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Abstract

Juvernle idiopathic arthritis (JIA)manifests as a persistent arthropatthought to be
immunedriven, that when untreated leads to progressive joint destruction.gfig of
disease representsan excellent modeld investigate immunegulationbecause of the
possibility tosample cellsaspirated from the site of inflammatiofihis PhD investigated
the contribution of defectis purinergic pathways to the pathogenesis ofl@yAexamining
the distibution and enzymatic activitgf the ectenucleotidase CD73, together with some
investigation oexpression 0€D39 and CD26.

The data presented here demonstrate the significantly decneagmition of CD73 T

and Bsynovial lymphocytesrom JIA patiens compared t@eripheral blood lymphocytes

of both patiers and healthy subject$his reduction increadewith higher disease severity
(worse in extended compared to persistent oligoarticular JIA patemdgorrelatedwith

p at i amulativejoint count, but not with disease duration. No genetic association for
NT5E (encoding CD73) was found that could explain the different levels of CD73
observed witn different subtypes oflA. Treatment with methotrexate, thest line
DMARD to control arthritis,did not affect the proportion of CD73peripheral blood

lymphocytes nor didthis proportiorpredict response to methotrexate.

The reduction of CD73synovial lymphocytes and of CD73 protein expression per CD73
cell was associated with a reduced ability generate immunoreguiday adenosingn

vitro, suggesting low levels of adenosine in the synoviun. incapacity of CD39and
CD73 cells to act cooperatively to metabolize ATP to adenosine, further contributes to the
impression of low adena® generatin in the JIA joint, and of defective attenuation of

inflammation.

In vitro, downregulation of CD73 PBMC and purified CD8D73 T cells was
demonstrated upon cell activatiomhe loss of CD73 PBMC was associated with a
diminished potential to generatedanosine. The loss of CD7PBMC appeared to be
restrictedto proliferating cells. Ipropose that the CD73 downregulatioragsociated with
defective adenosinelevels within the joint, whichcould contributeto the locally

destructive inflammation seen JhA.
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1.1 From an effective adaptive immune response to autoimmunity:

break of selftolerance

Adequate protection against patlog isensured by continuous cretsk between cells of

the innate and the adaptive immune systems. This constant dialogue gives rise to a robust
defence network against foreign antigens, while at the same time preventing responses to self.
Innate immuniy relies on the function of both leukocytes (dendritic cells, monocytes,
granulocytes, etc.) and ndeukocytes (epithelia), and provides the first line of defence
against infections. Innate responses atieid by the recognition of microbiaiotifs, which

are generally absent in mammals, by pattern recognition receptorss)(PRiRptive
immunity, on the other handgpend on lymphocytes thaare able to recognizantigensvia

their uniquédy specificcell surface receptar®ue to thisspecificity, ony a small proportion

of cells can recognise a given antigen. To generate a sufficient number of -apiggpéic
lymphocytes for a response, antigen recognition brings about division of lymphocytes.
During this clonakxpansion)ymphocytes proliferate typally for several days, differentiate

into effectorcells,and give rise to a fAcloneo of daught
For this reason, initiation of adaptive immune responses takes longer than innate responses,
in particular upon firstecognition of a specific antigen when naive cells are stimulated. The
specificity of each lymphocyte receptor arises by a genetic mechanism, involving gene

rearrangement, which occurs during lymphocyte developraedtis described below.

1.1.1 T cell deelopment, generation of T cell receptor (TCR) diversity and
recognition of antigen

Precursors of T cells, which arise in the bone marrow, migrate via blood to the outer cortex of

the thymus to mature. At this initistage, these progenitor T cells, cdlidouble negative

(DN) cells, do not express the T cell receptor (TCR) or toeeceptors CD4 and CDS8.
Developing T cell s, known as thymocytes, gi
population or the minor o0 T cell popul atio
pathway first express an invariant@ TCRU ¢ HmeiTICR  0) and tathten r ear
TCR b Il ocus to produce (SamtRufetxap1984sThesettwioe T CR
chains associate together with a CD3 group to give rise to theGiRecomplex and provide

a signal that the DN can continue its maturation.

19



There are opposing theories on wheth&srectional interaction between the pr€R and an
intra-thymic ligand is required for signalling or whether the mere assembly of thEGRas

sufficient to permit maturation of the thymocyférving et al. 1998) At this stage,
thymocytes upregulate the expression of theemeptors CD4 and CD8 to become CD4

CD8" double positive (DP) cells and start to proliferate. Siemdbusly, rearrangement of the

TCR b chai n by -attivaeng geeeq RAGD1 anda2tproteig@ettinger et al.

1990) is interrupted, provided that a sucsels u | version of the TCR
produced. At the end of the proliferative burst, RA@ genesare reactivated, allowing
somatic recombination of -chain.Buring the idcombatione gi o n :
procesghe removal and addition ofucleotids known as Phucleotides (for Blindrome) and
N-nucleotides (nottemplate encodedjMeier et al. 1993; Nadel et al. 1997)rther
contribute to the generation of TCR diversity. N region nucleotides are added through the
activity of the enzyme terminal deoxynucleotidyl transferase (TdT), expressed in the thymus
before birth(Deibel et al. 1983)

Once a DP thymocyte has acquired a functiona
for its ability to recognise seffeptide presented by MHC (spMHC) proteins expressed on

thymic stromal cellgHinterberger et al. 2010 his process of positive selectitimat occurs

in the thymc cortexby cortical ttymic epithelial cells expressing MHC class | angrbteins

allows the survival of only those d@ells thatexpress a TCR that can recognssdfpeptide

MHCmol ecul es. I f a cell succeeds in rearrang
binds MHC, it will be spared, otherwise it will die by apopto@sirh et al. 1994)The
subsequent stage of clonal deletion eliminates those thymocytes besr@mpgors for self

MHC or spMHC above an affinity threshofffon Boehmer 1992)Class Il molecules are

expressed by antigegresenting cells (APC dendritic cells found at the cortiaoedullary

junction and macrophages scattered in both the cortex and thymic mé&kpnding on

whether the thymocytes bind to MH&ass | or class Il complegethe selection process

results in lineagepecific diferentiation to either CD8or CD4" T cells respectively The

ratio of these two T cell subsets depends on asymmetric thymocyte (@@attair et al.

2013) Fewer than 5% of T cells survive thymic selection and are able to leave the thymic
medulla(Surh et al. 1994)

After exiting the thymus and entering the periphery, T cells kitevaround the body via
lymphatics and blood, while continually entering peripheral lymphoid tissues to receive
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signals for homeostasis and survival, and to encounter foreign antigen. The two best defined
signals required for naive T cell homeostasisiateractions of the L7 receptor with IE7

and of the TCR with spMHQKieper et al. 1999)The cytokine IL7 has a dominamnon
redundant role in supporting surviy@chluns et al. 200@nd homeostatic expansi¢han et

al. 2001)of T cells. Both naive CD4and CD8 T cells require interaction with MHC
proteins, class Il in the case of CDeklls(Takeda et al. 1996)nd class | in the case of CD8
cells(Tanchot et al. 1997jor maintenance. It is believed that competition for these signals is
what allows the number of naive T cells in the periphermetnainconstant In addition, cells

of the same clonality compete for a spMHC interaction (intraclonal competition), whilst those
of different specificity are unaffected, sustaining TCR diver@itpy et al. 2003)

The naive Tlymphocyte thathas recognised its specific antigen, displayed by an APC, and
hasreceveda s ecesnd mudati ond signal such as bindi
or CD86 nolecule on the APC, gets activatdtithenleaves the lymph node as an effector

cell, typically trafficking to the site of infection to combat the pathogen. Among APC,
dendritic cells (DC) are the most efficient at initiating immune responses. DC aredloca

most tissues (in an immature form); and they expRiBRsable to recognise microbes as

well as cestimulatory molecules required for functional T cell stimulation. DC also undergo
maturation while migrating to the lymphoid organs. During this medbey upregulate

CCRY7 for homing(Cyster 1999)also expresed by naive T cellsand prepare to prime T

cells.

Since DC are the key drivers of the adaptive immune response, they are considered to be key

cells to determine whether a peptide, presented in the context of MHC molecules, will trigger

a T cell immuneresponse or not. Many theories have been developed to explain how this

Achoiceo between immune activation and | ack

Medawar (in 1969) introduced the salbnself discrimination model, whereby an immune

response isrti ggered by all foreign fAnonselfo ent.i

model, such as its inability to explain reactivity towards-aatigens during autoimmunity.

Therefore Matzinger introduced the Danger mod®atzinger 1994) This model proposes

that resting APC are activated byaah signals released by cells exposed to pathogens and

mechanical injury, resulting in cell death, and include substances such as adenosine

triphosphate (ATP), complement components and the S100 protein f@mijta 2010)

This model provides thenaddderina tae oftowleranceg wa o a m
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so damaged cells of th®@st can trigger an immune response and therefore potentially result
in autoimmunity (Matzinger 2002) The implications of this theory in autoimmunity are
further discussed in section 1.1.3.1.

Following stimulation by DC, T cells also interact with other cells, including B cells o hel
with antibody formation. Activated T cells in turn reinforce D@turation through signals
mediated by surface CD40L and release of -tFNFrleta et al. 2003) The cytokine
environment present at the start of the T-84ll interaction influences T cell fierentiation.
For example, elevated 11.2 production by DC promotes a Thl respaiissch et al. 1996)

1.1.2 B cell development and immunoglobulin gene rearrangement

Production of B cells asommon lymphoid stem celisccursin the bone marroyafter which
they matureto progenitor B ells. These cells proliferate and differentiate into precursor B
cells if they receive the supporting developmental cytokin@& ftom bone marrow stromal
cells(Funk et al. 1995)The antigen specific receptor of B cells iokvn as Immunoglobulin

or B cell receptor (BCR), and is first expresse@ agembane immunoglobulin composed of
lightand € heavy chains. During development, th
rearrangement\{ (D) J recombination) through the action of RA®, in a process that
parallels that of TCR genes. During the {Baell sta@, the enzyme TdTresponsile for
insertion of Nnucleotides at the coding joints of theJland \VD-J regions is also active for

a short period. This allows for a higher number of possible combinations of B&iRgawa

et al. 1981)

Negative selection also occurs for immature B cells in the bone marrow, where after
encounter with selantigen, stragly reactive cells are eliminated-dglls are able to break

away from this process of negative selection
rearrangements of their immunogldin gene segments, until they are longer selreactive

(Nemazee et al. 1989)The degree of antigemeceptor crosslinking is a factor which
determines whether sakactive immature B cells wikitherinduce apoptosis or argy, a

state of specific functional unresponsiveng@sartley et al. 1991)

After leaving the bone marrow, B cells circulate in the blood surveying for antageh
unless they encounter both soluble protein antigen and activated T helper cells, they die by
apoptosiswithin two days since they need tonic BCR signalling for survighhm etal.

1997) Many B cell responses, including B cell activation, isotype class switching and affinity
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maturation require help from T cells and such responses are therefore knowieentent
responses. T cell help is typically provided through T celivédrcytokines. After antigen
binding, B cells can also themselves process antigen for presentation to ,Tandlls
upregulate expression of MHC class Il andstinulatory molecules CD80/CD86 to enhance
their APC function. During a-B cell interaction, Tcells recognise the antigen presented by
the MHC class Il molecule on B cells, resulting in its activation and upregulation of CD40L.
The CD40 molecule present on B cells binds to this CD#@lping the B cell to enter the
cell cycle. The interaction beeen CD80/CD86 and CD28 on B and T cells respectively
leads to cestimulation of Tcells, whichresults in release of cytokines that biBdcell
receptorsultimately resulting in B cell differentiation. Because of the need of T helper cells
to mediate B ell activation for T dependent responses, B cells typically do not respond to
seltantigens if these cells are lacking. If abnormal B celtssdbgnition occurs, as may be
the case in autoimmune disease, B cells contribute to disease pathogenesistybadio

production as well as abnormal regulation of T cell function and activation.

The presence of antibodies in individuals witkcdll deficiencies demonstrated that some
antigens are able to stimulate naive B cells, even in the absence of T cellThe§e
antigens, known as thymuisdependent (TI), are mostly bacterial polysaccharides and
lipopolysaccharides (LPS). Tl antigens are less efficient at inducing memory B cells and are

not efficient at promoting isotypgwitching(Coutinho et al. 1973)

1.1.3 Immune regulation and tolerance

Upon encounter with an antigen, the immune system must decide whether a lymphocyte
should mout an immune response or sl undergoanergy, deletion, and/or active
regulation (suppression), to maintain tolerance. T cell anergy is a state of unresponsiveness,
due to lack of costimulation, where potentially autoreactive T lymphocytes are kept in a
dormant state. In additiomepeated stimulation of previously activated and expanded T cells

by selfantigen can result in activationduced cell death.

Active regulation can be mediated by a small subset of"OD¥/mphocytes that prevent
excessive immune reactivifBaecherAllan et al. 2001) known as regulatory T cells (Treg).
These cells are characterised by the expression of the transcription factor forkhead box P3
(Foxp3), which directs their suppressive functiptori et al. 2003) Treg are able to inhibit

the activation and expansion of sedfactive lymphocytes through a variety of mechanisms
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(further details in action 1.2.2), one of which is the generation of -arftammatory
adenosine. The role of this purine nucleoside is discussed below and further in section 1.3.2.
Peripheral tolerance carsal be mediated by D@hen they are in a quiescent ractivated

stae. Recognition of seléintigens presented by DC to T cells in the absence of inflammation

is likely to induce activatiofinduced cell death or anergy, and not activa{fohappert et al.

2008)

1.1.3.1 Break of seltolerance and role of purines

Since the mechanisms of tolerance are complex, there can be a breakdown in the system
resuting in lymphocytes becoming activated by samitigens. An example of a situation in

which this can occur is when a naive T cell with low affinity for a-aeligen encounters and

gets activated by an activated dendritic cell expressing high levelsstinmolatory ligands.

This dendritic cell has Mndecidedo to initieé
dysfunction or danger signal in the local environment. As described by the Danger model as
above, t he i mmune system nilsy bdihadxagenous caid a n d
endogenous danger signals. External signals derive from recognition of bacterial/viral motifs

by PRR, whilst tissuelerived messages are generated by activated cells (e.g. cytokines such

as IL-1 (Sims etal. 2010) or by damaged cells.

The nucleotide purine ATP is an example of a molecule nornadthost absent in the
extracellular space, but present high intracellular concentrations, which is released
following cell activation and damage. For thesasans, ATP can serve as a danger signal. Its
immuno-activating functions include impairment of the suppressive function of (Belgenk

et al. 2011)and stimulation of T cell§Baricordi et al. 1996)In contrast to ATP, adenosine,
originating from the metabolism of ATy the enzymes discussedsiaction 1.3.1.is mostly
cytoprotective. Adenosine attenuates tissue dam@@&a et al. 2001) promotes the
expansion of Treg with incread immunoregulatory activityOohta et al. 2012and induces T

cell anergy, even in the presence of costimulaftarek et al. 2008)

Due to the desdbed roles of ATP and adenosine in inflammation, an imbalance between

these purinexould represent possiblereason foror contribute to the pathogenesis of
autoreactivity, potentiallyresulting in autoimmunity Altered purinergic pathways have

indeed ben seen in severautoimmune diseases, such@s ohnds di sease anc
colitis (Friedman et al. 2009; Frick et al. 200€jabeteqChia et & 2012) and childhood
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arthritis known as juvenile idiopathic arthritigld) (Moncrieffe et al. 2010b)With this
background, it was hypothesized that @temns in adenosine generation may be part of the

abnormalities seen durirtge chronic inflammation in JIA.

JIA is the focal pointof this thesisit represents anodel to study defects in the purinergic
pathway, since immune cells from the inflamed joints are readily accessible and can be used
in both ex vivo andin vitro experiments. At the same time, peripheral blood cells fram th
same patient can be studied in parallel to identify changes in the purine pathway that are
specift to the site of inflammation.

1.2 Juvenile Idiopathic Arthritis (JIA): definition, epidemiology and

classification

Juvenile idiopathic arthritifJIA) enmmpasses severdleterogeneougorms of chronic
arthritis of unknown etiology, beginnirtzefore 16 years of age. The disease is defined as JIA
if it persists for at least 6 weeks affecting one or more joints, leading to arthropathy. In
developed countrieghe prevalenceof JIA, the most common rheumatological disease in
children(Manners et al. 2002anges between 16 and 150 per 100 (R#&velli et al. 2007)

The International League of Associations for drimatology(ILAR) introduced the most
recent classification with 7 mutually exclusive categari@Petty et al. 2004)with the
oligoarthitis group further divided into 2 subtypegersistent ah extended. This
categorization (depicted in Table 1.1) isdxhsn clinicaland laboratory characteristics, such

as the number of joints affected in the first 6 months of iliness.

In contrast to adwbnset rheumatoid arthritis (RA)vheresmall jointsare most commonly
involved at onsetin JIA, large joints, suclasthe knee and ankle, are frequently affected at
presentation. Some JIA categorisgch as psoriati@and rheumatoid factor (Ripositive
polyarticular JIAhave aparallel form of disease in adults (psoriatic arthritis anegp@sitive

RA, respectively)Szer et al. 20Q6Firestein et al. 2008Despite however both JIA and RA
being autoimmune diseases characterized by destructive arthropathy, they are distinct
diseaseqas demonstrated by differences in clinical phenotype and outcome, subtypes and
genetics)and may wellhave different underlying pathogenic mechanigfPsahalad et al.

2002)
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As shown in Table 1.1, oligoarthritis is the most common foridAfand is also the subtype
with the best outcomevith rates of remission ramgy from 23 to 47% of patientsfter 610
years from disease ong®avelli et al. 2007)Oligoarthritis is charactesed by high female
prevalence (female: male, 3:3pung age of onset (<6 years), asymmetric arthritis, positive
antinuclear anbodies ANA) and a high risk of iridocyclitis (Ravelli et al. 2007) This
subtypehas a wide spectrum of outcomes and is relatively bemprticularly wherfewer

than five jointsareaffected during the first 6 months of disease. If the disease continues on a
milder courseit is known as persistent oligoarthritis. When more than four joints become
affeded after 6 months, the disease is as slefimed as extended oligoarthritis. Extended
oligoarticular JIA can be highly damaging an@rosivedisease, and bears more sanitly to
polyarticular JIA;usually requiring diseasmodifying antirheumatic drugs (DMARDS).
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Extra-

1) Persistent Oligoarthritisa f f e
4 joints throughtout disease cours¢

2) Extended Oligoarthriti@ffects >
4 joints after 6 months of disease

as above

as above

L ) % of all |Laboratory |HLA
JIA subtype Definition articular y .
JIA features associations
features
affects 1-4 joints during first 6 mild ESR, HLA-A*0201, HLA-
Oligoarticular months, 2 subcategories are uveitis in 30% of  up to 50% 0170% ANA+,  DRB1*0801,1101,13
JIA recognised: cases cases RF- 01

50% of Oligo as above

50% of Oligo as above

HLA-DRB1*1301

HLA-DRB1*0101

affects O1 join
fever, and at least either rash,

erythematous rash,

high ESR and

HLA-DRB1*11, -
DQA1*05,-DQB1*03

Systemic arthritis |serositis, splenomegaly serositis <10% CRP (weak)
P olyarthritis affects O 5 jo RF+, ACPA, |HLA-DRB1*0401,
(RF positive) months of disease rheumatoid noduleg< 5% high ESR HLA-DR4
Polyarthritis affects O 5 j o|uveits in 10% of 40% ANA+,
(RF negative)  |months of disease cases 20% mild anaemia |HLA-DRB1*0801
dactylitis, nail 50% ANA+,
asymmetric arthritis and psoriasis, | pitting, uveitis 10% RF-mild/high |HLA-DRB1*01, -
Psoriatic arthritis [40% of patients have affected relajof cases 5-10% ESR DQA1*0101
arthritis and enthesitis, with at least
either HLA-B27+, acute anterior
uveitis, history of spondyflitis, acute anterior
Enthesitis-related |lumbosacral pain or onset in a mal{uveitis, sacroiliac RF-, can be
arthritis >6 yr old joint tenderess  |10% ANA+ HLA-B27+
Undifferentiated |f ul fills criter.i
arthritis categories variable 10-20% - -

Table 1.1 JIA subtypes defined by ILAR criteria

ACPA anticitrullinated protein/peptide antibody, ANA antineat antibody, ESR erythrocyte sedimentation rate, CRP C

reactive protein, RF rheumatoid facttrformation in table derived fror(Szer et al. 2006; Ravelli et al. 2007rdstein et
al. 2008; Macaubas et al. 2009; Hahn et al. 2010; Prakken et al. 2011; Martini 2012)
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1.2.1 Aetiology of JIA

Despitethe significant strides that have been made in the understanding of JIA pathology, its
causesemain unknown anddgtexact trigger has still not been defined. It is possible that JIA

is initiated and perpetuated by an immunological response to an infectious trigger and that it
is the genetically programmed immune respafdbe hosthat establishes whether synovitis

will be suppressed or perpetuated. Some evidence that the initial insult may be infectious
derives from studies determining the presence of \@pegific antibodies in the serum of JIA
patients(Hokynar et al. 2000; Gonzalez et al. 2p0fbgether with similarities observed
between the early clinical picture of JIA patients and that of patients infectednigitbbes

and virusegPugh et al. 1993)f JIA truly is antigerdriven, the initiating antigens, instead of
being auteantigens, could be from infectious agents.

Antigen mimicry is also consa@ted a potential cause for autoimmunity. Indeed oligoarticular
JIA patients T cells were found to respond to fskettck proteins (hsp), particularly to hsp60
(Prakken et al. 1997Hsp are proteins expressed by both human and microbial cells after
stress. Those T cells, derived from oligoarticular JIA patients, that did respond toitsp60
vitro secreted high levels of antiflammatory 1-:10 and showed an upregulation of CD30
surface expressioftle Kleer et al. 2003)This phenotype, mostly associated with Th2 cells,
or some forms of fieg cells, is suggestive of a regulatory function and an ability to counteract

a Thidriven immune response.

1.2.2 Immunopathology of JIA

All subtypes of JIA are characterized by chronic inflammation affecting the lining of the
joints, the synovia. The sgrmium presents an infiltration in the silibing layer of both
innate and adaptive immune cells: T cells, macrophages, Breatilsal killer NK) cells and
neutrophils(Bywaters 1977; Murray et al. 1996; Gregorio et al. 200fAg JIA hypertrophied
synovial layer isvascularwith the synovium presenting an abundant expression of the
markers of activationhuman leukocyte antigenH[LA)-DR and intracellular adhesion
molecule [CAM)-1. A potential cause for this vascularisation could be the presence of
elevated levels of the proangiogenic mitog@scular endothelial growth factoVEGF) in

the JIA synovial fluid, which also correlated with disease sevé¥iignola et al. 2002)

Synovial angiogenesis, a critical determinant of JIA pa#inesis, could also be explained by
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the raised levels of the proliferative protein osteopontin in JIA synovial {e&torno et al.
2004)

1.2.2.1 Alterations of synovial cytokines

A selective recruitment of activated T lymphocytes, ohdlperl (Th-1) phenotype has
previously been observed in the joint of childri@edderburn et al. 2000)This finding,
together with that of well documented associaiith certain HLA haplotype§Thomson et

al. 2002)suggests that the patipenesis of T cells is associated with T cell defddtsvever,

it is clear that the immunopathology of JIA involves abnormalities of both innate and
adaptive immunityThus, in the inflamed joints of children with JIA there are elevated levels
of the cytkines TNFU, -1lahd IL-6 (de Jagert al. 2003)produced by monocytes and
macrophages, ofEGF (Vignola et al. 20023ecreted by fibroblasts and synoviocytes, and of
the phagocytaspecfic S100 proteingPrakken et al. 2011)n addition, cells of the innate
system such as neutrophils, D&hd macrophages found in the sylabvluid (SF) have an
activated phenotyp@/arsani et al. 2003; Jarvis et aD@b). This activation of APC could be

in part driven by an interaction between APC and T cells through CIoARO0 signalling.

As mentioned previously, an array of cytokines released by infiltrating leukocytes are found
elevated at the site of inflammati¢de Jager et al. 2007Among these, TNEJ , -1lanid IL-

6 are thought to be pivotal in the pathophysiology of synovial inflammation as they stimulate
many cell types and activate several inflammatory pathways. Inflammatorkirego
particularly TNFU, -1lahd IL-6, have been implicated in mating the initiation and
perpetuation of inflammation and joint destruction in J\oo 2002) Since these cytokines
have an important role in JIA pathogenesis and are targeted clinically for JIA treatment they

are described in more detail here.

TNFFU i s produced predominantly by amteractsat ed r
with two receptors: TNFR1 and TNFR2, the soluble forms of which have been found to rise

with increasing TNFU | evel s in the syn¢Rooneynet ab 2000y hi | dr
Production of Il:1 is an indicator ofnacrophage activation and is associated with induction

of acute phase response, potentially linked to instances of high ESR observed in some
oligoarticular JIA patient§Ravelli et al. 2007) The two forms of IE1, IL-1 U arlcb | L

signal through the same receptor complea have identical biological activities. However,
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whereaslkl b acts systemically and is produced ma
10U has a more localised effect and is highl\
(Sims et al. 2010) The proeinflammatory cytokine IL6, known to enhance leukocyte
transmigration to the site of inflammati¢@lahsen et al. 2@) has been observed to inhibit
Tregmediated suppressive functigiRujimoto et al. 2011and to stimulate NKcell activity

(Malejczyk et al. 1992)The IL-6 receptor complex isomposedf the gpl130 subunit and the

IL-6 U chain, whi ch may -@recepppr A gsnmedulatiensin & ol u b | ¢
signalling has been previously observed in autoimmune diseases, including RA, and in JIA a
reduction of expression of gp130 was found on sialanonocytes, compared to peripheral

blood monocytes, mediated by the strigkiced p38mitogenactivated protein Kirse

(MAPK) (Honke et al. 2014)Downregulatiorof the IL-6R complex on JIA SF monocytes

could serve to counterbalance the widespread inflammationnpriesde joint.

Another cytokine which isabundant in the synovial fluid of patients with oligoarticular
arthritis (de Jager et al. 2007% IL-10. This antinflammatory cytokine cannhibit the
functionsof activated macroplggs/monocytes (Moore et al. 2001andis produced by many
cells of both the innate aradiaptive immune systerfihe broadly artinflammatory cytokine
transforming growth factorT(GF)-b is instead found in low levels ithe synovial fluid of
patients affected by JIMNistala et al. 2010)TGFb i s a p | e i imglicatedmwittc cyt o
the inhibition of effector function®f T cells, and of cytolytic and TFh differentiation
(Rubtsov et al. 2007)It affects #most every type of immune celljue to its broad
distribution of receptors on immune celdmice lacking TGFb r e ¢ evpréfaund tol |
suffer from a fatal autoimmune disedbéarie et al. 2006)As this cytokine has an important
role in regulating TCRactivation dependent effects, its absence in the JIA joint could be in
part associated with the elevated expression of activataykers by synovial T cell@Black

et al. 2002discussed below.

1.2.2.2 Alterations of synovial lymphocytes

JIA synovial Tcellsexpress both the early and lateieation markers: HLADR, CD69 and
CD25 (Black et al. 2002) Synovial B cells are also highly activated aexpress the
costimulatory molecules CD80 and CD@Borcione et al. 2009; Morbach et al. 201This
evidence in concert with the restricted oligoclonal T cell expansio the JIA joint

(Wedderburn et al1999) would suggest the presence of autoantigen in the inflamed site

30



driving cell activation and proliferation. However, CD69 expression could also be
upregulated after endothelial transmigration due to cell co(Bémtk et al. 2002)

The pathological JIA syovial T lymphocytes have a memory phenotype, as determined by
expression of the memory marker CD45RO, and express high levels of the chemokine
receptors CCR5 and CXCR3 receptors on both Gl CD8 T cell subset§Wedderburn

et al. 2000) As CCL5, CCL3 and CXCL10 are also r&ded at high levels by synovial T
cells(Pharoah et al. 2006)hese chemokines could be driving the migration of these cells to

the site of inflammation. CCR5 and CXCR3 are known to be associatedawihl profile

and their expression on synovi al T4@®s | s ma

observed in JIA synovial tissi8cola et al. 2002)

The effector Th7 cells have also been associated with JIA pathogenesis. These cells produce

the proinflammatory cytokine H17, elevated in the SF of both RA and JIA patients
(Feldmann et al. 1996; de Jager et al. 20@Bjichis able to stimulate the production of1L

and TNFU by macrophages. Th1l7 <cells have a dis
cell subsets and are elevated as a proportion of'AD4ells among JIA synovial fluid

compared to that in both patient and Itieacontrol blood. The enrichment of these cells in

the JIA joint is inversel related to the proportion of Tréblistala et al. 2008)which will be

discussed later on.

No reliable predictor of extension has been identified yet, although the two subcategories of
oligoarthritis are known to be strongly associated with different polymorphisms in the genes
encoding for HLA: extended oligoduritis with HLA-DQA1*01 and persistent oligoarthritis

with HLA-DRB*1301 (Szer et al. 2006)Other differencesave been observed prior to
extension, between those patients who will remain mild (persistent) and those who will go on
to have more severe disease (extended oligoartjcllar Theseinclude: a lower ratio of
CD4:CD8, due to CDS8T cell accumulation, higher levels of CCL5 and a series of genes
expressed in synovial cells prior to extens{dtunter et al. 2010)In addition there is a
decreased proportion of C@D25"" cells (Treg)in the joins of patients with exteted

oligoarthritiscompared to those with persistent oligoarth(itie Kleer et al. 2004)

Due to its strong genetic link with HLA class Il genes, and becaudenhtgon of the HLA

Il molecule is to present antigen peptides to CD4cells via APC, the pathology of

31



oligoarthritis is considered to be at least in part CD4celkmediated. As T lymphocytes

may also drive the adaptive immune B cell response, theglsaninduce an autoimmune B

cell response. The presence of autoantibodies in JIA and in many autoimmune diseases is
likely to be due to an expansion of autoantigen specific B cells that bind and present self
antigen to T cells. Additional data suggestagignificant role of B cells in JIA pathology is

the observation in some cases of lymphoid neogenesis in the(@egorio et al. 2007)

These structures are like germinal centres, the presence of whalated to the extent of
infiltrating plasma cells and are more likely to be found in Api#sitive patientgGregorio

et al. 2007)

1.2.2.3 Mechanisms of immune regulation by regulatory T cells

As mentionedn section 1.1.3, one of the processes utilized by the immune system to achieve
and maintain tolerance is active regulation, mediated for example by a cell subset called Treg.
Treg can be either initiated in the thymus, which constitutively express CDp3 Femd
CTLA-4 (Sakaguchi 2004; Gavin et al. 20031 adaptive/induced Treg (iTreg). iTreg are
thought to be induced after chronic antigenic stimulation in the periphery. Induced Treg are
more heterogeneous in terms of Foxp3 expresgibanotypically and functionally distinct

from natural Treg, and can producelD orTGFb. Due to the broad research on Treg, there

is an abundance of terminology to describe them, which can lead to ambiguity. For this
reason,Abbas et alin (2013) recommended th@llowing nomenclature for Treg: thymus
derived Treg instead of natural Treg, peripherally derived Treg instead of induced/adaptive,
andi i n vinduced dreg should be used to distinguish from those genenat@d. The
forkhead/winged transcriptiona¢tor Foxp3 is known as the master regulator of Treg
(Fontenot et al. 2003)

Because of their role in maintaining homeostasis, the ability of Treg to prevent autoimmunity
or the associated inflammation has been the basis of much research. Treg transferred into
nonobeae diabetic NOD) mice with recent onset diabetes were able to reverse the disease
(Tang et al. 2004)while depletion of CDACD25" cells in models of antigeimduced
arthritis, enhanced symptoms of the dise indicated by knee swelling and histological
scoregdMorgan et al. 2003; Frey et al. 2005)

Treg investigation in JIA led to some interesting and perhaps surprising results. A higher

proportion of Treg among CD4T cells, identified as either CDBoxp3 or CD4'CD25""9ht
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cells, was measured in the JIA joint, compared to that found amon§ TPélls from both
patient and healthy control blodde Kleer et al. 2004; Ruprecht et al. 830listala et al.
2008) As mentioned earlier, the proportion of Treg in the joint was inversely related to that
of synovial Th17 cellg¢Nistala et al. 2008and a higher proportion of Treg was observed in
the joint of patients with persistent compared to those with extended oligoarticuléellA
Kleer et al. 2004)This led to the question: why does the joint inflammation of JIA continue
despite the high Treg frequency at the site of inflammation? Studies of the relationship
between synovial Treg and effector cells have suggested that effectoredi§ dre somehow
resistant to suppression by SF Tigtaufe et al. 2011)potentiallylinked to the observed
PKB/AKT hyperactivatior(Wehrens et al. 201Xpund in these cellSfhese data suggest that
one mechanism that contributes to continuing inflammation is resistance of SF T effector

cells rather than a defect of function of Treg.

As shownin Figure 1.1, Treg are able to suppress-ttive cells by a wide range of
mechanisms. file specific mechanismsed depends on either the environment or the type of
immune response, whilst there also the possibility that sevenalechanismsare actng
synergistically to maintain toleranc&€he ways in which Treg can suppress proliferation of
antigenstimulated naive T cellare many. Thesénclude: release of suppressive soluble
factors (IL-10, IL-35 and TGFb (Tran et al. 2007; Ring et al. 201 Xytokine consumptign
particularly of the essential T celrgwth factor -2, the absence of which can lead to
deprivatioamediated apoptos&Sakaguchi et al. 1995and blockade of the binding of-co
stimulator CD28 to CD80/CD86 by the CTLA protein(Mayer et al. 2013)It has been
shown that one mechanism by which CTLA4 on Treg medi&gsesuppressive effect is by
removingthe ligands of CD28¢o-stimulatory molecules CD80 and CDQ&6om the surface

of APC, by the process of trarendocytosigQureshi et al. 2011)

Treg can also prevent interactions between T cells and asrgeenting dendritic cells by
physically outcompeting Teffectorcells. Ths is achieved by Treg expression of neuropilin

1 and lymphocyte activation ger@ which increased the affinity of Tretendritic cell
interactiong(Sarris et al. 2008)Treg can also induce apoptosis of effector T cells via release
of cytolytic proteins perforin, granzyme @&rossman et al. 2008nd by Fas/Fas ligand
(FasL)and TNF/TNFR dependent pathways.
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The second messenger cyclic adenosine monophosphate (cCAMP), which is a poteat inhibit
of IL-2 synthesis and T cell proliferatiqBodor et al. 2001)can suppress T cells through

two mechanisms. These are: release through gap junctions o{Bopg et al. 2007and
accumulation by the adenylate cyclase enzyme, following activation cddéeosineAza
receptor A2aR) present on effector T cel{tappas et al. 2005Yhe conversion of CAMP to

AMP is mediated by phosphodiesterasasgd subsequently by the ectonucleotidase enzyme
CD73 to adenosine. It appears however, that in order to have a physiologically significant rise
in adenosine, multipleells would have to be releasing cCAMP over a prolonged gberio
(Colgan et al. 2006)

Degradation of extracellulakTP and the subsequent formation of adenosine by the action of
the apyras€CD39 and CD73 is another suppressive pathway of [Degglio et al. 2007)
This pathway is discussed in detail in secti.3.

Teffector
o ATP

&
cns&i\}. : Adenosine

cp73 @

IL-10 AZaR

cyclase

Apoptosis by:
absorption of cytokines (mostly IL-2)
granzyme/perforin pathways

CD80/CD86

Dendritic cell

Figure 1-1 Mechanisms of suppression of regakory T cells

Immunosuppressive pathways utilised by Treg to dampen inflammation include the release of soluble f46tdts3B,
and TGFb; generation of adenosine via CD39 and CD73 activity; prevention of interaction between CD80/CD86 and CD28
by CTLA-4 and apoptosis of effector cells madd by granzyme and perforin, and absorption € Hequired for survival.
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1.2.3JIA treatment

Non-steroidalanttinflammatory drugs (NSAIDs)intra-articular steroidnjections,and oral

steroids are used fohe initial managenent of most JIA subtypes. These corticosteroids
include  prednisolone,  methylprednisolone, betamethasone and triamcinolone
hexacetonide/acetonidéf. these are not sufficient, the edliabed disease is treated with
methotrexate (MTX) or othieDMARDSs such as leflunomide andltasalazine(Szer et al.

2006) Biologic agents such asthe afNF-U i nhi bit or s, etanercept
anttIL-6R monoclonal antibody tocilizumab, are tesiedhe pdient fails to respond to
DMARDs, which happens in about 30% of ess(Becker et al. 2011)Combination
therapies such as the combination of afitiN F U  a n care yEfiexally found to beore

efficacious than DMARDsIsed alon¢Martini 2012)

Despite the fact that itsnd-inflammatory mechanism of action is still unknowie
DMARD MTX is the first choice of treatment for JIA. One of its proposed-iaffammatory

effects is mediated by adenosine, the production of which is dependent on the AMPase
activity of CD73(Montesinos et al. 2007)Further details of this mechanism and of how

MTX inhibits purine and pyrimidine syn#lss are in section 1.3.4.

1.3 Purines in health and disease

Several lines of evidence highlight the importance of ATP and adenosine in inflamraation
ubiquitous messengers with a wide range of immune funct®nB.is considered mostly a
driver of inflammation, whileadenosine counteracts its destructive effettse level of
availability of these two moleculags mainly regulated by thenzymes CD39 and CD73.
CD39, also known asctonucleoside triphosphate diphosphohydretageNTDP1), which
converts AP to ADP and therAMP has been previously reported in JIA to be upregulated
on synovial T cells found to have an elevated capacity to breakdowr(Madrcrieffe et al.
2010) In contrastCD73, the driveof AMP conversion to adenosine, hast been yet fully

investigated in JIA, ant the focus of this thesis.
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1.3.1 Purine generation and catabolism

CD39 ADA [CD26]

/_\ N
ATP—~-ADP—-AMP-Ado—Ino
~__

CD73
AP

Figure 1-2 Main enzymes regulating extracellular levels of nucleotides and nucleosides

Ado adenosine, ADA adenosine deaminase, AP alkaline phosphatase, Ino inosine. Depiction of the nucleotides and
nucleotides found upstream and downstream of adenosine and of the ectoenzymes that alter their extracellular levels.

The above figure depicts the kegtonucleotidases involved in determining the levels of
available purines, while a more detailed scheme of the enzymesaasgorters that affect
both the extraand intracellular concentrations of purine nucleotidesdepicted in Figure
1.4 and desdred in detail below.

CD39 is the ectonucleotidase which hydrolyses ATP into ADP and ADP into AMiR;
higher efficiency for ATP than for ADRDwyer et al. 2007) CD39 is an integral cell
membrane 77kDarptein, which consists of two hydrophobic transmembrane regions and a
large extracellular domai(Maliszewski et al. 1994lpcated within lipid rafts, and a small
cytoplasmic domain containing theva N- and Gsegments. A soluble catalytically active
form of CD39 was found in both human and murine bl¢gdgutkin et al. 2012)but its
origin is unknown. CD39 protein is expressed by both T and B lymphocytes, on which it is
upregulated after cell activatio(Maliszewski et al. 1994)as well as endothelial cells,
neutrophils, a subset of activated NK cells, Langerhans cells and monocytes/macrophages
(Enjyoji et al. 1999) CD39 is consistently and abundantly expressed by murine Treg
(Deaglio et al. 2007)for which it also considered a Treg marker. In contrast, in humans, the
expression of CD39 is limited to a subset of Treg, and these bware shown to have an

effector/ memonyike Treg phenotypéBorsellino et al. 2007)

CD73 or ecteb 6 nu c | ei® the ccrzgre responsible for hydreilyg nucleotide
monophosphateso their corresponding nucleosidés. is a surfacebound glycoprotein,

composed of two Entical subunits of 70kD&Misumi et al. 1990)attached to the cell
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membrane via a glycosyhosphatidylinositol (GPI) anchor at its-t€&minus with no
membrane embedded secti¢Btrater 2006) Its expression is mostly associated with
glycolipid-rich domains, known as lipid rafts, characterised by high lateral mog&lignchi

et al. 2003)

Both T and B lymphocytes, endothelial cells, granulocytes and monocytes derived from mice
express CD73(Flogel et al. 2012) while in humans CD73 expression is limited to
lymphocytes and endothelial ce(l8iras et al. 1993)On murine Teg CD73 is highly ce
expressed with CD3@eaglio et al. 2007)whilst in hunans, expression of CD73 by Treyg
negligible (Dwyer et al. 2010)Mandapathil et al(2010) presented data showing that CD73

is present abundantly in the cytoplasnhaman Treg.

Within this thesis, the expression of CD73 is characterized on leukocytes from both blood
and synovial fluid of JIA patients, where a downregulation was obséBeita Gordon
Smith et al. 2015)Detailed investigation of CD73 distribution is found in this thesis.

A soluble form of CD73 protein also exists, presumably derived fromselethe GRI
anchored proteiby the action of the phosphatidylinositol specific phospholipase -®I(El)
(Zimmermann 1992pr potentially secreted by the livédohnson et al. 19997 his soluble

5 -@ucleotidasehas been investigated less than the suffemeend protein, but from what is
known, it appears toetain its AMPasecatalytic activity, found to be particulayl high in
new-born blood plasmgPettengill et al. 2013)The CD73 protein has complex icer
dynamics, with 50% of the enzyme residing intracellularly in a memdranad pool, as
found in a rat hepatoma cell lifgan den Bosch et al. 1988)here is evidence of a highly
active membrane shuttle transporter for CD73 which allows a continuous cycle between the

cell surface and cytoplasmic membra(@sdnell et al. 1982)

The CD73 enzyme has high affinity for AMP, for which it hasmaringing from 150 uM
(Heuts et al. 2012)Competitive inhibitorsof the enzyme inode ATP, ADP and adenosine
54§ U-mdihylene)diphosphate (APCP), a stable ADP analogue, which all bind to the
catalyticsite without being hydrolyse@immermann et al. 2012)ptake of denosine from

the extracellular milieu allows it to be reutilized for the generation of new RNA and DNA,
preventing the need fate novosynthesis. CD73 has therefore an important function not only

in adenosine signalling, but also in adenosine salvage.
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Ot her seven f or nvath differenbsahecallutal lecalizatiod ahscle ls.ave been
documentedinclude: a PIPLC resistant versior{Klemens et al. 1990)five cytosolic
50nucl eoti dase&g oa brudebtidasdd (cCNo1A)l dgphosphorylates AMP,
and a mitochondrial deoxyribonuclétdase(Hunsucker et al. 2005)

Adenosine deaminas€ADA) proteinof which there are twdistinctisoenzymesn humans
ADA1 and ADA2, deaminates adenosied deoxyadenosingo inosineand deoxyinosine,
both intracellularly and extracellularlyThe two forms of this protein have diffsng
distribution and structurewith ADA 1 (encoded by ADA), beinga 35kDa Zrbinding
protein, found in allcells with the highestlevels in the lymphoid tissuéADA 2 isoform
(encoded by the cat eye syndrome critical regiandidate 1 gen€ECR1)(Gakis 1996), is
instead the prevalesburce of ADA activity in hedfty human serum and plasraad isonly
expressed by monocytes and macrophé§akowiczBurkiewicz et al. 2011)

As described in section 1.3.2or the homeostasis of immune celtsis essentialfor
deoxyadenosing be kept low as despitacking physiological functionsts accumulation
inhibits DNA synthesis and triggeegpoptosis by aceuaulation of the deoxATP pool(Seto

et al. 1986) ADA therebre, has an important cytoprotective rdighlighted by the fact that
mutations of its gene, resulting in loss of enzymatic activity, are found in children who suffer
from severe combined immunodeficiency (SCIB)blett et al. 1972)These ADAdeficient
patients suffer from lymmophenia, absence of T and B delimunity and present elevated
levels of intracellular and extracellular adenosine and derived compounds in body fluids
(Franco et al. 1997)he severity of the disease depends on the concentration of aciadnula
adenosine. The potent inhibitory effect of adenosine on lymphocyte proliferation is
considered to be part of the reason behind the lack of immune response in patients lacking
ADA (Bessler et al. 1982)

ADA-1 is mostly a cytosoliprotein and is brought to the cell surface by a range of anchoring
proteins. Multiple ADAL binding proteins have been found and CD26 was the first to be
discovered and is therefore considered a surrogate marker for ADA exprgé&simeoka et

al. 1993) Others includ\:1R, A2aR and AgR (Ciruela et al. 2001)CD26 (encoded by gene
dipeptidytpeptidase 1V (DPPY) is 110kDa glyoprotein withits own enzymatic activity as a
peptidasgDe Meester et al. 1999Pespite CD26 and ADA being docalized on the cell

surface, this is not thease in the cell cytoplasm, hinting that CD26 is not involved with the
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transport of ADA to the cell membraiiBong et al. 1996)CD26 is not expressed by NK or
resting B cells, while it is present on T cells, particularly CD4cells (Morimoto et al.

1998) on which its expression is highly upregulated after T cell activgtidartin et al.

1995) This marked upregulation appears to be needed to sustain the ac{iVedioco et al.
1997) The expression of CD26 is upregulated in autoimmune diseagdesasiRA(Ellingsen

et al. 2007)where its upregulation is correlated with disease activity. CD26 can also serve as
a costimulatory molecule, enhancing T cell proliferation, following its crosslinking on the
cell membrandgvon Bonin et al. 1998)

Another enzyme that can metabolize teatidesis alkaline phosphatase(AP). AP has a
spectrum of S u b s t-nucebteles , ATPIADR/AMIP camdnagenosirte.eThid 6
protein ismainly cytosolic, but like CD73 can be found at the cell surface anchored by-a GPI
bond. AP has low affinityor AMP, with a Ky in the low millimolar range, is not specific for
this substrate and functions best in an alkaline environment with pH between {18.8.2
(Millan 2006; Badgu et al. 2013RP is expressed highly in the placenta, the intestines and in
liver/bone/kidney where it is known as tissue 1specific AP (TNAP). The tissue nen
specific form is encoded by the ALPL gene. Not much is known of lymphocyte AP
expression in humans, whilgt mice it has been identified as a B cell activation marker
(Burg et al. 1989)SolubleAP is derived madty from bone and liverand itsmeasurement is

a standard clinical test for detection of bone diseases, as it is a marker of stteablavity.
Total serum ARevels are increased in growth phasiring childhood and pubertyuran et

al. 2011)and decrease with age gradually.

Following uptake into the intracellular compartment, adenosine has two potential fates. It can
either bemetabolised by ADA to inosine or cdr rapidly rephosphorylated AMP by the
intracellular enzymeadenosine kinas€ AK). AK uses ATP as a phosphate donor and has an

optimum pH for activity above 9 and low affinity for adenogjReedholm 2007)

Subsequento deamination of adenosine to inosine by ADA, inosine can follow only one
pathway, conversion to hypoxanthine byetubiquitously expressepurine nucleoside
phosphorylase(PNP). As for ADA, mutations discovered in the PM#Acoding gene were
found to result in severe immunodeficiency disorders, by causing defective T cell immunity
(Thompson 2013) Another enzyme involved in purine salvagedsoxycytidine kinase

(DCK), found in the nucleus, it is responsible for the phosphorylation of several
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deoxyribonucleosides, such as deoxyadenosine, a derivative of adef®isin@ondg et al.
1978) SAH hydrolase (Sadenosylhomocysteine hydrolase3 an enzyme responsible for
the reversible hydration ofSadenosyhomocysteine (SAH) into adenosine and
homocysteine. Leukocytes contain only low levels of SAldwby et al. 1981; Wdw et al.
1983) therefore this enzyme cannot contribute significantly to adenosine synthesis.

The extracellular adenosine concentraadsodepends on the ngptake by the bdirectional
transport system. Adenosine is transported across the plasma anentiy two types of
transporters. One of them is the subseteqdilibrative nucleoside transporters (ENT)

which move nucleosides down theioncentration gradient by facilitated diffusioihe
others areoncentrative nucleoside transporterCNT) which use the sodium ion gradient

as a source of energy to mediate the intracellular flux of nucleosides against their
concentration gradien{Antonioli et al. 2013) Almost all cells possess equilibrative
adenosine transporters which allagenosine to quickly enter the céll-F. Chen et al.
2013) Other nonspecific nucleoside carriers exist, such as the family of ABC proteins.

P— _ AMP ___» Adenosine

] ~ Adenuane > :__

kinaze

APL’"----.--- Aden ‘_

InmineMHypoxanthin;

Uric acid Ag;:me-'ﬁ@
T—Xanthine

ADA

Inosine

Figure 1-3 Metabolic pathways for adenosine generation and consumption

ADA adenosine deaminase, AP alkaline phosphateldelA ¢ y t 0 s alcleatidas8, &ENT equilibrative nucleoside
transportersSAH S-adenosyhomocysteinePNP purine nucleoside phosphorylagtomplete depiction of all the enzymes
and proteins that carter both intra and extracellular levels of adenosindof its metabolites.
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1.3.2 Purines as immunomodulators innflammation: focus on adenosine

ATP produced by mitochondria through the processes of glycolysis and oxidative
phosphorylation is used asergy currency throughout the body to drive almost every cell
function. It can for example maintain gradients for membrane potentials mediated by the
sodium/potassium ATPase and A@Rven proton pumpg$Eguchi et al. 1997)A drop in
mitochondrial membrane potential prevents ATP production, resultinglideah(Ly et al.

2003)

Despite the fact that intracellulaoncentration of ATP is in the low millimolar range, under
normal conditions it imlmostnot present in the extracellular space and cells are not exposed
directly to its effects mediated by its surface receptors. Following mechanical injury,
membranedeformation, and osmotic pressure leading to necrosis, there is leakage of the
cytoplasmic content and therefore release of ATP to the extracellular space resulting in
sudden higHold increases in its extracellular levels. Release of intracellular ATP can als
occur however, in an ordinate fashion, by opening of chdikeelpathways or vesicular
exocytosis, following shear stress of endothelial céNegutkin et al. 2000)and

degranulation of platelets in response to exogenous ADP.

In inflammatory conditions in response to activation of neutrophils and T cells, ATP is
released through connexin 43 gap junctiqiEgtzschig et al. 2006ajpnd pannexil
hemichannelgSchenk et al. 2008; Woehrle et al. 2Q1@spectively. This process occurs
subsequently to increased mitochondrial activity, resulting in enlarged cytosélieitay

and subsequent elevated ATP synthesis. T2 gubset of ATP receptors and pannekin

are translocated to the immune synapse following TCR stimul@t@ehrle et al. 2010)xnd

since these surface receptors facilitate ATP liberation and their ligation by ATP induces
elevated C# entry, the mechanism @&TP release can act as an autocrine feedback system.
Immediate regulation of the extracellular levels of ATP, following its release, is considered
particularly important as it has been found that minor changes in its levels translate to major
(>100,000 tines higher) increases in intracellular adenosine concentrgfieRsChen et al.
2013)

The ATP nucleotide exerts a broad variety of effects on both hematopoietic and non
hematopoietic immune cells, such as stimulation of histamine and granule release from mast

cells, neutrophils and monocyté®ombrowski et al. 298) and promotion of neutrophil
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adhesion to epithelial cell@Pettengill et al. 2013)In contrast, the nuclem® adenosine
found downstream of ATP, inhibits this adhes{@ronstein et al. 1986)This is one of the

many examples of the opposing effects of thesenwtecules, whiclare closely linked.

Engagement of ATP with one of its ligagatel ion channel receptors P2Allows entry of
NLRP3 inflammasome agonists into the cell, leading to the assembly of the inflammasome, a
multi-protein complex with a central role in innate immunity. This subsequently directs the
clustering of caspask, resiting in caspasd-dependent maturation and secretion LofLl

and IL-18 cytokines(Mariathasan et al. 2006)n a zebrafish wound model, ATP release
triggered activation obual oxidase Quox)-1, a member of thewulti-component, membrane
associatedNADPH oxidase family, which triggers the formation of anCd gradient,
enhancing leukocyteecruitment to the site of injury. ATP together with@J serves as a
danger signal to activate vivothe redoxsensitive transcription factor N& Bde Oliveira et

al. 2014) the point of convergence of all inflammatory signalling pathways, which drives
cytokine transcription and production.

Discharge of ATP into the extraltular space following T cell activatiqi®chenket al. 2008;

Yip et al. 2009)triggers mitogenic stimulation of T lymphocytes by signalling through its
P2X and P2Y purinergic receptaiBaricordi et al. 1996)prolonging their activation aridl -

2 secretionATP can therefore act as an autocrine positive feedback signal, resulting in signal
amplification. In addition to T cellsSchena et afin 2013) reported that in human B cells,

ATP is stored in late endosomal/lysosomal vesicular compartments released extracellularly

after treatment of the cells with the stimuli CpG and-amti

ADP is stored together with ATP isecretory vesicles of blood platelets and released upon
their activation, promoting platelet aggregation and activa{iBobson et al. 1997)
Therefore, in addition to acting on smooth muscle and the central nervous syBtErhas a

role in thrombosigLuthje 1989) No effect has been reported for ADP on lymphocytes. ADP
can induce changes in shape, calcium flux and inhibition of adenylate cyclase in platelets
leading to their aggregation, together with further enhancing the secrdtibBbR from
activated platelets, amplifying its own effe¢®oster et al. 2001)The cytoskeletal protein
kindlin-2, a regulator of integrin function, can control platelet aggregation by changing the
levels of avdable ADP/AMP in the bloodstream by reducing expression of CD39 and CD73

on the surface of endothelial cells via clatkogpendent endocytogiRluskota et al. 2013)
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The effects ofAMP appear to be limited to theentral and peripheral nervous system
(Dunwiddie et al. 1997; Brundege et al. 199¥th no known immunomodulatory capacities.

It is particularly difficult to account for the actions of AMP, because of its rapid csinve

(in the order of milliseconds) to adenosine and because of the widespread distribution of
CD73 AMPase on all tissues in the body.

The main source oéxtracellularadenosine stored freely in the cytosol of all cells, is
dephosphorylation of AMP (adesine monophosphate) by the action of €gtdiucleotidase
CD73. The levels of available adenosine are closely linked that of extracellular ATP, so that
in response to cell damage and inflammation in conditions of hypoxia, ischemia and trauma,
both purinesre elevated compared to healthy normal le{iellzschig et al. 2006b; Eltzschig

et al. 2011)

Adenosine and its receptors are implicated in several biological functions, and its effects can
be observed in almost everygan and tissue of the bod®rury et al. 1929)Physiological
adenosine has widespread cardiovascular functions, such as inducingilataison,
increasing blood flow and therefore oxygen supply to tissues such as the brain and the heart
(Adair 2005)and attenuating ischemia and reperfusion injuiglg et al. 1992) It is also
implicated in neuroprotection following cerebral ische(Radolphi et al. 1992)timulation

of nociceptive afferent neurorurnstock et al. 1996and inhibition of neurotransmitter
release by reducing rates of firifgredholm 2007) Rapid release of adenosine following
tissuedisturbing stimuli mediates homeostasis by bothingctas a preminent alarm
molecule and as a sensor of tissue damage. Adenosine can therefore prevent excessive
damage to various organs following inflammation. The protective effect of adenosine during
hypoxia is mostly due to its ability to increase lbdimw and stimulate angiogenegldasko

et al. 2008)

Adenosine can inhibit the production of grdlammatory cytokines, while enhancing the
production of antinflammatory cytokines by a broad variety of leukocytes. This mechanism,
mediated by the A receptor, is considereché dominant antinflammatory effect of
adenosine Cronstein et la (in 1983) observed the ability of physiological adenosine to
potently inhibit the release of oxygen radicals such as superoxide anions generated by
neutrophils in response to the chemoattractant and cell activéoomgl-methionytleucyt

phenylalanie (fMLP), while exerting little or no effect on their aggregation and
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degranulation. Together with blockade of superoxidg @hion generation by neutrophils,

via Aca receptors, adenosine also prevented neutrophil adhesion to endothelial cells
(Cronstein et al. 198@)y decreasing the avidity and expression of their adhesion molecules
and therefore reducing their damaging effects to the endothelium. Adenosine also prevented
phagocytosis and the bactericidal function of neutrogBilsnstock et al. 2014)n concert

with the inhibition of Thl cytokine releag&omio et & 2011) engagement of the:A
receptor of human LRStimulated neutropls prevents the release of CCL3, CCL4 and
CXCL2 involved inthe onset and progress of inflammat{@hcColl et al. 2006) Inhibition
ofNFeB and of p38 MAPK, a ki na sneclearfovtar kappad wi t
B (NF-a B inhibitors and their signal ansduction pathways, has been observed in human
synoviocytes of patient with osteoarthritis after stimulation of thek #nd A receptors
resulting in inhibition of I8 and TNFU p r o d(Macani ietoah 2010a)In addition to
inhibition of synthesis of inflammatory cytokines, adenosiaa alsotrigger the production

and release of regulatory, amflammatory cytokines such as-l10 (Hasko et al. 2008)

T cell activation induces a rapid upregulation oémaksine receptor expression, particularly

ofthe Aar ecept or, the activation of which resul
celldriven inflammatory respons@.appas et al. 2005)This rapid induction of AR
expressiondllowing TCR signalling has been suggested to be a mechanism that limits both

the activation of T cells and the secondary activation of macrophages in inflamed tissues.

The activation of AaR inhibits the upregulation of 2 receptor(Huang et al. 1997)
normally observed after TCRctivation, preventing proliferation and expansion of
lymphocytes, as H2 is required for their growth. Adenosine is also simultaneously able to
inhibit IL-2 secretiorin vitro (Erdmann et al. 2008)y naive CD4 T cells following TCR
stimulation, further reducing their proliferatiogfNaganuma et al. 2006)n addiion, the
release of adenosine suppresses other-ffigRered effector functions of T lymphocytes,
such as the upregulation of the mRNA of the death receptor Fas (also known as CD95) and
its ligand FasL in cytotoxic lymphocytg&oshiba et al. 1997)Since the Fas/FasL system
controls celldeath by inducing apoptosis in those cells expressing Fas, this prevention of
their upregulation by adenosine blocks activaiinuced cell deattfHimer et al. 201Q)
Together wih the inhibition of cytotoxic activity of T lymphocytes, adenosine was found

capable of inhibiting the ability of H2-activated NK cells from killing tumour cells
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(Raskovalova et al. 2005Adenosine can also degependently suppress TCR signalling,
contributing to the maintenance of a normal number of naive T(G#lsic et al. 2013)

Adenosine therefore affects effector cell proliferation both directly and indirectly to limit the
collateral dmage associated with cell activation.

Apart from the antinflammatory responses that adenosine exerts on a variety of immune
cells, adenosine can also regulate the adaptive responses to hypoxia. This is mediated by
promoting vasodilatation, increasingiood flow (Manfredi et al. 1982) and mediating
angiogenesis by ligation of the 2A receptor, resulting in increased wound healing
(Montesinos eal. 2002) The angiogenic effects of adenosine are executed both dependently
and independently of the release of qar@iogenic factors: basic fibroblast growth factor
(bFGF) and VEGF. Unfortunately this pathway eamtribute to cancer development and
progressionparticularly with the ability of adenosine to inhibit tbgtotoxic activity of NK

cells to clear the body of tumour celRaskovalova et al. 2005)

Despite its welknown cytoprotective role, adenosine can also haveinfl@mmatory,
detimental effects, by inducing mast cell degranulation and activating pathways that promote
tissue injury and fibrosis, pécularly when high levels persist in acute injuifyredholm

2007) Chronic elevieed levels of adenosine are in fact considered toxic. This is particularly
the case for a derivative of adenosine, deoxyadenosine as for SCID patients with defective
adenosine deaminase (ADA), which breaksd@asenosineand deoxyadenosirn®e inosine

and ceoxy-adenosingthere is no alternative catabolic route for degradation. Adenosine can
instead be rephosphorylated to AMP by adenosine kinase as described later on. The major
cause of the cytotoxic activity of deoxyadenosine appears to be mediated bijitgst@a

block de novo deoxynucleotide synthesis, preventing the generation of new, undamaged
DNA. This together with the effects of deoxyATP, formed by phosphorylation of
accumulated deoxyadenosine, which causes high levels of single strand breakNw tbe

resting lymphocytes, results in inhibition of DNA repair by these toxic metab¢8t® et

al. 1986)

The deleterious effects of losigrm elevated adenosine in hypoxia are offset by an
upregulation of active ADA, on both the cell membrane tethered by CD26 and in plasma,

resulting in increased breakdown of adenosineosine(Eltzschig et al. 2006b)
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Inosine was considered, for a long time, an inactive metabolite without any biological
effects. This has however been found to be incorrect, as it was established to have both
neuroprotective and potent immunododatory propertiegHasko et al. 2004)These are
described in the nexsection thatillustrates through which receptors these effects are
mediated. After its generation from adenosine, inosine can be either returned to the pool of
purines after catalysis by hypoxanthigeanine phosphoribosytansferase or it is further
degraded into hypoxanthine and uric a@akowiczBurkiewicz et al. 2011)

1.3.3 Purinergic signalling

ATP receptors were first known a2 Burinergic receptors. These were subdivided into
seven ionotropic nucleotidgated ion channels P2X receptors, which gate extracellular
cations in respons® ATP, and eight metabotropic-@otein coupled P2Y receptobased

on their structug and signalling propertie3hesereceptors are expressed by most immune
cells(Bours et al. 2006)P2Y> receptor expression by monocytelwwak for their recruitment

to the I ocation of apopt optince oc elfoighesewdlls ch r e
(Elliott et al. 2009)and it is through this receptor that ATkediates adhesion of neutrophils

to endothelial cellsOf the P2Y receptors, P2Yis the only receptor which can activate
adenylate cyclase causing intracellular accumulation of immunosuppressive cAMP
(Abbracchio et al. 2006)It is through this cAMP elevation that activation of the P2Y
receptor by extracellular ATP serves to inhibit NK cell prolifera(igill er et al. 1999)

For the reasons stated above, ATP should not
also as a negative feedback signal, able to limitmhassociated with inflammation,
particularly in situations where there is chronic exposurdotv levels of extracellular
nucleotides. This has been shown in part by microarray studies, in which exposure to ATP
upregulated the expression of genes involved with immunosuppression. These included
thrombospondirl which inhibits T cell proliferatiorand stimulates TGB s ec@®iet i on
Virgilio et al. 2009) Immune responses to ATP are also affected by receptor desensitisation,
particularly of the P2Xreceptor, whereby a significant fraction of the receptor pool enters

into a longlasting refractory stat at a nanomolar concentration of ATRettinger et al.

2003)

ADP does not appear to affect lymphoegt whilst it has an important role in thrombosis by

influencingplatelets througkhreepurinergic recepts, namely P2Y, P2Y12, and P2X.
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Until recently, no receptor was known f&MP. Characterization of the receptor which
mediates AMP effects was @aed recently byRittiner et al. 2012who determined AMP

to activate the scoupled AR and no other receptor subtype. As the Al receptor subclass is
negatively coupled to adenylate cyclase, resulting in inhibition of generation of
immunomegulatory cAMP, able to inhibit H2 production(Bopp et al. 2007) AMP is
considered to exert mainly pinflammatory effects.

Adenosineexerts its multiple effects by engaging with its widespread cell surfaqme®in

coupled receptors, known as,M2a, A2s, and A. These asparagidmked glycoproteins are
characterised by seven transmembrane domains and multiple intracefidlaxtracellular

loops (Hasko et al. 2008)Adenosine receptors have different distributions throughout the

body and variable affinities for their substrate adenosineadl Aa are high affinity

receptors sensitive to submicromolar concentrations of adenosine, whind A are low

affinity receptors, only responsive to micromolar concentrat{&nsdholm et al. 2001)A;

and A are primarily coupled to thei@rotein, while Aa and Ag are coupled mostly to &

proteins, causing the first twaeceptor types to inhibit adenyatyclase and the latter to

activate it, leading taccumulation of CAMPAN accumulation oEAMP can activat@rotein
kinase A (PKAlthatme di at es phosph-agreyslpatnisen ed fe mMmecmAMB i n
(CREB). This phosphorylation causas increasdn its transactivating potential and therefore
transcription of the CEBPDb gendranscriptoaansdcr i pt
subsequentelease of IL10. All adenosine receptors are coupled to MAPK pathways
regulating phosphorylatioof ERK, ERK2 kinases and p38 MAPK in a time and dose
dependent mannéFredholm et al. 2001)

All four adenosine receptosubtypes are expressed by lymphocytes, but whilRsAare
highly expressed in the brain, particularly at synap8egusto et al. 2013}he expression of
this receptor is limited or even absent on lymphocykganco et al. 1998)Among these
cells, AaR is the sole adenosine receptor expressed by B lymphocytes, but its expression is

much higher on T cells compared to B cé{®shiba et al. 1999)

The Aareceptoof the P1 class, is the receptor miosblved with the regulatory capacity of
adenosine and dictating lymphocytes responses, inhibiting activation of T cells by prompting
T-cell anergy, by preventing the T&Rggered CD25 upigulation and induction of Treg
(Huang ¢ al. 1997; Zarek et al. 2008)\denosine binding to AR on effector cells alters the
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nuclear translocation of the transcription factor-®B af t er a ntton gnd ni c S
subsequently diminishethe release of proinflammatory cytokines-2L. TNFU  alnFIN 9
(Romio et al. 2011)

Inosine has recently been reported to also have someardldmmatory effectsnediated by

binding to AR, A2aR and AR (Fredholm et al. 2001; Haské et 2004) This however, has

been a matter of discussion, as there is inconsistent data regarding its binding capacity to
these receptors. For example, a study which revealed the ability of inosine to stimulate mast

cell degranulation via thesR (Jin et al. 1997)also reported the incapacity of inosine to bind

to the AR and AaR. While the rported property of inosine to inhibit the production of
proinflammatory cytokines (ie. TNB and )l Fa\nd enhanc elO(paskoduct i o
et al. 2000)was through ligation to the ;Aand Aa receptors. Not much is known of the
intracellular pathways triggered by binding of inosine to these receptors, but consistent with
adenosine binding, &R and AR occupancy results in prevention of CAMP @owilation.

|| Aden sine\
|

|
ADA ,f/
Inosine™

Figure 1-4 Nucleotide and nucleoside receptors

Depiction of the ectoenzymes responsible for the generation of extracellular adenosine and its metabolism, and of the
receptors through which thesacleotides/nucleotides mediate their effects. The G patieiwhich the GPCReceptors are
coupled to aralso represented, includjnhe downstream effect &f protein activation for adenosine receptors.
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1.3.4 Therapeutic approaches centred on madhting adenosine

Adenosine is a building block for nucleic acids; it belongs to the same pathway as ATP, the
main biological energy currency used throughout the padg mediates its effects through

four receptors ubiquitously expressed. For these reasoml the nomedundant anti
inflammatory effects of adenosine described previously, much research has gone into
developing drugs that can either target adenosine receptors directly or modulate adenosine
levels by inhibition of its uptake and metabolism.

As discussed in the following section, MTX, the most widely used treatment for JIA, alters
extracellular adenosine concentrations and signa(l@rgnstein et al. 1993)as one of its
mechanisms of immwmodulation. Other current treatmeritgat prolong the actions of
extracellular adenosine and enhance its signalling events are dipyridamole, an adenosine
uptakeinhibitor, currently under clinical trial for the treatmentRA in conjunction with the

steroid prednisolon€éChenet al. 2013)and pentostatin, an ADA inhibitor which blocks the

conversion of adenosine to inosine.

Unfortunately, because of the widespread distribution of adenosine receptors throughout the
body, targeting of these ubiquitously expressed receptors generally leads to unwanted side
effects. Because of this, and since it is practically unfeasible to cordetidymine the
concentrations of extracellular adenosine at a particular site as its concentration fluctuates so
rapidly, it has been challenging for compounds altering adenosine biology to enter the clinical
setting. Due to these complexities, the onlya-feceptor specific agent to have been
approved for use in humans is regadenoson, used for myocardial perfusion imaging in
patients with suspected coronary artery diseg&himire et al. 2013) A novel
pharmacologicatool thatcould circumvent these issues, particularly the hypotensive effects
of Azareceptor agonists, has beerveleped. It consistef an Aza receptor agonist prodrug

which s cleaved preferentially within tissues which over express CD73 and:tirec&ptor,

such as found with synovial leukocytes from the knee of experimental mice with cellagen
induced arthritigFlogel et al. 2012)

Adenosine receptors are considered promising theragaugiets in autoimmune diseases, as

for example, both A and As receptors have been found upregulatedioond lymphocytes
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of RA patients compared to healthy contrlrani et al. 2011)In the Varani et al study,

the activation of these receptors was found to inhibit theeNB= p at loekiag/the b |
release of proanflammatory cytokines, demonstrating that these receptors could be used as
therapeutic targets. TwosAeceptor agonists, CF101 and CF102, currently in phase Il trial
for rheumatoid arthritis and psoriasis, ameliorated ritikhsymptoms in mouse models
(Baharav et al. 2005; Fishman et al. 2006; Ochaion et al. 20@8)n the clinical trial in
humans(J-F. Chen et al. 2013)Upon treatment with these agents, an improvement in
disease activity of RA was obsed, with reduction of inflammation, pannus formation and
cartilage destructiofvarani et al. 2010b)This suppression of pathological manifestations of
RA was mediated by dos#ependent inhibition of the proliferation of fibrobldikie
synoviocytes Qchaion et al. 2008 via downregulaton of the NFe B s i gnall trans
pathway.The administration of adenosine attenuated adjwuashiced knee arthritis in rats,
while surprisingly also enhancing bradykiinduced plasma extravasation in the rat knee
joint, demonstrating that plasma extravasationtgots against joint injury{Green et al.
1991)

Further evidence for the importance of adenosine in regulating pathophysiological conditions
derives from studies with the nonspecific adenosine receptor addseigtylcarboxamide
adenosine(NECA), found to ameliorate the ceurse o
mediated destruction of the pancreas in animal models of type 1 diglSstkeswicz

Burkiewicz et al. 2011)

1.3.4.1 Targeting adenosine with artinfammatory methotrexate

The antifolate agent MTXis the first choice course of treatment for inflammatory diseases
swch asJIA and RA.This antiproliferative agent, which disrupts the production of DNA
precursors, was originally developed for the managementaoter. Despite its anti
inflammatory mechanism of action still not being fully understood, low dosages of the drug

have been used to treat rheumatologic diseases for several years.

MTX is taken up by cells, including erythrocyte and synoviocytes, viadtaced folate

carrier SLC19A1, where by the action of the enzyme folylpolyglutamate synthase (FPGS),

glutamate moieties are added to its structure, which is converted teliMedgand

metabolically active MTX polyglutamates (MTXG . The -glutaany hydrolase

(GGH) reverses the action of FPGS, removing the glutamate group from MTX, so that it is in
50



a form that can be transported to the outside of the cell by thebiithhg cassette (ABC)
family of transporter¢de Rotte et al. 2012)

MTXGIun polyglutamates are potent cpatitive inhibitors of the enzyme dihydrofolate
reductase (DHFR) responsible for the conversion of folic acid to tetrahydrofolate, a methyl
donor for the formation of methionine from homocystgiHélson et al. 1997)WhereasS
adenosyimethionine (SAM), a mebmlite of methionine, is a methyl donor for the formation

of the polyamines spermine and spermidine, which are found elevated in the urine, synovial
fluid and lymphocytes of patients witlRA and are considered important for -2
responsiveness in lymphoeg(Hill son et al. 1997)

Since the polyamines spermine and spermidine can be transformed into the lymphotoxins
ammonia and hydrogen peroxide by the action of mono¢@ean et al. 2010Q)nhibition of

these toxic metabolites is considered to be one of the many twretedfects of MTX.
Pyrimidine synthesis is also blocked by low doses of MTX, as the drug inhibits thymylidate
synthase (TYMS) the enzyme responsible for their formation. Inhibitioseafiovopurine

and pyrimidine synthesis, together with the obstructibthe creation of lymphotoxins was
considered the main immunomodulatory action of MTX. However, as supplementation with
folic acid to RA patients treated with MTX did not compromise the efficacy of the drug,

(Morgan et al. 1994MTX was deemed to be acting via another metabolic pathway.

As MTX had been previously observed to increase the release of adenosine from fibroblasts
and endothelial cell&Cronstein et al. 1991jhis mechanism was further investigated, leading

to the finding thaMTX also inhibits AICAR transformylase (gene name ATIC) resulting in

the intracellular accumulation of its metabolite AICABronstein et al. 1993¥hich affects
adenine nucleotide metabolism. The buifol of AICAR results in release of adenosine into

the circulation by direct inhibition of AMP deaminase and therefore accumulation of AMP,
together with competie inhibition of ADA by AICA ribonucleoside, a dephosphorylated
metabolite of AICAR(Baggott et al. 1986)The addition of CD73 inhibitor APCP in a
murine airpouch model of inflammatio(Morabito et al. 1998abrogated entirely theelease

of adenosine, revealing that the promotion of adenosine release by MTX is dependent on the
action of CD73 ectawucleotidase. Further evidence of this derives from a study using-CD73
deficient mice which were found to be resistant to the-iaflimmatory action of

methotrexate(Montesinos et al. 2007)as after treatment there was no M&a¥sociated
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increag in adenosine exudates and diminished TNFand | eukocyt e accumul

of inflammation as observed for wilgpe mice.

Despite these reports suggesting that MTX mediates itdrdlatnmatory action by release

of adenosine and that its effscivere reversed by either #2aR antagonist, addition of
adenosine deaminase ortbé nonselective adenosine receptor antagonists theophylline and
caffeine or the use of knockout mouse mod@sonstein et al. 1993; Montesinos et al. 2000;
Montesinos et al. 2003)his mechanism still remains a matbédiscussion.

A study by Andersson et al.(2000) using a rat model of antiganduced arthritis
demonstrated that adenosingaonists combined with MTX did not affettie drugs anti
arthritic effect. Wile anotherstudy by (Dolezalova et al. 2005attempting to measure
adenosine plasma concentrations of JIA patients under treatment with MTX and correlate it
to erythrocyte MTXGIy concentrations, which can be used to predict drug response, found
no difference withhealthy control adenosine leveBnd no correlatiorwith MTX. Since
adenosine has an extremely short-iédf due to its rapid uptake inside ce{Bawicki et al.

1988) and as it is rapidly formed following release of ATP and ADP layghét destruction
during sampling, it is extremely challenging @ascuratelymeasureextracellular levels of
adenosineThis could be the reason behind the failure of(balezalova et al. 2005tudy to

find a difference between patient and control plasma concentrations of adenosine.

In an attempt to circumvent this issue, adenosine wamtiied by determining its
vasodilator effect in patients with active arthritis taking M{R¢ksen et al. 2006)This study
found that MTX did indeed inhibit adenosine deaminase and potentiate adeindsiced
vasodildation by activation of AR. In addition, adenosine was also found to be elevated,

compared to healthy contradlsthe urine of patients treated with MTBaggott et al. 1999)

Not all JIA patients treated with MTX react successively to the drug, with about 30% of cases
not responding to treatmeriBecker et al. 2011)This percentage was found to not be
improved by doubling the standard dosage of 10rfig/eek as theplateau of efficacy of

MTX was reached at the 15 mgfimeek parenteral dosagRuperto et al. 2004)
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Figure 1-5 Diagram of the main enzymes involved in metabolism of methotrexate

ADA adenosine deaminase; ATIC AICAR transformylase; FPGS fdiyghatamate synthase; GGBtglutamyl hydrolase;
IMP inosine monoplgphate, SAH S@denosylL-homocysteine; SAM @&denosyl methioninepolyG. Polyglutamates;
TYMS thymylidate synthaséred arrows depict the enzymes that MTX polyglutamates inhibit.

Due to the high percentage of Amsponders, much investigation has gore determining
predictors of response to MTX. When JIA patients were tested for genetic differences that
correlate with variability in response to the drug, they were found to have genetic variations
in the ATIC, SLC16A7 (part of the solute carrier SLC10fainily) and in the GGH genes
associated with response to MT@Moncrieffe et al. 2010a; Hinks et al. 2011; Yanagimachi

et al. 2011)More recently a genome wide association study of response to MTIX ima3
identified 31 novel genetic loci which are different between responders anesmonders
(Cobb et al. 2014)

SNPs within the ATIC and ADOR2A (4. receptor) were found to differentiate with clusters
of intracellular MTXGIu concentrationgBecker et al. 2011)suggesting that the ability of
the patients cells to adequately produce or respond to adenosine, may determine the anti

inflammatory response to the drug and therefore itaagpto suppress the disease.
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1.4 Projecthypothesesand aims:

Many studies with CD73 knockout mice have highlighted the importance of this protein and
its enzymatic activity in the control of autoimmune diseases. Examples of these include the
study by(Blume et al. 2012)where lack of CD73 resulted in renal injury, with glomeruli
inflammation and that of(Buchheiser et al. 2011jn which CD73 deletioncaused
atherogenesis, due tohibition of resident macrophages aidcells, following changes in

lipid metabolism and N\ B signalling pat hways. Ter mi nai
inflammatory ATP by CD39 is also essential for disease control, as demonstrated by an
induced model of colitis, whereby CD39 ablation was associated with increased disease
severity (Friedman et al. 2009)in light of the studies suggesting the importance of the
ectonucleotidases CD39 and CD73 and their ability to breakdown ATP and produce
adenosine, in controlling autoimmune diseases the wowided in the following chapters

had the objective of further investigating the purine pathway in the context of juvenile
idiopathic arthritis. Despite the fact that major strides have been made recently in the field of
purine catabolismhereremains thepen question as to how adenosine synthesis is modified

at the site of inflammation of juvenile arthritis patients.
In this thesisthe following key questions/aims were addressed:

1) Characterisation of the expression of CD73 and other ectonucleotidabé&sdrand

JIA synovial fluid leukocytes (Chapter 3);

2) Is there a correlation between CD73 expression on JIA synovial fluid lymphocytes

and clinical characteristics of patients? (Chapter 4);

3) Does reduced synovial lymphocyte expression of CD73 result ineddumtential to
generate adenosine? Is there a requirement for CD39 and CD73 coexpression for

synthesis of adenosine from ATP? (Chapter 5);

4) Does the synovial inflammatory milieu drive the downregulation of CD73? (Chapter
6)
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Chapter 2 Materials and Methods
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2.1 Sample preparation

2.1.1Sample collection

The samples analysed in this study were obtained from individuals who provided full
informed consent in accordance with the local research ethics committee (Great Ormond
Street Hospital/ Institutef Child Health Research Ethics committee) ref 95RU04. Samples
were collected from children witfull-informedparental consent. Children with JIA provided
peripheral blood and synovial fluid samples taken at the time of required clinical blood tests
and d therapeuticjoint aspirations respectively. Each sample wHscated an anonymous
code Eighty patients with JIA who fulfilled thénternational League of Associations for
Rheumatology(ILAR) criteria (Petty et al. 2004)were evaluated in thistudy. Clinical
characteristics othese 8(patients a& shown in Tabl@.1.In addition, a large cohort of JIA
patients in whom whole genome genotype was available, through the SPBRKRM
(Childhood arthritis response to medication) study, wereysahl(see section 3).

Healthy adult volunteers were staff at the Institute of Child Health who provided peripheral
blood samples, which were assigned an AW (adult well) code to maintain anonymity.
Peripheral blood from healthy children (2 femaled 4 mals with mean age#2.19years

was used as agweatched contrg| but & access tpaediatric contrabamples wamited, the
majority of control bloodsamples werdrom adult subjects. All samples were processed

within 2h of collection, as described below.

A cohort of children wasecruited from the SPARKEHARM study, which has the aim of
developing understanding of the variability in response to treatment observed in children with
JIA. All cases were about to start MTX treatment for active arthiftes.ten CHARMS
patients,blood was collected just prior to starting MTX and again at 6 months of treatment
with MTX. Response to MTX treatment was measured using the JIA definition of
improvement(Giannini et al. 1997)In this definition, six coresetvariables are measad at

start oftreatmentand at time of assessmentreéponseThese variableare: 1) physician's
global assessment of overall disease activity (measureal Ihcm visual analogue scale
(VAS)); 2) parent global assessment of ovena#ll-being (measwd on aVAS); 3)
functional ability; 4) numberof joints with active arthritisor, if no swelling is present,
limitation of motion accompaad by heat, pain, or tenderne8&3, number of joints with

limited range of motion; and 6) erythrocyte sedimentataia (ESR).
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Persistent Extended Polyarticular
Oligoarticular JIA Oligoarticular JIA JIA patients
patients (n=30) patients (h=34) (n=16)

No. male/female 9/21” 8/26 4/12
Age at sampling, mean + SD (years) 8.0 3.6 9.5+ 3.6 7.03 £ 3.]
Age at disease onset, mean + SD (years) 54+3.2 3.1+21 4.5+ 3.¢
Disease duration, mean = SD (years) 25128 6.3+ 3.0 24+2.1
Treatment received: MTX (%) *3/29 (10) 20/34 (58.8) 14/16 (88
Treatment received: steroids (%) *2/29 (6.9) 9/34 (26.5) 3/16 (19
No. of cumulative joints involved at up t

sampling, mean + SD 1.9+0.85 56+2.0 6.3+2.°

* Treatment data not available for one patient. MTX=Methotrexate
Table 2.1 Characteristics of patient population used in this study

2.1.21solation of peripheral blood mononuclear cells (PBMC)

Whole peripheral blood was collected irgterile tubes containing 35U of preservative free
heparin (WockhardtUK) and processed in a sterile Holten LaminAir category 2 laminar flow
hood with sterile and endotoxinee reagents. The blood was diluted with an equal amount of
RPMI 1640 (Life Techndogies UK) culture mediumcontaining 2mM Lglutamine with
added 100U/ml penicillin and 100upg/ml streptomycin antibiotic mix (Lifechnologies
UK), subsequently called RPNASG. The diluted blood was then layered onto half its
volume of Lymphopreg™ (Axis-shield Norway) and centrifuged at 800g for 20min a
Sorvall Legend (GermanyRT centrifuge The interface of mononuclear cells was carefully
pipetted into a new tube containing RRMISG and centrifuged at 500g for 10min. The cell
pellet was resuspead in RPMIPSG with 10% v/v heat inactivated batelsted FBS (Fetal
Bovine serum (Life Technologies UK) in a volume of medium generally equal to the
amount of blood initially takemnd counted as described in sectibh.4. Cells were then

spun at 300dpr 7min and prepared for cryopreservation as described in section 2.1.5.

2.1.3lsolation of synovial fluid mononuclear cells (SFMC)

Synovial fluid samples wermitially incubated at 37TC in a water bath for 3@0min with
10U/ml hyaluronidase (Sigm&JK). Samples wer@eriodially shakenin order to break up
hyaluronan Following this treatment, SFMC were processhd same ways PBMC as

described irthe above section.

57



2.1.4Enumeration of viable cells

Viable cell numbers were determined by placing 10fitell suspension onto a Neubauer
haemocytometer chamber (Hawksl&K) with 10ul 0f0.4% dye trypan blue (SigmaK).

Dead cells took up the dye and stained blue so dmellexcluded to obtain a measure of cell
viability. The haemocytometer with 25-box field and counting area of depth Qllwas
placed under a light microscope (Euromebolland for counting. The final concentration of
viable cells per ml of sample was obtained by multiplying the counted number of cells by 2
(dilution factol) and by 120* (as 1ml/0.1ul= 10%). Cell preparations used had a cell viability

> 90%.

2.1.5Cryopreservation of cells

Cells were resuspended in freezing medium, composed of FBS supplemented with filtered
10% v/v dimethyl sulpoxide DMSO (SigmaUK) and frozen in crgvials (NUNC, Thermo

Fisher Scientific, Denmajkat a concentration of 1%’cells/ml of freezing medium. Samples

were initially stored at80°C for 244 8 hr s i n an i sopr op amod nfre
were then transferred tmuid nitrogen tank at -196°C for long-term storage.This freezing

process wasarried out in stages to allow thellseto cool slowly (mean speeaf 1°C per

hour) to maximize cell viability upon recovery.

2.1.6Thawing of frozen cells

Cryo-preserved cells were thawed by placthg cryovial in a 37°C water bath immediately
after removal from the liquid nitrogen tank. Cells were ttiduted in warmRPMI-PSGwith
10% FBS and counted withtfeemocytometer (as section2.1.4.)to check viability. The
cell suspension was centrifuj@t 300g for 7min with the final cefiellet resuspended in

RPMI-PSGat 1-2x10° cells per mldepending on the requirement of the experiment.

2.1.7 Extraction of synovial fluid or plasma

The fluid was obtained frorperipherablood or synovial fluid co#é#cted in a tube containing
EDTA anticoagulant. This watransferred to an eppendofiist spun at 1000g for 10min,
then 10.000g for 10min on a microfuge, befbeengstored at80°C.

For the preparation of the pooled samples, 5 healthy control plasnmaes and 10 synovial
fluid samples wereaised. These had already been spun down and were ste883@t After

thawing of the samples, each type of fluid was pooled ardeparate eppendorf for a final
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volume of 3mls and treated with 3pl byaluronidas for 30 minutes at 37°C. Samples were
thencooled,andat stored80°Cin 50ul aliquots.

2.2 Fluorescent activated cell sorting (FACS)

2.2.1Buffers and Reagents

1 Phosphate buffered saline (PB8pm tablets Dulbecco A (OxojdJK) dissolved in
MilliQ H 20
FACS buffer:1 x PBS, 1% FBS, 0.1% sodium azide
Paraformaldehyde (PFAIxPBS,4% PFA

Foxp3 and intracellular staining with Foxp3 staining buffer (e@&ioscience UK),

freshly prepared eachtimec cor di ng t o manuygfactureros
Foxp3 Fixatiorpermeabilization working solution: 1part concentrate, 3 parts diluents
1x Foxp3 permeabilization buffer: 1 part permeabilization buffer, 9 parts filtered
MilliQ H 20

Perm Buffer 1 x PBS, 1% FBS, 0% sodium azide, 0.1%aponin

Sort Buffer 1xPBS, 2% FBS4uM EDTA

2.2.2Antibodies

Table2.2 contains aist of monoclonal antibodies () usedin this thesis Antibodies were

diluted in FACS buffer at concentrations fatetermined by titration.
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Monoclonal

primary Conjugated Species Commercial o
antibody fluorochrome | source Clone | Isotype source Bilution
(antihuman)
CD73 PE mouse | AD2 IgG1,k chain Becton Dickinso 1/10
(BD)
CD73 Bv421 mouse [ AD2 IgG1,k chain | Biolegend 1/50
CD73 PE mouse | AD2 IgG1,k chain | eBioscience 1/50
CD39 PeCy7 mouse | Al lgG1 eBioscience 1/50
CD4 APC mouse | OKT4 [1gG2b eBioscience 1/25
CD4 QDot605 mouse | S3.5 IgG2a Invitrogen 1/200
CD4 B711 mouse | OKT4 |1gG2b,k chair| Biolegend 1/50
CD3 FITC mouse | UCHT1 | IgG1,k chain | BD 1/25
CD3 V450 mouse | UCHTL1 [ IgG1,k chain | BD 1/100
CD8 FITC mouse | SK1 IgG1,k chain | BD 1/100
CD8 APC mouse | SK1 IgG1,k chain | eBioscience 1/500
CD8 PE mouse | DK25 [ 1gG1,k chain | DAKO 1/100
CD25 Pac blue mouse | BC96 |[I1gG1,k chain | Biolegend 1/10
IFN-2 Alexa488 mouse | 4S.B3 [ 1gG1,k chain | eBioscience 1/50
Perforin FITC mouse | dG9 IgG2b,k chair| Biolegend 1/50
CD26 APC mouse | BA5b [ 1gG2a,k chair| Biolegend 1/50
Ki67 eFluor450 mouse | 20Rajl [ IgG1,k chain | eBioscience 1/50
CD45 RA BV510 mouse | HI100 |1gG2b,k chain BD 1/200
CD45 RO FITC mouse | UCHL1 | IgG2a Biolegend 1/25
CD19 QDot655 mouse | SJ25C1| IgG1 Invitrogen 1/300
CD19 FITC mouse | HIB19 [ I1gG1,k chain | BD 1/25
CD14 PerCPCy5.5 [ mouse |61D3 IgG1,k chain | eBioscience 1/25

60




CD14 FITC mouse [ 61D3 |IG1l,kchan |eBioscience 1/200
Foxp3 Alexa488 mouse | 150D/E4 1gG1 eBioscience 1/20
Foxp3 APC rat PCH101 1gG2a,k chair| eBioscience 1/25
CD66B FITC mouse | G10F5 | IgM, k chain | BD 12
CD66B PE mouse | G10F5 | IgM, k chain | Biolegend 1/25

Table 2.2 Antibody reagents used in this thesis

2.2.3Staining with Live/dead exclusion dye

A live/dead discriminant dye was used for flow cytomedtginingin accordance withhe
i NUK). Celiscwenevashed twice with 2GOxlI oP&S n
centrifuged at 300g for 3mirand then flicked to remove supernatanth@ LIVE/DEAD
Fixable Blue deadadl stain kit was used with the dye dilutatd1/250 in PBS with 40ul of

manufacturer o6s

this solution added per well amells stainedin the dark at 4°C for 25min. After staining,
cells were washed with Dfl of PBS,centrifuged,and set fa surface stain. The dye used

wasvisualised through the DAPI channel.

2.2.4Staining for surface markers

After treatment such as sorting, live/desidinng (section2.2.3) or cell culture dection

2.10), cells were resuspended in cold FACS buffer in rebotlom 96 well plates (Greiner
Bio-one) at a concentration of2Lx 1(° cells perml according to thexperiment Typically,
100,000 cellsvere shined per Ab combinatiomfter centrifugation at 300g for 3min 4fC,

the plates were flicked and cell pellet resuspended in 25ul of FACS buffer with the required
antibodiesaddedat the concentration specified in Tal#€2 Cells were incubated in the
antibody mixes at 4°C for 30min in the dark. After incubation, cells were washed with 100ul
FACS buffer and centrifuged as above. The pellet was either srslesh in 250ul of FACS
buffer, to be run on a flow cytometer (LSR 11,08 for acquisition after tnasfer in FACS

tubes or underwent ikation/permeabilization for staining of intracellular markers as

described below

2.2.5Staining for intracellular markers or intra -nuclear transcription factors
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Foxp3, intracellularCD73 and Ki67staining was performed si ng t he eBiosci e
staining buffer setd with specific boffers
manuf act ur er After staing dfrswface markeissells were resuspended in

100ul of fixation/permeabilization workingolution and incubated for 45min at 4°C in the

dark. Cells were then washed and resuspéend 25ul of 1xpermeabilization buffer either

alone or withthe antibod/ at the appropriate dilutiorincubation then occurred with the
intracellular staining antilwbes at 4°C in the dark for 45minAfter staining, cells were

washed twice with 1x permeabilization bufférenonce in FAG buffer and resuspended in

250ul FACS buffer in FACS tubes in order to be analysed by flow cytometry on the LSR Il

(BD).

2.2.6Preparation of cells for cytokine production assessment

To detect intracellulacytokine production by PBMC and SK cells were incubated in
RPMI-PSG with10% FBSand stimulated witl®.05ug/ml Phorbol 12nyristate 13 acetate
(PMA), 0.5 pg/ml lonomycinin the presence osug/ml Brefeldin A (all from Sigma)Pre
treatment was added to cells plated at 2M/ml in a 96well plate and incubated for 3h at 37°C,
5% CQ. After thestimulation procedure, cells wenashed withplain PBS andstained with
live/dead dye andurface antibodiedefore fixation in 100ul of 4% paraformaldehyde for
10min in the dark atoom temperature (RTLells were washed in FACS buffer and PERM
buffer and resuspended in 25ul PERM buffer containing the appropnaigcellular
antibodies fo 30minat 4°C in the darkStaining was followed by a further wasn PERM

and FACS buffer, with cells resuspended in the end in 250ul FACS buffer in FACS tubes,
before being run on the LSRIPerforin expresen was detectedsing the same ik/perm

protocol used for cytokines, without the PMA&homycinstimulation step.

2.2.7Preparation of whole blood and synovial fluidfor surface staining

In order to have a broader investigation of CD73 expression on all leukocytes, some
peripheral bloodand synovial iid samples underwent FACS stainimgwhole blood after
treatment with lysisreagent,to remove erythrocytesPeripheral blood was drawn from
control subjects and 100ul was added to each polystyrene tube to which the required
antibodies were added anttubated at 4°C for 30mifysis buffer,containing ammonium
chloride (BD, UK), wasdiluted 1:10 with MilliQ water2ml were added per tubehefore

gently vortexing.Synovial fluid was similarly treated without the lysis st€pbes weredjft

to stand at R for a further 20minTubes were centrifuged at 300g for 5min in 2ml of FACS
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buffer twice. Cell pellet wereresuspended in 250ul of FACS buffer before analysis by flow
cytometry.

2.2.8CFSE labelling

Carboxyfluorescein diacetate succinimidyl eqf€FSE labelling was used to analyse the
proliferation of PBMC in culture. CFSE (SigmidK) was made in DMSO at 5mMliquoted

and stored at20°C. Cells were first washed in PBS and thert ai ned i n 1 ml
solution of CFSE in PBS for 10min at RT. The sara&ime of FBS was then added to cells

and these were incubated at RT for a further 10min. Cells were then washed 3 times in
RPMI-PSGwith 10% FBS, counted and plated out.

2.2.9Data acquisition andanalysis

Flow cytometry datavere acquired on a FACSc#&BD, UK) or aLSR Il FACS machine
(BD, UK) using CellQuest Pro software version 5BD, UK). Data were saved
uncompensated and cells were gated by their light scatter propé&iies?BMC/SFMC,
typically 30-50x10* events wereacquiredper sample. For g@eriments using whole blood,
50x10* events were acquired on the LBRwith higher voltages for FSC (forward) and SSC
(side) scatter, adjusted for the bigger cell size as compared to PBNW. cytometric

analysis and compensation was performed using Flsefi;vare (TreeStar, USA).
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Flow cytometry gating strategy
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Figure 2-1 Flow cytometry gating strategy.

A) Forward (size) and side (granularity) scatter plot showing lymphocyte and live gate of healthy
PBMC. B) To exclude doublets, feard scatter of lymphocytes was plotted against the side scatter
width to discriminate those doublet cells for which there were disproportions between cell size and
cell signal. C) Exclusion gate for those cells that stained positive for the Live/deadiencilye
visualised through the DAPI channel, from lymphocyte gate. D) Characteristic distribution of CD3
and CD4 proteins on T lymphocytes, from lymphocyte gate. E) Lymphocyte gate showing strategy

used to identify B cells. F) CD3 T cell gate showingtsgy used to identify CD cells.
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2.3Cell sorting

2.3.1 Magnetic bead cell sorting CD8" T cell enrichment

The human CD8enrichment kit vesion 4.01(EasySepStemCellTechnologies) was used
according to the mad3Ddthacls werecentifsiged tofermacett t i o n s
pellet and H culture medium was removedells werethen resuspended in sort buffer

(amount adjusted to cell niar used) composed of PBS, 2%3-Bnd 4mM EDTA (Sigma)

and transferred to a 5ml polystyrene FACS tube (BBP}5ul of enrichment cocktail was

added to the cell preparation and left to incubate for 10nfRTal5-45ul of mixed magnetic

particles were added and set aside for 5min at RT. The cell preparation volume was brought

up to 2.5ml with sort buffer, theibe inserted into a magnet for 5min, after which negatively
selected cells were poured into a new 15ml falcon, couatetichecked for puritipy flow

cytometry (section 2)2

2.3.2 Cell sorting by flow cytometry

10-20x10° cells were thawed, spun, supatant removed, resuspended in sort buffer (PBS,
2% FBS, 4mM EDTA) and stained for surface markers (section 2.2.3) for 30min at 4°C.
Cells were spun down, resuspended 4h.3ml of sort buffer and passed throughQuis

filter (Parte¢ UK), to which 2|4 of DAPI for dead exclusion was added, just prior to
acquisition on the sorter. Either the MoFlo XDP cell sorter (Beckman cpulkgror the BD
FACSAria Il (BD Bioscierwes UK) were used for cell sorting into 15ml fales with
collection medium (RPMPSG with20% FBS). Sorted samples were each checked for
purity, counted,and resuspended at the required concentration for calireutt previously

coated plates (section 2.10).
2.4\Western blotting (SDSPAGE)

Cell lysates were prepared lyging 1-2x10° total PBMC or CD8 enrichedpelletedT cells
(purified by bead soihg, see previous section 2®ith 100-200ul total lysis buffer 2% 2
mercaptoethanol, 2%odium dodecyl sulfatesDS, 10mM Tris pH 7.5) The suspension was
then centrifugedat 10000 rpm for 1@in. The supernatant was then transferred to an

eppendorf andtored at80°C until use.

Thawedlysateswere homogenised with Laemmli buffer (6x) (SDS, glycerol, Tris 0.5M pH

6.8, HO, Dithiothreitol(DTT), bromophenol blue, antl0% 2mercaptoethanoknd heated
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on a heat block at 95°C for 3min to ensure protein denaturé@miein concentration was
determined by addition of Bdford reagent (Sigma, UK) by usir@pvine Serum Albumin
(BSA) asastandard.

The gel cassette was assembled and filled withrés®lving gel(12%) composed of
acrylamide 30% solution (Sigma, USA), resolving buffldsO, 30% acrylamide mix, 1.5M
Tris pH 8.8, 10% SDS10% ammonium persulfateTEMED], glycerol (Sigma, USA),
ammonium persulfate (APS) (Fisher Scientific, USA&jramethylethylenediamin@ EMED)
(Sigma, USA), and bD. The stacking gel4%) was then poured gentiynto the resolving
gel. The stacking gel was composed of acrylamide 30% solution, stacking [bisfier30%
acrylamide mix, 1M Tris pH 6.8, 20 SDS, 10% ammonium persulfate, TEMERPS,
TEMED, and HO. A 1mm comb was inserted and the gel left to set at RT for 40min.

After setting, the comb was removdtie electrode assembly assembled #he inner and
outer buffer chambers filled with running buffer with a final concentration of 25mM Trizma
base, 192mM Glycine and 0.1% SDESqual amounts of protein were loaded @#12%
(stacking resolving) geltogether with th&SeeBlue2 Plus2 (Invibgen UK) reagentusedas
protein laddeandthe gelrun at 120V for 1hr.

The gel was transferred to the wet blotting
(Biorad), in direct contact with aitrocellulose Hybond C extra (AmershaBiosciencs,

UK) membraneThe transfer was run under a currenR@0mAmpfor 70min with a cooling

block in a tank with transfer buffer at a final concentration of 25mM, 192mM Glycine, and

5% methanol.

After transfer, themembrane was then placed for lhrbiocking solution (5% milk PBS,
0.1% Tween 20) on a rocker. Blots were probed with rabbitramtian CD73antibody

clone D7F9A (CellSignalling, USA) at 1:10000r mouse anthumanA2aR antibody clone
7TFG-G5-A2 (Abcam UK) at 1:200, made up iblocking solutim and incubatedvernight at

4°C. The membrane was then washed 3 tim&slif PBS, Tween and incubated with HRP
conjugated antiabbit or antimouse Ab (Santa CruzBiotechnology USA) at 1:20000r
1:1000for CD73 andA2aR respectivelyin blocking solutim for 1.5hr.The membrane was
placed on film in cassette and developed in the dark room with the ECL Western blotting

Detectionreagent (Amersham Bioscience).
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After strippingthe membrane with 0.2M NaOH for 15mim positive controlb-actin was
done by staining the membranewith mouse anth u ma factinb1:1000 in 5% milk
PBS/Tween for 1hr at RT, followed by a further staith HRP-conjugated arimouse Ab
1:2000 for 45min at RTDevelopment with ECL was then repeated.

2.5CD39 Genotyping(donein collabaation withDr Simona UrsulCH)

DNA was extracted from PBMC by phendiloroform method (Sigmaldrich, Dorset,

UK). The genomic fragment containing rs10748643 SNP was amplified by PCR using
pri mers for C DGGTCACATAI GACAACATTTAS 6 and reverse
5CAGAGATTCTTCCTGGCTCTC PCR products were sequenced at the UCL Wolfson
Institute for Biomedical Research (London, UK) using the BigDye 3.1 chemmsgtirod
(Applied Biosystems). The PCR reactions were cleaned up usimause produced sephadex
filtration plates and run on an Applied Biosystems 3130XL Genetic Analyser.

2.6 Candidate gene investigation(performedby Dr Joanna CohbUniversity of
Manchestey.

Methology used was similar to that in(Hinks et al. 2013; Cobb et al. 2014nd is
describd briefly below. All genotypingwas performd usingDNA extracted fromPBMC

from venous blood

Candidate genes were selected based on the adenosippatiyicay of interest. Data were
then obtained from two previously published studies, one aus&eptibility analysis using

the lllumina Immunochipand the other an analysis of MTX response in JIA using the
[llumina HumanOmniExpres$2vl GWAS chip(Hinks et al. 2013; Cobb et al. 2018NP
genotyping was performedon the Immunochip array designed fordense mapping of
susceptibility loci formultiple autoimmune diseases, according to manitfau r er 6 s i nst r
(Hinks et al. 2013)As this chip did not cover all the candidate gene regions, some analysis
was also donefrom data generated by genome wide genotyping t@ Illumina
HumanOmniExpres&2vl GWAS chip. SNPs weranalysed by logistic regression asted

for the top 5 principatomponents, calculateafter quality control to minimise population
stratification. SNPs were excluded from the analysis if they had a minor allele frequency
<0.05(GWAS chip) or <0.01 (Immunochi@nd failed the HardyWeinbeg equilibrium test

(pO 001).Genotypdrequenciesverecompare using the logistic regressiam Plink.
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Genome wide genotypes were available for a total of 1469 JIA caseGHBYRMS samples
and 5195 WTCCCZ2controls. Table 2.3 below illustrates the bmakn of JIA and
CHARMS casesinalysedyy their subset.

All JIA cases (n=1469 CHARMS (n=374)

-INR (117)|ACR30 (32) |[ACR50 (54) |ACR70 (171
Missing 85 9 4 5 17
Systemic 99 15 2 0 17
Persistent oligo 388 20 3 4 18
Extended oligo 229 21 6 16 34
RF-ve poly 384 31 11 22 62
RF+ve poly 81 4 0 2 11
ERA 88 7 6 4 4
Psoriactic 81 9 0 0 7
Undifferentiated 34 1 0 1 1

Table 2.3 Categories of JIACHARMS samples used in candidate gene investigation

ACR: American college of Rheumatology resporisgel, where ACR30,ACR50, and ACR70 represent
increasing levels of response to treatment after 6 months of methotrexate (MTX) treatmexdnM&sponder
children who failed to reach even an ACR30 level of response.

2.7 High performance/pressure liquid chromatography (HPLC) for
detection of ethene and nonetheno Adenosine monophosphate
breakdown products

2.7.1 Cell incubation with Etheno substrates

A total of 50X.0% unsortedPBMC or SFMG or CD8' beadsorted(see sectior2.3) from
PBMC or SFMC were ptad in roundbottom 96well plates (Greiner Bione Germany or
25ul of cell culture supernatant/ healthy blood plasma/ synovial #mdresuspended in
RPMI-PSGwith 25uM of ethenesAMP (E-AMP) or etheneATP (E-ATP) substrate (Biolog
Germany in the alsence or presence of 10uM APCPAdgnosie -GWMj b
methylene)diphosphateSigmaAldrich, UK). Controls used were cells incubated in RPMI
PSGalone andRPMI-PSGin the absence of cell€ellsor fluidswere incubated for different
time points (0, 15, 30, 4%0min) at 37°C in a humidified 5% G@tmosphere (Galaxy S+,
Biotech UK).

2.7.2 Preparation of samples for HPLC detection
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After incubation, the reaction was stopped by additiorbpd 8f 15mM HCI (Sigma Aldrich
UK); sampleswvere thertransferred to &ml eppendds and centrifuged at 12,000rat4°C
for 0.5min. Theresultantsupernatant was transferred to glass tubes containing 5SOL2 df
KH2PQ; buffer (VWR Prolabo UK) and frozen &80°C until analysis by HPLC assay.

2.7.3 Preparation of buffer for HPLC and derivatization procedure for
standards

The buffer used as eluent to run samples was a MO, solution with pHof 5, prepared

by dilution of KHPQw in MilliQ water. All adenne derivatives (ATP, ADP, AMP,
adenosine, denine), (Sigma Aldrie, UK) were diluted in MilliQ water at 1mNMolution and
stored at-20°C. In order for fluorescence detection to be carried out, these standards were
derivatized to etheno form3he use of ethenderivatives compared to th®nderivatized
reagentanonitored byUV absorbanceallows for a tearer separation of compounpsaks
(Sonoki et al1989)and higher sensitivity and specificity.

For derivatization of samples, accordinghe method previously described farson et al.
2001)100pl of standard mix composed of 2@ each adenine derivativevas reacted with
100ul of CAA reagent (0.5M chloroacetaldehyde, 0.15M citrate/citric acid pH 4.0) and
heated to 8QC for 20 min The samples were removed from the heater and placed in the

autosampler tray of the HIELto cool, prior to injection.

For themeasurement acddenosine deaminasBA) activity, which metdolisesadenosine
to inosine, UV detectiowasused sincedue to thdack of an adenine ring, inosine cannot be
converted tan etheno formA variety of buffers at different gradients wirst tested to run
the nonetheno ATP derivativesThese buffers included.2M KH.PQ; with acetonitrileor
26mM KH2PQs and 39mMKHPQs and 4mMof the ion pairing reagemétrabutylammaium
hydrogen sulphate (TBAHSWwith 26mM KH2PQ; and 39mMK2HPOQy or 0.2M KHPOy
with 5mM of the ion pairing reagenetrabutylammonium bromidéTBAB) run with an

acetonitrile gradient.

2.7.4 HPLC apparatus and columns
The HPLC apparatus was a JASCO-ASH5 autosampler connected to two JASCQ1380

pumps set up in binary fashionto allow mixture of the two eluting solvents.

Chromatographic peaks were recorded via a JASCO1I8ID multiwavelength detector,

while fluorescent spectra were detected by a JAFCQ520 fluorescence detect@olumns
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used were 15cm x 4.6mm 3micron OBIgpersil from Thermo Scientifid?eak areas, used

as a measurement of fluorescence intensitiesre integrated via EZChrom Elite
Chromatography software and chemical nature of the separated compound was determined
by comparison with retention time of stiamd etheno derivatives.

2.7.5 Chromatographic conditions

Separations occurred via reveqdgase liquid chromatography with a constant flow rate of
0.8ml/min and injection volume of 40ulThe eluting solvents were:)A0.2M phosphate
buffer and B) aetontrile (HPLC gradient grade, FishedK) mobile phaseThe following
gradient was used@-31min 99.5%0.5% B, 3136min 88%12% B, 3637min 80%20% B,

after 37min until 45mineturn to initial 99.5%0.5% B.The system was controlled to change
solvent used @dually as defined by a linear gradient. UV spectra were collected from 200
400nm, while the fluorescence detection excitation wavelength was set to 290nm, the

emission was set to 415nm and gain of 1x.
2.8CD73 enzymelinked immunosorbent assay (ELISA)

For the quantitative determination of CD73 concentratimnsell cultures supernatants and

plasma a commercial CD73 ELISA assay(Cusabig UK) was used.The assaywas run
according to manufacturerds instructiofons, w
standards and samples, 100ul of eitb@mple or standamtas added per well and incubated

for 2 hours at 37°Crollowing this,100pul of biotinylatedanti CD73antibody was added to

each well and incubated at 37°C for another hour. The plate was tisbedveeveral times

with the washbuffer providedand thoroughly blotteddorseradish peroxidis¢HRP)-avidin

(100ul) was then added to the plate and after incubation for an hour at 37°C, washed and
blotted again. The subsequent incubation was with 90uletrtmethylbenzide TMB)-

substrate, for 30min at 37°C, after which 50ul stop solution was added prior to rédasling

plate

The optical densityin each samplavas determined using a microplate reader (Thermo
Multiscanex, MA, USA) reading at 450nm aftermgéy shaking the plateDuplicate reading

values for each standard, control, and samples were averaged and sample background control
density subtracted from each sample readikgtandard curve was generated using a-four

parameter logisticurve fit. All supernatantand samplewere tested in duplicate.
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2.9 Alkaline phosphatase(AP) assay

For the measurement of the activity of taezymeAP in plasmaand synovial fluid, the

alkaline phosphatase assay kit (colorimetiigpocam, UK), was used according tthe
manufacturero6s instructions. The kit pmeasur
nitrophenyl phosphat@lPP) as a substrate and the method utilized is desdrdyebtriefly.

Samples were diluted 1:10 and 1:100 with assay buffer, to these 56piM pNPP was

added and incubated for 60min at 25°C, protected from light. A standard curve was prepared
by a 1:2 serial dilution of the 5migNPP solution with the asgduffer, to which 10ul of &

enzyme solutionvas addeand left to incubate for 60miat 25°C, protected from light. All
reactions were stopped by addition of 20ul of stop solution to both standards and samples
reactions. The optical density was determined using a microplate reader (Thermo Multiscan
ex, MA, USA) reading at 450nm after ggnghaking the plate. The duplicate readings for
each standard, control, and samples were averaged and sample background control density
subtracted from each sample reading. A standard curve was generated using Prism, which

allowed estimation of concentrati of pNPP in the sample. FinalFAactivity was calculate

with the following formula: AP_activity (U/ml): A x V xT with A being amount opNPP

dephosphorylated (turns yellow), V volume of sample added and T reaction time.
2.10Cell culture

Cells werecounted and resuspended & £10° cells perml in culture medium supplemented
with 10% FBS and placed in an incubator at 37°C in a humidified 5% al®@osphere
(Galaxy S, Biotech) for the timendicated Cells were harvested at dhy3, and ®f culture
and countedor cell viability (section 2.1.%and stained with antibodies for flow cytometry

analysis.

2.101 Preparation of plate for T cell stimulation-B cell stimulation protocol
96 well cell culture round bottom plates from Costar (Qughiwere cated with antiCD3
mADb, clone UCHT1(stock 05mg/m,R&D, UK) at a final concentration of 1ug/ml and anti
CD28 mAb clone CD28.2stock 0.5mg/ml, BD pharmingeitJK) at a final concentration of
5ug/ml in sterleDul beccodés Ph &alipphPBg Life Tiethihadogias UK).

Eachwell contained 60ul of thisolution. The coated plate was then placed in an incubator at
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37°C for 3hrs, after which the solution was mmd and wells washed with PBS, before the
addition of cells.

For B cell stimulation, solubl type B oligonucleotide CpG 2006 (InvivogeldSA) was

added to theulturemediumwith cellsat a f i nal Cc 0 Arothen mnethadofBB n o f
cell stimulation tested was coculture of PBMC with Chinese Hamster Ovary (CHO) cells that
had been ansfectd with CD40Ligand (CD40). or with controluntransfectedCHO cells

(kindly provided by Dr K.Nistala, University College LondorfFor coculture experiments,

CHO cells were initially left to expand for8days in culture, untitheyreached confluency
ofamund 90 %. CHO cells were ir rPeelidultute dlagks,f or 3¢
after having been treated with 1.5ml of prewarmed trypsin/EDTA solution for 3min at 37°C

to detach cells. CHO cells were culturedhwituman PBMC at a ratio of 1:10r 72hr at

37°C, both at 1M/ml Another B cell stimlant tested was the Affinipufe ( a: bra@ment of

antibody directed against IgG and IgM surface immunoglobulin on the BreeillJackson
immunoresearclilUSA) (kind gift of Prof. C. Mauri, University Collegeondon)This was

added to cell culture atfaal concentration of 10ug/ml.

Cell culture supernatants were processed, store@C and analysed eithdryy HPLC
(section2.7) or ELISA (section2.8).

2.102 Addition of recombinant cytokines and human plama for cell culture

For analysis of cytokine effect on ectoenzyme expression, PBMC were cultured in the
presence or absence of cytokines in 96 well plattsch had been previously coated with
antibodies orhad been left untreatedRecombnant cytokinestested were: TN (BD
pharmirgen UK), IL-1 (R&D, UK), IL-6 (BD Pharmingen UK), TGFb ( R&KD), IFN-0
(Peprotech UK) and IL-2 (Roche USA). Cytokines were added either alone or in
combinations as detailed in results sectjatsfinal concentrations of.Ong/ml for TNFU

IL-1, IL-6 and IFNo 2ng/mlfor TGFb and 100-B/ ml for | L

Addition of human healthy plasm@/BP) or synovial fluid(SF) was tested on cell culture.

Aliquots used werenadef r om a p ool of Dlasma @10 syhoyialfluicdh d i v i d L
samples as described in section 2.Tffese were added to the wells with cellsich were

cultured at either 10%plasma/SF irculture medium with no additional FB or at 5% of

plasma/SF irtulture medium with 5% F8.
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MTX polyglutamates (MTXGlgl,s) (Schirck Switzerlangl were added tocell culture
mediumat final concentratioa of 50nM for MTXGIlus, 20nM for MTXGlus and 10nM for
MTXGlus.

2.11 Statistical analysis

For statistical comparisorof multiple groups oeway ANOVA or in the case of
nonpararetric data, KruskallwWa | | i s t est wi t h Dupostigtswanu | t i pl
used. Toanalysepaired patient samples, paired T test or Wilcoxon matched pairs test was
used.All data are expressed as median with intergjearange with stated p valuenless

otherwise indicatedStatisticalanalysis was performed usirf@graphPad Prism version03

(GraphPad software).
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Chapter 3Expression of CD73 and other
ectonucleotidases on leukocytes from the
Inflamed site of human inflammatory arthritis
and peripheral blood cells
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3.1Introduction

The biosynthesis and catabolism of the -amtammatory nucleoside adenosine, responsible
for dampening of many immune cell responses, is regulatedsbsies of etonucleotidases.
These include CD39, which demphorylates pranflammatory ATP to AMP andCD73,

which generates adenosine from AMP. Additionally, ADA (adenosine deaminase) terminates
the effects of adenosine by converting it to inogihenger 2011)Extracellular release of
ATP occurs by cell necrosis iaddition to nodytic mechanisms such as egress through
connexin4d3 gap junctiongEltzschig et al. 2006agnd pannexil hemichannel§Schenk et

al. 2008)in response to inflammation, tissue damage and cell activation.

ATP receptors were first described by Burnstoako referred to them as P2 receptors
(Burnstock et b 1978) These were divided into P2X receptors (liggaded ion channels)

and P2Y receptors (@rotein coupled receptors) based on their chemical properties and
structure. ATP binding to its P2 class of metabotropic and ionotropic receptors orchestrates
the triggering of a series of pinflammatory effects, such as T cell proliferation and
cas@asedependent secretion of4L (Mariathasan et al. 2006; Schenk et al. 2008)

The effects of ATP are terminated by its phosphohydrolysis to AMP, mediated by the action
of the ectonucleoside triphosphate diphosphohgdeo CD39. This ectoenzyme is also a
lymphoid activation markefMaliszewski et al. 1994and has been previously found to be
elevated on synovial T lymphocytes from JIA patients resulting in iseckATPase activity

of these cell¥Moncrieffe et al. 2010b)Dephosphorylation of AMP to adenosine occurs
mainly by the action oftheect® 6 nu c | e ot (Thbepmsae et &.01989)considered to

be a critical regulator of the availability of extracellular adenosine. The nucleoside adenosine
exerts its immunosuppressive effects by binding to its P1 clagsarsmembran&-protein
coupled receptors widely expressedbmth immune and neimmune cells. Othe adenosine
receptors A Aca Az, and A (previously described in Chapter 1)p:Ais the one most

associated with the immunosuppressive function of adenosine.

Synthesis of adenosine during inflammation helps tevate the detrimental effects that
arise after ATP release and for this reason, the production of adenosine by murine Treg via
the coordinated action of CD39 and CD73 is considered to be one of their mechanisms of
immunoregulationKobie et al. 2006; Deaglio et al. 200Adenosine is inactivated by the

enzyme adenosine deaminase (ADA), which deaminates it to inosine, a purine capable of
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inhibiting inflammatory cytokine productiofHasko et al. 2000)ADA is a cytosolic protein,
bound to the cell surface after interaction with anchoring proteins, of which the cell
membrane protein CD26 (also known as Dipeptmsptidase 4) was the first to be identified
(Kameoka et al. 1993)

As discussed in Chégr 1 and depicted in Figure 1.2D39, CD73 and ADA/CD26 are the

key enzymes involved in the balancf the extracellular levels of available prdlammatory

ATP and immunoregulatory adenosine. In order to assess the roles of these enzymes in
childhood inflammatory arthritis, their expression on cells from the JIA joint was first

analysed.

The aims othis chapter were to:

1) Characterise the protein expression of ectoenzymes involved in the adenosinergic
pathway on leukocytes in inflammatory and finflammatory conditions;

2) Investigate a possible relationship between frequency of synovial T and B cells
expressing CD73 and clinical subtype of oligoarticular JIA,

3) Understand the relationship between CD73 expression and effector cell markers;

4) Analyse the potential of human regulatory T cells to produce adenosine.
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3.2 Results

3.2.1 CD73 protein isexpressed by lymphocytes, but not by monocytes or
granulocytes

The expression of CD73 on different leukocyte populations within peripheral blood was
investigated by mukcolour flow cytometry. PBMC from healthy adult donors were stained,
gated,and analysd as described in methods section 2.2.4 and Figur&igure3.1A shows

that CD73 is expressed at the cell surface of both T Butginphocytesfrom healthy
peripheral blood. CD8T cells and CD19B cells were consistently the lymphocyte cell
populatiors with the highest percentage of CD73 positive cells with median and interquartile
range (IQR)of 51% (IQR 4759%) and 68%(IQR 6276%) espectively. The relative
proportionof CD4" CD73" cells was much smaller than that of COBD73" with a median

and IQRof 13% (815%) of CD4 T cells expressing CD73 (Figure 3.1A and C).

In contrast to T and B cellsnonocytesfrom peripheral blood, as defined by surface CD14
expression, were found to be negative for CD73 expression (Figure 3.1B and C). Summary
data for CD73 positive cells within the CD3, CD4 and CD8 T cell and CD19 B cell
populations of 39 healthy individuals and of 4 healthy individuals for the CD14 population,
are shown in Figure 3.1C.
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A Healthy PBMC lymphocyte gate
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B Healthy PBMC live gate
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Figure 3-1 CD73" cells within populations of healthy PBMC

Flow cytometry dot plots of healthy PBMC gated on lymphocytes showing CD73 expression against
CD3, CD19, CD8 and CD4 shown (A) and on live mononuclear cells showing lack of CD73
expression on CDI4nonocytegB). Summary data showing variability, between healthy individuals,
in the percentage of CD3, CD4 and CD8 T cells and CD19 B cells (n=39) and monocytes (n=4)
expressing CD73. Bars represent median with interquartile range.
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In order toinvestigateCD73 expession on all immune cellsnd asgranulogtes are lost
during the preparation of mononuclear ce@®)73 expression was also testedhealthy

adult whole blood. This was done after lysis of erythrocytes and data were compared to that
obtained fromfresHy isolated JIA synovial fluid sample&ranulocytes defined by the
expression ofCD66B, were analysed for CD73 expression whole blood and whole
synovial fluid cells. In parallel, to verify that lack of CD73 expression on monocytes within
PBMC was notdue to cell processing during the preparation of PBMC by density
centrifugation, expression of CD73 was investigatedrmmocytes (CD1% within whole

blood. As shown in Figure 3.8ranulocytes (CD66B from both healthy blood and synovial

fluid of patierts with JIA lack CD73 expression. In addition the analysis of Cx#®s in

whole blood and JIA synovial fluid, confirmed the lack of CD€8lls within the monocyte
population (Figure 3.2, right hand panels). Interestingly, in Figure 3.2 a clear ditfaretine
frequency of cells expressing CD73 was observed between healthy blood cells and synovial
fluid cells in the CD14 and CD66B negative populations.

Live gate

5 | 17.0% 0.445% 5 (17.3% 0.108%

Whole
Healthy
PB

Whole
JIA
SF

Figure 3-2 Lack of CD73 positive cells within theneutrophil and monocyte populations
from whole healthy blood or synovial fluid of patients with JIA

Representative dot plots of flow cytometric analysis for CD73 expression on CD14+ and CD66B+
cells, gated on live cells, obtained from whole healthy pergdh@ood [top] and whole JIA synovial

fluid [bottom]. Proportions of cells are shown in quadrants.
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3.2.2 Synovial T cells demonstrate a reduced frequency of CD78ells and
lower CD73 expression levels than T cells from peripheral blood

CD73 expressionmo T cells from peripheral blood of healthy adult and child controls was
compared with expression on T cell®rm blood and synovial fluid opatients with JIA
(Figure 3.3AC). As shown in representative flow cytometry dot plots in Figure 3.3A, healthy
child control CD3 T cells have a distinct population of CD73 positive cells, as is the case in
JIA patient peripheral bloodHowever,the proportion of CD73 positive T cells was found to
be much lower in JIA synovial fluid.

By analysing the CD4and CD8 populations of T cells, it was clear that few CD4 T cells
express CD73 in either healthy child blood or JIA patient blood (as also demonstrated in
histograms, Figure 3.3B), consistent with the findings in adult healthy blood (Figure 3.1 and
summary data in gure 3.3C). This is also the case for synovial fluid (SF) CD4 T cells. In
contrast, the majority of CD8 T cells in both healthy child and JIA patient blood are CD73
positive, whereas most CD8 T cells in synovial fluid are CD73 negative (Figure 3.3A).

Figure 3.3C shows summary data from patients and controls, consistent with the
representative plots in Figure 3.3A and\Bhile there was no difference in CD73 expression

on CD8 T cells from blood of healthy childre adults or patients with JIA [medians and

IQR of 56% (3469%), 51% (4759% ), 54% (4%H9%) respectivelygxpression of CD73 on
synovial CD8 T cells [median and IQR of 13% {89%)] was signifcantly reduced
compared to both patient and control blood (Figure B.3@is decrease in CD73 expression

in synovial fluid T cellsvas evident in botkthe proportiorof CD8" T cells that were positive

for CD73 and by protein expression on a cell basis as assessed by MFI (median fluorescent
intensity) of CD73 cells (Figure 3.3€D).

When paired samples of JPBMC-SFMC were analysed, the reductionGid73 expression

on synovial fluid CD8T cells was highly significant (p €.0001) (Figure 3.3EIn contrast,
when CD4 T cells of paired JIA patient blood and synovial fluid were compared for
percentages of CD78ositive cells, there was only a slight decregse).093)for synovial
CD4' T cellsexpressing CD78ompaed to their blood counterpartBSigure 3.3F.

80



A Healthy child B
PBMC PBMC JIA SFMC
138% o 10.3% 15.8% P
CD3+ CD4+ CD8+
=
=
S|
O
T TR T AT CD73
o [37% 18.8% JIA PBMC
JIA SFMC
C CD3+ CD4+ CD8+
I *% I
100 ok P
L 80 . ] ok
8 . ' '
4+ 60 . ns
R e =
O 40- . A
eka I f
50 201 % oS . AA \ & A‘ a4
* L - ¥ YN ®
C T T T L] QE T a T T T L] A
PBMCPBMCPBMC SFMC PBMC PBMCPBMC SFMC PBMC PBMCPBMC SFMC
Healthy Healthy  JIA Healthy Healthy  JIA Healthy Healthy JIA
child  adult child  adult child  adult
D g E F
S S 1005
é ! *% 1 &'—) |L|
8 8_ 8 80+
o g () .:. Y—
+ ..~o - o 60-
m d . mign" +
o ode ™
0 5| | L L ™~ 40
© 8 % LT ] A a
o t 3o agut A ®)
= S 207
o T T T T
PBMC PBMC PBMC SFMC T T
Healthy Healthy JA PBMCJl ASFMC
chid adult

81


















































































































































































































































































































































































































































































































