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Abstract

The engraftment of allogeneic haematopoietic stem ¢eISC) relies on the use
partially or fully myeloablative regimert® condition the transplant recipient in order

t o i mak & the poaecneaow microenvironment and establish immunological
tolerance to donor alloantigenBl murine models of bone marrow transplantation
wheredonokrecipient pair differ for aingle mnor histocompatibility (H) antigen, HY,
engraftment can be obtained using 1dwse irradiation. Such conditioning favoting
homeostatic expansion oégulatory Treg cellsthat play a crucial role in generating
host versus graft tolerance (HvG).

Howewer, the HY model has some limitations because, in the clinical setting; HLA
matched donor and recipient still differ for several minor H antigens. Although there is
evidence that immune responses across minor H differences concentrate on
immunodominant epopes, it was fundamental to understand whether increasing the
number of donor antigenic disparities necessitated a proportional increment in the dose

of conditioning to achieve engraftment.

| utilised a bone marrow transplantation model in which dondrragipient differed

for multiple minor H antigens and whereby immune responses were prominently
skewed against a single immunodominant epitope. Recipient mice were C57BL/6 and
bone marrow was obtained from BALB.B donors, whereby the immunodominant
epitopewas H60. Myresults showed thdow-dose irradiation was not sufficient to
obtainedBALB.B donor cell engraftmertbut a fully myeloablativelose of (850cGy)

was required. Wen the amount of antigenic determinants was decreased, by
transplanting BALB.BxC57BL/6) F1 cells, donor cell engraftment was achieved at an
irradiation dose of 500cGylhese data show that the dose of conditioning regimen
required for engraftment is proportional to the magnitude of the antigenic differences

across donor and recipient.

Different doses of myeloablation certainly bear different impacts on the depletion of
lymphocyte subsets and lymphaemopoietic reconstitution. Therefore, | investigated
the kinetics and extent of Treg expansidm.all groups of transplanted mice the
ergrafted mice had significantly increased proportions of Treg cells which peaked

during the second week pesansplant. When host Treg cells were depleted prior to
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transplantation with male C57BL/6 ¢BALB.BxC57BL/6) F1 donor bone marrow
under irradiatecat 500cGy or 600cGy, the level of donor cell engraftment was not
affected. However, there was a delay in the engraftme(BALB.BxC57BL/6) F1
bone marrow thus suggesting a marginal role for Treg celising higher doses of

conditioning

These data impl that the magnitude of antigenic disparities between the donor and
recipient deeply impacts onthe dose of irradiation required to obtain durable
engraftment. The dose of irradiation does not correlate with the level of Treg cell
expansiorand Treg depl&n only marginally affects engraftment. These data indicate
that, in the presence of multiple antigenic disparities, depletion of T cell effecting HVG

responses rather than induction of immune regulation is necessary.
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Chapter 1 Introduction

1.1 Haemadopoietic stem cell transplantation (HSCT)

Hematopoietic stem cell transplation (HSCT) ha been successfully used as a
curative therapy for the treatment of malignant and-matignant haematological
diseasesThis procedure consists of the infusionhafematopoietic stem cellsi$C)
from either the patient in the form of an autologous transplarftoon a healthy
allogeneic donor. The best donor is fully matched with the recipientmiajor
histocompatibility complex (MHG)but improved techniques haweade it possible to
pursue HSCT using haploidentical donorBoth autologous and allogeneic
transplantation rivolve depleting recipient haemapoeisis by irradiation or
chemotherapeutic ageritgat enableengraftment of infuseHlSC (Goldman, Schmitz et
al. 1998; Gratwohl, Baldomero et al. 2002)

HSCT were first usedin animal experiments during th&950s when it was
demonstrated that irradiated animals could be saved from pancytopenia by the
transfusion of bone maw from another animglLorenz, Congdon et al. 195Z)he

first human allogeneic stecell transplant was performed By. E. Donnell Thomag

1957to treat a patient suffering from leukaerbia there was onlifmited successvith

his approact{Thomas, Lochte et al. 1957)hen n 1968 the firstlong-term survivors

after HLA-matchedbone marrow transplant wetevo patients one suffering from
severe combined immunodeficiency (SCland the second was a patient suffering
from WiskottAldrich syndrome(Gatti, Meuwssen et al. 1968; De Koning, Van
Bekkum et al. 1969)

Due to the pioneering works of these earlgsearchers currently over 50,000
haematopoietic stem cell transplants have been reported as taking place worldwide in
2006 This is according to a global swey of over 1300 centres in 71 countries
conducted by the Worldwide Network of Blood and Marrow Transplant. Of these
transplants 57% were autologous whils#3% camefrom HLA-matched allogeneic
donors with the majority of these transplants taking pladeurope and the Americas
(Gratwohl, Baldomero et al. 2010)
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For the treatment of mokaematologicamalignancies patients are given an gdioeic

HSCT usually from a fully HLAmatched donor. In algeneictransplatation, the HSC
preparationontain allogeneicT cells that can have a beneficial effect by exerting
graft versusleukaemia(GvL) activity that can eradicate the cancer cells that have
survived the conditioning regimsFeng, Hui et al. 2008 hese beneficial effects are
compounded by the fact that immunocompetent cells in the donor bone marrow have
the potential taeactagainst recipient antigens and lead to the destruction of recipient
tissuesand cause graft versus host disease (GvHD).

Another concern with HSCT is the preparative regimen that the recipient must
undertake to reduce the risk of graft rejectigviartin, Hansen et al. 1987 he
myeloablative preconditioning regimens needed to allow for donell engraftmentn
patientsare associated with agh toxicity which makes them less desirable Some
patients, especially the elderly. Reduced intensity conditioning (RIC) regimens are
more readily used for their ability to minimize the toxicity associated with fully
myeloablative regimensvhile still creating space in the bone marrow to allow for the
establishment of mixed chimerism and subsequent host versus graft (HvG) tolerance
(Giralt, Estey et al. 1997; Sykes, Szot et al. 1997; Laylor, Dewchand et a). 2005

1.1.1 Hematopoieticstem cells (HSC)

Researchers have known for some time that the cells found in the bone marrow are
responsible for the generation of the cells that comprise the blood and immune system.
HSC are the cell population responsible for theegation of thdympho-haemopoiesis
throughout life.In the early 196§, Till and McCulloch began doing research into what
components of the bone marrow are responsible for regenerating the blood. They were
able to discover the two importaptinciples of HSC: the ability to seHrenew and

produce cells that give rise to all the different types of blood €ElIsL961).

HSC can be isolated from the blood or bone marrow and havebtlity o self-renew,
differentiate into a variety of specialized cehlisobilize out of the bone marrow into the
circulating bloodand undergo programmed cellhesestem cellsrepresent 5% of
the marrow cell population and are responsible for thedtan of all blood lineages
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including erythrocytes, platelets, neutrophils, granulocytes, macrophages, T cells, B

cells, andnatural killer NK) cells.

In the adult mouse HSC are chatarized by expression ofKit, and Scal and the
absence of matureneagemarkers B220, CD3, CD4, CD8, Macl, GR1, and Ter119
(Schofield 1978; Shizuru, Negrin et al. 2008nd the terminologyof LSK (Lin®
Scalc-kit") is used tddentify them Human HSC are characterized by therespion

of CD34'CD38 within the Lin population. CD34 is the marker commonly utilised to
select donor HSC anitlis this CD34 rich population that is transferredto patients
following myeloablationPittenger, Mackay et al. 1999}t is these sterpells that are
responsible for the reconstitution of the recipient immune system after irradiation and

bone marrow transplaation (Figure 1.1).
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(Adapted from © 2001 Terese Winslow, Lydia Kibiuk)

Figure 1.1: Haematopoietic andstromal stem cell differentiation.

HSC have the ability to differentiate interythrocytes, platelets, neutrophil
granulocytes, macrophages, T cells, B cells and NK.cEfle stromal cells founc
in the bone marrow are responsible for forming osteoblasts, ostepckasiiage
and adipocytes. Skeletal muscle stem cells and hepatocyte stem cells als:
from the bone marrow. This figure highlights the diverse functions
haematopoietitc stem cells found in the bone marrow and allows their impoi
in immune systm development to be stressdddapted from © 2001 Teres
Winslow, Lydia Kibiuk)

21



Elisabeth Rose Mari PhD Thesis, 2012

There ae many sources of HS@ith the classical sourcéeingthe bone marrow. To
harvest thee stem cellsfrom humanghe donor is anesthetized and a puncture of the
hipbone is done and the marrow cells are drawn out using a syringe. In an adult human
roughly 1 n every 100,000 adult bone marrow cells is a {targh stem cell capable of

restoring haematopoieg®lacKey 2001)

Anothercommonsource for harvestingSC is peripheral blood. The paafi stem cells
in the peripheral blood is much smaller than that of the bone mamdwiSC canbe
mobilisedinto the peripheral bloodfter injecting the donor wittgrarulocyte-colony
stimulating factor (8CSF). GCSFa glycoproteinis agrowth factor that stimulates the
bone marrow to produce granulocytes antkerferes with the CXCREXCL-12
interaction thus mobilisingstem cellsfrom the bone marrow nich@etcalf 1985;
Petit, SzypeiKravitz et al. 2002; Levesque, Hendy et al. 200@)e cells collected
from the peripheral blood will contait-2% HSC after treatrent with GCSF as
guantitated by CD34 expressidB-CSF mobilisedoeripheral blood stem cell (PBSC)
collections contain a higher number of nucleated cells such as’COB&’, and NK
cells when compared with bone marrowhich results in faster engraftmerdf
neutrophils and platele{¥ij, Brown et al. 2000)

Along with bone meaow transplants there are complications associated with the
transplaration of PBSC. There are similar incidences of acGeHD (aGvHD) in
PBSCT patientswhen compared to patients receiving bone marrow transplants
However increased instances of chroni@vHD (cGvHD) were reportedwhen
compared to bone marrovecipients(Przepiorka, Smith et al. 19999BSC contain
roughly one log fold more CDJ cells when compared to bone marrpreparatios.

This difference migt beresponsible for the increased incidences@/HD seen after
PBSCT.

The finalsource of HSC ishe blood fromhuman umbilical cord and placentahich
are delivered along with the babyhey had longsince beemronsidered a waste product
until it was found that they weméch in HSC. These cells were first transplanted into
children that suffered from Fanconi anaemaamd there therapeutic use has been
expanded to other haematological failures in children and ad@tackman,
Broxmeyer et al. 1989; Laughlin 200The major advantage of umbilical cord blood is
the reduced risk of GvHDecause othe deficiencyin mature T cellsvhile retaining
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GvL effects due to lymphokinectivated killer (LAK) cell activiy (Montagna,
Maccario et al. 1988; Harris, LoCascio et al. 1994; Risdon, Gaddy et al. 1994; Harris
1995; Risdon, Gaddy et al. 1995; Wagner, Kernan et al. 1€9% drawback to the

use ofumbilical cord bloodis the fact thathey have aower number ototal stem cells
when compared to bone marr@nreparations due to decreased collection voluifies
results in higher rates of graft failures and delayed engraftment wittesonsequent

effects on immune reconsitton (Wagner, Rosenthal et al. 1996)

1.1.2 AutologousHSCT

One type of HSCT that hdmeen used as a treatment for certaalignancieand some
autoimmune diseases am@tologous transplants. This therapy hasessthep at i ent 6 s
own stem cells for transplant after the eradication ofuthaerlyingmalignancy with
the use of irradiation or chemotherapeutic agents. Tlsésm cells are able to
reconstitute thedepletedimmune system. Autologous transplantcigrertly used to
treat certain leukaemias lymphomas and multiple myelomasspecially in children.
There is less risk of infection ardkvelopment ofnore serious side effe¢tsuch as
GVHD thatis associated with allogeneic transplantation. Howethes,deceased risk
of complicatiors comes with thencreased risk of cancer relap8rie to ths increased

relapse risktheuse of autologous transplants to treat malignanciesiigy reduced

Converselythesetransplants are alselng explored, with great sgess as a treatment

for many autoimmune diseases such as multiple sclerosis, systemic lupus
erythramatosus, systemic sclerosis, rheumatottiritisand Cr ohn@®@wt, di s e a
Padilla et al. 1998; Binks, Passwegatt 2001; Craig, Traynor et al. 2003; Jayne,
Passweg et al. 2004; Snowden, Passweg et al. 2004; Passweg and Tyndallt2907)
rationale for applying HSCT to the treatment of autoimmune diseases holds because the
conditioning regimens lead to intense iomme depletion. This depletion helps to
eliminate the pathogenic repertoire and allow for the reconstitution of a new immune
system from the transplanted haematopoietic precursorsFurthermore, during
haematopoietic reconstitutiofreg (Treg) cells havebean observedo expandand this

might helpto facilitate tolerance to se#ntigengWeng, Dyson et al. 2007)
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1.1.3 AllogeneicHSCT

Alternatively, allggeneictransplang havetraditionally been used to treat a widange

of haematological malignant and noralignant disease3he main goal of allogeneic
transplant is t@wure malignancyAn allogeneictransplantends to beerformed using

fully HLA -matcheddonor and recipient pairsThe transplanéd donors are either
related,in the case of a siblingyhich has a 1 in 4 chance of being a compgkstact
HLA-match asygeneiadonor thatwould consist of a monozygotic identical twinan
unrelatedmatched donowhere the person may have been found using a donor bank
(Russell, Bessell et al. 2000; Cutler and Antin 2001)

HLA testing involves typing for the HLAIlassl andclassll genes. Theclassl genes
include HLA-A, HLA-B and HLA-C andencode for the major histocompatibilitype

one genes (MHC class 1) that are found on the surfaces of almost all cells. A mismatch
in these gendgroteinsincreases the risk of graft rejecti@md GvHD (Petersdorf,
Hansen et al. 2001; Yakovkgha, Mesnilet al. 2006) Themain type of human MHC
classll genes, HLADP, HLA-DQ, and HLADR, which are foundn the surface of
macrophages, dendritic cells, B celtsd any other professional antigen presenting
cells (APCs).Mismatchesn the HLA classC andDQ are associated with both graft
rejection and GvHD(Petersdorf, Kollman et al. 2001The mismatching of these
genes/proteins has highlighted the importance of aiming for a best matched donor

recipient pair, whichiesults in inproved rates of successful transplantation.

Despite the current sophistication and accuracy of MHC typing for allogeneic
transplants, differences at the level of minor histocompatibility antigens, which are
encoded by polymorphic genes thrbogt the genome, persist and are sufficient to

produce strong immune responses betweenrdamb recipient (see section 1.2

Transplantation with allogeneic stem cells allows for the reconstitution of the recipient
immune system with malignay free cells The alloreactive donor T cellre able to
kill the residualmalignancyby a proces&nown asGvL or graft versusumour(GvT)

effect

Allogeneic HSC are more easily obtained than those from an autologdosor
transplant because thosells need to bedrvested before the patient receives any type
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of conditioning regimenAs compared with autologous transplantatite risks of
complications such as graft rejectjdavHD and infectionare far greater The donor
allogeneicreactive Tcells in the HSC @mparation are able to mediate the destruction of
host tissue througbeveral different mechanismbi is this destruction of host tissues

thatis the most fatal complication of afjeneicstem cell transplants.

1.2 Minor histocompatibility (H) antigens

Minor histocompatibility (H) antigens are self peptides derived from proteolytic
processing of normal cellular proteins that arose as an inadvertpnbdhyct of genetic
variation within a species. These antigensthempresented to T cells by either MHC
class | or class Il molecule€Simpson and Roopenian 1997; Simpson, Scott et al.
2002) T cell responseagainst these antigemase able to elicit allograft rejection and
subsequent immunological complicatioMdinor H antigenswere first discovered in

mice when it was observed that both tumours and skin grafts from MHC identical
donors of different genetic backgrounds were reje¢Batth, Counce et al. 1956)
These observations were also confirmed in humans by experiments where skin grafts
from HA-identical siblings were rejecte{Ceppellini, Bgliani et al. 1969) In humans

these antigens are inherited independently of HLA and can show broad or tissue
specific distribution(van der Harst, Goulmy et al. 1994; den Haan, Sherman et al.
1995; Goulmy 1997;eh Haan, Meadows et al. 1998)

There have been several minor H antigens described from different cellular origins in
both mice and humans that are known to play a crucial role in transplantation. The most
well characterized minor H antigen between miog &dumans is the male specific
antigen, HY, which is ubiquitously expressed on all tissue types. The absenee of Y
chromosome specific gene products in females induces responses to male antigens.
These antigens are encoded for on the Y chromosome in boitenrand human DNA.

They are either class | or class Il restricted and originate at six different loci of the Y
chromosome (DFFRY, SMCY, TMSBA4Y, UTY, DBY and RPS4Y$gott, Ehrmann

et al. 1995)

The HY antigen wa first identified in murine skin grafting experiments dhely were

shown to generate cytotoxic T lymphocyte (CTL) responsesvitro from male
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immunised mice(Eichwald and Silmser 1955; Simpson, O'Hopp et al. 1%&tdon,
Simpson et al. 1975; Gordon, Samelson et al. 19Y)specific T cells clones have
been shown to inhibit the growth of haematopoietic progenitor cells from-HLA
identical male donors by a direct cytolytic efféGordon, Simpson et al. 1975) cells

with HY specificity have also been associated with high grade graft versus host (GvH)
reactions and this carigsificantly influence transplantation outcom@ganderVegt

and Johnson 1993)

A second group of minad antigens are encoded by autoss and are neX linked.

In humans the HAL, HA-2, HB-1 and HB2 minor antigens expressed on normal
haematopoietic cells have been shown to play a role in both GvHD and GvL
(Falkenburg, Goselink et al. 1991; Madkon, Papadopoulos et al. 1995; Baurmann,
Nagel et al. 1998; Dazzi, Szydlo et al. 2Q00\nother important minor H antigen
expressed on murine haematopoietic stem cells is {BK Hestricted H60 expressed

by BALB.B mice. This minor antigen is located mouse chromosome 10 and encodes
the naturally processed octapeptide LTFNYRNL (LYL8) presented by thMHC
molecule(Malarkannan, Shih et al. 1998)he H60 glycoprotein is a member of the
retinoic acid early iducible 1 (Rael) gene family. These genes are orthologs of the
human ULBP gene family and paralogs of the MHC class | gene féBigfenbach,
Jamieson et al. 2000; Cerwenka, O'Callaghan et al. 2002)

H60 serves sia ligand for the NKG2D receptor found on NK cells and activated' CD8

T cells, and among the Rael family, H60 has the highest affinity for NKG2D
(Carayannopoulos, Naidenko et al. 2002; Jamieson, Diefenbach etO@2) 2
Engagement of the NKG2D receptor on CDBcells results in signals transmitted
through the same KAP/DAP2 adaptor moleculsed for the CD28 costimulatory
cascadg¢Jamieson, Diefenbach et al. 200860 isalso a very important minor antigen

in allogeneic transplant settings because haematopoietic progenitor cells express high
levels of this minor H antigerThis high level of H60 expressias thought to render

these progenitor cells susceptible to NIl killing both in vitro and in vivo
(Tabayoyong, Salas et al. 200%) is believed that the H60 minor antigen is a link

between the innate and adaptive immune responses.

A third example of minor H antigens thoseencoded by mitochondrial DNA. These
were first discovered by tracking the maternally transmitted transplantation antigens
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mt-ND1 (Loveland, Wang et al. 1990Additional mitochondrial genes in the mouse
and rat have been shown to encode minor H peptides and these are presented to T cells

by nonclassical MHC class | moleculéBhuyan, Young et al. 1997)

1.2.1 Minor histocompatibility (H) antigens asmolecular targets in
transplantation

Following transplantation betwa HLA-identical individuals T cell responses against
minor H antigens have been considered to be mainly responsible for graft rejection and
induction of GvHD. This rejection is associated with an increase of alloreactive
recipient T cells. Since donor Gells are not rendered tolerant towards these- host
specific peptides during thymic development it allows for the generation of responses
to these host antigenglinor H antigens can be presented by either residual host APCs
or donor APCs, once host APCsvhabeen replaced after HSC reconstitution. Goulmy

et al. demonstrated that disparity between donor and recipient haemategeesis

minor H antigens was associated with the development of aG@4DImy, Schippe

et al. 1996)

The mechanism by which minor H antigens induce GvHD was discovered by Teshima
et al. using mouse models. They demonstrated that minor antigens highly expressed on
recipient dendritic cellDCs)were capable of causing significant damagedinduced

GvHD in the absence of T cell responses against broadly expressed tissue antigens
(Teshima, Ordemann et al. 200Z)cell responses against minor H antigens present in
high frequencies on haematopoietaells found in tissues can lead to local
inflammatory responses resulting in cytokimediated destruction of nen
haematopoietic tissudS&Soulmy, Schipper et al. 1996 his is supported by evidence

from male patnts transplanted with female donor cells that suffered from aGvHD and
showed an increased frequency of T cells against broadly expressed male antigens
(Dazzi, Szydlo et al. 2000; Teshima, Ordemann et al. 2002)

The severity of GvHD in minor H antigen mismatched HSCT models depends on the
degree of genetic disparity between the donor and recipient. It can range from minimal
effects to rapidly lethal GvHD that is indistinguishable from that seen after -MHC
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mismatchedtransplants. In murine models of allogeneic HSCT, severe GvHD can
appear in settings where there is a mismatch in the dominant khiaotigen. Choi et
al. demonstrated in a murine model of GvHBhere GvH reactions &ve directed
against the minor Hantigens of the BALB.B micgthat of all the minor H antigens
present the robust CDF cell responses were against the single H60 immunodominant

epitope(Choi, Christianson et al. 2002)

Despite these antigens hagidetrimental GvHD effecidhey can also be beneficial
targets for GvL. The successful elimination of malignarequiresthe recognition by

T cells of clonogenic leukaemia precursor cells. Many of the minor H antigens
expressed on normal haematopoiettls; such as HAL and HA?2 are also expressed

on leukemic precursor cel{§seng, Lin et al. 1999)t has been demonstrated that-HA

1 and HA2 minor H antigen specific T cells are capable of killing-HAand HA2"
leukaemic precursor cell§Falkenburg, Goselink et al. 1991pickinson et al
demonstrated that the destruction of #Acells by HA1 specific T cells does not
induce GVvHD in skin explant mode{Bickinson, Wang et al. 2002}hus indicating

that tissuerestricted minor H antigens are better targets for GvL because antigen
specific T cells can eliminate HA" and HA2" haematopoietic and leukemic cells and
spare HAL1 and HA-2 non-haematopoietic cells and tissues. Taken together, this data
demonstrates the therapeutic potential of T cells with reactivity to specific minor H

antigens.

1.2.2 Immunodominance

It is understood that despite the amount of antigens present on the surfacesainiyPC
those able to generate a robust T cell response will domiRata, Fontaine et al.
1997) Immunodominance is thprinciple that governs this occurrenckhe critical
factors that determine immunodominance are the high expression leveldointiveant
epitopes on the APC surface allowing for optimal affinity binding with a specitell
receptor TCR) which triggersa strong T cell respons@&hese peptides also have a
great affinity for the MHC molecules and this important because it keeps TCR
engagement on the APC blocking recognition of other epitopes being expiegsed
Christianson et al. 1999)
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Immunodominance serves two importgoirposes: first, it helps to minimize the time
required to mount an immune response by devoting APC surface to epitopes with high
TCR specificity during T cells priminglezzi, Karjalainen et al. 1998Fecondly, T

cells respondingo nonself antigens can cross react with gedptides restricting the
repertoire of T cell responses may help to decrease the risk of autoimrgiiyity,

Belz et al. 1998)Immunodominance is viewed as a low rikigh efficiercy strategy

for the immune system to restrict the diversity of immune responses with the potential
for autoimmunity while focusing on the best epitopes to confer a rapid immune

responséBarnaba 1996)

The principle of immunodominae has been investigated in regards to the minor H
antigen repertoire found in the BALB.B mouse strain. These antigens have been
exploited in understanding the unique role of minor H antigens in transplantation.
BALB.B mice express a variety of differentimor H antigens but there are four
documented immunodominant epitopes2K restricted H60, H28, H4 and the 2D°
restricted H7(Choi, Yoshimura et al. 2001)Within those four antigen$i60 has a
dominant phentype over the othenghichis set at the level of the naive T cdlholi,
Christianson et al. 2002; Choi, Christianson et al. 2002)

As previouslymentionedH60 is selectively expressed on haematopoietic cetlssaa
member of the Rel family. It is a potent stimulatory ligand for the NKG2D receptor
which is expressed by NK cells and activated CD&ells(CorreiaNeves, Waltzinger

et al. 2001; Jamieson, Diefenbachakt 2002) Choi et al demonstrated that H60
dominance has been shown to persist in {@mm memory cells and during -re
challenge of mice after initi@mmunisation In the case of murine GvHEhis is one of

the only known minor antigens detected agai@D8 T cells. H60 arose as a minor
antigen due to the lack of an allelic analogue for the peptide. This allows for T cells
with a higher avidity for H60 to survive negative selection in the thymus, therefore
immunodominance is driven by thymic select{@hoi, Christianson et al. 2002) his

H60 minor H antigen could prove to be the link between the innate and adaptive

immune systems that is crucial in allograft rejection.
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1.3 Agents for theconditioning regimens

Prior to receivingdSCT, patients must undergopre-transplantconditioning regimen.

The main purpose of this regimen is to help eliminate the underlying malignancy and to
provide immunosuppression to facilitate allogeneic donor HSC engraftment. This can
be achieved using full or partial myeloablation combination with a variety of
cytotoxic drugs(Barrett 1982; Anderlini, Donato et al. 2000; Childs, Chernoff et al.
2000) Fully myeloablative regimens are effective, but can be associated with a high
toxicity making them less desirable for most patients, especially the eld&iG.or
low-doseregimens are more readily used for their ability to minimise the toxicity
associated with full myeloablation while still creating space in the bone marrow for
donor cellengraftment. This allows for the establishment of mixed chimerism and
subsequent HvG toleran¢Giralt, Estey et al. 1997; Sykes, Szot et al. 1997; Laylor,
Dewchand et al. 2005)ully myeloablative andbw-doseconditioning regimenswill

be discussed ifurther detail insections 13.1 and 13.2.

Of the numerous agents used as part of the patient conditioning regimen
chemotherapeutic drugs have been shown to enhance host immunosuppression and
reduce tumour burde@ne class of drugs used to treat lymphomas and leukaemias are
alkylating agents, which work by adding an alkylate group to DNA that results in DNA
fragmentation and cell deafivarwick 1963) Busulphan, an alkylating agent, has had
much success in treatirgronic myeloid leukaemiaCML) due to its antnheoplastic
properties. Cyophosphamide is another alkylating drug that is used to treat
lymphomas, leukaemia and certain solid organ tum@vesing, Whissell et al. 2006;
Shanafelt, Lin et al. 2007) In high doses, cyclophosphamide is atent
immunosuppressant, but if given in low continuous doses it has been shown to have
immunostimulatory and anéingiogenic properties. This continuous dosing schedule is

known to have an inhibitory effect on Treg c€N&colini, Mancini et al. 2004)

Purine analogs are another class of chemotherapeutic drugs that inhibit DNA synthesis
by interfering with ribonucleotide reductase. Fludarabine, a purine analog, is a potent
inhibitor of lymphocyte proliferation a&h is used in the treatment of chronic
lymphocytic leukaemia (CLL), lymphoma and some acute leukagiReis Peterson et

al. 2000) Some studies have demonstrated that fludarabine used in RIC regimens
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promotes donocell engraftment and the beneficial GvL effe@Eginstein, Sandmaier

et al. 2001; McSweeney, Niederwieser et al. 2001; Maris, Niederwieser et al. 2003;
Niederwieser, Maris et al. 2003; Maris, Sandmaier et al. ;2804ror, Maris et al.
2005) Other studies have suggested that fludarabine may prevent Treg cell enrichment
after HSCT by depleting host Treg cellShaffer, Villard et al. 2007) Despite
conflicting evidencethese drugs in combination with myeloablative regimens cause
strong immunosuppression that allows for anélignancy effects that favour donor

cell engraftment.

1.3.1 Myeloablation: total body irradiation (TBI)

BeforeHSCT patients must undergo some form wgqonditioning to facilitate donor

cell engraftment and reduce the risk of graft rejection. Traditionally, these regimens
consisted of a fullynyeloablative dose of total body irradiatioFBl). The main intents

of using TBI as part of bone marrow trarespuhtion therapy are to eradicate and/or
reduce the wunderlying tumour burden whil ¢
secure engraftmerfThomas, Storb et al. 1975; Thomas, Storb et al. 1975; Altschuler,
Resbetiet al. 1990; Gale, Butturini et al. 1991)

Fully myeloablative conditioning regimens are associated with the highest rates of
morbidity related complications. The most serious toxicities associated with
myeloablative TBI regimens are epdgan failuresn the form of cataractéShiXia,
Xian-Hua et al. 201Q)gonadal failure(Tauchmanova, Selleri et al. 2002hyroid
dysfunction(Gerstein, Meyer et al. 20Q%idney dysfunction(Barker, Abboud et al.
2009) and decreased bone mineral dengiBenmiloud, Steffens et al. 2010)
Secondary malignanteoplasms are also recognized as a late effect of bone marrow
transplants and can result in solid tumours or further development of haematological
malignancies. The risk of developing secondary malignant neoplasms rangestérom 3
17% in patients 15 yearsogktransplant and this rate is increased in patients who
received their HSC transplants under the age ofR38zo, Curtis et al. 2009) The
increase in TBI related mortalitpccurs six to 12 months postransplat (Clift,
Buckner et al. 1998)
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1.3.2 Reducedintensity conditioning (RIC) regimens

The concept that the GvL effect is the fundamental therapeutic component of HSCT
has prompted a redesign of menditioning regimas over the past decade. The aim of

the new protocols is to minimise the toxicity of conditioning regimens, which are
necessary for making space to allow donor cell engraftment, and exploit the GvL effect
using donor lymphocyte infusions (DLIjTruitt and Atasoylu 1991; Truitt and
Atasoylu 1991) The donor lymphocytes which mediate GvL can be administered only
after the patient has developed immunological tolerance to the donor cells, therefore the
conditioning reginen should exclusively concentrate on hbest toestablish HVG

tolerance.

This has led to the development of low or RIC regimens aimed at establishing mixed
haematopoietic chimerism and HvG toleraifGéralt, Este et al. 1997; McSweeney,
Niederwieser et al. 2001; Niederwieser, Maris et al. 20BB} regimens are able to
establish HvG tolerance and diminish the toxic complications associated with
traditional myeloablative conditioning regimens. This allows tligses of regimens to

be applied to wider groups of patients, in particular the elderly, who are not able to
handle more traditional regimengBinks, Passweg et al. 2001; McSweeney,
Niederwieser et al. 2001)The cmditioning regimen is preliminary to the full
exploitation of the antiumour effect of donor lymphocytes. The principle behind RIC

is to provide some tumour killing with lessened regimen related morbidity and rely on
GvL effects to eradicate the remainingalignancy. These regimens must be sufficient

to ensure that the host immune system becomes tolerant to the allogeneic donor cells
for the establishment of mixed donor chimerism and administration of donor
lymphocytegBertheas, Lafage et al. 1991; McCann and Lawler 1993; Price, Colman et
al. 1995; Huss, Deeg et al. 1996)

1.3.2.1 Immune reconstitution after myeloablation

Irradiation in the form of gamma irradiatios usedas part of conditioning regimens

because iis known cause DNA damage in recipient haematopoietic stem cells and
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progenitor cellsThis DNA damagean lead to cell cycle arrest at G1/S or G2/M phase
and apoptosigSzumiel 1994; HaimovitEriedman 1998; Szumidl998; Meng, Wang

et al. 2003) Gamma irradiations known to have different effects on lymphocyte
subsets. In murine models, following conditioning and transplantation there is a
decrease in CO3T cells in the peripheral blood, whereas an initial ingecia CDS T

cells can be observeflLeino, Lilius et al. 1991; Foot, Potter et al. 1993; Moller,
Hofmann et al. 1993; Parra, Roldan et al. 1996; Lowdell, Craston et al. 1998)

Pecaut et al. demonstrated in C57Bhi&e that after gammiaradiation of 5Gy there

was a decrease in the absolute number of ‘CD8ells but not in the proportions of
these cells found in peripheral blood or the spleen. However, they did find an increase
in CD4" T cells in peripheral blogdbut this was not reflected in the spleen whare
significant decrease in these cellss reportedthus siggesting that cell type and
location play a role in their susceptibility to the effects of irradiatiRecaut, Nelson et

al. 2001)

One population of lymphocytes that has been shown to expand under lymphopenic
conditions (Gavin, Clarke et al. 20023used byirradiation areTreg cells (Nguyen,
Zeiser et al. 2007)These cells express higher levels of-Bclwhich is known to
protect cells from apoptosis and allows them to survive increasing doses of irradiation
(Chao, Linette et al. 1995; Barfzontoux et al. 2002; Chen, Murakami et al. 2004)

Immune reconstitution by donor cells is important for host recovery. It has been shown
that the innate immune system is the first to recover in patients treated with high or
reduced myeloablative conditimg regimens. After transplamhonocytes are the first
cells to engraft followed by granulocytes, platelets and NK cells. Clinical engraftment
of these cells occurs between dagn to25 posttransplantWithersmpon, Lum et al.
1984; Lum, Munn et al. 1986; Reusser, Riddell et al. 1991; Morrison, Dunn et al. 1994,
Ochs, Shu et al. 1995; Lucas, Small et al. 1996; Storek, Gooley et al. 1997; Storek,
Joseph et al. 2001; Antin 200K cell counts andh vitro cytotaxicity recover during

the first few weeks after transplafiokland, Jacobsen et al. 1988; Leino, Lilius et al.
1991; Jacobs, Stoll et al. 1992; Ottinger, Beelen et al. 1996; Vitale, Pitto et al. 2000;
Storek, Josdpet al. 2001; Chklovskaia, Nowbakht et al. 2004)

Unlike the innate immune system, the engraftment of lymphocytes responsible for the

adaptive immune responses takes longer. In patients during the first year after
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transplant the T cell compartment isngarised of many activated H-BR' T cells,
CD8' T cells with less naive T cellsvhen compared to normal contrqi&ratama,
Naipal et al. 1984; Ault, Antin et al. 1985; Soiffer, Bosserman et al. 1990; Leino, Lilius
et al. 1991) Dissimilar to the engraftment of CD8 cells which occurs betwedhree

to eight months postransplant the CD4T cells are the last to engraft. In human
allogeneic transplants the CD% cell compartment takes 18 24 months to engraft
(Storek, Gooley et al. 1997; Storek, Joseph et al. 2001)

The posttransplant T cell compartment is regulated by homeostatic expansion
mechanisms that control the size of the T cell pool. T cells compete for & a@itsre
through competition for the homeostatic cytokines/land 1L-15. After transplant, L

7 and IL-15 are produced but not instantly consumeldich results in high levels of
these cytokinegBolotin, Annett ¢ al. 1999; Chklovskaia, Nowbakht et al. 200%)

cells expand until they reach the numbers in range of that seen in the memory T cell

pool in normal humans.

Homeostatic expansion can also be triggered by antigen angepgifies that are
present in thdost at the time of transplailackall, Bare et al. 1996 he ability of T
cells to homeostatically expand in the presence of-asgifens leads to the
development of a sefeactive TCR repertoire, which can lead to the loss of other TCR
specificities and the development of GvHiBoiffer, Gonin et al. 1993; Gaschet, Denis
et al. 1995; Mutis, Gillespie et al. 1999)

B cells are another set of lymphocytes that are affected by myeloablative transplant
regimens. They are low in numbers and relatively undetectable dilengrst few
months after transplant and do not reach normal levels amilto twoyears post
transplant. B cell reconstitution is lower in patients that received an allogeneic HSCT
and have developed GvHD. This is due to the fact that the treatme@sH® appear

to interfere with B cell lymphopoies{&mall, Keever et al. 1990; Storek, Witherspoon

et al. 1996; Storek, Joseph et al. 2001)

Virtually all circulating B cells present after high intensity cormitng are of donor
origins but after lowdose or normyeloablative conditioning variable levels of B cell
chimerism are seen. The slow repletion of the host B cell pool also has an effect on
antibody production. This is due to the relative radioresistahoecipient plasma cells

which causes delayed production of donor type antibo@éiber and Cole 1967;
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Slitka, Antia et al. 1998) Understanding the rates of immune cell recovery after
myeloablation is importanfor designing prdransplant regimens that favour optimal

donor chimerism with minimal morbidity to the patients.

1.4 Immune reactions afterallogeneicstem cell transplant

An allogeneicstem cell transplant causes a bidirectional immune response the to
antigenic differences between the donor and recipient. The major complications that
arise from this two way immune response are HvG and GvH reactions. The HvG
reactions are linked to graft rejection whilst GvH reactions can manifest as @wtiD

GvL effects.

1.4.1 Host versusgraft (HvG) reactions

HvG reactions refer to the immune responses of the host T cells tdldhatigers
expressean the donor cellsThe main feature of aligeneicresponses is that they are
much stronger and more vigorous that theponses against pathogens. This robust
response idue to the fact thaapproximately 1 to 10% of all T cells in normal
individuals are capable adllogeneic reactivty. It is the HvG reactions that are
responsible for graft rejection artd destruction The ability of host T cells to reject
donor grafts was first demonstrated by Mowat etdden they showed that athymic
mice were able to accept donor grafighilst demonstrating that these grafts were
rejected upon T cell reconstitutiqMowat, Felstein et al. 1987)Jnderstanding the
mechanisms by which host T cells recognize damwantigers is important in the

dewelopment of conditioning regimens that provide sufficient host immunosuppression.

1.4.2 Mechanisms ofallorecognition

Donor alloantigenssuch as minor H antigens described in sectigncan be presented

to the recipient immune system via several differpathways. The two major
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pathways of antigen recognition are the direct and indirect pathways. The direct
pathway involves the host T cell recognition of intact donor Mpé¢ptide complexes

on the surface of donor AP{Baker, HernandeEuentes et al. 200 }Jigure 1.2A).

The indirect pathway occurs wh donor derived antigens are processed and presented
on the host APC in the context of sMHC (Lechler and Batchelor 198%Figure

1.2B). The high frequency of T cells with direatiospecificityin the normal T cell
repertoie has led to the conclusion that this dominates the early phase of graft
rejection. The level of T cells with indirect alloantigen specificity is low and therefore
plays a role in chronic graft rejection. It is known that Tils mediate their
transplatation tolerance through the indirect pathwahara, Kingsley et al. 2001A

third pathway thought to link the direct and the indirect pathway has also been
proposed. The serdiirect pathway occurs when recipiddts can acquire intact MHC
molecules from donor cells or tissues and stimulate directdantr alleimmune
responsesHigure 1.2C) (Jiang, Herrera et al. 2004; Smyth, Herrera et al. 2006)

1.4.2.1 Direct pathway of allorecognition

Direct antidonor alloresponses were demonstrateddaeral groups in the late 1%70

and throughouthe 198@. Early experiments by Talmage et al. and Bowen et al.
showed depletion of donor bone nmvttoow der
culture of thyroid or pancreatic islet allografts could prolong graft sur{ivaimage,

Dart et al. 1976; Bowen, Andrus et al. 198The involvement of CD4T cells and

CDS8' T cellsin this process was firsechonstrated by Bolton et.alhere they showed

that adoptively transferred CDZ cells and CD8T cells caused rapid renal allograft

rejection in athymic nude rafBolton, Gracie et al. 1989)

The key to allopresentation is the presence of intact MHC complexes on [@Gsor

that are able to prime naive T cells to stimulate strong alloresponses leadjraftt
rejection. This causes a vigorous response due to the high frequency of T cells with
direct allospecificity The strength of response is due to the cross reactivity of self
MHC restricted T cells with alldMHC peptide complexef.indahl and Wilson 1977,
Bluestone, Kaliyaperumal et al. 1993; Sherman and Chattopadhyay 1993; Reiser,
Darnault et al. 2000; Suchin, Langmuir et al. 20(Rigtra et al. showed in a mouse
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model of cardiagraft transplantation that Tells with direct allospecificity can
mediate graft rejection. Using SCID and RAGecipient mice they observed that
infusion of syngeneic CO4T cells led to the rejection of MHC clas§/{Icardiac grafts

but not MHC class 1 grafts. These mice hawno CD8 T cells and lack the capacity
for MHC class | restricted indirect allorecognition indicating the direct pathway of

allorecognitionwas sufficient to mediate rejectigRietra, Wiseman et al. 2000)

Theseexperiments showed that the direct pathway of allorecognition plays a role in
acute graft rejection, but it was later discovered that the frequency of T cells with direct
antidonor allospecificity declines with time in patients receiving renal and cardia
allografts(Hornick, Mason et al. 1998 his was found in patients with chronic graft
rejection and also those with good graft function pointing to thetfedt the direct

pathway of allorecognition is not responsible for chronic graft rejeCEmure 1.2A).

1.4.2.2 Indirect pathway of allorecognition

The indirect pathway involves the uptake of allanor MHC by recipient APCs which

is then processed and presehto recipient T cells. Evidence of this pathway was
given by Inaba et al. when they injected2fi DCs into H2-AP recipient mice that
lacked H2-E. After two days the majority of the DCs were found in the draining lymph
nodes and showed peptide fragmefmisn H-2-E were presented by H2" molecules.

This indicated that MHC molecules could be presented in peptide form by recipient

cells(Inaba, Turley et al. 1998)

The indirect pathway has been shown to mediate chronic graft rejection in explant
models(Benichou, Takizawa et al. 1992; Fangmann, Baicet al. 1992; Benichou,
Valujskikh et al. 1999)Graft rejection via the indirect pathway aforecognitionwas
demonstrated by Auchincloss et al. when they showed MHC cfasscipient mice

were able to reject MHC class’liskin grafts which cod only occur via recipient
CD4' T cells that recognised donor MHC class | presented by recipient MHC class |l
peptides on host APGAuchincloss, Lee et al. 1993)

The indirect pathway also plays an importanterah graft tolerance because it is the

mechanism that Tregells use to maintain peripheral transplantation tolerance. This is
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due to their diverse TCR repertoire which enables them to-oeass withalloantigers

(Hall, Pearce et al. 1990; Gregori, Casorati et al. 2001; Zhai, Shen et al. 2001; Graca,
Cobbold et al. 2002)The evidence that Treg cells mediate tolerance through the
indirect pathway of allorecognition came from Treg cell depletion experiments that
revealed significant indirect pathway awlbnor alloresponsiveness stable renal
transplant patient§Game, HernandeBuentes et al. 2003; Salama, Najafian et al.
2003) The evidence supporting the role of theinack pathway in chronic graft
rejection is strong but there is yet another pathway that is thought to connect the direct
and indirect allorecognition pathways andyhelp to better explain the mechanisms of

alloantigenrecognition.

1.4.2.3 Semtdirect pathway o allorecognition

The semidirect pathway is thought to bridge the gap between the direct and indirect
pathways of allorecognition. This pathway involves the transfer of intact donor MHC
from donor to recipient APCs either through cell to cell contadusion of donor
exosomes. These recipient APCs become chimeric for MHC and have the ability to
stimulate donor CD4T cells and CD8 T cells (Jiang, Herrera et al. 2004; Smyth,
Herrera et al. 2006)he first evidace of this pathway came from Lee etvathen they
demonstrated that CD4 helper T cells with indirect-donor allospecificity could
amplify effector CD8 T cell responses with direct amtonor allospecificity This
implied that unlinked help by CDS8T cells activated directly by donor APCs received
help indirectly by recipient CO4T cells (Lee, Grusby et al. 1994)This pathway
appears to be driven by the ability of DCs to acquire significant levels of MHC class |
and class Il from other DCs and endothelial cells. These DCs can then phesent t
acquired MHC complexes to antigen specific alloreactive T cdéligufe 1.2C)
(Bedford, Garner et al. 1999; Thery, Duban et al. 2008¢ semidirect pathway helps

to connect observations made about the tlised indirect pathways that cannot be

explained by one pathway alone.
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Direct pathway

Shed donor material
from apoptotic/necrotic cells

MHC transferred from donor APC to recipient APC Semidirect pathway
through direct cell-cell contact/exosomes

(Safinia, Afzali et al. 2010)
Figure 1.2: The direct, indirect and semi-direct pathways ofallorecognition.

The direct pathway involves intact MHC complexes on donor APCs that are recos
directly byrecipient CD4 and CD8 T cells (a). The indirect pathway is characterized by
uptake of allogeneic donor MHC by recipient APCs that has been shed through apop
necrosis. This is then processed by the recipient APCs, resulting in presentadimmoni
MHC peptide fragments the context of recipient MHC class 1l to recipient CD4cells.
This pathway is also used Ayeg cells to exert their transplantation tolerance against dc
antigens (b). The third pathway of allorecognition is the sesttlipathway which result:
from the transfer of intact donor MHC, from donor APCs to recipient APCs. This prt
may occur through cell to cell contact or from the transfer of donor exosomes that fus
recipient APCs. The recipient APCs are then chicnfar MHC, and are able to stimulat
both CD4 and CDS8 donor T cells (c). Figure has been adapted from Safinia et al.
Kidney International(Safinia, Afzali et al. 2010)
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1.5 Graft versus host (GvH) reactions

A HSC preparation comprised haematopoieticstem cellgdrecursors as well as T
cells. These T cell subsets from the graft can mount an attack on host tasses)
GvVHD, but are also responsible for the beneficial effect know as &ekngold and
Sprent 1978; Korngold and Sprent 1982; Korngold and Sprent 188AHD can be a
lethal complication of allogeneic HSCT wheeas GvL is required to eradicate the
underlying malignancy. The beneficial effects of GvL arploited withDLI, which
are used for the treatment of leukaemia relapse. Unfortunatelgntigenictargets of
GvHD and GvL are overlapping so the beneficadtrtumour effects are often

associated with the manifestation of GvHD.

1.5.1 Graft versus hostdiseasgGvHD)

GvHD is a major complication of allogeneic HSCT and results from the imimune
mediated attack of recipient tissues by donor T cells present in tisplaat. GvHD
accounts for 180% of deaths that occur following allogeneic HSCT for the treatment
of malignancies and is the major cause of morbidity in transplant recigesrsra,
Levine et al. 2009)

Early work done on GvHD established T cell alloreactivity as the underlying cause of
the diseas€éKorngold and Sprent 1978; Sprent, Schaefer et al. 198&re are two

types of GvHD that can occur in recipients: ac(a&vHD) or chronic (cGvHD).

aGvHD is characterized by damage to the skin, liver and gastrointestinalnact
develops within the first 100 days after transplant. cGvHD occurs after day 100 post
transplant and can have more diverse manifestations. ifftmunological process is
initiated when donor T cells come in contact with host antigen primarily presented by
DCs in host secondary lymphoid organs. The donor cells become activated and expand
into effector cells.

The differences in these phenotypesa@GivHD and cGvHD are thought to be due to the
involvement of different T cells subsets. In mouse models of GvHD the activation of

CD4" T cells by exogenous peptides presented in the context of MHC class Il on
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recipient APCs can result in the developmentdf 1t ype cell s which pr
12 and Il-:2 cytokines that drive aGvHD. Conversely, cGvHD is driven by the
production of cytokines H4, IL-5, IL-6 and IL-10 by Th2 type cells.

For the development of GvHD the migration of donor T cells is imporédtdar HSCT

these T cells are able to traffic to the secondary lymphoid organs within 24 hours post
transplant(Panoskaltsidviortari, Price et al. 2004; Beilhack, Schulz et al. 200%)e

initial migration of donofT cells and the ability to interact with recipient APCs plays a
crucial role in the alloantigen priming and T cell activation which occurs prior to
migration to the target orgarikim, Sachs et al. 2003; Beilhackg¢l@ulz et al. 2005)
These activated donor T cells can then traffic and cause cytotoxicity in the gut, skin,

liver, lungs, thymus and lymph nodes.

T cells alone are not sufficient to cause GvHD; the conditioning regimen also plays a
crucial role in the deslopment of this HSCT complication. Xun et showed that

high dose myeloablation induces the prov f | ammat ory cytdkines
which facilitate the activationof donor T cells (Xun, Thompson et al. 1994)
Inflammation in the GvHD target tissues plays a role in determining if &ithatedT

cells remain in the ipphohematopoietic domain where they can mediate GvL or enter

the target tissuewhere they can cause tissue destruc(iGhakraverty, Cote et al.

2006)

1.5.1.1 Acute graft versus hostdiseasgaGvHD)

The acute form of @&HD develops within 100 days pediSCT and involves the direct

cytotoxic effects of donor T cells on recipient tissues, the activation of APCs and the
infl ammatory cascade known as the Acytoki
the production of thenflammatory cytokines: It1, IL-6, IL-1 2 , l FNo> and T
These cytokines are released as a direct result of the conditioning regimens, primarily

IL-1 and TNFU, and are able to activate don
IFN production activate neutrophils, monocytes and NK ceNghich can result in

further expansion and proliferation of donor T cells wéhoantigen specificity

41



Elisabeth Rose Mari PhD Thesis, 2012

(Ferrara, Abhyankar et al. 1993; Teshima, Ordemann et al. .2002se ctokines

contribute to the morbidity and mortality of the recipients.

The end organ damage in aGvHD is T cell mediated and the tissue toxicity involves
soluble mediators such as TNFU, (Bakar,forin,
Altman et al. 1996; Braun, Lowin et al. 1996; Graubert, DiPersio et al. 1997; Jiang,
Podack et al. 2001; Maeda, Levy et al. 2005)was shown by Holler et al. that
controlling the cytokine st orientshyinghed mi ni s
conditioning regimen interfered witthe development of aGvHIHoller, Kolb et al.
1995)

The incidence and severity of aGvHD can be reduced by tbell Tdepletion or the
combination of immunosuygessive agents but it is also associated with an increased
risk of leukaemia relapse. The T cell depletion in combination with DLI can also have
the effect of increasing incidences of GvHD. In patients with recurrent acute leukaemia
that had undergone immosuppression prior to DLI had an increased risk of
developing GvHD(Miller, Weisdorf et al. 2007)Patients given T cell depleted stem
cell transplants have a higher risk of developing GvHD after DLI than thetsents

who received unmanipulated transplar(tsolb, Schattenberg et al. 1995)Yhe
conditioning regimens can also activate host DCs beforewtiith can activate donor

T cells and produce GvHD after GvL. Thista@upports the importance of established
transplantation tolerance and could also point to a need for active regulatibregia

cells, which is discussed in sectiorv b.

1.5.1.2 Chronic graft versus hostdiseasgcGvHD)

cGvHD occurs after day 100 pesénsplant and can have different physical
manifestations than those seen in patients suffering from aGvHD. This presents as an
autoimmunédike syndrome and in involves T cell and B cell stimulation to provide
autcantibody production and systemic fibrosin mouse models of cGvHD there are
three main pathological mechanisms that are involved:-antibody production,
activation of prefibrotic pathways and defective thymic function. Unlike aGvHD,
immune priming is not depeadt on tissue damage but canukesn dysfunctional
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negative selection of auteactive T cells in the recipient thymus. Mouse models of
cGVvHD have shown the importance of CDHcells but not CD8 T cells which are
required for aGvHIQRolink, Pals et al. 1983; Rolink, Van der Meer et al. 1983; Zhang,
Todorov et al. 2006)

Recipient B cells are also known to play a role@vHD. In murineminor H antigen
mismatchedallogeneic transplantecipient B cellsare activated by minor H antigens

and Th2 cytokines produced by the activated CD4cells (Zhang, Todorov et al.

2006) These cells are able to mature and present processed antigen in the context of
MHC to donor CD4T cells which in turn stimulate Bells to produce autantibodies

and stimulatory cytokineshus proving that this T cell activation produces a feedback
loop that allows for the production of ataatibodies by B cellg§Morris, Cheek et al.

1990; ShimabukureVornhagen, Hallek et al. 20Q9)

These T and B cells are able to clonally expand in response to antigen stimulation and
co-stimulation and can traffic to target organs and mediate damage through the release
of inflammatory cyokines IL-4, IL-10 and 1l-:13. This stimulation of clonally
expanded T and B cells leads to the development of effector cells as well as memory
cells with the ability to recognize recipient salitigens.In patients sufferingrébm
cGVHD there is an imbalance in the prapmrs of central versus effector CD4
memory T cells in the peripheral blood. The patients suffering from cGvHD had
decreased numbers of central memory cells, while the effector memory cells, which are
involved in inflammation and cytotoxicity, remainedyhi(Lanzavecchia and Sallusto
2000; Yamashita, Choi et al. 2004)he development of immunological memory is
another roadblock in the treatment of cGvHD.

1.5.2 Graft versusleukaemia(GvL)

The alleimmune reaction rg®nsible for GvHD also involves a powerful immune
response to leukaemi&vL reactions represerthe major therapeutic component of

allogeneicHSCT for the treatment dfaematopoietinalignancies

Early evidencethat GvL reactions could impact on leuka@mrelapse after bone

marrow transplant came from the observations that patients suffering from either
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aGVvHD or cGvHD had a lower risk of disease relapdgeiden, Flournoy et al. 1979;
Horowitz, Gale et al. 1990)The therapeutic role of lymphocytes in Gwas first
demonstrated in canine chimeras that showed GvH tolerance was not abrogated in
animals receiving DLI(Weiden, Storb et al. 1976)The first proof of the use of
lymphocytes in GvLfor the treatment of patientsame fromKolb et al who
demonstratethat DLI could induce durable remission in patients relapsing from CML

after allogeneic bone marrow transplantaiiolb, Mittermuller et al. 1990)

GvL reactionsseen in patients after DLI are mediated by donor T cells. This was
formally demonstrated by the fact that there were increased incidences of leukaemia
relapse in patients given T telepleted bone marrow preparatiqAgperley, Jones et

al. 1986) The need for both CD4 cellsand CD8 T cells to mediate GvL effects was
demonstrated by Truitt et.ausing a murine model.hey showed that @ansplantation

of donor bone marrow with either depleted CO¥cellsor CD8 T cells compromised

GvL reactivity(Truitt and Atasoylu 1991)

The delivery of an efficacious GvL effect is dependent orAfR€s In patientsit was
observed thadonor T cells are stimuled by antigens presented on host APCs,
particularly DCs.Activation of myeloidDCs stimulates helper T celland canalso
stimulated cytotoxic CD8T cells through the presentation of HLA class | restricted
peptides. These activated DCs provide the licensieeded to induce the Kkilling
abilities of cytotoxic T cells and it
effects (Ridge, Di Rosa et al. 1998 the GvL reactionthe expression of MHC class

Il by APCs and the stimulation of CDZ cells are necessary for the CDB cell
mediated GvL respons¢8Shakraverty, Eom et al. 2006)

NK cells are anothesubset of immune cells that can mediate Gwependently of T

cell mediated GvHORuggeri, Capanni et al. 1999; Ruggeri, Capanni et al. 2002)

cell alloreactivity reduces GvHD because the cells specifically target host APCs of
haematopoietic origins and prevent the presentatioallo@ntigers to donor T cells
These cells are able to mediate GvL through killer immunoglofhilkn receptors
(KIR) expressd on NK cells and recognize groups of HLA class | all¢Bsyington,
Motyka et al. 2000; Brooks, Boyington et al. 2000)
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1.5.2.1 Approaches toseparate GvL and GvHDreactions

The main challenge of alleneicHSCT for he treatment of leukaemia and other
malignancies is to prevent GvHD while retaining the beneficial GvL effébis. need

to separate GvL and GvHD effects has lead tod#heslopment of treatments that use
GVH reactive T cells with functional activitiesathmediate GvL and not GvHD. One
approach to this problem has been to use-dose DLI and dose escalation to
circumvent the development of GvHD while still retaining the beneficial GvL effects.
Guglielmi et al. demonstrated that CML patieatbninisteredan initial low-dose T cell

DL I ( O7/kg) folowed by dose escalation was associated with less GvHD and
improved survival when compared to patients receiving higher initial T cell doses. The
patients receivin@ low initial T cell dose had reduced matity and mortality when
compared to those receiving higher T cell do@8sglielmi, Arcese et al. 2002)
However, this escalating dose strategy may not be practical for patients with relapse or
more aggressive dase such as acute leukaemia. This is because rapid disease

progression will occur before effective GvL responses can be generated.

Further approaches to evade GvHD while retaining GvL effects have focused on
inactivation of GvHD effector celldrradiateddonor T cells have been given as DLI
based on the hypothesis that they would induce GvL effects at the time of irdasion
could not proliferate in response tiloantigers. Waller et al. demonstrated that
irradiated donor T cells retained GvL effectglamssulted in minimal GvHD in MHC
mismatched murine HSCT mode(Waller, Ship et al. 1999) Photochemical
inactivation of donor T cells has been tested as DLI in mice. In murine miuede

cells enhanced immune reconstitution, provided -andl immunity, and were
protective against a leukaemia challengehait causing GvHOTruitt, Johnson et al.

1999) These data suggest that these novel approaches could separate GvHD and GvL

activities.

The development of a more specific approach designed to limit and moduldi2 Gv
without altering GvL activity has been done using genetically modified donor cells to
contain a suicide gene. One of the best examples of this has been the development of
donor lymphocytes transduced with herpes simplex thymidine ki{#&8€-TK) gene,

making these cells sensitive to treatment with gancicl@®anini, Ferrari et al. 1997)
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These HY-TK modified T cells successfully induced complete remissions in patients
suffering from Epstein Barr Virus inducégmphoma. The ganciclovir treatment was
able to control GvHD by decreasing the numbers and activigllofeactivecells as

well as decreasing the number of cells containing the-fiR\gene(Bonini, Ferrari et

al. 1997)

Despite these promising results, the viral TK protein was found to be imengtagin
humans and expression in T cells can resultpremature clearance potentially
abrogating GvL effect¢Riddell, Elliott et al. 1996)Ganciclovir is also used to treat
cytomegalovirus infections in aliwansplantation recipients, thus further defeating the

use of the HSVITK gene for modification of donor T cells.

An alternativestrategy forsuicide genactivation is to expreghe modified human Fas

receptor has been investigated in the hopes that the transgene product would not be
immunogeneticT h e t r a n s g ecansists ohlywob HirRaa proteins and a single

fusion gengThomis, Marktel et al. 2001)The fusion protein is inert until addition of

synthetic bivalent drug that is able to bind two copies of the protein. Uthiek&lS\/

TK transduced T cell s, LV6VFas | ymphocyte
cycle or activation statgThomis, Marktel et al. 2001)Clinical studies have
demonstrated T cel |Fasconstdict €an kedeffectivety elettedde L V
and expanded for therapeutic (Berger, Blau et al. 2003)

Tumour specific DLI has been investigatasl an effective method of inducing GvL
effects without invoking GvB. Leukaemiaspecific donor cells have been isolated and
expandedn vitro. These cells have been shown to induce complete remission in relapse
CML patients with minimal toxicitiegFalkenburg, Wafelman et al. 199%)espite the
efficacy of this in a small group of patients this approach is complicated and time
consuming, due to the fact that the in the majority of cases tumour reactive T cell
clones cannot be isolated. This further strengthens the need for spdlogeneic

targets for the induction of GvL effects.

It is known that Bogeneic targets expressed on recipient leukaemia are fundamental in
the generation of effective GvL. In CML patients, good clinical responses are seen in
those who had algeneicHSCT prior to DLI as compared to use of an identical twin
donor DLI which did not induce remission pointing to the importance of allogeneic

targets for effective GvL respons@g®lb, Schattenberg et al. 1995)
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This has lead to the search foolecular targets for the sole targeting of GvL reactions.
As previously described in &tion 12, minor H antigens have become the main targets
of immune response between MHC matched doecpient pairs. These minor H
antigens remain the best targets for powerful GvL effects, but they are associated with
GvHD. To further compound the problem of using these antigens as molecular,targets
donorrecipient combination with relevance for known minor H antigens are small.
This haslead to the need for more selective targets to harness powerful GvL effects

without the negative impacts of GvHD.

A group of peptides that have been showmmiediate GvLreactions are th&mour

specific antigens (TSA) and tumdeukaemiaassociated aigens (TAA) These
antigens are preferentialligressed on tumour cells and recognized by CTLs. There

are a variety of antigens that elicit specific CO8cells responses against leukaemia
cells. Expression of these antigens can arise from mutationh, asithe TSA
breakpoint cluster region Abelson (B&WBL) (Bocchia, Korontsvit et al. 1996pver
expression offAA proteins such as peptide PRfLproteinase IRao, Wehner et al.

1991; Sturrock, Fanklin et al. 1992; Molldrem, Dermime et al. 199%)r Wi | ms o
tumour antigen 1 (WT1)Call, Glaser et al. 1990; Gessler, Poustka et al. 1990;
Elisseeva, Oka et al. 2002)

PR1 is a HLAAZ2 restricted nine amino atiself peptide derived from proteinase 3
which has been found as a leukaemia associated CTL aribgeigler, Munstermann

et al. 1995; Molldrem, Dermime et al. 1996)The WT1lantigencan also be over
expressed ilCML and acute myeloid leukaemia (AML) patients. Vaccination studies
with WT1 antigen showed specific CDT cell responses against WTderived
peptides in AML patient{Gao, Xue et al. 2003; Mailander, Scheibenbogéral.
2004) It was also shown in mice that WT1 specific T cells developed into a fully
functioning memory phenotype. These results may help in continuing development of
WT1 directed therapies that need to prime naive T cells while also supporting the
expansion and persistence of memory T c@Hespori, Xue et al. 2011)If more of
theseTSA and TAA antigens are found then it will allow for more directed GvL
therapies.The methods to separate GvL from GvHD teats are summarized in
Table 1.1.
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Table 1.1: Methods toseparate GvL and GvHDreactions.

Methods

Treatment

Effects

Low-dose DLI with dose
escalation

DLI O "7cebskd 0

Effective for treatment of
CML, but not acute
diseases in humans.

Inactivation of GvHD
effector cells

Irradiated DLI or
photochemical inactivated
cells

Provides enhanced immur
reconstitution and
protection against
leukaemia in mune
models.

Genetically modified
donor T cells to contain
suicide gene

T cells modified to contain
Herpes simplex thymidine
kinase (HSVTK) or
Modified human Fas

Receptor (LV

HSV-TK makes cells
sensitive to ganciclovir an(
effective in EBV induced
lymphoma, but TK
immunogenic in humans.
LV6VFas cel l
to be expanded for
therapeutic use.

Tumour-specific DLI

Leukaemiaspecific donor
T cells in DLI

Effective in CML, but hard
to isolate tumour reactive
clones.

Molecular Targets

Tumour speific antigens
(TSA)-BCR-ABL
Tumour associated antige

(TAA)-Pr1 and WT1

Antigens are expressed of
tumour cells and
recognized by CTLs.

1.6 Mechanisms oftoleranceinduction

Transplantation tolerance can be defined aastate of specific unresponsiveness
towards to host and donor alloantigenghe absence of ongoing immunosuppressive

therapy. It is manifested clinically by normal graft function in the absence of acute or

chronic graft rejectior(Salama, Remuzzi etl. 2001; Matthews, Ramos et al. 2003)

Transplantation tolerance was first discovered by Billingham etwhlen they

demonstratedhat tolerance to skin grafts in the mouseuld occurafter injection of

bone marrow cells(Billingham, Brent et al. 1953)This tolerance occurs as a

consequence of donoecipient haematopoietic chimerism. The major mechanisms of

donorspecific tolerance induction are clonal deletiordohorreactive T cells, clonal

anergy and regulation/suppression. Of the tolerance mechanisms described active
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regulation has emerged to be important for the induction and maintenance of

immunological unresponsiveness to donor antigens.

1.6.1 Clonal deletion

Clonal deletion ofalloreactiveT cellsis anintrathymic antigen drivenprocessand

allows for the elimination of seleactive T cells(Manilay, Pearson et al. 1998)

Thymic selectionrelies on the avidity for TCRecognition of seHpeptide/MHC
complexes. In the case of thymocytes with low avidity for -pefftide MHC
complexes receive a survival signal in a process called positive selection. These cells

wi || develop into matur e ghife arfigercaslpdptide wi t h
bound to MHC moleculegZinkernagel and Doherty 1974; Zinkernagel and Doherty

1974) Lymphocytes with receptors who bind strongly to g&ptide/MHC complexes

receive signals thae&d tocell death termed negative selectigfappler, Roehm et al.

1987) This leads to the removal of these strongly-ssdictive T cells from the

repertoire before they can mature and initiate autoimmunéaoeac

In allogeneicHSCT, the presence of donor antigens in the recipient thynads te the
central elimination of alloreactive T cell clones and results in specific tolerance to
donor tissues. The continuous supplyH8C donor derived antigens allower life-

long negative selection in the recipient thymus. Tingciple is evident in mixed
chimeras with the cexistence of cells from the recipient and the doiGappler,
Roehm et al. 1987)This type of tolerance is long lasting and only requires
immunosuppression for the first few months after transgleaita, Khan et al. 1994,
Khan, Tomita et al. 1996; Tomita, Khan et al. 1996; Tomita, Sachs et al. 1996;
Manilay, Pearson et al. 1998)

Clonal deletion in HSCT leads to the establishmemhiaed chimerism and haled to

the utilisation of HSCT to establish donor tolerance in models of solid organ
transplantation without the need for additional immunoseggon(Buhler, Spitzer et

al. 2002; Millan, Shizuru et al. 2002; Kawai, Cosimi et al. 2008)is was first
demonstrated by Sharabi and Sachs when they established that stable mixed chimeras
could be achieved whemice were conditioned with an@D4 and antCDS8
monoclonal antibodies and treated with idase irradiation After infusion with

unseparated MH@ismatched bone marrowhimeric mice were able to demonstrate
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donokspecific tolerance, as they permanemitgepted donor skin grafted anytime after

bone marrow transplantatigB8harabi and Sachs 1989)

In the clinical settingthis has had a significant impact in patients receiving kidney
transplants from MH@natched and mmatched donorgSpitzer, Delmonico et al.
1999; Buhler, Spitzer et al. 2002; Fudaba, Spitzer et al. 2006; Kawai, Cosimi et al.
2008) Kawai et al. demonstrated in patients who received HSCT from MHC
mismatched dorro at the time of kidney transplant were able to stop all
immunosuppressiomine to 14 months post transplant. These patients were able to
maintain stable renal function for up to five years ficstsplantKawai, Gosimi et al.
2008) It is believed that this tolerance is maintained due to the removal of mature
alloreactiveT cells in the periphery by activationduced cell death or passive cell
death(Wekerle, Kurtz et aR001; Kurtz, Lie et al. 2003)

The clonal deletion of autreactive and alloreactive T cell clones is not absolutely
restricted to the thymusput can also occur in the periphery. Several experiments by
Kawabe et al. and Hedlund et al. demonstrated ithativo injection of the super
antigen Staphylococcal enterotoxin B (SEB) led to transient proliferation of SEB
reactive CD8 T cells followed by their deletion to numbers below those prior to
treatment(Hedlund, Dohisten et al. 1991; Kawabe and Ochi 1991)is was also seen

in T cell transgenic mice specific for the male HY peptide in the context of MHC class
| moleculegZhang, Martin et al. 1992)

In bone marrow transplantation modelsing costimulatory blockade as part of the
conditioning regimen was able to establish long lasting macrocisimeand robust
tolerance without global T cell depletion. This was due to the progressive clonal
deletion of donoreactive CDAT cells (Wekerle, Sayegh et al. 1998; Wekerle, Kurtz
et al. 2000; Adams, Durham et &001; Kean, Durham et al. 2002)he deletion of
donorreactive T cells followed similar kinetics in thymecotomized npost bone
marrow transplantation proving that early deletion can occur extrathym{uéditerle,
Sayegh et al. 1998; Wekerle, Sayegh et al. 1999)

Despite this, peripheral T cell deletion da®t account for the whole of peripheral
tolerance seen after transplant. This could be due to the fact that high doses of antigen
are required for perfheral deletionand it has been suggested that the high cross

reactivity of TCRswould cause gaps in the T cell repertqi@hen, Inobe et al. 1995;
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Heath, Mason et al. 1997l is more likely that active regulatn in the periphery is

responsible for the maintenance of peripheral tolerance.

1.6.2 Anergy

T cell anergy is another tolerance mechangssociated witldonor specific tolerance.
Anergy occurs as a consequence of a TCR encountering antigen in the absence of ¢
stimulatory signals such aytotoxic T-Lymphocyte Antigen 4ACTLA-4) (CD152)
CD40/CD40L (CD154)and CD28/CD80/CD8@Lamb, Skidmore et al. 1983; Gimmi,
Freeman et al. 1993; Sakaguchi, Sakaguchi et al. 1995Xigng et al. 2009)T cell
anergy was first described in human experiments where T cell ckpexsfic for
influenza virus haemaglutinin peptidesitured with high doses of antigen resulted in T
cell unresponsiveness to subsequent presentation of ptiegoen normal stimulatory
conditions(Lamb, Skidmore et al. 1983)

The presence oflf cell anergy was also described in animal models following
transplantation toleranc¥u et al demonstrated that the induction of chimeras through
pre-conditioning of mce with immature DGiDC) followed by bone marrow transplant
lead to longterm survival of MHC mismatched cardatlografts. They showed that this
tolerance induction was partly due to the lack ofstmulatory surface molecules on
iDC leading to anergyfaalloreactiveT cells(Yu, Xiong et al. 2009)In this instance

the T cells would not be deleted but would remain unresponsive to further stimulation.
Takeucki et al were able to induce mixed lymphammatopoeiticchimerism and
permanent skin graft acceptance using a single costimulatory blockade wih anti
CD154 antibodiesin combination with bone marrow transplant and Jdese TBI
irradiation(Takeuchi, Ito et al. 2004)

In clinical HSCT, induction of alloanergy in donor T cells has been usegenerate
tolerance without unwante@vH reactions. Alloanergy can be induced in donor T cells
by exvivo stimulation with recipient APCs in the presence ofstimulatory blockade
(Gribben, Guinan et al. 1996)

These allanergi®d donor T cells were first used clinically in adults and children with
high-risk haematological malignancies or bone marrow failures that underwent bone
marrow tragplantation from HLAmismatched related donors. T cells in the donor

bone marrow were alloarggsed by exvivo co-culture for 36 hours with irradiated
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recipient PBMC and CTLAd-Ig or humanized artD80 antitCD86 monoclonal
antibodies. Patients infused ialloanergigd donor T cells showed rapid engraftment
and reduced incidence of CMV reactivation and other viral infections.” GDdell
numbers also recovered by three months -pasisplant and reduced instances of
aGvHD and cGvHD were reporté@uinan, Boussiotis et al. 1999; Davies, Gribben et
al. 2008; Davies, Yuk et al. 2008pespite this experimental evidendgeis highly
unlikely that anergyloneis the majorunderlying tolerance mechanisntilized after

transplantation

1.6.3 T cellregulation

Of the central and peripheral tolerance mechanisms described it is
suppression/regulation by T cells that appears to be the most important. There are
several T cell populations that have been shown as potent regatassplantation
tolerance. The best characterized of these populations are the natural or induced
CD4'CD25 Treg cells that express the forkhead/winged helix family transcription
factor FoxP3(Sakaguchi, Sakaghbc et al. 1995; Kuniyasu, Takahashi et al. 2000;
Fontenot, Gavin et al. 2003; Hori, Nomura et al. 20@3¢ folate receptor 4 (FR4)
(Yamaguchi, Hirota et al. 200@nd constitutively express CTLA (Read, Malmstrom

et al. 2000; Takahashi, Tagami et al. 2000kg cells comprise-50% of peripheral

CD4" T cells in mice and humans and are able to exert their suppressive effects through

direct cell to cell contact and cytak productior(as described in section 1.7)

NKT cells are another subset ©fegcells that have been shown to play an important
role in the control of autoimmune diseases in mice and hu(hEmmond, Poulton et
al. 1998; Lehuen, Lantz et al. 1998; Esteban, Tsoutsman et al., 2808¢ll as in the
control of GvHD following allogeneidiSCT (Seino, Fukao et al. 2001They are a
subset of CD1d expressing T cells present isemand humans that -@xpress a

heavily-biased semtvariant TCR(Makino, Kanno et al. 1995)

CD8'CD28 T suppressor cells (Ts) are another subset of suppressor cells. These cells
are capable of suppressing CDR cells with allospecificity generated by repetitive

allo-stimulation in vitro (Jiang, Tugulea et al. 1998; Liu, Tugulea et al. 1998js
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helps point to a role for other T cell subsets in the induction and maintenance of

transplantation tolerance.

1.7 Treg (Treg) cells

1.7.1 Historical perspective

Theexistence ofhefirst type of suppressor T cslivasdescribed by Gershon et ahd

Droege in the early 1970s when they observed that it was possible to transfer T cell
unresponsiveness between anim@srshon and Kondo 1970; Droege 19Miring

this time it was believed that CD& cells contained the pool of suppressor cells but

interest faded as many experimental systprogsedhard to sustain. As a consequence

of these failed experimnt s fAsuppressoro T cells became
(Bloom, Salgame et al. 1992; Green and Webb 1983)ould take another two

decades to discovethe existence of CD4T cells with suppressive propesigow
termedTregecells (Sakaguchi 2000; Maloy and Powrie 2001)

The development of methods allowing for the specific depletion and sorting of T cell
subsets made it possible to further charastetieTregcell phenotype. It wasbserved

by Sakaguchi et aland Asano et althat Tregcells could be found within the
CD4'CD25 T cell compartmen{Sakaguchi, Sakaguchi et al. 1995; Asano, Toda et al.
1996) Sakaguchi et al. atssdemonstrated that when spleen cell suspensions from
normal mice were transferred to T cell deficient nu/nu mice, animals that received the
suspensions depleted of CD2Bells developed mulbrgan autoimmune diseagse
whilst the addition of purified CDACD25" T cells prior to transfer prevented
autoimmunity(Sakaguchi, Sakaguchi et al. 1995)

Later experiments have shown that impaired function and/or homeostasis of
CD4'CD25" Treg cells can lead to the developmaitseveral common autoimmune
and inflammatory diseases, including type 1 diabetes, rheumatoid arthritis, multiple
sclerosis and systemic lupus erythematqg&lgenstein, Evans et al. 2004; Viglietta,
BaecherAllan et al. 2004; Lindley, Dayan et al. 2005; Horwitz 2008D4'CD25

Treg cells also regulate immunity to viral and parasitic infections as well as immune
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responses towards tumour and transplantation ant{@aikaid 2007; Nishikawa and
Sakaguchi 2010)

CD4'CD25 Tregeells can be characterized by specific propettiied separate them

from CD4'CD25 activated T cells anallow for their unique immune functions.
Firstly, Treg cellsare anergic and fail to proliferat®@hen stimulated by an€D3
antibodies in the presence of irradiated APCs. A second characteristic is that these cells
have dominant suppressive effects on conventional’CD25 cells in vitro. These

cells do require TCR activatipbut the inhibitory efécts are largely dependent on cell

to cell contact. Finally, these cells express the lalpha chain receptor, CD25. It was
confirmed in the mouse that 42 is necessary for their growth and survjvaut the

cells do not appear to make it themsel{@askaguchi, Sakaguchi et al. 1995)

1.7.2 Phenotype of CD4CD25" Treg cells

CD4'CD25 Treg cellsare distinguished fromthe effector T cell populationybthe
expression othe forkhead/winged helix family transcription facforkhead box P3
(FoxP3 (Sakaguchi, Sakaguchi et al. 1995; Kuniyasu, Takahashi et al. 2000; Fontenot,
Gavin et al. 2003; Hori, Nomura et al. 200BR4(Yamaguchi, Hirca et al. 2007and
constitutiveexpres®on of CTLA-4 (CD152)(Read, Malmstrom et al. 2000; Takahashi,
Tagami et al. 2000)Treg cells are also known to express the surface markers CD45R0O
in humans and low leveld € D45RB in the mouséTaams, Smith et al. 20Q1Qther
surface molecules such as intercellular adhesion molecule 1 1DAKD54), OX40
(CD134) and the glucocorticotthducible TNF receptofGITR) are also expssed on

Treg cells(Bene, Balazs et al. 1994; Shimizu, Yamazaki et al. 2002; Ji, Liao et al.
2004; Sanchez, Casano et al. 2004; Takeda, Ine et al. 2004; Valzasina, Guiducci et al.
2005; Bushell and Wood 2007; Vu,a4 et al. 2007; Chen, Xiao et al. 2008) mice

the lymphogste activation gen8 (LAG-3) is also constitutively expressed on the

surface of Tregells (Huang, Workman et al. 2004)

Perhaps the most important rkar and regulator foifreg cells is the transcription
factor FoxP3FoxP3 Treg cellsfunction to prevent inflammatory disease and maintain
immune tolerance(Sakaguchi, dmaguchi et al. 2008)lt is a member of the

forkhead/wingeehelix transcription factor family and is a transcriptional repressor of
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IL-2 (Kuniyasu, Takahashi et al. 2000; Fontenot, Gavin et al. 2003; Hori, Nahata

2003) that has also been shown to maintain the anergic and suppressor functions of
Tregcells(Kuniyasu, Takahashi et al. 2000; Fontenot, Gavin et al. 2003; Hori, Nomura
et al. 2003) CD4'CD25" peripheral Tcells and CD4ACD25'CD8 thymocytes in
normal mice express FoxP3, whereas other T cells and thymocytes resting or activated
do not. FoxP3 expressing cells appear shortly after birth and development of
autoimmunity follows there depletionKim, Rasmussen et al. 2007; Lahl,
Loddenkemper et al. 20Q7)

The function of thidranscription factowasfirst discoveredn the scurfymice Scurfy
mice have arX-linked genetic disorder thatauseshyperactivation of CD4T cdls,
overproduction of prénflammatory cytokines andhulti-organ failure(Russell, Russell
et al. 1959; Brunkow, Jeffery et al. 200ft)was later discovered that these mice had a
mutation in the FoxP3 gene whitdd to the development of autoimmunigodfrey,
Wilkinson et al. 1991; Godfrey, Wilkinson et al. 1991, Blair, Bultman et al. 19943
autoimmunity could be prevented by the administration of TD25 T cellsgiven to
the mice at birtBrunkow, Jeffery et al. 20017 similar disease ifmumanss caused
by a mutation in the FoxP3 gendhis results inthe development oimmune
dysregulation, polyendocrinopathy and eopathy, Xlinked (IPEX) which results in
the early onset of one or more autoimmune diseéBesnett, Christie et al. 2001;
Wildin, Ramsdell et al. 2001)

FoxP3 was identified as a master regulator of Tdegdopment and function when
studies demonstrated that retroviral transduction of FoxP3 gene iifCOR3 T cells
could convert them to CDLD25 Treglike cells These cellshad the ability to
suppressthe proliferation of other T cellsn vitro and inhibit the development of
autoimmune diseasg@Hori, Nomura et al. 2003)Similar observations were seen in
bone marrow chimera experimeniBhese experiments demonstrathdt mixtures of
cells from wildtype andFoxP3 décient micecould only give rise to Treg cells with
immunosuppressive capabilitiderivedfrom wild type bone marrowWKhattri, Cox et

al. 2003) For thesereasons FoxP3 is currently the most reliable molecular marker for

Tregcells.

Recently, another receptor has come to the forefront as a marReedpcells FR4 is a
subtype of the receptor for folic acid apldys a crucial role in protein and nucleic acid
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biosynthesis which is important for brain and spinal canal development early in
pregnancy. It was alsfmund to be expressed in high levels natural Tregells and

T G Froducing Tregeells This allows for further classification of Tregll subsets
marked by high or low expression of this recef¥amaguchi, Hirota et al. 2007)

1.7.2 Development ofTregcells

Treg cells comprise-50% of peripheral CD4T cells in mice and human$hese cells

areable to exert their suppressive effects through direct cell to cell contact and cytokine
production.There are two major types dregc e | | s, A ng andinduted ( nTr
(iTreg), which are defined by where they develoghe body nTregcells develop in

the thymus duringositiveand negative selection and iTregs develop in the periphery

from conventional CD4 T cells following antigen stimulation under ariety of

conditions(Stephens and Mason 2000)

nTreg cells arise from progenitor cells in the bone marrow and undergo lineage
commitment and maturation in the thym@&kayuchi 2004) These Tregells migrate

to the periphery after day three amds at this time point thathymecotomizednice
develop lethal autoimmunitfAsano, Toda et al. 1996\ Tregcells do not express any
cell surface markers that are unique to these speyfesof Tregcells, but thereare a
number of cell surface proteins used to identify them.

One of the most importamtTreg cellmarkersis the high affinity 1-2 receptor alpha
(CD25), which is also expressed on conventbitD4" effector T cells(Sakaguchi,
Sakaguchi et al. 19950 humanspurification of nTregcells is done by exclusion of T
cells that express CD12Liu, Putnam et al. 2006nTreg cells express the effector
molecules, CD28, CD8083 CD40, OX40 and-4BB (Ndhlovu, Takeda et al. 2004;
Paust, Lu et al. 2004; Vignali, Collison et al. 2Q08jmilar to conventional T cells,
nTreg cells are selected by peptides presented by APCs in the thymwes. Th
costimulatory molecules CD28, CD80/86, CD40& | L2 Rb7 appear <cru
developmentThe ability of cestimulation to increase TCR signalling strength to-self
peptides presented by thymic APCs plays a role in thymic development and Treg
selection(Jordan, Boesteanu et al. 2008tudies showed that mice deficient in these

co-stimulatory molecules have reduced numbers of nTreglls with impaired
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suppressive abilityMalek, Yu et al. 2002; Paust, Lu et al. 2004; Keir and Sharpe 2005)
(Figure 1.3).

IL-2 and TGFb are i mportant cytokines for t
cells. nTregcells do not make their own 12, so theyare dependent on paracrineaL

for survival and growth(Su, Creusot et al. 2004) TGFb i s an i mport.
because it maintains FoxP3peassion and suppressive abilities of peripheral nTreg

cells in vitro and in vivo (Marie, Letterio et al. 2005nTreg cells have a polyclonal

TCR repertoire and are selectegself-peptides. They differ in their selection process

in that they are positively selected in the thymus based on the TCR affinity/signal
strength which is between that required for pos&i and negative selection of

conventional T cell§Kronenberg and Rudensky 2005)

T regulatory 1 {rl) cells are a subset of idg cells and are similar to nTreg cells in
that they are both anemgin vitro and express CTLAL. Induction of these cells can
occur through stimulation by iDCs in the presence e10.These cells do not mediate
suppression through cell to cell contdatit by secretion of cytokines such asilQ
which is important fothe regulation of T cell homeostatic expandibiall, Ward et al.
2002; Grundstrom, Cederbom et al. 2003; Sundstedt, O'Neill et al. gaf8)e 1.3).
Upon TCR engagementhese cells up regulate Inducible Costiator (ICOS), a
member of the CD28 family required for-sbmulation.

These cells have a low proliferative capability, but can expand in the presence of IL
and IL-15 due to high expression of these receptors following activéiBanchetta,
Sartirana et al. 2002Btudies inmouse and humashowed that ceulture of CD4 T

cells with Trl cells intranswell assays reduced the proliferative responses of T cells.
The addition of k10 and TGFb neutareadble roreverge Talnt i b o d
suppressioiGroux, O'Garra et al. 1997f this pathway is inhibitd, IL-10 production

is blocked and the suppressive capacity of Trl cells is abrogated leading to a loss of T
cell tolerancg/Akbari, Freeman et al. 200ZphenotypicallyFoxP3andCD25 arenot
expressedn Trl cels and these cells can bengeated in the absence ofneg cells
suggestingthat Trl cells may be developmentally disti@&arrat, Cua et al. 2002;
Vieira, Christensen et al. 2004)

The most prominent factor ithe conversion of naive CDZ cells into iTregcells is

the cytokine TGFb. AntiTgeme!ldtsi mwnl athieo rp reefs
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leads to the induction of FoxP3 expression and regulatory aativtiyro (Chen, Jin et

al. 2003; Apostolou and von Boehmer 2004; Kretschmer, Apostolou et al.. 2005)
helper 3 Th3) cells are a population of iTregells that produce larger amounts of
TGFb and occur primarily after (Feixgndsur e
Weiner 1999)Figure 1.3).

TGFDb i nducels dre importaatgin controlling diseasgtudiesin the mouse
demonstratedhat CD4 T cellsand CDE T cells from mice res
signalling are unable to be controlled by Tesdls upon transferThis resulted in the
developnent ofinflammatory bowel disease and tumour specific CD&ells (Chen,

Pittet et al. 2005; Fahlen, Read et al. 2005% F b alsotlsought to be important for

t he i nduct i o noleranteseén aftcitransplantatioantsy dnducing FoxP3
expression in T cells and pushing theawards anto a regulatory fat¢Cobbold, Qin

et al. 1992)as described in section 1.7.8)

Recent findings by Miyara et.dhave demonstrated that Treg subsets can be further
characterized by expression of CD45RA. Resting Treg cells (rTreg) are
CD45RAFoxP¥ and these cells up regtdaFoxP3 upon stimulation and turn into
active Treg cells. Active Treg (aTreg) cells are characterized as CDBE6RAS' and

are highly immunosuppressive but die rapidly. The last subset is cytokine secreting
nonTreg cells which are characterized as CDASRXP¥ and do not have
suppressive phenotype. In healthy individualeregs have the highest proportson
where as patients suffering from immune diseases, such as sarcoidosis have a higher
proportion of aTreg cells. This serves to highlight the dynanot Treg cell
differentiation under normal and disease conditidiyara, Yoshioka et al. 2009)
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Figure 1.3: Treg cell development

nTreg cells mature in the thymusdamigrate into the periphery and constitut&®6 of

peripheral CDAT cells in normal mice. These nTregs express CD4 and the cell st
marker CD25 along with the transcription factor FoxP3. Within this TE%P3 T cell

population the Treg cells care further classed into: resting (rTreg), adaptive (aTr
and nonTreg cells. These cells are characterized based on the presence of CD45!
high or low expression of FoxP3. The rTregs make up the majority of Treg ce
healthy patients. In contrigsaTreg cells are found in higher proportions in patie
suffering from active immune diseases. There are also iTregs that can be found
periphery. These include Trl cells, which secrete high levels-@0land Th3 cells tha
secrete large amounf TGFb. There is also a subtype of CDB cells that can secret
IL-10 called CD8 Tregcells.
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1.7.4 Mechanisms of Treg celmediatedsuppression

A number & mechanismsave been proposed to expldiow Treg cells exert their
suppressive effect$n vitro studies havelown that Tregeells are unable to suppress
the proliferation of responder T cells when two populations are separated by-a semi
permeable menrhne. This suggested that thmain mechanism of Tregell
suppression occurs via cell to cell cont@lchkahashi, Kuniyasu et al. 1998; Thornton
and Shevach 1998)After this cell to cell contactTregcells are &le to kill responder
cells through several different mechanisms includipgrforin dependarfgranzyme
dependant mechanisniGondek, Lu et al. 2005; Cao, Cai et al. 20@@jithe delivery

of a negative signal tesponder T cell@~igure 1.4). This can occur vighree different
mechanismsi. up-regulation of intracellular cAMP, which leads to the inhibition of T
cell proliferation and IE2 formation (Bopp, Becker et al. 207, ii. generation of
pericellular adenosine catalysis by CD39 and CD73 expressed bydlte{Deaglio,
Dwyer et al. 2007)iii. interacton with co-stimulatory moleculesexpressed by
responder T cell@Paust, Lu et al. 2004)

Treg cells can also down regulate the expression of CD80/CD86 on APCs and
stimulate indoleamine ,23-dioxygenase (IDO) production by DCgrohmann,
Oraboneet al. 2002; Oderup, Cederbom et al. 200BD catabolises the conversion of
the essential amino acid tryptophan into kynuremmigich in turn is toxic to T cells

and can lead to deathhe ability of Tregcellsto modify APC pathways and stimulate
respnder cell death is dependent on the expression of GALwhich binds
CD80/CD86(Figure 1.4) (Grohmann, Orabona et al. 2002; Oderup, Cederbom et al.
2006)

In the Tregcell contact mediated suppression modeégcells are able to out compete
responder T cells in forming aggregates around,@&ch physically deters access of
responder T cells to APA®nishi, Fehervari et al. 2008Jhe aggregation is antigen
dependentiace no aggregates form without antigen and this hinges on expression of
lymphocyte functiorassociated antigen 1 (LFA). By forming these aggregatdseg

cells inhibit the upregulation of CD80/CD86 on immature DCs without affecting the
expression of CBO and MHC class Il moleculé®nishi, Fehervari et al. 2008; Wing,
Onishi et al. 2008)This down modulation of CD80/CD86 is a robust process and

60



Elisabeth Rose Mari PhD Thesis, 2012

occurs in the presence of strong DC activating stimuli such asziyi@®san and type |
interferon (Onishi, Fehervari et al. 20Q8)This in vitro Treg contact mediated
suppression can be summarized by the {IFAlependant, CTLAl independent
formation of Tregcell aggregates and thd-A-1 dependant CTLA} dependant down
modulation of CD80/CD86 on DJ$igure 1.4). Both steps hamper the activation of

responder T cells with different antigen specificities.

The induction of Treg cell mediated suppression requires antigen stimulatioouth
TCR and the presence of-R.is crucial for Tregells to exert their immunosuppressive
functions. In normal migeCD4'CD25 T cells constitutively express CTLA and in
humans terminally differentiated CB@D25'FoxP3 T cells constitutively express
CTLA-4 and are highly suppressiyBead, Malmstrom et al. 2000; Takahashi, Tagami
et al. 2000; Miyara, Yoshioka et al. 2009)

CTLA-4 is essential for Tregell function and the blockade by the administration of
monoclonal antibodies produces organ specific autoimmune disease and colitis in
normal mice(Read, Malmstrom et al. 2000; Takahashi, Tagami et al. 2008
expression oCTLA-4 is regulated by FoxP3 and it is abbeupregulate expression by
binding to the promoter region of the gefddarson, Kretschmer et al. 2007; Ono,
Yaguchi et al. 2007; Zheng, Josefowicz et al. 200Ving et al demonstrated that
CTLA-4 deficienciesn mice affect the suppressive ability Dfeg cells but not their
thymic production, survival or activatiofwing, Onishi et al. 2008)The majority of
experimental datgoints to an essential role of CTLA in mantaining Tregcell

function and immune homeostasis.

IL-2 is another molecule that has been crucial for the triggering ofcétesuppressive
effects. Deficiency in IE2 receptor componentsuch as CD25 and CD122 produces
fatal autoimmune and inflamnaay diseasgSuzuki, Kundig et al. 1995; Willerford,
Chen et al. 1995)it is required for the survival of nTregells andIL-2 deficient or
neutralized mice show a 50% reduction in Treg numbers when comparedntal no
mice. This reduction is significant enough to cause autoimmune digga€euz and

Klein 2005; Fontenot, Rasmussen et al. 2005; Setoguchi, Hori et al. 2005; Antony,
Paulos et al. 2006)

Treg cdls suppress Tcell proliferation by absorbing H2 from the surroundings and

reducing the amount available to effector T céiandiyan, Zhengteal. 2007) IL-2
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also upregulates FoxP3 expression via signal transduction and activator of
transcription factor 5 (STATSBurchill, Yang et al. 2007; Yao, Kanno et al. 2007)
Tregcells are sulptimally adivated then they have a greater need feR ithan those
Tregcells that are optimally stimulatedhusing an increase in the uptake oRI(Tran,
Glass et al. 2009)

Despite the strongn vitro evidence for celto cell mediated suppressiotiere have
beenin vivo studies that show the contribution of cytokines in the Telgmediated
suppression of responder T cells:10 and TFGb  a r en tokcontribute to Tregell
mediated suppression. In murine modeld oritable bowel diseaselgD), IL-10
deficient mice are unable to suppress this autoimmune diégsseman, Mauze et al.
1999) Nakamura et alhave shown that in the presence of -aitG-b |, Teelle g
suppressin is abolished and that stimulated Toedjs, not CD4CD25 T cells express
high levels on the cell surfag®lakamura, Kitani et al. 2001) TFGb  ahelpsoto
condition responder T cells to be sensitive topsepsion, maintain FoxP3 expression,
and contribute to the differentiation of other T cells into iTecetls (Yamagiwa, Gray
et al. 2001; Chen, Jin et al. 2003; Fahlen, Read et al. 2005; Marie, Letterio et al. 2005;
Andersson, Tran et al. 2008)regcells can also induce apoptosis in respondds ce
through cytokine absorptidifandiyan, Zhemet al. 2007)

Galecin-l i s a me mbalctosidade bimdimg profeins and binds to many
glycoproteins including CD45, CD43 and CD7. Binding of galettiresults in cell
cycle arrest and apoptosis and the inhibition of the production of proinflammatory
cytokines prefenatially expressed on Tregells. Galectinrl is upregulated upon TCR
activation andts blockon human and murine Trexglls reducehe inhibitory effects
(Garin, Chu et al. 2007)

LAG-3 is also known to play alein Treg suppression of DCs. It is a CD4 homolog
that binds MHC class Il molecules with very high affinity. Binding of L.8& MHC
class Il molecules expressed by immature DCs induces Ffddiated inhibitory
signals that suppress DC maturation andrtimemunostimulatory capabilitie@.iang,
Workman et al. 2008)
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Figure 1.4: The mechanisms oimmune suppression by Tregcells.

Tregcellsexpressing FoxP3 are activated via TCR recognition ofpsgifide/MHC
complexes on AEs. Once these Treg cells are activated they can me
suppression through three potential mechanisms: interaction with APCs,
contact with T effector cells or secretion of soluble factors. After recognitio
peptides presented on APRCETLA-4 expressed on Tregells interacts with
CD80/86 on APCswhich results in the induction of indoleamine 2diBxygenase
(IDO). The activation of IDO reduces the amount of free tryptophan whic
needed for effector T cell proliferation. Treglls are alsolale to suppress effectc
T cells through direct cetb cell contactwhich can involve the down regulation
CD25 or perforin mediated lysis. The secretion ofliD0 and TGFD
cytokines that Treg cells use for immunosuppressiovivo. Figue adapted from
Coghill et al 2008Leuk Lymphomé&Coghill, Carlson et al. 2008)
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1.7.5 Antigen specificity of Treg cells

Current evidence suggests thateg cell function and orgaspecific tolerance is
dependent orthe antigen specificity(Pidala and Anasetti 2010)This has been
supported by noitymphopenic mouse models of autoimmune diabetes that showed
organspecific Treg cells were enhanced in disease protection when compared to
polyclonal Tregcells (Tang, Henriksen et al. 2004; Jaeckel, von Boehmer et al. 2005;
Masteller, Warner et al. 2005; Tarbell, Petit et al. 200¥x murine allogeneic HSCT
mode]| Albert et al transduced antigespecific CD4Thl cells with foxp3 genend
generatedantigenspecific Treg cells. These cells were able to suppress alloreactive T
cells in vitro andin vivo in an antigerdependant manndo protect against GvHD.
They discovered that the suppression mediated by argjesific cells was tenfold
greater than that achieved with polyclonal Treg céAdbert, Liu et al. 2005)
Experiments by Chai et al. demonstrated that HY antsgercific Treg cells had
increasedmmunoregulatoryabilities following a short period ah vitro expansion.
These expanded antigspecific Treg cells were shown to provide indefinite survival
of male skin grafts in female C57BL/6 recipient mi&hai, Coe et aR008)

These finding have been enforced by the works of groups that have generated antigen
specific Treg cellswith varied antigenic targets including: afpeptides, alleMHC

class Il peptides, HLAA2 peptide,DCs pulsed with allepeptideand vaccinatin with
antidonor specific T cellgNishimura, Sakihama et al. 2004; Jiang, Tsang et al. 2006;
SancheZ~ueyo, Sandner et al. 2006; Golshayan, Jiang et al. 2007; Turnquist, Raimondi
et al. 2007; Tsang, Tanriver dt a008; Wang, Zhang et al. 200anchezueyo et al

have investigated the specificity of CIRD25" Treg cells from TCR transgenic mice
with allospecificity for H2-AP antiH-2A"™2  An in vitro mixed lymphocyte reaction
(MLR) demonstrated that theseef cells had the ability to inhibit the antigepecific
proliferation of CDA T cells from these micén vivotransfer experiments also showed
tolerance to allografts expressing bm12 alloantigad not those from a thirgarty
(Sanchezueyo, Sandner et al. 2006)

In a recent study using leumanized mouse model of allmmune mediated injury of
human skin graftsSagoo et al. demonstrated tmaice transplanted with human skin

allografts and canjected the rdpient with humanalloantigenT effector cells and
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either human alloantigen specific Treg cellsor polyclonal Treg cells. The mice
receiving the alloantigen specific Treg cellshad significant protection against
alloantigen T effector cell mediated damageskin graftsin contrast, thenice treated
with polyclonal human Treg celleere unable to regulate allogeneic inflammatory
processes efficiently and showed timamunohistological appearances of human
coetaneousGvHD in skin allografts(Sagoo, Ali et al. 2011) Theseexperimerd
strengthen the notion that antigepecific Treg cells are better suppressors of
alloreactive T cells

1.7.6 Role of Treg cells inallogeneic HSCT

In the setting ofllogeneic bone marrow transplantatidneg cells have beeshownto
provide a beneficial effecby subverting unwanted immune responses following
transplantMany studies have demonstrated that eeh of mature T cells from HSC
grafts leads to higher incidences of disease relaps@rafidejection(Jacobsohn and
Vogelsang 2007; Shlomchik 20073tudies in the mouseCD4 CD25FoxP3 Treg

cells have beerhswn to facilitate the engraftment of donor HSC and the development
of full donor chimerism The removal of these Treg celisom grafts resulted in
impaired HSC reconstitutiofTrenado, Charlotte et al. 2003; JeffiGorsse et al. 2004,
Taylor, PanoskaltsiMortari et al. 2004; Hanash and Levy 2005; Laylor, Dewchand et
al. 2005; Barao, Hanash et al. 2006; Weng, Dyson et al. 2007)

The need for Treg cells to facilitate donor HSC engraftment was further confirmed by
Hanash and Levyho demonstrated that the inclusion of a small amount of freshly
isolated CDACD25 Treg cells facilitated bone marrow engraftmentsinblethally
irradiated animalsThe subsequentiepletion of CD25 cells from the stem cell graft
abrogatd HSC reconstitutioffHanash and Levy 20057 his effect was later shown to

be a consequence of Treg cell inhibition of NK cell mediated graft rejection through
T F G(Barao, Hanash et al. 200@x-vivo expanded Tregells have also been shown

to favour long-term HSC engraftment across MHC barriers makimgr presence in

the HSC preparations crucial for engraftment and tolerdfeglor, Panoskaltsis
Mortari et al. 2004)
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Treg cells have also been implicated in the prevention of GwHiixh is caused by the
expangon of alloreactive T cells in the proinflammatory environment induced by the
conditioning regimens. GvHD progresses when these alloreactive T cells differentiate
into effector cells. It is these effector T cells that then migrate to various tissues and
organsleading to the recruitment of additional inflammatory cells populations and
further cytokine dysregulation causidgstruction and damag8prent, Schaefer et al.
1986; Krenger, Hill et al. 1997; Ferrara, Lestyal. 1999)

The beneficial GvL effects remained intact despite the Treg cells dampening of GvHD
responsesDinger et al cultured leukaemia cells in the presemceabsence of naive
Tregs and measured cytolytic activity. They showed that thetwantiur activity of
allo-stimulated CD8 T cells was not impairedin vitro in the presence of Tregglls
(Edinger, Hoffmann et al. 2003x-vivo expanded recipient specific Treglls also
appear to be capable of inhiby GvHD while retaining GvL effect§Trenado,
Charlotte et al. 2003)his was demonstrated in a murine transplant model by Trenado
et al where they showed Treg cells from Balb/c mice cultured in the presence of
irradiated alleAPC from C3H micehat weretransferred intdBALB.BxC57BL/6) F1
(Balb/cxC3H) recipients conferred protection to tumour challenge with little incidence
of GVHD. In addition, the transfer ofreg cells into recipient animals with ongoing
GvHD could suppress tissue injury and allow for significant tumour immunity
(Trenado, Charlotte et al. 2003)

A furtherstudy by Jones et.alemonstrated that the administration of donor type Treg
cells ten days adr transplant and tumour challenge in minor H antigen mismatched
transplant modslshowed increased survival in animals undergoing delayed Ceiég
infusion when compared to those mice challenged with tumour alone or receiving
tumourwith T effector cellgJones, Murphy et al. 2003)hese observatigrtombined
show that donederived Treg cells are capable of inhibiting lethal GvHD while

appearing to presertbe beneficial effects ddvL.

Despite the evidence fdhe beneficial effects of donaterived Treg cells there are
studies that associal@egcells with tumour relapsdn one studyMadrigal and Shaw
demonstrated thapatients suffering from acute leukaemiasth increasedpre

transplant proportions of CD8D25" Treg cellswho received HLAmatched unrelated

T cell depleteddonor allografts had increased disease relapse. rEbese increased
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disease relapse rates wessociated with decreased survival rates. It is believed that
the presence of high level§ @reg cells leads to diminished aimour responses
(Madrigal and Shaw 2008)

Similar Treg celldata has been observednralignant solid tumour cancers such as;
colorectal canae(Betts, Jones et al. 2011ljver cancer(Kobayashi, Hiraoka et al.
2007) nonsmall cell lung cancegfTao, Mimura et al. 2012preast cancgBates, Fox

et al. 2006) and owarian cancer(Curiel, Coukos et al. 2004)n thesetypes of
malignant cancers high proportions of pneatmentTregcells are associated with
tumour relapseCuriel et al. demonstrated in 104 ovarian cancer patibat Treg cells
suppress tumotspecific T cell immunity and lead to disease progresg©uriel,
Coukos et al. 2004)n colorectal cancer Betts et al. demonstratedtti@presence of
malignancy drivesTreg lls suppresen of CD4" T cell responses tthe TAAs
carcinoembryonic antigen and 5T#hich is associated with tumour recurrence and
disease progressidBetts, Jones et al. 2011These data suggest the potential role for

Treg cells in malignant disease progreesand relapse in certain cancers.

Management of GVHD remains a significant challenge in human transplantation using
standard immunosuppressive medications. Murine HSCT models have demonstrated a
survival benefit for Tregcells when they are adminisesl with CD4ACD25 T cells

around the time of stem cell infusigdoffmann, Ermann et al. 2002; Johnson, Konkol

et al. 2002; Taylor, Lees et al. 2002; Edinger, Hoffmann et al. 2003; Jones, Murphy et
al. 2003; Trenaa, Charlotte et al. 2003; Taylor, Panoskaltdisrtari et al. 2004)
Consistent with these findings, CD25 depleted grafts resulted in augmented GvHD
severity(Taylor, Lees et al. 2008nd the administration of bone marrow from CD25

deficient mice produced inferior transplant outcorfdethinsonKonkol et al. 2002)

The ability of the Tregcell population to protect against GvHD vivo is dose
dependant with the Tregell to T effector (Treg:Teff) cellratio of 1:1 required for
effective GvHD protection when cells are transplanted tog€theifmann, Ermann et

al. 2002) The low frequency of Tregells and the difficulties of obtaining a high
number of naive T cells for clinical transplant have forced researchers to examine the
abilities of expanded Tregells to inhibit GvHD (Taylor, Lees et al. 2002; Jones,
Murphy et al. 2003; Taylor, Panoskaltsitrtari et al. 2004)
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To address the issue of the ability of expanded Tedlg to suppress GvHD Taylor et

al. isolated murine splenic Treg cells and expanded thewivo using polyclonal TCR
stimulation and high dose exogenous2lLWhen these cells were-t@nsferred with
CD4'CD25 T effector cells into lethally irradiated allogeneic recipients at a 3:1 ratio of
TregTeff there was significant GvHD protectidiiaylor, Lees et al. 2002Human
Treg cells have been successfully expandadvitro demonstrating the technical
feasibility of this approach in a bone mawrtransplant settingHoffmann, Eder et al.
2004) The conditioning regimens used prior to HSCT are also known to feeilita
homeostatic expansion of host derived Treg d®liguyen, Zeiser et al. 2007; Weng,
Dyson et al. 2007)This homeostatic expansion may not be sufficient to increase the

numbers of Tregells to significantlyameliorate lethal GvHD in humans.

The above animal models give an insight into the important rol&€red cells in
allogeneic stem cell transplant models. It is importaninderstand what conclusions
can be drawn from Tregells in human bone marrow trgplants Following
myeloablative conditioning regimeitise frequency and absolute number of Tidls

was increased in patients when compared with normal cootragcipient baseline
levels after three month{lielke, Rezvani et al. 2007; Nadal, Garin et al. 2007g

cells in myeloablative recipients have been show to be functionally competent
following stem cell transplant witin vitro suppressive capabilities comparable to or
greater tharthose fromhealthyindividuals (Clark, Gregg et al. 2004; Miura, Thoburn

et al. 2004; Zorn, Kim et al. 2005; Nadal, Garin et al. 2007)

Conversely, therbave been some conflicting reports about the numbers ofciiisg

in the peipheral blood of patients suffering from GvHD. Clark eteald Sanchez et.al
reported high absolute numbers of Treg cells in the peripheral blood of patients with
cGvHD when compared to transplant patients without GvHD or healthy controls
(Clark, Gregg et al. 2004; Sanchez, Casano et al. 2Q@fh\verselyreports by Miura

et al and Zorn et alfound that the Tregell numbers were reduced in patients with
acute and cGvHDRvhencompared to patients without comg@imns(Miura, Thoburn

et al. 2004; Zorn, Kim et al. 2005There were differences in the patients sampling
between the conflicting studies which may account for thiiserepanciesThese
studies examined periplarblood samples from patients whiclo not necessarily

reflect what happens at the site of GvHRespite this, there is still strong evidence for
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the importance of Treg cells at suppresshmmst immune reactions and fostering

beneficialeffects in patierst undergoing allogeneic HSCT.

1.7.7 Treg cells andtransplantation tolerance

The role forTreg cells in transplantation tolerance has been widely demonstrated in
murine models. Sakaguchi et showed that the removal of CBZD25" T cells from

mice carrying a allograft accelerated the graft rejectidrhis suggestethat a small
percentage of Tregells within the T cell populationsvere able to exert an
immunosuppressive function and inhibit allorespon&gakaguchi,Sakaguchi et al.
1995) There are other lines of evidence to support the notion that transplantation
tolerance would not be achieved in the absence of deligy(Zheng, SancheEueyo et

al. 2003) and that the removal of CD@D25" Treg cells can abolish the suppressive
effects on graft rejectiofHara, Kingsley et al. 2001Yregcells have also been shown

to expand in tolesed animals and can be found within the testi grafts(Wood and
Sakaguchi 2003)The type of tolerance mediated by Treg ca@lantigerspecific and
localized at the site of the graffiang, Lechler et al. 2006)

As previously described in sectio2, alloantigen recognition by T cells occurs via
two major pathwaysthe direct and indirect pathways of allorecognition. The indirect
pathway is knowrto contribute to acute graft rejection but it is also thought to continue
the long term allograft responses after transp{anthincloss, Lee et al. 1993Jhis
indirect pathway is alstypothesizedo be the dommant pathway used by Treglls.

This is due to the fact thdbnor derived passenger leukocytes have a limited lifespan
allowing indirect allorecognition to be the dominant pathway as responses progress
once donor APCs have died. InmairineMHC mismatcled cardiac allograft transplant
mode|l Yamada et al. demonstrated that blocking the indirect pathway of
allorecognition by using MHC class Tl recipient miceeliminated the capacityo
generate active T cell regulation needed for prolonged graft surwisang
costimulatory blockadéYamada, Chandraker et al. 200This data strengthens the
point that it isthe indirect pathwagf allorecognition thaf'reg cells use for alloantigen

recognition
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Tregcells areable to migrate tgraft sitesto exert their tolerancafter transplantation

(Graca, Cobbold et al. 2002 order for thes@regcells to home to the graft site the

need to express certain homing markers. Zelenika. eteatonstragd that Tregcells

homi ng t o t he gr aft e X pwhick 3ss aOiakéy For (i nt €
intraepithelial T cells that can recognize epithelial cadherin -¢gdherin). This

indicated that Tregells can express adhesion molecules that might enable them t

localize to specific sites vivo (Zelenika, Adams et al. 2002)

Chemokines also play a role in directing the trafficking of functiondiyinct T cell
subsets to the site of donor grafts. In rodents and hsimeegcells express high levels
of the chemokine receptors CCR4 and CCR8 when compared t6ODRS T cells
This allows the Treg cells taespond to several inflammatory and lymphoid
chemokines found in the periphery. Mature DCs attract Tedly by sereting the
CCRA4 ligands CC17 and CCL22. This evidence suggests that CCR4 and CCR8 may
guide Tregcells to sites of antigen presentation secondary lymphoid tissuesd
inflamed areas to attenuate T cell activatiellem, Mariani et al. 2001)Wysocki et
al. demonstrated the requirement for CCR5 in Teel§ migration and recruitment to
both lymphoid tissues and GvHD target orgambkich is important for their ability to
prolong graft survival after allogeneimne marrow transplarfiVysocki, Jiang et al.
2005) These experiments prove tlbng with alloantigen recognitiofregcells need

to be able to migrate to graft sites for their functional suppression of rejesmid

maintenance of transplantation tolerance.

1.7.8 finfectiouso toleranceand linked suppression

Treg cells are able to exert a form of thipdrty tolerance knowas fAi nf ecti o
tolerance. The principle diinfectious tolerance was first described by r&eon and

Kondon as the suppression of a naive lymphocyte population by cells with a regulatory
function (Gershonand Kondo 1971) It was later refined by Qin et .awho
demonstrated that CDA4T cells from graft toleried micecouldidi sabl ed nai
lymphocytes so they were unable to mount an immune response against the graft. These
tolerant lymphocytes were able ®pr e ad their tol erance or
lymphocyteqFigure 1.5) (Qin, Cobbold et al. 1993)
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In generalterm& i nf e ct i o isslascrited asea pracess By which a tolerance
inducing state is transferred from one cell population to another. Cobboldheival

shown that thiginfectious tolerance seen after solidgan transplanivasmediated by

Treg cells present in the grg€obbold, Castejon et al. 2004)his was later refined by

Karim et al who demonstrated thahe finfectious toleranceproducedby Treg cells

can beexerted against thirgarty skin allograft§Karim, Feng et al. 2005) T GF b
thought to be I mportant f or bytindecingFoxdP3 ct i on
expression in naive CD4T cells pushing them ta regulatory phenotype which can

then propagate tolerance to the g(dfinuleit, Schmitt et al. 2002; Andersson, Tran et

al. 2008) This is a very powerful concept in regards to tolerance and understanding the

underlying mechanisms is a tool that can be utilized in transplantation regimens.

Another important finding emphasig the significance offinfectiou® tolerance
comes from the phenomenon of linked suppresdignked suppression has to deal
with the factthat tolerance can be propagated to tpiadty antigens if they are €o
expressed on the sartwerisedgrafts (Figure 1.5). This was demonstrated by Davies
et al who showed CBA/Canice could berendered tolerant to B10.BR skin gratfts,
which differed in nultiple minor transplantation antigenssing non-depleting anti
CD4 and antiCD8 treatment. The treated mice readily rejected a-frartly CBK skin
graft even if simultaneously grafted with B10.BR skin into the same graft bed. When
tolerisedmice were tansplanted wittskin grafts fromF1 (CBKxB10.BR)donors the
micewere able to accept CBK skin transplants at later time p(iragies, Leong et al.
1996) The same suppression phenomenon has been demonstrat@ati-fdD40L
antibody induced toleranc@Honey, Cobbold et al. 1999and tolerance following

donor bone marrow infusiofBemelman, Honey et al. 1998)

It is not understood whfiinfectious tolerance exists as a natural phenomeibor it
may be required taontrolautoimmune responses against-sgifigens either released
from privileged areas or presented by aatidd APCs during times of tissue damage.
There is some conflicting evidence as to the direct effect of Tedlg on the
conversion of naive CD4T cells into a regulatory phenotype. Walker et ahd
Dieckman et alhave show in vivo that Tregcells candirectly convert naive CD4T
cells into a regulatory phenotygBieckmann, Bruett et al. 2002; Walker, Kasprowicz
et al. 2003) However,in vivo studies by Davies et .abeened to suggest that an

intermediarywasinvolved in the transfer of toleran¢Pavies, Leong et al. 1996)his

71



Elisabeth Rose Mari PhD Thesis, 2012

notion of linkedsuppressioris still very powerful because it means that Tcels are
able to exert their immunosuppressive effects in anetally limited
microenvironments. In principle this could happen in lymphoid tisstese indirect

allorecognition of donor antigens takes place as well as the grafted tissues.

— P — @

Mouse Tolerance to Graft B Graft (BC)F1 accepted Graft C accepted
Receives graft (BxC)F1 Received graft C

Mouse:Type A
— @

O ¢

Mouse Tolerant to Graft B Graft (AxC)F1 is rejected
Receive graft (AxC)F1 ’ (BxC) F1
. (AxC)F1

Figure 1.5: filnfectiouso tolerance andlinked suppression.

il nfectiouso tolerance can be induc
marow using the appropriate immunosuppression to genératgcells. The Treg
cells induced in the lymphoid system can act on new T cells that emigrate
thymus and convert them into Treg cells. These Treg cells are able to su
rejection of graftghat are antigen matched to the original APCs, but also to -
party antigens presented with the original APCs through the process of |
suppression. Linked suppression requires the illustration that tolerant ar
(Mouse A tolerant to graft B) aept grafts where thirgarty antigens are present
cells that also have antigens tolerated to (BKG)but reject thireparty grafts (C)
if the tolerant antigens are absent from the graft cells. If the animals acce
grafts with tpary anfigen (BXCe (BALB.Bx@57BL/@G) F1 the
they should accept later grafts of the third party (C).
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1.8 Hypothesis andaims

Engraftment of Bogeneic HSCcan be achmed with a conditioning regimen that
enables Treg cells to selectively expand and control HvVG responses. This has been
observed in murine bone marrow transplantation madeldgich donosfrecipient pairs

differ only for theminor H antigen HY(Laylor, Dewchand et al. 2005; Weng, Dyson et

al. 2007) In this setting, RIC regimensre sufficient to promotethe homeostatic
expansion of host Treg cellsus promoting HvG tolerance addnor cell engraftment

However, inthe clinical setting the HvG tolerance histocompatibility differences
between donor and recipient are usually much more extensive and it is unknown
whether Treg cell homeostatic expansion is sufficient to control HvG reactivity against

a large number of aigenic determinants.
Hypothesis:

1. The magnitude of the pteansplant conditioning regimen is proportional to the
amount of antigenic differences between donor and recipient.

2. Large number of antigenic differences requires greater expansion of Tiieg ce
to promote HvG tolerance ambnor haematopoietic cell engraftment.

3. More intense conditioning regimens produce greater Treg cell expansion.

To test this hypothesis | will be usihng an MHC matched transplant system where the
antigenic disparities Wioccur between the mind#l antigen repertoires expressed on
the donor cells. BALB.B andBALB.BxC57BL/6) F1 mice will be used as donors
since they are both £, but express different minor H antigens to that of the recipient
C57BL/6 mice(Roopenian 1992; Malarkannan, Shih et al. 1998; Jones, Komatsu et al.
2000; Choi, Yoshimura et al. 2001)This transplantation system will allow for the
correlation between the amount of myeloablation requirethioengraftmenof donor

cells with varyingamounts ofminor H antigerc determinantsand understanding the

mechanisms involved in establishing HvG tolerance.
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The aims of the project are to:

1.

Understand the effects of increasing doses of irradiation on host deroats T
and Tregeells.

Assess whether increasing the number of antigelifierencesrequires a
proportional increase in the conditioning (irradiation) required for donor bone
marrow engraftment

Determine the role of Treg cells in the establishment of iatesh mediated
HvG tolerance.

Investigate if the irradiatieinduced transplantation tolerance obtained is of the
Ai nfectiouso type.

Determine if other factors beyond minor H antigens play a role in the

engraftment of dondsone marrow in this MHC matched transplant setting.
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Chapter Two

Materials and methods
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Chapter 2 Materials and methods

2.1 Mice

C57BL/6 (CD45.2) mice were purchased from OLAC (Bicester, U.K.). BALB.B
(C.B10-H2"LiMcdJ) mice were originally purchased from OLAC and were
subsequently bred in the Central Biomedical Service (CBS), Imperial Caltegion,
Hammersmith CampusB6.SJLl-Ptpr® Pepd/BoyJ (CD45.1) congenic mice were
originally purchased from Charles River and then bredhm Central Biomedical
Service. (BALB.BxC57BL/6) (BALB.BxC57BL/6) F1 mice were generated by
crossing male BALB.B mice with female C57BL/6 mice [(BALB.BxC57BL/6)
FIxC57BL/6] F2 generations were produced by backcrossingBA¢B.BxC57BL/6)

F1 progeny with G7BL/6 (CD45.2)(Table 2.1). Mice were all used betweent® 12
weeks of age. All breeding and procedures were done in accordance with the Home
Office Animals Act of 1986.

Table 2.1: Characteristics of the different mouse strains used in the minor
antigen mismatched bone marrow transplant combinations.

Strain MHC Type Minor H antigenic
differences from BALB.B
C57BL/6 H2° H60,H4°, H28, HP,H13
BALB.B H2° None
(BALB.BxC57BL/6) F1 H2° Same number of antigeni

differences as the BALB.E
with half theexpression
levels of the BALBB

strain
[(BALB.BXC57BL/6) H2° Same number of antigeni
F1xC57BL/6]F2 differences witltb0% of

the offspringhaving50%
of the gene expression.
Individual mice will have
the same gene expressiol
as the F1 offspring or
nothing.
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2.2 Cell preparations

2.2.1 Cell culture conditions

Cells were cultured under sterile conditions in laminar flow hoods (Mars, Middlesex
UK) and maintained in humid atmosphéséo CQ,, 37°C)

2.2.2 Cell counting usingtrypan blue

Live cells were counted by diluting a small amount of cell suspemgtbrirrypan Blue
(SigmaAldrich®, Poole, UK)at a ratio of 1:1and viewing cells in haemocytoneet

with contrastphase microscop@lympus, EsseX/JK).

2.2.3 Lymph nodecell harvestfrom donor mice

Cervical inguinal and axial lymph nodes wermoved, by dissectiofrom 810 week

old C57BL/§ (BALB.BxC57BL/6) F1, F2 and BALB.B mice. Donor mice were

soaked in 70% ethanol (VWR,utterworth,UK), prior to dissectionto decrease risk of
contamination of cells. Sterile forceps and scissors were @dsuspensionsvere
acquiredby crushing the lymph nodes through7OuM cell strainer( BD Fal conE,
Oxford,UK), washing cellstwice with Phosphate Buffered Saling’BS (Gibco®,
Paisley,UK), andpelleted using centrifugatiod%0 x g for 10 min RT). After the cells

were washed and the supernatants drained the cell pellet was resuspePB&dan

counting and further experiments

2.2.4 Splenocytecell harvest from donor mice

Splenocytes were harvested fronto8L2 week old mice.Donor micesoaked in 70%
ethano] prior to dissectionfo decrease risk of contamination. Stesleissors and
forceps were usedpleens were removed atehgths were measured using callipers.

Cell suspensions were acquired bgushng spleens,using the plunger of a 5mL
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syringe (Becton DickinsorE , Ox f o thiyghal®uM cell strainer Cells were

washed twice in PBS and red blood sellere lysedby adding 5mL of lysis buffer

(17mM TrisHCI and 140mM NHCI, ph 7.2)(Puregene®, Gentrasystems, Ashby de la

Zouch, UK)to the cels at room temperate (RT) for 15 minutesRed blood cell lysis

buffer was removed by washing cell§th RPMI1640me di um (|l nvi trogenkE
UK) andpelleting by centrifugation (450 g for 10 mirs, RT). Cells wereresuspended

in PBS andcounted using trypan blue as deked in Section 2.2.2.

2.2.5 Bonemarrow harvest from donor mice

The femurs and tibiae of & 12 week old mice were extractédm donor miceand

placed in 90% ethanol solutidor up to 2 minutes. [physial ends of the bones were

cut, and the marrow was filnedout using RPMI1640mediaanda 25”*" gaugeneedle

and 5mL syringe The <cell s wer e cepstraieudingtRRMIo ugh
1640 to wash cells through, and then pelleted by centrifugédio®x g forl0 mirs,

RT). Cells were resuspended in PBS amdirtedusing trypan blue as described in

Section 2.2.2

2.2.6 Murine peripheral blood harvest

Peripheral blood samples were collected into blood buffer comprised of 100U/mL
heparin (Biozyme Laboratories, Blaenavon, South Wales, UK) , 10mM EDTA (Sigma
Aldrich®, Poole, UK) in PBS (Gibco®, Paisley, UK) to prevent blood wigtt Red
blood cells were lysed in 1mL of red blood cell lysis bufedincubated at RTor 20

mins. Samples werpelleted by centrifugation (350 x g for 5 mjk&T).

2.3 lrradiation of cells andanimals

Lymphocytesfrom lymph nodes ofC57BL/6 female miceisolated as described in
Section 2.2.3, were pooled aagposed toncreasing doses @gfammairradiation (250,
500, 1000, 1500centiGray (&3y) from an IBL 637 *'Cs radiation source

(0.68Gy/min) (CIS Biointernational, BanglesurCeze, France). For bonmarrow

78



Elisabeth Rose Mari PhD Thesis, 2012

transplant recipiesf C57BL/6 CD45.1 and CD45.2 mice wereirradiated with a
single doses of irradiatignbetween 200Gy to 600cGy or fractionated doses of
425cGY0.68Gy/min) given no more than 2%ours apartForty eight hours before
irradiation mice were given sterile bedding, irradiated diet @wtril® (Bayer,
Newbury, UK) antibiotics in their drinking water.This was done to prevent any
underlying infections from spreading after the mice were exposed to garadiation.
Animals were mortored daily for signs of adverse reactions to irradiation such as

severe weight loss, diarrhoea and changes in normal activity.

2.4 Flow cytometric analysis

2.4.1 Analysis

Multiple cell parameters were analysed by flow cytométgscribed below). In all
cases, ¥ ACSCal i burE flow cytometer aesed on Di
with Cell Quest softwaré Be ct on Di c koianatse rdl fluoreseehce, size

(FSC) and granularity (SSC). Size and granularity information allowed the
identification of viablecells and different cells within the live cell population. Data

coll ected were analysed and presented usi
OR, USA). Depending on the sample size, 50,000,000 events from the live cell

gate were acquired. The diddies used for flow cytometry experiments are shown in

Table 2.2.

2.4.2 Staining peripheral blood cell, lymphocytes andsplenocytes

Murine peripheral blood cells (isolated as described in Section 2.2.6) were resuspended
in prechilled (4°C)FACS staining bffer [PBS, 2%(v/v) Foetal Calf Serum (FCS)
(Lonzé&E , Slough, UK) 0.01% Mouse IgG (SigmAldrich®, Poole, UK)].
Flurochrome conjugated antibodjess indicatedor different experimentsn Table 2

were added to FACS staining buffer and cells were incubated for 30 minutes at 4°C in

the dark At the end ofthe incubation cells were washeudce with PBSand pelleted
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using centrifugation (480 x f@r 10 mirs, 4°C)to remove any unbound flurochronie

all experimentsunstained cells and appropriate isotype controls were(lisdxde 2).

Cells from lymph node and splenocytes were harvested (as described in Sectidghs 2.2
and 2.2.4from sacrificed animals or from various cell culture settings. In each instance
cells were washed twice with cold PBS (Gibco®, Paisley, UK) palfeted by
centrifugation (480 x dor 10 mins,4°C). Supernatants were removed and tied
pellets were resuspendedpre-chilled (4°C)FACS staining buffeand incubated with
appropriateflurochrome conjugated antibodié30 mins, 4°C, in the darK)rable 2).

Cells were washed twice thi cold PBS to remove any unbound conjugated antibodies
and in all experimentsunstained cells and appropriate isotype controls were used
(Table 2.2).

Table 2.2: Monoclonal anti-mouseantibodies used forflow cytometry

Target Flurochrome | Clone Company I sotype
Control
CD3e FITC 1452C11 BD Phar mi|Rat 1g
CD3e PE 1452C11 BD Phar mi|Rat 1g
CD4 PeCy5 L3T4 BD Phar mi|Rat 1g
CD4 APC RM 4-5 BD Phar mi|RatlgGl
CD8 FITC 536.7 BD Phar mijRat 1g
CD19 PE 1D3 BD Pharmm ngennRat | g
CD19 Per Cp Cy|1D3 BD Phar mijRat I g
CD25 PE 7D4 Miltenyi Rat IgM
CD45.1 FITC A20 BD Phar mi|Rat 1g
(Ly5.1)
CD45.1 PE A20 BD Phar mi|Rat 1g
(Ly5.1)
CD45.1 APC A20 BD Phar mi|Rat 1g
(Ly5.1)
CD45.2 PerCpCyb.5 | 104 BD Phar mijRat I g
(Ly5.2)
CD45.2 APC 104 BD Phar mi|RatlgGl
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(Ly5.2)
FoxP3 FITC FJIK-16s eBioscienRat |Ig
FoxP3 APC FJIK-16s eBioscienRat |Ig
NK1.1 PE PK136 BD Phar mi|Rat 1g
NK1.1 Per Cp Cy| PK136 BD Phar mijRat | g
Mouse APC BD Phar mi|lsotype
Lineage cocktalil
Antibody
cocktail (Lin)
c-kit (CD117) |[Per Cp Cy| 2B8 BD Phar mijRat | g
Scal PE E13161.7 BD Phar mi|Rat 1g
(Ly6A/E)
H60 Pro5®| PE H2-Kb Proi mmune
Pentamer LTFENYRNL
HY Pro5® | PE H2-Db Proi mmune
Pentamer WMHHNM

DLI
Annexin V PE BD Phar mi
7 AAD FL-3 BD Phar mi

2.4.3 Treg cell staining

For enumeration of Treg cells in the bone marrow transplants, FoxP3 intracellular
staining was carried owccor ding to the mannthefMurtné ur er 06
FoxP3 Staining Kit®eBioscenceE , Hatfield, UK). Briefly, cells were stained with

surface markers such as CD4 APC (cloneRM4 BD Phar mi ngenkE, Oxf o
CD25 PE (cl one 7 D8ureyMiK)ot 20-80ymiinutds iindhe dackft,

4°C and washed twicesing PBS and pelletdaly centrifugation(480 x gfor 5 mins,

4°C). Cells were resuspended itmL of Fix and Permeabilization buffer
(eBioscienck , Hatfield, UK) for 218 hrs 4°C.Cells wee then washedtwice with

2mL Permeabilization buff@® (eBiosciencg , Hatfield, UK) before stainingwith
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FITC conjugateeantr FOXP3 antibody (clone FJK 6 s , eBi osciencekE, H
for 20-30 minutesn the darkat 4°C Cells were then pelleted by cahigation (480 x
g for 5 mins, 4°C)

In CFSE proliferation assays the same protoaslabovewas followedexcept that an
APC conjugatedint-FOXP3 antibodywas used in those experiments (clone A8s,
eBi oscei ncekE, Inaldawfcit@netd expetiméentsunstained cells and
appropriate isotype controlélable 22) were used to set up the flow cytometer

correctly,

2.4.4 Cell deathassay

To measure cell deathf lymphocytesafter irradiation(as described in Sections 2.2.3
and 2.3)cells were harvestl and counted using trypan blue as a measure of cell
viability. Lymph node cells were countdide hours,and one day postirradiation. In
order to determinghe stages of celleath occurring at each time point cells were
stainedusing aPE Annexin V Apptosis detection Ki{BD Pharmingek , Oxford,
UK) which allows for the distinction between apoptotic and necrotic cedis were
stainedaccording to thena n u f a drstructiens.Brisfly, cells were washed twice

in cold PBS angelleted by centrifugtion (480 x gfor 10 mins 4°Q resuspended in
1mL of 1X Binding buffer (1x16cells/mL). For each sample, 1x16ells were stained
with 5 pL of Annexin V and 5uLof 7AAD by adding reagents to the cellgently
vortexing the cells and incubating them at Rithe dark for fifteen minuteg\t the end

of the incubation and prior flow cytometric analygi®0 pL of 1XBinding buffer was
added to each sampleUnstained cellsand single stained Annexin V and 7AAD

controlsamples were usdd set up the flow cgimeter

2.4.5 Detection ofbonemarrow chimerism

To check for chimerisnfas described in section 2.1fjouse peripheral blood cells

wer e stained wi t h CDh45. 1 PE (clone A20,
CD45. 2 PerCyCy5.5 (clone 1K)@mnBDC iathar mi ng
dark). Cellswere washedwice in coldPBSand pelleted by centrifugation (480 Xay
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10 mins, 4°C) to remove any unbound antibodiddnstained cells and appropriate

isotype controls weralsoused(Table 2.2).

2.4.6 HSC Staining

Borne marrow cellswere harvested from the femurs and tibiae of donor mice as
described in Section 22.To enumerate haematopoietic stem cells from the harvested

bone marrowthe expression ahe surface markersldt, Scal and lineage markers

was analysedRed blood cell depleted cellgere washed twice in PBS and pédld by
centrifugation (480 x g fol0 mins,4°C) and resuspended Bt1® cells/mLin cold

FACS staining bufferCells werestained with 2Ql of Lineage cocktail antibodies (BD

Phar mingenE, Oxford, UK) akitéegCwCyf5 . a5 1: ]
ScalPE conjugated antibodig&lones 2B8 and EX3 6 1 . 7 , BD Phar mi ngen
UK). The bone marrow cells were incubated with the antilsoftie 30 minutes in the

dark at 4°C. Samples were wasltedce in cold PBSand pelleted by centrifugation

(480 x gfor 10 mins,4°C) (PM-140R, ALC, UK) prior to analysisUnstained bone

marrow cells an@ppropriatésotype controls were usedidble 2.2).

2.5 In vivo cytotoxicity assay

To assesin vivo cytotoxicity of minor H antigen mismatchezklls, splenocytes were
injected into female C57BL/6 mice and the survival of these cells was assessed. To this
end, cells were labelled with CFSE prior to injectias,described belovéplenocytes

from male C57BL/6, female (BALB.BxC57BL/6) F1, male F2 and female BALB.B

mice were labelled with 5puMNnd female C57BL/6 mice were labelled wittfbpuM of
5@)-carboxyfluorescein succinimidyl llester
Proliferation Kit, Invitrag e n E , P ai. Lelle were stdiked in PB&t room
temperature for 10 minutes. The reaction was stopped by adding equal amounts of FCS
followed by and additional washing with PE®S RT and pelleting by centrifugation

(450 xg for 10 mins RT). CFSE stained cells were then counted on a hemocytometer
using trypan bluePrior to intravenous administration into female C57BL/6 mice,

CFSE labelled cells (2.0 xf)overemixed inata 1:1 raticin the following groups:
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Male C57BL/6 (CFSE high)FemaleC57BL/6 (CFSE low)
Female(BALB.BxC57BL/6) F1(CFSE high)FemaleC57BL/6 (CFSE low)
MaleF2 (CFSE high)FemaleC57BL/6 (CFSE low)

FemaleBALB.B (CFSE high):FemaleC57BL6 (CFSE low

The preinjection mixture wasanalysed by flow cytonigy to ascertain the true
proportion of cells injected into each female recipient. Mice were bled affiday
sevenand 14 postnjection and the proportion aach injected cell type, in the
blood, was determined bflow cytometry The percentage of egtion of CFSE

high cells was calculated as follows:

Percentage Qf rejection _ 100 x pre-injection CFSE high:CFSE low — post-injection CFSE high:CFSE low
of CFSE high cells pre-injection CFSE high:CFSE low

2.6 T cell proliferation assays

2.6.1 CD3/CD28stimulation

Lymphocytes and penocytesfrom irradiated and noirradiated female C57BL/6,

female (BALB.BxC57BL/6) F1 and female BALB.B mice were harvestedand red

blood celldepleted accaling to the method described in Section.£2.Zhe cells were

countedon hemocytomer using trypan blue to exclude dead astisplated at 5x10

cells per well of a 96vell round bottom plat¢ BD Fal conE, Calswere r d Ul
stimulated with ant-CD3/CD28 coatedDynabeads®( | n v i t, rPaigey, V)
according to manu(25|dbeads per 5x&0 delis)sfdr vatyiog i on s
lengths of time, as specified in the Results sectibhsse assays were not controlled

for the numbers of CO3T cells.
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2.6.2 CFSEdyedilution

To measure proliferatigrcells were labelledwith 5uM CFSEdye (as described in
Section 2.5)prior to plating as describembove Cells were plated in triplicate wells,
and stimulated with anttD3/CD28 Dynabeads® for 72hours After 72 hoursin
culture (37°C, CQ), cellswere harvested angelletedby centrifugation(450 x gfor
10mins RT) CFSE dye dilution used as a measure of cell proliferation was analysed
by flow cytometry.

2.6.3 Thymidine incorporation

Another method used to measure T cell proliferation @&{@8/CD28stimulation was

to measurehymidine incorporationCells were stimulated with CD3/CD28 beads as
described above for2 hoursprior to pulsingwi t h 0. 5 ¢ C PfH-Tphymidinewe | |
(AmerstamE , Buckinghamshire, UK) for an additional 16 hour$i-Thymidine
incorporation was measured on an LKB Bplate counter (Wallac Oy, Turku,
Finland).The radioactivity of each sample was assayed in Liquid Scintillation Analyzer
(Beckman Instruments, Faelton, CA USA). Samples were normalized to non
stimulated controls and results are expressed as nwarisper minute (cpm)for

triplicate cultures.

2.7 Absolute cell numbers

The absolute numbers of irradiated and -ivcadiated lymphocytes, splenocytesdan
bone marrow cells were calculated followed:Cells were either pooled directly from
sacrificed mice or from culture after stimulation with abb3/CD28 Dynabeads®.

Cells were then counted on a haemocytometer using Trypan blue. Trypan blue was
used todistinguish live and dead cells for more accurate counting as described in
Section 2.2.2 To ascertain theabsolute numbers of T cells anbregcells the
proportions of cells acquirealy flow cytometricanalysis of cell surface markers were

appliedto thetotal number of live cellsounted
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2.8 Detection ofminor H antigenic responses

2.8.1 RealTime gPCR

C57BL/6, BALB.B, (BALB.BxC57BL/6) F1and[(BALB.BxC57BL/6) F1xC57BL/6]

F2 mice were bledaccording to the protocol i®ection 2.8and total mMRNA was
extracted froo wh ol e mouse bl ood using t he Pur i
puri fication kPaisley, Y K n v iatcrcoog edn Fn, g t o t he
instructions. Total mMRNAoncentrations were measured usaiganodrop® (Thermo

Scientific, Wilmington, DE, USA). Between0460ng of total mMRNA wageverse

transcribed using thRotor Gene RPCR probe ki tE ( Qi agenkE,
according to manufFa the¢ target gedesH60 TagMan@®@ha,t i on s .
Christianson etal. 2@)and t he h o us & mikregiopulinitige Tagdam@ b
Gene Expression Assay ( AmwhsirmontBROIGRy t e ms E
GENE RG3000 (Corbett Research, Austral)or ©O&r C10 mi nut es, 9!
seconds and 6 0 e CclefwasrepédatedO tintes. éSamplEhwere rum iy
tripicteand data was analyzed using the delta
method, with each sample normalizedt microglobulinto correct for differences in

RNA quantity.

2.8.2 Minor H antigen immunisation

To immunize C57BL/6 mice against H¥’Uty andthe BALB.B repertoire of minor H
antigens @10 week old émale C57BL/6 mice weratra peritonealy (p.) injected with
either 2.610° male C57BL/6, female BALB.B, male BALB.B or female
(BALB.BxC57BL/6) F1 splenocytesn no more than 0.4mL PBS (Gibco®, Paisley,
UK). These mice were given an additional boost of 2.0xplenocyteswo weeks
after the initial injectionlmmunisedmice were sacrificed one week after the final cell
boost and the splenptes were harvested attte generation ofY-D°Uty andor H60-

KP -H specific CD8 T cellswas measured usirgY-D°Uty andH60 pentamergRyu,
Jung et al. 2009)
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2.8.3 Ex-vivostimulation of CD8" T cells

Splenocytes we harvested from female C57BL/6 mice one week following their final
boost immunisation (described in the previous section) mighe C57BL/6, female
BALB.B, male BALB.B or female(BALB.BxC57BL/6) F1 splenocytes Red blood

cells were depleteths previoust described in section 2.2.3)

To stimulate CD8" T cells within the harvested splenocyte populatio2x1(®
splenocytes were cultured with 5X10HY-DPUty or H60KP® peptidepulsed
splenocytes To preparethe peptidepulsed splenocyte@vhich were used as AF3)
splenocytesfrom norrimmunisedfemale C57BL/6 wereharvested, red blood cell
depletedand countedhs described in Sectidh22. Cells were pulsed with 10uMf
either H60 peptide (LTFNYRNL) or HY DUty peptide (WMHHNMDLI) (think
pepeti desE, Pr oi mmsupmemhented®PMi at B78C for P Kours. i n
After 2 hours the cells were washed twice wstipplementedRPMI and pelleted by

centrifugation (450 x g, 1fins RT) to remove any unbound peptide.

5x1¢ peptidepulsed APCs wereo-culturedwith 2x1® splenocytes in 24vell dish

(Costa®, UK) in 2mL supplemente®PMI supplemented for 6 days (37°C, 5%.0

After 6 days, the cells were restéat an additional 24 hourshe rest consisted of a

partial media change on day 6 to allow for externalization of minor H antigen specific
CD8'T cell recgtors. Enumeration of H6R® andHY-DPUty CD8' T cells wascarried

outusing flow cytometryandPro5®H60-K” and HY pentamerspecific forHY -D°Uty

and H60antigen- specificCD8" T cells respectivelf Pr oi mmuneE,. Oxf or d,

2.8.4 Pentamerstaining

Staining of H66K" and HY-D Uty antigenspecific CD8 T cells werecarried out
using Pro5® H6H2-K® (LTFNYRNL) and H2DP HY-H2-DPUty (WMHHNMDLI)
MHC class | PE conjugatl pentamers (Proimmuge Oxford, UK). The Pro5
pentamers are comprised of 5 MHy€ptide binding complexes assembled through a
coiled-coil domain. Due to their planar configuration, all five Mip€ptide complexes

in the pentamer are available for bindirgrplementary TCR®Briefly, after culture
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cells were washed ipentamer staining buffefcold PBS with 1% Bovine Serum

Albumin (BSA) (w/v) (SigmaAldrich®, Poole, UK), 0.1% sodium azide (NaAx
(SigmaAldrich®, Poole, UK)], according t otruatcns abeledt ur e r (
pentamer was added tells (10uL per samplegnd cells were incubated the dark at

4°C for 30 minutegaindthen washed witmL buffer twice (480 x gfor 5mins, 4°C)

After washing the cells were stained witnt-rCD8FITC (clone 536.7, BD

Phar mi paneéamtECD19Per CpCyE5. 5 to excl ude B cel
PRO® (I nvitr ogen E fluoréseent slyeray al® uded )in the staining

cocktail as a marker fatead cellsCells were stained with relevant antibodies and dyes

at4°C for 30 minutes in the dark. Cells were washed twice #vith cold PBS(480 x

g for 5mins, 4°C)prior to analysis by flow cytometrySplenocytes from an
immunisedmice were cecultured withpeptidepulsed splenocytes (in the same way as
splenocytes frm immunised miceand then harvested for uae negative controls for

pentamer staining.

2.9 Murine peripheral blood cells counts

8-12 week old donor mice were warmed in a heating chamber (Braintree Scientific,
UK) prior to bleeding, to allow for the pehpral tail veins to dilatéo facilitate easier
bleedingUsinga2 1 gauge needl e, toBdatkE aputure m thetail UK)
vein, upto 0.15mL of blood was taken from the tail veins of donor migach blood

sample wasmixed with 0.2mL of blood liffer to prevent blood clotting. Direct
pressure was applied to the site of the tail vein puncture to be sure that clotting occurred
before the animals were placed back in their cages. To obtain white blood cell numbers
samples wereanalysed using &ysme XE-2100 (Sysmex, Kobe, Japan) blood
counting machinélocated at the John Goldman Centre for Cell Therbpynmersmith

Figure 2.1 Pro5 MHC class Irestricted pentamer structure.

This is a representative figure of the coilel structure of the H60 and HY
DPUty pentamers used. The 5 MH@ptide binding complexes allow for
higher binding avidity, and brighter fluorescence when compar&HC class

| restricted tetramers due to the five labels that are afal#tstoh. Image adapte
from Proi mmuneE (Proi mmuneE, Oxfo

)
DUIIT Ivialluvy vwad 11AlvCOLTU 11Ul UIT ITIHUID aviac Ul Ol1cL vwTCon UIUU\JIL)L/G,

BALB.B and (BALB.BxC57BL/6) F1 mice as prewously described in Section 2.2.5
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Recipient mice were irragted (as described irestion 2.3) then placed into a warming
chamber (Braintree Scientific, UK) prior to injectiof lmone marrow.Five million
donor bone marrow cells were injected intravenosW in a total volume of 0.1mL
of sterile PBS into the tail vein démaleCD45.1 or CD45.2 C57BL/6 mice After
injection the mice were monitored for adverse reactionsrédfeing placed back into
their cagesAll animal proceduresvere carried ouin accordance with Home Office

Animal and Project licences.

2.11 Measurement ofrecipient chimerism

Engraftment of donor bone marrow was measured at weekly intervals by obtaining
blood samples fronthe tail veins ofecipientmice. As previously described in section
2.10,up t00.15mL of blood was taken from each mouse amxed with 0.20mL of

blood buffer to prevent blood clottinghe murine blood samples were processed and
staired following the protool described in Section 2.4.PBMCs harvested from the
mice were stainewith antibodies againstD45.1 and CD45.2 cell surface makers to

distinguish between donor and recipiealls

2.12 In vivo depletion of CD25 cells

2.12.1Purification of anti-CD25 monoclonal antibody

PC61 cells (PC61.7, LGC Promochem, Middlesex,, @Kgift from Dr. J.G. Chai
Imperial College London(Onizuka, Tawara et al. 1999)ere cultured in a -IL75cm
fl ask ( @omingham,yl with supplementedRPMI until confluenceCells
were then transferred intarge 1L Roller bottles (BD Falc&n, Oxford, UK) and were

kept ona rollerin a humidified roomat 37°Cuntil confluene.

The cells wergelleted by centrifugation (9,056 xfgr 20 mins, RT)and supernatants
were harvested and mixed with one volume of 4.1M Ammonium sulphate (Sigma
Al dri chE, Po o lircybatddiernight @t4°CsTheweaxsdaye mixture
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wascentrifuged (11,180 x dor 30 mins, RT)and the pellets were resuspended in PBS
and placed into dialysis tubing amtubatedovernight at 4°C. Afteforty eight hours

at 4°C the protein solutionwas centrifuged (480 x dor 5 mins, 4°C)to remove any
remaning dead celloor debris The supernatant was sterile filtered and the protein
concentration was measured usaiganoDrop.

2.12.2In vivo depletion of murine CD25" cells

In vivo depletion of CD25cells in recipient mice waachievedoy giving three doses
(Img/mouse) of aMCD25 antibody d&s described in Section 2.1RiJp. at dag -9, -2
prior to bone marrow transplanand day +5 podtransplant. A reduction in
numbergproportion of CD25 cells in the peripheral blood was measured against non

depleted @nsplanted micasing flow cytometric analysis described in section 2.4.3

2.13 Chimeric suppressionmixed lymphocyteresponsgMLR) assay

Spleen cells (2 xToper well) frommale C57BL/6immunisedmice (as described in
Section 2.8.2) were stimulated with HYUty peptidepulsed female C57BL/6
splenocytes (5 xfer well) in 24well plates (® r ni n g E, BUK) ima fimad h a m,
volume of 2 ml ofsupplementedRPMI medium Peptidepulsed splenocytes were
prepared as followsSplenocyes were pulsed with 10uM HYty peptide at 37°C for
two hours and then washed twice to remove any unbound pepideultures were
incubated at 37°C in a 5% GChumidified atmosphere for 5 day&himeric
splenocytes harvestedfrom male C57BL/6 transplanted mice-19 weeks post
trarsplant were used as suppressor ce#ls three different ratios to responder cells
(0.5:1, 1:1 and 2:1)n the primary MLR. Splenocytes from naive C57BL/6 mice were
used as negative suppression control. Suppression was measthegraportion of

HY-D°Uty CD8' T cells measured after five days in culture.
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2.14 Colony forming unit (CFU) assay

Bone marrow and splenocytes were harvesiedl countedas previously described in

Sectiors 2.2.1 and2.3 CFU assay were set up according tananuf act ur er
instructiors (Stem Cal Technol ogi esE, Grenobl e, Fr e
MethoCult®( St em Cel | Technol o griediusniereth@veadamd b | e,
cellswereprepared to a 10X final concentration (1x&@lls per dish, a cell suspension

of 1x1@ cells per mL was prepate Duplicaé cultures were set up using 0.3mL of

cells to 3nL of MethoCult®( St em Cel | Technol o gnedumE, Gr e
Tubes were vortexed to make sure cells are mixed. Meth®CGu#&dium plus cells

were dispensed into 35mm petri dishes (CorfingBirmingham, UK) using a 16

gauge bl unt needl e attached ofaell saspeBsioh sy r i
was placed into each petri dish and rotated to ensure even coating of thél plate.
maintain a humidified environment a third 35mm petri diSorri n g E , Birmingh
UK), filled with sterile waterwas placed with the 2 culture dishes in 100mm petri dish
(CorningekE, B i .rCuoifuresgwer@mybatedal 37C, 5% C@ and 95%

humidity. Colonies were counted after 12 dayfs culture, using phase cordst

microscope with a 20X objective lens (Olympus, Essex, UK) where colonies were
counted as individual aggregates containing 100 or more cells.

2.15 Hematoxylin and eosin staining

Spleens from &o 10 week old C57BL/6(BALB.BxC57BL/6) F1and BALB.B mice
were cut into 3to 4 mm sections anfixed in 10% formalin (Fischer®L,.oughborough,
UK) overnight prior tdfixation on slides andtaining. Hematoxylin and Eosin staining
was performed byhe Pathology Department @ahe Hammersmith Hospitall.ondon,
UK. Sectons were analysl on a Leica DMLB2 Brightfield and Differential
Interference Contrast (DIC) microscope (Leica, Cambridge, . UlK)ages were
acquired vith Leica DFC 320 camera (Leica, Cambridge, UK).
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2.16 Statistical analysis

Statistical analysis was carriedtasing GraphPad Prism5 software.
For the results presentedonparametric twetailed Studeris ttest (otherwise known as
MannWhitney test\was performed o unpaired data. Results with@€5 were consdiered

statistically significanand are expresses mean + SD or as mean + SEM as indicated.
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Chapter Three

Impact of irradiation dose on
effector T cells and Treg cells
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Chapter 3 Impact of irradiation dose oneffector T cells and Treg
cells

3.1 Introduction

Allogeneic HET has been successfully used to treat a variety of malignant and non
malignant haematological diseases. Prior to transplant patients must undergo some
form of preconditioning regimen to facilitate donor cell engraftment and reduce the
risk of graft rejeton. Traditionally, these regimens consisted of a follyeloablative

dose ofirradiationwhich is associated with higher rates of morbidity and mortality. In
recent years lovdose regimens have been used as a way to decrease these negative side
effects whilst removing host celland allowingadequate space fatonor HSC to
engraft.Both of these regimens use irradiation to help to kill the underlying malignancy

and immunosuppress the host immune system.

Of the various forms of irradiation, gamma irragiat is known to suppress
haematological function by inducing apoptosis in haematopoietic stem cells and
progenitor cellfMeng, Wang et al. 2003 his apoptosis is caused by DNA damage
which can lead to cell cyclarrest at G1/S or G2/M phasgzumiel 1994; Haimovitz
Friedman 1998; Szumiel 1998)his makes proliferating cells more susceptible to the

damaging effects of irradiation.

Irradiation has also been shown to effthe lymphocyte pool with different subsets of
cells expressing varied sensitivifleino, Lilius et al. 1991; Foot, Potter et al. 1993;
Moller, Hofmann et al. 1993; Parra, Roldan et al. 1996; Lowdell, Crastain £998)
Experimentsby Pecaut et al. demonstrated in C57BL/6 micadiated with 3Gythere

was a decrease in the absolute number of 'C®l CD8 T cells measured in the
peripheral blood while the relative proportions of cells remained unchange@ in th
peripheral blood and spleen between the irradiated andrnagiiated mice. The
relative proportions of CD4T cells found in the peripheral blood were increased
further suggesting the that irradiation has varying effects on immune cells subsets
(Pecaut, Nelson et al. 2001)

One population of lymphocytes that is able expand under lymphopenic conditions

caused by irradiation are Treg ceffSavin, Clarke et al. 2002; Nguyen, Zeiser et al.

94



Elisabeth Rose Mari PhD Thesis, 2012

2007) Treg cellsare anergic and fail to proliferate when stimulated by-GbDt8
antibodies in the presence of irradiated ARPEakaguch Sakaguchi et al. 1995 hese
cells also express higher levels of B¢lwhich is known to protect cells from apoptosis
allowing them to survive increasing doses of irradiati@mnao, Linette et al. 1995;
Banz,Pontoux et al. 2002; Chen, Murakami et al. 2004)

In allogeneic bone marrow transplantation settinggjpient Treg cells have been
shown to provide a beneficial effect by facilitating HSC engraftm@menado,
Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Hanash and Levy 2005; Weng, Dyson
et al. 2007)These cellsalso play an important role in suppressing the early expansion
alloreactive T cells, which can lead to graft rejection and GyHEdInger, Hoffmann et

al. 2003) The retention of Treg functional abilities following HSCT could be attributed

to their resistance to irradiation induced apoptosis.

Host immune cell responses following myeloablation are impontadeiermining the
success of a transplant. The combined responses of host conventional T cells and Treg
cells determine the outcome of graft rejection, GvHD, and GvL. In the first part of this
study | wanted to examine the role of increasing myeloablatioh cell and Treg cell
number and functions vitro. This data will help to determine at what optimal dose
there is sufficient host T cell suppression while still maintaining a functional Treg
population. The next step was to look at these paramet®rgo to see if than vitro

effects are predictive ah vivo responses. The vivo model will utilize lowdose
irradiation as this will be used as a bone marrow transplant model in subsequent

chapters.
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3.2 Results

3.2.1 Impact of increasingdoses ofrradi ation on CD3' T cells and Treg
cellsin vitro

To test the effects of increased doses of irradiation on conventional T cells and Treg
cells, lymph node cells from theervical inguinal and axial lymph nodes from@&10

week old female C57BL/6 mice wetearvested. These cells were irradiateidh
escalating doses varying from 250cGy to 1500cGy (as described in Chapter 2 Section
2.3). The proportions and absolute numbers of CD&ells and CDACD25FoxP3

Treg cells were measurdigle hours andneday patirradiation using flow cytometry

and trypan blue staining (as described in G&ap Sections 2.2.2 and 2.4.2)

Figure 3.1 demonstrates that the relative proportions of CO3cells remaied
unchanged when compared to fimadiated controlcells afterone day in culture
(Figure 3.1A). There was a decrease in the absolute nusiehese cells which can

be seen as a dose respomsecells irradiated with 250cGy showing the smallest
decrease in absolute numbers fréime hours andone day postirradiation (1.3x16
cellsby five hours vs. 1.1x10cellsby one daypostirradiation). This was compared to
cells irradiated above 1000cGy which showed the greatest decrease in absolute
numbersbetweenfive hour and one day pestadiation (1.3x16 cells five hous vs.
7.6x10 cellsone day)Figure 3.1B).

These data are consistent with the finding from Pecaut et al. who demonstrated that
increasing doses of gamma irradiation caused no change in the proportions of
conventional CD3T cells, but a decrease in thiesalute numbers of these celigs

observed irmurine peripheral blood after four daf@ecaut, Nelson et al. 2001)

96



Elisabeth Rose Mari PhD Thesis, 2012

A.

100+
w EZENon-Irradiated
§ 80 EE3250cGy
b = E3500cGy
+ 604 [M1000cGy
B Ll EA1500cGy
o
(T-
O 204
S
04 - id
5 hours 1 day
Time post-irradiation
S
= 2.0%106+
o EENon-Irradiated
o
;g e e
[+}]
Q 1%
= _— g (D1000cGy
3. " % E41500cGy
3 %
SO 5.0x105 /
> %
— : /
- JETEEIV] EE
Q
< 5 hours 1 day

Time post-irradiation

Figure 3.1 Increasing doses ofgammairradiation reduces theabsolute number of
viable T cells.

Cells from the cervical, inguinal and axial nodes @b 80 week old female C57BL/¢
mice wereharvested and 6.5xi@otal viable CD3 T cell population as measured |
trypan blue were divided into separate groups and exposed to increasing dc
gamma irradiation.

A. Following five hours or one day in culture with a@ib3/CD28 beads (2.5uL besc
per 1x10 T cells), 5x18 cells per well were harvested and stained for cell sur
expression of CD3. The plots displayed respectively show the proportions 6fTCI
cells analysed by flow cytometry.

B. The absolute numbers of T cells gated onttid viable CD3" T cell population
were counted using trypan blue.

Data presented wefeom pooled triplicate wells and aeerepresentative experiment.
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The observed deease in the absolute numbers seen in the"GDi@ll population after
exposure to gamma irradiation could be a consequence of DNA damage resulting in
cell-cycle arrest. This damage would lead the T cells to be unresponsive to anti
CD3/CD28 stimuli and lehto cell death. The subset of CDB cells was affected by
low-dose irradiation, which teto the investigation of the effects of gamma irradiation

on Treg cells, which are known to homeostatically expand in response to the

lymphopenic conditions caused ioradiation (Nguyen, Zeser et al. 2007)

| wanted to determine ithere was an earlJreg cell expansion after exposure to
increased doses ghmma irradiationTo answer this question the proportions of Treg
cells were measurdie hours andneday postirradiation (as desityed in Chapter 2
Sections 2.2.2 and 2.4.3). In the cells receiving low doses of irradiation (250cGy and
500cGy) therewas a visible increase from 8.31% in namadiated controls versus
11.1% in those irradiated with 250cGy, and 13.3% in those irradvaithd500cGy.

The proportions of Treg cells reazha peakwith 1000cGy (13.9%) and themasno

further increase with increasing doses of irradiatieigure 3.2A). These data suggest

that Treg cells are particularly radiesistant as compared to convenal T cells and

that irradiation, at least up to a certain dose, selectively deplete conventional T cells and
consequently increase the proportion of remaining Treg cells. In accord, the absolute
numbers of Treg cells did not chandiégure 3.2B).
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Figure 3.2 The proportions of Treg cells increased with greater doses of irradiation.

Cells from thecervical, inguinal and axial lymph nodes oft@® 10 week old female
C57BL/6 mice were exposed to increasing doses of irradiation and subsequently ac

1 c;ay
Time post-irradiation
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Time post-irradiation
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by using antiCD3/CD28 beads (2.5L beads per 1XIGells).

A. The proportions and absolute nunbef CD4CD25FoxP3 Treg cells were then
harvested and measured at five hours or one day by flow cytometry. The plot sho

proportion of Treg cells gated on the totalkble CD4" T cell population with
CD25FoxP3 cells as the final gate

B. The abslute numbers of Treg cells gated on the total CD4ell population were
counted using trypan blue.

Data presented were pooled from triplicate wells ané egpresentative experiment
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The sensitivity of CD3 T cells to low doses of irradiation led us to investigate if the
sensitivity observed was due to increased cell death. As previously describgdrin
3.1 irradiated cells from the lymph nodes of female C57BL/6emwere stimulated
with anttCD3/CD28 beads fdiive hours oroneday postirradiation. After theséime-
points cells were harvested and stained with-&@i3" antibodies along with Annexin

V and 7 AAD to allow for distinction between apoptotic and necrogtls (as
described in Chapter 2 Section 2.4.4).

Figure 3.3 demonstrates thdtve hours after irradiation the majority of cells were
viable (93%97% viability in all cell groups), but afteone day the viability was
reduced. In cells irradiated with 28By or higher, less that 15%ereviable afterone
day in culture. Afterone day in culture the majority of cells had entered the late
apoptotic necrotic phase of cell deafiglre 3.3C). This indicates that lower levels of
conditioningwere sufficient tocause an early and rapid death of CD3ells, which
can account for the reduction in absolute numbers of'GDE&ells shown previously
(Figure 3.1B).
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Figure 3.3 One day after exposure toincreasingdoses ofirradiation CD3" T
cells are inlate apoptotic early necrotic phase ofcell death.

Cells irradiated from pooled lymph nodes of female C57BL/6 mice were stimu
with ant-tCD3/CD28 beads and harvested for flow cytometric analysis.

A. The representative plot of nérradiated lymph node cells shows tl
differentiation between the various subsets of cells. Viable cells were negati
7AAD and Annexin V whilst necrotic cells were positive for 7AAD measured
the Y-axis. Apoptotic cells were distinguished by theasitive nature for Annexir
V on the Xaxis and late apoptotic necrotic cells were positive for both 7AAD
Annexin V.

B-C. After five hours and one day in culture CDB cells were then quantifie
using flow cytometry. Apoptotic and necrotic cells weliferentiated by stainincg
cells with Annexin V and 7AAD.

Cumulative data were pooled from triplicate wells and are representative o

independent experiments of identidaisign.

Irradiation causg a reduction in the absolute numbers of T cells by aitigacell

death pathways early after exposure to irradiation. Neggubhtto ascertainif the

viable cells were able to maintain some functional abilities. To test this, proliferation
assays were set up using a CFSE dye dilution to measure the ptiolifefarradiated
lymph node cells stimulated with ar@D3/CD28 beads for 72 hours (as described in
Chapter 2 Sections 2.6.1 and 2.6.2). A decline in the proportions of proliferating T cells
was observed in the cells exposed to increasing doses oairoadiThe most dramatic
decrease in proliferation was observed between 500cGy when 41.8% of cells
proliferated and 1000cGy that was associated with 7.72% of proliferating ligils €

3.4).

When the number of Treg cells was evaluated a reduction prefpertions of FoxP3
cells are observed in the population of proliferating c&ligure 3.4). The proportions
of FoxP3 cells in the norproliferating group of irradiated and namadiated cells
remained similar with values ranging from 2.93% in thetrmnto 2.96% in the
1500cGy groupKigure 3.4).
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Figure 3.4: Irradiation reduces the proliferative ability of conventional T cells.

Pooled lymph node cells from female C57BL/6 exposed to increasing dos
irradiation were first labelled with CFSE. These cells were then activated by incul
with anttCD3/CD28 beads for three days. Cells were then harvested, starrfeakP3
expression and analysed by flow cytometry. The number of cell cycle divisions
measured as the dilution of CFSE dye on tais.

The proportions of proliferating T cells are measured in the bottom left quadran
the nonproliferating Tcells measured in the bottom right quadrant. The proportior
FoxP3 cells in the proliferating cell population were measured in the upper
quadrant with the proportions of FoxP&lls in the norproliferating cells population:s
measured in the uppeght quadrant.

These data are representative of two independent experiments of identical desigr

103



Elisabeth Rose Mari PhD Thesis, 2012

3.2.2 Invivoresponse of T cells and Treg csllto low-doseirradiation

Thein vitro data presented demonstrates that low doses of irradiation, such as 250cGy,
were sufficient to cause a decsean the absolute numbers and proportions of CD3

cells. In vitro, increasing doses of irradiation caused a proportional increase in Treg
cells, but this was not reflected in the absolute numbers.ifhigro data led us to
investigate if these Tregett trends were similam vivo. To answer this question,
female C57BL/6 mice were sublethally irradiated with increasing doses between
200cGy to 600cGy. These doses were chosen because they will be used in the bone
marrow transplantation models in theléo¥ing chapter. White blood cell counts along
with CD4" T cell and Treg proportions and absolute numbers were measured in the
peripheral blood and bone marrow of irradiated mice. White blood cell counts were
measured from the peripheral blood from thewtaihs of irradiatedanice afteroneand

two weeks (as described in Chapter 2 Section 2.9). These mice were sacrificed after
two weeks and their bone marrow was harvested to obtain T cell cdumstime

points were chosen based on results from Weng ewla. demonstrated that the
greatest Treg expansion pastadiation occurred after ten day#/eng, Dyson et al.
2007)

There was a significant decrease in white blood cell counts in all groups of mice that
receivedlow-dose irradiation after one week (***0.0003 (Figure 3.5A). These
counts remained significantly reduced in the mice irradiated with 400cGy and higher
(***p =0.0003 aftertwo weeks postransplant. The mice irradiated with 200cGy had
significantly rediced white blood cell counts after the first wedenging between
0.93x10 cells/L and 1.63x10cells/L), with some recoverin white blood cell numbers
observed by the second weefr{ging betweer. 47x10° cells/L and 2.2%10’ cells/L

two weeks postrradiation) This could be explained by the fact that cell death occurs
early after transplant as demonstrated byitheitro studies, causing an early drop in

cell counts Figure 3.5B).

This in vivo data further suggests thednditioningregimens as low a800cGy were
sufficient to cause a significant decrease in host immune cells early after irradiation.
Low-doseirradiation does not cause the lethal amount of cell damage that is seen in

fully myeloablative conditioning regimens. This low dose allows &st frecovery of
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host immune cellsAnimalsexposed to 400cGy and higher doses of irradiation still had
a reduced number of white blood cells after two weseid variability in counts could

be attributed to discrepancies in blood collection.
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Figure 3.5: Low-doseirradiation leads to anearly decline in white blood cell
counts,

Female C57BL/6 mice were irradiated with doses between 200cQy0tG§ and
control nonirradiated mice werbeled from the tail vein0.150mL of tail blood was
collected per mouse andhite blood cells were measured using a blood coun
machine.

A. White blood cellcounts of irradiated mice as indicated on thaxis were
measured one week after irradiation.

B. White blood cells counts of irradiated mice as indicated on thzix were
measured as described two weeksjroatliation.

Data presented are the mean of three independent experiments whnmie@ per

growp. Results were analysed using unpaset u d etest Stagistidal significanc
is indicated with *, *** (*p<0.05, ***p<0.001).
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The significant decrease in total white blood cell counts led to the investigation of the
effects of lowdose conditioning regimens on CD® cells and CDACD25 FoxP3 T

cells. Low-dose conditioningregimens have been shown to cause a proportional
increase in host Treg cells and it was important for us to quantify this expamsion
(Weng, Dyson et al. 2007There was a significant increase in the percentages of CD4
T cells in the peripheral blood one ekeafter irradiation with the greatest increase
observed in mice irradiated with doses of 400cGy and higher (14.5% SfTC&8ls in
norirradiated controls vs. 29.6% with 200cGy vs. 44.0% with 400cGy vs. 51.7% with
500cGy vs. 55.0% with 600cGy). This nease appeared transient as cell percentages
return to control levels within two weeks (12.3% CD4cells vs. 14.0% with 200cGy

vs. 9.43% with 400cGy vs. 8.77% with 500cGy vs. 11.5% with 600cGigu(e
3.6A).

This early increase in the percentages ofiCD cells was not reflected in the absolute
numbers of these cells. There were significant decreases in these numbers in mice
irradiated at all four dosewhich was observed at one and two weeks-poatiation

(Figure 3.6B). Our data are consistent witthe findings by Pecaut et al. who
demonstrated that at a dose3d@y increased proportions and not the absolute numbers

of CD4" T cells were found in the circulating blood four days posidiation (Pecaut,

Nelson et al. 2001)
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Figure 3.6 Low-dose irradiation causes anearly increase in CD4 T cells in
peripheral blood that is notreflected in the absolutenumbers.

Female C57BL/6 mice were irradiated between 200cGy to 600cGy and bled from t
vein at one and two weeks pasinsplant0.150mL of tail blood was collected per mou
and white blood cells were measured using a blood counting machin

A. Thetotal CD4" T cell percentages were measufeain the total viable mononuclee
cell populationn the peripheral blood of irradiated mice using flow cytometry.

B. The absolute numbers gfable CD4" T cells were enumerated using trypan blue
exdude dead cells.

The data represent the mean of three independent experiments wihnhme per group.

Error bars represent SEM. Results were analysed using ungatred d e-tedt.
Statistical significance is indicated with *, ** *** (*p<0.05, **p<01, ***p<0.001).

107



Elisabeth Rose Mari PhD Thesis, 2012

To determine if the early increase in percentages of ‘CD4ells was due to the
homeostatic expansion of Treg cells the percentages and absolute numbess of
subset were measured in the peripheral blood of irradiated mice. Within the
CD4'CD25FoxP3 subset of CD4 T cells there was a significant increase in the
proportions of these cells in mice receivimgadiation doseof 400cGy and higher
when comparm@ to nonirradiated controls(*p=0.0286) (3.34% in nonrradiated
controls vs. 5.28% with 400cGy vs. 5.51% with 500cGy vs. 5.68% with 600cGy one
week posirradiation). The percentages of Treg cells in mice exposedadiation
doses 0of500cGy and 600cGyontinued to expand during the second week -post
irradiation (**p=0.0032) (5.51% with 500cGy week one vs. 7.65% week two, 5.68%
with 600cGy week one vs. 8.65% week twiiglure 3.7B).

However, this proportional increase did not result in an increase afutédsiumbers of

Treg cells in mice exposed iwadiation doses o400cGy or higher (1.33x1@ells in
nonvirradiated controls vs. 2.05x10with 400cGy vs. 1.06xfOwith 500cGy vs.
8.37x10 with 600cGy one week pogtadiation) Eigure 3.7C). The reduce@bsolute
numbers of Treg cells observed in the peripheral blood ofdose irradiated mice
could be explained by Treg migration to secondary lymphoid organs. Nguyen et al.
demonstrated that after irradiation and allogeneic bone marrow transplantaipoentec
Treg cells trafficked to secondary lymphoid organs where an expansion of these cells

was observe{Nguyen, Zeiser et al. 20Q7)
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Figure 3.7 A significant increase in the proportions of Treg cells is observel
following low-dose irradiation.

Irradiated female C57BL/6 mice were irradiated with doses between 200cGy to 6l
and bled from the tail vein at one ameb weeks postransplant.

A. The plot represents tlgating strategyor the peripheral blood and the bone martow
determine the total viabl€reg cells. First, th€D4" T cell populationwas gated out an
the CD25FoxP3 proportions were measured asrrsunded by the box within th
guadrant.

B. The CD4CD25FoxP3 T cell percentages were measured within the ©B4" T cell
population in the peripheral blood using flow cytometric analysis.

C. The absolute numbers ofable Treg cells were enumeratagsing trypan blue tc
exclude dead cells.

These data represent the mean of three independent experiments wBhmie2 per
group. Error bars represent SEM. Results were analysed using urpdiredd etest.
Statistical significance is indicated with** (*p<0.05, **p<0.01).

The expansion of percentages and absolute numbers of &4CD4CD25 FoxP3

T cells were measured in the bone roarof low-dose irradiated mice. Irradiation is
administered prior to transplantation to create space in the bone marrow for donor cell
engraftment. Several groups have shown that Treg cells are important facilitators of
HSC engraftmen{Trenado, Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Hanash
and Levy 2005; Weng, Dyson et al. 200lf) observing the effects of irradiatiam

CD4" T cells and their subsets it will allow for a further understanding of the ro

irradiation plays in donor cell engraftment.

The irradiated mice were sacrificed after two weeks and the bone marrow cells were
harvested from the femurs and tibiae of mwadiated and irradiated mice (as described

in Chapter 2 Section 232). In thebone marrow of the irradiated mice there was a
significant decrease in the proportions and absolute numbers of TDdlls in the
female mice receivingrradiation doses between 200cGy to 600cG{**p <0.001)
(3.57% in nonirradiated control mice vs. 0.98%ith 200cGy vs. 0.28% with 400cGy

vs. 0.29% with 500cGy vs. 0.23% with 600cG¥)gure 3.8A-B). The proportion of
CD4'CD25'FoxP3 T cells remains constant two weeks after irradiatiigure 3.8C),

and the ratios of the absolute numbers of CD4ells toTreg cellsrevealed a similar

pattern to that of the proportions demonstrating that the number of Treg cells remained
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unaffected(Figure 3.8D), thus confirming a selective radiesistance of Treg cells
compared to CDLD25 cells.
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Figure 3.8 Low-doseirradiation decreaseCD4" T cell absolute numbers with no
change in the proportions of Treg cells

Female C57BL/6 mice were irradiated between 200cGy to 600cGy and sacrificel
two weeks. The bone nraiwv was harvested from femurs and tibae and red blood
were lysed prior to analysi¥he gating of total CD4T cells and Treg cells is the san
as described ifigure 3.7A

A, C. Cell suspensions were analysed for proportions of ‘CD4 cells and
CD4'CD25FoxP3 Treg cell subsetwithin the total mononuclear cell populations of t
bone marrowsing flow cytometry.

B, D. The absolute numbers of CDZ cells and CDACD25FoxP3 T cells were
enumerated using trypan bltRanel D represents the ratioadfsolute number of CD4A
cells t the absolue numbers of CIoD25 FoxP3 T cells.

Data presented arthe mean of three independent experiments with-#@ice per

group. Error bars represent SEM. Results were analysed using urpdiredd etest
Statstical significance is indicated with *, **, *** (*p<0.05, **p<0.01, ***p<0.001).
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3.3 Discussion

The experiments described in this first chapter demonstrated the selective effects of
gamma irradiation on conventional T cells and Treg ckllsitro, low dose irradiation
caused a reduction in absolute number of CD&ells while the propaions remained
unchanged early after irradiatioRigures 3.1). This data is supported Myrzesinskiet

al. who observed in the mouse that a single dose of 5Gy was sufficient to cause a
significant reduction in CD8 CD4’, NK1.1", and GR1" cells, thus demnstrating the
damaging effects of irradiation on different immune cell sub8¥tgesinski, Paulos et

al.). The modality by which irradiation induces cell death is to cause DNA damage that
in turn can lead to cell cycle arrest and apoptBmimiel 1994; HaimovitEriedman

1998) It is for this reason that proliferat cells are more susceptible to the damaging

effects of irradiation.

When the death of conventional T cells after exposure to increasing doses of irradiation
was investigatedh vitro our results showed that gamma irradiation as low as 250cGy
was able tanduce late apoptosis early necrosis in 70% of CD8ells within 24 hours

after exposure. These numbers are increased to 83% when cells are exposed to an
irradiation dose of 1000cGy where it reached a plat&agule 3.3). This fast cell

death is the kely cause for the fast drop in the absolute numbers of CO:2lls seen

after one day.

Gamma irradiation was able to induce late apoptosis early necrosis in a large
percentage of CD3T cells exposed with irradiation dose between 250@GEB600cGy.

It was not known whether the viable cells retained their functionality after exposure to
increasing doses of irradiation. At the lower doses of 250cGy and 500cGy cells were
able to proliferate to levels comparable to those seen in theémadrated control ells

upon antiCD3/CD28 stimulation, but these numbers are drastically reduced when the
irradiation dose was increased to 1000cGy where 7.72% of cells proliferated when
compared to 57.7% of proliferating cells in Roradiated controlsKigure 3.4). Taken
together thisn vitro data shows there is a proportional effect of irradiation on T cell

numbers.

The effect of irradiation on Treg cells was also examimedlitro. These cells are

known to be more radicesistant due to a higher expression of-Bcivhich conveys

112



Elisabeth Rose Mari PhD Thesis, 2012

protection from apoptosi&hao, Linette et al. 1995; Banz, Pontoux et al. 2002; Chen,
Murakami et al. 2004)Treg cells play an important role in graft tolerance and it has
been shown that theecipient derived Treg cells are fundamental for this process
(Weng, Dyson et al. 2007\When exposed to increasing doses of irradiation the
proportions of CDACD25FoxP3 T cells increased, but this proportional increass

not reflected in the absolute numbeFg(re 3.2A). Treg cells have the ability to
expand in lymphopenic conditions, but this expansion is only proportional, resulting in

better survival.

The in vitro proliferation of conventional T cellseevealeddecreased percentages of
FoxP3 cells in the proliferating quadrants, but in the {poaliferating quadrants the
percentages of cells remained similar between the control and irradiated groups of cells
(Figure 3.4). The cells in the noeproliferating quadsnt could represent a quiescent
survival of Treg cells that may not become fully functional until they encounter the
proper stimuli. It is not known whether the FoxP&lls in the nosproliferating
guadrant are dead or dying. This would need to be exadnhipeising Annexin V and
7AAD staining to determine if these cells are entering apoptiostbe in vitro assays

the proportions of nTreg cells were measured by the inclusion of CD25 as a marker for
the regulatory population. The presence of iTreg cedls mot examined in thigport,

but it may not matter if the Treg cells induced after irradiation are nTreg cells of iTreg

cells, as long as they maintain their immunosuppressive functions following ablation.

Thein vitro experiments demonstrated that dfigtion impacts on the proportions and
absolute numbers of CDT cells. These effects can be seen when vedie exposed
to low-dose irradiation anderealso dosedependent.

The results observed in the vitro assays were confirmead vivo. The secondhalf of

the chapter investigated the impact of irradiation on host derived Tbdlls and Treg
cellsin vivo. Significantly reduced numbers of white blood cells were observed in the
peripheral blood of mice exposed to irradiation between 200cGy to 600Gy the

first two weeks after irradiatio(Figure 3.5). These decreased numbers of white blood
cells sea after irradiation demonstratetthe sensitivity of cells to the effects of
irradiation. Despite the decrease in the white blood cell spth@rewas a significant
increase in the proportions of CD# cells in mice irradiated between 400cGy to
600cGy Figure 3.6).
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This increase in the proportions of CDB cells is consistent with data from Pecaut et

al. who observed a proportional increase in@4’ T cells in the peripheral blood of
mice after lowdose irradiatior{Pecaut, Nelson et al. 200This group alseeported a
decrease in the absoluteambers of CD4T cells and thisvasalso observed inurin

vivo data. The proportional increase in CDcells could be explained by the selective
expansion of Treg cells within the conventional CD4cell populationin order to test

this Treg cellsfrom the irradiated and neirradiated mice could be measured using
flow cytometry and absolute cell numbers could be obtained to determine if there were
significantly increased numbers of these cells. The ‘CDdell fractions could also be
sorted for thelreg marker CD25 and FoxP3 as a more definitive measure of the cell
numbers presenthe presence of activation markers such as CD44 and CD69 on the
surface of Treg cells may also determine if these cells have been activated and

expanded.

In the peripheal blood of mice irradiated with 400cGy and higher there was a
significant increase in the percentages of GT25'FoxP3 T cells within the CD4T

cell population Figure 3.7A). The proportions of Treg cells remained significantly
increasedy two weekspostirradiation despite the fact that the proportions of Ch4

cells had returned to narradiated control levelsHgure 3.6A). The two week time

point was used based on previous work by Weng et al. who demonstrated that the Treg
cells in vivo reached peak ten days after irradiatipfveng, Dyson et al. 2007k may

also prove beneficial to look at longer tirpeints to further understand the kinetics of
Treg cell expansion postradiation. Low-dose irradidon selectively depletes
conventional T cells due to their increased sensitivity to irradiation induced apoptosis
and consequently increases the percentages of remaining Treg cells. This can account
for the significantly increased proportions of Treg cedlsen two weeks after

irradiation.

The radieresistance of Treg cells also extends to the bone marrow. Several groups
have demonstrated the expansion of Treg cells in secondary lymphoid organs, but
gquantifying the expansion of Treg cells in the boneravaihas been widely overlooked
(Wrzesinski, Paulos et al. ; Pecaut, Nelson et al. 2001; Qu, Zhang et al. 2010)
Understanding the homeostatic expansion of Treg cells following irradiation will help
to better determe their radieresistance. This also has further implications in a bone

marrow transplant setting where the engraftment of donor cells may be dependent on
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the suppression of alloreactive T cells by host Treg d@lis.results showin the bone
marrow thee was a significant decrease in the percentages of Télls, which was

the opposite of what was observed in the peripheral bléogure 3.8A). This
significant decrease in the CD4& cells could beexplained bythe increased
susceptibility of CDACD25 T cells to irradiation induced apoptosis. When the
percentages of Treg cells were examined in the bone marrow it was revealed that the
proportions of Treg cells remained stable betweenirradiatedand irradiated mice
(Figure 3.8C). In the 400cGy and600cGy irradiatedmice half of the CD4 T cell
population was comprised of Treg cells, which was also reflected in the absolute
numbers Figure 3.8B and 3.8D). Thisin vivodata further strengthens the observations
that there is a selective radiesistane of Treg cells that is doskependent compared

to CD4CD25 T cell subsetslt will still be important to determine if the Treg cell
present in the bone marrow maintain their immunosuppressive properties following
irradiation.
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Chapter Four

The relationship betweenncreasing
doses ofdonor antigenic
determinants and themagnitude of
conditioning required for donor cell
engraftment
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Chapter 4 The relationship betweenncreasingdoses ofdonor
antigenic determinants and themagnitude of conditioning
required for donor cell engraftment

4.1 Introduction

Following allogeneic bone marrow transplantation between 4itieftical individuals

T cell responses against minor H antigens are considered to be mainly responsible for
graft rejection(Goulmy, Schipper et al. 1996)hese minor H antigens are self peptides
derived from proteolytic processing of normal cellular proteins. In bone marrow
transplantation models where there is a disparity in a weak minor argiggnas the

male HY antigens, the engraftment of donor HSC can occur with RIC cddse
conditioning regimengLaylor, Dewchand et al. 2005; Weng, Dyson et al. 2007)
Laylor et al. has demonstrated in murine &amarrow transplant models that the
successful engraftment of male C57BL/6 donor bone marrow into recipient female
C57BL/6 mice occurred with an irradiation dose of 400¢Gaylor, Dewchand et al.
2005) It is not known whether these lodose or RIC préransplant conditioning
regimens are effective at facilitating donor cell engraftment when the amount of donor

antigenic determinants in doraecipient pairs is increased.

It remains unclear as to whetheansplamation of donor cells withgreater antigenic
disparitiesrequires increased conditioning to facilitate engraftment. To address this
guestion, | compared the dose of irradiation requioecengraftmen of donor cells in
groups of C57BL/6 mice in which thdose of antigenic disparities proportionally
increase. Different antigen doses were createddmeratingan (BALB.BxC57BL/6)

F1 progeny bycrossing C57BL/6 and BALB.B mice.Of the minor H antigens
expressed by the BALB.B mice, H60 is known to dominatehtigt immune responses
(Choi, Yoshimura et al. 2001; Choi, Christianson et al. 200P)is allowed for the
tracking ofin vivoandexvivo recipient C57BL/6 immune responses and the generation
of H60-K antigen spcific CD8 T cells, which are known to mediate graft rejection
(Choi, Christianson et al. 2002)
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4.2 Results

4.2.1 Minor antigen H60expressionlevels arereducedin BALB.B
offspring

Before their use in the transplambat experiments, it was important to confirm the
levels of the immunodominant minor H antigen H60 in the parental BALB.B strain and
in that of their offspring Table 4.1). RealTime quantitative PCR (qRPCR) for the
expression of H60 was performed on mRBixtracted from the peripheral blood cells

of both parental strains and tiBALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6)
F1xC57BL/6] F2offspring (as described in Chapter 2 Section 2.8 hg expression
levels of minor H antigens is low on the cell surfaitesreforemRNA was used to
guantify H60 expression as it is the most commonly referenced measure of H60
expression duelack of reliable antibodies for protein expression assayse T
(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2progeny had
redwced mRNA expression levels of H60 when compared to the BALB.B parental
strain. In the(BALB.BxC57BL/6) F1 strain H60 expression was 0.4210.57, which

was approximately half that of the parental BALB.B strain with the C57BL/6
expression levels being undeted Figure 4.1). The [(BALB.BxC57BL/6)
F1xC57BL/6] F2progeny had H60 expression levels that averaged 0.27, which was
approximately a quarter of the H60 expressed by the BALB.B wiitehalf of the F2
progeny screened being negative for H60 mRNAhis confirms that the
(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 progeny
expressed decreased amounts of H60 mMRNA when compared to the BALB.B mice.
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Table 4.1: Characteristics of the different mouse $rains used in the minor H
antigen mismatchedbonemarrow transplant combinations

Strain MHC Type Minor H Antigenic
Differencesfrom
BALB.B

C57BL/6 H2° H60, H4, H28, H?,H13

BALB.B H2° None

(BALB.BxC57BL/6) F1 H2° Same number of antigeni
differencesas the BALB.B
with half theexpression
levels of the BALBB
strain

[(BALB.BxC57BL/6) H2° Same number of antigeni

F1xC57BL/6]F2

differences wittb0% of
the offspring with50% of
the gene expression
Individual mice will have
the same gene expressiol
as the F1 offspring or
nothing.
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Figure 4.1 Minor H antigen H60 expression levels are reduced ir
(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 progeny.

MRNA expression levels for the immunodominant minor antigen H60 \
measured from peripheral blood from tails veins of the parental BALB.B, C57
strairs and the (BALB.BxC57BL/6) F1 ar{{BALB.BxC57BL/6) F1xC57BL/6] F2
offspring. H60 MRNA expression levels were quantified using -§RR. The
samples were run in triplicates and each samplenaasalisedo b-2 microglobulin

to correct for differences in RN quantity. These relative H60 mMRNA expressi
levels obtained in the (BALB.BxC57BL/6) FIBALB.BxC57BL/6) FIxC57BL/6]

F2, and C57BL/6 mice were compared to mRNA levels in BALB.B miCkee

standard curve was generated using the standards of 500ng56@rayd 0.5ng of
total starting RNA in a 1fold dilution. The cycle threshold was determined as
cycle number at which fluorescence value reached a threshold level.

Data presented are the mean + SEM of six separate experiments of identical
n=3 mice per group for BALB.B, (BALB.BxC57BL/6) F1 and C57BL/6 da
[(BALB.BxC57BL/6) F1xC57BL/6] F2mice data presented are the mean + SENM
four experiments of identical design.4mice per group.
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4.2.2 Invivo CFSE cytotoxicity assaydemonstratesincreasedkilling of
cellsexpressinggreater amounts of antigenic determinants

Since thanRNA expression levels of the immunodominant minor H antigen, H60 were
reduced in thg BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2
progenyl wanted to determine if this decrease in H60 resulted in a varied host immune
response. To answer thisiegtion CFSEIn vivo cytotoxicity assag were performed
using donor cells from BALB.B, (BALB.BxC57BL/6) F1,
[(BALB.BxC57BL/6)FIXC57BL/G F2 or male C57BL/6 mice as controls. Splenocytes
from female C57BL/6 and male C57BL/6 mice, malBALB.BxC57BL/6)
FIxC57BL/6] F2 mice, femalédBALB.BxC57BL/6) F1mice or female BALB.B mice
werelabelledwith different concentrations of CFSE to distinguish different populations
and injected in pairat a ratio of 1:into unconditionechaive female C57BL/6 mice (as
descrbed in Chapter 2 Section 2.5). The elimination of the population of interest was
measured by sampling peripheral blood and calculating the ratio betweeCFSE
CFSE®" cells on dayzeroversus the ratio on dayive, seven and 14 posinoculums
(Figure 4.2A).

Male C57BL/6 splenocytes were eliminated at a slower rate by female hosts requiring
14 days for no male cells to be detectEdyre 4.2B). In contrast, female BALB.B
splenocytes were eliminated withfive days after inoculums (99% killed). Whe
BALB.B clearance was compared wif(BALB.BxC57BL/6) FIXC57BL/§ F2 cells,
containing a quarter of the H60 minor antigen (BAALB.BxC57BL/6) F1 cells,
containing half the dose of H60observed that both sets of progeny splenocytes were
eliminated quicky by the female C57BL/6 hosf§(BALB.BxC57BL/6) F1xC57BL/6]
F2=95% and(BALB.BxC57BL/6) F1=97% eliminated by dagevenpostinoculums)
(Figure 4.2B).

The cells expressing H60 were eliminated one week faster than male C57BL/6
splenocytes. These data icate that rejection time was proportional to the antigen dose

on donor cells.

121



Elisabeth Rose Mari PhD Thesis, 2012

A. Day 7 Day 14

99.1 e 99.3
0.49
pe——
et T e
10° 10° 10? 10° 10* o° 10! 10? 10° 10*

B. Day 5

904
S 2 wd
$3 7
x -
£ o gg
-
o S -
- -
=38 =
10+
() A—— T
06 \>€> <V M 0@
A o\
& & & & &
2 2 A A )
o FE
%° ¢
N *
N
\&
QO

122



Elisabeth Rose Mari

PhD Thesis, 2012

Day 7

1) L) L] L] L) L) L] L] \J L) «é

SSIRIZIEIZJKL o %

- 2, A A &\0
A)121%x0303A0 5, }191X0}03A2 3,
OAIA Ul JO % OAIA Ui JO Y,

123



Elisabeth Rose Mari PhD Thesis, 2012

Figure 4.2 The efficiency of donor cell rejection ismdependent of the antigenic load.

Splenocytes from female C57B1 and male C57BL/6 mice, mal¢BALB.BxC57BL/6)
F1xC57BL/6]F2 micepositive for H60 mMRNA expressiofemale (BALB.BxC57BL/6) F1
mice or female BALB.B mice were harvested daloelledwith different concentrations o
CFSE to distinguish different populations and injected in pairs into naigenditioned
female C57BL/6 mice at a 1:1 ratio.

A. Thehistogram plotshow the percentages of CF8Efemale BALB.B cellsvs. CFSE"
female C57BL/6cells on dag seven and 14 pestoculum The ratio between CFEE vs.
CFSE®" cells was used to quantify the percentageis ofvo cytotoxicity of the population
of interest as calculated by

Percentage of rejection _ 100 x pre-injection CFSE high:CFSE low — post-injection CFSE high:CFSE low
of CFSE high cells pre-injection CFSE high:CFSE low

B. The percentages of eliminated cells were measured adte five by flow cytometry
where the ratios cEFSE"" vs. CFSE®" were calculated.

C. The percentages of eliminated cells were measured after day seven by flow cyt
where the ratios cEFSE"" vs. CFSE®" were calculated.

D. The percentages ofielinated cells were measured after day 14 by flow cytometry w
the ratios ofCFSE"9" vs. CFSE*" were calculated.

The data presented are the mean + SEM of three separate experiments of identica
with n=8 mice per groupResults were analysed ogiunpairees t u d etest Staistidal
significances indicated with * and *** (p<0.05 and ***p<0.001).
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4.2.3 Immuni sation producesincreasedfrequency ofantigen-specific CD8"
T cell responses

Thein vivo CFSEcytotoxicity assay demonstrated that falien C57BL/6 mice were able

to quickly eliminate the BALB.B an(BALB.BxC57BL/6) F1cells that expressed the
immunodominant minor H antigen H60. The fast clearance of H60 expressing cells led
to the investigation of the host generationH&0-K® antigenspeific T cells because
these antigesspecific T cells have been shown to cause graft reje¢t@oulmy,
Schipper et al. 1996; Choi, Christianson et al. 200R2gerstanding the magnitude of T

cell responses to diffent doses of the immunodominant minor H antigen will help to
better design preonditioning regimens. If stronger antigepecific T cells responses

are generated than this may prompt a need for increasachpsplant conditioning to
cause greater hoshmunosuppressioto facilitate donor cell engraftment

In order to test the generation of HBO antigenspecific CD8 T cells female
C57BL/6 micewereimmunised with female BALB.B or femaléBALB.BxC57BL/6)

F1 splenocytes. A group of female C57BL/6 weamemunised with male C57BL/6
splenocytes to measure the generatiod 6D Uty antigenspecificCD8' T cells. This
was done to compare the generation of antgmacific T cells between two sets of
MHC class | restri@d minor H antigens. The immued mie were boostetivo weeks
after the initialimmunisationand spleens were harvestmieweek after the final boost
(as described irigure 4.3 and Chapter 2 Section 2.8.2). The splenocytes from these
immunised mice were stimulateid vitro with either HY:H-2D Uty peptide pulsed or
H60-H-2K" peptide pulsed APCs faix days (as described in Chapter 2 Section 2.8.3).
To measure the generation of antiggecific CD8 T cells upon antigen fehallenge
cells were stained with MHC clas$HlY -D°Uty andH60-K? pentamers. A schematic of

theexvivo stimulation is explained in detail Figure 4.3,
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1.) Intraperitoneal Injection of 2x107 2.) Harvest of immunised splenocytes and
splenocytes from JC57BL/6, ¢ F1 or culture with HY-D°Uty or H60-K
© BALB.B mice on day 0 and day 14. peptide pulsed APCs from © C57BL/6.
%\‘ ) —
Q C57BL/6

3.) After 6 days in culture and 24 hours rest
analysis by flow cytometry for HY-D"Uty or
-H60-K® pentamer positive T cells.

Figure 4.3 Ex-vivo stimulation of immunised mice.

Female C57BL/6 mice were immunised with 2.0%&plenocytesnjectedintraperitoneally
from male C57BL/6, female (BALB.BxC57BL/6) F1 or female BALB.B mice and tf
immunizedwith additional splenocytes after two weeks. The splenocytes from these
were harvested one week after the final boost and stimulated @ittt HY -D°Uty or H60-

K® peptidepulsednorirradiatedfemale C57BL/6 splenocytes, as APCs, for six days. Tt
cells were rested for an additional 24 hours before being analysed. The generation
DPUty and H60GK" antigenspecific CD8 T cells were measured with MHC classHY -

DPUty and- H60-K” pentamers by flow cytometry.
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Before exvivo stimulation with HY-D°Uty and -H60-K® peptide pulsedAPCs the
splenocytes of immunésl mice, as described iRgure 4.3 were assessk for the
generation of antigespecific CD8 T cells using specificMHC class | pentames.
There are small populations bifY-D°Uty antigenspecific CD8 T cells generated in

the spleen after immusdtion (0.269%, Figure 4.4A). Female C57BL/6 mice
immunised with female BALB.B splenocytes also produced a small proportibi66f

K® antigenspecific CD8 T cells that could be detected in splenocytes after the final
immunisation (0.598%, Figurd.4B). These low proportions of HER® CD8' T cells

are consistentvith what has been observed by Choi et al. and Ryu et al. in the
peripheral blood of H60 immunised mice. They observed less than 1% H60 tetramer
positive CD8 T cells in the peripheral blog€hoi, Christianson et.a2002; Ryu, Jung

et al. 2009) Next, the expansion of these antiggrecific T cells wasssessedsing

antigen rechallenge.
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Figure 4.4 Low frequency of HY -D°Uty and - H60-K" antigen-specific CD8 T
cellscan bedetected inthe splenocytes of immunised mice

Female C57BL/6 female mice were immunised with either 2.0xifle C57BL/6
spenocytes or female BALB.B splenocytes subsequently harvested from the s
of 8 to 10 week old mice. These recipient mice were administered an addi
inoculum of 2.0x10splenocytes two weeks after the initial immunisation. One w
after the finalimmunisation spleens were harvested and cells were analysed f
presence of MHC class | antigepecific CD8 T cells using flow cytometry.

A. Thesplenocytesrom both immunized and nemmunised control mice, which di
not receive any injection opgenocytes, were analysed using flow cytometry. The
cells were gated out and labeled with CD19 andPRID3 to exclude B cells an
dead cells. The total CDST cells were analysed from the CD130O-PRO3

population.

B,D. Splenocytes from nemmunisedfemale C57BL/6 mice were used as contr
and the presence of antigepecific T cells were measured with flow cytometry us
specific MHC class | pentamers for the presence ofH{¥ty and- H60-K® antigen
specific CD8 T cells. Cells were labelled witBD19 and TGPRO3 to exclude E
cells and dead cells and CD8 and specific MHC class | pentamers. The plots re
gating on the total CDST cell population.

C,E. The presence of antigapecific T cells were measured in the splenocyte:
C57BL/6 male ad female BALB.B immunised female C57BL/6 mice with flc
cytometry using specific MHC class | pentamers for the presence dd¥y and-
H60-K® antigenspecific CD8 T cells. Cells were labelled with CD19 and -RRO3
to exclude B cells and dead cells &Id8 and specific MHC class | pentamers.

The plots represent gating on the total CDB cell population. These ar
representative plots of four experiments of identical design. n=8 immunised mic

group.
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The strength oHY-DUty T cell responses were measured in female C57Bli¢& m
immunised under the exvivo conditions described irFigure 4.3, Tracking the
generation ofHY-DUty antigenspecific CD8 T cells was performed to use as a
comparison between with the generation of HBantigenspecific CD8 T cells. The
generation b HY-DPUty antigenspecific CD8 T cells was established aftexvivo
peptide rechallenge. Splenocytes from male C57BLMimunised mice were re
challenged wittHY -DPUty peptide pulsed APCs faix days. After being rested for an
additional 24 hoursthe generation of antigeapecific CD8 T cells was measured by
flow cytometry with HY-DPUty specific pentamers (as describedFigure 4.3 and
Chapter 2 Section 2.8.3). Malemunisedsplenocytes showedhaxpansion oHY -
DPUty antigenspecific CD8 T cells dter HY-DUty re-challenge (3.30%Y-D°Uty
specificCD8" T cells) Figure 4.5A-B).
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Figure 4.5: In vivo male immunisation produces adetectable HY-D°Uty antigen-
specific CD8' T cell response.

Female C57BL/6 mice were immunised with 2.0%Iflale C57BL/6 splenocytes ar
inoculated with an additional 2.0xLénale splenocytes after two weeks. One week &
the final inoculums, 2.0xf0splenocytes from the immunised mice were stimulated \
5.0x10 HY-D°Uty -peptide pulsed APCs for six days and then rested for one day.

A-B. Proportions ofHY-D Uty-specific CD8 T cells generated were measured in m
C57BL/6 immunised and nemmunised ells as control with flow cytometry. Cells wel
labelled with CD19 and T@?RO3 to exclude B cells and dead cells and CD8 and spe
MHC class | pentamers.

The plots represent gating on the total CDB cell population. Data presented &
representativelpts of four separate experiments of identical design.
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As previously demonstrated Figure 4.2 cells expressing various levels of H60 were
eliminated faster than cells expressing HY antigens in female C57BL/6 Tiiean
vivo CFSE cytotoxicity assay revealed thexmgas no difference in the elimination of
splenocytes expressing varying levels of H60. It was not known whether the amount of
H60 expressed by cells was correlated with increfseplencyof antigenspecifc T
cells and if this generation was more robust than that dflihé®P Uty antigenspecific
CD8' T cells. To answer these questions the production ofkfséntigenspecific T
cells in mice immursed with female BALB.B or femal¢dBALB.BxC57BL/6) F1
splen@ytes were measured. Splenocytes from imsaehimice were cultured under
the conditions previously describedkigure 4.3 and analysed by flow cytometry with
H60-H2-KP pentamers. ThéBALB.BxC57BL/6) Flimmunisedsplenocytes were able
to generate a limid antigerspecific CD8 T cell response with 4.30% of the CD$
cells staining as H6B" pentamer positive aftéd60-K® antigen stimulationRigure
4.6B). This was a similar response to that producedHdyDPUty antigenspecific
CD8' T cells (4.30% H6&K" specific vs. 3.30%HY-DUty -specific) Figure 4.58
and Figure 4.6B).

The miceimmunisedwith BALB.B splenocytegienerated a more robust respoH§€-

KP antigenspecific T cell response after peptide challenge when compared to the
(BALB.BxC57BL/6) F1 immunised cells (2.6% vs. 4.30%) Figure 4.6B-C).
Splenocytes from(BALB.BxC57BL/6) F1 immunisedmice do not elicit the same
magnitude of immune response as thimsmunisedwith BALB.B splenocytes. These
results demonstrate that higher levels of H60 esmaswere correlated with the
generation of increased proportions of H60 antigeecific CD8 T cells. They also
suggest that mice transplanted with BALB.B bone marrow may require increased
conditioning to impair the generation of a robust host T cefisarese, which can lead

to graft rejection.
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Figure 4.6 The dose of H60 antigen on donor cells correlates with the frequency «
H60-K" antigen-specific CD8 T cells.

Female C57BL/6 females were immunised with 2.0xdflenocytes harvested frofemale
(BALB.BxC57BL/6) F1 or female BALB.B mice and inoculated with an additional 2.0x
male splenocytes after two weeks. One week after the final inoculums, 2dptéfocytes
from the immunised mice were stimulated with 5.0%#60-K -peptide pulsedPCs for six
days and then rested for one day.

A. Splenocytes from neimmunised female C57BL/6 mice were used as controls anc
presence of antigespecific T cells were measured with flow cytometry using specific M
class | pentamers for the presemdeH60-K® antigenspecific CD8 T cells. Total CD8 T
cells were gated from th€D19 and TOPRO3 live cell populationto exclude B cells anc
dead cellsThe plots represent gating on the total CD&ell population.

B-C. Proportions ofH60-K -specific CD8" T cells generated were measured in fem
(BALB.BxC57BL/6) F1 and female BALB.B immunised mice with flow cytomeffptal
CD8' T cells were gated from théD19 and TGPRO3 live cell populationto exclude B
cells and dead cell¥he plots represergating on the total CO8T cell population.The
black boxes in the plots represent the populations of &B8-K” pentamer positive cells.

Data presented are representative plots of four separate experiments of identical desic
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In the minor H antigenic repertoire of the BALB.B mice there exists a hierarchy of
response to these antigeasd withinthe BALB.B strain the minor antigen, H60
dominates the immune responsedhet level of the naive T cell€hoi, Christianson et

al. 2002) This principle has allowed the immune response to this antigen to be tracked

in the previougxVvivo experiments.

| next wanted to address the question of H60 immunodominance in the presence of
weaker transplantation antigens to determineH60 dominates the immune response.
Female C57BL/6 mice welienmunisedwith male BALB.B splenocytes and responses
against H6K” and HY-D°Uty peptide pulsed APCsvere evaluated by specific
pentamers (as desbed inFigure 4.3 and Chapter 2 Section 2.8.4). Male BALB.B
mice were used to test the immunodominance of H60 because in humamétthed
HSCT donotrecipient pairs are not always sexatched and male cells can generate
antigenspecific T cell response(Figure 4.5). The spleens of immused mice were
harvested and stimulated witHY-D°Uty and H60-K® peptide pulsed APCs (as
described irFigure 4.3 and Chapter 2 Section 2.8.3). The cells were then analysed for
the generation of HYDPUty antigenspecificCD8" T cells andH60-K” antigenspecific

CDS8' T cells Figure 4.7). When the splenocytes from male BALBrBmunisedmice

were stimulated withdY -D°Uty-peptide pulsed and60-K -peptide pulsed APCs only

the production oH60-K® antigenspecific CD8 T cell responses was detected (0.140%
HY-DUty vs. 16.4% H60Figure 4.7B-C). In the presence of additional minor H
transplantation antigensi60 was able to dominate the MHC class | T cells response

thus proving its immunodominance.
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Fibgure 4.7 Immune responses against H6&" dominate over those towards HY
D-Uty.

Female C57BL/6 female mice were immunised twice with 2.0xh@le BALB.B
splenocytes harvested from the spleenswaf 8 to 10 week old mice. Spleens we
harvested one week after the final imnsaion andsplenocytes were pooled ar
stimulated with H¥DPUty and H60K" peptide pulsed APCs.

A,C. Splenocytes fronpooled nonrimmunised female C57BL/6 mice were used
controls and the presence of antiggaecific T cells were measured with flow ¢

using specific MHC class | pentamers for the presence ofDBMy and H60K
antigenspecific CD8 T cells. Cells were labelled with CD19 and -RRO3 to exclude
B cells and dead cells. The plots represent gating on the totdl TT&8! population.

B, D. The presence of antigapecific T cells were measured in the splenocyte
pooled male BALB.B immunised female C57BL/6 mice with flow cytometry usi
specific MHC class | pentamers for the presence ofD{¥ty and- H60-K” antigen
specific CD8 T cels. Cells were labelled with CD19 and F®RO3 to exclude B cell:
and dead cells. The plots represent gating on the total TD&ll population.

Data presentedre representative plots of two separate experiments of ideesigh.
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The frequencyof HY-DPUty and H60 antigesspecific T cells is summarized fable

4.2 As expectegthe HY-DPUty minor antigen was able to produce a small proportion

of antigenspecific CD8 T cells 2.90%) (Table 4.2). When mice wereanmunisedwith
(BALB.BxC57BL/6) F1splenocytes the generationt#60-K® antigenspecific CD8 T
cells wasslightly stronger than that dflY-D Uty (5.01% vs. 290%) (Table 4.2. The

generation of H60 antigespecific CD8 T cells was further increased when mice were

immunisedwith BALB.B cells containing the highest dose of H60 minor antigen

(Table 4.2). These data show that increased amount of donor antigens contribute to

greater expansion of antigspecific T cells.

Table 4.2: The gneration of HY-DUty and H60-K ” antigen-specific CD8 T cells.

Immunised Mouse

% of CD8"HY -D°Uty

% of CD8" H60-K"

Strains Pentamer Positive T | Pentamer Positive T
cels cells
Female BALB.B -- 23.0+ 1.99
Female -- 501+ 1.55
(BALB.BxC57BL/6) F1
Male C57BL/6 290+ 0.66 --
Male BALB.B 0.198+ 0.051 16.8+ 0.88
Non-immunisedControl 00 0.156 + 0.001

Cumulative data present@dthe table are the mean of two to four separate experiments

per group = SEM.
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4.2.4 Establishing pre-transplant conditioning regimensrequired for the
engraftment of bonemarrow with increasedantigen dose

The data presented in the first half of tblsapter demonstrated the strength of host
immune responses to weak minor H antigens, suchH¥sD"Uty, and the
immunodominant epitope H60. Prior to the use of minor H antigen mismatched donor
bone marrow for transplantation recipients undergo some fornpr@fransplant
conditioning. The main purpose of giransplant conditioning regimens are to provide
host immune suppression and create space in the bone marrow for donor HSC
engraftment. This can be achieved using fully myeloablative omdlmse conditiomg
regimens that contribute to the elimination of underlying malignancies and promote
donor cell chimerism and host immunosuppresg¢iarrett 1982; Anderlini, Donato et

al. 2000; Childs, Chernoff et al. 200Ul myeloablative regimens are associated with

a high toxicity, which makes them less desirable for most patients, especially the
elderly. Lowdose regimens are more readily used for their ability to minimise the
toxicity associated with full myeloablatiowhile still creating space in the bone
marrow. This allows for the establishment of mixed chimerism and subsequent HvG
tolerance(Giralt, Estey et al. 1997; Sykes, Szot et al. 1997; Laylor, Dewchand et al.
2005)

In murine bone marrow transplantation models where HvG tolerance is directed against
the male HY minoHH antigen low-dose conditioning regimens are able to establish
stable donor cell engraftmefitaylor, Dewchand teal. 2005; Weng, Dyson et al. 2007)

It is unknown whether these leslose conditioning regimens are able to allow for the
successful engraftment of donor bone marrow that differs in multiple minor H antigens.
In order to test this question, recipient Eden C57BL/6 mice weradministeredow-

dose irradiation and transplanted with BALB.BBALB.BxC57BL/6) F1 or male
C57BL/6 bone marrow. The use of the BALB.B afBALB.BxC57BL/6) F1 donor

bone marrow will allow us to determine if different levels of cowdithng were
required to obtain suitable levels of engraftment when there wereaseddoses of
donor minor antigenic determinants. The male C57BL/6 donor bone marrow will be
usedasa comparison of donor cell engraftment with {dase regimens becausestis

an established model. Engraftment of donor cells was measured by the presence of
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congenic markers in the peripheral blood of transplanted chidag weeksong two,

four andeightposttransplant figure 4.8).

Day 0 Mice Irradiated with
300, 400, 500, 600 or 850cGy

X

o Day 0 Unmanipulated bone marrow cells
— from male C57BL/6 (CD45.1+),

7 C57BL/6 © BALB.B (CD45.2*) or © F1 (CD45.2%)
(CD45.2* or CD45.1%)

Engraftment was measured by flow cytometry in peripheral blood
during weeks one, two, four, and eight post-transplant.

Figure 4.8 Bone marrow transplant model to assess the effects of increasin
antigen load and magnitude of irradiation required for engraftment.

Congenic female C57BL/6 mice were irradiat@th doses ranging from 300cGy t
850cGy and transplanted witthmanipulatedx1® bone marrow from either mal
C57BL/6 mice with a single minor antigen mismatch (HY) or bone marrow
from BALB.B or (BALB.BxC57BL/6) F1 mice containing multiple minorahtigen
mismatches. The engraftment of donor bone marrow was measured by
cytometry for the presence of donor congenic markers in peripheral bloc
transplanted mice after one, two, four and eight weekstosiplant.
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4.2.5 Male C57BL/6 bonemarrow engrafts with low-doseconditioning
regimens

When the only difference between donor and recipient pair is the HY antigen, an
irradiation dose of 400cGis sufficient to generate50% donor chimerism in the
recipient female micéLaylor, Dewchand et al. 2005T his transplantation model was
repeated with female C57BL/6 CD45.mice irradiated with 300cGy, 400cGy or
600cGy and transplanted with male C57BL/6 CD4%l@nor bone marrow cells (as
described irFigure 4.8andChapter 2 Section 2.10). Engraftment was measured by the
percentages of donor male congenic cells present iwliite blood cell population in

the peripheral blood of recipient micé&. cell chimerism was not specifically measured
due to the facthat T cell engraftment in the mouse does not occur until four weeks
after transplantThe final measure of donor cell engraftment was performed after eight
weeks postransplant because there is no significant increase in donor cells

engraftment observdakeyond this time pointLaylor, Dewchand et al. 2005)

Figure 4.9 demonstrates that 300cGy was too low to allow for any male donor cells to
be detected in the peripheral bloodfefale C57BL/Gecipient mice tier eightweeks
posttransplant. When the dose of irradiation was increased to 400cGy 40% of donor
positive cells were detected in the peripheral blood of recipient micgghyweeks
posttransplant. Irradiation doses 0600cGy produced male C57BL/6 eafiment

levels of80% after eight weeks postansplant(Figure 4.9). As expected, increasing

the dose oirradiationto 600cGy facilitated increased levels of donor chimerism. These
data further strengthen the observation that transplantation \sitiga minor antigen,

such as HY, does not require extensive conditioning to facilitate donor cell chimerism.
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Figure 4.9 Male C57BL/6 Donor cell engraftment is proportional to the dose of
irradiation.

Female C57BL/6 CD45'2mice were irradiated with 300cGy ), 400cGy ()

or 600cGy ™) and subsequently transplanted with Sx1lMmanipulatedmale
C57BL/6 bone marrow cells harvested from thenfirs and tibiae of donor mice. Tt
transplanted mice were bled from the tail vein after one, two, four, and eight \
posttransplant and the presence of male CD48dnor cellsin the total white blood
cell population in the peripheral bloechs meased by flow cytometry.

Data presented are the mean = SEM of three separate experiments of identical
with n=6-8 mice per group.
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4.2.6 Higher donor antigenic load requires increasedlevels ofconditioning
for engraftment

When donor and recipient pair diffenlyg for HY, the engraftment of donor cells
requires a fairly lowdose of irradiatior(Figure 4.9) (Laylor, Dewchand et al. 2005;
Weng, Dyson et al. 2007How the correlation between the dose of conditioning
regimen and that of the antigenic determinants impacts on donor cell engraftment has
been widely unexplored.o address this questigiemale C57BL/6 CD45Imice were
irradiated with lowdose conditioning between 400cGy to 600cGy and transplanted
with female BA.B.B CD45.2 bone marrow cells (as described Figure 4.8 and
Chapter 2 Section 2.10). The proportions of donor cell engraftment were measured by
flow cytometry for the presence of donor congenic cells in the peripheral blood of
transplanted mice. Underhdse lowdose conditioning regimens no donor cell
engraftment was detected in the peripheral bloag@@pientmice byeightweeks post

transplant Figure 4.10.

To obtain a higher level of donor cell engraftment the level of conditioning was
increasedd 850cGy, which is considered a myeloablative dose of irradiation in the
mouse. At this dose of irradiatipa high level of donor cell engraftment was observed
in the peripheral blood démale C57BL/@nice (85% donor positive afteightweeks)
(Figure 4.10). Therefore, lowdose irradiation failed to produce sustainable
engraftment of donor bone marrow differing for multiple minor H antigens. Higher

levels of irradiation were required in these cases.
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Figure 4.10 Multiple minor H antigen differences require high doses of irradiation.

Female C57BL/6 CD45"1mice were teated with irradiation doses of 400cGy™ ),
500cGy (™), 600cGy [ T ) or 850cGy (*) with no in between irradiated dos
usedand transplanted with 5xi@nmanipulatedemale BALB.B CD45.2 bone marrow
cells pooled from the femurs and tibiae of donor midee recipient mice were bled frot
the tail vein after one, two, four, and eight weeks p@stsplant and the presence
BALB.B CD45.2" donor cells was measured by flow cytometry.

Data presented are the mean of three separate experiments of identgramdgsn=35
mice per group. Error bars represent SEM.
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The engraftment of BALB.B bone mraw, differing for multiple minor H antigens
with the C57BL/6 recipientonly occurred with a fully myeloablative conditioning

regimen.

The relationship between antigen dose and the magnitude of conditioning required was
further explored by decreasing ttemount of BALB.B donor antigens by using
(BALB.BxC57BL/6) F1 progeny.(BALB.BxC57BL/6) F1 offspring express half the
amount immunodominant minor H antigen epitope, H60, when compared to the
parental BALB.B strainKigure 4.1). These mice were utilized &sne marrow donors

and transplanted into recipient female C57BL/6 ntieatedwith low-doseirradiation
between 400cGy to 600cGy (as describedrigure 4.8 and Chapter 2 Section 2.10).
Engraftment was measured by the presend@af B.BxC57BL/6) F1CD452" donor

cells in the peripheral blood of transplanted mice aijtez, two, four and eiglweeks
posttransplant. NdBALB.BxC57BL/6) F1donor cell engraftment was detected in the
female C57BL/@niceirradiatedwith 400cGy afteeightweeks postransplan{Figure
4.11A).

When the level of conditioning was increased to 500cGy there was a shift in the
engraftment profile of the recipient mice. At this level of conditioning 47% of the
recipient mice reached a measureable level of donor cell chimerism. tErgraivas
detectable early after the transplant with levels varying in recipient riigeiré
4.11B). To improve the proportions of donor cell engraftment recipiemale
C57BL/6 mice were treated with 600cGy and transplanted with female
(BALB.BxC57BL/6) F1 donor bone marrow cells. All of the transplanted mice reached
75% donor cell engraftment biwo weeks postransplant and these proportions
increased to 85% donor cell engraftmenteight weekspost transplantHigure 4.11).

Our data demonstrates thahen the levels of antigenic determinants were decreased
by half the level of conditioning needed for donor cell engraftment was less than that
required for engraftment of the parental strain.
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Figure 4.11 Reducing the amount of atigenic determinants allows engraftment

with low-dose conditioning regimens.

A-C. Recipient female C57BL/6 CD45.iice were irradiated with 400cGy, 500cC
or 600cGy and subsequently transplanted with Sximanipulated female
(BALB.BxC57BL/6) F1 bone marrow cells harvested from the femurs and tibie
donor mice. The recipient mice were bled from the tail vein after one, two, four
eight weeks podranspant. The presence of (BALB.BxC57BL/6) F1 CD45c2llsin

the total white blood cell population in the peripheral blood of transplantedvwaise

measured by flow cytometry.

These data presented are the mean + SEM of four separate experiments peoirr

dose with n=46 mice per group.
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Female(BALB.BxC57BL/6) F1cells were ald to achieve a high level of donor cell
engraftment withan irradiation dose of ®cGy, which was lower than the 850cGy
required for the engraftment of BALB.B bone marrow cells. In both the
(BALB.BxC57BL/6) F1 and BALB.B transplantedjroups offemale C57BI6 mice
engraftment occurred with increased conditioning when compared to the 400cGy

required for engraftment of male C57BL/6 bone marrow.

| next wanted to determine if the level @BALB.BxC57BL/6) F1 donor cell
engraftment was affected by the additionHY antigens. To answer this question
female C57BL/6 CD45.1recipient mice were irradiated with 600cGy and transplanted
with male (BALB.BxC57BL/6) F1or male C57BL/6 bone marrow cells. Engraftment
of male donor cells was measured by the presence of miongearkers in the
peripheral blood of afteone, two and foumeeks postransplant (as described in
Figure 4.8 and Chapter 2 Section 2.10). The proportion of njB&LB.BxC57BL/6)

F1 cells measured in the peripheral blood reached 80%tafterveeks postransplant.
Male C57BL/6 transplanted mice reached similar proportions of donor positive cells in
the peripheral blood of recipient mice after the second weeknaosplant (82%lonor

cell engraftment by twaveeks postransplant) Figure 4.12. The addion of further
antigenic determinants did not impact the engraftment of (Bf&B.BxC57BL/6) F1
cells with 600cGy.
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Figure 4.12 The addition of HY antigens does not impact the engraftment of
(BALB.BxC57BL/6) F1 donor bone marrow with low-dose conditioning
regimens.

Female C57BL/6 CD45Imice were irradiated with 600cGy and subsexjye
transplanted with 5xfimale (BALB.BxC57BL/6) F1 CD45.2or male C57BL/6
CD45.2 bone marrow cells harvested from donor femurs and tibiae. Engraftme
donor cells was measured by flow cytometry for the presence of donor congeni
markers in the pgoheral blood after one, two, and four weeks fi@stsplant.

Data presented are the mean of one experiment with n=6 mice per group. Erro
represent SD.
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The engraftment of donor bone marrow with varying levels of antigenic determinants is
summarized inTable 4.3 Donor cells with a weak minor antigen mismatch, such as
HY, were able to engraft with lodose conditioning regimens. When the antigen load
was increased, in the case of the BALB.B cells, the amount of irradiation needed to be
increased to 850cGy to obtdigh levels of donor chimerism. If the amount of donor
antigenic determinants was halved, as in (BALB.BxC57BL/6) F1 progeny, lower
levels of conditioning were used. This table illustrates the relationship between
increased amounts of antigenic deteranits and the magnitude of gransplant

conditioning required for engraftment.

Table 4.3 Correlation between engraftment, irradiation dose and level of
antigenic determinants.

Irradiation Female Female Male Male
Dose BALB.B | (BALB.BxC57BL/6) | (BALB.BxC57BL/6) | C57BL/6
F1 F1

400cGy 0% 0% (0/18) - 100%
(0/10) (18/18)

500cGy 0% 43.7% (10/24) - -
(0/14)

600cGy 0% 100% (20/20) 100% (6/6) 100%
(0/10) (22/22)

850cGy 100% - - -
(13/13)

The proportion of engraftment was measured as the number of mice with 35% or more
of donor positive cells in the total white blood cells in the peripheral blood of
transplanted mice by six weeks ptasinsplant. All recipient mice were female
C57BL/6 mice with agrafting mice pooled from the separate experiments of each
conditioning level of are presented next to the proportions.
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4.3 Discussion

The results presented this chapter demonstrate that the magnitude ofrarsplant
conditioning required for engraftmenivas proportional to the amount of minor H
antigenic differences between donor and recipient pairs. In the first part of this chapter
the relationship beteen dose of antigen and host immune responses was examined.
vivo, murine splenocytesxpressing different doses of H60 were able to generate a
strong host immune response that was indistinguishable between the three H60
expressing mouse strairSigure 4.3B). Due to thesimilar nature of the elimination of

H60 expressing cells indicates the involvement of innate immune networks to explain
the rapid clearance of H60 expressing cells. H60 is the ligand for NKG2D which is a
receptorfound on NK cellsandactivated CD8 T cells (CorreiaNeves, Waltzinger et

al. 2001; Jamieson, Diefenbach et al. 2009bayoyong et al. demonstrated that
haematopoietic progenitor cells expressing high levels of H60 renders theptiflsce

to NK cell killing bothin vitro andin vivo (Tabayoyong, Salas et al. 20080K cell
mediated Kkilling could explain the fast eliminationté®0 expressing cells by female
C57BL/6 micewhen compared to thdearance of HY specific cells, which are known

to use CD4 T cell helfvanderVegt and Johnson 1993)

The fast elimination of H60 expresing cellsin female C57BL/6 mice was not
dependant on the level of antigen expression on donor cells. In murine models of
GvHD, where GvH reactions were directed against the minor H antigens of the
BALB.B mice, robust CD8T cell responses against the HEmunodominant epitope
were generate(Choi, Christianson et al. 2002)ur data showed that tlgeneration of
H60-K® antigenspecific CD8 T cells wasdependant on the level of H60 expression.
BALB.B immunisedmice were able to generate a more robust-KB@ntigenspecific

CD8 T cell response upon antigen -akallenge when compared to the
(BALB.BxC57BL/6) F1 immunised mice (3.0% BALB.B immunisedvs. 501%
(BALB.BxC57BL/6) Flimmunised (Table 4.2).

In this chgter the immunodominance of H8@sponsesvasconfirmed when compared
to HY, anantigencommonly mismatched in HSCT. Thg-eivo culture of splenocytes
from miceimmunisedwith male BALB.B cells only produced the expansiotHé0-K"
antigenspecific CD8 T cells (0.104% HYD Uty-specific vs. 16.4%160-K  -specific)
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(Figure 4.7). These results are consistent with the data presented by Ryu et al. who
observed that female C57BL/6 micemunisedwith male H60 cells generated a robust
expansion of H60 antigespesific memory CD8 T cells with no expansion dflY-

DPUty antigenspecific memory CD8T cells (Ryu, Jung et al. 2009)This group
suggested that the robust H60 response in the presence of male antigens wadwassisted
CD4" T cell help because when these cells were depleted ifronunisedmice the
generation of He&K" antigenspecific CD8 T cells was significantly reduce(Ryu,

Jung et al. 2009)

The in vivo and exvivo data presented in the first half of this chamstablishedhe
vigour of host immune responses to the immunodominant epitopeTHédrequency

of H60-K® antigenspecific CD8 T cells was dependant on the dose of antigen
expressed by cells. Within théeharchy of minor H antigenic responses H60 remained
immunodominant over the weaker HY’Uty antigen, thus highlighting that the dose of

antigen dictates the strength of the host CD8ell response.

The use of H60 expressing donor cells in bone marmamsplantation models
demonstrated the need for increasedtmasplant conditioning to facilitate donor cell
engraftment. BALB.B bone marrow cells were unable to engraft with-dose
irradiation béween 400cGy to 600cGy. TabtainBALB.B donor cell engaftment the
recipient mice required a fully myeloablative doseirohdiation 850cGy (Figure
4.10. The use of increased conditioning for the engraftment of BALB.B bone marrow
is supported by Ruffner et al. who demonstrated that BALB.B donor B celédl, Bied
granulocytes were engrafted intolB&’ recipient mice between irradiation doses of 8
10Gy by two months podtansplant(Ruffner, Martin et al. 2001)Shatry et al.
observed in H6mmunisedmice that H60antigenspecific CD8 memory T cells
persisted up tdwo weeks postransplant in mice following ablativeonditioning
regimens(Shatry, Roopenian et al. 2007he need foincreased irradiatioto allow

for the engraftment of BALB.B donor bone marrow was likely due to the need for

increased removal @lloreactiveT cells, which mediate graft rejection.

When the amount of donor antigenic deterants was reduced by half, using
(BALB.BxC57BL/6) F1 donor cells, engraftment was observed with -lbvge
conditioning regimens of 500cG¥ifure 4.11). The ability of(BALB.BxC57BL/6) F1
donor cells to engraft under ledoseirradiation could be influenced by the weaker
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CD8" T cell responses to level of H60 expressed(BHLB.BxC57BL/6) F1 cells
(Table 4.1). These results demonstrate that the magnitude of thérgmsgplant
conditioning regimens were proportional to the amount of antigenic differences
between the donor and recipient pairs.

The data presented in this chapter revealed that the amount of donor antigenic
determinants plays an important role in determining tlose of preransplant
conditioning required for engraftmenit was also revealed that the levels of H60
MRNA expression in BALB.B and (BALB.BxC57BL/6) Fdplenocytes s correlated

with increased or decreased CDB cell responsesOur results also highlig the
importance of understanding host immune responses to the immunodominant epitopes

to better tailor préransplant conditioning regimens for optimal outcomes.

150



Elisabeth Rose Mari PhD Thesis, 2012

Chapter Five

Effects ofirradiation and antigen
dose on thanduction of tolerance
mechanismsollowing bone marrow
transplantation
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Chapter 5 Effects ofirradiation and antigen dose on thanduction of
tolerancemechanismsfollowing bonemarrow transplantation

5.1 Introduction

In allogeneic bone marrow transplantation thereevidence that Treg cells may be
sufficient as a conditioning regimen to generate transplantation tole(@rneeado,
Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Taylor, Panoskdlisiari et al.

2004; Hanash and Levy 2005; Barao, Hanash et al. 206@he previous chapter we
learned that engraftment of donor bone marrow with increasing amounts of antigenic
determinants required greater myeloablation. It is known that the homeostatic
expansion of Tregells observed in lowdose conditioning regimens facilitates donor
cell engraftment and transplantation tolerance of male donor (H&@or, Dewchand

et al. 2005; Weng, Dyson et al. 2007 transplantation settys where the
histocompatibility differences between donor and recipient are more extensive it is
unknown whether greater Treg cell homeostatic expansion is required for engraftment
and the generation of HvG tolerance.

~

Al nfecti ous o tmehtefTa@gcelemediated teansplantatiprotolerance.
This tolerance is exerted against thakty antigens cexpressed omolerisedgrafts
(Davies, Leong et al. 19967 his type of transplantation tolerance bieds has been
observed against thiplarty skin allografts inolerisedmice (Cobbold, Castejon et al.
2004) The ability of Treg cells generated in the bone marrow transplant models where
HvG tolerance is directedgainst the minor antigenic repertoire of the BALB.B

antigens to exert Ai ndpatgantigensisunspecilidder anc e ¢

Chapter 4 examined the role of conditioning when there were increased asnofunt
antigenic disparities in the dongraft. This chapter will focus on the role of Treg cells

in the establishment of this tolerance. Previous work by Weng et al, using the male HY
bone marrow transplant system, demonstrated that undedddse conditioning
regimens the expansion of recipiederived Treg cells was responsible for the
engraftment of donor cells and subsequent HvG toler@Nemg, Dyson et al. 2007)

The goal of this chapter will be to establish a role for Treg cells in the engnaftihe

donor bone marrow with increasing doses of antigenic determinants. The patterns of
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Treg expansion may help explain the different engraftment patterns seen between the
male C57BL/6, BALB.B andBALB.BxC57BL/6) F1 mice. These mice will also be

examined o determine the transplantation tol e
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5.2 Results

5.2.1 Increased donor cell engraftment is correlated with expansion of
Treg cells.

Previousin vitro andin vivo experiments irChapter 3 highlightedthe ability of Treg

cells to homeostatically expand when exposed to increasing doses of gamma
irradiation. In bone marrow transplantation mogd#le homeostatic expansion of Treg
cells was shown to be an important part of the conditioning regimen toatgener
transplantation tolerand®/eng, Dyson et al. 2007k is not known whether increased
generation of Treg cells were needed to induce transplantation tolerance in bone
marrow transplantation models where gredévels of antigenic disparities between
donor andhost pairs were present. To answer this questtbe proportions oboth

donor anchostCD4'CD25'FoxP3 Treg cells were measured in the peripheral blood of
the mice irradiated with lowloseconditioningand transplanted male C57BL/6, female
(BALB.BxC57BL/6) Flor female BALB.B bone marrow (as described in as described

in Figure 4.8andChapter 2 Section 2.10).

In the mice transplanted with male C57BL/6 bone marrow botmthiero percentages

of Treg cels were measured in the engrafting and-eagrafting groups of mice to
investigate if the increased engraftment seen with increased conditioning regimens was
associated with a greater amount of Treg cells. The mice irradiated with 300cGy
revealed a signidant increase in Treg cells after the first week f@stsplant when
compared to noirradiated control mice (p=0.0043) (10% irradiated mice vs. 4% non
irradiated control mice). After the first week timpeint the proportions of Treg cells
began to dropo the levels observed in the control mice and were measured to be 5.5%
in the peripheral blood by eight weeks ptrahsplant Figure 5.1A). It is important to

note that there was no donor cell engraftment in these mice, therefore the proportions of

Tregcells present were of host origins. This data does suggest that

In thefemale C57BL/Gmice irradiated with 400cGy and transplanted with male donor
bone marrow cells there was a significant increase in the proportions of Treg cells after
the first and seaud weeks postransplant with the greatest increase observed after the
second week (p=0.0025) (10.5% 400c@sadiated mice vs. 4.0% noirrradiated
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control mice) Figure 5.1B). Similar to the mice irradiated with 300cGyhe
percentages of Treg cells rated to control levels after eight weeks pwahsplant

(4.5% 400cGyrradiatedmice vs. 4% nosrradiated control mice)Higure 5.1B).

A similar pattern ofTreg cellexpansion was observed in tfemale C57BL/6mice
irradiatedwith 600cGy and transplargtewith male donor bone marrow. There was a
greater increase in the proportions of Treg cells present in the peripheral blood after the
second week when compared to the mice irradiated with 400cGy (p=0.0006) (16.3%
600cGyirradiated micevs. 10.5% 400cGyrradiated micg As observed in the mice
transplanted andrradiated with300cGy or 400cGy the percentages of Treg cells
returned to noiirradiated control levels by eight weeks ptrainsplant (5.2% 600cGy

irradiatedmice vs. 4.0% noirradiated control)Kigure 5.10).

These results demonstrate that under increased conditioning and transplantation with
male donor bone marrow there was a great@ivo expansion of Treg cells. A pattern

of Treg cell expansion was revealed in the-eagrafting and engraftjnmice. In the
non-engrafting mice there was a significant increase in Treg percentages the first week
after transplant, which was not maintained in the following weeks. Conversely, in the
mice irradiated with 400cGy or 600cGy there was a significant iase in Treg

proportions that reached a peak after the second week.
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Figure 5.1 Male transplanted female C57BL/6 mice irradiated with increasing doses
show a significant proportional increase in Treg cells.

A. Female C57BL/6 CD45'2mice were irradiated with 300cGY T ), 400cGy [ )

or 600cGy [ ™) and subsequently trarapted with 5x10 unmanipulatedmale
C57BL/6 bone marrow cells harvested from the femurs and tibiae of donor mice
transplanted mice were bled from the tail vein after one, two, four, and eight weeks
transplant and the presence of male CD4%ldror cellsin the total white blood cel
population in the peripheral blomgas measured by flow cytometry.

B-D. The female C57BL/6 mice were irradiated with 300cGy, 400cGy or 600cGy
transplanted with 5xfomale C57BL/6 bone marrow cells harvested fritve femurs and
tibiae of donor mice. The proportions of CID25FoxP3 Treg cells were measured |
the peripheral blood of transplanted mice after one, two, four, and eight weeks
transplant using flow cytometrifhe plot shows the proportion dbnorand recipienfreg

cells gated on the total CDZ cell population.

Data presented are the mean of three separate experiments of identical design -&it
mice per group. Error bars represent SEMhe proportions of Treg cells from th
irradiated and ansplanted mice were compared to those proportions of Treg cells |
peripheral blood of on-irradiatedmice used as controls and a&t@wn as dashed line ¢
graphs and are the mean of n=25 mResults were analysed using unpaisetl u d e |
test. Satistical significance is indicated with * ** and *** (*p<0.05%*p<0.01,
***n<0.001).
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The discovery of a pattern of Treg cell expansion between the engrafting and non
engrafting male C57BL/6 transplanted mice irradiated with increasing doses prompted
aninvestigation to determine if a similar pattern was observed in decgient pairs

with a higher degree of antigenic mismatch.sought toanswer this questioby
measuring thgroportions of Treg cells from the peripheral blood of mice irradiated
betveen 400cGy to 850cGy and transplanted with BALB.B bone marrow (as described
in Figure 4.8 and Chapter 2 Section 2.1Mespite the regraftment of BALB.Bbone
marrow occurring with fully myeloablative doses of irradiation (850cGigure 4.10
examining he proportions of Treg cells in the ledose norengrafting mice may
provide further insight into the lack of donor chimerism with these conditioning

regimens.

In the recipienfemale C57BL/6 micéhe proportions oflonor and recipientreg cells
measuredafter the transplant showed a significant increase after the first two weeks
with the greatest increase occurring by the second weekirpasplant (p=0.0051)
(14.3% BALB.B transplanted vs. 4.0% in noradiated controls)Kigure 5.2). The
elevated pemntages of Treg celldetectedduring the second week pesansplant
follow the pattern that was observed in the male C57BL/6 transplantedrraitiated

with 400cGy or 600cGy. The magnitude of Treg expansion after the second week post
transplant in theBALB.B engrafting mice was less than that observed in the male
transplanted mice irradiated with 600cGy (14.3% BALB.B transplanted vs. 16.3% male
transplanted).The discrepancy in the proportions of Treg cells between the male
transplanted female C57BL/GBradiated with 600cGy and the mice irradiated with
850cGy and transplanted with BALB.B bone marrow could be due to differences in
Treg numbers on the original bone marrow preparations, which wereneagured
prior to transplantThis data implies thatreearly expansion of Treg cells is correlated
with BALB.B bone marrow engraftment, but this expansion was not as great when

compared to male transplanted female mice irradiated with 600cGy.
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Figure 5.2 Increased proportions of Treg cells occur early in female C57BL/€
transplanted with BALB.B bone marrow.

Recipient female C57BL/6 mice were irradiated wBbOcGy and subsequent
transplanted with 5xffemale BALB.B bone marrow cells harvested from the ferr
and tibiae of donor mice. The percentagebath donor and recipiefitreg cells were
measured in the peripheral blood of recipient mice after amg,four, and eight weel
posttransplant by flow cytometry. The plot shows the proportion of Treg cells gate
the total CD4 T cell population.

Data presented are the meatlSEM of three separate experiments of identical de:
with n=35 mice per grop. Nonirradiated control proportions are shown as das
line on graphs and are the mean of n=25 mice. Results were analysed using ur
st u d e-test. GGwatistital significance is indicated with * and ** (*p<0.05 ¢
**p<0.01).
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Treg cell proportions in neangrafting micdreated with lowdose irradiatiorbetween
400cGy to 600cGy and transplanted with BALB.B bone marrow was explored to
ascertain if there was a pattern of early expansiontpassplant. The proportions of
Treg cells in the peripheral blood of rengraftingBALB.B transplanted mice were
measured afteone, two, four, and eighteeks postransplant (as described Figure
4.8and Chapter 2 Section 2.10).

In the mice irradiated with 400cGy there was a significant increase in Treg cells that
occurred after fouweeks post transplant (p=0.0357) (7.3% 400a@Esdiated mice
compared to 4% in nemradiated control mice)Higure 5.3A). When mice were
irradiated with 600cGy and transplanted with BALB.B bone marrow they produced a
similar delayed pattern ah vivo Treg cell expansion as that observed in fdraale
C57BL/6 mice irradiated witlt00cGyand transplanted witBALB.B bone marrow
(7.8% 600cGyirradiated micefour weeks postransplant vs. 4.0% neradiated
control mice) Figure 5.30). In the micearradiaed with 500cGy there was a significant
increase in the Treg cells after the second weektparssplant, which was earlier than
that observed in the other nengrafting BALB.B transplanted mice (p=0.022) (8.3%
500cGy BALB.B) Figure 5.3B). These resultsn mice irradiated with lowdose
conditioning regimens revealed a delayed Treg expansion iremgmafting mice

indicating that there may not be a Treg expansion pattern in thengwafting mice.
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Figure 5.3: Non-engrafting mice have a different pattern of Treg cell expansion
following BALB.B bone marrow transplant.

A-C. Female C57BL/6 mice were irradiated with laese conditioning betwee
400cGy to 600cGy and transplanted with 5XBALB.B bone marrow pooled fron
donor femurs and tibiae. Proportions of CDED25'FoxP3 Treg cells were measure
by flow cytometry from the peripheral blood of transplanted mice and one, two,
and eight weeks postansplant.The plot shows the proportion of Treg cells gated
the btal CD4 T cell population.

The data presented are the mean of three separate experiments of identical des
n=35 mice per group. Error bars represent SEM. Miadiated control proportion:
are shown as dashed line on graphs and are the mear2®frmee. Results were
analysed using unpairesdt u d etast. &tatistital significance is indicated with
(*p<0.05).

160



Elisabeth Rose Mari PhD Thesis, 2012

The increased proportions of Treg cellsasigred in the peripheral blood of engrafting
male C57BL/6 and BALB.B transplanted mice led us to examine the mice engrafting
(BALB.BxC57BL/6) F1donor bone marrow to establish if these mice showed a similar
increase in Treg cells. To answer this questiloain vivo proportions of Treg cell were
measured in the peripheral blood of recipient mice after transplantation and analysed
using flow cytometry (as described kigure 4.8 and Chapter 2 Section 2.1®igure

5.4 shows the percentages of Treg cells aveignificantly increased after all time
points postransplant when compared to Apradiated controls. Of these time points

the greatest expansion of Treg cells occurred after the second week (p=0.0003) (19.6%
600cGy irradiated micevs. 4% in norirradiated controls) Kigure 5.4). These
(BALB.BxC57BL/6) F1 engrafting mice produced a greater expansion of Treg cells
after the second week pdsansplant when compared to male transplanted mice
irradiated with same dose and the BALB.B miceadiated with 850cGy (19.6%
(BALB.BxC57BL/6) F1lvs. 16.3% male vs. 14.3% BALB.BFigure 5.1, Figure 5.2

and Figure 5.9.

This increased expansion of Treg cells observed during the second week could be
correlated with the high levels of donor cell engraftment seen imtbe two weeks
posttransplant Figure 4.11Q. These significantly increased proportions of Treg cells

in the (BALB.BxC57BL/6) F1 transplanted mice further strengthen the notion that
donor cell engraftment is correlated with greater Treg cells expangiereWasalso a
pattern of this expansion observed BALB.B and maleengrafting mice with the
second week pogtansplant being a crucial time point in the engraftment of donor cells

and the development of HvG tolerance.
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Figure 5.4 Engraftment of (BALB.BxC57BL/6) F1 bone marrow is correlated with
greater expansion of Treg cells early after transplant.

Recipient female C57BL/6 mice were irradiated with 600cGy and transplanted
5x10° female (BALB.BxC57BL/6) F1 bone marrow cells pooled from the femurs
tibiae of donor mice. The percentages of QDB25FoxP3 T cells were analysed il
the peripheral lood of transplanted mice by flow cytometry after one, two, four,
eight weeks posgransplant. The plot shows the proportion of Treg cells gated or
total CD4 T cell population.

Data presented are the average of three separate experiments ioalidkrgign with
n=6-8 mice per group. Error bars represenBEM. Nonirradiated control proportion:
are shown as dashed line on graphs and are the mean of n=25 mice. Resul
analysed using unpairedt u d etest. Statistidal significance is indied with *, **,

and *** (*p<0.05, **p<0.01, and ***p<0.001).
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The expansio of Treg cells in nomengraftingfemale C57BL/6 irradiated with low

dose conditioning and transplanted W{BBALB.BxC57BL/6) F1 bone marrow were

also measured in the peripheral blood of mice irradiated with 400cGy (as described in
Figure 4.8 and Chapter Bection 2.10). When the proportionsretipientTreg cells

were measured in the peripheral blood there was a significant increase in the
percentage®f Treg cells after the first week compared to the proportions in non
irradiated control mice (p=0.019)9.4% (BALB.BxC57BL/6) F1 vs. 4.0% non

irradiated controls)Kigure 5.5).

After the first week thdevels of Treg cells slowly returned to dse seen in non
irradiated control mice. The proportions of Treg cells observed after transplant were
similar to tlose seen in the mictemale C57BL/6 micetransplanted with male
C57BL/6 bone marrowandirradiatedwith 300cGy (9.4%BALB.BxC57BL/6) F1vs.

10% male C57BL/6). These results suggest that Treg cells can expand to significant
levels early after transplaimt nonrengrafting mice. In the peripheral blood of irradiated
mice there is a significant increase in the proportions of Treg cells observed during the
first week posirradiation. This early increase observed is likely due to the

conditioning regimen.
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Figure 5.5 Low-dose irradiation produced limited Treg cell expansion in on-
engrafting female mice transplanted with(BALB.BxC57BL/6) F1 bone marrow.

Female C57BL/6 mice irradiated with 400cGy were transplanted with ®Sdoe
marrow cells harvested from the femurs and tibiae of female (BALB.BxC57BL/€
donor mice. The proportions ofecipient CD4'CD25FoxP3 Treg cells were
enumerated in the periplarblood afterw e e kobes two, four and eight pes!
transplant. The plot represents the proportion of Treg cells gated on the tofallC
cell population.

The data presented are the mea@®EM of three separate experiments with 18=@ice

per group. Nosirradiated control proportions are shown as dashed line on graph
are the mean of n=25 mice. Results were analysed using unpairad d etast.

Statistical significance is indicated with * (p<0.05).

164



Elisabeth Rose Mari PhD Thesis, 2012

As previously demonstratethe engraftment ofBALB.BxC57BL/6) F1bone marrow

in female C57BL/6 micdollows a different pattern to that seen in fieenale mice
engrafting male C57BL/6 or BALB.B donor cells. When recipitathak C57BL/6
mice were irradiated with 500cGy and transplanted with fer{fi24d.B.BxC57BL/6)

F1 bone marrow only 47% of recipient mice were able to engridu(e 4.11B. The
percentages of Treg cells were examined in the peripheral blood of these engrafting
nonengrafting mice to ascertain if differences in Treg expansion could explain the
disparity in engraftment levels (as describeéfigure 4.8and Chapter 2 Section 2.10).
In the norengrafting mice a significant expansion of Treg cells was obsefierctize
first week (p=0.011) (8.9% non-engraftingmicevs. 4.0 % control week on€ifure
5.6B), which was consistent with that observed in the -@ografting
(BALB.BxC57BL/6) F1 transplantedlemale C57BL/6mice irradiated with 400cGy
and the male CHL/6 transplantedemalemiceirradiated with300cGy.

Unlike the other sets of engrafting mice, ({BALB.BxC57BL/6) F1engrafting mice
irradiated with 500cGy did not reach their peak of Treg expansion until four weeks
posttransplantvhen14.8% of the dés in the peripheral blood wef&egcells Figure

5.6A). For this group of engrafting mice the early expansion of Treg cells was not
associated with engraftment of donor cells as observed in the male C57BL/6 and
BALB.B engrafting mice. This data impliethat in the (BALB.BxC57BL/6) F1
transplant modelvhere female C57BL/6 were irradiated with 8@Y the lack of Treg

cell expansion pattern suggests that it is the increased conditiamingeded to
facilitate engraftment. The increased conditioning mayrdmiired to reduced the
number of alloreactivlostcells and also provide a greater expansiomostTreg cells

early after transplant as the kinetics of the proportional expansion of Treg cells appears

to be important for the establishment of donol eryraftment.
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Figure 5.6. Female mice engrafting (BALB.BXxC57R./6) F1 bone marrow with lower
dose conditioning regimens does not show an early expansion of Treg cells.

A. Recipient female C57BL/6 CDA45.1mice were irradiated with 500cGy ar
subsequently transplanted with 5%10nmanipulatedfemale (BALB.BXxC57BL/6) F1
bone marrow cells harvested from the femurs and tibiae of donor mice. The re«
mice were bled from the tail vein after one, two, four, and eight weeksgrpasplant.
The presence of (BALB.BxC57BL/6) F1 CD45.2ells in the total white blood cel
population in the peripheral blood of transplanted mies measured by flow cytometry

B-C. Female C57BL/6 mice irradiated with 500cGy and subsequently transplantec
5x1¢ female (BALB.BxC57BL/6) F1 donor bone marrow celem Panel A also hac
the proportions ofboth donor and recipiel@D4"'CD25 FoxP3 T cells measured in th
peripheral bloodThe engrafting mice were defined as those recipient mice with leve
15% or higher donor CD45 . Zells in measured by flow cytometry in the periphe
blood afer one week podtansplant which persisted up to eight weeks rastsplant
and the mice producing proportions of donor cells lower than the 15% were cons
non-engrafting.The plots represent the proportion of Treg cells gated on the totdl TI
cell population.

Data presented are the mean of four separate experiments of identical design vaitt
mice per group. Error bars represent SEM. #eadiated control proportions are shov
as dashed line on graphs and are the mean of n=25 Reselts vere analysed usint
unpaireds t u d etest Staistidal significance is indicated with * and ** (* p<0.05 &
** p<0.01).
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5.2.2 Donor engraftment mediated by highgrade conditioning regimen is
Treg independent

The previous experiments demonstrated that in mice transplanted with increasing dose
of minor H antigens using higher doses of irradiati there was a significant
expansion of Treg cells during the second week-frassplant. However, the greatest
expansion of Treg cells was observed in the mice irradiated with 600cGy and
transplanted wit{BALB.BxC57BL/6) F1bone marrow Figure 5.4) andnot the mice
irradiated with highdoseablationand transplanted with BALB.B bone marrow. This
lack of greater Treg expansiaould be due to the increased antigen load which has a
differential effect on Treg expansiotius placing more importance on t@nditioning

regimen that provides host immunosuppression.

The notion that increased conditioning was more important than the homeostatic
expansion of host Treg cells to facilitate donor cell engraftment was explored. In the
male C57BL/6 transplant met where recipient mice wergeated with lowdose
conditioning of400cGy the engraftment of donor cells was dependant on host Treg
cells. When these cells were removed prior to transgasignificant reduction in
donor cell engraftment could be detecfééeng, Dyson et al. 2007)

Figure 5.1 demonstrates that in the male donor transplantation settingeased
conditioning produced the significant expansion of Treg cells by the second week,
which was correlated ith better donor cell engraftmerffemale C57BL/6 CD45:72

mice were depleted of CD28ells using the PC61 ar@iD25 monoclonal antibody on
days-9 -1 and +5 postransplant (as described in Chapter 2 Section 2.1@2ruka,

Tawara et al. 1999)The recipient femal€57BL/6 mice were irradiated with either
400cGy or 600cGy and transplanted with male C57BL/6 CD4%ohe marrow cells.

The proportions ototal Treg cells and donor congenic cells were measured in the
peripheral blood of PC61 treated and +tiigated mice two weeks after transplantation.
This two week time point was measured because this was associated with the greatest

expansion of Treg cells and was correlated with successful engraftment.

In the micetreated with antCD25 monoclonal antibody andadiated with400cGy
there was a decrease in the percentages of donor cells in the peripheral blood (18.0% in
CD25 depleted vs. 30.2% in the ndepleted group) Higure 5.7A). In my
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experimental system thdecreased proportions of donor cell engraftment were not
significant, but the trend wasonsistent with published data by Weng et(#eng,

Dyson et al. 2007)When the amount of pfteansplant conditioning was ¢reased to
600cGy there was no difference in the engraftment levels between the depleted and
nontdepleted mice (69% netepleted vs. 67.8% depleted micEjgure 5.7A). In both

groups of mice there was a decrease in the proportions of Treg cells afteeéks
demonstrating the success of the CD25 depletiogute 5.7B). These results show

that increased conditioning in the absence of host Treg cells was sufficient for the
engraftment of male donor bone marrow. Thiglicates that with higllose
conditioning regimens are more likely to inhibit the T cells mediating the rejection

rather than indirectly eliciting Treg cells controlling the effectors.
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Figure 5.7: Donor engraftment following high-dose conditioning regimens does no
require host Treg cells.

Female C57BL/6 mice werirradiated with 400cGy or 600cGy and transplanted \
5x10° male C57BL/6 bone marrow cells harvested from the femurs and tibiae of
mice. CD25depletion was performed on female mice using PC61GIDAS depleting
monoclonal antibody (1mg/mouse) days-9 -1 and +5 postransplant.

A. The proportions of donor CD45.kells were measured in the peripheral blood
flow cytometry in CD25defdetedand nordepleted mice after two weeks pastnsplant.

B. The percentages obtal CD4'CD25 FoxP3 T cellswere measured in the periphet
blood of depleted and neaepleted mice by flow cytometry. The plots represent
proportion of Treg cells gated on the total COMcell population.

Cumulative data presented are pooled from two separate experimergatafalddesign
with n=4 mice per group.
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This need for the homeostatic expansion of host Treg cells in the male C57Ble/6 bo
marrow transplantation model was negated by the use of increased conditioning
regimens. The requirement for Treg cells in the engraftment of bone marrow with
higher levels donor antigenic disparities following increased conditioning was
investigated. Taest this, female C57BL/6 CD45.mice were depleted of CD28ells

as previously described Figure 5.7 and Chapter 2 Section 2.12(®)nizuka, Tawara

et al. 1999) The depleted and natepletedemale C57BL/@mnice were irradiated with
500cGy and transplanted with femgBALB.BxC57BL/6) F1 donor bone marrow.

This conditioning dose was chosen due toftw that not all of the mice engraft the
(BALB.BxC57BL/6) F1 cellsand the lack of Treg expansion pattern mgmfting

mice. The percentages of donor CD45c2lls and Treg cells were measured in the
peripheral blood of donor mice abe and twaveeks postransplant. These time points
where chosen because of the first week increase of Treg cells in thenga@iting

mice and the second week peak of Treg cells expansion observed in other sets of

engrafting mice.

When the percentages BALB.BxC57BL/6) F1 donor cells were measured in the
ant-rCD25 monoclonal antibody treatddmale C57BL/6mice there were no dor

cells detected in the peripheral blood after the first week. This impairment in
engraftment seen in the CD#gpleted mice did not last because after two weeks
similar levels of engraftment were observed between the depleted ardkpleted

mice (2out of 8 engrafting mice in depleted vso8t of 8engrafting mice in the nen
depleted) Figure 58A). In the CD25depleted mice, those that were able to engraft
(BALB.BxC57BL/6) F1 donor cells did so at high levels (92.3% and 94.6% donor
positive cells inthe peripheral blood)Figure 5.8A). The depletion of the host Treg
cells caused a one week delay in the engraftmeBALB.BxC57BL/6) F1 donor

cells, but the level of donor cell engraftment reached by mice was not affected. This
datasuggests that thele of Treg cells may be important early after transplant due to
the delayed donor cell engraftment observed. Further studies will need to be conducted

to determine if this is the case.
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Figure 5.8 Host Treg depletion delays engraftment of (BALB.BXC57BL/6) F1 bone
marrow with low -dose irradiation.

Recipient female C57BL/6 mice were irradiated with 500cGy and subsequently transg
with 5x1C bone marrow cells harvested from the femurs and tibiae of (BALB.BxC57E
F1 donor mice. CD28lepletion was performed on female C57BL/6 mice using PC61
CD25 depleting monoclonal antibody (1mg/mouse) on eyt and +5 postransplant.

A. The perentages of donor CD45.2ells were measured in the peripheral blood by fl
cytometry in CD25 T cell depleted and netlepleted mice after one and two weeks ¢

transplant.

B. The proportions of CDLD25FoxP3 T cells were measured in the peripheralbblof
depleted and noedepleted mice by flow cytometry. The plots represent the proportic
Treg cells gated on the total CD® cell population.

Data presented are pooled from two separate experiments of identical design with n=
per group.
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5.2.3 High-Dose Irradiation Facilitates Expansion of nor Treg cells

The previous experiments revealed that under increased conditioning regimens the
absence of recipient Treg cells did not impact the engraftment abilities of male
C57BL/6 or (BALB.BxC57BL/6) F1 donor bone marrow cells. If the homeostatic
expansion of host derived Treg cells was not responsible for the engraftment of these
donor cells this could imply that the donor Treg cells may play a role in engraftment
and HvG tolerance. Treg cells were measured in the peripheral blood of male C57BL/6,
female (BALB.BxC57BL/6) F1and female BALB.B transplanted aftene, two and

four weeks postransplant and analysed for the expression of donor congenic markers
(as described iRigure 4.8and Chapter 2 Section 2.4.5 and Section 2.10).

In the male C57BL/@ransplanted mice irradiated with 400cGy or 600cGy the majority
of the totalTreg cells were of host origins early after transplant with 9.8% of 400cGy
Treg cells and 14.7% of 600cGy Treg cells being positive for the donor congenic
marker. After four week posttransplant thetotal Treg cell populatiorhad been
replaced by cells positive for the donor congenic marker (65% in 400cGy chimeric
mice and 49% in the 600cGy chimeric mic€)gure 5.9). Our data furthesuggests

that in the male bone marrow tratesgtation model the early expansion tbg total

Treg cell population is comprised ©feg cells are from the recipient.
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Figure 5.9 The early expansion of Treg cells in mle C57BL/6 transplanted
female mice are from the host.

A-B. Female C57BL/6 mice were irradiated with 400cQg ( ) (A) or 600aBy ( )
and subsequently transplanted with Sxatale C57BL/6 bone marrow celgrvested
from femurs and tibiae. The proportions of Treg cells were measured by
cytometry in the peripheral blood of recipient female C57BL/6 mice after one,
and four weegk posttransplant. The plots represent the proportiodafor Treg cells
gated on the total CD4T cell population. The percentages of male C57BL/6 Treg «
were measured for the expression of the donor congenic marker CMih the
Treg cell population measured from the peripheral blood of transplanted mice.

Cumulativedata presented are pooled from two experiments of identical design
mice per group.
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