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Abstract 

 

The engraftment of allogeneic haematopoietic stem cells (HSC) relies on the use 

partially or fully myeloablative regimens to condition the transplant recipient in order 

to ñmake spaceò in the bone marrow microenvironment and establish immunological 

tolerance to donor alloantigens. In murine models of bone marrow transplantation 

where donor-recipient pair differ for a single minor histocompatibility (H) antigen, HY, 

engraftment can be obtained using low-dose irradiation. Such conditioning favours the 

homeostatic expansion of regulatory (Treg) cells that play a crucial role in generating 

host versus graft tolerance (HvG).  

However, 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 epitopes, 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.  

I utilised a bone marrow transplantation model in which donor and recipient 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 

epitope was H60. My results showed that low-dose irradiation was not sufficient to 

obtained BALB.B donor cell engraftment but a fully myeloablative dose of (850cGy) 

was required. When the amount of antigenic determinants was decreased, by 

transplanting (BALB.BxC57BL/6) F1 cells, donor cell engraftment was achieved at an 

irradiation dose of 500cGy. These 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 lympho-haemopoietic reconstitution. Therefore, I investigated 

the kinetics and extent of Treg expansion. In all groups of transplanted mice the 

engrafted mice had significantly increased proportions of Treg cells which peaked 

during the second week post-transplant. When host Treg cells were depleted prior to 
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transplantation with male C57BL/6 or (BALB.BxC57BL/6) F1 donor bone marrow 

under irradiated at 500cGy or 600cGy, the level of donor cell engraftment was not 

affected. However, there was a delay in the engraftment of (BALB.BxC57BL/6) F1 

bone marrow, thus suggesting a marginal role for Treg cells using higher doses of 

conditioning.  

These data imply that the magnitude of antigenic disparities between the donor and 

recipient deeply impacts on the dose of irradiation required to obtain durable 

engraftment. The dose of irradiation does not correlate with the level of Treg cell 

expansion and Treg depletion 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 Haematopoietic stem cell transplantation (HSCT) 

 

Hematopoietic stem cell transplantation (HSCT) has been successfully used as a 

curative therapy for the treatment of malignant and non-malignant haematological 

diseases. This procedure consists of the infusion of haematopoietic stem cells (HSC) 

from either the patient in the form of an autologous transplant or from a healthy 

allogeneic donor. The best donor is fully matched with the recipient for major 

histocompatibility complex (MHC), but improved techniques have made it possible to 

pursue HSCT using haploidentical donors. Both autologous and allogeneic 

transplantation involve depleting recipient haemapoeisis by irradiation or 

chemotherapeutic agents that enable engraftment of infused HSC (Goldman, Schmitz et 

al. 1998; Gratwohl, Baldomero et al. 2002).  

HSCT were first used in animal experiments during the 1950s when it was 

demonstrated that irradiated animals could be saved from pancytopenia by the 

transfusion of bone marrow from another animal (Lorenz, Congdon et al. 1952). The 

first human allogeneic stem cell transplant was performed by Dr. E. Donnell Thomas in 

1957 to treat a patient suffering from leukaemia but there was only limited success with 

his approach (Thomas, Lochte et al. 1957). Then in 1968, the first long-term survivors 

after HLA-matched bone marrow transplant were two patients, one suffering from 

severe combined immunodeficiency (SCID) and the second was a patient suffering 

from Wiskott-Aldrich syndrome (Gatti, Meuwissen et al. 1968; De Koning, Van 

Bekkum et al. 1969).  

Due to the pioneering works of these early researchers currently over 50,000 

haematopoietic stem cell transplants have been reported as taking place worldwide in 

2006. This is according to a global survey of over 1300 centres in 71 countries 

conducted by the Worldwide Network of Blood and Marrow Transplant. Of these 

transplants, 57% were autologous whilst 43% came from HLA-matched allogeneic 

donors with the majority of these transplants taking place in Europe and the Americas 

(Gratwohl, Baldomero et al. 2010). 
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For the treatment of most haematological malignancies patients are given an allogeneic 

HSCT usually from a fully HLA-matched donor. In allogeneic transplantation, the HSC 

preparations contain  allogeneic T cells that can have a beneficial effect by exerting 

graft versus leukaemia (GvL) activity that can eradicate the cancer cells that have 

survived the conditioning regimens (Feng, Hui et al. 2008). These beneficial effects are 

compounded by the fact that immunocompetent cells in the donor bone marrow have 

the potential to react against recipient antigens and lead to the destruction of recipient 

tissues and 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 rejection (Martin, Hansen et al. 1987). The 

myeloablative pre-conditioning regimens needed to allow for donor cell engraftment in 

patients are associated with a high toxicity which makes them less desirable for 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 regimens, while 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 al. 2005). 

 

1.1.1 Hematopoietic stem 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 the generation of the lympho-haemopoiesis 

throughout life. In the early 1960s, 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 important principles of HSC: the ability to self-renew and 

produce cells that give rise to all the different types of blood cells (Till 1961).  

HSC can be isolated from the blood or bone marrow and have the ability to self-renew, 

differentiate into a variety of specialized cells, mobilize out of the bone marrow into the 

circulating blood and undergo programmed cell.  These stem cells represent 1-5% of 

the marrow cell population and are responsible for the formation of all blood lineages 
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including: erythrocytes, platelets, neutrophils, granulocytes, macrophages, T cells, B 

cells, and natural killer (NK) cells.  

In the adult mouse HSC are characterized by expression of c-Kit , and Sca1 and the 

absence of mature lineage markers B220, CD3, CD4, CD8, Mac1, GR1, and Ter119 

(Schofield 1978; Shizuru, Negrin et al. 2005), and the terminology of LSK (Lin
- 

Sca1
+
c-kit

+
) is used to identify them. Human HSC are characterized by the expression 

of CD34
+
CD38

-
 within the Lin

-
 population. CD34 is the marker commonly utilised to 

select donor HSC and it is this CD34
+
 rich population that is transferred into patients 

following myeloablation (Pittenger, Mackay et al. 1999).  It is these stem cells that are 

responsible for the reconstitution of the recipient immune system after irradiation and 

bone marrow transplantation (Figure 1.1).  

 

(Adapted from © 2001 Terese Winslow, Lydia Kibiuk) 

 

 

 

 

 

Figure 1.1: Haematopoietic and stromal stem cell differentiation.  

HSC have the ability to differentiate into erythrocytes, platelets, neutrophils, 

granulocytes, macrophages, T cells, B cells and NK cells. The stromal cells found 

in the bone marrow are responsible for forming osteoblasts, osteoclasts, cartilage 

and adipocytes. Skeletal muscle stem cells and hepatocyte stem cells also come 

from the bone marrow. This figure highlights the diverse functions of 

haematopoietitc stem cells found in the bone marrow and allows their importance 

in immune system development to be stressed. (Adapted from © 2001 Terese 

Winslow, Lydia Kibiuk) 
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There are many sources of HSC with the classical source being the bone marrow. To 

harvest these stem cells from humans the 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 in every 100,000 adult bone marrow cells is a long-term stem cell capable of 

restoring haematopoiesis (MacKey 2001).   

Another common source for harvesting HSC is peripheral blood. The pool of stem cells 

in the peripheral blood is much smaller than that of the bone marrow, but HSC can be 

mobilised into the peripheral blood after injecting the donor with granulocyte-colony 

stimulating factor (G-CSF). G-CSF a glycoprotein is a growth factor that stimulates the 

bone marrow to produce granulocytes and interferes with the CXCR4-CXCL-12 

interaction, thus mobilising stem cells from the bone marrow niche (Metcalf 1985; 

Petit, Szyper-Kravitz et al. 2002; Levesque, Hendy et al. 2003). The cells collected 

from the peripheral blood will contain 1-2% HSC after treatment with G-CSF as 

quantitated by CD34 expression. G-CSF mobilised peripheral blood stem cell (PBSC) 

collections contain a higher number of nucleated cells such as CD34
+
, CD3

+
, and NK 

cells when compared with bone marrow, which results in faster engraftment of 

neutrophils and platelets (Vij, Brown et al. 2000).  

Along with bone marrow transplants there are complications associated with the 

transplantation of PBSC. There are similar incidences of acute GvHD (aGvHD) in 

PBSCT patients when compared to patients receiving bone marrow transplants. 

However, increased instances of chronic GvHD (cGvHD) were reported when 

compared to bone marrow recipients (Przepiorka, Smith et al. 1999). PBSC contain 

roughly one log fold more CD3
+ 

T cells when compared to bone marrow preparations. 

This difference might be responsible for the increased incidences of cGvHD seen after 

PBSCT.   

The final source of HSC is the blood from human umbilical cord and placenta, which 

are delivered along with the baby. They had long since been considered a waste product 

until it was found that they were rich in HSC. These cells were first transplanted into 

children that suffered from Fanconi anaemia, and there therapeutic use has been 

expanded to other haematological failures in children and adults (Gluckman, 

Broxmeyer et al. 1989; Laughlin 2001). The major advantage of umbilical cord blood is 

the reduced risk of GvHD because of the deficiency in mature T cells while retaining 
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GvL effects due to lymphokine-activated killer (LAK) cell activity (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. 1995). One drawback to the 

use of umbilical cord blood is the fact that they have a lower number of total stem cells 

when compared to bone marrow preparations due to decreased collection volumes. This 

results in higher rates of graft failures and delayed engraftment times with consequent 

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

 

1.1.2 Autologous HSCT 

 

One type of HSCT that has been used as a treatment for certain malignancies and some 

autoimmune diseases are autologous transplants. This therapy harnesses the patientôs 

own stem cells for transplant after the eradication of the underlying malignancy with 

the use of irradiation or chemotherapeutic agents. These stem cells are able to 

reconstitute the depleted immune system. Autologous transplant is currently used to 

treat certain leukaemias, lymphomas and multiple myelomas, especially in children. 

There is less risk of infection and development of more serious side effects, such as 

GvHD that is associated with allogeneic transplantation. However, this decreased risk 

of complications comes with the increased risk of cancer relapse. Due to this increased 

relapse risk, the use of autologous transplants to treat malignancies is being reduced.  

Conversely, these transplants are also being explored, with great success as a treatment 

for many autoimmune diseases such as multiple sclerosis, systemic lupus 

erythramatosus, systemic sclerosis, rheumatoid arthritis and Crohnôs disease (Burt, 

Padilla et al. 1998; Binks, Passweg et al. 2001; Craig, Traynor et al. 2003; Jayne, 

Passweg et al. 2004; Snowden, Passweg et al. 2004; Passweg and Tyndall 2007). The 

rationale for applying HSCT to the treatment of autoimmune diseases holds because the 

conditioning regimens lead to intense immune depletion. This depletion helps to 

eliminate the pathogenic repertoire and allow for the reconstitution of a new immune 

system from the transplanted haematopoietic precursors. Furthermore, during 

haematopoietic reconstitution Treg (Treg) cells have been observed to expand and this 

might help to facilitate tolerance to self-antigens (Weng, Dyson et al. 2007).    
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1.1.3 Allogeneic HSCT 

 

Alternatively, allogeneic transplants have traditionally been used to treat a wider range 

of haematological malignant and non-malignant diseases. The main goal of allogeneic 

transplant is to cure malignancy. An allogeneic transplant tends to be performed using 

fully HLA -matched donor and recipient pairs. The transplanted donors are either 

related, in the case of a sibling, which has a 1 in 4 chance of being a complete/exact 

HLA-match, a sygeneic donor that would consist of a monozygotic identical twin or an 

unrelated matched donor where 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 HLA class I and class II genes. The class I genes 

include, HLA-A, HLA-B and HLA-C and encode for the major histocompatibility type 

one genes (MHC class I) that are found on the surfaces of almost all cells. A mismatch 

in these genes/proteins increases the risk of graft rejection and GvHD (Petersdorf, 

Hansen et al. 2001; Yakoub-Agha, Mesnil et al. 2006). The main types of human MHC 

class II genes, HLA-DP, HLA-DQ, and HLA-DR, which are found on the surface of 

macrophages, dendritic cells, B cells, and any other professional antigen presenting 

cells (APCs). Mismatches in the HLA class C and DQ are associated with both graft 

rejection and GvHD (Petersdorf, Kollman et al. 2001). The mismatching of these 

genes/proteins has highlighted the importance of aiming for a best matched donor-

recipient pair, which results in improved 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 throughout the genome, persist and are sufficient to 

produce strong immune responses between donor and recipient (see section 1.2). 

Transplantation with allogeneic stem cells allows for the reconstitution of the recipient 

immune system with malignancy free cells. The alloreactive donor T cells are able to 

kill the residual malignancy by a process known as GvL or graft versus tumour (GvT) 

effect. 

Allogeneic HSC are more easily obtained than those from an autologous donor 

transplant because those cells need to be harvested before the patient receives any type 
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of conditioning regimen. As compared with autologous transplantation, the risks of 

complications such as graft rejection, GvHD and infection are far greater.  The donor 

allogeneic reactive T cells in the HSC preparation are able to mediate the destruction of 

host tissue through several different mechanisms. It is this destruction of host tissues 

that is the most fatal complication of allogeneic stem 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 inadvertent by-product of genetic 

variation within a species. These antigens are then presented to T cells by either MHC 

class I or class II molecules (Simpson and Roopenian 1997; Simpson, Scott et al. 

2002).  T cell responses against these antigens are able to elicit allograft rejection and 

subsequent immunological complications. Minor H antigens were first discovered in 

mice when it was observed that both tumours and skin grafts from MHC identical 

donors of different genetic backgrounds were rejected (Barth, Counce et al. 1956). 

These observations were also confirmed in humans by experiments where skin grafts 

from HA-identical siblings were rejected (Ceppellini, Bigliani 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; den 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 mice and humans is the male specific 

antigen, HY, which is ubiquitously expressed on all tissue types. The absence of Y-

chromosome specific gene products in females induces responses to male antigens. 

These antigens are encoded for on the Y chromosome in both murine and human DNA. 

They are either class I or class II restricted and originate at six different loci of the Y 

chromosome (DFFRY, SMCY, TMSB4Y, UTY, DBY and RPS4Y1) (Scott, Ehrmann 

et al. 1995).  

The HY antigen was first identified in murine skin grafting experiments and they were 

shown to generate cytotoxic T lymphocyte (CTL) responses in vitro from male 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

26 

 

immunised mice (Eichwald and Silmser 1955; Simpson, O'Hopp et al. 1974; Gordon, 

Simpson et al. 1975; Gordon, Samelson et al. 1977). HY specific T cells clones have 

been shown to inhibit the growth of haematopoietic progenitor cells from HLA-

identical male donors by a direct cytolytic effect (Gordon, Simpson et al. 1975). T cells 

with HY specificity have also been associated with high grade graft versus host (GvH) 

reactions and this can significantly influence transplantation outcomes (VanderVegt 

and Johnson 1993).  

A second group of minor H antigens are encoded by autosomes and are non-Y linked. 

In humans the HA-1, HA-2, HB-1 and HB-2 minor antigens expressed on normal 

haematopoietic cells have been shown to play a role in both GvHD and GvL 

(Falkenburg, Goselink et al. 1991; Mackinnon, Papadopoulos et al. 1995; Baurmann, 

Nagel et al. 1998; Dazzi, Szydlo et al. 2000).  Another important minor H antigen 

expressed on murine haematopoietic stem cells is the H-2K
b
 restricted, H60 expressed 

by BALB.B mice. This minor antigen is located on mouse chromosome 10 and encodes 

the naturally processed octapeptide LTFNYRNL (LYL8) presented by the K
b
 MHC 

molecule (Malarkannan, Shih et al. 1998). The H60 glycoprotein is a member of the 

retinoic acid early inducible 1 (Rae1) gene family. These genes are orthologs of the 

human ULBP gene family and paralogs of the MHC class I gene family (Diefenbach, 

Jamieson et al. 2000; Cerwenka, O'Callaghan et al. 2002).  

H60 serves as a ligand for the NKG2D receptor found on NK cells and activated CD8
+
 

T cells, and among the Rae1 family, H60 has the highest affinity for NKG2D 

(Carayannopoulos, Naidenko et al. 2002; Jamieson, Diefenbach et al. 2002). 

Engagement of the NKG2D receptor on CD8
+ 

T cells results in signals transmitted 

through the same KAP/DAP2 adaptor molecules used for the CD28 costimulatory 

cascade (Jamieson, Diefenbach et al. 2002). H60 is also a very important minor antigen 

in allogeneic transplant settings because haematopoietic progenitor cells express high 

levels of this minor H antigen. This high level of H60 expression is thought to render 

these progenitor cells susceptible to NK cell killing both in vitro and in vivo 

(Tabayoyong, Salas et al. 2009). It is believed that the H60 minor antigen is a link 

between the innate and adaptive immune responses. 

A third example of minor H antigens is those encoded by mitochondrial DNA. These 

were first discovered by tracking the maternally transmitted transplantation antigens 
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mt-ND1 (Loveland, Wang et al. 1990). Additional mitochondrial genes in the mouse 

and rat have been shown to encode minor H peptides and these are presented to T cells 

by non-classical MHC class I molecules (Bhuyan, Young et al. 1997).  

 

1.2.1 Minor histocompatibility  (H) antigens as molecular targets in 

transplantation 

 

Following transplantation between 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 T cells are not rendered tolerant towards these host-

specific peptides during thymic development it allows for the generation of responses 

to these host antigens. Minor H antigens can be presented by either residual host APCs 

or donor APCs, once host APCs have been replaced after HSC reconstitution. Goulmy 

et al. demonstrated that disparity between donor and recipient haematopoiesis-specific 

minor H antigens was associated with the development of aGvHD (Goulmy, Schipper 

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 cells (DCs) were capable of causing significant damage and induced 

GvHD in the absence of T cell responses against broadly expressed tissue antigens 

(Teshima, Ordemann et al. 2002). T cell responses against minor H antigens present in 

high frequencies on haematopoietic cells found in tissues can lead to local 

inflammatory responses resulting in cytokine-mediated destruction of non-

haematopoietic tissues (Goulmy, Schipper et al. 1996). This is supported by evidence 

from male patients 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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mismatched transplants. In murine models of allogeneic HSCT, severe GvHD can 

appear in settings where there is a mismatch in the dominant minor H antigen. Choi et 

al. demonstrated in a murine model of GvHD, where GvH reactions were directed 

against the minor H antigens of the BALB.B mice, that of all the minor H antigens 

present the robust CD8
+ 

T cell responses were against the single H60 immunodominant 

epitope (Choi, Christianson et al. 2002).    

Despite these antigens having detrimental GvHD effects, they can also be beneficial 

targets for GvL. The successful elimination of malignancy requires the recognition by 

T cells of clonogenic leukaemia precursor cells. Many of the minor H antigens 

expressed on normal haematopoietic cells, such as HA-1 and HA-2 are also expressed 

on leukemic precursor cells (Tseng, Lin et al. 1999). It has been demonstrated that HA-

1 and HA-2 minor H antigen specific T cells are capable of killing HA-1
+
 and HA-2

+
 

leukaemic precursor cells (Falkenburg, Goselink et al. 1991). Dickinson et al. 

demonstrated that the destruction of HA-1
+
 cells by HA-1 specific T cells does not 

induce GvHD in skin explant models (Dickinson, Wang et al. 2002), thus indicating 

that tissue-restricted minor H antigens are better targets for GvL because antigen-

specific T cells can eliminate HA-1
+
 and HA-2

+
 haematopoietic and leukemic cells and 

spare HA-1
- 
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 surface of APCs only 

those able to generate a robust T cell response will dominate (Pion, Fontaine et al. 

1997). Immunodominance is the principle that governs this occurrence. The critical 

factors that determine immunodominance are the high expression level of the dominant 

epitopes on the APC surface allowing for optimal affinity binding with a specific T cell 

receptor (TCR) which triggers a strong T cell response. These peptides also have a 

great affinity for the MHC molecules and this is important because it keeps TCR 

engagement on the APC blocking recognition of other epitopes being expressed (Pion, 

Christianson et al. 1999). 
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Immunodominance serves two important purposes: 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 priming (Iezzi, Karjalainen et al. 1998). Secondly, T 

cells responding to non-self antigens can cross react with self-peptides restricting the 

repertoire of T cell responses may help to decrease the risk of autoimmunity (Flynn, 

Belz et al. 1998). Immunodominance is viewed as a low risk, high efficiency 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 

response (Barnaba 1996).     

The principle of immunodominance 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 different minor H antigens, but there are four 

documented immunodominant epitopes: H-2K
b
 restricted H60, H28, H4 and the H-2D

b 

restricted H7 (Choi, Yoshimura et al. 2001).  Within those four antigens, H60 has a 

dominant phenotype over the others which is set at the level of the naïve T cells (Choi, 

Christianson et al. 2002; Choi, Christianson et al. 2002).  

 As previously mentioned H60 is selectively expressed on haematopoietic cells and is a 

member of the Rae 1 family.  It is a potent stimulatory ligand for the NKG2D receptor 

which is expressed by NK cells and activated CD8
+
 T cells (Correia-Neves, Waltzinger 

et al. 2001; Jamieson, Diefenbach et al. 2002). Choi et al. demonstrated that H60 

dominance has been shown to persist in long-term memory cells and during re-

challenge of mice after initial immunisation. In the case of murine GvHD, this is one of 

the only known minor antigens detected against CD8
+
 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 selection (Choi, Christianson et al. 2002). This 

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 the conditioning regimens 

 

Prior to receiving HSCT, patients must undergo a pre-transplant conditioning 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 in 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 elderly. RIC or 

low-dose regimens 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 cell engraftment. 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). Fully myeloablative and low-dose conditioning regimens will 

be discussed in further detail in sections 1.3.1 and 1.3.2. 

Of the numerous agents used as part of the patient conditioning regimen 

chemotherapeutic drugs have been shown to enhance host immunosuppression and 

reduce tumour burden. One 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 death (Warwick 1963).  Busulphan, an alkylating agent, has had 

much success in treating chronic myeloid leukaemia (CML) due to its anti-neoplastic 

properties. Cyclophosphamide is another alkylating drug that is used to treat 

lymphomas, leukaemia and certain solid organ tumours (Young, Whissell et al. 2006; 

Shanafelt, Lin et al. 2007).  In high doses, cyclophosphamide is a potent 

immunosuppressant, but if given in low continuous doses it has been shown to have 

immunostimulatory and anti-angiogenic properties. This continuous dosing schedule is 

known to have an inhibitory effect on Treg cells (Nicolini, 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 and is used in the treatment of chronic 

lymphocytic leukaemia (CLL), lymphoma and some acute leukaemias (Rai, Peterson et 

al. 2000). Some studies have demonstrated that fludarabine used in RIC regimens 
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promotes donor cell engraftment and the beneficial GvL effects (Feinstein, Sandmaier 

et al. 2001; McSweeney, Niederwieser et al. 2001; Maris, Niederwieser et al. 2003; 

Niederwieser, Maris et al. 2003; Maris, Sandmaier et al. 2004; Sorror, Maris et al. 

2005). Other studies have suggested that fludarabine may prevent Treg cell enrichment 

after HSCT by depleting host Treg cells (Shaffer, Villard et al. 2007).  Despite 

conflicting evidence, these drugs in combination with myeloablative regimens cause 

strong immunosuppression that allows for anti-malignancy effects that favour donor 

cell engraftment.  

 

1.3.1 Myeloablation: total body irradiation  (TBI)  

 

Before HSCT patients must undergo some form of pre-conditioning to facilitate donor 

cell engraftment and reduce the risk of graft rejection. Traditionally, these regimens 

consisted of a fully myeloablative dose of total body irradiation (TBI). The main intents 

of using TBI as part of bone marrow transplantation therapy are to eradicate and/or 

reduce the underlying tumour burden while creating ñspaceò for the donor cells to 

secure engraftment (Thomas, Storb et al. 1975; Thomas, Storb et al. 1975; Altschuler, 

Resbeut et 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 end-organ failures in the form of cataracts (Shi-Xia, 

Xian-Hua et al. 2010), gonadal failure (Tauchmanova, Selleri et al. 2002), thyroid 

dysfunction (Gerstein, Meyer et al. 2009), kidney dysfunction (Barker, Abboud et al. 

2009), and decreased bone mineral density (Benmiloud, Steffens et al. 2010). 

Secondary malignant neoplasms 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 ranges from 3 to 

17% in patients 15 years post-transplant and this rate is increased in patients who 

received their HSC transplants under the age of 30 (Rizzo, Curtis et al. 2009).  The 

increase in TBI related mortality occurs six to 12 months post-transplant (Clift, 

Buckner et al. 1998).  
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1.3.2 Reduced intensity conditioning (RIC) regimens  

 

The concept that the GvL effect is the fundamental therapeutic component of HSCT 

has prompted a redesign of pre-conditioning regimens 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 (DLI) (Truitt 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 regimen should exclusively concentrate on how best to establish HvG 

tolerance.  

This has led to the development of low or RIC regimens aimed at establishing mixed 

haematopoietic chimerism and HvG tolerance (Giralt, Estey et al. 1997; McSweeney, 

Niederwieser et al. 2001; Niederwieser, Maris et al. 2003). RIC regimens are able to 

establish HvG tolerance and diminish the toxic complications associated with 

traditional myeloablative conditioning regimens. This allows these types of regimens to 

be applied to wider groups of patients, in particular the elderly, who are not able to 

handle more traditional regimens (Binks, Passweg et al. 2001; McSweeney, 

Niederwieser et al. 2001). The conditioning regimen is preliminary to the full 

exploitation of the anti-tumour 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 remaining malignancy. 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 

lymphocytes (Bertheas, 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 irradiation is used as part of conditioning regimens 

because it is known cause DNA damage in recipient haematopoietic stem cells and 
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progenitor cells. This DNA damage can lead to cell cycle arrest at G1/S or G2/M phase 

and apoptosis (Szumiel 1994; Haimovitz-Friedman 1998; Szumiel 1998; Meng, Wang 

et al. 2003). Gamma irradiation is known to have different effects on lymphocyte 

subsets. In murine models, following conditioning and transplantation there is a 

decrease in CD3
+
 T cells in the peripheral blood, whereas an initial increase in CD8

+
 T 

cells can be observed (Leino, 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 C57BL/6 mice that after gamma irradiation of 5Gy there 

was a decrease in the absolute number of CD3
+
 T cells, 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 blood, but this was not reflected in the spleen where a 

significant decrease in these cells was reported, thus suggesting that cell type and 

location play a role in their susceptibility to the effects of irradiation (Pecaut, Nelson et 

al. 2001).  

One population of lymphocytes that has been shown to expand under lymphopenic 

conditions (Gavin, Clarke et al. 2002)caused by irradiation are Treg cells (Nguyen, 

Zeiser et al. 2007). These cells express higher levels of Bcl-2, which is known to 

protect cells from apoptosis and allows them to survive increasing doses of irradiation 

(Chao, Linette et al. 1995; Banz, Pontoux 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 conditioning regimens. After transplant, monocytes are the first 

cells to engraft followed by granulocytes, platelets and NK cells. Clinical engraftment 

of these cells occurs between days ten to 25 post-transplant (Witherspoon, 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 2002). NK cell counts and in vitro cytotoxicity recover during 

the first few weeks after transplant (Hokland, 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, Joseph et 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 is comprised of many activated HLA-DR
+
 T cells, 

CD8
+ 

T cells with less naive T cells when compared to normal controls (Gratama, 

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
+ 

T cells which occurs between three 

to eight months post-transplant the CD4
+ 

T cells are the last to engraft. In human 

allogeneic transplants the CD4
+ 

T cell compartment takes 12 to 24 months to engraft 

(Storek, Gooley et al. 1997; Storek, Joseph et al. 2001).  

The post-transplant T cell compartment is regulated by homeostatic expansion 

mechanisms that control the size of the T cell pool. T cells compete for available space 

through competition for the homeostatic cytokines IL-7 and IL-15. After transplant, IL-

7 and IL-15 are produced but not instantly consumed, which results in high levels of 

these cytokines (Bolotin, Annett et al. 1999; Chklovskaia, Nowbakht et al. 2004). T 

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 and self-peptides that are 

present in the host at the time of transplant (Mackall, Bare et al. 1996). The ability of T 

cells to homeostatically expand in the presence of self-antigens leads to the 

development of a self-reactive TCR repertoire, which can lead to the loss of other TCR 

specificities and the development of GvHD (Soiffer, 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 during the first few 

months after transplant and do not reach normal levels until one to two years 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 treatments for GvHD appear 

to interfere with B cell lymphopoiesis (Small, Keever et al. 1990; Storek, Witherspoon 

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

Virtually all circulating B cells present after high intensity conditioning are of donor 

origins, but after low-dose or non-myeloablative 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 radioresistance of recipient plasma cells 

which causes delayed production of donor type antibodies (Miller and Cole 1967; 
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Slifka, Antia et al. 1998). Understanding the rates of immune cell recovery after 

myeloablation is important for designing pre-transplant regimens that favour optimal 

donor chimerism with minimal morbidity to the patients.   

 

1.4 Immune reactions after allogeneic stem cell transplant 

 

An allogeneic stem cell transplant causes a bidirectional immune response due to the 

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 GvHD and 

GvL effects.  

 

1.4.1 Host versus graft (HvG) reactions 

 

HvG reactions refer to the immune responses of the host T cells to the alloantigens 

expressed on the donor cells. The main feature of allogeneic responses is that they are 

much stronger and more vigorous that the responses against pathogens. This robust 

response is due to the fact that approximately 1 to 10% of all T cells in normal 

individuals are capable of allogeneic reactivity. It is the HvG reactions that are 

responsible for graft rejection and its destruction. The ability of host T cells to reject 

donor grafts was first demonstrated by Mowat et al. when they showed that athymic 

mice were able to accept donor grafts, whilst demonstrating that these grafts were 

rejected upon T cell reconstitution (Mowat, Felstein et al. 1987). Understanding the 

mechanisms by which host T cells recognize donor alloantigens is important in the 

development of conditioning regimens that provide sufficient host immunosuppression.  

 

1.4.2 Mechanisms of allorecognition 

 

Donor alloantigens, such as minor H antigens described in section 1.2, can be presented 

to the recipient immune system via several different pathways. The two major 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

36 

 

pathways of antigen recognition are the direct and indirect pathways. The direct 

pathway involves the host T cell recognition of intact donor MHC-peptide complexes  

on the surface of donor APCs (Baker, Hernandez-Fuentes et al. 2001) (Figure 1.2A). 

The indirect pathway occurs when donor derived antigens are processed and presented 

on the host APC in the context of self-MHC (Lechler and Batchelor 1982) (Figure 

1.2B). The high frequency of T cells with direct allospecificity in the normal T cell 

repertoire 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 Treg cells mediate their 

transplantation tolerance through the indirect pathway (Hara, Kingsley et al. 2001). A 

third pathway thought to link the direct and the indirect pathway has also been 

proposed. The semi-direct pathway occurs when recipient DCs can acquire intact MHC 

molecules from donor cells or tissues and stimulate direct anti-donor allo-immune 

responses (Figure 1.2C) (Jiang, Herrera et al. 2004; Smyth, Herrera et al. 2006). 

 

1.4.2.1 Direct pathway of allorecognition 

 

Direct anti-donor alloresponses were demonstrated by several groups in the late 1970s 

and throughout the 1980s. Early experiments by Talmage et al. and Bowen et al. 

showed depletion of donor bone marrow derived ñpassengerò leukocytes by in vitro 

culture of thyroid or pancreatic islet allografts could prolong graft survival (Talmage, 

Dart et al. 1976; Bowen, Andrus et al. 1980). The involvement of CD4
+ 

T cells and 

CD8
+
 T cells in this process was first demonstrated by Bolton et al. where they showed 

that adoptively transferred CD4
+
 T cells and CD8

+
 T cells caused rapid renal allograft 

rejection in athymic nude rats (Bolton, Gracie et al. 1989).  

The key to allopresentation is the presence of intact MHC complexes on donor DCs 

that are able to prime naive T cells to stimulate strong alloresponses leading to graft 

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 allo-MHC peptide complexes (Lindahl and Wilson 1977; 

Bluestone, Kaliyaperumal et al. 1993; Sherman and Chattopadhyay 1993; Reiser, 

Darnault et al. 2000; Suchin, Langmuir et al. 2001). Pietra et al. showed in a mouse 
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model of cardiac-graft transplantation that T cells with direct allospecificity can 

mediate graft rejection. Using SCID and RAG
-/-

 recipient mice they observed that 

infusion of syngeneic CD4
+
 T cells led to the rejection of MHC class II

+/+
 cardiac grafts 

but not MHC class II
-/- 

grafts. These mice have no CD8
+
 T cells and lack the capacity 

for MHC class I restricted indirect allorecognition indicating the direct pathway of 

allorecognition was sufficient to mediate rejection (Pietra, Wiseman et al. 2000).  

These experiments 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 

anti-donor allospecificity declines with time in patients receiving renal and cardiac 

allografts (Hornick, Mason et al. 1998). This was found in patients with chronic graft 

rejection and also those with good graft function pointing to the fact that the direct 

pathway of allorecognition is not responsible for chronic graft rejection (Figure 1.2A). 

 

1.4.2.2 Indirect pathway of allorecognition 

 

The indirect pathway involves the uptake of allo-donor MHC by recipient APCs which 

is then processed and presented to recipient T cells. Evidence of this pathway was 

given by Inaba et al. when they injected H-2
K
 DCs into H-2-A

b
 recipient mice that 

lacked H-2-E. After two days the majority of the DCs were found in the draining lymph 

nodes and showed peptide fragments from H-2-E were presented by H2-A
b
 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, Dalchau et al. 1992; Benichou, 

Valujskikh et al. 1999). Graft rejection via the indirect pathway of allorecognition was 

demonstrated by Auchincloss et al. when they showed MHC class I
-/-

 recipient mice 

were able to reject MHC class II
-/-

 skin grafts which could only occur via recipient 

CD4
+ 

T cells that recognised donor MHC class I presented by recipient MHC class II 

peptides on host APCs (Auchincloss, Lee et al. 1993).  

The indirect pathway also plays an important role in graft tolerance because it is the 

mechanism that Treg cells use to maintain peripheral transplantation tolerance. This is 
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due to their diverse TCR repertoire which enables them to cross-react with alloantigens 

(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 anti-donor alloresponsiveness in stable renal 

transplant patients (Game, Hernandez-Fuentes et al. 2003; Salama, Najafian et al. 

2003). The evidence supporting the role of the indirect pathway in chronic graft 

rejection is strong but there is yet another pathway that is thought to connect the direct 

and indirect allorecognition pathways and may help to better explain the mechanisms of 

alloantigen recognition. 

 

1.4.2.3 Semi-direct pathway of allorecognition 

 

The semi-direct 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 contact or fusion of donor 

exosomes. These recipient APCs become chimeric for MHC and have the ability to 

stimulate donor CD4
+ 

T cells and CD8
+
 T cells (Jiang, Herrera et al. 2004; Smyth, 

Herrera et al. 2006). The first evidence of this pathway came from Lee et al. when they 

demonstrated that CD4 helper T cells with indirect anti-donor allospecificity could 

amplify effector CD8
+
 T cell responses with direct anti-donor allospecificity. This 

implied that unlinked help by CD8
+
 T cells activated directly by donor APCs received 

help indirectly by recipient CD4
+ 

T cells (Lee, Grusby et al. 1994). This pathway 

appears to be driven by the ability of DCs to acquire significant levels of MHC class I 

and class II from other DCs and endothelial cells. These DCs can then present these 

acquired MHC complexes to antigen specific alloreactive T cells (Figure 1.2C) 

(Bedford, Garner et al. 1999; Thery, Duban et al. 2002). The semi-direct pathway helps 

to connect observations made about the direct and indirect pathways that cannot be 

explained by one pathway alone. 
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(Safinia, Afzali et al. 2010) 

 

 

 

 

 

 

Figure 1.2: The direct, indirect and semi-direct pathways of allorecognition. 

The direct pathway involves intact MHC complexes on donor APCs that are recognised 

directly by recipient CD4
+
 and CD8

+
 T cells (a). The indirect pathway is characterized by the 

uptake of allogeneic donor MHC by recipient APCs that has been shed through apoptosis or 

necrosis. This is then processed by the recipient APCs, resulting in presentation of donor 

MHC peptide fragments in the context of recipient MHC class II to recipient CD4
+
 T cells. 

This pathway is also used by Treg cells to exert their transplantation tolerance against donor 

antigens (b). The third pathway of allorecognition is the semidirect pathway which results 

from the transfer of intact donor MHC, from donor APCs to recipient APCs. This process 

may occur through cell to cell contact or from the transfer of donor exosomes that fuse with 

recipient APCs. The recipient APCs are then chimeric for MHC, and are able to stimulate 

both CD4
+
 and CD8

+
 donor T cells (c). Figure has been adapted from Safinia et al. 2010 

Kidney International (Safinia, Afzali et al. 2010). 
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1.5 Graft versus host (GvH) reactions 

 

A HSC preparation comprises of haematopoietic stem cells/precursors as well as T 

cells. These T cell subsets from the graft can mount an attack on host tissues causing 

GvHD, but are also responsible for the beneficial effect know as GvL (Korngold and 

Sprent 1978; Korngold and Sprent 1982; Korngold and Sprent 1987). GvHD can be a 

lethal complication of allogeneic HSCT whereas GvL is required to eradicate the 

underlying malignancy. The beneficial effects of GvL are exploited with DLI, which 

are used for the treatment of leukaemia relapse. Unfortunately, the antigenic targets of 

GvHD and GvL are overlapping so the beneficial anti-tumour effects are often 

associated with the manifestation of GvHD. 

 

1.5.1 Graft versus host disease (GvHD) 

 

GvHD is a major complication of allogeneic HSCT and results from the immune-

mediated attack of recipient tissues by donor T cells present in the transplant. GvHD 

accounts for 15-30% of deaths that occur following allogeneic HSCT for the treatment 

of malignancies and is the major cause of morbidity in transplant recipients (Ferrara, 

Levine et al. 2009).    

Early work done on GvHD established T cell alloreactivity as the underlying cause of 

the disease (Korngold and Sprent 1978; Sprent, Schaefer et al. 1986). There are two 

types of GvHD that can occur in recipients: acute (aGvHD) or chronic (cGvHD). 

aGvHD is characterized by damage to the skin, liver and gastrointestinal tract, which 

develops within the first 100 days after transplant. cGvHD occurs after day 100 post-

transplant and can have more diverse manifestations. This immunological 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 phenotypes of aGvHD 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 II on 
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recipient APCs can result in the development of Th1type cells which produce IFNɔ, IL-

12 and IL-2 cytokines that drive aGvHD. Conversely, cGvHD is driven by the 

production of cytokines IL-4, IL-5, IL-6 and IL-10 by Th2 type cells.  

For the development of GvHD the migration of donor T cells is important. After HSCT 

these T cells are able to traffic to the secondary lymphoid organs within 24 hours post-

transplant (Panoskaltsis-Mortari, Price et al. 2004; Beilhack, Schulz et al. 2005). The 

initial migration of donor T 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 organs (Kim, Sachs et al. 2003; Beilhack, Schulz 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 development of this HSCT complication.  Xun et al. showed that 

high dose myeloablation induces the pro-inflammatory cytokines TNFŬ and IL-1, 

which facilitate the activation of donor T cells (Xun, Thompson et al. 1994). 

Inflammation in the GvHD target tissues plays a role in determining if GvH activated T 

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

the target tissues where they can cause tissue destruction (Chakraverty, Cote et al. 

2006). 

 

1.5.1.1 Acute graft versus host disease (aGvHD) 

 

The acute form of GvHD develops within 100 days post-HSCT and involves the direct 

cytotoxic effects of donor T cells on recipient tissues, the activation of APCs and the 

inflammatory cascade known as the ñcytokine stormò. This ñcytokine stormò involves 

the production of the inflammatory cytokines: IL-1, IL-6, IL-12, IFNɔ and TNFŬ. 

These cytokines are released as a direct result of the conditioning regimens, primarily 

IL-1 and TNFŬ, and are able to activate donor T cells which in turn release IFNɔ. This 

IFN production activates neutrophils, monocytes and NK cells, which can result in 

further expansion and proliferation of donor T cells with alloantigen specificity 
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(Ferrara, Abhyankar et al. 1993; Teshima, Ordemann et al. 2002). These cytokines 

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 TNFŬ, perforin, granzyme and Fas and Fas ligand (Baker, 

Altman et al. 1996; Braun, Lowin et al. 1996; Graubert, DiPersio et al. 1997; Jiang, 

Podack et al. 2001; Maeda, Levy et al. 2005). It was shown by Holler et al. that 

controlling the cytokine storm by administering TNFŬ antibodies to patients during the 

conditioning regimen interfered with the development of aGvHD (Holler, Kolb et al. 

1995).  

The incidence and severity of aGvHD can be reduced by the T cell depletion or the 

combination of immunosuppressive 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 immunosuppression 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 those patients 

who received unmanipulated transplants (Kolb, Schattenberg et al. 1995). The 

conditioning regimens can also activate host DCs before DLI, which can activate donor 

T cells and produce GvHD after GvL. This data supports the importance of established 

transplantation tolerance and could also point to a need for active regulation via Treg 

cells, which is discussed in section 1.7.5.    

 

1.5.1.2 Chronic graft versus host disease (cGvHD) 

 

cGvHD occurs after day 100 post-transplant and can have different physical 

manifestations than those seen in patients suffering from aGvHD. This presents as an 

autoimmune-like syndrome and in involves T cell and B cell stimulation to provide 

auto-antibody production and systemic fibrosis.  In mouse models of cGvHD there are 

three main pathological mechanisms that are involved: auto-antibody production, 

activation of pro-fibrotic pathways and defective thymic function. Unlike aGvHD, 

immune priming is not dependent on tissue damage but can result in dysfunctional 
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negative selection of auto-reactive T cells in the recipient thymus. Mouse models of 

cGvHD have shown the importance of CD4
+ 

T cells, but not CD8
+ 

T cells which are 

required for aGvHD (Rolink, 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 in cGvHD. In murine minor H antigen 

mismatched allogeneic transplant, recipient B cells are activated by minor H antigens 

and Th2 cytokines produced by the activated CD4
+ 

T cells (Zhang, Todorov et al. 

2006). These cells are able to mature and present processed antigen in the context of 

MHC to donor CD4
+ 

T cells, which in turn stimulate B cells to produce auto-antibodies 

and stimulatory cytokines, thus proving that this T cell activation produces a feedback 

loop that allows for the production of auto-antibodies by B cells (Morris, Cheek et al. 

1990; Shimabukuro-Vornhagen, Hallek et al. 2009).  

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 cytokines IL-4, IL-10 and IL-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 self-antigens. In patients suffering from 

cGvHD there is an imbalance in the proportions 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, remained high (Lanzavecchia and Sallusto 

2000; Yamashita, Choi et al. 2004). The development of immunological memory is 

another roadblock in the treatment of cGvHD.  

 

1.5.2 Graft versus leukaemia (GvL)  

 

The allo-immune reaction responsible for GvHD also involves a powerful immune 

response to leukaemia. GvL reactions represent the major therapeutic component of 

allogeneic HSCT for the treatment of haematopoietic malignancies.  

Early evidence that GvL reactions could impact on leukaemia relapse after bone 

marrow transplant came from the observations that patients suffering from either 
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aGvHD or cGvHD had a lower risk of disease relapse (Weiden, Flournoy et al. 1979; 

Horowitz, Gale et al. 1990). The therapeutic role of lymphocytes in GvL was 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 GvL for the treatment of patients came from Kolb et al. who 

demonstrated that DLI could induce durable remission in patients relapsing from CML 

after allogeneic bone marrow transplantation (Kolb, Mittermuller et al. 1990). 

GvL reactions seen 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 cell depleted bone marrow preparations (Apperley, Jones et 

al. 1986). The need for both CD4
+
 T cells and CD8

+
 T cells to mediate GvL effects was 

demonstrated by Truitt et al., using a murine model. They showed that transplantation 

of donor bone marrow with either depleted CD4
+
 T cells or CD8

+
 T cells compromised 

GvL reactivity (Truitt and Atasoylu 1991).  

The delivery of an efficacious GvL effect is dependent on the APCs. In patients, it was 

observed that donor T cells are stimulated by antigens presented on host APCs, 

particularly DCs. Activation of myeloid DCs stimulates helper T cells and can also 

stimulated cytotoxic CD8
+ 

T cells through the presentation of HLA class I restricted 

peptides. These activated DCs provide the licensing needed to induce the killing 

abilities of cytotoxic T cells and it is this ñlicence to killò that is required for GvL 

effects (Ridge, Di Rosa et al. 1998). In the GvL reaction, the expression of MHC class 

II by APCs and the stimulation of CD4
+ 

T cells are necessary for the CD8
+ 

T cell 

mediated GvL responses (Chakraverty, Eom et al. 2006). 

NK cells are another subset of immune cells that can mediate GvL independently of T 

cell mediated GvHD (Ruggeri, Capanni et al. 1999; Ruggeri, Capanni et al. 2002). NK 

cell alloreactivity reduces GvHD because the cells specifically target host APCs of 

haematopoietic origins and prevent the presentation of alloantigens to donor T cells. 

These cells are able to mediate GvL through killer immunoglobulin-like receptors 

(KIR) expressed on NK cells and recognize groups of HLA class I alleles (Boyington, 

Motyka et al. 2000; Brooks, Boyington et al. 2000).  
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1.5.2.1 Approaches to separate GvL and GvHD reactions 

 

The main challenge of allogeneic HSCT for the treatment of leukaemia and other 

malignancies is to prevent GvHD while retaining the beneficial GvL effects. This need 

to separate GvL and GvHD effects has lead to the development of treatments that use 

GvH reactive T cells with functional activities that mediate GvL and not GvHD. One 

approach to this problem has been to use low-dose DLI and dose escalation to 

circumvent the development of GvHD while still retaining the beneficial GvL effects. 

Guglielmi et al. demonstrated that CML patients administered an initial low-dose T cell 

DLI (Ò 2.0x10
7
/kg) followed by dose escalation was associated with less GvHD and 

improved survival when compared to patients receiving higher initial T cell doses. The 

patients receiving a low initial T cell dose had reduced morbidity and mortality when 

compared to those receiving higher T cell doses (Guglielmi, Arcese et al. 2002). 

However, this escalating dose strategy may not be practical for patients with relapse or 

more aggressive disease 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 cells. Irradiated donor T cells have been given as DLI 

based on the hypothesis that they would induce GvL effects at the time of infusion and 

could not proliferate in response to alloantigens. Waller et al. demonstrated that 

irradiated donor T cells retained GvL effects and resulted in minimal GvHD in MHC 

mismatched murine HSCT models (Waller, Ship et al. 1999).  Photochemical 

inactivation of donor T cells has been tested as DLI in mice. In murine models, these 

cells enhanced immune reconstitution, provided anti-viral immunity, and were 

protective against a leukaemia challenge without causing GvHD (Truitt, 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 modulate GvHD 

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 kinase (HSV-TK) gene, 

making these cells sensitive to treatment with ganciclovir (Bonini, Ferrari et al. 1997). 
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These HSV-TK modified T cells successfully induced complete remissions in patients 

suffering from Epstein Barr Virus induced lymphoma. The ganciclovir treatment was 

able to control GvHD by decreasing the numbers and activity of alloreactive cells as 

well as decreasing the number of cells containing the HSV-TK gene (Bonini, Ferrari et 

al. 1997).  

Despite these promising results, the viral TK protein was found to be immunogenetic in 

humans and expression in T cells can result in premature clearance potentially 

abrogating GvL effects (Riddell, Elliott et al. 1996). Ganciclovir is also used to treat 

cytomegalovirus infections in allo-transplantation recipients, thus further defeating the 

use of the HSV-TK gene for modification of donor T cells.  

An alternative strategy for suicide gene activation is to express the modified human Fas 

receptor has been investigated in the hopes that the transgene product would not be 

immunogenetic. The transgene, LVôVFas, consists only of human proteins and a single 

fusion gene (Thomis, 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. Unlike the HSV-

TK transduced T cells, LVôVFas lymphocytes can be induced to die regardless of cell 

cycle or activation state (Thomis, Marktel et al. 2001). Clinical studies have 

demonstrated T cells modified with the LVôVFas construct can be effectively selected 

and expanded for therapeutic use (Berger, Blau et al. 2003).   

Tumour specific DLI has been investigated as an effective method of inducing GvL 

effects without invoking GvHD. Leukaemia-specific donor cells have been isolated and 

expanded in vitro. These cells have been shown to induce complete remission in relapse 

CML patients with minimal toxicities (Falkenburg, Wafelman et al. 1999). Despite 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 specific allogeneic 

targets for the induction of GvL effects.    

It is known that allogeneic 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 allogeneic HSCT 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 responses (Kolb, Schattenberg et al. 1995). 
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This has lead to the search for molecular targets for the sole targeting of GvL reactions. 

As previously described in Section 1.2, minor H antigens have become the main targets 

of immune response between MHC matched donor-recipient 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, 

donor-recipient combination with relevance for known minor H antigens are small. 

This has lead 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 shown to mediate GvL reactions are the tumour 

specific antigens (TSA) and tumour/leukaemia associated antigens (TAA). These 

antigens are preferentially expressed on tumour cells and recognized by CTLs. There 

are a variety of antigens that elicit specific CD8
+ 

T cells responses against leukaemia 

cells. Expression of these antigens can arise from mutations, such as the TSA 

breakpoint cluster region Abelson (BCR-ABL) (Bocchia, Korontsvit et al. 1996), over 

expression of TAA proteins such as peptide PR1 of proteinase 3 (Rao, Wehner et al. 

1991; Sturrock, Franklin et al. 1992; Molldrem, Dermime et al. 1996) or Wilmsô 

tumour antigen 1 (WT1) (Call, Glaser et al. 1990; Gessler, Poustka et al. 1990; 

Elisseeva, Oka et al. 2002).  

PR1 is a HLA-A2 restricted nine amino acid self peptide derived from proteinase 3 

which has been found as a leukaemia associated CTL antigen (Dengler, Munstermann 

et al. 1995; Molldrem, Dermime et al. 1996).  The WT1 antigen can also be over-

expressed in CML and acute myeloid leukaemia (AML) patients. Vaccination studies 

with WT1 antigen showed specific CD8
+ 

T cell responses against WT1 derived 

peptides in AML patients (Gao, Xue et al. 2003; Mailander, Scheibenbogen et al. 

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 cells (Pospori, Xue et al. 2011).  If more of 

these TSA and TAA antigens are found then it will allow for more directed GvL 

therapies. The methods to separate GvL from GvHD reactions are summarized in 

Table 1.1.  

 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

48 

 

 

Methods  Treatment Effects 

Low-dose DLI with dose 

escalation 

DLI Ò 2.0x10
7
 T cells/kg Effective for treatment of 

CML, but not acute 

diseases in humans. 

Inactivation of GvHD 

effector cells 

Irradiated DLI or 

photochemical inactivated 

cells 

Provides enhanced immune 

reconstitution and 

protection against 

leukaemia in murine 

models. 

Genetically modified 

donor T cells to contain 

suicide gene  

T cells modified to contain 

Herpes simplex thymidine 

kinase (HSV-TK) or 

Modified human Fas 

Receptor (LVôVFas) 

HSV-TK makes cells 

sensitive to ganciclovir and 

effective in EBV induced 

lymphoma, but TK 

immunogenic in humans. 

LVôVFas cells have ability 

to be expanded for 

therapeutic use. 

Tumour-specific DLI Leukaemia-specific donor 

T cells in DLI 

Effective in CML, but hard 

to isolate tumour reactive 

clones. 

Molecular Targets Tumour specific antigens 

(TSA)-BCR-ABL 

Tumour associated antigens 

(TAA)-Pr1 and WT1 

Antigens are expressed on 

tumour cells and 

recognized by CTLs. 

 

1.6 Mechanisms of tolerance induction 

 

Transplantation tolerance can be defined as a state of specific unresponsiveness 

towards to host and donor alloantigens in the absence of ongoing immunosuppressive 

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

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

Transplantation tolerance was first discovered by Billingham et al. when they 

demonstrated that tolerance to skin grafts in the mouse could occur after injection of 

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

consequence of donor-recipient haematopoietic chimerism. The major mechanisms of 

donor-specific tolerance induction are clonal deletion of donor-reactive T cells, clonal 

anergy and regulation/suppression. Of the tolerance mechanisms described active 

Table 1.1: Methods to separate GvL and GvHD reactions.  
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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 of alloreactive T cells is an intrathymic, antigen driven process and 

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

Thymic selection relies on the avidity for TCR recognition of self-peptide/MHC 

complexes. In the case of thymocytes with low avidity for self-peptide MHC 

complexes receive a survival signal in a process called positive selection. These cells 

will develop into mature Ŭɓ T cells with the ability to recognize antigen as peptide 

bound to MHC molecules (Zinkernagel and Doherty 1974; Zinkernagel and Doherty 

1974). Lymphocytes with receptors who bind strongly to self-peptide/MHC complexes 

receive signals that lead to cell death termed negative selection (Kappler, Roehm et al. 

1987). This leads to the removal of these strongly self-reactive T cells from the 

repertoire before they can mature and initiate autoimmune reactions.  

In allogeneic HSCT, the presence of donor antigens in the recipient thymus leads to the 

central elimination of alloreactive T cell clones and results in specific tolerance to 

donor tissues. The continuous supply of HSC donor derived antigens allows for life-

long negative selection in the recipient thymus. This principle is evident in mixed 

chimeras with the co-existence of cells from the recipient and the donor (Kappler, 

Roehm et al. 1987). This type of tolerance is long lasting and only requires 

immunosuppression for the first few months after transplant (Tomita, 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 establishment of mixed chimerism and has led to 

the utilisation of HSCT to establish donor tolerance in models of solid organ 

transplantation without the need for additional immunosuppression (Buhler, Spitzer et 

al. 2002; Millan, Shizuru et al. 2002; Kawai, Cosimi et al. 2008). This was first 

demonstrated by Sharabi and Sachs when they established that stable mixed chimeras 

could be achieved when mice were conditioned with anit-CD4 and anti-CD8 

monoclonal antibodies and treated with low-dose irradiation. After infusion with 

unseparated MHC-mismatched bone marrow, chimeric mice were able to demonstrate 
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donor-specific tolerance, as they permanently accepted donor skin grafted anytime after 

bone marrow transplantation (Sharabi and Sachs 1989).  

In the clinical setting, this has had a significant impact in patients receiving kidney 

transplants from MHC-matched and mismatched donors (Spitzer, 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 donor at the time of kidney transplant were able to stop all 

immunosuppression nine to 14 months post transplant. These patients were able to 

maintain stable renal function for up to five years post-transplant (Kawai, Cosimi et al. 

2008). It is believed that this tolerance is maintained due to the removal of mature 

alloreactive T cells in the periphery by activation-induced cell death or passive cell 

death (Wekerle, Kurtz et al. 2001; Kurtz, Lie et al. 2003).   

The clonal deletion of auto-reactive and alloreactive T cell clones is not absolutely 

restricted to the thymus, but can also occur in the periphery. Several experiments by 

Kawabe et al. and Hedlund et al. demonstrated that in vivo 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, Dohlsten et al. 1991; Kawabe and Ochi 1991). This was also seen 

in T cell transgenic mice specific for the male HY peptide in the context of MHC class 

I molecules (Zhang, Martin et al. 1992).  

In bone marrow transplantation models, using costimulatory blockade as part of the 

conditioning regimen was able to establish long lasting macrochimerism and robust 

tolerance without global T cell depletion. This was due to the progressive clonal 

deletion of donor-reactive CD4
+ 

T cells (Wekerle, Sayegh et al. 1998; Wekerle, Kurtz 

et al. 2000; Adams, Durham et al. 2001; Kean, Durham et al. 2002). The deletion of 

donor-reactive T cells followed similar kinetics in thymecotomized mice post bone 

marrow transplantation proving that early deletion can occur extrathymically (Wekerle, 

Sayegh et al. 1998; Wekerle, Sayegh et al. 1999).  

Despite this, peripheral T cell deletion does not 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 peripheral deletion, and it has been suggested that the high cross 

reactivity of TCRs would cause gaps in the T cell repertoire (Chen, Inobe et al. 1995; 
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Heath, Mason et al. 1997). It is more likely that active regulation in the periphery is 

responsible for the maintenance of peripheral tolerance.  

1.6.2 Anergy 

 

T cell anergy is another tolerance mechanism associated with donor specific tolerance. 

Anergy occurs as a consequence of a TCR encountering antigen in the absence of co-

stimulatory signals such as Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) (CD152), 

CD40/CD40L (CD154), and CD28/CD80/CD86 (Lamb, Skidmore et al. 1983; Gimmi, 

Freeman et al. 1993; Sakaguchi, Sakaguchi et al. 1995; Yu, Xiong et al. 2009). T cell 

anergy was first described in human experiments where T cell clones specific for 

influenza virus haemaglutinin peptides cultured with high doses of antigen resulted in T 

cell unresponsiveness to subsequent presentation of the peptide in normal stimulatory 

conditions (Lamb, Skidmore et al. 1983).  

The presence of T cell anergy was also described in animal models following 

transplantation tolerance. Yu et al. demonstrated that the induction of chimeras through 

pre-conditioning of mice with immature DC (iDC) followed by bone marrow transplant 

lead to long-term survival of MHC mismatched cardio-allografts. They showed that this 

tolerance induction was partly due to the lack of co-stimulatory surface molecules on 

iDC leading to anergy of alloreactive T 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 lymphohaematopoeitic chimerism and 

permanent skin graft acceptance using a single costimulatory blockade with anti-

CD154 antibodies in combination with bone marrow transplant and low-dose TBI 

irradiation (Takeuchi, Ito et al. 2004).  

In clinical HSCT, induction of alloanergy in donor T cells has been used to generate 

tolerance without unwanted GvH reactions. Alloanergy can be induced in donor T cells 

by ex-vivo stimulation with recipient APCs in the presence of co-stimulatory blockade 

(Gribben, Guinan et al. 1996).  

These alloanergised donor T cells were first used clinically in adults and children with 

high-risk haematological malignancies or bone marrow failures that underwent bone 

marrow transplantation from HLA-mismatched related donors. T cells in the donor 

bone marrow were alloanergised by ex-vivo co-culture for 36 hours with irradiated 
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recipient PBMC and CTLA-4-Ig or humanized anti-CD80 anti-CD86 monoclonal 

antibodies. Patients infused with alloanergised donor T cells showed rapid engraftment 

and reduced incidence of CMV reactivation and other viral infections. CD4
+
 T cell 

numbers also recovered by three months post-transplant and reduced instances of 

aGvHD and cGvHD were reported (Guinan, Boussiotis et al. 1999; Davies, Gribben et 

al. 2008; Davies, Yuk et al. 2008). Despite this experimental evidence, it is highly 

unlikely that anergy alone is the major underlying tolerance mechanism utilized after 

transplantation.  

 

1.6.3 T cell regulation 

 

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 regulators of transplantation 

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, Sakaguchi et al. 1995; Kuniyasu, Takahashi et al. 2000; 

Fontenot, Gavin et al. 2003; Hori, Nomura et al. 2003), the folate receptor 4 (FR4) 

(Yamaguchi, Hirota et al. 2007) and constitutively express CTLA-4 (Read, Malmstrom 

et al. 2000; Takahashi, Tagami et al. 2000). Treg cells comprise 5-10% of peripheral 

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

direct cell to cell contact and cytokine production (as described in section 1.7).  

NKT cells are another subset of Tregcells that have been shown to play an important 

role in the control of autoimmune diseases in mice and humans (Hammond, Poulton et 

al. 1998; Lehuen, Lantz et al. 1998; Esteban, Tsoutsman et al. 2003), as well as in the 

control of GvHD following allogeneic HSCT (Seino, Fukao et al. 2001). They are a 

subset of CD1d expressing T cells present in mice and humans that co-express a 

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

CD8
+
CD28

-
 T suppressor cells (Ts) are another subset of suppressor cells. These cells 

are capable of suppressing CD4
+ 

T cells with allospecificity generated by repetitive 

allo-stimulation in vitro (Jiang, Tugulea et al. 1998; Liu, Tugulea et al. 1998). This 
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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  

 

The existence of the first type of suppressor T cells was described by Gershon et al. and 

Droege in the early 1970s when they observed that it was possible to transfer T cell 

unresponsiveness between animals (Gershon and Kondo 1970; Droege 1971). During 

this time it was believed that CD8
+ 

T cells contained the pool of suppressor cells but 

interest faded as many experimental systems proved hard to sustain. As a consequence 

of these failed experiments ñsuppressorò T cells became taboo amongst immunologists 

(Bloom, Salgame et al. 1992; Green and Webb 1993). It would take another two 

decades to discover the existence of CD4
+ 

T cells with suppressive properties now 

termed Tregcells (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 characterise the Treg cell phenotype. It was observed 

by Sakaguchi et al. and Asano et al. that Tregcells could be found within the 

CD4
+
CD25

+
 T cell compartment (Sakaguchi, Sakaguchi et al. 1995; Asano, Toda et al. 

1996). Sakaguchi et al. also demonstrated that when spleen cell suspensions from 

normal mice were transferred to T cell deficient nu/nu mice, animals that received the 

suspensions depleted of CD25
+
 cells developed multi-organ autoimmune disease, 

whilst the addition of purified CD4
+
CD25

+
 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 development of several common autoimmune 

and inflammatory diseases, including type 1 diabetes, rheumatoid arthritis, multiple 

sclerosis and systemic lupus erythematosus (Ehrenstein, Evans et al. 2004; Viglietta, 

Baecher-Allan et al. 2004; Lindley, Dayan et al. 2005; Horwitz 2008). CD4
+
CD25

+
 

Treg cells also regulate immunity to viral and parasitic infections as well as immune 
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responses towards tumour and transplantation antigens (Belkaid 2007; Nishikawa and 

Sakaguchi 2010). 

CD4
+
CD25

+
 Tregcells can be characterized by specific properties that separate them 

from CD4
+
CD25

+
 activated T cells and allow for their unique immune functions.  

Firstly, Treg cells are anergic and fail to proliferate when stimulated by anti-CD3 

antibodies in the presence of irradiated APCs. A second characteristic is that these cells 

have dominant suppressive effects on conventional CD4
+
CD25

-
 cells in vitro. These 

cells do require TCR activation, but the inhibitory effects are largely dependent on cell 

to cell contact. Finally, these cells express the IL-2 alpha chain receptor, CD25. It was 

confirmed in the mouse that IL-2 is necessary for their growth and survival, but the 

cells do not appear to make it themselves (Sakaguchi, Sakaguchi et al. 1995). 

 

1.7.2 Phenotype of CD4
+
CD25

+
 Treg cells 

 

CD4
+
CD25

+
 Treg cells are distinguished from the effector T cell population by the 

expression of the forkhead/winged helix family transcription factor forkhead box P3 

(FoxP3) (Sakaguchi, Sakaguchi et al. 1995; Kuniyasu, Takahashi et al. 2000; Fontenot, 

Gavin et al. 2003; Hori, Nomura et al. 2003), FR4 (Yamaguchi, Hirota et al. 2007) and 

constitutive expression of CTLA-4 (CD152) (Read, Malmstrom et al. 2000; Takahashi, 

Tagami et al. 2000). Treg cells are also known to express the surface markers CD45RO 

in humans and low levels of CD45RB in the mouse (Taams, Smith et al. 2001). Other 

surface molecules such as intercellular adhesion molecule 1 (ICAM-1) (CD54), OX40 

(CD134), and the glucocorticoid-inducible TNF receptor (GITR) are also expressed 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, Xiao et al. 2007; Chen, Xiao et al. 2008). In mice, 

the lymphocyte activation gene-3 (LAG-3) is also constitutively expressed on the 

surface of Treg cells (Huang, Workman et al. 2004). 

Perhaps the most important marker and regulator for Treg cells is the transcription 

factor FoxP3. FoxP3
+
 Treg cells function to prevent inflammatory disease and maintain 

immune tolerance (Sakaguchi, Yamaguchi et al. 2008). It is a member of the 

forkhead/winged-helix 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, Nomura et al. 

2003) that has also been shown to maintain the anergic and suppressor functions of 

Treg cells (Kuniyasu, Takahashi et al. 2000; Fontenot, Gavin et al. 2003; Hori, Nomura 

et al. 2003). CD4
+
CD25

+
 peripheral T cells and CD4

+
CD25

+
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 depletion (Kim, Rasmussen et al. 2007; Lahl, 

Loddenkemper et al. 2007).  

The function of this transcription factor was first discovered in the scurfy mice. Scurfy 

mice have an X-linked genetic disorder that causes hyperactivation of CD4
+
 T cells, 

overproduction of pro-inflammatory cytokines and multi-organ failure (Russell, Russell 

et al. 1959; Brunkow, Jeffery et al. 2001). It was later discovered that these mice had a 

mutation in the FoxP3 gene which led to the development of autoimmunity (Godfrey, 

Wilkinson et al. 1991; Godfrey, Wilkinson et al. 1991; Blair, Bultman et al. 1994). This 

autoimmunity could be prevented by the administration of CD4
+
CD25

+
 T cells given to 

the mice at birth (Brunkow, Jeffery et al. 2001). A similar disease in humans is caused 

by a mutation in the FoxP3 gene. This results in the development of immune 

dysregulation, polyendocrinopathy and enteropathy, X-linked (IPEX), which results in 

the early onset of one or more autoimmune diseases (Bennett, Christie et al. 2001; 

Wildin, Ramsdell et al. 2001).   

FoxP3 was identified as a master regulator of Treg development and function when 

studies demonstrated that retroviral transduction of FoxP3 gene in CD4
-
CD25

- 
T cells 

could convert them to CD4
+
CD25

+
 Treg-like cells. These cells had the ability to 

suppress the proliferation of other T cells in vitro and inhibit the development of 

autoimmune disease (Hori, Nomura et al. 2003). Similar observations were seen in 

bone marrow chimera experiments. These experiments demonstrated that mixtures of 

cells from wild-type and FoxP3 deficient mice could only give rise to Treg cells with 

immunosuppressive capabilities derived from wild type bone marrow (Khattri, Cox et 

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

Treg cells. 

Recently, another receptor has come to the forefront as a marker for Treg cells. FR4 is a 

subtype of the receptor for folic acid and plays 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 also found to be expressed in high levels on natural Treg cells and 

TGFɓ producing Treg cells. This allows for further classification of Treg cell subsets 

marked by high or low expression of this receptor (Yamaguchi, Hirota et al. 2007). 

 

1.7.2 Development of Tr eg cells 

 

Treg cells comprise 5-10% of peripheral CD4
+
 T cells in mice and humans. These cells 

are able to exert their suppressive effects through direct cell to cell contact and cytokine 

production. There are two major types of Treg cells, ñnaturalò (nTreg) and induced 

(iTreg), which are defined by where they develop in the body. nTreg cells develop in 

the thymus during positive and negative selection and iTregs develop in the periphery 

from conventional CD4
+ 

T cells following antigen stimulation under a variety of 

conditions (Stephens and Mason 2000).  

nTreg cells arise from progenitor cells in the bone marrow and undergo lineage 

commitment and maturation in the thymus (Sakaguchi 2004). These Treg cells migrate 

to the periphery after day three and it is at this time point that thymecotomized mice 

develop lethal autoimmunity (Asano, Toda et al. 1996). nTreg cells do not express any 

cell surface markers that are unique to these specific types of Treg cells, but there are a 

number of cell surface proteins used to identify them.  

One of the most important nTreg cell markers is the high affinity IL-2 receptor alpha 

(CD25), which is also expressed on conventional CD4
+
 effector T cells (Sakaguchi, 

Sakaguchi et al. 1995). In humans, purification of nTreg cells is done by exclusion of T 

cells that express CD127 (Liu, Putnam et al. 2006). nTreg cells express the effector 

molecules, CD28, CD80/86, CD40, OX40 and 4-1BB (Ndhlovu, Takeda et al. 2004; 

Paust, Lu et al. 2004; Vignali, Collison et al. 2008). Similar to conventional T cells, 

nTreg cells are selected by peptides presented by APCs in the thymus. The 

costimulatory molecules CD28, CD80/86, CD40 and IL2Rɓ7 appear crucial for their 

development. The ability of co-stimulation 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. 2001).  Studies showed that mice deficient in these 

co-stimulatory molecules have reduced numbers of nTreg cells with impaired 
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suppressive ability (Malek, Yu et al. 2002; Paust, Lu et al. 2004; Keir and Sharpe 2005) 

(Figure 1.3).  

IL-2 and TGFɓ are important cytokines for the development and maintenance of nTreg 

cells. nTreg cells do not make their own IL-2, so they are dependent on paracrine IL-2 

for survival and growth (Su, Creusot et al. 2004). TGFɓ is an important cytokine 

because it maintains FoxP3 expression and suppressive abilities of peripheral nTreg 

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

TCR repertoire and are selected by self-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 positive and negative selection of 

conventional T cells (Kronenberg and Rudensky 2005). 

T regulatory 1 (Tr1) cells are a subset of iTreg cells and are similar to nTreg cells in 

that they are both anergic in vitro and express CTLA-4. Induction of these cells can 

occur through stimulation by iDCs in the presence of IL-10. These cells do not mediate 

suppression through cell to cell contact, but by secretion of cytokines such as IL-10 

which is important for the regulation of T cell homeostatic expansion (Hall, Ward et al. 

2002; Grundstrom, Cederbom et al. 2003; Sundstedt, O'Neill et al. 2003) (Figure 1.3). 

Upon TCR engagement, these cells up regulate Inducible Costimulator (ICOS), a 

member of the CD28 family required for co-stimulation.  

These cells have a low proliferative capability, but can expand in the presence of IL-2 

and IL-15 due to high expression of these receptors following activation (Bacchetta, 

Sartirana et al. 2002). Studies in mouse and human showed that co-culture of CD4
+ 

T 

cells with Tr1 cells in transwell assays reduced the proliferative responses of T cells. 

The addition of IL-10 and TGFɓ neutralizing antibodies are able to reverse Tr1 

suppression (Groux, O'Garra et al. 1997). If this pathway is inhibited, IL-10 production 

is blocked and the suppressive capacity of Tr1 cells is abrogated leading to a loss of T 

cell tolerance (Akbari, Freeman et al. 2002). Phenotypically, FoxP3 and CD25 are not 

expressed on Tr1 cells and these cells can be generated in the absence of nTreg cells 

suggesting, that Tr1 cells may be developmentally distinct (Barrat, Cua et al. 2002; 

Vieira, Christensen et al. 2004). 

The most prominent factor in the conversion of naive CD4
+ 

T cells into iTreg cells is 

the cytokine TGFɓ. Antigen stimulation of naive CD4
+ 
T cells in the presence of TGFɓ 
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leads to the induction of FoxP3 expression and regulatory activity in vitro (Chen, Jin et 

al. 2003; Apostolou and von Boehmer 2004; Kretschmer, Apostolou et al. 2005). T 

helper 3 (Th3) cells  are a population of iTreg cells that produce larger amounts of 

TGFɓ and occur primarily after exposure to antigen via the oral route (Faria and 

Weiner 1999) (Figure 1.3).  

TGFɓ induced iTreg cells are important in controlling disease. Studies in the mouse 

demonstrated that CD4
+
 T cells and CD8

+
 T cells from mice resistant to TGFɓ 

signalling are unable to be controlled by Treg cells upon transfer. This resulted in the 

development of inflammatory bowel disease and tumour specific CD8
+
 T cells (Chen, 

Pittet et al. 2005; Fahlen, Read et al. 2005). TGFɓ is also thought to be important for 

the induction of ñinfectiousò tolerance seen after transplantation by inducing FoxP3 

expression in T cells and pushing them towards a into a regulatory fate (Cobbold, Qin 

et al. 1992) (as described in section 1.7.8).  

Recent findings by Miyara et al. have demonstrated that Treg subsets can be further 

characterized by expression of CD45RA. Resting Treg cells (rTreg) are 

CD45RA
+
FoxP3

lo
 and these cells up regulate FoxP3 upon stimulation and turn into 

active Treg cells. Active Treg (aTreg) cells are characterized as CD45RA
-
FoxP3

hi 
and 

are highly immunosuppressive but die rapidly. The last subset is cytokine secreting 

non-Treg cells which are characterized as CD45RA
-
FoxP3

lo 
and do not have 

suppressive phenotype. In healthy individuals, rTregs have the highest proportions 

where as patients suffering from immune diseases, such as sarcoidosis have a higher 

proportion of aTreg cells. This serves to highlight the dynamics of Treg cell 

differentiation under normal and disease conditions (Miyara, Yoshioka et al. 2009).  
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1.7.3 Mechanisms of Treg mediated suppression 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Treg cell development.  

nTreg cells mature in the thymus and migrate into the periphery and constitute 5-10% of 

peripheral CD4
+ 

T cells in normal mice. These nTregs express CD4 and the cell surface 

marker CD25 along with the transcription factor FoxP3. Within this CD4
+
 FoxP3

+
 T cell 

population the Treg cells can be further classed into: resting (rTreg), adaptive (aTreg), 

and non-Treg cells. These cells are characterized based on the presence of CD45RA and 

high or low expression of FoxP3. The rTregs make up the majority of Treg cells in 

healthy patients. In contrast, aTreg cells are found in higher proportions in patients 

suffering from active immune diseases. There are also iTregs that can be found in the 

periphery. These include Tr1 cells, which secrete high levels of IL-10 and Th3 cells that 

secrete large amount of TGFɓ. There is also a subtype of CD8
+ 

T cells that can secrete 

IL-10 called CD8
+
 Treg cells.  
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1.7.4 Mechanisms of Treg cell mediated suppression 

 

A number of mechanisms have been proposed to explain how Treg cells exert their 

suppressive effects. In vitro studies have shown that Treg cells are unable to suppress 

the proliferation of responder T cells when two populations are separated by a semi-

permeable membrane. This suggested that the main mechanism of Treg cell 

suppression occurs via cell to cell contact (Takahashi, Kuniyasu et al. 1998; Thornton 

and Shevach 1998).  After this cell to cell contact, Treg cells are able to kill responder 

cells through several different mechanisms including: perforin dependant/granzyme 

dependant mechanisms (Gondek, Lu et al. 2005; Cao, Cai et al. 2007) and the delivery 

of a negative signal to responder T cells (Figure 1.4). This can occur via three different 

mechanisms: i. up-regulation of intracellular cAMP, which leads to the inhibition of T 

cell proliferation and IL-2 formation (Bopp, Becker et al. 2007), ii. generation of 

pericellular adenosine catalysis by CD39 and CD73 expressed by Treg cells (Deaglio, 

Dwyer et al. 2007), iii. interaction with co-stimulatory molecules expressed by 

responder T cells (Paust, Lu et al. 2004).  

Treg cells can also down regulate the expression of CD80/CD86 on APCs and 

stimulate indoleamine 2, 3-dioxygenase (IDO) production by DCs (Grohmann, 

Orabona et al. 2002; Oderup, Cederbom et al. 2006). IDO catabolises the conversion of 

the essential amino acid tryptophan into kynurenine, which in turn is toxic to T cells 

and can lead to death. The ability of Treg cells to modify APC pathways and stimulate 

responder cell death is dependent on the expression of CTLA-4 which binds 

CD80/CD86 (Figure 1.4) (Grohmann, Orabona et al. 2002; Oderup, Cederbom et al. 

2006).  

In the Treg cell contact mediated suppression model, Treg cells are able to out compete 

responder T cells in forming aggregates around DCs, which physically deters access of 

responder T cells to APCs (Onishi, Fehervari et al. 2008). The aggregation is antigen 

dependent since no aggregates form without antigen and this hinges on expression of 

lymphocyte function-associated antigen 1 (LFA-1). By forming these aggregates, Treg 

cells inhibit the up-regulation of CD80/CD86 on immature DCs without affecting the 

expression of CD40 and MHC class II molecules (Onishi, Fehervari et al. 2008; Wing, 

Onishi et al. 2008). This down modulation of CD80/CD86 is a robust process and 
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occurs in the presence of strong DC activating stimuli such as LPS, zymosan and type I 

interferon (Onishi, Fehervari et al. 2008). This in vitro Treg contact mediated 

suppression can be summarized by the LFA-1 dependant, CTLA-4 independent 

formation of Treg cell aggregates and the LFA-1 dependant CTLA-4 dependant down-

modulation of CD80/CD86 on DCs (Figure 1.4). Both steps hamper the activation of 

responder T cells with different antigen specificities.  

The induction of Treg cell mediated suppression requires antigen stimulation through 

TCR and the presence of IL-2 is crucial for Treg cells to exert their immunosuppressive 

functions. In normal mice, CD4
+
CD25

+
 T cells constitutively express CTLA-4 and in 

humans terminally differentiated CD4
+
CD25

+
FoxP3

+
 T cells constitutively express 

CTLA-4 and are highly suppressive (Read, Malmstrom et al. 2000; Takahashi, Tagami 

et al. 2000; Miyara, Yoshioka et al. 2009).  

CTLA-4 is essential for Treg cell 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. 2000). The 

expression of CTLA-4 is regulated by FoxP3 and it is able to up-regulate expression by 

binding to the promoter region of the gene (Marson, Kretschmer et al. 2007; Ono, 

Yaguchi et al. 2007; Zheng, Josefowicz et al. 2007). Wing et al. demonstrated that 

CTLA-4 deficiencies in mice affect the suppressive ability of Treg cells, but not their 

thymic production, survival or activation (Wing, Onishi et al. 2008). The majority of 

experimental data points to an essential role of CTLA-4 in maintaining Treg cell 

function and immune homeostasis.   

IL-2 is another molecule that has been crucial for the triggering of Treg cell suppressive 

effects. Deficiency in IL-2 receptor components such as CD25 and CD122 produces 

fatal autoimmune and inflammatory disease (Suzuki, Kundig et al. 1995; Willerford, 

Chen et al. 1995). It is required for the survival of nTreg cells and IL-2 deficient or 

neutralized mice show a 50% reduction in Treg numbers when compared to normal 

mice. This reduction is significant enough to cause autoimmune disease (D'Cruz and 

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

Paulos et al. 2006).  

Treg cells suppress T cell proliferation by absorbing IL-2 from the surroundings and 

reducing the amount available to effector T cells (Pandiyan, Zheng et al. 2007). IL-2 
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also up-regulates FoxP3 expression via signal transduction and activator of 

transcription factor 5 (STAT5) (Burchill, Yang et al. 2007; Yao, Kanno et al. 2007). If 

Treg cells are sub-optimally activated then they have a greater need for IL-2 than those 

Treg cells that are optimally stimulated causing an increase in the uptake of IL-2 (Tran, 

Glass et al. 2009).  

Despite the strong in vitro evidence for cell to cell mediated suppression, there have 

been in vivo studies that show the contribution of cytokines in the Treg cell mediated 

suppression of responder T cells. IL-10 and TFG-ɓ are known to contribute to Treg cell 

mediated suppression. In murine models of irritable bowel disease (IBD), IL-10 

deficient mice are unable to suppress this autoimmune disease (Asseman, Mauze et al. 

1999). Nakamura et al. have shown that in the presence of anti- TFG-ɓ, Treg cell 

suppression is abolished and that stimulated Treg cells, not CD4
+
CD25

- 
T cells, express 

high levels on the cell surface (Nakamura, Kitani et al. 2001).  TFG-ɓ also helps to 

condition responder T cells to be sensitive to suppression, maintain FoxP3 expression, 

and contribute to the differentiation of other T cells into iTreg cells (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). Treg cells can also induce apoptosis in responder cells 

through cytokine absorption (Pandiyan, Zheng et al. 2007). 

Galectin-1 is a member of the ɓ-galactosidase binding proteins and binds to many 

glycoproteins including CD45, CD43 and CD7. Binding of galectin-1 results in cell 

cycle arrest and apoptosis and the inhibition of the production of proinflammatory 

cytokines preferentially expressed on Treg cells. Galectin-1 is up-regulated upon TCR 

activation and its block on human and murine Treg cells reduce the inhibitory effects 

(Garin, Chu et al. 2007).  

LAG-3 is also known to play a role in Treg suppression of DCs. It is a CD4 homolog 

that binds MHC class II molecules with very high affinity. Binding of LAG-3 to MHC 

class II molecules expressed by immature DCs induces ITAM-mediated inhibitory 

signals that suppress DC maturation and their immunostimulatory capabilities (Liang, 

Workman et al. 2008).  
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(Coghill, Carlson et al. 2008) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: The mechanisms of immune suppression by Treg cells.  

 

Treg cells expressing FoxP3 are activated via TCR recognition of self-peptide/MHC 

complexes on APCs. Once these Treg cells are activated they can mediate 

suppression through three potential mechanisms: interaction with APCs, direct 

contact with T effector cells or secretion of soluble factors. After recognition of 

peptides presented on APCs, CTLA-4 expressed on Treg cells interacts with 

CD80/86 on APCs, which results in the induction of indoleamine 2, 3-dioxygenase 

(IDO). The activation of IDO reduces the amount of free tryptophan which is 

needed for effector T cell proliferation. Treg cells are also able to suppress effector 

T cells through direct cell to cell contact, which can involve the down regulation of 

CD25 or perforin mediated lysis. The secretion of IL-10 and TGFɓ are important 

cytokines that Treg cells use for immunosuppression in vivo.  Figure adapted from 

Coghill et al. 2008 Leuk Lymphoma (Coghill, Carlson et al. 2008). 
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1.7.5 Antigen specificity of Treg cells 

 

Current evidence suggests that Treg cell function and organ-specific tolerance is 

dependent on the antigen specificity (Pidala and Anasetti 2010). This has been 

supported by non-lymphopenic mouse models of autoimmune diabetes that showed 

organ-specific Treg cells were enhanced in disease protection when compared to 

polyclonal Treg cells (Tang, Henriksen et al. 2004; Jaeckel, von Boehmer et al. 2005; 

Masteller, Warner et al. 2005; Tarbell, Petit et al. 2007). In a murine allogeneic HSCT 

model, Albert et al. transduced antigen-specific CD4 Th1 cells with foxp3 gene and 

generated antigen-specific Treg cells. These cells were able to suppress alloreactive T 

cells in vitro and in vivo in an antigen-dependant manner to protect against GvHD. 

They discovered that the suppression mediated by antigen-specific cells was tenfold 

greater than that achieved with polyclonal Treg cells (Albert, Liu et al. 2005). 

Experiments by Chai et al. demonstrated that HY antigen-specific Treg cells had 

increased immunoregulatory abilities following a short period of in vitro expansion. 

These expanded antigen-specific Treg cells were shown to provide indefinite survival 

of male skin grafts in female C57BL/6 recipient mice (Chai, Coe et al. 2008).   

These finding have been enforced by the works of groups that have generated antigen-

specific Treg cells with varied antigenic targets including: allo-peptides, allo-MHC 

class II peptides, HLA-A2 peptide, DCs pulsed with allo-peptide and vaccination with 

anti-donor specific T cells (Nishimura, Sakihama et al. 2004; Jiang, Tsang et al. 2006; 

Sanchez-Fueyo, Sandner et al. 2006; Golshayan, Jiang et al. 2007; Turnquist, Raimondi 

et al. 2007; Tsang, Tanriver et al. 2008; Wang, Zhang et al. 2008). Sanchez-Fueyo et al. 

have investigated the specificity of CD4
+
CD25

+
 Treg cells from TCR transgenic mice 

with allospecificity for H2-A
b
 anti-H-2A

bm12
.  An in vitro mixed lymphocyte reaction 

(MLR) demonstrated that these Treg cells had the ability to inhibit the antigen-specific 

proliferation of CD4
+ 

T cells from these mice. In vivo transfer experiments also showed 

tolerance to allografts expressing bm12 alloantigen and not those from a third-party 

(Sanchez-Fueyo, Sandner et al. 2006).  

In a recent study using a humanized mouse model of allo-immune mediated injury of 

human skin grafts, Sagoo et al. demonstrated that mice transplanted with human skin 

allografts and co-injected the recipient with human alloantigen T effector cells and 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

65 

 

either human alloantigen specific Treg cells or polyclonal Treg cells. The mice 

receiving the alloantigen specific Treg cells had significant protection against 

alloantigen T effector cell mediated damage to skin grafts. In contrast, the mice treated 

with polyclonal human Treg cells were unable to regulate allogeneic inflammatory 

processes efficiently and showed the immunohistological appearances of human 

coetaneous GvHD in skin allografts (Sagoo, Ali et al. 2011). These experiments 

strengthen the notion that antigen-specific Treg cells are better suppressors of 

alloreactive T cells.  

 

1.7.6 Role of Treg cells in allogeneic HSCT  

 

In the setting of allogeneic bone marrow transplantation, Treg cells have been shown to 

provide a beneficial effect by subverting unwanted immune responses following 

transplant. Many studies have demonstrated that depletion of mature T cells from HSC 

grafts leads to higher incidences of disease relapse and graft rejection (Jacobsohn and 

Vogelsang 2007; Shlomchik 2007). Studies in the mouse, CD4
+
CD25

+
FoxP3

+
 Treg 

cells have been shown to facilitate the engraftment of donor HSC and the development 

of full donor chimerism. The removal of these Treg cells from grafts resulted in 

impaired HSC reconstitution (Trenado, Charlotte et al. 2003; Joffre, Gorsse et al. 2004; 

Taylor, Panoskaltsis-Mortari 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 Levy who demonstrated that the inclusion of a small amount of freshly 

isolated CD4
+
CD25

+
 Treg cells facilitated bone marrow engraftment in sublethally 

irradiated animals. The subsequent depletion of CD25
+
 cells from the stem cell graft 

abrogated HSC reconstitution (Hanash and Levy 2005). This effect was later shown to 

be a consequence of Treg cell inhibition of NK cell mediated graft rejection through 

TFGɓ (Barao, Hanash et al. 2006). Ex-vivo expanded Treg cells have also been shown 

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

the HSC preparations crucial for engraftment and tolerance (Taylor, Panoskaltsis-

Mortari et al. 2004). 
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Treg cells have also been implicated in the prevention of GvHD, which is caused by the 

expansion 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 

organs leading to the recruitment of additional inflammatory cells populations and 

further cytokine dysregulation causing destruction and damage (Sprent, Schaefer et al. 

1986; Krenger, Hill et al. 1997; Ferrara, Levy et al. 1999). 

The beneficial GvL effects remained intact despite the Treg cells dampening of GvHD 

responses. Dinger et al. cultured leukaemia cells in the presence or absence of naive 

Tregs and measured cytolytic activity. They showed that the anti-tumour activity of 

allo-stimulated CD8
+
 T cells was not impaired in vitro in the presence of Treg cells 

(Edinger, Hoffmann et al. 2003). Ex-vivo expanded recipient specific Treg cells also 

appear to be capable of inhibiting GvHD while retaining GvL effects (Trenado, 

Charlotte et al. 2003). This 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 allo-APC from C3H mice that were transferred into (BALB.BxC57BL/6) F1 

(Balb/cxC3H) recipients conferred protection to tumour challenge with little incidence 

of GvHD. In addition, the transfer of Treg cells into recipient animals with ongoing 

GvHD could suppress tissue injury and allow for significant tumour immunity 

(Trenado, Charlotte et al. 2003).  

A further study by Jones et al. demonstrated that the administration of donor type Treg 

cells ten days after transplant and tumour challenge in minor H antigen mismatched 

transplant models showed increased survival in animals undergoing delayed Treg cell 

infusion when compared to those mice challenged with tumour alone or receiving 

tumour with T effector cells (Jones, Murphy et al. 2003). These observations combined 

show that donor-derived Treg cells are capable of inhibiting lethal GvHD while 

appearing to preserve the beneficial effects of GvL. 

Despite the evidence for the beneficial effects of donor-derived Treg cells there are 

studies that associate Tregcells with tumour relapse. In one study Madrigal and Shaw 

demonstrated that patients suffering from acute leukaemias with increased pre-

transplant proportions of CD4
+
CD25

hi
 Treg cells who received HLA-matched unrelated 

T cell depleted donor allografts had increased disease relapse rates. These increased 
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disease relapse rates were associated with decreased survival rates. It is believed that 

the presence of high levels of Treg cells leads to diminished anti-tumour responses 

(Madrigal and Shaw 2008). 

Similar Treg cell data has been observed in malignant solid tumour cancers such as; 

colorectal cancer (Betts, Jones et al. 2011), liver cancer (Kobayashi, Hiraoka et al. 

2007), non-small cell lung cancer (Tao, Mimura et al. 2012), breast cancer (Bates, Fox 

et al. 2006), and ovarian cancer (Curiel, Coukos et al. 2004). In these types of 

malignant cancers high proportions of pre-treatment Tregcells are associated with 

tumour relapse. Curiel et al. demonstrated in 104 ovarian cancer patients that Treg cells 

suppress tumour-specific T cell immunity and lead to disease progression (Curiel, 

Coukos et al. 2004). In colorectal cancer Betts et al. demonstrated that the presence of 

malignancy drives Treg cells suppression of CD4
+ 

T cell responses to the TAAs 

carcinoembryonic antigen and 5T4, which is associated with tumour recurrence and 

disease progression (Betts, Jones et al. 2011). These data suggest the potential role for 

Treg cells in malignant disease progression and 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 Treg cells when they are administered with CD4
+
CD25

- 
T cells 

around the time of stem cell infusion (Hoffmann, Ermann et al. 2002; Johnson, Konkol 

et al. 2002; Taylor, Lees et al. 2002; Edinger, Hoffmann et al. 2003; Jones, Murphy et 

al. 2003; Trenado, Charlotte et al. 2003; Taylor, Panoskaltsis-Mortari et al. 2004). 

Consistent with these findings, CD25 depleted grafts resulted in augmented GvHD 

severity (Taylor, Lees et al. 2002) and the administration of bone marrow from CD25
-

deficient mice produced inferior transplant outcomes (Johnson, Konkol et al. 2002). 

The ability of the Treg cell population to protect against GvHD in vivo is dose 

dependant with the Treg cell to T effector (Treg:Teff) cell ratio of 1:1 required for 

effective GvHD protection when cells are transplanted together (Hoffmann, Ermann et 

al. 2002). The low frequency of Treg cells and the difficulties of obtaining a high 

number of naive T cells for clinical transplant have forced researchers to examine the 

abilities of expanded Treg cells to inhibit GvHD (Taylor, Lees et al. 2002; Jones, 

Murphy et al. 2003; Taylor, Panoskaltsis-Mortari et al. 2004).  
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To address the issue of the ability of expanded Treg cells to suppress GvHD Taylor et 

al. isolated murine splenic Treg cells and expanded them ex-vivo using polyclonal TCR 

stimulation and high dose exogenous IL-2. When these cells were co-transferred with 

CD4
+
CD25

-
 T effector cells into lethally irradiated allogeneic recipients at a 3:1 ratio of 

Treg:Teff there was significant GvHD protection (Taylor, Lees et al. 2002). Human 

Treg cells have been successfully expanded in vitro demonstrating the technical 

feasibility of this approach in a bone marrow transplant setting (Hoffmann, Eder et al. 

2004). The conditioning regimens used prior to HSCT are also known to facilitate the 

homeostatic expansion of host derived Treg cells (Nguyen, Zeiser et al. 2007; Weng, 

Dyson et al. 2007). This homeostatic expansion may not be sufficient to increase the 

numbers of Treg cells to significantly ameliorate lethal GvHD in humans. 

The above animal models give an insight into the important role of Treg cells in 

allogeneic stem cell transplant models. It is important to understand what conclusions 

can be drawn from Treg cells in human bone marrow transplants. Following 

myeloablative conditioning regimens the frequency and absolute number of Treg cells 

was increased in patients when compared with normal control or recipient baseline 

levels after three months (Mielke, Rezvani et al. 2007; Nadal, Garin et al. 2007). Treg 

cells in myeloablative recipients have been show to be functionally competent 

following stem cell transplant with in vitro suppressive capabilities comparable to or 

greater than those from healthy individuals (Clark, Gregg et al. 2004; Miura, Thoburn 

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

Conversely, there have been some conflicting reports about the numbers of Treg cells 

in the peripheral blood of patients suffering from GvHD. Clark et al. and 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. 2004). Conversely, reports by Miura 

et al. and Zorn et al. found that the Treg cell numbers were reduced in patients with 

acute and cGvHD when compared to patients without complications (Miura, Thoburn 

et al. 2004; Zorn, Kim et al. 2005). There were differences in the patients sampling 

between the conflicting studies which may account for these discrepancies. These 

studies examined peripheral blood samples from patients which do not necessarily 

reflect what happens at the site of GvHD. Despite this, there is still strong evidence for 
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the importance of Treg cells at suppressing host immune reactions and fostering 

beneficial effects in patients undergoing allogeneic HSCT.  

 

1.7.7 Treg cells and transplantation tolerance 

 

The role for Treg cells in transplantation tolerance has been widely demonstrated in 

murine models. Sakaguchi et al. showed that the removal of CD4
+
CD25

+
 T cells from 

mice carrying an allograft accelerated the graft rejection. This suggested that a small 

percentage of Treg cells within the T cell populations were able to exert an 

immunosuppressive function and inhibit alloresponses (Sakaguchi, 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 Treg cells (Zheng, Sanchez-Fueyo et 

al. 2003), and that the removal of CD4
+
CD25

+
 Treg cells can abolish the suppressive 

effects on graft rejection (Hara, Kingsley et al. 2001). Treg cells have also been shown 

to expand in tolerised animals and can be found within the tolerised grafts (Wood and 

Sakaguchi 2003). The type of tolerance mediated by Treg cells is antigen-specific and 

localized at the site of the graft (Jiang, Lechler et al. 2006).  

As previously described in section 1.4.2, alloantigen recognition by T cells occurs via 

two major pathways: the direct and indirect pathways of allorecognition. The indirect 

pathway is known to contribute to acute graft rejection but it is also thought to continue 

the long term allograft responses after transplant (Auchincloss, Lee et al. 1993). This 

indirect pathway is also hypothesized to be the dominant pathway used by Treg cells. 

This is due to the fact that donor derived passenger leukocytes have a limited lifespan, 

allowing indirect allorecognition to be the dominant pathway as responses progress 

once donor APCs have died. In a murine MHC mismatched cardiac allograft transplant 

model, Yamada et al. demonstrated that blocking the indirect pathway of 

allorecognition by using MHC class II 
-/-

 recipient mice eliminated the capacity to 

generate active T cell regulation needed for prolonged graft survival using 

costimulatory blockade (Yamada, Chandraker et al. 2001). This data strengthens the 

point that it is the indirect pathway of allorecognition that Treg cells use for alloantigen 

recognition.   
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Treg cells are able to migrate to graft sites to exert their tolerance after transplantation 

(Graca, Cobbold et al. 2002). In order for these Treg cells to home to the graft site they 

need to express certain homing markers. Zelenika et al. demonstrated that Treg cells 

homing to the graft express CD103 (integrin ŬEɓ7), which is a marker for 

intraepithelial T cells, that can recognize epithelial cadherin (E-cadherin). This 

indicated that Treg cells can express adhesion molecules that might enable them to 

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

Chemokines also play a role in directing the trafficking of functionally distinct T cell 

subsets to the site of donor grafts. In rodents and humans Treg cells express high levels 

of the chemokine receptors CCR4 and CCR8 when compared to CD4
+
CD25

- 
T cells. 

This allows the Treg cells to respond to several inflammatory and lymphoid 

chemokines found in the periphery. Mature DCs attract Treg cells by secreting the 

CCR4 ligands CCL17 and CCL22. This evidence suggests that CCR4 and CCR8 may 

guide Treg cells to sites of antigen presentation in secondary lymphoid tissues and 

inflamed areas to attenuate T cell activation (Iellem, Mariani et al. 2001). Wysocki et 

al. demonstrated the requirement for CCR5 in Treg cell migration and recruitment to 

both lymphoid tissues and GvHD target organs, which is important for their ability to 

prolong graft survival after allogeneic bone marrow transplant (Wysocki, Jiang et al. 

2005). These experiments prove that along with alloantigen recognition Treg cells need 

to be able to migrate to graft sites for their functional suppression of rejection and 

maintenance of transplantation tolerance.  

 

1.7.8 ñInfectiousò tolerance and linked suppression 

 

Treg cells are able to exert a form of third-party tolerance known as ñinfectiousò 

tolerance. The principle of ñinfectiousò tolerance was first described by Gershon and 

Kondon as the suppression of a naïve lymphocyte population by cells with a regulatory 

function (Gershon and Kondo 1971). It was later refined by Qin et al. who 

demonstrated that CD4
+
 T cells from graft tolerised mice could ñdisableò naive 

lymphocytes so they were unable to mount an immune response against the graft. These 

tolerant lymphocytes were able to spread their tolerance or ñinfectò other naive 

lymphocytes (Figure 1.5) (Qin, Cobbold et al. 1993).  
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In general terms ñinfectiousò tolerance is described as a process by which a tolerance-

inducing state is transferred from one cell population to another. Cobbold et al. have 

shown that this ñinfectiousò tolerance seen after solid organ transplant was mediated by 

Treg cells present in the graft (Cobbold, Castejon et al. 2004). This was later refined by 

Karim et al. who demonstrated that the ñinfectiousò tolerance produced by Treg cells 

can be exerted against third-party skin allografts (Karim, Feng et al. 2005). TGFɓ is 

thought to be important for the induction of ñinfectiousò tolerance by inducing FoxP3 

expression in naive CD4
+ 

T cells pushing them to a regulatory phenotype which can 

then propagate tolerance to the graft (Jonuleit, 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 emphasising the significance of ñinfectiousò tolerance 

comes from the phenomenon of linked suppression. Linked suppression has to deal 

with the fact that tolerance can be propagated to third-party antigens if they are co-

expressed on the same tolerised grafts (Figure 1.5). This was demonstrated by Davies 

et al. who showed CBA/Ca mice could be rendered tolerant to B10.BR skin grafts, 

which differed in multiple minor transplantation antigens, using non-depleting anti-

CD4 and anti-CD8 treatment. The treated mice readily rejected a third-party CBK skin 

graft even if simultaneously grafted with B10.BR skin into the same graft bed. When 

tolerised mice were transplanted with skin grafts from F1 (CBKxB10.BR) donors the 

mice were able to accept CBK skin transplants at later time points (Davies, Leong et al. 

1996). The same suppression phenomenon has been demonstrated for anti-CD40L 

antibody induced tolerance (Honey, Cobbold et al. 1999), and tolerance following 

donor bone marrow infusion  (Bemelman, Honey et al. 1998). 

It is not understood why ñinfectiousò tolerance exists as a natural phenomenon, but it 

may be required to control autoimmune responses against self-antigens either released 

from privileged areas or presented by activated APCs during times of tissue damage. 

There is some conflicting evidence as to the direct effect of Treg cells on the 

conversion of naive CD4
+ 

T cells into a regulatory phenotype. Walker et al. and 

Dieckman et al. have shown in vivo that Treg cells can directly convert naive CD4
+ 

T 

cells into a regulatory phenotype (Dieckmann, Bruett et al. 2002; Walker, Kasprowicz 

et al. 2003). However, in vivo studies by Davies et al. seemed to suggest that an 

intermediary was involved in the transfer of tolerance (Davies, Leong et al. 1996). This 
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notion of linked suppression is still very powerful because it means that Treg cells are 

able to exert their immunosuppressive effects in anatomically limited 

microenvironments. In principle this could happen in lymphoid tissues where indirect 

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

 

 

 

 

 

 

 

 

 

 

Figure 1.5: ñInfectiousò tolerance and linked suppression.  

ñInfectiousò tolerance can be induced by transplanting tolerogenic APCs or bone 

marrow using the appropriate immunosuppression to generate Treg cells. The Treg 

cells induced in the lymphoid system can act on new T cells that emigrate to the 

thymus and convert them into Treg cells. These Treg cells are able to suppress 

rejection of grafts that are antigen matched to the original APCs, but also to third 

party antigens presented with the original APCs through the process of linked 

suppression. Linked suppression requires the illustration that tolerant animals 

(Mouse A tolerant to graft B) accept grafts where third-party antigens are present in 

cells that also have antigens tolerated to (BxC) F1, but reject third-party grafts (C) 

if the tolerant antigens are absent from the graft cells. If the animals accept the 

grafts with the ñlinkedò third party antigen (BxC) (BALB.BxC57BL/6) F1 then 

they should accept later grafts of the third party (C). 
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1.8 Hypothesis and aims 

 

Engraftment of allogeneic HSC can be achieved with a conditioning regimen that 

enables Treg cells to selectively expand and control HvG responses. This has been 

observed in murine bone marrow transplantation models in which donor-recipient pairs 

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

al. 2007). In this setting, RIC regimens are sufficient to promote the homeostatic 

expansion of host Treg cells thus promoting HvG tolerance and donor cell engraftment. 

However, in the 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 antigenic determinants.     

 Hypothesis:  

1. The magnitude of the pre-transplant conditioning regimen is proportional to the 

amount of antigenic differences between donor and recipient. 

2. Large number of antigenic differences requires greater expansion of Treg cells 

to promote HvG tolerance and donor haematopoietic cell engraftment. 

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

 

To test this hypothesis I will be utilising an MHC matched transplant system where the 

antigenic disparities will occur between the minor H antigen repertoires expressed on 

the donor cells. BALB.B and (BALB.BxC57BL/6) F1 mice will be used as donors 

since they are both H-2
b
, 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 required for the engraftment of donor 

cells with varying amounts of minor H antigenic determinants and 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 derived T cells 

and Treg cells. 

2. Assess whether increasing the number of antigenic differences requires a 

proportional increase in the conditioning (irradiation) required for donor bone 

marrow engraftment 

3. Determine the role of Treg cells in the establishment of irradiation mediated                              

HvG tolerance. 

4. Investigate if the irradiation-induced transplantation tolerance obtained is of the 

ñinfectiousò type. 

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

engraftment of donor bone marrow in this MHC matched transplant setting. 
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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
b
/LiMcdJ) mice were originally purchased from OLAC and were 

subsequently bred in the Central Biomedical Service (CBS), Imperial College London, 

Hammersmith Campus. B6.SJL-Ptprc
a
 Pepc

b
/BoyJ (CD45.1) congenic mice were 

originally purchased from Charles River and then bred in the 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) 

F1xC57BL/6] F2 generations were produced by backcrossing the (BALB.BxC57BL/6) 

F1 progeny with C57BL/6 (CD45.2) (Table 2.1). Mice were all used between 6 to 12 

weeks of age.  All breeding and procedures were done in accordance with the Home 

Office Animals Act of 1986.  

 

 

 

Strain  MHC Type Minor H antigenic 

differences from BALB.B 

C57BL/6  H2
b
 H60, H4

b
, H28, H7

b
,H13

b
 

BALB.B H2
b
 None 

(BALB.BxC57BL/6) F1 H2
b
 Same number of antigenic 

differences as the BALB.B 

with half the expression 

levels of the BALB.B 

strain 

[(BALB.BxC57BL/6) 

F1xC57BL/6] F2 

H2
b
 Same number of antigenic 

differences with 50% of 

the offspring having 50% 

of the gene expression. 

Individual mice will have 

the same gene expression 

as the F1 offspring or 

nothing. 

Table 2.1: Characteristics of the different mouse strains used in the minor 

antigen mismatched bone marrow transplant combinations.  
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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 atmosphere (5% CO2, 37ºC). 

2.2.2 Cell counting using trypan blue 

 

Live cells were counted by diluting a small amount of cell suspension with Trypan Blue 

(Sigma-Aldrich®, Poole, UK) at a ratio of 1:1 and viewing cells in haemocytometer 

with contrast-phase microscope (Olympus, Essex, UK).  

 

2.2.3 Lymph node cell harvest from donor mice 

 

Cervical, inguinal and axial lymph nodes were removed, by dissection, from 8-10 week 

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

soaked in 70% ethanol (VWR, Lutterworth, UK), prior to dissection, to decrease risk of 

contamination of cells. Sterile forceps and scissors were used. Cell suspensions were 

acquired by crushing the lymph nodes through a 70uM cell strainer (BD FalconÊ, 

Oxford,UK), washing cells twice with Phosphate Buffered Saline (PBS) (Gibco®, 

Paisley, UK), and pelleted using centrifugation (450 x g for 10 min, RT). After the cells 

were washed and the supernatants drained the cell pellet was resuspended in PBS for 

counting and further experiments.  

 

2.2.4 Splenocyte cell harvest from donor mice 

 

Splenocytes were harvested from 8 to 12 week old mice.  Donor mice soaked in 70% 

ethanol, prior to dissection, to decrease risk of contamination. Sterile scissors and 

forceps were used. Spleens were removed and lengths were measured using callipers. 

Cell suspensions were acquired by crushing spleens, using the plunger of a 5mL 
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syringe (Becton DickinsonÊ, Oxford, UK),through a 70µM cell strainer. Cells were 

washed twice in PBS and red blood cells were lysed by adding 5mL of lysis buffer 

(17mM Tris-HCl and 140mM NH4Cl, ph 7.2) (Puregene®, Gentrasystems, Ashby de la 

Zouch, UK) to the cells at room temperature (RT) for 15 minutes. Red blood cell lysis 

buffer was removed by washing cells with RPMI 1640 medium (InvitrogenÊ, Paisley, 

UK) and pelleting by centrifugation (450 x g for 10 mins, RT). Cells were resuspended 

in PBS and counted using trypan blue as described in Section 2.2.2. 

2.2.5 Bone marrow harvest from donor mice 

 

The femurs and tibiae of 8 to 12 week old mice were extracted from donor mice, and 

placed in 90% ethanol solution for up to 2 minutes. Ephysial ends of the bones were 

cut, and the marrow was flushed out using RPMI 1640 media and a 25
5/8th

 gauge needle 

and 5mL syringe.  The cells were passed through a 70ɛM cell strainer, using RPMI 

1640 to wash cells through, and then pelleted by centrifugation (450 x g for10 mins, 

RT). Cells were resuspended in PBS and counted using 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 clotting. Red 

blood cells were lysed in 1mL of red blood cell lysis buffer and incubated at RT for 20 

mins. Samples were pelleted by centrifugation (350 x g for 5 mins, RT).   

 

2.3 Irradiation  of cells and animals 

Lymphocytes from lymph nodes of C57BL/6 female mice, isolated as described in 

Section 2.2.3, were pooled and exposed to increasing doses of gamma-irradiation (250, 

500, 1000, 1500 centi-Gray (cGy) from an IBL 637 
137

Cs radiation source 

(0.68Gy/min) (CIS Biointernational, Bangles-sur-Ceze, France). For bone marrow 
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transplant recipients, C57BL/6 CD45.1
+
 and CD45.2

+
 mice were irradiated with a 

single doses of irradiation, between 200cGy to 600cGy, or fractionated doses of 

425cGy(0.68Gy/min) given no more than 24 hours apart. Forty eight hours before 

irradiation mice were given sterile bedding, irradiated diet and Baytril® (Bayer, 

Newbury, UK) antibiotics in their drinking water.  This was done to prevent any 

underlying infections from spreading after the mice were exposed to gamma irradiation. 

Animals were monitored 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 cytometry (described below). In all 

cases, a FACSCaliburÈ flow cytometer (Becton DickinsonÊ, San Jose, CA) was used 

with Cell Quest software (Becton DickinsonÊ, UK) to analyse cell fluorescence, size 

(FSC) and granularity (SSC).  Size and granularity information allowed the 

identification of viable cells and different cells within the live cell population.  Data 

collected were analysed and presented using Flow Jo software (TreestarÊ, Ashland, 

OR, USA). Depending on the sample size, 50,000-100,000 events from the live cell 

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

Table 2.2.  

 

2.4.2 Staining peripheral blood cell, lymphocytes and splenocytes 

 

Murine peripheral blood cells (isolated as described in Section 2.2.6) were resuspended 

in pre-chilled (4ºC) FACS staining buffer [PBS, 2% (v/v) Foetal Calf Serum (FCS) 

(LonzaÊ, Slough, UK), 0.01% Mouse IgG (Sigma-Aldrich®, Poole, UK)]. 

Flurochrome conjugated antibodies, as indicated for different experiments in Table 2 

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

the dark.  At the end of the incubation cells were washed twice with PBS and pelleted 
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using centrifugation (480 x g for 10 mins, 4ºC) to remove any unbound flurochrome. In 

all experiments unstained cells and appropriate isotype controls were used (Table 2).  

Cells from lymph nodes and splenocytes were harvested (as described in Sections 2.2.3 

and 2.2.4) from sacrificed animals or from various cell culture settings. In each instance 

cells were washed twice with cold PBS (Gibco®, Paisley, UK) and pelleted by 

centrifugation (480 x g for 10 mins, 4ºC). Supernatants were removed and the cell 

pellets were resuspended in pre-chilled (4ºC) FACS staining buffer and incubated with 

appropriate flurochrome conjugated antibodies (30 mins, 4ºC, in the dark) (Table 2).  

Cells were washed twice with cold PBS to remove any unbound conjugated antibodies 

and in all experiments unstained cells and appropriate isotype controls were used 

(Table 2.2).  

Table 2.2: Monoclonal anti-mouse antibodies used for flow cytometry  

 

Target Flurochrome Clone Company Isotype 

Control  

CD3e FITC 145-2C11 BD PharmingenÊ Rat IgG2a ə  

CD3e PE 145-2C11 BD PharmingenÊ Rat IgG2a ə  

CD4 PeCy5 L3T4  BD PharmingenÊ Rat IgG2a ə 

CD4 APC RM 4-5 BD PharmingenÊ Rat IgG1 

CD8 FITC 53-6.7 BD PharmingenÊ Rat IgG1ə 

CD19 PE 1D3 BD PharmingenÊ Rat IgG2a ə 

CD19 PerCpCyÊ5.5 1D3 BD PharmingenÊ Rat IgG2a ə 

CD25 PE 7D4 Miltenyi BiotecÊ Rat IgM 

CD45.1 

(Ly5.1) 

FITC A20 BD PharmingenÊ Rat IgG1ə 

CD45.1 

(Ly5.1) 

PE A20 BD PharmingenÊ Rat IgG2a ə 

CD45.1 

(Ly5.1) 

APC A20 BD PharmingenÊ Rat IgG2a ə 

CD45.2 

(Ly5.2) 

PerCp-Cy5.5 104 BD PharmingenÊ Rat IgG2a ə 

CD45.2 APC 104 BD PharmingenÊ Rat IgG1 
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(Ly5.2) 

FoxP3 FITC FJK-16s eBioscienceÊ Rat IgG1ə 

FoxP3 APC FJK-16s eBioscienceÊ Rat IgG1ə  

NK1.1 PE PK136 BD PharmingenÊ Rat IgG2a ə 

NK1.1 PerCpCyÊ5.5 PK136 BD PharmingenÊ Rat IgG2a ə 

Mouse 

Lineage 

Antibody 

cocktail (Lin-) 

APC  BD PharmingenÊ Isotype 

cocktail 

c-kit (CD117) PerCpCyÊ5.5 2B8 BD PharmingenÊ Rat IgG2b ə 

Sca1 

(Ly6A/E) 

PE E13-161.7 BD PharmingenÊ Rat IgG2a ə 

H60 Pro5® 

Pentamer 

PE H2-Kb 

LTFNYRNL 

ProimmuneÊ  

HY Pro5® 

Pentamer 

PE H2-Db 

WMHHNM

DLI 

ProimmuneÊ  

Annexin V PE  BD PharmingenÊ  

7 AAD FL-3  BD PharmingenÊ  

 

 

2.4.3 Treg cell staining 

For enumeration of Treg cells in the bone marrow transplants, FoxP3 intracellular 

staining was carried out according to the manufacturerôs instructions in the Murine 

FoxP3 Staining Kit® (eBioscienceÊ, Hatfield, UK). Briefly, cells were stained with 

surface markers such as CD4 APC (clone RM4-5 BD PharmingenÊ, Oxford, UK) and 

CD25 PE (clone 7D4, Miltenyi BiotecÊ, Surrey, UK) for 20-30 minutes in the dark at 

4ºC and washed twice using PBS and pelleted by centrifugation (480 x g for 5 mins, 

4ºC). Cells were resuspended in 1mL of Fix and Permeabilization buffer® 

(eBioscienceÊ, Hatfield, UK) for 2-18 hrs 4°C. Cells were then washed twice with 

2mL Permeabilization buffer® (eBioscienceÊ, Hatfield, UK) before staining with 
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FITC conjugated-anti- FOXP3 antibody (clone FJK-16s, eBioscienceÊ, Hatfield, UK) 

for 20-30 minutes in the dark at 4°C. Cells were then pelleted by centrifugation (480 x 

g for 5 mins, 4°C). 

In CFSE proliferation assays the same protocol, as above, was followed except that an 

APC conjugated-anti-FOXP3 antibody was used in those experiments (clone FJK-16s, 

eBiosceinceÊ, Hatfield, UK). In all flow cytometry experiments unstained cells and 

appropriate isotype controls (Table 2.2) were used to set up the flow cytometer 

correctly.  

2.4.4 Cell death assay 

 

To measure cell death of lymphocytes after irradiation (as described in Sections 2.2.3 

and 2.3) cells were harvested and counted using trypan blue as a measure of cell 

viability. Lymph node cells were counted five hours, and one day post-irradiation. In 

order to determine the stages of cell death occurring at each time point cells were 

stained using a PE Annexin V Apoptosis detection Kit (BD PharmingenÊ, Oxford, 

UK) which allows for the distinction between apoptotic and necrotic cells. Cells were 

stained according to the manufacturerôs instructions. Briefly, cells were washed twice 

in cold PBS and pelleted by centrifugation (480 x g for 10 mins, 4ºC) resuspended in 

1mL of 1X Binding buffer (1x10
6
cells/mL). For each sample, 1x10

5 
cells were stained 

with 5 µL of Annexin V and 5µL of 7AAD by adding reagents to the cells, gently 

vortexing the cells and incubating them at RT in the dark for fifteen minutes. At the end 

of the incubation and prior flow cytometric analysis, 400 µL of 1X Binding buffer was 

added to each sample.  Unstained cells and single stained Annexin V and 7AAD 

control samples were used to set up the flow cytometer.  

 

2.4.5 Detection of bone marrow chimerism 

 

To check for chimerism (as described in section 2.11) mouse peripheral blood cells 

were stained with CD45.1 PE (clone A20, BD PharmingenÊ, Oxford, UK) and 

CD45.2 PerCyCy5.5 (clone 104, BD PharmingenÊ, Oxford, UK) (30 mins, 4°C, in the 

dark). Cells were washed twice in cold PBS and pelleted by centrifugation (480 x g for 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

83 

 

10 mins, 4ºC) to remove any unbound antibodies. Unstained cells and appropriate 

isotype controls were also used (Table 2.2).  

 

2.4.6 HSC Staining 

 

Bone marrow cells were harvested from the femurs and tibiae of donor mice as 

described in Section 2.2.3. To enumerate haematopoietic stem cells from the harvested 

bone marrow, the expression of the surface markers c-kit, Sca1 and lineage markers 

was analysed. Red blood cell depleted cells were washed twice in PBS and pelleted by 

centrifugation (480 x g for 10 mins, 4ºC) and resuspended at 1x10
6
 cells/mL in cold 

FACS staining buffer. Cells were stained with 20µl of Lineage cocktail antibodies (BD 

PharmingenÊ, Oxford, UK) along with a 1:100 dilution of c-kit PerCpCyÊ5.5 and 

Sca1PE conjugated antibodies (clones 2B8 and E13-161.7, BD PharmingenÊ, Oxford, 

UK). The bone marrow cells were incubated with the antibodies for 30 minutes in the 

dark at 4ºC. Samples were washed twice in cold PBS and pelleted by centrifugation 

(480 x g for 10 mins, 4ºC) (PM-140R, ALC, UK) prior to analysis. Unstained bone 

marrow cells and appropriate isotype controls were used (Table 2.2). 

 

2.5 In vivo cytotoxicity assay 

 

To assess in vivo cytotoxicity of minor H antigen mismatched cells, 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 injection, as described below. Splenocytes 

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

mice were labelled with 5µM and female C57BL/6 mice were labelled with 0.5µM of 

5-(6)-carboxyfluorescein succinimidyl ester (CFSE) (Cell TraceÊ CFSE Cell 

Proliferation Kit, InvitrogenÊ, Paisley, UK). Cells were stained in PBS at room 

temperature for 10 minutes.  The reaction was stopped by adding equal amounts of FCS 

followed by and additional washing with PBS at RT and pelleting by centrifugation 

(450 x g for 10 mins, RT). CFSE stained cells were then counted on a hemocytometer 

using trypan blue. Prior to intravenous administration into female C57BL/6 mice, 

CFSE labelled cells (2.0 x10
7
) were mixed in at a 1:1 ratio in the following groups: 
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¶ Male C57BL/6 (CFSE high): Female C57BL/6 (CFSE low) 

¶ Female (BALB.BxC57BL/6) F1 (CFSE high): Female C57BL/6 (CFSE low) 

¶ Male F2 (CFSE high): Female C57BL/6 (CFSE low) 

¶ Female BALB.B (CFSE high): Female C57BL6 (CFSE low 

The pre-injection mixture was analysed by flow cytometry to ascertain the true 

proportion of cells injected into each female recipient. Mice were bled at days five, 

seven and 14 post-injection and the proportion of each injected cell type, in the 

blood, was determined by flow cytometry. The percentage of rejection of CFSE 

high cells was calculated as follows: 

 

 

2.6 T cell proliferation assays 

 

2.6.1 CD3/CD28 stimulation  

 

Lymphocytes and splenocytes from irradiated and non-irradiated female C57BL/6, 

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

blood cell depleted according to the method described in Section 2.2.4. The cells were 

counted on hemocytomer using trypan blue to exclude dead cells and plated at 5x10
4
 

cells per well of a 96-well round bottom plate (BD FalconÊ, Oxford, UK). Cells were 

stimulated with anti-CD3/CD28 coated Dynabeads® (InvitrogenÊ, Paisley, UK) 

according to manufacturerôs instructions (2.5 µl beads per 1x10
5
 T cells), for varying 

lengths of time, as specified in the Results sections. These assays were not controlled 

for the numbers of CD3
+
 T cells. 
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2.6.2 CFSE dye dilution  

  

To measure proliferation, cells were labelled with 5µM CFSE dye (as described in 

Section 2.5) prior to plating as described above. Cells were plated in triplicate wells, 

and stimulated with anti-CD3/CD28 Dynabeads® for 72 hours. After 72 hours in 

culture (37ºC, CO2), cells were harvested and pelleted by centrifugation (450 x g for 

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 after CD3/CD28 stimulation was 

to measure thymidine incorporation: Cells were stimulated with CD3/CD28 beads as 

described above for 72 hours prior to pulsing with 0.5ɛCi per well of 
3
H-Thymidine 

(AmershamÊ, Buckinghamshire, UK) for an additional 16 hours. 
3
H-Thymidine 

incorporation was measured on an LKB Beta-plate counter (Wallac Oy, Turku, 

Finland). The radioactivity of each sample was assayed in Liquid Scintillation Analyzer 

(Beckman Instruments, Fullerton, CA, USA). Samples were normalized to non-

stimulated controls and results are expressed as mean counts per minute (cpm) for 

triplicate cultures.  

 

2.7 Absolute cell numbers 

The absolute numbers of irradiated and non-irradiated lymphocytes, splenocytes and 

bone marrow cells were calculated as followed: Cells were either pooled directly from 

sacrificed mice or from culture after stimulation with anti-CD3/CD28 Dynabeads®. 

Cells were then counted on a haemocytometer using Trypan blue. Trypan blue was 

used to distinguish live and dead cells for more accurate counting as described in 

Section 2.2.2. To ascertain the absolute numbers of T cells and Tregcells, the 

proportions of cells acquired by flow cytometric analysis of cell surface markers were 

applied to the total number of live cells counted. 
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2.8 Detection of minor H antigenic responses 

 

2.8.1 Real-Time qPCR 

 

C57BL/6, BALB.B, (BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] 

F2 mice were bled according to the protocol in Section 2.8 and total mRNA was 

extracted from whole mouse blood using the Pure LinkÊ Total RNA Blood 

purification kit (InvitrogenÊ, Paisley, UK) according to the manufacturerôs 

instructions. Total mRNA concentrations were measured using a Nanodrop® (Thermo 

Scientific, Wilmington, DE, USA). Between 40-50ng of total mRNA was reverse 

transcribed using the Rotor Gene RT-PCR probe kitÈ (QiagenÊ, West Sussex, UK) 

according to manufacturerôs instructions. For the target gene H60 TaqMan® (Choi, 

Christianson et al. 2002) and the house keeping gene ɓ-2 microglobulin the TaqMan® 

Gene Expression Assay (Applied BiosytemsÊ, Cheshire,UK) was run on the ROTOR 

GENE RG-3000 (Corbett Research, Australia) for 95ęC for 10 minutes, 95ęC for 15 

seconds and 60ęC for 1 minute. This cycle was repeated 40 times.  Samples were run in 

triplicate and data was analyzed using the delta delta CT (ȹȹCT) relative quantification 

method, with each sample normalized to ɓ-2 microglobulin to correct for differences in 

RNA quantity.  

 

2.8.2 Minor H antigen immunisation 

 

To immunize C57BL/6 mice against HY-D
b
Uty and the BALB.B repertoire of minor H 

antigens 6-10 week old female C57BL/6 mice were intra peritonealy (i.p.) injected with 

either 2.0x10
7
 male C57BL/6, female BALB.B, male BALB.B or female 

(BALB.BxC57BL/6) F1 splenocytes in no more than 0.4mL PBS (Gibco®, Paisley, 

UK). These mice were given an additional boost of 2.0x10
7
 splenocytes two weeks 

after the initial injection. Immunised mice were sacrificed one week after the final cell 

boost and the splenocytes were harvested and the generation of HY-D
b
Uty and/or H60-

K
b
 -H specific CD8

+ 
T cells was measured using HY-D

b
Uty and H60 pentamers (Ryu, 

Jung et al. 2009). 
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2.8.3 Ex-vivo stimulation of CD8
+
 T cells 

 

Splenocytes were harvested from female C57BL/6 mice one week following their final 

boost immunisation (described in the previous section) with male C57BL/6, female 

BALB.B, male BALB.B or female (BALB.BxC57BL/6) F1 splenocytes. Red blood 

cells were depleted (as previously described in section 2.2.3).  

To stimulate CD8
+ 

T cells within the harvested splenocyte population, 2x10
6
 

splenocytes were cultured with 5x10
6
 HY-D

b
Uty or H60-K

b
 peptide-pulsed 

splenocytes. To prepare the peptide-pulsed splenocytes (which were used as APCs) 

splenocytes from non-immunised female C57BL/6 were harvested, red blood cell 

depleted and counted as described in Section 2.2.2. Cells were pulsed with 10µM of 

either H60 peptide (LTFNYRNL) or HY- D
b
Uty peptide (WMHHNMDLI) (think 

pepetidesÈ, ProimmuneÊ, Oxford, UK) in supplemented RPMI at 37ºC for 2 hours. 

After 2 hours the cells were washed twice with supplemented RPMI and pelleted by 

centrifugation (450 x g, 10 mins, RT) to remove any unbound peptide.  

5x10
6
 peptide pulsed APCs were co-cultured with 2x10

6
 splenocytes in 24-well dish 

(Costar®, UK) in 2mL supplemented RPMI supplemented for 6 days (37ºC, 5%CO2). 

After 6 days, the cells were rested for an additional 24 hours; the rest consisted of a 

partial media change on day 6 to allow for externalization of minor H antigen specific 

CD8
+
T cell receptors. Enumeration of H60-K

b
 and HY-D

b
Uty CD8

+ 
T cells was carried 

out using flow cytometry and Pro5® H60-K
b
 and HY pentamers specific for HY-D

b
Uty 

and H60 antigen- specific CD8
+
 T cells, respectively (ProimmuneÊ, Oxford, UK).   

 

2.8.4 Pentamer staining 

 

Staining of H60-K
b
 and HY-D

b
Uty antigen-specific CD8

+
 T cells were carried out 

using Pro5® H60 H2-K
b
 (LTFNYRNL) and H2-D

b
 HY-H2-D

b
Uty (WMHHNMDLI) 

MHC class I PE conjugated pentamers (ProimmuneÊ, Oxford, UK). The Pro5 

pentamers are comprised of 5 MHC-peptide binding complexes assembled through a 

coiled-coil domain. Due to their planar configuration, all five MHC-peptide complexes 

in the pentamer are available for binding complementary TCRs. Briefly, after culture, 
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cells were washed in pentamer staining buffer [cold PBS with 1% Bovine Serum 

Albumin (BSA) (w/v) (Sigma-Aldrich®, Poole, UK), 0.1% sodium azide (NaAz3) 

(Sigma-Aldrich®, Poole, UK)], according to manufacturerôs instructions. Labelled 

pentamer was added to cells (10uL per sample) and cells were incubated in the dark at 

4°C for 30 minutes and then washed with 2mL buffer twice (480 x g for 5mins, 4ºC). 

After washing the cells were stained with anti-CD8-FITC (clone 53-6.7, BD 

PharmingenÊ), and anti-CD19-PerCpCyÊ5.5 to exclude B cells from analysis. TO-

PRO3® (InvitrogenÊ, Paisley, UK) fluorescent dye was also used in the staining 

cocktail as a marker for dead cells. Cells were stained with relevant antibodies and dyes 

at 4ºC for 30 minutes in the dark. Cells were washed twice with 2mL cold PBS (480 x 

g for 5mins, 4ºC) prior to analysis by flow cytometry. Splenocytes from non-

immunised mice were co-cultured with peptide-pulsed splenocytes (in the same way as 

splenocytes from immunised mice) and then harvested for use as 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 peripheral tail veins to dilate to facilitate easier 

bleeding. Using a 21 gauge needle (BDÊ, Oxford, UK), to create a puncture in the tail 

vein, up to 0.15mL of blood was taken from the tail veins of donor mice. Each blood 

sample was mixed with 0.2mL of blood buffer 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 were analysed using a Sysmex XE-2100 (Sysmex, Kobe, Japan) blood 

counting machine (located at the John Goldman Centre for Cell Therapy, Hammersmith 

Hospital, with kind permission of the Stem Cell Laboratory).  

 

2.10 Bone marrow transplantation 

Bone Marrow was harvested from the femurs and tibiae of 8-12 week old C57BL/6, 

BALB.B and (BALB.BxC57BL/6) F1 mice as previously described in Section 2.2.5. 

Figure 2.1: Pro5 MHC class I restricted pentamer structure.  

This is a representative figure of the coiled-coil structure of the H60 and HY-

D
b
Uty pentamers used. The 5 MHC-peptide binding complexes allow for a 

higher binding avidity, and brighter fluorescence when compared to MHC class 

I restricted tetramers due to the five labels that are able to attach. Image adapted 

from ProimmuneÊ (ProimmuneÊ, Oxford, UK) 
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Recipient mice were irradiated (as described in Section 2.3) then placed into a warming 

chamber (Braintree Scientific, UK) prior to injection of bone marrow. Five million 

donor bone marrow cells were injected intravenously (i.v) in a total volume of 0.1mL 

of sterile PBS into the tail vein of female CD45.1
+
 or CD45.2

+
 C57BL/6 mice. After 

injection the mice were monitored for adverse reactions before being placed back into 

their cages. All animal procedures were carried out in accordance with Home Office 

Animal and Project licences.  

 

2.11 Measurement of recipient chimerism 

 

Engraftment of donor bone marrow was measured at weekly intervals by obtaining 

blood samples from the tail veins of recipient mice.  As previously described in section 

2.10, up to 0.15mL of blood was taken from each mouse and mixed with 0.20mL of 

blood buffer to prevent blood clotting. The murine blood samples were processed and 

stained following the protocol described in Section 2.4.2. PBMCs harvested from the 

mice were stained with antibodies against CD45.1 and CD45.2 cell surface makers to 

distinguish between donor and recipient cells.  

 

 

2.12  In vivo depletion of CD25
+
 cells 

 

2.12.1 Purificat ion of anti-CD25 monoclonal antibody 

 

PC61 cells (PC61.7, LGC Promochem, Middlesex, UK, a gift from Dr. J.G. Chai, 

Imperial College London) (Onizuka, Tawara et al. 1999) were cultured in a T-175cm 

flask (CorningÊ, Birmingham, UK) with supplemented RPMI until confluence. Cells 

were then transferred into large 1L Roller bottles (BD FalconÊ, Oxford, UK) and were 

kept on a roller in a humidified room, at 37ºC, until confluence.  

The cells were pelleted by centrifugation (9,056 x g for 20 mins, RT) and supernatants 

were harvested and mixed with one volume of 4.1M Ammonium sulphate (Sigma-

AldrichÊ, Poole, UK). This was incubated overnight at 4°C. The next day, the mixture 
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was centrifuged (11,180 x g for 30 mins, RT) and the pellets were resuspended in PBS 

and placed into dialysis tubing and incubated overnight at 4°C. After forty eight hours 

at 4°C, the protein solution was centrifuged (480 x g for 5 mins, 4°C) to remove any 

remaining dead cells or debris.  The supernatant was sterile filtered and the protein 

concentration was measured using a NanoDrop. 

 

2.12.2 In vivo depletion of murine CD25
+
 cells 

 

 In vivo depletion of CD25
+
 cells in recipient mice was achieved by giving three doses 

(1mg/mouse) of anti-CD25 antibody (as described in Section 2.12.1) i.p. at days -9, -2 

prior to bone marrow transplant and day +5 post-transplant. A reduction in 

numbers/proportion of CD25
+
 cells in the peripheral blood was measured against non-

depleted transplanted mice using flow cytometric analysis described in section 2.4.3.  

 

2.13 Chimeric suppression mixed lymphocyte response (MLR) assay 

 

Spleen cells (2 x10
6
 per well) from male C57BL/6 immunised mice (as described in 

Section 2.8.2) were stimulated with HY-Uty peptide-pulsed female C57BL/6 

splenocytes (5 x10
6
 per well) in 24-well plates (CorningÊ, Birmingham, UK) in a final 

volume of 2 ml of supplemented RPMI medium. Peptide-pulsed splenocytes were 

prepared as follows; Splenocytes were pulsed with 10µM HY-Uty peptide at 37°C for 

two hours and then washed twice to remove any unbound peptide.  Co-cultures were 

incubated at 37°C in a 5% CO2 humidified atmosphere for 5 days. Chimeric 

splenocytes, harvested from male C57BL/6 transplanted mice 9-10 weeks post 

transplant, were used as suppressor cells, at three different ratios to responder cells 

(0.5:1, 1:1 and 2:1), in the primary MLR. Splenocytes from naive C57BL/6 mice were 

used as negative suppression control. Suppression was measured as the proportion of 

HY-D
b
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 harvested and counted as previously described in 

Sections 2.2.1 and 2.3. CFU assays were set up according to manufacturerôs 

instructions (Stem Cell TechnologiesÊ, Grenoble, France). Briefly, tubes of 

MethoCult® (Stem Cell TechnologiesÊ, Grenoble, France)  medium were thawed and 

cells were prepared to a 10X final concentration (1x10
5
 cells per dish, a cell suspension 

of 1x10
6
 cells per mL was prepared). Duplicate cultures were set up using 0.3mL of 

cells to 3mL of MethoCult® (Stem Cell TechnologiesÊ, Grenoble, France) medium. 

Tubes were vortexed to make sure cells are mixed. MethoCult® medium plus cells 

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

gauge blunt needle attached to a 3mL syringe (BDÊ, UK). 1.1mL of cell suspension 

was placed into each petri dish and rotated to ensure even coating of the plate. To 

maintain a humidified environment a third 35mm petri dish (CorningÊ, Birmingham, 

UK), filled with sterile water, was placed with the 2 culture dishes in 100mm petri dish 

(CorningÊ, Birmingham, UK). Cultures were incubated at 37C, 5% CO2 and 95% 

humidity. Colonies were counted after 12 days of culture, using phase contrast 

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 8 to 10 week old C57BL/6, (BALB.BxC57BL/6) F1 and BALB.B mice 

were cut into 3 to 4 mm sections and fixed in 10% formalin (Fischer®, Loughborough, 

UK) overnight prior to fixation on slides and staining. Hematoxylin and Eosin staining 

was performed by the Pathology Department at the Hammersmith Hospital, London, 

UK. Sections were analysed on a Leica DMLB2 Brightfield and Differential 

Interference Contrast (DIC) microscope (Leica, Cambridge, UK). Images were 

acquired with Leica DFC 320 camera (Leica, Cambridge, UK). 
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2.16 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism5 software.  

For the results presented, non-parametric two-tailed Studentôs t-test (otherwise known as 

Mann-Whitney test) was performed on unpaired data. Results with p<0.05 were considered 

statistically significant and are expressed as mean ± SD or as mean ± SEM as indicated. 
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Chapter 3 Impact of irradiation dose on effector T cells and Treg 

cells  

 

3.1 Introduction  

Allogeneic HSCT has been successfully used to treat a variety of malignant and non-

malignant haematological diseases. Prior to transplant patients must undergo some 

form of pre-conditioning regimen to facilitate donor cell engraftment and reduce the 

risk of graft rejection. Traditionally, these regimens consisted of a fully myeloablative 

dose of irradiation which is associated with higher rates of morbidity and mortality. In 

recent years low-dose regimens have been used as a way to decrease these negative side 

effects whilst removing host cells and allowing adequate space for donor 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 irradiation is known to suppress 

haematological function by inducing apoptosis in haematopoietic stem cells and 

progenitor cells (Meng, Wang et al. 2003). This apoptosis is caused by DNA damage 

which can lead to cell cycle arrest at G1/S or G2/M phases (Szumiel 1994; Haimovitz-

Friedman 1998; Szumiel 1998). This makes proliferating cells more susceptible to the 

damaging effects of irradiation.  

Irradiation has also been shown to affect the lymphocyte pool with different subsets of 

cells expressing varied sensitivity (Leino, Lilius et al. 1991; Foot, Potter et al. 1993; 

Moller, Hofmann et al. 1993; Parra, Roldan et al. 1996; Lowdell, Craston et al. 1998). 

Experiments by Pecaut et al. demonstrated in C57BL/6 mice irradiated with 3Gy there 

was a decrease in the absolute number of CD3
+
 and CD8

+
 T cells measured in the 

peripheral blood while the relative proportions of cells remained unchanged in the 

peripheral blood and spleen between the irradiated and non-irradiated mice. The 

relative proportions of CD4
+ 

T 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 cells (Gavin, Clarke et al. 2002; Nguyen, Zeiser et al. 
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2007). Treg cells are anergic and fail to proliferate when stimulated by anti-CD3 

antibodies in the presence of irradiated APCs (Sakaguchi, Sakaguchi et al. 1995). These 

cells also express higher levels of Bcl-2, which is known to protect cells from apoptosis 

allowing them to survive increasing doses of irradiation (Chao, Linette et al. 1995; 

Banz, Pontoux et al. 2002; Chen, Murakami et al. 2004).  

In allogeneic bone marrow transplantation settings, recipient Treg cells have been 

shown to provide a beneficial effect by facilitating HSC engraftment (Trenado, 

Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Hanash and Levy 2005; Weng, Dyson 

et al. 2007). These cells also play an important role in suppressing the early expansion 

alloreactive T cells, which can lead to graft rejection and GvHD (Edinger, 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 important in determining 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 I wanted to examine the role of increasing myeloablation on T cell and Treg cell 

number and functions in 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 parameters in vivo to see if the in vitro 

effects are predictive of in vivo responses. The in vivo model will utilize low-dose 

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 increasing doses of irradi ation on CD3
+
 T cells and Treg 

cells in vitro  
 

To test the effects of increased doses of irradiation on conventional T cells and Treg 

cells, lymph node cells from the cervical, inguinal and axial lymph nodes from 8 to 10 

week old female C57BL/6 mice were harvested. These cells were irradiated with 

escalating doses varying from 250cGy to 1500cGy (as described in Chapter 2 Section 

2.3). The proportions and absolute numbers of CD3
+
 T cells and CD4

+
CD25

+
FoxP3

+
 

Treg cells were measured five hours and one day post-irradiation using flow cytometry 

and trypan blue staining (as described in Chapter 2 Sections 2.2.2 and 2.4.2). 

Figure 3.1 demonstrates that the relative proportions of CD3
+
 T cells remained 

unchanged when compared to non-irradiated control cells after one day in culture 

(Figure 3.1A). There was a decrease in the absolute numbers of these cells which can 

be seen as a dose response in cells irradiated with 250cGy showing the smallest 

decrease in absolute numbers from five hours and one day post-irradiation (1.3x10
6
 

cells by five hours vs. 1.1x10
6
 cells by one day post-irradiation). This was compared to 

cells irradiated above 1000cGy which showed the greatest decrease in absolute 

numbers between five hour and one day post-irradiation (1.3x10
6
 cells five hours vs. 

7.6x10
5
 cells one 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 CD3
+
 T cells, but a decrease in the absolute numbers of these cells was 

observed in murine peripheral blood after four days (Pecaut, Nelson et al. 2001).    
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Figure 3.1: Increasing doses of gamma irradiation reduces the absolute number of 

viable T cells. 

Cells from the cervical, inguinal and axial nodes of 8 to 10 week old female C57BL/6 

mice were harvested and 6.5x10
6
 total viable CD3

+
 T cell population as measured by 

trypan blue were divided into separate groups and exposed to increasing doses of 

gamma irradiation. 

A. Following five hours or one day in culture with anti-CD3/CD28 beads (2.5µL beads 

per 1x10
5
 T cells), 5x10

5
 cells per well were harvested and stained for cell surface 

expression of CD3. The plots displayed respectively show the proportions of CD3
+
 T 

cells analysed by flow cytometry. 

B. The absolute numbers of T cells gated on the total viable CD3
+
 T cell population 

were counted using trypan blue. 

Data presented were from pooled triplicate wells and are a representative experiment. 
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The observed decrease in the absolute numbers seen in the CD3
+
 T cell 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 lead to cell death. The subset of CD3
+
 T cells was affected by 

low-dose irradiation, which led to the investigation of the effects of gamma irradiation 

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

lymphopenic conditions caused by irradiation  (Nguyen, Zeiser et al. 2007). 

I wanted to determine if there was an early Treg cell expansion after exposure to 

increased doses of gamma irradiation. To answer this question the proportions of Treg 

cells were measured five hours and one day post-irradiation (as described in Chapter 2 

Sections 2.2.2 and 2.4.3). In the cells receiving low doses of irradiation (250cGy and 

500cGy) there was a visible increase from 8.31% in non-irradiated controls versus 

11.1% in those irradiated with 250cGy, and 13.3% in those irradiated with 500cGy. 

The proportions of Treg cells reached a peak with 1000cGy (13.9%) and there was no 

further increase with increasing doses of irradiation (Figure 3.2A).  These data suggest 

that Treg cells are particularly radio-resistant as compared to conventional 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 change (Figure 3.2B). 
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Figure 3.2: The proportions of Treg cells increased with greater doses of irradiation.   

Cells from the cervical, inguinal and axial lymph nodes of 8 to 10 week old female 

C57BL/6 mice were exposed to increasing doses of irradiation and subsequently activated 

by using anti-CD3/CD28 beads (2.5µL beads per 1x10
5
 T cells). 

A. The proportions and absolute numbers of CD4
+
CD25

+
FoxP3

+
 Treg cells were then 

harvested and measured at five hours or one day by flow cytometry. The plot shows the 

proportion of Treg cells gated on the total viable CD4
+
 T cell population with 

CD25
+
FoxP3

+
 cells as the final gate.   

B. The absolute numbers of Treg cells gated on the total CD4
+
 T cell population were 

counted using trypan blue. 

Data presented were pooled from triplicate wells and are a representative 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 described in Figure 

3.1, irradiated cells from the lymph nodes of female C57BL/6 mice were stimulated 

with anti-CD3/CD28 beads for five hours or one day post-irradiation. After these time-

points cells were harvested and stained with anti-CD3
+
 antibodies along with Annexin 

V and 7 AAD to allow for distinction between apoptotic and necrotic cells (as 

described in Chapter 2 Section 2.4.4).  

Figure 3.3 demonstrates that five hours after irradiation the majority of cells were 

viable (93%-97% viability in all cell groups), but after one day the viability was 

reduced. In cells irradiated with 250cGy or higher, less that 15% were viable after one 

day in culture. After one day in culture the majority of cells had entered the late 

apoptotic necrotic phase of cell death (Figure 3.3C). This indicates that lower levels of 

conditioning were sufficient to cause an early and rapid death of CD3
+ 

T cells, which 

can account for the reduction in absolute numbers of CD3
+
 T cells shown previously 

(Figure 3.1B).  
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Irradiation caused a reduction in the absolute numbers of T cells by activating cell 

death pathways early after exposure to irradiation. Next, I sought to ascertain if 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 proliferation of irradiated 

lymph node cells stimulated with anti-CD3/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 of irradiation. The 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 cells (Figure 

3.4).  

When the number of Treg cells was evaluated a reduction in the proportions of FoxP3
+
 

cells are observed in the population of proliferating cells (Figure 3.4). The proportions 

of FoxP3
+
 cells in the non-proliferating group of irradiated and non-irradiated cells 

remained similar with values ranging from 2.93% in the control to 2.96% in the 

1500cGy group (Figure 3.4).  

 

 

Figure 3.3: One day after exposure to increasing doses of irradiati on CD3
+
 T 

cells are in late apoptotic early necrotic phase of cell death. 

Cells irradiated from pooled lymph nodes of female C57BL/6 mice were stimulated 

with anti-CD3/CD28 beads and harvested for flow cytometric analysis.  

A. The representative plot of non-irradiated lymph node cells shows the 

differentiation between the various subsets of cells. Viable cells were negative for 

7AAD and Annexin V whilst necrotic cells were positive for 7AAD measured on 

the Y-axis. Apoptotic cells were distinguished by their positive nature for Annexin 

V on the X-axis and late apoptotic necrotic cells were positive for both 7AAD and 

Annexin V. 

B-C. After five hours and one day in culture CD3
+
 T cells were then quantified 

using flow cytometry. Apoptotic and necrotic cells were differentiated by staining 

cells with Annexin V and 7AAD. 

Cumulative data were pooled from triplicate wells and are representative of two 

independent experiments of identical design. 
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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 doses of 

irradiation were first labelled with CFSE. These cells were then activated by incubating 

with anti-CD3/CD28 beads for three days. Cells were then harvested, stained for FoxP3 

expression and analysed by flow cytometry. The number of cell cycle divisions was 

measured as the dilution of CFSE dye on the x-axis.   

The proportions of proliferating T cells are measured in the bottom left quadrant with 

the non-proliferating T cells measured in the bottom right quadrant. The proportions of 

FoxP3
+
 cells in the proliferating cell population were measured in the upper left 

quadrant with the proportions of FoxP3
+
 cells in the non-proliferating cells populations 

measured in the upper right quadrant.  

These data are representative of two independent experiments of identical design. 
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3.2.2 In vivo response of T cells and Treg cells to low-dose irradiation  

 

The in vitro data presented demonstrates that low doses of irradiation, such as 250cGy, 

were sufficient to cause a decrease in the absolute numbers and proportions of CD3
+
 T 

cells. In vitro, increasing doses of irradiation caused a proportional increase in Treg 

cells, but this was not reflected in the absolute numbers. This in vitro data led us to 

investigate if these Treg cell trends were similar in 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 the following 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 the tail veins of irradiated mice after one and 

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 counts. The time 

points were chosen based on results from Weng et al. who demonstrated that the 

greatest Treg expansion post-irradiation occurred after ten days (Weng, Dyson et al. 

2007). 

There was a significant decrease in white blood cell counts in all groups of mice that 

received low-dose irradiation after one week (***p=0.0002) (Figure 3.5A). These 

counts remained significantly reduced in the mice irradiated with 400cGy and higher 

(***p =0.0002) after two weeks post-transplant. The mice irradiated with 200cGy had 

significantly reduced white blood cell counts after the first week (ranging between 

0.93x10
9
 cells/L and 1.63x10

9
 cells/L), with some recovery in white blood cell numbers 

observed by the second week (ranging between 1.47x10
9 

cells/L and 2.27x10
9
 cells/L 

two weeks post-irradiation). This could be explained by the fact that cell death occurs 

early after transplant as demonstrated by the in vitro studies, causing an early drop in 

cell counts (Figure 3.5B). 

This in vivo data further suggests that conditioning regimens as low as 200cGy were 

sufficient to cause a significant decrease in host immune cells early after irradiation. 

Low-dose irradiation does not cause the lethal amount of cell damage that is seen in 

fully myeloablative conditioning regimens. This low dose allows for fast recovery of 
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host immune cells. Animals exposed to 400cGy and higher doses of irradiation still had 

a reduced number of white blood cells after two weeks and variability in counts could 

be attributed to discrepancies in blood collection.  

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Low-dose irradiation leads to an early decline in white blood cell 

counts.  

Female C57BL/6 mice were irradiated with doses between 200cGy to 600cGy and 

control non-irradiated mice were bled from the tail vein. 0.150mL of tail blood was 

collected per mouse and white blood cells were measured using a blood counting 

machine. 

A. White blood cell counts of irradiated mice as indicated on the x-axis were 

measured one week after irradiation. 

B. White blood cells counts of irradiated mice as indicated on the x-axis were 

measured as described two weeks post-irradiation.  

Data presented are the mean of three independent experiments with n=2-3 mice per 

group. Results were analysed using unpaired-studentôs t-test. Statistical significance 

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 low-dose conditioning regimens on CD4
+
 T cells and CD4

+
CD25

+
FoxP3

+
 T 

cells. Low-dose conditioning regimens have been shown to cause a proportional 

increase in host Treg cells and it was important for us to quantify this expansion in vivo 

(Weng, Dyson et al. 2007). There was a significant increase in the percentages of CD4
+
 

T cells in the peripheral blood one week after irradiation with the greatest increase 

observed in mice irradiated with doses of 400cGy and higher (14.5% of CD4
+
 T cells in 

non-irradiated controls vs. 29.6% with 200cGy vs. 44.0% with 400cGy vs. 51.7% with 

500cGy vs. 55.0% with 600cGy). This increase appeared transient as cell percentages 

return to control levels within two weeks (12.3% CD4
+
 T cells vs. 14.0% with 200cGy 

vs. 9.43% with 400cGy vs. 8.77% with 500cGy vs. 11.5% with 600cGy) (Figure 

3.6A).  

This early increase in the percentages of CD4
+
 T cells was not reflected in the absolute 

numbers of these cells. There were significant decreases in these numbers in mice 

irradiated at all four doses, which was observed at one and two weeks post-irradiation 

(Figure 3.6B). Our data are consistent with the findings by Pecaut et al. who 

demonstrated that at a dose of 3Gy increased proportions and not the absolute numbers 

of CD4
+
 T cells were found in the circulating blood four days post-irradiation (Pecaut, 

Nelson et al. 2001).  
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Figure 3.6: Low-dose irradiation c auses an early increase in CD4
+
 T cells in 

peripheral blood that is not reflected in the absolute numbers. 

Female C57BL/6 mice were irradiated between 200cGy to 600cGy and bled from the tail 

vein at one and two weeks post-transplant. 0.150mL of tail blood was collected per mouse 

and white blood cells were measured using a blood counting machine. 

A. The total CD4
+
 T cell percentages were measured from the total viable mononuclear 

cell population in the peripheral blood of irradiated mice using flow cytometry. 

B. The absolute numbers of viable CD4
+
 T cells were enumerated using trypan blue to 

exclude dead cells.  

The data represent the mean of three independent experiments with n=2-3 mice per group. 

Error bars represent SEM. Results were analysed using unpaired-studentôs t-test. 

Statistical significance is indicated with *, **, *** (*p<0.05, **p<0.01, ***p<0.001). 
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To determine if the early increase in percentages of CD4
+
 T cells was due to the 

homeostatic expansion of Treg cells the percentages and absolute numbers of this 

subset were measured in the peripheral blood of irradiated mice. Within the 

CD4
+
CD25

+
FoxP3

+
 subset of CD4

+
 T cells there was a significant increase in the 

proportions of these cells in mice receiving irradiation doses of 400cGy and higher 

when compared to non-irradiated controls (*p=0.0286) (3.34% in non-irradiated 

controls vs. 5.28% with 400cGy vs. 5.51% with 500cGy vs. 5.68% with 600cGy one 

week post-irradiation). The percentages of Treg cells in mice exposed to irradiation 

doses of 500cGy and 600cGy continued 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 two) (Figure 3.7B). 

However, this proportional increase did not result in an increase in absolute numbers of 

Treg cells in mice exposed to irradiation doses of 400cGy or higher (1.33x10
7
 cells in 

non-irradiated controls vs. 2.05x10
6
 with 400cGy vs. 1.06x10

6
 with 500cGy vs. 

8.37x10
5
 with 600cGy one week post-irradiation) (Figure 3.7C). The reduced absolute 

numbers of Treg cells observed in the peripheral blood of low-dose irradiated mice 

could be explained by Treg migration to secondary lymphoid organs. Nguyen et al. 

demonstrated that after irradiation and allogeneic bone marrow transplantation recipient 

Treg cells trafficked to secondary lymphoid organs where an expansion of these cells 

was observed (Nguyen, Zeiser et al. 2007).   

 

 

 

 

 

 

 

 

 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

109 

 

 

  

 

 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

110 

 

 

 

 

 

 

 

 

 

 

 

The expansion of percentages and absolute numbers of CD4
+
 and CD4

+
CD25

+
FoxP3

+
 

T cells were measured in the bone marrow of 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 engraftment (Trenado, Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Hanash 

and Levy 2005; Weng, Dyson et al. 2007). In observing the effects of irradiation on 

CD4
+
 T cells and their subsets it will allow for a further understanding of the role 

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 non-irradiated and irradiated mice (as described 

in Chapter 2 Section 2.2.5). In the bone marrow of the irradiated mice there was a 

significant decrease in the proportions and absolute numbers of CD4
+
 T cells in the 

female mice receiving irradiation doses between 200cGy to 600cGy (***p <0.001) 

(3.57% in non-irradiated control mice vs. 0.98% with 200cGy vs. 0.28% with 400cGy 

vs. 0.29% with 500cGy vs. 0.23% with 600cGy) (Figure 3.8A-B). The proportion of 

CD4
+
CD25

+
FoxP3

+
 T cells remains constant two weeks after irradiation (Figure 3.8C), 

and the ratios of the absolute numbers of CD4
+
 T cells to Treg cells revealed a similar 

pattern to that of the proportions demonstrating that the number of Treg cells remained 

Figure 3.7: A significant increase in the proportions of Treg cells is observed 

following low-dose irradiation.  

Irradiated female C57BL/6 mice were irradiated with doses between 200cGy to 600cGy 

and bled from the tail vein at one and two weeks post-transplant.  

A. The plot represents the gating strategy for the peripheral blood and the bone marrow to 

determine the total viable Treg cells. First, the CD4
+
 T cell population was gated out and 

the CD25
+
FoxP3

+
 proportions were measured as surrounded by the box within the 

quadrant.   

B. The CD4
+
CD25

+
FoxP3

+ 
T cell percentages were measured within the total CD4

+ 
T cell 

population in the peripheral blood using flow cytometric analysis. 

C. The absolute numbers of viable Treg cells were enumerated using trypan blue to 

exclude dead cells.  

These data represent the mean of three independent experiments with n=2-3 mice per 

group. Error bars represent SEM. Results were analysed using unpaired-studentôs t-test. 

Statistical significance is indicated with *, ** (*p<0.05, **p<0.01). 
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unaffected (Figure 3.8D), thus confirming a selective radio-resistance of Treg cells 

compared to CD4
+
CD25

-
 cells.         

  

  

 

 

 

 

 

 

 

 

 

Figure 3.8: Low-dose irradiation decrease CD4
+
 T cell absolute numbers with no 

change in the proportions of Treg cells.  

Female C57BL/6 mice were irradiated between 200cGy to 600cGy and sacrificed after 

two weeks. The bone marrow was harvested from femurs and tibae and red blood cells 

were lysed prior to analysis. The gating of total CD4
+
 T cells and Treg cells is the same 

as described in Figure 3.7A.  

A, C. Cell suspensions were analysed for proportions of CD4
+
 T cells and 

CD4
+
CD25

+
FoxP3

+
 Treg cell subsets within the total mononuclear cell populations of the 

bone marrow using flow cytometry. 

 B, D. The absolute numbers of CD4
+
 T cells and CD4

+
CD25

+
FoxP3

+
 T cells were 

enumerated using trypan blue. Panel D represents the ratio of absolute number of CD4
+
 T 

cells t the absolue numbers of CD4
+
CD25

+
FoxP3

+
 T cells. 

Data presented are the mean of three independent experiments with n=2-3 mice per 

group. Error bars represent SEM. Results were analysed using unpaired-studentôs t-test. 

Statistical 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 cells. In vitro, low dose irradiation 

caused a reduction in absolute number of CD3
+
 T cells while the proportions remained 

unchanged early after irradiation (Figures 3.1). This data is supported by Wrzesinski et 

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 GR-1

+
 cells, thus demonstrating the 

damaging effects of irradiation on different immune cell subsets (Wrzesinski, 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 apoptosis (Szumiel 1994; Haimovitz-Friedman 

1998). It is for this reason that proliferating 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 investigated in vitro our results showed that gamma irradiation as low as 250cGy 

was able to induce late apoptosis early necrosis in 70% of CD3
+
 T cells 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 plateau (Figure 3.3). This fast cell 

death is the likely cause for the fast drop in the absolute numbers of CD3
+
 T cells seen 

after one day.   

Gamma irradiation was able to induce late apoptosis early necrosis in a large 

percentage of CD3
+
 T cells exposed with irradiation dose between 250cGy to 1500cGy. 

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 the non-irradiated control cells 

upon anti-CD3/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 non-irradiated controls (Figure 3.4). Taken 

together this in vitro data shows there is a proportional effect of irradiation on T cell 

numbers. 

The effect of irradiation on Treg cells was also examined in vitro.  These cells are 

known to be more radio-resistant due to a higher expression of Bcl-2, which conveys 
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protection from apoptosis (Chao, 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 the recipient derived Treg cells are fundamental for this process 

(Weng, Dyson et al. 2007). When exposed to increasing doses of irradiation the 

proportions of CD4
+
CD25

+
FoxP3

+
 T cells increased, but this proportional increase was 

not reflected in the absolute numbers (Figure 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 cells revealed decreased percentages of 

FoxP3
+
 cells in the proliferating quadrants, but in the non-proliferating quadrants the 

percentages of cells remained similar between the control and irradiated groups of cells 

(Figure 3.4).  The cells in the non-proliferating quadrant 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 FoxP3
+
 cells in the non-proliferating 

quadrant are dead or dying. This would need to be examined by using Annexin V and 

7AAD staining to determine if these cells are entering apoptosis. In the 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 cells was not examined in this report, 

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. 

The in vitro experiments demonstrated that irradiation impacts on the proportions and 

absolute numbers of CD3
+
 T cells. These effects can be seen when cells were exposed 

to low-dose irradiation and were also dose-dependent. 

The results observed in the in vitro assays were confirmed in vivo. The second half of 

the chapter investigated the impact of irradiation on host derived CD4
+
 T cells and Treg 

cells in vivo. Significantly reduced numbers of white blood cells were observed in the 

peripheral blood of mice exposed to irradiation between 200cGy to 600cGy during the 

first two weeks after irradiation (Figure 3.5). These decreased numbers of white blood 

cells seen after irradiation demonstrated the sensitivity of cells to the effects of 

irradiation. Despite the decrease in the white blood cell counts, there was a significant 

increase in the proportions of CD4
+ 

T cells in mice irradiated between 400cGy to 

600cGy (Figure 3.6). 
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This increase in the proportions of CD4
+
 T cells is consistent with data from Pecaut et 

al. who observed a proportional increase in the CD4
+ 

T cells in the peripheral blood of 

mice after low-dose irradiation (Pecaut, Nelson et al. 2001). This group also reported a 

decrease in the absolute numbers of CD4
+
 T cells and this was also observed in our in 

vivo data. The proportional increase in CD4
+
 T cells could be explained by the selective 

expansion of Treg cells within the conventional CD4
+
 T cell population. In order to test 

this Treg cells from the irradiated and non-irradiated 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 CD4
+
 T cell fractions could also be 

sorted for the Treg marker CD25 and FoxP3 as a more definitive measure of the cell 

numbers present. The 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 peripheral blood of mice irradiated with 400cGy and higher there was a 

significant increase in the percentages of CD4
+
CD25

+
FoxP3

+
 T cells within the CD4

+
 T 

cell population (Figure 3.7A). The proportions of Treg cells remained significantly 

increased by two weeks post-irradiation, despite the fact that the proportions of CD4
+ 

T 

cells had returned to non-irradiated control levels (Figure 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 a peak ten days after irradiation (Weng, Dyson et al. 2007). It may 

also prove beneficial to look at longer time-points to further understand the kinetics of 

Treg cell expansion post-irradiation. Low-dose irradiation 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 cells seen two weeks after 

irradiation.    

The radio-resistance of Treg cells also extends to the bone marrow. Several groups 

have demonstrated the expansion of Treg cells in secondary lymphoid organs, but 

quantifying the expansion of Treg cells in the bone marrow has 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 determine their radio-resistance. 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 cells. Our results show, in the bone 

marrow there was a significant decrease in the percentages of CD4
+
 T cells, which was 

the opposite of what was observed in the peripheral blood (Figure 3.8A). This 

significant decrease in the CD4
+ 

T cells could be explained by the increased 

susceptibility of CD4
+
CD25

-
 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 between non-irradiated and irradiated mice 

(Figure 3.8C). In the 400cGy and 600cGy irradiated mice 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). This in vivo data further strengthens the observations 

that there is a selective radio-resistance of Treg cells that is dose-dependent compared 

to CD4
+
CD25

-
 T cell subsets. It 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 4 The relationship between increasing doses of donor 

antigenic determinants and the magnitude of conditioning 

required for donor cell engraftment 

 

4.1 Introduction  

Following allogeneic bone marrow transplantation between HLA-identical individuals 

T cell responses against minor H antigens are considered to be mainly responsible for 

graft rejection (Goulmy, Schipper et al. 1996). These 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 antigen, such as the 

male HY antigens, the engraftment of donor HSC can occur with RIC or low-dose 

conditioning regimens (Laylor, Dewchand et al. 2005; Weng, Dyson et al. 2007). 

Laylor et al. has demonstrated in murine bone marrow 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 400cGy (Laylor, Dewchand et al. 

2005). It is not known whether these low-dose or RIC pre-transplant conditioning 

regimens are effective at facilitating donor cell engraftment when the amount of donor 

antigenic determinants in donor-recipient pairs is increased. 

It remains unclear as to whether transplantation of donor cells with greater antigenic 

disparities requires increased conditioning to facilitate engraftment. To address this 

question, I compared the dose of irradiation required for engraftment of donor cells in 

groups of C57BL/6 mice in which the dose of antigenic disparities proportionally 

increase. Different antigen doses were created by generating an (BALB.BxC57BL/6) 

F1 progeny by crossing C57BL/6 and BALB.B mice. Of the minor H antigens 

expressed by the BALB.B mice, H60 is known to dominate the host immune responses 

(Choi, Yoshimura et al. 2001; Choi, Christianson et al. 2002).  This allowed for the 

tracking of in vivo and ex-vivo recipient C57BL/6 immune responses and the generation 

of H60-K
b
 antigen specific 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 H60 expression levels are reduced in BALB.B 

offspring  
 

Before their use in the transplantation 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).  Real-Time quantitative PCR (qRT-PCR) for the 

expression of H60 was performed on mRNA extracted from the peripheral blood cells 

of both parental strains and the (BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) 

F1xC57BL/6] F2 offspring (as described in Chapter 2 Section 2.8.1). The expression 

levels of minor H antigens is low on the cell surface, therefore mRNA was used to 

quantify H60 expression as it is the most commonly referenced measure of H60 

expression due lack of reliable antibodies for protein expression assays. The 

(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 progeny had 

reduced mRNA expression levels of H60 when compared to the BALB.B parental 

strain. In the (BALB.BxC57BL/6) F1 strain H60 expression was 0.44 to 0.57, which 

was approximately half that of the parental BALB.B strain with the C57BL/6 

expression levels being undetected (Figure 4.1). The [(BALB.BxC57BL/6) 

F1xC57BL/6] F2 progeny had H60 expression levels that averaged 0.27, which was 

approximately a quarter of the H60 expressed by the BALB.B mice with half of the F2 

progeny screened being negative for H60 mRNA. This confirms that the 

(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 progeny 

expressed decreased amounts of H60 mRNA when compared to the BALB.B mice.   
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Strain MHC Type Minor H Antigenic 

Differences from 

BALB.B  

C57BL/6  H2
b
 H60, H4

b
, H28, H7

b
,H13

b
 

BALB.B H2
b
 None 

(BALB.BxC57BL/6) F1 H2
b
 Same number of antigenic 

differences as the BALB.B 

with half the expression 

levels of the BALB.B 

strain 

[(BALB.BxC57BL/6) 

F1xC57BL/6] F2 

H2
b
 Same number of antigenic 

differences with 50% of 

the offspring with 50% of 

the gene expression. 

Individual mice will have 

the same gene expression 

as the F1 offspring or 

nothing. 

 

Table 4.1: Characteristics of the different mouse strains used in the minor  H 

antigen mismatched bone marrow transplant combinations.  
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Figure 4.1: Minor H antigen H60 expression levels are reduced in 

(BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 progeny.  

mRNA expression levels for the immunodominant minor antigen H60 were 

measured from peripheral blood from tails veins of the parental BALB.B, C57BL/6 

strains and the (BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 

offspring. H60 mRNA expression levels were quantified using qRT-PCR. The 

samples were run in triplicates and each sample was normalised to ɓ-2 microglobulin 

to correct for differences in RNA quantity. These relative H60 mRNA expression 

levels obtained in the (BALB.BxC57BL/6) F1, [(BALB.BxC57BL/6) F1xC57BL/6] 

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

standard curve was generated using the standards of 500ng, 50ng, 5ng and 0.5ng of 

total starting RNA in a 10-fold dilution. The cycle threshold was determined as the 

cycle number at which fluorescence value reached a threshold level. 

Data presented are the mean ± SEM of six separate experiments of identical design. 

n=3 mice per group for BALB.B, (BALB.BxC57BL/6) F1 and C57BL/6 data. 

[(BALB.BxC57BL/6) F1xC57BL/6] F2 mice data presented are the mean ± SEM of 

four experiments of identical design. n=4 mice per group.   
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4.2.2  In vivo CFSE cytotoxicity assay demonstrates increased killing  of 

cells expressing greater amounts of antigenic determinants 

  

Since the mRNA expression levels of the immunodominant minor H antigen, H60 were 

reduced in the (BALB.BxC57BL/6) F1 and [(BALB.BxC57BL/6) F1xC57BL/6] F2 

progeny I wanted to determine if this decrease in H60 resulted in a varied host immune 

response. To answer this question, CFSE in vivo cytotoxicity assays were performed 

using donor cells from BALB.B, (BALB.BxC57BL/6) F1, 

[(BALB.BxC57BL/6)F1xC57BL/6] F2 or male C57BL/6 mice as controls. Splenocytes 

from female C57BL/6 and male C57BL/6 mice, male [(BALB.BxC57BL/6) 

F1xC57BL/6] F2 mice, female (BALB.BxC57BL/6) F1 mice or female BALB.B mice 

were labelled with different concentrations of CFSE to distinguish different populations 

and injected in pairs at a ratio of 1:1 into unconditioned naïve female C57BL/6 mice (as 

described in Chapter 2 Section 2.5). The elimination of the population of interest was 

measured by sampling peripheral blood and calculating the ratio between CFSE
high

 vs. 

CFSE
low

 cells on day zero versus the ratio on days five, seven, and 14 post-inoculums 

(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 detected (Figure 4.2B). In contrast, female BALB.B 

splenocytes were eliminated within five days after inoculums (99% killed). When 

BALB.B clearance was compared with [(BALB.BxC57BL/6) F1xC57BL/6] F2 cells, 

containing a quarter of the H60 minor antigen or (BALB.BxC57BL/6) F1 cells, 

containing half the dose of H60, I observed that both sets of progeny splenocytes were 

eliminated quickly by the female C57BL/6 hosts [[(BALB.BxC57BL/6) F1xC57BL/6] 

F2=95% and (BALB.BxC57BL/6) F1=97% eliminated by day seven post-inoculums)] 

(Figure 4.2B).  

The cells expressing H60 were eliminated one week faster than male C57BL/6 

splenocytes. These data indicate that rejection time was proportional to the antigen dose 

on donor cells.    
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Figure 4.2: The efficiency of donor cell rejection is independent of the antigenic load.  

Splenocytes from female C57BL/6 and male C57BL/6 mice, male [(BALB.BxC57BL/6) 

F1xC57BL/6] F2 mice positive for H60 mRNA expression, female (BALB.BxC57BL/6) F1 

mice or female BALB.B mice were harvested and labelled with different concentrations of 

CFSE to distinguish different populations and injected in pairs into naïve unconditioned 

female C57BL/6 mice at a 1:1 ratio. 

A. The histogram plots show the percentages of CFSE
high

 female BALB.B cells vs. CFSE
low 

 

female C57BL/6 cells on days seven and 14 post-inoculum. The ratio between CFSE
high

 vs. 

CFSE
low

 cells was used to quantify the percentages of in vivo cytotoxicity of the population 

of interest as calculated by: 

  

 

B. The percentages of eliminated cells were measured after day five by flow cytometry 

where the ratios of CFSE
high

 vs. CFSE
low

 were calculated. 

C. The percentages of eliminated cells were measured after day seven by flow cytometry 

where the ratios of CFSE
high

 vs. CFSE
low

 were calculated. 

D. The percentages of eliminated cells were measured after day 14 by flow cytometry where 

the ratios of CFSE
high

 vs. CFSE
low

 were calculated. 

The data presented are the mean ± SEM of three separate experiments of identical design 

with n=8 mice per group. Results were analysed using unpaired-studentôs t-test. Statistical 

significance is indicated with * and *** (*p<0.05 and ***p<0.001). 
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4.2.3 Immuni sation produces increased frequency of antigen-specific CD8
+
 

T cell responses 
 

The in vivo CFSE cytotoxicity assay demonstrated that female C57BL/6 mice were able 

to quickly eliminate the BALB.B and (BALB.BxC57BL/6) F1 cells that expressed the 

immunodominant minor H antigen H60. The fast clearance of H60 expressing cells led 

to the investigation of the host generation of H60-K
b
 antigen-specific T cells because 

these antigen-specific T cells have been shown to cause graft rejection (Goulmy, 

Schipper et al. 1996; Choi, Christianson et al. 2002). Understanding the magnitude of T 

cell responses to different doses of the immunodominant minor H antigen will help to 

better design pre-conditioning regimens. If stronger antigen-specific T cells responses 

are generated than this may prompt a need for increased pre-transplant conditioning to 

cause greater host immunosuppression to facilitate donor cell engraftment.  

In order to test the generation of H60-K
b
 antigen-specific CD8

+
 T cells female 

C57BL/6 mice were immunised with female BALB.B or female (BALB.BxC57BL/6) 

F1 splenocytes. A group of female C57BL/6 were immunised with male C57BL/6 

splenocytes to measure the generation of HY-D
b
Uty antigen-specific CD8

+
 T cells. This 

was done to compare the generation of antigen-specific T cells between two sets of 

MHC class I restricted minor H antigens. The immunised mice were boosted two weeks 

after the initial immunisation and spleens were harvested one week after the final boost 

(as described in Figure 4.3 and Chapter 2 Section 2.8.2). The splenocytes from these 

immunised mice were stimulated in vitro with either HY-H-2D
b
Uty peptide pulsed or 

H60-H-2K
b
 peptide pulsed APCs for six days (as described in Chapter 2 Section 2.8.3). 

To measure the generation of antigen-specific CD8
+
 T cells upon antigen re-challenge 

cells were stained with MHC class I-HY-D
b
Uty and H60-K

b
 pentamers. A schematic of 

the ex-vivo stimulation is explained in detail in Figure 4.3.  
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Figure 4.3: Ex-vivo stimulation of immunised mice.  

Female C57BL/6 mice were immunised with 2.0x10
7
 splenocytes injected intraperitoneally 

from male C57BL/6, female (BALB.BxC57BL/6) F1 or female BALB.B mice and then 

immunized with additional splenocytes after two weeks. The splenocytes from these mice 

were harvested one week after the final boost and stimulated with 10µM HY-D
b
Uty or H60-

K
b
 peptide pulsed non-irradiated female C57BL/6 splenocytes, as APCs, for six days. These 

cells were rested for an additional 24 hours before being analysed. The generation of HY-

D
b
Uty and H60-K

b
 antigen-specific CD8

+ 
T cells were measured with MHC class I- HY-

D
b
Uty and - H60-K

b
 pentamers by flow cytometry.  
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Before ex-vivo stimulation with HY-D
b
Uty and -H60-K

b
 peptide pulsed APCs the 

splenocytes of immunised mice, as described in Figure 4.3, were assessed for the 

generation of antigen-specific CD8
+ 

T cells using specific MHC class I pentamers. 

There are small populations of HY-D
b
Uty antigen-specific CD8

+ 
T cells generated in 

the spleen after immunisation (0.269%, Figure 4.4A). Female C57BL/6 mice 

immunised with female BALB.B splenocytes also produced a small proportion of H60-

K
b
 antigen-specific CD8

+ 
T cells that could be detected in splenocytes after the final 

immunisation (0.598%, Figure 4.4B). These low proportions of H60-K
b
 CD8

+
 T cells 

are consistent with 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 blood (Choi, Christianson et al. 2002; Ryu, Jung 

et al. 2009). Next, the expansion of these antigen-specific T cells was assessed using 

antigen re-challenge.  
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Figure 4.4: Low frequency of HY-D
b
Uty and - H60-K

b
 antigen-specific CD8

+
 T 

cells can be detected in the splenocytes of immunised mice. 

Female C57BL/6 female mice were immunised with either 2.0x10
7
 male C57BL/6 

splenocytes or female BALB.B splenocytes subsequently harvested from the spleens 

of 8 to 10 week old mice. These recipient mice were administered an additional 

inoculum of 2.0x10
7
 splenocytes two weeks after the initial immunisation. One week 

after the final immunisation spleens were harvested and cells were analysed for the 

presence of MHC class I antigen-specific CD8
+
 T cells using flow cytometry. 

A. The splenocytes from both immunized and non-immunised control mice, which did 

not receive any injection of splenocytes, were analysed using flow cytometry. The live 

cells were gated out and labeled with CD19 and TO-PRO3 to exclude B cells and 

dead cells. The total CD8
+
 T cells were analysed from the CD19

-
 TO-PRO3

-
 

population.  

B,D. Splenocytes from non-immunised female C57BL/6 mice were used as controls 

and the presence of antigen-specific T cells were measured with flow cytometry using 

specific MHC class I pentamers for the presence of HY-D
b
Uty and - H60-K

b
 antigen-

specific CD8
+
 T cells. Cells were labelled with CD19 and TO-PRO3 to exclude B 

cells and dead cells and CD8 and specific MHC class I pentamers. The plots represent 

gating on the total CD8
+
 T cell population. 

C,E. The presence of antigen-specific T cells were measured in the splenocytes of 

C57BL/6 male and female BALB.B immunised female C57BL/6 mice with flow 

cytometry using specific MHC class I pentamers for the presence of HY-D
b
Uty and - 

H60-K
b
 antigen-specific CD8

+
 T cells. Cells were labelled with CD19 and TO-PRO3 

to exclude B cells and dead cells and CD8 and specific MHC class I pentamers. 

The plots represent gating on the total CD8
+
 T cell population. These are 

representative plots of four experiments of identical design. n=8 immunised mice per 

group. 
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The strength of HY-D
b
Uty T cell responses were measured in female C57BL/6 mice 

immunised under the ex-vivo conditions described in Figure 4.3. Tracking the 

generation of HY-D
b
Uty antigen-specific CD8

+
 T cells was performed to use as a 

comparison between with the generation of H60-K
b
 antigen-specific CD8

+
 T cells. The 

generation of HY-D
b
Uty antigen-specific CD8

+
 T cells was established after ex-vivo 

peptide re-challenge. Splenocytes from male C57BL/6 immunised mice were re-

challenged with HY-D
b
Uty peptide pulsed APCs for six days. After being rested for an 

additional 24 hours, the generation of antigen-specific CD8
+
 T cells was measured by 

flow cytometry with HY-D
b
Uty specific pentamers (as described in Figure 4.3 and 

Chapter 2 Section 2.8.3). Male immunised splenocytes showed an expansion of HY-

D
b
Uty antigen-specific CD8

+ 
T cells after HY-D

b
Uty re-challenge (3.30% HY-D

b
Uty 

specific CD8
+
 T cells) (Figure 4.5A-B).  

 

 

 

 

 

 

 

 

Figure 4.5: In vivo male immunisation produces a detectable HY-D
b
Uty antigen-

specific CD8
+
 T cell response. 

Female C57BL/6 mice were immunised with 2.0x10
7
 male C57BL/6 splenocytes and 

inoculated with an additional 2.0x10
7
 male splenocytes after two weeks. One week after 

the final inoculums, 2.0x10
6
 splenocytes from the immunised mice were stimulated with 

5.0x10
6
 HY-D

b
Uty -peptide pulsed APCs for six days and then rested for one day.   

A-B. Proportions of HY-D
b
Uty-specific CD8

+
 T cells generated were measured in male 

C57BL/6 immunised and non-immunised cells as control with flow cytometry. Cells were 

labelled with CD19 and TO-PRO3 to exclude B cells and dead cells and CD8 and specific 

MHC class I pentamers. 

The plots represent gating on the total CD8
+
 T cell population. Data presented are 

representative plots of four separate experiments of identical design. 
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As previously demonstrated in Figure 4.2, cells expressing various levels of H60 were 

eliminated faster than cells expressing HY antigens in female C57BL/6 mice. The in 

vivo CFSE cytotoxicity assay revealed there was 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 increased frequency of antigen-specific T 

cells and if this generation was more robust than that of the HY-D
b
Uty antigen-specific 

CD8
+
 T cells. To answer these questions the production of H60-K

b
 antigen-specific T 

cells in mice immunised with female BALB.B or female (BALB.BxC57BL/6) F1 

splenocytes were measured.  Splenocytes from immunised mice were cultured under 

the conditions previously described in Figure 4.3 and analysed by flow cytometry with 

H60-H2-K
b 

pentamers. The (BALB.BxC57BL/6) F1 immunised splenocytes were able 

to generate a limited antigen-specific CD8
+ 

T cell response with 4.30% of the CD8
+  

T 

cells staining as H60-K
b
 pentamer positive after H60-K

b
 antigen stimulation (Figure 

4.6B). This was a similar response to that produced by HY-D
b
Uty antigen-specific 

CD8
+
 T cells (4.30% H60-K

b
 specific vs. 3.30% HY-D

b
Uty -specific) (Figure 4.5B 

and Figure 4.6B).  

The mice immunised with BALB.B splenocytes generated a more robust response H60-

K
b
 antigen-specific T cell response after peptide challenge when compared to the 

(BALB.BxC57BL/6) F1 immunised cells (22.6% vs. 4.30%) (Figure 4.6B-C). 

Splenocytes from (BALB.BxC57BL/6) F1 immunised mice do not elicit the same 

magnitude of immune response as those immunised with BALB.B splenocytes. These 

results demonstrate that higher levels of H60 expression were correlated with the 

generation of increased proportions of H60 antigen-specific 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 cells response, 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 of 

H60-K
b
 antigen-specific CD8

+ 
T cells. 

Female C57BL/6 females were immunised with 2.0x10
7
 splenocytes harvested from female 

(BALB.BxC57BL/6) F1 or female BALB.B mice and inoculated with an additional 2.0x10
7
 

male splenocytes after two weeks. One week after the final inoculums, 2.0x10
6
 splenocytes 

from the immunised mice were stimulated with 5.0x10
6
 H60-K

b
-peptide pulsed APCs for six 

days and then rested for one day. 

 A. Splenocytes from non-immunised female C57BL/6 mice were used as controls and the 

presence of antigen-specific T cells were measured with flow cytometry using specific MHC 

class I pentamers for the presence of H60-K
b
 antigen-specific CD8

+
 T cells. Total CD8

+
 T 

cells were gated from the CD19
- 
and TO-PRO3

-
 live cell population to exclude B cells and 

dead cells. The plots represent gating on the total CD8
+
 T cell population.  

B-C. Proportions of H60-K
b
-specific CD8

+
 T cells generated were measured in female 

(BALB.BxC57BL/6) F1 and female BALB.B immunised mice with flow cytometry. Total 

CD8
+
 T cells were gated from the CD19

- 
and TO-PRO3

-
 live cell population to exclude B 

cells and dead cells. The plots represent gating on the total CD8
+
 T cell population. The 

black boxes in the plots represent the populations of CD8
+
 H60-K

b
 pentamer positive cells. 

Data presented are representative plots of four separate experiments of identical design.   
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In the minor H antigenic repertoire of the BALB.B mice there exists a hierarchy of 

response to these antigens and within the BALB.B strain the minor antigen, H60 

dominates the immune response at the level of the naive T cells (Choi, Christianson et 

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

in the previous ex-vivo experiments. 

I next wanted to address the question of H60 immunodominance in the presence of 

weaker transplantation antigens to determine if   H60 dominates the immune response. 

Female C57BL/6 mice were immunised with male BALB.B splenocytes and responses 

against H60-K
b
 and HY-D

b
Uty peptide pulsed APCs were evaluated by specific 

pentamers (as described in Figure 4.3 and Chapter 2 Section 2.8.4). Male BALB.B 

mice were used to test the immunodominance of H60 because in human HLA-matched 

HSCT donor-recipient pairs are not always sex-matched and male cells can generate 

antigen-specific T cell responses (Figure 4.5). The spleens of immunised mice were 

harvested and stimulated with HY-D
b
Uty and H60-K

b
 peptide pulsed APCs (as 

described in Figure 4.3 and Chapter 2 Section 2.8.3). The cells were then analysed for 

the generation of HY-D
b
Uty antigen-specific CD8

+
 T cells and H60-K

b
 antigen-specific 

CD8
+
 T cells (Figure 4.7). When the splenocytes from male BALB.B immunised mice 

were stimulated with HY-D
b
Uty-peptide pulsed and H60-K

b
-peptide pulsed APCs only 

the production of H60-K
b
 antigen-specific CD8

+
 T cell responses was detected (0.140% 

HY-D
b
Uty vs. 16.4% H60, Figure 4.7B-C). In the presence of additional minor H 

transplantation antigens, H60 was able to dominate the MHC class I T cells response, 

thus proving its immunodominance.      
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Figure 4.7: Immune responses against H60-K
b
 dominate over those towards HY-

D
b
Uty. 

Female C57BL/6 female mice were immunised twice with 2.0x10
7
 male BALB.B 

splenocytes harvested from the spleens of two 8 to 10 week old mice. Spleens were 

harvested one week after the final immunisation and splenocytes were pooled and 

stimulated with HY-D
b
Uty and H60-K

b
 peptide pulsed APCs. 

A,C. Splenocytes from pooled non-immunised female C57BL/6 mice were used as 

controls and the presence of antigen-specific T cells were measured with flow cytometry 

using specific MHC class I pentamers for the presence of HY-D
b
Uty and H60-K

b
 

antigen-specific CD8
+
 T cells. Cells were labelled with CD19 and TO-PRO3 to exclude 

B cells and dead cells. The plots represent gating on the total CD8
+
 T cell population. 

B, D. The presence of antigen-specific T cells were measured in the splenocytes of 

pooled male BALB.B immunised female C57BL/6 mice with flow cytometry using 

specific MHC class I pentamers for the presence of HY-D
b
Uty and - H60-K

b
 antigen-

specific CD8
+
 T cells. Cells were labelled with CD19 and TO-PRO3 to exclude B cells 

and dead cells. The plots represent gating on the total CD8
+
 T cell population. 

Data presented are representative plots of two separate experiments of identical design.   
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The frequency of HY-D
b
Uty and H60 antigen-specific T cells is summarized in Table 

4.2. As expected, the HY-D
b
Uty minor antigen was able to produce a small proportion 

of antigen-specific CD8
+ 

T cells (2.90%) (Table 4.2). When mice were immunised with 

(BALB.BxC57BL/6) F1 splenocytes the generation of H60-K
b
 antigen-specific CD8

+
 T 

cells was slightly stronger than that of HY-D
b
Uty (5.01% vs. 2.90%) (Table 4.2). The 

generation of H60 antigen-specific CD8
+
 T cells was further increased when mice were 

immunised with 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 antigen-specific T cells. 

 

 

Immunised Mouse 

Strains 

% of CD8
+ 
HY-D

b
Uty 

Pentamer Positive T 

cells 

% of CD8
+ 
H60-K

b
 

Pentamer Positive T 

cells 
Female BALB.B -- 23.0 ± 1.99 

Female 

(BALB.BxC57BL/6) F1 

-- 5.01 ± 1.55 

Male C57BL/6 2.90 ± 0.66 -- 

Male BALB.B 0.198 ± 0.051 16.8 ± 0.88 

Non-immunised Control 0 ± 0 0.156 ± 0.001 

Cumulative data presented in the table are the mean of two to four separate experiments 

per group ± SEM.  

 

 

 

 

 

 

Table 4.2: The generation of HY-D
b
Uty and H60-K

b
 antigen-specific CD8

+
 T cells.  
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4.2.4 Establishing pre-transplant conditioning regimens required for the 

engraftment of bone marrow  with increased antigen dose  
 

The data presented in the first half of this chapter demonstrated the strength of host 

immune responses to weak minor H antigens, such as HY-D
b
Uty, and the 

immunodominant epitope H60. Prior to the use of minor H antigen mismatched donor 

bone marrow for transplantation recipients undergo some form of pre-transplant 

conditioning. The main purpose of pre-transplant 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 or low-dose conditioning 

regimens that contribute to the elimination of underlying malignancies and promote 

donor cell chimerism and host immunosuppression (Barrett 1982; Anderlini, Donato et 

al. 2000; Childs, Chernoff et al. 2000). Full myeloablative regimens are associated with 

a high toxicity, which makes them less desirable for most patients, especially the 

elderly. Low-dose regimens are more readily used for their ability to minimise the 

toxicity associated with full myeloablation while 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 minor H antigen, low-dose conditioning regimens are able to establish 

stable donor cell engraftment (Laylor, Dewchand et al. 2005; Weng, Dyson et al. 2007). 

It is unknown whether these low-dose 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 female C57BL/6 mice were administered low-

dose irradiation and transplanted with BALB.B, (BALB.BxC57BL/6) F1 or male 

C57BL/6 bone marrow. The use of the BALB.B and (BALB.BxC57BL/6) F1 donor 

bone marrow will allow us to determine if different levels of conditioning were 

required to obtain suitable levels of engraftment when there were increased doses of 

donor minor antigenic determinants. The male C57BL/6 donor bone marrow will be 

used as a comparison of donor cell engraftment with low-dose regimens because this is 

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 mice during weeks one, two, 

four and eight post-transplant (Figure 4.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Bone marrow transplant model to assess the effects of increasing 

antigen load and magnitude of irradiation required for engraftment. 

Congenic female C57BL/6 mice were irradiated with doses ranging from 300cGy to 

850cGy and transplanted with unmanipulated 5x10
6
 bone marrow from either male 

C57BL/6 mice with a single minor antigen mismatch (HY) or bone marrow cells 

from BALB.B or (BALB.BxC57BL/6) F1 mice containing multiple minor H antigen 

mismatches. The engraftment of donor bone marrow was measured by flow 

cytometry for the presence of donor congenic markers in peripheral blood of 

transplanted mice after one, two, four and eight weeks post-transplant. 
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4.2.5 Male C57BL/6 bone marrow engrafts with low-dose conditioning 

regimens 
 

When the only difference between donor and recipient pair is the HY antigen, an 

irradiation dose of 400cGy is sufficient to generate 50% donor chimerism in the 

recipient female mice (Laylor, Dewchand et al. 2005). This transplantation model was 

repeated with female C57BL/6 CD45.2
+
 mice irradiated with 300cGy, 400cGy or 

600cGy and transplanted with male C57BL/6 CD45.1
+
 donor bone marrow cells (as 

described in Figure 4.8 and Chapter 2 Section 2.10). Engraftment was measured by the 

percentages of donor male congenic cells present in the white blood cell population in 

the peripheral blood of recipient mice. T cell chimerism was not specifically measured 

due to the fact that T cell engraftment in the mouse does not occur until four weeks 

after transplant. The final measure of donor cell engraftment was performed after eight 

weeks post-transplant because there is no significant increase in donor cells 

engraftment observed beyond this time point (Laylor, 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 blood of female C57BL/6 recipient mice after eight weeks 

post-transplant. When the dose of irradiation was increased to 400cGy 40% of donor 

positive cells were detected in the peripheral blood of recipient mice by eight weeks 

post-transplant. Irradiation doses of 600cGy produced male C57BL/6 engraftment 

levels of 80% after eight weeks post-transplant (Figure 4.9). As expected, increasing 

the dose of irradiation to 600cGy facilitated increased levels of donor chimerism. These 

data further strengthen the observation that transplantation with a single 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 CD45.2
+
 mice were irradiated with 300cGy ( ), 400cGy ( ) 

or 600cGy ( ) and subsequently transplanted with 5x10
6
 unmanipulated male 

C57BL/6 bone marrow cells harvested from the femurs and tibiae of donor mice. The 

transplanted mice were bled from the tail vein after one, two, four, and eight weeks 

post-transplant and the presence of male CD45.1
+
 donor cells in the total white blood 

cell population in the peripheral blood was measured by flow cytometry. 

Data presented are the mean ± SEM of three separate experiments of identical design 

with n=6-8 mice per group. 
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4.2.6 Higher donor antigenic load requires increased levels of conditioning 

for engraftment 
 

When donor and recipient pair differ only for HY, the engraftment of donor cells 

requires a fairly low dose of irradiation (Figure 4.9) (Laylor, Dewchand et al. 2005; 

Weng, Dyson et al. 2007). How the correlation between the dose of conditioning 

regimen and that of the antigenic determinants impacts on donor cell engraftment has 

been widely unexplored. To address this question, female C57BL/6 CD45.1
+
 mice were 

irradiated with low-dose conditioning between 400cGy to 600cGy and transplanted 

with female BALB.B CD45.2
+
 bone marrow cells (as described in 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. Under these low-dose conditioning regimens no donor cell 

engraftment was detected in the peripheral blood of recipient mice by eight weeks post-

transplant (Figure 4.10).  

To obtain a higher level of donor cell engraftment the level of conditioning was 

increased to 850cGy, which is considered a myeloablative dose of irradiation in the 

mouse. At this dose of irradiation, a high level of donor cell engraftment was observed 

in the peripheral blood of female C57BL/6 mice (85% donor positive after eight weeks) 

(Figure 4.10). Therefore, low-dose 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 CD45.1
+
 mice were treated with irradiation doses of 400cGy ( ), 

500cGy ( ), 600cGy    ( ) or 850cGy ( ) with no in between irradiated doses 

used and transplanted with 5x10
6
 unmanipulated female BALB.B CD45.2

+
 bone marrow 

cells pooled from the femurs and tibiae of donor mice. The recipient mice were bled from 

the tail vein after one, two, four, and eight weeks post-transplant and the presence of 

BALB.B CD45.2
+
 donor cells was measured by flow cytometry. 

Data presented are the mean of three separate experiments of identical design with n=3-5 

mice per group. Error bars represent SEM. 
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The engraftment of BALB.B bone marrow, differing for multiple minor H antigens 

with the C57BL/6 recipient, only occurred with a fully myeloablative conditioning 

regimen. 

The relationship between antigen dose and the magnitude of conditioning required was 

further explored by decreasing the amount 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 strain (Figure 4.1). These mice were utilized as bone marrow donors 

and transplanted into recipient female C57BL/6 mice treated with low-dose irradiation 

between 400cGy to 600cGy (as described in Figure 4.8 and Chapter 2 Section 2.10). 

Engraftment was measured by the presence of (BALB.BxC57BL/6) F1 CD45.2
+
 donor 

cells in the peripheral blood of transplanted mice after one, two, four and eight weeks 

post-transplant. No (BALB.BxC57BL/6) F1 donor cell engraftment was detected in the 

female C57BL/6 mice irradiated with 400cGy after eight weeks post-transplant (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. Engraftment was 

detectable early after the transplant with levels varying in recipient mice (Figure 

4.11B). To improve the proportions of donor cell engraftment recipient female 

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 by two weeks post-transplant and these proportions 

increased to 85% donor cell engraftment by eight weeks-post transplant (Figure 4.11). 

Our data demonstrates that when 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 antigenic determinants allows engraftment 

with low-dose conditioning regimens. 

 A-C. Recipient female C57BL/6 CD45.1
+
 mice were irradiated with 400cGy, 500cGy 

or 600cGy and subsequently transplanted with 5x10
6
 unmanipulated female 

(BALB.BxC57BL/6) F1 bone marrow cells harvested from the femurs and tibiae of 

donor mice. The recipient mice were bled from the tail vein after one, two, four, and 

eight weeks post-transplant. The presence of (BALB.BxC57BL/6) F1 CD45.2
+
 cells in 

the total white blood cell population in the peripheral blood of transplanted mice was 

measured by flow cytometry. 

These data presented are the mean ± SEM of four separate experiments per irradiation 

dose with n=4-6 mice per group.  
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Female (BALB.BxC57BL/6) F1 cells were able to achieve a high level of donor cell 

engraftment with an irradiation dose of 600cGy, 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 transplanted groups of female C57BL/6 mice 

engraftment occurred with increased conditioning when compared to the 400cGy 

required for engraftment of male C57BL/6 bone marrow. 

I next wanted to determine if the level of (BALB.BxC57BL/6) F1 donor cell 

engraftment was affected by the addition of HY antigens. To answer this question, 

female C57BL/6 CD45.1
+
 recipient mice were irradiated with 600cGy and transplanted 

with male (BALB.BxC57BL/6) F1 or male C57BL/6 bone marrow cells. Engraftment 

of male donor cells was measured by the presence of congenic markers in the 

peripheral blood of after one, two and four weeks post-transplant (as described in 

Figure 4.8 and Chapter 2 Section 2.10). The proportion of male (BALB.BxC57BL/6) 

F1 cells measured in the peripheral blood reached 80% after two weeks post-transplant. 

Male C57BL/6 transplanted mice reached similar proportions of donor positive cells in 

the peripheral blood of recipient mice after the second week post-transplant (82% donor 

cell engraftment by two weeks post-transplant) (Figure 4.12). The addition of further 

antigenic determinants did not impact the engraftment of male (BALB.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 CD45.1
+
 mice were irradiated with 600cGy and subsequently 

transplanted with 5x10
6
 male (BALB.BxC57BL/6) F1 CD45.2

+
 or male C57BL/6 

CD45.2
+
 bone marrow cells harvested from donor femurs and tibiae. Engraftment of 

donor cells was measured by flow cytometry for the presence of donor congenic 

markers in the peripheral blood after one, two, and four weeks post-transplant. 

Data presented are the mean of one experiment with n=6 mice per group. Error bars 

represent SD.  
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The engraftment of donor bone marrow with varying levels of antigenic determinants is 

summarized in Table 4.3 Donor cells with a weak minor antigen mismatch, such as 

HY, were able to engraft with low-dose 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 obtain high levels of donor chimerism. If the amount of donor 

antigenic determinants was halved, as in the (BALB.BxC57BL/6) F1 progeny, lower 

levels of conditioning were used. This table illustrates the relationship between 

increased amounts of antigenic determinants and the magnitude of pre-transplant 

conditioning required for engraftment. 

 

 

Irradiation 

Dose 

Female 

BALB.B  

Female 

(BALB.BxC57BL/6) 

F1 

Male 

(BALB.BxC57BL/6) 

F1 

Male 

C57BL/6 

400cGy 0% 

(0/10) 

0% (0/18) -- 100% 

(18/18) 

500cGy 0% 

(0/14) 

43.7% (10/24) -- -- 

600cGy 0% 

(0/10) 

100% (20/20) 100% (6/6) 100% 

(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 post-transplant. All recipient mice were female 

C57BL/6 mice with engrafting mice pooled from the separate experiments of each 

conditioning level of are presented next to the proportions. 

 

 

 

 

Table 4.3: Correlation between engraftment, irradiation dose and levels of 

antigenic determinants.  
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4.3 Discussion 

The results presented in this chapter demonstrate that the magnitude of pre-transplant 

conditioning required for engraftment was proportional to the amount of minor H 

antigenic differences between donor and recipient pairs. In the first part of this chapter 

the relationship between dose of antigen and host immune responses was examined. In 

vivo, murine splenocytes expressing different doses of H60 were able to generate a 

strong host immune response that was indistinguishable between the three H60 

expressing mouse strains (Figure 4.3B). Due to the similar 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 

receptor, found on NK cells and activated CD8
+
 T cells (Correia-Neves, Waltzinger et 

al. 2001; Jamieson, Diefenbach et al. 2002). Tabayoyong et al. demonstrated that 

haematopoietic progenitor cells expressing high levels of H60 renders then susceptible 

to NK cell killing both in vitro and in vivo (Tabayoyong, Salas et al. 2009). NK cell 

mediated killing could explain the fast elimination of H60 expressing cells by female 

C57BL/6 mice when compared to the clearance of HY specific cells, which are known 

to use CD4 T cell help (VanderVegt and Johnson 1993).  

The fast elimination of H60 expressing cells in 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 CD8
+ 

T cell responses against the H60 immunodominant epitope 

were generated (Choi, Christianson et al. 2002). Our data showed that the generation of 

H60-K
b
 antigen-specific CD8

+
 T cells was dependant on the level of H60 expression.  

BALB.B immunised mice were able to generate a more robust H60-K
b
 antigen-specific 

CD8
+
 T cell response upon antigen re-challenge when compared to the 

(BALB.BxC57BL/6) F1 immunised mice (23.0% BALB.B immunised vs. 5.01% 

(BALB.BxC57BL/6) F1 immunised) (Table 4.2). 

In this chapter the immunodominance of H60 responses was confirmed when compared 

to HY, an antigen commonly mismatched in HSCT. The ex-vivo culture of splenocytes 

from mice immunised with male BALB.B cells only produced the expansion of H60-K
b
 

antigen-specific CD8
+
 T cells (0.104% HY-D

b
Uty-specific vs. 16.4% H60-K

b
-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 mice immunised with male H60 cells generated a robust 

expansion of H60 antigen-specific memory CD8
+
 T cells with no expansion of HY-

D
b
Uty antigen-specific memory CD8

+
 T cells (Ryu, Jung et al. 2009). This group 

suggested that the robust H60 response in the presence of male antigens was assisted by 

CD4
+
 T cell help because when these cells were depleted from immunised mice the 

generation of H60-K
b
 antigen-specific CD8

+
 T cells was significantly reduced (Ryu, 

Jung et al. 2009).       

The in vivo and ex-vivo data presented in the first half of this chapter established the 

vigour of host immune responses to the immunodominant epitope H60. The frequency 

of H60-K
b
 antigen-specific CD8

+
 T cells was dependant on the dose of antigen 

expressed by cells. Within the hierarchy of minor H antigenic responses H60 remained 

immunodominant over the weaker HY-D
b
Uty antigen, thus highlighting that the dose of 

antigen dictates the strength of the host CD8
+
 T cell response.  

The use of H60 expressing donor cells in bone marrow transplantation models 

demonstrated the need for increased pre-transplant conditioning to facilitate donor cell 

engraftment. BALB.B bone marrow cells were unable to engraft with low-dose 

irradiation between 400cGy to 600cGy. To obtain BALB.B donor cell engraftment the 

recipient mice required a fully myeloablative dose of irradiation (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 cells, T cell, and 

granulocytes were engrafted into B6Ly5
a
 recipient mice between irradiation doses of 8-

10Gy by two months post-transplant (Ruffner, Martin et al. 2001). Shatry et al. 

observed in H60 immunised mice that H60 antigen-specific CD8
+
 memory T cells 

persisted up to two weeks post-transplant in mice following ablative conditioning 

regimens (Shatry, Roopenian et al. 2007). The need for increased irradiation to allow 

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

increased removal of alloreactive T cells, which mediate graft rejection.   

When the amount of donor antigenic determinants was reduced by half, using 

(BALB.BxC57BL/6) F1 donor cells, engraftment was observed with low-dose 

conditioning regimens of 500cGy (Figure 4.11). The ability of (BALB.BxC57BL/6) F1 

donor cells to engraft under low-dose irradiation could be influenced by the weaker 
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CD8
+
 T cell responses to level of H60 expressed by (BALB.BxC57BL/6) F1 cells 

(Table 4.1).  These results demonstrate that the magnitude of the pre-transplant 

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 the dose of pre-transplant 

conditioning required for engraftment. It was also revealed that the levels of H60 

mRNA expression in BALB.B and (BALB.BxC57BL/6) F1 splenocytes s correlated 

with increased or decreased CD8
+
 T cell responses. Our results also highlight the 

importance of understanding host immune responses to the immunodominant epitopes 

to better tailor pre-transplant conditioning regimens for optimal outcomes.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

151 

 

 

 

Chapter Five 

 

Effects of irradiation and antigen 

dose on the induction of tolerance 

mechanisms following bone marrow 

transplantation  
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Chapter 5 Effects of irradiation and antigen dose on the induction of 

tolerance mechanisms following bone marrow transplantation 

 

5.1 Introduction  

In allogeneic bone marrow transplantation there is evidence that Treg cells may be 

sufficient as a conditioning regimen to generate transplantation tolerance (Trenado, 

Charlotte et al. 2003; Joffre, Gorsse et al. 2004; Taylor, Panoskaltsis-Mortari et al. 

2004; Hanash and Levy 2005; Barao, Hanash et al. 2006). In the 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 Treg cells observed in low-dose conditioning regimens facilitates donor 

cell engraftment and transplantation tolerance of male donor HSC (Laylor, Dewchand 

et al. 2005; Weng, Dyson et al. 2007). In transplantation settings 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.      

ñInfectiousò tolerance is a component of Treg cell mediated transplantation tolerance. 

This tolerance is exerted against third-party antigens co-expressed on tolerised grafts 

(Davies, Leong et al. 1996). This type of transplantation tolerance by Tregs has been 

observed against third-party skin allografts in tolerised mice (Cobbold, Castejon et al. 

2004). The ability of Treg cells generated in the bone marrow transplant models where 

HvG tolerance is directed against the minor antigenic repertoire of the BALB.B 

antigens to exert ñinfectiousò tolerance against third-party antigens is unspecified.   

Chapter 4 examined the role of conditioning when there were increased amounts of 

antigenic disparities in the donor graft. 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 under low-dose conditioning 

regimens the expansion of recipient derived Treg cells was responsible for the 

engraftment of donor cells and subsequent HvG tolerance (Weng, Dyson et al. 2007).  

The goal of this chapter will be to establish a role for Treg cells in the engraftment of 

donor bone marrow with increasing doses of antigenic determinants. The patterns of 



Elisabeth Rose Mari                                                                               PhD Thesis, 2012 

 

153 

 

Treg expansion may help explain the different engraftment patterns seen between the 

male C57BL/6, BALB.B and (BALB.BxC57BL/6) F1 mice. These mice will also be 

examined to determine the transplantation tolerance obtained is of the ñinfectiousò type.  
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5.2 Results 

 

5.2.1 Increased donor cell engraftment is correlated with expansion of 

Treg cells. 

 
Previous in vitro and in vivo experiments in Chapter 3 highlighted the ability of Treg 

cells to homeostatically expand when exposed to increasing doses of gamma 

irradiation. In bone marrow transplantation models, the homeostatic expansion of Treg 

cells was shown to be an important part of the conditioning regimen to generate 

transplantation tolerance (Weng, Dyson et al. 2007). It is not known whether increased 

generation of Treg cells were needed to induce transplantation tolerance in bone 

marrow transplantation models where greater levels of antigenic disparities between 

donor and host pairs were present. To answer this question, the proportions of both 

donor and host CD4
+
CD25

+
FoxP3

+
 Treg cells were measured in the peripheral blood of 

the mice irradiated with low-dose conditioning and transplanted male C57BL/6, female 

(BALB.BxC57BL/6) F1 or female BALB.B bone marrow (as described in as described 

in Figure 4.8 and Chapter 2 Section 2.10).  

In the mice transplanted with male C57BL/6 bone marrow both the in vivo percentages 

of Treg cells were measured in the engrafting and non-engrafting 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 significant increase in Treg cells after the first week post-transplant when 

compared to non-irradiated control mice (p=0.0043) (10% irradiated mice vs. 4% non-

irradiated control mice). After the first week time-point the proportions of Treg cells 

began to drop to the levels observed in the control mice and were measured to be 5.5% 

in the peripheral blood by eight weeks post-transplant (Figure 5.1A). It is important to 

note that there was no donor cell engraftment in these mice, therefore the proportions of 

Treg cells present were of host origins. This data does suggest that  

In the female C57BL/6 mice 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 second weeks post-transplant with the greatest increase observed after the 

second week (p=0.0025) (10.5% 400cGy irradiated mice vs. 4.0% non-irradiated 
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control mice) (Figure 5.1B). Similar to the mice irradiated with 300cGy, the 

percentages of Treg cells returned to control levels after eight weeks post-transplant 

(4.5% 400cGy irradiated mice vs. 4% non-irradiated control mice) (Figure 5.1B).  

A similar pattern of Treg cell expansion was observed in the female C57BL/6 mice 

irradiated with 600cGy and transplanted with 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% 

600cGy irradiated mice vs. 10.5% 400cGy irradiated mice). As observed in the mice 

transplanted and irradiated with 300cGy or 400cGy the percentages of Treg cells 

returned to non-irradiated control levels by eight weeks post-transplant (5.2% 600cGy 

irradiated mice vs. 4.0% non-irradiated control) (Figure 5.1C). 

These results demonstrate that under increased conditioning and transplantation with 

male donor bone marrow there was a greater in vivo expansion of Treg cells. A pattern 

of Treg cell expansion was revealed in the non-engrafting and engrafting mice. 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 increase 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 CD45.2
+
 mice were irradiated with 300cGy ( ), 400cGy ( ) 

or 600cGy ( ) and subsequently transplanted with 5x10
6
 unmanipulated male 

C57BL/6 bone marrow cells harvested from the femurs and tibiae of donor mice. The 

transplanted mice were bled from the tail vein after one, two, four, and eight weeks post-

transplant and the presence of male CD45.1
+
 donor cells in the total white blood cell 

population in the peripheral blood was measured by flow cytometry. 

 B-D. The female C57BL/6 mice were irradiated with 300cGy, 400cGy or 600cGy and 

transplanted with 5x10
6
 male C57BL/6 bone marrow cells harvested from the femurs and 

tibiae of donor mice. The proportions of CD4
+
CD25

+
FoxP3

+
 Treg cells were measured in 

the peripheral blood of transplanted mice after one, two, four, and eight weeks post-

transplant using flow cytometry. The plot shows the proportion of donor and recipient Treg 

cells gated on the total CD4
+
 T cell population. 

Data presented are the mean of three separate experiments of identical design with n=6-8 

mice per group. Error bars represent SEM. The proportions of Treg cells from the 

irradiated and transplanted mice were compared to those proportions of Treg cells in the 

peripheral blood of non-irradiated mice used as controls and are shown as dashed line on 

graphs and are the mean of n=25 mice. Results were analysed using unpaired-studentôs t-

test. Statistical significance is indicated with *, **, and *** (*p<0.05, **p<0.01, 

***p<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 

an investigation to determine if a similar pattern was observed in donor-recipient pairs 

with a higher degree of antigenic mismatch.  I sought to answer this question by 

measuring the proportions of Treg cells from the peripheral blood of mice irradiated 

between 400cGy to 850cGy and transplanted with BALB.B bone marrow (as described 

in Figure 4.8 and Chapter 2 Section 2.10). Despite the engraftment of BALB.B bone 

marrow occurring with fully myeloablative doses of irradiation (850cGy) (Figure 4.10) 

examining the proportions of Treg cells in the low-dose non-engrafting mice may 

provide further insight into the lack of donor chimerism with these conditioning 

regimens.  

In the recipient female C57BL/6 mice the proportions of donor and recipient Treg cells 

measured after the transplant showed a significant increase after the first two weeks 

with the greatest increase occurring by the second week post-transplant (p=0.0051) 

(14.3% BALB.B transplanted vs. 4.0% in non-irradiated controls) (Figure 5.2). The 

elevated percentages of Treg cells detected during the second week post-transplant 

follow the pattern that was observed in the male C57BL/6 transplanted mice irradiated 

with 400cGy or 600cGy. The magnitude of Treg expansion after the second week post-

transplant in the BALB.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/6 irradiated 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 were not measured 

prior to transplant. This data implies that an early 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/6 

transplanted with BALB.B bone marrow. 

Recipient female C57BL/6 mice were irradiated with 850cGy and subsequently 

transplanted with 5x10
6
 female BALB.B bone marrow cells harvested from the femurs 

and tibiae of donor mice. The percentages of both donor and recipient Treg cells were 

measured in the peripheral blood of recipient mice after one, two, four, and eight week 

post-transplant by flow cytometry. The plot shows the proportion of Treg cells gated on 

the total CD4
+
 T cell population.  

Data presented are the mean ± SEM of three separate experiments of identical design 

with n=3-5 mice per group. Non-irradiated control proportions are shown as dashed 

line on graphs and are the mean of n=25 mice. Results were analysed using unpaired-

studentôs t-test. Statistical significance is indicated with * and ** (*p<0.05 and 

**p<0.01). 
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Treg cell proportions in non-engrafting mice treated with low-dose irradiation between 

400cGy to 600cGy and transplanted with BALB.B bone marrow was explored to 

ascertain if there was a pattern of early expansion post-transplant. The proportions of 

Treg cells in the peripheral blood of non-engrafting BALB.B transplanted mice were 

measured after one, two, four, and eight weeks post-transplant (as described in Figure 

4.8 and Chapter 2 Section 2.10).  

In the mice irradiated with 400cGy there was a significant increase in Treg cells that 

occurred after four weeks post transplant (p=0.0357) (7.3% 400cGy irradiated mice 

compared to 4% in non-irradiated control mice) (Figure 5.3A). When mice were 

irradiated with 600cGy and transplanted with BALB.B bone marrow they produced a 

similar delayed pattern of in vivo Treg cell expansion as that observed in the female 

C57BL/6 mice irradiated with 400cGy and transplanted with BALB.B bone marrow 

(7.8% 600cGy irradiated mice four weeks post-transplant vs. 4.0% non-irradiated 

control mice) (Figure 5.3C). In the mice irradiated with 500cGy there was a significant 

increase in the Treg cells after the second week post-transplant, which was earlier than 

that observed in the other non-engrafting BALB.B transplanted mice (p=0.022) (8.3% 

500cGy BALB.B) (Figure 5.3B). These results in mice irradiated with low-dose 

conditioning regimens revealed a delayed Treg expansion in non-engrafting mice 

indicating that there may not be a Treg expansion pattern in the non-engrafting 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 low-dose conditioning between 

400cGy to 600cGy and transplanted with 5x10
6
 BALB.B bone marrow pooled from 

donor femurs and tibiae. Proportions of CD4
+
 CD25

+
FoxP3

+
 Treg cells were measured 

by flow cytometry from the peripheral blood of transplanted mice and one, two, four, 

and eight weeks post-transplant. The plot shows the proportion of Treg cells gated on 

the total CD4
+
 T cell population. 

The data presented are the mean of three separate experiments of identical design with 

n=3-5 mice per group. Error bars represent SEM. Non-irradiated control proportions 

are shown as dashed line on graphs and are the mean of n=25 mice. Results were 

analysed using unpaired-studentôs t-test. Statistical significance is indicated with * 

(*p<0.05). 
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The increased proportions of Treg cells measured in the peripheral blood of engrafting 

male C57BL/6 and BALB.B transplanted mice led us to examine the mice engrafting 

(BALB.BxC57BL/6) F1 donor bone marrow to establish if these mice showed a similar 

increase in Treg cells. To answer this question, the in vivo proportions of Treg cell were 

measured in the peripheral blood of recipient mice after transplantation and analysed 

using flow cytometry (as described in Figure 4.8 and Chapter 2 Section 2.10). Figure 

5.4 shows the percentages of Treg cells were significantly increased after all time 

points post-transplant when compared to non-irradiated controls. Of these time points 

the greatest expansion of Treg cells occurred after the second week (p=0.0003) (19.6% 

600cGy irradiated mice vs. 4% in non-irradiated controls) (Figure 5.4). These 

(BALB.BxC57BL/6) F1 engrafting mice produced a greater expansion of Treg cells 

after the second week post-transplant when compared to male transplanted mice 

irradiated with same dose and the BALB.B mice irradiated with 850cGy (19.6% 

(BALB.BxC57BL/6) F1 vs. 16.3% male vs. 14.3% BALB.B) (Figure 5.1, Figure 5.2 

and Figure 5.4). 

This increased expansion of Treg cells observed during the second week could be 

correlated with the high levels of donor cell engraftment seen in the mice two weeks 

post-transplant (Figure 4.11C). 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 expansion. There was also a 

pattern of this expansion observed in BALB.B and male engrafting mice with the 

second week post-transplant 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 with 

5x10
6
 female (BALB.BxC57BL/6) F1 bone marrow cells pooled from the femurs and 

tibiae of donor mice. The percentages of CD4
+
CD25

+
FoxP3

+
 T cells were analysed in 

the peripheral blood of transplanted mice by flow cytometry after one, two, four, and 

eight weeks post-transplant. The plot shows the proportion of Treg cells gated on the 

total CD4
+
 T cell population.  

Data presented are the average of three separate experiments of identical design with 

n=6-8 mice per group. Error bars represent ± SEM. Non-irradiated control proportions 

are shown as dashed line on graphs and are the mean of n=25 mice. Results were 

analysed using unpaired-studentôs t-test. Statistical significance is indicated with *, **, 

and *** (*p<0.05, **p<0.01, and ***p<0.001). 
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The expansion of Treg cells in non-engrafting female C57BL/6 irradiated with low-

dose conditioning and transplanted with (BALB.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 2 Section 2.10). When the proportions of recipient Treg cells 

were measured in the peripheral blood there was a significant increase in the 

percentages of 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) (Figure 5.5).  

After the first week the levels of Treg cells slowly returned to those seen in non-

irradiated control mice. The proportions of Treg cells observed after transplant were 

similar to those seen in the mice female C57BL/6 mice transplanted with male 

C57BL/6 bone marrow and irradiated with 300cGy (9.4% (BALB.BxC57BL/6) F1 vs. 

10% male C57BL/6). These results suggest that Treg cells can expand to significant 

levels early after transplant in non-engrafting mice. In the peripheral blood of irradiated 

mice there is a significant increase in the proportions of Treg cells observed during the 

first week post-irradiation. 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 non-

engrafting female mice transplanted with (BALB.BxC57BL/6) F1 bone marrow.  

Female C57BL/6 mice irradiated with 400cGy were transplanted with 5x10
6
 bone 

marrow cells harvested from the femurs and tibiae of female (BALB.BxC57BL/6) F1 

donor mice. The proportions of recipient CD4
+
CD25

+
FoxP3

+
 Treg cells were 

enumerated in the peripheral blood after weekôs one, two, four and eight post-

transplant. The plot represents the proportion of Treg cells gated on the total CD4
+
 T 

cell population. 

The data presented are the mean ± SEM of three separate experiments with n=6-8 mice 

per group. Non-irradiated control proportions are shown as dashed line on graphs and 

are the mean of n=25 mice. Results were analysed using unpaired-studentôs t-test. 

Statistical significance is indicated with * (p<0.05). 
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As previously demonstrated, the engraftment of (BALB.BxC57BL/6) F1 bone marrow 

in female C57BL/6 mice follows a different pattern to that seen in the female mice 

engrafting male C57BL/6 or BALB.B donor cells. When recipient female C57BL/6 

mice were irradiated with 500cGy and transplanted with female (BALB.BxC57BL/6) 

F1 bone marrow only 47% of recipient mice were able to engraft (Figure 4.11B). The 

percentages of Treg cells were examined in the peripheral blood of these engrafting and 

non-engrafting mice to ascertain if differences in Treg expansion could explain the 

disparity in engraftment levels (as described in Figure 4.8 and Chapter 2 Section 2.10). 

In the non-engrafting mice a significant expansion of Treg cells was observed after the 

first week (p=0.011) (8.9% in non-engrafting mice vs. 4.0 % control week one) (Figure 

5.6B), which was consistent with that observed in the non-engrafting 

(BALB.BxC57BL/6) F1 transplanted female C57BL/6 mice irradiated with 400cGy 

and the male C57BL/6 transplanted female mice irradiated with 300cGy.  

Unlike the other sets of engrafting mice, the (BALB.BxC57BL/6) F1 engrafting mice 

irradiated with 500cGy did not reach their peak of Treg expansion until four weeks 

post-transplant when 14.8% of the cells in the peripheral blood were Treg cells (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 implies that in the (BALB.BxC57BL/6) F1 

transplant model where female C57BL/6 were irradiated with 500cGy the lack of Treg 

cell expansion pattern suggests that it is the increased conditioning is needed to 

facilitate engraftment. The increased conditioning may be required to reduced the 

number of alloreactive host cells and also provide a greater expansion of host Treg cells 

early after transplant as the kinetics of the proportional expansion of Treg cells appears 

to be important for the establishment of donor cell engraftment.   
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Figure 5.6: Female mice engrafting (BALB.BxC57BL/6) F1 bone marrow with lower 

dose conditioning regimens does not show an early expansion of Treg cells. 

A. Recipient female C57BL/6 CD45.1
+
 mice were irradiated with 500cGy and 

subsequently transplanted with 5x10
6
 unmanipulated female (BALB.BxC57BL/6) F1 

bone marrow cells harvested from the femurs and tibiae of donor mice. The recipient 

mice were bled from the tail vein after one, two, four, and eight weeks post-transplant. 

The presence of (BALB.BxC57BL/6) F1 CD45.2
+
 cells in the total white blood cell 

population in the peripheral blood of transplanted mice was measured by flow cytometry. 

B-C. Female C57BL/6 mice irradiated with 500cGy and subsequently transplanted with 

5x10
6
 female (BALB.BxC57BL/6) F1 donor bone marrow cells from Panel A also had 

the proportions of both donor and recipient CD4
+
CD25

+
FoxP3

+
 T cells measured in the 

peripheral blood. The engrafting mice were defined as those recipient mice with levels of 

15% or higher donor CD45.2
+
 cells in measured by flow cytometry in the peripheral 

blood after one week post-transplant which persisted up to eight weeks post-transplant 

and the mice producing proportions of donor cells lower than the 15% were considered 

non-engrafting. The plots represent the proportion of Treg cells gated on the total CD4
+
 T 

cell population. 

Data presented are the mean of four separate experiments of identical design with n=4-6 

mice per group. Error bars represent SEM. Non-irradiated control proportions are shown 

as dashed line on graphs and are the mean of n=25 mice. Results were analysed using 

unpaired-studentôs t-test. Statistical significance is indicated with * and ** (* p<0.05 and 

** p<0.01). 
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5.2.2 Donor engraftment mediated by high-grade conditioning regimen is 

Treg independent  

 

The previous experiments demonstrated that in mice transplanted with increasing dose 

of minor H antigens, using higher doses of irradiation, there was a significant 

expansion of Treg cells during the second week post-transplant. However, the greatest 

expansion of Treg cells was observed in the mice irradiated with 600cGy and 

transplanted with (BALB.BxC57BL/6) F1 bone marrow (Figure 5.4) and not the mice 

irradiated with high-dose ablation and transplanted with BALB.B bone marrow. This 

lack of greater Treg expansion could be due to the increased antigen load which has a 

differential effect on Treg expansion, thus placing more importance on the conditioning 

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 model where recipient mice were treated with low-dose 

conditioning of 400cGy the engraftment of donor cells was dependant on host Treg 

cells. When these cells were removed prior to transplant a significant reduction in 

donor cell engraftment could be detected (Weng, Dyson et al. 2007). 

Figure 5.1 demonstrates that in the male donor transplantation setting, increased 

conditioning produced the significant expansion of Treg cells by the second week, 

which was correlated with better donor cell engraftment. Female C57BL/6 CD45.2
+ 

mice were depleted of CD25
+
 cells using the PC61 anti-CD25 monoclonal antibody on 

days -9 -1 and +5 post-transplant (as described in Chapter 2 Section 2.12.2) (Onizuka, 

Tawara et al. 1999). The recipient female C57BL/6 mice were irradiated with either 

400cGy or 600cGy and transplanted with male C57BL/6 CD45.1
+
 bone marrow cells. 

The proportions of total Treg cells and donor congenic cells were measured in the 

peripheral blood of PC61 treated and non-treated 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 mice treated with anti-CD25 monoclonal antibody and irradiated with 400cGy 

there was a decrease in the percentages of donor cells in the peripheral blood (18.0% in 

CD25 depleted vs. 30.2% in the non-depleted group) (Figure 5.7A). In my 
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experimental system the decreased proportions of donor cell engraftment were not 

significant, but the trend was consistent with published data by Weng et al. (Weng, 

Dyson et al. 2007). When the amount of pre-transplant conditioning was increased to 

600cGy there was no difference in the engraftment levels between the depleted and 

non-depleted mice (69% non-depleted vs. 67.8% depleted mice) (Figure 5.7A). In both 

groups of mice there was a decrease in the proportions of Treg cells after two weeks 

demonstrating the success of the CD25 depletion (Figure 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. This indicates that with high-dose 

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 not 

require host Treg cells. 

Female C57BL/6 mice were irradiated with 400cGy or 600cGy and transplanted with 

5x10
6
 male C57BL/6 bone marrow cells harvested from the femurs and tibiae of donor 

mice. CD25-depletion was performed on female mice using PC61 anti-CD25 depleting 

monoclonal antibody (1mg/mouse) on days -9 -1 and +5 post-transplant. 

A. The proportions of donor CD45.1
+
 cells were measured in the peripheral blood by 

flow cytometry in CD25-depleted and non-depleted mice after two weeks post-transplant. 

B. The percentages of total CD4
+
CD25

+
FoxP3

+
 T cells were measured in the peripheral 

blood of depleted and non-depleted mice by flow cytometry. The plots represent the 

proportion of Treg cells gated on the total CD4
+
 T cell population. 

Cumulative data presented are pooled from two separate experiments of identical design 

with n=4 mice per group.  
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This need for the homeostatic expansion of host Treg cells in the male C57BL/6 bone 

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. To test this, female C57BL/6 CD45.1
+ 

mice were depleted of CD25
+
 cells 

as previously described in Figure 5.7 and Chapter 2 Section 2.12.2) (Onizuka, Tawara 

et al. 1999). The depleted and non-depleted female C57BL/6 mice were irradiated with 

500cGy and transplanted with female (BALB.BxC57BL/6) F1 donor bone marrow. 

This conditioning dose was chosen due to the fact that not all of the mice engraft the 

(BALB.BxC57BL/6) F1 cells and the lack of Treg expansion pattern in engrafting 

mice. The percentages of donor CD45.2
+
 cells and Treg cells were measured in the 

peripheral blood of donor mice at one and two weeks post-transplant. These time points 

where chosen because of the first week increase of Treg cells in the non-engrafting 

mice and the second week peak of Treg cells expansion observed in other sets of 

engrafting mice.  

 

When the percentages of (BALB.BxC57BL/6) F1 donor cells were measured in the 

anti-CD25 monoclonal antibody treated female C57BL/6 mice there were no donor 

cells detected in the peripheral blood after the first week. This impairment in 

engraftment seen in the CD25-depleted mice did not last because after two weeks 

similar levels of engraftment were observed between the depleted and non-depleted 

mice (2 out of 8 engrafting mice in depleted vs. 3 out of 8 engrafting mice in the non-

depleted) (Figure 5.8A). In the CD25-depleted 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 in the peripheral blood) (Figure 5.8A).  The depletion of the host Treg 

cells caused a one week delay in the engraftment of (BALB.BxC57BL/6) F1 donor 

cells, but the level of donor cell engraftment reached by mice was not affected. This 

data suggests that the role 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 transplanted 

with 5x10
6
 bone marrow cells harvested from the femurs and tibiae of (BALB.BxC57BL/6) 

F1 donor mice. CD25-depletion was performed on female C57BL/6 mice using PC61 anti-

CD25 depleting monoclonal antibody (1mg/mouse) on days -9 -1 and +5 post-transplant. 

 A. The percentages of donor CD45.2
+
 cells were measured in the peripheral blood by flow 

cytometry in CD25
+
 T cell depleted and non-depleted mice after one and two weeks post-

transplant. 

B. The proportions of CD4
+
CD25

+
FoxP3

+
 T cells were measured in the peripheral blood of 

depleted and non-depleted mice by flow cytometry. The plots represent the proportion of 

Treg cells gated on the total CD4
+
 T cell population.  

Data presented are pooled from two separate experiments of identical design with n=4 mice 

per group.  
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5.2.3 High-Dose Irradiation Facilitates Expansion of Donor 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) F1 and female BALB.B transplanted after one, two and 

four weeks post-transplant and analysed for the expression of donor congenic markers 

(as described in Figure 4.8 and Chapter 2 Section 2.4.5 and Section 2.10). 

In the male C57BL/6 transplanted mice irradiated with 400cGy or 600cGy the majority 

of the total Treg 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 weeks post-transplant the total Treg cell population had been 

replaced by cells positive for the donor congenic marker (65% in 400cGy chimeric 

mice and 49% in the 600cGy chimeric mice) (Figure 5.9). Our data further suggests 

that in the male bone marrow transplantation model the early expansion of the total 

Treg cell population is comprised of Treg cells are from the recipient.  
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Figure 5.9: The early expansion of Treg cells in male C57BL/6 transplanted 

female mice are from the host. 

A-B. Female C57BL/6 mice were irradiated with 400cGy (  ) (A) or 600cGy (  ) (B) 

and subsequently transplanted with 5x10
6
 male C57BL/6 bone marrow cells harvested 

from femurs and tibiae. The proportions of Treg cells were measured by flow 

cytometry in the peripheral blood of recipient female C57BL/6 mice after one, two, 

and four weeks post-transplant. The plots represent the proportion of donor Treg cells 

gated on the total CD4
+
 T cell population. The percentages of male C57BL/6 Treg cells 

were measured for the expression of the donor congenic marker CD45.1
+
 within the 

Treg cell population measured from the peripheral blood of transplanted mice. 

Cumulative data presented are pooled from two experiments of identical design. n=4 

mice per group. 
















































































































































