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Abstract

Human blood monocytes arecurrently classified into three subsets:
CD14'cD166 / f I & a A OODA&ASL y/IGBWY SRA 'OD8G a b YR / 5mn
/ traairolféd 5AaGAy OG0 ¥ dagabdnd HofdadsicaRA T F S NI
have been described but the roldé mtermediate monocytes iess clear.

In profilingmonocytes from healthy adults by muttolour flow cytometry, we
observed that Intermediate monocytes exhibit dichotomous surface
expression ofthe Class II major histocompatibility proteidLADR with
separate sub-populations expressing mid (DR™) and highlevels (DF).
Further profiling of cell surface markers demonstrated that, compared to the
DR' subset, DR Intermediate monocytes express higher levels of C&RR
CD62L, and lower levels of 43) CX3CR1, LEAVLA4 and Mael, indicating
heterogeneity for multiple functionallyelevant proteins.

We assessed how the newly described Intermediate-myulations interact
with and migrate through endothelium in in vitro assays. Results indicated
both the DR and DR subsetsare highly adherent to resting and activated
primary human aortic endothelium, witmdherence othe DR subsetbeing
partially mediated by CD1la. Both spbpulations exhibited poor CCL2
induced transmigrationin contrast to the highly migratory CCRQassical
monocytes,despitethe fact that DR"™ and DR subset expressin@CR2and
CCR? phenotypesrespectively.

Further experimentsrevealed reduced intracellular calcium release and
filamentous actin polymerisatiorsuggestingearly termination ofthe CCL2
CCR2 signal. Chemokine receptors asprdein coupled receptors (GPCRS),
and GPCR signalling may be regulated by RegulatorRibi@in Signalling
(RGS) proteins. We quantifietiRNAlevels of RGS1, 2, 12 and 18 in the
monocyte subsets. Interestity, elevated RGSidias detectedin the newly
described Intermediate monocytsubpopulations RGS1 has been implicated

as a negative regulator of CCR2 signalling in monocytes. Therefore, the results
are consistent with a role foRGSLp-regulationin the blunted CCLhduced
signallingand migration of the DR and DR intermediate monocytes

Overall, the results of this project add novel details toreaot knowledge
regarding human ntermediate monocytes provide further evidence for
heterogeneity within this monocyte subset and indicate that changes in the
intracellular regulation of chemokine receptor signalling may contribute to
DR"™ intermediate monocyte expansion in the circulation during inflammatory
disorders
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Monocyte Subsetand their Qassification 1.1

Monocytes represent a heterogeneous population of myeloid cedisprising
5-10% of peripheral blood mononuclear cglBBMCs)n humans. Evidence of
monocyte heterogeneity is observed in cell size, granularity and morphology
(Gordon and Taylor, 20Q5They are multifunctional cells with roles in immune
defence, tissue repair and homeostagionocytes are involved in the innate
immune response to viral, bacterial and fungal infections and represent a key
link between the innate and adaptive arms of tinemune systen{Cros et &,
2010. Curret knowledge indicates a variety of roles for monocytes in
humans,including but not limited to: Phagocytosis and antigeegentation,
production of cytokines and chemokinesatpolling of vasculature and tissue
for inflammation, and diffeentiation/phenotypic change into tissue
macrophage and dendritic cell§DCs) Monocytes are nosdividing cells
arising in the bone marroBM)from common myeloid progenitor cells which
migrate tothe circulation for a short period (3 days) andhen either die va
sequestration in the spleen or extravasate to tissues and organs via a co
ordinated engagement of chemokine signals and endadhebdhesion
receptors to serve variougffector functions. In 2010, an international
agreementon human monoce nomenclatue acknowledged threalistinct
sub-populations of human monocytes based on cell surface expression of CD14
and CD16 (Figure 1.}, namely CDI4CD16 a/ f | A& A OKD1S = [/ 5wmn
GLYGSNYSRAIGDRG a b YR | A% m D I (Zieblerldedaiosk &t a
al.,, 201Q. Of particular interest are the newly classified Intermediate

monocytes which may have been overlooked in previous monocyte studies.
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Figure 1.1 Phenotypic and morphological haracterisaton of human

monocytes
(A) Using flow cytometry, human monocytes can be classified into 3 distinct subtypes

based on cell surface expression of CD16 and CD14, producingCD1ga / £ | 8a A OF £ € =
CD14'CD16 a Ly G SNXSRA L (i &H16" IaypRy v F & & sulstst £B)
Morphological characteristics of human monocyte subsatgageA is adaptedfrom
Wong et al Blood 118(5):e1€31 2011.ImageB is adaptedfrom Cros et allmmunity,
33(3):37586, 2010

Murine monocytesare divided into twodistinct subsets based on csllirface
expression of Lyg@amelyLy6¢' and Ly6€monocytes These are considered
to represent the human equivalesbf Classical and Ne@lassical monocytes
respectively To date, there i®o murine populatiorthat has leen identified as
being representativeof the human mtermediate maocytes The murine and
human subsets also shasemilar cellsurface expression alefiningchenmokine
receptors CCR2 and CX3CR1 witlassicdly6C' monocytes being

CCRY/CX3CR? and  NonClassicdly6® monocytes  being



CCR2"/CX3CR" (Sunderkotter et al., 20045eissmann et al., 20Df note,
human Intermediate monocyteseportedly express CCR2 and CX3CR1 at
intermediate levek in comparison of the Classical and Nolassical subsets.
Additionally, genomic profilingof human and murine Classical and Non
Classical counterparts indicates similgene expression characteristics
between the speciessuggesting thatinformation obtained using mouse
modelsmay be applicable to human monocyt@iagersoll et al., 201,&iegler
Heitbrock, 2014 Cros et al., 2010

Functions of monocyte sbsets 1.2

Monocytes perform a broadarray of functions throughauthe body and
display remarkable functional and migratory plasticity. Monocytestribute

to localised and systemic inflammatidout also mediateaegulatory functions

in a physiologicalsteadystate) setting. As a result, monocyte phenotype and
function is greatly shaped bygues and stimuli within their immediate
environment In vitro and in vivo studies ofboth murine and human
monocytes have provided strong evidence of functional diversity among

monocytessubsets

Classical Monocytes 1.2.1

Classical monocytes represent approximat@spo oftotal monocytes inthe
circulationduring healthwith Intermediate monocytesypically comprising%
and NonClassical monocytes 108ros et al., 2000Classical monocytes are
phenotypically defined as CD714CD16 CCR®. CX3CF1 CD62L in human
and Ly6G CCR® CX3CF] CD62f in mouse Classical monocytes are
commonly viewed as beingpro-inflammatory and highly phagocytid-or
example Classial monocytes avidly phagocytokstex beadgCros et al., 2010
Zawada et al., 20)1and concurrently diplay high levels of reactive oxygen
species (ROS) and mRNA for mgetoxidase and lysozyme enzynm(€sos et
al.,, 2010. Intemediate monocytes also displapigh levels of bead
phagocytosis although lessso than Classical monocyteshile Non-Classical

monocytes phagocyte beadsrelatively poorly (Zawada et al., 201XCros et



al., 2010. Both Intermediate and NorClassicalsubsés are reported to
produce low amounts of RO&long withlow levels of myeloperoxidase and
lysozyme(Cros et al., 200 Human Classical monocytes respond strongly to
TLR4 agonist LPS, producing distinct high amounitgerfeukin (IL)-10, I8,
IL-6, RANTE@egulated on activation, normal T cell expressed and secreted)
chemokine ligand GC)2, CCL3Cros et al., 201,0Wong et al., 201}l and

moderate amounts ofumour necrosis factor alphd NF") (Cros et al., 2010

In contrast, dassical monocytes stimulategroliferation in allogereic mixed
lymphocyte reactions (MLR) as measured 3H}thymidine (3HT)
incorporation to a lesser degree thanntermediate and NorClassical
monocytes(Cros et al., 2000 Tomore specificallyinvestigate the ability of
human monocytego process andresent antigengo T cells highly purified
monocytesubsets ancutologousT cells frometanusvaccinated donorsvere
co-cultured in the pesence of tetanus toxojdvith DQT cell ceculture used as

a positive controlCros et al., 2000 In contrast toDCs, none of the monocyte
subsetsstimulated significant antigedependent T cell proliferatiofiCros et
al., 2010. In a separate study, staphylococeaterotoxin B (SEB) was added
isolated monocyte subsetand CD4 T cell cecultures. In this case, He
Intermediake subset produced the greatestcEll proliferation (52.4+10.8%),
followed by Classical (45.4+7.9%) and Xibassical subsets (42.2+16.1%), as
assessed by cytoplasmic dilutionafluorescent dygZawada et al., 2031In
this study however,there was no presentation afegative controtata (T cells
without monocytes or SEB) and nomparison with the effects girofessional
antigen presenting cell, such as O0Zawada et al., 20)1Another study used
highly purified monocyte subsets isolated from diseased livers to present
tuberculosisantigenic peptides to autologous CDRcells This studyrevealed
weak T cellproliferation induced by Classical monocyted relativelyhigher
proliferation induced byritermediate and NorClassical monocyteshich was
comparable to that induced bigolated liver DCfiaskou et al., 2033Thus,
although results have varied toatk, there is evidence that Classical
monocytes have relatively weaker primary antigen presenting capacity

compared to other monocyte subsets.

5



Monocytes have long been thougtib replenish tissue macrophagess
evidencel by the landmark studies oWan Furth and Cohrin which 3HT
labellingwas usedo track the fate oblood monocytesandindicatedthat they
replenish tissue residenimacrophages(van Furth and Cohn, 19B8This
paradigm was further strengthened by thergpensity of monocytes to
transform into macrophage under the influence ofarying stimuliin vitro.
However, whilemonocytes and tissue macrophage demment havelong
been considered to be inextricably linke&merging evidence indicatean
alternative paradigm for tissue macrophage development in the steady state.
For example, ecent studies revealed that tissue macrophages are
embryonically derive@nd that progentors exist in that compartmenand are
constantly replenishing by seknewal. Definitive cell lineage tracing studies
indicated microglia (brain macrophages) are primarilyrided from yolksac
progenitors and that lweolar macrophagefHashimoto et al.2013, Kupffer
cells(Yona et al., 2013 splenic macrophagg¥ona etal., 2013 Hashimoto et
al.,, 2013, and Langerhans cel(gloeffel et al., 201pare all seeded before
birth with minimal contribution from blood monocytes in the steady state
during adulthood. Nonetheless in the steady state blood monocytes,
particularly Ly6C (Classical monocytes have been shown in mouse to
contribute to macrophage populationsn tissues with high macrdmage
turnover and exposure to microbiota suchtas gut(Zigmond and g, 2013
and skin(Jakubzick et al., 201.3urthermore, ecent studiesalso indicate that
Ly6C monocytesin mouse aregthe main contribuors to the accumulation of
macrophages duringpcalisedinflammation (Wynn et al., 2013Jakubzick et
al., 2013Yona et al., 2003

Importantly, however, it is not obligatoryfor Classicalmonocytes to
differentiate into macrophagesollowing tissue transmigratignand rather,
their fate is determineduy tissuespecific signals For example,n the steady
state (with the exception of the gut and skin) Ly®&@nocytes have been
observedto enter tissue with minimal differentiationotvard a macrophage
phenotype (Jakubzick et al., 20),3preserving their mononuclear functional

identity. In the absence of inflammation, Ly@@onocytes have been shown

6



to be presentin the skin, lung and lymph nodes, and genetic profiling of Ly6C
monocytes isolated fromhiese sources resulted in tissderived monocytes
clustering with the genetic profile of Ly66lood monocytes and not with
isolated CD11tand CD11blung macrphages populations, indicating minimal
postmigration differentiation However,among the transcripts that were
found to be upregulated in tissue versus bloatkrived monocytes werltgs2
(COX), lllb(ILmi U X ¢APG larditglax (CD11c)ln a parabiosis model
between a CD45.1 WT and CD46@2 partners WT monocytes efficiently
populated the Ccr2” host. At 1 year, macrophages in the skirCaf2 deficient
mice were fully replenished byD@5.1 macrophagesjemonstrating that
monocytes contribute significantly to skin macrophage population. In contrast,
there was no contribution of CD45.1 monocytes to the lung macrophages
compartment when examined at the same time poiconfirming the lack of a
role for Clasical monocytes in maintaining tissue macrophage populations in
this tissue(Hashimoto et al., 200)3and suggestinglternative rolesfor lung
monocytes(Jakubzick et al., 2013Ly6C monocytes dependsomewhat on
CD62. to enter tissue and lymphatic vesselsevidenced by a disadvantage of
CD62tdeficient Sell”) Ly6C monocyte migration to skin and lymph nodis
CD45.1 WT mouse lethally irradiatadd BM reconstituted with CD45.3ell”

BM (Jakubzick et al., 20)3In this study,intra-nasaly administered FITC
ovabumin (ova)was acquired byung monocyts, and approximately 6% of
lymph node monocytes were FIT@4 hours after administration. In the
absence of inflammation, this points tanantigensearching role fotissue
monocytes withsubsequent migréon to the lymph nodes, althougRITCDCs
outnumbered monocytes tenfolth the lymph nodesWhen a FIT@va source
known to cause inflammation was administeredhe number of FITC
monocytes in the lymph nodewere doubled, but remained substantially
lower than the number of FITOCs(Jakubzick et al., 20).3 This evidence
points toward Ly6CW/ f I 3a A OF £ Q Y2y a@spécBidantlgknd 4 Sa a A
surveying role without obligation for macrophage differentiationthe steady

State.



Non-Classical Mnocytes 1.2.2

Non-Classical monocytes are phenotypically defined as ®hH1€D18',
CCR?, CX3CR’ CD62f in humanand Ly6G CCR2 CX3CR'1 CD62f in
mouse Of note, human NoiClassical monocytes cde further subdivided
into Slan (MDC8) and Slanpopulations, however there have not been any
distinct characteristics assigned to #eSlanrbasedsubspopulations(Cros et
al., 2010. Non-Classicainonocytes are considerdd representa more mature
cell in contrasto the other monocyte subsetnd have a longer halife in the
circulation(Yona et al., 2013A defining feature of Noi€hssical monocytes in
both human and mouse g their manifestation ofa crawvling or patrolling
behaviour on endothelial surfacel® mouse, his endothelial crawling blyy6C
monocytes was shown to be critically mediatedibteraction ofthe integrin
lymphogste functionassociated antiget (LFAL) with ICAM1 (Auffray et al.,
2007, Carlin et al., 201,3Sumagin et al., 20)0LFAL and other integrins are
conserved between specig¥idovic et al., 2003 In a study by Cros et al,
purified NonClassical human monocytes were labelled with a fluorescent tag
and injected intravenously into immune deficieRag2” 112rg’” mice (Cros et
al.,, 2010. Using intravital microscopy,transferred human Non-Classical
monocytes were seen tmpidly adhere toand crawl alonghe endotheliumof
vessels in the ear dermisr extended periods of time. When a LEAlocking
antibody was administeredt completely neutralised Noflassical monocyte
crawling behaviour(Cros et al., 2010 This patrolling behaviour was also
exhibitedin vitro when NonClassical human monocytes were perfused over
micro- and macrovasdar endothelium, and long rangerawling was inhibited
by blockinglICAM1, CX3CR1 and VCANnNteractions. @ note, NonClassial
monocytes adhered more strongly to microvasculacompared to
macrovascularendothelium (Collison et al., 2035 In contrast, Classical
monocytes adhered more strongly to macrovasculadahelium andtheir
longrange crawling wasspecifically dependant on ICAM and was
accompanied by transmigratiothrough the endothelium(Collison et al.,
20195. In contrast, Intermediate monocytes adhered to microvascular

endothelium and remained static, exhibiting no crawloehaviour(Collison et



al., 2015. In another study in whichmonocytes subsets were perfused over
human hepatic sinusoidal endothelial ceifs vitro, Intermediate and Non
Classical monocytes lted, adhered andransmigratedin contrast to Classical
monocytes which largely remained adherghiaskouet al., 2013. Although
more studies are required, these observations indicate that individual
monocyte subset&xhibit distinctiveinteractions with endothelium in tissue

specific fashion.

In regard to innate mmune functions, purified humanNon-Classical
monocyteswere found to respongoorly to TLR4ALP$ and TLR2ZPAM3CK}
agonists producingmall to noamounts ofpro-inflammatory mediators(Ib-m i X
CCL2, HLO, I8, IL6, CCL3)while producinglarge amounts of the amnti
inflammatory IE1 receptor antagonist in overnightun-stimulated culture
(Cros et al., 2010 This evidencemight suggest a primaranti-inflammatory
phenotype. However, Noflassical monocytehave also been shown to
strongly produce a distinct set ofytokines in response tmtact viruses and
viral agonistsvia TLR7 and TLR8. When exposed to measles (shR&4[

herpes simplex virus 1 (H8Y (dsDNA), Neflassical monocytes produced

high amounts of CCL3 and grdlammatory cytokines TNE | yiWRI db [ L Y

contrast, Classical monocytes produced high amounts of T cell, B cell and

granulocyte helper chemokines awgtokines It6 and IL8n response to these
ligands while Intermediate monocytes produced the same cytokines as
Classical and Nehf  3aA OFf Y2y20e(dSa osq@ioset i
al.,, 2010. It was postulated that divergent downstream signalling pedls
may account for the distinct resporsebserved in Classical and N@fassical
monocytes inresponse toTLR7 and TLR&onists Figurel.2). In evidence of
this, p38 mitogenactivated proteinkinase (MAPK) wasapidly phosphorylated
in CD14 monocytesfollowing TLR8 stimulatiowhile NonClassical monocytes
exhibited phosphorylation of p42 mitogeactivated protein kinase 1 (MEK1)
followed by Jun Merminal kinases (JNK) phosphorylatif@ros et al., 2010
Using pharmacological inhibitgr& was found that NorClassical monocyte

production of TN =~/ / [ -4 followirlg TURF/&timulationwas strongly
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inhibited by MEK1 inhibitor but not p38 MAPK inhibitid@onversely p38
MAPK inhibitor reduced 46 and IE8 cytokine production by CD1onocytes.

Q Q CD14* monocytes FCD14""“‘patmlllng’ monocytes,@

: & AW
TLR 2,4 Viruses TLR2.4 Viruses @)
agonists TLR Nucleic acids agonists TLR2 Nuclele aclds( \*
TLR4 <

\4

/ RIG1
/' MDAS
v

p38MAPK

CCLS
CXCL10

Pathways Recognition

IL-6, IL-8 \%%
CccL2 LFA-1

g IL-6 ¥ INF

| L8 N (cotatee TNF

| CCL2 ., ;monocytes) IL-1

E CCL3 endothelium

Figure 1.2: Summary of distinctive responses ofD14 (Classial and
Intermediate) and CD14™ (Non-Classicdl human monocyte response to
bacterial and viral smuli

CcD14 and CD14™ monocytes respond to viral stimuli via TLR7/TLR8. CB14

monocytes signahrough p42(MEK MAP kinase pathwatp produce TN® =/ / [ o
IL-1 in response to viral stimuli, suggesting a -prflammatory role uponviral
recognition. In contrast, CD14nonocytes produce B, I1-8 and CCL2 via p38 MAPK
activation alongsid classical NF . LJ- (nkagel alapted from adapted from Cros
et al. Immunity, 33(3):37586, 2010.

To investigate the physiological role of NGtassical monocyte sensing of
nucleic acid danger signals via TLR7, a murine madeathich homeostatic
disruption of the kidney cortex was experimentaligduced usingthe TLR7
ligandR848 ligandCarlin et al., 2013 In Cx3cr¥** mice, GFP (Non-Classical
monocytes were observely intravital microscopyto patrol and crawl along
the kidney microasculature under steadstate independent of Cx3crland
Ccr2but critically mediated by LFA interaction with ICAM1 and ICAM2
(Carlin et al., 2013 Painting of the kidney capsuleith R848 rsulted in
increased NofrQOassical monocyte adherencerawling and retention along
kidney capillariesnediated byCX3CRand integrin receptoMac-1 (Sumagin
et al., 2010. Neutralising antibodies tMac-1 andgenetic absence a€XCR
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mice preventedaccumulation ofNon-Classical monocytes in Tl-RFated
kidney capillariegCarlin et al., 2013 Of note, TLR7 is ubiquitolys expressed
(Gunzer et al., 2005and is present on kidney endotheliunEngagement of
endothelial TLR7 by R848 results in up regulation of fractalkine (CX3CL1) and
subsequent monocyte adhesioKidney @dothelium exhibited severe focal
damage at areas where Ndtlassical monocytes had adheraad monocytes
were observed to scavenge cellular debris and organellesthérmore,
neutrophils clusteredaround the monocytesthat had adhered todamaged
areas of endotheliumBone marrowchimeric mice,jn which monocytesbut

not endothelium wasTLR7 défient revealedhat endothelial TLR7 expression
was required formonocyte recruitment(Carlin et al., 2013 However, TLR7
expression on monocytes was essential for neutrophil recruitment to the site,
with NonClassical monocytes producing CXCL1, a known neutrophil
chemokinealong with preinflammatory cytokines twi >~ /-6 dnd ENPL [
(Carlin et al., 2013 Importantly, this cytokine profileof murine NonClassical
monocytes is similato the cytokine profile of their human counterparts in
response to TLR7/TLR8 stimulatian vitro (Cros et al.,, 2010 The
experimentalevidence of this mouse studyoints towards aunique role for
Non-Classical monocyte® survey endothelium in the steady state in a LFA
1/ICAME2 dependent mannerand to respond to viral infection or tissue
damage by sensing endothelial activation, adhgrstrongly and potentially

mustering neutrophilic inflammatio(Figure 1.3.
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Figure 1.3 Non-Classical mnocytes mediate disposal of endothelial cells via
neutrophil recruitment

Mouse Ly6 Wb Zy¥ I 83 A 0Lt Q a 20/i@ éndafh8liam s@rdting fand | €
scavenging micreparticles on the lummal surface in the steady state. When
endothelial cells are damaged, upregulation of CX3CL1 on theuttace retains the
monocyte atii KA & | NS & W5 | y 3 Sibleic dcillsypreseatéd by tieO K
endothelium are sensed through monocyte TLR7, promoting cytokine production and
neutrophil migration to the area. The neutrophils mediate endothelial necrosis and
Ly6¢° Wb LiAssich Qono¥ytes dispose of cellular debrimage adapted from Carlin

et al.Cel| 153(2):36275, 2013.

In contrast, a murine model of peritoneal infection usihgmonocytogenes
injection into the peritoneum indidad that Ly6¢® monocytes extravasate
quickl to thesite ofinfection, peaking at 2 hours after injectig¢Auffray et al.,
2007. This was in contrast to LyBGnonocytes extravasation to the
peritoneum which occurred several hours lateFurthermore Ly6¢
monocytes accounted for the earlystage of inflammation through WRh
production and also upregulation of chemokines includiai/(MCR3, strong
migratory chemokine for Ly8@nonocytes) andCxcll Eighthours after Ly6€
extravasation TNFh and chemokine production was markgdeduced and an
upregulation ofgenesassaiated with tissue remodellingArginasel, Fizz1,
Mgl2, mannose receptor (MR)was observed. This was accompanied eby
ao Al OK { 2matrophiige phdhofypetvidencedby upregulation of
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transcription factorscMaf andMafB. Ly6C monocytes whichappeared inthe
peritoneal cavity at a latertime appeared to adopt &5/ f A1SQ RAFTFSN
phenotype exhibited by wpegulation of transcription factors Pu.1l anidelB
(Auffray et al., 200y In keeping with Carlin et aLy6Cpatrolling monocyte
extravasation tothe site of infection wassignificantly disrupted irCx3cr1’

miceand was shown to beFA1 dependani(Auffray et al., 200}

Overall, the current experimentavidencefrom human and mousegoints

G261 NR | LI GNRf f Ay 3 =Clagdical denSeytdeihit hdS N N2 f
vasculature, whichin the steady statgis mediated by LFA. Under conditions

of infection, disease or tissue injury,amlaged endothelium upregulates
CX3CLSELINBaaArzy 2y Ada adaNFIFOSINokydSNI O
Classicamonocytes in place. Subsequently, it appears likely tRatrOdassical

monocytes make a decision to remain adhered to endotheliom to

extravasate to the tissue depending on differestiimuli receivedDue to their

patrolling behaviourwithin the bloodstream, NoiClassical monocyteare

likely to representfirst regponders tolocalised inflammation, withheir initial

production of chemokinedeading to recruitment of other inflammatory

effector cells including Classical monocytes and neutropkilshe area

Intermediate Monocytes 1.2.3

The function of humanntermediate monocytes has been the focus of a
number of recent studieand is a major theme for this thesiBlucidatingheir
rolesin vivo has been complicated by the fabgsed uporcurrent knowledge,
that there is noequivalent tothe Intermediatesubsetin the mouse.Human
Intermediate monocytes are defined as CH1€D16, CCR?Y, CX3CRY,
CD62["™ with a number of othercell surface markerexpressed at levelhat
are intermediate between those of Classical and Ne@lassical monocytes.
Separate gene profiling studies found similar gernes be most highly
expressed in Intermediate monocytes. These includgenes involved in
antigen processing and presentation su¢hADR CD74 CD40(Zawada et al.,
2011 Wong et al., 201land oxidative stress. Related to the latter process,

upregulation of CYBATSPONCF2(involved in superoxide production) and
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downregulation of SOD2 PRDX1 GPX4 (involved in detoxification of
superoxide radicajhave beerreported (Zawada et al., 2031In vitro testing
of spontaneous oxidative stress revealed that Intermediate monocytes
contaned the highest amounts of spontaous ROSas measured by flow
cytometry using carboxyH,DFFDA reagentreflecting the described genetic
profile (Zawada et al., 2031 The abiliy of Intermediate monocytes to process
and present antigerfalready discussed, se&ection 1.2.) was testedin vitro
by quantifyingtheir ability to stimulate proliferation of-€ells In this casepne
study reported that Intermediate monocytes providehe greatest cell
proliferation among thesubsets(Zawada et al., 20)Wwhile another reveald
weak monocyteinduced Tcell proliferation for all subsetéCros et al., 2000
Intermediate monocyteslsoexpress high levels of the pengiogenic markers
endoglin, TEK tyrosine kinase (angiopoietin receptm VEGFRZawada et
al., 201). In Matrigel® assays$ntermediate monocytesdiled to produce a
typical cordlike HUVEC structure butid selectively cdocate to clusters,

unlike Classad andNon-Classical monocyt€dg€awada et al., 2031

As previously describethtermediate monocytes havieeenshown to be quite
phagocytic in variousin vitro settings. Intermediate monocytes avidly
LK 3208 iG2aS8SR wrrarsimilar fashign td @dsdcdl monocytes
albeit at a slightly decreased lev@Tros et al., 2000 An invitro assay for
modified lipid uptakeassessed by Bodi@ystaining andflow cytometric
analysis revealethat Intermediate monocytes scavenge oxidised {density
lipoprotein (oxLDL) more avidly than Classical or-Ntassical monocytes and
this scavenging associated with Intermediate monocyte production of
inflammatory cytokines TNF >~ -m L [ | ¥ Rassésged by intracellulfiow
cytometry) (Rogacev et al., 20)4This observation ofyreater scavenging of
modified lipids wasiccompaniedy reduced cholesterol efflux capacity of the
Intermediate monocytes in contrast to the ah subsets(Rogacev et al.,
2014). These results werdbom monocytes taken from chronic kidney disease
(CKD) patients, andas such may not reflect steadygtate htermediates.
However,work from our own research group using monocytes isoldted

healthy individuals is consistent with this concept. Specifichllgrmediate
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monocyteswere found to mostavidlyingest oxLDL as well as acetylated (ac)
LDL in ascavenger recepto(CD36and SRA) dependent manner(MC

Dennedy, EP Connaughton and@viffin, unpublished observations)

A recent study has implicated Intermediate monocytes in phagocytosis of
malarial infected red blood corpuscléRBCs).Bod from healthy controls was
exposed to ethidium bromide (EtBstained purified trophozoitestage P.
falciparuminfected RBCs and phagocytosis was measured by monocyte EtBr
signal assessed bflow cytometry with ingestion confirmed by imaging
cytometry. Intermediate monoytes significantly internalisethfected RBCs
while Classicand NonClassicainonocytesexhibited minimal uptakéZhouet

al.,, 20195. Additionally, phagocytosis of infected RBCs resuitethcreased
production of TNFP 6 & Ly G S NI SR ik lcintast ¥2the 20é G S
monocyte subsets. Intermediate monocyte phagocytosis was found to be
dependent on antibody opsonisation artie complement component C3.
Blockade of the FCcR compone@D16 abrogated phagocytogighou et al.,
2015

Intermediate monocytes arprimarily considered to be prmflammatory cells.

A large number oftudieshave examinedlood monocyte subset phenotype
and proportions in inflammaty diseat S& & dzOK | & (Grip&t Ky Qa
2007), sepsigPoehimann et al., 2009chronic kidneyisease(Rogacev et al.,
2014), obesity and diabetes mellitu¢MC Dennedy, EP Connaughton and M
Griffin, unpublishedobservations) and have revealed an expansion of the
Intermediate monocyte subsetin some studiesin vitro stimulation of
Intermediate monocytes with the TLR4 ligand LR®sulted ina strong pre
inflammatory cytokine profile.In the highly cited study ofCros et al.
Intermediate monocytes produced the highest ammts of TNF | liANRI =
while additionally producing H6 and CCL3 at high levels similar to Classical
monocytes(Cros et al.,2010. In anothe in vitro study, Intermediate and
Classical monocytes produced similsigh levels of TN#® 4 KClaBskal
monocytes producing highest levels toMli = I yCRassiba® iyfonocytes
produced little of either cytokingThiesen et al., 2034 However, thepro-
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inflammatory profile of Intermediate monocyteés response to TLR ligands has
not been consistently observed. For example, in a 2011 study, Wong et al.,
reported that Intermediate monocytes were the lowest producers of INE
andlmi 60 KAIKSal LNBsRazdendcptefVodgiet ah, 2011

In the study of Cros et al.jdrarchical clustering of gene expression profiles of
the monocyte subsets indicatetiat Intermediate monocytes clusted more
closely with Classical than N@lassical mwnocytes suggestingthat the
Intermediate subset may be dictly derived from Classical monocy{€xos et
al., 2010Q. However two other studies which also pursued a gene profiling
approach withhierarchical clustering reported the oppositend interpreted
their results as indicating thaintermediate and NorClassical subsets are

more closely relatedWong et al., 2011Zawada et al., 2031

A number of the studies summarised in this section omtermediate
monocytes indicate that they represena highly phagocytic cell type
associated with prénflammatory cytokine productionNonetheless other
published studies have reported somentradictory resultsThere are several
potential explanationsfor suchinconsistent results. In the first place, e
methodsby which monocytesare isolatedfrom blood before experimentation
may significantly influence the results of dowtteam functional assaySome
studieshave utilized Ficoll® density gradient centrifugatiom achieve &?BMC
mixture followed bybeadbased extraction systems to remotige majorty of
lymphocytesand granulocytesleaving a enrichedmonocyte populatiorthat
may then be subjected to fluoresceneaetivated cell sorting (FACS) to
generate highlypurified monocyte subset preparation@/ong et al., 2011
Thiesen et al., 20)4Another studyused sequential employment of CDadd
CD16 microbeads to isolate monocytes into their subsets, nagahe use of
FACSCros et hused red blood cell lysis to achieve a PBMC suspepsimmto
FACSCros et al., 2000 Additionally, different antcoagulantshave beerused
during blood collectiorfor individual studies.These havancluded heparin
(Cros et al., 2010 ethylenediaminetetraacetic acid (EDT&)awada et al.,

2011 and sodiuncitrate (Thiesen et al., 20)4Differences irthe placement of
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gates during FACEell sorting are also likely tbave played a part in the
discrepanciedetween individual studieswhen dealing with @ontinuum of
cell surface expressioof a given marker(e.g. CD16 in the case of monocytes)
the use offlow minusone (FMQ controlsto define the cutoff point between
two subsets may be poorly reproducible from one study to the nekus, he
Intermediate monocyte sortingate may be placed closer to the Classical or
the NonClassical subsetand this variability may be reflected in thegene

profiles or functional responses of the resulting purified cell populations

Heterogeneity of the Intermediate monocyte subset may also be an alternate
explanation for conflicting results between studies. Howewer date there
have been no published studies which definitively prove the existence of one
or more distinct subpopulations within the currendliefined Intermediate

monocyte subset.

The lack of an apparent mouse equivalent the human htermediate
monocyte subset has also played a part in the currdgidBntity crisi€ 6f
Intermediate monocytes. More robust functional studie®n Intermediate
monocytesusing betterstandardised purification methods will be required in
order to shed mordight onthe relative importance otheir defined biologial

functions as currently understoofseeTable ).

The primary aindescribed in this thesiwas to identify and investigate the
functional properties of Intermediate monocyteSpecificallywe soughtto
further investigate heterogeneity within the Intermediate subset. Previous
reaults generated by our groupindicated Intermediate rmnocyte
heterogeneity based HEBR expression, producing two Intermediaseb
populations HLADR™ and HLADR' (MC Dennedy, EP Connaughton and M
Griffin, unpublished observationsBased on this observation, the goal of the
project was to more precisely define the phenotypic and functional
characteristicsof the HLADR™ and HLADR' Intermediate monocytesub-

populations in the healthy state
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Table T 1Properties of human monocyte subsets

Monocyte Subset | Classical Intermediate Non-Classical
Proportions 85% 5% 10%
Defining Surface | CD14, CD62, HLA.DR CD16', cD11}
Markers CCRY, CX3CR1 | CX3CRY’, CCR?‘, | CX3CRY,
CD16, CD115§ CD16", cD14, HLA.DR", CD14,
HLA.DR" CCR2
Migration CCL2CCL7, CCLS8 ~ CX3CL1
Characteristics SDFw h
Associated High phagocytosis | Highly phagocytic | Patrolling of
Functions of beads and andassociated endothelium

subsequent
productionof ROS,
MRNA for lysozymé
and
myeloperoxidase.
Contribute to
macrophage
populations in the
gut and skin in the
steady state.
Exhibit a tissue
specific
surveillance in
steady state for
antigen with
subsequent
draining to lymph
nodes with minimal
differentiation.

production of
inflammatory
cytokines Lipid
scavenging with
decreased
cholesterol efflux.
Phagocytosis of
parasite infected
RBCs.

High basal levels of
ROS.

dependent on
CX3CR1, LRAand
MAGC1.

Disposal of
damaged
endothelial cells via
TLR7 and
recruitment of
neutrophils.

First responder to
tissue
inflammation in
peritoneal
infection,
producing
chemokines to
recruit Classical
monogytes and
other effector cells.

Response to LPS

high amounts of i
10, I8, IL-6,
RANTES, CCL2,
CCL3, Moderate

TNFh

High amounts of
TNFh | ¥R db
Moderate amounts
of I6 and CCL3

Poor response to
LPS, Low amounts
of CCL3, ib, I1-8.

Response to
TLR7/8 Ligands

CD14+ Monocytes Only (Classical and
intermediate grouped together)

Production of It6 and I8, dependant on
p38 MAPK activation alongside classical

NRES .

LI §Kg | &

Production of TN+
hy [/ [-& I
dependant on p42
MEK MAP kinase
pathway

Gene Profiles

Proinflammatory
mediators, wound
healing, plastic
response to stimuli
carbohydrate
metabolism
(anaerobic energy
production)

MHC Il antigen
processing and
presentation; pre
angiogenic

Cytoskeletal
mobility,
complement
components,
phagocytosis,
negative regulation
of transcription
oxidative pathway
components
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Clinial Relevance of the Intermediate MonocyteuSset1.3

Since human monocytsubset classificatiosomein vitro functional studies
point toward a preinflammatory role for Intermediate monocytd€ros et al.,
2010 Thiesen et al., 2094 a substantial number of clinicatudies have
investigated theassociations of monocyte subseepertoire with various
disease states known to be linked with abnormal inflammatibmsubjects
with human immunodeficiency viru$i(V) infection not receiving highly active
antiretroviral therapy (HAART) Intermediate and No#Classical monocyte
subsetswere expanded and thelermediate population expansion correlated
positively with viral load and negatively withCD4 T cell count(Han et al.,
2009. Interestingly, Intermediate monocyte numbergturned to normal
levels afterinitiation of HART treatment(Han et al., 200p Of interest, the
Intermediate subset hasden reportedto display higher levelshan other
monocyte subsets of CCR5, areoeptor for HIV ifection of the cel(Cros et
al., 2010. In hepatitis Binfected peoplewith active disease, thentermediate
subset was expanded icomparison to uninfecteaontrols (8.02% vs. 4.74%
respectively)Zharg et al., 201} Intermediate subset expansiomaspositively
correlated with liver damageas determined by measurement of serum

alanine aminotransferase (AL(Ehang et al., 20)1

Studies in chronic liver injury and inflammation revealed that CD16
monocytes, specificallgroportions of the htermediate and to a lesser extent,
Non-Classical monocytes, are increased in the circulation and the(liieeskou

et al., 2013 Zimmermann et al., 2030 Intermediate and Nn-Classical
monocytes contribute to liver fibrosis, with intrahepatic accumulatioh
Intermediate monocytes secreting pioflammatory cytokines(TNFh = -m L |
IL-6, IL:8), pro-fibrogenic cytokineqIL-13) and chemokineCCL2 and CQL3
(Liaskou et al., 2033

Peoplewith chronic kidney disease (CKD) are at higher foskdeveloping
atherosclerosis and expansion of Intermediate monocytes has been observed

in the setting of CKD in a number wécent studies Furthermore, higher
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numbers of htermediate monocytesare reported to independently predict
cardiovascular eventst CKD cohortéRogacev et al., 201#eine et al., 2008
Intermediate monocytes obtaed from subjects withCKDavidly scavenged
modified lipidsanddisplayed redued cholesterol efflux and lipishduced Ikm |
and TN Oe& G 2 1 A Yy SnditandaRiyiOnctioaghenotype similar to
that of foam cells found in atherosclerotic lesiofRogacev et al., 2014 In
another study, it was found thain individuals withCKDthe combination of
increasedntermediate monocytenumber and angiotensin converting enzyme
(ACE, CD143) expressiapresented a strong predictor ahortality (Ulrich et
al., 2010. Similarly, m a patient population withhigh cardiovascular risk
referred for eletive coronary angiography, thetermediate monocyte subset
was also found to independently predict severe cardiovascular events

(Rogacev et al., 20).2

These studies point towd an expansion ohtermediate monocytes in a wide
range of inflammatory settings, anih some casethis expansiorcorrelates
with adverse health outames and/or their prognostic markefRogacev et al.,
2012 Heine et al., 2008UIrich et al., 2010Rogacev et al., 2014 However,
despite the numerous studs profiling the expansion ofntermediate
monocytes in a range of diseaséise specific biological processes underlying
this phenomenon remain poorly understoo#or instance,tiis not clear if
Intermediate nonocytes have the same functiah profile in the different
disease statesin which they are expandedAlso, it is unclear whether
Intermediate monocyte expansion is a direct result of spegfithogenic
processes in individual disease states or represantenspecific response to
general systemic inflammation. Finally, the extent to which Intermediate
monocyte expansion may contribute functionally to the progression and
complications of diverse disease states as opposed to being simply a marker of
diseag is not yet well elucidated. To achieve better understanding of
Intermediate monocyte contributions to inflammatory diseases believe
that it is essential tdbuild a clearer pictureof their variability, heterogeneity
and functional potentialin healhy individuals. Indeed many inflammatory

diseasesappear to be driven by chronic stimulation of the natural protective
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functions of specific immune cell subtypedor example the uncontrolled
accumulation of monocytes and T cells in atherosclerotic plagué&ber et
al., 2008 Hansson and Libby, 2006With this in mind, the core aimof this
study was to better understand thphenotypic heterogeneity and potential
biological functions of Intermediate monocytdaring health in order to better

inform investigations of monocyte dysfumah in inflammatory diseases.
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Monocyte Development and Lifey€le 14

Monocytes develop in thBM and spleen and are released irttee circulation
From there, they may extravasate to tissues tdulfil a variety offunctional
roles during infection, injty or diseasg€Hettinger et al., 2013 euschner et al.,
2012. Anumber of studies have investigated monocgi@face expression of
specific reeptors using a sequential gating strateggcross the recognised
subsetswith a view to betterunderstandingthe developmental relationships
among the individual subsetsThis has revealedthat many characteristic
monocyte cell surface markeeppear todisplay athaturation of phenotyp@
from Classical to Intermediate anlen to NonClassicalsuggestingthough
not proving)that the Intermediate monocytes representteansitional stage
between Classical and Ndlassical monocyte@Vong et al., 2011Hijdra et

al., 2013 Figure 1.4provides a representative example of data frome@uch

study.
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Figure 1.4 Intermediate human nonocytes display dintermediate¢ surface
levels of multiple distinguishing surface markers
Based on sequentiafjating (gate RR7) from Classical to Intermediate to Non

Classical, Intermediate monocytes display intermediate levels of cell surface receptors
which are eithemore highlyexpressed on Classical (CCR2, CD1d, CD64, CD99, CD163)
or on Non-Classical (CD97, CD115, CX3CR1, P2RX1, Siglec 10) moAdeytes

from Hijdra et alFront Immunaql4,339, 2013.
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Human monocytes originate in the bone marrow from a common
hematopoietic stem cell (HSC). In monocyte development, myeloid progenitor
cells (termed granulocyteionocyte colony forming units) give rise
sequentially to monoblasts, pamonocytes and lastly monocytes which are
released into the bloodstream from the bone marr@digure 1.5 (Mosser and
Edwards, 2008Doulatov et al., 2012 However, the majority of knowledge on
monocyte development has been obtained by the use of sophisticated lineage

tracing studies in mase models.
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Figure 1.5 Current model of lineage determination in the human
haematopoietic hierarchy
Overview of proposed haematopoietic hierarchy in humans. In particular, human

monocytes are derived from CD16/CD32/CH3&cat granulocyte/monocyte
progenitors.Adapted from Doulatov et aCell Stem Cell 3;10(2):12636., 2012

Dendritic cells

In the mouse, mnocytes originate in theBM from a recentlyidentified
common monocyte progdtor (cMoP) defined as lineageegative (LiD,
CD117 (cKit"), CD115(M-CSFR, CD135(FIt3), Ly6Cand CD11iHettinger
et al., 2013. When isolated and cultureih vitro with stem-cell factor (SCF),
leukaemiainhibitory factor (LIF), 8 and IL6, the cMoP gave rise thy6C
monocytes within 16 hourfHettinger et al., 2018 Adoptive transfeof sorted
CD45.2 cMoP to a CD45.1 animedlected thein vitro results agshe cMoPdid
not to give rise toDCs but potently produced Ly&@onocytes. It was noted
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that detection ofLy6C® monocytes peakeat four days after adoptive transfer

of the cMoP, in cntrast to the peak of Ly8Cmonocytes after one to two
days, suggesting a potential developmentaatenship betweenthe mouse
equivalents of Classical aibn-Classical monocyte&ene expression analysis

of specifictranscription factors KIf4, Irf8, PU.1 Cebpb alsoindicated a tighter
relationship between the cMoP and Ly§@ompared toLy6¢ monocyte
progeny This also suggested Ly8Cconversion to Ly monocytes oy
potentially, the presence of a separate LyB@rogenitor (Hettinger et al.,
2013). This evidence in mouse for conversion from L'{/6@hversion to Ly6T
monocytes supports the theory of humamonocyte conversion or
WY GdzNF GA2yQ FNRY /[ f | &&las3ital Subsdis2 Thee Yy § SNY SRAF S G2
gradual shift in cell surface expression of CD16 and CD14 on human monocytes
may represent the maturation pathway in humans, similar to shift in Ly6C

expresfon on maturation of mouse monocytes.
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Figure 1. 6 Mouse monocyte progenitors andsubset

developmental

relationships
Ly6¢' monocyes arise in the bone marrow frotine Common Monocytd>rogenitor

(cMoP) and LyétICIassicalmonocytesin turn differentiate into Ly6€(Nor+CIassical
monocytes. LyG'ﬁ: monocytes depend on NUR77, CSF1R and CX3CR1 é$mnals
survival Adapted from Ginhoux et aNat Rev Immunoll4(6):392404, 2014.

The theory of LyBtto Ly6Cconversion wasurther supportedby another
study (Yona et al., 200)3which was carried out in murine mode$ of
constitutive and condition®-induced (tamoxifen) expression of yellow
fluorescent protein (YFRagged Creecombinase dven by the CX3CR1
promoter. In these modelsa gradualphenotypic shiftwas observed from
Ly6EYFPto Ly6YFPto Ly6C¢’YFP monocytes The gradual acquisitionf o
YFP (indicative of CX3C&pressioh alongsidethe shift fromLy6¢ to Ly6¢
provides evidence fordirect Ly6¢' conversion to LyBCmonocytesin the
circulation (Yona et al, 2013 Furthermore, adoptively transferred
CX3CRI™1y6¢ splenic monocytes (taken from spleenawoid any inclusion

of BM progenitor lineages) into congenic WT mice revealed a differentiation of
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grafted cells to LyBCCX3CR1/GFReells within the circulatiorafter 3 days
(Yona et al., 2013

It has been shown thdty6C¢ monocytes rely on CCR2 to exit the bone marrow
into the circulation (Serbina and Pamer, 2006vhere they differentiateinto
Ly6¢® monocytes.In a mixed chimera using BM isolated fromild-type
(CD45.1) and CCREeficient (CD45.2Cx3cr¥™ mice, analysisof monocyte
populationsin the blood revealed, as expectetthat Ly6GCCRZ" monocytes
outnumbered Ly6¢'CCR2 monocytes. However, LyBGCCRZ monocytes
were also outnumbered by LyBCCRZ" cells, consistent with Ly6¢
conversion to Ly6C monocytes in the circulation(Yona et al., 2013
Interestingly, Ly6®monocyteswere also shown tmegatively control the life
span of Ly6€monocytes by acting as a G8F W aAblgtipripfiLy6ty CCRZ
monocytes usingMC21ltreatment (an antitCCR2 blocking antibodsgsulted in
anincreasein the halflife of Ly6¢® monocytes from 2.20 11 days, with the
half-life returning to baseline after withdrawal of MC21 treatment
Administration of blocking antibody t€D115 (CSF receptor) along with
MC21partially correctedthe increased halfife of Ly6¢ monocytesfrom 11to
5.33 days(Yona et al., 2013 Thisincrease in LyBCNon-Classical monocyte
half-life may represent an evolved pathwdg compensate forconditionsin
whichLy6¢ monocytes are depleted in the circulation due to extravasation to
inflamed tissue,potentially leading to a lower generation rate dfy6¢
monocytes Sphingosine 1 phosphate receptor $1PR}p a Gprotein coupled
receptor (GPCRfor sphingosinel phosphate was found to mediatey6¢
monog/te egress from the bone marrovs1pr3™ mice displayedncreased
numbers ofLy6Cmonocytes in theBM and a consequent reduction in the

periphery(Debien et al., 2013

The differentiation and survival of Ly&@&onocytes is critically dependant on
the expression ofhe nuclear receptor Nur77Nr4al), as evidenced by death
of Ly6¢ monocytes in the bone marrow drd4al’” knockout mice(Hanna et
al., 201).
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Similarly,mouse Ly6€monocyte survival is also dependent tire CX3CR1
CX3CL1 axis.el@tion of the genesencoding CX3CR1 or its ligand CX3CL1
results in a significant reduction of LyB@onocytes in the circulatiom the
steady state and during inflammatighandsman et al., 2009In fact, addition
of human recombinant CX3CL1 to human CDiénocytesin vitro exhibited
an antitapoptotic effect,suggesting critical role for CX3CR1 the survival of

humanNonClassicanonocytes(Landsman et al., 2009

Since the beginning of this study 2011, there have beersignificantadvances

in knowledge pertaining to monocyte subset lineage and developmental
relationships When our experimental work beganell surface phenotyping of
human monocyte subsets suggested a developmental dynapnagressing
from Classical to Intermediate to NeZlassical monocytgsVong et al., 2011
This phenotypic data wasupported to a certin extent by gene profiling
studies of monocyte subsef®/ong et al., 2011Cros et al., 20l,&Zawada et
al., 201). Howeversuchevidencecould be best viewed asuggestive rather
than definitiveand alternative relationships, including reverse progression or
separate progenitors for Classical and Mdassical monocgs remained
possible Subsequently, as described above, stady by Hettinger et al.in
which the mousecMoP was identifiedorovided more direct evidence for
conversion of LyBt(Classical) to LyB¢Non-Classical) monocytesloreover,
these findingswere consistent withthe earlier study by Serbina et al.
(Hettinger et al., 2013Serbina and Pame2006), as well as the results dfona

et al.(Yona et al., 2013

Taking the information generated in mouse models and relating it to human
monocyte substs, it is tempting toconclude thathuman Intermediate
Y2y20808a NBTF SSageinaynasicynétGatoadanditiori § O
from Classical to Ne@lassical monocytes. This may explain their expansion in
a range of inflammatory diseases (s&ection 1.3, in whichthere may be an
increasedstimulation of monocyte maturation as well as increaseth-over
of NonClassical monocytedf such a model is valid in humanthen the

Intermediate subset may consist ofa spectrum of monocytes undergoing
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phenotypic, functional and moleculahanges. Thigould potentially explain
the persistentdifficulty in defining a specific biological role or function of these
cells. For instance, as concludedSection 1.2.3differences in gatingtrategy
and gate placement duringionocyte subset purifiation couldresultin down
stream readouts of the functional, molecular and phenotypic properties$
purified monocytegesembling to a greater or lesser extent thoseQbasgal
or NonClassical monocytes. This may well explain some ofréperted
inconsistenciesin Intermediate monocyte cytokine productiofCros et al.,
2010 Wong etal., 2011 Thiesen et al., 2034and genetic signaturéNong et
al., 2011 Zawada et al., 201Lros et al.2010. Overall,it remains to be seen
whether the elegant data generated from mouse modelare directly

translatableto humanmonocyte subset development.

Monocyte migration 1.5

Monocytes arehighly migratory ced initially leaving theBM and entering the
circulation. From the bloodstream, they may transmigrate through
endothelium toenter the tissue anaxert tissuespecificfunctions. h certain
scenarioghey may also traffic to the lymph nodes mturn to circulaton and

the BM. Thus, regulation of monocyte migration is required to be a complex
and highly regulated procesdhe two beststudied chenokine receptors
expresed on monocyte subsets are CCR2 and CX3CR1. €RE as a
receptor for chemokindigands CCLZCCL2and MCR3 (CCL7)both of which

act aspowerful chemoattractard for CCR2xpressing monocytesA large
body ofevidenceindicatesthat CCRZs criticalfor monocyte exit from theBM.

In CCR?2 mice, CCRZLy6¢ monocytes accumulaten BM and are present in
significantly reduced numbers in the blood streamthe steady stat¢Tsou et

al., 2007%. The mechanism proposed for C@R&diated monocyte egress fino

BM is outlined inFigure 1.6 Mesenchymal stem cells (MSCs) or CXCL12
abundant reticular (CAR) cells in tB& niche produce CCL2 gradieiatisd are
thought to be primed by circulating TLR ligag8ki et al., 2011 This stromal
cellsecreted CCL2 may promote monocyte contact with the BM blood vessels

in soluble form or via bindingo glycosaminoglycans (GAGs) located near
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vascular sinusedo create a gradient for monocyte transmigran into

circulation Figurel.§.

a Chemokinesis model
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Figure 1.7 CCL2Znediated monocyte egress from bone amrow
Mesenchymal Stem Cells (MSCs) or CXCL12 Abundant Reticular cel)sré@aRe

CCL2a chemotactic forCCR2monocytes. Fee or glycosaminoglycans (GAf®und
CCL2 gradientsmiduce monayte egress from the BMCCL2 production by MSCs and
CARs is incesed by TLR signals leading to furtheonocyte egress under
inflammatoryconditions. Adapted from Shi et alnmunity. 34(4):596601, 2011.
Oncepresent inthe circulation, monocytes are thought migrate to areas of
inflammation usingmultiple chemokine receptorsncluding CCR2, CCR5 and
CX3CR1Under some circumstanceshemokine receptomediated monocyte
transmigration my represent a key step in the pathogenesis of diseases
associated with dysfunctional inflammatioRor examplejnhibition of CCL2,
CCR5 and CX3CR1 resulted in a 90% reduction in atherosclerosis in
hypodolesterolemic apolipoprotein -Heficient (apoE”) mice (Combadiere et

al., 2008. Furthermore, Ly68CCRZCXCR® monocytes were found to

require CX3CR1 and CCR5, as well as @C&®8er to accumulate within
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atherosclerotic lesionsConversely,Ly6¢/ CCR2CX3CR1 monogytes relied
partially on CCR5, which was upregulaiedhe setting of atherosclerosiso

enter lesionsn apoE "~ mice (Tacke et al., 2007

In vitro studies of human monocyte subsetave revealed similar migration
characteristicsClassicamonocyteshave been shown teransmigraterobustly

through an endothelial layerin response to CCL2while Non-Classical
monocytestransmigratemore effectivelytoward CX3CL@Ancuta et al., 2004
Ancuta et al., 2008 In an earlier studyboth CD16 and CD16 monocytes
migrated strongly to stromal derived factdr (SDHA), although not in the
presence of an endothelidhyer (Ancuta et al., 2008 More recentin vitro

transmigration studies indicated a poor tramggratory response toCCL2
displayed by Intermediate monocytes high were reported to haveCCR?

phenotype, with migration values slightly higher than CCRBPn-Classical
monocyteg(Thiesen et al., 2014&Krankel et al., 2071

Before monocytes enter tissgethey must first pass through an endothelial
layer. This processconsistsof several distinct stepsvhich are outlined in
FHgure 1.7. Activation of endothelial cells by inflammatory cytokiregh as
TNFh | y-Ri LA Yy R deQBasion dild host ofadhesion molecules
including ICAM1, VCAM1, E and RSelectin, a well as GAGor
transmembra® heparan sulphate proteoglycdathered chemokinepresent
on the luminal side of the endotheliugimhof and AurraneLions, 2004Ley et
al., 2007. P-selectin protein ligand (PSGH) is expressed by all monocytes
and interacts with endothelial selectine and PRselectin) and Lselection
expressed on leukocysglLey et al., 200)f Selectidigand binding appears to
have been adapted for momgte tethering under sheer flow, such as
experienced inthe circulation, because selectligand binding constitutes a
WYOIr GOK 62yRQE GKFG Aa &d0NPWasbalktaly G(§KS LN
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Figure 18 The leukocyte adhesionascade
Leukocytes initially tether and roll via selectin engagement and activalitaegrins

mediate slow rolling and crawlinghich may permit cefito sample endothelial bound
chemokinesthat initiate insideout signalling, prodcing activation of integrins and
subsequent tighter adhesion and spreading. Chemokine engagement of GPCRs
eventually leads to leukocyte paracellular or transcellular migratiatapted fromLey

et al, 2007 Nat Rev Immunol7(9):67889, 2007.

Integrins maliate initial leukocyte rolling crawling and subsequent firm
adhesion to endotheliumThe main monocyte integrins involved ¢nawling
andadhesion are very late antigeh(VLA4,h 4 ; integrin, CD49dCD29)which
bindsto VCAML, andLFAL (" , integrin, CD11aZD18)whichbinds tolICAM

1. As previously describedsolated human monocyte subsets were observed
to display different crawling and adhesion characteristics when perfused over
micro- or macrovascular endothelium(Collison et al., 20)5 Classical
monocytes adhered more strongly to macrovascular endothelamd long
range crawling was dependant on ICAMNonClassical monocytes adhered
preferably to microvascular endothelium and crawling was dependant on
CX3CR1, ICAMand VCAM.. In contrast, Intermediate monocyteslhered to
microvascular endothelium and remainedatc, exhibiting no crawling

behaviour(Collisoret al., 2015.

Chemokine activation of monocytetikely encountered after initial selectin
mediate tethering to the endotheliuntan poduce conformational changes to
AYGSaINARAY NBOSLI-2 8 > &K Sr¢eMiBdRik yivBieyEadh R S

receptor affinity andvalency and subsequent tightemonocyte adhesion
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(Laudanna et al., 2002 Chemokine signalling througBPCRalsoproduces a
wide range of intracellular downstream signals whichnitiates active,
cytoskeletondriven change conducive to transmigration €8 Section 1.6.
Adherent monocyted RKSNBE (2 WONIyaYAINF G2NE OdzLlJaQ Ay RdzOSR
cells, which are areas high in ICAMVCAML and cytoskletal components

0 factinin, talinl) (Ley et al., 200)7 Endothelial cells actile re-distribute
moleculesthat do not supporttransmigration such as \MEadherin, away from
junctional regions Conversely, molecules that support strong leukocyte
adhesion like junctional adhesion molecule A (JAMNd platelet/endothelial

cell adhesion moleculd (PECAM) are mobilised to the luminal surface at
endothelial junctions creating a haptotactic gradient facilitating leukocyte
paracellular transmigratiorfMuller, 2003. Leukocytes mayse transcellular
migration, passing through the endothelial cell rather than passing through
endothelial cell junctions in a process that is mediated byicubsvacular
organelles (VVOs). Theae small continuous membrane associated pathways
found at sites of leukocytes adhesiom endothelial cellfDvorak and Feng,
2001). However, pareellular migration is thought to account fornaajority of

transmigrating leukocyte@-igurel.§ (Carman and Springer, 2004

Paracellular route

Bi-integrin

Figure 19 Paracellular tansmigration
Paracellular migration involves-positioning of molecules inhibitory to migratide.g.

VEcadheri) away from cellular junctions while recruiting intracellular membrane
compartment s rich in PECAM JAMA, CD99, ICAK, and endotheliatell selective
adhesion molecule (ESAM) whigbrovides a haptotactic gradient for leukocyte
transmigration Adaptedfrom Ley et alNat Rev Immunol7(9):67889, 2007.
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G-protein Coupled Receptorand Monocyte Transmigratiori.6

As described aboyenonocytemigrationfrom the BM into the circulation and
then to tissuesis coordinatedunder steadystate and disease conditiortsy
sequential engagement dfelectin and integrin ligands as well @sprotein
coupledchemokine. But when one considers the array of chemoketeptors
on immune cells and the complex mix of chemokine signals in different tissues,
it would appear vital to havéght regulation of signals produced by GP@Re

chemokine receptors to provide direction and purpose.

Chemokine Engagement ofRCR4.6.1

G-Protein CoupledReceptors (GPCRs) aefamily of seven transmembrane
domain spanning receptordinked t intracellular heterotrimeric guanine
nucleotide binding proteins (@roteins)which facilitate intracellulasignalling

At aroundone thousandindividual membersencodedwithin the manmalian
genome, the GPCRmily represents one of the largest groups of cell surface
receptors. GPCRs are activated by a wide range of ligamududing
hormones, neurotransmitters, light, calcium ions dachemokinegRitter and

Hall, 2009. As a consequenc&PCRyenerated signals are responsible for the
control of many physiologicahechanisms involved in leukocyte chemotaxis,
proliferation, cell survial and sensory perceptioor this reasonGPCRare

very commonmolecular targets fopharmacological therapiefBridges and
Lindsley, 2008 HeterotrimericG-proteinsare coupled taGPCRs antbnsist of

three subunitsnamedh = | Z® IlyRg SPHS NE subkhis form a y R
functional complex that is not diss@mblewithout full denaturation. When a
GPCR isot occupiedby its ligand, the @INR2 (G SA Yy  DBbbunitsyafeco-D i
associated. When a GPCR binds its ligand, extracellular domains of the
receptor undergo conformational changes in the transmembrane spanning
domains. Theactivated GPCR actas a guanine nucleotide exchange factor
(GEF for the DN & dzoresmyftingd in the release of bounduanosine
diphosphate GDR and the binding ofjuanosine triphosphateGTH andin G
protein activation. This results in the dissociationtbé heterotrimeric G
LINEGSAY Ayid2 (KS bDomple teeidgytiein toassollatell K S
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with other downstream effectoraindto mediate cellsignallingevents(Figure

1.9 | 2 S @S NE uniil Ka$ intinsic GEPdz@ activity, resulting in
SEOKIFy3IS 2F Dh 02dzyR D¢t -asBibtibndbthed ¢ KA &
heterotrimeric GLINR G SAy Dh & daibdzghdpléx, dulgiiRating in

cessation of the GPCR sigrnihus, in a sense, ligafuduced GPClhediated

intracellular signalling represents a sedfjulated process.

¢ KSNB | NB | LILINE E A YnhatnBdiah Qroteih Subugits. Gl Y R MM
proteins are divided into 4 broad subfamiliestiGwhich inhibits adenylyl

cyclase G's, which stimulags adenylyl cyclase; G'q, which activates
phospholipase C andh@2/13, which is thought to activate RHOGEF/RhoA

(Figure 1.9 (Bridges and Lindsley, 2008 he majority of chemokine receptors

couple toDh Ky R Bubdjits although chemotaxs is not exclusively

initiated by receptors coupled tthese subunitgArai et al., 199%
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Figure 1.10 Overview of GPCRgnalling

Agonist(ligand) binding toGPCR results in the exchange of GDP for&BYP (1 KS Dh
subunit causinglissociation & §( KS D h subunitRkfrord keach other and the
GPCRD™N ddzo(@2A B &aDh &3 Dshdjva hel@)when kastivated bind
downstream regulators such as adenylyl cyclase, RhoGEF and phospholipase C
Ot [ CIKBP RA & a 2slbicbniplBxRalsdtriggertunctional pathways including

A2y OKLlyySt I Odighaftimgilhegeprimary/ aRtiorsnjodulate further
activation ofdownstream events including activation Bfotein Kinase C, calmodulin

and calcium fluxAdapted from Ritter et aNat Rev MoCell Biol10(12):81930, 2009.

In monocytes, chemokinstimulated GPCRs genera@nalsthat are key to
transmigration such as actin polymerization, integrin activation and directed
cell movementAs described above, chemokine ligand binding to its regep
triggers dissociation ofhe heterotrimeric Gprotein complex Subsequently

the & subunit or G *complex,or both, activate phospholipase C (PLC).
Phosphoinositol 4,5 diphosphat®I(4,5)R, PIP2) is hydroked by activated
PLC producing diaglyce®AG) andniositol 1,4,5trisphosphate (IP3(Alberts,
2008. The latter binds to IRgated C& in the endoplasmicreticulum (ER)
membraneresulting in the release dfd” into the cytosol The releasedC&",

in conjunction with DAG and phophatidylserjrman activate Protein Kinase C
(PKC)ReleasedCa" may also bind to CalmoduliBoth C&-bound Calmodlin

and actvated PKC can then phosphorylate target proteimet promote actin
polymerisation at the leading edge of the cell resulting in polarisation and cell

movement toward the chemokine gradie(alberts, 2008Arai et al., 199)
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Regulation of @Gemokine Receptor Signalling 15

GPCR Receptor Internalization 1.5.1.1

An obviousmechanismof regulation of G-protein signallingis the down
regulation ofthe amount ofGPCR present on the cell surface. When a GPCR is
ligand bound, the intraglular domains of the receptormay become
phosphorylated by kinases, particular Gprotein receptor knases (GRKSs). The
phosphorylationof GPCRéas a desensitizg effect, resultingin binding of
other effector proteins €.g. arrestins, seesection 1.5.1.3 which can directly

link receptors to clathrircoated pits to facilitatereceptor endocytosis. The
receptor is then trafficked to the lysosome for degradati@@rguson, 2001
Alternatively, in certain instances internalized receptors may be
dephosphorylated by endomalassociated phosphorylases aneturned to

the cell membrandn a functional statgSorkin and Von Zastrow, 2007 his
results in GPCR ligands having the ability to affect tecegensitization and
endocytosis. Some GPCRs will recognize multiple ligaadh of which
produces different responsd-or example, CCR7 b&@CL19 and CCL21, but is
phosphorylated to a greater extent by CCL19 resulting in effective receptor
internalizaion (Byers et al., 2008Differential rates of receptor recyalj and
degradation after liganéhduced endocytosis can also control GR{gRalling
Binding of CCL5 to CCRZCR3and CCR5 produceeeceptor endocytosis
However CCRS5 is recycled in its entirety while CCR3 is partially degraded and
recycled, resulting in differential receptor expression on the cell surface and

altered CCLSignallingZimmermann et al., 199®orroniet al., 2010.

G-Protein Receptor Kinases 1.5.1.2

As mentioned abovez-protein Receptor Kinas (GRKSs) phosphorylate ligand
bound GPCRs. Thghosphorylation increases the affinity of the receptor for
arrestin binding (seeection 1.5.1.3, which results in rotein uncoupling
from the receptor and receptor internalizatio(Moore et al., 200Y. High
concentrations of ligand are a prerequisite for GRK phosphorylation-of G
proteins (Kelly et al., 2008 G-protein Receptor Kinaseare afamily of seven

related kinasegGRK I7) whichare differentially expressed across tissues and
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haveselectivity for specificeceptors(Reiter and Lefkowitz, 2008remont and
Gainetdinov, 200y G-protein Receptor Kinaseg, 3, 5 and 6 are highy
expresed in immune celland are decreasedduring inflammation(Lattin et
al., 2007 Pitcher et al., 1998 In humans, PBMCs isolated from patients with
multiple sclerosis or rheumatoidarthritis displayed markedly decreased
expression of GRK2 and GRKémbardi et al., 199%iorell et al., 2004. A
similar trend of GRK2 and GR#@&wn-regulation wasobserved in rat models
of chronic relapsing experimental autoimmune encephalomyelitis and
experimental adjuvant arthritis (Vroon et al., 200p Stimulation of
polymorphonuclar neutrophils(PMNSs)in vitro with LPS also results in down
regulation of GRK2 and GRf&n and Malik, 2003 The latterregulates the
responsivenses d CXCR4 to SHFin neutrophils andabsenceof GRK6is
associated with increased calcium signalling and chemotaxis. Th/SRER4
axis in the BM is a vital retention signal for hematopoietic cells and
neutrophils, with administration of &SF inducing cell mobilisation. In GRK6
mice, neutrophils are retained in the bone marrowef the administration of
G-CSF, most likely as a resulirdfreased CXCR4 signallifygoon et al., 2004

Similarly, GRK5 has been shown to negatively regulate mono€@kanduced
chemotaxis. In ain vitro assay using murin6RK’ monocytes, chemotaxis
towards CCL2was increaseccompared towild type monocytesWu et al.,
2012). Overexpressiorstudies of GRK2 &wve resulted in increasedeceptor
phosphorylation andubsequent internalisatioand degradatiorof CCR2fand
CCR5(Oppermann et al.,, 1999Aragay et al., 1998 In summary, the
expression and activatioof GRKs serve to regulate GPCR signalhagiown
regulation of GRKsay be an important mechanism underlying increased

immune cell migration during inflammation

Arrestins 1.5.1.3

The arestins arealso a family of proteins which regulate-@otein signal
transduction. Activation of GPCRand subsequent phosphorylation by GRKs
enhance the affinity for arrestin binding. Arrestin binding mediates -de

sensitization by stericallyblocking GPCR and -gBotein interaction.
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Additionally, arrestin binding targets the GPCR for internalization via clathrin
coated pits on the cell surfaceesulting in receptordegradation orde-
phosphorylation and recycling to the cell membrafiée internalised GPCR
arrestin complex mayalso form a signalosomewhich activatessignalling
proteinsincludingERK1/2, p36 MAPK, and J{iKttrell and Lefkowitz, 2002
There are fouknown mammalian arrestin subtype8rrestinlZ -airestinl,

i -arrestin2 and Arrestisd. | -arrestinm | yidRrestin2 are expressed
ubiquitouslyin all tissus, whereasArrestinl and Arrestimd are restricted to
photoreceptors in the eye(Ferguson, 2001 Arrestins are known to be
multifunctional adapter proteins with o#r roles in signal transduction. For
example, they have beamplicated in LP$duced cytokine release mamodel

of endotoxin shocKPorter et al., 201 i -arrestins are critical for embryonic
development inanimals DSy’ S NI (i Aagrebtin@ T | jaReistin2 double
knockoutin mouse was asstated withembryonic lethality(Li et al., 201p1 -
arrestin2 has als® SSy AYLIX AOIF 4GSR Ay R®eSt 18 LIYSY i
two patient cohorts, Thathiah et al founithat S E LINS & &akrésyfi-2 @as |
elevated. In vitro knock down ofArrb2 (i -Arrestin2) in HEK293APRgs cells
resulted in attenuated amyloid  LJS LJi A R S #\@b2"” drica &irSilar A y
attenuation was observe(Thathiah et al., 20)3However, despite -arrestin-

2 involvement in receptor internalisation, it appears fienction as both a
positive and negative regatior of transmigration dependingn immune cell
type. In i -arrestin-2 deficient neutrophils, increased calcium signalling and
chemotaxis is displayed, likely due to decreakeadirestin-2 mediated CXCR2
receptor internalisation in response to CXE81l et al., 2006 In vitro it has
been shown thati -arrestin-2 deficient lymphocytes exhibited increased G
protein signallinghowever, despitethis lymphocytechemotaxis in response to
CXCL1#%vas impaired(Fong et al., 2002 In an invivo model ofovainduced
allergic asthma, -arrestin-2 deficient mice exhibited significantly reduced
infiltration of Tcellsinto the lung afterova administration compared to wild
type mice, suggesting a vital role forarrestin-2 in T cell chemotaxigWalker

et al., 2003. In a monocyte cell line, desensitization of tGE€R2b receptor by

CCL2 stimulation is orchestrated biy-arrestinl after initial GPCR
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phosphorylation by GRKZ2esulting in impaired CClirzdduced transmigration
(Aragay et al., 1998

In a study using human monocytes isolated by adhere@ER5 receptor
internalisationwas mediaed by TLR2 stimulation with lipoteichoic acid (LTA).
CCR5 receptor internalisation wassociated withinitial phosphorylation of

the Gprotein by GRKs and ssdquent binding of -arrestin1 and 2(Fox et al.,
2011). This may suggest role for TLR2 sensing ohicrobial compoundsy
monocytes invivo triggeringchemokine receptor internalisatiomediated by

I -arrestinl and 2andresulting in monocyte retention in the are&€onversely,

in another study,migration of mouse BM-derived monocytes toward€CL2
was enhanced by LPS, in a TLR4 dependant mechanism. The enhanced
transmigration was a result of LPS induced p38 MAPK signalling, producing
phosphorylation of GRK2 at serine 670hibiting its translocation to the
membrane and, thereby, preventing CCR2 intelisation (Liu et al., 2013.
Thus, TLRnhediated signals have the potential to both promote and inhibit
monocyte migration through complex effects on chemokine receptor

internalisationmechanisms

C A Yy | -erfesdirs can alsserve as acaffoldfor proteins such as the actin
filament severing protein Cofilin. Thisan mediate actin cytoskeletal +e
arrangementsand inducechemotaxis in the absence of-gBotein signalling

(Zoudilova et al., 20)00veral] while arrestinscan modulateGPCR signalling
by promoting receptor inérnalisation,they are also involved in broader cell

signalling and fulfil multifunctional roles immune and noAammune cells

Regulators of @rotein Signallingl.5.14

Regulator of @°rotein Signalling (RGS) proteins are a family of highly
O2yaSNBSR LINRPISAYyad ¢KAOK O0OAYR RANBOUGT &
G-protein signalling As previously described,hen a GPCR engaged by its

ligand, the Gprotein dissociatesh y i 2 sub tomplex and GT#2 dzy R Db
subunit wD{ LINBGSAya o0AYyR {geeatyiakcBleratirgitsh S Dh

39



intrinsic GTPase activif@lmost > 2000 foldn vitro (Ross and Wilkie, 2000
andcatalysinghe conversion of5TP to GDH his leads toe-association of the
G-protein complexand subsequentermination of any downstream signalling

More than 30 RGS and R@& proteinsof varying sizeand structures have

been identified(Hollinger and Hepler, 200De Vries et al., 2000To date, the

genomic structure of only five RGS proteins hasrbdescribed, namely RGS2,
RGS3, RGS9, RGS16 and (®arVries et al., 2000Gene sizes vary from small
(RGS16, 4kb) to large (Axin, 56kb). The RGS domain itself RGH2REES

and RGS16 is encoded by three exons, and the sites of the two introns in the
RGS domain are conserved in RGS2, RGS3 and RGS16, suggesting a similar

ancestor gené€De Vies et al., 200D

IndividualRGS proteinsMB NI LJ2 NIl SR (i BubénisyFiBureRLD.F T SNB vy (i
Most RGS proteins accelerate tli&TPase activity of Gai and Gagt not

Gal2/13 and Ga@atson et al., 1996 RGS proteins have been shown to have

a high degree of evolutionary conservation. For examplBst2p
(SuperSensiTivity tpheromone)functions asan inhibitor ofyeastpheromone
responsesand this function can be replicated by expressionmémmalian

RGS4 in yeagWeiner et al., 1993Dohiman et al., 1995
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Figure 1.11 Schematic representation of mammalian RGS proteins.
Total number of amino acids for each family member indicated on right hand side.

Abbreviations: RasGAP,Ras@ik& domain; C, cysteine string domain; Catabenin
binding domain; DEP, DEP domain (Dishevelled3ileckstrin homology); DH,
double homolgy domain; DIX, dishevelled homology domain; GGL, GGL (G protein
gammalike) domain (homology to Gc); GSK, glycogen synthase kinase 3b binding
domain; *, PDabinding motif;, PDZ, PDZ domain (PSD95/DIg/z01 homology); PH,
pleckstrin homology domain; PID, Riidmain (phosphotyrosine interacting domain);
PKA, PKAnchoring domain; Raf, Braf homology domain; T, transmembrane domain.
Adapted from De Vries et ahnnu Rev Pharmacol Toxico]40:23571, 2000.

In mammalian cells, RGS proteins are generally locateéte cytosol orare
tightly bound to the plasma membran&he expression levef RGS protemin
different cdl types may depend on the hdlife of the particular protein with

some RGS proteins, RGS7 in particular, having a shotifbalh the caseof
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RGS7, endotoxin exposumecreases itshalf-life in HEK 293 cells viBNFh
mediated phosphorylation ofhe RGSHp38kinase recognition moti{Benzing

et al., 1999. However, transcriptional control of RGS proteins may be the
primary mechanism of regulatiofHollinger and Hepler, 2002Expression of
RGS proteins appears to be strongly influenced by various inflammatory
stimuli. In a study by Shi et ah vitro LPS stimulation of murinBM-derived
DCsproduced strong upegulation of RGS1 and RGSh6comparison to
unstimulated DCswhile RGS14, RGS18 andS2G were almost completely
down-regulated (Shi et al., 2004 Elevated expression of RG3 and 16 in
regulatory T cells compared to naive conventional T cellsvimwas found to
positivelycorrelate withreduced transmigration in a murine parabiosis model
(Agenes et al., 2005In a transgenienouse modebf RGS16ver-expression in
CD4 and CDB8 lymphocytes, intra-peritoned injection of CXCL1dut not
QCL12induced Tcell migration, implyinghat RGS16 inhibits CXCR4 but not
CCR2 mediated signalling T-cells (Lippert et al., 2008 Using the same
transgenic model subjected to ovainduced allergic response RGS16
overexpressing T-cells produced significantly more Th2ytokines in
comparison tothose of wild type mice (Lippert et al., 2008 RGS12 isn
essentialregulator for osteoclast differentiationas evidenced by the finding
that RGS12 mice exhibit impaired osteoclast development and Ta
oscillations resulting in increased bone mass and demd osteoclast
numbers(Yuan et al., 2005 Conversely, in experimental models of bone loss,
RGS1?2 deletion significantly inhibited osteoclast inducedbone resorption

(Yuan et al., 2015

RGS1 is heavily involved in antiggimulated Bcel retention in germinal
centres. In RGST mice, B-cells exhibitedstrong migrdion to CXCL12 and
CXCL13 andmpaired desensitisationyesulting in excessive and aberrant
germinal centre formatiorfollowing immunization(Moratz et al., 2004 Little

is known about therole of RGS proteins in disease although it has been
recently studied in t#herosclerosis Patel et al. observedhat vascular
inflammation was associated wittlncreasedRGS1 expression in thoracic aortas

of atheroscleroticApoE™ mice along with themacrophage marker CDgBatel
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et al., 2015. Using a ApoE2RGST model, RGS1 myeloid cell migration
toward to CCL2 and CCL5 vimsnd to beincreasedn vitro, whilein vivo this
resulted in decreased vascular inflammation and increased protection against
aneurysm rupture mediated by reduced myeloid cell retention in site of
vascular inflammatioifPatel et al., 2016 This associates RGS1 expression with
decreased chemokine signallingnda subsequent cell retention in inflamed
vasculaturetissues. Therds also evidence of a role f®GS1 expression in
human vascular inflammationincreased RGS1 mRNA expression has been
reported in calcified aortic stenosigAnger et al., 2008and in the left
ventricles of patientsvith ischemic cardiomyopathgMittmann et al., 2002
Additionally, CDI4monocytes isolated fronthe blood ofpatients with early
onset coronary artery disease revealed awioregulation of RGS1 mRNA levels
compared to healthy controls, which may suggest increased chemokine
signalling of blood monocytes in this disease setiiSapalaratham et al.,
2012,

Figure 1.11below provides an illustration of the mechanisms of GPCR

signalling regulation desbed in the preceding secins.
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Activation of Downstream Receptor recycling

Signaling Cascade , to membrane
7 - Lysosomal
degradation

'H\V/m‘n

Figure 1.12 Overview of mechanismsegulating Gprotein coupled receptor

signalling

1. GPCR Engagement: Binding of chemokine ligand to GPCR results in binding of GTP to

G§KS Dh adzodzy Al LINRPRdAzOAY Tonplexda 82 OA L GA2y 2F GKS Dh FyR
2. GProtein Signal Transduction: The freg®tein subunits then initiate other

downstream signallingascades.

3. Phosphorylation by GRKs: Phosphorylation of GPCR cytoplasmic tail by GRKs results

in increased affinity for arrestin binding.

4. Arrestin Binding: Arrestin binding results in receptor desensitization by sterically

blocking GPCR andpgotein interaction.

5. Receptor Internalization: GRiduced phosphorylation and arrestin binding may

promote receptor internalisation into lipitlilayerenclosed vesicles.

6. Receptor Degradation or Rgcling: Internalised GPCR may be directed to the

lysosomal compartment for degradation or-g@osphorylated and reycled to the

cell membrane.

7. RGS Proteins: After initial GPCR engagemddtaé dzo 4 S1j dzSy & Dh | OGA Gl GA2Y T wD{
LINPGSAYya O0AYR (2 YR I OOStSNIXiS GKS AyUuNARyaArAo D¢t as
replacing bound GTP for GDP, causing@a 2 OA I (1 A 2y 2s#@buritkaSd Dh | y R Di

terminating the Gprotein signal.
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Regulation of GPGRiediated Monocyte Migration 1.5.1.5

In relation to monocyte migration, there appear to be two main mechanisms
for regulating chemokinenduced GPCR signallink GPCR desensitisation
and/or GPCR internalisation mediated initially by@tein phosphorylatn by
GRKs andubsequentarrestin bindingFox et al., 2011Liu et al., 2013Aragay

et al., 1998. 2. Inhibition or termination of @rotein signalling by RGS
proteins (Denecke et al., 199%atel et al., 2016 Interestingly, few (if any)
studies havedirectly investigated howthese mechanismanay differamong
the newlyclassified human monocyte subseWdle believe to a large extent
this reflects the difficulty oftonducting such studies with primary human
immune cells,and, in fact,many of thestudies whichhave focused on the
regulation of GPCR signalling myeloid cells have employexztll linessuch as
THR1 (Denecke et al., 199%r geneticallymodified mouse line¢Patel et al.,
2015 which may or may not accurately reflect the biological properties of

primary human monocytes

Nevertheless, esults from a number of relevantstudies indicate that
monocyte chemokine receptor desensitisation and internalisation rbay
influenced by specific signals encounter&er example, as described above,
TLR2and TLR4timulationcan resultin specific alterations to the expression or
F dzy Ol A 2 y-ar2stins 8ng RGS proteins resulting in potent modulatory
effects on monoctes migratory responseiu et al., 2013~ox et al., 2011

In the final results Chapter of this thesis, we have examined expression of
members ofthe RGS protein family in purified monocyte subsets from healthy
human subjects. Our interest in this family of regulatory proteins was
stimulated, in part, by the fact thaRGS proteins appear to regudaGPCR
signalling on a receptespecific basis. df example as previously described,
RGS16 inhibits CXGRit not CCRnediated migration in T celiippert et

al., 2003. Similarly, RGS1 has been shown to have a distinct regulatory effect
on monocyte migration to andccumulation within atherosclerotic lesions of
vessels in mouséPatel et al., 201bwith consistent expression characteristics

in human samplegAnger et al., 2008Mittmann et al., 2002 Suchevidence
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would suggesthat inflammatory activation effects RGS protein regulation
immune cells; a concept that may be of specific relevance to the transition of
monocytes from one functionaltate (or subset) to anotherNotably, in a
study by Shi et al., stimulation of murine DCs with LPS resulted in a strong
upregulation of RGS1 and RG$3hi et al., 2004 However, no study to date

has specificallyinvestigated the effects ofifferentiation and maturation

eventson the regulation of RGS protein imhan monocyte subsets.

It is interesting to note that Intermediate human monocytes, despite
expressing CCRbigrated poorly to CCL2 in two separate studiesankel et
al., 2011 Thiesen et al., 20)4nd exhbited no transmigration when perfused
over inflamed endotheliumnivitro (Collison et al., 2095As discussed above,
Intermediate monocytes arexpanded in a range of inflammatory diseases
and there is evidence for thenodulation of key GPCR signalling regulatory
mechanismsby inflammatory signalslt is possible, therefore, to consider a
model for Intermediate monocyte expansion whereby diverse inflammatory
stimuli drive the transition from Classical to Intermediate monocytes and,
concurrently, modulate chemokirassociated GPCR signalling to blunt the

migration of Intermediate monocytes from the circulation
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Study Rationale 1.7

The rationale for focussing this project on the heteroggy of human
Intermediate monocytes derived from previous data generated by our group
RdzNAYy 3 GKS GAYS GKFG GKS /FTYyRARIFIGS 41 a
Galway (MC Dennedy, EP Connaughton and M Griffin, unpublished
observations). This work revea that there may be heterogeneity within the
Intermediate monocyte subset as currently defined. Specifically, by initially
applying subset gates according to the recognised convention based on CD14
and CD16 expression then examining the expression leseladditional
candidate markers, we identified two discreet spbpulations within the
Intermediate subset that demonstrated respectively, Hegtel and higHevel
surface expression of the MHC Class Il protein;BlRAWe termed these HLA
DR" (CD14/CD16'/DR) and HLADR' (CD14/CD16/DR™) Intermediate sub
populations. Subsequently, a cohort study of these novel-mfulations
revealed that there was consistent expansion of HIER® but not HLADR'
Intermediate monocytes in blood of obese compared healthy adults.
Additionally, in vitro studies demonstrated that the most avid scavenging of
modified lipoprotein particles by human monocytes occurred within the-HLA

DR" subset of Intermediate monocytes.

As summarised in the Introduction, multiple dias have reported an
expansion of Intermediate monocytes in various disease states but the causes
and the functional and pathogenic significance of this phenomenon remain
poorly understood. Our observation that, in one clinical setting at least
(obesity), Intermediate monocyte expansion was confined to anyes
unrecognised subpopulation, led us to pursue a more extensive and basic
characterisation of Intermediate monocytes in healthy adults. In doing so, we
posited that some of the inconsistencies presém the current literature in
regard to Intermediate monocyte phenotype and function could be explained
by the presence of two or more distinct subpopulations which may have been
variously represented among studies based on the current human monocyte

nomenclature.
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Overall Goal 1.7.1
To determine whether HBR"™ and HLADR' human Intermediate monocyte
subpopulations, defined according to a novel gating strategy, are

phenotypically and functionally distinct immunological cell types.

Specific Aims andHypotheses 1.7.2

Specific Aim 1ATo confirm that HLAR"™ and HLADR' subpopulations in
peripheral blood of healthy adults represent bona fide monocytes based on

morphological characteristics and surface marker expression profiles.

Specific Aim 1BTo compare expression of cell surface receptors linked to
adhesion, transmigration and chemotaxis among ClassicakQ¥assical, H=A
DR"™ Intermediate and HLM®R' Intermediate monocyte subpopulations of

healthy adults.

Hypothesis 1:In healthy adults, pépheral blood cells defined by a novel
gating strategy as HEBAR™ and HLADR' Intermediate subpopulations
represent true monocytes that are distinguishable from each other and from
Classical and Neclassical monocytes by their exgson of multiple,

functionallyrelevant surface markers.

Specific Aim 2To compare endothelial adhesion and transmigration and their
associated signalling mechanisms among ClassicakCNmsical, HEBR™

Intermediate and HL/R' Intermediate monocytes of healthy adults.

Hypothesis 2:In healthy adults, HL-BR™ and HLADR' Intermediate
monocytes exhibit specialised functionality with regard to endothelial

adherence and transmigration.
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Chapter 2

Materials and Methodology 2.0
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Preparation of peripheral blood mononuclear cells and

phenotyping by multicolour flow cytometry?2.1

Blood was drawn from healthy volunteefsllowing informed consent (see
Appendixfor relevant forms)into EDTA Vacutain@tubes (Ecton Dickinson
(BD)BiosciencesSan Jose, CA, AJSA total of 3 ml of anticoagulated blood
were layered over 3 ml of kit Paque® density gradient mediu(GE
Healthcare, Little Chalfont, UK) in a b falcon tube (Sarstedt, North Rhine
Westphalia, Nimbrecht, Germany) atite tubes werecentrifuged at 40(RCF

for 22 minutes at 4°C with full acceleration and no braking. Afterwards, a thin
Of 2dzRe& I @8SNJ O2y (I A yds\aefullyreraoved usihgiad dzF & O2 1 (¢ 0
plastic Pasteur pipette (SarstgdiThis was transferred to 6 ml Falcon® tube

and the volume was maelup to 10 ml with FACs buffe2%ofoetal calf serum
(FCS)Lonza,Basel, Switzerland?BS, 0.05%laN (SigmaAldrich, , St. Louis,
MO, USHA. The cell suspensions were pelleted by centrifugation atROE for

5 minutes at 4°C with full brake and acceleration. Supernatants were discarded
and cell pellets were rsuspended in 5 ml of FACs buffer and washed again
using the same procedure. The final cell pellets wersugpended in 1 ml of
FACs buffer and counted ing a laemocytometer. Aliquots of 500,000 cells
each were transferred to 3 miglystyrene FACs tubes (Sarsfednd the final

@2t dzySa ¢ SNB Y with FACIzbiffei. Zellsnwere >sthined with
combinations of fluorochromeonjugated antibodies directeagainst various

cell surface markers and expression levels were subsequently expressed as
mean or median fluorescent intensity (MFI) agpropriate. Flow cytometric
analyses were carried out in the NUI Galway Flow Cytometry Core Fadilgy us

a FACSCamtA or FACSCanto Il cytome(BD Biosciences). Compensation and
gate settings were generated using compensation beads (Life Technologies,
Carlsbad, CA, UpAand Flow Minus One (FMO) controls. Data files were
analysed using FlowJo v.7 software (Tree $tarAshland, OR, USA).
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May-Grunwald and Giemsa staining of monocyteigsets 22

Individual monocyas subsets were isolated usingdrescence activated cell
sorting (FACS(seeSection2.4). Between 1000 and P,000 cells were re
suspended in 200 > of FACs buffemand spun onto glass microscope slides
(VWRRadnor, PA, U3At 200rpm for 5 minutesusinga Shandan Cytospin 3,
(ThermoFisherScientific Waltham, MAJUSA)The $ides wereair driedfor 10
minutes at room temperature before being fixed for 5 minutes in 100%
methanol (Sigmaldrich). The Hdes were air dried for Zninutes at room
temperaturethen were stained for 5 minutes in undiluted Magrunwald stain
(SigmaAldrich). Next, theslides were washethree times for2 minutes each
in phosphate buffeed saline (PBS), pH 7.then stained in Giemsa stain
(SigmaAldrich (diluted 1:20 with deionized water) for 10 minutésnally, the
dides werewashed 3 times in deionized water f@0 seconds per wasand
were air dried for 10 minutesvith excess stain wiped from the back of the
slide using tissues soaked industrial methylated spirits(SigmaAldrich).
Bright field images wereimmediately captured on an Olympus BX43

microscopgOlympusCorporation Shinjuku, Tokyo, Japan

In vitro transmigration assay 23

An in vitro transmigration assay was used to assess monocyte subset
transmigration towards chemokine gradients. Transwells with>BaQpore size
(Corning, New York, USA) were used im24 tissue culture plate format for
individual experiments. Migration medium was first added to the apical (100
>t0 YR o0 al f) abDddft Yoo 5 Mfrs to eqoilibrate: Ereshly
isolated PBMCs were sspended in 1 ml of migration medium and were
kept at 4°C for 480 minutes priorto initiating the transmigration assays.
Aliquots of 500,000 serurstarved cells were added to the apical chamber and
migration medium containing optimised condeation of chemokines, namely
CCLZImmnotools Friesoythe, GermanyjCL8 (MCGPR) (Immunotook)or CCL7

(MCR3) (Immunotools) or without chemokine were added to the basal
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chamber. The plates were then placed in a humidified tissue culture incubator
at 37°C, 5% G@or 60 minutes. Additional cells were cultured in a separate 24
well plate under tle same conditions to serve as controls. After incubation, the
Transwelt were carefully removed from the wells and the undersides were
gently washed with FACs buffer to rinse off transmigrated cells into the basal
well. The cells fronthe basal well were ien removed with a hantield
pipettor and were washed twice with FACs buffer before being transfewed
FACdgubes. The suspended cells were centrifuged at 400 RCF for 5 minutes,
the supernatants were discarded and the pellets wersuepended in 56! of

FACs buffer. The appropriate tubes were theairstd with antthuman CD16

FITC (BD Biosciencegintthuman CD14erCP(Miltenyi Biotech, Cologne
Germany)anti-human CD4#APCQBD Biosciencgnd anttHLADRAPC.H{BD
Biosciences) at°C for 20 minutesprotected from light. The stained cells were
washed in FACS buffer as before andguspended in 10681 of FACs buffer. To
facilitate quantitation of cell transmigration, 28 of FACs compatible counting
beads (LifeTechnologies)were added to each tuheSamples were then
analysed on a BD FACSCanto Il cytometer. To quantify transmigration and

account for intefindividual variability, transmigration was represented as an

WAYRSE 2F YAIANIGA2YyQd ¢KAA AYRSE 41

transmigraed cells in experimental wells (chemokicentaining) by the
number of transmigrated cells in the rathemokine control well. Data files
were analysed using FlowJo v.7. Transmigration indices of individual monocyte
subsets were analysed by gating on eachs&tl based on surface staining for

CD45, CD14, CD16 and HRR

In vitro monocyte transendothelialmigration assay 24

To assess monocyte transmigration through an endothelial cell layer, human
aortic endothelial cells (HAE®romocellHeidelberg, Germany) were seeded
onto fibronectincoated 3>m pore size Transwell membranes (Corning), in a

12-well tissue culture plate format.
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Transwell membranes were coated by adding a sterile solution of bovine
F A0 NRY S Ol n(@igmeAidricE) mnd Yheubating overnight at 4°C. The
next day, the fibronectin solution was removed and the membranes were
washed twice using PBS (Life TechnologjesThe coated Transwells were
used immediately or stored for up 2 weeks. Fibronectiated Transwell
insets were then seeded with HAECs at Passage (P)8 or P9 at 100,000
cells/cnf. Endothelialcell growth medium(Promocell Cat No. C22030was
added to the apical and basal chambers and the plates were placed in a tissue
culture incubator overnight in order tallow the HAECdo0 attach. The
following day, a single Transwell was removed from the plate and stained with
crystal violet dye (SigmaAldrich) to document HAEC coverage of the
membrane Confluent layers of HAECs framdividual Transwells were either

left unstimulated or were stimlated by addition of human TNF
(Immunotools)at a final concentratiorof 2.5ng/ml for 6 hous at 37C. After

this, the medium was removed from apical and basal wells and replaced with
pre-warmed migration medium followed by hour incubation at 37C. During

this time, PBMCs were isolated and prepared for the transmigration assay as
described in the previous section. Briefly, 500,000 PBMCs were added to the
apical side of each well containing either-activated endothelium o NF" -
activated endothelium. The basal weNvere either filled with migration
medium as a control or with medium containing optimised concentration of
human CCL2, CCL8 or CCL7 (all from Immunotools). The cells were allowed to
transmigrate for 60 minutesia tissue culture incubator at 37°C, 5%.QXer

the end of this period, cells from the floating and transmigrated fraction were
separately colleted as described iBection 2.2 Adherent cells were removed
from the inner surface of the transmembrane laycubation with trypsin
solution(Life Technologies) for 30 seconds, followed by trypsin quenching with
RPMiIcontaining10% FCSCells were gently flushed using a hand pipettor to
remove any remaining adherent celSells were prepared fdtow cytometric
analysisas described igection 2.2 Results were calculated as the percentages
of each monocyte subset within the total monocytes present in the Floating,

Adheent and Transmigted fractiors. In the same flow cytometric analysis
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HAECsvere distinguished from monocytes based on expression of CD45 (see

Figure 2.1below).

Activation of HAECs by human TNF ¢ | & R S ( iSckelskagef Surfaced

expression of VCAMI and ICAML. Briefly, HAECs were seeded on forty eight

well tissue culture plates coated with fibronectin, seeded with HAECs and

treated with TNFP | & R @@ Naftér SbRhours of TMF A G A YdzZf F GA2Yy X
the HAECs were removed by 30 second incubation with trypaiticolat 37°C

followed by neutralization with RPMI containing 166S Cells were gently

flushed using a hand pipettor to remove any remaining adherent cells. The

HAECs were then stained with ahtiman VCAML (eBioscienceSan Diego,

CA, USAand antthuman ICAML (Immunotools), and prepared foilow

cytometricanalysis in the same way as outlined aSéttion 2.2

A

SSC-A

o

CD16

CD16

Figure 2.1 Gating strategy for separating HAECs from monocytes
(A). A mixture of viable monocytes and HAEE&seved from Transwell experiments

are initially gated together using forward and side scatter characteristics with counting
beads (low FSA, high SSC) gated separateB). HAECs 1) and PBMCs2) are
separated from each other based on cell surfacereggion of CD45C(G). This gate
excludes any endothelial cells from subsequent stepwise analysis of monocyte subsets.
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Blockade of monocyte adherence to inflamed endothelium using

neutralizing antibodies 25

Monocyte subsets express different levels efl surface receptors involved in
adhesion to endothelium(Schenkel et al., 2004mhof and AurrandLions,

2004). Neutralizing antibodies against specific receptors involved in monocyte
¢endothelial adhesion were used to assesfether monocyte subsets

employed different adhesion receptors to adhere to activated (@FINF(i NB I G4 SR 0

HAEC mnolayers.

Forty eightwell tissue culture plates were coated with fibronectin, seeded

with HAECs and treated with TRF & RS&AONAO6SR Ay (KS LIN
hours after addition of TNF X G KS YSRAdzY 61 & NBY2@OSR
pre-warmed migratim medium. Freshly isolated PBMCs were are added to

each well at 300,000 cells/well along with optimised concentrations of specific
neutralizing antibodies or respective isotype controls ($ables 21 and 2-2)

and were made up to final volurseof 250 >l with migration medium. The

plates were then placed in a tissue culture incubator at 37°C, 5%60E®0

minutes. After this, floating and neadherent cells were retrieved by washing

with D-PBS (Life Technologjed\ext, adherent cells were removed by 30
second incubation with trypsilolution at 37€ followed by neutralization with

RPMI containing 10%CSCells from the floating and adherent fractions were
prepared for flow cytometric analysis by surface staining and addition of
counting beads as describaéd Section 2.2. Results were calculated as the
proportions of the total numbers of each monocyte subset present in the

adherent fraction
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Table 2 1 Blocking Antibody Information

Blocking | Antibody Source | Isotype | Clone Blocking

Antibody Concentration

CD18 eBiosciene Cat Mouse | R3.3 y g/ml
No. BMS103 lgG1

CD1l1a ImmumoTools, Mouse | MEM25 |y > 3K Y
Cat. No. 2127011Q 1gG1

CD11b ImmunoTools, Caff Mouse | MEM- y >3K Yt
No. 21279110 lgG2a | 174

CD11c | eBioscience, Ca| Mouse | CBR y >3k Yt
No. BMS112 IgG2a | p150/4G

1

CD29 R&D Systems, Cg Mouse | P5D1 y >3k Yt
No. MAB17781 lgG1

CD49 ImmunoTools, Catf Rat PS/2 y >3k Yt
No. 21858490 lgG2b

Table 2 2 Isotype Control Blocking Antibody Information

Isotype Control Isotype Source Clone Blocking
Concentration

Mouse IgG1 ImmunoTools, Cat. No. PPVO6 |y >3k Y
21275510

Mouse IgG2a ImmunoTools, Cat. No. PPVO4 |y >3k Y
21275520

Rat IgG2b ImmunoTools, Cat. No. TBE15|y >3k Y f
22225031

Monocyte calcium flux asay 2.6

Fluo4 AM cellpermeant (Life Technologies) is a labelled calcium indicator that

has been extensively used for measuring intracellular dynamics*6bgZ#ow

cytometry (Desmeules et al., 200%Hu et al., 2008and confocal microscopy
(Wei et al., 2009 Flue4 molecules bind CG& resulting in increased

fluorescence excitation at 488nm with a typical fluorescence increase > 100

fold (Harkins et al., 1993

Monocyte intracellular Cérelease was measured by detecting FHGAM

fluorescence changes by flow cytometry. Fresh PBMCs were isolated as
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described inSection 2.1and aliquots of 1%0° cells were transferred to FACs
tubes and resuspended to a final volume of 1 ml with’CENB S 5dzf 6 SO02 Q3
Dt . {0V O6[ATFTS ¢SOKy2ft23ASHMwdredifeHiIDIS p > f
>t onodutrap WYRSEmMdp >f 27F {eKth dachRubd dzi SR
OFAYlLE O2yOSYyiNI GA2Y ndo >abBACdtybRs (G KS

were sealed with &afilm®(SigmaAldrich) and a small hole was made in the

~

z

film with a pipette tip. The cell suspens®mwere placed in an incubator at
37°C, 5% GQ(away from light) for 30 minutes then were pelleted by
centrifugation at 400 RCF for 5 minutes at 20°C. The supernatants were
NEY2BSR | yR?* s BPBS fvere2atided tb each tube. The cells
were then stainedwith the following fluorochromeconjugaed monoclonal
antibodies: anthuman CD14V450 (eBioscience), afmiiman CD14#erCP,
anti-human CD48\PC andnti-human HLADRAPC.H7 foRO minutes at room
temperature protected from light. After staining, 1 ml of?Osee DPBS was
added to each tuberad the tubes were centrifuged at 400 RCF for 5 minutes at
20°C. The supernatants were removed completely and the cells were re
ddza LISY RSR A ¥ free DRBS>The staified tell suspensions were
immediately analysed on a BD FACSCanto Il at medium acquisition speed.
Events were acquired for 30 seconds in each tube before addition of a stimulus
(either 50ng/ml human CCL2 0.1% bovine serum albumin (BS{igma
Aldrich) in C#& free DPBS, 10ng/ml lonomycin (Life Technologies) (positive
control), or 0.1%BSA in €&ee DPBS alone (negative control). The stimulus
az2fdzianzya 6SNBE Aye2SOGSR Aydz2z GKS cCc!/ a (
Biosciences)Changes in intracellular calcium over time were measured by
plotting mean fluorescence in thelTC channelgainst time of acquisition. The
data was transformed to kinetic data using the kinetics platform in FlowJo v.7.
Calcium flux within individual macyte subsets was analysed by gating on
each subset based on surface staining for CD45, CD14, CD16 abdRHLiAe
results were displayed as an index of ‘@aix, which was calculated for each
sample by dividing the peak fluorescence reached by the agebmgeline

fluorescence during the 30 seconds prior to injection of stimulus.
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FActin polymerization &say 2.7

FITGconjugated Phalloidin (Sigr#ddrich) is a toxin which binds polymeric
filamentous actin (factin), stabilizing it and interfering with thieinction of
actinrich structures. Consequently, FITC conjugated phallodin can be utilized
to detect Factin polymerization by quantifying FITC fluorescence at the single
cell level using a method such a flow cytometry or immunofluorescence

microscopy(Hu et al., 2008

Monocyte subset factin polymerization in response to CCL2 stimulation was

assessed by flowytometry. Freshly isolated PBMCs were added in 05x10

FfAljd2Ga G2 Cc!'/a GdzoSa FyR GKS @2fdzyS YIRS dzLlJ 2
cells were then stained with astiuman CD18V450, anthuman CD14

PerCP, anthuman CD48\PCand anttHLADRAPC.H7 at A for 20 minutes,

protected from light. After staining, 1 ml of FACs buffer was added to each

tube and the tubes were centrifuged at 400 RCF for 5 minutes. The

supernatants were completely aspirated and the cells wersugpended in

Mdpn >f 2 T edrh FRRWI {(Life@ Fechnblogies) supplemented with

0.5%FCS (Lonza);dlutamine (Life Technologies) and penicillin/streptomycin

(Life Technologiel)The tubes were then placed in a water bath at 37°C for 10

YAydziSa (2 SljdzAft A0 NIH S HBEYIEE Mz 0f @INKIYRRSR /{2
the appropriate tubego give final concentration 050 ng/ml. The cells were

FTAESR 6& FRRAY3 wHnan >f 2F m: LI NI F2N¥YIf RSK&ERS 0t
and 120 seconds after addition of CCL2. As controls, three tubes were

incubated without addition of CCL2 and were fixed at the appropriate-time

points. After addition of PFA, FACS tubes were removed from the water bath

and incubated at 4°C for 12 minutes, protected from light. Then, 1ml of 1% BSA

in PBS was added to each &uand the tubes were centrifuged at 400 RCF for 5

minutes. The supernatants were discarded and the cells wermispended in

mnn >f 2F n ®mAldrich) chi@aifiihgyPhadiofdiRlIBCYr &t a final

02y OSy (NI GA2Y 2F ndn > alpandifcéatéddasl®a s SNB G2 NI SESR
minutes at 4°C, protected from light. After this, 1ml of 1% BSA in PBS was

added to each tube and the tubes were centrifuged at 400 RCF for 5 minutes.
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The supernatants were discarded and the cellsirdza LISY RSR Ay wmnan
in PEBS and analysed immediately on a BD FACSCanto Il. Data files were
analysed using FlowJo v.7. PhalloiBlfiC fluorescence within individual
monocyte subsets was analysed by gating on each subset based on surface
staining for CD45, CD14, CD16 and -BRA Readts were displayed as a
percentage increase ind&etin polymerisation in stimulated samples compared

to un-stimulated samples.

Counter current centrifugal kutriation 2.8

Introduction 2.5.1

Buffy-coat derived PBMG=ntain monocytes as well as a mixtwkplatelets,
lymphocytes and mnulocytes. Monocytes represent approximately 10% of
buffy coat derved PBMCs, the other 90% largely accountedfdymphocytes

(T cells, B cells, NK cells and other less frequent innate lymphocytes) with a less
frequent population of blood DC3Nhen using flow cytometry to gate on
monocyte subsets,it is not possible to fully separate lymphocytes and
monocytes without the use ofmultiple monocytespecific antibody stains
While labelling PBMC preparationgvith monocyte subsespecific antibodies
can facilitate the use of fluoresceneetivated cell sorting (FACS) to generate
highly-purified populations of individual monocyte sulbsethe numerical
predominance of lymphocytes ovenonocytescan greatly increase sorting
time and potentially adversely affect the purity, numberiability and
functional state of the final sorted cellb particular,the relative rarity of the
Intermedate and NorClassicainonocytes or of subpopulations withinthese
subsets make it highly challenging to purify meaningful numbers from
unfractionated PBMC preparations. In additiovion-Classical monotgs are
reported to shedantibody-bound CD16during sorts of three hours or longer
Therefore, an enrichment step to achieve a puretal monocyte population
without depleting one or more of the individual subsets prior to FAWGdd be

of distinct value for investigating the functional properties of hunmaonocyte

sub-populations.
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Counter current centrifugal elutriatiofCCE)s a method of cell separation that
is achieved using eentrifuge with a special chamb#érough whicha stream

of fluid mowesat a constant ratdh y & O@ daWXIS Wil ¢  Feendrifadal v
forces resulting in separation of cells/particles of differing s{egdor et al.,
1982 Coulais et al., 203ZseeFigures 2.1A and 2.1iBelow)

1

RPM Force ‘ =

Decrease ‘ ‘I,:\/

Force of Flow rate
ml/min

Constant Flow
Rate

RPM Force
Gradually

Decrease q

RPM Force
Gradually

Elutriation Boundary

Figure 22 Overview of elutriation process

A. lllustration of an elutriator centrifuge chambeB. Separation of cell based on size

by elutriation. Cells are loaded into the elutriation chamber under the force of
constantflow rate. The force generated from the centrifuge acts as a counter force,
resulting in separation of cells based on size throughout the chamber. Decreasing the
force of the centrifuge (by reducing the RPM) results in smaller cells being elutriated in
early fractions and bigger cells elutriated in later fractions.

As shown irFigure 2Bthe cels are loaded into the chamber argérried by
the force of the flow rate. In the chamber the force generated by the
centrifuge (g-force) isalso exerted on the cells, countering the force of the

flow rate. By leeping theflow rate constantand decreasing the-fprce of the
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centrifugeit is possible to produce gradualseparation of cellof different
sizes Larger cells will have moigforce exeted on them than smaller cells
resulting inlarger cells being retained toward the back of the chamber while
the smaller cells flow more freely to the franWith further decrease in the
centrifugal force smaller cells athe front of the chamber pasthe elutriation
boundary are carried off by the force of the constant flow rate arahde
collected into tubes placed at the exit portal of the device-goimg reduction

of the centrifugal force eventually allows for collection of fractions of ever

increasing size.

Elutriation method 2.82

Eight 6 ml EDTA Vacutainer® tubes of blood are drawn from a healthy
volunteer and PBMCs were prepared by Ficoll gradiesmtrifugation as
described inSection 2.1with the blood split into multiple 3 ml aliquots. Buff

coats were transferred to sterile 15 ml Falcon® tubes (two buffy coats per
tube) with the volumes made up to 10 ml with 2% FCS in PBS. These were
pelleted by centrifugation at 400 RCF for 5 minutes at 4 °C. The supernatants
were discarded and the pelletgere washed and rsuspended in 5ml each 2%

FCS in PBS. Finally, the washed PBMCs were filtered througm 3%/lon

mesh into two 50 ml tubes which were then filled with 2% FCS in PBS. For a
detailed protocol on operation of the elutriator (Avanti JE, IBean Coulter,
Pasadena, CA, USA), see Appendix. Briefly, the elutriator was accelerated to
2600 rpm with the flow rate set at 2&l/min using 2% FCS in PBS. The PBMC
suspensions were added to the loading syringe 20 ml at a time, followed by
20ml of 2% FCfd PBS. When all cells were loaded, 2 x 50ml fractions were
collected in sterile Falcon® tubes. The elutriator was then stopped and 2
FTANIKSNI pn Y watz2LIQ TN} OGAzya -6SNB
enriched monocytes. The stop fractions werertreentrifuged at 400 RCF for

7 minutes, the supernatants were discarded and the cells from each tube were
red dza LISYRSR Ay pnn >t 2F w: C/{ Ay t.

counted to determine the final cell numbers.
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For determining the elutriationprofiles of monocyte subsets, the same

protocol was used as mentioned above waértain differences. fer loading

cells (at 2600 rpm) ahcollecting 2 x 50ml fractiondhe centrifugal force was

reducedin 200 rpmincrements(from 2600 to O rpm) with X 50ml fractions

collected after each reduction in centrifugal force. Fractions collected were

centrifuged at 400 RCF for 7 minutes, the supernatants were discarded and the

OStfta FTNRBY SIOK (dzoS 6SNB &dzaLISYRSR Ay wmnn >t 27
stained with anti-human CDI1&ITC, anthuman CD14erCP, mti-human

CD45APC and arHLADRAPC.H7 at 4°C for 20 minutes, protected from light.

Samples were then analysed on a BD FACSCanto Il cytometer.

Magnetic activated cell sorting of aman monocytes 2

Magnetic activated cell sorting (MACs) was used, where indicated, to isolate
human monocytes from BMC mixture. Two different MAG$stems were
used: 1.a positive selection for CDI14monocytes using 14 magnetic
microbeads and 2he no-touch panmonogyte isolation kit(Miltenyi Biotech)
which contains magnetic microbeads to positively select the major
lymphocyte granulocyte and DC populations, leaving an enriched monocyte

population whichincludesClassical, Intermediate and Nd&Hassical subsets.

The isolation of CDI4monocytes was carried outising human CD14

microbeads (Miltenyi Biotectgs perthe Y I y dzF I O dzZNBENRa Ay aidNHzOGA2yad . NJ
Ficollgradientderived PBMCs were incubated withn >t 2F YA ONRBO6SIF Ra LISNJ
10’ cells at 4°C for 15 minutes. Cellere then washed in 2l of MACS buffer

(0.5% BSA in PBS with 0.2 mM ED@aA 400 RCF for 5 minutedlext,

supernatant was discarded arttie cellswere & dzA LISY RS R MAGS pnn >

buffer for every 16 cells. The cell suspension waken passed through a

magndic columnwhere cels labelled with CD14 microbeadsound to the

column while unlabelled cellpassedthough After all the cellshad passed

through the column, it wasinsedé A K o NEACgbuffer. Einllythe

column wagemoved from the magnet anti ml of MACs buffer wasdded to

the column and flushed. This effluent contained Clxbils.
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The isolation was of monocytes using theman parnrmonocyte isolation kit

(Miltenyi Biotech)was carried out according to manufactiéd2 & A y & G NHzO G A
Briefly, Ficolgradientderived PBMCs were labelled with 26 2 F COw o6f 2 C

reagent and biotirantibody cocktail per 10cells for 5 minutes at 4°Glext, 20

> f 2 -Biotin rficiobeadswere added per 10 cells andthe mixtures were
incubated for 10 minutes at 4°€ollowing this the labelled cells were passed
through a magnetic columas described abovéJnlabelled cells which passed
through the column were collected and constituted the unlabelled monocytes
while the labelled celldoound to the column consisted of lymphocytes,

granulocytes and DCs.

After isolation of monocytes using the CDIlricrobeads and the pan

monocyte isolation kitthe purity of the respective isolated monocytes was

determined. An aliquot oisolatedmonocyteswere(i  { Sy X & dzA LISY RS R

of FACs buffer and were then stained with amtiman CD14-ITC, anthuman
CD14PerCP, wmti-human CD4#APC and arHLADRAPC.H7 at 4°C for 20
minutes, protected from light. Samples were then analysedh BD FACSCanto

Il cytometer.

Fluorescent activated cell sorting of human monocytalsets 210

Monocytes were enriched by elutriation (sééethods 2.5 and then sorted

into Classical, HEBR™ Intermediate HLADR' Intermediate and Non
Classical monocyte subsdfSigure2.3). Between 3 and 10 x i@lutriation-
enriched monocytes were stained in 2% FCS in PBS witihwmnén CD16
BV450 (l/10° cells) and anthuman HLADRPE (BD Biosciences, UK)
(2.551/10° cells) with Flow Minus One (FMO) controls prepared at the same
time. Antibody incubations were carried out for 20 minutes at 4°C. Sorting was
performed on a FACSAria Il flow cytometer (BD Biosciences) using>afy 85
nozzle with a high flow rate, dead cells exclusion using Sytox Red® viability dye
(Invitrogen) and doublet excluded using a singlet gate. Cells were sorted into

polystyrene FACs collection tubes (BD Biosciences) that wereopted with
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FCS and containednl each of RPMdupplemented with 10% FCSglutamine

and penicillin/streptomycin
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Figure 2.3 lllustration of fluorescent activated cell sorting of human

monocyte subsets
(A) llustration of typical gate placement for FAR=Sed purification ofindividual

monocyte subsets.B) Representative examplef the post-sort purity dot-plots of
monocyte subsets after FAQE)Representative example of sorted monocyte viahility
post sort.

The collection chamber temperature was set at 4°C. Immediately after sorting,
the collected cells were pelleted by centrifugation at 400 RCF foinbites.
The supernatants were removed,-EBS was added and the cells were re

pelleted and resuspended in RLT cell lysis buffer (Qiagen, Venlo, Netherlands).
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Total RNA was isolated from the sorted monocyte subsets using an RNeasy

Micro Kit (QiagenpythS Y I ydzF I OG dzZNENDRa adza33SadSR

RNA from PBMCs.

RTPCR of human onocytes 211

Expression of mRNA for R@®teins was analysed by RPCR in CD14
monocytes that were enriched from freshly isolated PBMCs by magnetic

activated ell sorting (MACs) using afftiDl4coated microbeads (Miltenyi

LJ

.A20S0K0O | O02NRAY 3 bdl (seeubthodsl2g.dzFHe O (i dzNB N.

isolated monocytes were placed in 1mdl Eppendorf® tubes (Sarstedt) and
were washed in PBS to remove any remaining iomadoefore the addition of 1

ml of TriReagent® solution (Sigrddrich). The mixture was pipetted
thoroughly to ensure efficient lysis and 260 of chloroform (Sigmaldrich)

were added. The tubes were shaken vigorously for 15 seconds and then left to
stand for 15 minutes at room temperature. Next, the tubes were centrifuged
at 12,000 x g for 15 minutes at 4°C. The aqueous phase was collected, added to
a fresh tube along with 508l isopropanol (Sigmaldrich), allowed stand for

10 minutes at room tempetare and then placed a20°C overnight. The next
day, the preparations were centrifuged at 12,000 x g for 10 minutes at 4°C. The
supernatants were removed carefully and tR&A pellets were washed in 75%
ethanol in deionized water (Sigma&ldrich). The thes were briefly vortexed

and then centrifuged at 7,500 x g for 5 minutes at 4°C. The supernatants were
removed carefully and the RNA pellets were air dried for 8 minutes in a fume
hood at room temperature. The RNA pellets were thersuspended in 5G|

of diethylpyrocarbonate (DERGgated water and were mixed well using a
pipette. The quality and quantity of RNA were then assessed using a

NanoDrop® 2000 spectrophotometer (Thermo Fisher Scientific).
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First strand cDNA synthesis was carried out usiiReeertAid H Minus First

Strand cDNA Synthesis Kit (Thermo Fisher Scientific) with an oligo (dT)18
LINAYSNI YAE | O0O2NRAY3I (2 YIydZFlI OGdz2NBNREA AyaidNHzOG A
was performed in aVeriti Gradient Thermal Cycler (Thermo Fisher Scientific)

for 60 minutes at 42°C and reactions were terminated at 70°C for 5 minutes.

The cDNA samples were then stored-&D°C until required. A no template

control (NTC) and a no reverse transcriptase contRIT) were carried out

with each cDNA synthesis.

For exh PCR reaction, 75 ng of cDNA were used. The sequences of the
forward and reverse primers used for individual amplifications are listed in

Table 23;

Table 2 3 Primer sequences for RFCR of sorted monocyte subsets

Primer Seqience : (5'to 3") Length | Tm

RGS1 Fwd | ACCTGAGATCTATGATCCCACATCTG( 27 69.8
RGS1 Rev | GGCTATTAGCCTGCAGGTCAT 21 64.2
RGS2 Fwd | CAGACCCATGGACAAGAGCGC 21 71.3
RGS2 Rev | TAGCATGAGGCTCTGTGGTGA 21 66

RGS3 Fwd | TTGGCTGTCAGGGCAGCTGTACAATA| 30 77

RGS3 Rev | CACTGAACTCAGTGCGAAGGAAGGCT| 30 78.3
RGS4 Fwd | GCCGGCTTCTTGCTTGAGGAG 21 71.3
RGS4 Rev | CACTGAGGGACCAGGGAAGCA 21 70.9
RGS12 Fwd | ACCAGGAGCACCGGGAGGTCC 21 74.7
RGS12 Rev | CTCTCCCGTAGCCGAGTGGTT 21 68.6
RGS16 Fwd | CACCTGCCTGGAGAGAGCCAA 21 71.1
RGS16 Rev | TGGCAGAGGCGGCTGAGGCTT 21 76.3
RGS18 Fwd | ATGGAAACAACATTGCTTTTCT 22 61.3
RGS18 Rev | TTATAACCAAATGGCAACATCTGA 24 63.9
Actin Fwd GTTTGAGACCTTCAACACCC 20 61

Actin Rev ATACTCCTGCTTGCTGATCC 20 60.9
HPRT Fwd | CCTGGCGTCGTGATTAGTGA 20 66.2
HPRT Rev | AACAATCCGCCCAAAGGGAA 20 69.4
GADPH Fwq CACTAGGCGCTCACTGTTCT 20 62.2
GADPH Reyf GCCAAATTCGTTGTCATACCAGG 23 68.1
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Polymerase chain reactions were carried in @2 RNasdree Eppendorf®

GdzoSa O6{INBRGSRGO G FAYIf NBFOGAZ2Y @2f
Table 24:

Table 2 4 Composition of PCR reactions

Reagent Volume Final Concentration
10x  Standard Taq| 2.5>I 1X

reaction buffer

10mM dNTPs 0.5> 200> a

mMmn>a C2NDHIl NO.5> 0.2> a

Mmn>a wS@SNH 0.5 0.2>a

TagDNA polymerase | 0.125>] 1.25units/50ul PCR
Template DNA Variable 75ng per reaction
NucleaseFree Water Made up to 25>

AbbreviationsDeoxynucleotide triphosphatgsINTP}$

The PCR reactions were carried on a Verity Gradient Thermal ChlodgEm@

Fisher Scientifjcusing the settings summarisedTable 25.

Table 25 PCR reaction conditions

Step Temperature Time

Initial Denaturation 95°C 30 seconds

35 Cycles 95°C 15-30 seconds
4568°C (Annealing) 1560 seconds
68°C 1 minute/kb

Final Extension 68°C 5 minutes

Hold 4-10°C

For gel electrophoresis of PCR productsil @liquots of each reaction were
mixed with 2m of gel loading dye (New England BioLabs, Ipswich, MA, USA)
and loaded onto 1X SYBR® Safe (Invitrogen) 1% agarose-ARigoig gels
along with an aliquot of Quiekoad® 100 bageair DNA ladder (New Englén
BioLabs) The gels were subjected to electrophoresis at 100 volts until the dye
front had migrated to the lower third of the gel. Images of the gels were
acquired on a Gel Doc® Imager {Bed Laboratories, Hercules, CA, USA).
Expected PCR product sizes ksted inTable 26.
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Table 2 6 Expected PCR product sizes for RGS protein mRNA detection in
sorted human monocyte subsets

Primer PCR Product Size
RGS1 460bp

RGS2 590bp

RGS3 1300bp

RGS4 590bp

RGS12 710bp

RGS16 540bp

RGS18 708bp

HPRT 867bp

For more detailed specifications on-RTR primers, see Appendix.

Quantitative RFPCR oborted monocyte subsets2.12

Total RNA was isolated from freshly sorted monocyte subsets, quantified and

reverse transcribed as describemd the preceding sectionBefore use, cDNA

samples were diluted to a concentration of 1 niy/with 2 Inused per well.

Quantitative PCR was carried out on a Step One Plus® Real Time PCR system

(Thermo Fisher Scientifiusing a SensiFAST SYBROX kit (Bioline, London,

UK) and a twestep cycle. SYBR Green FHRTR primers for GAPDH, HPRT,

RGS1, RGS2, RGS12, RGS18, FCG3RB were purchasedesignee: and

Gt ARFGSR YA/ {OGFNIun LINAYSNREAqueRdd Y {A3IYIl | f RNR OKc
predicted product lengths and melting temperatures (Tm) for the primers used

are summarised ifable 2.7
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Table 2 7 Primer characteristics for gqPCR of mRNA of RGS proteins and
housekeeping genes.

Primer Primer Sequence Length m

GAPDH Fwd | ACAGTTGCCATGTAGACC| 18 55.7
GAPDH Rev | TTTTTGGTTGAGCACAGG | 18 59.9
HPRT1 Fwd | ATAAGCCAGACTTTGTTG( 19 56.8
HPRT1 Rev | ATAGGACTCCAGATGTTT( 20 57

RGS1 Fwd ACTGGTCAAAATGTCTTTG 20 59.1
RGS1 Rev CTTATAGTCTTCACAAGC(Q 21 55.8
RGSFwd AATATGGTCTTGCTGCATT| 20 59.2
RGS2 Rev TTTTCCTTGCTTTTGAGGA 20 60.8
RGS12 Fwd | TAAACTTTTCTCACACGCA 20 58

RGS12 Rev | GACTGCTGGTCATTAGAA4 20 56.3
RGS18 Fwd | AGATGGACTAGAGGCTTT] 21 55.8
RGS18 Rev | TTCTTGAAATCTTCACAGG 20 59.4
FCGR3B Fwd| GAACATCACCATCACTCAA 20 58

FCGR3B Rev| AGAGAAATATAGTCCTGT( 22 55.5

The reaction mix composition used for gPCR reactions is summariJedblie
2.8 with final reaction volume of 10m. The reaction conditions are

summarised imable 29.

Table 2 8 Quantitative PCR reaction composition.

Reagent Volume Final Concentration
2x SensiFAST p>f 1x
Mn>Y C2NBI Nnodn>¢ 400nM
Mn>Y WSOSNHEnN ®n > § 400nM
TemplatecDNA H > f 2ng
H,O H ®H >

mn>ft TFAYlFE @2t dzyS

Table 2 9 Quantitative PCR conditions for analysis of RGS protein mRNA
expression in sorted human monocyte subsets.

Cycles Temperature Time Notes
1 95°C 2 minutes Polymerase Activation
40 95°C 5 seconds Denaturation

65°C 30 seconds | Annealing/extension
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Reactions were carried out in duplicaggy | { (G SLJh #irSetPCRza ®*  NB | f

system(Step One Plus® Real Time PCR sysiathdatawere collected using

StepOne software v2.35tep One Plus® Real Time PCR systenalysisof

NEfl GABS Ywb! SELINBaairzy SgSta o1 a LISNF2NY¥SR
method. GAPDH was used as hekeeping gene for normalisatioand

Classical monocytes werset as the referencesample for each individual

subset analysisRNA quality was determineldy the A260/A280 ratio using

using a NanoDrop® 2000 spectrophotometer. All sample used had a

A260/A280 ratio >1.6.

For more detailed specifitions on gRIPCR primers, sefgppendix2.

Data analysis and statistic2.13

All statistical comparisons werperformed with GraphPad® Prism V 5.0
(GraphPad Software, San Diego, CA, USA) and Microsoft® Excel 2010
(Microsoft Corporation, Redmond, Washington, USA).

Multiple-group comparisons were made using a single factor analysis of
variance (ANOVA). Paired samplealysis wagerformed using a twesided
paired{ (i dzR $t¢sii Tha paired test wasconsideredto be appropriate to
test for differences between the monocyte subsets, as observations were
matched between donorsStatistical significance was assignemt falues

<0.05

In general, a minimum of 3 biological replicates were performed for each
experiment. However, for many experimentsre than 3 biological replicates

were performed (numbers indicated in the relevdigiure legends
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Chapter3

Phenotypic Characterisation of Two Newhdentified

Human Intermediate Monocyte Suipopulations 3.0
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Introduction 3.1

At the beginning of this study, human monocyte subsets had recently been

classified into three distinct subsets: Classical, Intermediate andQ\assical
(ZieglerHeitbrock et al., 2010). A number of high impact studies followed

shortly afterwards (Crostal., 2010, Zawada et al., 2011, Wong et al., 2011) to

shed light on the functional characteristics and genetic profiles of the newly

described Intermediate subset. However, some of the results of these studies

were apparently contradictory. For exampl€ros et al, found Intermediate

monocytes to be the highest producers of INF Ay NB aLiBwitdS (2 [t {
while Wong et al. reported Noeolassical monocytes to be the dominant
secretors of TNE 62 2y3 SG | fdX uwnmmI / Nea SiG [ftdX Hamnov o
Intermediate monocytes produced a gene signature that suggested roles in

antigen processing and presentation and angiogenesis. However, in some
functional studies, Intermediate monocytes were reported to be poor

stimulators of Tcell proliferation and fdéd to produce cordike structures in

Matrigel assays (Zawada et al., 2011). Possibly the most consistently reported
functional characteristic of Intermediate monocytes is their phagocytic

capacity, with high phagocytosis of latex beads (Cros et al.,)2@iddified

lipids (Rogacev et al., 2014) and malarial infected red blood cells (Zhou et al.,

2015) all reported. Furthermore, in some studies, phagocytosis was
accompanied by intracellular production of pirflammatory cytokines such

as TNP | yWR(ZHo( et al., 2015, Rogacev et al., 2014).

The conflicting data to date may indicate heterogeneity within in the
Intermediate monocyte subset. Previous work from our laboratory revealed
phenotypic heterogeneity amongst the Intermediate subset and raided t
possibility that this subset could be further divided into two distinct
populations based on surface expression of {BEA (MC Dennedy, EP
Connaughton and MD Griffin, unpublished observationhese sub
populations were initially termed HPR™ and HLADR' Intermediate
monocytes and, for the purposes of this thesis, are abbreviated T arl

DR Intermediate monocytes.
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Subsequent experimental work by Dennedy et al. compared biteitved
DR" and DR Intermediate monocyte populations beten healthy controls
and an obese patient cohort, revealing that"™Rntermediate monocytes are
significantly expanded in obesity in comparison to healthy controls. In contrast,
there was no significant difference in absolute numbers or proportionhef t

DR' Intermediate monocytes between the obese cohort and healthy controls.
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Figure 3.1 DR™ and DR’ Intermediate Monocyte Subsets in Obesity and
Type 2 Diabetes 4 4
Comparisons ofiumbersof DR"™ and DR Intermediate monocytes iblood samples

of Nonobese ControlgClear; n=33)Nondiabetic Obese (OB, Shaded; n=42) and

Diabetic ObesqOBDIAB Patterned; n=53) groupsBoxplots compare proportional

changes of the DK and DR Intermediate subsets acrogpoups and demonstrata

significant increase in BRbut not the DR monocytesin OB and OBDIA®mpared

to Control Statistical Analysis: Multivariate Analysis of VarianceANI@VA) with

¢dzl SeQa LRaliK20d f LFrndnpT Fys.OQBf ndnam Gad /[ 2

This study further functionally characterised ¥Rntermediate monocytes as
avid scavengers of the modified lipoproteins, acetylated low density
lipoprotein (aeLDL) and oxidised LDL {dRL), with scavenging dependant on
CD36 and SRA receptos (MC Dennedy, EP Connaughton and M Griffin,
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unpublished observations)These results suggested both phenotypic and
functional heterogeneity within the Intermediate subset. They also suggested
that increased numbers of Bmonocytes in the circulation ngaaccount for

the noted expansion of Intermediate monocytes observed in studies of various
clinical cohort§Rogacev et al., 201Rogacev et al., 2014eine et al., 2008
Ulrich et al., 201p

Therefore, as a starting point for the project reported in this thesis, we sought
to characterise the phenotypes of the proposed™Rnd DR Intermediate
monocyte sukpopulaions in healthy adults and to confirm that these subsets,
as identified by multcolour flow cytometry, were free from nemonocytic

immune cells such as dendritic cells, lymphocytes and granulocytes.

Hypothesis and Objectives 3.2

Hypothesis 3.21
Intermediate monocytes with midand highlevel surface expression of HLA
DR represent phenotypically distinct human monocyte-papulations which

differ in their expression of multiple functionallglevant surface markers.

Objectives 3.2.2

1. To use astringent flow cytometry gating strategy to determine
whether the proposed DFf and DR Intermediate monocyte sub
populations are free from contaminating nanonocyticimmunecells.

2. To further phenotypically characterise human "™Rand DR
Intermediate monocytes for their relative expression of cell surface
receptors involved in chemotaxis, adhesion, and transmigration.

3. To morphologically characterise human Classical'“Ditermediate,

DR Intermediate and NofClassical monocytes.
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Results 3.3

Monocyte subsetidentification 3.3.1

An 8colour flow cytometric gating strategy was developed to achieve more
accurate definition of the monocyte subsets than had previously been
achieved in freshiysolated PBMC samples from healthy adult volunteers.
Sybx Blue® viability dye and ai@D56 were combined in a dump channel,

excluding in an initial step both nenable cells and CD5@atural killer cells

(Figure 3.2A)

Viable monocytes were then defined based on size and granularityARSC
SSEA), withcell doublets next eliminated using a singlet gate (RSG FSE)
(Figure 3.2A) Monocytes were then sequentially gated on using -&HitADR
vs antiCD45, antiCX3CR1 vs anfiD45, antCX3CR1 vs af@iD33 and, finally,
anti-CD14 vs amMCD16 with the itention of fully eliminating normonocytic

cells from the final population of interegFigure 3.2A)

The three conventional human monocyte subsets were then gated on
according to the internationally agreed nomenclatfeglerHeitbrock et al.,

2010z LINB RdzOA y 3 ('ICB16&Y =t | LayAaiA SONM ECRBGOSIMSTY R/ 5 mT
NonQassicd WICB18 Frionocyte(Figure 3.2R)
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Figure 3.2 Stringent gating strategy for identification of human monocyte
subsets in blood isolated from healthy individuals
(A) CD56 and nonviable cells are initially eliminated and a crude monocyte

population is gated on based on FSC vs SSC. Sequential gating using antibodies against
CD45, HL®R, CD33 andX3CR1 generates a pure monocyte population which can be
subdivided into threesubpopulations based on CD14 vs CH)6 groducing Classical

(C) Intermediate(l) and NonClassicalNC)subsets Figure representative of 1 donor.

Based on previous work from our group described in the Introduction to this
Chapter, we then further subivided the Intermediate monocyte subset into
two further subpopulations using cell surface expression of {8IlFAand CD16

By this approach, monocytes can be separated into four distinct sub
populations, namely i Classical (CDTD14DR), (i) DR™ Intermediate
(CD16CD14DR) (ii) DR Intermediate (CD1®€D14DR" and {v) Non
Classical (CDI€D14™DR) (Figure 3.3A)
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Backgating these four monocyte subsets onto CD14 vs CD16 plots with gates
set for the currently recognized three monocyte setssrevealed that Classical
and Nonclassical monocytes fall within the expected gategure3.3B i and

iv) while the two newlyproposed DR® and DR Intermediate subpopulations

both fall within the conventional Intermediate gatEigure3.3B ii and i

A colourcoded overlay of all four proposed monocyte quipulations within
a CD16 vs CD14 plot further highlights the substantial phenotypic overlap
between the DR and DR Intermediate subpopulations(Figure3.3C)

In addition to differential exmssion of HLAR by DR and DR sub
populations (Figure3.3D) the DR subpopulation also exhibits higher cell
surface expression of CD45 than the"®Bubpopulation(Figure3.3E)
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Figure 3.3 Cell surface expreson HLADR reveals heterogeneity of the
intermediate monocyte subset.

Flow cytometric analysis of PBMCs from a healthy adult. Using the same gating
strategy as inFigure 3.2 the final monocyte population is plotted using HDR vs
CD16.(A) Separation ofthe Intermediate monocytes into two separate populations
based on HLMR expression, termed BR (i) and DR (i) monocytes, along with
Classicali) and NonClassicaliv) monocytes.(B) Backgating of each of the newly
described monocyte subpopulatisnonto CD14 vs CD16 plot reveals that bott"DR
and DR Intermediate monocytes fall within the CDTD14a Ly § SNY SRE) (0 S¢
Colourcoded baclgating of all four proposed monocyte siplopulations within a
single CD14 vs. CD16 contour pl¢D) Histograms illustrating relative surface
expression of HL-AR and CD45 on BRand DR Intermediate monocytesFigure
representative of 1 donor.
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Having established from the-@lour gating strategy outlined above that both
of the newlyproposed Intermedia¢ subpopulations consisted of bona fide
monocytes we then tested whether a less complexgodbur gating strategy
(using antibodies against CD16, CD14,-BIRAand CDA45 only) could be used to
identify and enumerate the same monocyte spbpulations with asimilar

degree of accuracfFigure 3.4)

FSC-H

Soe 100K 150K 2

FSCA —3  FSCA =—>  HIADR

CD16
CD16
SSC-A

; e r—— "-;—————;@‘ e
€— 12 €— FSCA

Figure 3.4 Simplified, 4colour gating strategy for identification of monocyte

sub-populations.
Monocytes were identified using a minimaldarker staining combination, producing

Classical i), DR™ Intermediate(ii), DR’ Intermediate(iii) and {v) NonClassical sub
populations as showrkigure representative of 1 donor.

The 8colour and 4colour gating strategies were, therefore, concurrently used
to analyse monocyte subset proportions from a series of 7 adult volunteers
and the results were compared. As shownTable 31 below, the monocyte
sub-population proportions geerated from the 8colour and 4colour gating
strategies were not significantly differenkonocyte subset proportions are
expressed as a percentage of the CD14 vs CD16 monocyte YaetésFigure
3.2and 8" gate,Figure 3.3

Based on these resultsthe typical proportions of each monocyte

subpopulation in the circulation of healthy adults were concluded to be
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approximately: Classical 69%, "™Rntermediate 14%, DRIntermediate 6%

and NonQassical 9%.

Table 3 1 Healthy adult PBMC monocyte supopulation proportions based

on 8-colour and 4colour gating strategies. (n=7)

Average Monocyte Subset Proportions-+3D

Monocyte 8 Colour Minimal 4 P value (paired t

Subset Staining and Colour Staining test)
Viability Dye

Classical 69.53 £10.5% | 69.41 +11.44% ns
DR™ 14.04 £9.132%| 13.96 + 8.858% ns
DR 5.620 + 2.130%)| 5.605 + 2.108% ns
Non-Classical | 9.313 +6.246%| 9.173 +6.170% ns

Following this initial serieof experimentsit was concluded that: &)

CD16CD14 monocytes can be further idded into two separate sub
populationsbased on cell surface expression of HRR producing DF and

DR' Intermediate subsets, b) The newy proposed Intermediate sub
populationsare viable cells whictare not crosscontaminated by other cell
types such as NK cells) (The DR® and DR sub-populations represent
approximately 14% and 6% of the tobldbod monocytesof healthy adults, and
(d) A 4-colour gating strategy can reliablgeintify the Intermediate sub

populations with similar efficiency to the-8olour gating strategy.

Phenotypic characterisation of monocytsub-populations. 3.3.2

Phenotypic characterisation of a range of cell surface receptors by flow
cytometry using the simplified-dolour stainig pané was next carried oubn
PBMC samples from healthy adults to determine whether there were further
demonstrable differences between the BRand DR Intermediate monocyte

sub-populations as well asdtweenthe Classical and Neslassical subsets.

By this approach, surface expression of chemokine receptors revealed

significant differences between Bfand DR subsets for CCR2 (p<0.0001) and
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CX3CR1p<0.0001), while noignificant differences betweeithe two sub
populations were detected for CCR5, CCRB@XCR@&igure 35).

Receptors involved in monocyte adhesion to endothelium and trans
endothelial migration were also detected at differential levels orf"b&nd

DR' Intermediate monocytes. The integrin chains, CD11a (p=0.0008), CD11b
(p=0.003), CD11®=0.0001) and CD49d (p=0.02) were all expressed at higher
levels on the DRcompared to the DR Subpopulation (Figure 36). In
contrast, Lselectin (p=0.007) and-$tlectin glycoprotein ligantl (PSGIL)
(p=0.002) were most highly expressed on the™bmitermediate sub
population (Figure 36). No significant difference was found for expression of
CD31.

Receptors for granulocyte colomgimulating factor (GCSIR) and colony
stimulating factorl (CSHER) were also expressed at similar levels on both

DR"™ and DR monocyte subsetgFigure3.7).

Comparing receptor expression of Classical t8"DRtermediate monocytes,

there was no significant difference for CCR2, CCR5, CXCR4, CD31, CD62L and
CSFR. However, significant differences in cell surfaceepémr expression

were detected for chemokine receptors CX3CR1 (p=0.0001) and CCR6 (p=0.03),
integrins CD1la (p=0.0045), CD11b (p=0.03), CD11lc (p=0.002) and CD49d
(p=0.03), PSGEL (p=0.02) and for GCHEH{p=0.002)Rigures HB-3.7).

Comparing NotClassicalwith DR’ Intermediate monocytes, there were
significant differences in surface expression of CX3CR1 (p=0.0001), CCR2
(p=0.0001), CCR5 (p=0.0006), CXCR4 (p=0.0020), CD11la (p=0.0003), CD11b
(p=0.0005), CD1lc (p=0.015), PYG[p=0.0005), CD62L (p=0.02), C€D3
(p=0.012), GCYF (p=0.03) and C3R (p=0.04{Figures FH-3.7).

As expected, there were also multiple significant differences between Classical
and Nonclassical monocytes subsets as regards surface expression of the

panel of functional markerd={gures 35-3.7)
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Figure 35 Chemokinereceptor phenotyping of monocyte supopulations

Monocyte subsets were analysed by flow cytometry using the simplifiedlagur

staining panel combined with antibodies against specdifi@mokine receptors as

shown A-B). Legend:(C)ClassicaliM) DR™ Intermediate,(H) DR" Intermediate,(NC)
Non-Classical monocytes. Data derived from n= (CX3CR1 n=9, CCR2 n=12, CCR5 n=5,
CCR6 n=5, CXCR4 n=4) healthy adult PBMC samples. Data presenteshn +
standard deviation. Statistical comparisons performed usingdied paired t testns

= p>0.05, * = p<0.05; ** p<0.01; *** = p<0.001.
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Figure 36 Adhesion receptor phenotyping of monocyte styopulations.
Monocyte subsets were analysed by flow cytometry using the simplifiedlagur

staining panel combined with antibodies against specific adhesion receptors as shown
(A-G). Legend: @ Classical,M) DR™ (H) DR', (NQ NonClassical monocyte®ata

derived from n= (CD11la n=5, CD11b n=5, CD11c n=9, CD49d n=3, CD62L n£5, PSGL
n=9, CD31 n5) healthy adult PBMC samples. Data presented as mean + standard
deviation. Statistical comparisons performed using {sided paired t test. ns = p>0.05,

* = p<0.05; **=p<0.01; *** = p<0.001.
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Figure 3. 7 Growth factor receptor phenotyping of monocyte sub

populations.
Monocyte subsets were analysed by flow cytometry using the simplifiedlagur

staining panel combined with antibodies agdigsowth factor receptors as showr
B).Legend: @ Classical,M) DR™ (H) DR, (NO NonClassical monocytedData
derived from n= (GEHR n=8, CSER n=7) healthy adult PBMC samples. Data
presented as mean * standard deviation. Statisticathparisons performed using two
sided paired t testns = p>0.05, * = p<0.05; **p=<0.01; *** = p<0.001.

It was concludegdfrom the phenotyping studies aboyéhat human monocyte
sub-populations differentially expressa range ofcell surface receptorsin
particular, the newlydescribed DR and DR Intermediate monocyteslisplay
significant difference in their cell surface expression of the chemokine
receptors CCR2, CX3CR1, the integrin receptors CD11a, CD11b, CD11c, CD49d
and selectins G&2L and PSGL. These differences further enhandbe
evidence that the DFf and DR subsets representdistinct monocyte

populations.
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Morphologicd properties of monocyte sibpopulations 33.3

As cells are passed through a flow cytometer, their granularitysérel can be

determined by detection of light scattering. In regard to the passage of a cell or

LI NI AOfS GKNRBIZAK | fraSNI 6SHY> AU KI &
forward direction at low angles (0:B0°) from the axis is proportional to the

sz NB 2F GKS NIRAdzA 2F | AMEENBO. | YR 4&:
¢KdzA aF2NBFNR aOl GGSNE Yor aF celdste. Kighti S NLINS
may also enter a cell and become refracted trough reflection off cell contents

such as the nucleus, cytoplasmic granules and other cell contents. In the case

2F &adzOK aaARS aoOrddadSNE Al Kl adedsSy adl i
a0FGGSNI YIe 06S O2yaiRSNB®ackyN®AP2 NI A 2y | €

In our flow cytometric analysis of freshly isoldt®BMCs from healthy adult
volunteers, NorClassical monocytes were the smallest and least granular of
the subsets, with average forward scatter (FSC) of 89700+2757 fluorescence
units and average side scatter (SSC) of 1510041190 fluorescence units. In
comparison, all other monocyte subsets had significantly higher FSC (Classical:
9530045083, p<0.04; DR 9810045172, p<0.01; BRI9300+435, p<0.004)

and higher SSC (Classical: 18600+1988, p<.0.018": DF®200+1840,
p<0.0075; DR 17700+1706 MFI, p<0.0Zsee Figure 3.8. Overall, DR
Intermediate monocytes were the most granular based on SSC, being also
significantly more granular than Classical (p<0.004) andl IDRrmediate

monocytes (p<0.009).
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In addition, based on FSC, the ™Rind DR Intermedate monocyte sub
populations represent larger cells than both Classical (p<0.0015 and p<0.0004
respectively) and Nogflassical (p<0.04 and p<0.004 respectively) subsets
(Figure 3.8 A and)COverall, DRIntermediate monocytes appeared to be the
largestof the monocyte sulpopulations hawvig significantly higher FSC than

all other subpopulations Figure 3.8A and G.
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C Monocyte Subset Forward Scatter D Monocyte Subset Side Scatter
Test p Value Summary Test p Value Summary
Cvs M 0.0015 *x Cvs M 0.0039 **
CvsH 0.0004 *E* CvsH 0.0554 ns
Cwvs NC 0.0397 * Cvs NC |0.0164 *
Mwvs H 0.0421 * Mvs H 0.0090 *x
Mvs NC |0.0099 ** Mwvs NC ]0.0075 *x
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Figure 38 Light scatter properties of human monocytes syiopulations
Flow cytometric analysis dfeshlyisolated PBMCs from healthy adult volunteers) (

and (C) Graphical representation monocyte spbpulation Forward Scatter
measurements and table of statistical comparisons among the individual monocyte
subpopulations. B) and (D) Graphical remsentation monocyte supopulation
Forward Scatter measurements and table of statistical comparisons among the
individual monocyte supopulations. C=ClassicalM= DR H= DR, NG Non
ClassicalData derived from n = 7 healthy adult PBMC samplRatapresented as box
plots: Box limits = upper and lower interquartile range, median line = median, whiskers
represent smallest and largest values that are not outli@ttistical comparisons
performed using twesided paired t tes ns = p>0.05, * = p<0.05* = p<0.01; *** =
p<0.001.
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Classical, D¥ Intermediate, D Intermediate and NorClassical monocytes
were also morphologically compared by light microscopy by purification into
individual populations using FAG3lowed by cytespin transfer onto lass
slides and staining with Ma@runwald and Giemsa stains. By this staining
protocol, nuclei are stained deep purple, with the cytoplasm stained a lighter

blue/purple.

lft 2F GKS AYIFI3ISR OStta SEKAOGAGSR G(Ge&LR
nucleiconfirming their monocytic natureFgure 3.9 AD). In agreement with

the FSC data from the flow cytometric analyses, d8tassical monocytes

appeared smaller in size than each of the other -populations when

assessed by light microscop¥idqure 3.9 AD). Consistent with their SSC
characteristics, both of the Intermediate syopulations appeared to hava

more granular cytoplasm and greater amount of vactlide spaces compared

to Classical and Ne@lassical monocyte&igure 3.9 AD).
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Figure 39 May-Grunwald and Giemsa staining of purified monocyte subsets
Representative examples of FA@Sified: (A) Classical. ) DR"™ Intermediate. C)
DR’ Intermediate. (D) NonrQassical monocytesimages taken a 60X. Scale bar
represents 0.01lmmkEigure representative of 1 donor.
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In agreement with the FSC values obtained for {tassical monocytes in

Figure 3.7B, NonClassical monocytes appear to be the smallest of the

monocyte subsets when assessed by light microscéjigufe 3.8D). The

Intermediate subsetsPR™ (Figure 3.8 Band DR' (Figure3.8 Tappear to

have the most granular cytoplasm and greater amount of vaclikdéespaces

within the cytoplasm when compared to Classidaiggre 3.8 A and Non

Classical Rigure 3.8 I All monocyte subsetslisplayedW] A Ry Sé@ o6SIyQ 2NJ
YWK2NBSaK2SQFigukel3B.8BISR ydzOf SA 6

In conclusion, the monocyte stdppulations appear to be quite

heterogeneous in terms ofize and granularity as determined by light scatter

characteristics detectedybflow cytometry. Microscopianalysis confirmed the

LINBaSyOS 2F (@LIAOKE W{ARYSe 060SIYyQ 2NJ WK2NERSaK2SQ
sub-populations, and importantly the DB and DR Intermediate subset

identified by multicolour flow cytometry, are of mmocytic origin
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Discussion 3.4

In Chapter 3, we begato further characterise the proposed BRand DR
Intermediate monocyte suipopulations that were previously defined in both
healthy and obese subjectdorphological analysis was carried out to confirm
the presence of a typical monocylike nucleus, and a stringent flow
cytometry gating strategywas appliedto rule out the possibilitythat the
Intermediate monocytaeyates we developed contained a subdial number of
non-monocytic cellsAdditionally extensivesurfacephenotyping was carried
out to further characterise albf the monocyte sub-populations under the
current classification, and also tietermine whether other markers apart from

CD16 and HADR could alsolearly distinguish the monocyte populations.

A primary aim at the start of the study wasenfirmthe newly described D¥
and DR Intermediate gatestMC Dennedy, EP Connaughton and M Griffin,
unpublished observationsas containing genune monocytes. This would
appear essential due to a number of differémmunecell types such as blood
DCs, NK cells and other lymphocytdisplaying similar cell surfacgeceptors

to monocytes Even in the highigited study by Cros et al, the authdmund it
necessary to establish that Neflassical monocytes were indeed befide
monocytes(Cros et al., 20)espite the fact hat Non-Classical monocytes (or
CD16 monocytes) were well establied in the literature before thastudy.
Additionally, most of the major studies involving monocyte subsets use a series
of monocyte specific cell surface receptors establish a pure mormuyte

population(Cros et al., 201,0NWong et al., 20111

Thus, in order for the newdgroposed DR and DR Intermediate subsets to
be accepted, we considered it to be vitalat the criteria used for defining
them meet or exceed thosef other studies. In Figure 3.1 we have illustrated
that the newly described DI and DR subsetsrepresenta viable population
of monocytes, and are free from any contaminating lymphocytes, such as

CD56 NK cells.
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Additionally, one of the strongestefining characteristics of monocytic cells is
their size andHorsesho®or Widney beashaped nucleus. This characteristic
has been used to identify mono@&g from other immune cell types. In our
microscopic examinatiorof highly purified monocyte supopulations, all
sorted cellsdisphyed such a nucleus, andclosely resembledmonocyte
morphological images from other studi¢gawada et al., 2011Cros et al.,
2010. Of note,in these studies, thdntermediate populations appearedo
contain more vacu@s in the cytoplasnthan the others This correlatesvith
our own observation that Intermediate DR and DR subpopulations
appeared to contain a greater number whcuolesthan their Classical and

Non-Chssical counterparts

It was dso important to okarly demonstrate that,under the currently
recognised monocyte subsets (Classical, Intermediate AlarClassical
monocytes),the newly proposed DI and DR monocytes are contained
within the Intermediate gate and that either or both do not simply repent
G2 @St f ¢he GlaNscafor NonClassical subsetdsing back gating
approaches we believthat this point is well addressed in our detailed flow

cytometrycharacterisationsising PBMCs from multiple healthy adults

Having shownusing a stringent gating strategyhat our Intermediate sub
populations were free from any contamating cell type, weadditionally
illustrated that using aninimal4 colour staining combination can achieve the
same purity of monocyte subset3he estabshment of this 4colour gating
strategyrepresented a key step towardter experiments in which additional
fluorescencechannels were requiredor further phenotypic and functional

characterisations as well as for FAS2Sed purification

Monocyte chemoaxis and endothelial interactionsare a key function of
monocyte biology. Indeed, Classical (high G@dizced chemotaxis and tissue
migration) and NorClassical (patrolling of endotheligsculature) monocytes
are functionally distinguishetly these proprties. Hence, we assessed ™R
and DR Intermediate monocytes cell surface expression of chemokine

receptors, integrins and colony stimulating factor receptors.
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While phenotypic characterisation of the DR and DR Intermediate
monocyte sukpopulatiors indicated significant differences between the
subsetsfor CX3CR1, CCRD11a, CD11b, CD11lc, CO40B62L, PSAL no
cell surface receptor analysed duritigs proces$rovided a clear separation
of the Intermediate monocytsub-populations than didHLADR This lack of a
true defining cell surface receptor signatuirdicated by our resultss also
borne out inthe literature, as there has been no uniguell surface receptor
discovered for the Intermediate monocyte populatiodespite extensive
screening of Intermediate monocytes iseveral studiegWong et al., 2011
Zawada et al., 201Lros et al., 2000 The cell surfee and gene expssion of
HLADR has been reportetb be most highly expressed on Intermediat
monocytes ina number of publishedtudies(Thiesen et al., 2014Nong et al.,
2011, Zawada et al., 20)&nd, in one of these, HEBR microbeadwere used
to remove a HL/ADR monocyte population from the CDIGD14 Intermediate
monocyte populationZawada et al., 2031 Thisconsistentevidence for high
expression of HL-BR on Interrediate monocytes is important to consider in
regard toour proposeddefinition of Intermediate monocte subpopulations.
Our results indicate that heterogeneity of HDIR (MHC II) expression within
the Intermediate monocyte subset has not been fully appreciated by other

groups studying this part of the human monocyte repertoire.

In our phenotypic analys of the DR™ and DR monog/te subpopulations

there was some evidence for a progression from Classical 1§ @RDR' to
Non-Classical monocytes. For example, expression of certain markers (e.g.
CX3CR1, CD11a, CD49d, CBitled off lowest in Clascaland sequentially
progresed to higher levels ilDR™, DR' and NonClassical supopulations. In

the case of otherqde.g. CCR2and CD62)the opposite trend was observed
CKA&d WAYGSNYSRAFIGSQ SELINBaaiazy 2F OStt
Clessical and NoitClassical monocytas alsoreflectedthe literature (Hijdra et

al., 2013 Wong et al., 2011 Importantly, however, we demonstrated that
Classical and D& monocytesdisplay similar cell surface exgssion of a range

of receptors and the D¥ Intermediate sukpopulations could be considered

to be a direct phenotypic (and perhaps fumctal) progression of Classical
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monocytes most clearly manifest by the initiation of CD1&egulation in the
absence of increased HIDR Additionally DR and NonClassical monocytes
dispgay similar surface levels of multiple surface receptors whiclegpeessed

at levels either above or belothose ofClassical and R Intermediates This

may swgest that DR' Intermediate and NonClassical monocye also
represent contiguous stages of a process of intravascular development or
maturation Indeed,the respective size and granularity characteristics of the
four defined sukpopulations are also in keeping with such relationships
Nonetheless, as discussed in detail elsewhere in this thesis, formal proof of a
sequential transition of human blood monocytdékrough four or more
functionally distinct stages (beginning with the bone marsderived Classical
subset) will require highly sophisticated in vivo experimental systems.
CdzNII KSNXY2NB>X 20KSNJ Y2RSfta o0S®3d ASLI NI GS aLydSN)YS
from both Classical and Neslassical monocytes) also remain possible to

explain human Intermediate monocyte heterogeneity.

Monocyte subset proportions varied between donorfakle 3-1). Of the
Intermediate subsets, the DRubset was proportionately the most consistent
with the lowest deviation between donors. This may suggest that th® DR
subset may be tightly regulated in terms of presence and numbers in the
circulation. In contrast, the DR subset was highly variableetween donors,
with a high deviation. This may indicate that the"RBubset proportions may

be influenced by different factors between donors. This reflects previous work
shown by our labalbeit in an obese patient cohort, that the BRsubset was
expanded in an obese patient cohort, while the "DRubset remained
consistent (MC Dennedy, EP Connaughton and M Griffin, unpublished
observations). Even though our monocyte proportions were determined form
the blood of healthy adults, it may be possible trather factors may be
influencing DR? subset proportions, such as diet. Phenotyping results
indicated that cell surface receptor expression for a broad range of receptors
were consistently expressed on the monocyte subsets, indicating that while
there may be other factors influencing the monocyte subset proportions, such

factors do not appear to affect monocyte phenotype drastically.
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In wmmary, results from this Chapteindicate that DR™ and DR
Intermediate sub-populations are bona fide monocytes ith significant
differences in expression of chemokine antegrin receptors. However it véa
unclear whether different expression levels othese receptors reflects
functional differences and this clearly required further experimental
elucidation Morphologicalfeatures and expression levels cdrtain receptors
suggestthe DR Intermediate subset is more closely relatemithe Classical
subset, whileDR' Intermediates appeato be more similar toNon-Classical
monocytes Despite phenotyping for a rege of cell surface receptors, we did
not identify a marker that was superior to HDR for separationf the D™
and DR subpopulations orcould substitute folCD16as a defining marker for
all four subpopulations This reinforcesa model wherebythe Intermedate
monocyterepresent a cellin transition, rather than being a fully developed

cell type in its own right.
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Chapter 4

In Vitro Transmigration of Monocyte Subsets 4.0
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Introduction 4.1

Transmigration is a critical process in monocyte biology and-@ésdinated by
sequential engagement of chemokine receptors, integrins and selectins.
Monocytes initially exit the bone marrow in a C@Rpendant manner into

the circulation. From there, themay use a variety of chemokine receptors
such as CXCR4, CCR2, CCR5, CX3CR1 along with sequential engagement of
inflammationinduced endothelial ligands for selectins and integrins to engage
in transendothelial migration from the circulation to extravakgutissues.
Once in the tissue, depending on signals encountered, monocytes may
differentiate to a macrophag#ke phenotype in inflammatory settings or, in
some healthy tissues to replenish the resident population of mononuclear
phagocytes. In certain #ngs, tissue infiltrating monocytes or monocyte
derived macrophages and dendritic cells may subsequently migrate to the

draining lymph nodes.

The transmigratory properties of human CDi1@ntermediate and Non
Classical) and CD1@lassical) monocytesatie been characteriseth vitro.
Such studies have revealed strong migration of CICR3CRICD16
monocytes toward CCL2 (MQP while CCR2CX3CR1ICD16 monocytes
migrated towards CX3CL1 (fractalkine) in Transwell agéagsita et al., 2003
Ancuta et al., 2004 A more recent study using endothelitcovered
Transwell systms revealed that ClassicA2CR2monocytes migrated stragly
to CCL2, in contrast to the Intermediate (C®#2and NorClassical (CCR2
monocytes which migrated poorly to this chemokierankel et al., 2011
Similar results were reported in anothstudy (Thiesenet al., 2014. When
human monocyte subsets were perfused over inflammatory cytokieated
endothelium, both Classical and N@fassical monocytes crawled in IGAM
1/ICAM2- and VCAML/CX3CRtlependant manners respective(Zollison et
al., 2015. In this study, Intermediate monocytes did not exhibit crawling

behaviour, instead adhering to the endothelium tighi@ollison et al., 2005

96



Such studies, although relatively few in number, suggested a poor
transmigratory response by Intermediate monocytes to traditional monocyte
chemokines accompanied by a tendency to be highly adherent to activated
endothelium without engaging in crawlirigpe behaviour. This evidence may
indicate that the Intermediate monocyte subset is unresponsive to chemokines
which typically act strongly upon Classical (and perhaps alsocldesical)
monocytes. Alternatively, Intermediate monocytes may be restrainedniro
transendothelial migration by other, aget unidentified mechanisms. As we
demonstrated inChapter 3 the D' and DR Intermediate monocyte subsets
have significant heterogeneity in their expression of certain chemokine
receptors (CCR2, CX3CR1), seeqCD62L) and integrins (CD1la, CD11b,
CD11c, VLA). Thus, we questioned whether they exhibit differential

chemotaxis, adhesion and transendothelial migration characteristics.

Hypothesis and Objectives 4.2

Hypothesis 4.2.1
Intermediate monocytes ith mid- and highlevel surface expression of HLA
DR differ from each other and from their Classical and -Olassical

counterparts in regard to their adhesion and transendothelial migration.

Objectives 4.2.2
1. To quantify the transmigration dghe four individual human monocyte
subpopulations toward relevant chemokines in afn \itro
transmigration assay.
2. To quantify endothelial adherence and transmigration tbé four
individual human monocyte sdbopulations in the absence and

presence of relevant chemaiés.
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Results 4.3

Monocyte aubsettransmigrationtoward chemoattractants 42.1

A Transwell assay system was developed to assess human monocyte subset
transmigration through a 3.0 pm pore size membrane toward selected
chemokines. Freshigolated PBMCs from healthy adult volunteers were
allowed to transmigrate for 60 minutes, after wh the transmigrated cells in

the basal chamber were retrieved, stained with monoegpecific mAbs and
analysed using flow cytometry as describedGhapter 2 Quantification of
transmigrated monocytes was achieved usifigw cytometry-compatible
counting beads. Monocyte transmigration was calculated as an index of

transmigration (sedlaterials and Methods, Section 2)3

The assay system, examples of flow cytometric analysis of transmigrated
monocytes and quantitative results of a series of such erpenis carried out

on a total of 6 individual PBMC preparations are showrigpire 4.1 AE.

Classical monocytes migrated robustly towards CCL2and -8, with the
highest index of migration achieved in response to CCL7 (9.9+4.5) followed by
CCL2 (5.2+1.Hnd CCLS8 (3.6%1.7). Classical monocyte migration toward each
of the three chemokines was significantly higher than that of all other

monocyte sukpopulations Figure 4.1GE).

The two Intermediate monocyte suytopulations, DR and DR monocytes
migrated only weakly towardCCL2 -7 and -8 in comparison to Classical
monocytes. The D and DR sub-populations did not differ significantly from
each other in these migration assays althougt"BRonocytes exhibited non
significant trends towad higher mgration indices thabR' monocytes Eigure

4.1GB.

Consistent with previous reports and with the chemokine receptor profiling
described inChapter 3 the NonClassical monocyte subset demonstrated

minimal migration towardCCL2;7 and-8 (Figure 4.1GE).
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Figure 4.1 Monocyte subset tansmigrationtoward CClchemokines

(A) Diagram of Transwell assay. PBMCs are added to the apical chamber with
chemokinecontaining medium or medium alone added to the basal well. Cellteétre

to transmigrate for 60 minutes before retrieving for flow cytometric analydsy. (
Representative examples of monocyte subset flow cytometryptiats for anti-HLADR

vs antiCD16 showing both control and chemokinguced transmigration. GE).
Resuls of monocyte sufpopulation transmigration toward CCL2, CCL8 and CCL7.
Legend: @) ClassicalM) DR, (H) DR', (NQ NonClassical monocyteBata derived

from n = 6 healthy adult PBMC samples. Data presented as mean + standard deviation.

Statistical comparisons performed using tw&ided paired t tes ns = p>0.05, * =
p<0.05; ** =p<0.01; *** = p<0.001.
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Monocyte subset adherence to and transmigration through human

primary endothelial layers4.3.2

Physiologically, monocytes frequently pass throaghendothelial monolayer

(and subsequent layers) before entering exti@scular tissues. Timodel this

phenomenon in an irvitro setting, primary human aortic endothelial cells

(HAECs) were seeded onto fibroneg2  § SR ¢ NI yagStf YSYoNIySa
pore ske) and were allowed to form confluent endothelial monolayers as

described inChapter 2 To confirm that HAECs seeded onto the fibronectin

coated Transwells formed confluent monolayers, a single membrane from

each experiment was stained with crystal viadge which stains the cell nuclei

a purple colour and is readily visible by light microscéjigure 4.2 E

During tissue inflammation, the endothelium of local blood vessels becomes
activated in response to inflammatory stimuli resulting in-negulation of a
range of adhesion receptors, such as ICAENhd VCAM.. Monocytes express
the coreceptors lymphocyte functicassociated antigett (LFAL) and very

late antigend (VLA4) which bind to ICAM and VCAM. respectively(Imhof

and AurrandLions, 2004Ley et al., 2007

Mimicking this eadothelial activation in our invitro system, treatment of

6o0odn>

HAECs with TNF 6 H ®p y3aAkYf F2NJ c K2dzZNBO NBadzZ GSR Ay &aiNF

surface expression of GAM1 (Figure 4.2 A and )Gand ICAML (Figure 4.2 B
and D.
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Figure 42 Humanaortic endothelial cell up-regulation ofadhesionmolecules
following TNFh stimulation

(A) and (B) Quantified surface expression of VCAMNd ICAML by unstimulated and
TNFa-stimulated HAECs (analysed by flow cytometry, n=Q)aid (D) Examples of
flow cytometric histograms of artfCAM1 and antlCAM1 staining of unstimulated
and TNFa-stimulated HAECs (FMO = fluorescence minus ongapn(E) Crystal violet
staining of a confluent HAEC layer seeded onto a fibronectited Transwells.

For human monocyte transendothelial migration assays, untreated aneATNF
stimulated HAE€overed Transwells were prepared. Freskblated PBMCs
from healthy adult volunteers were added to the top chamber and were
cultured for 1 hour following which they were harvested as separate Floating,
Adherent and Transmigrated fractions as describe@hapter 2 The fractions
were stained with a 4olour panel to distinguish the individual monocyte sub
populations which were quantified by addition of counting beads. Results for a
series of such experiments carried out using freshly isolated PBMCs from 4

healthyadult volunteers are summarised kigure 4.3

101



>

% Disftribution Among
Fractions
co5838888388

@)

0588888388

% Distribution Among
Fractions

Classical Subset

% Distribution Among
Fractions

% Distribution Among

-TNF-w  +TNF-o.

0588588388

w

DR™d Subset

g8

- TNF-o

Floating [J Adherent [ Transmigrated

+ TNF-a

Test p-Value [Summary
Floating C TNF-vs CTNF+ 0.0399 |*
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H TNF-vs M TNF+ 0.0028 |**
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Figure 4.3 Monocyte subpopulation adhesion to and transmigration through
primary human endothelial monolayers with and without TN&activation.

(A-D) Proportionate distributios of the four individual monocyte syfopulations into
floating, adherent and transmigrated fractions in HAEC Transwells with and without
TNFa activation.  Summary of statistical comparisonBata derived from n = 4
healthy adult PBMC samples. Dataggeted as mean + standard deviation. Statistical
comparisons performed using twsided paired t tes ns = p>0.05, * = p<0.05; ** =

p<0.01; *** = p<0.001.
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As shown, TNF Ay RdzOSR I QGA@GI A2y 2F GKS
significant decrease in thpercentage of Classical, BRIntermediate, DR
Intermediate and NorClassical monocyte stgppulations present in the
floating fraction in comparison to those of untreated endotheliufigire 4.3

A, B, C and Despectively). This was accompanied by proportionate increases
in the adherent fractions of all 4 monocyte spbpulations in the presence of
TNFh-activated HAECs. Thus, all of the -palpulations responded to

endothelial activation by increased adherenc

Of note, the DRY Intermediate monocytes exhibited the highest
proportionate adherence rate to resting endothelium, while "R
Intermediate, DR Intermediate and NorClassical all had similar, high rates of
adherenceto TNF | OG A @I GSR SyR20GKSf Adzyo

As there was no specific chemokine stimulus present in the lower chambers,
the proportionate transmigration of all monocyte sgopulations was
predictably low. However, there were significant increases in the
transmigrated fraction of each of the four deéd subpopulations, this being
notably greatest for the Classical subset in comparison to the other three

populations.

Overall, thenon-chemokine driven endothelial Transwell-coltures revealed
distinctly different adhesion/transmigration charactercdi for Classical
compared to DR and DR Intermediate and Nostlassical supopulations.
Figure 4.4is an alternate representation of the same data presente#igure

4.3, but reconfigured to highlight the differences in the distribution of the
individual monocyte subpopulations in the floating, adherent and
transmigrated fractions in the presence of FPNBRctivated HAEC monolayers.
Of particular note, the transmigration of PR Intermediate monocytes
through an activated primary human endothelial nudgyer was significantly
lower than that of Classical monocytes despite their broadly similar chemokine

receptor expression patterns (as demonstratecCimapter 3.
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Figure 4.4 Proportionate distributions of the four nenocyte subpopulations
across the floating, adherent and transmigrated fractions.

Using the same dataet presented in Figure 4.3, the proportions of each monocyte
subpopulations among theAj floating, B) adherent and @ transmigrated fractions
are shavn for Transwell cultures involving TidFactivated HAEC monolayers. Legend:
(O ClassicalM) DR™, (H) DR', (NQ NonClassical monocyteBata derived from n = 4
healthy adult PBMC samplePata presented a®ox plots: Box limits = upper and
lower interquartile range, median line = median, whiskers represent smallest and
largest values that are not outlierStatistical comparisons performed using taided
paired t tes. ns = p>0.05, * = p<0.05; *p=<0.01; *** = p<0.001.
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Chemokineinduced transmigration of monocyte sukpopulations across

resting and activated primary human endothelial monolaye4s3.3

Having established a suitable assay system and defined the endothelial
adhesion and transmigration characteristics of the four human momosyb

populations, we next sought to compare monocyte -fdpulation
transmigratory response to CCL2 (MORhrough an endothelial monolayer

dzy RSNJ NBadGAy3a YR dGAyTFEl YSRE O2yRAGAZ
experiments performed using freshigolatedPBMCs from three healthy adult

donors are summarised Figure 4.%elow.

Similar to the norchemokinedriven assays shown in the preceding section,
Classical monocytes exhibited markedly higher transmigration toward CCL2
compared to the other monocyte sytopulations for all three PBMC samples
under both resting and activated conditions. This contrasted with the relatively
low levels of CChRduced transmigration exhibited by /R and DR
Intermediate monocytes. Although we had establishe€hapter 3that DR"™
Intermediate monocytes express significantly higher surface CCR2 compared to
their DR' counterparts, the two sulpopulations demonstrated equally low

transendothelial migration toward CCL2.

Overall, the trends for monocyte subset transendothklmigration were
O2yaraitasSyids ¢KSIFigeds4.a andayar ICEL@B=dE 6
(Figure 4% 2 NJ dzy RSNJ aNBadAy3a¢e¢ FyR al OGA@l i
specific interest in regard to the two proposed Intermediate monocyte-sub
populations,these experiments indicated that they both exhibited a greater

tendency to adhere to and a lesser propensity to transmigrate through a

human endothelial monolayer.
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Figure 4.5 Monocyte subpopulation transmigration through resting and

TNFh -activated primary human endothelium in response to CCL2.

Transmigrated percentages of four monocyte subpopulations in Transwells containing

resting (HAEGE b Ch 0 2 NJ | Ol A @I (i DiReliab mdndayers tin¢theCh 0 Sy R
absence (Control) or presence of CCL2 (50ng/ml) in the lower chambeB)(and O

represent results from 3 individual donors. Two technical replicates were used for each
condition per donor.
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Inhibition of monocyte adhessn to activated endothelium using

neutralizing antibodies against integring.3.4

As previously illustrated irFigure 4.4 B all monocyte suipopulations
demonstrated increased adherence to FNBctivated compared to resting
endothelium. InChapter 3, phenotypic characterisation of monocyte sub
populations revealed differential expression across the-populations of
integrins involved ri endothelial adherenceCD11a (alpha chain of LEA
CD11b (alpha chain of MAJ, CD11c and CD49d/CD29 (M)At 5 possible,
therefore, that the individual monocyte sytopulations differentially employ
these integrin receptors during their adherence to inflamed endothelium and
that differences in integriimediated endothelial adherence contribute to
specific in vivdunctional characteristics of circulating monocyte subsets and

sub-populations in the setting of infection, trauma of chronic inflammation.

To assess the role of different integrin receptors in monocytesytulation
endothelial adhesion, HAECs were de# onto fibronectincoated tissue
culture wells and practivated with TN OH®PpyYy Ik YT FT2N ¢ K2
isolated PBMCs from healthy adult volunteers were thercatured with the
activated endothelium for 1 hour in the presence of blocking antibed®
CD11la, CD11b, CD11c, CD49d/CD29 or of matching concentrations of the
appropriate isotype control antibodies. Floating and endothelial adherent cells
were retrieved, stained with a monocyspecific antibody panel and analysed

by flow cytometry with gantification using added counting beadEhe results

of series of such experiments carried out with PBMCs from 3 individual donors
are summarised ifrigure 4.6 As shown, the four monocyte sytopulations
displayed similar relative adherence rates to thadeserved in the Transwell
assays Kigure 4.4 B Thus, Classical monocytes had the lowest rate of
adherence (82.8+8.4%) with BRntermediate (93.5+2.6%), Btermediate
(95.2£3.3%) and Ne@Glassical (95.6+2.7%) spbpulations all having
comparablyhigh rates of adherenci® activated endotheliun{Figure 4.6 A
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Figure 4.6 Adherence rates of monocyte supopulations to TNFa-activated

endothelium in the presence of aniintegrin and control antibodies.

(A) Adherence ates of four monocyte subpopulationsto TNF | OG A @F § SR Sy R2GKSf A dzY o
Data presented as box plots: Box limits = upper and lower interquartile range, median

line = median.Effect of antiCD11a B), anttCD11b @, ant-CD11c @) and anti

CD49d/CD29 on monoieysubpopulation adherenceto TNF | OG A @l G SR Sy R2GKSt Adzy
. Legend: @ Classical,M) DR™, (H) DR, (NQ NonClassical monocytesGrey bar

indicates relevant isotype control; white bar represents blocking antibody. Data

derived from n = 3 healthgdult PBMC samples. Data presented as mean * standard

deviationfor B,CD and E Statistical comparisons performed using tgided paired t

test andANOVAns = p>0.05, * = p<0.05; **p=<0.01; *** = p<0.001.
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Discussion 4.4

In this Chapter, we have assesl thein vitro transmigratoryresponse of the
Classical, D¥, DR' and NonClassical monocyte syippulations with a focus
on chemokines known to serve as ligands for C@RB3pite the numerous
studies on humamonocyte subsets since theiost recentclassification, only
a few have looked imepth at the transmigration propes of the
Intermediate subset. A& outlinedin the introduction specifictransmigratory
responses are strong definingharacterisitcs of the the we#stablished
Clasical and NonClassical monocytesn both human and mouse A
guantifiable, in vitro transmigrationranswell assay washerefore,createdin
orderto assess D and DR Intermediate monocyte transmigaton tspecific
relevant chemokines. This assay walso modified to incorporate a human
aortic endothelial cell monolayer to assess monoestelothelial interactions
and monocyte transendothelial migration. Addtionally, \ee had observed
that the four defined monocyte supopulations display varyingurfece
expression ofintegrin receptors involved in endothelial adhesipme also
sought to determine whether thergvere any defining functional differences

among the sukpopulations in regard to integrimediated adhesion

The initial establishment of a qutfiable transmigration Transwell assay was
an essential preequiste to the experiments in this lapter. The addtion of
flow cytometrycompatible counting beadscombined with multicolour
surface staining of the retrieved fractiorsdlowed accuratequantfication of
transmigrdion for all monogyte subpopulations In a series of optimisation
experiments not presented in the thesis, we were able to demonstrate that an
incubation time of 1 hour of the Transwells wasufficent to allow for
monocyte transmigration while avoidingchanges tothe defining surface

markers for the monocyte sulpopulations (especially CD16)

The primary aim of this Chapter was to quantfy the transmigratory response of
DR"™ and DR Intermediate monocytes in response thamokines. Our results

indicate that neither Intermediate subset transmigrates robustly to CCL2
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(MCR1), CCL8 (MGPB) or CCL7 (MGB) when compared d the strong
response elicted i€lassical monocyte&igure 4.1 C, D and.Hhe MCP family
was selectedecause these chemokines induce robust, and importandyid
migration ofhuman (and mousenonocytes. Speed of transmigration was of
particular importance when designing the in vitro transmigration assays.
Monocytes are a dynamic cell, and short termtaxd (25 hours) at 37°C
induces phenotypic changes, predominatly the shedding of the CD16 receptor
which maks it impossible to accuratgidentify monocytesubsets during flow
cytometry (MC Dennedy, EP Connaughton and M Griffin, unpublished
observation} (Picozza et al., 20).3Addtionally, in migration assayarried out

using the described protocolye observed no significant transmigration of

monocyte subpopulations towar@3CL1 or SBiEh ORI G y20G adK26y 0 X

the fact that these chemokines hawvereviously been shown to provoke
monocyte migration(Ancuta et al., 2004Ancuta et al., 2003 However, these
studies used incubation tie of 2% hours, andin our migrdion assay1 hour

have been insufficierfor migration to occuiin response to these chemokines

Bven though DR® and DR Intermediate monocytesdo not transmigrate
robustlyto MCP family chemokineseither do they transmigrate as weakly as
NonClassical monocytesFigure 4.1 C, D and )E This poor response to
chemokines, specifically CCL2, by Intermediate monocytes hagépeatedly
reported in the literature with Intermediate monocyte migration variously
reported as occurring at a A W& KRNI (1 Bedwedn £@Sical (high CCL2
induced transmigration) and Ne@Glassical (weak to no CCL2 induced
transmigration) monocytegKrankel et al., 2011Thiegn et al., 201% The
transmigration repon®s of DR™ and DR Interemdiate monocytes to CCL2
are quite similar, and, with the notable exception of the™Smtermediate
subset, the responses observed for the spbpulations were consistent with
their respective ell surface expression of CCRBom theCCR2 expressiam
the subsets, it is clear that the reduced receptor levels on the fDRsets, and
even more so on Noflassical monocytes and maartly or completely
explainthe observedreducedtransmigrationtoward MCP family chemokines

Interestingly however, Classical and ¥ monocytes express similar amount
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of the cell surface receptor CCR#it this clearly does natorrelate withtheir
transmigration responssto CCL2&nd other MCP family chemokinda several
studies, it has beehighlightedthat Intermediate monaytes display less CCR2
than Classical monocytes, and, in some they have even been reported as
having lowersurface CCR2 thaNonClassical monocyte&Cros et al., 2010
Wong et al., 2011 Our results suggest that these reports may have eover
simplified the situation as it would appear that the currently recognised
Intermediate monocyte gate for human PBMCs containspsaulations with
higer and lower CCR2 expressidn.is tempting to speculate that down
regulation of CCRZ% a feature of a steise transition from Classical to
Intermediate to NonClassical. Furthermore, the results of our trangration
experiments suggest thatven prior to receptor dowsnegulation, Classical
monocytes transitioning to the DR® Intermediate state, initally become

significantly lessesponsve to CCR2 ligands

The transwell assay utilised to determine monocyte subsets transmigration
towards chemokines may not represent true migration towardheemokine
gradient. It is not clear how much time elapses before chemokine from the
basal well of the transwell diffuses into the apical well, eventually resulting in
equilibration of the chemokine throughtout each compartment of the
transwell. In this cas, if the chemokine is equally dispersed throughout the
transwell, then transmigrating monocytes may be exhibitng chemokinesis
rather than chemotaxis in reponse to a chemokine gradient. This may be
overcome by the use of assays where migration is horizawather vertical,

ideally toward increasing gradients of immobilised or tethered chemokines.

Monocyte subest interactionswith and transmigration through endothelium
wasalso partlyassessedn this Chapter Human aortic endothelial cells were
treated with TNFh 02 Y A Y A @flamingttion, dihig2 stimulates
endothelialupregulation of adhesion receptors, such as ICABhd VCAM,
with which monocytes interactOur results indiate that DR™ and DR
Intermediate monocytes are more adhererio resting endothelium than are

Classial and NorClassical monocytes and th#teir adherence is further
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increased when the endothelial cells are T™NF I O (. AdtitionaByitn the
absence of chemokine stimulus, the ™Rand DR Intermediate monocytes
exhibited similar, poor tansendothelial migration respmes through both
resting and activated endotheliuwhen compared withClassical monocytes
(Figure 4.3). The TNP | OG A @I i 8nR wa$ yher@ peknBskive to
monog/te transmigration, as greater transmigmati of all monocyte swtets
was observed in coparison b resting endothelium.In a small number of
published studiesintermediate human monocytesave beenreported to be
highly adherent to edothelium and to exhibit low rates dfansendothelial
migration (Collison et al., 2015Krankel et al.,, 2001 These reports are
consistentwith our observations thaboth DR" and DR Intermediate subsets
exhibit poor transendothelial migration and are strongbdherent to
endothelium. Thigelatively strong adherencé& both resting and activated
endothelium and apparent limited tendency to transmigrate through activated
endotheliummay point toward arendothelial monitoring dinction, similar to
that described byNon-Classical monocytg€arlin et al., 2013 However, it is
important to acknowledge that our experiments did not extend to
experimental systems which better model the intravascular environment by
incorporating flow and shear stress. In this regardtudy by Collison et al., in
which human Intermediate monocytes were perfused over endothelium,
indicated that Intermediate monocytesyhile highly adherent, exhibilittle
long range endothelial crawling behaviour and remained tightly bound
(Collison et al., 2095 This suggests that in vivo surveillenace functions of
Intermediate monocytes differs from those of Nofassical monocytes. It also
raises the interesting questions of whether ™Rand DR Intermediate
monocytes behave differently under conditions of flow when intereacting with
KSIfGKe 2NJ aAYyTFfl YSReé SYR20GKSt Adzyo

However, there are caveats to our monocyte transdendothelial migration and
adhesion assays. Firstly, in the transendatdeinigration assay, we utilize a

simple crystal violet stain to determine the presence of a confluent endothelial
cell layer. However, this may only provide information on endotheilal cell

coverage, as opposed to the endothelial cell layer integrity.hia tegard,
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transendothelial electrical resistance (TEER), which measures electrical
resistance across a endothelial monolayer and is directly related to monolayer
permeability. In future, endothelial monolayer permiability and integrity may
be best assessl using TEER rather than crystal violet staining. Secondly, many
studies have shown that in order to-mgeate an endothelial monolayer with
tight junctions, similar to kvivo, the monolayer must be cultured under sheer
flow. Our assays utilize endothallicells grown in static culture, and may not
reflect the same properties as cells grown in the presence of sheer flow.
However, despite this, static cultures are still widely ysedth culture of
endothelial cells under sheer flow technically challengingd costly

reagents/equipment.

With the use of neutralizing antdgies, we sought to determine whether
either of the Intermediate suipopulationspreferentiallyuses certain integrins
to mediate their adherenceto activated endothelium The esults indicated
that only blocakde of CD11(#he h-chain of LFA) interfered with monocyte
subset adheznce. $ecifically addition of antiCD11a reduce@dherence of
Classical and D but not that of DR' and NonClassical monocytedhis may
sugges a similar utilization of LFA by Classical and P& monocytes for
endothelial adherence. In the study by Collison etlahgrange crawling of
Classical monocyteasblockedneutalizing antibodyo ICAM1 (to endothelial
co-receptor for LFAL), but the sudy report does not indicate whethd CAM1
blockade hadany effect on Intermediate and Ne@Qlassical muaocyte

adhesion.

Somewhat unexpectedly, avobserved naeduction in endothelial adherence

of any monocyte suipopulation with addition of neutralisingantibodies
against other integrin receptors that are reported to mediate such effects in
one or more subset. For exampléollison et al. observedtrong reduction in
Non-Classical monocytadhesion andrawling when VCAM [the endothelial
coreceptor fa CD29/CD49d (VLA4)]. This may be explained by some of our
selected experimental conditions andjtlv the benefit of hindsight, it could

have been important to carry out additional experimeniizing neutalising
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antibodies against ICAI¥ and VCAM. and b develop a flowbased

experimental system

In summary, the raults reported in this Chpatesuggestthat DR and DR
Intermediate monocytes transmigrate weakiyward MCP family chemokines
in comparision to Classical monocyighether in the presencer absence of

an endothelial layer. Nonetheless, the low migratory rate of the Intermediate
subpopulations was demonstrably greater than that of Nd&lassical
monocytes The DR and IR" subpopulationsoth exhibited characterisitcally
high aderenceto endothelium, both resting and activatedHowever, our
results for integrin blockade experiments, while relatively limited in scope, do
indicate that LFA/ICAM1-mediated binding of DE Intermediates to
activated endothelium is more important for, possibly less stable than, that
of the DR sub-populationg a difference that would be particularly interesting
to explore in more dynamic experimental systerirgerestingly, Classical and
DR"™ monocytes display similar cell surface levels G@ER2, dgite the
observation of a substantially lower rate of C@hdiated transendothelial

migration of theDR™ sub-population.

Taking this edence into accoun we felt that the evidence has been
strengthened further for a model wherebPR"™ and DR Intermediate
monocytes representndividual stages in a monocyte phenotypic transition
from a state ofhigh transendothelial migratory capacity in the setting of
tissue inflammation/endothelial activation to one of progressively greater
endothelial alherence ad blunted transmigratory response to classical-pro
inflammatory chemokinedn the final part of the project, we elected to focus
further on comparing the nature of the transmigratory signal mediated by

CCL2 among the four defined monocyte qadpulations
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Chapter5

Regulation of Chemokine Induced Transmigaration in

Human Monocytes 5.0
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Introduction 5.1

Regulation of immune cell trafficking is a critical aspect of immune and

inflammatory responses. Many diseases are linked with dysfunctional immune

cell transmigration in response to initial inflammation. A prime example of this

is the uncontrolled accumation of monocytes (and other immune cells) in

atherosclerotic plaques, into which monocytes are attracted by stimuli

F3aa20AFGSR gAGK GA&dAAadzZS AYyFElLYYILGA2y D |1 26SPHSNE Ay
AyiSyiArzyaQ (G2 AR (AaadzS Nbdictdhodd 68 &0 gSy3Iay3a f
necrotic cells, they become converted to ligid- RSy W¥2FYy OSftfaQx
chemotactically defunct in particular poorly responsive to CC({t2an et al.,

2000 Ingersoll et al., 2011 Additionally, lipidaden monocyte/macrophages

GGONI LILISRE Ay | GKSNRaOf SNP (-goldg tisdud Ij dz§&a O2y G NR o dzi S
inflammation by secreting cytokines and chemokines that cause further

immune cell inftration and drive plaque growtliHansson and Libby, 2006

One mechanism underlying the regulation of monocyte subset tragisiidn

is differential expression of chemokine receptors. However, monocytes display

a range of chemokine receptors and inflammation produces a wide range of

chemokines specific for these receptors. So how does a monocyte determine

which signal to follow?

Chemokine receptors are -@otein coupled receptors (GPCRs) and are
regulated by Gorotein receptor kinases (GRKSs), arrestins and regulator- of G
protein signalling (RGS) proteins as describe@hapter 1, Section 1.6The
latter, RGS proteins, are nega¢ regulators of GPCR signalling. The expression
of RGS proteins in immune cells is also greatly influenced by inflammatory
stimuli, producing an increase or decrease depending on the cell type and
stimulus. RGS proteins regulatepétein signalling by ecreasing the amount

of time the GLINB 4 SA Yy Dh & suub dayiplex aré disBocidied. This
results in termination of downstream signalling cascades such as intracellular
calcium release, protein phosphorylation and cytoskeletal rearrangement
(Ross and Wilkie, 200@Ritter and Hall, 2009 RGS proteins have been

implicated in reduced chemokine induced transmigration in a range of immune
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cells For exampleRGS16 overexpression in murineéllswas found to inhibit
CXCL12 induced transmigratidnippert et al., 2003)while in a RGS1 was
found to be essential in retention of antigesimulated Bcell retention in
germinal centres, as evidenced aberrant germinal centre formation following
immuniztion in RGS1 mice (Moratz et al., 2004). In particularepgarate
studies have implicatedRGS1lin decreased CCL2 induc&@nsmigration in

myeloid cells (Patel et al., 2015enecke et al., 1999)

As also discussed i@hapter 1 human Intermediate bloodnonocytes are
expanded in a range of inflammatory diseases and we have specifically shown
that, under our proposed Intermediate monocyte sdivision into DR® and

DR' Intermediate, the DR® subpopulation is specifically expanded in the
setting of obegly compared to lean controls. Furthermore, as we now show in
the current project Chapter 4, D' Intermediate monocytes do not migrate

as robustly as @ssical monocytes to CCL2 invitro transmigration assays,

despite expressingimilar surface levelof CCR2

In this Chapter, to better understand C@h8uced chemokine receptor
activation in the four defined monocyte sygmpulations, we elected to
measure a key early signalling eventtracellular calcium releaseas well as a
downstream event filamentous actin polymerisationin response to CCL2 in
live, freshly isolated PBMCs from healthy adult volunteers. Additionally, we
sought to test whether differential expression of RGS proteins might explain
the observed differences in CCin2luced transmigration of the monocyte sub

populations.

117



Hypothesis and Objectives.3

Hypothesis 52.1
The differential migratory response of individual monocyte-populations to
CCL2 is explained by variation in the regulation of proximal GPCR signalling

events by RGS proteins.

Objectives 52.2
1. To compare CCtiBduced intracellular calcium flux and filamentous
actin polymerisation in healthy human monocyte suipulations
using reatime, livecell assays.
2. To determine the expression of a panel of R3&eins in healthy
human monocytes and compare their expression levels among four

defined monocyte suipopulations.

Results 53

Lower CCLEhducedintracellular calcium flux in DR® monocytes5.3.1

When a chemokine binds to its cognate GPCR, it triggerapid series of
intracellular molecular events including calcium release from the ER and
activation of signalling mediators like phospholipase C (PLC), diacylglycerol
(DAG), calmodulin and protein kinase C (PKC)Gbapter 1, Section 1.6)1
These, inturn, induce phosphorylation of target proteins culminating in
cytoskeletal rearrangement and transmigratioimhof and Aurranelions,
2004). In order to investigate GP@Roximate signalling in response to CCL2,
monocyte subpopulations were analysed for intracellular calcium flux (Cali])
by a flow cytometric method described iGhapter 2 A series of such

experimens was performed with PBMGram a total of 4 healthy adut

Examples of the calcium flux kinetics in response to CCL2 for Classital, DR
DR' and NonClassical monocytes are illustratedriigure 5.1 A and Bvith the
dashed line representing Cali] in response to ionomycipoitive control for

prolonged alcium release from the ER). As shown, ionomycin provoked a
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strong, protracted increase in Cali] in all monocyte subsets. However, only
Classical and DR Intermediate monocytes demonstrated a significant peak in
Ca[i] inresponse to CCL2 which then gradually declined to baseline over
approximately 120 seconds. When expressed as an index (calculated as
described inChapter 2, the values for CClifduced Cali] for the full dataset
from 3 separate experiments were signifitigrhigher than carrieonly control
values for Classical and ™RIntermediate monocytes but not for DR
Intermediate and Noftlassical monocytesFigure 5.1 AC). Comparing CCLE2
induced Cali] across the four monocyte sudipulations, Classical monoegt
displayed the highest value (1.9+0.1), followed by™BR1.6+0.06), DR
(1.2+£0.07) and Noflassical (1.1+0.03) monocytes (Figure 5.1D). In contrast,
after loading with Fluet calcium indicator, Noflassical monocytes displayed
the highest baselineldorescenceKigure 5.1 E Thus, despite similar surface
expression of CCR2, Rintermediate monocytes had lower CGhaAuced

Ca/i] than Classical monocytes.
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Figure 51 CCL2nduced Ca]i] in human monocyte stopulations.

Intracellular calcium flux was measured in réale by flow cytometry in PBMCs
loaded with Flued. (A) Timecourse of Ca]i] in Classical (black) and'DRtermediate
(red) monocytes in response to CCLR). Timecourse of Ca][i] in DRintermediate
(blue) and NorClassical (green) monocytes. The dashed lines represent total
monocyte Cali] in response to ionomycin (positive contr@@. Indices of Ca]i] in
monocyte sukpopulations induced by ionomycin, carrier or CQ}.Comparison of
CCLanduced Indices Cali] among the four monocytes -pobulations. (B
Comparison of baseline Ca[i] among fbar monocytes sulpopulations, presented as
box plots: Box limits = upper and lower interquartile range, median line = median,
whiskers represnt smallest and largest values that are not outlierkegend:
Classical,M) DR™, H) DR, (NQ NonClassical monocytefata derived from n = 4
healthy adult PBMC samples. Data presented as mean + standard devV@tiGand

D. Statistical comp@sons performed using twsided paired t tes ns = p>0.05, * =
p<0.05; ** =p<0.01; *** = p<0.001.
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Attenuated CCL2nduced Factin polymerization in DR intermediate
monocytes 5.3.2

As shown inChapter 2and previously reported by others, CCL2 induces
transmigration of CCR2nonocytes through endothelial monolayef§hiesen

et al., 2014 Krankel et al., 20D1 Transmigration is initiated after CCL2 binding
to one or more GPCRs on the monocyte cell surface and the resulting
intracellular signalling triggers cytoskeletal-agangement, cell polarisation
and polymerisation of filamentous actin -@€tin) toward the chemokine

gradient(Imhof and AurraneLions, 200%

Factin polymerisation induced by CCL2 was separately quantified in the four
defined monocyte supopulations within freshly isolated heaitradult PBMCs
using a previously described method combined with surface marker staining
and adapted for flow cytometryfHu et al., 2008 As described in detail in
Chapter 2 aliquotsof PBMCs were stimulated with CCL2 for 0, 15, 30, 60 and
120 seconds before fixation and staining with phallo#imC.

Figure 5.2 Aillustrates a representative example of the response for each
monocyte sukpopulation with CCLihduced Factin polymerisation expressed

as a percentage increase over the fluorescence value for unstimulated cells.
Figure 5.2 Bsummarises the combined relésl for a series of such assays
carried out on PBMCs from a total of 3 healthy volunteers. As shown, peaks in
Factin polymerisation of variable magnitude occurred in Classical
(125.3+3.5%), DE Intermediate (118.6+3.2%), and DRIntermediate
(110.6+8.06) at 15 seconds after CCL2 stimulation, with -Rtassical
monocytes showing no increase ira&tin polymerisation (95.41+4.405%). In
addition, however, Classical monocytes also exhibited significantly prolonged
Factin polymerisation when compared withR¥® and DR Intermediate
monocytes (p=0.02 and p=0.0008 respectively at 120 seconds after CCL2
stimulation) Figure 5.2 L
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Figure 5. 2 CCL2 induced -&ctin polymerisation in monocyte sub

populations.
Factin polymerisation of monocyte subsets was measured at 0, 15, 30, 60 and 120

seconds after addition of CCL2 or carrier alone. Phall$itiii€ fluorescence at each
time-point was expressed as % of the unstimulated control sample for the same time
point. (A) Gregphical representation of the datéor PBMCs from one representative
donor. @B) Graphical representation of the data for PBMCs from three individual
donors. O Comparison of HActin polymerisation quantitation at 120 seconds after
addtion CCL2 for Classic@,(DF?1id Intermediate M), DR' Interemdiate @) and Non
ClassicalNQ monocytesData derived from n = 3 healthy adult PBMC samples. Data
presented as mean * standard deviati®tatistical comparisons performed using two
sided paired t test. ns = p>0.05, * = p<0.95r p<0.01; *** = p<0.001.
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Expression of mMRNA for RGS protein in primary human monoc&s3

As described previously, RGS proteins regulate the duratiosigyfalling
following binding of a chemokine (or other ligand) to its cognate GPCR. Thus,
we hypothesised that differential expression of one or more RGS proteins in
the monocyte sukpopulations may account for their variable migration
characteristics; in particular, the attenuated CCli2duced transmigration of

CCR2DR" and CCR%? DR' monocytes compared to Classical monocytes.

A literature review indicated that RGS1, 2, 312, 16, and 18 were potential
regulators of Gorotein signallingoresentin monocyte/macrophageéShi et al.,

2004, Deneckeet al., 1999 Suurvali et al., 2019ran et al., 2010Yuan et al.,

2015. A RIPCR screen was, therefore, performed to determine their
expression in a CDXénriched monocyte preparation. Results of this analysis,
shown inFigure 5.3 indicated that freshly isolated, resting CDIdonocytes

do not express RGS3, 4 and 16, express RGS1 and 18 at low levels and express

RGS2 and 12 at higher levels.

1 kb
Ladder 1 2 3 4 5 6 7 8 9

Figure 53 RTPCR of RGS protein transcripts in CDih#nocytes

A SybrGreenstained agarose gel is showrnth amplified bands for candidate RGS
gene and housekeeping gene mRNAs from PCR reactions using cDNA from healthy
adult CD14 monocytes. Land: RGS1 (460bp), La®e RGS2 (590bp), Lase RGS3
(1300bp), Land: RGS4 (590bp), LaBeRGS12 (710bp), LaBeRGS16 (540bp), Lane

7: RGS18 (708bp), Lar® HPRT (867bp), Lar@ NoRT control. The result is
representative of three separate experiments carried out with samples &eperate
donors.
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Purification of individual monocytes suipopulations5.3.4

With the PCR screen for RGS genes in CBibfocytes having reduced the

initial RGS gene candidates to just four (RGS1, 2, 12 and 18), we next sought to

guantify mRNA levels of these genes within the individual monocyte sub

populations using qRPCR. To achievihis, however, it was necessary to

develop a method to enrich monocytes from PBMC preparations prior to full

purification by FACS. An important consideration was the requirement to

preserve all four defined supopulations and to maintain them in an

unacivated state. The two methods assessed were counter current centrifugal

StdziNAFGA2Y ONBFSNNBR (2 -avallablértoudhi NA | A2y &0 FyR |

magnetic bead isolation kit (s€ghapter 2for methodological details).

As shown irFigure 5.4 elutriation with collection and flow cytometric analysis
of 14 individual fractions, effectively depleted lymphocytes during higher
speed centrifugation (2702000 rpm) resulting in enrichment of monocytes
from a baseline of approximately 5% of to an ageraf 70% of the total cells

retrieved from the lowesspeed fractions (1860 rpm).

100 -~ Lymphocyte %
—= 80+ -= Monocyte %
o 60+ ___Unsorted
404 Monocyte %
==

T T T T T T T T
0 300 600 900 1200 1500 1800 2100 2400
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Figure 54 Elutriation enriches monocytes from PBMC
The percentages of monocytes and lymphocytes within 14 individual elutriation

fractionscollected during deceleration from 2700 to 0 rpm are shown graphically. Data
derived from n = 3 healthy adult PBMC samples. Data presented as mean * standard
deviation.
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By staining each fraction with a-eblour panel to identify individual sub
populations we also observed that their elutriation profiles were distinctive
and were in keeping with their respective morphological characteristics (see
Chapter 3, Figure 3)6 As shown irFigure 5.5 (AD), the smallersized Non
Classical and DRntermediate momcytes peaked in their frequency earlier in
the deceleration process (1800 and 2000rpm respectively) compared to the
larger Classical and BRIntermediate sukpopulations (600rpm and 1200

1800rpm respectively).
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Figure 55 Monocyte subpopulationelutriation profiles.

The percentages of the four individual monocytes -palpulations and within 14
individual elutriation fractions collected during deceleration from 2700 to O rpm are
shown graphicayl along with their baseline frequencies in the unsorted PBMC
samples. &) ClassicalR) DR™ Intermediate (C) DR' Intermediate (D) Nonrclassical
monocytes.. Data derived from n = 3 healthy adult PBMC samples. Data presented as

mean * standard deviation.

We also evaluated whether the elutriation process resulted in activation or
unresponsiveness of the enriched monocytes. Equal numbers of elutriated
monocytes and norelutriated PBMCs were cultured in the presence or

absence of LPS and the supernatants were analysed by ELISAfor TNRfF R L [
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10. As shown inFigures 5.6A and BTNF
unstimulated PBMCs and elutriatienriched monocyte were comparably
low. Additionally,
monocytes produced significantly higher TNF | V1R lexelg following LPS
stimulation. The higher TN& and lower IEL0 production of the samples
generated by elutation was in keeping with enrichment of monocytes in
comparison to unfractionated PBMCs. Viability of elutriated cells was not

adversely affected by the separation process, as evidenced by 99.4% viability

| y-RO pioduction by

both notelutriated PBMCs and elutriatieenriched

within the monocyte and lymphocyte gates padttriation (Figure 5.6 €
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Figure 56 Monocyte activation and viabity post-elutriation

Graphical representation of the results of ELISAs for-TNRodand IL10 B) of
supernatants from unstimulated and L-BSnulatedcultures of norelutriated PBMCs
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stimulated with 5 ng/ml LPS for 8 hrs (FalFand 16 hrsi(-10). C. Representative

example of viability analysis of peslutriation monocyteenriched fraction by flow

cytometry using viability dye Sytox Blue®. Data derived from n = 1 healthy adult PBMC

samples. Three technical replicates were carried out for each conditioh) iand 8).

Data presented as mean + standard deviation.

Monocyte enrichment was also evaluated using a commercial niegne

activated cell sorting (MAG8ased enrichment kit which was applied to
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freshly isolated PBMCs from healthy adult volunteers according to the

YI ydzF I OG dzZNB ND & LINEhapke22Aithougli it vasSex@ddgd 0 S R

that this approach would provide equal enrichment of all four defined-sub
populations, in our hands the kit resulted in specific depletion of th& DR
Intermediate subpopulation. Adllustratedin Figure 5.7 when the monocy
sub-population proportionswithin the enriched fraction werecompared by
flow cytometry with those of the prenrichment PBMC sampla decrease in
the percentage of DFf Intermediate monocyteswvas observed Oveall a
reduction of DR Intermediate momcytes from5.5+1.2% to 2.9+1.9%&=3)
was observed, althougtihe decreasefollowing 3 enrichmentswas not
statistically significant Classical (usorted 75.2+6.5% vs sorted 83.1+1.9%),
DR' Intermediate (ursorted 2.1+0.7% vs sorted 1.9+0.6%) and Htmsical
(un-sorted 3.6+0.3% vs sorted 5.2+0.8%l) n=3)monocyte proportions were

not similarly affected by the MACs enrichment procédgure 5.7A).
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Figure 5.7 Depletion of DR monocytes after enriching for monocytes with
MACSs 'netouch’ sorting kit.

Representative HLA.DR vs CD16mot showing a decreased pR™ with Yyip2 dzOK Q
monocyte enrichmentkit (6.02% before to 3.36% after enrichmgntPlot is
representative obne ofa total of three MACS enrichments performed
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Taking all of these results into accouihtwas decided not to persist with
further MACSbased enrichments and thelutriation was chosen as the
preferred monocyte preenrichment method prior to FAQSurification of the

four defined monayte subpopulations.

Purification of individual monocytes supopulations by FACS and

comparison of RGS protein mRNA expressifi.5

Elutriationenriched monocytes were then purified into the individual
monocyte subsets from freshigolated PBMCs of healthy adult volunteers

using FACS and mRNA levels for RGS 1, 2, 12 , 18, FCGR3B (CD16) and the
housekeeping gene GAPDH were assessetgugRTPCR as described in
Chapter 2 In total, 8 individual sorts were performed using RBMfrom

different volunteers.

Initially, because of the low amounts of total RNA retrieved from the less
frequent Intermediate and Noflassical subpopulations, aMB titration was
completed to determine the minimum amount of template required to achieve
sufficient amplification of target genes for quantification of the target mRNAs.

For this optimisation step, RNA was prepared from a Mi&a@l&ted whole
monocyte prgaration and serial dilutions (from 5 to 0.0005 ng) of the
resulting cDNA were subjected to gPCR for GAPDH, FCGR3B, RGS1, RGS2,
RGS12 and RGS1 as describe@hapter 2 The results of this titration are

shown inFigure 5.8

A 100 efficient PCR should fegoefficient of determination of 1 with a ten

fold increase in gene expression represented by 3.32 cycles. A showr? the R
values the various targets wered)(GAPDH (0.9999B)(FCGR3B (0.9978)) (
RGS1 (0.9927)D) RGS2 (0.9968F)(RGS17) and ) RGS18 (0.9938). These

suggested a high PCR efficiency and absence of any inhibition.

Based on the amplification thresholdsr®alues for the individual targets at
the different dilutions, the minimum amount of cDNA required to quantify all

targets insamples of monocytelerived RNA was determined to be 2 ng. This
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selected minimum amount was primarily influenced by the lowasiindance
transcript RGS1#r which the @values at 5 ng and 0.5 ng were approximately
33 and 36 respectivelfigure 5.8.
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Figure 58 Titration of cDNA for gR-PCR of eight target genes
Titration of cDNA to determine the minimum amount of template required to detect a

signal for each target gene. Data represents Ct valuesRFELR reactionacross a
five-point tenfold dilution of cDNA template derived from a single purified total
monocyte preparation. Dilutions (in ng of cDNA) were: 5 ng (0), 0.8.hdd(05 ng-R),
0.005 ng{3) and 0.0005 ng4).

Monocytes were purified into the indidual substs using FAC®\ total of 7
individual sorts were performed. For 5 of these, it was possible to quantify all
target MRNAs from all 4 defined monocyte qudpulations. For an additional

2, it was possible to quantify all targets from Classical BR" Intermediate
only. For each set of sorted monocytes, quantification of the target mRNAs in

each sukpopulation was calculated by the 3“" method with normalisation
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to GAPDH and expressed relative to the value for the Classical monocyte
sample.The results of these analyses are summariseéigure 5.9for: (A)
RGS1R) RGS2Q) RGS12[)) RGS18 andEY FCG3RB.

A RGS1 B RGS2
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Figure 59 Results of gR'PCR from FAQ&urified monocyte subpopulations
Relative mRNA quantities ipurified monocytes sulpopulations from 57 healthy

adult PBMC samples foAYRGS1B) RGS2q) RGS120) RGS18H FCG3RB (CD16).

GAPDH was used for normalisation and Classical monocytes as the reference sample
with quantification by the 2P method. Legend: @ ClassicalM) DRmid, ) DRhi,

(NQ NonClassical monocytedData derived from n= (RGS1 C, M nH&=5, NC n=4)

(RGS2 C, M n=6, H, NC n=5) (RGS12 C, M n=6, H n=5, NC n=3) (RGS18 C, M n=6, H, NC
n=5), (FCG3RB, M n=8,H, NC n=5)Erra bars represent mean + SD. Statistical
comparisons performed using twsided paired t test* = p<0.05; ** =p<0.01; *** =

p<0.001.

The results for FCG3RB (CD16) provided confirmation of sort purity of the
individual subpopulations with DR Intermediae, DR’ Intermediate and

Nonclassical having sequentially higher expression relative to the (CD16
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Classical monocyte$he mRNA levels of FCG3RB reflect the cell surface CD16

expression on the sorted monocyte subsdtgg(re 5.9

The results foRGS protein transcripts also demonstrated multiple differences
among the monocyte supopulations including two RGS protein transcripts
RGS1 and RG®2which were significantly more highly expressed by"bR
Intermediate than Classical monocytes (1.66%0and 1.36+0.34 respectively

for DR™ Intermediate relative to Classical). In the case of RGS1, the expression
level was further increased in the BRintermediate sukpopulation
(4.10+2.54) then reduced again in the N@assicakubset(2.28+2.03). Irthe

case of RGS2, there was no further increase il BRrmediate and Non

Jassical compared to R Intermediate.

For the two other RGS protein transcripts analysed, there was no significant
difference between Classical and T™Rntermediate monocys. However,
both demonstrated highest expression in "'DRtermediate monocytes with
the result for RGS12 (13.64+5.92) being statistically significantly different to all

other subpopulations.

From these analyses it was concludidt: (@) Intermediate ad NonCassical
monocyte sukpopulations exhibited a general trend of increased expression of
RGS proteins previously reported to be associated with regulation of
chemokine receptor signalling.b)( More specifically, D¥ Intermediate
monocytes express finer levels of MRNA for RGS1 and R@E®#h of which,

as discussed below, may be implicated in responsiveness to CCR2 ligands such
as CCL2.c( The DR Intermediate sukpopulation demonstrated highest
expression of 3 of the 4 selected RGS proteins at AniRMel with significant
differences to both DF¥ Intermediate and Nostlassical monocytes for some
of these. Although preliminary in nature, this novel finding appears compatible
with a distinct functional profile for this monocyte subpopulation in rejty
chemokineinduced transmigration and, potentially, other GPR@€Rulated

processes.
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Discussion 5.4

In this chapter, we have presented experimental results directed toward better
understanding whyDR"™ and DR Intermediate monocytes trasmigrae at a

low rate to CCLR depsite their respective CCR2 and CCR? phenotypes
Having observed blunted CCio2luced transmigration (including
transendothelial migration) inChapter 4 we soufpt to quantify the
intracellular responses in the Intermediate subsets that occur initially after
QCL2 binding to CCR2 andich culminate ircytoskeletal rearrangement and
transmigration. Théwo suchA y 1 NI OSf f dzf  NJ NBalLlRyaSa
GAYSé |yl f@&aha uayf mdngcyitds Géreeledshoy calsim K
from the ERand, further downstream, the plymerisation of Factin.
Additionally, we assessed the role regulator ofpi@tein signalling (RGS)
proteins may play in the attenuated transmigratory response df'‘tid R"
Intermediate subsetdy profiling expression of candidate famihyembers at

RNA level in highly purified sydfmpulations

With the use of gqRPCR, we sought to determine the presence of RGS1, 2, 12
and 18 in the monocyte subsetmterestingly, our reults indicatethat there

are higher mRNA levels for RGS1 in both™bRnd DR Intermediate
monocyte subsets whenompared to Classical monocyteRGS1 is well
described as negative regulatorof transmigration in a range of immune cells.
It was thefocus of a recent tsidy by Patel et al., in which the authors
demonstrated that RGS1 negatively regulates @@ikedtransmigration of
monocytes, resulting in decread monocyteaccumulation in atherosclerotic
lesions (Patel et al., 201p In this study, mnocyte accumulation in
atherosclerotic lesions was abrogated in RG8ficeand this observationwas
attributed to increased chemokinmducedsignalling in the absence of RGS1
(Patel et al., 2016 Ttus, the higher mMRNA expression of RGS1 in the
Intermediate subsets may account foor contribute to their blunted
transmigraton toward CCL2 in comparison wi@lassical monocytes. Of the
Intermediate subsets, the DRubset displayethigher levels of RGS1 than the
DR"™ subset. The higher expression of RGS1 in tHédDBset maytherefore,
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also explain the lackf CCL2nduced calcium flux in this sygopulation as well

as their reduced transmigratiowhen compared to the D subset. However,

the differences in the CCl2duced transmigratoryresponsesof the two
Intermediate subpopulations could also be exhed by differences in CCR2
surface expression and differences in the strength of their adherence to

activated endothelium

We also found that RGS2 wakevated in the Itermediate subpopulations
compared to Classical monocytes. In contrast to RG&3 has not been
implicated inblunting chenokine receptor signalling and has been reported to
preferentially bind(i 2 D {pripteinDsubunits rather tharil KS Dh A & dzo dzy
which are predominantlgoupled with chemokine receptofPark et al., 2001
The physiologicatole of RGS2n monocytesis not clear, although some
studies have linked it to negative regulation of calcium oscillatidviang et
al., 2004 Semplicini et al., 2006and CCL2 productiofBoelte et al., 201)¢
both being of potential relewace to our experimental findings in this project.
Whether RGS2 impacts on Ca@hd@ucedGPCRignalling is unclear, but calcium
is essentialto many cell signalling pathways and regulation of calcium
oscillations is likely to exert a broad effect on othgmalling eventgVig and

Kinet, 2009ChaigneDelalande and Lenardo, 2014

Higher levels of RGS12 were specifically detected in th& DERrmediate
monocyte compared to the other three sydopulations To date,RGS12 has
been implicated in in vivosteoclast differentiation as mice that are genetically
deficient in RGS12 mice exhilmpaired osteoclast generatiofiYuan et al.,
2015. Additionally, RGS12 has been implicated koibnating nerve growth
factor (NGF) signalling through tropomyosin receptor kinase(TAA),
prolonging RafRkatMEKERK signallingWwillard et al., 2007. Notably, NGF
signalling through TrkA has been associated wsthstained survival of
monocytes and other immune cells, through the expression tbk anti-
apoptotic protein B-cell lymphoma 2 (B&2) (la Sala et al., 2000 It is
tempting, therefore,to speculate that RGS12 expression if' Ditermediate

monocytesreflects a maturing phenotype as cells undergoing maturation or
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differentiation often have enhancedanti-apoptotic mechanismg(Tardivel et

al., 2004. In future work, it would benterestingto assess cell surface levels of
the TrkA receptor BCE2 expression and response to papoptotic stimuli in

the monocyte subsetsot test this possibility Interestingly, in the study by
Wong et al.,, RGS12 expression was reported highest in the Intermediate
subset compared to Classical and Nolassical monocytgsVong et &, 201)
(supplemental data, table S3). This correlates with our observation that RGS12
mRNA expressioris specifically elevated in the DR subpopulation of

Intermediate monocytes.

Similarly, RGS18 was detected at the highest levels in tHes@iiFpopulation
The physiological role of RGS18 is unknown, but iiegerted to behighly
expressed in longand shortterm hematopoietic stem celland its expression
is decreased @the cells become more lineagemmitted (Park et al., 2001
With this in mind, it is unclear what function RGSt8y contribute to the
function DR Intermediate monocytes but itddlocumented expression in
hematpoietic progenitorsfits, at least loosely, with the concept that this

monocyte sukpopulation possessea distinct set of functional capabilities

The reduced CCLZnduced calcium flux inthe Intermediate subss is
indicative ofearly termination of Grotein mediated signals required to open
ion-gated chanels on the ERInd, as a resultattenuated calcium release into
the cytoplasm. The elevated level of RGS1 in the Intermediate monocytes
correlates with reduced CCliduced calcium releasealthough further
experiments would be required to prove this mechanistic.limka study by
Moratz et al., RGS1 B cells exhibited increased calcium signalling and
enhanced transmigration in response CXCL12 and CX@tdRz et al., 2004

This data suggests that the quantificatioh calcium release male directly
indicative of attenuated Gprotein signallingmediated by RGS1To our
knowledge, there is no published data on G@Id2iced calcium release in the
recently classified monocyte subsets. However, the ability of bulk human
monocytes to flux calcium in response to CCL2 is well establigheat al.,

2008 Fox et al., 2011
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But does decreasedatcium release contribute teeduced transmigratiorof
Intermediate monocyte supopulationsor is it simply just a refle@n of the
duration of Gprotein signalling? Chemokirieduced released calciurions

bind to protein kinase C (PKC) and*@almodulindependant protein kinase
(CaMkinases) whichliequire calcium binding in in order to become activated.
Activated PKC hdmen shown to be required for immune cell migration, and is
involved in phosphorylation of sevdrgroteins involved in controllinghe
morphology of the actin cytoskeletofharsson, 2006 In a study by Carnevale

et al.,, CCLanduced human monocyte migration was found to be hédgv
RSLISYRSYy(l 2y t Y/ (Camnelalé @wChathcart, 20D The Y/ i 0
CaMkinases have a broad range of cellular functiorguding regulation of

cell survival and activation of transcription fact¢6oderling, 1999 However,
inhibition of calmodulinhas been shown to abrogatehemokineinduced
migration of neutrophilk (Verploegen et al., 20Qzand lymphocyte (Matheny

et al., 2000. It is possibleif not likely, thereforethat reduced calcium release,
mediated by RGS1, directly contributes to a reduced transmigratory response
of the Intermediate monocytesubsets by limiting thectivaion of PKC and

calmodulin.

The reduced CCliduced Factin polymerisation that we observed ihe
Intermediate monocyte suipopulationsis also consistent with a role for RGS1
in blunting G-protein signalling Kigure 5.2. It is well recognised that CGL2
triggered G-protein signalling can inducBactin polymerization by activation
of phosphoinositide &inase (PI3K) signalling (via interaction with the G
LINE { S Asybunib) iwhich carthen activate members of the Rho family of
GTPases including Rheac ad Cdd2 (Curnock et al., 2002 These GTPases
are important regulators of actin cytoskeleton assembly/disassembly,
controlling the formation of filopodia and lamellipodia during migoati
(VicenteManzanares et al., 2009Additionally, as menticed above, PKC can
also assist in actioytoskeleton rearrangement by interacting with proteins
such as GAP43 which affect actin stabilisatitte et al., 199Y Early
termination of the Gprotein signal, by RGS1 for example, would result in

reducedPI3K signalling with downstream negative effects onabgvation of
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the Rho family ofGTPases and oactin assembly/disassemblfVicente
Manzanares et al., 2009In our experiments,tie DR and DR Intermediate
monocyte subpopulations exhibited trends toward Factin polymerisation
compared to Classical monocytes at the earlier time pointsafib 30 second
time points) and this became significantly lower at 120 seconben
migrating along a chemokine gradient, a cell is constantly
assembling/dassembling actin and redistributing adhesiordiating
integrins in the tail and leading edge of the cell. As it encounters more
chemokine ligand, more chavkine receptors are engagedgsulting in greater
intracellular signalling involving PKC, calmoduind PI3K, all of which are
required for cytoskletal rearrangement and migration. Despite the presence
of RGS1, our results have shown there is still a quantifiable response to CCL2
by the DR and DR monocytes ificludingin vitro transmigrationand Factin
polymerisation). Perhaps it is the scenario described above, byaaecell is
sensng CCL2 gradient, where RGS1 or other negative regulators of GPCR
signalling truly exert theieffects, with a culmination of attenuatt CCR2
signalling resultingni inefficient migration of the D and DR Intermediate
subsets.We believe that the low rates of CCin2luced transendothelial
migration we observed in freshigolated human Intermediate monocytes are
likely to be linked to recepteproximal terminaton of the intracellular signals
that mediate Factin polymerisation in one or both of the defined sub
populations. Nevertheless, additional experimental approaches would be

needed to formally prove this concept.
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Figure 5.10 Overview of attenuated GPCR signalling mediated by RGS
proteins
(1) MCP1 binds to the CCR2 receptor and thg®tein subunits dissociate. The free

Dh | yRdDidzyAidia FNBE GKSYy Ay@2ft SR AysuOStf &A:
complex activate$’hospholipase C (PLE&hosphoinositol 4,5 diphosphate (P1(4,5)P2;

PIP2) is hydrolyzed by activated PLC producing diaglycerol (DAG) and inositol 1,4,5
trisphosphate (IP3). (3) The latter binds to-R8ed C4'in the endoplasmic reticulum

(ER) membrane eellting in the release of &ainto the cytosol. (4) The released Ca

can activate Protein Kinase C (PKC). Releaszédn@y'l also bind to Calmodulin. Both

C&*bound Calmodulin and activated PKC can then phosphorylate target proteins that

promote actinpolymerisation resulting in polarisation and cell movement toward the

chemokine gradient. (5) However, if RGS proteins are present, they may bind to the
FOGAGIFGSR Dh adzodzyAld FyR AYyONBI a Sourdida Ay G NJ
GTP being replad with GDP, resulting inded 82 OA I G A2y 2 Subuditk S Dh |y
When the Gprotein subunits are associated, they can no longer be involved in
signalling. RGS proteins essentially result in early terminationmtin signalling,

resulting in decresed Cé&'release, activation of PKC and calmodulin.

While the results point toward a role of RGS1 in the inefficient @@h2ed
transmigration, there are other mechanisms which may be involved. The
expression of rotein receptor kinases (GRKSs), whitlediate chemokine
receptor desensitisation and intealisation, may also play an important role
As reported by othersincreased levels of GRK2 andh&y result inincreased
CCR2 receptor internalisation and blunted CibdRced chemotaxisin

monocyte/macophageqWu et al., 2012Aragay et al., 1998
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When working withhuman monocytes, the choice of isolation methaday
have a major impact on downstream applicationand on the final
interpretation of experimental resultsin our experience, a commerciaio-
touché magnetic beaebased kitfor enrichmentof monocytes from PBMCs
appeared to selectively depletthe DR Intermediate subpopulation from

the enriched moocyte population The reason for this is not clear (the
manufacturer does not provide a list of the depleting antibodies used in the
kit) but, in a broader sense, inadvertent loss or activation of specific monocyte
subpopulations associated with enrichment/purification pratees could
explaincurrentdiscremmncies in the literature. Faxample in widelycited the
studies ofWong et al. and Cros et aTNF"  LINR RdzO{ A 2t be s I &
highest in NorClassical anthtermediate monocytes respectivefyWong et al.,
2011, Cros et al., 2010 The study by Wong et al. relied amn initial
microbeadbased depletiormethod to remove CD56and CD15NK cells and
granulocytes, while Cros et.alsed no enrichment stepinstead relying on a
large panel of antibod® to achieve pure monocyte subsets during FACS
sorting(Cros et al., 201,0Nong et al., 201l Indeed, a recent studgssessing
the effects of FACS as well@ssitive and negative microbead isolation on the
effect of gene expressioin various immune cells, including monocytes,
indicated that both positive and negative nmgbead selection induced high
level expression of genes involvad stress compared to FAGBeliakova
Bethell et al., 201¢ Although this study didhot directly examine cytokine
production, it does serve to highlight theodifying effects that microbead
isolation canexert on monocytes. In the endye chose conter current
elutriation as our preferred enrichment method. This methiogls been used

by other recent studiesto enrich monocytes before FACSrting for
transcriptional analysis of the monocyte subséshmidl et al., 2004 While

the process is technically challenging, we have shown that the elutriation
process did not have a detrimental effect on monocytability or cytokine

production under eitheresting or stimulated conditions
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In summary of Chapter 5, we sought to assess the intracellular signalling
events shortly after CCL2 stimulation of tifeur defined monocyte sub
populations Quantification omRNAs foseleced RGS proteins therevealed
higher levels of RGS1 BR™ and DR’ Intermediates compared to Classical
monocytes RGSL1 is a well described negative regulafo&protein induced
chemotaxisand its expression has been directly shown to blunt CCL2 induced
transmigration in mouse myeloid cell§atel et al., 2016 and human
monocyte cell linegDenecke et al., 1999Intracellular quantification of CCL2
induced calcium release andaEtin polymerisation revealed these responses
were attenuated in the DI and DR Intermediate monocytes in comparison
to Classical monocytes. The wmgd calcium relese and Factin
polymerisation are likely theesut of early termination of CCLRduced G
protein signalling These phenomena are consistent with thiew
transendothelial migration rate of DR Intermediate subset compared to
Classicalmonocytes and may result partially or entirely from elevated
expression of one or more RGS proteisthe time of writing, to the best of
our knowledge, this is the firsstudy to specifically address mechanistic
underpinnings of the inefficient transmigration of human Intermediate
monocytes.Although less readily interpreted, the differential expression of
RGS2, RGS12 and RGS18 across the monocydeopuiations we have
studied also raises interesting questions about their responses to chen®kine

and other GPCR ligands.
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Chapter 6

Overall Discussion and Implications of the Result§ 6.
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Overall discussior®.1

The aim of this project was to investigate Intermediate monocyte
heterogenity. Based on previous work by our group, we propdbed the
Intermdiate monocyte subsetonsgsts of two distinct suipopulations based
on HLADR expression namely DR™ and DR subpopulations The daa
presented in this study arguenat the DR and DR Intermediate monocyte
subsets are distinct populatiortzased on the following observation§) Cell
surface expression of chemokine, integrin and selectin receptors are expressed
at significantly di#rent levels between the twdii) The DR® subpopuldion
appear more granularthan the DR’ sub-population (jii) DR intermediate
monocytes exihibt higher migratory rate toward CCL2 théweir DR'
counterparts (v) Adhesion of theDR™ sub-population to activatedprimary
endothelium is partialy inhikéd by blocking CD11a, whilleat of the DR sub-
population is not(v) The DR™ sub-population displays greater CClirtdduced
intracellular calcium release and filamentous actin polyisaion and i) the

DR' sub-populationhas significantly higher mRNevels of BS1 and RGS12

Little was known about the biological function of thesells at the time the
project was initiated We firstly, and importantly, ruled out the possipithat

the Intermediate sukpopulations might representt & EIAXSINEmMpHdytes

into the monocyte gatesHowever, a stringent flow cytometry gating strategy
indicated the Intermediate subsets were free from lymphocyte populations,
and addtionally, morphological analysis of thebsets following FACS revealed
characteristic maocytic nuclear morphology on all sorted cepisoviding
further evidence that these supopulations are bonafide monocytes.
Phenotyping for various cell surface receptors involved in chemotaxis and
endothelial adherence indicated thafor severafeceptors, the DR® and DR
sublJ2 Lddzf  GA2y & SELINB&aASR fHR@RhtEose DK |
Clasgal and NorClassical monocyte subsetlt has been suggested that
Intermediate monocytes may represent celisat are in the process of
maturing from Classical to Ne@lassicallnterstingly, in mouse modelg has

been elegantly demonstrated thaClassical (Ly6¢) monocytesmay mature
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directly to @Non-Classical(Ly6¢) monocytes. Ahough mice currently lack an
identifiable equivalent of he human Intermediate ubset, this fits with a
model whereby Intermediate monocytes repesent a stage in astepwise

transition from Clasical to NorClassical

This consideration raisethe question of howour proposed DR and DI
Intermediate subpopuations fit into such a stepwise progression model. At
present, we believe that our data are consistent with an hypothesis that some
Classsicamonocytes initially mature to or are stimulated toward thBR"™
Intermediate phenotpye within the bloodstreamnd that these Intermediate
monocytes subsequentfurther mature/differentiateto DR’ Intermediateand

then to NonClassical monocytes. Thus,is tempting to suggesthat DR™
Intermediate moncytes represent an activated form of Claakcblood
monocytes. In keeping with this, Classical and"DiRtermediate monocytes
display similar levels of many cell surface receptors. In fact, we found no
specificcell surface receptor which coulgadily distinguish these two apart
from CD16 itself. If thetransition from Classical to PR Interemdiate
phenotype were accelerated by scavenging of modified lipoproteins or other
diet-related factors, this couldexpkin why the latter sukpopulation is
specificallyexpandedin obesity. In this regard, arinitial pilot experiment
assessing the influence of a high fat meal on blood monocyte proporitioas
healthy adultrevealed a direct expansion of the BRsub-population3 hours
after ingestion(see Appendix 4. This correlates with data generated by our
group implicating the DR subset as an avid scavenger of lipid in vitro. On the
other hand,in further preliminary work,high levels of transcription factors
implicated in NorClassical monocyte devleopment, namely PU.1, Nurrl and
Nurr77 in the DRmonocyes may suggest these couidK S G NHzS WLy (i S NXY
subset in transition to NoiClassical monocytes (se¥ppendix 5. The DR
Intermediate and NofClassical supopulationsalso share similar expression
of cell surface receptors. Addtionally, we obesrvéghhevels of RGS12, which
has been implicateth maturation and differentiatiorn other myeloidderived
cellsand may be involved in geration of antiapoptotic signalsin the DR

sub-population Addtionally, monocytes are known to migrate to tissuseda
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under various stimuli, adopt either a macrophage or dendritic like cell
phenotype and carry out mcarophage and DC functions. It is possible that the
Intermediate substets may represent monocytes adopting a macrophage or DC
like phenotype. For examplesell surface phenotyping of BRmonocytes
revealed high expression @D11c, a marker expressed on human myeloid DCs
(Kelly et al., 2014 The DR subset was found to have high cell surface levels
of macrophage antigefh (MAG1), which may reflect a macrophage Hke
phenotype. However, further experimental evidence is required to determine

the macrophageDC like plasticity of the Intermediate monocyte subsets.

Intermediate human monocytetiave been shown to migrate poorly toward
chemokine gradients irseveral studiegKrankel et al., 2011Thiesen et al.,
2014, but to our knowledge, no study has delved deeper intorttechanisms
underlying thisreduced transmigration. In keeping with prior reports, our
results indicatea reduced migratory role, via blunted chemokine signalling
the Intermedate subpopulations with associated aggulation of mRNA for
multiple RGS proteindncreased expregsn of RGS1in particular is likely to
result in reducedchemotaxisto CCL2. This mechanism could functiodimit
the egress of D and DR Intermediate monogtes from the intravascular
compartment, thus promoting ongoingnaturation of a subpopulationof
Y2y20@80Sa (2 ¢ NeRClabsical pdbndtyp® £ A y 3 £

Regulation of RGS1 has been linked to certain inflammatory stimuli,
particularly its upregulation in atheroscelrotic lesidPatel et al., 2016 Based

2y 2dzNJ ANR dzLIQ& LINBDA2dza 2060aSNDL GAZ2Yya
diabetes it will be of high ingrest to test whether scavenging of modifed
lipoproteins or exposure to specific inflammatory stimuli result in Classical
monocyte upregulation oRGSXknd blunting of chemotactic responses similar

to the observed phenotypefdR"™ Intermediate monocytes in this project. It

could also be informative to more directly compare "SRntermediate
monocytes in the circulation with lipithden RGSZExpressing monocytes in
atherosclerotic lesionsFurthermore, it remains to be clearly determined

whether the DR™ subpopulation represents a more potent producer than
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Classical monocytes alytokines after encountering stimuli in the cirulation. In
this scenario, upregulation of RGS proteins and.epbally, other negative
regulators of GPCR signalling may be importamtpreventing unwanted

migration of an activated cytokinproducingblood cellsto the tissues.

Alternatively, as proposed by Collison et tile increagd adherence o NFa-
producirg Intermediate monocytes to endothelium might allow precise
delivery of cytokines to areas of localised endothelial inj@xos et al., 2010
(Collison et al., 2005Based on our own resujtiigh capacity for endothelial
adherence mayspecifically play a role in the retention of Intermediate
monocytes, f particular DR Intermediates, in the circulation. We ebrved
strong adherence of thissub-population to both resting and inflamed
endothelium in vitro. Unlike Classical and"®Rtermediate monocytes, static
endothelial adherence of DRntermediates was not disrupted by addition of

anti-CD11a neutralising antibody.

It has been extensively documentethat Intermediate monocytes are

expanded in a range of diseases. Istadyby Koch et al, the authors observed

increased CDIED14Y 2y 208 GSa Ay GKS I YAYlF LINELRA
disease patints with high disease activignd they rasoned that the these

cells were entering inflamed tissue and driving inflammati¢ioch et al.,

2010. However, isolated CDI®14 monocytes were found to be poor

migrators through intestinkendothelial cells, in keeping with our results. As an
alternative explanation, therefore,t iwas suggested that highly migratory

CD16 Classical monocytes were enteritige inflamed tissuetransitioningto

an Intermediateft A {1 S LIKSy2GeLJS | yR (bR yinto a NE@SN
circulation, resulting in an apparentexpansion of Intenediate blood

monocytes. This model wherebglassical monocyseswitch to a CD16
Intermediate phenotype followig migration into inflamedtissue provides a

potentially interesting interpretation of our own results in healthy and obese

adults as abdominal/visceral adipose tissue has been shown to be a significant

site of chronic inflammation in metabolically unhealttobese individuals.

Whether such transition were to occur in the bloodstream or following
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Classical monocytes migration into inflamed peripheral tissues, we belive that
that the DR™ sub-population is likely tarepresentan activated form of the
Classick monocyte and, as suchmay be a useful biomarkeof chronic
inflammatory disorders and risk for metabolic and cardiovascular disease
complications. It would also be fascinating to test the hypothesis that
Intermediate monocytes, and PR Intermediates in particularmay be
imprinted with a dstnict genetic signare confeed by the tissue inflammation

that they encountered.

The development of therapeutic agents that target RGS proteins and their

upregulation in monocyte supopulationscould be of interest for modulating

disease associated with altered monocyte repertoire and migration. For

examplejn/ N2 Ky Qad RAAaASIFaSs NBRdzOGA2Yy Ay (GKS Oeof Ay13
of the intestine may decrease monocyteediated tissudnflammation.In this

regarc Ly (i SNF @FNROWhichis usd to treat multiple sclerosis a

disease drive by migration of immune effector cells into the central nervous

system,has been shown to induce RGS1 expression in PBMCs, particularly

monocytes This &ect has beenproposedas amechanisim of actiofor IFNi

in reducing monocytenediated inflammatiorin the brain(Tran et al., 2010

The evidence presented in this thesigms contibuted novel insights into the
phenotypes of multiple monocyte sytopulations in the circulation during
health and reveals potentially important features of the regulatiof
chemokineinduced migration of Intermdiate human monocytesOur results
pertaining to the adothelial adherence of the Intermediate monocytes is
consistent with a recetly published studZollison et al., 20)5and builds
toward a clearer understanding of the range of functional effects of
Intermediate monocytes within the circulation during healthdadiseaseMost
importantly, we have builupon previous work by our grouf@ demonstrate
that Intermediate human monocytes represent a heterogeneous population
consisting of two distinct supopulations DR™ and DR. We have confirmed
their status asbona fide monocytes with many similarities but also with

distinct phenotypic and functional difference®/e propose a model whelbg
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the DR sub-populationrepresents an activatecbfm of Classical monocytes
while the DR' subpopulation represents a trueWA y (i SN S RRIK Sy 2 (i & LIS
potentially in transition to the fully-Y I G dzZNB & LI (-GladicalA y 3 ¢

monocyte
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Future Directions.2

There are a number of experimental investigations which we did not have
adequate time toaddress in this study. Thus far, we have only documented
elevated mRNA levelsr specific RGS prdtes in the defined monocyte sub
populations and confirmation of ovaxpression in Intermediate monocytes

the protein level will be important. Furthermne, it could bevery informative

to overexpress odeplete RGS1 in human monocytes to determine whether
such interventions mediate predicted effects on C@idRiced transmigration
Additionally, it would be interesting to assess mRNA levels for R@&Eaher
RGS proteini the monocyte sufpopulations after various stimuli as thigs

not yet been reported in the literature

A feature of Intermediate monocytes may be thestrong inflammatory
cytokine production but this hagaried amongreported studies(Thiesen et al.,
2014, Wong et al., 2011Cros et al., 2010 This variation may be explainéd

part by heterogeneity amontntermediate monocytes. Thereforé would be

of great interest to comparéhe cytokine responses of the Rand DR sub-
populations following exposuré various inflammatory stimuli. In fact, ev
made several a#mpts at stimulating FAG&rified DR™ and DR
Intermediate monocytes with the TLR4 agonist LP8weder, in these
experiments,the sorted cells were poorlyesponsiveto LPS producing low
amounts of NFEh Fa RSUSNNYAYSR o0& 9[L{!®
responsiveness of rare monocyte subpopulations is negatively affected by the
sorting process, but, wk to timeand resource constraints we did not persist
with this line of investigation. Nevertheleswjith further optimisation an
approach to individually profiling the inflammatory responses of the two

Intermediate monocyte sulpopulations should be feasible and revealing

As described above, we have recently gated preliminary data indicating
that mRNA levels of transcription factoi®U.1, Nurrl, Nurr77/may differ
among the four defined monocyte supopulations. Clearly, analysis of a

greaternumber of sorted monocyte samples and confirmation at protein level
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will be required to determine whether this observation is valid. However, we
believe that further profiling of gnth factor and differentiationrdependent
gene products inthe DR Intermediate in particular may help to better
understand their relationshipwith Non-Classical monocytes and their

functional distinctions from Classical andTRtermediate monocytes

In regard to the in vivo dynamics and functions of the individual monocyte
subpopulations, the use dfumanised mice, such as NOD/SCID/I!*®mice
engrafted with CD34cord blood hematopoietic stem cellsave been shown

to support the development of functional myeloid subsg®anaka et al.,
2012. Using these mice it may be possible to track the development of
monocytes subsets iname marrow, blood and tissue. Qaad with models of
inflammatory disease, thimay prove to be the best technological approach
for advancing knowledge of human monogte  kinetics and

activation/maturation pathways in health and disease

From a clinical view, it would be desirable to pbegpe the DR® and DR
subsets in the context of a broader range mtiysiological conditions and
inflammatory disordersinitially, it would be of interesto determine whether
DR"™ expanson predominantly accounts for theroportionate increases in
Intermediate monocyte expasion reported for various disease statgSur
preliminary experiment indicating that the BIntermediate subpopulation
rapidly expands in the blood in a healthy person after a high fat meal is in
keeping with a direct relationsp between Classical and BRintermediate
monocytes and provides a striking example of the influence of unhealthy diet
on cells of the innate immune system. Clearly it will be of interest to more

carefully study this phenomenon and its implications fealth.

Having completed this projectve feelthat additional experiments are needed
to make definitive conclusions regarding the nature of "®Rand DR
Intermediate monocytes Rather than ch&nging the currentclassification
system, our work perhapsdaances the emerging concept of heterogeneity
among Intermediate monocytesWe hope tlt this body of workwill

contribute to future studies and discoveries of human monocyte biology.
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Appendix1l: Antibodies and Reagents

All antibodies usetvere targeted against cell surface receptors.

Appendix Table 11 Antibody information

Vol.o >
Fluorochrome Clone Vendor Code / 5x10°
celly
FITC
CD16 Clone 3G8 BD Biosciences | 555406 2
PE
CD45 HI30 BD Biosciences | 555483 25
HLA.DR TU36 BD Biosciences | 555561 2
CDl1c B-ly6 BD Biosciences | 555392 3
CD114/GMCSF | LMM741 Miltenyi 130-097-309 5
CD162/PSGL KPEL BD Biosciences | 556055 5
CD115/CSER 12-3A31 B10 | eBioscience 12-115942 5
CCR5 eBioT21/8 eBioscience 12-1957-42
CD33 HIM3-4 Immunotools 21270334 5
CD31 MEM-05 Immunotools 21270314 2
CD49d BU49 Immunotools 21488494 5
CD11b MEM-174 Immunotools 21279114 5
CD18 MEM-48 Immunotools 21270184 5
CXCR4 12G5 eBioscience 12-999942 5
CD106 (VCANI) | STA eBioscience 12-106942 25
PerCP Cy5.5
CD14 | TUK4 | Miltenyi | 130094969 15
PeCy7
CD45 | | BD Biosciences | 557748 25
APC
CD45 HI30 BD Biosciences | 555485 25
CXCR 2A91 eBioscience 17-609942 2
CCR6 R6H1 eBioscience 17-196941 5
CD1l11a MEM-25 Immunotools 21270116 5
CD54 (ICAM) 1H4 Immunotools 2127946 2.5
CcD62L LTTD180 Immunotools 21279626 25
CCR2 REA264 Miltenyi 130103830 10
APC H7
HLADR G466 BD Biosciences | 561358 2
BV421/Pacific Blue

CD56 NCAM16.2 BD Biosciences | 562751 2
BV450/Brilliant
Violet
CD16 eBioCB16 eBioscience 48016842 2

152




Appendix Table 12 Reagents

Item Description Vendor Code
Count Bright Beads for Flow Life Technologies | C36950
Cytometry
Sytox Red LifeTechnologies | S34859
Flow cytometry compensation Life Technologies | A-10344
beads
Fluo4 probe Invitrogen F14201
CD14 microbeads Miltenyi 130050-201
Panmonocyte Microbeads Miltenyi 130-096-537
RevertAid First Strand ¢DNA | 0 1o scientific | K1632
Synthesis Kit
RNeasy Micro RNA isolation k| Qiagen 74004
Phalloidin FITC SigmaAldrich P5282.1MG
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d for PCR and

Imers use

Additional data on pr

Appendix 2
gRTFPCR

PCR primers data she& 1

Batch#  [Oligo Name Oligo # _vm__-_uE Scale (MW  |Tm* [ug/OJOD |ug  |nmol mvmmﬁjqw Dimef 2ndry OO*_AEB&_,F Sequence(5-3)
HA07343611|RGS1 Fud sotee2sz0-0000127 [osT [o02s Jeore [eas[a1s [162 [stss[ear [ose [No [Moderate [s81 Jeor  [accrascarcraraatcecacareras
HAO7343612|RaS Rev soteeaszo00000f21 [osT 0025 Jesar les2]aae [174 [sest [or7 [res2 [No [svong [s23 Jerr  |escrammsceracacarcar
HAOT43613]RGS2 Fi sotes2e3a0000030)21 JosT Jooos Jessa [113]s10 [172 [saas [sae [aors [ves [none  Jots Jozs [ersacccarsarcascaccac
HAD7343614|RGS2 Rev soteecsz000004ef2r [osT [o02s Jest7 [eso31s [136 Janas [ess Jooas [no [weak  [s23 ess  [mascatarcacreroreoren
HADT43615RGS4 Fid s016520360-000050[21 [DsT 0025 [ss69 [113|340 [134 [ass7 |04 102 [No [none  [or9 Jros  [ocooserrerracrranans
HAD7343616|RGS4 Rev sotee2ee0000060f21 [osT {0025 Jesta |09 a0s [154 [aess|rre Jorar [No [weak 19 Jr1e  fercrarcsrcersaonsaca
HAOT343517|RaS12 Fwd s016629360000070f21 [osT 0025 Jeses [ra7]314 [1ss Jaer7 [rs4 s [No [weak  [714 [rsa  [accascaccaccosoacaree
HAD7343618RGS 12 Rev soteeaszo0oooef2t [osT (0025 Jesss [eas|3as [147 Jass2|rre Jress [no [weak [1s Jrre  [ercreccomacceansrootr
HAD7343619 RGS 16 Fud sotes29sa0-000080)21 Jost Joozs Jeos [r11]sts [153 fsearfrse [aos [no [weak Jors Jrss [eaceracerassarauocemn
HA7243620 [RGS16 Rev soteecss00001021 [osT [o02s Jesas [re3aa9 [124 Jaoss[eas [rsas  [No [weak [65 Jeos  [roscacacscescransoctr
HAO7343621|RGS 18 Fwd s018520360000110)22 JosT [o02s Jeros [s13]a17 [o0s [ssoofses [orrs [vo [weak  Jots Joas [srocamscascarracrrrrer
HAD7343622 RGS18 Rev s018520380-000120{24 [0sT Jo02s [7329 [s30]202 127 [seas [s23 Jasza [No [veywea|:as sz [rraraaccansroccarcarcren
HAD7343623] Acin Fivg s016629360000130f20 DT [0.025 Jeos7 [s10]25 [154 [so11 [sa0 Jress  [no [weax [s0 oo [orrraamcerroascacce
HAD7343624 Actin Rev 8016620080-000140120 0T [0025 [sots [soaJast 110 Jaosafors [1me2 o [mone o o7 [mcrecracrracrastce
HAD7343625RGS3 Fid 8016620080-00015130 osT [002s [sats [r70]321 161 [ser3[eas [o01 no [svong [s33 [s2s  [rreccratcassacascramacastactos
HADT343626|RGS3 Rev sotee2e360-0001600 [osT 0025 Jaos [r83]312 [os0 [rs0t [s0s o977 o [Mocerate [sa3 Joos  [eactamcreastacoaraarasecrrocs
HADT343627[HPRT A Fing sotee2e3000017020 [osT 0025 Jotes [es2 222 [127 400 fess [ro0s [no [none  [ss Jess fecroscotcorearmastan
HA7343628 | HPRT A Rev sotee2e32000018020 [0sT 0025 o113 [eaa|207 [129 [ses7 [ea7 [oss  [No [Moderte [s0 oo [ancastccacecansasans
HA7343629 | HPRT B Fing s0te6293600001020 [os o025 [ers7 [eae 317 [153 Jassa[res o7 o [weak  [s0 [7e  [rocacascacrarscarcrr
HADT343530 | HPRT B Rev s01e620320-000200020 [0sT 0025 Jeoeo st |14 [158 Jasss [s17 1033 [No [Moderate [s5 a1 [cantocscecamasarscr
HAOTa%61[GaDPHAFwd  [sotes2ssenoo021of20 [osT Jooos Jeoss [s22[san [160 [seesfooa [z [No [hone [ss Joos  eacrasececreacramrer
HaoTassn2faoPHARe  [soteszsseooo0zadfas [ost Jooos Jroas eea[or7 Jran Joossfes2 Joots oo [rone oz Jose Joccammeammarcaraceaca
Hao7a3633[oaoPHB P [soteszsseoconzafan [osT Jooos Jenos Jses[aar [1a4 [uss2]re0 [1763 [No nene oo e Jecacraccacreacramre
_E.g. Oligo Name Oligo # _.9._3 Scale _zs 5._&88 _s _=_.3_ mmhhlsﬁ c§_~aq oo*_“__Ba.,_l Sequence(s-3)
[eo7aaz634|caoeBrey eotaseasooooaadlas [osT 0025 [7386 es7]307 [166 [st00[se0 [os04  No Moderate 458 [so0  [orcamaccacomararcerranc

Figure 6.1 PCR primers data sheet
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gRTPCR primer data sheets 2.

Batch# |Oligo Name Oligo# _.L_us scale [Mw [rme[ugrodon _E _=§__ W_H_I_h..a, gso_maq ooﬁ_“.ﬁ__loa_qﬁ Sequence(5-3)
HAOT700676 | FH1_RGS12 8019243778700 |20 [RP1 [0.025 [s006 [s80 326 [150 |4s0s|s17 |isas [none  Jo a7 [ramcrrrrcreacacecac
Forward Human 1 RGS12
[Ha07700677 |RH1_RGS12 [so10263778-701 |20 [Pt Jooos [s141 [se3]312 155 |4saa[ras J1965 mo [weak a5 |78 |oactocrosteamracassc
Reverse Human 1 RGS12
[Hao7700678[Fr1_sit [s019243778-800 |18 [re1 [o02s [sas3 |1 a8 [126 |assaria [ir no nene  fo [r1 [asceamaccancearrac
Forward Human 1 SPI1
| Hao7700678 |Ri1_sPi1 |so19243778-6011 [18 |RP1 o025 [s457 [s56 339 [151 |s120e3s [1609 [No [veyweaklo  [o3s  [crecamamsarrarrer
Reverse Human 1 SPI1
[Hao7700880 | FH1_RGs18 [s019243778-000 |21 [re1 [0.025 [64s4 58208 [166 |s120]789 [a102 | nore [0 |70 JasatceactacasecTrriac
Forward Human 1 RGS18
[Ha07700881|RH1_RGS18 |so10263778-901 |20 [Pt Jooos [soe7 [s04 [326 [150 |s104 fess 1857 [no [weak [a0 Jsse  |rrerreassrcricacasse
Reverse Human 1 RG518
[Hao7700ss2[F1_csFir [s019243778-1000 22 [re1 fooos [ser7 |1 314 [1es [ser0]sss [or24 [no | [s09 Joss  [canraacrccancracatrare
Forward Human 1 CSF1R
|Hao7700e83[RH1_csF1R |s019243778-1001 [21 [RP1 Joo2s [es03 [-1 295 [141 |aten|eas |04 | [weak 428 |60 [orotacacacasrcasscats
Reverse Human 1 CSFIR
[Hao7700884|FH1_csFaR [s016243778-110m [20 [RP1 [0.025 o0 [ss7[329 [159 |s233fes0 [1eas | | [45 [es0  Joctreactcroasaactrre
Forward Human 1 CSF3R
|Hao7700685 [RH1_CSFIR |sot1g243778-11001 [21 [RP1 Joo2s o414 [573]308 [167 |s149]s02 a8 [No [weak  Ja28 [802 catarrcroctacascascas
Reverse Human 1 CSF3R
| 4a07700686 | FH1_FcoR3B [s015243778-1200 [20 [RP1 [0025 |603s [ss0[305 154 |ar0s|r7s [1a75 | [none a5 e [sascarcacearcacreans
Forward Human 1 FCGR3B
[Haor7ooes7|rr1_Feoras  [so1g2a377s-1201 [22 |Re1 [o.os e7ss [s55 (02 |13 [seassss [2231 [No None  Jaos [ss5  [acasamstarasrecrarerce

Reverse Human 1 FCGR3B

Figure 62 gRTPCR primer data sheet 1
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Batch# |Oligo Name Oligo # _E_ns _ms_o mw |Tme [ugodop |ug  [amor [EPSIOR c.-.a_uz_e ooaﬂ_s?__z._mzﬁaim.@_
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1
HAO7700664 |FH1_GAPDH 8019243778-1000 |18 [RP1 o025 [s484 557 [31.1 |182 5676 [1035 % No [veryweak|so  |1035 |acastreccatetasace
Forward Human 1 GAPDH
|Hao7700665 |RH1_caPDH [s019243778-101 |18 |rP1 Jo.025 [sse1 [s0|a25 [130 [4229 [r60 [1700 |no [None  Jas4 J7e0  |rrrrrestreaccacass
Reverse Human 1 GAPDH
|Hao7700666 |Fri1_NRaa1 |eo1e243778-200 |18 [rP1 Jo.o2s [5444 [s30]316 [157 |aseafer1 [1722 [no Jveywea|so o1t  |actacrccasstrceass
Forward Human 1 NR4A1
| Hao7700667 |RH1_NRaA1 [s015243778-2011 |18 |RP1 0025 |s478 [s69[208 [148 |4s67 833 [1775 [no [none  [s55 sz  |sarcaccrccasasance
Reverse Human 1 NR4A1
|Hao7700668 | FH1_HPRTY |s010243778-300 |19 |RP1 [0.025 [s843 [s6:8 313 120 [s039 601 [ises  |no [weak  Ja21 691 Jarassccacacrrrorres
Forward Human 1 HPRT1
|Hao7700868 |RH1_HPRT1 |so1e243778-3011 |20 [rP1 Joo2s [e002 |s70|314 |182 |s732]est [1e34  [no |weak |45 es1  |amascacrccasatsrrree
Reverse Human 1 HPRT1
|Hao7700670 |Fr1_NRaa2 |so1c243778400 |22 [Pt Jo.oos [es47 |577]206 [192 |seos [sa1 foz0s || [o 831 [eactatcararcastosasars
Forward Human 1 NR4A2
| Hao7700871 [RH1_NR4A2 |so192437784011 |20 [RP1 o.025 [6141 [s6.4 |30.9 144 |4452 725 [1088  nNo [nene  [as  [725  esceretaracrasrcesas
Reverse Human 1 NR4A2
|Hao7700672{FH1_RGS1 |e019243778-500 |20 |RP1 o.025 [6147 [s0.1 |31.8 [163 [5183]sa3 [1933 INo [weak o [s43  [actecrcasssterermres
Forward Human 1 RGS1
|Hao7700673[RH1_RGS1 |s019243778-5011 |21 |Re1 o.005 [e3ea 558|316 [144 [ase3 717 [2008  |no [veyweak|azs [717  [errarasterreacassccas
Reverse Human 1 RGS1
|rao7700674 | FH1_RGS2 |s019243778-600 |20 |RP1 0025 [60ss [s02 326 |167 |s457 |eoa [1866  |no [veyweak|sn [sss  |aararsererracracarrc
Forward Human 1 RGS2
|Hao7700675 |RH1_RGS2 |so19243778-6011 |20 |RP1 [0.025 [6070 [60:8 |46 |105 [384.1 [se8 1753 | |moderate o [ses  [rrrrcerreertrraassac

Reverse Human 1 RGS2

Figure 6.3 gRTPCR primer data sheet 2




Appendix 3 Consent form for blood donation

[in OE Gaillimh
= NUI Galway

StudyNumber:

Participant Identification Number:

Consent Form

Title of Project: Immunological research using healthy human blood

cells
Name of Principal ResearchdProf. Matthew Griffin
Please Initial Box

1. | confirm that | have read the information sheet dated 09/01/14, Version
1 for the above study and have had the opportunity to ask questions.

A

2. | am satisfied that | understand the information provided and have had
enough time to consider the information.

A

3. lunderstand that my participation is voluntary and that | am free to
withdraw at any time, without giving any reason, without my legal rights
being affected.

A

A

4. | agree to take part in the above study.

Name of Participant: Date:

Signature:
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Person taking consent (if different from researcher):
Date:

Signhature:

Name of Researcher: Date:

Signature:

1 copy for participant; 1 copy for researcher; 1 to be kept with research notes

OE Gaillimh

NUI Galway

HEALTH QUESTIONNAIR#nunological research using healthy
human blood cells

Name:

Date:

Please answer all questions

1. Are you feeling sick or unwell today?

YES NO

2. Areyou currently taking any prescription medication?

YES NO

3. Have you ever been diagnosed or treated for anaemia or any other
blood condition?
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YES NO

4. Have you ever had a problem with excessive bleeding?

YES NO

5. Have you ever experienced a problem or complication from having a
blood sample taken?

YES NO

j
= NUI Galway
Participant InformationSheet

Title of Project: Immunological research using healthy human blood
cells

Objective of the Study:

Name of Principal ResearcherBrof. Matthew Griffin and Prof. Rhodri
Ceredig

You are being invited to take part in a research study. Beforedgoide, it is
important for you to understand why the research is being done and what it
will involve. This Participant Information Sheet will tell you about the purpose,
risks and benefits of this research study. If you agree to take part, we will ask
you to sign a Consent Form. If there is anything that you are not clear about,
we will be happy to explain it to you. Please take as much time as you need to
read it. You should only consent to participate in this research study when you
feel that you undersind what is being asked of you, and you have had enough
time to think about your decision.
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Purpose of the Study

The purpose of the study is to learn more about the types and functions of
immune cells (white blood cells) present in the bloodstream byfgoering
experiments on cells freshly isolated from blood samples of healthy people.
Prof. Griffin, Prof. Ceredig and researchers working with him have several
active research projects that are currently investigating new aspects of human
immune cell functn and the ways in which these cells behave differently in
people with a variety of diseases. The goals of these projects are to find new
ways of testing blood cells for changes that indicate risk for disease or severity
of disease and to discover new d&gies for treating diseases by targeting
immune cells function. In order to understand immune cell changes associated
with disease, it is essential to define immune cell functions in healthy people.
You are being asked to participate in the study becaugeare a healthy adult
(aged more than 18 years) who may be willing to provide blood samples for
this research.

Taking Part in the Study

Do | have to take part?

It is up to you to decide whether or not to take part. If you do decide to take
part you wil be given this information sheet to keep and be asked to sign a
consent form. If you decide to take part you are still free to withdraw at any
time and without giving a reason. A decision to withdraw at any time, or a
decision not to take part, will naiffect your rights in any way.

What will happen if | take part?

If you decide to participate you will be asked to sign a consent form. After this,
a time will be arranged for you to have a blood sample taken by an
experienced member of the research teamaiprivate area of the Biosciences
Research Building or the Orbsen Building on the NUI Galway campus.

When you arrive for the appointment, you will be given a short, confidential
health questionnaire to complete and this will then be reviewed by the
reseacher. If the answer to all questions is NO then a blood sample will be
taken If one or more questions is answered YES then a blood sample will not
be taken but you will be given appropriate information about future suitability
for providing a blood sample.

If a blood sample is taken, you will be seated comfortably and asked about any
allergies to antiseptics or adhesives or any other concerns before proceeding.
Your left or right arm will be rested on a flat surface and the skin over a
suitable vein on thenner surface of the elbow cleaned with an antiseptic
swab. A tourniquet will be applied to the upper arm and tightened until the
veins are prominent but no discomfort is felt in the arm and hand. A small
needle will be inserted and connected to one or macuum tubes to collect

a total volume of blood between 5 and 50 millilitres. Following completion of
blood collection, the tourniquet will be removed, the needle withdrawn and a
piece of cotton wool applied to the area. You will be asked to raise the ar
and apply gentle pressure to the cotton wool fo Ininutes following which a
clean adhesive bandage will be applied. You will then be allowed to restSfor 2
minutes and will be questioned about lightheadedness/weakness before you
leave.
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You will be asigned an identification number and this number will be used to
label the collected blood sample and all subsequent experimental containers
and data derived from the sample. A written record of the time, date and
volume of the blood draw along with your me, age, gender and unique
ddz0 2S00 ydzyoSNJ gAft oS {(SLWG Ay F 2018
BRB.

If you have previously consented and provided blood samples you may be

asked to provide subsequent samples at intervals of no less than 2 \weeks

you will under no obligation to do so.

For these subsequent blood draws, a suitable time and date will be arranged

following which administration of the Health Questionnaire and blood

sampling will be carried out by the same procedure descridsave. You will

not be asked to provide more than 50 millilitres of blood in total in a given 4

week period.

How long will my part in the study last?

If you agree to participate, you will be kept on a list of healthy volunteers and

may be asked to provida blood sample from time to time for a maximum

period of five years.

What are the possible benefits of taking part?

There will be no direct benefits to you in taking part.

What are the possible disadvantages of taking part?

There is a small risk that yauill suffer harm by participating in the study. The

two possible causes of harm are (a) pain, discomfort or weakness at the time

of blood sampling and (b) loss of confidentiality of personal information.

Careful measures will be taken by the researchemittimise these risks.

(a) Pain and discomfort at the time of blood sampliktaving a blood sample
taken is usually associated with momentary sharp pain when the needle is
inserted and removed. To minimise this, blood sampling will only be
performed by expednced researchers trained in the procedure and the
smallest size needle that allows for efficient collection of blood will be
used.

(b) Weakness or fainting at the time of blood sampiingccasionally, a
person will feel weak or faint during or immediatelyafhaving a blood
sample taken. The risk of this will be minimised by not taking blood if you
have previously had this experience, by ensuring that you are sitting
comfortably throughout the process, by limiting the amount of blood
taken at one time to 50nillilitres and by allowing you the rest for a short
while after the sample is taken. In addition, the researcher taking the
blood sample will remain with you until you are ready to leave.

(c) Loss of confidentiality of personal informationA limited amountof
personal information will be recorded if you agree to participate. This will
include your name, age, gender and your response to 5 questions on a
health questionnaire. Any time you provide personal information, there is
a risk that it will be seen by pele for whom it is not intended. This risk
will be minimised by having all documents containing personal
AYF2NYEGA2Y (S Ay | £201SR OFoAySi
anonymous identification number on all sample tubes, laboratory samples
and notebooks and by limiting the questions on the questionnaire to the
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