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Abstract

The mononuclear phagocy®ystem comprises three types of cells: monocytes, macrophages
and dendritic cells (DC). The kinetics underlying their generation, differentiation and
disappearance are critical to understanding how these cells maintain tissue homeostasis as well
as orchegtating the immune response. Currently, the circulating kirsaticthese cells remain

unknownin humans.

The kinetic profiles of circulating monocyte subsets (classical, intermediate andassical)
andDCsubsets (pDC, pfBC, cDC1 and cDC2) were exadiin humans for the first time using
stable isotope labelling in the form of deuterated glucose. Monocyte subsets appeared
sequentially in the circulation which was demonstrated to be due to a developmental
relationship between theseells PreDC and cD appeared prior to monocytes whereas pDC

were observed later.

After establishing the turnover of circulating mononuclear phagocytes under steady
physiological conditions, the kinetics wethen examined following experimental human
endotoxemia. A tempary loss of circulating mononuclear phagocytes was observed at early
time points, classical monocytes were the first teafgpear within the circulation due to an early

emergency release from the bone marrow.

Finally, in a human model of local inflammatidhe infiltrating kinetics of monocyte and DC
subsets were examined in the skin. Particularly;P&were observed at higher concentrations
compared tothe blood which also expressed -stimulatory molecules (CD80 and CD86),
suggestive of an effector dephenotype. The infiltration of novel cDC2 subsets was also

observed.

In summary, this thesis illustrates the kinetic and developmeamailesof human mononuclear

phagocytes under steadstate and experimental inflammation.
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From anacademic point of view, the work in this thesis takes advantage of ctatigg science

to explore the fundamental biology of human immune cillsiva Given the broad diversity of
immune cells, a fundamental starting place for any scieetiséring the field is understanding

the basic biology of these cells i.e. the development, turnover and the-ietationship of these

cells. Although a simple question, answering this in the human setting can be challenging. The

work in this thesis explesthis foundationabiologyof human mononuclear phagocytes.

Knowledge of the turnover and relationship of immune cells under inflammatory conditions may
also open therapeutic avenues. These data mighp explairnthe unsuccessful results seen in
clinial trials targeting mononuclear phagocytes in chronic diseasaswledgeconcerning
which subsets ofmononuclear phagocyte drive the aetiology of disease sitilarly help
identify therapeutic approaches to target these cells. Knowing how often thele aee
replenished from the bone marrow and their role in inflammation permits for the timely
administration of drugs to target these cells and boost them when they are beneficial or reduce

them when detrimental.
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Chapter 1- Introduction

1.1 Thelmmune Response

Ut ever there was a romantic chapter in patholpiyhas surely been that of the story of

LIK I 3 2 O@Sir 2odeprilBter (1896)

Inflammationhasbeen recognised since the time of the ancient Egyptvamsre records of pus
T2NXIGA2ya 6SNB RSaONMX aAuus Comliush@lstShaR@erised/ 2 F
inflammationat the macroscopic levels a combinatiorof heat (calon, pain(dolor), redness

(rubor) and swellingtgmor). Loss of function wakater recognisecdas the ¥' cardinal sign of
inflammation by RudolphVirchow Although these manifestations appear unplead, Jdn

Hunter recognised inflammation as teleologically @ I £ dzii I NBE ThalXla@riatod/ y Q
reactionconcerrsthe vascular, neurological, humoral acéllularresponseswhich all occur in

a timely fashion.

The majority of cellular responseduring an inflammatory reaction arise from celi§ the
immune systemBroadly speakinghe immune system can be divided into innate and adaptive
immunity. hnate immunity is viewed as a rapid nepecific response and does not possess
immunological memoryalthough evidence regarding trained immunity may challenge(#is

et al.,2018; Mitrouliset al.,2018; Quintiret al.,2012) On the other hand, adaptive immunity
is slower in response but is advantageous to the hosinasune memory allows heightened
and rapidresponse when r&ncountering pathoges These two arms of the immune system

work intandem to restorebalance within the hosfollowing injuryor infection

Theactions ofinnate and adaptivémmunity are owed to the function of white blood cells
leukocytes Polymorphonuclear leukocytes (PMNsg nameddue to their multilobed nucles
andcomprise ofpredominantly neutrophilsvith the remaindelincluding eosinophilsbasophils

andresidentmast cellsThese cells aralsocollectivelyreferred toasgranulocytesowed to the
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Chapter 1- Introduction

high density of cytoplasmic granules. Mononuclear leukodyigadelymphocytes, monocytes,
macrophages and dendritic ce{IBC) Peripheral blood also contains erythrocytes and platelets

which can be clearly distinguished frdeukocyteshy the absencefaa nucleus.

This thesis focwes on a group of cells, termed mononuclear phagocytsich include

monocytes, macrophages amC

1.2 A Brief kbktory of MononuclearPhagocytes

The origin of mnonuclear phagocytedslates back to seminal studies irl88Q Aniline and
cytological stainsdentified cells witha kidney beanshaped nucleivhich Paul Ehrlichermed
Whergangsformef(transitional/bridging cell)today known as monocyteGuilliamset al.,

2018; Naegeli, 1908Figure 1.). In 1882, Elie Metchnikofirstdescribedd St f & WS G A y 3
during his eminent experimenin Messinademonstrating starfish larvae engulfingpéerced

rose thorn(Metchnikoff, 1893; Vikhanski, 201@)hispivotal observationlaid the foundations

T 2pHagdkytosiQa term coined by Carl Claaisd Metchnikoff himself(Gordon, 2008)

The® phagocytic cellaredistributedthroughout the bodyin several organs andtampts were

i

made to classify these cells into a systeWetchnikoff called these celldPY I ONR LK 3 S

(meaning big eatedgo distinguishthem fromWY A ONR LK+ 3S4Q o0y246 (y20Y

4

leukocytesMetchnikov, 1892and ledhim tothed SNY WYl ONR LK 3S a&adasSy

In 1924, Aschoéxpandedhis definitionto includeseveralother cell typesanddesignatedhe
G§SN)Y WNBGAOdz 2. THiRekssKication inciuded: cetBoiightYiddbe capable of
phagocytosi@ndshare acommon linege (Aschoff, 1924)Later this concept was criticisgals
Maximowshowed thatcells of the reticuloendthelial systemare distinct from one anothein
terms of both morphology and functioMaximow, 1927) In addition,upon reviewing the
methodology implementedy AschoffRalphvan Furth states the dyes were not restricted to

phagocytosisand pinocytosis may have resultesh labelling of certain cells with minor
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phagocytic functiorfvan Furthet al.,1972) As a resulta better clasification of these cells was

required.

Leukocyten

Methylenblaufirbung

1. 1.
4

1. Lymphocyten. 2. GroBe mononukleiire Zellen. 3. Ubergangsformen. 4. Neutrophile,
5. Eosinophile, 6. Busophile (Mast-) Leukocyten,

Figure 11 Historical description of monocytes

Various staingdentified 1. Lymphocyten: lymphocyte, 2. Grosse monogérkl Zellen: Great
mononuclear cell, 3bergangsformentransitional cell (monocyte), 4. Neutrophile:
neutrophil, 5. Eosinophile: eosinophile, 6. Basophile (Mast) Laytdua: basophil or mast cell
(FromNaegeli, 1908
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Attention soon turned to the origin of these macrophagasdone ofthe earliestin vivostudies
establishedblood monocyte differentiation into macrophagike cells upon extravasat into
tissues(Ebert and Florey, 1939This had been suggest from prior studiesin vitro, where
monocytes and macrophages exhibited a similar morphology whénoredand were regarded

as Wariations of a single cell ty@eCarrel and Ebeling, 192@hter experimentsconfirmed a

likely bone marow origin of macrophages in 19Balner, 1963)Usingmouse bone marrow
chimeras and antibodies against donor bone marrow cells, host peritoneal macrophages were
demonstrated to be of donor origitCollectively, thesstudies led to the belief thehese highly
phagocytic mononuclear phagocyte are developmetally related. It was proposed
mononuclear phagocytes originatefrom the bone marrow travel to the tissues via the
bloodstream where they become tissue macrophadesl969, anvil AlexanderCohn, Rlph

van Furth andames GeraldHirsch usedhis evidenceto define(i KS WY 2 y 2 y dzOf S NJ

aeaidsSy@Eandathef{ab,1972, 1970)

In 1970 Emil R. Unanuatroduced the idea of macrophages presenting antigen to lymphocytes
(Unanue and Cerottini, 197Q)ater, Ralph Steinman identified a novel cell type with a stellate
morphology amongst adherénmononuclear phagocytesvhich he called dendritic csll
(Steinman and Cohn, 1973 series of papers desciily and characterising these cells were
publishedin the Journal of Experimental Medicine from 19I@875.These cells/ere theunique

potent activators of naive Tellsin comparison to ther antigen presenting cel(Steinman and

Witmer, 1978} Y R ¢ SNBE NB I I NR StRat lihk&d inHateCaOdSadapt@eNdBniunitd S £ £ &
(Nussenzweig anfiteinman, 1980; Steinmaat al.,1983) vanFurthsoonrecognised these cells

as a member othe MPS resulting in the current definition of mononuclear phagocigetate.
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1.3Macrophages

Followirg the Conference oMononuclearPhagocytes in Leideén 1969,Ralph van Furth and
colleagues proposed K I iNB $FA ¥ndkdphagesre WINR 6 | 6f & 2 F WHci2 O& (A
Wriginate from precursor cells in the bone marrow, transported via the peripheral blood as
monocytes§ivan Furthet al.,1972) Studies have now challeng#us currenttextbookdefinition

andprompted the need to redefine th®IPS

1.3.1Macrophagenomenclature

As the name suggests, tissue residemicrophageseside throughout the bodyin various
organs. Macrophage nomenclature is primatigsed on anatomical locationr after the
scientist whadiscoveredhe macrophageopulatione.g. microglia in the brain, Kuppfer cells in
the liver, osteoclasts in the bonand Langerhans cells in the skiacrophagedrom specific
tissues exhibit uniqguagene expression profile dictated by their microenvironmgravinet al.,
2014) As a resultgenes specific for various macrophaggpulations have beeigentified, salll
expression is specific to microg{Buttgereitet al.,2016)while spicexpression identifies splenic

macrophagegKohyameet al.,2009)and clec4ffinds Kuppfer cell§Scottet al.,2016)

1.32 Embryoniorigin of macrophages

It is awidely held view that monocytes apirculating precursors ttssue resident macrophages
and DC At the sametime van Furth proposethe majority of macrophages are repopulated
from monocyteqvan Furthet al.,1972) studies observed macrophage developminthe yolk

sac prior to bone marrowdematopoiesigCline and Moore, 1972; Takahashi, 19&line and
Moore suggestedhese yolk sac macrophages develop via monocyteewever, with the
introduction of electron microscopy, yokac macrophages were observed to appear one day
prior to monocyes (Takahashi, 1989)This was one difie earliest studies to report macrophage

development independent of monocytes.
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Haematopoiesis occurs in successive waves within theldewg embryo, initially occurring in

the extraembryonic yolk sac before transferring to the fetal liventil birth where
haematopoiesis isultimately transferred to the bone marrow and spleerPrimitive
haematopoiesis begins in the yolk sad)ere erythromyeloid progenitors (EMP) give rise to
erythrocytes,macrophages and mast ce(Baliset al., 1999) Recent studies have reported a
pre-macrophage precursor downstream of the EMP, which arises in the yolk sac before
colonising embryonic tissues arouneimbryonic day 9.5 (E9.5) at the same time as
organogenesigMasset al., 2016) Pre-macrophages are subjected to tissgpecific signals,

which sculpt a specific tissuesident macrophage phenotygéavinet al.,2014)

The development diematopoietic stem celHSGlineages within the fetal liver marks the onset
of definitive haematopoiesisThe distinction of yollsac derived macrophagesd fetalliver
derived macrophages can be distinguishey the transcription factor, Mybwhich is
indispensabléor HSC develapent (Schulzt al.,2012) InMyb’-mice, macrophages of yodiac
origin were still present in thekin, spleen, pancreas, kidney and lung, whereasd¢siZed cels
were absent(Schulzet al., 2012) demonstrating the distinction between yolk sac derived

macrophages and HSC derivlls.

Genetic fatemapping techniquedave also supported the observatio that the majority of
tissueresident macrophages are embryonically deri&gelmaret al., 2014; Ginhowset al.,
2010; Hashimoteet al., 2013; Schulet al.,2012; Yoneet al.,2013) Ginhoux and colleagues
established that microglia are exclusively yolk sac deraratl are subsequently maintained
during adulthoodthrough longevity and selienewal (Ginhouxet al., 2010) (Figure 12). This
study took advantage of the rumelated transcription factod (Runx1) wheréts expression is
restricted to the yolk sac during E6.5 and E8 before the developmentedihitive
haematopoiesistherefore allowing the origin ofyolk sac derivednacrophages to be fate
mapped. Interestingly, the origin of theangerhans cells (the macragdes ofthe epidermal

layer of skif wasalso examined usingunxt™tfmouse model and shown to have a dual origin
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from both yolk sac and fetal livdHoeffelet al., 2012) Theseembryonicmacrophagesan
persist throughout life with very little omo monocyte inputdepending on the tissue

compartment(Hashimotcet al.,2013; Liwet al.,2019; Yonaet al.,2013)

Examples from the human settingave also demonstrated the longevity of macrophages.
Patients deficient in monocytes and otheone marrowderived cellsetain normal Langerhans
cells and other tissue macrophage populations, suggesting that the development of these
populations is independent of bone marrederived monocytes(Bigley et al., 2011)
Interestingly, door alveolar macrophagesave been observed the and a half yearsater in
patients with lungtransplants(Nayaket al., 2016) Similar observations have been noted for
Langerhans cells. Following human hand allograft, Liduiage cells remained of donor origin

when examineden years following transplantatio(Kanitakist al.,2011)

These studieschallengethe current view of the MPS asacophagescan arise and are
independently maintained of monocytes, at least under steadyate. Howeverthere are
exceptions to this rule. Some embryonic macrophages aranaintained and are replaced by
bone marrow derivednonocytes where they rely on eontinuous influx of these cells for
replenishment(Bainet al.,2014; Epelmaet al.,2014; Liwet al.,2019; Mossadegielleret al.,
2017; Tamoutounouet al., 2013; Zigmoncet al., 2012) (Figure 12). It is unclear whysome
embryonic macrophages persist in some tissues and are replaced in ocbedhypothesisnay
be that low grade inflammation at the tissue is responsible for monocyte recruitrasrgerm
free mice exhibit reduced numbers of monocyte derived macrophd8esn et al., 2014)
Alternatively, tissue specific microenvironmentsould affect the competitive nature of
monocyes vs macrophagess fetal liver monocytes outcompete yolk sac derived macrophages
and adult bone maow moncocytes when populatinghe alveolar macrophageompartment
(van de Laaet al.,2016) This has letb the introduction of the nacrophage niche theoryhere
monocytes can compete with seknewing macrophages to fill a vacant posit{@uilliams and

Scott, 2017) Alternatively, these embryonic macrophages may only be necessary during

25



Chapter 1- Introduction

embryonic developmenafter which they are replaced by monocytefich aremore suitably
adaped for adulthood (Machielset al.,2017) Firally, it is pssible thatas orgas grow and

develop, more available niches are available whictreaglilyfilled by monocytes.

Embryo Adult

Brain

Epidermis

Lung

Dermis

*Bone Marrow origin

Figure 12 Macrophage Ontogeny

Tissue macrophage compartments can be composed of three msajoces. Tissue resident
macrophages are initially laid down by yolk sac progenitors. In some tissues (i.e. microglia of the
brain), these macrophages persist. Following the onset of definitive haematopoiesis, fetal liver
monocytes can compete and replacecrophages of yolk sac origin as observed for Langerhans

of the skin and lung alveolar macrophages. Finally, embryonic macrophages can be replaced by
adult bone marrow monocytes as observed for dermal CloéHs (FronPatel and Yona, 2018
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1.3.3 Macrophage function

1.3.3.1 Homeostatic functions

Given the distinction betweethe precursorproduct relationshipbetween macrophages and
monocytes, attention soon focusanh the function of embryonic macrophagesside from their
role in immune defencanacrophages play a key rdtetissuehomeostasisand organogenesis
(Masset al.,2016) Microgliaare vital h synaptic pruning during development, as their absence
results inneurological disordergPaolicelliet al., 2011) The role ofmacrophage colony
stimulating factor(M-CS¥or colony-stimulating factor (CSR) in macrophage maintenance is
appreciated inGsf17- and Gsfrl’- mice, otherwise known as osteopetrotic micAs the name
suggests, Hese micelack osteoclastgesulting inskeletal deformities ultimatelyeadingto
osteopetrosigDaiet al.,2002; Ryaret al.,2001) Splenic red pulp macrophages are necessary
for phagocytosis of senescent red blood cglohyamaet al., 2009) similarly alveolar
macrophagesplay an mportant role in clearing surfactant, thbuild-up of which leads to
pulmonary alveolar proteinosié/an de Laaet al., 2016) Perhaps acommonfunction of all
macrophagedaken for granted g the continual clearance of apoptotic cell§Robertset al.,
2017) Collectively these studies demonstrate the developmental and homeostatic functions of

macrophages under steady physiological conditions.

As macrophage ontogeny has gained a considerable atmfattention over the lasfew years,

it is equally as important to know whether ontogeny dictates functionthe case of alveolar
macrophagesyolk sac derived macrophages, fetal liver and bone marrow derived macrophages
exhibited similar gene expression profiles aoduld clear suUactant to prevent alveolar
proteinosis(van de Laaet al.,2016) On the other handit is possible embryonic macrophages
cannot perform similar functions to monocytterived macrophagessathers have foundthat
monocyte derivedalveolarmacrophagesouldpreventallergyinduced asthma unlikéhose of
embryonic orign (Machielset al., 2017) It is possible that ontogeny alone does not dictate
function, and the distinction in function may be appreciated during inflammation.
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Macrophages are recognised as highly plastic cells. Consequiemy beerexamined whether
macrophages from one tissue can bepmgrammed when placed into a different tissue site.
Thetransfer ofperitoneal macrophages into the lungsultedin achange of thegene expression
profile closely reembling that of lung macrophagé€kavinet al.,2014) However, others have
demonstrated that transferringperitoneal macrophages, Kupffer cells or colon macrophages
into the lung did notclear surfactant as efficielyt as bona fide alveolar macrophagean de

Laaret al.,2016) suggesting irreversible programming of tissue resideatrophageunction.

1.3.3.2 Inflammatory functions

In addition toperforming homeostatic functionsresident macrophages atecatedat tissue
sitesto detectinfection and injuryand contribute to the initiation of the immune responsehe
role of macrofpagesas sentinetells can be appreciatddllowing their depletionin a model of
acute peritonitiswhich resultedn a blunted infiltration of polymorphonuclear cell&Cailhieret
al., 2005) Interestingly, it has recently been showbollowing smaller microlesions that
YI ONR LK I IS & arga€id @eventxcedHestdhitdriven tissuedamageleading to

inflammation(Uderhardtet al.,2019)

Surprisingly, dllowing the initiation of the immune responsea reducton in macrophags
occuss, a phenomenon knowras theWY I ONR LK 38  RA & | flidt ifescibidyi O S
1963(Barthet al.,1995; Nelson, 1963Ppuringzymosanrinduced peritonitis areduced recovery

of resident macrophagesas reported Daviest al.,2013; Zhangt al.,2019) This observation
has been extended to othdissues where fewer numbers of alveolar macrophageare found
following influenza challengglLauder et al., 2011) The reason for the macrophage
disappearance has recently been explored by Zhang and colleagiver® macrophages form
clots andadhereto tissuesresulting in reduced recovery of these cglEhanget al., 2019)
Coagulation factors have been implicatedthe use ofanticoagulants andhe knockout of
coagulation factorglo not result inmacrophage disappearancéhe fate of these macrophage

clots remains unclearDuring the resolution phase of inflammation, recovery of resident
28
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macrophagenumbers may occur by proliferation (Davieset al., 2011)or by repopulationof
monocytederived cells as discussed bel¢g®ection1.4.4. An exception tothe macrophage
disappearancgaradigmcan be observed il helper cell (i) type2 immune response, where
tissue resident macrophag@soliferatein aninterleukin (L)-4 dependent manneto overcome

helminth infectiors without the need of monocyte inputienkinget al.,2011)

Controversially macrophages have been tegorised depending on their activation state, as
either classically (M1) or alternatively (M2) activated, initially proposed by CharlegN#iltset
al., 2000) Put simply, M1 macrophages have been referreds® FA IKGi ' yR (1 Aff Q
YI ONR LIKI 385a (Mifish ED12) Sihee,M&®dvani &d colleagueshave described
further macrophages states (M2a, M2b2c) to account for the spectrum of activation
observedfrom various stimul{(Mantovaniet al.,2004) It isunlikely macrophages behave in this
binary manneandareinsteada heterogereous group otells that exist in various stat@sviva

It has been demonstrated th@enes associated with M2 macrophageduced by 1#4 or 1-:13

in vitro, were not identifiedn thein vivosetting and \ée versa (Hassanzadeh Ghassatstthal.,
2006) Most importantly, the M1/M2 nomenclature system was initially proposeddmna fide
macrophages isolated froomurine tissue, howeverfor feasibility in humansthis has been
extended toin vitro cultures ofmonocytederived cellsAs describedelow (Sectionl.4.4),
functional differences exist between bori@de macrophages and monocytierived cellgluring
inflammation, therefore such nomenclature systepgroposed formacrophages has resulted in

confusion within the field.
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1.4 Determiningmyeloidfate

In contrast tomacrophages, monocytes amCare continuously produced from bone marrow
precursors Definitivehaematopoiesiss marked by the generation of HSC within the fetal liver
up until birthwhere it is then transferred to the bone marrow a simplistic modeHSC give
rise to progenythat progressively become more and more restricted towards a single lineage
whilst losing their ability for selfenewal. The immediatesuccessor to HSC amultipotential
progenitors which at this stage develop down a myetitymphoid route, via common miad
progenitors (CMP)or common lymphoid progenitar(CLP) respectively(Akashiet al., 2000;
Kondoet al.,1997) CLP give rise to lymphoid blood cells including T, Brahdal killer NK)

cells but lack the ability to mature into myeloerythoid cells, whereas CMP give rise to
megakaryocyteerythroid progenitorsor granulocyte and macrophage progenitors (GMP)

(lwasaki and Akashi, 2007)

1.5 Monocytes

1.5.1 Monocyte subsets

¢ KS {SN)Y Wy atoduced ds®aly as 1910 by Artur Pappenh{@appenheim and

Fearata, 1910) Following the initial recognition of monocytes by microscopiyh the advent of
polychromatic flow cytometry, human monocytes watemonstrated to express high levels of

the lipopolysaccharidel(P$ co-receptor, CD14Griffin et al., 1981) It was later idenified in
1989,that CD14 monocytescould befurthera dzo RA A RSR 68 RAFTFSNBY (Al
receptor lll) (Passlicket al., 1989) This enabled the classification of three principal human
monocytesubsets:CD14CD16Y 2y 2 0@ (i1 Sax Ff a2 NBFSNNBR 12 I a
CD166 G A Yy (i SN SRATCODBS & WHTZIRA & 5 @In f MEnocyty tetgragoreity S 4
also existsn other speciesincluding, mice, rats, pigsd cowgZieglerHeitbrock, 2014)

In mice,CXCR1 expression Cx3cr#® mice led tothe identification of CXCR¥ Ly6¢ classical

and CXCR1Y Ly6C non-classical monocyte&Geissmanet al.,2003) Since, additional markers
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have been shown to be differentially expressed between human and mouse monocyte subsets

(Croset al.,2010; Damascenet al.,2016; Ingersokt al.,2010)

While it is accepted that three human monocytes subsetistexurther subsets have been
descibed. Humannon-classical monocytesan be dividedurther by 6sulfo LacNAc (SLAN)
expression which is a carbohydrate nddication of P selectin glycoprotein ligand 1 (PS5L
(Croset al., 2010; Schakekt al., 2002, 1999, 1998)With advances in technologythe
introductionof single cell RNAequencing has allowed ftdre unbiaseddentification offurther
heterogeneity within the intermediate populatiofVillaniet al.,2017) Mass cytometrnanalysis
of human monocytes haalsoresulted in the identification ofight monocyte subsetéHamers
et al.,2019) It now remains to be ghwn whether functional differences exist betwedmese
proposed subsetdn mice heterogeneity haslsobeen observed amongst classical monocytes
(Menezest al.,2016; Yéaneet al.,2017) wheretwo developmental routes haebeen proposed
which resul in neutrophitlike and dendriticeltlike classical monocysavhich are differentially
generateddepending on the microbial stim(l¥afiezt al.,2017) However phenotypic markers
are lacking to distinguish the two populat®within the pool of Ly6€ classical monocytes.
Similarly a population 6 YMI" Ly6¢& monocyteswith immunoregulatory phenotypare greatly
expanded in thébone marrow, blood and spleen of mice following intravenous challenge with
LPS, which are not detected undsteadystate conditions(lkedaet al., 2018) Furthermore,
during fibrosis, a novel LyB@onocytesubset is presendnly under inflammatory conditions
(Satohet al.,2017) These segregated nucleasntaining atypical Ly&gSatM) monocytes do
not arise from the conventionahonocyte/DC progenitor (MDRJifferentiation route and do
not arise from Ly6T progenitors. Collectively these studies suggdsiematopoiesisunder
inflammatory conditiosmaydeviat from the conventimal pathwayof monocyte development

and warrants the need for further studies to investigate monocyte heterogeneity.
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1.5.2 Ontogeny andevelopment

The MDP gives rise to monocytes dn@but lacks neutrophil potential in micgBajafiaet al.,
2012)and humanglLeeet al.,2015) The MDP is the predecessorttee common DC precursor
(CDP)and the common monocyte progenitor (cMoRfrigure 13). cMoP are restricted to the
development of monocytes in migelettingeret al.,2013)and humangKawamuraet al.,2017)
Commitment to monocyte development at the cMoP stage is dependertheriranseiption
factor, interferon-regulatory factor {RF8 (Sichienet al., 2016) This is consistent witthe
observation in patients bearing mutations in IRF8 who are also deficient of circulating
monocytes(Hambletonet al.,2011) IRF8 is thought to regulatbd KIf4gene, indicated by the
absence oKIf4mRNA irlrf8-deficient miceand thatKIf4’- fetal liver cells gave rise to very few
classical monocytes (Aldet al.,2008), a phenotype reminiscent &f8-deficient mice.Upon
the introduction ofKIf4 mRNAinto thesemice, monocyte differentiation was partially rescued

(Kurotakiet al.,2013).

After the generation of bone marrow monocytes, these cells will evalht egress into the
circulation. Recently, aransitional pre-monocyte population was described within the bone
marrow defined by CXCR4 expressi@CR?2 CXCRYLy6C classicalmonocytesarise from
cMoPwhere CXCR4 prevents egression into the bone ma(@ivonget al.,2016; Junget al.,
2015) These cells ature into CCR? CXCR4Ly6C¢ monocytes beforehey are released into

the circulation ina CCRz2lependent mannefSerbina and Pamer, 2006)

Given the heterogeneity of monocyte subsetsegithrelationshipto one anotherhas been
thoroughly investigated in micelt is widely acknowledged Ly8Cclassical monocytes are
precursor cells to Ly&on-classical monocytgéiettingeret al.,2013; Liet al.,2019; Mildne
et al.,2017; Varokt al.,2007; Yonat al.,2013) Adoptive transfer experiments confirmed the
developmental relationshippetween these cellgMildner et al.,2017; Varokt al.,2007) The
generation ofLy6® non-classical monocyteis thought to occur bothni the bone marrow and

blood from classical monocyte¢Yonaet al., 2013) In humans, the relationship between
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monocyte subsethas not beennvestigated, though it is hypothesised a similar relationship

exists: a question this thesis aims to address

Studies have also investigated thignals which trigger thidevelopment The maturation of
classical monocytes into nerlassical monocytes is partially facilitated via déike ligand 1
(DLE1L) ligationwith Notch2 (Gamrekelashvikt al.,2016) The expression of DiiLis enriched

on endothelial cells found withinvascular niches in the bone marrow and spleen
(Gamrekelashvilet al., 2016) where classicainonocytes incontact with these vesselare
required for maturation into nortlassical monocyte@ianchiniet al.,2019) Sudies havealso
identified transcription factors that are important in completing this conversionlditr and
colleagues?2 6 a SNIWSR (KI G /k9.ti SELINBaarzy 3INI Rdz f
Ly6®' classicaimonocytes to Ly6Cnon-classicamonocytes and also followintpe adoptive
transfer of classical Lg8 monocytegMildneret al.,2017) Mice lacking this transcription factor
are characterised by ambsence of nostlassical monocyte®r4al(Nur77) is one of the genes
regulated by C/EBRMildner et al.,2017) whichis anessential survival factaf non-classical
monocytes(Hannaet al., 2011) Nr4aldeficient mice exhibit high rates of apoptosis of bone
marrow nonclassical monocytes and are therefore characterised by a strong reduction of this
monocyte subset in the circulan (Hannaet al., 2011). While these experiments implicate a
NRE S T2 NINRMS axis in Medassical monocyte development and survival, other
studies have suggested additional pathways ofdl regulation. K2 has been demonstrated

to regulate Nr4al expression vigdhe enhancer 2domain which isspecificfor non-classical
monocyte development (Thomast al., 2016). Therefore, it appears that multiple non
redundant mechanisms are required for the progression of monocyte development and
maintenance. In humans, expression of NR4A1 and KLF2 have been detecteetimsaimal
monocytes (Thomasat al.,2016) therefore, similar mechanisms of monocyte regulation may be

conserved across species.
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1.5.3 Homeostatidunctionof Monocytes

Not all embryonic macrophages persist throughout adulthood, therefore these compartments
rely on a constant replenishmenithisrole has been ascribed twassicamonocytegBainet al.,
2014; Epelmaret al., 2014; Kimet al., 2016; Liuet al., 2019; MossadegiKelleret al., 2017;
Tamoutounouret al., 2013) Furthermore, others have also describé ability of classical
monocytes to enter tissuewhere they can survey the tissues and recirculate to lymph nodes
whilst maintainng their blood phenotype(Jakubziclet al., 2013) On the other hand, non
classical monocytesside within the circulationvhere they crawl alongthe endotheliumin a
lymphocyte funtion-associated antigen 1 (LHA dependent mannersurveying for damage

(Auffrayet al.,2007; Carliret al.,2013) hence earningthe nam@LJ- G NP f €t AyIQ Y2y 2 (

1.5.4 Inflammatoryfunctionof Monocytes

As early as 1939, monocytes were observed to extravasate in response to tissugvitieirs

they mature into monocytealerived cell§Ebert and Florey, 1939)y6C classical monocytesmre
typicdly ISTSNNBR (2 & WA, &g they prefarehtdy Qome ® ynfa®eédi S

tissues and mature into monocyterived cell{Geissmanmet al.,2003)

CCRaleficient mice lack circulating Ly&€lassical monocytesnd exhibita reductionin Ly6®
non-classical monocytes, ¢énefore can be usedxaminethe relevanceof monocytesat sites of
inflammation (Nahrendorfet al., 2007; Serbina and Pamer, 2006; Tsdual., 2007) In the
absence of CCR&onocytesan increased burden of bacterial infection has been obsearst
thesemice are unable to clear the infectio(Kuriharaet al.,1997; Serbinat al.,2003) While
CCRZ2s requiredfor the bone marrow egressionf monocytesthe question arisesvhether a
similar mechanismoccurs for blood to tssue infiltration. Studies suggest thathe early
infiltration of monocytesis CCRalependent whereas later stages are Caizpendent

(Serbina and Pamer, 2006; Swirskal.,2009; Tsowet al.,2007; Zigmonett al.,2012)
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It was initially proposedhat monocytes infiltrate in a biphasic manner, initially by6C'
monocytesand later by Ly6€ monocytesinto the myocardium after myeardial infarction
(Nahrendorfet al.,2007) Later studies demonstrated the LyBghenotype was in fact due to

in situ conversion from Ly8Cmonocytederived e&lls (Hilgendorf et al., 2014) Similar
observatiors have been madé@n vivoduring sterile hepatic injurgDalSecceaet al.,2015) Once
classical monocytes enter tissues they initially take on a proinflammatory phenotype and later
mature into an antinflammatory phenotype(Arnold et al., 2007; Hilgendorfet al., 2014;
Nahrendorfet al, 2007; Zigmondet al., 2012) In a model of skeletal injuryArnold and
colleagues havdemonstratedpro-inflammatory monocytes derived celtspresshigh levels of
tumour necrosis factor alph@ NP ) and I mRNA transcriptandlater mature into céisthat

stimulatemyogenesis and file growth to restore muscle structur@rnoldet al.,2007)

Asclassical monocytelerived cellglownregulate Ly6C and upregulatesCR1(DalSecceaet al.,
2015; Zigmonekt al., 2012) they aredifficult to distinguish from nostlassical monocyteand
their progeny However,the useof Nr4al-deficient mice(Hannaet al., 2011) has allowed
studies to examine theontribution of non-classical monocytem inflammation It hassince
been shown Ly6® non-classical monocytes limit th@accumulation of amipid beta in
I £ T KSAYS NMEhauR ét &IS P0A3S Additionally, in the absence of namassical
monocytes increae tunour metastasis to the lungasobserved(Hannaet al.,2015) under
normal conditions these cells would recruit and activBli€cells Proinflammatory functions
have also been attributed toam-classical monocytes/here theydrive the developmentof
rheumatoid arthritis(Misharin et al., 2014) Specifically, following depletion of monocgie
transfer of nonclassical monocytes led mincreasen ankle thickeningaind increased clinical
score in these mice compared to classical monocy@fsnote, Ndal is also expressedn
macrophagegHilgendorfet al.,2014) therefore Thomas and colleaguémve generatednice

with E2domain deficiesy of Nr4al, allowing for the specific ablation of noilassical
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monocyteswhile preservinghe inhibitory effects of Wtal on macrophage functiofThomaset

al., 2016)

Regarding théate of monocytederived cellfollowing inflammation a number of studies have
demonstiated engraftment into thdong-lived macrophage pooln models operitonitis, it has
been demonstrated monocyte derived cells persisttissuesup to 8 weeks, where their
phenotypegradualy changes into that of resident macrophag@sewsonet al.,2014; Yonaet
al., 2013) Similar observatios have been extended tihe liver (Blériotet al.,2015)and lung
(Machielset al.,2017; Mishariret al.,2017) Expectedly, exceptiortsave been observed where
following infection with influenza or LP&cruited monocyte derived cells are cleared in a-Fas
dependent mannefJanssert al.,2011) In addition,in mouse models ofxperimental allergic
encephalomyelitis monocytederived cells do not contribute to the resident microglia pool
(Ajami et al., 2011) The macrophage niche theory proposes that a niche is filledhby
competition between an embryonic macrophage or monocyte derived@eliliams and Scott,
2017) and the tissuespecific microenvironment may dictate this resattcounting for these

discrepancies betweetissues

In the above scenarioswhere monocyte derived cells persigine can question whether
monocytederived ceb exhibit the same function as their embryonically derived counterparts.
10 monthsfollowing the engraftment of monocyte derived cell$arthe lung,these cells were
very similar to alveolar macrophages and only exhibited ferdiice of 330 differentialy
expressed genegMisharin et al., 2017) In a separate study, replacement of alveolar
macrophages with monocyiderived cellsin response toherpesvirus resulted in protection
against house dust miteduced asthmgMachielset al.,2017) Wheaeas,mice exposed to only
house dust miteleveloped allergic asthma@hese studies demonstrate, in addition to ontogeny,
the context in which monocytes are recruiteshd the type of stimuli magiso shape the function

of these cells
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Monocyte-derived @/ MDP
cells
Pre-cDC1 « cDC1
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/ * J

. Non-classical Monocytes

Figurel.3 Steadystate monocyte and dendritic cell development

Monocyte and dendritic cells diverge at the monocyte/dendritic cell precursor (MDP) stage. The
common monocyte progenitor (cMolg)ve rise exclusively to monocytes and theiridatives

The common dendritic cell progenitCDPproducescDC1cDC2andpDG however these cells

are thought to also have lymphoid contribution.Hematopoietic stem cell (HSC), common
myeloid prayenitor (CMP), common lymphoid progenitor (CLP), granulocytes/macrophage
progenitor (GMP).
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1.6 DendriticCells

Following their discovery in the early 197@gndritic cells(DC)are nowrecognised for thi
ability to prime naive Tcellsandare regarded as the bridging cell between innate and adaptive
immunity. DC express high levelsrmafjor histocompatibility complexMHQ | and Il molecules

a key moleculaeeeded to intiate T cell response (Nussenzweigt al., 1980; Steinmaret al.,
1979) Studies from Nussemveig and Steinmandemonstratedthat activation of Tcells with
DC was far more potent than any othemtigen presenting cetir lymphoid cell§Nussenzweig
et al.,1980) Consequently, this raises the questiohwhy DC are more primed to activating T
cells. DC possess lower amounts of lysosonabteasesin comparison to macrophages
(Delamarreet al.,2005)which maybe reflected in the partial hydrolysis of proteif€hairet al.,
1986) needed for efficient MHC presentatioim addition,differencesin the pH of phagocytic
vacuolebetween DC and monocyierived cellsmight consequently influencenzyme activity

involved inantigenpresentation(Footeet al.,2019)

1.6.1 Murine DGsubsets

Following the identification of DC, splenic and thymic W&e demonstrated to be a
heterogereous population composed of multiple subsets that can be distinguished by CD4 and
CD8 expressiofArdavin and Shortman, 1992; Vreret@l.,1992) To date, wo major branches

of DC have been describedassicaDC (cDC) and plasmacytoid DC (pDCinice,cDC are
composed of two subsets characterisby their expression o€CD8 and CD103r CD11b
expressiordepending ortheir locationin lymphoid or nonlymphoidissues(Table 1.). Within

the literature lymphoid DC are regarded as resident DC, vasamen-lymphoid DC are also
known as migratory DA.o avoid confusioDC subsets are divided into three major subsets
pDC,cDC1 or cDC@able 1.3. Of note cDCZheterogeneityhas been notedwhere Notch2
dependent(Lewiset al.,2011; Satpathet al.,2013)and Klf4dependent(Tussiwanet al.,2015)

subsets have been descrihed

38



Chapter 1- Introduction

Human Mouse
Lymphoid tissue  Nonlymphoid tissue
cDC1 CD141CLEC9a CD8 CD103
cDC2 CD1¢ CD11b CD11b

Tablel.1 Classical dndritic cell subsets

Classical dendritic c€tDCare divided into cDC1 and cDC2 in humans and ardean be
identified by the expression of surface markers listed.

1.6.2 Human DC subsets

Circulating human DC were first identified in 1982n Voorhigt al.,1982) Three major human
DC subsethave been describeccDC1, cDC2 and pP®hich hae been approved by the
Nomenclature Commig¢e of the International Union of Immunological Societi€aiilliamset
al.,2016; ZiegleHeitbrocket al.,2010)(Figure 13 and Table 1.1 Homology is conserved from
mice to humansStudies havalignedhumanblood and tissu€cD141DCwith that of lymphoid
CD8 *and nonrlymphoidCD103DC irmice(Bachenet al.,2010; Haniffaet al.,2012) Similarly
human CD1tDCliesin closealignment with murie CD11bDC(Haniffaet al.,2012; Schlitzer
et al.,2013). Whereas cDC were $irdiscovered in the mouse spleéieinman and Cohn, 1973)
pDC were firstescribed in humanasinterferon (IFN)producing cell§Feldman and Fitzgerald
Bocarsly, 1990; Perusséh al., 1985; Siedeet al., 1999)and later identified in mic€Asselin

Paturelet al.,2001)

Further heterogeneity exists within the human cDC2 and pDC compartifiutertre et al.,
2019; Seeet al.,2017; Villaniet al.,2017) RecentlycDC2have been showto consistof four
novel subsetgDutertre et al.,2019) andthe pDC population is composext a bona ide pDC
and a newly described p#oC population capable of maturing into both cDC1 and qSé&:t
al., 2017; Villaniet al.,2017) The distinctionbetween preDC and pDC can be appreciated in

patients with PittHopkins syndrome who suffer from haploinsufficiencyf GF4vhich encodes
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the gene, E2, specificfor pDC developmen{Cisseet al., 2008; Ghostet al.,2010) These
patients have a significant reduction in circulating pDC yetp@eremain unaffecte(beeet al.,
2017) highlighting the distinct lineage dlfie two subsets Given the recent identification of

these cells, littleds known regardingheir fate and function.

1.6.3 OntogenyandDevelopment

DC development relies dmslike tyrosine kinase 3 IfB8) expression on HSC and DC precursors,
as M3-deficient mice exhibit a reduction of pDC and cDC in secondary lymphoid organs while
other myeloid cells are unaffectefWaskowet al., 2008) Whether DC are derived from
lymphoid or myeloid progenitoreemainsunclear Both lymphoid and myeloid precursocan
give rise to DC as demonstrated byptive transfer of CMP and C{I{Ranzet al.,2001; Traver

et al., 2000) However, studies havedemonstrated that CMP produced the majority of cDC
subsets as thegy are moreabundantthan CLFPManzet al.,2001) Similaly, fate-mapping studies
examining the origins of dells, simultaneously demonstrated that approximately 10% of cDC
were of lymphoid origiffSchlennekt al.,2010) In contrast humanCLPhave been describetb
efficiently produce cDC1 in comparison to CMfugh no functionabr genedifferences were
observed between theources of cDC(Helftet al.,2017) It is possiblethat DCdevelopmental

cannot be categosed into the conventional myeloid or lymphoid pathway

A major breakthrough in understanding DC development stemmed from the discovery of the
MDP that gives rise exclusively to monocytes andBxafaet al.,2012) However, it was the
discovery of the CDP downstream of tM®P that gives rise exclusively to pDC and cDC but not
monocytegLeeet al.,2015; Liwet al.,2009; Onagt al.,2007)that established DC to have their

own lineagelntermediates between the CDP and cDC have been identified as the cDC precursor
(pre-cDC)whichenter the circulation and develop intd€ upon entering the peripheral tissues
(Donnenberget al.,2001; Ginhouwset al.,2009;Liuet al.,2009; Nailetal.,LH nnT X HAnncT hQ
et al.,2003) The commitment to a cDC1 or cDC2 has been proposed to occur within the bone

marrow at the preDC stage, where preDC1 and preDC2 progenitors have been identified
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(Cabez&Cabrerizcet al.,2019; GrajaleReyest al.,2015; Naiket al.,2007, 2006; Schlitzest
al., 2015; Sichieret al.,2016) In humansboth precDC and cDC coexist within the circulation
(Seeet al.,2017; Villanet al.,2017) the contribution of both these populations to tissue cDC
remains to be fully resolve®n the other handpDCare found as mature celigithin the bone

marrow (Onaiet al.,2013; Rodriguest al.,2018)

1.6.3.1pDC vs cDEmmitment
The discovery of the CDP and precursorsdemonstrated theseellswere restricted to pDC
and cDC lineagdtiuet al.,2009; Nailket al.,2007; Onagt al.,2007) Consequently, emphasis

onmyeldd origin was assumed for pDC and ¢cDC which were believed to diverge at this stage

pDC highly express the transcription factorZ® comparison to lymphocytes, monocytes and
cD(QCisseet al.,2008) Mice harbouring a mutation in tHe22 gene show a significant reduction

in pDC, whereas other cells remain unaffected supporting a role f@ iEDC maintenance

E22 itself is regulated by various transcription factors including Id2 found in cDC, which prevents
E22 binding to enhancer sequencegCisseet al.,, 2008) thereby favouring the cDC
developmental path. Further upstream the transcriptim factor Zeb2 repress 1d2,
consequently allowing E2 to promote pDC developmeifEcottet al.,2016) Taken togethr,

these studies highlight the roles of Zeb2;Zand Id2 in pDC and cDC development.

These studiesnay represent onéranchof the pDC lineagé\kin to cDQymphoidorigin of pDC
hasbeen describedy several studiegDresset al., 2019; Onaiet al., 2013; Rodrigeset al.,
2018) where over 80%f pDC have been observed to be lymphoid deri¢®dhlennet al.,
2010) Amongst the bone marrot3* population an IL7R * population h& beendescribedas
the major source of pDC in comparison to myeloid CDP r(idtesset al.,2019; Onaket al.,
2013; Rodriguest al.,2018) Similarly DNGRL fate mappingdemonstratedsuccessfulabelling

along theCDPcDC axis buaibelled pD@o alesser exten(Schramkt al.,2013)

41



Chapter 1- Introduction

Evidence fothe dual origin of pDC can be appreciated whenaphoid derived pDCexpress
recombinationactivation geneand thereforedemonstrateDy-Ji recombination, whereas@P
derived pDC lack thismmeymeand consequentlyno gene rearrangment was observedOnaiet
al., 2013; Pelayoet al., 2005) Collectively, these studies demonstrated that pDC are

predominantly lymphoid deriveget are still considered d3Cfor the time being.

1.6.3.2cDC1 development

In mice, the development of cDCL1 is regulated by numerous transcription factors including 1d2,
Irf8, Batf3 and Nil3 (Alibertiet al.,2003; Ginhoust al.,2009; Hackeet al.,2003; Kashiwadat
al.,2011; Sichiert al.,2016) Thetransition from MDP to CDP i$8 dependent(Sichieret al.,
2016) therefore essential for D&ubsets. However, after this stagé8lis dispensable for pDC
and cDC2 development but isecessaryfor cDC1 developmd (Sichienet al., 2016)
consequentlycDC1 are referred to ag8" DC.In line withthese observatiosin mice,human
mutations in RF8 (K108Fesults in an autosomaécessive immunodeficiency characterised by
a loss of circulating monocytes, pDC and @B#nbletonet al.,2011) suggesting IRF8 also acts
at early stages to specify DC and monocyte developméntelegant studyperformed by
Jacksonet al., purified cDC1 subsets anttheir precursors andidentified the sequential
requirement oflrf8 followed by di2 then Batf3 (Jacksoret al.,2011) Id2-deficient and Batf3-
deficient mice exhibit a similar phenotype t8-deficient micewith the absence o€D103¢cDC
and reduced numbers of CD8+ cDC in the spleen ustrdystate (Hildner et al., 2008;

Kusunoket al.,2003)

1.6.3.3cDC2 development

CD11b DC arethe predominant DC subset in lymphoid organs. This subset of DC has been
previously referred to asfd™ DCaslrf4 is required for theidevelopment(Suzuket al.,2004)
however, further subdivisions such astbh2- and Kf4-dependentcDQ populations have been

described(Lewiset al.,2011; Satpatht al.,2013; Tussiwandét al.,2015) In humansan IRF8
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mutation (T80A) results in a selective loss of cd@#mbletonet al.,2011) Thereforewhilst in

mice, Irf8 is specific teDC1 development this may not be the case in the human setting.

1.6.4 DCFunction

DCfunction can beappreciated from CD11diphtheria toxin receptomice (Junget al., 2002)

In these micediphtheriatoxin receptoris expressed under the promoter for CD11c, raésglin
the depletion of CD1Icells which includ®Cupon diphtheria toxin administratiams a result
thesemice lack cytotoxic T cell responses in responskigteria monocytogene§unget al.,
2002) highlightingthe importanceof DCin bridging the innate and adaptive immune response.
However,CD11c expression is not restrictedd@ and can bund on monocytederived cells,
tissue resident macrophages arad population ofNK cells.New modelshave since been

generated to probe the function afdividual DC subsets.

1.6.4.1cDC1 function

In mice, cDC1 are viewed as the key DC subset capatiessf presentation, a process where
exogenous antigen can be presented to CD8ells via MHC | molecul@en Haaret al.,2000;
Haniffaet al.,2012; Pooleet al.,2001) Batf3-deficient miceare characterised by a los®C1
as a resultthesemice lack CD8T cell response to virahfections and tumourgHildneret al.,
2008) highlighting the importance ofrass presentation associated with this subgef.note
humancDC2have been observed torosspresent antigen to cytotoxic CD8 cells(Yuet al.,

2013) thereforethis functionmay not be uniqueo cDQ, at least in humans.

cDClexhibit specialised functions owed &m arrayof receptorsexpressed by this subséfolt
like receptor TLR3 isexpressedy cDCIin both mice(Daveyet al.,2010)and humangHémont
et al.,2013)and recognises duble stranded ribonucleic acidRNA, key for priming antiviral
cytotoxic T cell responséBaveyet al.,2010) Gtype lectin domain family 9 member EI(EC9a
is also highly specific to cD@fd facilitatesthe cross preentation of antigens fronmecrotic

cellsto CD8T cells(Sanchoet al., 2009) Finally, dllowing CD8T cell recognition XCL1 is
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secreted fromT cellsandinteracts with XCR1 on cD@istabiliseDGT cell interactios eliciting

the production ofIFN! and cytotaic T cell responségBorneret al.,2009)

1.6.4.2cDC2dinction

Whilst murine models exist to wtly the specific functiomof cDC1, modelsvith a specific
deletion of cDCare lackingIn addition, gvencDC2 are a heterogeneous population, models
are needed targeting these individual subsé&H4* cDC2 aréound within several lymphoid and
peripheral tissuesThey arémplicated in directingrh2 immunityas micdacking this subset of
DC exhibit lower rates of survivalth Schistsoma mansoninfection (Tussiwandet al.,2015)

On the other hand, dtch2" cDCzhave beeracknowledgedn Th17 immunitfLewiset al.,2011)
anda source of H23 which is required for survival in mice infected withrobacter rodentium
(Satpathyet al.,2013) In comparison to cDCtPC2appear to better at mounting CD7F cell
responsegPooleyet al.,2001) likely due to increased expression of proteins relating to MHC I
presentation(Dudzialet al.,2007) Furthermore, vihere human cDC1 express a limited number
of TLR ligands (TLR16&nd 10), cDC2 express a broader range of TLR ligands, @ LR 5, 6,

8 and 10YHémontet al.,2013) and may play a more significant role in sensing pathagens

1.6.4.3pDC function

In 1957 |FNs were first recognisedas mediators which couleestrict viral infection(Isaacs and
Lindenmann, 19578udiesinvestigated the identity of theseatural RN producing cells, which
in 1999 were shown to be overlap withDC (Siegalet al., 1999) pDC areconsequently

recognised as potent producers of typdFNin response to viral infections, whichlilsely owed

to their high expression of TLR7 and T{R&montet al., 2013)

~

E22 deficient mice are devoid of pDC, therefoie,came asno surprise that FN gl a
undetected following stimulation with CpG in these m{a@seet al.,2008) These observations

are reflected in patients with PgHopkins syndrome who are haploinsufficient for the gene

44



Chapter 1- Introduction

E22 and present with few circulating pDC that afteounable to elicit a response to Ci{Gisse

et al.,2008)

As pDC have been described to arise from multiple line@@eaiet al.,2013; Rodriguest al.,
2018) the question arises whether functional differences have been attribusedh lymphoid

and myeloid derived pDCese capable of producing IFNproduction in response to CpS&,
however myeloid derived pDC were more capable of inducing T cell proliferation ardd IFN
production from T cell§Pelayoet al.,2005; Rodriguest al.,2018) Similarly human pDC have
been reported to induce proliferation of naive CO4cells(Matsuiet al.,2009) however this
likelydue to contaminating preDC rather than twéunctionally distinct lineages of human pDC

(Seeet al.,2017; Villanket al.,2017)

1.6.4.4Central and peripheral tolerance
In addition to the activation of T cells, DC also play a key immunoregulatory role to prevent

hyperactiation of the immune system.

Thymic resident cDC1, migratory cDC2 and pDC all play a key role in the elimination of
autoreactive T cells. The role of DC in central tolerance can be appreciated in@QBIhce
lacking DCwhich exhibitan increased fregency of CD4thymocytes andutoimmune features
which could be reversed following reconstitution with wiigbe bone marrow(Ohnmachtet

al., 2009) Theefficiency of D@n removing selfeactive Tcells can be observed from studies
where DGxpressing MHC HH molecules resulted in the negative selection of TDeklls that
were reactive against-E (Brocker, 1999) The deletion of thymodes constitutes one
mechanism of DC induced tolerance. Thymic cDC1 and cDC2 can also induce T régreajory
cells(Coquetet al.,2013; Proiettoet al., 2008) although via differing mechanisms. Resident
cDClIcaninduce Tegcells via CD70 expression and their ability to do so was hindered inr CD70
deficient mice, howevercDC2 werainaffected(Coquetet al.,2013) suggesting an alternate

mechanism for this subset. Additionally, thymic pDC can prime positively selectédCOB4
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thymocytes into Treg celMartin-Gayoet al.,2010) although to a lesser extent coraped to

cDC(Coquetet al.,2013; Proiettoet al.,2008)

In the case that central tolerance is not@empletely effectivanechanism, peripheral tolerance
serves an additional layer of protection against se#ctivity occurring inthe periphery.
Successful DC presentation to T cells requires the presencegiimodatory molecules. DC
presentation of antigen alone to T tzled to a dramatic reduction in T cells and the remaining
T cells became unresponsive to further antigen chall€higavigeret al.,2001) However, in the
presence of CD40 activation, prolonged T cell activation abagsrved, demonstrating in the
absence of additional estimulatory molecules, T cell deletion and anergy is induced. In
addition, splenic and lung tissue cDC1 can phagocytose apoptotic cells and cross present antigen
to CD8T cells, resulting in the delmn of these cell§Deschet al.,2011; Liwet al.,2002; Qiuet

al., 2009) In the absencef cDC1, cross presentation to CD8cells was consequently affected
and these mice failed to induce toleramagainst antigens presented by apoptotic céDsuet

al., 2009) Peripheral tolerance can also take place in the formrefgtell induction. Jones and
colleagues demonstrated that DC expressing BTLA govegrcéll conversion, moreover this
mechanismwas restricted to cDCgJoneset al., 2016) NeverthelesscDC2 can induce the
developmental of fieg cells via retinoic acid, which is owed to their increased expression of a
retinal dehydrogenaséCoombest al.,2007; Guilliamet al.,2010) The production of retinoic
acid is key to the development of FoxXd8eg cells, as DC which do not normally induce Foxp3

expression, are capabte do soin the presence of retinoic aci€Coombest al.,2007)
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1.7 Turnover andinetics ofmononuclear phagocytes

Studies continue torefine the mononuclear phaggte heterogeneity andelucidate their
function under steady physiological conditions and during inflammatiAlongside function,
understanding thehomeostatickinetic profiles and turnover which govern the generation,
maturation and disappearance of thesells are key tahe fundamental biology of these cells.

To preserve this state of wellbeing, the body must adapt to environmental changes including
infection and injuryTo understand thedaptationof the immune responsehe cellularkinetics

of the inflammatory responsés of great importance

1.7.1 Macrophages

Investigations into the kinetics of monocytes and macrophageded at early as 1968 by van
Furth and Cohrfvan Furth and Cohn, 1968)singstable isotopeabelled thymidine it was
shownthat peritoneal macrophages exhibitery low labelling rates in comparison to highly
labelled blood maocytes.Unaware at the time, these data supported the mainteraimd
macrophage populationsmidependent of monocytesvan Furthlater recognised thateseral
studies demonstrated a low percentage of local macrophage proliferati@proposed that the
turnover of macrophages relies on the inflmonocytes, local proliferation and the death of

macrophagegvan Furth, 1989)

Since our understandin that most macrophages are embryonically derived, studies have
examined whether these embryonic macrophages are replaced with time and if so at what rate.
Recently, an elegant studby Liu and colleagues identified a fateapping model where almost
100% &belling was observed in monocytéiSuet al., 2019) As a result, the contribution of
monocytes to tissue resident macrophages could be examined. Lung alveolar macrophages,
splenic macrophages, peritoneal macrophages and dermal macrophages had a steady
contribution from monocies overtime (Figure 14), however the rateswere notcalculatedIn

tissues such as the brain, epidermis and liver, very little to no contribution was observed in the
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microglia, Langerhans cells and Kuppfer cillgrestingly, patients that have undergone lung
transplantation retain donor alveolar macrophage® to three and a half years post
transplantation (Nayaket al., 2016) Langerhans cellalso remained of donor origin when
examinedten years followindhuman hand allograftKanitakiset al.,2011) Aninterestingstudy
by Réu and colleagues took advantage of atmosphéficand demonstrated that human
microglia have a lifspan of approximately 4.2 years and renew at a rate of 28% per([Réar

et al.,2017)

Collectively, these studies support the idea of minimal monocyte contributioinetissue
macrophagecompartments and somavhere there isa higher ratereplacementoy monocytes

over time.

Gut Macrophages
Alveolar macrophages
Dermal macrophages

Kidney macrophages
Peritoneal
macrophages

Relative Monocyte Contribution

Microglia
Langerhans cells
Kuppfer cells

Time

Figure 14 Macrophage Kinetics

Embryonic tissue macrophages are replaced by bone madenved monocytes throughout
life in some tissues such as the gut, peritoneum and dermis. Howteerates of
replacement are tissuspecific.
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1.7.2 Monocytes

Initially, studiesinvestigating the turnover of monocytes in mice, suggdsa circulating half

life of 22 hours, resulting in an average circulating lifespar8®hours (van Furth and Cohn,
1968) In addition, labelling kineticsof bone marrow monocyte precursorsllowed for the
approximationof 1 hour aghe minimum time required for cells to enter circulation from the
last mitoticdivisionin mice.lt was proposed that 40% of the monocyte paot replaced edt

day. van Furth also performed studies examining monocyte turnover under inflammatory
conditions(Van Furthet al., 1973) Following intraperitoneal challenge with fetal calf serum,
labelled monocytes were seen earlier in the circulation in comparison to control mice and at
much higher numbers. It was proposed, the maturation period leetmvthe promonocyte to
monocyte stage was shorter during inflammation to allow for the increased monocyte

production.

More recently,Yona and colleagues have previously demonstrae turnover of monocyte
subsets using Brd¥onaet al.,2013) BrdU was initially observed in classical monocytes and
later in nontclassical monocytedte halflife of these cells was estimated at 20 hours and 2.2

days, respectively.

In humanpatients undergoindgnematopoietic stem cell transplantatio”EC), precanditioning
resulted in monocytopenia followed by repopulation of CDkwnocytes and 2 days later by
CD16monocytes(McGovernet al., 2014) Studies have looked at the turnover of human
monocytes as a total population, where the hidié of CD14monocytes has been proposed to
be 2.2 dayg¢Mohri et al.,2001)or alifespan of 4.25 dayi® a separate studgWhitelaw, 1972)
Whitelaw also calculated thahonocytes leavehe bone marrow aftela maturation period of

16-26 hoursHowever, the turnover of individual subsets remains to be elucidated.
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1.7.3 Dendritic cells

The turnover of tissue DC subsets has been widely investigated inlniiize studies suggested
10% of splenic DC turnover each @8yenmanet al.,1974) however this was later corrected

to a much shorter turnover time df.1 hours (unpublished datdiscussed ivan Furth, 1989)
Later studies using BrdU, demonstratgulesiic DC subsets were rapidly labelled, which was
thought to be attributed tothe rapid replenishment from circulating DC precurs@ftamathet
al.,2002) However, splenic DC aasoproliferative therebre the labelling is likely to represent

a combination ofin situ proliferation and blood derivationLiu et al., 2007) Parabiosis
experiments have examinethe decay of parabiontlerived DC in thdymphoid and non
lymphoid organandwere demonstrated to beleared within 1614 days (haifife 5-7 days)Liu

et al.,2007) Taking into onsideration, DC replenishment from blood precursors, DC division
and DC death, this studiso calculated thalymphoid organcDC are replenishedt a rate of
4,300 cek per hou. Of note,pDChave a much slower turnover in comparisonto @8 QY SST ¥ S
et al.,2002) which is reflected in their lower rates of production in the bone mar(Belayoet

al., 2005)

Fdlowing HSCThumandermal DC were replaced by donor origin within 40 d&iemniffaet al.,
2009) and in separate stugyapproximately 94% were donor derivedthin 18-56 dayspost

HSCTAuffermannGretzingeret al.,2006)

As circulating DC are preseat low levek in mice their kinetics have not been examined.
Nevertheless, studies performed in macaques have demonstia@dneticsare distinct from
that of monocyteqSugimotoet al.,2015) Specifically, cDC2 were obserygr to monocytes
whereas pDC appeared at much later time poikkswever studies have not yet extenddbiese

observations to the human setting.
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1.8 Ontogely based approach of the mononuclear phagocyte
system

As discussed abovejononuclear phagocgs exhibit broad functionsNevertheless, cellare
categorised a®ither monocyte, macrophage dbCbasedprimarily on functional attributes
Sich classificatiohas become confusing due to overlappmotesbetween different cells of the
MPS A cell witha potent ability to stimulate naive @ells may be defined as a DC, whereas the
same celmay also havea high phagocytic abilitand may be regarded as a macrophage. For
SEFYLX ST Ay G(GKS RIB/NYAKGIZE (KSS i SAMaFbpdBanmmrf S R
cells capable of primingcells(Haniffaet al.,2012; Klechevskst al.,2008; Nestlet al.,1993)
Amore recent study has shown these cells to be moragaiptionally related to macrophages
yet are derived from monocyte@McGovernet al., 2014) Smilarly, SLANcells have been
described as potent activators of naivedlls(Schéakekt al., 1999, 1998) therefore allowing
these cells to be called SLADIC. However, in regards to the expression of surface membrane
markers, these cells are akin to monocy{€soset al., 2010) Consequently,tiwas recently
proposed whether classification primarily by ontogeny may provide a more robust definition of
these cellskigure 15). Where the origin of the mononuclear phagocyte is known, the cell can

be identified as either a macrophage, monocyerived cell or a DC.
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Is the cellular origin of
the MPS cell known?

Yes

No

Is it of embryonic
origin?

Yes No

derived?

Is the cell monocyte-

Yes

No

Monocyte-
~derived cell

Is the cell
CDP-derived?

Yes

Figurel.5 An ontogeny based approach to classify mononuclear phagocytes

Classification ofnononuclear phagocytes by function cl@ad to a confusing nomenclature for

cells of the mononuclear phagocyte syst@aiPS) It was proposed, cells be defined initially by
origin. Mononuclear phagocytesf embryonic origin are regarded as bona fide macrophages,
those that arise from monocytes should be termed monoaygeived cells. Finallgell derived

from a common dendritic cell precursor (CDP) should be classed as a dendritic cell (DC), which
can befurther subdivided into cDC1, cDC2 or pDC depending on transcription fagfmessed.

(Image from Guilliamset al.,2014).

52



Chapter 1- Introduction

1.9 Hypothesis andifs

TheMPS has gained a considerable amount of attention, particularly regarding the origin and
development of cellsWhilst studies irrodents and norhuman primateshave explored the
kinetic turnover of circulating mononuclear phagocytesnihumans, the kinetic profiles

underlying the generation, maturation and disappearance of these cells remakmown.

1.9.1GeneraHypothesis
Blood mononuclear phagocytesrculate in ahomoeostaticdynamic equilibriumwhere each

subset has a definekinetic profilethat is consequently impacted during inflammation.

1.9.2Aims
T Generate a comprehensigating strategy to identify monocyte and DC subsets
1 Examine thén vivokinetics ofcirculatinghumanmonocyte and DC subsets usbtgble
isotope labelling
1 Demonstrate how experimental systemic inflammation impacts on phefile of
monocyte and DC subsets

1 Examine the infiltration of monocyte and DC subsets in response to local inflammation
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Chapter2 ¢ Materials and Methods

2.1 Blood Collection

2.1.1Subjects
The studies performed in this thesis were performed in human volunteers (unless specified

otherwise). | am grateful to all volunteers who consented to take part in these studies

2.1.1.1 Ethical approval

All volunteers gave written informed consent and all studies were conducted according to the
principles of the declaration of Helsinki after approval by the relevant institutional review
boards. For deuterium andsteadystate experiments, NRES Committee $VelLondon
[10/H0803/102] and University College London Research Ethics Committee [8081/001] and
[8081/002]. For the endotoxemia study, University College London Research Ethics Committee
[5060/001]. Intradermal injection ofiltraviolet (UV)-killed Escheribia coli (E. col was also
approved by the University College London Research Ethics Committee [10527/001] and
[1309/005]. Newcastle and North Tyneside Research Ethics Committee approved the bone

marrow biopsy (REC 14/NE/113) and hip (REC 14/NE/1212dures.

2.1.1.2 Inclusion and exclusion criteria

All subjects in this study were healthy, young-BIByears), notsmoking consented individuals.
Volunteers taking medication were excluded from the study. Those enrolled were asked to
refrain from alcohotonsumption 48 hours prior to the onset of the study.

Prior to deuterium administration, intravenous endotoxin challenge and intradermal challenge

with U\Lkilled E. coli volunteers were screened to ensure eligibility for the study.

2.1.2 PBMC Isolation

All consented volunteers were bled from the median cubital vein using a 20 gauge butterfly
needle and aseptic netouch technique. Blood was collected in sodium heparin treated

vacutainers (Greiner BiOne Biosciences, Kremsmdinster, Austria), invertedreévenes and

RAfdziSR 6AGK Iy Slidzdt | YRufmed Sathd (PESHz{CorGirg02 Q &
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Flintshire, UK). Diluted blood was carefully layered over 15 ml of density gradient (Rexik

Pague PIu&, GE Healthcare, Little Chalfont, BuckinghaneshilK) to avoid mixing in a 50 ml
centrifuge tube(Corning, Flintshire, UK)he sample was centrifuged at 1004 for 20 minutes

at 20°C with no brake and low acceleration in an Eppendorf centrifuge 38ifedorf,
Stevenage, UK)he cloudy interphaskayerperipheral blood mononuclear cells (PBM&3s
transferred to a clean centrifuge tube using a sterile Pasteur pipette. An equivalent volume of
PBS was added to the mononuclear cells. The centrifuge tube was gently inverted, centrifuged
at 300x g for 10 minutes at 4°C (with brake and acceleration on) and the supernatant was
discarded. The cell pellet was then resuspended in the appropriate media for downstream

application.

2.1.3 Whole Blood Erythrocyte Lysis

Blood was collected in K2thylenediamine teaacetic acid EDTA treated vacutainers (BD

Biosciences, Wokingham, UK). Blood was mixed with ammaedilonidepotassium (ACK)

lysing buffer (NECI 8,024 mg/L, KHEQ,001 mg/L, EDTA.NAHO 3.722 mg/L) (Lonza,

Berkshire, UK) in a 1:9 ratio and allowedtand until transparent (approximately 5 minutes) at
room temperature (20C)before centrifuged at 300 g for 5 minutes ak0°C. The supernatant

was discarded and the cell pellet was washed with 5 ml PBS and centrifuged >ag30605

minutes at 4°@nd then resuspended in the appropriate media for downstream application.

2.1.4 Plasma collection
Blood was collected in sodium heparin treated vacutainers and centrifuged at 2§0Q&
minutes at room temperature with brake and acceleration on. Plagms aliquoted in protein

LoBind eppendorfs (Eppendorf, Stevenage, UK) and stor80°a.

2.1.5 Serum collection
Blood was collected in serugeparating tubes (BD Biosciences, Wokingham, UK) and allowed

to clot for 30 minutes at room temperature. Tubeens centrifuged at 2000 g, 10 minutes at
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20°C. Serum was aliquoted into protein LoBind eppendorfs and placed in a heat block for 45

minutes at 56C to heat inactivate proteins.

2.1.6 Finger prick samples

+2f dzy 1 SSND A& diFirKefted SV A% Eoprapy Mldhol wipes (Universal, Middlesex,
UK). After puncturing the fingertip with a blood lancet, the first drop of blood was wiped with a
clean tissue. Blood was gently squeezed onto a clean filter paper and allowed to Samhples

were stored at 4C.

2.2 Flow Cytometry

Flow cytometry is a widely used method for quantitative analysis of cell protein expression
(intracellular and surface), function and cell profiling. This technique enables cells to be
distinguished accordinp their size, granularity and protein expression. Protein expression is
detected by measuring the fluorescence intensity emitted from fluorochromes attached to
antibodies to detect proteins of interest. As cells enter the flow cytometer, they are aatater

past various lasers emitting different wavelengths of light. Fluorochromes are excited by these
lasers and in turn, emit light at wavelengths which are detected. These resulting signals are

measured and relayed as mean fluorescence intensity (MFI).
2.2.1 Cell surface staining

Freshly isolated PBMC were isolated from blood (Section 2.1.2). Up t6 dedld100ul FACS
Buffer (PBS, 2mM EDTA, &¥al calf serumEC$ were stained. A list of the antibodies used in

this thesis can be found ihable 2.1 Gells were stained for 30 minutes at@ in the dark. Prior

to the addition of antibodies, Human TruStain FcX (Biolegend, London, UK) was added to prevent
non-specific binding at Fc receptors for 15 minutes. If two or more Brilliant dyes were used
together, Brilliant Stain buffer (BD Biosciences) was also added to the antibody cocktail to
prevent crosgeactivity of Brilliant fluorescent polymer dyes. For blister samples, UV excited cell

viability dye (Invitrogen, Paisley, UK) was used at 1:1000 to gatelead cells. Following
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staining, cells were washed and resuspended in FACS buffer ready for flow cytometry analysis

or washed in PBS if intracellular staining was also to be performed.

2.2.2 Intracellular staining

Following membrane surface staining (Sext2.2.1), up to & x1C cells were washed in PBS

and resuspend in 200ul/well of Fixation Buffer (4% Paraformaldehyde) (Biolegend, London, UK)

in a 96well conical bottom polypropylene plate (Thermo Fisher, Paisley, UK). Cells were fully
resuspended andncubated in the dark at%4 T2 NJ on YAydziSad C2ff 2
instructions, cells were washed with permeabilisation buffer (0.5% Saponin) (Biolegend, London,
UK) and centrifuged at 300g«for 5 minutes at 4C with brake and acceleration on. Thel cel

pellet was resuspended in 100 ul permeabilisation buffer with the working intracellular antibody
concentration Table 2.). Cells were stained for 30 minutes in the dark @atden washed with

200 pl permeabilisation buffer, centrifuged at 300gxat 4°C for 5 minutes and finally

resuspended in FACS buffer ready for flow cytometry analysis.

To perform intranuclear staining, the same protocol was followed, except using a

Foxp3/transcription factor staining buffer kit (Invitrogen, Paisley, UK).
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2.2.3 Rliorescence Activated Cell Sort(R\CS)

2.2.3.1 Cell preparation

PBMC were isolated as described in Section 2.1.2. To minimise sorting tire@yriotement for

CD3 cells was performed by removing CQx@lls. Prior to membrane staining, up to’10
PBMC/80ul FACS buffer was stained with 20 pl of CD3 MicroBeads (Miltenyi Biotech, Surrey,
UK). Cells were incubated for 15 minutes in the refrigerat®€)4dwashed with FACS buffer and
centrifuged at 300 )y for 5 minutes at 4C with brake and accelerati. Up to 16 cells were
resuspended in 500 ul FACS buffer and scaled up accordingly for higher cell numbers. LS
separation columns (Miltenyi Biotech, Surrey, UK) were attached to a QuadroMACS separator
(Miltenyi Biotech, Surrey, UK) and washed with 3 mFACS buffer. The cell suspension was
loaded into the column and the unlabelled CB4ll fraction was collected into a 15 ml centrifuge
tube. The column was washed a further three times with 3 ml of FACS buffer. ThEEMNIG
fraction was counted (Section 2.3.1) and centrifuged at 3§@ox 5 minutes at 4C, with brake

and accelerationbefore surface staining was performed (Section 2.2.1).

2.2.3.2Cell sorting

Cells of interest were bulk sorted into rowhdttom polypropylene tubes (Fisher Scientific,
Loughborough, UK) containing 100% FCS (Gibco, Paisley, UK). Sorted cell cowtitaimec:

and purity was also analysed when feasible. Cells were centrifuged at 300 x g for 5 minutes at
4°C, with brake and acceleration and resuspendethe appropriate media for downstream

application.

For single cell RNA sequencing, cells were sanied96-well polymerase chain reactioPCR

plates (BieRad, Hertfordshire, UK) containingilof 1mg/ml UltraPurébovine serum albumin
(Thermo Fisher, Paisley, UK) anda &f 10mMdeoxyribonucleotide triphosphatéNew England
Biolabs, Hitchin, UK). és were sealed with a PCR plate sealing film-g&id, Hertfordshire,

UK) and stored a80°C.
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All cell sorting was performed by Mr. Jamie Evans or Dr. Simon Yona. Single cell RNA sequencing
analysis was performed in collaboration with Dr. Florent Gihand Dr. Charle&ntoine

Dutertre at A*STAR, Singapore Immunology Network.

2.2.4 Isotype controls and FMOs

Nonspecific binding of antibodies can occur via the Fc regfaantibodies When measuring
surface  membrane marker or intracellular protein exgs®n, isotype controls were
implemented to control for norspecific binding. Isotype controls were matched to the antibody
for host species, immunoglobulin class, light chain and fluorochrome. The same quantity of
isotype was added to the cell sample aaswvith the primary antibody. Fluorescence Minus One
(FMO) controls were used to demonstrate background fluorescence in a particular channel of
interest to ensure the positive population was properly identified. For exanffbre 2.1
demonstrates how arMO identifies the background fluorescence in the BV605 channet. Non
specific binding can be observed by the shift in fluorescence between the isotype control and

the FMO control. These controls allow the true staining of @ig@34primary antibody to be

appreciated.
Mouse IgG1, k Mouse 1gG1, k
BV605 FMO BV605 Isotype control BV605 CD34
250K a1 Q2 250K Jan Q2 250K Ja1 az
0 0 1) ] 079 1]
200K ] 200K ] 200K 4
150K7 o . | 150kd -, 150kd * ke
i P T il
100k e 100K -+ 100K
3 50K Q4 Q3 50K Q4 a3 SOK‘QL‘I Q3
e 0 100 0 0 98.2 1.80 0 213 78.0

™3 "3 4 5 3 3 4 5 3 "3 4 5
070 10 10 10 00 0 10 10 10 100 0 10 10 10
CD34

Figure 21 Isotype controls and FMOs

Pre-DC were identified within the PBMC fraction by flow cytometry. CD34 expression was
analysed(right) in conjunction with the corresponding isotype cont(oliddle)and FMQ(left).
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2.2.5 Compensation controls

Single colour compensation controls are necessary for rooltur flow cytometry to account

for spectral overlap between fluorochromes. Ultra@m eBeads compensation beads
(Invitrogen, Paisley, UK) contain positive beads that bind antibodies and negative beads that
serve as a baseline fluorescence. @nap (50pl) of compensation beads was stained with each
fluorochrome. Beads were incubated 80 minutes at 4C in the dark, then washed with FACS

buffer at 1000 »g for 3 minutes at 4C before resuspended in 500 ul of FACS buffer.

2.2.6 Sample recording and analysis
Cell samples were analysed using LSR Forte2fa (RD Biosciences) or FACS AriéBD
Biosciences). FlowJo software (Tree Star Inc.) and Cytobank (Cytobank, Inc.) were used to

analyse flow cytometry data.
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Marker Target | Fluorochrome Clone Company Dilution
AXL Human APC #108724 R&D 1:20
CCR2 Human PECy7 K036C2 Biolegend 1:50
CD100 Human Biotin REA316 Miltenyi Biotec 1:10
CD11b Human | PerCP/Cy5.5 ICRF44 Biolegend 1:50
CD11c Human Bv421 B-ly6 BD 1.50
CD11c Human BV785 B-ly6 BD 1:50
CDl1lc Human PECy7 B-ly6 BD 1:50
CD11c Human V450 B-ly6 BD 1:50
CD123 Human BUV395 7G3 BD 1:100
CD123 Human | PerCP/Cy5.5 7G3 BD 1:100
CD14 Human BUV805 M5E2 BD 1:100
CD14 Human APCCy7 M5E2 Biolegend 1:50
CD14 Human FITC M5E2 Biolegend 1:50
CD14 Human PE M5E2 Biolegend 1:50
CD141 Human BVv711 1A4 BD 1:50
CD141 Human PEDazzle M80 Biolegend 1:50
CD141 Human PECy7 M80 Biolegend 1:50
CD141 Human | PerCP/Cy5.5 M80 Biolegend 1:50
CD16 Human AF700 3G8 Biolegend 1:50
CD16 Human APC 3G8 Biolegend 1:50
CD16 Human APCCy7 3G8 Biolegend 1:50
CD16 Human Bv711 3G8 Biolegend 1:50
CD16 Human PECy7 3G8 Biolegend 1:50
CD16 Human FITC 3G8 Biolegend 1:50
CD163 Human BV785 GHI/61 Biolegend 1:50
CD19 Human PEDazzle HIB19 Biolegend 1:50
CD19 Human FITC HIB19 Biolegend 1:50
CDl1c Human APCCy7 L161 Biolegend 1:50
CDl1c Human Bv421 L161 Biolegend 1:50
CDl1c Human BV510 L161 Biolegend 1:50
CDl1c Human BV605 L161 Biolegend 1:50
CDl1c Human PE L161 Biolegend 1:50
CDl1c Human PECy7 L161 Biolegend 1:50
CD2 Human PECy7 RPA2.10 Biolegend 1:50
CD20 Human PEDazzle 2H7 Biolegend 1:50
CD20 Human FITC 2H7 Biolegend 1:50
CD203c Human PE FR316A11 Miltenyi Biotec 1:50
CD3 Human FITC HIT3a Biolegend 1.50
CD3 Human PEDazzle HIT3a Biolegend 1.50
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CD303 Human BV711 201A Biolegend 1:50
CD33 Human BV605 P67.6 Biolegend 1:50
CD33 Human BV711 P67.6 Biolegend 1:50
CD34 Human BV605 581 Biolegend 1:50
CD34 Human BV785 581 Biolegend 1:50
CD36 Human APCCy7 5-271 Biolegend 1:50
CD39 Human PECy7 Al Biolegend 1:50
CD45 Human AF700 2D1 Biolegend 1:50
CD45 Mouse AF700 30F11 Biolegend 1:50
CD45RA Human BV711 HI100 Biolegend 1:50
CD5 Human BV605 L17F12 Biolegend 1:50
CD5 Human PE UCHT2 Biolegend 1:100
CD56 Human PEDazzle QA17A16 Biolegend 1:50
CD56 Human FITC QAL17A16 Biolegend 1:50
CD62L Human | PerCP/Cy5.5| DRE&6 Biolegend 1:50
CD64 Human BV605 10.1 Biolegend 1:50
CD66b Human AF700 G10F5 Biolegend 1:50
CD66b Human PEDazzle G10F5 Biolegend 1:50
CD66b Human FITC G10F5 Biolegend 1:50
CD80 Human BV605 L307.4 BD 1:50
CDS86 Human|  AF700 23311)(FUN BD 1:50
CD88 Human FITC S5/1 Biolegend 1:50
CD89 Human FITC A59 Biolegend 1:50
CLEC9a Human Bv421 3A4 BD 1:50
CLEC9a Human PE 8F9 Biolegend 1:50
CLEC9a Human APC 8F9 Miltenyi Biotec 1:50
CXCR1 Human PE 2A91 Biolegend 1:50
CXCR1 Human | PerCP/Cy5.5 2A91 Biolegend 1:50
FeR1D Human PEDazzle AER37 Biolegend 1:50
HLADR Human V500 G466 BD 1:50
HLADR Human BV510 L243 Biolegend 1:40
IRF4 Human | PerCP/Cy5.5| IRF4.3E3 Biolegend 1:100
IRF8 Human PE REA516 Miltenyi Biotec 1:100
Ki67 Human PECy7 20Rajl eBioscience 1:100
Siglec6 Human FITC REA852 Miltenyi Biotec 1:100
Siglec6 Human PE REA852 Miltenyi Biotec 1:50
SLAN Human APC DD1 Miltenyi Biotec 1:20
Streptavidin Human BUV737 - BD 1:20

Table 21 List of antibodies used for flow cytometry
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These dilutions were used when staining 1ml of ACK lysed blood (or approximately@zells)
(Section 2.1.3). Of note, staining was performed in FACS buffer in a final staining volume of
100pl. When staining larger numbers of cells for FACS, the recommended amount of antibody

6l & dzaSR | O0O2NRAY3 (2 GKS YIydzZFIl OGdzZNBNRa Aya

2.2.8 Clone Comparisons

Several antibody clones exist for detecting a particular antigen. Due to the limitations of
fluorochrome conjugates available, motiean one antibody clone was sometimes used. To
assess clone quality, ACK lysed blood was stainedeadh clone for comparison and analysed

by flow cytometry.

2.2.8.1 CD11c
CD11c expression was primarily used to identify classical dendritic cells. The clgfe, B
resulted in a better resolution of the CDIJopulation than the 3.9 clond={gure 2.2. The B

ly6 clone was used in this thesis.

250K 7 250K
200K1 200K
160K 7 i B 150K

100K 7 100K

50K1 50K+

SSC-A

CD11c {B-ly6) CD11c (3.9)
Figure 22 CD11c clone comparison

Expression profile of CD11c clonegy®and 3.9) on LitHLADR cells.
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2.2.8.2 CD141 and CLEC9a

CD141 was predominantly used to identify CD1@LEC9aDC. Both CD141 clones (1A4 and

MB80) identified similar percentages of cells that were also CLEEI§are 2.3 and were used

in this thesis.
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Figure 23 CD141 clone comparison

Expression profiles of CD141 clones (1A4 and M80) omHLA&DR cells. Thepercentage of
CD141CLECY9dC was assessed with each CD141 clone.

In addition, two clones of CLEC9a (8F9 and 3A4) were comzgrag 24) and identified a

similar percentage of CD14CLECYdC.
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Figure 24 CLEC9a clone comparison

Expression profiles of CLEC9a clones (8F9 and 3A4) ¢tLADR cells. The percentage of
CD14* CLEC9dDC was assessed with each clone.

65



Chapter2 ¢ Materials and Methods

2.2.8.3 CD5
CDS5 clones (L17F12 and UCHT?2) stained a similar percentage &ligetks 25) and were

used intechangeably throughout this thesis.
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Figure 25 CD5 clone comparison

Expression profiles of CD5 clones (L17F12 and UCHT?2) on all white blood cells. The percentage
of CD5 cells was assessed with each clone.

2.2.8.4 HLAR
Human Leukocyte Antiget[(A-DR clones (L243 and G@fstained a similar percentage of
Lineage cells, although the G46 clone provided better resolutior-{gure 26) and was the

preferred choice.
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Figure 26 HLADR clone comparison

Expression profiles of HHU2R clone¢§L243 and G46) are shown on PBMCs. The percentage of
LimHLADR cells were assessed with each clone.
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2.2.8.5 Siglec6

Siglec6 clones (767329 and REA852) were stained separately in conjunction with AXL, to identify
Siglec6 AXLEDC. The 767328lones did not clearly identify these cells whereas this cell
population was clear with the REA852 cloRe(ire 27) The latter clone was used throughout

this thesis.
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Figure 27 Siglec6 clone comparison

Expression profiles of AXL and Siglec6 clor@&3¢0 and REA852) are shown on HILADR.

2.3 Cell Counts

2.3.1 Automated Cell Counter

Approximate cell counts to numerate cells for staining were performed using a Countess
automated cell counter (#C10277) (Invitrogen, Paisley, UK). 10 pl of cetlosolas
resuspended with 10 pl of trypan blue (0.4%) (Invitrogen, Paisley, UK). 10 pl of this mix was
added to Countess cell counting slides (Invitrogen, Paisley, UK) to be counted. Values were
reported as a concentration and then scaled to the origuzdime the cell sample to calculate

total cell count.
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2.3.2 Counting Beads

Flow cytometry CountBright cell counting beads (Invitrogen, Paisley, UK) were used to calculate
the absolute numbers of cells in blood and blister samples. Beads were useubrat
temperature, vortexed for 30 seconds and 25 pl was immediately added to a stained sample in
300 plprior to flow cytometry analysisAfter running the sample on the flow cytometer, the
beads could be identified as higide scatter (SG and lowforward scatter(FSQ and further

identified as they fluoresce in all channels due their broad excitation wavelength raigyee

2.8).
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Figure 28 Counting bead gatingtrategy

Flow cytometry CountBright counting beads were added to cell samples. Beadsemtiged
as high SSC and low FSC and count be further identified by their high fluorescence in other
channels.

With the recorded bead event, total cell event and the total number of beads added in 25 pl,

the number of cells in the sample could talculated using the following equation:

€04 BRQABQE O . .
— = — £.0 0 0AODRDQMBNQQ® ¢ W WEWQA o i
E0 0 AQADQWD Q¢ 0

2.3.3Clinical Blood Report
EDTA treated blood sanpd ¢ SNB aSyid (G2 ¢KS 5200G2NNRa [0
clinical blood counts were obtained/ajor cell populations were identified usng size and

grarularity measuremens.
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2.4 Human bone marrow biopsy
Human bone marrow biopsy samples were obtained from hematopoietic stem cell donors or
femoral heads following total hip régcement. Samples were processed and analysed by flow

cytometry in collaboration with Dr. Venetia Bigley at Newcastle University.

2.5 Cell Cycle Profiling

Cells express Ki67 in all stages of the cell cygl8 (fhase, &and mitosis) except Gerdeset

al., 1984) Thedeoxyribonucleic acidPNA content of cells in gand GOF'y 6 S NB I NRSH
cells in S phase in the process of replicating their DNA and by fif@& have double the DNA

O2 y i Sy i -diamidino2phemylindale (DAPI) binds to DNA and can be used totifyan

DNA content. Cells with double DNA content (i.e. divided cells) can be identified as they will have
double the fluorescenc@ozarowski and Darzynkiewicz, 20043ing DAPI in camction with

Ki67, different stages of the cell cycles were analysed.

2.5.1 Sample preparation

Surface staining was performed on PBMC as in Section 2.2.1. Cells were fixed and permeabilised
with FoxP3/transcription factor staining buffer set (Section.2.2Cells were intracellularly
stained with Ki67 (1:100) and 0.5 ug/ml DAPI with g@0ml RNase A and 500U/ml RNase T1
(Thermo Fisher, Paisley, UK) for 30 minutes, in the dark at room temperature. RNAse treatment
was necessary as DAPI can also bind tA.RI¢Ills were washed with permeabilisation buffer,
centrifuged at 300 g at 4°C for 5 minutes with brake and acceleration and finally resuspended

in FACS buffer ready for flow cytometry analysis.
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2.5.2 Analysis

To examine the cell cycle status of celsflow cytometry, cells of interest were first identified.
As an example, PBMC were examined for Ki67 and DAPI exprédsgiore (2.9. Ki67 DAPP
were regarded as cells in,&i67 DAPP as G and Ki67 DAPTI" were identified as S phase, G

andmitotic cells. Of note, KiBDAPY cells were thought to be contaminating doublets.

Isotype Control
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0 ﬁ
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0 50K 100K 150K 200K250K 0 50K 100K 150K 200K250K 0 30K 60K 90K 120K .

10 3
FSC-A FSC-A DAPI

Ki67

331Gy

0 30K 60K 90K 120K
DAPI

Figure 29 Cell Cycle Analysis

PBMC were analysed for Ki67 and DAPI expression. ¢€b were defined using an isotype
control. Cells were divided into Ki6DAPPY, Ki67 DAPPY and Ki67 DAPIM cells,
corresponding to @ G and S phase, £er M phase, respectively.

Image cytometry operates in a similar fashion to flow cytometn addition to measuring
protein expression, the localisation of the protein can be visualised in/on the cell itself. As cell
images are recorded, this technique was implemented to visualise the different stages of the
cell cycle by gating on the pojatilons defined by Ki67 and DAPigure 2.10. Ki67 DAPP cells

were single cells representative of €lls. Cells inGvere similar to those in §&xcept they can

be observed to express Ki67. KiBAPT cells represent cells in S phase a@d mitoss. Often a
single cell with double nuclei could be observed and sometimes two cells could be observed.

Finally, Ki67DAPT cells were also imaged. All cells in this gate consisted of two adjacent cells. It
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wasunclear whether these cells represent doublets or cells which have just left telophase, as
decreased Ki67 expression has been observed towards the end of nfRosiset al., 1988)
Imaging cytometry was performed on ImageStreamX Mk2 (Amnis) and analysed using IDEAS

v6.2 (Amnis).
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Ki67- DAPI'®
a)
Ki67+ DAPI'°
b) 1671
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Figure 210 Cell Cycle Imaging

PBMC were stained with lineag€D3, CD19, CD20, CD56, CD@fieen), HLAR (pink; last
column), Ki67 (pink;8column) and DAPI (purple). Cells were identified as either a) BA&FP,
b) Ki67 DAPP, c) Ki6TDAPY or d) Ki67DAPY. Representative of n=2 individual experiments.
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2.61n vitromonocyte culture

PBMC were stained (Section 2.2.1) and classical monocytes were isolated by FACS (Section
2.2.3). 96well Nunc UpCell flabottom plates (Thermo Fisher, Paisley, UK) were coatdu avit
without 1 pg Deltalike ligand 1 (DLL) (AdipoGen Life Sciences, Switzerland) in dOPBS
overnight at 4C as previously describéBlurataet al.,2010) Wells were washed with PBS and

1 x1C classical monocytes was seeded in 20@vell Roswell Park Memorial Institut&kPM)

1640 (Thermo Fisher, Paisley, UK) supplemented with 10% autolegoush, macrophage
colonystimulating factor (MCSF) (10ng/mi)r{vitrogen, Paisley, JKkthrombopoietin (20ng/ml)
(Invitrogen, Paisley, UKstemcell factor (10ng/ml)Ifvitrogen, Paisley, UKinsulinlike growth

factor 2(20ng/ml) (nvitrogen, PaisleyJK) and fibroblast growth factet (10 ng/ml) [nvitrogen,

Paisley, UKand Heparin (25U/ml). Cells were harvested with cold PBS containing 10mM EDTA
and 4mg/ml lidocaine (Sigma Aldrich, Dorset, UK). Cells were washed with PBS and resuspended

in FACS buffebefore stained and analysed by flow cytometry.

2.7 Cytospins

Cells were resuspended at 5 Xl in PBS (+10% FCS). 200 pl was added to a cuvette attached
to a slide and a filter card which was bound with a metal holder. Cells were spun at 800
revolutions perminute (RPM) for 8 minutes using a Shandon Cytospin 2, slides were carefully
detached from the cuvette and filter card and air dried for 30 minutes. Slides were dipped five
times in fixation solution (Thermo Fisher), dried for another 30 minutggedi 8 times in Eosin
solution (Thermo Fisher) and 4 times in Methylene Blue solution (Thermo Fisher), then washed
in tap water. Once dried, DPX was applied to the slides and covered with a coverslip. Cells were
analysed using a Nanazoom Digital Pathol@¢®P) (Hamamatsu) and images were analysed

using NDP.view2 software (Hamamatsu).
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2.8 Human iwvivodeuterium labelling

In vivodeuterium labelling was performed in collaboration with Prof. Derek Macallan and Dr.

Yy ®BKEYy3 L

[fl

Chapter2 ¢ Materials and Methods

{d® DS2NHSQas ! yADBSNERAGER

2T

orally administered 20 g of deuterated glucose (B8 (Cambridge Isotope Labaovates Inc.,

[ 2Y

Massachusetts, United States) dissolved in 100 ml of bottled still water (Highland Spring) over

a 3 hour periodTable 2.2. In addition, finger prick blood samples (Section 2.1.6) were taken

at several time points.

Time | Time elapsed from| Dose | Finger prick
15t dose (mins) (ml) | blood sample
09:00 0 40 Yes
09:30 30 10 Yes
10:00 60 10 Yes
10:30 90 10
11:00 120 10 Yes
11:30 150 10
12:00 180 10 Yes
12:30 210 Yes
13:00 240 Yes
15:00 360 Yes
17:00 480 Yes
09:00 24 hours Yes

Table 22 Deuterated glucose dosing schedule

Dosing regimen for oral administration 20g of deuterated glucose resuspended in 100 ml of
drinking water. Following an initial 40 ml priming dose, 10 ml was administered every 30 minutes

thereafter.

Volunteers were asked to fast on the day as an increased turnover of glucose is observed during

the postprandial state, resulting in increased enrichment of deuterated glucose when

administered. To measure plasma enrichment of deuterated gleicinger prick blood samples

were analysed by gas chromatograpimass spectroscopy (GC/MS). 80 ml venous blood was

drawn a selected time points, and cells of interested were sorted by FA@8e 2.1) Cell

pellets were stored in protein LoBind eppemfioat-80°C until ready for analysis by GC/MS.
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[6.6-2H2]-glucose

Finger-prick
blood samples
Bl d b
.. _Precursor
enrichment

8 0 24 ()
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Sampling 1
Follow-up blood samples Separation of
cells of interest

Day3 4 10 21
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Analysis DNA I Glucose
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DNA extraction/hydrolysis

{ v

GCMS analysis for D, GCMS analysis for D,

Figure 211 Schematic illustration of deuterium labelling

An overview of deuterium labelling divided into labelling, sampling and analysis stages.
Volunteers were administered deuterated glucose during which plasma enrichment was
measured. Venous blood samples were taken over a period of 30 days, where cetégeti

were isolated by FACS. Cells were analysed for deuterium enrichment by gas
chromatography/mass spectroscopy (Image modified from Macaila.).

2.9 Mathematical Modelling

Mathematical models were applied to deuterium labelling kinetic dataestimate unknown
parameters such as the delay, rates and lifespan of these cells. Mathematical modelling was
performed in collaboration with Dr. Becca Asquith and Dr. Lies Boelen at Imperial College
London. R packages modFit and dede were used to fitrtbdel to the observed values of
deuterium enrichment. The algorithm minimizes the sum of squared residuals between the

modelled curves and observed values. The sum of squared residuals were corrected for a small
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sample size using an Akaike informationezion, which also allowed for comparisons between

models.

2.9.1 Human Monocyte Model

Based on the kinetic profiles of human monocyte subsets and bone marrow composition, a likely
biological scenario was proposed. This scenario provided the basis forotthel ®igure 2.12.

In addition to proposing this model, Tak al., proposed intermediate monocytes convert to
non-classical monocytes outside the circulatifiraket al.,2017a) This model was tested by

incorporating a delay parametend).

[l Classical monocytes

. Marrow proliferating pool
D Intermediate monocytes

B Marrow classical monocytes
[l Non-classical monocytes

~
1
1
I =
I 1
1 £
I =
* W
YlEOp/UOljBSBARIIX]

Bone marrow Blood

Figure 2.1Human Monocyte Mathematical Model

Based on a likely biological scenario, a mathematical modeimglemented to estimate the
proliferation rates, lifespan, delay periods regarding human monocyte subsets. Bone marrow
progenitors proliferate (p) and give rise to classical monocytes in the bone marrow which reside

in this compartment jf1) before releasednto the circulation at a rate ofir A proportion of
circulating classical monocytes,( will mature into intermediate monocytes at a rate of It

wasl aadzySR Of FaaAaAl0rt Y2y20edSa 0(KFi RpRlea@i Y
the circulaton also at a rate of,r Similarly, a fraction of intermediate monocytes mature into
non-classical monocyte$ {) at a rate of gand a the remaining ¢13) will leave at the same rate

(r3). In addition, a delay parametens) between intermediate andon-classical monocyte
differentiation was tested.
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N was denoted as the number of bone marrow classical monocyteas Bblood classical
monocytes, Bas the number of blood intermediate monocytes angathe number of blood
non-classical monocyte#t wasassumed that all compartments are steadystate. The size of

the blood compartments were taken from flow cytometry data.

The dynamics of these four compartments could be described by the followiragiens:

S~ i0 0 w i0

00 | A

It is assumed that all the compartments are in steady state. The relative sizesBfadd B

were taken from flow cytometry data for each individual. From these equations, the dynamics

of the fraction oflabelledcells in each compartmertan be derivedk, for the bone marrow

and kfor blood compartments 8

Q"0 .
— O G @)
Qo d w
Q0 -~ oo VY i 'O
‘™ 0
Q0 1 ° O 10
Qo | 0
QO o . . o
— | I =00 VY e
o] 0

U(t) is the precursor enrichment (plasma glucose) at time t, described empirically as a plateau

function with exponential decay.
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2.10 HumarkEndotoxin Model

2.10.1 Endotoxin Challenge

2ng/kg Clinical Centre Reference Endotoxin (CEREDIIO:113 E®, NIH, Bethesda, United
States) was administered intravenously (1.V.) to consented healthy male volunteers by Dr. James
Fullerton, as previouslgescribed(Fullertonet al., 2016) Participants were asked to refrain
consuming food from midnight prior to I.V. endotoxin administration and coffee and alcohol 48
hours before. After administering I.V. endotoxin, blood samples were taken at baseline, 2, 4, 6,
8, 24, 48, 72 and 96 hours and 7 days post challenge and analysed by flow cytometry in addition

G2 ¢KS 5200G2NN&a [02NIG2NR F2NJ FdA f o6f22R 02

2.10.2 Endotoxin Challenge with Deuterium labelling

In order to assess the origin of monocytes during endotoxin challenge, subjects received
deuterated glucose 20 hours prior to endotoxin administratiBig(re 2.13. Monocyte subsets
were sorted by FAC& baseline, 8, 24, 48, 72 hours and 7 days post challenge and labelling

kinetics were analysed as described (Section 2.8).

Endotoxin
Challenge

o Vi 2 3 4 7  Days
[ t 1 f t

Deuterium  Isolate circulating human monocyte subsets — pNA analysis
glucose pulse

Figure 213 Endotoxin Protocol Outline

Volunteers were administered 20g of deuterated glucose 20 hours prior to endotoxinradelle
Monocyte subsets were isolated by FACS at 8, 24, 48, 72 hours and 7 days post endotoxin
challenge and analysed for deuterium labelled DNA by GC/MS.
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2.11 UWilledE. colhuman blister model

2.11.1 Administration of UklledE. coleand sample allection

Escherichia colE( colj (Strain: NCTC 10418, Public Health England, UK) were grown and killed
by UV light, as previously describ@dotwani et al.,2016) Bacterial counts were determined

by optical density and resuspended to a count of 1.5%ldn sterile saline where nowiability

was confirmed by UCLH Microbiology department. Following screening and consent of healthy
male volunteers, 1.5 x IQ\tkilled E. colin 100 pl saline was intradermally injected using a 30
gauge needle into each foraarapproximately 7 cm from the cubital fossa by clinicians (Dr.
Alexander Maini and Dr. James Glanville). A 10 mm diameter suction blister was induced at
either 6, 24, 48 or 96 hours peshallenge over the challenged site by a negative pressure
instrument(NR4, Electronic diversities Ltd., Maryland, United States). After placing the suction
chamber over the site, negative pressure was gradually applied from 2 to 10 inches of Mercury
(Hg) Table 2.3. If a blister formed before maximum pressure, the pressuas maintained at

that level until the blister was fully formed.

Pressure (Hg) | Time (minutes)
2 1
3 1
4 1
5 5
6 5
7 10
8 10
9 Until blister forms

Table 23 Blister formation

A suction chamber was placed over the injected site and negative pressure was gradually
applied from 2 to 9 Hg periodically.
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Once a blister was formed, the pressure was gradually reduced by 1 Hg every minute and
aspirated immediately using a 23 gauge diee All exudate was collected using a pipette into a
96-well plate containing 50 ul of 3% sodium citrate in PBS. The blistered site was then sterilised

with antiseptic spray and covered with an adhesive surgical dressing.

2.11.2 Sample preparation

After collecting the blister sample, 9@ell plates were centrifuged at 100Qyxfor 5 minutes at

4°C. Blister fluid was aliquoted into protein LoBind eppendorfs and storeBDAE. Eppendorfs

were weighed with and without blister fluid testimate the volume of blister fluid and 0.05 g

was further subtracted to account for the 50 pl of sodium citrate. The blister cell pellet was
resuspended in FACS buffer, stained and prepared as described in Section 2.2.1. Cells were

analysed by flow cytomtry or single cell sorted by FACS intev@8l plates (Section 2.2.3).

2.11.3 Laser Doppler Imaging

Norrinvasive blood flow measurements were also taken at the challenged site. To measure
blood flow at the site of inflammation, Laser Doppler imaging wagslemented. Red and
infrared wavelengths of light are emitted at the site, the laser light is then scattered by red blood
cells, where the scatter is proportional to both the concentration and speed of red blood cells.

A flux imagevasgenerated and indites areas of high and low blood flow. Measurements were
made using a moorLDI2 Laser Doppler imager (Moor Instruments Ltd, Axminster, UK) and images

were analysed by moor LDI software v5.2.

2.12 Mice

2.12.1 MISTRG mice

10-weekold MISTRG mice were used fadoptive transfer experimentdISTRG mice express
human knockin genes encoding MCSF, 8, GMCSF, SIRRnd TPO in RAGIL-2Rg" mice
(Rongvawet al., 2014) Mice were maintained under specific pathogkee conditions and

handled uner protocols approved by the Yale Institutional Animal Care and Use Committee.
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These experiments were performed by Dr. Simon Yona, UCL in collaboration with Prof. Richard

Flavell and Dr. Anthony Rongvaux at Yale University.

2.12.2 Adoptive Transfer

Human lood was collected from healthy volunteers and classical monocytes were isolated by
FACS (Section 2.2.3). 1 %1Buman classical monocytes were adoptively transferred
intravenously into MISTRG mice. Peripheral murine blood was collected by cardiac puncture
under terminal anaesthesia at 10 minutes, 24, 72 and 96 hours post adoptive transfer and
erythrocytes were lysed. Cells were stained withuseCD45, hmanCD45, HL®R, CD33, CD3,

CD19, CD20, CD56, CD66b, CD14 and CD16 and analysed by flow cytoraelryimeepoint.

2.13 Statistical analysis

Prism v8 (GraphPad) software was usegéoform statistical analysis. Statistical tests used are

reported in the figure legends.

81



/| KI LJiI SNJ o

az2y2080S YR 58Sy

| KI N} OGSNRALIl U




Chapter 3 Monocyte and DC Characterisation

3.1 Introduction and Aims

3.1.1 Introduction

Monocytes and dendritic cells (DC) make the circulating mononuclear phagocyte pool in
humans. Based on an approved classification of mononuclear phagdzyegserHeitbrocket
al., 2010) human monocytes are defineds either classical, intermediate or neolassical
subsets depending on their expression of CD14 and ¢Passlicket al., 1989) However,
various strategies have been implemented within the literature tantifg monocytes by flow

cytometry.

Blood DC can be divided into two conventional (cDC) subsets and plasmacytoid (pDC) subsets.
However, since this classification, two independent groups have recently identified several DC
populations by singleell RNA sguencing(Seeet al.,2017; Villanket al.,2017) which will be

discussed in this chapter.

3.1.2 Aims
Identify and characterise monocytes and newbscribed DC subsets by flow cytometry under

steady physiological conditions, laying the foundations for the remainder of this thesis.

83



Chapter 3 Monocyte and DC Characterisation

3.2ldentificationof blood monocyte subsets

3.2.1Classificatiof circulating human monocyte subsets

In 1989, Padicket al.,demonstrated monocytes express both CD14 and CD16 anijBasslick

et al.,1989) leading to the recognition of human monocyte subsets. To date, CD14 and CD16
remain as the two conventional magks to identify human monocytes. Nevertheless, these two
markers alone are not enough to identify monocytes from whole blood, as they are also
expressed on other leukocyte populations such as T cells (CD3), B cells (CD19 and CD20) NK cells

(CD56) and neutiphils (CD66K)Figure3.1).

A rigorous gating strategy was implemented where T cells, B cells, NK cells and neutrophils were
excluded and within the lineage I(iny population, HLADRcells were gated to identify
monocytes Figure 3.2. Monocytes form @ontinuum due to the nature of their CD14 and CD16
expression and can be divided into three recognised subsets. Classical monocytes are classified
as CD14CD16cells, intermediate monocytes as CDLD16 and nonclassical monocytes as
CD1#- CD16 cels. Due to the nature of this continuum, box gating strategy was utilised to
allow for strict identification of monocyte subsets rather than using quadrant gating where
imprecision may occur. Of note, the CDCD16subset contains circulating DC subsetsch

are discussed further in Section 3.3.

Classical monocytes are often defined as CBd#hin the literature, however as can be
observed fromFigure 3.2 it would be more accurate to define this dense population as

CD18b.
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Figure 31 (D14 and CD16 expression on leukocyte subsets

ACK lysed blood was stained with CD3, CD19, CD20, CD56 or CD66b[aRd EkIBs expressing
these lineage markers were analysed for CD14 and CD16 expression. Representative of n=3
individualexperiments.
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Figure 3 Identification of human blood monocyte subsets

PBMC were isolated and stained for flow cytometry analydmnocytes are found within the Lin (CD3, CD19, CD20, CD56, GH68DR fraction of PBMC.
Classical monocytes are identified as CO2186"° cells (black), intermediate monocytes as CD2B@16 cells (grey) and nonlassical monocytes as C€D16
(red). CD14CD16cells harbour dendritic cell subsets. Haematoxylin and eosin stains for monocyte subsets are shown below (scalehaR&iesentative of
n=15 healthy volunteers.
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Haematoxylin and eosin cytospin stains confirmed the mononuclear morphology of these cells

with the typical kidney beasshapednucleus as historically ascribed to monocyteigire 3.2.

3.2.2 Circulating monocyte count

Within the literature, monocyte sudets have been identified using quadrant gating or box
gating. The latter is a stricter strategy which allows for the exclusion of monocytes that prove
difficult to classify. Previous studies in mice have demonstrated a developmental between
monocyte subsks (Gamrekelashvikt al.,2016; Mildneret al.,2017; Sunderkdétteet al.,2004;

Varol et al., 2007; Yonaet al., 2013) It was hypothesised that human monocytes are also
developmentally related, a question this thesis will aim to addrAssa result, box gating will

be adopted throughout this thesis (unless stated otherwise) to ensure bona fide classical,
intermediate and norOf  aaA Ol f Y2y20eiGSa NP FylftegasSR I
monocytes which lie in betweelfrigure 334d). Significant differences were found in neither the
percentage nor absolute count of monocyte subsets between the two stratelgigsré 3.3b,

suggesting either method can be used for enumeration of monocyte subsets siedelystate.

Monocytes makeup approximately 5% of CD4&irculating leukocytesHigure 3.3h. Of total
monocytes, classical monocytes make up 86.0 (£ 5.2) %, intermediate monocytes 5.5 (+ 2.7) %
and nonclassical monocytes 8.4 (= 3.25) #gare 3.3h. Counting beads were used to
enumerate the absolute count of monocyte subsets in blood. Classical monocytes are found at
a concentration of approximately 195,000 (£ 51,000) cells/ml blood. Whilst intermediate and
non-classical monocytes are found at similar concentrations of 12,8005@0) cells/ml and
20,700 ( 13,300) cells/ml blood, respectively. The total monocyte count falls within the clinical

reference range of 0.21.0x106k Y 06t 22R 60¢KS 52002NRa [ 02 NI {
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Figure 33 Proportion and count of monocyte subsets

To investigate differences in strategies used to define monocyte sulmatspnocytes were

gated using box gating (left) or quadrant gating (righy)Classical (black), intermediate (grey)
and nonclassical (red) monocytes were expressed as a percentage of total monocytes (left) and
absolute count (right) enumerated by box and quadrant gating. No significant differences were
observed between the typefaating strategy used. Average count/ml of blood ata@ndard
deviation §D are shown in the table below for each subset and gating strategy. Analysed by
two-way ANOVA and Bonferroni multiple comparisons teBtr's represent mean = SD. n=8
individual eyeriments.
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3.2.3 Characterisation of human monocyte subsets

3.2.3.1 Cell membrane marker expression

In mice, Ly6C expression is used to define monocyte subsets, whilst in rats and pigs, CD43 and
CD163 are used, respectivdigeissmanret al., 2003; ZiegleHeitbrock, 2014) To examine
whether human subsets resemble those in mice, markers known to be differentially expressed
between mouse monocyte subsets were measured oman monocyte subsetndshown as
histograms Figure 3.4 which were quantified by calculating the gMFiglre 3.3. In addition

to showing the expression on discrete monocyte subsets, ViISNE analysis examined marker

expression across the monocyte contimu (Figure 3.9.

The chemokine receptors, CCR2 angdRA are often used in murine studies to further classify
monocytes subsetgGeissmanret al., 2003) Like murine monocytes, classical monocytes
expressed higher levels of CCR2 yet lower level 3 whilst the converseas true for non

classical monocytesigure 3.4, Figure 3,%-igure 3.%. Additional markers measured were also
differentially expressed between human monocyte subsets. Some markers (CD141, CD123)
were observed to gradually increase from classical terinediate to norclassical monocytes,

whilst others progressively decreased in expression (CD64, CD62L, CD36). However, CD11b,
CDl1c, CD11c and HDR expression did not follow the gradual trend and the highest expression

was found on intermediate monocyt€Bigure 3.5.
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Figure 34 Qualitative surface membrane expression on circulating monocyte subsets

Monocyte subsets were identified by flow cytometry asHigure 3.2 CCR2, CD11b, CD64,
CD141, CD1c, CD62L, SLAN, CD36, CD123, CD11cCit #pression was measured on
classical (black), intermediate (grey) and fmbassical (red) monocytes and shown as
histograms. Isotype controls are shown in light grey. Representative of n=6 individuals.
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Figure 3 Quantitative surface membrane expressian circulating monocyte subsets

gMFI values of CCR2, CD11b, CD64, CD141, CD1c, CD62L, SLAN, CD36, CD12g8RID11c, CX
and HLADR expression on classical, intermediate and-classical monocytes. Analysed by
one-way ANOVA , followed by pelsbc Tukey multiple comparisons test. **** p < 0.0001, ***

p <0.001, * p <0.01, * p<0.05. Bars represent me8D. n=8 individual experiments.
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SLAN CD62L CX;CR1
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High Expression Low Expression

Figure 36 ViSNE analysis of membrane expression on monocytes

Membrane surface marker expression was analysed on monocytes by viSNE analysis. Monocytes
were identified as LirHLADR cells. Markers were analysed across thenocyte continuum
defined by CD14 and CDH&d expression is shown as a heatm&epresentative of n=6
individual experiments.
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Interestingly, markers associated with DC identity such as CD11c, CD1c, CD141 and CD123 were
also expressed on monocyte subsets. CD141, CD123 and CD11c were highly expressed on
intermediate and norclassical monocytes in comparison to classical monocythsreas, CD1c

was more highly expressed on classical and intermediate monocytes. However, DC
contaminationwasunlikely as DC are defined by their lack of CD14 and CD16 expi(@tmiffe

et al.,2012)

VISNE analysis allowed changes to be observed along the monocyte continuum but also
demonstrated differences in marker expression within each subset, that would normally be
masked by a histogm representation. For example, whilst CD11c and CD11b histograms
appear to have uniform peaks on classical monocykgute 3.4, ViSNE analysis showed

gradual changes in expression within this subBejure 3.6.

3.2.3.2 Norclassical monocyte heterogeity

Non-classical monocytes were shown to be heterogeneous in terms of SLAN and CD36
expressionKigure 3.4. As previously documenteroset al.,2010; Schakedt al.,2002)
SLANand SLARNhon-classical populations could be identified, where the Slpdidulation

constitutes approximately 36.%(3.43) % of noftlassical monocyte§igure 3.7.
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Figure 37 Non-classical monocytéeterogeneity

SLAN surface marker expression on classical (black), intermediate (grey) acidssical (red)
monocytes. Percentage of SLAMNnd SLAN non-classical monocytes. n=8 individual
experiments. * P < 0.05 (Pairedest).

Marker expression waanalysed between SLABNd SLANoopulations, all markers appeared

to have the same level of expression, except CD36. To assess this heterogeneitassaal
monocytes were divided by SLAN and CD36. Interestingly, all four possible populations could be
identified within nonclassical monocytes: SLABD36 SLANCD36, SLANCD36and SLAN

CD36 (Figure 3.8.

94



Chapter X Monocyte and DC Characterisation

[} SLAN* non-classical
monocytes

SLAN-non-classical
monocytes

Normalised to Mode
)
O
=
N

3
»103 0 Iﬂ3 104 Iﬂ5 -

CcD62L

b)

324 429

SLAN

Figure 338 Characterisation of SLANind SLANhon-classical monocytes

Membrane marker expression was analysed on SlalN SLANnhon-classical monocytes)
CCR2, CD11b, CD64, CD141, CD1c, CD62L, CD36, CD123,LBR1] t]Id®R expression was
measured on both nowlassical monocyte subsets) Non-classical monocyte heterogeneity
defined by SLAN and CD36 expression. Represeaitin=5 individual experiments.
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3.3 Characterisation of blood dendritic cell subsets

3.3.1 Identification of blood dendritic cell subsets

3.3.1.1 Initial gating strategy

In humans, DC can be found within the circulation unlike in mice. These cells have their own
distinct ontogeny from that of monocytgé eeet al., 2015; Livet al., 2009; Onaket al.,2007)

and can bdroadlyclassified intawo groups: Plasmacytoid DC (pDC) and Conventional/Classical
DC (cDC) which are further divided into cDC1 and cB&2entioned in Section 3.2.1, LHLA

DR CD14CD16gate includes bona fide DC. pDC can be idedtifiighin this fraction as CD123
CD11cecells, whilst cDC are taken as CDII311¢ cells which are further split into cDC1 and

cDC2 as CD14@D1cand CD141CD1¢cells, respectivelgigure 3.9.
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Figure 39 Identification of circulating human denditic cells

Isolated PBMC were analysed by flow cytometry to identify DC subsets. Dendritic cells are
defined as LMHLADR CD14CD16cells. Plasmacytoid DC (pDC) are identified as CIQCI?Blc
(orange), conventional DC (cDC) as CD@R31¢which can be further subdivided into cDC1
and cDC2 as CDI4XDic cells (red) and CD1%1CD1¢ cells (blue), respectively.
Representative of n=10.
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3.3.1.2 Revised gating strategies

Until recently, human circulating DC have been identified as destinFigure 3.9 During the
course of this study, it hasncebeen demonstrated by single cell RNA sequencing analysis that
further heterogeneity exists within DC subséeeet al.,2017; Villanéet al.,2017) where up to

seven DC subsets have been described.

Both strategies will be discussed individually before compared with one another to form a

unified DC gating strategy.

Using the same markers and gating strategy defined by Vifaai., the 7 DC populations
described within human blood were reproducdelure 3.1@). cDC1 were still identified using
CD141, cDC2 by CD1c but could now be divided into a"@pdCD1'8 subset and pDC were
recognised by CD123 expression. Two novel DC subsets were identified: Sighext(ASDC)
population and CD10@ D34 DC progenitors. The ABC were further divided into a CD123
CD1llcsubset anda CD123CD11¢t subset. The 7 DC subset was described as CD1c
CD141CD11cyet CD16 however, it has since been demonstrated that this DC subset overlaps
with nonclassical monocytegCalzettiet al., 2018; Glntheret al., 2019) and is no longer

considered a DC.

See and colleagues, also identified heterogeneity withia @D123 DC fraction, namely a
CD123CXCRICD2LJ2 LJdzt I G A 2 y-5 £i S NIV\5 IR* CHORNIDA'Hp®C population

(Figure 3.10).
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Figure 310 Villani et al., and Seeet al., proposed DC strategy

The DC strategies described by Villeinal.,and Seeet al.,were replicated. DC were identified
as Lin (CD3, CD19, CD20, CD56, CD66b,"CD18)HLADR cells. a) Villani et al., gating
strategy identified cDC1 (red), Sigleg&Xl* DC (purple), pDC (orange), CHaDC?2 (dark blue),
CD1€ cDC2 (light blue) and CDTQ@D34' DC progenitors (greend) Seeet al.,gating method
identified cDC1 (red), cDC2 (blue), € (purple) amh pDC (orange). Representative n=5
individual experiments.

3.3.2 Comparison of revised gating strategies

With the aim to design a unified DC gating strategy for further studies, both strategies were
compared for similarities and differences. The tatoategies identified cDC1, cDC2 and pDC,
although different markers and gating strategies were applied. In addition, similarities may exist
in the newly described populations as the CD1I2ECR1ICD2 pre-DC subset also expresses
Siglec6 and AX[Seeet al.,2017) which are markers used by Villani and colleagoddentify

AS DC. A unified panel comprising of markers from both strategies was developed and marker

expression was analysed for discrepancies between the subsets desd¢fiperk(3.11

3.3.2.1 pDC comparison

The original CD123DC population described igure 39, has now been demonstrated to
harbour multiple populations; pDC, pi2C, and CD123SDC. When comparing the revised
bona fide pDC population defined by both strategies;]LADR° CD45RACD33 contaminant

was observed in the Villaet al., method FHgure 3.1). This population was not described by
either group, however, based on the markers expressed, these cells are likely to be basophils as

confirmed by the expression of CD203c.

3.3.2.2 cDC2 comparison

Comparison of the cDC2 subset revealed an” 8hset using the Sest al., strategy. This can

be explained by the fact that Villaat al.,gate out AXLcells prior to gating cDC2, where the
AXL cDC2 cells can be found. See and colleagues regard the2X2 population as committed

pre-cDC2Seeet al.,2017)

99



Chapter X Monocyte and DC Characterisation

3.3.2.3 cDC1 comparison

cDC1 were shown to harbour a CD12B45RACDZ AXL population according to Villast al.,
(Figure 3.1). Asthese cells are gated prior to"BE Figure 3.1@), this explains the expression

of AXL within this population. Interestingly this population expresses markers that would be
considered a prddC by Seet al., Furthermore, the lack of CLEC9a expression on these cells,

confirms these cells are not cDC1

3.3.2.4AXE Siglec6DC comparison

Finally, both studies described a new subset that expressed AXL and Siglect\4llatzsike
all AXL Siglec6cells and divide them further into a CDX28Dl1lcand a CD123D11¢
population Figure 3.1@). The ©123 AS DC subset mirror the Seet al.,, CD123pre-DC
population Figure 3.1). The remaining CD11AS cells are found in Sest al.,cDC2 fraction as

mentionedabove Gection 3.3.2.2
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Figure 311 Comparison of Seet al., and Villaniet al., DC subsets

pDC, cDC2, cDC1, @€ and ADC from Seet al., (blue) and Villanet al., (red) were compared for differences in expression of B\ CD141, CD11c, CD123,
CD33, CD4®A, C2CR1, CD2, AXL and CD1c. CD203c expression was measured on pDC population to identify theoplld&®RAand CLEC9a expression on
cDC1 to identify the CD128opulation. Representative of n=4 individual experiments.
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3.3.3 Refined DC gating s&gy

3.3.3.1 Redefining pfoC

PreDC have been documented to express@X|(Seeet al.,2017) However, CCR¥" cells
were observed within the pr®C gateRigure 3.10h These cells aneminiscent of pDC which
may have contaminated the pfeC population as CD33 does not discriminate well between
these two populations. Therefore, further characterisation was necessary of the"ODB2

CXCR1population to correctly identify these csll

PreDC also express Af&eeet al.,2017) therefore CD3% CD123 CD45R*cells were gated
by AXL or GRR1 against CDFigure 3.12 41.5% of the CD33CD123 CD45RACD2
population were CCRZI and 74.0%were AXL All CXCRZ cells were also AXI(98.8%),
however not all AXlwere C¥CR1 (48.6%). While GER1 and AXL expression are reported to

define preDC(Seeet al.,2017) these data demonstrate otherwise.

Lin- HLA-DR* CD14 CD16 CD34 CD123*CD33"t
CD45RA* cells

1053 10°]
ol 415 o 74.0
E 10 ] 10 ]
i o} ]
N % 3l
> 107 < 107
(@] { |
ol ol
3
A0 5 0y —
10°0 100 10| 10 -10°0 100 107 10
5|
10 10}
98.8 ol 48.6
1077 =, 10]
» .
x 3- Um 3;
< 0™ > 107
] 5
01 01
1 3,
-103-: 10 3T T3 4 8
40°0 100 100 10° 070 10 100 10
CD2

Figure 312 AXL and GCR1 expression on pieC

To assess whether AXL and@R1 can both identify pi@C, CD33 CD123 CD45R#~cells were
gated on CD2 and eB3R1(top left) or AXL (top right) expression. CI2¢CR1 cells were
analysed for AXL expression (bottom left) and CTBRRL cells were analysed for e2R1
expression (bottom right). Representative of n=3 individual experiments.
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Figure 313 PreDC optimigtion

It was investigated whether CD2XCRY cells are preDC or pDC. Within the LHLADR CD14
CD16CD34 CD123 fraction of PBMC, CD45R&2D123 cells were divided into CDEXCR1
AXL(orange), CDZXCR1AXL(grey), CD2ZCXCR1AXL (blue) and CD2ZCXCRI AXL (purple)
populations. CD33, CD303, Siglec6 and CD5 expression was measured on each population.
Representative of n=3 individual experiments.

As CD33 poorly discriminates between{ar€ and pDC, all CD45R®123cells were aalysed
regardless of CD33 expressidiglre 3.13. Cell were divided into Cband CDZraction. CD2
cells were further divided using €CR1 and AXL into CIXCRIAXL (which can be regarded
as bona fide prddC), CDZXCR1AXL(pDC) and CDZXCR1AXL cells. Of note, CDZXCR1

AXLpopulation are the remaining pDC.

CD33, CD303, Siglec6 and CD5 are differentially expressed betwdaf ared pD(Seeet al.,
2017)and were measured on these four populations to help define them. The@©B2ZR1AXLE
(blue) displayed similar marker expression profiles to bona fideD&Ze(purple). As expected,

the CD2 CXCR1AXL(grey) pDC mirrored their CD@unterparts (orange).
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In summary, the GER¥'-cells can be regarded as pBeC and AXL expression serves as a better

discriminator of preDC than GCR1.

3.3.3.2 CD34progenitors

Seeet al., exclude CD34cells Figure 310b) which harbour the CD10@D34" progenitors
identified by Villanet al., CD34 progenitors are regarded as multipotent stem cells that may
have the ability to differentiate into several types of leukocytes. While Vidlizali,demonstrate

the CD100CD34! cells have the potential to give rise to cDC1 and cDGgastnot shown
whether these cells have the potential to give rise to other lineages. Furthermore, common DC
markers, FLT3 angtanulocytemacrophage colongtimulating factorare expressed on all DC
subsets, including pr®C, except CD100DD34" progenitors(Seeet al., 2017; Villaniet al.,

2017) suggesting these cells have a more primitive phenotype. As a result, these cells require
further characterisation to becorrectly defined as restricted DC progenitors and are not

analysed further in this thesis.

The CD34cells gated by Se=t al.,do not express DC markers (CD123, CD11c, CD141, CD1c and
AXL) igure 3.14. As a result, ivasunnecessary to stain for CD34 these cells would not fall

into DC gates.
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Figure 314 Surface membrane protein expression on CD&dlls

LimHLADR CD14CD16CD34cells were analysed for expression of DC markers. CD123, CD11c,
CD141, CD1c and AXL expression was assessed on this population. Representative of n=3
individual experiments.
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3.3.3.3 Proposed DC gating strategy

A new gating strategy for defining DCsadesigned taking into consideration the two proposed
strategies Figure 3.1%. Given the heterogeneity observed in pDC and cDC1 gated by #fllani
al., (Figure 3.1}, these subsets were gated using the 8kal.,strategy. cDC2 were also initially
gatedas in Seet al., however, this subset was divided into an Axhd AXLcDC2 subset, the
AXLsubset was further divided into a CD'land CD18subset. Finally, as AXL resulted in better
discrimination of preDC than GCR1, this marker was used alongside CD2 to identifpfre
from pDCFigure3.13also demonstrates CD33 as a redundant marker for distinguishinB@re

from pDC and was omitted from the final strategiygure 3.1%.
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Figure 315 Unified DC gatingtrategy

DC were identified within PBMC as (@3, CD19, CD20, CD56, CD66b, CIN®}HLADR.
pDC (orange) and pieC (purple) were identified using AXL and CD2 within the COD2ZSRA
population. CD123XD11¢cDC population were further subdivided in CD1@D1ccDCL1 (red),
CD141CD1¢AXLcDC2 (green), CD141D1€ AXLcDCZlight blue) and CD14CD18 AXLcDC?2
(dark blue). Representative of n=5 individual experiments.
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Haematoxylin and eosin staignshowed that all subsets haddented nuclei like that of
monocytes, except pDC which exhduta more rounded nucleus. After dividing CD128lls
into pre-DC and pDC, the distinct morphology of Br€ could be appreciateFigure 3.1,

which would havestherwise been masked by the abundant pDC population.
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Figure 316 DC morphology

H&E staining of human DC subsets.”AKIC2, AXcDC2, cDC1, pDC and{r€ were sorted by
FACS from PBMC and stained with H&E. (Scale bam)2&Representative n=3 individual
experiments.

3.3.4 Circulating DC Count

After establishing a finalised strategy to identify DC subsets, the abundance efabéswere
enumerated in blood. In relation to monocytes, total DC are found at lower concentrations in
blood, at approximately 1.7 xtinl of blood Figure 3.17. pDC and AXtDC2 subsets are the
most abundant, followed by cDC1, AXIDC2 and finally rg-DC which were found at

approximately 300 cells/ml of blood.
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Figure 317 Circulating DC count

Circulating human DC subsets and live Cbdlts were enumerated in healthy individuals by
flow cytometry. pDC (orange), pi2C (purple), cDC1 (red), AXDC2 (green), AXCD1& cDC2
(dark blue) and AXCD1¢€ cDC2 (light blue) emts were numerated per ml blood. Table shows
the mean count and SD for each DC subset. Bars represent mezD. n=8 individual
experiments.

3.3.5Protein marker expressian human dendritic cell subsets

Next, these newly defirdeDC subsets were characterised in terms of marker expredsiguré¢

3.18). TyicalDC markers were examined on the six DC subsets. CD80 was absent on all subsets,
whereas CD86 was expressed on all DC subsets exceptCprélthough CD34ells were
exclued, preDC expressed the highest level of CD34, in line with their role as precursors to
c¢DC1 and cDC2. IRF8 was highly expressed in cDEIC @ad pDC whereas IRF4 was solely
expressed in cDC2, p2C and pDC. CD303 was solely expressed on pDC,lgjrGil&C9a was

only found on cDC1.
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Figure 318 Human DC protein expression

DC subsets were defined by flow cytometiRjiglre 3.1% Surface membrane and intracellular
protein expression was measured on cDC1 (red),@X1& cDC2 (dark blue), AXED1& cDC2
(light blue), AX1cDC2 (green), ptrBC (purple) and pDC (orange). Isotype controls are shown in
grey. Representative of n=6 individual experiments.

CD33 was highly expressed on all DC subsets excepFme(318). As this marker has been
identified as a myeloid markgAndrewset al., 1983) CD33 expression was also analysed on
lymphocytes (T cell, B cells and NK cells) and monsayisets Figure 3.9). Whilst CD33 was
highly expressed on monocyte subsets, cDC1, cDC2 ard(Qralmost no expression was

observed on pDC and lymphocytes.

Intermediate Non-classical
pDC Lymphocytes Classical Monocytes Monocytes Monocytes

188: \ ‘\".‘

gy T T Ty

0 10 10 0 10 10 0 10

CD33

Figure 319 CD33 expression

CD33 expression was analysed on pDC (orange), lymphogdtsd as Lif) (green) and
monocyte subsets (black, blue and red). Isotype controls are shown in grey. Representative of
n=3 individual experiments.
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3.4 Discussion

3.4.1 Monocyte subset gating strategy

In 2010, the Nomenclature Committee of the Intational Union of Immunological Societies
approved the classification of three monocyte and three DC sul{Z&glerHeitbrocket al.,

2010) Within the literature, monocytes have been identified by flow cytometry irousrways,

either by FSC and SSC alone, or in conjunction with CD14 and CD16, or after the exclusion of
other major cell types. Though CD14 is thought to exclusively define monocytes, here it was
shown that CD14 and CD16 were expressed on other majordgtékeubsets. As a result, it was
important to exclude these cells which could contaminate monocyte populations. In addition to
excluding these cell lineages, further exclusion of-nmmnonuclear phagocytes was achieved

by gating on HLBR cells. Additional gating strategies for identification of human monocyte
subsets have since been proposgbeleset al.,2012; Onget al.,2019; Thomaet al.,2017)

and closely resemble that FFigure 3.2

Monocyte subsets are not distih populations, rather they consist of a group of cells with
varying CD14 and CD16 expression. Within the literature classical monocytes are defined as
CD16 however, these data demonstrate classical monocytes express minimal amounts CD16 in

relation to the DC gate, which can be regarded as CD16

In mice, classical monocytes give rise to Jetassical monocyteéSunderkotteret al., 2004;

Varolet al.,2007; Yoneaet al.,2013) With the hypothesis in mind that the human monocyte
continuum represats a developmental transition, the use of box gating allows for analysis of
WYl §dzNBQ Y2zy20ei(S8 &4dxoasSia F'yR SEOf dzRSa GNIFya
At the time of performing these experiments, the cells that lie between classical monocytes an

DC (CD1%CD16) have not previously been studied and were not defined as classical monocytes

or DC. However, recently it has been suggested these cells may represent a novelDII?1 4

population(Dutertreet al.,2019) which are further examined in Chapter 5.

110



Chapter X Monocyte and DC Characterisation

As shown by other studig®assliclet al.,1989; Wonget al.,2011) classical monocytes are the
most abundant circulating mononuclear phagocyte, making up approximately 86% of total
monocytes, with the remaider made up by intermediate and narassical monocytes. Reasons

for the differencesn monocyte composition are unclear but may reflect the function/fate of
these cells. In mice, LyBClassical monocytes repopulate tissue mononuclear phagocyte
compartiments understeadystate where embryonic macrophages do not pergBainet al.,

2014; MossadegiKelleret al., 2017; Tamutounour et al., 2013; Zigmoncet al., 2012) In
humans, it is also possible a large demand for classical monocytes is required to repopulate
tissue mononuclear phagocytes, as has been documented for the dékMaiSovernet al.,

2014)

In addition to varying CD14 and CD16 expression, additional surface markers are differentially
expressed amongsnonocyte subsets. Concordant with previous studlagersoliet al.,2010;

Wong et al., 2011) CD62L, CD11c, CD36 and CD64 expression on human monocytes were
comparable to profiles seen in mouse monocyte subsets. CCR2 @i LCekpression on human
monocyte subsets also mirrored observations in n{i@eissmanret al.,2003; Ingesoll et al.,

2010) CCR2 was highly expressed on classical monocytes and in mice is necessary for bone
marrow egression. It is likely similar mechanisms exist in humans, as CCR2 antagonism resulted
in a decrease in peripheral monocyte counts in pasentth rheumatoid arthritigVergunstet
al.,2008) Although unpublished, the authors also mention similar observations were previously
seen in healthy volunteers. Meanwhile,ZCR1 has been implicated in rolassical monocyte
retention to the endothelium(Auffrayet al.,2007; Carliret al.,2013; Collisoret al.,2015)and

survival of monocytes, as supplementation otCIXL was enough to rescue induced cell death
(Landsmanet al., 2009) In humans, both classical and roassical monocytes exhibit
endothelium crawling in vitro, however, antagonism oCIX1 only reduced this behaviour in

non-classical monocytg&Collisoret al.,2015)
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SLAN exgession on nortlassical monocytes was in agreement with previous Workset al.,

2010; Hoferet al., 2015) Functional differences have been refmal between SLANand
SLANsubsets, such as the differences in their ability to efferocytose (removal of dying/dead
cells) (Hamers et al.,, 2019) proinflammatory cytokine production inboth human
immunodeficiencwirus (HIV) infected patients(Dutertre et al., 2012) and psoriasis patients
(Hanselet al., 2011) The frequency of SLAMonocytes also correlates with coronary artery
disease severity, where it was suggested these cells are induced to play an atheroprotective role
to restore vascular homeostadislamerset al.,2019) These studies imply the distinct role of
these subpopulations can be appreciatedridg inflammation. Here, CD36 was also variably
expressed within noftlassical monocytes which at the time of performing these experiments
had not been previously documented. Alongside SLAN expression, it was shown that non
classical monocytes can be foer subdivided into four further subsetEigure 3.8. Recently,
Hamerset al., has demonstrated that 3 nealassical monocytes could be identified by mass
cytometry; SLAN CD36 SLAN CD36 SLAN monocytes(Hamerset al., 2019) however,
heterogeneity was not observed within the SLAMNpulation. Whilst Hamerand colleagues
implicated a role of SLANmonocytes in coronary artery disease, CD36 has also been
demonstrated as a requirement for narlassical monocyte patrolling in early atherogenesis in
mice (Marcovecchicet al.,2017) Therefore, it is possible that the SLADD36 non-classical
subset is specifically implicated in this setting. Whilst various-ctassical monocytes
phenotypes are apparent, it is unclear vther this represents the plastic nature of nafassical
monocytes or whether these subsets are autonomous populations and are developmentally

related.

Hamers and colleagues also demonstrated that 4 subsets of classical monocytes could be
identified as CB3", CD98, CD9and IgE classical monocyte@Hamerset al.,2019) With the
markers analysed here, heterogeneity was not observed within classical monocytes from the

histogram data. Although from the viSNE plots, marker expression was observed to change at
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different positions along the monocyte continuum. Thieme, depending on where the CD14
and CD16 gates are drawn to divide the subsets, markers might change expression at different
stages. It could be questioned from these data whether CD14 and CD16 are the best markers to

define monocyte subsets.

Whilst mas cytometry has identified multiple monocyte subs@tamerset al., 2019) single

cell RNA sequencing has revealed heterogeneity only within intermediate mondeffiasiet

al., 2017) One subset was described by genes related to cell cyclieratfifiation and
trafficking, whereas the other expressed a cytotoxic gene signature. Additional studies have now
demonstrated that the latter subset are COBONK cells and consequently, only three monocyte

subsets were identified in these studi@3uertre et al.,2019; Giintheet al.,2019)

Though further heterogeneity has been recently described within the three major monocyte
subsets, further studies are needed to form a unified consensus on monocyte subsets and
explore the importance of thiseterogeneity. These studies are beyond the scope of this thesis

and monocytes were studied as classical, intermediate andatemssical subsets in this thesis.

3.4.2 Dendritic cell gating strategy

Three human DC populations have been recognised withiditdrature (Haniffaet al.,2012;
McGovernet al., 2014; ZiegleHeitbrocket al., 2010} CD123 pDC, CD14tDC1 and CDlc

cDC2. With advances in technology, single cell RNA sequencing has resulted in further
diversification of DC, with at least seven DC descri{{s=tet a., 2017; Villaniet al., 2017)
However, overlap occurs between the two strategies and there is evidence to suggest that some
populations described might not be bona fide [Ialzettiet al.,2018) Here, it was pposed

only six DC subsets are apparent. In summary, cDC1 classification remains unchanged, whereas

heterogeneity exists with the pDC and cDEBre 3.20.
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Figure 20DC Subset summary

The relationship of novel DC subsets in comparison to the afiglassification. cDC2 harbour
three populations (AXLAXLCD1&, AXLCD1&) and originapDC contain prdC and bona fide
pDC.

Prior to singlecell sequencing data, pDC were regarded as CDha&ever it is now clear this
population harbours bona fide CD12&8D2"° AXLpDC and CD12ED2 AXL pre-DC Figure
3.20). It should be mentioned, heterogeneity has previously been described within in pDC,
where CD? CD3 pDC have been described to stimulate T cell proliferation unlike B’

CD5 counterparts (Matsui et al., 2009; Zhanget al., 2017) it is lkely the CD?2 CD35 cells
resemble AXLpre-DC described here. Circulating human -p@C have previously been
described(Bretonet al.,2015) Seeet al.,demonstrate the precDC described by Breton and
colleagues only make up a fraction of the € described here, due differencegie gating

strategy implementedSeeet al.,2017)

It was also demonstrated here, that {OR1 does not provide as a useful marker to identify pre

DC, as GERY pre-DC exist. However, AXL expression was demonstrated to successfully
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identify preDC amongst the CD12&action. Although the GER¥" pre-DC had a similar
expression profile to GRRZ pre-DC, it remains to be investigated whether the difference in

CXCRL1 expression is of functional importance between the two subsets.

CD123 Siglec6 AXL pre-DC can mature into both cDC1 and ciS&eet al.,2017) although
others have demonstratepre-DCgive rise solelyo cDCZCytlaket al.,2019; Villanet al.,2017)
reasons for these discrepancies are not clear but neverthelesB@ are described as upstream

progenitors to cDC.

cDC2 are composed of an AXAXLCD1€& and AXLCD1€ subset Figure 3.20. In terms of the

markers analysed here, the AXDC2 subset resembles other cDC2 subsets and are less related
topreDC, d& LIAGS ! - [ SELINB&aaAzyod LG LINPCREBR GKI
restricted to cDC2 developmeliBeeet al.,2017; Villaniet al., 2017) therefore termed pre

cDC2. The CDland CD1®populations are described as namflammatory and inflammatory

cDC2, respectivel¥illaniet al.,2017) The inflammatory CD2cDC2 shbiset expressed higher

CD14 in comparison to its nénflammatory counterpart, suggestive of a monocyte phenotype.

More recent studies have confirmed these cells should be classed asCMEcDC2 and not

monocyteg(Dutertreet al.,2019) These cellare examined further in Chapter 5.

CD33 expression is recognised as a marker of myeloid lingamdrewset al., 1983) As
expected, expression was observed on monocypes-DC and DC subsis but was absent on
lymphocytes. However, CD33 was also absent on pDC. In addition, the morphology of pDC
resembled plasma B cells. These observations are in line with recent studies that have
demonstrated pDC are lymphoid derivfidresset al.,2019; Onaet al.,2013; Rodrigueet al.,

2018) nevertheless these cells are currently viewed as a DC.

Having established a method to identify human monocyte and D&tyltbese strategies were

implemented in the studies mentioned in this thesis (unless stated otherwise).
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Chapter 4 Steadystate Kinetics

4.1 Introduction and Aims

4.1.1 Introduction

Examining the function of omonuclear phagocytes is key to understanding their role in
homeostasis and pathophysiology. It is equally as imperative to understand the homeostatic
maintenance of these cells throughout life and how this may go awry in disease. In patients with
chronicinflammation such as sepsis, rheumatoid arthritis aydtemic lupus erythematosus
(SLE, changes irthe frequency and absolute number of monocyte and DC subsets have been
reported (Cooperet al.,2012; Grimaldet al.,2011; Guissett al.,2007; Mukherjeeet al.,2015;
Poehimanret al.,2009; Riccardet al.,2011) This in turn questions the circulating kinetics of
these cells under inflammatory conditions. However, it is first necessary to examine the turnover

of mononuclear phagocyte subsets under steady figgical conditions.

Studies in mice have shown the appearance of classical monocytes in the circulation prior to
non-classical monocytes as they are precursors to these @eli®t al., 2019; Mildneret al.,

2017; Varoket al., 2007; Yoneet al.,2013) The haHife of murine classical and nonlassical
monocytes has been approximated at 20 hours and 2ysdeespectivelyYonaet al., 2013)

Ealy studies in humans have reported a circulating monocytelifalbf approximately 2 days
(Mohri et al., 2001) or similarly a lifespanf 4.25 daygWhitelaw, 1972) Although, turnover

rates for each individual monocyte subset have not yet been examined.

Murine homologues of human blood cDC and pDC subsets been describe(@onnenberget

a., HnnmT heQ ¥.S200B)F y@t are often overlooked due to their low abundance.
Consequently, the circulating kinetics of these subsgve not been described. Nevertheless,
adoptive transfer experiments in mice have demonstrated circulating DC were cleared within
one hour(Liuet al.,2007) suggestive of a high turnover rate. A thorough search of the literature

yielded a single study which has examined circulating DC kinetics, performed in macaques
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(Sugimotoet al., 2015) The kinetics of circulating human DC populations ursteadystate

have not been expled.

4.1.2 Aims

Examine the kinetic profiles of circulating mononuclear phagocysisg stable isotope labelling

under steady physiological conditions and propose a likely biological scenario.

4.2 Human Monocyte Subset Kinetics

4.2.1 Kinetic profiles of monocyte subsets

Nontoxic in vivolabelling in humans has been achieved by the use of deuterated water or
glucose(Macallanet al., 2009, 1998) Consequently, this has been applied in humans to study
the turnover of T cell§Macallanet al.,2003) B cell{Macallanet al.,2005) NK cell§Zhanget

al., 2007) and neutrophils(LahozBeneytezet al., 2016) In collaboration with Prof. Derek
altOrftlry FYyR BN Ly %KIy3s G {G® DS2NESQa
implemented to examine the circulating kinetic profiles of human classical, intermediate and

non-classical monocytes.

Volunteers orally consumed deuterated glucose ové&lmur period, as described in Section
2.8, plasma enrichment was measured before, during and after this peRauré 4.).
Deuterated glucose rapidly appeared in the plasma, platdauetil the end of dosing and
sharply declined thereafter, returning to baseline approximately 6 hours following the initial
dose. After this time point, negligible amounts of deuterated glucose were detected in the

circulation.
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Figure 41 Plasma enrichment of deuterated glucose

Deuterated glucose was measured in blood samples before, during and after an oral intake of
20g of deuterated glucose over 3 hours. n=4 individual experiments.

Following the oral intake of deuterated glucose, blood samples were taken at specific time
points over a period of 30 days. Classical, intermediate andatessical monocyte subsets were
isolated by FACS at these time points. Purities of each subset were examined after cell sorting

for each population at each time poirfigure 4.2.
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Figure 42 FACS sorted monocyte purity

Monocyte subsets were identified as LHLADR cells within PBMC and FACS sorted into
classical (black), intermediate (grey) and fadassical (red) monocytes. Purities for each subset
are expressed as a percentage of totaksdrcells. Representative of n=4 individual experiments
at all time points.
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DNA was isolated from monocyte subsets and analysed for deuterium enrichment by gas
chromatography mass spectroscopy (GC/MS) in collaboration with Dr. Yan Zhang. The kinetic
profiles of classical, intermediate and natassical monocytes are showrHigure 4.3 At Day 1
postlabelling, deuterium was not detected in the three subsets. Classical monocytes presented
with label first on day 2 and peaked at day 3, intermediate motexcpeaked after at day 7
followed by nonclassical monocytes which peaked at dayHi@yre 4.3. The label appeared in

a sequential fashion, where the decline in label in classical monocytes coincided with an increase
in labelling in intermediate monoocgs and similarly between intermediate and rolassical

monocytes.
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Figure 43 Circulating kinetic profiles of human monocyte subsets

Following oral administration of deuterated glucose, deuterium enrichment was measured in
the DNA of classical, intermediate and rdassical monocytes over a period of 30 days by
GCIMS. All subsets are shown overlaid (top graph) and individually wikh eat dzo 2 S Ol Q&
(bottom three graphs). Bars represent meaB8D. n=4 individual experiments.
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4.2.2 Cell cycle profile of circulating monocytes

The observation that deuterium enrichment was absent at day 1 post labeRiggré 4.3,
suggests that culating monocytes do not proliferate. If monocytes did exhibit proliferative
potential in the blood, they would be expected to incorporate plasma deuterium during the

labelling phase into their DNA and therefore present with label at day 1.

To confirm tle nonproliferativebehaviarr of human monocytes, Ki67 and DAPI expression was
assessed in each monocyte subsedtgire 4.4. All subsets were Ki6DAPP, indicating
circulating monocytes are ing@f the cell cycle, whereas Linedgells, were foundn G (Ki67

DAPP), S, Gand M phase (Ki6DAPY) (Figure 4.43%
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Figure 44 Cell cycle status of circulating monocyte subsets

Cell cycle status of classical, intermediate and-olassical monocytes was analysed by flow
cytometry.a) Monocyte subsets and Licells were identified by flow cytometry where Ki67 and
DAPI expression was analysed on these cells: BIPY = G, K67* DAPPY = G, KI67 DAPIN

= S/G/M phase.b) The percentage of each monocyte subset in each gate was quantified. Bar
represent mearkt SD. n=4 independent experiments.

4.2.3 Modelling human monocyte kinetics

4.2.3.1 Potential Models

Multiple models can be designed around the sequential kinetic profile of monocyte subsets
(Figure 4.9. Studies in splenectomised andirdadiated mice where only part of the bone
marrow was shieldedlid not affect thelabelling kinetics of monocytes in ogi, suggesting

monocytes aref bone marrow origirfvan Furth and Cohn, 1968)
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It is possible all threeubsets are present in the bone marrow however differences lihén
egression kineticsHgure 4.5& or maturation stages/periods-{gure 4.5h, hence a lagvas
observed between the subsets in the circulation. Alternatively, a developmental relationship
may exist where circulating classical monocytes mature intoalassical monocytes similar to

mice (Figure 4.5%.

a)

Classical
Monocyte

Bone Marrow Blood

Figure 45 Possiblebiological scenarios behind human monocyte kinetics

Based on the kinetic profiles of monocyte subsets, several possible biological scenarios can be
drawn. a) Differences in egression kinetics loy maturation stages/periods may explain the
different time points at which monocyte subsets are seen in thaut@ton. c) Alternatively, a
developmental relationship where classical monocytes mature into intermediate ther non
classical monocytes may result in the sequential kinetic appearance.
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4.2.3.2 Bone Marrow Monocyte Subsets

At least three potential modelsould explain the kinetic profiles of monocyte subsets. To find
the most likely scenario, the composition of monocyte subsets within human bone marrow was
examined. In collaboration with Dr. Venetia Bigley at Newcastle University, fresh bone marrow
biopses were analysed by flow cytometry. Monocyte subsets were identified as single, live, Lin
HLADR cells Figure 4.8. As expected all three populations were identified within PBM@ufe

4.6b). Whereas bone marrow biopsies only contained CDCB®16 monocytes resembling

classical monocytes-igure 46a).

Human Bone
Marrow Biopsy

a) 250K 250K 1
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Figure 46 Human bone marrow monocyte composition

Human bone marrow biopsies and autologous PBMC were analysed by flow cytometry to
identify monocyte subset®) Gating strategy implemented to identify bone marrow monocyte
subsets. Classical monocytes are shown in llusame gating strategy analysedantologous
PBMC. Representative of n=5 individual experiments.
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4.2.3.3 Proposed Model

In light of the bone marrow datd=(gure 4.9, scenarios where all three subsets were proposed
to be present in the bone marrow, were disregarded. Consequently, @my likely model
remained where classical monocytes mature into {atessical monocytes via an intermediate

phenotype Figure 4.8). Full details of the model are described in Section 2.9.

The labelling observed within the three monocyte subsets is due dgnamic system where
cells are continuously entering and leaving cellular compartments. Due to this complexity,
mathematical modelling was implemented to estimate the lifespan of human monocytes in

collaboration with Dr. Becca Asquith and Dr. Lies Boatdmperial College London.

In addition to the lifespan of these cells, additional parameters were estimated such as the delay
periods and the percentage of monocytes transitioning. The kinetic graphs for each subject were
modelled individually and indidual estimates were numeratgd@able 4.). The model proposes
precursors proliferate at an average rate of 42% per day but after the last proliferation, classical
monocytes are retained within the bone marrow for approximately 1.6 days which then enter
the blood and circulate for 1.01 dayBidure 4.7and Table 4.). 1.4% of classical monocytes
then mature into intermediate monocytes which have a longer circulating lifespan of 4.3 days
which then develop to noilassical monocytes which circulate for atlfier 7.41 days. The
remaining 99% of classical monocytes are proposed to enter tissudsr a marginating pool

and/or de.
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Figure 47 Circulating lifespan of human monocyte subsets

A likely biological model proposes classical monocytes egress from the bone marrow after a
postmitotic dwell period of approximately 1.6 days, these cells then circulate for 1 day. 1% of
classical monocytes mature into intermediate monocytes that cireufat 4.3 days that then
mature into nonclassical monocytes circulating for a further 7.4 days.

127



Proliferation Delay _ N
Lifespans (days % of total monocytes %transitionin
(per day) (days) P (days) 0 y 0 g
Bo N Non- Intermediate
Bone ne Classical | Intermediate or.r Classical | Intermediate ) Classical to
marrow- classical classical | . . to non-
marrow monocyte | monocyte monocyte monocyte intermediate )
Blood monocyte monocyte classical
Subject 1 0.48 1.53 1.37 4.29 6.44 80 8 12 3.2 100
Subject 2 0.28 1.70 0.5 5.26 7.52 83 7 10 0.8 100
Subject 3 0.26 1.61 0.62 3.55 8.28 90 3 7 0.6 100
Subject 4 0.64 1.70 1.54 4.11 N/R 96 2 2 0.8 N/R
Average 0.42 1.64 1.01 4.30 7.41 87 5 8 1.4 100
SD 0.18 0.08 0.52 0.71 0.92 7.18 2.94 4.35 1.24 0.00
Confidence
Intervals 0.290.69 1.43-1.76 | 0.61-2.03 2.295.94 5.11-15.73| 75.8298.68| 0.31-0.68 | 0.82-14.67 0.733.65 37.7-99.03

Table 41 Individual parameter estimates for modelling monocyte subset kinetinsvivo

Proliferation rates, delays, lifespans and percentage of monocytes transitioning for each subject proposed based on thEheeitellating monocyte subset

composition was attained from flow cytometry for each individual. N/R = not resolved due tabelling rate.
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4.2.3.4 Models with and without a delay parameter

At the same time as performing these experiments, an independent group also performed
similar experiments and demonstrated comparable kinetic profiles forulgting human
monocytes(Tak et al., 2017a) However, when modelling these data, they proposed that
intermediate nonocytes leave the circulation and -emter as norclassical monocytes
suggesting maturation occurs outside the circulation. Next, it was investigated whether the

model proposed by Taknd colleagues provided a better fit.

The first model proposed that thergasy 2 R S& 0),8.e. intprmediate monocytes convert
to non-classical monocytes in the circulation. To investigate whether a delay parameter may
£ €26 T2 NJwas dl@Gvéditdheh fled gatamater (Segtio H PP DM U & skay & dzo &

estimated at 2.3 days, whereas this value tended to zero for subjects 2 arab@ @.3.

To compare the two models, the Akaike information criterion (AIC) was used as means for model
selection. In three out of the four sudgjts, the AIC suggested that the model without the delay
parameter outcompeted the model with the delayable 4.2. One model outperforms another

if the AIC corrected for small sample sizes is 3 units more negative than the other. Although the
model propased by Talet al.,fits their kinetic profiles, this was not true for the kinetic profiles
shown in this thesis. Nevertheless, the model with the delay parameter resulted in similar

lifespan values compared to the model without a delay for the three ssh@able 4.3.
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ns=0 ns=free
Subject 1 Ssr 0.11 0.09
Al -137 -137.4
Subject 2 Ssr 0.185 0.185
AlCc -140.2 -137
Subject 3 Ssr 0.19 0.19
AlCc -139.3 -136.2
Subject 4 Ssr 0.18 0.18
AlCc -140.9 -137.7

Table 42 Model comparison with- Y R~ ¢ A 41 K2 dzii

Models were compared with and without a delay parameter between intermediate and non
Ot FaaA Ol t 3).YTAe/sanDaf Sq8adied egiduals (ssr) and Akaike Information Criterion
corrected for small sample size (AICc) are shown for eachadrjd model.
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Proliferation Dela ) days
y Lifespans (days) % of total monocytes o (days)
(per day) (days)
Bone . . (days) . . .
Classical Intermediate Classical Intermediate Non-classical
Bone Marrow Marrow-
Blood monocyte monocyte monocyte monocyte monocyte
Subject 1 0.50 1.53 1.44 3.55 5.33 80 8 12 2.1
Subject 2 0.28 1.70 0.35 5.25 7.51 83 7 10 <0.001
Subject 3 0.26 1.61 0.62 3.55 8.29 90 3 7 <0.001
Subject 4 0.64 1.70 1.54 4.11 N/R 96 2 2 N/R
042 1.64 0.99 4.11 7.04 87 5 8 -
Average :
0.08 0.59 0.80 1.53 7.18 2.94 4.35
SD 0.18 )
Confidence|  0.29-0.75 1.43-1.74 | 0.62-2.08 2.18-5.72 5.11-15.73 | 75.8298.68 0.31-0.68 0.82-14.67 ]
Intervals

Table 3L Y RA @A Rdzl f LI NI Y S (:®Né aSraelparafeterSa It f 26 Ay 3 n
+ fdz§Sa F2NJ SFOK LI NIFYSGSNI F2NJ SI OK & dzo 2 S 0ds allovdNG be 3 drde hardmét&. R/RI=aot vegblved due 0 S

dzy NBf Al 6 f S ;Begalse theravaSlitle @achidient in thenon-classical monocyteompartment.
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4.2.41n vivomonocyte maturation

These lifespan estimas of human monocyte subsets were generated based on a likely
biological scenario. It remains to be shown whether a developmental relationship truly exists
between human monocyte subsets. To test the hypothesis that classical monocytes mature into
non-clasical monocytes, adoptive transfer experiments were implemented. In collaboration
with Prof. Richard A. Flavell and Dr. Anthony Rongvaux at Yale University, human classical
monocyte subsets were isolated by FACS and adoptively transferred into humaniS&&®®|

mice Figure 4.8. Using human CD45, these adoptively transferred cells could be distinguished
from murine cells and allowed the fate of classical monocytes to be examined at selected time

points.

At 10 minutes postadoptive transfer, human CD#46&ells were CD14CD186" (Figure 4.8). By
24 hours, these cells became CD12D16 which phenotypically resembled intermediate
monocytes, and by 96 hours they were uniformly Ch1@D16 cells mirroring norclassical
monocytes. This linear developmentatther supports the model and demonstrates for the first

time that human classical monocytes have the potential to mature inteelassical monocytes.
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Figure 48 Fate of human classical monocytes

In vivofate of classical monocytes was assessed in using humanised MISTR&) triced

human classical monocytes were sorted by FACS and adoptively transferred to MISTRG mice.
b) adoptively transferred classical monocytes were identified by human CD45 arfidténof

these cells was analysed for CD14 and CD16 expression 10 minutes, 24, 72 and 96 hours post
adoptive transfer. Representative of n=3 mice per time point.

4.2.5In vitromonocyte differentiation

MISTRG mice supported the development of human aksnonocytes into nowlassical
monocytesin viva While performing these experiments, Gamrekelasletikl., demonstrated
that Notch2signalling via DEL governs Ly6Cclassical monocytes maturation into Lyfatn-
classical monocytes in mi¢&amrekelashvikt al.,2016) Next, it was examined whether this

signalling pathway also plays a role in human monocytes.

1 x10 CD14 CD16'" classical monocytes were cultured in the presence or absence ef.DLL
CD14 and CD16 expression were assessed at 0, 24, 48 and 72 hours postrigliveed(9. At

24, 48 and 72 hours, both COTD16" and CD14CD16 monocytes were observed. The
percentage of CDI£D16- and CD14CD16 monocytes were quantified at each time point
(Figure 4.9. CD14- CD16monocyteswere not observed in either condition at the time points

measured.
133


































































































































































































































































