain deficiency (IFNGR1 deficiency) children may die due to

mycobacterial infectiof2]. Indeed, murine models where components of this



key pathway were knocked out, were instrumental in demonstrating the
existing of immune surveillance and reaffirming a role for the immune system
in antkcancer responsedn contrast, a particularly pronounced illustration of
the loss of balance was seen recently with atifieeatening cytokine storm
induced by administration of an immunomodulatory antibody, named
TGN1412, specific for theCEll castimulatory receptoiCD28 in a phase |
clinical trial setting3]. Such marked effects are not uncommonly associated
with the administration of new antibodies therapies, a subject reviewed by
Frigault[4]. Understanding factors governing balance in immunity therefore
has the potential to impact on a myriad of settings in healtd disease. In

this regard, the dendritic cell (DC) is one of the key cells at the heart of
immune control as it is cited at key locations throughout the body where it is
likely to encounter potential pathogens and importantly apathogens. The
DC therebre serves to balance activation of immunity (in the case of
pathogenic challenge) with ignoring or tolerising responses such as those
required when encountering commensal microbial flora on the skin or

mucosal surfaces.

1.1 Importance of dendritic cells in __the immune system

1.1.1 Discovery of dendritic cells

Dendritic cellsare central controllers of the immune system, with important

rolesin the initiation ofinnate andadaptive immunity5]. DCs were originally



identified by Steinman and Cohn as a novel population of cells in mouse
spleen on the basis of distinctive morphological crit¢dla DC named after

their unique probing, tredike or dendritic shapes, eve characterized as
adherent cells that comprised up toQt1.5% of the total nucleated cells of
aLX SSyd ¢KS@ 6SNB F2dzyR Ay &Yl ff SN ydzy
nodes, but was undetectable in bone marrow, thymus, liver, intestine or
peritoneal cavity6]. DC were reported to lack the expression of lymphocyte
surface differentiation markers and the endocytic capacities of macrophages
[7]. It was demonstrated that splenic DC had a turnover rate of 10% or more
per day and new DC derived frgmecursors in the bone marrow and from

the nonglass adherent population of spleen, probably cells from the red pulp.
Dendritic cells were not found in new born mice and increased in numbers
during first 34 weeks of ag€g]. In his subsequent studies, Steinman reported
the observation of cells with similar appearance as DC in smabers in the
white pulp nodules of mouse spleen. He documented the expressior2of H
and la alloantigens by DC and was able to isolate splenic DC with good purity,
maintained them in vitro for several days and showed that they remained
distinctive for seeral days in their cytologic and surface properf{@s To

isolate DC with greater purity, low density cell fraction was selected by
floating spleen cell suspensions on dense bovine plasma albumin (BPA)
column. Glas adherence then provided an adherent cell preparation (DC and
immature macrophages) which eluted from glass after overnight culture. The
macrophages were then selectively depleted by rosetting with IgG opsonized

erythrocytes and recentrifugation on denB&#A9]. Since then central roles
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of DC in immune system have been reported by many groups. DC has been
distinguished by the expression of high levels of major histocompatibility
complex class Il molecules and théegrin CD11€10, 11] and by their

migratory capability form notymphoid to lymphoid organs and superior

capacity to prime T lymphocyt¢$2-14].

1.1.2 Dendritic Cell Subsets

A range of different subsets of dendritic cells exist. These vary according to
their ontogeny, phenotype, tissue distribution and function. The work of
defining DC subsets is siillprogress, however, recent studies have yielded
an improved understanding of these. Along with the definition of DC subsets
comes an evolving nomenclature. Whilst not yet universally accepted this
field is reviewed in a recent article by the groofpGnhoux and colleagues

[15, 16]. A simple diagram describing human and mouse DC populations has

been presented in figure 1.1.

1.1.2.1 Human DC

Human DCs are defined as cells that express high levels of MHC class Il (HLA
DR) and lack lineage (Lin) markers CD3 (T cell), CD19/20 (B cell) and CD56
(natural killer cell]17]. Human myeloid DC (mDC) afearacterized as Lin
MHGIIFCD11¢t820  although in humanst is worth bearing in mind that

both monocytes and macrophages express CD11c. Human plasmacytoid DC



(pDC) are characterized as40D11eCD4+CD45RA+CD123+ cells which have
low MHC class Il expression and poor T cell stimulatory g@lifyThe

expression of CD303 (BDCA2) and CD304 (BDCAA4) is also restricted to human
pDC in peripheral blood and bone marr¢2d]. These cells express high levels

of TLR7 and TLR9 and produces type | interferoesponse to viral infection

[21].

CD11tmyeloid DC can be divided into two subgroups depending on the
expression of CD1c (BDCA1L) or CD141 (BDCA3) which are present in blood
circulation[22]. CD1c mDC comprise the most predoant mDC subset in
human blood (approximately 1% of mononuclear cells), tissue and lymphoid
organg[23]. CD141 mDC represents only 0.1% of mononuclear[28]nd

have also been found in lymph node, spleen, tonsil, bone maj2dyand
non-lymphoid tissue, skin, liver adng[25]. A discrete subset of CDI41C

has been identified in human dermis whiclpesss XCR1, CLEC9A, Necl2 and
TLR325]. Similar populations have also been reportadhe kidney and

lamina propria of humanized mice and human intestinal tissues and in the
lungs of humanized immunodeficient mice reconstituted with human

hematopoietic progenitor$26].

Langerhans cells (LCs) represent the major hematopoietic cells in the human
epidermisand are also found in other squamous epithelia such as, bronchus,
oral and genital mucous membraf&3, 27]a. Human LCs are characterized by

the expression of CD45, MH( high levels of the-ype lectin langerin and



the epithelial cell adhesion molecule (EpCARg. These cells also express
CD1429], a nonpolymorphic class | MHC molecule that contributes to the

capacity to present lipid antigens to T c¢BS]. A modest population of
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Figure 1.1 DC differentiation

DC originate from hematopoietic stem cells, which subsequently differentiate
into common myeloid progenitors (CMPs). Under inflammatory conditions,
CMPs into monocytes through several steps, which can further differentiate
into monocytes DC (moD@lternaively, CMP will differentiate into a

common dendritic cell progenitor (CDP) through several stages. The
conventional type 1 DC (cDC1), conventional type 2 DC (cDC2), and
plasmacytoid DC (pDC) subsets arise from the CDP, with the critical
transcription fators shown for each lineage. Markers for each DC subset are

shown on the right for mouse (black) or human (green). cDC1 in mice can be

ARSYGATASR o6& SELINBaairzy 2F SAGKSNI /5y

within peripheral tissues. TLR, Hite recepta. Taken from31]



CD14HLADR cells reside in many nonlymphoid tissues that express CD11c
but lack CD1c or CD141 ~stimulatory molecule and CCR32, 33]. These DC
populations express BDEIGN (CD209) and the macrophage markers FXIIl and
CD16334, 35]. Although lymph node resident DCs mainly consist of CD1c+
and CD141 mDC that phenotypically resemble blood DC, migratory LCs (MHC
INCD118'EdCAMCD14), migratay dermal CD12DC (EpCAMD14) and

dermal CD14DC (CD20% are also constituents of lymph node O24]. The

most prevalent thymic DCs include CDTIR11CD45R®" cells, but lack

cells resemblinfpuman CD141mDCs and mouse Ca®Cg36]. Another
population of LIAMHGCII+ cells, termed SlaDC, has been identified in human
blood[37]® ¢ KSaS OStf& SELINBAE -SUPHOWAcNAE 6/ 5 M
(SLAN) and produces large amounts of TNEm L [ | -¢2Rn rdsjonse to

inflammation. However, this subset of DC is absenissues and has also

been reported to represent a monocyte sub$a8-41].

1.1.2.2 Mouse DC

Mouse classical DCs (cDC, refer to all DCs other than pDC) can be divided into

Fa €Srad g2 LINAYOALIt adzwaSia OKIF NIF Ol
CD103 or CD11H2]. Both the Shortman and Steinman groups first

demonstrated the heterogeneity within the DC population and also described

GKS SERAA&( &xpesSingDE subsetyin'murine lymphoid orddss

44]. An equivalent population of cDC characterized as CIIDBlbcells also



exists in nonlymphoid tissues which shares its origin and function with

lymphok R (i A & %cB£S, but Boynbt express CJ28, 46].

Inthel K@ Ydzax /5yhb O5/ &8 NBLINBaSyid GKS YI |
generated locally from early thymocyte progenit¢4]. In contrast, these

cells constitute 2810% ofspkenicand LN BCH47]. CD8 expression has also

been detected on a subset of pD[@§]. Tissuamigratory cDCs arrive in the

feYLK y2RS Ay (GKS YIGdz2NBE aGFGS:T gKSNEBI
cDCs are phenotypically immature in the steady sfd8. CD103+ cDCs are

present in most of the connective tissues and represenB@® of total cDC
populations[13]. IntheA y 1 Sa Ay SsE (KS& INBE SyNROKSR
also express CD8 on the cell surface, have low levels ofIM#@ression, and

I NE NBLINBaSyidl G§AGBS 27F *EDEMIPICRIMIRDAS A & & dzS
are predominantly present in lynmid organs except for the thymus and can

also be present in nonlymphoid tiss{#2]. CD11bcDCs are heterogeneous

O2YLJI NBR (2 /shbgdtsahdydr be flrtiensmbdivided based

on differential expression of CD4 and the endothelialseléctive adhesion

molecule (ESAMPQ]. Although to a lesser extent in case of CD1dD€s, all

of these cDC subsets express Flt3, proliferate in response to Flt3 ligand (FIt3L)

and are strongly reduced in Flt8leficient miceg[13].

LCs reside in the epidermis of the skin and account$s#63of epidermal cells
[51]. In contrast to dermal cDCs, LCs are phenotypically defined by lower

MHGII expression, intermediate CD11c levels and very high expression of the
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c-type lectin langerin (CD207), which is involved in the formation of
characteristic LC Birbeckagules[13]. In contrast to most DCs, the
development of LCs is not dependent of FIt3 and Ft3l52]. In addition to

LC, theconnective tissue layer of skin, the dermis has recently been reported
to host four cDC subsets: CD108207 and CD10&8D207 cDCs, CD207

CD11bcDCs and cDCs negative for CD207, CD103 and (32L1b

1.1.3 DC function

1.1.31 Antigen processing and presentation

One of the mostnifying features of DCs is their capacity to capture, process
and present antigens on their MHC class | and Il molecules, a prerequisite for
T cell priming53]. The antigens presented by MHi@olecules are mainly
derived from endogenous proteins degraded in the cytosol by the
proteasomewhist MHGII molecules present antigens that are derived from
exogenous proteins degraded in the endosomal compartmfsis DCs are
ALISOAL £ A TLONSB aASy (WQIGINRYAEQ | YR FNB Fo6fS s
noncytosolic antigens on MHICa critical function in immunity againgruses

and intracellular bacteri§g5]. Similarly, endogenous proteins that can access
the endosomal compartmentsf DCs are efficiently presented on VHHC
moleculeq54]. The presentation of exogenous depends on internalization of
these antigens by one of several methods such as, pinocytosis, phagocytosis

and receptor mediated endocytodi54].



HumanCD1415/ & YR K2 Y2 2 JAlgngi¥oid VedeNdsiiedt / 5y b
DCs are functionally specialized in crpsssenting exogenous antigens on

MHC class | to CDB8 celld56, 57]. Although CDI®Cs are potent

stimulators of naive CDZ cells, they are less efficient in crgggsenting

antigen to CD8T cells compared to CD14DCq27]. Likewise, murine

CD11bcDCs are inefficientincresSNS A Sy G F G A2y | &cDO2 Y LI NB
but have enhance capacity of induction of CD4+ T cell response, potentially

due to the expression of larger amounts of the components of the MaKS cl

I machineny50, 58]. The ability to crospresent has also been reported to

skin derived CD108DCg59® / *£=)Cs are also able to present glycolipid
antigens in the context of CD1d and toisate and polarize iNKT cells toward

Thl or Th2 cytokine productidi60].

1.1.3.2 Migration

DC are specialized for their efficient directional migration to the T cell zones
within their respective lymphoid organ of residence or remote tissue draining
LNs which allows optimal interactions with T lymphocy&4. DCmigration

in vivo is regulated by many differemolecules, such as, small molecules,
cytokines, chemokines, surface proteins, PAMPs and DAMPs (danger
associated molecular patternf2]. Table 1.1 describes the expression of
different chemokine receptors at different stages of DC maturation and their

respective chemokines molecules
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Upon maturation, DC upregulate CG®ahey migrate from the marginal

zone to the T cell zone of the splenic white pulp and responds to CCL19 and
CCL21 (ligands for CCR7) theféi65]. It has recently been shown that the
mobilization of skin DC from the interstitial space to lymphatics depends on

the haptotactic gradient of CCL21, but not CCl6B),

Table 1.1 Chemokine receptor expression on [BQ

Cell type Receptor Chemokine
DC precursors CCR2 CCL2CCL8CCL13
CXCR2? CXCL12
Immature DC CCR1 CCL3, CCL5, CCL7
CCR2 CCL2CCL8CCL13
CCR5 CCL3, CCL4, CCL5
CCR6 CCL20
CXCR1 CXCL8, CXCL6
CXCR2 CXCL1, CXCL2, CXCL
CXCL5, CXCL6, CXCL
CXCLS8
CXCR4 CXCL12
Mature DC/Activated | CCR7 CCL19, CCL21
DC
CXCR4 CXCL12

PeripheraDC migration via afferent lyniatics is also CCR7 depend¢®].
Interestingly, in addition to the chemokine receptor switch, DC trafficking also
involves autocrine desensitization by chemokine expresi€iéh The

chemotaxis and arrest of migrating tissue DC is facilitated by immobilized
CCL21 on, orated in, lymphatic endothelium to enter the afferent

lymphaticg[70]. Integrins play important roles during contact sensitization
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[71], but are not essential for DC migration to LNs under physiological

conditions[72].

Most of the DC mobilization signals exert their effect through potide of 1=

M ] | y-R[73} Bh€se molecules enhances DC migration by altering

expression in adhesion molecules and chemokine reaspio DC as well as
responsiveness to the relevant chemotactic ligands in the local
microenvironment74]. Activated integrins, such as, LEAVLA4, Macl and

hni T 0AYRa (G2 YSYOSNE 2F (KS AY¥Ydzy23f
1 (ligand for LFA amd Mael), ICM-2 (ligand for LFA), VCAML (ligand for

VLA YR gSt(1fteée FT2Nunhaft raEyRYyR2NE)I Rl oI

arrest of rolling cell§74].

1.1.3.3 Activation of T cells

Steinman and colleagues demonstrated very early on the supreme capacity of
DC to activate T cells mixed lymphocyte reaction (MLR) vitro[75]. The
essential role of DC in stimulating naive T cell responses and efficient
restimulating memory T cells has been confirmed in studies of mice lacking
cDd76, 77]. DC induce de novo antigespedfic CD4+ “helper (Th)78, 79|

and CD8+ cytotoxiccells[80-82] in an MHG&estricted manner and can also
directly induce norantigen specific proliferation of CD8+ cytotoxic T cells in a

Thiindependent manne[83, 84].
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Three distinct signal delivered by DC are required to induce productive,
protective T cell responses, including proliferation, Th cell polarization and
memory formation [85]. Signal 1 involves the interaction or TCR&IT

receptor) with the appropriate peptiddHC complexSignal 2 is delivered
throughinteractions between the cstimulatory molecules on the surface of

DC and T cell. Signal 2 is often referred to the signalling through CD28, when it
engages CD80 and/or CD86. Signadfers to the signals delivered by DC that
determine the differentiatbn of Fcell into an effector cell, namely, Thl cells,

Th2 cells and cytotoxic T lymphocytes (CB&87].

When a T cell encounter MH&&ptide on DC in the absence of costimulatory
molecules, it results in-Gell inactivation by anergy, deletion or converts into

a regulatory phenotype, thus contributing to peripheralexance[88]. This

fact is supported by the intimate interaction of steasate T cells an®C

under physiological conditior{89]. Furthermore, DCs can also actively silence
T cell activation by expressing inhibitory molecules, such as, Progranathed c
death 1 ligand (PID1)[90]. The actual Signal 2 that favours immurgicell
clonal expansion, differentiation into effector cells and léegned memory
formation)is therefore a fine balancef positive and negative estimulatory
signals arising from many receptd®9]. It is also important for all the sigrsl

to come from the same DC, full T cell activation can only be directed through
recognition of PAMPs/DAMPs (pathogen dangerassociated molecular

patterns) by DC, not inflammation or cytokine stimulated[B{. Thus the
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inflammatory mediators (Sigth 3) can only amplify, but not induce a T cell

response.

1.2 1L-23 requlation and its role in Th17 response

In the late 1990s, Kastelein, Bazan and colleagues identified and cloned the
molecule p19 on the basis of homology search of the human Dijdegee
database for H6 family of cytokine$92]. Their studies demonstrated that

p19 dimerizes with HL2p40 subunit to form a biologically active cytokine
which they named H23[92]. The gene encoding p19 is located oa th
chromosome 12 in human and on the chromosome 10 in m¢@2e IL-

23p19 shows 70% homology between human and rf8egand has
approximately 15% amino acid sequence identity with2p35[93]. Thus IL

23 and IE12 both shares the common p40 subunit and belong to a small
family of preinflammatory heterodimeric cytokines includingal and 1£35

[94).

Human 1E23p19 isa nonglycosylated protein with a molecular weight of 18.7
kDa and 19.7kDa in mouse. It possesses the characteristic four helix bundle
structure typical of all the {6/IL-12 family cytokine$92]. The 34.7 kDa p40
(murine 35.8 kDa) is a glycosylated type | soluble protein and is made up of

three domaing95, 96]. The 1123 receptor complex consists ofNLH W[92h
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which is also a part of the receptor complex 697, 98] and a novel

receptor subunit named {23R. This unique receptor subunit was identified

using a retroviral library created from aiz23 responsive -Cell line[99]. I

23R is a glycosylated type | membrane protein (human 70.5 kDa and mouse

79.7 kDa) and has three extracellular domains, @®imo acid long stalk

region, a single transmembrane region and a cytoplasmic domain. It shares
structural homology with bM 1 wi H 0 G KS 2 (i K-$NecégtoNIi y SNJ 2 1
complex), specifically the-términal Iglike domain and the two cytokine

binding domaing$99]. In humans, H23 receptor chains are mainly

coexpressed on activated/memory T cells, T celledcand NK cell lines, and

also at low levels by monocytes, macrophages and DC popul§@8hs

Murine 11-:23 receptor complex has been detected on activated T cells, bone

marrow derived DC, LPS activated and inflammatory macropH88e%00].
Bindingofltho G2 &A 3yl f (NI Y aRdzedeptds, e LIS L
23Rand M H wi MmXZ | Ol A @I GrEcéptoybduyidiandd kindsesi t & |
(JAKSs) which phosphorylates several tyrosine residues within the intracellular
domain of the 1E23R[99, 101]. These tyrosine residues then subsequent

induce downstream signalling pathways including, signal transducers and

activators of transcription (STAT) transcription factors, phosphoinisitide 3

kinase (PI13K), MAPK anB-RkB[99, 101, 102]. Signalling downstream of-23

depends on the activation of Tyrosine kinase (Tyk)-&(#Lwi M0 |y R WI { H
23R), which induces strong phosphorylation of STAT3 and a relatively weak
activation of STAT®9]. By contrast, the reverse is true forlR signallig

induced phosphorylation of STATMD3 104 and STATR4].
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In addition to its role in Th17 response;28 plays important role in

regulating innate immune responses:28 @ntrols the development of gut
inflammation in T and Bell deficient micg105]. It has been shown that in

RAG deficient mice,-23 but not IE12 drives the local intestinal inflammation
and 117 production in the intestine by ar€D40 antibody activated cells of

the innate immune systerfl05. I-23 also induces {17, 11, TNF» | y6R L |
secretion from innate immune ds [105, 106]. Genome wide association

studies have revealed the association of single nucleotide polymorphisms
(SNPs) withinthé-=23R3I Sy S A (i K / N®Kulteaiive Bokitia S & S
[108Z DNJ @S H@¥, Raokiasi§11G1$2), RA113 114, ankylosing
spondylitis[115, 116> . S K O S [L1Y], derbréar$ artérBdiseadd 1],

I £ T KSAYS NFandale#gi thiait$120]. 1-:23 signalling is not only
important for driving inflammation, but also drives cancer development and
progressiof121-123]. SNPs in the 23R have been reported to be

associated with theisk of developing multiple carcinomas, such as, gastric
cancer, bladder cancer, acute myeloid leukemia, esophageal cancer or

esophageal squamous cell carcinofhd4-13Q,.

1.2.2 Signalling pathways involved in IL _-23 requlat ion

IL-23 and IE12 are predominantly produced by DC and phagocytic cells in
response to many pathogens and Hlikk receptor agonists including LPS,

CpG and Polyl:}@31]. The production of these cytokines can be further
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enhanced via T cell CD40L/CD40 interactions through strong positive feedback
mechanismdor DC activatiofl31]. Despite being closely related, the
production of IE12 and 1E23 is differentially regulated. Grapositive

bacteria preferentially induce 423 production over H12. Stimulation of

moDC withEscherichia colieads to significant increase in p19 ex@ies

[132). Reports have suggested that TLR2 ligands such as peptidoglycan are
much more potent inducers of 23 comm@red to TLR4 agonists such as LPS
[133. Differential expression of 23 havealso been observed in

macrophages in response to viral infection. Macrophages infected with Sendai
virus produces large amount of 23, whereas influenza A virus infection fails

to upregulate 1123[134]. Prostagladin E2 (PGE2) also modulat@SIL

production in mouse bone marroderived DG135, 136]. Similar toPGEZ2,

other cAMPelevating pathways, like the P2 receptors for ATP, preferentially

induce 1E23 secretior{136].

Unlike 1E12, the signalling pathways regulating2® production are less well
characterized. Nevertheless, recently studies have been carried out to reveal
the regulatory pathways controlling-&3 production in response to various
stimuli in different ellular systems. The differential expression pattern of IL
12 and IE23 depends on the activation of PRRs engaged by different

microorganism$137].

Heatkilled Mycobacterium tuberculosis and the yeast zymosan induce

significant 123 production in human DC, but little or nelR[138]. DC
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produce IE12 after infection withM. tuberculosi yf @ | FGSNJ LCb+  LIN
costimulation with TLR7/8 ligand R8AS3E]. Mycobacteria stimulate DC
through at least four different PRRs including TLR2, TLR4, TLR9 and the
cytoplasmic receptor NOO239-142]. Sudies by Gerosa F. et al showed that
NOD2 and TLR2 act together to promotd ZLand IE23 expression in

response taVl. tuberculosig138]. The two main PRRs that recognize zymosan
are dectinl and TLR2. Dectm f A FlbcgrRogéther with TLR2 or TLR7
stimulation has been used to mimigtokine production induced by zymosan
[138, 143). Dectinl drives maturation of DC and-23 response by signalling
through SykCARD9 pathwal44]. The development of {23 dependent

immune response during infection witbandida albicankas also been shown
use the dectinl triggered SHCARDS9 signalling gatiay[144]. 11-:23 secretion

has been reported at significantly higher level thari2Lin THPL human
monocytic cell line in response to either live tachyzoites, secretory proteins or
soluble antigen offoxoplasma gondRH strair{145]. T. gondii promotes {23

and 1112 production in THR cells via TLR2 and TLR4, respecfii4g}. In

this cellular model, H23 secretion is positely regulated by PI3K and ERK1/2
pathway and negatively regulated by p38 MAPK. By contrast, PI3K negatively
regulates I£12 production, whereas p38 MAPK and JNK pathway plays
positive regulatory role in L2 responsg146]. Consistent with thisHepatitis

B virus protein HBxnduced IE23 expression is alstependent on the

activation of ERK1/B C ¢ . LJF147K Sanhil@rly Butcher et al have

suggested a positive role Bi3k and N . &23/protuction from human
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monocyteq148. Francisellariven expression of {£3 was abrogated upon

inhibition of PI3K or NF .[14§].

Several studies have revealed the role ofNF i NI YAONR LIGA2Y FI C
regulation of IE23p19 gene expression. The work of Carmody et al. shows

that p19 gene expression in dendritic cell is absolutely dependertRel

which is one of the members of the NF. T [149A Anether group shows

LS. h 2FSNBELINBaaAz2y RAYAYAAKR®E (KS SEL
Furthermore, K S LINR EA Y I £ -28p19 pfomadtes is ihdjspeiisibf L [

to the RelA and-Rel dependent induction of p19 transcription in mouse bone

marrow derives macrophaggd.51]. In another study, short interfering RNA

against RelA has been demonstrated to reduce the induction of the p19 gene

in a human macrophage cell lifg52. Alongwith NF . = (G KS @G NI ya ONR
factor AR1 plays important role in p19 gene activation in DC and

macrophages in response to TLR signalll3§]. These transcription factors
alsopromotes #23p19 productioninivi A G A Ydzt 0 SR KdzY |l y LIS
ligament fibroblast$154]. Celia and colleagues showed that Autophagy

regulates Ilmi R N2B @ponse[inaNF. RSLISYRS$MH. YI yy SNJ
ATF2 which is a meber of the ATF/CREB transcription factor farii],

controlslkH o LIMmdp ISy S SELINB&AAZ VIS FaBela®8 R o6& «
C3 botulinum toxin substrate 1 (Racl) negatively regulates p19 gene

activaion in LPSnduced human DC and macrophad&sS2]. Racl is a small

GTPase involved in cytoskeletalaanisation, cellular growth arapoptosis

[158. Racl ihibition augments the transcriptional activity of RelA, leadia
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expression of H23p19, but not 1112p40, implying differential role of RelA in
regulating p19 and p4[152]. LPS induced production of2B, but not IE12,

Is negatively regulated by protein phosphatase 2A (PP2A) [a33C It has
been suggested that upon LPS stimulation PP2A interacts with the IKK
complex leading to théeactivationof IKK and consequent termination of the

NFS . &ATIyLl sy 3 OF 4 0F RS

1.2.3 Thi17 cells, a distinctive CD4 T cell subset

In 1986, the work of Mosmann and colleag(i#6( revealed the existence of
two distinct types of CD4+ T helper cell clones, Thl and Th2 that had distinct
profile of cytokine production. For long time;1R dependent Thl responses
were assumed to be essential for the induction of autoimmunity, based on
studies using neutralizing antibody specific felAp40 or IE12p40 deficient
mice[161-164]. The thought of the presence of another subset of T cells
raised from the observation that mice that lack FN d- IlN! -receptor as

well as mice deficient in other molecules involved in Thl differentiation such
as I12p35, Ikm H wi H -18,yWw&e rlot[protected from EAE, but rather
develop more severe patholod$65169. On the contary, 11-:12p40 deficient
mice did not develop the disea$®67, 170.. The discovery that412p40 is a
shared component of L2 and 1123 [92] led to the understanding that the
latter cytokine might contribute to this disparity. Cua et al. at the DNAX
Research Institute showed that#3, but not IE12 was essential for the

development of EAE by using28p19 knockout mice and comparingem
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with IL.-12p40deficient micg100]. In the subsequent study, they
demonstrated that 1123 promotes a subset of-7-producing T cells and that
these are capable to induce neurologl diseas¢171]. Two reports in 2005
provided convincing evidence that1lZ producing T cells named Th17 cells
arecompletely separate and early lineage of CD4+ Th cells produced directly

from naive CD4 T ce[lk72, 173).

Th17 cells are defined by their unique molecular and functional signature

[174). Th17 cells are characterized by their capacity to produdg A, IE17F,

IL-21, Il:22 and CCLZQ75177]. Retinoic acidelated (RAR) orphan receptor

1 i KeéyYdza owhw! (i 0 RORcya th&fBsRangciption KS ISy S
factor identified to be expressed in Th17 cflggd Ly FF RRAGA2Y (2
20 KSNJ NI yaONR LI A aryl hy@roc®tipg riddeptoa (AxdRK | a wh
and interferon regulatory factor (IRF4) control the generation of this T cell
population[178-182]. Th17 cells have an increased cell surface expression of
dipeptidyl peptidase IV, CD26 which is a multifunctional ectoenzyme

regulating multiple aspects of T cell activation and funcfit8)]. It has been

shown that the higher the expression of CD26, the larger the amount of IL

17A produced by T cell$83]. Th17 cell are distinguished froother T cell

subsets by the high expression of the inducible costimulator (ICGZ3RIand

CCR$184, 185.

The observation of HL7Aand IFN  LINP RdzOAy 3 R2dzof S LR aAdl

suggests that Th17 cells could at least partially function like Thl cells (a
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LIKSY2YSy 2y NBTFSNNEBRI[182Thésa converted TRIZ f £ LI |
cells are termed as nedassical Thl cells which can be distinguished from

classical Thl cell through the expression of the leltimreceptor CD161

[187]. Th17 precursors are characterized by CD1623R.and CCR6

expression, but do not express1lZA either at the mRNA or protein level

[187]. Upon exposure to 4 | | -@3Rtheke] cells mature into-17A

producing Th17 celld87]. On the other hand, Th17 cells convert into

Th17/Thl phenotype in the presenceoly | YR (G KSaS OStfa O2
T-bet, CCR, CXCR3, CD161 an@8R[187]. Recently, the transcription

factors Runxl or Runx3, together witkb&t, have been shown very important

in the generation of IFN  LIN2 RdzOA y1B8. ¢ KmT1 OSf f a

1.2.4 Requlation of Thl7 and IL -17 producing cells

Harrington et al. and Park et al. described tha28 promoted generation of

Thi7 cellswhendtandIFN gSNBE o0f 201 SR YR 86SNBE Ay
transcription factors specific for Thl or Th2 lineagelsefl STAT1, STAT4 or

STAT§172 173. It has now been established that FGE-m L fd -6 are

essential to initiate Th17 cell development whereag1land 123 contribute

to the expansion and lontgrm survival of Th17 cel[489.

Although the discovery of Th17 cells originated from the identification-28IL
dependent IE17 producing T cellspon it was realized that-23 alone cannot

potentiates the differentiation of Th17 cells from naive CD4+ T cell precursors
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[171, 190]. Three separate studies in 2006 revealed that the addition a
combination of TGF | yBRlurihg[initial stage of T cell recognition of

cognate antigen drives Th17 cell differentiatid®0-197. IL-6 plays an

essential role in this process by activating STAB3J], which in turn activates
several Th17 lineage specific genes, sucR@&}c, IL17A and IL2[3R4].

Bettelli et al. reported that STAT3 negatively regulates the generation of Treg
cells by inhibitng TGF A Yy RdzOS R Ch[190/0l-25 &nlIRBrilg A 2 Y
member, also induces-l17 from Naive T cells (by suppressing-TGFA y R dzO S

FOXP3 expression) together with IGF S @Sy Ay (&@99/ &Sy O

NS

study withIl-1R¥- mice showed that these mice failed to develop antigen
specific Th17 cells and were resistant to EAE desgribiritical role of Hv i

in Th17 differentiatiorf10€]. 1.6 induces the expression of1R by Th17 cells
and signalling through 41R activates the transcription factor IRF4, whicth i

dzNyY NBAYTF2NOSEEGwhw! i SELINS&A&AZY

Theroleof TGF A& O2YLX SE Ay GKS 3ASYySNIGAzZYy
some studiesshow TGF A & NBIj dzA NER F2NJ AYI9BA G NB ¢
199, others describe TGF | & | RA&ALISyal 6f S6.AmMOG2NJ |
and 11-:23 is sufficient to drive differentiation of this T callbset{200-202].

There are also discrepancies in cytokine requirement between human and

mouse models of Th17 developmdif74]. A recent study has delineated the

roeof TGF o AY LINRY2GAy3a LI GK23ISYyAO ¢Kmt O

upregulating 1123R epression[203).
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LY FRRAGAZ2Y ( 2anitmpomantinnatetsaurcedoSIE7 dduingl NS
infectious diseases and autoimmune inflammat[@04-210]. Other innate IL

17 producing cells include NK cells,D@&ariant NKT (iNKT) cells, lymphoid

tissue inducer (LFl)ke cells and myeloid cell211]. These cells can express

whw! (i Iy R-17LiN&endedtdf HE stimulation[211]. In CD4+CD8+

R2dz0f S LR2aAGALDS GKeyzoedSazr whw!d Aa 7
factor[2121® whw! & Aad NBLINB&ZaAaSR gKSy hic¢/w i
through the TCR seleoti proces§212l®d hy (G KS O2y GNI NEBEX 1 ¢
OSttfta NBGFEAY GKS SELINBaarzy 2F whw' G |
producing cells as these cell exit thymus without undergoing TCR selection

[213 214 whw! & YSRAFGSR LINRPINIFYYS OFy o0S
CDSLTi and NK cells through other STAT3 activator cytokines suc@hs IL

and 123[211]® ¢KS GNIYAONARLIIAZ2Y FltODBNI AIZw
LTi cells and NK ce]i8l5, 216]. It has beersuggested that AHR coordinate

GAGK whwi O 4022 WB&QASR GCe-DtCo | OGA DI GA2Y |

amount of IE17 and 1E22 production[217].

IL-23 also has important role in stimulatingld production from innate

immune cell§211]. Many of these innate {L7 producing cells have
constitutive expression df-1R and H23R, both ofvhichare also essential
components of Th17 differentiation programrill]. IL-m | 28ldan [
induce rapid im T LINE R dzO U A 2 [Z04 RI§[PwWiereas atldition®f  a
both cytokines promotes optimal4l7 secretior{204]. In vitro stimulation of

human NKT cells with-R3 induced the secretion of-I.7[218]. Similarly, LTi
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cells treated with 123 ex vivo produced 423[219, 22(]. Furthermore, similar
results were observed when iNKT cells obtained from the drainig lynph nodes
of type Il collagen immunized mice were cultured witi28[221]. Exogenous
IL-23 and IE6 potentiates 117 productionfrom conventional NK cells

activated in vivo with the intracellular parasite gondif{222).

1.2.5 Significance of IL-23 in supporting Th17 cell population

Several studies establishegrang relationship between {23 and Th1l7 by
showing that 1£23 induces production 117 from activated T cells and that T

cells expanded in the presence of2R are able to transfer EAE and €180,

171-173 223 224). The involvement of {23 in the initial differentiation of

Th17 cells has become less obvious with the fact th@BR is not expressed

on naive T cells and that a cocktail 66JUL-21 and TF& A & NXBIj dzA NBR
development of Thl7 cell§174. However, H23 is essential for the
development of mature and long term Thi&@sponse[174]. Consistent with

this, 1:23p19 deficiency results in decreased numbéTh17 cells and 3 is

required for prolonged in vitro culture of Th17 cqll§4].

McGeachy et al. showed that absence e28signalling arrests the activation

of Th17 cells at an early developmental stage and these cells fail to induce
encephalitogenicity in EAP25]. I1-23 promotes GMCSFand IFN S E LINB & a4 A 2
in Th17 cells and the pathogenicity of these cytokines has been confirmed in

EAE[202 226228. 11-:23 drives sustained Thl7 response by conferring
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resistance to the inhibitory effect of-27 and IL2, probablyby downregulating

the I-27R in mature Th17 ce[829, 23(]. In the absence of TGFX LJ G K2 3 Sy A
Th17 cells driven by-23 also have reduced expression of AHRIAT and IL

10, comparedto TGF A Yy RdzOS & ¢ 203 231]JT Heldairelgulatiod y &

of IL-23R is an important factor in-B3 induced differentiation and stabilization

of pathogenic Th17 cel[99, 231]. IL-:6 and 121 induces the expression of IL

23R which depends on STA?32® | 2 9 SOSNE whw! & YAOS KI
to have reduced level of 3R, depicting the dependence ofHlow 2y wh w!
[233. IL6/IL-21, together with Itmi | YR B RE SaaSydilf St S
AYAGALFGA2Y 2F ¢KmT RS@OSt2LIYSYyd YR Ayl

which in turn might promotélL-23R expression and-B3 responsiveneq474].

1.2.6 Th17 response in health and dise ase

Under physiological conditions, the major sitellel 7 producing CD4+ T cells
is the lamina propria of the small intestine, but these cells can be readily
induced at other mucosal sites following infection or vaccinafiofg, 234

236]. Thus 17 immunity is most effective against a variety of mainly
extracellular bacteria and fungi in the gastrointestinal track, the airways and

the skin[237].

IL-17 is a pleiotropic cytokine and signals through th&7lreceptor (ILL7R),
composed of H17RA and HL7RC subunitg23§). I-17R is widely expressed

on hematopoietic and nonhematopoietic cells, such as endothelial and
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epithelial cell§238. 1-17A promotes granulopoiesis by triggering the
increased expression ofGSF and the transmembrane form of stem cell

factor in bone marrow strom§39]. In addition to granulopoiesis,-ll7

induces expression of GRISF, TNF -6, Il-B, I.mi | YR Ydzf GALJX S
chamokines (CXCL1, CXCL10) and chemokine receptors that act as powerful
chemoattractants for granulocytd40]. Th17 cells has important

contribution to immunity against Klebsiella pneumofi41] and many other
bacteria includingCitrobacter rodentiumStaphylococcus aureuBordetella
pertussis Salmonella and Shigella sBacteriodes fragiliand Borrelia
burgdoferi[242-245]. 1L-:17 is also requires for induction of Thl response
against some intracellular pathogens such-eancisella Tularensand
Mycobacterium tuberculos[®246, 247]. The roles of Th17 cells in antifungal
immunity are well establishes. Th17 cells provide protection against
mucocutaneous candidiasis by stimulating expression of ddctind dectin2

on DC and macrophaggs44. 1L-:17 has also been shown to regudagystemic
fungal immunity by controlling the development function of NK deitg].

The production of many antibacterial peptides and proteins is synergistically
induced by 22 andIL-17[179]. 122 has important role in tissue protection
against invasion byoxoplasma gondand other gram negative bacteria

[249. 11-:21 controls CD@riven responses and promotes B cell responses and

memory formation[250].

The process of providing protection against infectious pathogens is often

involved rapid recruitment and activation of granulocytes anctcrophages
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that are the sources of tissue damaging reactive oxygen spigsék In the
presence of prolong cytokine stimuli, Th17 cells recruit inflammatory myeloid
cells that are capable causing severe local tissue dafi®§e252]. The
as®ciation of IE17 has been associated with various human autoimmune
conditions such as multiple sclerosis, rheumatoid arthritis and psof2ss.

In animal model of adjuvant induced arthritis;IEZR deficiency254] or
treatment with 1-17R agonisi255] resists the development of disease
pathology. Similarly, 4.7 deficient animals have delayed onset of EAE with
reduce severity256]. Consistent with this, treatment with417 neutralizing
antibody in mice immunized with a myelin antigen blocks chemokine

expression and the subsequent onset of EBH, 257).

The association of Th17 cells and A have been described in various

human tumourq121, 258-261]. The effects of Th17 cells in cancer immunity
are dictated on a number of factors including the type of cancer, the source of
IL-17 (1-:17 derived from Th17 cells or exogenoustiministered), the

functional characteristics of the cells and/or exposure to therapeutic
intervention[184]. Martin-Orozco and colleagues have demonstrated 7L
promotes tumour rejection in the presence of lymphocytes, whereas favours
tumour growth and angiogenesis in the absence of tHgé?]. High

frequency ofTh17 cell infiltration into the tumour vasculature strongly
correlates with poor prognosis in patients with colon or pancreatic cancer
[263, 264]. Inflammatory Th17 cells and associated cytokines mediate tumour

growth by driving angiogenedi269. Indeed, I£17A transfection results in
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rapid growth and vascularization of tumours compared to syioe mice

[266]. However, increased numbers of ThEl€ have been associated with
improved survival in ovarian cancer patief267-271]. The role of H17 in

tumour immunosurveillance has been supported in a study which describes
that IL-17 deficiency incre&s tumour susceptibility in mice by reducing
leukocyte infiltration and compromising CD8+ effector T cell differentiation
[272). Thus the role of Th17 subset in cancer is controversial. One possible
explanation for this disparity might be the differential functions of these cells
in different settings. Short acute inflamation associated with antumour
response might be beneficial to fight cancer, whereas prolonged inflammation

induced by Th17 may favours certain types of tumdamrsg|.

1.3 DNA repair proteins in cellular stress response

The most important protein kinases in the DNA damage response (DDR)
signalling pathway are ataxtalangiectasia mutated (ATM), ATléind Rad3
Related (ATR) and DM&pendent protén kinase (DNAK)[274]. These large
serine/threonine kinases belong to the members of the phosphatidylinasitol
3-kinaselike kinase family (PIKKQ)/5. ATM and ATR phosphorylated
hundreds of proteins especially at ser/T@fu motifs in response to DNA
damage, whilst DNRK seems to regulate a small number of targ2#s,

277]. Mechanism of DNA damageduced activation of ATM and DN has
been discussed in chapters 4 and 5, respety. In addition to playing

essential role in maintaining genome integrity, recently these proteins have

29



been found to be associated with other cellular stress pathways, such as,

oxidative stress, hypoxia and ER sti@58-280].

Whereas the primary responses of ATM and E¥Aare towards DSBs, ATR
mainly function as a transducer of signal emerging from UV damage and
collapsed replication forks. Nonetheless, it also responds to DSBs later and with
slower kineticf281]. In the DDR, activation of ATR involves recruitment of ATR
to replication protein A (RPA) coated single strand DNA (ssDNA) breaks via
interaction with ATRnteracting protein (ATRIP). The ATM and ATR kinases
phosphorylates multitude of substras in response to DNA dam4@82]. The
general assumption is that, while ATM is rapidly activated in response to DSB
formation and subsequently phosphorylates numerous substrat®$R is
switched on independently and continues phosphorylation of some of these
substrates. However, recent findings suggest ATM dependent activation of ATR
in response to DSBs during the S and G2 phases of the cell cycle that are not
part of the replicéion process. Thus, in addition to have functional redundancy,

ATM may act upstream of ATR in some phases of the cel[2§t]e

Several key features of the'Adisorder, such as cerebellar degeneration and
ataxia, rule out ATM functions that aretdependent on checkpoint activation
upon DNA damagi83. Oxidative stress could be a potentiabson for the
degenerative process considering the high rates of metabolism and high oxygen
concentration in neuronal cellR278. Abnormal control of reactive oxygen

species (ROS) has been found HT Aue to lower levels and function of

30



antioxidant systems in-A cells compared to normal ce]’84]. The fibroblasts
from AT patients are more sensitive to oxidative stress than healthy fibroblasts
and increased levels of protei284] and lipid damage are correlated with
increased levels of ROS producadATM deficient mice under physiological
conditions[285]. ATMdeficient mice showed progressive bone marrow failure
because of defective haematopoietic stem cell functions that was associated
with deterioration in the redox baland@86]. Several laboratories have shown
that treatment with the antioxidants catalase andadetyl cysteine (NAC)
improved oxidative stress in AFdgficient cells by neutralizndROS production
[287,288]. Thus ATM has been suggested asdox sensor along with its role

as a DNA damage sensf#89. Recent findings have described a novel
mechanism of ATM activation by direct oxidati@89, 29(0]. In contrast to the
formation of ATM monomers and requirement of free DNA ends and MRN for
ATM activation by DSBs, oxidizes ATM form active dimer in which the two
monomers are covalently linked by intermolecular disulphide bof&9]. In

the absence of MRN and DNA, ATM activity on p53 phosphorylation has been
demonstrated with the addition of hydrogen peroxide>@d) [289. When
primary human fibroblasts were treated with losoncentrations of kD,
activated ATM phosphorylated p53 and CHK2, but not histone H2AX, which is a
hallmark of DSB inductid289. Moreover, the heterochromatin protein Kapl
which was phosphorylated by ATM after DSB formation remained
unphosphorylated followig HO, exposure. These observations indicate to the
different substrate specificity of ATM under conditions of DNA damage and

oxidation[289]. However, it is very difficult to separate ATM activation through
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oxidation from that by DNA damage, as oxidative sti@sd ROS formation
usually led to DNA damage. Thus, often ATM is exposed to both DNA damage
and oxidation at the same time. On the other hand, DNA binding by MRN is
disrupted by oxidative stress, which in turn inhibits activation of ATM by MRN
and DNA, sugesting the fact that under high ROS concentrations, oxidation

may be the main operative pathway for ATM activaf®rs, 283).

Transient periods of low oxygen tension or hypoxia are common in all solid
tumours and often followed by cycles of reoxygenatif#91]. Hypoxia is
strongly associated with development of tumour, malignancy, metastasis and
resistance to potential therapj291]. Under hypoxic condition, ATM undergoes
autophosphorylation in an MRMdependent manner and irhe absence of
DNA damage. Once stimulated, hypoxia induced ATM appears to act in a very
similar fashion to damage activated ATM, with regard to the phosphorylation
of downstream targets. Kap1 and DIRKcs also found to be phosphorylated in
response to hypeia in an ATM dependent manner, whereas there was no sign
of autophosphorylation of DNIRKcs[279). The cellular localization ATM is
another critical difference between DNA damaged hypoxia induced
activation of ATM. In response to DNA damage, ATM has been found to be
retained at the sites of DNA breaks forming large nuclear foci, whereas in
response to hypoxia, ATM remains defused throughout the nug@1g. The
cellular localization pattern is similar to that seen in response to high salt and
chlorine, pointing to the fact that there may be a similar mechanism of

activation for non DNA damaging stres4@92]. In addition ATM directly
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regulates the transcription factor corfgx HIFL which composed of a
heterodimer of HIfuh | yRi | B@0dzyAGa>x FyR NB3Idz |
mitochondrial function, and angiogenesis under hypd®i@3 294]. REDD1 is

one of the target genes of HIE The protein from this gene binds to-B43

proteins and detaches these proteins from TSC2, allowing TSC2 to inhibit
mTORCI1[295. ATM phosphorylates and stabilizes #lF  dzy RSNJ K& LJ]2

conditions, which promotes mTORCL1 inhibition and growth suppre$2as).

1.4 Toll -like receptor signalling _

141 TLR receptors

One of the most intriguing @ecities of the immune system is to sense the
presence of microbial infection and defeat the invader without destroying
selttissues. The reliable detecting of pathogens is not a trivial task considering
their enormous molecular heterogeneity and rapid ratibn rates. To deal

with this problem, multicellular organisms have developed several distinct
recognition strategie$296, 297]. In vertebrate animals, the immune system

can be broadly divided into innate and adaptive immunity. The adaptive
immune response is characterized by specificity and memory and relies on
highly diverse antigen receptorthe T- and Bcell receptor generate through

DNA rearrangement. The specific receptors generated by clonal selection and
expansion account for the ability of the host to respond to a broad range of

potential antigeng296, 298]. The innate immune system was previously
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regarded as a nonspecific immune response with the main roles being to
engulf and destroy foreign substances and to present antigeastivate the
cells functioning in adaptive immunity. However, the cells of innate immunity
possess significant specificity and are capable of discriminating between self
and foreign pathogeng299-302]. This discrimination capacity relies on
germlineencodal pattern-recognition receptors (PRRs) that have evolved to
detect conserved molecular patterns of microbial structure referred to as
pathogenassociated molecular patterns (PAMPX)3, 304]. There are three
main reasons for PAMPs being the suitailgets for innate immune
recognition. First, they are invariant among entire classes of pathogens.
Second, they are unigue to microorganisms and not produced by the host,
which allows distinction between self and ngglf. Third, they have crucial
roles n microbial survival, thus limiting the possibility of immune evasion

through adaptive evolution of these moleculg905).

1.4.2 Mammalian TLRs

The Toll receptors (TLRS) are the best characterized PRRs that are evolutionary
conserved between insects and humdB886]. Toll was first identified as a
transmembrane protein in Drosophila which plays a central role in the
establishment of embryonic patterr§807]. Later on, Toll signalling pathway

was shown to play key role in antifungal immunity in this orgarf@o8]. In
mammals, the homologous family of Toll receptors are referred to as TLRs

[309. It is possible that most mammalian species possess 10 to 15 TLRs,
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although the number of genes may vary beewedifferent specief297]. TLRs

are type | transmembrane glycogeins with an extracellular leucine rich

repeat (LRR) domain that is responsible for PAMP recognition; and an
intracellular Tolinterleukin 1 (IL1) receptor (TIR) domain mediating

downstream signallin§307, 309, 31(. To date, the number of functional TLRs
that have been identified in human and miceed 0 and 12, respectively.

TLR11, TLR12 and TLR13 have been lost from the human genome and mouse
TLR210 is nefunctional due to a retrovirus insertion. TLRILR9 are conserved

in both specie$311]. The distinctive function of each TLR in terms of PAMP
recognition and immune responses have been confirmed by using mice
deficient in respective TUR1Z. Studies of the crystal structure of several TLR
extracellular domains have provided the evidence that a number of PAMPs
serves as ligand for TLR4 3. Bacterial PAMPs are mainly the cell wall
constituents, such as lipopolysaccharides,-a&lll lipoproteins, peptidoglycan

and lipotechoic acids. One ofthecall f t O2YLR Yy Sy iGa-2F 7¥Fdz:
glucan, serves as an important fungal PAMP. As the viruses use the host cell to
synthesize all their components, the viral nucleic acids are the main targets

for innate immune recognitiof309. Immune system discriminated between

self and viral nucleic acid depending on the structural features and specific
chemical modifications thatra unique to viral DNA and RNA. The cellular
localization of viral nucleic acids is also important in maintaining tolerance to
host molecule$314]. PAMP recognition by TLRs takes place in various cellular
compartments, such as the plasma membrane, endosomes, lysosomes and

endolysosome$317.
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The first characterized mammalian Toll was TLR4, which is expressed by a
variety of cell ypes[309. It is primarily present in the cells of the immune
system, including DC and macrophaf#39. TLR4 provokes response to
bacterial lipopolysaccharide (LPS), a basic structural component of the outer
layer of Gam-negative bacteria that can induce septic shfgk2 315. The
hydrophobic domain of LPS, known as lipid A, is responsible for biological
activity of LP$304]. TLR4 was discovered by position cloning ofpsgene

in the C3H/HeJ mouse strain which is hyporesponsive t¢318S317].

C3H/HeJ mouse have a msisnse point mutation within the fragment air4
gene encoding the TIR domain, which converts a highly conserved proline to
histidine. This mutation abrupt downstream signalling cascade and is
responsible for LPS unresponsiveness in this mouse $8861317]. The role

of TLR4 in LP$gnalling was also confirmed Tir4 knockout micg318].

Several accessory molecules are involved in the recognitimeeps of LPS by
TLR4. One of these proteins is called-RIivhich lacks transmembrane

section and forms a complex on the cell surface in association with the
extracellular domain of TLR4. This complex functions as the main LPS binding
moiety[319, 32(]. It has been shown that five of the six lipid chains of LPS
bind the hydrophobic domain of MR and te remaining lipid chain binds
TLRA4. In addition, the phosphate groups interact with the positively charged
residues of TLR4. This multimeric receptor is composed of two copies of TLR4
MD2-LPS complex which induces downstream intracellular signalling psthw

by recruiting adaptor moleculd811]. Two additional proteins, such as LBP
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(LPSbinding protein) and CD14 have been reported to be involved in LPS
recognition[320]. LBP is a soluble plasma protein that transfers LPS
monomers to CD1{321]. CD14 is can either be secreted into serum or

present as glycosylphosphatidylinositwiked, leucinerich repeatcontaining
protein on the surface of macrophagg22. CD144g a high affinity LPS

receptor that binds LBP and transports {LE to the TLRMID2 complex

[31]]. Other than LPS, TLR4 is involved in recognition of several other ligands,
such as the fusion protein of respiratory syncytial vitseptococcus
pneumoniagpneumolysin, mouse mammary tumour virus envelope proteins

and the plantderived cytostatic drug paclitaxg312).

TLR2 mediates cellular response to a broad range of PAMPs derived from
bacteria, viruses, fungi and parasif@42. These include bacterial
lipoproteins[140, 323, 324], peptidoglycan and lipoteidic acid from Gram
positive bacterig325, 326], mycobacterial celvall lipoarabinomannaifi327,
328, fungal zymosafB29], glycosylphosphatidylinosittpid from
Trypanosoma Crug330], the hemagglutinin protein from measles vifdd 1],
and a phencbkoluble modulin secreted bgtaphylococcus epidermidi&31].
TLR2 also binds to atypical LP&eyftospira interrogang332] and
Porphyromonas gingiviti833], both of which have different structure than
Gramnegative LPS. TLR2 normally form het@rats with either TLR1 or
TLR6, which determines the ligand specificity and downstream signal
transduction emanating from TLR2. Precisely, triacylated lipopeptides from

Gramnegative bacteria and mycoplasma are recognized by the-TLR2
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heterodimer, wheeas the TLRZLR6 homodimer binds to diacylated

lipopeptides from Granpositive bacteria and mycoplasmal]]. The

different lipid binding pockets of TLR1 and TLR6 play role in discriminating the

structures of lipoproteins by these heterodimd&34, 335. Both TLRZLR1

and TLRALR&omplexes possess anshaped structure. In case of
recognition of ParCSK(a triacylated lipopeptide) by TLR2R1ligand

complex, two of the three lipid chains bind TLR2, whereas the third chain
interacts with the hydrophobic region of TLR1. HoweveR6ltloes not have
the hydrophobic channel, which restricts binding capacity of the TG
heterodimer to triacylated lipopeptides. TLR2 also acts in cooperation with
other cell surface coreceptors that help in PAMP recognition. These include
dectinl,aGii @ LIS  SOG Ay dKdanandpkoyh®es itsT dzy 3 | f
internalization, and CD36, which acts in conjunction with the TLHZ6
complex to assist in sensing some of the TLR2 ag¢8&s It has not been
demonstrate yet whether heterodimerization of TLR2 is stimulated by
appropriate ligands or takes place prior to ligand interaction. Interestingly,
many cell types constitutively expie3LR1 and TLR6, but TLR2 expression is
regulated and appears to be limited to antigpresenting cells and

endothelial cell§337].

TLR3 was first identified as a receptor for a synthetic analogue of double
stranded RNA (dsRNA), polyinosipatycitydylic acid (poly IC), which imitates
viral infection[311]. Most viruses produce dsRNAsmme point of their life

cycle. Structural studies of the human TLR3 extracellular domain bound to
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dsRNA has provided insights into the ligand recognition mechdi33&

339. The large horseshoe like structure of the ectodomainLd®3 provides

large surface area that facilitates dsRNA binding. The dsRNA interacts with the
lateral side of the convex surface of the ectodomain of TLR3 via two different
sites at the N and C termini. This allows TLR3 to form a stable homodimer
through the Gterminal region. TLR3 plays essential roles in antiviral immunity
by inducing production of type | interferon and inflammatory cytokines in
response to viral infection. Deficiency in TLR3 is associated with susceptibility
to herpes simplex virus typgHSV1) infection in humang 340 and lethal

infection with murine cytomegalovirus in mi¢g41]. The ligands for TLR3

include the genomic RNA of reoviruses, dsRNA intermediates produced during
the replication of singlstranded (ssRNA) viruses, such as,
encephalomyocarditis virus, respiratory suncytial virus and Weat Nile virus,
and certain small interfering RNAZL2, 342].

TLRS5 recognizes flagellin which is a conserved protein component of
bacterial flagella, polymeric rod like structure involved in bacteriabitity

[304]. Unlike most other PAMPs, this TLR ligand is a protein and does not
possess any ptisanslational modification that would make its unique to host
cellular proteins. However, the N anet@mini of flagellin are highly

conserved, most probably due to their roles in the formation of a hydrophobic
core of flagella. Any variation in thesegiens results in significant structural
impairment[343]. TLR5 is highly expressed by CD11c+CD11b+ lamina propria
DC in the small intestine. Lamina propria DC plays unique roles in inducing the

differentiation of naive T cells into TH17 cells and &&lls and naive B cells

39



into plasma cells in response to flage[l344]. TLR11, structurally similar to
TLRS5, is expressed in high levels in the kidney and bladder of nTdlR®1 is
involved in the recognition of uropathogenic bacteria in n{ig45). It also

binds to the the profilindike molecule produced byaxoplasma gondjB44].

TLR7 was originally identified to recognize imidazoquinoline derivatives such
as imiquimod and resiquimod (R848) and guanine analogues, for example,
loxorbine. The ligands for TLR7 ina@uwsRNA of RNA viruses such as influenza
A virus, vesicular stomatis virus and human immunodeficiency 3625

347]. It also binds to synthetic poly (U) RNA and some small interfering RNAs
[348. The high expression of TLR7 in pDC is responsible for the production of
large amount s of type | interferon by this Babset in response to RNA
viruseg[312). In addition, TLR7 on conventional DC stimulates type |

interferon secretion from bacterial RNA species such as grdbipeptococcus

[349.

TLRS8 is phylogenetically closely related to TLR7 and recognizes R484 and viral
ssRNA. Responses against these agonists are impaired/iddfldent mice,

but not in TLR8 deficient mice. The highest expression of TLR8 is found in
monocytes among various tissues and its expression is upregulated following

bacterial infection[311].

'y Y S K & ddoxyriddatcytidigephosphateguanosine) (CpG) present in

bacterial DNA and certain oligonucleotides can active murine and human
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lymphocytes, whereas eukaryotic DNA and methylated oligonucleotides
cannot[350]. Unmethylated CpG maotifs are recognized by TLR9 and more
frequently present in bacteria and viruses than in mammalian cells. Synthetic
CpG oligdeoxynucleotides serve as TLR9 ligands and directly stimulates B
cells, DCs and macrophages and drives the production cfiRéltytokines
such as H12 and 1£18[304, 312]. The essential role of TLR9 in CpG DNA
recognition has been confirmed usiiigr9knockout mice. Signalling induced
by CpG DNA requires its internalization into late endosomal or lysosomal
compartments. The sequence motifs flanking CpG dinuclestfor optimal
response in mouse versus human are slightly diffef@@6]. TLR9 in pDC
serves as a sensor of DNA virus infection such as murine cytomegalovirus,
HSV1 and HS\2[312 347]. TLR9 also directly recognizes the insoluble
crystd hemozoin which is produced IBlasmodium falciparurafter digestion

of host haemoglobii351].

1.4.3 DCs and TLRs

Among different types of PRRs expressed by DC, TLRs play critical roles in DC
function and lead to thgeneration of different effector T cell subs¢852].

In both human and mouse, distinct DC populations express distinct sets of TLR
and respond to certain types of pathogens. In mice, all splenic DC subsets
express TLR1, TLR2, TLR4, TLR6, TLR8 afgbBR9 a 2 dza S / 5yh b 5/
express TLR5 and TLR7 and fail to respond to TLR7 af@bB:&54).

Moreover, mouse pDC lack the expression of TLR3. The expression and
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responsiveness of certain TLRs also vary in freshly isolated DC versus in vitro
differentiated DC. Although there is low level of TLR4 expressi@plenic

DC, freshly isolated murine DC populations do not activate in response to LPS
[355. On the contrary, in the presence of GB&F and 4, bone marrow

derived CD11c+CD11b+ DC have high expression of TLR4 and respond
vigorously to LPB55. CD11c+ human myeloid DCs express TLRs 1, 2, 3,5, 6
and 8, whereas freshly isolated human pDC express TLR7 anfR9R9

Some studies have reported that TLR7 is exclusively expressed p$5a>C

357], whereas others have found TLR7 expression on both pDC and myeloid
DC[358, 359. Human blood monocytes express TLRIR2, TLR4 and TLR5,

but gradually lose their receptors during differentiation into immature DC in
the presence of GMCSF and L and instead acquire TLR3 expres$R60].
Interestingly, unlike human fibroblasts, whibhve cell surface expression of
TLR3, human myeloid DC and in vitro differentiated immature DC express
TLR3 in the intracellular compartmen861]. pDC from both bman and

mouse lack TLR3, but yet very efficient in detecting viral infection by
recognizing viral genome through TLR9 and TB&Z 363]. Studies using
inhibitors of endosomal pathways have revealed that TLRs 3, 7, 8 and 9
requirean acidic environment for endosomal activation, whereas TLR1, TLR2,
TLR4, TLR5 and TLR6 do not require endosomal maturation and are expressed

on the DC cell surfad@97, 361].
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1.4.4 TLR signalling

Signal transduction pathways activated by TLRs result in the differential
patterns of gene expression thainction in host defence, including
inflammatory cytokines, chemokines, MHC anestimulatory molecules

[296). These differences can be explained by the existence of TIR domain
containng adaptor molecules which are recruited by specific TLRs and
activate distinct signalling pathways. These adaptors include MyD88, TIRAP,
TRIF and TRAN11]. MyD88, the first identified member of this family, is
essential for all TL-Rediated signalling pathways except TL&8] activates
NFkB and MAPKSs to produce inflammatory cytok[34%]. However, TLR3
and TLR4 ohuce type | interferon and inflammatory cytokines by activating
the transcription factors of IRF3 and NFkB through T3IH. TIRAP is
involved in recuiting MyD88 to TLR2nd TRAM is a specific adaptor in TLR4

mediated TRHeependent pathway311].

Signal emanating from TLR4 activates bothNhyd88 and TRiependent
pathways involving all four adaptors. TLR4 activates Mydzgendent
pathway earlier than TRiflependent pathway by initially recruiting TIRAP at
the plasma membrane which then recruits MyD88 to induce the initial
activation of NKB and MAPK364]. TLR4 is then subjected to dynamin
depencent endocytosis and forms complex with TRAM and TRIF in the
endosome. This results in IRF3 activation as well aplaee activation of

NFkB and MAP65-367]. Interestingly, in contrast to other TLRs, TLR4
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induced inflammatory cytokine production is dependent on the activation of
both the MyD88 and TRIflependent pathways. Although it remains a
mystery why activaon of either pathway alone is not sufficient for triggering
inflammatory cytokine production via TLR4, the synergistic activation of both
pathways might explain why LPS is a very strong immunostimulator and

sufficient to cause endotoxic shofXL1].

1441 The MyD88-dependent pathway

After the stimulation of TLRs by their cognate PAMPs, MyD88 is recruited to
the cytoplasmic TIR domain, where it recruits thé lileceptorassociated
kinases IRAK4, IRAK1. IRAK2-MRAN first, IRAK4 is activated which plays a
vital role in theactivation of NFkB and MAPK downstream of My[33&).

The subsequent activation of IRAK1 aRAK?2 is necessary for robust
activation of NFkB and MARPB6E]. Upon biring of MyD88, IRAK4 mediates
phosphorylation of a key residue or residues in the kinase activation loop of
IRAK1 leading the induction of kinase activity of IRREE).
Autophosphorylation of its Merminal residues by activated IRAK1 facilitates
binding of TRAF6 to this complg98]. The resulting IRAKIRAF6 complex is
then detaches from the receptor and interacts with a preformed complex of
TAK1TAB1 and TAB2 or TAB3 at the plasma mem{29&. TRAF6 is an E3
ubiquitin ligase that catalyses the synthesis afig63 (K63)inked

polyubiquitin chain on target proteins. It interacts with the ubiquitin

conjugating enzyme 13 (UBC13) through its RiiNg&r domain and this
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UBC13TRAF6 complex promotes TAK1 activation through the assembly of a
K63linked polyubiquiin chain. The KéBnked polyubiquitin chain bind to the
novel zing fingetype ubiquitinbinding domain of TAB2 and TAB3 which are
the two regulatory subunits of the kinase TAK1 complex. ThediKik&d
polyubiquitin chains also bind to the ubiquitnnding domain of NEMO, a
regulatory subunit of IKK complex regulating NFkB activation. Thus interaction
of TAK1 and IKK complex might be mediated by thelikk&8d polyubiquitin
OKIFIAY BKAOK Ffft2ga ¢! Ym (12 LIK2ALK2NET |
the IKK complex. This results in the subsequent phosphorylation and
degradation of IkB proteins leading to NFkB activafg88]. TAK1 activation

also results in activation of MAPKs such as ERK1, ERK2 p38 and JNK by
prompting phosphorylation of MAPKs rather than ubiquitination. This leads to
activation of a number of transcription factors, such asIA&s well as

influencing translatiorj311].

1.4.4.2 The TRIF-dependent pathway

The TRIF dependent pathway results in the activation of both IRF3 and NFkB
[342. Like MyD8&lependent pathaway, activation of NFkB by TRIF involves
recruitment of TRAF6 and activation of TAK1 most probably through
ubiquitination-dependent mechanisr{B811]. The @erminal region of TRIF
contains a RIP homotypic interaction motif that ispensible for recruiting

the adaptor RIP1. After stimulation of TLR3 agonists, RIP1 is exposed to K63

linked polyubiquitination which is required for NFkB activa{i®hl]. The

45



adaptor TRADD is involved in RIP1 activation downstream of TLR3 signalling.

This has been confirmead studies where TRADBdRficient cells exhibit

impaired RIP1 ubiquitination with associated loss of NFkB activggitih

371]. TLR3 mediated RIP1 ubiquitination and NFkB activation is dependent on
Pellinal which is a memlreof the Pellino family of RINlike domain

containing E3 ubiquitin ligas¢372]. Thus TRIF fornasmultiprotein signalling

complex with TRAF6, TRADD, Pellirand RIP to activate TAK1, which

subsequently activates the NFkB and MAPK path\&lyg. TRIFdependent

pathway also leads to activation of IRF3 and interféron & NI y & ONJR LJG A 2 V «
noncanonical IKKs TBK1and iKKiY Y# 0 OF Gt 84S LwCo LIK2:2
induce its nuclear translocatid873]. TRAF3 is involved in the activation of

TBK1KKi by TRIF. TRAF3 plays aroitapt role in interferoni A Y RdzOG A 2y
different nucleic acid sensing TLRs as TRAF3 deficiency diminishes Interferon
production by TLR3, as well as by TLR7 and [BZB3B75. In contrast to its

role in promoting IRF3 activation, TRAF3 inhibits My@&8&ndent pathway.

Following interactiorwith the MyD88 signalling complex during TLR4

signalling, TRAF3 undergoes Hi#ed ubiquitination and degradation via

clAP1 and clAP2, which are only present in the MyD88 signalling complex.
Degradation of TRAF3 results in cytoplasmic translocatioe ongambrane

proximal signalling complex leading to TAK1 activdiddi®. NRDP1, a RING

containing E3 ligase has also heeported to differentially regulate the

MyD88 and TRHelependent pathways. It negatively regulates activation of

the MyD88dependent pathway by interacting with and degrading MyD88. At
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the same time, it stimulates TBK1 activation through-Ki@i&d ubiquitination

by UBC13377.

1.5 ER stress

1.5.1 Three arms of ER stress response

The endoplasmic reticulum (ER) is a dynamic tubular network that is involved
in several metabolic processes, such as gluconeogenesis and lipid synthesis. It
is also the mpor site for calcium storage in the cell and takes part in the
biogenesis of autophagosomes and peroxisoi®ég. Most secreted and
transmembrane proteins fold and mature in the lumen of the ER and then are
transferred to other compartments in the endomembrane system, presented
on the cell surface or secreted extracellul@Bl§d. Integration of multiple
environmental and cellular signals is required to constaadjst the folding
efficiency of the ER and to maintain the quality of cell surface and secreted
proteins with high fidelity. Cell ensures adaptation to fluctuations in protein
folding requirements through the action of signal transduction pathways that
have sensors facing the ER lumen and effectors that convey the message to
compartments of the c€IB8(]. A pioneering study in mammalian cells

provided the first clue for the existence of a homeostatic mechanism that
overcomes perturbations in protein folding at the ER. This study
demonstrded that pharmacological and genetic manipulations that increased

the load of unfolded protein in ER selectively upregulated the expression of
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several EResident chaperond881]. This intracellular signal transduction
feedback loop that controls gene expression under cond#iof ER stress is

known as unfolded protein response (URERY.

Sensinghie imbalance between the amount of unfolded protein in the ER and
the capacity of the cellular machinery that deals this load, UPR sets three
main responses in acti¢d82, 383). The first two of these responses function

to resolve the stress. First, there is a transient adaptation that decreases the
load of prdeins entering the ER by lowering protein synthesis and
translocation into the ER. Second, a long term adaptation ensues in
transcriptional activation of UPR target genes that increase ER abundance to
satisfy needs by mediating expansion of the ER membaadepopulating the
expanded organelle space with newly synthesized protein folding machinery.
The third mechanism eliminates damaged cells by apoptosis, when cells fail to
re-establish homeostasis but continue to experience prolonged and
unmitigated ER s&sg380, 384]. This intensive and complex cellular response

is mediated by three different classes of ER stress transducers. Each class
represents a distinct armfdhe UPR which is operated by protein kinase RNA
(PKRJike ER kinase (PERK), inosigjuiring enzymel (IRE1) or activating
transcription factor 6 (ATHEB80. The IRE1 branch represents the most
conserved and sole UPR pathway in lower eukary885. An ER chaperone
immunoglobulinbinding protein (Bip) (also known as gluceegulated

protein, GRP78) interacts with the ER luminal domain of PERK, IRE1 and ATF®6.

It has been proposed that Bip dissociatesm these molecules upon
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accumulation of unfolded proteins, leading to their activafi@®d6].

Overexpression of Bip markedly inhibits PERK and IRE1 activation and
represses UPR, whilst reduction in Bip levels ¢éngd)PR387, 388]. However,

in addition to dissociation of Bip, other cellular factors modulate activation of
the ER stress sensors. Deletion of Bip binding site in the ER luminal domain of
yeas IRE1 does not lead to constitutive activation of this mutant. Moreover,
accumulation of unfolded proteins in the ER regulates activation of this

mutant[389, 39(].
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Figure 1.2ZThe UPR

The unfolded protein response stress sensors, ineditll lj dzA NA y 3  LINR G S A

OLwIOMh 00X LINRlike®idgplagmicyeticil@n (BR) kinase (PERK) and
activating transcription factor 6 (ATF6), transduce messages regarding the

folding status of the ERtthe cytosol and nucleus to restore proteimlding

OF LI OAlied ¢KS wblasS FOGAGAGE 2F LwOmh L

X boxbinding protein 1 (XBR) to produce an active transcription factor,
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spliced XBR (XBPFLs). Upon activation, PERK phospitates the initiation

FLFEOGU2N) Sdz]l FNE2GAO GNYyatlraArAzy AYyAGALlL G2
protein synthesis, but favoutse translation ATFAMRNA, leading to activation

of the transcription factor, C/EBP homologous protein (CHOP) which induces
apoptosis. Under ER stress, ATF6 is transported to the Golgi apparatus, where

it is cleaved by site 1 protease (S1P) and S2P. The transcription factors

emerged from ER upregulate expression of genes encoding ER chaperone and

proinflammatory proteins.

The nitial characterization of ER stress pathway was done in Saccharomyces
cerevisiae which utilizes a linear pathway controlled mainly by one stress
sensor, Irel and a downstream transcription factor, Has(]. IRE1 is a type |
ERresident transmembrane protein which contains a novel lumdaahain

and a cytoplasmic domain with protein kinase actijd84, 392]. Under ER
stress conditions, IRE1 oligomerizes in the plane of the membrane which
allows transautophosphorylation of adjacent kinase domains.
Oligomerization can be triggered by dissociation of Bip or by direct birding
unfolded polypeptide chain to the luminal domain of IRE1 which forms a
shared central groove resembling the peptide binding domains of major
histocompatibility complexes (MH@3%3 394]. Possibly through
comformational chandg@79], this transautophosphorylation activates the
cytosolic RNase domain that cassprecise endonucleolytic cleavage-(26
nucleotidelong intron) of the mMRNA encoding the transcription factor X-box
binding protein 1 (XBP1). This causes a shift in the coding reading frame of
XBP1 mRNE895-397] resulting in the expression ohactive and stable

transcription factor termed, spliced XBP1 (XBP1s). The activated XBP1s then
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translocate to the nucleus and acts as a potent activator of UPR target genes

to control ERassociated degradation (ERAD), protein folding and protein flux

into the ER 398, 399]. XBP1s also regulate phospholipid synthesis, which is

required for the expansion of the ER membran@lenER stre$383.

PERK is also a type | transmembrane protein located in the ER membrane

which is phylogenetically related to IRE1 and similar in structure and

function[387]. Like IRE1, PERK also contains cytoplasmic protein kinase

domain that undergoes activating trasasitophosphorylation through

oligomerization in ER stressed cells. Activated PERK.Jf@&sNE f -0 Sa G KS
subunit eukaryotic translation initiation facter 6 S L C 151, indireclly { S NJ
inhibiting elF2 and inhibiting mMRNA translation. Lower levels of translation

initiation result in global reduction in the load of newly synthesized proteins

which in turn reduces the entry of proteins into the already stressed ER

lumen[40Q]. However, limited activity of elF2 preferentially favours the
GNFXyatlFdA2y 2F &a2YS Ywb! a O2yidl-AyAy3a a
untranslated regions. One of these mMRNAs enc@dganscription factor

ATF4 that drives the expression of several UPR genes , such as, transcription

factor C/EBP homologous protein (CHOP) and growth arrest and DNA
damageinducible 34 (GADD34). The transcription factor CHOP controls

expression of gendavolved in apoptos[879® t K2 ALK 2NRBf | A2y 2
also lead to activation di C [401, 402). In order to ensure cell survival, the

f S@St 2F LK2aLK2NEBfFGSR SLCuh Aa dA3IKIUG
dephosphorylated within minutes of restoringREhomeostasi887, 403.

GA50n FYyR [/ wSt 602yaiAiddziai @S NBLINBaiaz2N
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2T GKS 3SySa GKFEG GNRARIISNI RSLIK2 &LIK2 NE f
substrate targeting subunits of two phosphatase complgX{€3-405). In
contrast to GADD34, CReP expression is constitutive and functions in baseline

SLCHNh RSLIKPMAJIK2NEBL I GA2Y

ATFa@s initially synthesized as an inactive precursor, bound to the ER
membrane by a transmembrane portion and bears a stress sensing region
that resides in the ER lumpt0€g]. Upon onset of ER stress, it is packaged into
transport vesicles and is transped from the ER to the Golgi apparafid@7].
There it is processed by two Geigsident proteases, S1P and S2P {sitand
site-2 protease), that consecutively removes the luminal domain and the
transmembrane segment, respectivel®6, 408. The released #&rminal
cytosolic portion, ATF6(N), then enters into the nucleus to activate gene
expression. Many of these target genes encode ER resident proteins that are
involved in protein folding, such as Bip (a chaperone of the heakghatein
HSP70 family), protein disulphide isomerase and glucegelated protein 94
(GRP94; a chaperone of the Hsp90 fanj@yg]. Binding of Bip in the luminal
domain of ATF6 is proposed to mask its Golgi localization signal. Under
accumulation of unfolded proteins, Bip release may contribute to its
activation[409]. ATF6 is present as a monomer and as oligomers, probably
due to the presence of intraand intermolecular disulphide bonds at its ER
luminal domain. Under ER stress, reduced ATF6 monomers may only move to

the Golgi for subsequent processing antiwation [410)].
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1.5.2 Association between ER stress pathway and immunity

The protein folding machinery in the ER is mainly challenged in specialized
secretory cells such as immune cells due to their high demand of protein
synthesis, which creates a constant source of stf8g§]. The involvement of
UPR in immune system was first identified ael lymphopoiesis, where

XBP1 was shown crucial for thev@lopment of terminally differentiated
antibody secreting plasma ce[kl1, 412). UPR is primed when adgll

matures irio a plasma cell, as there is an associated expansion of the ER and
secretory apparatus to comply with the extremely increased secretory
function of the plasma ce]#413 414]. Later on, XBP1 was reported to be
highly expressetly myeloma cells which are the malignant equivalent of
plasma cell$415]. Although Xbpldeficient mice developed normally with
normal numbers of B and T cells and marnyeB functions remained

unaltered, they failed to mount antibody responses tadltindependent and
T-celkdependent antigens. B cells from these mice did not express plasth
marker (CD138) and plasma cells were absent in the secondary lymphoid
organg[411]. Furthermore, IRE1 deficientdIl does not progress
developmentally beyond the prB-cell stagg416]. Cleavage of ATF6 occurs in
stimulated B cells reflecting its involvement in terminadd® differentiation

[417]. However, PERK pathway does not seem to be involved in this process,
as PERK deficiency does not affect plaseibdifferentiation[416, 41§].

Intact UPR is also essential for the survival and development of dendritic cells.

Deficiency in XBE markedly reduces the number of conventional &1
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plasmacytoid DC (pDC) due to an increased sensitivity to apoptosis during
differentiation and also following stimulation with TLR ligaptkd]. Basal

level of XBR splicing in freshly isolated DC suggests that activation of this
vital arm of UPR allows for optimal DC function. The lacking oflX88ults in
more profound reduction in pDC compared with conventional DC. pDC has a
distinct spheical plasmacytoid morphology which resembles that of a plasma
cell. Similar to plasma cell, multiple cytoplasmic extensions and an expanded
ER develop in pDC in response to bacterial or infection, with accompanying
production of large amount of IFN ®  éxplaing the requirement of

vigorous UPR in this cell typ&19]. In the absence of ER stress, constitutive
activation of the UPR sensor IRE1 and its target, XBP1 in DC has been reported
in another study. Absence of XBP1 in CD11c+ cellssaesulefective

phenotype, ER homeostasis and antigelNE a Sy G Ay 3 | oAf Ale 2F
conventional DC, whist the closely related CD11b+ conventional DC remains
unaffected[420]. In addition toXbpImRNA, the RNase domain of IRE1 can
also regulate the cleavage of additional mMRNA species in a process termed
WNB JAHREIRISSISY RSy (T REDRFM Lo/w DChHhaiER
homeostasis is dysregulated by the loss of XBP1 transcriptional activity,
whereas the RIDD pathway is responsible for controlling their phenotype and
antigen crosgpresentation by regulating mRNAs that encode integrins and
components of the MB class | machinef$20]. XBP1 is also an indispensable
factor and plays highly selective role in the development of mouse
eosinophils. XBP1 becomes vigorously and selectively activated during

eosinophil differentiation and requires for the survival of mature eosinophil in
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a cellintrinsic way. Hematopoietic deletion of XBP1 results in downregulation
of genes encoding proteins which control protein folding in ER and balance of
secretory pathways. After the commitment of the progenitor cells to the
eosinophil lineage, defective basER protein folding capacity prevents

terminal maturation by downregulating expression of genes encoding the
major lineage determinant GATAand key eosinophil granule proteif#24).
Recent evidences have suggested crosstalk between the elements of UPR
signalling pathway with that of the innate immune system. CRé&iatocyte
(CREBH) is an ER membrane resident transcription factor that is structurally
related to ATF$424]. CREBH also undergoes ER stress regulated
intramembrane proteolysis, releasing ar&minal segment that moves to
nucleug425]. Unlike ATF6, it does not activate the expression of genes that
increase the capacity of the secretory pathway, instead, links ER stress in the
liver to the secretion of @eactive protein and serum amyloidd®mponent,

which are both linked with innate immune responses. Moreover; pro
inflammatory cytokines, te and Ikmi Oy Ay RdzOS | OGA QI (A 2\
UPR425. In mice andCaenohabditis elegansXBP1 deficiency abolishes the
ability of these animals to clear bacterial pathog@#®6, 427]. Certain TLRS,
such as, TLR2 and TLR4 specifically indigeEmRNA splicing to trigger
production of inflammatory mediators, including®l[428]. Surprisingly, TLR
stimulation suppresses ATF6 and PERK signalling but particularly promotes
XBP1 dependent4t mRNA upregulation without activating classical UPR
[428, 429. In fact, some evidence suggests that activation of XBP1 splicing by

TLRs is not dependent on protein misfalgl[428]. However, this process is
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dependent on IRE1 and mediated through a specific signalling pathway
involving MYD88, TIRAP, TRAF6 and NADPH oxidase 2 [#R9XX)BP1

promotes the polylC induced inflammatory immune responses in DC and

[a=tN

SYKIFIyOoSa (GKS LINPRdzOGAZ2Y 27F L@@ | yR 2
'tw KFra ta2 0SSy AYLIEAOFIGSR Ay (KS NB
TLR stimulation in macrophages through XBBinding of XBR to acis

acting enhancer element increasescruitment of CBP and IRF3itobl

LINEY23GSN) 6 KAOK Ay ( dzNp31l Fdehef Stybiyias L Cbi L.
demonstrated that phosphorylation and nuclear translooatof IRF3 are

triggered by different ER stress inducers even in the absence of exogenous

TLR stimulatiof432].

1.5.3 Involvement of ER stress in disease

Although ceoperation between ER stress signal and those emanating from
TLRs may be appropriate for optimal response against infection, it may result
in pathologic inflammatory responses. Abnormalitid€E® stress have been
implicated in a number of human diseases, such as, neurodegenerative
diseases, bipolar disease, myositis, cardiovascular diseases, gut inflammation
and type | diabetef433-435. Dysregulated UPR has also been reported to
induce autoimmunity. Various models suggest four possible mechanisms
through which aberrant UPR contribute to autoimmunity: misfolded proteins
may be recognized by tareactive immune cells; autoimmunity may be

provoked through release of nemutoantigens and URRlated autoantigens
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from dying cells that fail to resolve ER stress; normal mechanisms of immune
tolerance may be perturbed in cells with defective UPR gixige to
autoimmunity; upregulation of ERAD associated proteins may confer
resistance to UPR mediated apoptosis and survival benefit to autoreactive

cells[436).

Involvement of UPR has been shown in human spondyloarthritis using
transgenic mice engineered to overexpress HLA T | Y R 2K dzY | y |
microglobulin that recapitulate many features of this disorf37]. Even

under physiolog conditions, HLA27 is prone to misfolding which prolongs
Bip binding and this seems to restrict to HRA7 among other MHC class |
moleculeqd438, 439. Macrophages derived from the bone marrow of HLA
B27 transgenic rats showed increased levels of Bipdipdl snRNA

compared®2 ¢Af R (&LJS NIGa ¢6KSy &a@aAdydz I GSR
Aberrantly folded HLfA27 molecules expresd on the cell surface have been
postulated to induce an autoimmune respongel, 442]. Overexpression of

Bip has been seen in the synovium in patients with RA that selectively
stimulates synovial T cells compared to control T cells. 80% patients with RA
were positive for autoantibodies against Bip compared to only 7% patients
with other rheunatic conditions, a study that was also confirmed in collagen
induced arthritis model of mou$é43, 444]. Stress proteins may elicit

immune responses by functionirag immune adjuvants themselvg#5. The

development of inflammatory colitisuch as inflammatory bowel disease can

w

0S dGdNROdzZiSR (2 GKS RSTSOUAQGS |tw AY
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to be expressed by intestinal epithelial cgddgld® Lw9mi RSFAOASY
higher expression of Bip which is indicative of higher basal level of ER stress in
these cell§446. Furthermore, when treated with dextran sodium sulfate,

these mice develop intestinal inflammatior53days sooner than control mice

[446® LYy 9! 93 | NRtS 2F !tw KIFIa 0SSy RST
before induction of EAE protects mice from the diselg]® L Cb: Ay RdzOS
UPR by activating PERK in oligodendrocytes which may indirectly confer

disease protection in mice. The protection is losParkdeficient miceg/447].

ER stress may have a role in the pathogenesis of atherosclerosis. CHOP

dependent activation of p38, ERK1, ERK2, JNK1 and JNK2 is associated with
elevated IE6 but not TNF expression in atherosclerosis lesi@i#s]. Oxidized
phosphorycholine which is another important factor of atherosclerotic

lesions, promotes the ATF4 and XBP1 arms of UPR, as wedl asd L8

secretion in aortic endothelial cell449].
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1.6 Hypotheses and aims
1.6.1 Hypotheses

1. Dendrtic cells are more resistant to DNA damage than monocytes
because they express activated DNA repair proteins.

2. TheATM kinase pathway, but not AkRase regulates 1123 in DC
This activity is shared by at@r DNAdouble strand breatepair
protein, DNAPK.

3. The regulation of 23 by ATM and DNRK occurs through changes in

the ERstress pathways

1.6.2 Aims and objectives

The aim of this study was to identify the underlying signalling pathways
through whichlL-23 response is regulated in DC by ATM andPKAWe
intended to provide a better understanding of the roles of ATM and IPKA

in DC function. This study was conducted with a view to establish a way of
manipulating IE23 dependent responses in inflamnnat, autoimmunity and

cancer.
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Chapter 2 Materials and methods

2.1 Primary cell isolation

2.1.1 Human cells

2.1.1.1]solation of cells from blood

Ethical approval was obtained from Nottingham University Ethics Committee
to take blood from healthy donors. A written informed consentnfiovas

signed by each donor befophlebotomy. Donors with significant medical
problems orcurrentlyon immunosuppressive medication or with anaemia
were asked not to volunteer, although no specific screening were performed
or any data recorded. Buffy caatvere purchased from National Blood
Service, Sheffield.

Heparinised whole blood or buffy coats were diluted with phosphate buffered
saline (PBS)ibco, Life Technologies) as needed, layered carefully without
mixing over Histopaqu&077 (Sigma) ancentrifuged at 4009 for 30 minutes

at room temperature with zero deceleration. Peripheral blood mononuclear
cells were collected from the plasma/HistopaglL@77 interface, washed

three times with PB® remove plateletscounted and washed once in cold
MAGS buffer (PBS + 1%dtal calf serun(Sigma)2ml 0.5M EDTAH-8.0

(Sigma)) before proceeding to magnetic separation. For buffy coats, an extra
step of red cell lysis was performed by adding 18ml DNase RNase free water
(Gibco) to cell pellet for 20 secomallowed by the addition of 2ml 10xPBS

(Sigma) and PBS.
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2.1.1.2 Myeloid dendritic cells

CD1c+myDC were isolated from fresh peripheral blood using the Miltenyi

CD1c isolation kit. After washing in cold MACS buffer, 300ul MACS buffer, and
100ul each of Fc blockimgagent, CD19 microbeads and-C&biotin were

added per 18cells and incubated at°€ for 15 minutes. Cells were then

washed in MACS buffer and CD19+ cells were depleted by using an LD column
(Mlitenyi). The negative fraction was washed in MACS bufferianubated at

4°C for 15 minutes with 400ul MACS buffer and 100ul-gintiin microbeads
(Miltenyi) per 1@ cells. Cells were again washed in MACS buffer and CD1c+
cells were positively selected through an MS coluiviitenyi). Cell

suspension wathen eluted onto a second MS column to increase purity.

2.1.1.3Monocytes

The negative fraction from CD1c+ isolation was subsequently used for
monocyte isolation, otherwise cell fraction after first MACS wash was directly
used. Depending on the cell number,-500pl CD4 microbeadgMiltenyi)

and 206400l MACS buffer were added to thesespended cell pellet and
incubated at 4C for 15 minutes. After washing, CD14+ cells were positively

selected using an LS colurgiiltenyi).

2.1.2 Murine cells

2.1.2.1Ethical approval and animal sa_crifice

Ethical approval to use mice was obtained from Nottingham University

Biomedical Services Unit. Healthy C57BL/6 mi€y@eks old) were

61



sacrificed using approved Schedule 1 methods by individuals approved by the

Home Office.

2.1.2.2Cell isolation

After sacrificed, the whole mouse was soaked in 70% ethanol. Then the
femurs and tibias were dissected out and soaked for 30 seconds in 70%
ethanol before transferring into murine DC medium. The bones were cut at
both ends to flush out the bone marrow into @fpi dish containing murine

DC medium using a 20ml syringe filled with medium and a 25¢g needle. After
collecting bone marrow from all the bones, the medium was transferred from
the petridish into a 50ml falcon tube and cells were separated by pipetting.
The cell suspension was then centrifuged at 180xg for 5 minutes, supernatant
discarded and the cells resuspended in murine DC medium. Cells were
counted and viability was checked with trypan blue staining using a

haemocytometer.

2.2 Cell culture

2.2.1 Media for cell culture

The medium for human DC was RPMI 1640, 10% @&talfcalf serum (FCS)
and 1% sodium pyruvate (all from Sigma). The composition of Murine DC
medium was same as for human DC with the addition of 1/100
Penicillin/Streptomycin (Sigma). T cakdium was RPMI 1640 with 10% (v/v)
FCS, 1% sodium pyruvate, 1% HEPES buffergl#ainire, 1% noressential

amino acids and 20uM-&hercaptoethanlo (all from Sigma). The medium for
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U937 cell line was RPMI 1640 (Sigma) with 10% (v/v) heat inactivated FCS
(Gibco). For freezing cells, 40% cell culture medium, 50% FCS and 10% DMSO

(Sigma) was used.

2.2.2 Primary cells

2.2.2.1Human

22211 Myeloid DC
myDC were cultured in DC medium with 1000U/ml rhiGBIF (Peprotech).
MyDC were plated as 10ells / well in tissues culture plate immediately after

isolation and rested for 2 hours at 8@efore treating the cells.

2221.2 Monocyte derived DC

For the generation of moDC, freshly isolated monocytes were cultured in DC
medium with 1000u/ml rhGMCSF and 1@W/ml rhil-4 (Immunotools) at a
concentration of 0.51.0x1@ cells/ ml in 75 or 17&n¥ flasks. On day 3, the
cells were fed with half volume of the initial amount of the medium with
cytokines. The cells were then harvested at d&y/dnd plated in tissue

culture plate in DC medium with rhGEISF fofurther experimens.

2.2.2.2Murine
22221 Bone marrow derived DC

Murine bone marrow derived cells were cultured at 1%&6lls/ml in murine
DC medium with recombinant murine GESF (10ng/ml) and recombinant
murine I=4 (10ngil) (both R&DBSystem} in 75 of 176n¥ tissue culture
flasks On day 3, medium and all floating cells were getdlgantedandan
equal volume of medium supplemented with rmG8&6F and rmid was

added carefully to the remaining plastic adhering monocyid® cells were
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cultured for further 4 days and then the immature BMDC were harvested,

washed and plated in tissue culture plafer experiments.

2.2.3 Celllines
2.2.3.1U937

Frozen vials 0f)937cells weredefrosted from liquid nitrogen stores by

warming up in the \ater bath at 3C. As soon as the cell suspension was
defrosted, it was transferred to a falcon tube and warmed U937 medium was
added dropwise whilst mixing the cell suspension. The cells were then
centrifuged at 180xg for 5 minutes and resuspended infld937 medium

for culturing in T25 flask. Once the cell density reached the maximum as
judged by eye, the cell suspension was aspirated and pelleted in a falcon tube.
Then the cells werpassaged at:3 forroutine culture. All cell lines were

routinely tested negative for the presence of mycoplasma.

2.2.4 FEreezing cell lines

After harvesting from flask cells were washed once in complete medium,
counted and resuspended at 6150x10 cell /ml in freezing medium. Cells
were then quickly aliquoted as 1ml parte and placed in eryopreservation
vessefilled with isopropanol. Cells wetben cooled to-80°Cat no more than
1°C/minutefor 24 hours before transferring into liquid nitrogen. Before
freezing, culture supernatant was taken for mycoplasma testingraatinely

found to be negative.
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2.3 Stimulation of dendritic cells for analysis of cytokine
secretion

2.3.1 Human

myDC or moDC were plated in-@&ll tissue culture plateat 1x1¢ or 5x1¢

cells /well respectively in triplicates in 50 or 100ul DC medium as appte

and treated with one drug or combination of drugs and-tiké receptor

agonist in a final volume of 200ul. When comparing myDC and nsa{@r

numbers of cells werplatedfor both cell types. After resting for 2 hours

(myDC) or overnight (moDQells were treated with small molecule inhibitors

(Table2.1) followed by stimulation with single or dual TLR agonists (TaB)je

GAUK 2NJ gA0K2dzi LCb* 0O wmnmictoscopicatlyp ! FGSN
confirmed to be free omicrobialinfection before 175ul of culture

supernatant was collected and stored-20°C forsubsequentytokine

secretion analysis by ELISA.

2.3.2 Murine

BMDC were plated and stimulated as for human DC but at*oel@/well

and with 10ng/ml rmGMCSF and rmid for all experiments.
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Table 2.1 Small molecule inhibitors

Drug Target Source Stock | Solvent | Working

corf corf

KU55399 ATM Tocris 10mM | DMSO 10uM

NU7331 DNAPK | Tocris 5mM DMSO 3uM

PERKi PERK Toronto 10mM | DMSO 1uM

Research
Chemicals

IRE1i IRE1 10mM | DMSO 10uM

NU6027 ATR Tocris 10mM | DMSO 10uM

GCi CRERCBP | Merck 10mM | DMSO 10uM

(Napthol AS Millipore

E)

I-1Ra IL-1 R&D 10ug/ml | PBS with | 50ng
receptor 0.1% BSA 100ng
antagonist

Tunicamycin| ER stress | Sigma 1mg/ml | Solution | 1pg/mlk-
inducer 10pg/ml

Thapsigargin| ER stress | Sigma 1mM Solution | 0.3uM
inducer

Table 2.2 Tollike receptor agonists

TLR agonist | TLR Source Stock | Optimised working cofi

corf

Pam cg TLR1/2 | Invivogen | Img/ml | 10pg/mi

Poly I:C TLR3 Sigma 5mg/ml | 20pg/ml

UltrapureLPS | TLR4 Invivogen | 5mg/ml | 500ng/ml

(S. Minnesota)

Flagellin TLR5 100mg/ | Img/mi

mi

R848 TLR7/8 | Invivogen | 1mg/ml | 2.5ug/ml

Curdlan Dectinl 2mg/ml | 20ug/ml

Zymaan Dectin 2mg/ml | 20pg/ml

1/TLR2
2.4 Irradiation of cells

DC were irradiated after treating with small molecule inhibitors in triplicate in

96 well tissue culture plates prior to activation with TLR agonist. For western
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blot analysis, cells were irradiated in-92Il plates. Radiation (6Gy of 195kVp
X-rays,0.87Gy/min, 0.5mm Cu filter, 48.4cm FSD) was delivered using a
Gulmay Xstrahl cabinet irradiation facility. Cell morphology was examined by
phasecontrast microscopy (X40) following radiation and after a further 24
48hours culture and viability was detemmeid by AnnexinV/PI assay. Viability

was unimpaired at the doses used.

2.5 Cytokine secretion determination of DC supernatant

DC supernatants were analysed for cytokine production using commercial

ELISA kits for human23 (eBioscience),12p70 (BD Biosciers), IL6

(ImmunoTools), HLO, Im i 327 anfl murine H12p70 (all R&D Systems). All

9[ L{'a 6SNB LISNF2NN¥SR Ia LISN YI ydzFI O d:
supplied with the kits. The assay sensitivities for huma28iL1-12p40, IL6,

IL-10, I.m i | -Z7Rverk 15pg/ml, 3.9pg/ml, 3.9pg/ml, 15.6pg/ml, 1.9pg/ml

and 78.1pg/ml respectively. Absorbance was measured at 450nm using a

spectrophotometer and data calculated usi@gaphPad Prism software

26 - AAOCOCOAT AT O T &£ 4" &y

A 4 ooA =

Respiratory Medicine, University of Nottingham by the TML-Cutture assay.
TMLC cells were harvested by trypsinization and resuspended in dezam
DMEM at 5X19cells/ml. The medium was removed from the exp@ental
cells and equal volume (100ul) of TMLC cells and medium containing

experimental stimulant was added. Cells were incubated &3®%ernight
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and washed in PBS before lysis in reporter lysis buffer (Promega, Hampshire,

UK). Cells were agitated withpipette and centrifuged at 1500xg for 5min at

4°C. The supernatant was added to luciferease assay buffer (Promega,
Hampshire, UK) and the luminescence measured using a MicroLumatPlus
YAONRLI GS tFYAYF(G2NI 609DgDXE . SNIK2fRX
quartified by comparing values obtained under experimental conditions to

readings obtained from a standard curve derived from increasing

O2yOSYiUuNXdA2ya 2F I OUAQPBS ¢DCi mo

2.7 Mixed lymphocyte reaction (MLR)

DC(1x1@® cellg were treated with inhibitors and activatewith LPS in &vell
tissue culture plate for 24 h, harvested;ceunted and replated in sextuplet

in 96-well round bottom tissue culture plates at 5 consecutive 1:3 serial
dilutions starting with 16DC/well. The responder PBMC populations (both
autologous and allogeneic) were either isolated from fresh blood on the day
or recovered from liquid nitrogen and added at a density of 24@ll. Cell
proliferation during the last 18 h ot&ay or 3day culture was determined by
uptake of 0.5 pCi methyPH] thymidine (Amersham, UK Cells were then
harvested onto filter plates and radioactivity was determined ligaid

Scintillation counter.

2.8 FElow cvtometry

Flow cytometrybuffer was prepared with PBS, 1% FCS and sbilm azide

(Sigma). All FACS samplese acquired or9-parameterMACSQuant® Flow
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Cytometer and analysed using FlowJo softwarapjiropriate cells were

fixed using 2% formaldehyde and stored in the dark®ax éntil acquisition.

2.8.1 Cell purity and phenotype

MyDC, monocytes and naive T celiye washed in cold FACS buffeflow

cytometry buffertubes at 1000rpm for S5minutes, supernatasecantedand

cells resuspended by vortexing. Antibodies were added to the resuspended
cellsand incubated on ice in the dark for 30 minutes. Cells were then
resuspended in 500ul buffer and acquirddouse antthuman HLADR IgG2a

FITC (clone: AC122), CD86 IgG1 Vioblue (clone: FM95), Cd80 IgG1 APC (clone:
2D10) where all from Miltenyi Biotec, CDG1 FITC (Clone 5C3), CD83 IgG1

PE (Clone HB15e) were purchased from BD Biosciences. Isotypes used mouse
anti-humanlgG2a FITC (cloneS43.10), IgG1 vioblue and APC (cli8h&3S5

were purchased from Miltenyi Biotec, IgG1 FITC and PE (Gl@feC21

both) from BD Biosciences.

2.8.2 Viability

Cells were washed twice with cold PBS and then resuspendedindirg

buffer at a concentration of 1x2@ells/ml. 100 pl of the solution (1x10ells)
were transferredo a 5ml FACS tube. Then FlakelledAnnexin V (ful) and
Propidium lodid€PI) (5 pl) were added to each tube. The cells were mixed by
gentle vortex and incubated for 15 minutes at RT in the dark. Cells were then

resuspended in additional 400 pl of ixding buffer and acquired within 1h.
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2.8.3 Intracellular__staining for phospho -ATM

Cells were harvested with 2% cold methanol, washed (1000 rpm for 5
minutes) and incubated for 15 minutes at RT in 500ul of 2% formaldehyde.
Then the cells were fixed in 1ml methanol for 15 minutes on ice and kept
overnight at #Cor proceeded to the next step. Permeablization was carried
out by incubating with 50ul 0.5% saponin (in FACS buffer) for 30 minutes on
ice and then stained with primary antibody in 0.2% saponin (in FACS buffer)
for 1h at RT. Nonspecific binding was blatkath 500 ul 5% FCS in FACS
buffer for 15 minutes and then stained with secondary antibody in 0.2%
saponin (in FACS buffer) for 30 minutes on ice. The cells were washed after
every incubation and finally resuspended in FACS buffer for acquisition.
Bindingof primary antibodies mouse monoclonal ahtiman ATM phospho
Ser1981 (Millipore) was detected with a Fdabjugated secondary antibody

(polyclonal rabbit antmouse IgG F(abRITC, Dako) (dilution 1:50).

2.8.4 SubGl1 fraction assay

Cells were suspended atlt® cells/ml in 1ml of PBS in 5ml FACS tubes,
centrifuged at 200g for 5minutes at room temperature ghdé PBS
supernatant removed bgspiraton. The cell pelletvas gently resuspendad
1ml of fluorochrome solution with caution to avoid nuclei fragmerdgatand
separation of apoptotic bodies from apoptotic nuclei. Fluorochrome solution
was0.1% sodium citrate (wt/v), 0.1% TritoaAlRO (v/v), 50mg/l Pl in

deionized/distilled water. Fluorochrome solutiovas stoedn the dark at 4C

70



for severalmonths. Theubes were then place in the dark &t@for at least

1h and no longer than 24h before flow cytometry analysis.

2.9 Quantitative PCR

DC (1x1®cells) were plated in DC medium with GBSF in 1fvell plates.

Cells were pretreated with KU55399 or NU7331 foafhb/or activated with

[t{ pnny3dkYf b LCb! pnanydkYfd ' HKI cK
harvested into cold PBS, RNA was isolated using Nucleospin RNA Il Extraction

kit (Machereyp 35St > 5: NBy> DSN¥YIlIyé&o yR O5b!

Reverse TranscriptioSystem, Promega).

2.9.1 OQuantitation of mMRNA levels of p19

Quantitative PCR was carried out for IL23p19 withTOP1 as a housekeeping

gene using Tagman primers (Applied Biosystems, TOP1 Hs00243257 m1, IL
12p19 Hs00372324_m1). The Master Mix used was from Piasign

(Southampton, UK) and the assay was carried out on Stratagene MX3005P.

Primers and probes were used at 15 pmol/pl in a final volume of 20ul and the
reaction was carried out in triplicates. PCR conditions for all primers were
10min/95°C of 1 cycle hen 50 cycles of 15s/96 and 60s/6@C. Data analysis

was undertaken with Stratagene software. Quantification was carried out

dzaAy3 11/ ¢ YSGK2ZR 6KSNBChtwmTI/ o@SYySL 2/F¢
calculated with mDC as the reference condition and thdd é&hange in gene

expression =2* . Amplification efficiency was 9010%.
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2.9.2 Quantification of mMRNA levels of sXBP -1

RNA isolation and cDNA preparation were performed as described in the
previous section. gPCR was carried out using KAPA Biosystem (\WdB)irn,

with KAPA SYBER® FAST Universal 2xgPCR Master Mix and on Stratgene
MX3005P. Primawere obtainedfrom Eurofins MWG Operon (Ebersberg,
Germany). Primers and probes were used at 10pmol/ul. The method of
guantification was same as that described for3h29 where the house

keeping gene was HPRT.

Note that HPRT was retained as a house keeping gene for sSXBP1 qPCR in order
to permit direct comparison of data with the laboratory of Dr Jane Goodall

and Prof Hill Gaston (University of Cambridge).

2.10 Western Blott ing

moDC were plated in 2&ell tissue culture plate at 1x2@ells in 1ml with
GM-CSF. After resting, cells were treated with the inhibitor of interest for 1
hour then simulated with TLR4 agonist. Cells were harvested in cold PBS,
washed and lysed in RAbuffer (Sigma) containing protease inhibitor

cocktail, phosphatase inhibitor cock®# and 3 and benzonase endonuclease
(all Sigma) on ice for 1h. Residual lysis buffer was remimliesving
centrifugation and samplestoredfrozen at-20°C until use.

Proteins were resolved in 10% Tris/glycine gels (made in house)2¥64
Tris/glycine gradient gel (Novex) by electrophoresis. Proteins were then
transferred onto nitrocellulose membranes and membranes blocked with 5%

milk (w/v) in PB®.1% Tweef20 for 1h, probed with primary antibodies
72



overnight at 4C  Following washing, the binding of primary antibodies was
detected with appropriatesecondary antibodies ithe dark for 1h at room
temperature in 1% milk (w/v) in PEBL% (v/v) Tweei20. Membranes were
washedrepeatedlyafter eachantibodywith PBS0.1% 9 (v/v) Twee0 to
remove any unbound milk or antibodi€éBhe pimary antibodiesisedwere
mouse monoclonahnti-humanATM phosphoSer198Clone 10H11.E12,
Y2dzaS L 3IDwmS 0, pdybldhal razbilariti-huimbdd NP Kcs phosho
S2056 (rabbit IgG) from Abcam, ahtiman phospheS L Crnabbit anti-
humanCREB phosphoSer133 from Abcam, mousetamianCREB
phosphoSer121 from Cell Signallamgd mouse antK dzY' I y i o6 { A3JYI X
1/10,000). Infrareddye conjugatedecondary antibodies: donkey amébbit-
800 and donkey amtinouse600 (dilution 1/15000) were obtained from Li
COR. The membranes were scanned or@AROdyssey infrared reader and
the images were analysed by the softwareCOR® Odyss&grsion 3.0. fie
intensity of the target protein was normalized to the intensity of the

O 2 NNE a LagcyinPany far each sample.

2.11 Microscopy

2.11.1 Treatment of cells

moDC were seeded on coverslips iwéll tissue culture plate at a
concentration of 0.5x1%0cells/ml with well containing 400uL of medium. The
cells were left untreated of treated with drug and/TLR agonist in a final

volume of 500pL. Cells were rested overnighatiowthem attach to the
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coverslip so that the cells were not washed away during the staining

procedure. The harvesting points were 2h, 4h and 6h post activation with LPS.

2.11.2 Staining procedure

The medium was removed carefully without disturbing the cell attached to
the coverslip. Then the wells were washed with 2ml of ice cold PBS and
incubated on icdor 5 min with 1ml of 100% cold methanol. After that, 2 ml of
cold 0.5% saponin (fftow cytometrybuffer) was added to each well and
incubated for 2h on ice and/or in the cold room. Then the cells were stained
overnight with 1 ml of anti p65 NFkb antibp(Santa Cruz Biotechnolpgnc.)
diluted as 1:500 in 0.2% saponin (FACS buffer). On next day, each well was
wash with 1ml of 0.2% saponin for three timesl(® minutes wash each

time). Cells were then stained with 1 ml of secondary antibody (anti mouse
alexafluor488) at a concentration of 1,000 in 0.2% saponin. The plates were
then covered with foil and incubated for 2h on the sha&ed°C At the end

of the incubation period, the coverslips were taken off carefully from the wells
and mounted on micrscopic slide using mounting medium. The edges were

then sealed with nail polish to prevent drying of the cells.

2.12 Statistical analysis

Statistical analysis was performed using Graphpad Prism® software and
Microsoft® Excel (*:0.05>p vak@®01,**:0.01>p vale>0.001,***:p
value<0.001). Noparametric paired-test was done for data from one

experiment for comparing biological tlipates between different treatments.
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Data from multiple donors containing two sets of treatments were tested by
non-parametric unp&ed t-test. Overall significance for a set of experiment
with multiple conditions of triplicate measurements was tested using ordinary
one-way ANOVA performing multiple comparisons. Data from multiple donors
for comparingeffect between treatments were s&ed with oneway ANOVA
where one variable applied or twavay ANOVA if two variables applied for
individual group against all othgroups. The fierence between two groups
was then tested by unpaired ngmarametric ttest with MannWhitney test.
Resultsvere presented as the mean + standard deviation (SD), unless

otherwise stated.
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Chapter 3_Expression and importance of DNA
damage repair molecules in dendritic cells

3.1 Introduction

The innate immune system of mammalian cells identifies external dangers by
the engagement of highly conserved different classes of pattern recognition
receptors (PRR), which are expressed by macrophages and DC. Following
triggered by danger signals, DC produce cytokine linking innate and adaptive
immune responses and manipulate Tleebponse$450-452]. Cells harbour

the DNA repair pathways to compensate the damage of greoge caused

by various exogenous and endogenous factors. In addition to the canonical
roles of maintaining genomic stability, the proteins involved in these signalling
pathways are recently being reported to be involved in other intracellular

stress resposes and in induction of immune respon$453-456].

The integrity of eukaryotic genome is under constant mutational threat
because of exposure to various internal and external agents that cause
damage to DNA. These agents include oxygen free radicals, UV light, ionizing
radiation, and different chemical agents, the chemotherapeutic agents that
cause DNA damadé57]. These factors introduce a wide variety of genetic
alteration, such as deletions, translocations, and chromosome loss, which in
turn result in cell death[282]. So for the prevention of undue cell death

and/or neoplasia, it is essential to maintain the genomic stability. Among all
the different types of DNA lesions, DNA double strand breaks pose a

tremendous treat to ggome integrity and cell viability, if left unrepaired or
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incorrectly repair. Thus correspondingly, there are multiple evolutionary
conserved pathways that allow cells to detect, respond to and correct
chromosomal alterations. The two major repair pathwéysDSBs are errer

prone northomologous engoining (NHEJ) and higldelity homologous
recombination (HR)58]. In mammalian cells, NHEJ repairs most of the

ionizing radiation induced DSBs which occurs predominantly in the GO and G1
phases of tk cell cycle by tethering DSB ends directly or after limited
processing459, 460]. Onthe other hand, DSBs induced by stalled replication
fork are repaired by HR and occurs during late S and G2 phases, as HR requires
a sister chromatid as a template for reppd6(]. In conjunction with these
pathways, mammaan cells also maintain a DNA damage response pathway
which senses DNA damage and initiate a wide spread signalling cascade that
involves DNA repair, activation of cell cycle checkpoints, and extensive
modulation of gene expression and many metabolic patisv This broad,
powerful signalling network begins with rapid accumulation of a large group

of proteins as sensors at DSB sites and continues with the activation of several
protein kinases with partially redundant functions. These transducer proteins
relay the signal to numerous downstream effectors, which are mainly key
molecules in the downstream DDR branches. However, the overall cellular

responses induced by DSBs go far beyond rEg&4.

The fundamental transducer of DSB is the serihe2onine kinase ataxia
telangiectasia(A') mutated (ATM), which becomes activated upon DSB

formation and triggers phosphorylation of multiple substraf2g7]. This
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protein belongs to a conserved family of phosphoinositiderase-like

protein kinases (PIKKSs), that also two other major DSB sensors: the subunit of
the DNAdependent protein kinase catalytic subunit (DIRKcs) and ataxia
telangiectasia and Rad3 related (ATR)9. These three proteins exhibit close
functional relationship, having distinct and redundant functions. There is
recentevidencesuggesting the broad capacity of ATM as a regulator of other
cellular processes, such as oxidative stress, ER §&&3sand non DDR

aspects, among that mitochondrial homeost$$&8, 461]. DNAPK is also a
DNAactivated serine/threonine protein kinase which is abundantly expressed
in almost all mammalian cells. It has critical roles in {dlWage repair

pathway, including NHEJ and HR. However, high levels cPBNAhuman

cells mirrors the involvement of thiprotein in different cellular signalling
pathways besides DNA repair. Recently ElN¥Ahas been reported to be

involved in metabolic gene regulation in response to insulin stimulation and in
the regulation of homeostasis of cell proliferat{d®2. Our studies have

shown that inhibiting ATM aridr DNAPK with highly selective antagonists
increased secretion of 23 in human monocyte derived dendritic cells.
Although none of these DNA damage sensors have previously been described
to play a role in regulating the-R3/TH17 axis, there are somadirect

evidences linking ATM kinase to immune activation. In a colitis model of
mouse, ATM deficiency resulted in unrepaired DNA damage and persistent
immune activatiofd53]. ATM activation was alshown to induce IFN
stimulatedand IFN ¢y RISy Sa Ay ¢ GrilicedDNA TG SNJ S

damag¢454]. Thus understanding the intracellular mechanisms linking these
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molecules in the context of immune regulation may have important

therapeutic implications in terms of cancer and autoimmune alsss.

The key players in the immune system are monocytes an@E8L

Monocytes are derived fim progenitor cells in the bone marrow. Upon
maturation, they are released into the bloodstream, circulate in the blood and
enter the tissue to differentiate into macrophages and myeloid dendritic cells
[464]. DC present antigenic peptides on their surface MHC molecules thus
induce an effective immune response by stimulating differentiation of T cells.
In the process of engulfing invading pathogens, DC produce a burst of reactive
oxygen species (ROS) as a defence mechanism against infddtidhs These
cells can also play roles in the pathogenesis of clermlammatory diseases

by activating neutrophdand leading tahronicROS productiofd66. The
cytokines and chemokines produced by excessive and chronic monocyte/DC
activation together with a continuous production of high level of ROS may
cause severe damage to celuDNA and normal tissues leading to exev
autoimmune conditions such as RA, IBD, psoriasis, atherosclerosis and
neurodegenerative diseas¢467]. DNA lesions, such aspgo-guanine and
thymidine glycolinduced by ROS can lead to genomic instability, mutations
and eventually cancdr68]. Thus there must be a check point system to
control excessive activation and ROS generation by the mononuclear
phagocyte system following infection and inflammation to avoid adverse

immunological reaction and damago normal tissue.

79



It has been shown that human macrophages and DC show high level of
resistance to DNA damage when exposed to ROS inducing agents. These cell
display very low level of DNA damage after exposure to genotoxic stress and
are very efficientn repairing single strand break (SSB) and double strand
break (DSB) ensuing cell survi¥d9]. In contrast, the cells they are derived
from, the monocytes, are highly sensitive to the genomic threats imposed by
those ROS producing treatments displaying high level of DSBs, activation of
DDR pathway and apoptosis. This extreme sensitivity of monocytes can be
described by their lack of expressigrif G KNBXS A YL NI yad LX I &
and PARR) in base excish repair (BER) and DN#Kc4469]. This DNA repair
defect in monocyteshus functions as a selégulatory mechanism to

maintain homeostasis by preferably killing the precursor cells. This in turn
controls the adverse immunological consequences by keeping cytokine and

ROS producing mature cells in ch¢4&9].

In this chapter, we aimed to compare the sensitivity of monocytes with DC
derived from them to ionizing radiation to +&stablish the resistance of DC to
IR. The role of DNA repair molecules in monocytes and DC was studied by
inhibiting ATM and DNRK to establish their importance in these cells.
Furthermore the effect of inhibition of these DNA damage repair proteins on
classical DC function was investigat€ese assays would provide valuable
insight in future implication of ATMi and DMPXi for immunological

therapies.
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3.2 Results

3.2.1 3.2.1 Cell purity and phenotype

The purityof isolated monocytes werdeterminedby flow cytometricanalysis
of CD14 expressigffrigure 3.1) and routinely exceeded 95%. Further
experiments confirmedhe phenotype of the DQgpon maturation.
Maturation was determined by examining expression of G886, CDA40,
CD83 and HI-BR at24 hours postactivation. CD80, CD83 adD86
expresion was low on immature DCs and eliehin mature DCs (Figure 3.2
Similarly, expession of HLARIow in immature DC and high level of
expression observedfter maturation (Figure 3.2). CD40 expression was

similarin both immature and mature DC (Figu8e).
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Figure3.1 Purity of isolated monocytes

After isolation, the purity of mnocyteswasdeterminedwith CD14 PECy5
antibody ( line) with matched isotype controbue line) and acquired by
flow cytometry. Shown ithe typical staining patten obtained fromthree

representative donas.
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Figure 3.2 Phenotype of immature and mature DC
Immature DC and DC activated with LPS for 24 hr from 3 donors have been

presented. Ciis were stained with antibodies€¢d lines) and matched isotype
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controls pluelines) and acquired by flowytometry. Shown igypical staining

pattern achieveccompared to isotype control.

3.2.2 Expression of ATM and DNA-PK in monocytes, moDC and myDC

As DC have been shown to have basal level of activated ATM anré@ONA
[469, we aimed tocomparethe levels of phosph&TM and phosph@NAPK

in resting monocytes, moDC and CD1c+ myDC, and also in response to IR.
moDC showea lowbasal level of activated ATihich wasncreased

following exposure to IFigure 3.3). As expected, phosphorylatio®dM

was abolishedby treatment with ATMi, but not DNRKI(Figure 3.3 AJThere
was no evidence of phospheATM bandn extracts oimonocytes or isolated
CD1ci#myDC In contrast, lmth moDC and CD1c+ myDC had activated-BKA
in their resting state anddivation of DNAPK wasncreasedollowing IR
treatment. Treatment with DNAPKI, but not with ATMi, abrogated-iRluced

activation of DNAPK in both cell types (Figure 3.3B).
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Figure 3.3 Expression of ATM and DIRK in DC

Westernblots of phospheATM (Ser1981) in resting moDC and at 1 hr post IR
(6Gy) in the presence or absenceAdiMi/DNAPKI for two donors in Figure

3.3 Aand in CD14, moDC and myDC for phofpi&PKcs (Ser 2056) in
Figure 3.3 B have been present&ells were teated with either ATMi or
DNAPKI at the indicated concentrations for 1 hr prior to IR and then

KFNBS&aidSR | iactimwagkusad lai2adoading eomtrol.u
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3.2.3 Monocytes are more sensitive to DNA damage than DC upon
radiation

Human monocytes were isolated from peripheral blood of healthy donors and
differentiated into DC by treatment with the cytokines4land GMCSF.
Maturation process was confirmed by checking the surface markers regularly.
All these cells are neproliferating, that is, monocytes and DC derived from
them do not proliferate during the differentiation procedure and throughout
the experiment. To compare the sensitivity of monocytes with DC, the cells
were exposed to 6Gy radiation and apoptosis was measured) tsim

different techniques over a period of 72 hr. In sGl fraction assay, a
fluorogenic compound, Pl is used that biredsichiometrically to nucleic

acids. So fluorescence emission is proportional to the DNA content of the cell
and when analyzed by & cytometer, apoptotic cell show a broad
hypodiploid peak which can be easily distinguished from the narrow peak of

cells with normal diploid DNA in the red fluorescence.

Even in the absence of radiation, monocytes showetigher level of cell

death than DQFigure 3.1 and 3)2vhich indicated the better survival

potential of DC in prolonged in vitro culture®/hen exposed to IR,

monocytes exhibitec greater level of cell death than moDC. Whilst cell
death was typicall40-50%for monocytes, at 48hDC showed approximately
less tharR0% death Howevelby 72hr the proportion of subG1 fraction was
similar for both cell types. DC were resistance to the genotoxic effect of IR as

shown in figure 3.1D, whereas for monocytes that was not the case.
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The medanism of cell deatlwas further investigatedising annexin V/PI

double staining methodOne of the earlier events in apoptosis is the
translocation of membrane phosphatidylserine (PS) from the inner to the
outer surface of the plasma membrane without conatant loss of

membrane integrity. This change in plasma membrane can be detected by
fluorochrome labelled Annexi, which has high affinity for PS in the
presence of G4 As the cell membrane is still intact at this stage, nuclear dye
Pl cannot enterhlie cells and early apoptosis can be discriminated from
necrosis. Monocytes were found to be more prone to cell death following
irradiation than DC (Figure 3.2). Thavas insignificargffect of IR on DC
between the control group and irradiated group in termscefl survival.
Although for two donors (Figures 3.2 B & C lower panel) survival decreased
with time in DC, there was no significant reduction in viability by IR compared
to non-irradiated group (Figure 3.2D). Upon IR treatment in monocytes, more
than 50% of the cells were dead by 24hr. However, in 2 out @in®i

showed higher percentage of live cedis72 hr postadiation (Figures 3.2 A &

B upper panel)This might happenedue to experimental error or the dead
cells might become undetectable at the later time poi@uerall, there wa

higher rate ofcell deathin monocytes compared to DC induced by IR (Figure

3.2 D)

86



A 24 hr 48 hr 72 hr

] PLPEOBSA  PLPECHSA Irrecssa  PLPECSSA PLPECYSSA  PILPECYSSAr
184 816 i 1) 744 4841 a6

0Gy 1" ] ;
y © 8 3

] 2007
CD 14 20k {PLPECYSS#  PLPECYSSA 20x{PLPECYSSA  PLPE-CYSSA PLPECYSSA  PLPECYSSA
302 598 e 621 36 684

6GYy .. i

R — e — —_—
500 =0 2004 H—
. o
o = r "y ol v
w6 [ D) o 0 o 0
a0k PLPECYSSA  PILPECHSSA PIPECYSSA  PLPE-CYSSA o LEEGBEA  PLPECESAS
207 arg 7540 P 199 804
0Gy ... 5
.
i | 4
1]
DC S . .
.
<o° !e' 0 (71 “J4 lwﬁ 0” o'
50w PLPECYSSA PLPE-CYS S-As 40K py_PE.CYS 54 PI_PE-CyS S-Ae 30K | PI_PE-CYS 5-A PI_PE-CYS 5-As
255 803 920 18.2 e
GGV 8 3§ 2on] 3
o
A reprrregrrrogmreerrms -

DNA content

Figure 3.1AAssessment o$ensitivity of monocytedo IR.

Purified monocytes (CD14¢lls) and DC derived from thenere left

untreated or exposed to IR (6Gy). Cells were incubated with Pl to stain DNA
and fluorescence was detected by flow cytomeiCell death was determined

by measuring thesubG1 fractia assayat 24hr, 48hr and72 hr. This figure
shows data from one donawith histogram showing the percentages of
induced subG1 fraction and normal intact DNA in monocytes and DCs with or

without IR.
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Figure 3.1BAssessment o$ensitivity of monocytedo IR.

Purified monocytes (CD14¢lls) and DC derived from thenere left

untreated or exposed to IR (6Gy). Cells were incubated with Pl to stain DNA
and fluorescence was detected by flow cytomeiCell death was determined

by measuring thesubG1 fradbn assayt 24hr, 48hr and72 hr. This figure
shows data from one donawith histogram showing the percentages of
induced subG1 fraction and normal intact DNA in monocytes and DCs with or

without IR.
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Figure 3.CAssessment o$ensitivity of monocytedo IR.

Purified monocytes (CD14¢lls) and DC derived from thenere left

untreated or exposed to IR (6Gy). Cells were incubated with PI to stain DNA
and fluorescence was detected by flow cytomeiCell death was determined

by measuring thesubG1 fradbn assayat 24hr, 48hr and72 hr. This figure
shows data from one donawith histogram showing the percentages of
induced subG1 fraction and normal intact DNA in monocytes and DCs with or

without IR.
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Figure 3.D Assessment of sensitivity of monocytesd DCs to IR.

FigureD provides an overview of the data from 8lthe abovedonors
summarizing the time dependence of cell death of monocytes and DCs after
irradiation with 6Gyplue line untreated CD14ed line CD14 exposed to IR,
green line untreated DCyiolet line DC exposed to IR. Data represent

meanzSD.
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Figure 3.2 Determination of apoptotic response of monocytes and DCs
induced by IR

Monocytes and DC were treated as described in the previous section.
Frequency ofnduced apoptosis was determined by annexin V/PI double
staining for 24, 48 hr and 72 hr. Onleavebeen representedvhere in each
plot the population on the bottom ght hand corner shows the proportion of
early apoptotic cells and on the upper right hand corner is the percentage of

late apoptotic cells.
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Figure 3.8 Determination of apoptotic response of monocytes and DCs
induced by IR

Monocytes andDC were treated as described in the previous section.
Frequency of induced apoptosis was determined by annexin V/PI double
staining for 24, 48 hr and 72 hr. Onleavebeen representedvhere in each
plot the population on the bottom ght hand corner show/the proportion of
early apoptotic cells and on the upper right hand corner is the percentage of

late apoptotic cells.
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Figure 3.ZDetermination of apoptotic response of monocytes and DCs
induced by IR

Monocytes and DC were treated dsscribed in the previous section.
Frequency of induced apoptosis was determined by annexin V/PI double
staining for 24, 48 hr and 72 hr. Onleavebeen representedvhere in each
plot the population on the bottom ght hand corner shows the proportion of
early apoptotic cells and on the upper right hand corner is the percentage of

late apoptotic cells.
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Figure 3.D Determination of apoptotic response of monocytes and DCs
induced by IR

The summary figure D, represents the frequency ofsteWival (double

negative cells) induced by IR for all three donors done as mean+SD. Black bar
untreated CD14, grey bar: CD14 exposed to IR, clear bar: untreated DC,
hashed barDC exposed to IR. For D, the overall significance between groups

was tested ly two way ANOVA.

3.2.4 ATM inhibition confers protection against apoptosis in
monocytes

ATM plays a central role in DDR pathway by initiating and coordinating DNA
damage signalling that either causes cell cycle arrest or leads to apoptosis in
case of unrepaatble damagg274]. Although this proteironly functions in

DSB repair in proliferating cells, ATM has also been reported to become
activated in resting cells exposed to genomic stfd€8]. So we next

determined the effect of blockade of ATM activation in monocytes and DC

94



following exposure to IRNn DC, inhibition of ATM activation on IR exposure
demonstrated minimal or no additional effect in the formation of subG1 peak
compared tothe untreated group. In all the three donors done, there \mas
modest10% increase in cell death DOwhen pretreated with ATMi (Figure
3.3 D, E, F). The same was observed fénmexin V/PI uptake assay DC
(Figure 3.4 D, E, F) and overall the dffeas nonsignificant (Figure 3.4 H).
Interestingly in monocytes, ATM blockade appeared to provide survival
benefit when exposed to IR. One of thermbrs had increased cell survival at
three time points studied as demonstrated by both subG1 assay (Figdie)3
and annexin V/PI double staining (Figure 3.4 C). For the other two d(8rs
A &B) the effect was observed upto 48 hr which was also reflected in the

summary figure (3.4 G) as significant increase in viable cellstat 48
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Figure 3.2\ Effect of inhibition of ATM on apoptaic response of monocytes

to IR

Cells were exposed to 6Gy IR after preincubation with 10uM ATMi inhibitor
for 1 hr. The control groups were left untreated or only treated with ATMi but
not exposed to IR. Similarly as debed previously the amount of cell death
as measured by the DNA fragmentation of dead cells was determined by PI
staining over 72 hiMonocyte from single donor wasssessed for the effect

of ATM inhibition on apoptosis induced by IR
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Figure3.3B Effect of inhibition of ATM on apoptat response of monocytes

Cells were exposed to 6Gy IR after preincubation with 10uM ATMi inhibitor

for 1 hr. The control groups were left untreated or only treated with ATMi but

not exposed to IR. Similgras described previously the amount of cell death

as measured by the DNA fragmentation of dead cells was determined by PI

staining over 72 hiMonocyte from single donor wasssessed for the effect

of ATM inhibition on apoptosis induced by IR
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Figure 3.EEffect of inhibition of ATM on apoptat response of monocytes

to IR

Cells were exposed to 6Gy IR after preincubation with 10uM ATMi inhibitor
for 1 hr. The control groups were left untreated or only treated with ATMi but
not exposed to IRSimilarly as described previously the amount of cell death
as measured by the DNA fragmentation of dead cells was determined by PI
staining over 72 hiMonocyte from single donor waasssessed for the effect

of ATM inhibition on apoptosis induced by IR
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Figure 3.® Effect of inhibition of ATM on apoptat response of DGo IR

DNA content

Cells were exposed to 6Gy IR after preincubation with 10uM ATMi inhibitor

for 1 hr. The control groups were left untreated or only treated with ATMi but

not exposed to IR. Similarly as described previously the amount of cell death

as measured by the DNAaffmentation of dead cells was determined by PI

staining over 72 hiDC from single donor wassessed for the effect of ATM

inhibition on apoptosis induced by.IR
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Figure 3.&EEffect of inhibition of ATM on apoptat response of DGo IR

Cellswere exposed to 6Gy IR after preincubation with 20uM ATMi inhibitor
for 1 hr. The control groups were left untreated or only treated with ATMi but
not exposed to IR. Similarly as described previously the amount of cell death
as measured by the DNA fragntation of dead cells was determined by PI
staining over 72 hiDC from single donor wassessed for the effect of ATM

inhibition on apoptosis induced by.IR
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Figure 3.8 Effect of inhibition of ATM on apoptat response of D® IR

Cells were exposed to 6Gy IR after preincubation with 10uM ATMi inhibitor
for 1 hr. The control groups were left untreated or only treated with ATMi but
not exposed to IR. Similarly as described previously the amount of cell death
as measured by the DNAaffmentation of dead cells was determined by PI
staining over 72 hiDC from single donor wassessed for the effect of ATM

inhibition on apoptosis induced by.IR
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Figure 3.& & HEffect of inhibition of ATM on apoptotic response of
monocytes aml DCs to IR

The overall conclusion have been drawn in figur@@nocytesland H(DC)

with the left panel showing ATM inhibition effect without IR and the right
panel with IRBlueline represent either untreated CD14 or DC aadline
represents eithelCD14 or DC pretreated with ATMi. Error bar indicates SD of

three independent experiments.
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Figure 3.4A ATM favours cell survivalmonocytes, but not in D@Ilowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockade
following exposure omonocytesto IR.Cell death was determineoly annexin
V/Pluptake assay. khow the late and early apopt@sof monocytes from
singleupon ATM inhibition and with or without radiation. Untreated

monocytes were used as controls in both groups.
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Figure 3.4B ATM favours cell survivalmonocytes but not in DCfollowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockade
following exposure omonocytesto IR.Cell death was determinealy annexin
V/Pluptake assay. khow the late and early apopt@sof monocytes from
singleupon ATM inhibition and wit or without radiation. Untreated

monocytes were used as controls in both groups
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Figure 3.4C ATM favours cell survialmonocytesbut not inDCfollowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockde
following exposure omonocytesto IR.Cell death was determineoly annexin
V/Pluptake assay. khow the late and early apopt@sof monocytes from
singleupon ATM inhibition and with or without radiation. Untreated

monocytes were used as controlshoth groups
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Figure 3.D ATM favours cell survivah monocytes but not in DCfollowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockade
following exposure omonocytesto IR.Cell death was determinealy annexin
V/Pluptake assay. khow the late and early apoptasofDCfrom singleupon
ATM inhibition and with or without radiation. Urgated DGvere used as

controls in both groups
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Figure 3.4E ATM favours celirsival in monocytes but not in DCfollowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockade
following exposure omonocytesto IR.Cell death was determineoly annexin
V/Pluptake assay. khow the late and earlgpoptoss of DC from singlepon
ATM inhibition and with or without radiation. Urgated DGvere used as

controls in both groups
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Figure 3.4F ATM favours cell survivialmonocytes but not in DCfollowing
exposure to IR

This figure demonstrates the survival benefinferred byATM blockade
following exposure omonocytesto IR.Cell death was determineoly annexin
V/Pluptake assay. khow the late and early apoptasof DC from singlepon
ATM inhibition and with or whout radiation. Unteated DGvere used as

controls in both groups
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Figure 3.4G & H ATM favours cell survivaimonocytes but not in DC
following exposure to IR

The overall summary of three donors and the comparison between control
and treated groups have been represented as figure Grafidean=SD) for
monocytesand moDC respetively. Black barepresent either untreated
CD14 or D@hilstgrey bas showeither 14 or DC pretreated with ATMi.
Two wayAnova was performed to test the statistical significance between

groups.

3.2.5 DNA-PK acts as the major double strand DNA break repair
protein in resting monocytes and DCs

NHEJ is the principle DSB repair pathwayoin-proliferating cells where the
main player is DNARK[462]. So it was thought to be reasonable to determine
the role of DNAPK in cell survival in our cellular model systems following IR
exposure. Cells were treated with 3uM DIRKi (NU7331) for 1 hr and then

irradiated (6Gy). The DNAKi usd in the study is an AT€bmpetitive
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inhibitor [470]. Thus it inhibits the phosphorylation capacity of this kinase.
This in turn inhibits its autophephorylation which is the first step in the
activation of DNAPK[282). Cell viability was severely impaired in monocytes
upon DNAPK blockade. As measured by the amount of Dislgniientation,

two donors showed less than 10% viable cells and the other one had
approximately 20% viable cells after 72 hr (Figure 3.5 A, B, C). Overall, viability
was lost significantly after 72 hr following DIRK inhibition even without
radiation (Figee 3.6 G). DC weraore radio-sensitive when treated with
DNAPKI, but the extent of cell death wasverthelesdower than in

monocytes andot statistically significant (Figure 3.6 H). These observations
were also supported by the alternate method ofteetion of apoptosis for

monocytes (Figure 3.6 A, B, C) and DC (Figure D, E, F).
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Figure 3.2 Inhibition of DNAPK increases DNA damage and apoptosis in
DC, but to a greater extent in monocytes

Freshly isolated morayteswere incubated with 3uM DNRKIi inhibitor for an
hour prior to exposure to IR. SubG1 fraction assay was carried out for 3
individual donors (A, B, C represent monocytes and D, E, F represent DC) at
three time points. This figures represents one of theréle donorsFor each

plot, Y axis denotes the number of events read by the flow cytometer and X

axis indicates the intensity of the fluorescence in the red channel.
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Figure 3.8 Inhibition of DNAPK increases DNA damage and apoptosis in
DC, but to a geater extent in monocytes

Freshly isolated morayteswere incubated with 3uM DNRKI inhibitor for an
hour prior to exposure to IR. SubG1 fraction assay was carried out for 3
individual donors (A, B, C represent monocytes and D, E, F represent DC) at
three time points. This figures represents one of the three dondfer each

plot, Y axis denotes the number of events read by the flow cytometer and X

axis indicates the intensity of the fluorescence in the red channel.
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Figure 3.&Inhibition of DNAPK increases DNA damage and apoptosis in
DC, but to a greater extent in monocytes
Freshly isolated morayteswere incubated with 3uM DNRKIi inhibitor for an
hour prior to exposure to IR. SubG1 fraction assay was carried out for 3
individual donors (A, B, C represent monocytes and D, E, F represent DC) at
three time points. This figures represents one of the three dondfer each

plot, Y axis denotes the number of events read by the flow cytometer and X

axis indicates the intensity ofi¢ fluorescence in the red channel.
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Figure 3.® Inhibition of DNAPK increases DNA damage and apoptosis in

DC, but to a greater extent in monocytes

Monocyte derived D@ere incubated with 3uM DNARK:I inhibitor for an hour

prior to exposure to IR. SEL fraction assay was carried out for 3 individual

donors (A, B, C represent monocytes and D, E, F represent DC) at three time

points. This figures represents one of the three dondfer each plot, Y axis

denotes the number of events read by the flowayteter and X axis indicates

the intensity of the fluorescence in the red channel.
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Figure 3.E&Inhibition of DNAPK increases DNA damage and apoptosis in DC,
but to a greater extent in monocytes

Monocyte derived D@ere incubated with 3uM DNARKIi inhibitor for an hour
prior to exposure to IR. SubGL1 fraction assay was carried out for 3 individual
donors (A, B, C represent monocytes and D, E, F represent DC) at three time
points. This figures represents one of therdfe donorsFor each plot, Y axis
denotes the number of events read by the flow cytometer and X axis indicates

the intensity of the fluorescence in the red channel.
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Figure 3.5 Inhibition of DNAPK increases DNA damage and apoptosis in DC,

but to agreater extent in monocytes

Monocyte derived D@ere incubated with 3uM DNARK:I inhibitor for an hour

prior to exposure to IR. SubGL1 fraction assay was carried out for 3 individual

donors (A, B, C represent monocytes and D, E, F represent DC) at three time

points. This figures represents one of theréte donorsFor each plot, Y axis

denotes the number of events read by the flow cytometer and X axis indicates

the intensity of the fluorescence in the red channel.
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Figure 3.% & Hinhibition of DNAPK increases DNA damage and apoptosis
in DC, but toa greater extent in monocytes

To summarize the whole experiment, mean=SD of the three donors was
plotted for each group and compared with the untreated group (GBH)e
line represent either untreated CD14 or DC aed line represents either
CD14 or D@retreated with DNAPKI.
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Figure 3.8\ Determination of cell death upon DNAK inhibition by

alternative methodin monocytes and DC

The outcome of annexin V/PI double staining ofdEPK inhibited monocytes
following 6Gy irradiation for onéonoris shown On the quadrant plot,

double negative cells are on the left bottom corner, annexin V single positive
cells(early apoptoticlon the right bottom corner and double positive cells on

the right upper corner.
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Figure 3.8 Determination of cell death upon DNAK inhibition by
alternative methodin monocytes and DC

The outcome of annexin V/PI double staining ofAEK inhibited monocytes
following 6Gy irradiation for one donas shown On the quadrant plot,

double negativecells are on the left bottom corner, annexin V single positive
cells(early apoptoticln the right bottom corner and double positive cells on

the right upper corner.

119



























































































































































































































































































































































































































