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Abstract
An Exploration of Regulatory T Cells in Transplantation: Cell TheEgyelopment and
Immune Monitoring

Alaa Alzhrani, St Catherine College & Nuffield Department of Surgical Sciences, University of Oxford, DPhil in
Surgical Sciences.

Regulatory T cells (Tregs) are powerful modulators of immune function, and are of ingredsiest

as an adoptive cellular therapy for the treatment of transplant rejection. In a number of early clinical
trials, polyclonal Treg therapy has demonstrated efficacy in maintaining graft function. However,
optimal Treg immunotherapy should emplajloantigenreactive, rather than polyclonalgeactive

Tregs to ensure specificity against transplant alloresponses. In the first part of this study, a method
was developed to expand functional human alloantigeactive Tregs (arTregs). These arTrege hav
enhancedn vitro suppressive function and harbour more potent allospecific inhibition in comparison
to polyclonallyexpanded Tregs. An-thepth characterisation of arTregs is presented, providing a
detailed immunophenotypic analysis. In the second pdrthis study, the phenotypical changes in
peripheral immune cells in renal transplant patients receiving Treg therapy were assessed over time
using standardised flow and mass cytometry panels. Immunophenotyping provided insights into the
immune status ofransplant recipients after Treg infusion. In the Treg therapy group, a distinct B cell
signature of elevated transitional B cell numbers was identified. Mass cytometric characterisation of
the peripheral Treg compartment in patients receiving Tregs ifledtian enrichment of Treg
functional markers with notable changes in the expression of chemokine receptors on peripheral
Tregs. In the final part of this study, cellular infiltrates in protocol renal biopsies of recipients who
received Treg therapy werexamined by spatial profiling and compared to rejection biopsies. This
identified a unique signature of B cells, Tregs, and apoptotic regulators in the biopsies from Treg
treated patients. Further analysis revealed interesting differences between theareifiltrates in
FOXP3 segments from cells therapy compared with rejection such as enrichment in regulatory
molecules and aniinflammatory proteins.The findings presented in this thesiemonstratethe
phenotypical and molecular processes associatiéd stable renahllograft in patients receiving Treg
therapy, which in turn may assist in understanding the mechanisms of therapeutic immune regulation

and the optimal timing for immunosuppression minimisation.
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Chapter 1: Introduction

Chapterl: Introduction

History of transplant immunology

Organ transplantationhas achievedremarkable success over the laste decadesand
remains the most successftreatment for endstage organ failureAround 4761 patients
received transplant in the UK the last year (2019/280).! The most common transplanted
organ is thekidney, followed bythe liver and pancrea$ Kidney transplantatiorhas been
shown to reduce mortality anoihprove quality of lifdfor most patientsvhen compared with
dialysis?

The correawas the first successful transplanted tissue in husyaerformed by Eduard Zirm
in 19063 SubsequentlyAlexis Carrehventedthe vascular suture techniquehis technique
paved the wayor organtransplantationto becomea reality several years latéifter several
failed transplantationattempts inboth animak and humars, Joseph Murray and colleagues
finally performed the first successfalumankidneytransplantin 1954° Notably, the success
behind these twotransplantation cases (cornea akitiney) wasa result ofbypassing the
alloimmune response since the eyesre consideredan immune-privileged organ?® and the

kidneytransplant was betweetwo identicaltwins, makingrejection unlikely?

In the early 19405, Peter Medaway widely regarded aghe dfather of transplantatios,
together wih colleagues observed ina rabbit model who received both allogeneic and
autologous skin grafts, thallogeneic skin gradtwere rapidly lost whereas autologous skin
graftsweremaintained, and thesecond attempat allogeneicskingraftsfrom the same donor
resulted in accelerated loss of the grafts This faster and more pronouncedmmune
response following rexposure tothe same antigen iswvidely known nowadaysas a
osecondary immune response® further seriesof experiments byBillingham, Brentand
Medawar NS @S f SR { Ki@munolbgiod] @A NS Rphér@iEenon, whereby
immunological tolerance could be inducky exposing the recipients to the donor cells during
the foetal period.® Thishypothesis wamspired byRay Owef® studieseportingthe presence

of two types of erythrocytes in the blood of dizygotic cattle twinkerebyeach twin had its
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erythrocytes anccells that wereacquired from the other twin through a shared placenta
Owenemphasisedhat the twinsmusthave exchanged the erythrocytes or theiogenitors
duringthe foetal stageand that the cellsvere maintainedas the calves grewp. Indeed the
absenceof an immune responseto the foreignerythrocytesin Owern@ study was a clear
example ofthe immunological tolerancephenomenon This led Burnetand Fennerto
determinethat the exposureto geneticallydifferent celk early inlife would nottrigger the
immune responsé® These findings were fundamental for future advances in clinical

transplantation

in 1955,John Main and Richmond PreBhowed inan experimental model thaattenuating
the immune system through irradiation allowethimerismto be inducedby inoculating
donor-derived bone marrow! Skin grafts were then maintained if they came from the same
bone marrow donor. This encouraghbturNJ & Q Jin 1D%Bto Yisethe Main-Prehn strategy

in kidney transplant patient§.hey bypassed the genetic barrier of human organ rejection and
reported the first successful kidney transplantian-identical twins as they found that the
irradiation stategywithout the total chimerism was sufficient tslow downorgan rejection

in humars.'?2 However the off-target side effect®f total body irradiation carrg high risk of
infection and mortality. Ultimately, total body irradiation was replaced by
immunosuppressive treatmentsn the 1970s which made transplantation a feasible

procedure

Although tissue matching was proposegreviously by Alexis Carrel and studied in
experimentalmodels by George Snell and Peter Gorefaited to emergeas a reality for
human transplant® until 1958, when Jean Dausset discovered the first human leukocyte
antigers (HLA) which is a gene complex encoding the major histocompatibility complex
(MHC) andwasidentified as aleading target of the alismmune responsg¢oward the graft'4
Currently, he application of histocompatbility matching along with the use of
immunosuppressivagentsand improvement in tissue and organ preservation methloalge
made it possible tsuccessfuy engraftmost types oforgans inthe human Theone-year
transplant survival in the UKas exceede®0%for most types of organ® However serious
limitations exist, agnost of these transplanted orgaffailed within the first 20 year®llowing

transplantationas a result of rejection anthe toxicity of life-long globalpharmacologial

2
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immunosuppressioA® 1’ This problem is exacerbated by tisbortageof availablehuman
orgars along with the higher risk of rejection in the second msplant Therefore,the
investigation otherapeuticstrategieshat promote graft survival without ovéy suppressing

the immune system is of great importance.

In 1971, Gershon and Kondiescribed a specialisedubset of T cedlthat can inhibit
alloimmune responses? Furtherstudiesby Bruce Hall and Shimon Sakaguchi determine these
T suppressor cells as CID25 T cellst® 20 currently widely known as regulatory T cells
(Tregs) which are thoroughlyglescribedin Sction 1.3 Indeed,the discovery offregbiology

and function led to substantial interestn their therapeutic use as a celluléinerapy for
tolerance inductionin transplantation The balance between the inflammatory and regulatory
immune response toward allografts can determine the loegn outcome of a tansplanted
organ. Regulation of the alloimmune response can extend transplant survival and therefore

ensure success of transplantation.
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Mechanisms of allograft rejection

Allograft rejectionis caused by a complex seriesioferactions between innate and adaptive
immune responsg Whik innate immune responseact as the first line of immunological
defence by providing a rapid and nespecific response, the adaptive immune response plays
a significant role by providing a spic and potent response against dormerived peptides.
Although the innate immune response is rarely able to reject an allograft in the absence of
adaptive immunity, it might initiate and amplify the adaptive immune response through the
pro-inflammatorysignals from monocytes, macrophages, and natural killer (NKy&éRghe
recognition of allogeneic peptides by tlenate cellsis requiredto activateoptimal T cell

responses toward the allogeneic transplaat

The alloatigens thattriggerthe hostimmuneresponses towardhe allograftare both major

and minor histocompatibility antigens. The major histocompatibility complex (Mt#D)ed
Human LeukocyteAntigen (HLA)¢onsiss of class | (HLA, HLAB, HLAC) and class Il (HLA

DR HLADP HLADQ) molecules. The function of MHC molecules is to present foreign antigens
to T cellsTheT cell receptor (TCRXxpressedn the surface of the T cslinteracts wih the

donor MHGpeptide complexexpressedby antigenpresenting ceff (APCs)CD4 T cells
usually associated with helper functionsgcognise peptides presented by MHC class I
molecules In contrast, CD8T cells usually associated with cytotoxic functiomg|l exercise

their effector function only if they are interacig with peptides presentedby MHC class |
molecules HLAIs a highly polymorphic molecule and represerd leading target of the
alloimmune respase toward the graftTherefore, HLA matching between recipients and
donors is essential for a successful transplant outcome and can reduce the risk of allograft
rejection. However, rejection might stilbccur even in recipients of transplantiom HLA
identical siblingsas a result omismatchedminor histocompatibilityantigen (miH§ such as
HA1, LRH1, ACGC and ACQ.?* ?°There is alsgrowing evidence ahe presenceof non-HLA
antigens includingAngiotensin 1 receptor (anrfAT1R)Perlecanand Collagen Ywhich can
contribute to allograftrejection.?® Allograft destructioris carried out by antibodies produced

by plasma cells and cytotoxic molecules produced by TI28lls and NK cells& addition to

other molecules In contrast, tansplantationcan also activate and generate COEZD25
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FOXP3regulatory T cellswhich may regulate the allograft response bya wide arrayof

molecularmechanismgdiscussed inletail n Section1.4.3).

1.1.1 The le of innate immune response in graft rejection

Several factors can stimulate the innate immune response toward tissue injurgftead the
graft condition including the surgical procedure to retrieve and-ingplant the graft,
ischaemiaeperfusion injury (IRI), infection, coagulation, aster types of tissue damagé’
Cells othe innate immune system express pattern recognition receptors (P&iek)as Tall
like receptors (TLRs), Ndille receptors (NLRs3nd Retonic acidnducible gene IRIGI)-like
receptors.TLRs are integral membrane glycoproteins expresséeérein the external surface
of the cell membrane oon endosomesthey areexpressed bynacrophages, NK cellsc8lls,
DCsendothelial cells, and orggrmarenchymaécells?® 2°TLRsrespecialised in the recognition
of certain molecules expressed by pathogdiathogen Associated Molecular Patterns;
PAVIPs) or by cells undergoing physiological stress (Damage Associated Molecular Patterns;
DAMPs)The engagementf either PAMPs or DAMPs willLRpermitsthe immune system
to clearinfected cells andamaged tissue butan contribute tagraft rejection.Whenthe TLRs
senseand engage with PAMs DAMPsthey activateanintracellular cascade ¢dinaseghat
leadto the productionof transcription factorsuch asAP1,NF¢ |, and IRF3The activation of
these factorsregulates the transcription of manypro-inflammatory genesincluding pro-
inflammatory cytokineschemokinesand costimulatory molecules he production of pre
inflammatory moleculeby activated leukocytesan triggeithe migration ofother leukocytes
into the graftand promote graft damag®& Moreover, thegraft damage that might occur
duringischemia contributes to the pduction of reactive oxygen speci@¥0$by endothelial
cells and leado platelets aggregation antb increase expression ofadhesion moleculs,
including Pselectin, Eselectin and ICAM, by endothelial cell$® These molecuks can
activateand triggerthe migration ofmacrghages, neutrophilsandother leukocytesnto the
graft, where they contribute to graft damage and subsequently actitregeadaptive immune

response(Figurel).

Besidesthesecellular receptorsinnate immunityalsoincludes humoral components such as
complement. The complement system consists of more than 30 proteinghaad distinct

activation pathwaysthe classical, alternativend mannosebinding lectin(lMBL)pathway. In
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IRl the MBL pathway can be activated by renal tissuexpressed lectind" 32 Following
activation, he release of C5a and C3a @aycritical role in organ damage and activate

adaptive immunity?3 34

Research cdimues to improve strategies of organ preservattbat aim to enhancehe organ
condition and reduce DAMP productigncluding the development of new technologies for
organ reperfusion,complement inhibitors,gene therapy, and stem cell therapy 36 37
Newertheless, challenges remafar the prevention of tissue stress and damage created by

the surgical procedure and ischemic reperfusion injury.

NK cellsare a major cell type in the innate immune systefhesecellsare programmed to
recognise and kill dis that lack seHMHC class iinoleculesor cells that present a foreign
antigen by MHC classnlolecules making them relevant duringn allogeneic responst® the
allograft3® Following activation, NK cells cause tissue damage in a perforthgranzyme
dependent manner and augmetite adaptive immune response through HyNsecretionlin
addition, NK cells expredbe surface Fc gamma recept®@R), whichcanrecognisehe Fc

portion on several IgG subclasses and mediate antibdelyendent cellular cytotoxicity?

Other innate lymphoid cells might also play a role in alloresponsesaioly solid organ
transplantation.NKT cells ara subset ofymphocyteshat shares phenotypic and functional
characteristics witiNKcells.This subset can recogniglycolipids presentedythe MHC class

I-like molecule, CD1dTheir role inallograftresponsesas yet to beclarified with evidence

of both their detrimentaland tolerogenic roles ithe transplantation context? 4! Theinnate
lymphoid cellsincluding ILC1, ILC2, and IL&& lymphocytes that lack specific antigen
receptors*? “3They have a diverse function with evidencepodmotinghostdefence against
infection andtissue repairg? These cells can bactivated by microbial compounds, stress
responsesandthe inflammatory environmentaround thetissues Recent studiesuggesed
amajorrole for ILCs in allograft respons®s?®: 47 In addition, + ¢ OSftt & | NB |
of lymphocytes expressing-CEll receptors (TCRs) composefl 0 4 NI YAYSY0o NI y S
OKIFIAyad ¢KS ALISOATFAO O2yUNROGdziAZ2Y 2F 14 ¢
evidence of both their detrimental and tolerogenic roles in several settihgé®
S0Furthermore, mucosalassociated invariant T (MAIT) celise innatelike T cells that

recognise bacterial metabolites bound to thdHC class-felated molecule(MR1). The

6
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depletion of MAIT cellsas been rported duringliver,>! and kidneyisease®?indicating their
role in the host defence against bacterial infectiomee MAIT cellsnight play a roleduring

allogeneic responsesiowever, their specific contributioremainsto be investigated

1.1.2 The ole of adaptive immune response in graft rejectio

The interaction of innate and adaptive immunity mainly occurs through antigen presentation,
which can bedone by professional APCs includilgycells, macrophageand dendritic cells
(DCs)Alloantigen recognition is initiated through three main pathwagsect, indirect, and
semidirect.53 >4 A drect alloresponse occurs when host T cells recognise allogeneic donor
APCs presenting allogeneic Mié€ptide complexes$® Indirect alloresponsesnvolve the
presentation of processed donalerived peptides by host APCs via their own MHC to host T
cells. Semdirect presentation occurs when host T cells capture intact allogeneic-MHC
peptide complexes presentdaly host APC¥ The role of direct recognition dominates early
after transplantation and can lead to a vigorous immune response. However, the limited
lifespan of allogeneic APCs wittthe transplanted graft results in a limited time frame for
this pathway to occurlndirect presentation has been suggested to be the major pathway
underlying chronic transplant rejectici %8 Recently, studies ithe mouse model have
demonstrated that donor MHGsan exist on the stface of host APCs, and thekeown as
"crossdressed APCswhichcan present theallogeneicMHC molecules directly to host T
cells®® 80 Hughes et al. highlighted the role of credi®ssed hst DCs in experimental
transplant model$! Semidirect allorecognition wasdetected to stimulate the early
alloresponsesn secondary lymphoid orgarend inthe graft itself,indicatingtheir role to
mediate acute rejection withirthe first weeks postransplantation. Thestudies above
suggest a critical role of serdirectallorecognition in driving acute T cell activation following

transplantation.Figure 1 illustrates the mechanisms of allograft rejection.

The activation of T cells by professional AP€&giires celtto-cell contact leading to an
immunological synapse, with activation through TCR and suitable costimulatory signals
including cytokinesto ensure the optimal delivery of signals for T celktivation and
proliferation. Althoughcostimulatory molecules and cytokines are not antigpecific, these

signalsare important forthe allograft responseGytokines can influence the differentiation of
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CD4 T cells intaspecific Teell subsetincluding Thl, Th2, Th17h9, T follicular helpsrand

Tregs Each of these cellsas distinct transcriptional factors with a distt effector function
that permits a specific immune response toward different patholodie$® ¢4For instance,
when IL-12, is produced by DC#his cytokineactivates the JAK/STAT pathway the naive
CD4T cellsand leads tdFNy production. IFNy activatesthe STAT1 pathwayesulting in the
skewing of naiveCD4 T cellstoward the Thl lineageand the upregulation of the

transcriptional factorT-bet.®> On the other hand, le expression ofcostimulatory and

coinhibitory receptorsand cytokines mightimit T cell responsand inducean exhaustion
state in both CD%and CD8T cell subsef® ¢

B cellsgplay a significant role in mediatiradloresponsesnd promotegraft rejection through
the production of highaffinity antibodies to the doncederived peptides The binding of
antibodies to thegraft endotheliumcan triggeiphagocytosis and initiate antiboeyependent
cellular toxicity (ADCEY ¢°In addition,the complement system can be activated through
antigenantibody complex results inomplementmediated cytolysig® Moreover, Becellsact
as professional APGgshen CDAT cells recognise donalerived peptide presented by B cells
through MHC classmiolecules thisresulsin alloreactive Tell activation in whichactivated

T cellsprovide costimulatorysignalsto B cellsthrough CD468CD4Q to further activate and
differentiate B cellsIn addition,activated CDAT cellswill secrete preinflammatory cytokines
such as H6, IFN', and TNF'. These cytokines recruitther leukocytesincludingNK cells,
eosinophik, and macrophages, which may induce cell apoptosis through cytotoxic

mechanisms including perforin, granzysBgand cytokineg®

Patients who havelonorreactive antibodes at the time of transplantationcan develop
hyperacute rejection as a result of complement system activation after gepftrfusion’®
However, several strategieme currently used to reduce antibodynediated rejection ad
improve graft survivalincludingthe identification of highly sensitized patients, improving
desensitization protocols, monitoring de novdonor-specific antibodies (DSAS) and
performing protocol biopsie& 3B cells not only contribute to allodtarejection but also
have a role in inducing toleranca subset of B cellthat can exhibit immune&egulatory
properties known as B regulatory cells (Bredg)ve beerdescribedn several studieg* 7> 76

These cls can modulate the immune response by directly inhibiting alloreactive T cells
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through the production ofthe inhibitory cytokine 110 and may promote graft tolerance

through induction of Tregs.

Perforine
Granzyme B

™NFa ¢ @
@ _.:
Platelets
[ 4
@ )
® ONEL é Complement Q Perforin
activation CD16 @ @ GranzymeB

Coagulation

w3 Allogenelc C4d deposition
MHC

Graft endothelium

Figurel: Mechanisms ofllograft rejection.

1. CDB8 cytotoxic T cells recognismnor-derived peptidepresented onMHC classroleculesby APG. Then
activatedCD8 T cells migrate to the graft and Kkill target cells by apoptosis throughreteaseof the
cytotoxic granuleperforinandgranzyme B

2. CD4 helper T cells recognisdonor-derived peptidespresented onMHC class Imolecules by APCs.
Additional cestimulaory signals and cytokines are also provided by activated BD4 helper T cells
secrete pro-inflammatory cytokines such as-8l. IFN', and TNF', which activate macrophages and
eosinophils causinggraft damage.

3. B cells recognisdonor-derived peptidespresented on MHC class | moleautsf donor cells or bind to
unprocessed alloantigexrin an MHGindependent manner. CD#elper T cells activate B celisctivated B
cellsproduce antibodies. Thleeantibodiesbind to thegraftandinduce antibodydependentcellulartoxicity
(ADCCand activae the complementsystem causinggraft damage.

APC antigen presenting cell$)C, dendritic cell; MHC, major histocompatibility complex; TRl Teceptor;
FcR, Fc receptofNF", Tumor Necrosis Factor alpha; HNnterferon gamma.
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Current clinical immunosuppressive strategies to prevent graft rejection

1.1.3 Immunosuppressive agents in transplantation

Qurrently, the main strategy for suppresgg alloimmune responsesand avoidng organ
rejection in solid organ transplantation ihe use ofpharmacological immunosuppression
which includes inductioand maintenace agents. The goal of induction therapy is to induce
strong immunosuppressiorior the shortterm to reduce the risk of acute rejection, which
might occurwithin three monthsfollowingthe transplant Several immunosuppressive drugs
are used for induction purposesncluding antithymocyte globulinlAATG) CD52antibodies
(Alemtuzumab)andIL-2 receptor antagonists (such hasiliximakanddaclizumab. Following
alemtuzumaklinduction, an elevation in Treg and Briiegquendeshas been reported in renal
transplantpatients these resultsuggestthat lymphaocyte depletiorwith alemtuzumalmight

shift thein vivobalance toward a tolerogenic staté @

Forthe maintenance of immunosuppressicamcombination of immunosuppressanswidely
used. For example, renalansplant patients are usually treated withe anti-proliferative
drug mycophenolate mofetfMMF) combinedwith drugs that inhibit T cell activation, such
as calcineurin inhibitors (tacrolimus or cyclospo#ih or mammalian targt of rapamycin
(mTORInhibitors. In addition,other agents including-cell costimulation blockerare also
used to inhibit the T cell proliferatiof? Notably,immunosuppresise regimensvarybasedon

the transplantd organand thetransplant centeQ @rotocol.

Theseimmunosuppressive regimens contribute to significant morbidity and mortality arising
from their offtarget effects, which include lifthreatening infection, cardiovascular disease,
metabolic disorders, and mighancy?® 8! Moreover, immunosuppression itself may be
directly toxic to the graft and therefore contribute to poor loteym outcomesAdditionally,

while lifelong global pharmacological immunosuppression has greatly reduced episodes of
acute graft rejection leadingo considerable success in sheerm allograft outcomes,
improvement is still necessary to avoid chronic allograft dysfuncfitverefore, there has
been significant attention in the past few decades from the transplant commumity
developng novel theapeutic strategies to facilitate the minimisation or even cessation of

pharmaceutical immunosuppressiom particular,the focushas been orthe use of cellular

10
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therapy, which could naturally and specifically regulate the alloimmune response and

promote tolerance.

1.1.4 Strategies to induce tolerance in allogenic transplantation

A number ofexperimental and preclinicadtudieshave provided convincingevidencethat
transplantationtolerance induction is feasible.Tolerance inorgantransplar recipientsis
defined asstable graft functionn patientsreceiving no immunosuppression for more than
oneyeatr. Induction of tolerance iexperimentl modelscan be achieved by mediating central
tolerance through induction of chimerism antrathymic ingction of alloantigers, and
peripheral tolerance through modulation of T cell respanabg costimulatory blockader

cellular therapy.

Anotherstrategy for tolerance induction tarough combined kidney and hematopoiestem

cell transplantation into conditioned recipients. This strategy provaevidence that
operational tolerance can be achieved in huradoy mixed chimerism, defined as a state
wherein donor and recipient leukocytes coexiét study in patients with endtage rena
disease has reported that tolerance was achieved through a transient chimeric state-in HLA
mismatched renal transplaf® Another study, confirmed that tolerance was achieved
through a permanent mixed chimeric state in HhAtched renal transplant patients.
However, the risk of graft versus host disease (GVHD) development in both full chimerism and
permanent chimerism states along Wwithe toxicity related tothe use of myeloablative and
nonmyeloablative therapiaslimited the clinical application of this approah®® Studies in
animal models have confirmed that intrathymic administration of allagenis together with
peripheral leukocyte depletion leads to induction of toleraiéé’However, concerns about

the feasibility and safety of such a strategy limits its translation to the éfinic.

The discovery of therapeutic agents targeting costimulatory moleculesniaae it possible

to control theperipheralalloresponse and mediate lorigrm graft surwal. Engagement of

the costimulatory molecule CD28 expressed by T cells with CD80/CD86 expressed by APCs at
the time of allorecognition leagito alloreactive T cell activation and proliferatioGTLA4

(Cytotoxic ILymphocyte Associated Protein(@®D152)a co-inhibitory receptorthat bindsto

11
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CD80/CD86 with higher affinity than CD28 and therefore prevents the CEs8radation to
T cellsand inhibistheir activation.The costimulatory blockade therap@TLA4 Ig(Belatacept)
has been tested itwo large randonsed, phase Il trialsn renal transplant recipients and
showed efficacy in preventing graft rejectiam comparison tocyclosporin€?® Therefore, it
was approvedy the FDAas an immunosuppressivéreatmentin renal transplant patient®
Despite this success, sentimitationson belatacept treatment still existincluding thehigh

risk ofdevelopingcellularmediated rejection

An dternative strategy is throughblockingthe CD40CD154 €D40Ligand)co-stimulation
pathway, whichhas showrencouraging results imonhuman primate transplanhodels when
used as monotherapy or together with CD@2&agonisnP* Althoughadministration of anti
CD154 antibodiesn humars results in a higher incidence of thrombotic complications

research continues tmodify and evaluatéhe optimalblockingCD40 antibodie®

The Hockade ofthe ICOSCOSL cstimulation pathway has been also proposed as a
therapeutic strategylCOS is expressed by activated B el therefore it was hypothesid
that blocking ICOSCOSImight control someactivatedresistant T cell subseté In a mouse
model,ICOSCOSblockade combined witla CD28 antagonigtrevented allograft rejection.
However, it failed to mediate renal graft survival when it was tested in amonan primate
(NHP) model® In contrast, blockade of the OX400X40Lpathway ha demonstrated
interesting results. OX40 is also expressed byvaidd T cells. Iihe NHP model, the
administration ofan anti-CD4@Q antibody along wittbelataceptprolongsgraft survivaP® The
result of this studytogether with safetyresults froma phase Il clinical trial testing OX40L
antibody in asthmatic patienté make OX460X40Lblockade an attractive approach in

transplantation

Another promisingtherapeutic strategyis cellular therapy,which could naturally and
specifically regulate the alloimmune response and promote tolerance. Various regulatory
cells including regulatory T cells, type 1 regulatory cells (Trl), regulatory macrophages
(Mregs), myeloielerived suppressor cells (MDSGs)d tolerogenic dendritic cells (DCade

being explored for their modulation dhe immune response in several immune pathologies
including organ transplantatioff: %8 *The ONE Study,naulticentre phase I/llaclinical trial,

assessedthe safety of infusing regulatg cells including Treg, Trl cells, (Mregs) and

12
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tolerogenic (DCs) in renal transplant patieft$Tablel summarses regulatory cekbubtypes

and their phenotypesAmong these, the&anonical CD4Tregs are thdestunderstood and

the focusin this projectis given to this populatiorin a number of preclinical and early clinical

trials, polyclonallyexpanded Tregs (polyTregs) have demonstrated efficacy in inducing graft
tolerance. wever, attention is turning to alloantigereactive Tregs (arTregs), which may

exhibit an enhanced capacity ta dzLJLINBaa | ff 2NBalLlRyaSal BES&Q( ¢

immunosuppression.
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Tablel: Regulatory cell populations

Cell Phenotype
population
(human)
CD4Tregs CD4CD25'
CD12P"FOXP3
CD45RA
(resting) or
CD45RO
(activated)
Trl cells CD4 FOXP3
CD49BLAG3
CD45R0O
CD8 Tregs CD8CD25CD28
or
CD8FOXPXCR
7*CD39
CD4CD8T CD2%vCD2%"
cells CTLACD38v
T follicular CD4CXCR5
regulatory PD1*FOXB*
cells (Fr)
NK T cells CD3
¢/ woxhHhi
i Mm
1+ ¢ OScCD3¢/ wb

B

Regulatory mechanisms

SeeSection1.4.3

11L-10 secretion

finhibition of T cell
proliferation through
expression oCTLA
and TGF

fModulation of APC

activation and secretion

of I.-10
finhibition of T cell
proliferation
finhibition of AP@nediated
T cell activation
1 Regulating TFH cells
1 Preventing the
development of
autoreactive B cells

1 Secretion of regulatory
cytokines IE10

1 Cytokine mediated
induction of Treg and
tolerogenic DCs

1 Secretion of regulatory
cytokines (1£10 and
TGF 0

1 Expression of inhibitory
molecules (PBL and
CTLA)
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Trial ID

SeeSection
1.5.5.Table3

ALTFTEN trial,

RN:

1S/11/6172/830

9/8391

Setting

GVHD

Solid organ
transplantation

Autoimmunity

GVHD

Ref

101,

102, 103

104, 105

106,
107,

108, 109

110

111

112

113

114, 115

48, 116



Regulatory B
cells (Bregs)

Regulatory
macrophages

Tolerogenic
DCs

Mesenchymal
stromal cells
(MSCs)

CD19CD20CD2 1 Secretion of inhibitory
cytokines (IL10, TGHF X

ANCD2¥CD38|
ngi |thi

No stable,
specific markers
are yet defined,;
CD14'wCD16
CD64CD8d'ov
CD86CD168"™"
HLADRTLR2

MHCII** CD86
low CD(P"
CD4rv

CD34CD45CD7
3"CD90CD105
HLA
DR,CD11bor
CD14, CD19or

/ 5 Thph

IL-35)

7 Induction of Tregs
1 Inhibit the secretion of

[FN

1 Reduce accumulation of

NK cells
11L-10 secretion

1 Inhibition of T cells

proliferation

f Induction of Tregs

1 Expression of inhibitory
molecules (PDL, FasL,

IDO)

1 Secretion of inhibitory
cytokines (110, TGHF X

fInduction of Tregs

T Induction of T cells
unresponsiveness

7 Induction of Tregs
f Modulation of APC

activation

1 Promote differentiation of
macrophages into M2
macrophages

1 Control of memory CD8

function

1 Secretion of cytokines,
chemokines, growth
factors and extracellulal

vesicles

1 Activation of (IDO)
productionby

phagocytes
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NCT02085629*

NCT02252055*

NCT00445913*

NCT00396812*

NCT01352858*

2007:003469
42

NCT02622763*

NCT02283671*

NCT02618902*

NCT00658073*

NCT00752479*

NCTO00734396*

2009017795

2o

NCT01429038*

NCT01663116*

NCT02923375

Living donor
renal
transplantation

Living donor
renal
transplantation

Type ldiabetes
Rheumatoid

arthritis

Crohn disease

Multiple
sclerosis

Renal
transplantation

Liver
transplantation

Liver or renal
transplantation

Rheumatoid
arthritis

GVHD

117,

119,

122

123

124

125

126

127,

129,

132

133

118

120

128,
130,
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Small bowel 5% &
transplantation

Lung 136, 137

transplantation

Myeloid- All subses: 1 Nitric oxide and Arg. 138,139,
derived CD115CD33 dependent inhibition of 140
suppressor CD34HLADR T cells, B cells and NK

cells (MDSCs) ow cells

1 Inhibition of T cells
through production of
ROS angeroxynitrite

fInduction ofTreg

1 Secretion of 110

7 Inhibition of DC
maturation by HGL

Granulocytelike
MDSC subset:
CD15CD33HLA
_DR/|0W

Monocytelike
MDSC subset:
CD14CD33HLA
_DRllow

Table 1: Regulatory immune cell populationsClinicaltrials.gov* and EudraCT**were searched for the clinical trials. RN:
Registration number; DC, dendritic cell; FOXP3, forkhead box P3; GVHReashostdisease; MDSC, myeleitkrived
suppressor cell; MHE, MHC class II; TReg, regulatorylek; T follicular regulatory cellNK, natural killerArg-1, arginase
1;R0OS, reactive oxygen speci¥0, indoleamine 2;8ioxygenase.
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Regulatory T cells: an overview

1.1.5 Development of Treg

Tregs are generated both in the thymus (tTregs), as a separate lineage frorm G&lg, and
extrathymicallyin the periphery by induction of FOXP3 expression in naivéFCD@PTe T
cells (pTregs)Both tTregs and pTregs are crucial for the maintenance ® immune
homeostasig*! In the thymus, T cells arehecked for their reactivity to setfeptides in a
process known athymic selection. T cells progenitors expressing TCR with high affinity to
seltpeptides presented bymedullary thymic epithelial cells (nTE&E selectedas tTreg
precursor, while those expressing TCR with low affinitgdipeptidesare selected as T
conventional celld*?> The Treg progenitor express CD25, then FOXP3 expréssiutuced
upon TCR stimulation, CD28-sttmulation and cytokine signalling triggered by-2 The
strength and duration of TCR signallihgs been showrto play a critical role in Tregs
development!43 44 |n addition Xuguanget al have demonstrated the requirement of
costimulatory signaCD28 for effectivadregthymic development even if the T@R: engaged
with high affinity to the peptides'#®

In the periphery, (pTreggrisefrom naiveCD4 cellsand contribute to the homeostasaf the
peripheral immune compartmenpTregsare generatedindervarious conditionsuch as the
presence of regulatory cytokine§fGF ) and indoleamine2,3-dioxygenas€lDO) whichare
secreted bytolerogenic DCaVioreover, the presence ofitamin A metabolitgretinoic acid

can alsgromote the conversion of naive T cellgipTregst4®

Thein vitro generated Tregs (termed induced Tregs (iTrega)) arise fromnaive CD4cells
through coculturing the CD4 cellswith TGH , IL-2 along with TCRstimulation!4” Studies
have alsaeported the development of iTreg celis vivoin a tolerogenic settingnd during
inflammation*® The iTregslo not recapitulate the phenotypical and molecular features of
peripheral Tregs. For exampl&regsdemonstrated less FOXP3 expression stability and
suppressive potency compared to the pTregewever,studiesare ongoing to generate
induced Tregs witla stabiliseFOXP3 expressidf?

17
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Somephenotypic markersvere initially reported as a markedo distinguish thymialerived
Tregs from those peripherally induced from the naive T celidudingthe lkaros family
member Heliosand the semaphorin receptor neuropilit (Nrp1)°° However, later studies
demonstrated that Heliosnay actas amarkerto identify a subsef Tregs with potent
suppressie activitythat cannot be usetb discriminate ahymic Tregsubset®'t similarlyto

the Nrp1, which does not seem to identify thymic Treg claf@s
1.1.6 Identification and isolation of Tregs

Tregs are heterogeneous in terms of surface marker expression and the questidnicbf
population would serve as an optimal cell product for adoptive transfer is a subject of ongoing
RSOl (Sd [sBbunitofthé IR Eceptor complex) is expressed at high levels on Tregs
and can be utilised as an identification marker. Howevetivated effector T cells and in
particular naive T cells, which have a strict requirement f@rftr initial clonal expansion and

differentiation, can also express CD?5

The role ofthe transcription factor FOXP3 (ForkheB@XProtein P3) in regulating the
immune response in mice and hunsmawas icentified in 2001'> The identification of
mutation of Foxp3in scurfy micethat developsevereautoimmune diseasedemonstrated

the critical role of FOXP3n maintaining immune homeostasi¥ Similarly,a mutation in

human FOXP3leads to the development of IPEX syndrome (Immunodysregulation
Polyendocrinopathy Enteropathy-Ilxked)!®> 156 Further studies byhattri et al. on scurfy

mice linked FOXP3expression with Trecactivity and phenotypg®’ Subsequent work
demonstrated that table FOXP3xpression is required for Treg functiém§: 159 160, 167The
FOXP3ene contains three conserved noncoding sequences (CNS1, CNS2, and CNS3), and a
promoter region with binding sites for transcription factors includihg-AT c-Re| and
STAB.1%2 Demethylation of the CNSs permite binding of transcription factors that control
FOXP&xpression during different stages of Tregs developm@NS3 appears to have a role

in FOXP3xpression, possibly by opening thOXP3jene locus. A demethylated CNS1 is
required for FOXP3xpression in peripheral Tregs but is not necessary during thyreig
development.StableFOXP&xpressiorrelies on CNS2 within theokp3 gene locustermed

the TregSpecific Demethylated Region (TSDR). The TSDR is highly methylated in conventional
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T cells and induced Tregs, whilst it is demethylated in thymidaliived Treg353 164 16Both

TSDR demethylaticemd FOXP@&xpressiorarerequiredfor thymicTreg lineage commitment

Isolating Tregs fothe therapeutic application can only be undertaken using cell surface
markers, and therefor&=OXP3nd the methylation status of the TSDR cannot be used to
isolate Tregs in this setting. JukF OS S E LINB & & A £héin & the 17 Racepor) ani K S  h
CD4CD2%' cells inversely correlates witFOXP&xpression and assists in distinguishing Tregs

from T effector cells. Thus, the inclusion of CD127 together with CD4 and CD25 facilitates the
isolation of Tregs at relatively high purity, as confirmed using intracellular markers and

functional testing!6. 167, 168

Despite providing refinement in the identification of Tregs, studredicate thatex vivo
expanded CD€D25CD12%P" Tregs are heterogeneous and contain subpopulations of Tregs
with different properties. For example, C¥D25CD12PYCD45RA refers to a
subpopulation of Tregs with a stable TSDR status, higher FOYRZE30Nn, and greater

suppressive function aftexx vivoexpansion in comparison to CD45Rébpopulations 69 170

Using these cell surface markers, magnbeadbased isolation of Tregs has largely been the

choice for several reported protocotd: 172 173 S| R& OFy o6S LINRRdzOS
al ydzFF OGdzNAy3 t NI OGAOSQ oDat 0 *and CDIReElNERIE | Y R
enrichment of CD25cells’# As an alternative strategy, fluorescenraetivated cell sorting
(FACSpffers superior purity compared to magnetic beadriched Tregs, as well as the
possibility of selecting specific cell populations based on their expression levels of cell surface
molecules such as CD25 and CD127. A number of proprietarycGiipliant FAGBased

sorting processes exist and are being assessed for the production of clinical therapeutics, but

are not yet accepted by some regulatory agencies.
1.1.7 Tregs suppresson mechanisms

Discoveries in basic reseatttiiveenabled the identification of multiple mechanisimgwhich

Tregs regulate immune responses. These include the release of regulatory cytokines and
moleculesthe disruption of effector cell metabolisnthe modulation of dendritic cells (DCs)
maturation or finction, and production of cytolytic mediators® Figure 2 illustrates the

suppressive mechanisms of human Tregs and their effects on various leukocytes.

19



Chapter 1: Introduction

One of the main mechanisms of Trewdiated suppression is throughe production of
inhibitory cytokines including interleukin (IL10, TGH3, and Il35. These cytokines are
involved in the direct suppression of effector cells and indirect suppression through inhibition
of DC maturatiort’® Moreover, these regulatory cytokines play a role in atiigus tolerance

not only through conversion of T effector cells into T cells with regulatory phenotype and
function,*’” but also though inducing B regulatory cells from B cells gwdmoting

macrophagedifferentiationtoward Mregs!’®

Tregs may disturb the metabolic function of effector cells throtiglexpression of CD39 and
CD73. These ectoenzymes lead to degradation of ATP to adenosine and AMP. Adenosine can
directly bind tothe A2areceptor on T effector cells and inhibit theictivation, and can also

inhibit the maturation of DC¥° Another potent mechanism is through inhibitory cell surface
signalling, such as througie cytotoxic Hymphocytes antigen 4 (CT¥4A Tregs may prevent

the activation of effector T cells either through downregulatitige B7 costimulatory
molecules CD80 and CD86 artigen-presenting cells (APC) in a CBtdependent manner

or by the direct binding of CTt4Ato CD80 and CD86 on naive T défl©ther coinhibitory
molecules are found on the cell surface of Tregs, including T cell Ig and ITIM domain (TIGIT)
and lymphocyteactivation gene 3 (LAG): these molecules may suppress the T cell activation
through DC modulatiofA’® Moreover, multiple studies have demonstrated that Tregs may
possibly regulate other cells of the innate immune system, such as NK cells, neutianudhils

type 2 imate lymphoid cedl (ILC2)-€°

In addition, Tregs may induce T cell apoptosis in a granBrdependent manner and induce
cytolysis of other cellsncluding B cells and NK ceiisa perforin and granzymeB dependent
manner!8l 182 Recent data suggest that Tregs may be able to inhibit T effector function

throughthe release of extracellular vesicles including exosatfiés
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Apoptosis

A2aR

P

Adenosin

Figure2: Treg suppressive mechanisn®olid arrows indicate direct inhibition of target cells or direcliction,

while dashed arrows indicate another possible target of a specified inhibitory molecule. Treg, regulatory T cell;
iTreg, inducible regulatory T cell; DC, dendritic cell; Teff, T effector cell; Breg, B regulatory -2eltypeC2

innate lymphoidcell; M1 MQ,pro-inflammatory macrophage; M1 MQ, astiflammatory macrophage; IDO,
Indoleamine 2,3lioxygenase; MHC, major histocompatibility complex; TRl receptor; CTLA, cytotoxic T
lymphocyteassociated proteid; LAG3Lymphocyteactivation gene 3; TIGIT,cell Ig and ITIM domain; AD
Programmed cell deatth; PDLL, Programmed deatligand 1; ICOS, Induciblecell costimulator; FAS, cell death
surface receptor; LAP, latenagsociated peptide; GARP, glycoprotein Aetdions predominant; ATP,
adenosine triphosphate; ADP, Adenosine diphosphate; AMP, Adenosine monophosphate; A2aR, adenosine

A2areceptor.
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1.1.8 Application of Tregas a cellular therapy

Treg therapy nowcentresaround two main methods(l) the directin vivo expansion of
endogenous Tregsand (Il) theex vivoexpansionof Tregs.The only immunosuppressant
consistently demonstrated to potentiat@ vivoTreg expansion and survival is rapamyéfn
185 Hester et aldemonstrated the adjuvant effect of lolose rapamycin ienhancingTregs
activity to inhibit transplant arteriosclerosis ia humanised mouse mod&P However, poor
patient tolerance of rapamycin has led to a search for alternative strategiesgandin vivo
Tregs.For instance, low dose-RB_has shown efficacy irestoring Tregsnumberswithout
concurrent expansion of effector T cell pdations in patients with GVHD'*® 187 |n
experimental modelPilat et al. demonstratedhat low dose of 12 complexalong with
rapamycin andblockade opro-inflammatory cytokine H6 prolongedsurvivalof skin allograft
without need to immunosuppressiol¥® However,a phase IV clinical trial using low dose2IL
in liver transplant patients was tminated due to safety concerns (the LITE Trial
[NCT02949492. Improved IE2 therapiesmight bepossibleusingthe anti-IL-2 complexwith
higher selectivity for Tregs than autoreactive effector T ¢&llor by engineering 2
molecules sahe modified 12 can selectively signal to Trel§8Indeed, further researclhs
needed in experimental models atater in clinics to validatéhe safety ofanti-1IL-2 complex
or I1-2 modification therapiesn transplanation. Furthermore,IL-33 has shown efficacy in
driving the production of mouse Tregs with enhancagpressive activity in experimental
skin transplant model®! This study suggests an alternative approach iforvivo Tregs

expansion.

Alternatively, cell therpy may be performed bgdoptive transfeof ex vivoexpanded Tregs
which has severaddvantagesover in vivocell manipulation.Tregs are closely related to T
effector cells, meaning that precisely targeting Tregs and not T conventiefialcan be
difficult. In addition,ex vivoexpansion of Tregs providan opportunity to manipulate them
by the selecton of more efficient cellpopulations!®? or by mproving their suppressive

properties using exogenous treatmenis genetic modification technologies.

The low precursor frequencyof Tregsin the peipheral bloodmeans that cells require
extensiveex vivoexpansion in order to obtain enougyield for clinical application This

extensive expansion maynpact Tregs suppressive function and increase the cost of cell
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therapy. Protocols forex vivoexpansionaccording to good manufacturing practice (GMP)
have been reported, which resudtin a good yield!93 194 195, 19¢4oweverthe presence of
contaminant T effector cells in the final cell product or conversion of Tregs into pathogenic T
effector cellscontinues to be of concern.Thusnew strategies are needed to eahce the

purity and efficacy oéxvivo-expanded Tregs.

A number olsupplemens canpromotethe exvivoexparsion of highly suppressivieegs. For
example, theaddition of alitrans retinoic acid (ATRAyitamin O and TGF during Treg
culture*®’ 198has been showto stimulate the induction ofriducedTregs(iTregs)from CD4
naiveT cellsand enhance the suppressive capacity of Trelgsvever, it is still unknown if the

immunomodulatory effects of these supplements on Tregkpersistlong-term.

Recent advances igenetic modificatiortechnologies have opened the possibility 2afely
improve the potential therapeuticof Tregs Recently, Eskandari et.gbroposed a new
methodology to improve the Tregs adoptive therapy through engineering Tregs with TCR
signallingresponsive H2 nanogels®® Both murine and human nanogeiodified Tregs
carrying an H2 cargo showed enhanced fermance in suppressing alloimmunity in murine
and humanged mouse allotransplantation models compared to raondified Tregs. Tk
proposed methodology may hold promifa the future of Tregs therapy, especiadiyncethe

nanogel can be conjugated to agenreactive Tregs instead of polyTregs.

Another important approachto expand Tregs with enhanced efficacy is throute
generation ofnon-gene modified antigemeactive Treg$arTregs)which will be discusseith

detailin the next section.

Alloantigenreactive TreggarTregs)

Ex vivoexpansion of freshly isolated Tregs from peripheral blood is generally performed by
stimulation of magnetideadisolated or flowsorted cells with antCD3/anttCD28 beads in

the presenceof recombinant human 2 with rapamycirt® This leads to norspecific TCR
stimulation and proliferation of polyclonalyeactive Tregs (polyTregs).i§approach is able

to generate significant numbers of CBOXP3cells with a purity that is often improved to
over 80% with the use of rapamycin teduce T effector contaminant proliferaticii®

However, several theoretical drawbacks exist with poly$tegrapy, including the potential
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for indiscriminate immune suppressidgf®® In addition, animal studies suggest that high
numbers ofpolyTregq1:1 to 1:5 Treg to Teffre requiredin order to achieve toleranc&*

The e of an enrichegbopulation of arTregs may overcome these problems as these cells
offer targeted regulationof a specific undesired immune response in vitro suppression
studies, arTregs are ®© 25-fold more potent at suppressing effeatd cells in caulture than

p0|yTreg§_7l| 202, 203

In humansed mouse modelghe adoptive transfer of e viveexpanded human polyTregs can
prevent skin, vessehnd islet allograft rejectior® 205 206, 20qowever,arTregsproduced
through the ceculture of Tregs with allogeneic DCs or B cells are more effective than
polyTregsat preventing human skin allograft rejection and may demonstrate superior
migration and accumulation in the allograf 209 210. 211These Tregs migrate to and
accumulate in the allograft, an effect that may contribut their superior suppressive
function. Using a different manufacturing process watltogeneic B cells instead of DCs as
stimulator, human arTregs infused at a 1:5 ratio of Tregs to responders are able to prevent
skin allograft rejection, whereas polyelys fail to be protective at this ratid* These results
suggest that infusion of alloantigeeactive Tregs may facilitate a reduction in the total cell

number needed for therapeutic efficacy.

1.1.9 Strategies to expand humaarTregsex vivo

In healthy individuals, Tregs represent approximatell0%6 of the CD4T cell populatiof?t?

213, 2140f which only 510% are alloantigeneactive?'® 21This low precursor frequency means
that cells require extensiveex vivo expansion to obtain enougmumbers for clinical
application. Stimulator populations for arTreg production include peripheral blood
mononuclear cells (PBMC<}dendritic cells (DC3}’ or B cellg'® 21°Table2 summarses the

current approachesised in expanding human arTregs.

Peter et aldemonstrated thatirradiated donorderived PBMCs used as stimulators for Tregs
sorted by FACS yield a low expansion rate over ateek period, although interestingly this
expansion improves when Tregere isolated using magnetic beads (cliniMACS) instéad
This suggests that residual antibody binding may subsequentlyiimipag expansion. The
activation of Tregs requires céti-cell contact leading to an immunological synapse, with

activation through the TCR and suitable costimulatory sigrélBherefore, most protocols
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rely on the use of purified B cells or DCs as professional APCs to ensure optimal delivery of

signals for Treg activation and proliferation.

The use of B cells for Tregoalimulation requires a preliminary B cell expansion and
activation step. As B cells need a CD40/CD4é@iticmlatory signal to proliferate, CD40L
expressing fibroblasts have been used as feeder cells to expand B cells. Immortalised B cell
lines from HLAnatched donors have been used to offer a direct expansion of alloantigen
Tregs from a readily available allogeneic B cell B&tiKHowever, this bank may not cover all
HLAdonor/recipient combinations and also has the potential for cellular contamination in the
final cell product. Solub 4trimer CD40L fusion proteins may represent an alternative to
feeder cells and appear to be efficacious in generating arTrédggecently, B cells were
successfully expanded using a solublzidher CD40L fusion protein as a replacemémt
CD40 feeder cells. ihmolecule contains four CD40L trimers per molecule and has been
found to be more effective at activating B cells than single CD40L trittefsTregs
generated by this protocol expanded up to-&0d with no cellular contamination reported in

the final product???

DCs provide potent alistimulatory signals texpand Tregs with a low risk of persistence
within the culture, especially when irradiated. Tregs selected using magnetic beads and
primed twice by allogenic monocyerived DCs (mDCs) cultured with rapamych2, dind 1L

15 have been shown to be functial bothin vitro andin vivg controlling GVHD in a mouse
modell”3 These arTregs expand eigbtd and display a fully deethylated TSDR with high
expression of FOXR&$d Helios The most efficient method for generating arTregs remains
unclear, with no studiesto date directly comparingexpansion using alternative stimulatory
cell populations from the same donor. This would provide a useful comparison in tethes of

cellular phenotype and suppressive capability of expanded arTregs.
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Table2: Approaches foex vivoexpansion of human atlantigenreactive Tregs

Starting population Stimulator Ratio Growth factors = Expansion Expansion Reference
duration fold

CD4CD25Treg Donor derived 4:1 rhil-2 +rh [E15 20 days 780 e

isolated by PBMCs PBMCs: Tregs

magnetic beads

CD4CD25CD127 UltraCD40L 11 rhiL-2+TGF 28 days ~20 172

Treg isolated by activated donorB = Becells: Tregs | b{ A NB

magnetic beads cells SRE7days only

CD4CD25CD127 CDA40lactivated 4:1 rhiL-2 16 days 50-300 288

Treg isolated by donor B cells B cells: Tregs

FACS

CD4CD25Treg Allogeneic mature 1:10 rhil-2 +rh £ 21 days 8.3 173

isolated by DCs mDCs: Tregs 15+Rapamycin

magnetic beads

CD4CD25CD127 Blood or dermal Not reported rhiL-2 4-6 weeks Mean 228

Treg isolated by donor-derived numbers

FACS mature CD1tDCs ~2.8x10

CD4CD25Treg CD40lexpanded B 10:1 rhiL-2 2-3weeks  80-120 220

isolated by cell lines B cells: Tregs

magnetic beads

CD4CD25CD127 Allogeneic 1:10 rhil-2 +rh 115+ 12 days 8 228

Treg isoléed by monocytederived DCs: Tregs Rapamycin

magnetic beads DCs

Chapter 1: Introduction

APC, antigen presenting cell; DC, dendritic cell; PBMC, peripheral blood mononuclear cell; Treg, regulatory T cell;
rh, recombinam human.
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1.1.10 TCR transgenic Tregs

The ecentsuccess of specificCell receptor (TCR) gene therapytlie cancersetting offers
the opportunity to redirect the Treg specificias desired througif CRransgenesisBrusko
et al. reporteda methodology to generatbBumantransgenic Tregwith a class{specific TCR
in which theyrecognisemelanoma antigen tyrosinas@® This study demonstrated that the
viral transduction ofa specific TCkto in vitro expandedCD4CD25CD127TCD45RA regs
could enrich their specificity therefore generaing antigenspecific TregsThese TCRTregs
maintained a high expressiorof FOXP3fter in vitro expansion Moreover, these cells
suppressd antigen-specific effector T cell activiyoth in vitroand in a mouse tumar model

more effectively than pokexpandedTregs.

Another study byKimet al. reported the generationof engineered antigeispecific Tregs
whichwere created bythe transduction offCRrom T cell clonsobtained frompatients with
hemophilia A intoin vitro expanded human Tred3® Theseengineered Ector VlIkspecific
Tregs suppressed th@oliferation of FVItspecific Tcellsin bothin vitroand in ahumansed
hemophiliaA mouse modelHowever there are several potential risks associated with the
use of TCRransgenicTregsincluding the risk ofentiviral or retroviralvectorrelatedtoxicity
following the infusion of TCR Treg@s addition, to the risk of toxicityhat may result from
mispairing with endogenous TER Thereforea longterm safety assessment is necessary

before TCR Tregs can be used clinically.

1.1.11 CAR Tregs

Recent advances in chimeric antigen receptor (CAR) technologies have opened the possibility
of being able to redirect the specificity of human Tregs as destFeti®CAR Tregs hawshown
promise in early experimental models in transplantat®n?3® 23land autoimmuniy.?32 233

CAR Tregs specific for MHH@olecules are superior to polyTregs at preventing xenogeneic
GVHD and skin graft rejection mmansed mouse modelg?®: 220However, thee are some
differences between CAR Tregs and arTregs and challengeis thast behighlighted CAR

Tregs are produced using a viral vector, in contrast to arTregs \@hecproduced using a
simple method of ceculture with donor antigen. Therefore, theafety of CAR Tregs in solid

organ transplantation needs to be confirmeak clinical experience of the adoptive transfer
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of CAR T cells directed against tum@ntigensshows that it carresult in adverse effects

related to cytokine storms andytotoxicity.234 235

CAR Tregs are able to inhibit direct allorecognition and consequently acute cellular rejection
229, 231hyt their effect on the indirect allorecognition and humoral respassemain to be
investigatedFor instancelevings et al. investigated CAR efficacy at regulatingzomemory
responses and found that CARegs were unable to regulate memory T or B cell responses in
pre-sensitised micé3® Furthermore, alloreactivity may be driven by a broad array of antigens,
and therefore a specificity toward several peptides might be preferable in the generated
antigenreactive Tregs. Notably, the assessmenthaf T cell recetor repertoire of arTregs
revealedthat they respond to several cloné® This wider clonality allows arTregs to react
with multiple donor antigens, unlike CAR Tregs, whaie very restrictive in their

responsiveness to a single antigen.

The «haustion of CAR égs is another concern. Some studies indicate that CAR T cells
incorporating the CD28 costimulatory domain have limitegivoexpansion and artumour
efficacy, which is avoided with theBB costimulatory domaiff’ For CAR Tregs, studies used
secondgeneration CAR Tregs with a CD28 domain and demonstrated suppressive éfficacy
239 Researclis still ongoingo determinethe optimal CARencoded costimulatory signals and
specificity?®® to reduce immunogenicity*' and to improve CAR Tregmanufacturing
frameworks?*?2 A phase | clinical trial of autologo@AR Tregs directed against FAZis now
ongoing NCT04817774These CAR Tregan beadministratedto HLAA2-negative recipients

of an HLAA2-positive living dnor renaltransplant This study aims to assetb® safety and

tolerability of these CARregs in patients undergoing living donor renal transplantation

1.1.12 Direct vs indirect allospecificity

It is alsamportantto note experimental evidencguggestinghat indirect presentationsthe
major pathway underlying chronic transplant rejection>®thus attention is now turning to

arTregs populations with indirect allospecificity to réga this response.

Indirect allospecificity can be enriched in Tregs through repetitive stimulation with autologous
DCs pulsed with donor peptides. Generated arTregs are able to suppreghdottirect and

direct alloresponse of naive CI¥D25T celb in vitro.?4® Another approach used in murine
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models to generate Tregs with indirect allospecificity is through TCR transdét4iéftIn

one examplethe TCR specifito the H-2K peptide presented by an MHC class Il molecule
(H2A) was retrovirally transduced into Tregs. These-fr@fsduced Tregs (TEReg$ which
indirectly recognise allogeneic MHC class Il molecules induceetdangsurvival of MHE
mismatched heart gra#?*®> Moreover, TCRregs with indirect allospecificitghowed
superiority in inducing graft tolerance in comparison to Tregs with direct@dl@8city. This
indicatesthat arTregs with indirect allospecificity might be more potent than direct Tregs.
However, the major drawback of transgenic TGRgs is the concern of mispairing with

endogenous TCGRvhich could lead to offarget reactivity.

1.1.13 Trials of arTregs

So faronly a single clinicdtial, in a liver transplantationsetting has testedthe adoptive
transfer ofex vivoarTregsexamininglO adult liver transplant recipientd® The arTregs were
generated using irradiated donor peripheral blood lymphocytes cocultured with unselected
NEOALIASYU aLX Syz20eidSa Ay (KS LINB.aey@do 2F | yi
generated CDLD12PYFOXP3Tregs with a relatively low purity within the Cpbpulation
averaging less thak5%. The infused cell product was heterogeneous, with expanded*CD19
and CDS8 cells also infused. Participants underwent a regimen of regomy and
cyclophosphamide administratiobefore Treg infusion Acute rejection upon peprotocol
weaning of immunosuppressiomas shownto be limited to participantswith a history of
autoimmune liver disease, with the remaining participantsd@imonstrating stable graft
function up to three years after drugithdrawal. In vitro functional assays indicated that
PBMCs from many participants demonstrated reduced proliferative activity in response to
allo-stimulation to a greater degree than seenthvthird-party stimuhtion, even after drug
withdrawal Unfortunately the immunological picture did not clearly correspond to the
clinical one, with a degree @aflo-specific hyporesponsiveness seen eveparticipantswho
developed acute rejectior-lowever, there are several limitations in this study including the
lack ofa prospectively recruited control arm and teenall number of patients with limited

F2f f 2 ¢ ndradditidhNide prétocol used to generatex vivoarTregsresulted in low
purity TregsNevertheless, aumber of earlyphase clinical trials of arTregad polyTregs

the setting of solid organ transplantation are currently ongoing and will report in the coming

years Table3).
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Table3: Ongoing trials opolyclonal and alloreactive Tregs.

Trial ID Phase | Tregs Dose Design Setting n Start Date Primary Status
(Tr Completio
eg n Date
ar
m)

NCTO046612 N/A PolyTregs Not Openlabel, Living donor renal 4 December = April Not yet
54* specified randomise  and liver 2020 2021 recruiting
d transplantation
NCTO036540 l/lla | arTregs 100-500 x = Openlabel | Living donor liver = 9 January April Not yet
40* 10°-30- transplantation 2021 2027 recruiting

10Ccells

(single

dose)
NCT032842 N/A PolyTregs Not Openlabel = Renal 12 = March 2019 March Recruiting
42* specified transplantation 2021

with everolimus
immunosuppressio

n
NCT039432 | Not 25 x16 Non Living donor renal | 22 | February August Recruiting
38* specified = cells randomise | transplantation, 2020 2024
(single d with donor BM
dose) infusion
NCTO035774 I/lla = arTregs @ 2.5-125x = Non Liver 9 March 2019 March Recruiting
31* 10° cells randomise transplantation, 205
(single d with subsequent
dose) immunosuppressio
n withdrawal
NCT024741 I/la arTregs 400 x10° Norn- Living donor liver = 14 = June 2016 @ Decembe complete
99* cells randomise | transplantation, r 2019 d
(single d with subsequent
dose) immunosuppressio
n withdrawal
NCTO038676 I/lla = Not 10x 16 Non Renal 12 August April Recruiting
17* specified = cells randomise | transplantation, 2019 2023
2018 (single d with donor BM
003142 dose) infusion &
16** tocilizumab
NCT027118 I/lla PolyTregs >300x 10 = Openlabel, Renal 30 May 2016 October Recruiting
26* cells randomise = transplantation 2021
(single d with subclinical
dose) inflammation on
protocol biopsy
>5m post
transplant
2017 Ilb PolyTregs 5-10 x 16 Openlabel, Living donorrenal 68 @ Feb 2018 Feb 2022 Recruiting
00142t cells/kg randomise transplant with
41%* (single d immunosuppressio
dose) n minimisation

Table3: Ongoing trials of polyclonal and alloreactive Tre@3inicaltrials.gov* and EudraCT** were searched
dzaiAy3 (GKS 1Se¢2NRa aNBIdz Fi2NE ¢ OSffta¢e¢ 2N a¢cNBIas¢
d0dzRASa gAGK adlGdza da2y32Ay3IET ANBONULRAY AEZY &0 OiS
15December2020
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Phenotypic and molecular analysis of the peripheral blood mononuclear
cell compartment and graft biopsin advancedcellular therapy in

transplantation

1.1.14 Immune monitoring strategies in clinical trialsf cell therapy

Immune monitoring can be defined as an approach to assess the immune response by
measuring cellular, moleculaand functional changethat correlate with the immune system
Therehas beena strong interestfrom transplant researcherin developng and validaing
assays that provide idepth information about theefficacy of cellular therapy in solid organ
transplantation These assays have sevesalvantagesas they provide insight about the
immunological status of transplant recipients and maasalloreactivity response at multiple
time-points posttransplantation thus allowing physiciare assess the safetyf withdrawing

or even minimigig the immunosuppressant drugs, and to determine not only the safety but

alsothe efficacy of cellular therapy.

Clinical studies with cellular therapy @ntransplantation settingaim to perform immune
monitoring assays during the follewp period for theenrolled participantsThe ONE Study
consortium which works taassess the potential of infusing different regulatory cells in renal
transplant recipients and compare their immunological effects between closely related
trials,%0 247designed a standarsktd immune monitoringssayfor all the participaingcentres

to ensure that results from one trial can be accurately and fairly compared to those in other

trials.

Currently,severaltechnologiesare availableor immune monitoringin the cellular therapy
contextincludng (I) the use ofmultiparameter flow cytometryand mass cytometrfCyTOF)

to assesshe phenotypical changas peripheral immune cell compartmestollowingthe cell
therapy, (Il)the use ofmultiplexedprobe-based RNA analysis, bulk sequencamgl single cell
sequencing tanvestigate the transcriptional changes in the peripheral blood mononuclear
cells and matched renal biopsjd€#l) viral testing by PCEB® determine susceptibility for viral
infection (CMV, EBK, and BK vir#)) assays to examine cytokines and metaboliteghe

serum of transplanted recipierntand(V)anin vitrofunctional assay to assess the enrichment
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of antigen reactive T cell®ur group harecently commenced recruitmerior the TWO Study

in the UK, whichis a singlecentre phase Ilb randomised trial of expanded polyclonal
autologous Tregs in renal transplantation. The airthef TWO Studis to assess the ability of
Tregs tofacilitate immuosuppression reduction in living donor kidney recipieiarious
immune monitoring techniqueare usedin the studyaiming tounderstand alterations in the
immune cells of patientseceiving Treg therapfFigure3). The following sections describe in
more detail flow cytometry and mass cytometry (CyTO&)antification ofarTregs and T

conventionalkcellsthrough CD137/CD154 assagndspatial transcriptomi¢echnologies.

« Isolation, expansion & infusion of Tregs * Immune monitoring ys

(~ » Molecular analysis
NanoString

PBMCs & Serum Bulk & single RNA seq
Leukapheresis TSDR analysis

Tregs isolation ! —— - Blood . . .
CD25" cellls enriched by, . « !. « extraction Metabolic profiling
MACS R . Py * Functional assays

¥ G/ l . 1.,; Y

* | CD137/CD154
° () : .
In vitro suppression
(o « Serum cytokine analysis
[ N | Elispot
4
Tregs expansion

® + Spatial imaging
ool - N ¢ . Digital spatial profiling (DSP)
expanded by " 4 ~ GeoMx
aCD3/CD28 coated ] ‘ T cells Spatial transcriptomic
beads and (hriL-2) \- 10x Genomics

Thawing &

Infusion Serum & @ Bcels . Phenotypic analysis
peripheral “ Beckman coulter FACS
w

Freezing

blood Tregs

f TCR

\. Monocytes S 8
\_ CyTOF
Granulocytes
~

‘ * 13 immune monitoring visits

Vo2 ypg VOS5 yqy V08 o9 viIo V11T w12 V13 vi7 VI8 V19
pretx  yMMF | MMF  StopMMF , . . Tac,

: : : : Tregs :

v v v v v A v A\ v ¥ v

Weeks -2 4 12 22 24 26 27 28 30 38 44 52 72

Figure3: Overview of immune monitoring techniques in the TWO Stutiial. Peripheral blood and serum
samples are obtained from renal transplant patients during the 13 immune monitoring Vidiesse visitstart
attwo weeks pretransplantation and end at 72 weslposttransplantation.Peripheral blood mononuclear cells
(PBMCs) are isolated from the blood argopreservedor later analysisImmune monitoringof transplanted
patients combine several assays including molecular analysis, metabolic profiling,idnattassays, serum
cytokine analysis, spatial profilingnd phenotypical analysis. The phenotypical analysi®is a wide range of
immune cells populations including T cells, B cells, Tregs, monocytes and granubmytéed by flow
cytometry and massytometry (CyTOF)regs T regulatory celtSTCRT cell repertoire analysiF SDRTreg
specific demethylated regigrElispot,enzymelinked immunospat
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1.1.14.1 Flow cytometry and mass cytometry (CyTOF)

For many years, immune monitoring has relied ammventional flow cytometryFACSjo
analyse and study phenotypical changes in leukocytestlagid relationship to pathologies.
FACSan analyse arounsleveralparameters in parallel and provide rapid assessment of the
target populationsThis technologyas been usetb investigate the efficacy of cell therapy
in a number of clinical trialby measuingthe cellsfrequencyand number at different time

points pre and posttransplantation.

In a study in renakransplant recipients receivingolyTregs FACSwas usedas a key
assessment methofbr immunophenotyping ofecipientsafter Tregs infusio*® An elevation
in CD4CD23'CD127F0OXP3cellswas seerfor the remainderof the follow-up period one
year) postinfusion. This elevation was not seen in the control group receithiegsame
immunosuppressive protocolAnother studyused FAGSo0 measure thechanges in the
phenotype of leukocytes amontype 1 diabetic patientsreated with Tregs? An increase in
the percentage o80CR7 Tregswas reported and continued to remain elevated for ottaee
months after cell infusioncompared tothe pre-infusion timepoint. There was also a
significant decrease in CO%BBD1® natural killer (NK) cells early after polyTiafusion inall

the participants.

Recently Sawitzkiet al reported the findings ofthe ONE Study clinical tr&lceven non
randomised, singlarm, phase 1/2A tria)sgn renal transplant recipients receivirdifferent
regulatory cells, in whicktandardised multipeameter FACS analysis of various immune cell
subsetavas employedor immune monitoring oparticipantsin cell therapy andh reference
group.® A significant increase irthe absolute numbersof CD8CD45RACCRY and
CD8CD57 chronically activated T celigere observed ipatients in thereference grougrials
but notin patients in the cell therapy trial3hey also found normalisation of marginal zore
like Bcell numbers and a significant reduction of CI#1@D16 monocytesonlyin patients in
the cell therapytrials. In addition, Roemhildet al reported their immunophenotyping
monitoring by FACS opatients receiving Treg therapgompared to controlgroup.?*°® An
elevation in Treg proportia in the peripheral bloodvas observed for eight weeks after

infusion; this phenomenon was not seen in the control groApditionally, feweractivated
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HLADR CD4 conventional T cells together with fewCD589" NK cells were seen in Treg

treated patients compared tthe reference group

Although severalclinical trials have employed FACS as a potential technology for
immunophenotyping the relatively low number of parameters that can be analysed
simultaneouslyesultsin a limited analysis. To examine several cells simultanebyshACS
several panels eed to be designedwhich means more clinical material®oi example:
peripheral blood oPBMC}¥are neededThe developmentof mass cytometrpr cytometry by
time-of-flight (CyTOF) ds opened the possibility to increase the parameteiserefore
allowingfor a comprehensive analysis of a wide array of immune populations. Moreover, this
high dimensional technology allows fordepth examination of peripheral blood leukocytes
from small sample quantities. The designed antibody panels can beeskectover cellular

and intracellular markers to identify immune cell lineages and define their activation or

maturation stages. Tabkcompares the main features of conventioAC%nd CyTOF.

To date, fewstudies have employed CyTOF for deep immunaopkyping of multiple immune
cell subsetsn transplantation Fribourg et almonitored the phenotypicchangesof PBMCs
from 26 renal transplant recipientsver 6 months postransplantationusingCyT®.2° The
unbiased cluster analysis reveakaaincrease in RID'"CD57expression in both CD4and CD8

T cellsTheir findings suggest that exhausted T cells correlateimipmoved allograft function
Recently,Kowli et al analysed thephenotydc changesn the peripheral blood ofrenal
transplant recipientgompared to agematched healthy donorsver 6 monthsising CyTQ#!

An elevation of CDBZD8 T cellstogether with an incease of granzyme B and CD107a
expressiorin CD8T cells and CDS6NK cellsvere observed onlyn renal transplant patients
Thisanalysis offregs by CyTOBemonstrated a decrease in the-10 production inrenal

transplant patientscompared to healthy donors.
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Table4: Comparison of flow cytometry and (CyTOF) mass cytometry

Aspect
Type of antibody
Number of parameters

Sourceof nonspecific
signal

Minimum cells needed at
start of protocol

Number of cells acquired
per second

Cell state after
measurement

Data analysis methods

Single cell events gating

Flow cytometry

Antibodies conjugated to
fluorescent probes

Depends on the machine, a
range of 830 markers per cell
1 Spectral overlap (200%)
9 Autofluorescence

1 Fluorophore degradation
1x1Ccells

(500z40,000 cells/s)

Cells can be sorteloly cell sorter
for functional assays
Manual analysié &
FACSDiva

Forward versus side scatter (F:
vs SSC)

Ct2go

Advantages/disadvantages I Subjective

of analysis methods

1 Discovery of new
population is difficult

CyTOF; Cytometry by time of flight. R&f253 254

Mass cytometry (CyTOF)

Antibodies conjugated to stabl
metal isotope probes
Up to40 markers per cell

9 Spectral overlap (>2%)
I Metal oxidation

I Metal isotopesmpurity
50000 cells

(50¢1,000 cells/s)

Cells are destroyed during

ionization

Manual and atomated analysis

by Cytobank software

DNA intercalator labelled to

iridium isotopes 4r and*®3r)

1 Unbiased

1 Consides multiple
dimensions at a time

1 Eager identification of
novel populations

1 More consistent and
reproducible
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1.1.14.2 Quantification of alloantigen reactive Tregs and T conventionalls

through CD137/CD154 assay

CD137 (4BB) is a member of the tumo necrosis factor receptor family (TNFR). This co
stimulatory molecule i€xpressed on activated CDand CD8T cells following an antigen
encounter?®® 256 Schoenbrunn et ademonstrated that CD137 is a very suitable activation
marker for CD4CD25 FOXB* human Tregswhichis upregulated rapidly following short
stimulation (1624 hoursy®’ This upregulationallows the detection ofn vivodevelopment

of alloantigenreactive Tregs

CD154 (CD40L) is a member of the TNF superfdm#yexpressed by CDdaive and memory

T cells, and by a subset of CDB cells after stimulatiof®® 25°It has been shown that
engagement of CD154 with its receptor on antiggesenting cells (APCs) or B cells in both
cases results in expansion and activation of antigeecific T cell®° 260 261|n the liver
transplantation settingthe proportion of alloreactive CD8emory T cells was assessead i
recipients receiving Tregs therapy through CD154 expres&iéntrend towards a reduction

in CD154 upregulation in memory CDOB cells upon stimulation with donor PBMCs was
reported in recipients receiving 4.5 X1 Dreg/kg This trend was not seen in those receiving a

lower doseof Treg (1x1® Treg/kg), or in response to thisgarty PBMC or CMV antigen

CD154 is therefore a specific marker of activated T cells. Hence, the use of CD137 in

conjunction with CD154 may helgirike a balance between antigereactive Tregs and
effector T cells. The use of this analysis in TWO Study patients will help to detehaine
impact of Tregs infusion on the activated T cellsd whether these patients develop

alloantigenreactive Tregs aftetellular therapy infusion

1.1.14.3 GedVix Digital Spatial Profiling (DSP)

In several studiestandardimmunohistochemistry (IHC) ammunofluorescencéave been
used toidentify types of cells preserim fixed tissugbiopsy)samples?®? 264However these
techniques offer limited informatioaboutcellularfunction or geneand protein signatursin

respect to their spatial locationNanoString GaMx is a noveltechnologythat provides

morphological context with a high profiling of proteins and gene expressionsising
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oligonucleotide tags®® 2%6Thesetags are attached to antibodieend RNA probes through a
light-sensitivelinker. A photocleaving lights projected onto the tissue sample to release
photocleavable oligonucleotidesithin specific regions of interestovering up to 5,000 cells
and 22,000 transcripgt These featuresnake the DSRechnologywell-suited tothe discovery
of single biomarkers oproteins orthe development ofgenessignatures where target

localsation is important

The DSP platform has been widely used in the field of cancer immunothedaggsekharan
et al. usedthis technologyto studythe immune microenvironment of patients with diffuse
large Bcell lymphoma whaeceivedchemotherapy?®” Usinga panel of 36mmune markers
they found that tumour infiltration by M2 macrophagékat expressCD163 and CD&&d a
significant negative impact on prognosis. Thesult suggestdhe need for treatments
targeting tumourinfiltrating macrophagesToki et al used this technology to identify
biomarkersassociated with response to immatierapy in melanoma®® Theysearched for
biomarkersin a cohort of 60 immunotherapireated melanoma patientdy measuring 44
immune markers in macrophag€CD68)leukocytes(CD45)and tumaur compartmentsThey
found that CD3 and CD8 expresssomithin the macrophage compartmemnwere associated
with better outcomes in immunotherapytreated melanomapatients, while no clinical
significance was found fo€D8expressionwithin the CD45 compartment This finding
representsa potential new finding that needsirther validation,asit suggestghat CD8 close
to macrophages is more important than total CD8ells.Another notable finding wathat
PDL1expressionn macrophages, but nah melanocytesdemonstratedan association with

abetter response to immuootherapy.

In another exampleMetrritt et al. described the capability dbeoMx technologyn analysing
colorectal tumairr tissue?%® Two regions of tumour tissue were selected to assess their
proteins expressiontumour cells(TC)and the tumour microenvironmentTM). The analysis
revealed two distinct expression pilafs with a strong enrichment aihmunemarkerswithin
the TMcompared tol C Thisenrichmentof immune markers likelyndicates ahigh prevalence
of immune infiltrates withirthe TM. They alsaisedGeoMxto characterse macrophages (MQ)
andregions neato MQ in the inflammatory bowel diseas¢gBD tissue To identify regions
containing concentratetQ populations they stainedsix different IBRissuesampledor MQ
(CD68), T cells (CD3), epithelium (Pan@&kj nuclei, along with the cocktaof 44 olige
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conjugatedantibodies.The profiling of MQ in IBDshowedthat some samples had higher
expression oMmarkers ofwound healingsuchasCD163 and BH3, while other samples had
higher expression o£D11cThey alsoidentified three distinct clusters ofeukocyteson the
basis of proximity taViQ-enriched regionsn alltissuesamplesthese unique clustermight
participate in the dysregulated immune responsé IBD. GeoMx therefore presents a

potentially useful technique forraalysing transplant biopsies in greater depth.

1.1.15 Biomarker signature for stable graft function in renal

transplantation

As stated bythe National Institutes of Health (NIH) Biomarker Definition Working Graup
biomarker s & Icharacteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic responses, or pharmacological responses to a
0 KSNI LISdzi A OORY G SNDSYyGA2Y €

To date, renalunction after transplantation is evaluated by measuring serum creatinine level
and examining arenal biopsyusingthe Banff criterig?’> 2”3which is considered the gold
standard in transplant evaluation. However, both approaches have several limitations
including that éevation in £rum creatinine levek not specificto the type ofgraftinjury, and

an alteration in the level mghtindicate acute rejectiojrenal artery stenosis, chronic allograft
injury, or calcineurin inhibitor toxicit§’* 2’5Similarly, renabiopsiesare invasiveand cannot

be performed seriallyMoreover, there is a problem of subjective variation in the evaluation
of biopsies by histopathologist$herefore,advancingnon-invasive reliable and predictive
biomarkersthat could helptransplantclinicians to estimate the risk afraft rejection and
predict graft outcomes forthe transplant recipientsvould havepotential clinical value’®
These biomarkers may allow early intervention in acute rejectionand minimise the
immunosuppressant drugs atolerogenicstate, therefore redueng therisks ofmorbidity and
promoting longterm allograft survivalThese norinvasive biomarkers can be found in the
peripheral blood serum and urine of transplant recipienfg® 27 and mayinclude gene
expressionleukocyte phenotype markers, chemokiresd cytokinesmicroRNAs, and donor

specific antibodies (DSA).
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One of the earliesstudiesidentifyingthe molecular signature of tolerance the peripheral
blood of renal transplantrecipientswas reported as part of collaborative wobetween a
group in FrancéUniversity of Nantesandthe USA Gtanford University?’In this study, they
identified a set of 33 genes that could distinguish operationally tolenamtal transplant
recipients from patients with allograft rejectiod downregulation oto-stimulatory signals
andmemory T celallo-responsesalong withupregulation of many of TGF NB 3 dzf | (§ SR
wasobserved in tolerant patientsomparedto patientswith graft rejection Another study
examinedcell phenotypes and transcriptional patteris the peripheral blood btolerant
transplant patients and chronic rejection patieff8 They observed a reduction in CtOD25’
FOXP3 transcript in chronic rejection patients in comparison to tolerant pati§agoo et al
searched fora tolerance signaturén renal recipients with operational tolerange® Less
activated CD4T cellswere reported inthe peripheral blood of tolerant transplant recipients
compared to recipients undergoing chronic rejectitmaddition,elevated numbers of naive
and transitional B cellsvere observedin the peripheral bloodof tolerant participants
compared with those redeing immunosuppressioff® 281 These results revealedn

unexpected association of B cells with immune tolerance.

Otherbiomarkers for renal grafunctionincludethe chemokine<CXCL9 and CXCI230These
chemokinesare secreted by endothelial cells and camd to CXCR3 on the surface of
activated T cellstherefore recruitng T cells to the site of inflammatiof¥® Rabant and
colleaguesshowed thatelevated levels ofirinary CXCL9 was a strong predictor afells
mediated rejection(TCMR) while elevation inCXCL10 showed a better performanioe
predicting antibody-mediated rejectionABMR)within the first year postransplantation?®*

This study suggestbat low chemokine levels predict immunologidalerance.

A panelof genesand chemokinegGranzyme B, Perforin, Fhgand, FOXP3, CXCLitOthe
peripheral blood andurine of renal transplant recipients was identified as a potential
biomarker for acute rejectiorn?®® 28. 28"However, alteration ina single genehas some
limitations including the lack of sensitivity and specificigrwal’'s grouplevelopedhe kKSORT
test (kidney solid organ response tegt)assess acute rejection in renal transplant pat$eii®
Theyidentified 17 genesincludinglFNGRand GZMKto distinguish acute rejection fromon-
acute rejection in both adult angaediatricrenal transplant recipientsThis test was able to
predict the acute rejectiothree monthsbefore the detection imenalbiopsiesn 64% of cases
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at the time of stable graft functionHowever, the validation of the KSORT tesas yet to be
determined RecentlyChristakoudi et alidentified seven genes signatuggncludinglFNG,
IP-10, ITGA4, MARCHS8, RORc, SEM&YWDR40Awhich wereassociated with cellular
mediated rejectior?® These genes were elevated the peripheralblood before histological
diagnosis and decreased aftenmunosuppressiortreatment. However, @rther studies ae

needed toassesshe specificity and sensitivitgf the identifiedbiomarker.

Hypothesis and aims of the project

The use of immunosuppreasts hasled to a significantimprovement in the shorterm graft
survivalin organ transplantation. However, the toxicity of Hifsng use of immunosuppressive
agents and chronic graft rejection hinder lotegm graft survivalTherefore, the investigation
of cellular therapies thgbromote graft survival without ovesuppressing the immune system

is of great importance.

Tregtherapy has shown promise maintaining graft survivadnd permitting a reduction of
immunosuppressive drugs in early clinical trials of solid organ trangtiant One of the
strategies to using Tregs in clinical transplantation is to isolate Tregs from a prospective
transplant recipient, expand therax vivopolyclonallyunder a good manufacturing practice
(GMP), and then reintroduce them in to the recipiefteatransplantation?®®: 2°The adoptive
transfer ofex viveexpanded Tregsaysupress thdl effector cellshat might otherwise cause
graft rejection. Tregsmay also exploit their natural suppressive mechanisrand induce a
tolerogenic phenotype on other T cells, a process known as infectious tolet&teaddition,
Tregsmay possibly regulate other immune celghich can also suppress allogeneic immune
responsed’: 2%An understanding ddlterations in the immune&ompartment following Tregs
therapy is important. Therefore, the immune monitoringf transplant recipientseceiving
advanced cellular therapyightbe ableto determine whether the infusion of Tregs mads

the cellular makeu@nd activation status towardstalerance phenotype

While progress has been made in isolating and generating polyclenglbnded Tregs, the
theoretical risk that polyclonallyeactive Tregs may cause ovMBrmunosuppression still

remairs. Alloantigenreactive Tregdave shownthe potential to induce tolerance to only
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specific undesired immuneresponsd®searchon Tregcellular therapy igherefore now

focusingon the development oftrategies to isolate and expand alloantigexactive Tegs.

1.1.16 Hypotheses

Given previous studsshowing the superioritgnd specificityf dloantigenreactive Tregg®*
295,296, 29imore allospecific Tregarelikely to be preferable in terms dioth off-target effects

and immunological effest The major challenge is their low precur§@guencyand the need

for repeated allostimulation as well as the subsequent selection of those that are alloreactive
We therefore hypothesised thaantigen-reactive Tregsnay be expanded and subsequently

isolated through he use of activation markers CD137

Early phase trials of polyTregs have provided a solid grourfdingonductinga trial of a cell
therapy in transplantatior® 248 2%8However, the identification offregefficacy has been
more challenging. Therefore, understanding the impactToég therapeuticsin vivo is

necessary. Weherefore hypothesised thatmmunophenotyping will provide an insight

about the immune status of transplant recipients receiving Treg ckll therapy.

Moreover,assessg and identifying cells presemh the biopsesof renal transplant patients
to understand the mechanisms @dlerance oracute and chronic rejectiors important We
hypothesied that in-depth examinationof leukocytesthat have infiltrate d the transplant
tissue by spatial profilingwill provide in depthleukocyte phenotyping that facilitatesthe

identification of mechanistic markers athe immune response
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1.1.17 Aims

1To develop a simple and effective method to isolate and expand functional hurifaega
(Chapter 3)

1 To explore the functionality and specificityaflregs
(Chapter 3)

1 To develop a methotbr the assessment @lloantigenreactive Tregs.
(Chapter 3)

fToimplementa clinicaly-based flow cytometri@and mass cytometryCyTOFprotocol for
assessment of the immunghenotype ofperipheralleukocytesin patients receiving Treg
cellulartherapy(Chapter 4)

1 To investigate the phenotypic and functional chasge peripheral Tregafter cellular
therapyusingmass cytometrf{CyTOHR)Chapter 4)

1 To explore the application ofDigital Satial Profiling technology in analysingellular

infiltratesin renal biopsie¢Chapter 5)
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Chapter 2:Materials and methods

2.1 Isolation andin vitro culture of human leukocytes from healthy donors
2.1.1 Human participants/ethics

Peripheral blood mononuclear cells (PBMCs) were isolated from blood cones obtained from
healthy donors (NHS Blood and transplant {NHSBT} UK). Ethical approval for research using
PBMCs was obtained from the Oxfordshire Research Ethics Committee (REGyB)istioer
07/H0605/130.

2.1.21Isolation of PBMCs by density gradient centrifugation

PBMCs were isolated from blood cones using a lymphocyte separation medium (LSM), (25
072-CV, Corning) for density gradient centrifugation at 2200rpm, at room temperature, for
30mins. Buffy coats were collected and washed with PBS buffer. Erythrocytes were lysed by
incubating the PBMCs for 5mins in PharmLyse lysing buffer (BD biosciences, Franklin Lakes,
NJ, USA). PBMCs were counted and subsequently used in PRBCS assays or

cryopreserved for later use.

2.1.3Generation of human monocytederived dendritic cells (moDCs)

CD14 monocytes were isolated from PBMCs using MACS microbeads and columns (Magnetic
Cell Separation, Miltenyi Biotech). PBMCs were incubated with CD14 microdS&B50-

201, Miltenyi BiotecYor 15mins at 4°C, and isolated following Miltenyi protocol. CD14
enriched cells were incubated for 5 days in 6 well plates at flogl&/ml in the presence of

100 U/ml 14 (20064, Peprotech) and 50ng/ml GKISF (303, Perotech) in a complete
media RPMI supplemented with 10% Foetal Calf Serum (R€zB)n@activated for 20 min at
56°C). Incubations were performed at 37°C, 5% CO2 and > 80% humidity. After 5 days of
incubation, monocytesierived DCs (moDCs) were harvestéeén cryopreserved and stored

in liquid nitrogen for later use. To check their phenotypes, aliquots of cells were stained with
viability dye 7AAD (eBiosciense), ar@iD11c APC (BD Biosciences),-@bi86 PE (BD
Biosciences), anCD83 PeCy7 (eBiosciencanttCD80 FITC (BD Biosciences),-ldh&DR

ECD (Beckman Coulter), a@idl14 APCy7 (BD Biosciences), and &b3 eF450

(eBioscience)Cells were incubated for 2B0mins at 4°C in the dark, then washed in PBS or
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FACS buffer to remove unbound antibasli€ells were fixed in 200l of 1% paraformaldehyde
(PFA) and acquired using a BD FACS Canto Il (BD Biosciences).

2.1.4Human Treg flow sorting method

PBMCs were isolated from blood cones by density gradient centrifugation using a lymphocyte
separation mediuma5-072-CV, Corning). CD2&ells were isolated from PBMCs by incubating
PBMCs with Miltenyi CD25 microbeads (D®2-983, Miltenyi Biotec, Bergisch Gladbach,
Germany), for 15mins at 4°C, cell suspension was washed and applied to Miltenyi LS column
onaMA€ YI 3y Sl oaAridSyeAavs F2ff 206 koflBwaigs@ined | y dzF
with 7-aminoactinomycin D (7AAD) viability dye {8203, eBioscience), ariiD4 P¥Fluor

647 (eBioscience), ariD25 PEy7 (BD Biosciences), a6ib127 PE (BD Biosciesicand
anti-CD8 APLy7(BD Biosciences). Cells were incubated for 30mins at 4°C, then washed in
MACS buffer to remove unbound antibodies. Cells were resuspended in complete RPMI, and
filtered using sterile green filter (BD). Then, GT@25CD12P" Treg céls were FAGSorted

from CD25-enriched PBMCs by BD FACSAria |l cell @ Cells were sorted to greater

than 94% purity and subsequently expandeditro either polyclonally or by allstimulation.

2.1.51n vitro expansion of human polyclonal Tregs

The Treg expansion was performed according to established protsédBorted Tregs (1x10
Treg/well) were cultured with Dynabeads Humaraclivator anttCD3/anttCD28 beads
(11132D, Thermo Fisher Scientific, MA, USA) at aocbdad ratio of 1:3 inexpansion
medium. Expansion mediumonsistedof RPMI 1640 media (R0883, Sighidrich Co Ltd)
supplemented with 100U/ml penicillin and 10mg/ml streptomycin (P4333, &iglalrich),L-
glutamine (G7513, Sigmdrich), sodium pyruvate (1136170, SigmaAldrich), 10% of
human pooled serum (801, Life Science Production) haaactivated for 20mins at 56°C, and
Recombinant human {2 (rhil-2) (Proleukin, Novarti®harmaceutals, Frimley, UK) was
added to the medium at a concentration of 1000U/ml. Every two days cultures were split and
a fresh medium was added. On day 7 or 8 Tregs were collected, beads were removed, and
cells were counted and fstimulated with beads at 1:1r&gs to beads ratio. Every two days
cultures were split and a fresh medium was added if necessary. On day 14 cultures were
collected, beads were removed and cells were counted then rested for 48hrs in complete

media supplemented with 200U/ml of rkRR. After resting, expanded cells were harvested,
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counted and cryopreserved for later use.

2.1.61n vitro expansion of human arTregs

Sorted Tregs (1x2dreg/well) were resuspended in 180N 10% of human serum expansion
medium with 1000U/ml of rhH2 and cultured wh irradiated allo immature DCs (iD@s¢:1
Treg:iDCs ratiln a roundbottomed 96well plate (giving 1xI0Tregs + 2.5x¥llo-DCs per

well). Cell cultures were examined daily. On day 4 or 5 cells were split and fed with irradiated
allo-iDCs (primangtimulator) at the same ratio used before. If the cells proliferated rapidly,
cells were split every day and topped up with medium containing-2hHnd cells were fed

with allogeneic iDCs only when needed. If the cells proliferated slowly, cells wérevgply
second day. On day 10, cells were collected, counted, and resuspended to give a final
concentration of0.5x1C¢cells/500m. Cells were plated in a 24ell plate and restimulated

with irradiated alleiDCS(4:1 ratio). Expansion medium was adjusted to have 1ml/well. Cells
continued to be split when needed. On day 15, Treg culture was collected, counted, and
restimulated polyclonally with Dynabeads Humaraclivator anttCD3/anttCD28 beads
(11132D, Thermoisher Scientific, MA, USA) 1:1 bead:cell ratioCells were split and the
medium was added when needed. On day 21, cultures were collected, beads were removed,
and cells were counted and rested for 48hrs in the presence of 200U/ml cRrifdfter

resting, expanded cells were harvested, counted and cryopreserved for later use.

2.1.7CD13T4-1BB)expression time course

After allostimulation of expanded Tregs, aliquots of cells were stained with viability dye 7
AAD (eBiosciense), aftiD137PE (BD Biosciengeand aniCD4PECy7 (BD Biosciences), on
days 4, 5, 6, 8 and 11 of culturEhe expression o€D137by Tregswas analysed by flow

cytometry.
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2.1.8CD137 enrichment ah vitro expanded arTregs

On day 6, after allostimulationf Tregs, CD13%ells were isolated fronthe culture and
stained with aniCD137 PHollowed by incubation witlanti-PE Microbeads (Miltenyi Biotec).
Cells were enriched according to thmeads manufacturer's protocol. CD137regs and
CD1379Tregs wee cultured in a 9avell plate in the expansion medium with 1000U/ml of
rhiL-2 and restimulated with irradiated allogeneic iDCs, from the same donor used in the first
week of Tregs expansion (primary stimulator) at 4:1 Treg:iDCs Eatery three days cells
were split and allaDCs were added if necessary. On day 14, CDX¥8gs and CD13%®were
collected, counted and restimulated polyclonally with Dynabeads HumactiVator antt
CDg3/antiCD28 beadst a bead:cell ratio of 1:10n dy 21, cultures were collected, beads
were removed, and cells were counted and rested for 48hrs in the presence of 200U/ml of

rhiL-2. After resting, cells were harvested, counted and cryopreserved for later use.

2.1.9Cryopreservation and thawing of human I&ocytes

Cells were resuspended in a freezing medium composed of 45% RPMI, 45% Foetal Calf
Serum(FCS), 10% DMSO aflB0x1Gcell/mL for PBMCs or-20x1®/mL for Tregs. Cells were
frozen in 2ml cryovials as 500ul aliquots in freezing boxe80&C for 48 hurs, before being
transferredto liquid nitrogen {160°) for longterm storage. For thawing cells, frozen vials were
transferred to -80°C for at least one hour before thawing at 37°C. Thawed cells were

immediately washed in 10ml RPMI, added dropwise.

2.2 In vitro functional assays

2.2.2CD137/CD154 assay

To examine the expression of CD137 and CD154 by Tregs and T conventional cells, 2uL of FCR
binding inhibitor (BD Bioscience) was added toPBMCs. Cells were incubated for 15mins at
4-8°C, then washedn MACSbuffer. Cells were centrifuged at 300xg for 10mins and
resuspended in MACS buffer. CD4cells were isolated from PBMCs of Donor (A) using MACS
CD4 microbeadsCat:130045-101, Miltenyi Biotec)following the Miltenyi protocol.CD19

cells were isolated from PBMCs of donor (B) using MACS CD19 micradbaati33050-301,
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Miltenyi Biotec) following the Miltenyi protocol. The purity of isolated CD4ells and CD19
cellswaschecked by BD FACS Cantanti was found to bever 95%. D4" T cells were plated

at 2x1¢ with 2x10 of CD19 cells in a 9évell plate in a complete media. ARED40
(BioXCell,Clone:G286at:BE0189) and anfiD28 (BD Biosciences, Cat:555725) were added
to the cultures. Then cells were incubated at 37°C fohdé6rs CD4 T cells were cultured
alone as a negative control. CD® cells were cultured with autologous CBMT cells and
stimulated bySEB (Superantigegigma:81881),and were used as a positive control. All
experimental conditions wergerformed in 3-4 replicates. After incubation, cells were
collected, washed, and stained with as@D4 PEy7 (BD Biosciences), aBb3 APEI7 (BD
Biosciences), anti-FOXP3 AlexBluor488 (eBiosciences), aftelios Alexdluor647
(Biolegend), antCD19 PEF594 (BD @sciences), alMCD137 PE (BD Biosciences) and anti
CD154 BrillianViolet421 (Biolegend). Cells were incubated for32bnins at 4°C in the dark,

then washed in PBS or FACS buffer to remove unbound antibodies. Cells were fixed in 200ul
of 1% paraformaldelde (PFA)acquired using a BD FACS Canto Il (BD Biosciences), and
analysed using FlowJo softwaFar this assay leukocytes were cultured in complete medium,
composed of RPMI 1640 media (R0883, Sigidach Co Ltd) supplemented with 100U/ml
penicillin and10mg/ml streptomycin (P4333, SigrAddrich), kglutamine (G7513, Sigma
Aldrich) and 10% Foetal Calf Serum (FCS)-{haetivated for 20mins at 56°C).

2.2.21n vitro suppression assay driven by allogenic or third party immature dendritic cells

(iDCs)

To asses3regssuppressive capacity, autologous PBMCs (responders) were plated & 1x10
with 2x1@ irradiated allogeneic iDCs, from the same donor used in the Tregs expansion
(primary stimulatoy or irrelevant third party stimulator and eoultured with a decreasing
number of Tregdn a 96-well sterile cell culture plate. Cells were incubated for 7 days
incubation was performed at 37°C, 5% CO2 and > 80% humidity. Responders cultured alone
were ued as a negative control for proliferation. Responders cultured with allogeneic iDCs
were used as a positive control for proliferatidh-thymidine (Perkin Elmer) was added for

the last 1618 hours of the 7 days of incubation.-28 hours later, plates we harvested with

a Skatron cell harvester onto labelled filter pageerkinElmer). The filter paper was allowed

to dry in adrying oven for 2 hours at 60°C before being placed into a laminated ceikr

scintillation bufferand the thymidine incorporatin into proliferating cells was measured
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using a betescintillation counter (BD). All experimental conditions were done 6 4
replicatons. Results were obtained from the bgtéate counter as cpm (counts per minute)

and normalized to the positive contralith positive control values sep as maximum (100%)
proliferation and all other values +ealculated accordingly. Cpm values over 10,000 for
positive control were required to classify the test as passing quality control for proliferation.
The3HthymidA yS | aal e gl a aStSOGSR G2 | nasdéea ¢ NB
demonstrated enhanced sensitivitin detecting cell proliferationover VPEbased cell

proliferation assay using FACS

2.3.Flow cytometry analysis

Flow cytometric data were acquired using BD FACSAria Il or BD canto Il (BD Biosciences, UK)
and analysed using FlowJo software (FlowJo Enterprise, Alff#hated flow cytometry
calibration was performed beforall assaysi 2 Sy adzNBE ( KIF  iescénced S| R
intensity falls within the correct target range for each laser in the instrumé&mulour
compensation was performed to eliminate tlspectral overlap or spitiver. A livedead dye

7-AAD (eBiosciense) was used to limit the analysis to liveasel€xclude dead cells from

the analysisAll fluorochromecoupled mAbs used in this project are listed in Tabk 2

2.3.1Cell surface staining

Cells were washed using PBS or FACS bilftar plated onto 96well wbottomed plates

at 1x1G cells per well. Then, appropriate fluorochrornenjugated Ab mAbs were added to

the cells and incubated for 2B0mins at 4°C in the dark. Cells were washed in PBS or FACS
buffer to remove unbound antibodies. All washes were performed by adding PBS or FACS
buffer to each well and centrifuging samples at 1500rpm for 5mins atdég tipping off the
supernatant. After washing, cells were fixed in 200ul of 1% paraformaldehyde (PFA) before
flow cytometry analysis imm FACS Canto Il instrument (BD). The vigbdye *AAD
(eBiosciense) was used in all flow cytometry assays to determine the live population.
Unstained and fluorescence minus one (FMO) controls were used as a control to permit

accurate gating of positive and negative populations during flow cytoyraatalysis.
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2.3.2Intracellular immunostaining

Cells were stained for the surface markaas describedabove Cells were fixed and
permeabilised usingixPernFOXP3 staining buffer (eBiosciences,0M552300) for 1 hour

or overnight at 4°C following mafactureNJguidelines. Cells were washed twice wiRbérm

buffer (eBiosciences, UBQ-552300). 2% mouse or rat serum (eBioscience) was added to the
cells for 15mins at 4°C. Cells were stained with antibodiestatsl]] LISNJ ¢St 2 NJ
fluorescenceminus one (FMO) control and washed out after 45mins incubation at 4°C in the
dark. Cells were subsequently wasled fixed in 1%PFA as for cell surface staining (section
2.3.1)

2.3.3Intracellular cytokine staining

Frozen polyexpanded Tregs and arTregs wénawed and stimulated with Dynabeads Human
T-activator anttCD3/antiCD28 beads at a céti-bead ratio of 1:1 in expansion medium with
1000U/ml rhik2 for 34 days. After stimulation, expanded polyTregs and arTregs were
collected, beads were removednd cells were stimulated with 100 ng/ml phorbol myristate
acetate (PMA) (P1585, Sigma Aldrich), 1ug/ml lonomycin (1063, Sigma Aldrich), and 1pul/ml
Golgi protein inhibitor (55029, BD Biosciences 6480551, eBioscience) for 5 hours at 37°C.
Cells were wshed, stained, and permeabilised using FOXP3 staining kit (eBioscience) as
described in section 2.3.2. Cells were stained with7lPE and IFM FITC (eBioscience) for
45mins at 4°C in the dark. Cells were then washed and resuspended in 1%PFA. Tlseoaxpres

of IL-17 and IFNY were assessed by flow cytometry.

234¢/ w *i NBLISNI2ANB adlAyAiy3

T cell receptor diversity of alloantigen and p@yE LI Y RSR ¢ NB3I& 61 a | aa
08 Ff2g Ol2YSONR dzaAy3a (G§KS Lhd¢ SddoulterSANE  a t
IM3497). The kit consists of fluorochrome conjugated monoclonal antibodies that identify the

following TCREiI OKHiAWZA Y+i HE *i 03X +#inX i pdmMI =i p dH

+i MMXZ i MHZ ]I MO®PMX i Mo PHZ il HwoXbc£i M MO
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¢KSAS Hn i OKI A-lyriphoOyze@SBNI 7 B LIG NI KNS ¢A Yy |y
Expanded arTregs and polyTregs were washed by FACS buffer, then plated -oret 86
bottomed plates at 1x10cells per well. Cells werstained with viability dye -AAD
(eBiosciense), anCD4PE € T X | YR SAIK{G i |yGdAoz2zRe 02017
instructions. Cells were washed in FACS buffer and resuspended in 200ul of 1%PFA. The
FTNBIjdzSyOe 2F S| OK idswaskSesset! lyBS3Cafdrll (BD Biosciedted,A F

UK) and analysed using FlowJo software.

2.4.Analysisof the immune monitoring clinical samplesom the cell therapytrials
(ONE Study an@WO Study)

2.4.1 Study design and approval

The ONE Study (REC ref: 13/SC/0568, Eudract numbei0R@03942) and The TWO Study
(REC refi8/SC/0054 Eudract numbef01700142141) were both approved by the South
Centralg Oxford A Research Ethics Committedl procedures followed were in accornze

with the ethical standards of the responsible committee on human experimentation.
Informed consent was obtained for all subjechajority of assays were performed using the
TWO Study samples; Treg panel CyTOF staining and Digital Spatial Prdfitingyobiopsies
were performed on samples from the ONE Stu@yiefly, the ONE Stydwas a multicentre,
international study mvestigating immunoregulatory cdllased therapies iriving donor
kidney transplantation. The UK part (Oxford and London)eéthdy investigated autologous
regulatory T celproduct (10 million cells/kginfused 5 days post renal transplantatiomith
treatment with prednisolone, mycophenolate mofetil, and tacrolimii¥The TWO Study is a
single centre randomisedontrolled phase Il trial of autologous pedxpanded Tregs in renal
transplant patients. Living donor renal transplant recipiesmsrandomisel either to the cell
therapy arm or to standard of care immunosuppression. A schematic of the clinical protocol
is shown in (Chapter 4, Figure 4.1munosuppression used included the use of induction
antibody therapy in the form of alemtuzumab (CampatREecipients enrolled in the cell
therapy arm received autologous polyTregs (infused at 6 months-tpassplantation) in
conjunction with tacrolimus as a maintenance immunosuppression. Recipients enrolled in the
control arm received MMF and Tacrolimus. Toleow-up in the trial is scheduled for 78 weeks

posttransplantation. PBMC samples from the TWO study have been analysed by flow
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cytometry (see Chapter 2.4.3) and CyTOF (see Chapter 2.5.1) for composition of the immune
cell populations. Beads enriched£D cells from the ONE Study have been analysed for Treg
focused CyTOF panel to assess Treg subpopulations in vivo (see Chapter 2.5.2); kidney biopsies
from the ONE Study have been analysed by the Digital Spatial Profiling (GeoMx, NanoString)

to access daular composition of the graft immune infiltrates (see Chapter 2.6).

2.4.2 Sampling for immuneamonitoring

Peripheral blood was collected from eligible patients in Oxford Transplant Centre, Churchill
Hospital, Oxford (UK) following the ethical guidelines. Blsaohples were collected in
sodiumEDTA vacutainer tubes. The collected products were sent tolayrTRIG lab
(Transplantation Research and Immunology Grodig) immediate immunephenotyping

staining and analysis.

2.4.3 Staining of unfractionated blood using DuraClone antibody cocktail tubes

Fresh blood was stained for various markers in tubes coimgidry or liquid antibodies

cocktaik (DuraClone panel&eckman Coultg¢r DuraClone panels are designed to include
markers for T cell subsets, B cell subsets, Tregs, monocgdditionally, a custom panel to
detect T follicular helper cells (Tfhas been dsigned.Table 23 shows the list of markers in
eachpanel.50rmnn >t 2F FNBAK o0f22R 41 a4 | BBBSMR Ay i;
TCR, IM T cell subset, IM Treg and IM B cell tube. The surface and intracellular staining were
performed accordingg (G KS Y I ydzF I Ol dzNB Neware dup@nded O PBSL @/
containing 10 fixation solution. The frequency of leukocytes was assessed by Navios flow

cytometer (Beckman Coulter) and analysed using Kaluza 1.2 software (Beckman Coulter).
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Table 0-1: TWO Study Monitoring visits decoded with time

V02 Vo4 V05 VO7 V08 V09 V10 V1l V12 Vi3 V17 V18 V19
Pre- Weeks post transplant

transplant

2-4 4 12 22 24 26 27 28 30 38 44 52 72

2.5.Singlecell analysis by mass cytometry (CyTOF)

All surface and intracellular antibodies and their heavy metal conjugates used in this project
are listed in Tabke2-4 and 25.

2.5.1Cell surface staining of peripheral blood for mass cytometry

All buffers, reagentsand antibodies labelled with metéhg whichused in this section were
purchased from Fluidigm, unless otherwise stated. Heparin sodium salt was diluted as a 10 KU
ml stock in PBS and stored &4 Then 10uL of 10KU/ml heparin was adae@00uL of whole

blood to block Fc receptors of cellBhis wasdllowed by incubation witha surface marker
staining cocktail for 30mgat 4°C. Erythrocytes were lysed by incubating the stained blood in
HYf 2F DAOO2u ! [/ -8mins atackny/té@mpeiatizie TSINWere 2vashed by
Maxpar cell staining buffer several times to remove unbound antibodies. Cells were fixed in
1.6% formaldehyde solution. After fixation, cells were cryopreserved in a freezing medium
compaosed of 45% FSC, 45% RPaid 10%DMSO for 48 hours aB0°C, then transferred to

liquid nitrogen for a later run. For CyTOF data acquisisamples were transferrettozento

the Mass Cytometry Facility at the Kennedy Institute of Rheumatology to be acquired on a
third-generation Helis mass cytometer (Fluidigm). Samples were thawed and cells were
g6 aKSR (G6A0S Ay alEtINJ &adlAyAy3a o0dzFFSNI | yR
O2y Gl AYAyYy3 wmup VY ar (&t dbd PiriNat 4°¢. iNENI2 Ihduls, (cellNwere

52



Chapter 2: Materials and methods

washed inMaxPar staining buffer and @ dz& LISY RSR Ay al Et I NJ g (SN,
four element calibration beaddollowed by acquisition orthird-generation Helios mass
cytometer (Fluidigm)Acquired raw FCS files were norreadi with the preloaded normader

algorithm on CyTOF software version 6.7. Normalized CyTOF FCS files wesed amnsityg
Cytobank 6.2 (Cytobank, Inc) to manually gate different populatibosninimise the batch

effect, samples were stained, cryopreserved then thawed and acquired by Qy Q€ or

two batchesover two sequential daysCyTOF data acquisition was performed by Dr David
Ahern at the Kennedy Institute, University of Oxfohd this study, the CyTOF was adjusted to

run the lysed whole blood samples at rate 250 events/sec.

2.2.3Cell surface and intracellular staining @D4 T cellsfor masscytometry using

dedicated Tregs panel

Peripheral blood mononuclear cells (PBM&sie isolated and cryopreservécbm ONE Study

(six renal transplant patientsiho received a single dose afp to 10x16/kg autologous
polyclonallyexpanded Tregs shortly after transplantatjdollowed by standard maintenance
immunosuppression PBMCs were collected at three different timgoints (VO1, pre
transplantation V03, 2 weeks pogtansplantation andV10, 60 weeks podtansplantation).

CD4 cells were isolated by MACS and multiplexed for processing by cytometry time of flight
mass spectrometry (CyTOERl staining and CyTOF data acquisition were performed by Dr
David Ahern at the Kennedy Institutgniversity of Oxford.The phenotype and composition

of peripheral Tregs are examined using a dedicated -3@tigen panel (Table-2).

2.5.2Mass cytometry analysis

FCS files from CyTOF were normalised with calibration beads by Helios software. Then manual
gaing of FCS files was performed using the Cytobank platform. Calibration beads and cell
aggregates were excluded through the manual gating, then the population of interest was
gated and exported in a new FCS file. CORIB66L - populations were used forisualization
stochastic neighbour embedding algorithm (viSNE) analysis using default settings and all

markers were selected to visualize their phenotypic expression. FCS files of GBS -
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L2 Lddzf  GA2ya 6SNB SELRZNISR FTNRYi2FEAHSE | yw| LI |
generate RphenoGraph. Resng clusters were imported back into Cytobank for further
examination and detection of spurious clusters. All the markers (CD markers, chemokines, and
transcription factors) were used for the generatioMvNE maps$ieatmaps were performed

by the Cytobank platform to show the median expression of individual cellular markers
expressed in all clusters identified previously by RphenoGraph. The statistical differences of
marker expressions were analysed in @mad Prism software using the unpaired test. p <

0.05 was considered significant.

2.6.GeoMx Digital spatial profiling (DSP)

All antibodies used in this project are listed in Talaé.

2.6.1 Tissue processing

Kidney Biopsies obtained from three patients from ONE Study, and tow patients with
confirmed rejection from biobank. Kidney tissues were obtained at 9 months post
transplantation. Tissue were fixed in formalin thearaffirembedded The (FFPE) tissue
secions on slides weresent to NanoStringechnologies, Seattle, UStd perform the
technique.A schematic of th&®SP techniques shown in (Chapteb, Figures.1). FFPE tissue
sections on slides were stained with fecmlour fluorescence o€D4 , CD3 , FOXP8iclei

and a mix of 43 oligoonjugated antibodiesTissue sectiongvere loaded into the GeoMx
platform and scanned for immunofluorescence signalse regions of interestROI$ that
represented a spectruraf immune compositionvere selected by aephrologist DrMatthew

Brook for detailed proeinsprofiling.

2.2.2 DSP analysjoptimisationand visualization

Quality control and initial data exploration was conducted using GeoMx DSP analysis suite.
Theassay included a set of six positive (FO® POS) and six negative (NEEGto NEGF)
hybridization control probes to measure hybridization efficiency, and ensure the quality of the
performed assayGeomean probes combined to generate a single (posbbical probe QC)

expression value per protein target per R@gital counts from barcodes corresponding to
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protein probes were first normalized to internal spilkecontrols (ERCC) to account for system
variation. The Histone (H3) and (S6) ribosomal garotwere included in the panel as
housekeeper proteins. The normalised housekeeping counts were calculated by multiplying
the ERCC count with normalization factor of housekeeping proteie normalised
housekeeping counts were used for the clustered heatmaps and principal component analysis
which were createdin Qlucore Omics Explorer versiéh7. The Qlucore normalize the
housekeeping counts and scaled the data frémo 2 to generate th heatmap. The exact P
value was mentioned in the figure legend of each analysisompare the expression level of
proteins between cell therapy and rejection across the sampled regions we used house
keeping count normalized by CD3 countsefifectively compare(i KS LINP G SAyaQ S
between the different regiong~or volcano plotsThe pvalue, fold change, negative log10 p
value and logl0 fold change of proteins in rejection and cell therapy were calculated by R

Studio using the ggplot2 packagfe, andgraphs were performed in Prism version 8.0.2.

3.3 Data analysis andtatistics

Graphs were produced and statistical analysis was performed using Graph Prism software
version 7 or 8 (GraphPad Software, San Diego, CA, USA). Statistical analysis was determined
as indicated in the figure legends. (SD) standard deviasiogpresented in the graphwith

data from multiple donors, when each data point displays the data of one donor, or in graphs
showing replicatesamplesrom one representative donor. The standard error of mean (SEM)

is used in graphwith data from multiple dowors, with each data point showing the average

of replicates for each donor. Functional assays were set up atileastthree replicates for

each condition or sample. Unpaired tests were used to compare between cell popujations
pairedtests were used whecomparing a specific cell population over tiavel p values under

0.05 wereconsideredsignificant.
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3.4 Lists of atibodies

All antibodies for flow cytometry are reactive against human antigens, unless otherwise

stated

Table 0-2: Flow cytometry antibodies

Antigen Fluorochrome @ Clone Species of Supplier Catalog
origin
number
4-1BB PE 4B41 mouse BD 5555956
Biosciences
CD154 BV 421 24-31 mouse Biolegend = 310823
FOXP3 FITC PCH101 rat eBioscience  11-4776
Helios Alexa Fluor 647 22F6 hamster Biolegend 137218
CD19 PECF594 HIB19 mouse BD 562294
Biosciences
CD4 PECy7 SK3 mouse BD 557852
Biosciences
CD3 APCCy7 SK7 mouse BD 560176
Biosciences
CD3 eFluor 450 OKT3 mouse eBioscience | 48-0037
CD14 APCCy7 a.taod mouse BD 557831
Biosciences
HLADR ECD Immu-357 mouse Beckman IM3636
Coulter
CD83 PECy7 HB15e mouse eBiosciences 250839
CD86 PE 2331 mouse BD 555858
Biosciences
CD80 FITC L307.4 mouse BD 557226
Biosciences
CDl11c APC B-ly6 mouse BD 559877
Biosciences
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CD4 PeFluor 610 RPAT4 mouse eBioscience  61-004942

CD25 PECy7 M-A251 mouse BD 557741
Biosciences

CD25 APCCy7 M-A251 mouse BD 557753
Biosciences

CD127 PE HIL7RM21 mouse BD 557938
Biosciences

CD8 APCCy7 SK1 mouse BD 557834
Biosciences

ICOS FITC ISA3 mouse eBioscience | 11-9948

PD1 FITC EH12.2H7 mouse Biolegend = 329904

CTLA PE BNI3 mouse BD 555853
Biosciences

CD39 PE eBioAl mouse eBioscience  12-039942

Ki67 Alexa Fluor 647 B56 mouse BD 558615
Biosciences

TIGIT PE MBSA43 mouse eBioscience ' 12-9500

CD27 eFluor 450 0323 mouse eBioscience | 40-0279

IL-17A PE eBio4CAP17 mouse eBioscience  12-7178

IENY FITC 4S.B3 mouse eBioscience | 11-7319
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Table 0-3: Flow cytometry panels for clinical trial (TWO Study) immune phenotyping
DURAclone panels (basic phenotype, B cells, TCR, T cell subsets, Treg) and-house
design (Tfh).

Fluorochrome FITC PE EDC PC5.5 PC7 APC @ APC APC  Pacific Krome
AF750 blue orange

AF700
Basic CD16 CD56 CD19 - CD14 Cb4 CD8 CD3 - CD45
Phenotype
B cell gD Cbh21 CD19 - CD27 CD24 - CD38 IgM CD45
TCR TCR TCR  HLA - TCR CD4 CD8 CD3 TCR @ CD45
h | DR VD1 VD2

s

T cell subsets CD45RA CCR7 CD28 PD1 CD27 CD4 CD8 CD3 CD57 @ CD45
Treg CD45RA CD25 - CD39 CD4 FOXPS3 - CD3  Helios CDA45

Tth CD45RC CXCRE CXCR: PD1 CCR6 ICOS CD25 CD3 @ FOXP3 CD45

Table 0-4: Metal-conjugated antibodies provided in the Human Immune Monitoring

Panel Kit designed by Fluidigm for CyTOF mass cytometry

Antigen Clone Mass Catalog number
CD45 (HI30) 89Y S3089003C
CD19 (HIB19) 142Nd $3142001C
CD127/It7Ra (A019D5) 143Nd S3143012C
CD38 (HIT2) 144Nd S3144014C
IgD (IA6-2) 146Nd S3146005C
CD1lc (Bu1b) 147Sm S3147008C
CD16 (3G8) 148Nd $3148004C
CD194/CCR4 (L291H4) 149Sm $3149029C
CD123/IE3R (6H6) 151Eu S3151001C
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TCRgd
CD185/CXCR5
CD3

CD45RA
CD27

CD28

CD66b
CD183/CXCR3
CDi161
CD45R0O
CD24
CD197/CCR7
CD8

CD25

CD20

HLADR

CD4

CD56
CD196/CCR6

CD14

(11F2)
(RF8B2)
(UCHT1)
(H1100)
(L128)
(CD28.2)
(8OH3)
(G0O25H7)
(HR3G10)
(UCHL1)
(ML5)
(GO43H7)
(SK1)
(2A3)
(2HT7)
(L243)
(SK3)
(NCAM16.2)
(GO34E3)

(M5E2)

152Sm
153Eu

154Sm
155Gd
158Gd
160Gd
162Dy
163Dy
164Dy
165Ho
166Er

167Er

168Er

169Tm
171Yb
173Yb
174Yb
176Yb
141Pr

175Lu

S3152008C

S3153020C

S3154003C

S3155011C

S3158010C

S3160003C

S3162023C

S3163004C

S3164009C

S3165011C

S3166007C

S3167009C

S3168002C

S3169003C

S3171012C

S3173005C

S3174004C

S3176008C

S3141003C

S3175015C
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Table 0-5: Metal-conjugated antibodies used for surface and intracellular staining

of Tregs for CyTOF mass cytometry analysis

Antigen Mass Antigen Mass
CLA 176Yb CD45RA 143Nd
ICOS 148Nd CD95 152Sm
CCR4 158Gd FOXP3 162Dy
GATA3 167Er CTLA 171Yb
CD45 89Y CD38 144Nd
CD127 149Sm TIGIT 153Eu
CD7 147Sm CD15s 163Dy
CD73 168Er K67 172Yb
CCR6 141Pr CDh4 145Nd
0OX40 150Nd CD3 154Sm
CD39 160Gd CD161 164Dy
CD25 169Tm CD137 173Yb
CD57 142Nd CD8 146Nd
CD103 151Eu CD27 155Gd
TBET 161Dy LAG3 165Ho
HLADR 170Er PD1 174Yb
CCRY7 159Tb HELIOS 166Er
CD147 156Gd CD71 175Lu
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Table 0-6: Oligo-conjugated antibodies panel for multiplexed digital spatial

profiling (DSP) designed by NanoString

AKT BetaCatenin CD3 CD56
B7-H3 CD11c CD44 CD66B
B7-H4(VTCN}L CD14 CD45 CD68
Bclk2 CD163 CD45RO CD8A
Beta2- CD20 VISTA CTLAM
macroglobulin
CXCL9 ICOSCD278 Mouse 1gG PDL1
FOXP3 IDO1 OX40(CD252 PTEN
TXGP1
GZMB IFN& p-ATK Rabbit IgG
Histone H3 IL-6 PanCK S6
HLADR K67 PD1 STAT3
pSTAT3 STINGTMEM173
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Chapter 3 Generation and characterization of humagx vive
expandedalloantigenreactive Tregs

3.1 Introduction

Treg immunotherapy should ideally employ alloantigeactive rather than polyclonal
reactive Tregs to ensure both safety and enhanced specificity. As discussed in Chapter 1
(Section 1.5), there is evidence fromimal models that alloantigeneactive Tregs (arTregs)

have enhanced therapeutic potential compared to polyTregs. Research into strategies to
isolate and expand human arTregs is ongoing. The major challenges to be overcome are the
low frequency of their preursors, the need for repeated allostimulation and the subsequent

selection of those that are alloreactive.

There is no definitive method for determining which cells within Treg pools are alloreactive.
However, some have proposed the useToégspecific activation markers for the selection
and identification of antigemeactive Tregs in MLR cultures. A number of Tgecific or Treg
associated activation markers have been described, including® &ARP3. 4 CD27805
CD69 and CD?3 and CD137%" CD137 (4BB) is a member of the tumor necrosis factor
receptor family (TNFR5? Wolfl et al. demonstrated that upegulation of CD137 on CDB
cellsfollowing an antigen encountguermits identification and isolation of antigespecific
CD8T cells fronin vitro culture.?>® In addition,Schoenbrunn et al., reported that CD1i8a
suitable marker for identification ofhuman CD4CD25Foxp3 Helios Tregsfollowing

allostimulation, enabling direct access to arTreghacell culture3°®

In a similar manner, CD154 (CD40L), a member of the TNF superfamily, serves as a marker for
activated CD4andCD8 T cellsafter stimulation?%® 26°Quantification of merory CD8T cells
that express CD154 was assessed to evaluatethioimpact of Treg infusion on allospecific

immune responses in liver transplant patieds.
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In this chapter, we looked to develop a simple method for the generation and expaoisXx

vivo human arTregs. The first aim was to examine the suppressive potential of CD137
enriched arTregs and neenriched arTregs compared to those of polyTrefse second aim

was to study the characteristics ek vivegenerated arTregs, including their phenotype and
specificity, and compare them with the characteristics of polyclexglanded Tregs. The third

aim was to develop a technique to simultaneously asre thein vivo presence of
alloantigenreactive Tregs and conventional T cells through the expression of CD137 and
CD154. Such a technique could then be used to analyse peripheral blood samples from
patients receiving Treg cell therapy to determine winatthese patients develop alloantigen

reactive Tregs after cellular therapy infusion.
3.2 Hypothess

Hypothesisl: The isolation, generation and expansion of alloantigeactive Tregs is

feasible.

Hypothesis2: Theactivation markers CD137 and CD154 cagruhisnate betweenin vive

activated Tregs and conventional T cells
3.3 Results

3.3.1. Generation of allogeneic human immature monocytierived dendritic cell{imDCs)

for stimulation and expansion of arTregs

As discussed in Chapter 1 (Section 1.5.1), stimulators for arTreg production include'PBMCs,
B cellg®2and DC¥?8. Here, imDCs were used to stimulate and expand arTregs given that the
isolation and generation adllogeneic imDCs is feasible and can be translated into a GMP
process. ImDCs were generated by incubating CDddnonuclear cells with # and
granulocyte macrophage colony stimulating factor (G8Fjor 5 days, as illustrated in Figure
3.1A. After incbation, the iInDCs were harvested and their phenotype was assessed. Surface
expression of CD11c, CD14 and activation markesHRR#vas analysed using flow cytometry,
along with that of the costimulatory markers CD80, CD86 and CD83 on the generated imDCs.
The phenotypic profile of generated immature DCs was CII€D14CD3°CD8M"
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lowCDg@-owC D83 WHLADR (Figure 3.0). These imDCwere irradiated prior to use to

prevent cellular contamination of the final Treg product.

Figure 3.1

Harvest iDCs, stain and
freeze
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—
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Figure 3.1: Generation aimmature monocytederived dendritic cells (imDCs) anghenotypic analysis(A)
Schematic of the experimental design feolating and generating allogeneic imD®3.An example of gating
strategy used to assess the phenotypes of generaietDCSincluding FMOsgfay histograms).(Q The
percentages of CD11c, CD14, CD3, CD83, CD86, CD80 dbR Hxpression, analysed using flow cytometry.

Error bars represent mean with SD. Data representative of six independent experiments, 18 donors in total, are
shown.
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3.3.2. CD137 expression on humdmegs is rapidly and transiently upregulated after

allogeneic stimulation

To isolate arTregs based on CD137 expression'GI28CD12P" Treg cells were flow
sorted from peripheral blood of healthy donors and stimulated with irradiated allogeneic
imDCsThe kinetics of CD137 expression on Tregs was monitored over 11 days after allogeneic
stimulation (Figure 3.2A). CD137 expression peaked on day 6, when Tregs were stimulated
with allogeneic imDCs (Figure 3.2A and B). Therefore, day 6 after allostimwaisochosen

as an optimal time for CD13&sisted enrichment of arTregs.
Figure 3.2
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Figure 3.2: CD137 expression upon allostimulation of Trégsshly isolated CD@D23CD127°" Tregs were
stimulated with irradiated allogeneic imDCs at a Fr@gmDC ratio of 4:1. Tregs were assessed for CD137
expression using flow cytometry for several days after allostimula{idyRepresentative FACS plots generated
using samples from one dondB)Analysis of samples from several independent donors (n = 9).
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3.3.3. Treg expansion using polyclonal or alloantigen stimulation

Next, we expanded Tregs using polyclonal or alloantayaren methods. For polyclonal Treg
expansion, CD€D25CD12P" cells were sorted and expanded using an established protocol

g A UK h/ Sooated bedds gnd 1,000 U/ml recombinant humas for 2 weeks85 For
alloantigenreactive Treg expansion, cells were stimulated with irradiated imDCg (ore

imDC ratio of 4:1). These cells were then enriched for CD137 and further expanded, while
others were expanded without enrichment. These CD&BTregs, norenriched arTregs and
CD137 arTregs were divided and #s&imulated with alloantigen severainies during

SELI yarzyd ¢KAA gL a T2t 26 Schated lieadsiforAhé dastl G A 2
round of expansion, as detailed in Figure 3.3A. The exterfirej expansion was highly
variable among the different donors. As expected, polyclonal Tregsnebgol 10@300-old

GKSY aildAYdzZ SR ¢A (K icdaed Dd@Isizyitlé arT2e§s with oo k h
enrichment expanded ¢5-fold with three rounds of stimulation. CD13&rTregs expanded

only 2;10-fold and CD13"P9 arTregs expandedcd5fold with three iounds of stimulation

(Figure 3.3A). These data highlight the challenge of obtaining high yields of arTregs for clinical

application.
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Figure 3.3Treg expansion using polyclonal afloantigen stimulation. (A)Experimental schematic fon vitro
expansion of polyclonal Tregs, CD187Tregs, CD13® arTregs and nownriched arTregs. PolyTregs were
AdAYdz I G SR ¢ aatd beaddSanck1/0003JAMY recombinant humaa for 2 weeks. Norenriched
arTregs, CD13arTregs and CD1%ParTregs were stimulated with allogeneic irradiated imDCs at a Treg to imDC
ratio of 4:1 for 2 weeks, followed by one week of besiinulated expansiofiB) Extent of expansion af vitro-
cultured polyTegs (red), norenriched arTregs (blue), CDIaiTregs (green) and CDIS&rTregs (purple) after

the expansion period. Data from six independent experiments using samples frgb8 t@nors are shown.
Error bars represent mean with SD
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3.3.4. CD13&xpression defines a population of potent alloantigaeactive Tregs

The functional potency of expanded CD18iTregs was then assessed. CDHBBTregs were
compared with polyclonalkgxpanded Tregs and alloantigesactive Tregs that were either
non-enriched, or CD137¢arTregs. Autologous PBMCs (responders) were stimulated with
irradiated allogeneic iDCs, from the same donor used in the Tregs expansion (primary
stimulator) and cecultured with a decreasing number of Tredgesponders cultured alone
were used as a negative control for proliferation. Responders cultured with allogeneic iDCs
were used as a positive control for proliferation. Cells were incubated for 7 days, then
assessed for cell proliferation by thymidine incorporation assay. As showguire B.4A, non
enriched arTregs(ue) suppressed responder cell proliferation potently in comparison with
polyclonal Tregg€d). Moreover, CD137arTregsgreen were significantly more suppressive
than CD13™P9 Tregs furple) (Figure 3.4B§°. These data highlight the usefulness of CD137

as an additional markesf Tregs produced using alloantigen stimulation.
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Figure 3.4: CD134alloantigenexpanded Tregsgfeen) are more suppressive than polyclonal Tregsd), non

enriched arTregg¢blue) and CD13Palloantigenexpanded Tregspurple). Suppression assays were performed
using®H-thymidine incorporation; responder cells were stimulated with allogeneic imDCs from the same donor
as used for Treg alexpansion. Polyclonal, neemriched, expanded CD13@nd CD13T9Tregs were titrated

into the culture. Responders alone were used as a negative control. Responders with alloantigen were used as a
positive control. Six days later, thymidine was added to the culture and after 16 hours of incubation, cells were
harvested. Data are represented as meanSH. Statistical analysis was performed using unpairets
(*p<0.05, *p<0.01, **p<0.001). Representative data from one of five donors are shown.
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3.3.5. Expanded alloantigemeactive Tregs maintain expression of Treg functional markers

Tregs express high levels of FOXP3, which is indispensable for their suppressive function.
However, Hoffmann et al. reported that ClD25CD12P" Tregs display decread levels of
FOXP3 expression after repetitivecdll receptor (TCR) stimulation. Here, FOXP3 expression

in CD137arTregs, norenriched and CD13%® arTregs subsets as well as polyTregs was
assessed using flow cytometry. It was found that the enriched3CCekTregs dreer), non
enriched arTregdb(ue), CD13T%arTregs subsep(rple) and polyTregg€d) expressed high

levels of FOXP3 (Figur®B).

Helios was initially used as a marker to distinguish between thgerived Tregs (tTreg) and
peripheral Tegs (pTregs)}® However, later studies demonstrated thathe tTreg
compartment contains both Helidand Helio&9Treg subset$>? 311 313=yrthermore, studies
using experimental models found that specific deletion of Helios from Tregs led to a delayed
onset of autommune disease, which was associated with defects in Treg funifioi4 31°
Thus, Helios may act as a marker for stable Tregs. Interestingly, Ci)IB3Qgs contained a

higher frequency of Helidgells after expansion compared to polyclonal Tregs (FigGi#).3.

Cytotoxic lymphocytesassociated pratin 4 (CTLA) is a coinhibitory molecule expressed

by T cells, includingD4FOXP3Tregs3'® CTLA4 prevents the CD2Bediated activation of T

cells by directly binding to CD80 and CD86 on naive T cells or downregulating CD80 and CD86
on APCs*'7 318Studies demonstrated thatpecific blockade of CTi4%0n Tregs leads to the
onset of autoimmune diseses in experimental models, highlighting the requirement of CTLA

4 expression for Treg suppressive functiéh3°Here, CTLA expression as found to be

high in polyTregs as well as in arTregs sub@egure 3BB). Expression of the estimulatory
molecule CD27 was also assessed. This is a marker found in highly suppressive Tretysubsets.
No significant differences were found in the CD27 expression between the arTregs and
polyTregs (Figure 30. In addition, the death recepto€D95 (Fas) showed no sigrant
differences between arTregs and polyTregs. Thabibitory molecule TIGI® marker found

on Tregsthat specifically control Th1 and Th17 respon%&showed no significant differences
between the arTregs and polyTregs. The CD39 antl&&b showed no significant differess
between the arTregs and polyTregs (FigurgCB. Taken together, this phenotypic analysis

indicates that both CD137arTregs and noenriched arTregs maintain the expression of
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specific and functional Treg markers after expanstéowever,

it would be valuable to validate the findings in more donors.
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Figure 3.5: Expression of cell surface molecules in polyTregs and arTregs by flow cyto(@g#y example of

a gating strategy used to assess the phenotypes of polyTregs (red histogram), arTregs (blue histogram) and FMOs
(gray histogram)(B) Expression of FOXP3, Helios and el lmApolyTregsréd), nonenriched arTregsb(ue),

CD137 arTregs dgreen) and CD13"P¢ arTregs fgurple). Dots represent individual blood donors and error bars
represent mean with SmMne-g & ! bhx! GgAGK ¢dzl S8Qa ¢ a dza,3R=n6t2 NJ Y dz
significant (C) Expression of CD27, CD95 [F&KGIT, CD39 and RDn polyTregsréd) and norenriched arTregs

(blue). Statistical significance was assessed by unpaitedtt ns = not significant.

3.3.6. Alloantigenreactive Tregs are more suppressive than polyclonally expanded Tregs

and demongrate enhanced specific antigen reactivity

Although CD137 is a good marker for enriching alloantaygivated Tregs, the yield using this
technique is very low, making it unsuitable for clinical translation. Therefore, we aimed to
expand norenriched arTegs and study their functionality. For expansiém4CD25CD12P

Tregs were flow sorted and expanded either polyclonally (with-@it8/CD28 beads) for 2
weeks or by alloantigen stimulation (with irradiated allogeneic imDCs) for 2 weeks, followed
by a weellong expansion with alCD3/CD28 beads as shown in Figure 3[BAse expanded
arTregs demonstrated a significant suppression of responder cell proliferation compared with
polyclonal Tregs (Figure 3.6B). Moreover, arTregs demonstrated a much higher suppressive
capacity at lower cell ratios, with more than 50% suppras preserved even at the lowest
tested ratio of 1:32, whereas polyTregs started losing 50% suppression at 1:4 ratio. (Figure
3.6B). Donor specificity of the expanded arTregs was then examined and compared to arTreg
suppression against other thiplarty dimulators.Responder PBMCs, which were autologous

to the Tregs, were stimulated with irradiated imDCs from either the primary stimulator used

in the generation of arTregs or a thigarty irrelevant stimulator in the presence of expanded
arTregsNotably,arTregs were able to mediate specific suppression of autologous T effector
proliferation in response to a primary stimulator more than irrelevant tipatty stimulators

(Figure 3.6C), demonstrating the antigen specificity of the expanded arTregs.
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Figure 3.6: Alloantigenreactive Tregs are more suppressive than polyclonally expanded Tregs and
demonstrate enhanced reactivity towards specific allogeneic donor c€l#g§ Schematic of experimentat vitro
expansion of polyclonaland alloantigerexpanded Tregs(B) Suppression assays were performed usikg
thymidine incorporation; responder cells were stimulated with irradiated allogeneic iDCs. Representative data
from one assay is showRolyclonaland alloantigerexpanded Tregs were titrated into the culture. Responders
alone were used as a negative control. Responders with alloantigen were used as a positive control. Six days
later, thymidine was added to the culturend after 16 hours of incubation, cells were harvested. Data are
represented as mean +8D. Statistical analysis was performed using unpairets (*p<0.05, **p<0.01,
***n<0.001). Representative data from one donor out of five is shoi@)Suppression ssays were performed
using®H-thymidine incorporation; responder cells were stimulated with irradiated specific allogeneic iDCs or two
different third-party irradiated imDCs (1 and 2). Data are represented as medaBDt/Statistical analysis was
performed using unpaired tests (*p<0.05,**p<0.01, ***p<0.001). Data representative of three Treg donors,
data from one donor are shown.
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3.3.7. Alloantigenreactive Tregs produce fewer inflammatory cytokines in comparison to

polyclonallyexpanded Tregs

Next, measurement of the levels of the inflammatory cytokinekland IFN Ay I NX NB 3.
polyclonally expanded Tregs was performed. After 2 weeks of expansion of polyTregs and 3
weeks of expansion of arTregs, the cells were rested for 2 days. Théirggdyand arTregs

were restimulated polyclonally with ar€D3/CD2&oated beads (1 bead:5 cells) and fBIL

(250 U/ml) for 72 hours. Levels of intracelluladLand IFN SELINS&&aA 2y 6 SNB
flow cytometry following Treg restimulation with PMAdionomycin in the presence of a

Golgi protein transport inhibitor. arTregs were found to produce lower level of intracellular
IL-17 compared with polyclonalgxpanded Tregg¢Figure 3.7B)Thesepreliminary results

showed a trend of fewelproinflammatory cytokines produced by arTregs compared to
polyTregs. However, the sample size is samatel it would be valuable to validate the

findingsin more donors.
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Figure 3.7: arTregdlue) and polyclonally expanded Tregse€l) express distinct proinflammatory cytokines.
(A) An example of a gating strategy used to assessltig*,IFN * cellsandisotype contros. (B)Percentage of
IL-17" and IFN* cells analysed by intracellularytokine staining in alloantigeexpanded Tregsbl(ue) and
polyclonally expanded Tregse()). Tregs were restimulated with phorbol myristate acetate (PMA) (100 ng/ml)
and ionomycin (1 ug/ml) in the presence of a Golgi protein inhibifaralysis was performed using flow
cytometry. Dots represent individual donors and error bars represent metmSi.

3.3.8. TCR repertoire analysis of alloantige@active Tregs reveals restriction to several

TCR beta families

The TCRIs KSGSNRRAYSNI O2 Y addd Sdnd&adted on the gulace of B 2 NJ
cells. It recognises the MHgeptide complex presented by APCs, which leads -telT
activation and proliferation. ThECR is formed by random recombination of TCR gene
segments termedvariable ¥), diversity D) and joining() segment$?! This random
recombination leads to the diversity of the TCR repertoirke V segmentof the | OKI AY
contains three highly diverse loops, termed complementadgtermining regions (CDR1,
CDR2 and CDR3), that make direct contact with the antigenCDR3 encoded by the region
spanning the V and J or the V, D and J segmeamtéike CDR1 and CDR2, which are encoded
within the V gene segment portion of the V regigene. ThereforeCDR3 is more diverse than
CDR1 and CDRZ.

lylFfeara 2F ¢/ w i ¢gAftft KStLI G2 St dzOARFGS
arTregs are stimulated with alloantigen. Therefore, thé w  + | 2F FNXNB3Ia |y
profiled at the end of the expansion period llpmunophenotyping24 RA A G Ay OG =+ 1
famiiesp ¢ KS&S FIF YAt ASa O2@SNI I LIWINRPEAYFGSE & 71 %
AYVRAGARdAzZI fad !''a aK2gy Ay CAITdzNBa oody ! | yR
AYRAOIFGAYy3 Of2ylt RAGSNEAGE Ay OGKSANI ¢H mdo
segments were higher than other segments, representing around 3.54% and 4.06% of
LI2f @¢NBIax NBaLISOIAGSted Ly O2yGNF ads | NX NE
TCR family, representing around 74.5% of their TCR repertoire, in sonrth a low
FTNBIljdzSyde 2F (KS 20KSNJ +i OKIAyaod ¢KS SEI O
expanded polyTregs and arTregs are listed in Figure 3.8C. Taken toge&iemepertoire

analysis resultdemonstratednarrowing of the repertoire toeveral clones in arTregs.
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Figure 3.8: The TCR repertoire analysis of alloantigerd polyclonallyexpanded TregsPolyTregs and arTregs
were analysed for V profile using flow cytometry and a 10Test Beta Mark TCHRR&pertoire Kit.(A) The
frequencié 2F +1  FI YAf AS& A yed) ardd SrTrégsblil). \BRMeRkchakiifustratingiiiea o6
diverse distribution of TCR clonotypes in the expanded polyTregs and afGHgsact values (%) of the 24 TCR
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3.3.9. Expression of CD137 and CD154 discriminates between activated Tregs and

conventional T cellg&x vivo

5S@St2LIYSYyd 2F -RSpyndiviedslids spaciiddefinikKgddalfre of tolerance.
A study in liver transplantation by SancHezeyo et al. examined the impact of Treg infusion
on alloreactive T cell responses in recipient PBMCs after infuséoe;there was a reduction

in CD154 upregulation in memory CO8cells after allostimulation only in recipients who
received 4.5 x 10Treg/kg3®” This suggests development of hypesponsivenss after Treg
infusion. It is also important to measune vivoalloreactive Tregs, along with alloreactive T
cells, after Treg infusion. Given that CD137 was found to be upregulated rapidly after
allogeneic stimulation and selecting CD137 positive Tregslts in potent arTregs, it was
hypothesised that CD137/CD154 differential expression can definénthresoarTregsand

conventional alloantigemeactive T cells (arTcons).
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To examine the expression of CD137 and CD154 on Tregs and Tcohg, &illd wes
stimulated with donor CDI%ells as shown in Figure 3.9.A. Unstimulated ‘dDeklls were
used as a negative control. Stimulated Ciyvth autologous CD489 T cells were used as a
positive control. After 16 hours of incubation, it was possible to dfféiate between
CD137¢CD154Tcons and CD13ZD152°9Treg cells. Aimost all CDI3¢lls were detected
within the FOXP3Helios population (Tregs) and were completely absent from the FO&XP3
subset (Tcons) (Figure 33. By contrast, thdevels of CD154cells were higher among
FOXP®9cells compared with FOXPi3elios cells (Figure 3.8). These data indicate that the
identification of activated Tregs and Tcons is feasible based on the expression oVeBL37
COL54.

Figure 3.9

A

PBMCs PBMCs
t Donor
(B)

-~

®

13 I o0 S S S

‘l MACS
enrichment

-~

o cD4-
= ) o8
(A) ‘ CD‘H‘-\ /(Chd X 16 hrs harvest cells & -
@ - ) 4 . : ;
| incubation stain
| -

Unstimulated  Allo-response Positive control

//“\\ anti-CD40

Jk anti-CD28
? SEB

80



Chapter 3: Generation and characterization of human exexganded alloantigeneactive
Tregs

g

FSC-H

FSC-H

SSC-A .
SSC-A:

.CD19

7AAD CcD3 CD4

. N ] CD154 FMO r €D137 FMO

FOXP3+ Helios +

P Sco137e Co137+

0
3 FOXP3 -ve

CD154
CD154
CD154

Helios

[] 10° 10 10 ) 10 10 b o - 10° 0 10°
FOXP3 cD137 D137 D137

301 N 30+ A
Fk A A ns *k
) — 0 —A
9] Ko} AA
o o (&) i A
,t 20 g- 20
[o0] A e}
8 8 AA
O 10+ © 101 S
S) S) AA
X R X ° —_— A
=oge
L SR A S S R Y S S S
o Q & o & o & O
< 2 (4 2 o
\’0\' 0(\ Q‘\\'& \’8\ o(\ Q\' \'5‘6 Q (\‘\« \'D@ 0(\ &‘\\«
O3 N O O o S Q
& e O & ) 9 & R & R o
& & & ¢ & & S RS
N D & Ny N & N N & N N &
Q ] ] ]
1 1 1 ] 1 ] |
1 1 1
FOXP3* Helios* FOXp3"ed FOXP3* Helios* FOXP3"ed

Figure 3.9. CD13T cells were mainly detected within the FOXPBelios population, while CD154T cells

were mainly found within the FOXP® population. (A) Schematic of the experimental design of the
CD137/CD154dssay.(B) An example of a gating strategy followed to identify CDX@&ls and CD134ells from
FOXPB9populationand FMOs(C) Percentages of CD187 cells gated on FOXPi&lios (Treg) and on FOXP3
subsets (D) Percentages of CD157% cells gated on FOXPlios (Treg) and on FOXP3subsets. CD4A cells

were used as a negative control. Cxhd CD®9 T cells from the recipient, stimulated witsuperantigen
Staphylococcal enterotoxin BER was used as a positive control. Expression of CD137 and CD154 was analysed
using flowcytometry. Statistical significance was assessed by Mafiitney test **p= 0.0079, ns = not
significant Data representative of two independent experiments, five donors in total, each point represents an
independent donor.
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3.4 Discussion

Polyclonally reactive Treg cellular therapy is making clear progress in trials for the treatment
of autoimmunity and transplant rejection. However, optimal Treg immunotherapy should
employ alloantigerreactive rather than polyclonally reactive Tregs towwesboth safety and
enhanced specificity. Therefore, the aims of this project were to identify methods for the
detection of arTregs in patients and to develop a technique for the isolation and expansion of

these cells for therapy.

Studies have proposed these of Tregspecific activation markers for the selection and
identification of potent arTregd-or example, enriched CD2arTregs were ten times more
suppressive than CDZParTregs inin vitro suppression assay® Here, it was found that
CD137 upregulated rapidly in Tregs, with levels peaking on day 6, indicating that it has the
potential to be used to select arTregs frawr vivoculture. Based on this, flowsorted Tregs

were culturedex vivowith allogeneic irradited imDCs. They wetken enriched according to
CD137 expression on day 6 after allostimulation, and further expanded with a combination of
alloantigen stimulation and polyclonal a@D3/anttCD28 bead stimulation to increase

overall yield.

The stabilityand potency of arTregs are vital considerations in the development of Treg
expansion protocolsln terms of suppressive capacity, CDI8Wiched arTregare superior

to CD1379 arTregs, norCD137 enriched arTregs or polyclonally expanded Tregs. This
enhanced potency may compensate for the lower final yield of cells at the end of the
expansion processiowever, challenges remain in the feasibility of generating high yields of
enriched arTregs at a scale that is practical for clinical use. We therefarseion the non
CD137 enriched arTregs population which had a better expansion yield and demonstrated
significantly greater inhibition of cefiroliferation than polyclonal Tregs. This is in line with
previous studies, which showed that arTregs are moreimoat suppressing effector T cells

in co-culture than polyTreg$’t 24 2%5Additionally, it has been reported that arTregs have
superiorin vitrosuppressive function in mixed lymphocyte reaction against primary stimulator
than third-party stimulatori’® 222 29ere, arTregsvere very effective in mediating specific
suppression towards the primary stimulator, but less towards a thady stimulator. It is

therefore conceivable that these cells, when usedvivg would provide high levels of
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therapeutic suppression comparea polyclonal Tregs, but without the potential detrimental
effects. TheTCRassessment ofarTregs showedNB a i NA Ol A2y (2 aS@SNI
suggesting an oligoclonal expansion. Roemhild et al, monitored the TCR repertoire of infused
polyTregs at difrent time points post renal transplantation and compared them with the
corresponding pranfused Treg cell produét® The TCR repertoire assessment of Treg
products revealedn vivoshift toward an oligoclonal pattern, suggestingiarvivoexpansion

of alloantigen responsive Tregs. It has been suggestedinheaitvo expansion of arTregs

linked to tolerance induction podtansplantation in organ transplantgients 323

SanchezFueyoet al, measured alloreactive Tconv responses after Treg infusion in liver
transplant patients through quantifying the number of C@®45RCcells that express CD154
after ex vivostimulation with surrogate donor PBME¥.They obsrved a gradual decrease in
the CD154 expression on memory CD8 T cells in recipients who received® A eg9kg,
suggesting development of alloreactive hymsponsiveness after Tregs infusidtere we
developed and optimised CD137/ CD154 assay. Th@yasan be useth clinicalstudies
investigating tolerogenic therapies, including the currently ongoing Treg cell therapy trial, the
TWO Studyo determine whether cellular therapy with regulatory cells results in the increase

in prevalence of arTregs afwi decrease in antigen reactive T cells.

In conclusion, the data presented in this chapter demonstrate thatekeivoisolation and
expansion of human arTregs is feasible. This finding might prove useful in the clinical
application of Tregs, aiming dhe development of tolerance to only specific undesired

immune responses.
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Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell

compartment following Treg therapy in renal transplantation

4.1Introduction

After three decades of preclinical research into Treg biology, we are beginning to see the
progression of Treg therapy through clinical trials. Early phase trials of polyclerpdnded
Tregs provided evidence of the feasibility and safety of Treg tlyg@rapransplantation.> 248

324 However, determining the efficacy of Treg therapy has been more challenging due to
difficulties in observing clinical outcomes over short follow up periods. The monitoring of renal
transplant recipients receing Treg therapy allows an-aepth analysis of the phenotypic and
functional changes in immune cells, which may in turn help facilitate an understanding of the

impact of Treg infusion.

Our group recently commenced recruitment to the TWO Study, whickirggéecentre, phase

IIb, randomised clinical trial of polyclonally expanded Tregs in renal transplantation. This study
aims to compare the efficacy of autologous Treg therapy used in conjunction with tacrolimus
to the standard of care immunosuppressiony@ophenolate mofetil (MMF) and tacrolimus)

in preventing acute biopsgroven rejection in renal transplant recipients. A schematic of the

trial protocol is shown below:

Figure 4.1
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Figure 4.1:Diagrammatic representation of the immunosuppressive regimen for renal transplant recipients in
TWO Study (protocol AL.iving donor renal transplant recipients are randomised either to the Regulatory T cell
arm or control arm. Immunosuppressiarsed included the use of induction antibody therapy in the form of
alemtuzumab (Campath). Recipients enrolled in the Regulatory T cell arm received autologous polyTregs (infused
at 6 months postransplantation) in conjunction with tacrolimus as a mairdese immunosuppression.
Recipients enrolled in the control arm received MMF and Tacroliffine.followup in the trial is scheduled for

78 weeks postransplantation.

An understanding of the alterations in immune phenotype of patients enrolled in the TWO
Study is important for the assessment of tihevivoeffect of Tregs on other immune cells and
their fate after infusion. In this chapter, we profiled the peripheral blood immune phenotype
of seven enrolled participants piteansplantation to provide botla baseline assessment and

an assessment at regular intervals parstnsplantation, including postreg infusion. We
compared the phenotypic changes in the peripheral immune cells of 3 living kidney transplant
recipients who received polyclorekpanded Trg therapy with 4 control transplant patients

who received standard immunosuppression.

To examine the phenotypic changes in peripheral leukocytes in the enrolled participants, we
employed (I) conventional flow cytometry using standardised DURAclone péoats
Beckmann Coulter and examined the potential () the highdimensional technology
cytometry time of flight (CyTOF) using a dedicatedaBtigen panel DURAclone flow
cytometry panels were previously developed in collaboration with Beckmann Cdalter
profile a wide range of immune cell populations, including T cells, B cells, Tregs, gamma delta
cells and NK subsets and their activation stgflisble 22) with the aim to be used as an
immunomonitoring tool in clinical trial¥.he disadvantage of tHeRURAclone panels is the lack

of FMOs contrah the panels, which might affect the analydike use of CyTOF has permitted

an increase in the number of cellular and intracellular markers that can be measured
simultaneously in cell suspensions. For datalgsis, the traditional manual bivariate analysis

is unlikely to be optimal for such datasets considering the large number of parameters.
Therefore, a number of specialised analytical tools have been developed to facilitate the
clustering analysis of midlimensional datasets, including viSME,PhenoGraph?®
FlowSOM?’ SPAD#2and Citrus’?® Data visualisation tools for CyTOF continue to evdive.
3311n this project, the FlowSOM clustering algorithm, along with viSNE tools, and phenoGraph

were used to analyse mass cytometry data.
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4.2Hypotheses

Hypothesisl: Immunophenotyping will provide insights into the immune status of transplant

recipients receiving Treg cellular therapy.

Hypothesis2: The ability to evaluate multiple antigens concomilgt using mass cytometry
(CyTOFRallows for unbiased detection of specific clusters of Tregs. Appreciating how
these clusters behave after treatment with a cellular therapy will offer an insight into

the immune phenotype.

4.3Phenotypical analysis of the pgrheral immune cell compartment in TWO

Study participants by flow cytometry

4.3.1 Study design and participants

The TWO study is a singlentre, phase Ilb, randomised clinical trial of polyclonally expanded
Tregs in living donor kidney transplant recipients. The trial was approved by the Health
Research Authority, Oxford A research ethics committee (Reference/083K. Recipients
received alemtuzumab as an induction therapy at the time of kidney transplantation to
achieve lymphodepletion. After transplantation, recipients received tacrolinauml
mycophenolatebased immunosuppressive drug therapy. At week 26 frastsplantation,
MMF was stopped in recipients enrolled in the cell therapy arm. Shortly after, patients
received a single intravenous infusionexf vivoexpanded autologous polycloh@regs at §
10x1@ cells/kg, and subsequently maintained on tacrolimus monotherapy with an optional
reduction from week 40 onwards. Patients randomised to the control arm received identical
induction and initial maintenance immunosuppression but with reaning of MMF or Treg

infusion.

4.3.2 Specimens and panels

Sequential peripheral blood samples were collected fromecipients at 13 different time
L2Ayida o0SG46SSy SyNRfYSyd IyR (KS SyR 27F *
vacutainers and run freshn flow cytometry experimentsDuraCloneantibody panels
(Beckman Coulteyeredza SR 02 LINRFAES ¢ OStfasx . OStfa:z

(Table 23 shows the list of markers in each pandihreerecipients from the Treg therapy
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arm andfour recipients from the control arm of the trial were used for immune phenotypical

analysis of the peripheral leukocyte compartment by flow cytometry.

4.3.3 Results

4.3.3.1Lymphocytes were depleted from the pgrheral blood of renal transplant recipients
after alemtuzumab induction therapy

Alemtuzumabé / | Y LJ i$ & mmnoalonal antibody directed against the CD52 surface

antigen. In humans, CD52 is highly expressed on T and B cells and at lower levetels NK

monocytes, including (moDCSY, macrophages and eosinophils. It is almost absent or

expressed at very low levels on tissuesident DC$32 neutrophils and hematopoietic stem

cells270

To examine the effect of alemtuzumab on leukocytes, we assessed changes in absolute
numbers of lymphocytes, granulocytes and monocytesitudinallyin the peripheral blood

of the recipients enrolled in the Treg therapy group (101, 102, 105; 3 patients) and the control
group (103, 104, 106, 107; 4 patientspfore transplantation and up to 72 weeks post
transplantation by flow cytometry As expected, we observed th&ymphocyteswere
completely depleted from the peripheral bload 4 weeks postransplant (V04) (Figure2B).

Two of the Tredreated recipients (101 (red) and 102 (blue)) demonstrated almost complete
recovery of lymphocyte at 72 weeks podtansplant (V19) (Figure 2B). However,
granulocytes and monocytest 4 weeks postransplant (V04) and the following timepoints

till V19were at a level similar to that preansplant (VO2)Figure 2Cand D). These data
highlight that the depletion of granulocytes and monocytes dgmtuzumabwas less
profound and shortedasting than that of lymphocytes, which is likely related to their lower

expression of the CD52 antigéit33°
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Figure 4.2.Absolute number of lymphocytes, granulocytes and monocytes in peripheral blood of renal
transplant recipients receiving Treg therapgeven renal transplant recipients were treated with alemtuzumab
and maintained reduced immunosuppressiaith mycophenola¢ mofetil (MMF) and tacrolimus. Three renal
transplant recipients (101, 102T, 105T) received polyTregs at V09 (six months giatsplantation) and were
maintained on tacrolimus, whereas four renal transplant recipients were in the control arraQU@B-C, 106

C, 107C) and were maintained on the standard of care immunosuppres§frSchematic illustration of the
gating strategy for the identification of lymphocytes, granulocytes and monodjge€sD) Absolute numbers of
lymphocytes, granulocytes and monocytes in whole blood samples collected from patients prior to
transplantation (V02) and at 4 (V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13),
44 (V17), 52 (V18) drv2 (V19) weeks postansplant Absolute numbers were calculated based on data derived
from clinical laboratory reports. Data points represent individual samples and lines are specific patients.

88



Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell compartment
following Treg therapy in renal transplantation

4.3.3.2Repopulation of T cells after depletion with abetuzumab

A key component of allograft responses is the activation and differentiation of alloreactive T
cells336 337Alloreactive T cellsan have a directly destructive effect on renal transplants and
can indirectly impact other immune cells, which may damage the transgaatvious animal
model reports have shown #i the depletion of host peripheral T cells together with Treg

infusion synergises to promote allograft survi¥&l.

We examined the effect of alemtuzumab on the number and proportion of totalfT8lls

in the peripheral blood of patients in the Treg therapy group (101, 102, 105) and control group
(103, 104, 106, 107). As expected, there was a complete depletion of totalTGie8s av
weeks postransplant ¥04) in both groups after alemtuzutmanduction, after which CDI

cells started to repopulate gradually (Figur@Bland O. Although no significant differences
were seen in the numbers of total CD3cells at 44 weeks pestansplant (V17) between the
Treg therapy and control groups, thembers of T cells were slightly higher at V17 in the Treg
therapy group compared to the control group (Figur83). However, the numbers of total
CD3T cells at 44 weeks pestansplant (V17) in both groups remained below the baseline
level (VO2) (Fige 43D). These data indicate that low T cell numbers persist for more than 10

months posttransplant after alemtuzumab induction therapy.
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Figure 4.3. Repopulation of T cells aftigr vivo depletion with alemtuzumab (A) Schematic illustration of the
gating strategy for the identification of CDE cellgB) Absolute numbers of T cells in whole blood samples
collected from patients prior to transplantation (V02), at 4 (V04), 12 (VORN@2), 24 (V08), 26 (V09), 27 (V10),
28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeksapsgslant. (O The frequency (%) of
CD3T cells among CD#4kukocytes was assessed at immemnenitoring visits by flow cytometryD) Absolute
numbers of peripheral CD3 cells in the blood samples of the Treg therapy group ) at V02 (préransplant)
and V17 (week 44, postansplant) (red) compared to the control group% 4) at V02 and V17 (blue). Absolute
numbers were calculated basech alata derived from clinical laboratory report®ots represent individual
samples. Statistical significance was calculated by paitest BandC andbyoneg I @ ! bh+! gA (K
multiple comparisongQ,**** = p < 0.0001, *p <0.05ns = norsignificant Data are represented as mean with
SD.
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4.3.3.3Assessment of CD4 and CD8 T cells and their subsets in the peripheral blood of renal
transplant recipients receiving Treg therapy
Next, we investigated #effect of alemtuzumab induction therapy and Treg infusion on T cell
subpopulations, including Cb4&and CD8 T cells. In agreement with previous studies,
alemtuzumab treatment resulted in a prolonged depletion of CD4ells in both groups
(Figure #4B). A significant reduction in the number of total CD'4cells was observed at 44
weeks postiransplant (V17) compared to baseline (V02) in toatrol group (Figure 40).
Conversely, the number of total CDBcells was comparable between V02 and V1Goit
groups (Figure 4D and E). These data indicate that alemtuzumabassociated with a
protracted deficiency of CDZ cells to a greater degree than CD&ells. Memory T cells are
generally viewed apathogeniccells in the context of organ transpitation and are thought
to accelerate graft rejection due to their robust effector function%.3*°However, under
certain circumstances, they show regulatory capacity and can downregulate immune

responses*t

Here, we looked at the numbers of naive (CD45RER7), central memory (CM)
(CD45RARYCCRY), effector memory (EM) (CD45RECCRTY), and terminally differentiated
effector memory (TEMRA) (CD45R&ERTY CDAT cells in the peripheralldod of the Treg
therapy group at prearansplant (V02) and at 44 weeks pdsinsplant (V17) (red) compared

to the control group at V02 and V17 (blue) (FigudFi.A slight reduction in the number of

CM CDAT cells and naive CD# cells was observed ¥tL7 compared to V02 in both groups.
Yet, this reduction was not statistically significant. In addition, a slight reduction in the number
of EM CD4T cells was observed at V17 in the Treg therapy group when compared to V02, but
was not statistically sigfcant (Figure 41F).

We also assessed the numbers of naive (CD45BR7), CM (CD45RHCCR7Y, EM
(CD45RRICCR™Y), and TEMRA (CD45R&ERT9 CD8T cells in the peripheral blood of the
Treg therapy group at V02 and V17 (red) compared to the control group at V02 and V17 (blue)
(Figure 44G). There was a trend towards a reduction in the CMOD&:lIs at V17 compared

to V02 in both groups, althoughis was not statistically significant (Figure 4.4F). In addition,
the level of naive CDd cells at V17 was comparable to the fm@nsplant level V02 in the

Treg therapy group, whereas in the control group, the level of naivé Tb&ls was reduced

at V17 but was not statistically significafigure 44G). The level of EM CDB cells appeared
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lower at V17 compared to V02 in the Treg therapy group, but this level was not statistically
significant. It was also not statistically significant when coragawrith V17 in the control
group (Figure 4G). The level of TEMRA CD®&ells appeared slightly elevated in both groups

at V17 compared to V02, but was not statistically significant (Figure 4.4F). These data show
that 10 months after alemtuzumab inducticand Treg infusion, a recovery in CD8cells

occurred, whereas CDZ cells remained below the baseline level.
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Figure 4.4.Absolute numbers of CD4and CD8T cells and their subsets in the peripheral blood of renal
transplant recipients over time(A) Schematic illustration of the gating strategy for the identification of D4
cells and CDST cells.(B¢D) Absolute numbers of total CDZ cells and CD& cells in whole blood samples
collected from patients prior to transplantation (V02) and at 4 (V04), 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27
(V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weekansptint. (G;E) Absolute
numbers of total CD4T cells and CD§ cells in the blood samples of the Treg therapy groupJ) at V02 (pre
transplantation) and V17 (week 44, pasansplantation) (red) compared to the control group<4) at V02 and
V17 (blue)(F) Absolute numbersf central memory (CM) CD7 cells, naive CDZ cells, effector memory (EM)
CD4 T cell and terminally differentiated effector memory (TEMRA)"QDells in the blood samples of the Treg
therapy group it = 3) at V02 and V17 (red) compared to the cohgmup 6 = 4) ) at V02 and V17 (bluég)
Absolute numbers of CM CDB cells, naive CD¥ cells, EM CD¥ cells and TEMRA CDO8cells in the blood
samples of the Treg therapy group< 3) at V02 and V17 (red) compared to the control group 4) 4 V02 and

V17 (blue). Dots represent individual samples. Statistical significance was calculateerhligly ANOVA with
¢dzl SeQa F2NJ YdzZ GALX S O2 Y LI NData2skoivt as phisdlure nalueBgrit D)yra I
mean +£ SD.
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4.3.3.4Changes in Pband CD57 expression among CD4 and CD8 populations over time
post-transplantation
Costimulatory or ceinhibitory molecules are important regulators of T cell responses.
Programmed death 1 (RDis a caeinhibitory molecule expressedytperipheral T cells, B cells,
and myeloid cells upon activatio? 343 PD1 binds to its ligands, PDL and PE.2, to
inhibit TCR signalling and prevehtcell activation. In experimental models of chronic viral
infection, the upregulation oPD1 on T cells was reported to identify exhausted T cells with
reduced function’** There is evidence from experimental modéts suggest that T cell
exhaustion occurs in transplantation and is associated with transplant toler4hcé®: 347
Recently, a study in nal transplant recipients reported an increase in peripheratlPDcells

after anti-thymocyte globulin (ATGiduction therapyin recipients with a stable graff?

The expression of CD57, a terminally sulfaghtcan carbohydrate epitope, on T cells might
represent a marker of T cell senescenceininitro proliferation assays, CD5T cells fail to
proliferate after antigerspecific stimulatiorand show increased susceptibility ¢tell death
through apoptosis®® Also, CD57T cells have beenednonstrated to be associated with
several inflammatory diseasé¥. 3>°In solid organ transplantation, several studies reported
an elevation in the absoluteount of CD5TCD8 T cell subsets without evidence of allograft
rejection or viral infectior$>1 352 353CD5T9"CD8 T cells were also suggested to be a marker
to predict the development of cutaneous squamous cell carcinomanal tansplant Here,

we studied the expression of PDand CD57 on CDdnd CDS8T cellsn the peripheral blood

of enrolled participants during the study period (Figure 4.5). We found that the number of
CD4PD1*T cells and CDBD1*T cells wereomparable between baseline (V02) and V17 in
both groups (Figure 4.58D-B). Furthermore, the level of CD8ID8T cells at V17 appeared
slightly higher compared to the baseline (V02) in both groups, but this increase was not
statistically significant (§ure 45G). In addition, two of the Tregeated patients at V19 (end

of observation period) had higher numbers of CEEHI8 T cells compared to the baseline
(V02) (Figure 8F), however V19 samples for other patients were not available at the time of
writing. Taken together, these data highlight the changes ef RBd CD57 expression among
CD4 and CD8 T cells over time pimahsplantation, assessing these changes might help in
identifying recipients who develop T cells exhaustion and would benefit framune

suppression reduction.
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Figure 45
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Figure 4.5Analysis ofabsolute numbers oPD1* T cells and CD57 cells over time(A) Schematic illustration

of the gating strategy for the identification @@D4PD1* T cells, CD®D1" T cells, CDED57 T cellsand

CD4CD57 T cells (B-D-~H) Absolute humbers of CDRD1* T cells, CDO®D1* T cells, CD&D57 T cellsand
CD4CDS57T celldn blood samples collected from patients prior to transplantation (V02) and at 4 (V04), 12 (V05),

22 (VO7), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19)-weeks post
transplant.(GEGH) Absolute numbers of CDBD1* T cellsCD8PD1* T cellsCD8CD57 T celland CDACD57

T cellsn the blood samples of the Treg therapy gronp=(3) at V02 and V17 (red) compared to the control group

(n=4) at V02 and V17 (blue). Dots represent iidisl samplesStatistical significance was calculateddne-
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calculated by ong I @ ! bhx! @gAGK ¢dz| S &6hd nsF2ned siynifafaiDataJshdwn @22 Y LI NJ

absolute valuesk, D, F) or mean + SD.
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4.3.3.6 Peripheral B cells repopulate rapidly and exceed baseline levels

Humoral immunity is a crucial component of the alloimmune response. It is well reported that
alloantibodies produced by B cells, including ttie novo production of donorspecific
antibodies (DSAs) pestansplantation, can lead to both acute graft rejectiandlongterm
allograft dysfunctiorP? In contrast, other studies have suggested that specific populatbns

B cells might contribute to the development of transplant tolerance and can proailagraft
survival®**In one example, Losliet al. reported an elevation in the total number of peripheral

B cells in operationally tolerant renal transplant recipietifdNewell et al. also demonstrated

an increase in naive and transitional B cells in operational renal recipients when compared to
recipients with biopsyproven chronic rejectiod®! These findingsighlight the potential role

of specific populations of B cells in mediating operational tolerance in renal transplant

recipients.

We thereforeinvestigated the phenotypical changes of B deltthe peripheral blood of renal
transplant recipients befor@and at regular intervals pogtansplant, as well as podireg
infusion Eigure 4.7)Alemtuzumab induction therapy effectively deplet€iD19 B cells from
the peripheral blood, buthe B cells started to repopulate in six out of seven donors from 12
weeks onward (V05) (Figure ). Both the proportion and the absolute number of B cells
increased postransplant as compared to prgansplant in theTreg therapy grougFigure
45B-GD). We also assessed the proportion and absolute number of transitiooall8over
time, a B cell population thought to contain regulatory B cells (FigurB dnd E). It is
noteworthy that there was alight elevation in the absolute number ¢f 5 @ db &/Mn5 &%
transitional B cells after Treg infusion (FigureBt.7The elevation of 5 @ db &/M5 &%
transitional B cells was higher at V17 (week 44 fi@sisplant), compared to V02 in thiereg
therapy group This was significant in comparison to the control gro(figure 47G),

suggesting that Treg infusion enrichteansitional B cells.

B cell differentiation stages can be identified by flow cytometry using the Q@27
classification scheme. We used this scheme to gate O@S IgDCOST 6 a O OND dzf | {
YENBAYFE 1T 29SS i 10SHE SNy FoiATIESt @ RSAONAOSR |3
switched memory B celld LYFB5 #r>  dxhabsted memory B celisLYFHB35 ¥ PP
llowing alemtuzumab treatment, the level of naive B cells was increased at V17 when

compared to preransplant levels (V02), especially in the Treg therapy grogt, this
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elevation was not statistically significa(ffigure 47H). There was a shift to lower levebf
1 2% hor

memory B cells in the peripheral blood, includifg- NH A y I {
switched memory B celts LY®#35 &0t Ay

y 2 i

020K 3INPdzL3A
&iF A a i EiQuret4tl and Ji Tha IgTASEDR DB el population, which has

IO/SR

been described as exhausted memory B cualéss slightly increased in Treg therapy group at

V17 compared to préransplant levels (V02). Yet, this elevation was not statistically significant

(Figure 47K). These datalemonstratethe shift of B cell subsets towards more transitional B

cells postTreg infusion.

Figure 4.7
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Figure 4.7 Analysis ofabsolute numbers oB cells over time(A) Schematic illustration of the gating strategy
for the identification oftotal B cellsand B cell subsetfB) Example F&S plots show the percentages of CD19
and CD19CD24'CD38 transitional B cells at V02 pteansplant (top) and at V17, week 44 pdsinsplant
(bottom) from one of the Tregreated recipients(CgE) Absolute numbers of total B cells a@iD19CD24'CD38'
transitional B cellén whole blood samples collected from patients prior to transplant (V02) and at 4 (V04), 12
(V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weeks
posttransplant.(D¢G) Absolute numbers of totaB cells andCD19CD24'CD38/transitional B cellin the blood
samples of the Treg therapy group< 3) at V02 and V17 (red) compared to the control graup 4) at V02 and

V17 (blue)(P Absolute numbers o€D24'CD38'transitional B cellsn the blood samples of the Treg therapy
group 6 = 3) prior to transplantation (VO2nd at 26 (V09), 27 (V10) and 44L7)weeks postransplant.(H-I-J

K) Absolute numbers of naive B cells, marginal zone B cell$30i27 B cells and IgErCD27%9B cells in the
blood samples of th@reg therapy grougn = 3) at V02 and V17 (red) compared to the control graup 4) at

V02 and V17 (bluelRots represent individual sampleStatistical significance was calculated by-oveey ANOVA
GAGK ¢dzl SeQa T2 Nns=dzrsighifidang p <C00%,1dl< B1aCktg $hawn as absolute values

(C B) or mean + SD.
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4.3.3.7 Alterations in theabsolute numbers and frequencied 8IK and NKT populations over
time

NK cells play a critical role in amtral and anttumour defence’*®NK cedk areheterogeneous

and consist oflifferent subsets with different properties. In humans, studies have reported

the presence of two main NK subsets in the peripheral bioodl) CD58™ NK cells, which

were revealed to be more abundant and highly cytotoxic towards virally infected cells or

cancer cells. These cells expréEssgamma receptad C/ €D @which can recognise the Fc

portion on several IgG subclasses and mediate antigtEhendent cellular cytotoxicity. (2)

CD568"9" NK cells, which express a low level of CD16 and have regulatory attitiy.

It is well established that NK cells caantribute to allograft damagé®® 361 In contrast,
growing evidence is now indicating that NK cells may also have a significant role in allograft
tolerance3¢? 363For examplestudies have reported an increase of bils in the peripheral
blood of tolerant renal and liver recipient&? 364 There is work showing that in tolerant
recipients the cytotoxicCD58™NK subset decreases, while the immunoregulatory
CD56"9" NK subset increases over timgosttransplantation3®> NKT cells are a subset of T
cells that ceexpress NK cell surface M3 SNB FyR |  O2yaSNIBSR hi
recognise glycolipigroteins presented by MHC claskke protein CD1d%: 36’ They play a
critical role in several pathological states, including microbial infecfidautoimmunity36°

and cancef’®

Here,we immunemonitoredthe peripheral CDS8G\K cells and the CD%ED3 NKT cellgver
time pre- and posttransplant and investigated the impact of alemtuzumab induction along
with Treg infusion on the peripheral NK cell repertofs.shown in Figures 4.84e found an
increase in the percentage of total NK cells inTiheg therapy grup posttransplantation, as
compared to pretransplantation. However, the absolute numbeof total NK cellswas
comparable at V17, compared to the baseline in both grqiogure 4.8C). We also observed
a trend towards a reduction in the percentage andalite number ofCD56CD3 NKT cells
at 44 weeks postransplantation (V17) in comparison to ptansplantation in both groups
(Figure 4.8D and Ealthough thiswas not statistically significant¥We also monitored the
CD5@8™ and CD5B9"NK cells ovetime posttransplant Figure 4.8A~H). We found a
decrease in the frequency of CO8S6NK along with an increase in CB%8NK at V17

compared to the baselineF{gure 4.8A)However, theabsolute number ofCD56™ NK cells
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was comparable between V17 and thee-transplant level (V02) in both groufsigure 4.8G).
While, there was a trend toward an increase in the numbelC&f58™" NK cells in V17,
compared topre-transplant level(V02) in both groups, this increase wast statistically
significant Figure 4.8l). These data highlight the changes of NK and NKT populations over time

post-transplantation.

Figure 4.8
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Figure 4.8Changes in thabsolute numbers and frequencies &fK and NKT populations over time

(A) FACS plots show the percentages of CD3, &S CDS&D3NKT cells and CDBBCD16NK and
CD56'CD16"Y NK cells at V02 prgansplantation (top) and at V17, week 44 pastnsplantation (bottom) from

one of the Tregreated recipients(B-D-FH) Absolute numbers of total NK cells, NKT c&B56™CD18, and
CD56CD16Y NK cellsn whole blood samplesollected from patients prior to transplantation (V02) and at 4

(V04), 12 (V05), 22 (VOT7), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30 (V12), 38 (V13), 44 (V17), 52 (V18) and 72
(V19) weeks podransplant. (GEG-) Absolute numbers of total NK cells, Nkdlls, CD56™CD18', and
CD56'CD16"Y NK cellsn the blood samples of the Treg therapy gronp=(3) at V02 and V17 (red) compared to

the control group § = 4) at V02 and V17 (blue). Dots represent individual sam§kagistical significance was
calculatedbyongs | & ! bh+! GgAGK ¢dzl S8 Qa F2NJ Ydzf (A LJ}D&tash@ww LI NA &
as absolute values (B, D, F, H) or mears®.

4.3.3.8 Modest changes in peripheral Tregs after Treg infusionenal transplant

recipients
Next, we monitored peripheral Tregs (FOX&dIs) over time. Initially, we found an increase
in the frequency of FOXP@&ells at V10 (1 week poastreg infusion), at around 9%, after which
the frequency reduced over time, as denstrated inFigure 4.9AWe also observed an
increase irthe number of peripheral FOXPRregs after Treg infusion at V10, when compared
to V09, but this increase was not statistically significigure 4.9B and C). The level of
FOXP3cells at V17 was reduced in both groups, compared totgmesplant level; this
reduction was statistically significant in tikentrol group (Figure 4.9D). In addition, the level
of FOXP3Helios cells at V17 was reduced in both groups, compared tetpaasplant level;
this reduction washot statistically significant (Figure 4.9F). We obseraadncrease in the
frequency of FOXPBD39 at V10 (posiTreg infusion)(data not showrguggesting that Treg
infusion enriches the peripheral CD39egs. Howevethere was a trend toward a decrease
in the number of FOXP3CD39 at V17, compared to baseline level (V02) in both groups,
although this was not statistically significant (Figure 4:9GThese data highlight the changes

of Treg subsets over time paestnsplantation.
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Figure 4.9
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Figure 4.9. Absolute numbers of Tregs in the peripheral blood of renal transplant recipients over timeA29g

plots show thegating strategy of Tregs and tpercentages oFOXP3cellsprior to transplantation (V02) and at

24 (V08), 26 (V09), 27 (V10) and 44 (V17) weekstpassplant from one of the Tregeated recipients(B-EG)
Absolute numbers of FOXR&lls, FOXPBlelios cells, and FOXP3GD39cells in the blood samples colted

from patients prior to transplantation (V02) and at 12 (V05), 22 (V07), 24 (V08), 26 (V09), 27 (V10), 28 (V11), 30
(V12), 38 (V13), 44 (V17), 52 (V18) and 72 (V19) weekdrpnsplant.(C)Absolute numbers of FOXR2lls in

the blood samples of th@reg therapy groupn(= 3) prior to transplantation (V02), before Treg infusion at 26
(V09), after Treg infusion 27 (V10) and at 44 (V17) weekstrostplant.(D-FH) Absolute numbers of FOXP3

cells, FOXPBlelios cells, and FOXPR3D39cells in theblood samples of the Treg therapy group=3) at V02

and V17 (red) compared to the control group< 4) at V02 and V17 (blue). Dots represent individual samples.
Statistical significance was calculated by@ne &€ ! bh+! gAGK ¢dz] S@®sap DANds¥dzt G AL
not significantData shown as absolute values (B, E, G) or mea®Dx/

4.4Phenotypical analysis of the peripheral immune cell compartment in renal

transplant recipients by mass cytometry (CyTOF)

4.4.1 Specimens and CyTOF panel

Next, we explored whether using a bigger panel of 30 markers analysed by mass cytometry

can have practical and scientific advantages over using flow cytometry based DuraClone

107



Chapter 4: Cellular and phenotypical analysis of the peripheral immune cell compartment
following Treg therapy in renal transplantation

panels. Peripheral blood samples were collected from donors 8) and renal trasplant
recipients (enrolled in the TWO Study trial) at five different time points, including 2 weeks pre
transplant ¥02(n = 2)), 24Y08(n = 4)), 30Y12(n = 4)), 38Y13(n=4)) and 72 weeks post
transplant ¥19(n = 1)). Fresh blood was stained using 30 markers panemariiplexed for
processing by CyTOHhis panel, designed bifluidigm, enables the comprehensive
identification and characterisation of various immune cells within the peripheral blood of
renal transplant recipients (Figure 4.10). This panel was designed to detect all major T cell
subsets (CD4and CD8naive, CM, EM, and terminal effector (TE)), regulatory T cells, NK cells,
bye¢ OStftasz . OS¢t ¢ adzoaSita oyl OS> TYdsy2 NE
monocytes, and DCs, in addition to granulocytes, including basophils, eosinophils and

neutrophils Table 24 shows the list of metatonjugated antibodies used in this assay)

Figure 410  cp3 CD19 CD45 CD123 CCR7
CD4 CD20 CD45RA  CD127 CXCR3
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Figure 4.10 CyTOPRpanel to study the phenotypical changes of leukocytes in the peripheral blood of renal
transplant recipients.The Maxpar Direct Immune Profiling Kit, designed by Fluidigm, includes 30 antibodies for

the comprehensive identification and characterisatiorseferal immune cell populations, including all major T

cell subsets (CD4nd CD8naive, CM, EM and TE), regulatory T cells,-@0ebsalassociated invariant T cells

0a! LCOKYFGdzNFf {AfESNI ¢ obY¢o OStftaz . OSftt admaSaa
cells, monocytes, dendritic cells (DCs) and granulocirtelsiding basophils, eosinophils and neutrophils.

108



Chapter 4: Cellular arghenotypical analysis of the peripheral immune cell compartment
following Treg therapy in renal transplantation

4.4.2 Results

4.4.2.1 Manual gating strategy to identify CD48ells for downstream automated analysis

A cleanup strategy was used to remove debris, normalisation beads, doublets and dead cells
prior to cell gating using antibody targets. The Beads parameter was plotted against Time of
experimental measurement (in minutes) to select the largest band of eventsofetye
yellow colouring) and to exclude the beads as demonstrated in Figure 4.11. Theniag@auss
discrimination (GD) channels (Center, Width, Offset, Residual) versus Time were used to select
the largest band of events and to exclude the doublet. Next, event lemdtich is generated
based on the time taken for the contents of an ion cloud tosélawas used to estimate the

cell size, after which the intact cells were gated based orDNA Intercalator, including!r
and!%3r versus Time, which were used to identify nucleated (2hitaining) cells. This was
followed by manual gating dhe CD45compartment based on the CD45 vs CD66b channels

for the downstream automated analysis.

Figure 4.11
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Figure 4.11The gating strategy for the cleanp and identification of the CD4%compartment by the Cytobank
platform. A cleanup strategy was used to remove debris, normalisation beads, doublets and dead cells. Beads
versus Time of experimental measurement (in minutes) was used to gate thatiemsity events and to exclude

the beads. Gaussian discrimination (GD) ché&(@enter, Width, Offset, Residual) versus Time were used for
the cleanup method, followed by Event length versus Time, nucleated (Edwaining) cells®lr versus Time,

and *¥3r versus Time to identify nucleated cells. A CD45 vs CD66b plot watougat the CD45 population
manually for the downstream automated analysis.
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4.4.2.2The viSNEnap of the CD45 population identifies known immune cells based on the
staining intensity of an indicated marker
VISNE analysis allows the visualisation of {gighensional data into a twdimensional plot
using tdistributed stochastic neighbour embeddifgSNE) algorithms. After gating the
CD45cells manually by the Cytobank platform, we used this population for viSNE analysis to
visualise the distribution of cell phenotypes. The VviSNE map identifies known immune cells
based on the staining intensityf @n indicated marker. For example, we identified the
monocytes based on the intensity of CD14 (Figure 4.12A). We also identified NK cells, DCs, B
OSttax ¢ OSftfa IyR &+ OSffa O0CAIdzNE ndmMH! O
were used tocheck antibody binding specificity and to confirm that the cellular markers
expressed by different cell populations were consistent with the molecules that were
expected to be expressed by particular lineages. For example, as expectéd, €dll3slands
contain both CD#and CD8islands; these islands were negative for monocyte marker CD14
(Figure 4.12A). Some of the CDBKK cells expressed the NK markers CD16 and CD57, but not
CD8 or CD4 (Figure 4.12A). We also used unbiased clustering analysisniffid\wGassess
the changes in cellular subsets within CDetIs over time including weeks preransplant
(VO2(n = 2)), 2408 (n = 4)), ¥13(n = 4)).As shown in (Figure 4.12B), the FlowSom analysis
identified a total of 40 phenotypically distinct clusters within the CD45 compartment. In
addition, FlowSom revealed a depletion in most of the clusters after alemtuzumab induction
therapy at 24 week posttransplant (V08), which was followed by gradual recovery at 30
weeks postransplant (V12).The heatmap showed the expression of cellular markers

expressed by the cell subsets, which was identified by the FlowSOM argigsie 4.12C).
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Figure 4.12. VISNE maps of CDeills are coloured according to the staining intensity of the indicated marker.
(A)Merged samples were used to generate visualisation stochastic neighbour embedding (ViSNE) plot$ of CD45
cells depicting the expression pattern of CQ1@D56, CD123 CD11t CD19, CD3, CD8, CD4, CD2% *T,1

CD57 and CD16cells.(B) A FlowSom clustering algorithm was performed on the total CB45% weeks pre
transplant (V02), 24 (V08), and 30 (Yth&eks postransplantto assess distinct cellular subsets within the CD45
population.(Q Heatmap showing mean expression of the markers expressed by the cell subsets identBied in
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4.4.2.3 High-dimensional clustering analysis revealedhanges in the peripheral CDZ cell
subsets over time

We next examined the changes in GD4£ell subsets podtansplant by performing FlowSOM

clustering on the CD4opulation using 15 cellular markeet five different time points,

including 2 weekspre-transplant {02-(n = 2)), 24VY08(n = 4)), 30Y12(n= 4)), 38Y13(n =

4)) and 72 weeks postansplant ¥19(n = 1)) FlowSOMdentified 10 distinct clusters within

the peripheral CD4 compartment, which revealed a high degree of heterogeneity within

CD4 T cells (Figure 4.13A). We next identified these clusters using the heatmap, which

showed the expression of cellular markers each cluster (Figure 4.13Bjor example,

Ot dZAaGSNA Im YR I p 6SNBE ARSYGAFTASR Fa 114

marker. Clusters #7 and #9 were identified as naive T cell clusters because they are

CD45RACCRY(the table inFigure 4.133hows in detail the cellular markers expressed on

each cluster)We thenassessed the changes in the Glters, including naiveCD45RA

CD45R0O9CCRY, clusters #7 and #9), EM (CD45RED45ROCCRTS, cluster #10), CM

(CD45RRICD45ROCCRY, cluster #8), and TEMRA (CD4BRZRFY, clusters #2, #3, #4 and

#6) subsets over time postansplant, as well as the { IT ®alls (clusters #1 and #5).

Analysis revealed an expansion in clusters #1 and #5tpostplant (at V08, V12 and V13),

followed by reduction at V19 (Figure 4.13C and D). This observation is in agreement with the

flow cytometry immunemonitoring data, wich showed a slight expansion in the number of

11 ¢ O-finfefpdst trangp@int)Figure 4.6MA)loreover,generally, there was an increase

in the percentages of clusters #2, #3, #4 and #6 fpmstsplant (V08, V12, V13 and V19)

compared to the baselin@/02)(Figure 4.13C). These clusters were identified as TEMRA CD4

clusters as they wer€D45RAand CCR7Y. Among these clusters, an interesting expansion

was seen in cluster #4 at a single V19 time point, compared to (Wg2re 4.13C). The

heatmap reveked that cluster #4 was a TEMRA subset that expressechigmokine receptor

CXCR3, activation markers CD27 and CD38xdralistion markeCD57(Figures 4.13B and

D). It will be of interest to determine if this observation would be repeated in furtheeptd

as more patients reach the last immune monitoring time pointaddition, a clear reduction

in the percentages of naive cluster #9 was seen at all-fpassplant time points, compared

to VO2(Figure 4.13C). These observations are in line with ¢temetry immunemonitoring

data, which showed a trend towards reduction in the absolute number of naive CD4 subset

over time posttransplant (Figure 4.4E).
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Figure 4.13
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Figure 4.13. Analysis of the peripheral CDebmpartment over time by CyTOF. (Aepresentative ViSNE
analysis of peripheral CD# cells using thElowSOM clustering algorithm from the peripheral blood of healthy
donors (1= 2) and renal transplant recipients prior to transplantation (V02: n = 2) and at 24 (V08: n = 4), 30 (V12:
n=4),38 (V13:n=4)and 72 (V19: n = 1) weekstraostplant.(B) Heatmap showing the median expression of
cellular markers expressed in the clusters identified by Flow§OMercentages of each cluster within the CD4
compartment calculated by the FlowSOM algorithm at (V02), 24 (V08), 30 (V12), 38 (V13) and 72 (K49) wee
posttransplant.Dots represent individual samplg®) Table shows that CD4 clusters were identified based on
their cellular marker expression.

4.4.2.4High-dimensional clustering analysis revealed changes in the peripheral CD8 subsets
over time

We next analysed the changes in CD&ell subsets over time pesansplant by performing

the same unbiased clustering strategy on the Gid@npartment using 15 cellular markeas

five different time points, including 2 weeks pransplant {/02(n = 2)), 24Y08(n = 4)), 30

(V12(n=4)), 38Y13(n=4)) and 72 weeks poestansplant ¥19-(n= 1)) The analysis revealed

heterogeneity withn the CD8T cellsmanifesting in 10 distinct clusters (Figure 4.14A). These

clusters were visualised on the heatmap, which showed the expression of cellular markers on

each cluster (Figure 4.14BYe deconvoluted the frequencies of naive (cluster #1), €ier

#3), EM (clusters #4, #7, #8 and #10) and TEMRA (clusters #2 and #9) subsets. The analysis

revealed a reduction in the frequency of clusters #4 (EM)-pasisplant versus the baseline

(Figure 4.14C and D)We observed a defined subset of EM CD&€ells (cluster #8)

characterised by the expression 6CR4, CCR6, CD25, and CXCR3, which was rpdeted

transplant compared to the baseling-igure 4.14C and DThe analysis also revealed an

increase post transplantation in the frequency of TEMRA disi#t2, and #@Figure 4.14C and

D). These observations are in line with flow cytometry immuomanitoring data, which

showed a slight increase in the absolute number of TEMRA CD8 subset ipamenésover

time posttransplant (Figure 4.4F).
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Figure 4.14. Analysis of the peripheral CD&mpartment over time by CyTOF. (Aepresentative ViISNE
analysis of peripheral CD8 cells using the FlowSOM clustering algorithm from the peripheral blood of healthy
donors (1= 2) and renal transplant recipients prior to transplantation (\M022) and at 24 (VO&= 2), 30 (V12:
n=4), 38 (V1 =4) ad 72 (V19n = 1) weeks postransplant.(B)Heatmap showing the median expression of
cellular markers expressed in the clusters identified by Flow§OMercentages of each cluster within the CD8
compartment calculated by the FlowSOM algorithm at (V@) at 24 (V08), 30 (V12), 38 (V13) and 72 (V19)
weeks postransplant. Dots represent individual sample) Table shows that CD8 clusters were identified
based on their cellular marker expression.

4.4.2.5Changes in peripheral B cell subsets pastnsplant

We next examined changes in the B cell subsets after transplant by performing unbiased
clustering on CDI%ells over time . FlowSOM analysis revealed heterogeneity within the B
cellsmanifested by six distinct clusters (Figure 4.15A). We then identified these clusters using
a heatmap, which showed the expression of cellular markers on éaster (Figure 4.15B).

We analysed the frequencies of B cell clusters over time-passplant. The analysis revealed

an increase in the frequencies of cluster #1 pmahsplant compared to the baseline, with

the cells in this cluster having the naivec@l phenotype, as they wer€D19 CD20 IgD
CD27¢9 and they were express CCR6,CCR7, and CXCR5 (FigureWel&Bh observed a
strong reduction in the frequencies of cluster #3, and #5 (marginal zone B aetsgjuster

#4 (switched memory Bells)posttransplant compared to the baselin€igure 4.15B). This
finding suggests that the induction therapy alemtuzumab shifted the B cell compartment into
a high level of naive phenotypes. We also observed the appearance of cluster #6 post
transplant which might be transitional B cells, as these cells were mainly "€D&vd
expressed a high level of CD38. These results confirm the flow cytometry analysis of peripheral
B cells, which showed an increase in the naive B cells and an increase inomah8iticells

posttransplant (Figure 4.7).
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Figure 4.15. Analysis of peripheral B cells over time by CyTORépjesentative VISNE analysis of peripheral B
cells using the FlowSOM clustering algorithm from the peripheral blood of healthy donors (n = 2) and renal
transplant recipients prior to trasplantation (V02: n = 2) at 24 (V08: n = 4), 30 (V12: n = 4), 38 (V13: n = 4) and
72 (V19: n = 1) weeks pesansplant.(B)Heatmap showing the median expression of cellular markers expressed
in the clusters identified by FlowSORC)Percentages of each cluster within the B cell compartment calculated
by the FlowSOM algorithm at (V02) and at 24 (V08), 30 (V12), 38 (V13) @itdjveeks podransplant Dots
represent individual samplegD) Table shows B cell clusters identification based on specific marker expression.

4.4.2.6 Changes in peripheral NK and NKT cell subsetsfrastsplant

We next examined the changes inet NK and NKT subsets after transplant by performing
unbiased clustering on the CDfSfopulation. FlowSOM analysis revealed heterogeneity
within the NK and NKT celisanifested by five distinct clusters (Figure 4.17A). We then
identified the clusters usintpe heatmap, which showed the expression of cellular markers on
each cluster (Figure 4.16BYe next analysed the frequencies of identified clusters over time
posttransplant. We found that 4 out of 5 clusters (clustergfdluster #4) were CD56 and

CD16, and expressed a CD3 marker, thus likely belonging to the NKT cell compartment, while
cells in cluster #5 wer€D56"I"CD169" and negative for CD3, forming the main NK cell

subset (Figures 4.16 C and D).
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Figure 4.16. Analysis of peripheral NK and NKT cells over time by CyTCRe§fesentative viSNEhalysis of
CD56+ cells using the FlowSOM clustering algorithm from the peripheral blood of healthy doro2$ énd
renal transplant recipients prior to transplantation (VO2= 2) at 24 (VO& = 4), 30 (Vi =4), 38 (Vi =4)

and 72 (V19n = 1) weeks postransplant. (B) Heatmap showing the median expression of cellular markers
expressed in the clusters identified by FlowSQM) Percentages of each cluster within the CD56+ cell
compartment calculated by the FlowSOM aigum at (V02) and at 24 (V08), 30 (V12), 38 (V13) and 72 (V19)
weeks postransplant.Dots represent individual samplg®) Table shows that the NK and NKT cell clusters were
identified based on their cellular marker expression.

4.4.2.7 Changes in papheral monocyte subsets podtransplant

We also examined the changes in the monocyte population over timetpmssplant by
performing unbiased clustering on the CDtémpartment. The FlowSORhalysis revealed
heterogeneity within the monocytesianifesting in 10 distinct clusters (Figure 4.17A and B).
Clusters#3, #5, #,and#7 were excluded from the analysis as there frequencies were below
1%We observed an increase in the frequency of clug@ posttransplant over the baseline,
these cells were expressed CDaad CD18', thus likely belonging to classical monocytes

subset (Figures 4.17C and D).
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Figure 4.17. Analysis of peripheral monocyte subsets over time by CyTORef@#gsentative viSNEhalysis of
peripheral monocytes using the FlowSOM clustering algorithm from the peripheral blood of healthy donors (n =
2) and renal transplant recipients prior to transplantation (V02: n = 2) and at 24 (V08: n = 4), 30 (V12: n = 4), 38
(V13: n = 4) and2 (V19: n = 1) weeks pesansplant.(B) Heatmap showing the median expression of cellular
markers expressed in the clusters identified by FlowS@yPercentages of each cluster within the monocyte
compartment calculated by the FlowSOM algorithm atQy@4 (V08), 30 (V12), 38 (V13) and 72 (V19) weeks
posttransplant.Dots represent individual sample) Table showing monocyte clusters identified based on
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their specific expression. Clustef3, #5, #,and#7 were excluded from the analysis as there frequencies were
below 1%.

4.5Phenotypical analysis of peripheral Treg compartment by mass cytometry

(CyTOF)
4.5.1 Study design and participants

In order to further characterise the peripheral Treg compartmenpatients receiving Treg

cell therapy, we utilised available samples from a preliminary, small scale phase | study
utilising the same cell product as the current trial. This was a phase | clinical trial of autologous
polyclonalexpanded Tregs in renal trgolant patients (The ON&tudyo 9 dzZ5 N> / ¢ X b 2
n n n o n)MFThernin of this study wae assess the feasibility and safety of several immune
regulatory cells using a single standardized immunosuppression regime and a reference
cohort, which was used as a comparison. Patients in the control arm recbagtiximabas

an induction therapy followed bgtandard maintenancemmunosuppressiontécrolimus,

MMF, and a reducing dose of prednisolone), while patients in the cell therapy arm received
the samestandard maintenanc&anmunosuppression drugs but withotiasiliximdo. These
patientsreceived a single dose of up to 10%/kg autologous polyclonaxpanded Tregs on

day 5 posttransplant.

4.5.2 Specimens and CyTOF panel

Peripheral blood mononuclear cells (PBMCs) were collected from six renal transplant
recipients from the cell therapy arm at three different time points: fr@nsplantation Y01

n = 6), 2 weeks podtansplantation Y03 n = 3) and 60 weekgosttransplantation ¥1Q n

=6). These were compared to PBMCs at 60 weekstpaséplantation {10 n = 3) collected

from patients in the control arm of the trial, as demonstrated in (Figure 4.18)" &gl were
isolated and multiplexed for processibyg CyTOF. In this assay, we used a panel of 36 imetal
labelled monoclonal antibodies specific for surface and intracellular markers associated with

Treg function and phenotype (TablebZhows the list of antibodies used in this agsay
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Figure 4.18
PBMCs collected at CD4* cells isolated and
3 different time points multiplexied for
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Figure 4.18. Experimental design for phenotyping analysis of peripheral Tregs from renal transplant recipients
receiving Treg therapySix renal transplant patients received a single dose of up to £kdl@utologous
polyclonally expanded Tregsshortly after transplantation followed by standard maintenance
immunosuppression. PBMCs were collected at three different time points: VOirgmsplantation; V03, 2

weeks postransplantation; and V10, 60 weeks pdstnsplantation. CD4cells were is@ted and multiplexed

for processing by CyTOF mass spectrometry. The phenotype and composition of peripheral Tregs were examined
using a dedicated 3éntigen panel.

4.5.3 Results

4.5.3.1Changes in peripheral blood Treg frequency after infusion of Tregrdpy in renal
transplant recipients
CD4 T cells and CD@D25CD12P" were gated manually using the Cytobank platform for
downstream analysis. Then, the higmensional viSNE analysis was applied to the CD4
compartment to visualise the T cell clusteBD4viSNE maps were annotated based on the
intensity of FOXP3 expression. As shown in (Figure 4.19A), Tregs were identified by the
expression of FOXP3 (red) and clustered together into a distinct @apulation. We
observed changes in Treg frequency gseacentage of total CD4T cells between V01 (4
weeks pretransplantation) and V03 (2 weeks pdsansplantation) or at V10 (60 weeks pest

transplantation) (Figure 4.19A and B). However, these changes were not statistically
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significant. The percentages Bfegs at V10 (60 weeks pdsinsplantation) were at a similar

level between Tregreated patients and control patients (Figure 4.19C).

Figure 4.19
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Figure 4.19. The frequency of Tregs (gated as FOX&8) within peripheral blood CD4 cells assessed in
renal transplant recipients receiving an infusion of Treg therapy. (Adistributed stochastic neighbour
embedding (1SNE) plot of CD4ells annotated based on the intensity of FOXP3 expressiom dree patient
pre-transplantation (V01), and at 2 (V03) and 60 (V10) weeks post transplani@j@hanges in Treg frequency
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dza SR T2 NJ Y ddfnifidahtiC S recdOfeedtiedeyNak \A166§ webks post
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