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Chapter 1:  Introduction 
 

 

1.  Immune tolerance 
 

A hallmark of the immune system is that an immune response is mounted to foreign antigens 

only, at least under normal physiological conditions. This implies that our immune system is 

able to discriminate between self and foreign (non-self). This ability is essential, as the 

outcome of an inappropriate response to self-molecules can be fatal. The avoidance of 

destruction of self-tissues is referred to as self-tolerance. Although mechanisms to avoid self-

destruction exist both in the innate and adaptive immunity, the T cell arm of the adaptive 

immune system plays the most critical role. To this end, T cells have elaborated an elegant 

mechanism by which the T cell receptor recognizes foreign antigens presented in the context 

of self-MHC molecules on the membrane of a cell. The ability of T cells to recognize both 

self-structures and foreign antigens, makes them particularly important in the maintenance of 

self-tolerance.  

A distinction is made between central and peripheral tolerance. Central tolerance takes place 

in the thymus, whereas peripheral tolerance deals with self-reactive T cells in peripheral 

lymphoid organs 1.  

 

 

1.1 Central tolerance 

 

The primary mechanism of T-cell tolerance induction takes place during T cell development 

in the thymus 2. T cell precursors arising from hematopoietic stem cells in the bone marrow 

will migrate to the thymus for their further maturation. Once arrived in the thymus, these pre-

T cells start with the random development of any possible TCR. Many of these receptors do 

not recognize self-MHC molecules or are potentially reactive to self-antigens (autoreactive). 

Therefore, developing T cells go through a process of both positive and negative selection 3. 

During positive selection, T cells with a TCR unable to recognize self-MHC molecules 

expressed on the surface of thymic epithelial cells will die by neglect, whereas T cells bearing 

receptors that show sufficient affinities for self-MHC molecules will survive 4. In this way, 
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only T cells whose TCRs have the potential to recognize peptides presented by self-MHC 

molecules are allowed to enter the periphery. During the next phase of negative selection, T 

cells with a very strong affinity for MHC and self-antigens are clonally eliminated. Self-

antigens, that mediate negative selection, are expressed both by bone marrow derived 

dendritic cells as well as by thymic epithelial cells. In the end, only 2-5% of the original T cell 

precursors leave the thymus as mature T cells 5.  

 

 

1.2 Peripheral tolerance 

 

Despite the rigorous nature of negative selection, some T cells with a receptor specific for 

self-molecules can escape clonal deletion. Considering that these potentially autoreactive T 

cells make it out to the periphery, and yet autoimmunity is a relatively rare event, it is clear 

that these T cells must be dealt with outside the thymus. Peripheral mechanisms that avoid the 

development of immune responses towards self-antigens include anergy, deletion and 

suppression 1;6.  

 

 

1.2.1 T cell activation and anergy 

 

T cell anergy is a tolerance mechanism in which the lymphocyte is intrinsically functionally 

inactivated following an antigen encounter, but remains alive for an extended period of time 

in a hypo-responsive state. A variety of functional limitations characterize the anergic state, 

including a diminished cell proliferation, cell differentiation, and cytokine production 7. 

 

Antigen-induced T cell hypo-responsiveness was first demonstrated in vitro by the pulsing of 

T cell clones reactive against influenza hemagglutinin with antigenic peptide in the absence of 

any other cell 8. Addition of an “accessory cell” during the T cell priming, on the other hand, 

elicited an immunological response characterized by proliferation and cytokine production. 

These results suggested that these “accessory cells” possess special characteristics necessary 

for the adequate presentation of antigen that are lacked by T cells on their own. These 

accessory cells are referred to as antigen presenting cells (APCs). Other experiments 
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supported the hypothesis that a second signal, distinct from the TCR-MHC/peptide 

interaction, was given from the APC to the T cell. Ligation of the TCR with purified 

MHC/peptide complexes immobilized in artificial lipid bilayers also induced hypo-

responsiveness rather than T cell activation 9. Taken together, it appeared that antigen 

presentation in the absence of APCs somehow alters exposed T cells in a way that they 

become hypo-responsive to the antigen, even when the antigen is subsequently presented in 

the proper context. Over the past decade it became clear that APCs express surface molecules 

that give additional non-specific interactions necessary for T cell activation 10. Thus, besides 

the interaction between the TCR and the antigen-MHC complex, T cells require stimulation of 

co-stimulatory receptors in order to become fully activated. Antigen recognition in the 

absence of adequate co-stimulatory signals can render T cells hypo-responsive and thus 

anergic 11.   

 

Over the past decade, numerous T cell co-stimulatory receptors and their ligands on APCs 

have been identified. Among these are at least two classes of costimulatory molecules. The 

first class includes members of the B7 – CD28 superfamily 12;13. The best characterized co-

stimulatory receptor is CD28, a member of the Ig superfamily. CD28 is essential for priming 

of naïve T cells and has two ligands, CD80 (B7.1) and CD86 (B7.2) which are expressed on 

APC (Figure 1.1). Signaling through CD28 induces T cell proliferation, promotes T cell 

survival and induces the production of T cell cytokines. CD28 co-stimulation also induces T 

cell expression of another Ig superfamily molecule, termed inducible co-stimulator (ICOS), 

allowing a second level of co-stimulation by APC-expressed ICOSligand. Unlike CD28 

which is constitutively expressed on T cells, ICOS is only expressed on activated T cells. This 

implicates an important role for ICOS in the activity of effector T cells rather than naïve T 

cells 14. Another receptor homolog to CD28 is CTLA-4 (CD152). CTLA-4 expression is like 

ICOS expression not detected on naïve T cells, but is induced after T cell activation. Although 

both CD28 and CTLA-4 share binding to CD80 and CD86, signaling through CTLA-4 

delivers an inhibitory signal to the T cell and therefore plays a role in the attenuation of 

immune responses 15. The balance between CD28 and CTLA-4 co-stimulation can direct the 

outcome of adaptive immune responses. 

The second major class of co-stimulatory receptors includes members of the tumor necrosis 

factor (TNF) receptor family, with CD40 being the most important one 16. CD40 is expressed 
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on the membrane of APC and interacts with CD40L (CD154) on T cells. The CD40-CD40L 

interaction results in the enhancement of the stimulatory capacity of the APC by increased 

antigen presentation, cytokine production and the induction of CD80 expression and 

upregulation of CD86 expression.  

Apart from the aforementioned co-stimulatory interactions, many others have been described 

recently, all of which play a role in determining the fate and the intensity of the T cell 

response. The functional roles of these co-stimulatory receptors and counter-receptors are not 

discussed here, but have recently been reviewed 12;13;16.  

 

In addition to T cell activation with inadequate co-stimulation, it has also been shown that 

altered peptide ligands can promote the induction of anergy 17. These altered peptide ligands 

display slight structural differences from agonist peptides and still have the ability to engage 

TCR, but they do not induce full T cell activation. As a consequence, engagement of these 

altered peptides results in the induction of a hyporesponsive state, i.e. the T cell failing to 

become fully activated upon subsequent encounter with the agonist peptide. Lastly, it has 

been shown that low doses of agonist peptide also can induce T cell anergy 18.   
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APC

 
 
 
 
Figure 1.1: T cell activation 
T cells interact with their TCR with a specific peptide/MHC complex on the membrane of an 
APC. Low constitutively levels of CD80 and CD86 on the APC interact with CD28 on the T 
cell inducing upregulation of CD40L and CTLA-4. CD40L in turn binds to CD40 on the 
APC, enhancing the CD80/CD86 expression and reinforcing the CD28/CD40 positive 
feedback loop. Interaction of CD80 and CD86 with CTLA-4 delivers an inhibitory signal that 
plays a role in the termination of a T cell response. CD28 costimulation also induces T cell 
expression of ICOS, allowing a second level of costimulation by APC-expressed ICOSL. 
Other costimulatory and inhibitory molecules regulated by the initial costimulatory signals 
can further direct the specific outcome of the interaction between the T cell and APC. 
Costimulatory interactions can be blocked experimentally in order to induce T cell tolerance. 
The CD28-CD80/CD86 interaction can be blocked by antagonistic anti-CD28, anti-CD80 or 
anti-CD86 mAbs or by CTLA-4Ig. The CD40-CD40L interaction can be blocked by 
antagonistic anti-CD40L and anti-CD40 mAbs or by CD40Ig.  
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1.2.2 T cell deletion 

 

Although clonal deletion is the major mechanism of self-tolerance induction during T cell 

development in the thymus, mature T cells in the periphery can also be deleted under certain 

conditions. Evidence for peripheral deletion comes from experimental models in which T 

cells are chronically exposed to antigens 19-21. Chronic activation of T cells resulted in their 

specific elimination, whereas a short antigen exposure led to an immune response and 

memory cell development. These experimental results support a model of self/non-self 

recognition that is based on the persistence of antigen. Autoreactive T cells that encounter 

persistently expressed self-antigens in the periphery will undergo clonal elimination while T 

cells that recognize a transiently expressed antigen, such as an environmental antigen, will be 

spared. 

Of note, in the presence of persistent antigen, a T cell may also be rendered anergic rather 

than being clonally deleted. The underlying conditions that determine the fate of chronically 

stimulated T cells are still incompletely understood. However, there is increasing evidence 

that their fate is determined by the strength of the interaction between the TCR and the 

peptide/MHC complex. Continuous exposure of low doses of antigen (weak TCR signal) 

would result in T cell deletion whereas persistence of a strong TCR signal would induce T 

cell anergy 20;22. 

 

 

1.2.3 Regulatory T cells 

 

In addition to the mechanisms of T cell deletion and anergy that physically eliminate or 

functionally inactivate potentially harmful autoreactive lymphocytes, there is accumulating 

evidence that regulatory T cells (Treg cells) actively suppress the activation and expansion of 

self-reactive T cells. There are two main subsets of Treg cells, which differ in terms of 

induction and effector mechanisms. One subset develops during the normal process of T cell 

maturation in the thymus and is referred to as “naturally occurring” 23. The second subset of 

“adaptive” Treg cells develops as a consequence of activation of peripheral T cells under 

particular conditions of sub-optimal antigen exposure and/or co-stimulation 24;25. 
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- Naturally occurring Treg cells (nTreg cells) 

 

The phenomenon of Treg cells able to actively suppress autoimmune disease dates back to the 

late 1960s. At that time it was observed that removal of the thymus (thymectomy) of mice on 

the third day of life resulted in the development of organ-specific autoimmunity 26. However, 

this did not happen when thymectomy was performed as early as day 2 or as late as day 7 of 

life. Moreover, the development of autoimmunity in day 3 thymectomized animals could be 

prevented by reconstitution of these animals with adult spleen cells, provided that the adult 

donor animal had not undergone a thymectomy on day 3. These early studies demonstrate 

kinetic differences in the populations of T cells emigrating from the thymus before and after 

the third day of life and indicate that from day 3 on, a population of T cells is induced that can 

actively downregulate the activity of autoreactive T cells.    

It was not until the mid-1990s that serious scientific attention was given to the role of Treg 

cells in the prevention of autoimmunity. In 1995, a subpopulation of CD4+ T cells 

(approximately 10%) was identified that constitutively expressed high levels of a subunit of 

the IL-2 receptor (CD25) 27. Depletion of these CD4+CD25+ cells from adult spleen cells and 

subsequent transfer of the resulting CD25- cells to immunocompromised mice induced 

autoimmunity in a wide spectrum of organs, similar as seen in animals that underwent a 

thymectomy on day 3. On the other hand, co-transfer of a small number of CD4+CD25+ T 

cells with CD25- T cells completely prevented the development of autoimmunity 28. 

Since the identification of CD25 as a surface marker to define a subpopulation of T cells with 

regulatory characteristics, there has been an extensive body of interest in T cell-mediated 

suppression as a key mechanism of self-tolerance and immune regulation. At present, many 

additional markers to identify Treg cells have been described, including CTLA-4, CD39, 

CD103, CD62L, IL-4R and GITR. It should be noted that none of these surface markers are 

exclusively expressed by Treg cells. CD25, for example, is also expressed by activated 

conventional T cells. Thus, in spite of very intensive endeavors, an exclusive surface marker 

for Treg cells has not yet been identified. However, the intracellular transcription factor 

Foxp3 was recently found to be selectively expressed by Treg cells in mice 29;30. Foxp3 

appears to be a master control gene for the development and function of the CD4+CD25+ 

Treg cells. Mutations in the Foxp3 gene are responsible for the X-linked lymphoproliferative 
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disease in scurfy mutant mice, and for the IPEX syndrome in humans (X-linked 

immunodysregulation, polyendocrinopathy, enteropathy syndrome) 31-33.      

The mechanism by which naturally occurring Treg cells inhibit an immune response and 

proliferation of T cells is unclear: in vitro, cell-cell contact between the Treg cell and the 

effector T cell is required, whereas in vivo studies suggest a role for the inhibitory cytokines 

IL-10 and/or TGF-β 34. Moreover, some studies demonstrate a direct suppressive effect on 

effector cells, while others state that Treg cells abrogate the antigen presenting capacity of 

APCs or promote the secretion of suppressive factors by the APCs 34. Finally, some reports 

suggest that Treg cells can alter the differentiation of other T cells. For example, CD4+ 

effector T cells can differentiate into IL-10- or TGF-β-producing adaptive Treg cells in the 

presence of natural Treg cells. There is accumulating evidence that Treg cells may depend on 

many suppressive mechanisms working in concert 35 to control immune responses. It has been 

suggested that immune responses with low-grade inflammation can be controlled by Treg 

cells independently of IL-10 and TGF-β whereas these cytokines are required to control more 

acute inflammation 34;36. Furthermore, in some disease settings, it has been shown that when 

one suppressive mechanism is blocked, alternative mechanisms may compensate 34. 

Therefore, Treg cell function may not depend on one particular mechanism. 

 

       

- Adaptive or induced Treg cells (aTreg cells) 

 

In addition to nTreg cells many other populations of regulatory cells have been described. In 

contrast to nTreg cells, which develop in the thymus as a discrete T cell population, adaptive 

Treg (aTreg) cells are generated from conventional T cells under certain conditions of 

antigenic stimulation.  

A major type of adaptive CD4+ Treg cells are Tr1 cells 25. These cells are defined by their 

specific cytokine production profile, which includes the secretion of high levels of IL-10 and 

TGF-β, and their ability to suppress T cell responses via a mechanism dependent on these 

cytokines. No specific surface markers have yet been identified. Tr1 cells not only use IL-10 

as an immunosuppressive cytokine to exhibit their regulatory function, it is also considered to 

be the major driving force for their generation. Originally, Tr1 cells were generated by 

chronic stimulation of conventional CD4+ T cells in the presence of IL-10 37. Subsequent 
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studies demonstrated that activation of T cells in the presence of vitamin D3 and 

dexamethasone also induced Tr1 cells via stimulation of autocrine IL-10 production 38. 

Finally, dendritic cells (DCs) also seem to play a decisive role in the induction of Tr1 cells. 

Activation of conventional CD4+ cells with immature DC or with DC treated with IL-10 or 

TFG-β can result in the generation of Tr1 cells 39;40. Moreover, T cell interaction with a 

subtype of immature DCs, called plasmacytoid DCs (pDC), has been shown to polarize T 

cells towards regulatory activity 41.  

Recently, another major subset of aTreg cells has been described. This subset is induced by 

the activation of conventional CD4+ T cells in the presence of TGF-β, and expresses Foxp3 
42;43. These TGF-β-converted CD4+Foxp3+ T cells exhibit cell-contact-dependent suppressor 

activity in vitro, and therefore seem to have similar properties as nTreg cells derived from the 

thymus. The relative importance of these cells to the contribution of the peripheral pool of 

CD4+CD25+Foxp3+ Treg cells is not known up to now.   

Finally, in vitro priming of human T cells by allogeneic APCs in the presence of 

costimulatory blocking molecules interfering with both the CD28-CD80/CD86 and the CD40-

CD40L pathways has been shown to induce regulatory T cells 44.  

Taken together, the above studies suggest that antigen presentation under certain conditions, 

presumably in the presence of immunosuppressive cytokines or in the absence of proper DC 

activation and thus optimal costimulation, results in the generation of adaptive suppressor 

rather than effector T cells.  
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Figure 1.2: Generation of nTreg and aTreg cells.  
nTreg cells (Foxp3 positive) develop in the thymus during the normal process of T cell 
maturation. aTreg cells (Foxp3 positive or Foxp3 negative) develop as a consequence of 
peripheral activation of conventional T cells under certain conditions of antigen stimulation.  
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2. Tolerance induction to foreign antigens 
 

Evidence strongly suggests that self-tolerance is a dynamic process that continuously must be 

reinforced. New self-antigens appear throughout life, for example antigens associated with 

physiological changes, such as puberty and pregnancy. Therefore, tolerance must be a learned 

process so that the immune system can induce tolerance towards newly arising self-antigens 

which otherwise would have the potential to cause autoimmunity.  

Thanks to this adaptive and dynamic nature of immune tolerance it is possible for the immune 

system to become tolerized to antigens of interest, for example to allo-antigens after organ or 

cell transplantation. In this specific case, tolerance denotes a state of hypo-responsiveness to 

the donor graft, with normal responses to other antigens. Numerous approaches to induce 

tolerance have been developed in experimental animal models, many of which make use of 

the aforementioned mechanisms responsible for self-tolerance. One of these strategies is the 

blockade of co-stimulatory molecules that are necessary for an optimal T cell activation.  

 

 

2.1 Immunological basis of alloresponses  

 

Our immune system has developed effective mechanisms to protect ourselves from attacks by 

foreign organisms, and these very same mechanisms are responsible for the rejection of grafts 

from genetically disparate individuals. T cells play a central role in transplant rejection, as 

illustrated by the failure of nude mice, which lack a thymus and consequently functional T 

cells, to reject allografts. The primary antigens responsible for rejection of genetically 

different tissues are allogeneic MHC molecules. However, graft rejection can also occur when 

MHC-matched tissues are transplanted. The latter is due to the recognition of minor HC 

antigens, peptides derived from allelically polymorphic proteins, other than MHC molecules.   

Alloantigens can be recognized by T cells via two different, but not mutually exclusive, 

pathways: the direct and the indirect pathway 35;45. The direct pathway involves the direct 

stimulation of T cells by intact allo-MHC molecules expressed on the membrane of allogeneic 

APCs. In contrast, in the indirect pathway peptides derived from the catabolism of allo-MHC 

molecules are presented by self-MHC on the membrane of self-APCs, in a fashion similar to 

the normal process for the presentation of bacterial or viral antigens. Evidence suggests that 
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the direct pathway is predominantly responsible for the vigorous immune response in acute 

rejection, whereas the indirect pathway may have a dominant role in chronic rejection 45. 

 

 

2.2 Transplantation tolerance by costimulation blockade 

 

Since T cells play a crucial role in allograft rejection, therapies to induce transplantation 

tolerance have up to now mainly focused on dampening alloreactive T cell responses. The 

discovery that T cells require co-stimulatory interactions to become optimally activated has 

prompted researchers to consider co-stimulatory blockade as a way of manipulating these T 

cell mediated responses 46.  

 

Blockade of the CD28 co-stimulatory pathway (see 2.2.1) can be achieved with specific 

monoclonal antibodies (mAb) (anti-CD80 and anti-CD86) or with a soluble CTLA4-Ig fusion 

protein (Figure 1.1). This protein consists of the extracellular domain of CTLA-4 fused to an 

Ig heavy chain tail. CTLA4-Ig takes advantage of the higher affinity of CTLA-4 for 

CD80/CD86 compared to CD28 and, as a consequence, out-competes CD28 for binding to 

CD80 and CD86 47.  

The first studies using CTLA4-Ig in the context of transplantation were performed in 1992 48. 

In mice with chemically induced diabetes, human pancreatic islets were transplanted under 

the kidney capsule. Without further treatment these mice readily rejected the transplanted 

islets and diabetes recurred. However, when the transplanted mice received daily injections of 

CTLA-4Ig for 14 days, starting at the time of transplantation, indefinite allograft survival and 

normal blood glucose levels could be induced. Moreover, after removal of the islet-bearing 

kidney, islets injected under the contralateral kidney capsule could rescue the mouse from 

diabetes only if the islets came from the original donor. Islets from a different human donor 

were once again promptly rejected. These studies suggest that the animals appear to have been 

specifically tolerized to tissues from the original donor. Around the same time, another 

research group demonstrated that treatment with CTLA-4Ig during a similar time period could 

substantially prolong the survival of cardiac allografts in rats 49. However, in their model, no 

tolerance could be induced and the animals rejected the allografts some days after the 

treatment. Subsequent studies extended these original findings. Administration of donor 
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splenocytes (donor specific transfusion, DST) at the time of cardiac transplantation, followed 

by a single dose of CTLA-4Ig 2 days later, led to long-term allograft survival and antigen-

specific tolerance in rats 50. Other studies showed that tolerance in mice, in contrast to rats, 

was easily inducible towards cardiac allografts by a 12-day treatment with CTLA-4Ig without 

the need of DST 51. 

By now, many investigators have shown that blocking of the CD28-mediated T cell co-

stimulatory pathway can induce transplantation tolerance in different experimental rodent 

models. In general, tolerance induction requires one or two strategies: either long term 

administration of CTLA-4Ig (2 to 3 weeks) or a single dose of CTLA-4Ig in combination with 

DST. Likely, DST increases the stimulation of host reactive T cells and, in a context of a 

tolerogenic setting, enhances tolerance induction. In the absence of either of these 

interventions tolerance is not reliably achieved. Moreover, permanent tolerance towards fully 

MHC-mismatched skin grafts is not reliably achieved 52;53. Unfortunately, the translation of 

these impressive results from the rodent models to non-human primate models has been 

disappointing. The transplantation of allogeneic islets to primate recipients together with 

CTLA-4Ig treatment during 14 days only resulted in prolonged islet function in 2 out of 5 

monkeys 54. Similarly, in a non-human primate renal transplant model, it was shown that 

acute rejection could be delayed with CTLA-4Ig, but not prevented 55. 

 

In the mid-1990s, reports first appeared suggesting that CD40 – CD40L modulating agents 

could similarly induce long-term graft survival. Larsen et al. found that peri-operative 

treatment with anti-CD40L induced markedly prolonged survival of fully disparate murine 

cardiac allografts 56. Another research group combined this treatment with DST and could 

show that this regimen induced indefinite graft survival 57. The combined therapy with 

CD40L blockade plus DST has also been shown to prolong fully MHC-mismatched skin graft 

survival 58. However, in this case no indefinite graft survival or tolerance was reliably 

induced, unless the tolerizing regimen was performed in thymectomized animals. 

Anti-CD40L antibodies have up to now been used in many other experimental rodent models 
59;60. In all of these models anti-CD40L was able to prolong allograft survival and in some of 

them permanent tolerance could be observed. However, like CTLA-4Ig, anti-CD40L 

monotherapy cannot induce tolerance in the most “stringent” models. 
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Other studies have used a combined treatment with CTLA-4Ig and anti-CD40L to induce 

transplantation tolerance. In general, this combined treatment has synergistic effects. Larsen 

et al have tested the effect of blocking both pathways in a skin MHC-mismatched mouse 

model 52. In this model neither anti-CD40L nor CTLA-4Ig alone could prevent rejection. In 

contrast, recipients treated with both anti-CD40L and CTLA-4Ig showed a markedly 

prolonged survival. A similar treatment was also tested in a nonhuman primate model of renal 

allografts. Treatment with a combination of CTLA-4Ig and anti-CD40L could prevent graft 

rejection and maintained normal graft function for at least 6 months 55.  

 

Despite the achievement of prolonged allograft survival in non-human primates, attempts to 

apply co-stimulatory blockade for the induction of tolerance in a clinical setting have not 

succeeded. The use of anti-CD40L has been complicated by thromboembolic events, resulting 

in termination of the trials 61.    

 

 

2.3 Induction of mixed chimerism by costimulation blockade 

 

The induction of mixed chimerism is currently the most promising concept for the generation 

of transplantation tolerance. Mixed chimerism refers to the coexistence of donor and recipient 

hematopoietic cells and can be achieved after successful transplantation of donor 

hematopoietic stem cells, usually in the form of bone marrow (BM). Mixed chimerism leads 

to a robust form of tolerance, as evidenced by the permanent acceptance of fully MHC 

mismatched skin grafts in rodents 62. Furthermore, mixed chimerism is also known to induce 

tolerance in humans. Patients that had undergone conventional BM transplantations for 

hematologic reasons subsequently accepted an organ from the same donor without the need 

for long-term immunosuppression 63-65.  

Basically, mixed chimerism attempts to recapitulate natural central tolerance. In mixed 

chimeras, hematopoietic cells from both the recipient and the donor migrate to the thymus 

where they mediate the clonal deletion of both host-reactive and donor-reactive T cells by 

negative selection. Consequently, newly arising T cells in these chimeras will be tolerant 

toward both the donor and the host. As in the case of natural central tolerance, peripheral 

mechanisms of tolerance reinforcement must also play a role in these mixed chimeras since 
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presumably there is a population of cells with donor and host alloreactivity that naturally 

escaped thymic deletion.  

For the induction of mixed chimerism two barriers have to be overcome 2. First, preexisting 

mature donor-reactive T cells must be eliminated or inactivated to prevent the rejection of the 

infused donor BM. Secondly, a physiologic engraftment barrier must be overcome to reach 

sufficient levels of donor stem cell engraftment. Traditionally, preexisting recipient T cells 

were nonspecifically eliminated by destroying the entire T cell repertoire (by myeloablation 

or by global T cell depleting antibodies), which led to a period of severe 

immunoincompetence. More recently, experimental BMT protocols have used costimulation 

blockade as a method to specifically inactivate alloreactive T cells while leaving the T cell 

repertoire intact. In this way the recipient is not subjected to a period of 

immunoincompetence. The physiologic engraftment barrier is generally overcome by host 

conditioning protocols that include either irradiation or cytotoxic drug treatment. However, by 

using high doses of BM together with the administration of CTLA-4Ig and anti-CD40L, it 

became possible in animal models to successfully transplant fully MHC mismatched BM 

without any cytoreductive host treatment. Mice receiving BM according to this protocol 

showed long-lasting chimerism and donor-specific skin graft tolerance 66. 
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Chapter 2: General aims and experimental approach 

 
 

Induction of immune tolerance can potentially be used to cure autoimmune or allergic 

diseases, and to prevent detrimental responses to allo-antigens after allogeneic hematopoietic 

stem cell transplantation or solid organ transplantation. One promising approach to induce 

allo-tolerance involves the temporary inhibition of costimulatory interactions between 

antigen-presenting cells (APC) and T cells 67;68. Costimulatory signals are required for 

optimal T cell activation and are assumed to regulate T cell responses as well as other aspects 

of the immune system 13;16. T cell activation without proper costimulation can induce a state 

of antigen-specific nonresponsiveness. The most critical costimulatory signal in T cell 

activation results from the binding of the CD28 receptor on T cells with CD80 and CD86 

ligands on APC 13. Another important costimulatory interaction results from the binding of 

CD154 on activated T cells with CD40, which is constitutively expressed on APC 16. 

Experimental blocking of the CD40 – CD154 or the CD80/CD86 – CD28 costimulatory 

interactions has been shown to prolong allograft survival in rodent models 50;52;56;69-76. 

However, in nonhuman primate studies, blockade of a single pathway is not enough to induce 

tolerance and only prevents the acute rejection of solid allografts as long as the blockade is 

maintained 77. Likewise, in human mixed lymphocyte reactions, blockade of both 

costimulatory interactions is essential for the induction of non-responsiveness 78. 

Although blocking of costimulatory signals has already been shown to induce tolerance in 

several autoimmune and transplantation models, the underlying mechanisms are incompletely 

understood. Therefore, in this project, we wanted to elucidate the mechanisms responsible for 

promoting tolerance in vivo when the CD28 – CD80/CD86 and the CD40 – CD40L pathways 

are blocked. Understanding the cellular mechanisms of this type of tolerance is a prerequisite 

before clinical applications based on costimulation blockade can be set up. 

 

Previous in vitro work in the lab of Experimental Immunology has shown that human T cell 

activation by allogeneic APCs in the presence of the antagonistic monoclonal antibodies anti-

CD80, anti-CD86 and anti-CD40 results in T cell hypo-responsiveness or anergy 44. These 

anergic T cells show markedly reduced proliferative responses and produce significantly less 

amounts of cytokines (except for IL-10) upon restimulation, in comparison to control primed 
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T cells. Importantly, T cell priming under costimulation-deficient conditions not only resulted 

in general T cell hypo-responsiveness but also in the activation of a subpopulation of T cells 

that express ICOS. These ICOS positive cells produce high levels of IL-10 and have 

regulatory capacities. In fact, they suppress the proliferative response of the reciprocal ICOS 

negative cells. Furthermore, these regulatory T cells, induced by T cell stimulation in the 

absence of costimulation, could also suppress the activation of primed or naïve T cells in 

response to allogeneic triggering. Together, these data indicate that the effect of costimulation 

blockade in vitro is at least partly based on the induction of Treg cell activity.    

 

Previous in vivo studies by others have shown that allo-tolerance achieved by costimulation 

blockade is at least partly based on the deletion of allo-reactive T cell clones 79. However, this 

peripheral deletion of allo-reactive cells takes several weeks 79 and therefore, additional 

mechanisms, especially in the time frame before this deletion is complete, are likely to be 

involved. Indeed, recent studies revealed that tolerance can already be found before peripheral 

deletion of allo-reactive T cells is established 80. Hence, indirect evidence shows that non-

deletional mechanisms participate in tolerance induction in the early phase after the 

administration of costimulatory blocking agents. These results together with the in vitro data 

previously obtained in the lab of Experimental Immunology, led us to investigate a potential 

role of regulatory mechanisms in the early and late phase of tolerance, induced by 

costimulation blockade in vivo. 

 

To study the mechanisms of tolerance induction by costimulation blockade in vivo, a MHC-

mismatched mouse model of graft-versus-host disease, based on the transfer of C57BL/6 (B6, 

H2K-b) splenocytes into sublethally irradiated C57BL/6 x C3H (B6C, H2K-b/k) F1 

recipients, was developed. In this model, cells from parental origin are injected into F1 mice 

that are generated from two genetically disparate inbred strains. As a consequence, the 

parental cells will recognize the genetic component from the other parent as foreign and elicit 

an immune response against the F1 mice. The F1 hosts T cells themselves will not mount an 

immune response against either of the parental cells. 

In a first series of experiments we investigated the relative roles of the CD28-CD80/CD86 

and the CD40-CD40L pathways in the induction of GVHD. Next, the involvement of Treg 

cells and deletion of alloreactive T cells in the induction and maintenance of tolerance were 
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studied. To examine a potential role for nTreg cells, experiments were performed in which 

nTreg cells were depleted from the splenocyte inoculum to assess whether it was still possible 

to induce tolerance. In addition, experiments were performed in which the expression of 

Foxp3+ cells was analyzed on donor cells in recipient animals at different time points after 

the transfer of splenocytes. Moreover, donor-derived T cells were isolated on different days 

post splenocyte transfer from animals treated by costimulation blockade and evaluated for 

regulatory activity in vitro.    

 

Although the primary antigens responsible for alloreactivity in GVHD models are MHC 

antigens and/or minor HC antigens, another type of antigens, referred to as minor lymphocyte 

stimulating (Mls) antigens can also elicit strong T cell responses between genetically 

disparate mouse strains 81;82. These Mls antigens are the products of the open reading frame in 

the 3’ long terminal repeat of the genome of various mouse mammary tumor viruses (Mtv), 

which have, over time, been integrated in the genome of mice 83. Mls antigens are particularly 

useful tools to study tolerance and this for several reasons. First of all, Mls antigens act as 

superantigens and have therefore the unique capability of interacting with up to 30% of the T 

cells 83. Moreover, reactivity to Mls antigens is restricted to T cells expressing particular TCR 

Vβ elements. Importantly, all commonly used laboratory mouse strains are characterized by 

differences in the expression of certain Mls antigens. According to the Mls antigens 

expressed, these mice will show a deletion in corresponding reactive T cells families through 

the process of negative selection in the thymus. In our model, recipient B6C F1 mice carry the 

endogenous Mtv-6 provirus leading to the expression of Mls-3 antigens and, as a 

consequence, to thymic deletion of TCR-Vβ3-expressing T cells 84, a deletion that does not 

occur in donor B6 mice. Thus, donor TCR-Vβ3 positive T cells present in the splenocyte 

inoculum will react against Mls-3 antigens present in F1 recipient mice. Therefore, the TCR-

Vβ3 marker enabled us to identify alloreactive donor T cells and we thus could investigate 

whether costimulation blockade resulted in the specific deletion of alloreactive T cells. Since 

splenocytes contain stem cells which can give rise to the development of newly differentiated 

donor T cells in the recipient thymus, we also studied the process of tolerance induction in 

thymectomized recipients. This enabled us to specifically investigate the effect of 

costimulation blockade on transferred T cells in the splenocyte inoculum, independently of 

newly generated donor T cells.   
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Tolerance induction by costimulation blockade might offer the advantage of inducing 

tolerance to specific allo-antigens only, while normal immune responses against other foreign 

antigens and against invading micro-organisms in particular, are not affected. This is 

important since conventional immunosuppressive agents that are given to prevent 

alloreactions also induce a general state of immune deficiency, leading to a higher 

susceptibility to infections and cancer. Therefore, the specificity of tolerance induction by 

costimulation blockade was also studied.  

 

Several reports indicate that IL-10 may be important for inducing peripheral tolerance. In our 

lab, in vitro studies have shown that T cell activation in the presence of costimulation 

blockade results in the induction of regulatory T cells characterized by a high production of 

IL-10 44. In addition, others have demonstrated that repeated stimulation of T cells in the 

presence of IL-10, or with immature dendritic cells, induces regulatory T cells termed Tr1 

cells which themselves produce IL-10 and are able to inhibit T cell responses in vivo 25. These 

data point to IL-10 as a key factor for the differentiation of a subset of IL-10-producing Treg 

cells responsible for tolerance induction. Moreover, IL-10 has also been shown to play a role 

in the in vivo suppressive activity of naturally occurring Treg cells 23. We therefore wanted to 

investigate the role of IL-10 in tolerance induction by costimulation blockade in the in vivo 

model of GVHD. For this, we transferred cells derived from IL-10 knockout (KO) donor mice 

to F1 mice, and studied whether tolerance could still be induced by costimulation blockade.  
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Chapter 3: Materials and Methods 

 
 

Animals 

Six- to 8-week-old C57BL/6 (B6, H2K-b) female mice were used as donors and 6- to 8-week-

old F1 (C57BL/6xC3H) (B6C, H2K-k/b) female mice as recipients. For in vitro third party 

experiments, splenocytes from 6- to 8-week-old C3H (H2K-k) or DBA/2 (H2K-d) female 

mice were used as stimulators. For in vivo third party experiments, 6- to 8-week-old F1 

(C57BL/6xDBA/2) (B6D, H2K-d/b) female mice were used. All mice were purchased from 

Harlan (Horst, The Netherlands). In some experiments, thymectomies were performed on 

recipients 3 weeks before the transfer of donor cells. These mice were obtained from Harlan 

and thymectomies were performed by the International Microsurgical Training Centre 

(Lelystad, The Netherlands). Foxp3-GFP knock-in mice and IL-10 knock-out mice (both 

C57BL/6, H2K-b) were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All 

mice were housed in groups of maximum 5 in plastic cages, bedded with sawdust, and fitted 

with filter caps. The study protocol was approved by the animal ethics committee of the 

KULeuven that follows international guidelines.  

 

Reagents 

The hybridoma producing antagonistic anti-mouse CD154 mAb (MR1, hamster IgG) was 

obtained from the American Type Culture Collection (ATCC, Rockville, MD). Murine 

CTLA-4Ig chimeric fusion protein 85, which blocks binding of both CD80 and CD86 to 

CD28, was obtained from Innogenetics (Gent, Belgium). In some experiments human CTLA-

4Ig (Abatacept) was used (Bristol-Myers Squibb Company, Princeton, USA). A polyclonal 

hamster IgG (Rockland, Gilbertsville, PA) was used as control antibody. All treatment 

reagents were diluted in PBS. 

 

Induction of GVHD, treatment and induction of tolerance 

Recipient F1 mice were conditioned on day -1 with 7 Gy total body irradiation (TBI) using a 

linear accelerator 18 MEV photons (General Electric, Baden, Switzerland) at a dose rate of 

3.9 Gy/min with focus to midbody distance of 100 cm. On the next day (day 0), recipients 

were given donor splenocytes, administered intravenously in 250 µl RPMI 1640. The minimal 
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number of total donor splenocytes necessary to induce lethality in more than 90% of recipient 

animals was determined in preliminary experiments to be 10 x 106. This number of cells was 

used in all experiments unless otherwise indicated.    

Changes in weight, survival and peripheral blood cell counts of the animals were monitored. 

Mice were bled 14 to 21 days after splenocyte infusion. Red blood cells (RBCs) were counted 

with a Coulter Counter DN (Analis, Namur, Belgium). White blood cell (WBCs) counts and 

hemoglobin levels were analyzed using a Micros 60 Coulter (HoribaABX Diagnostics, 

Montpellier, France).  

Treated animals were injected intraperitoneally (ip) with 250 µg MR1 (anti-CD154), 500 µg 

CTLA-4Ig or both combined. Injections started on day –1 and were repeated on day 0, 4 and 

7. In some experiments, treatment was prolonged and the mice then received additional 

injections of half the amount of MR1 and/or CTLA-4Ig on day 11, 14, 17 and 21.  

Treated animals were considered to be tolerant when they showed a gradual increase in 

weight, survived long term (>60 days) and developed a stable state of mixed chimerism, and 

when donor cells present in these treated chimeric animals were silent to recipient allo-

antigens upon subsequent rechallenge in vitro or in vivo but were reactive against third-party 

allo-antigens. 

 

Detection of chimerism, quantification of host-reactive T cells, and Foxp3 staining 

At different intervals after cell infusion, peripheral blood lymphocytes and/or spleen cells 

were studied by flow cytometry using a FACSort or a FACSCanto (BD Biosciences, 

Erembodegem, Belgium). The cells were stained with anti-H2K-b (AF6-88.5), anti-H2K-k 

(36-7-5), anti-CD3 (145-2C11), anti-CD4 (RM4-5), anti-CD25 (PC61), anti-CD44 (IM7), 

anti-TCR-Vβ3 (KJ25), anti-TCR-Vβ8.3 (1B3.3) mAb conjugated with fluorescein 

isothiocyanate (FITC), phycoerythrin (PE) or peridinin chlorophyll protein (PerCP) (BD 

Biosciences or eBioscience, San Diego, CA, USA). Foxp3 (FJK-16s) staining was performed 

according to the protocol of the Treg staining kit from eBioscience. 

 

Mixed lymphocyte reaction 

A total of 2 x 105 responder T cells (isolated from spleen and inguinal and axillary lymph 

nodes) were plated in flat-bottom 96-well culture plates with 2 x 105 irradiated (10 Gy) spleen 

stimulator cells in a final volume of 200 µl. T cells were isolated with magnetically activated 
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cell sorting (MACS) following a negative selection procedure (Miltenyi Biotec, Bergisch 

Gladbach, Germany). After 96 hours of incubation at 37°C and 5% CO2, cultures were pulsed 

with 1 µCi [3H]thymidine per well and harvested 16 hours later. Triplicate cultures were set 

up for every condition tested. Culture medium was RPMI 1640 supplemented with 10% fetal 

calf serum, 2 mmol/l L-glutamine, 50 µmol/l 2-mercaptoethanol, 100 U/ml penicillin, and 100 

µg/ml streptomycin (all from Cambrex, East Rutherford, NJ, USA). Results are expressed as 

counts per minute (cpm). 

 

Adoptive transfer experiments 

One hundred twenty days after the transfer of donor splenocytes to B6C F1 recipients, donor-

type cells were purified by H2K-k negative selection from tolerized mice with MACS. For 

this, splenocytes were pre-incubated with anti-H2K-k-PE (BD Biosciences) and afterwards 

anti-PE labelled microbeads were added according to the instructions of the manufacturer 

(Miltenyi Biotec). For optimal depletion of recipient-type cells, a LD MACS magnetic 

column was used. The efficiency of the depletion using this procedure was assessed by flow 

cytometry. Purified donor-type cells were subsequently transferred to naive secondary B6C 

F1 recipients or to B6D F1 recipients. 

 

Depletion of CD25+ cells and isolation of CD4+ and CD8+ T cells 

Depletion of CD25+ cells from donor cell suspensions was achieved by MACS. Cells were 

pre-incubated with anti-CD25-PE before anti-PE labelled microbeads were added according 

to the instructions of the manufacturer (Miltenyi Biotec). For optimal depletion, a LD MACS 

magnetic column was used. The purity of the depletion using this procedure, assessed by flow 

cytometry, was more than 98%. CD4+ T cells and CD8+ T cells were isolated from pooled 

splenocytes and lymph node cells (isolated from cervical, axillary, brachial, inguinal and 

mesenteric lymph nodes). CD4+ cells were isolated by positive selection using CD4 

Dynabeads (L3T4) and CD4 DETACHaBEADS (Invitrogen, Merelbeke, Belgium). CD8+ T 

cells were isolated using a negative selection kit from Miltenyi Biotec. All cells were isolated 

according to the manufacturer’s instructions. The purity of the isolations was more than 94%.  
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Assessment of de novo induction of Foxp3+ cells 

Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, FACS-

sorted (FACSVantage, BD Biosciences) GFP negative splenocytes (3 x 106 cells) from 

Foxp3-GFP knock-in mice were i.v. injected. The purity of the depletion of GFP positive cells 

was more than 99.5%. On day -1, 0, 4, 7 and 11 recipient mice were treated with CTLA-4Ig 

and MR1. On day 12 post cell transfer, splenocytes from recipient animals were analyzed by 

FACS for the presence of GFP positive cells.   

 

Histology  

Tissue samples of the lung, liver, bowels, skin, kidneys and stomach were removed and fixed 

in 10% buffered formalin. Paraffin-embedded sections were stained with Hematoxylin & 

Eosin. GVHD-related lesions were assessed by using light microscopy under x 20-100 

magnification.  

 38 



Chapter 4: Development of a parent-in-F1 model of 

graft-versus-host disease 
 

 

4.1 Introduction 

 

To study the mechanisms of tolerance induction by costimulation blockade in vivo, a parent-

in-F1 mouse model of graft-versus-host disease (GVHD) was developed. GVHD represents a 

special situation in transplantation immunology in which immunocompetent donor cells are 

engrafted into allogeneic recipients whose immune system is incapable of rejecting them 86. 

Because the donor and the recipient are not genetically identical, the grafted lymphocytes 

become activated, secrete cytokines, proliferate, differentiate into effector cells and attack the 

host, eventually causing a high rate of morbidity and mortality of the recipients. GVHD is a 

common manifestation associated with hematopoietic stem cell transplantation, but also solid 

organ transplants 87;88, blood transfusions 89, and maternal-fetal transfusions 90 can cause 

GVHD.  

Clinically, GVHD has an acute and a chronic form. Acute GVHD is characterized by damage 

to the skin, liver and the gastrointestinal tract, whereas chronic GVHD had more diverse 

manifestations and can resemble autoimmune syndromes. Generally, acute GVHD develops 

in a relatively early stage after transplantation as compared to chronic GVHD. Acute GVHD 

is sometimes accompanied with bone marrow aplasia. This disease manifestation is referred to 

as transfusion-associated GVHD and is a complication of transfusion of cellular blood 

components that contain few hematopoietic stem cells.  

An experimental model that is often used to study GVHD is the parent-in-F1 model. In this 

model, cells from parental origin are injected into F1 mice that are generated from two 

genetically disparate inbred strains. The injected donor lymphocytes will recognize the 

genetic component from the other parent as foreign and consequently generate an immune 

response against the F1 mice, whereas the F1 hosts themselves will not mount an immune 

response against either of the parents. In this way, the model offers the advantage to study 

alloreactivity in one direction, from the donor towards the F1 hosts, without the complication 

of donor cell rejection due to immune reactivity from the host towards the donor.  
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4.2 Specific aims: 

 

- To develop a major MHC-mismatched GVHD model suitable for the study of the 

mechanism of immune tolerance by costimulation blockade 

- To investigate the role of irradiation and donor cell composition on the induction and type 

of GVHD  

 

4.3 Transfer of parental splenocytes to sublethally irradiated F1 recipients induces a 

lethal graft-versus-host reaction that targets the hematopoietic system  

 

Parental B6 splenocytes were injected intravenously in sublethally (7 Gy) irradiated B6C F1 

mice (Figure 4.1). Transferring a high (50 x 106) or a low (10 x 106) amount of parental 

splenocytes induced weight loss and hunching in all recipient animals. Transferring 50 x 106 

splenocytes resulted in similar clinical signs but an earlier onset of the disease. In all 

subsequent experiments a dose of 10 x 106 splenocytes was used. The various control groups 

included F1 recipient mice that were irradiated only, non-irradiated F1 recipients injected with 

parental splenocytes (data not shown), and irradiated F1 recipients that received recipient-type 

(syngeneic) splenocytes after irradiation. All animals from control groups showed a gradual 

increase in weight and remained without any clinical sign of disease.  

The diseased animals suffered from a severe blood cytopenia. When they were sacrificed 18 

days after splenocyte transfer and analysed for peripheral blood cell counts, there was a 1.3-

fold reduction in WBC and a 2.5-fold reduction in RBC counts compared to animals that were 

irradiated only (Table I).  Serum hemoglobin levels were reduced 2.6-fold. Histological 

analysis revealed a marked disruption of the splenic architecture with complete depletion of 

lymphoid elements. Large activated lymphoid cells were present in the blood. In most of the 

diseased animals, no GVHD-related lesions were found in the skin, stomach, lungs, intestines 

or liver. However, animals that survived more than 30 days after the transfer of donor 

splenocytes, started to show infiltrates of lymphoid cells in their skin. Control recipient mice 

that were irradiated but did not receive donor splenocytes, also showed a reduction in cell 

counts, but the degree of pancytopenia was much less pronounced (Table I), and they 

survived with a gradual recovery of their hematopoeietic system. These results indicate that 
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transfer of parental splenocytes to sublethally irradiated F1 recipients induces a lethal GVHD 

that primarily targets the hematopoietic system.  
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Table I. Peripheral blood counts in B6C F1 mice: effect of irradiation and B6 splenocyte 

transfer 

 WBC countsa

(x 106/ml) 
RBC countsa

(x 109/ml) 
Hb contenta

(g/dl) 
Untreated (n = 3) 8.22 ± 0.87 10.75 ± 0.42 13.97 ± 0.09 

7 Gray total body 
irradiation only (n = 5)

1.50 ± 0.10 4.97 ± 0.53 6.41 ± 1.00 

irradiation + transfer of 
splenocytesb (n = 5) 

1.19 ± 0.04 1.93 ± 0.26 2.42 ± 0.39 

        aData presented are means ± standard error 
 
bB6C F1 mice underwent 7 Gray total body irradiation and were injected with 10 x 106 B6 
splenocytes  
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Figure 4.1 Transfer of parental splenocytes in irradiated F1 animals causes a lethal 
GVHR 
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, recipient 
animals were injected i.v. with either 10 x 106 B6 splenocytes (- -) or 50 x 106 B6 
splenocytes (- -). Control groups consisted of recipient B6C F1 that were irradiated without 
splenocyte transfer (- -) and B6C F1 mice that were injected with 50 x 106 syngeneic 
splenocytes without previous irradiation (- -). Mean relative weights (A) (relative to day 0) 
and percentage of survival (B) are shown (n = 4 in each group).  
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4.4 Cotransfer of a high dose of donor hematopoietic stem cells with donor T cells 

prevents pancytopenia but results in the induction of typical GVHD-related epithelial 

lesions 

 

We hypothesized that the lack of typical histological GVHD symptoms was related to the 

aggressiveness of the disease and the early mortality of the recipient animals. In an attempt to 

prevent the lethal bone marrow aplasia that occurred after the transfer of donor B6 

splenocytes, bone marrow (BM) cells from donor origin (B6) or recipient origin (B6C F1) 

were co-injected with donor T cells. BM cells are rich in hematopoietic stem cells and 

therefore we hypothesized that, if the recipient is rescued from the early phase of 

pancytopenia, typical GVHD would occur.  

Transfer of T cells (5 x 106) alone into sublethally irradiated F1 recipients induced early 

mortality characterized by severe pancytopenia. No typical GVHD-related histological lesions 

were found. Addition of BM cells from recipient origin to the cell inoculum resulted in a 

slight extension of the survival period (Figure 4.2) but could not prevent lethal pancytopenia 

(data not shown). On the other hand, co-injection of BM cells from donor origin clearly 

extended the survival period of the recipient animals (Figure 4.2). These animals did not die 

of pancytopenia and marrow aplasia. On the other hand, they developed typical GVHD-

related lesions in the skin and the forestomach (Figure 4.3).      

These results show that addition of donor hematopoietic stem cells to the donor cell inoculum 

prevents lethal pancytopenia and induces typical GVHD-related lesions. The failure of 

recipient BM cells to rescue animals from pancytopenia is probably because these cells were 

also the targets of the co-injected allogeneic donor lymphocytes. 
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Figure 4.2  Cotransfer of a high dose of allogeneic BM cells but not of syngeneic BM 
cells, together with allogeneic T cells extends survival of recipient animals 
 
Recipient B6 and B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, 
recipient B6 animals were injected with syngeneic 5 x 106 B6 T cells (- -) and recipient B6C 
F1 animals were injected i.v. with either 5 x 106 B6 T cells (-▲-), 5 x 106 B6 T cells together 
with 10 x 106 B6 bone marrow cells (- -) or with 5 x 106 B6 T cells together with 10 x 106 
B6C F1 bone marrow cells. (-♦-). On day 36, surviving mice were sacrificed for histological 
analysis. Mean relative weights (A) (relative to day 0) and percentage of survival (B) are 
shown (n = 5 in each group).  
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Figure 4.3 GVHD-related lesions in the forestomach of recipient F1 mice that received 
parental allogeneic T cells together with parental allogeneic BM 
 
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, recipient 
B6 animals were injected i.v. with 5 x 106 B6 T cells together with 10 x 106 B6 bone marrow 
cells. On day 36, organs were removed from surviving mice for H&E staining and 
histological analysis. A representative histological section of the forestomach is shown. The 
picture shows infiltration of lymphoid cells and the presence of diskeratotic cells in the basal 
layer of the forestomach.  
 

 46 



4.5 Irradiation of recipient animals is not required when high numbers of donor T cells 

are transferred  

 

We next wondered whether irradiation of the recipient animals was an essential prerequisite 

for the induction of GVHD. We hypothesized that if the hematopoietic system is less 

damaged by the conditioning regimen, no lethal pancytopenia would develop and instead 

these animals would suffer from typical GVHD histological symptoms. To study this, a high 

(25 x 106) and a low amount (5 x 106) of purified donor T cells was transferred into non-

irradiated F1 animals and at different time points after the cell transfer their peripheral blood 

was analyzed. Whereas none of the animals transferred with 5 x 106 T cells developed clinical 

signs of disease, all the animals that received 25 x 106 T cells gradually lost weight and died 

within 19 days (Figure 4.4 A). FACS analysis on the peripheral blood of animals that received 

the high dose of T cells revealed a gradual increase over time in the percentage of T cells 

from donor origin (Figure 4.4 B). In addition, a severe pancytopenia could be observed 

(Figure 4.5). In contrast, recipients of the low dose of T cells did not show an increase in the 

percentage of donor T cells and they only had an early minor reduction in their peripheral 

blood cell counts (Figure 4.5). In these animals, no cell of donor origin could be traced in the 

peripheral blood at late time points (> 20 days). None of the animals, irrespective of having 

received a low or a high dose of T cells, suffered from typical GVHD lesions.  

These results indicate that irradiation is not essential to induce lethal GVHD. However, in the 

absence of irradiation, higher doses of allogeneic T cells are necessary to induce GVHD. 

Again, GVHD was characterized by severe pancytopia without typical histological GVHD-

related lesions in the organs.  
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Figure 4.4 Transfer of a high dose of donor T cells to non-irradiated F1 animals causes a 
lethal GVHR  
 
Recipient B6C F1 mice were injected i.v. with either 25 x 106 B6 T cells (- -) or 5 x 106 B6 T 
cells (-▲-) on day 0. In (A) the percentage of survival (B) is shown (n = 6 in each group). In 
(B) the percentage of CD3+ cells of donor origin in peripheral blood is shown at different 
time points post transplantation. 
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Figure 4.5 Transfer of a high dose of donor T cells to non-irradiated F1 recipients 
results in severe pancytopenia  
 
Recipient B6C F1 mice were injected i.v. with either 25 x 106 B6 T cells (- -) or 5 x 106 B6 T 
cells (-▲-) on day 0. On day 2, 9 and 16 peripheral blood was taken from recipient animals 
and analyzed for the amount of RBC, platelets (PLT) and the content of hemoglobin. Each 
group contained 6 animals.  
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4.6 Discussion 

 

A MHC-mismatched parent-in-F1 model of GVHD was developed by the transfer of 10 x 106 

B6 splenocytes to sublethally irradiated B6C F1 recipients. This GVHD model is very robust 

because 100% of the animals died within 3 weeks after the transfer of donor splenocytes. In 

diseased animals, a dramatic decrease in WBC and RBC counts and in the serum hemoglobin 

content occurred, as well as in the cellularity of the bone marrow. The irradiation of recipient 

animals was partly responsible for this pancytopenia. However, an additional reduction of 

blood cell counts resulted from the transfer of parental splenocytes (but not syngeneic 

splenocytes), which means that these alloreactive splenocytes target the hematopoietic system 

of recipient animals. Pancytopenia associated with hypoplastic bone marrow is often seen in 

graft-versus-host reactions induced by the transfer of donor cells that contain few 

hematopoietic stem cells to irradiated recipients that show little host versus graft reactivity 
89;91. Our model of GVHD closely resembles that of a study by Chen et al in which parental 

lymph node (LN) cells were infused into sublethally irradiated F1 recipients 92. Affected 

animals also developed a fatal pancytopenia together with bone marrow destruction within 2 

to 3 weeks, without the other typical signs of GVHD in organs such as skin, stomach, 

intestines and liver. The lack of typical GVHD lesions is probably related to the 

aggressiveness of BM and blood destruction, with short survival in untreated animals. A high 

percentage of T cells in the donor inoculum, with few hematopoietic stem cells, may result in 

GVHD that develops very rapidly and thereby mainly targets the hematopoietic system, 

without allowing the time for donor cells to cause specific GVHD-related symptoms in other 

organs. In this respect, it is important to note that the few recipient animals that survived 

longer than 30 days did indeed show lymphoid infiltrations in their skin, typical of GVHD. 

Furthermore, we showed that addition of BM cells from donor origin to the donor lymphocyte 

inoculum extended the survival of recipient animals and was able to re-establish 

hematopoiesis. These recipient animals did not die of pancytopenia and marrow aplasia but 

developed GVHD-related lesions in their skin and forestomach. Addition of BM cells from 

recipient origin, on the other hand, was unable to re-establish hematopoiesis, probably 

because these cells were also the targets of the co-injected allogeneic donor lymphocytes.  
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Parent-in-F1 models of GVHD in which parental cells are transferred into non-irradiated F1 

animals have also been described 93;94. In general, these irradiation free models require higher 

cell doses for disease induction (>40 x 106 cells). Moreover, differences in disease 

characteristics can be noticed between the transfer of LNC and splenocytes. Whereas the 

transfer of LNC results in pancytopenia, systemic weight loss and mortality of the recipient 

animals 95, transfer of splenocytes results in a disease associated with typical GVHD-related 

histological lesions without the occurrence of pancytopenia, weight loss and high mortality 

rates 94. Recipients of splenocytes exhibit, similar to recipients of LNC, an elimination of their 

own hematopoietic system. However, these animals will not develop severe pancytopenia 

since their BM is repopulated by donor hematopoietic cells derived from stem cells originally 

present in the splenocyte inoculum.  

In summary, our results show that transfer of parental splenocytes, which contain few 

hematopoietic stem cells, to F1 recipients results in a GVHD characterized by severe 

pancytopenia and marrow aplasia, without inducing typical GVHD-related histological 

lesions. On the other hand, co-transfer of parental bone marrow cells prevents lethal 

pancytopenia and results in typical GVHD-related lesions.  

 

For the further studies in this manuscript, in which we will try to dissect the mechanisms of 

tolerance induction by costimulation blockade, we opted for the GVHD model in which 

splenocytes were transferred into sublethally irradiated F1 animals. This model was shown to 

be very robust with high mortality rates, which makes it from a practical point of view easy to 

assess the process of tolerance induction. Irradiating the recipient animals offers the 

advantage that less donor cells need to be transferred. Moreover, preconditioning of the 

recipient animals resembles more the current clinical situation in which patients prior to BM-

transplantation also undergo irradiation or submyeloablative regimens. The reason why we 

opted for splenocytes (and not purified T cells) is that these cells contain hematopoietic stem 

cells, which gives them the potential ability to reconstitute donor hematopoiesis in those 

recipient animals treated with tolerance-inducing regimens, and by doing so to induce a 

durable state of mixed chimerism.  

 51



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Contribution of regulatory T cells and of effector T cell deletion 

in tolerance induction by costimulation blockade 
 

 

5.1 Introduction 

 

In this chapter we intended to elucidate the mechanisms that are responsible for tolerance 

induction by costimulation blockade. To this end, we used the parent-in-F1 model of 

allogeneic T cell activation described in the previous chapter.   

Different mechanisms could be potentially implicated in tolerance induction by costimulation 

blockade. For example, both naturally occurring 96 and adaptive Treg 25 have been 

demonstrated to play a role in the development of allo-tolerance 97;98, including that achieved 

by costimulation blockade 99. Ex vivo tolerance induction via costimulation blockade is 

abrogated when murine nTregs are depleted from the responder cell population, as measured 

by intact responses to alloantigen restimulation in vitro and in vivo. However, it remains 

unclear whether nTregs are required for tolerance induction achieved by costimulation 

blockade in vivo. Besides regulatory mechanisms, deletion of allo-reactive T cell clones is 

potentially involved in the induction and maintenance of tolerance by costimulation blockade 
79. In addition, complementary roles for both deletion and regulatory mechanisms, especially 

in the time frame before the deletion of allo-reactive T cells is complete should be 

investigated.  

 

 

5.2 Specific aims 

 

- To induce tolerance in the model of GVHD by costimulation blockade and to optimize the 

treatment regimen 

- To investigate the role of regulatory T cells at early and late time points after the induction 

of tolerance by costimulation blockade 

- To assess the involvement of peripheral deletion of alloreactive T cells in costimulation 

blockade 

- To investigate the alloantigen specificity of the tolerance induction regimen 
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5.3 Blockade of CD40 - CD154 and CD80/CD86 - CD28 interactions prevents the 

development of GVHD 

 
We first investigated the relative roles of the CD80/CD86 - CD28 and CD40 - CD154 

interactions for the induction of GVHD. CTLA-4Ig fusion protein was used to block the 

CD80/CD86 – CD28 interaction, and the CD40 – CD154 interaction was antagonized by a 

blocking mAb to CD154 (clone MR1). Treatment with CTLA-4Ig alone or with MR1 alone 

led to a delay in the onset of the disease, but neither of them alone was able to prevent GVHD 

lethality. On the other hand, we found a marked synergy between CTLA-4Ig and MR1 to 

inhibit GVHD induction (Figure 5.1 A and B). The duration of costimulation blockade was 

also an important denominator in determining the outcome (Figure 5.1 C and D). When 

treatment was stopped after 7 days, the first signs of disease were delayed, but all the animals 

still developed GVHD. In contrast, animals that were treated for 21 days showed a gradual 

increase in body weight and did not exhibit any clinical signs of GVHD. Pooled data of 7 

independent experiments gave a 100% survival of treated animals for at least 60 days (n = 

40), in contrast to a 100% mortality in the untreated animals which died on average on day 21 

(n = 40, SD = 6 days). Even on a follow up of 120 days (n = 5), no signs of GVHD developed 

in treated animals.  
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Figure 5.1 The combination of CTLA-4Ig and MR1 prevents GVHR 
Recipient B6C F1 mice (n = 5 per group) underwent 7 Gy total body irradiation on day -1. On 
day 0, each group of B6C F1 mice was injected i.v. with 10 x 106 B6 donor splenocytes. In A 
and B, mice were treated with either hamster IgG (- -), with MR1 alone (- -), with CTLA-
4Ig alone (- -) or with MR1 and CTLA-4Ig (- -) for 21 days. Mean relative body weights 
compared to day 0 (± SD) (A) and survival rates (B) are shown. In C and D, the duration of 
treatment with CTLA-4Ig + MR1 was varied. Mice received hamster Ig for 21 days (- -) or 
were treated with MR1 and CTLA-4Ig, either for 7 (- -) or 21 (- -) days. Mean relative 
weights compared to day 0 (± SD) (C) and percentage of survival (D) are shown.  
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5.4 Blockade of CD40 – CD154 and CD80/CD86 – CD28 inhibits the proliferation of 

allo-reactive T cells and induces mixed chimerism 

 

To evaluate whether there was an expansion of host-reactive T cells in animals that develop 

GVHD, irradiated F1 mice were injected with 10 x 106 splenocytes and sacrificed 12 days 

later. At this time point, the percentage of TCR-Vβ3 positive CD4+ cells and of TCR-Vβ8.3 

positive CD4+ cells was measured in their spleen. Recipient B6C F1 mice carry the 

endogenous Mtv-6 provirus leading to thymic negative selection of TCR-Vβ3-expressing T 

cells 84, a clonal deletion that does not occur in B6 donor mice. TCR-Vβ8.3-expressing T cells 

are present in both strains. After B6 splenocyte transfer to B6C F1 animals a marked 

expansion of TCR-Vβ3 positive CD4+ cells occurred (Figure 5.2 A). On the other hand, the 

frequency of TCR-Vβ8.3 expressing CD4+ cells remained within the range of control 

untreated host and donor mice (Figure 5.2 B). Interestingly, when animals were treated with 

CTLA-4Ig and MR1, no expansion of host-reactive TCR-Vβ3 occurred (Figure 5.2 A). Thus, 

in diseased animals, an expansion of donor TCR-Vβ3 expressing CD4+ cells occurred, as a 

manifestation of alloreactive T cell activity, and this expansion could be inhibited by 

costimulation blockade. Moreover CTLA-4Ig and MR1 treated mice developed a stable state 

of mixed chimerism as demonstrated by the presence of H-2K-k negative donor cells in the 

spleen (Figure 5.2 C) and in the peripheral blood (not shown). The degree of chimerism 

followed up to 60 days after donor splenocyte transfer was very stable over time.  
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Figure 5.2 Costimulation blockade inhibits the expansion of host-reactive T cells and 
induces chimerism 
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, they were 
injected i.v. with 10 x 106 B6 splenocytes and treated with either hamster IgG (GVHR, n=6) 
or with MR1 and CTLA-4Ig (Treated, n=7) for 11 days. On day 12, animals were sacrificed 
and splenocytes were analysed by FACS. The percentage of donor-origin CD4+ cells 
expressing specific TCR-Vβ chains was determined by using PerCP-labeled CD4, PE-labeled 
anti-H2K-k and FITC-labeled anti-Vβ3 TCR (A) or anti-Vβ8.3 TCR (B) mAb. As a control 
the percentage of CD4+ cells expressing TCR-Vβ3 and TCR-Vβ8.3 chains was also 
determined in naïve donor B6 mice and naïve recipient B6C F1 mice (n=4). In C, the 
percentage of spleen chimerism in CTLA-4Ig/MR1 treated mice is shown. Recipient B6C F1 
mice were treated for 21 days after splenocyte transfer. At different time intervals (range: 28 – 
60) mice were sacrificed and splenocytes were analysed by FACS for the presence of H2-K-k 
negative (= donor-type) B6 splenocytes. The animals (n=14) were from three independent 
experiments.  
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5.5 Blockade of CD40 – CD154 and CD80/CD86 – CD28 interactions induces allo-

antigen-specific tolerance 

 

Treatment with a combination of CTLA-4Ig and MR1 resulted in long term survival of F1 

recipients in the absence of GVHD and in the development of stable mixed chimerism. This 

indicates that the donor T cells were silent to the recipient allo-antigens. To confirm this, 

spleen cells were isolated from chimeric animals (120 days after splenocyte infusion), 

enriched for T cells by passage over nylonwool, and subsequently restimulated in mixed 

lymphocyte reactions (MLR) with C3H (H2K-k) or third-party spleen cells (H2K-d) as 

stimulators (Figure 5.3 A). Responses to C3H cells were weak, while responses to third party 

cells were strong. In addition, the adoptive transfer of purified donor-type spleen cells from 

these chimeric animals to third party B6D F1 recipients resulted in an acute and lethal GVHD 

(Figure 5.3 B), while the adoptive transfer to B6C F1 recipients did not. Collectively, these 

data show that costimulation blockade had induced allo-antigen-specific tolerance of donor T 

cells towards recipient allo-antigens in GVHD-free long-term survivors. 
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Figure 5.3 Costimulation blockade induces allo-antigen-specific tolerance 
Costimulation blockade was performed by CTLA-4Ig and MR1 treatment in B6C F1 
recipients of B6 splenocytes. Splenocytes were collected 120 days after cell transfer. 
A) Anti-recipient and anti-third-party mixed lymphocyte reactions (MLR) were set up with T 
cell enriched splenocytes from 5 treated chimeric animals (1 – 5). Splenocytes were passed 
over nylon wool (to enrich for T cells) and were stimulated with C3H splenocytes (H2K-k) or 
third-party splenocytes (DBA/2, H2K-d). Thymidine incorporation was used for 
quantification of T cell proliferation, and results are given as counts per minute (cpm). The 
percentage of cells from donor origin was 18%, 67%, 87%, 43% and 94% for the 5 different 
chimeric animals. 
B) Donor-type B6 splenocytes isolated from treated chimeric animals induce GVHR upon 
transfer to third-party B6D F1 recipients, but not upon transfer to secondary B6C F1 
recipients. Recipient B6C F1 and B6D F1 mice underwent 7 Gy total body irradiation on day 
-1. On day 0, recipient B6D F1 mice were injected with 10 x 106 control B6 splenocytes (- -) 
(n=10) or with 10 x 106 donor-type splenocytes (H2K-k negative) isolated from treated 
chimeric animals (- -) (n=8). Recipient B6C F1 mice were injected with 10 x 106 control B6 
donor type splenocytes (-♦-) (n=10) or 10 x 106 B6 donor-type splenocytes from treated 
chimeric animals (- -) (n=6). Data are pooled from 2 independent experiments. Percentage of 
survival is shown. 
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5.6 CD4+CD25+ Treg cells are not required for the induction and maintenance of 

tolerance by costimulation blockade 

 
Naturally occurring CD4+CD25+ Tregs have been shown to be important for in vitro 

induction of tolerance against allo-antigens (24). We therefore wanted to study the 

requirement of donor CD4+CD25+ cells in the induction and maintenance of tolerance after 

costimulation blockade in the current model. For this purpose, CD4+CD25+ nTregs were 

removed from the donor spleen population. Transfer of CD25-depleted spleen cells to 

irradiated B6C F1 mice resulted in a more rapid onset of GVHD as compared with total 

spleen cell transfer (Figure 5.4). Furthermore, after transfer of 10 x 106 CD25-depleted 

splenocytes, GVHD could not be prevented by costimulation blockade in most of the recipient 

animals. However, when we reduced the number of transferred CD25-depleted splenocytes to 

4 x 106 cells in order to have GVHD that is comparable in onset and severity to that after 

transfer of 10 x 106 total spleen cells, costimulation blockade by MR1 and CTLA-4Ig 

efficiently prevented GVHD and induced chimerism. These results indicate that CD4+CD25+ 

nTregs are not essential for tolerance induction by costimulation blockade in vivo, although 

they dampen immune reactivity, and reduce severity of GVHD.  
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Figure 5.4 Tolerance induction by costimulation blockade does not depend on donor 
natural Treg cells 
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. In A and B, all mice 
received either 10 x 106 B6 splenocytes (filled symbols) or 10 x 106 CD25-depleted B6 
splenocytes (open symbols) on day 0. Mice were treated with either hamster IgG (- - and - -) 
or with MR1 and CTLA-4Ig (- - and - -) for 21 days. Each group consisted of 10 animals. 
Mean relative weights compared to day 0 (± SD) (A) and percentage of survival (B) from two 
replicate experiments are shown. In C and D, mice received either 10 x 106 total B6 
splenocytes (filled symbols) or 4 x 106 CD25-depleted B6 splenocytes (open symbols) on day 
0. Mice were treated with either hamster IgG (- - and - -) or with MR1 and CTLA-4Ig (- - 
and - -) for 21 days. Each group consisted of 5 animals. Mean relative weights compared to 
day 0 (± SD) (C) and percentage of survival (D) are shown. 
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5.7 Costimulation blockade results in the expansion of Foxp3+ cells  

 

To further investigate the role of regulatory T cells in the induction of tolerance by 

costimulation blockade, we conducted an experiment in which, at different time points after 

the transfer of donor splenocytes, the expression of Foxp3 was analyzed in splenocytes 

(Figure 5.5 A). At early time points after the transfer (range day 6 – day 30), there was a high 

percentage of donor-type CD4+ Foxp3 positive cells in CTLA-4Ig/MR1 treated animals. No 

increase in the proportion of Foxp3 positive cells was found in animals that were left 

untreated after splenocyte transfer. After day 30, the percentage of donor-type Foxp3 positive 

cells in the CTLA-4Ig/MR1 treated animals decreased to control levels. These results suggest 

that there is an important role for regulatory cell activity early in the process of tolerance 

establishment induced by costimulation blockade.  

Since we were able to identify a subpopulation of host-reactive T cells by TCR-Vβ3 

expression, we next wondered whether the increase in Foxp3 positive cells among the donor 

CD4+ cells in treated animals, was related to alloreactivity, and not simply due to an 

increased ability of Foxp3 positive cells to homeostatically proliferate in lymphopenic mice. 

Therefore, we conducted an experiment in which at 12 days after splenocyte transfer, the 

Foxp3 expression on donor TCR-Vβ3 positive and TCR-Vβ3 negative cells was analyzed. 

Again, we found an increase in the proportion of Foxp3 positive cells in CTLA-4Ig/MR1 

treated animals, but importantly, the increase was much more pronounced within the 

alloreactive TCR-Vβ3 positive fraction (Figure 5.5 B). These results illustrate that allogeneic 

T cell activation under costimulation-deficient conditions specifically results in an increase in 

the proportion of alloreactive Foxp3 positive cells. In untreated animals no increase in the 

percentage of Foxp3 positivity was found neither within the TCR-Vβ3 positive nor within the 

negative fraction.  

To evaluate a functional role for the Foxp3 positive Treg cells in tolerance induction, control 

B6 T cells or purified B6 donor-derived T cells from chimeric euthymic mice (isolated on day 

30 or day 60) were added to an MLR between responder donor cells (H2K-b) and C3H 

stimulator cells (H2K-k) (Figure 5.5 C and D). Addition of day 30 donor-derived cells 

reduced T cell proliferation (mean suppression: 55.3 ± 12.9 %), whereas addition of day 60 

donor-derived cells had no influence on the proliferation. Together, these data show that in 

euthymic animals, there is a transient increase in regulatory cell activity early after allogeneic 
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cell transfer and costimulation blockade. This suggests that regulatory cell induction by 

costimulation-deficient APCs contributes to dampening of immune alloreactivity. 

The increase in donor Foxp3 positive cells after costimulation blockade was transient. The 

return to control levels of Foxp3 positive cells after day 30 can possibly be explained by the 

generation of new T cells that develop from donor stem cells present in the splenocyte 

inoculum. Indeed, these newly generated T cells could “dilute” the pre-existing donor T cell 

repertoire in the recipient animals and as a consequence cause a decrease in the percentage of 

donor Treg cells induced by costimulation blockade. To study this possibility, we performed 

an experiment in which we used both euthymic and thymectomized recipient animals. In these 

latter animals no new T cells can develop from donor stem cells, and as a result, all donor-

type T cells detected in these animals are (or are derived from) pre-existing T cells in the 

splenocyte inoculum. On day 60 after splenocyte transfer, CD4+ cells from donor origin 

could still be found in the spleen of CTLA-4Ig/MR1 treated thymectomized animals. 

Importantly, in these thymectomized recipients we found a high percentage of Foxp3+ cells 

among donor CD4+ cells (Figure 5.5 E). As expected, this high percentage of donor Foxp3+ 

cells was not seen in euthymic animals on day 60. Thus, these results indeed suggest that the 

decrease in the percentage of Foxp3+ cells after day 30 in euthymic animals is due to a 

“dilution effect” of newly generated donor CD4+ cells through the recipient thymus.  
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Figure 5.5: Costimulation blockade results in the expansion of Foxp3+ cells and 
enhanced regulatory activity  
A) Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, they 
were injected i.v. with 10 x 106 B6 splenocytes and treated with MR1 and CTLA-4Ig for 21 
days. At different time intervals (day 6, 13, 19, 30 and 56) 3 mice were sacrificed and 
splenocytes were analyzed by FACS for the percentage of Foxp3+ CD4+ cells from donor 
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origin (-▲-) and from recipient origine (-▼-). Three mice that were injected with B6 
splenocytes but not treated with MR1 and CTLA-4Ig were also analyzed on day 6 and on day 
12 for the percentage of Foxp3+ CD4+ cells from donor origin (-■-). 
B) Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, they 
were injected with 10 x 106 B6 splenocytes and treated with either hamster IgG (GVHR) or 
with MR1 and CTLA-4Ig (Treated) for 11 days. Each group consisted of 4 animals. On day 
12, the animals were sacrificed and splenocytes were analyzed by FACS. The percentage of 
donor-origin CD4+ cells expressing Foxp3 and TCR-Vβ chains was determined by using 
PerCP-labeled anti-CD4, PE-labeled anti-H2K-k, FITC-labeled anti-Vβ3 TCR and APC-
labeled anti-Foxp3 mAb. The percentage of donor-type Foxp3 positive cells gated on CD4+ 
cells is shown among TCR-Vβ3 positive and TCR-Vβ3 negative cells. The percentage of 
CD4+ cells expressing Foxp3 was also determined in a naïve donor B6 mouse and was 11.0 
% for TCR-Vβ3 positive cells and 10.6 % for TCR-Vβ3 negative cells.  
C and D) B6C F1 recipients of B6 splenocytes were treated with CTLA-4Ig and MR1, and the 
splenocytes from treated mice were collected 30 or 60 days after cell transfer. Purified donor-
type B6 T cells from treated mice (T1 – T5) (H2K-b) were added (ratio 1/1) to an MLR 
between responder B6 T cells (R, H2K-b) and stimulator C3H splenocytes (S, H2K-k). 
Thymidine incorporation was used for quantification of T cell proliferation, and the results are 
given as counts per minute (cpm). The percentage of suppression for each condition is shown 
above each bar. Addition of T cells from a control naïve B6 animal (ration 1/1) to the MLR 
had no suppressive effect (data not shown). 
E) Recipient euthymic (A, n=5) and thymectomyzed (B, n=6) B6C F1 mice underwent 7 Gy 
total body irradiation on day -1. On day 0, they were injected i.v. with 10 x 106 B6 
splenocytes and treated with MR1 and CTLA-4Ig for 21 days. On day 60, mice were 
sacrificed and splenocytes were analyzed by FACS for the percentage of Foxp3+ CD4+ cells 
from donor origin.  
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5.8 Costimulation blockade does not result in de novo induction of Foxp3+ Treg cells 

 

We next aimed to study whether the transient increase in the percentage of Foxp3+ cells was 

derived from pre-existing nTreg cells or due to de novo induction of adaptive Treg cells. For 

this, we transferred cells derived from Foxp3-GFP transgenic donor B6 mice. These mice 

express GFP under the control of the Foxp3 promotor and as a consequence all cells that are 

Foxp3 positive or cells that are converted into the Foxp3 phenotype can be visualized and 

sorted on the FACS. When sorted Foxp3 negative splenocytes (99.8% purity) were transferred 

into B6C F1 recipients that were treated with costimulation blockade, no de novo induction of 

Foxp3+ cells could be observed in the spleen of these animals on day 12 post-cell transfer 

(data not shown). These results indicate that the increase in Foxp3 positive cells after transfer 

of total splenocytes and treatment with MR1 and CTLA-4Ig, originates from Foxp3 positive 

cells present in the splenocyte inoculum. 

 

 

5.9 Blockade of CD40 – CD154 and CD80/CD86 – CD28 interactions leads to the 

peripheral elimination of host-reactive T cells  

 

We next wondered whether deletion of host-reactive T cells might play a role in tolerance 

induction at later time points, when no increased percentage of Foxp3 positive cells and no 

suppressive activity of donor-type T cells could be found. To study this, we analyzed the 

expression of specific TCR-Vβ subunit positive T cells on day 90 in the peripheral blood 

(data not shown) and in the spleen (Figure 5.6) after the transfer of B6 donor splenocytes to 

CTLA-4Ig/MR1 treated B6C F1 recipients. At these time points only a very low percentage 

of TCR-Vβ3 positive donor-type cells persisted, in contrast to a normal percentage of control 

TCR-Vβ8.3 positive donor-type cells. These results thus point to an elimination of host-

reactive cells. However, to rule out that all of the injected donor CD4+ cells had died by day 

90 as a result of cell aging, and that the detected donor-type CD4+ cells in the chimeric 

animals were all newly differentiated from donor stem cells present in the splenocyte 

inoculum, we repeated the same experiment in thymectomized recipients. FACS analysis 

revealed that CD4+ cells from donor origin could also be found in the spleen of CTLA-

4Ig/MR1 treated thymectomized animals 90 days after the splenocyte transfer. Of note, these 
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recipients had less donor T cells in their spleen compared with euthymic recipients (6.9 ± 1.4 

x 106 versus 1.4 ± 0.8 x 106). Importantly, figure 5.6 illustrates that in both euthymic and 

thymectomized recipients there was a comparable low percentage of TCR-Vβ3 positive host-

reactive CD4+ cells, and a normal percentage of TCR-Vβ8.3 positive CD4+ cells. These 

results therefore suggest that donor CD4+ cells in chimeric euthymic recipients on day 90, are 

partly cells persisting from the donor splenocyte injection, and partly are newly differentiated 

cells derived from donor stem cells in the splenocyte inoculum. Moreover, these data 

demonstrate that costimulation blockade after the transfer of splenocytes ultimately results in 

the peripheral elimination of host-reactive T cells that were present in the splenocyte 

inoculum.  
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Figure 5.6: Deletion of host-reactive TCR-Vβ3+ cells in mice treated with CTLA-4Ig and 
MR1 
Recipient euthymic (A, n=4) and thymectomyzed (B, n=6) B6C F1 mice underwent 7 Gy total 
body irradiation on day -1. On day 0, they were injected i.v. with 10 x 106 B6 splenocytes and 
treated with MR1 and CTLA-4Ig for 21 days. On day 90 mice were sacrificed and the 
percentage of donor-origin splenic CD4+ T cells expressing specific TCR-Vβ chains was 
determined by flow cytometry using FITC-labeled anti-Vβ3-TCR or anti-Vβ8.3-TCR mAb, 
PerCP-labeled anti-CD4 mAb, and PE-labeled anti-H2K-k antibodies. CD4+ cells expressing 
TCR-Vβ3 was 4.2 % in naive B6 mice and 0.3 % in naïve B6C F1 mice (n=2).  
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5.10 Discussion 

 

We here report that CTLA-4Ig and MR1 are synergistic in their activity to completely prevent 

GVHD in this model. Treatment with CTLA-4Ig alone or with MR1 alone led to a delay in 

the onset of disease but could not prevent GVHD lethality. Our results are consistent with 

previous studies in GVHD models that showed that both the CD40 – CD154 and the 

CD80/CD86 – CD28 interactions have a functional role in allogeneic T cell activation. Acute 

GVHD could still be induced by T cells derived from CD28 knock-out mice, and in these 

animals blocking of the CD40 - CD154 interaction prevented the CD28-independent GVHD 
100. Also the establishment of chimerism in CD154-deficient recipients was shown to require 

blockade of the CD80/CD86 - CD28 pathway 101. Likewise, blockade of both interactions was 

necessary to prevent acute rejection of solid allografts 77. The rationale for combining CTLA-

4Ig and MR1 has previously been reviewed 67;68. However, the exact mechanism underlying 

tolerance induction is still controversial, as both regulatory T cell activity and deletion of 

alloreactive T cells have been proposed to play a role 79;97-99. 

The potential role of Treg cells in transplantation tolerance in general has received much 

attention. Natural Treg cells were demonstrated to play a role in the in vitro induction of 

nonresponsiveness against allo-antigens based on costimulation blockade 99. We here found 

that the effect of costimulation blockade in preventing allo-responses in vivo was modulated 

by absence of nTreg cell activity but that tolerance still could be induced. In our model, the 

severity of the GVHD was increased and costimulation blockade was less effective after 

transfer of donor spleen cells that were depleted of nTreg cells. However, after reducing the 

amount of CD25-depleted donor cells, tolerance could be consistently induced by 

costimulation blockade. Thus, depletion of donor nTreg cells apparently lowers the threshold 

for GVHD induction, but when lower numbers of donor cells are infused, costimulation 

blockade remains efficient for tolerance induction. These findings suggest that the efficacy of 

prevention of allogeneic T cell activation by costimulation blockade will depend on a balance 

between effector and regulatory T cells.  

In our model we further found a high percentage of Foxp3 expressing donor CD4+ cells in 

CTLA-4Ig/MR1 treated animals during the first 4 weeks after splenocyte transfer. Moreover, 

we demonstrated a specific increase in the percentage of TCR-Vβ3 positive cells within these 

Foxp3 positive donor CD4+ cells. The specific increase of Foxp3 positive T cells with host 
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allo-reactivity is of potential interest, as these cells probably represent allo-antigen-specific 

suppressor cells. In parallel with the kinetics of the Foxp3 expression, we could demonstrate 

suppressor activity of donor T cells isolated from chimeric animals at an early time point after 

splenocyte transfer, but not at a later time point. Together, these data suggest that Treg 

activity may transiently be involved in the establishment of tolerance by costimulation 

blockade. Moreover, these data imply that Treg cells can expand and function despite 

costimulation blockade, suggesting that costimulatory requirements for T cell activation differ 

between effector T cells and Treg cells. Several studies have already suggested that the result 

of costimulation blockade is at least partially based on the induction of Treg 80;102;103. We 

previously demonstrated that human T cell activation by costimulatory signal-deficient 

allogeneic cells induces anergic T cells with regulatory activity 44.  

Several studies have shown that CTLA-4 is critically required for the activity of Foxp3 

positive Treg cells in vivo 104;105. Treg cells were shown to downregulate the expression of 

CD80 and CD86 on dendritic cells via CTLA-4, thereby affecting the potency of APCs to 

activate other T cells via CD28. Alternatively, because CTLA-4 has a much higher affinity to 

bind to CD80 and CD86 than CD28, CTLA-4-expressing Treg cells can compete for available 

CD80 and CD86 molecules on the APCs, thereby preventing CD28 signaling and subsequent 

effector T cell activation. However, it may be hard to attribute a role for CTLA-4 in the 

suppressive activity of Treg cells in our model in which tolerance is induced by the treatment 

of CTLA-4Ig and MR1. CTLA-4Ig will bind to CD80 and CD86 molecules on APCs, thereby 

preventing the binding of CTLA-4 that is expressed on Treg cells. CTLA-4Ig in fact takes 

over the role of CTLA-4 on Treg cells. Therefore, it is more likely that other suppressive 

mechanisms, such as the production of IL-10, are used by Treg cells in order to establish 

immune tolerance.  

It has also been shown that CTLA-4 signaling in T cells is required for the induction of 

tolerance by costimulation blockade. For example, allograft tolerance induced by CTLA-4Ig 

+ DST was abrogated when anti-CTLA-4 was administered concomitantly 106. Likewise, anti-

CD40L and anti-CD86 mAb-induced cardiac allograft survival was abolished by anti-CTLA-

4 treatment 107;108. These result suggest that active inhibitory signals in T cells acting through 

CTLA-4 need to be preserved for the induction of tolerance and together with the role of 

CTLA-4 on Treg cells suggest that other agents that selectively block CD28 and not CTLA-4 

may provide a better method to induce tolerance.     
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Other studies have shown that CTLA-4Ig and CTLA-4-expressing Treg cells not only limit T 

cell responses by inhibiting CD28-mediated costimulatory signals, but also by stimulating 

CD80/CD86-positive cells to upregulate the immuno-regulatory enzyme indoleamine-2,3-

dioxygenase (IDO) 109;110. IDO is a tryptophan-catabolizing enzyme impairing T cell 

proliferation by tryptophan starvation and by the emergence of toxic downstream products 111. 

The IDO inhibitor 1-methyltryptophan was shown to abrogate the graft-prolonging effect of 

CTLA-4Ig in a pancreatic islet transplantation model 112. Therefore, it would be also 

interesting to study the role of IDO in our model of tolerance induction. 

Since deletion of alloreactive cells has been described in some animal models as a mechanism 

responsible for tolerance induction by costimulation blockade 68;79, we also looked in our 

model for involvement of this mechanism by analyzing the expression of certain TCR-Vβ 

subunits in diseased and CTLA-4Ig/MR1 treated animals. In animals developing GVHD, we 

found a marked expansion of host-reactive CD4+ cells as identified by TCR-Vβ3 expression 

at an early time point (day 12) post splenocyte transfer. This expansion was not seen in 

CTLA-4Ig/MR1 treated splenocyte recipient animals. Moreover, the administration of 

costimulatory blocking agents ultimately resulted in the elimination of these host-reactive 

CD4+ cells at later time points (day 90). This was also confirmed by experiments with 

thymectomized animals. This peripheral deletion was probably also accompanied by 

intrathymic deletion of newly developing CD4+ cells in recipient animals as also euthymic 

recipients had no TCR-Vβ3 positive donor CD4+ cells on day 90.  

In conclusion, we have shown that costimulation blockade with both MR1 and CTLA-4Ig can 

prevent allogeneic T cell activation, and induce host-specific tolerance, after transfer of 

allogeneic donor cells to F1 recipients. Donor nTreg cells are not required to induce tolerance, 

but regulatory mechanisms as discussed above may play a role in the establishment of 

tolerance early after splenocyte transfer. At later time points, deletion of host-reactive T cells 

is the predominant mechanism and the role of regulatory T cells seems to become less 

important. The specificity of this tolerance induction protocol makes it a promising tool in the 

control of GVHD or other allo-responses in transplant medicine, but also in other diseases 

were T cell activation plays a predominant role.  
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Chapter 6: Role of T cell subsets and IL-10 in tolerance induction by 

costimulation blockade 
 

 

6.1 Introduction 

 

Previously we have shown that treatment with MR1 alone or CTLA-4Ig alone was not 

sufficient to induce tolerance in our model of GVHD. Only when both MR1 and CTLA-4Ig 

were administered together, long-term tolerance could be achieved. We therefore now sought 

to determine whether there was a differential effect of CTLA-4Ig and MR1 on CD4+ and 

CD8+ T cells since both T cell populations have been shown to be involved in the 

development of GVHD.   

Secondly, we wanted to study the role of IL-10 in tolerance induction by costimulation 

blockade. Interleukin-10 (IL-10) is an immunomodulatory cytokine with diverse effects on 

most hematopoietic cell types including monocytes, macrophages, dendritic cells, B cells and 

various subsets of CD4+ and CD8+ T cells 113. The effect of IL-10 on the activity of T cells 

can be either direct or indirect. Indirectly, IL-10 downregulates T cell responses via the 

inhibition of the function of APCs. Indeed, IL-10 inhibits MHC class II and CD80 and CD86 

upregulation on monocytes, macrophages and DC, and limits the production of 

proinflammatory cytokines and chemokines 113. IL-10 can also directly affect the function of 

T cells by inhibiting the proliferation and cytokine production of CD4+ T cells 113-115, and in 

contrast to its suppressive effects on CD4+ T cells, by enhancing the cytotoxic activity and 

proliferation of CD8+ T cells 116-118. Finally, IL-10 also has a key role in the differentiation 

and function of Treg cells. In this respect, it was shown that repeated stimulation of T cells in 

the presence of IL-10 induces regulatory Tr1 cells which themselves produce IL-10 and are 

able to inhibit T cell responses in vivo 25. Moreover, IL-10 also plays a role in the in vivo 

suppressive activity of nTreg cells 23.  

Several reports indicate that IL-10 may play a role in the development or maintenance of 

peripheral tolerance. For example, IL-10 knock-out mice spontaneously develop 

inflammatory bowel disease and experimental autoimmune encephalomyelitis induced by 

myelin oligodendrocyte glycoprotein 119;120. Moreover, these mice are more susceptible to 

develop rheumatoid arthritis 121. The development or aggravation of these auto-immune 
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diseases may result from a defect in the function of Treg cells. Interestingly, a role for IL-10 

in the induction and maintenance of hypo-responsiveness or anergy has also been suggested. 

This was shown in studies of anti-tumor cell responses, hapten-specific tolerance, and 

superantigen-induced hyporesponsiveness 122-125.  

The above reports suggest that IL-10 is involved in the induction and/or maintenance of T cell 

tolerance. Therefore, we wanted to investigate whether IL-10 plays a role in tolerance 

induction by costimulation blockade. For this, we transferred cells derived from IL-10 KO 

donor mice and tried to induce tolerance by costimulation blockade in the in vivo model of 

GVHD described in the previous chapters. 

  

 

6.2 Specific aims 

 

- To determine the effect of CTLA-4Ig and MR1 treatment on CD4+ and CD8+ T cell-

mediated GVHD   

- To study whether IL-10 is required for tolerance induction by costimulation blockade, and 

if so, to unravel the mechanisms through which IL-10 exerts its effects 

 

 

6.3 Blockade of the CD40 – CD40L interaction is most effective in preventing GVHD                        

induced by CD4+ cells whereas blockade of the CD28 – CD80/CD86 interaction is more 

effective in preventing GVHD induced by CD8+ cells 

 

To assess whether the CD40 – CD40L and the CD28 – CD80/CD86 interactions had a 

differential effect on GVHD mediated by CD4+ or CD8+ T cells, sublethally irradiated B6C 

F1 recipient mice were injected with either 8 x 106 CD4+ T cells or 3 x 106 CD8+ T cells and 

treated with either control IgG, CTLA-4Ig alone, MR1 alone, or a combination of CTLA-4Ig 

and MR1. The amount of CD4+ or CD8+ cells used was deduced from preliminary 

experiments and was defined by the minimal amount of cells necessary to induce lethal 

GVHD.  

Treatment with MR1 alone significantly prolonged the survival of recipients of CD4+ T cells 

such that overall a 75% long term survival was observed versus 0% in the control treated 
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animals (Figure 6.1 A). In contrast, treatment with CTLA-4Ig alone only slightly extended the 

survival period and could not prevent mortality in 90% of the animals. Strikingly, almost 

opposite results were obtained when recipients were transferred with CD8+ T cells (Figure 

6.1 B). MR1 treatment did not result in a survival benefit whereas treatment with CTLA-4Ig 

clearly extended the survival period with an overall survival of 71% versus 12.5% in control 

treated animals. Importantly, treatment with a combination of CTLA4Ig and MR1 seemed to 

be most effective on the survival outcome of both CD4+ and CD8+ mediated GVHD (100% 

survival).  

We also analyzed the degree of chimerism (H2K-k staining) and the activation status of donor 

T cells (CD44 staining) in the peripheral blood on day 12 after cell transfer. As shown in 

figure 6.1 C and D, we found that control treated recipients of CD4+ or CD8+ T cells 

exhibited high levels of donor T cell chimerism (> 85%). Moreover, more than 85% of these 

donor T cells exhibited an activated phenotype (CD44high, Figure 6.1 E and F). When CD4+ T 

cells were transferred, treatment with MR1 alone inhibited the percentage of donor T cell 

chimerism and donor CD44high cells with more than 55% and 38% respectively. Smaller but 

still significant reductions in both donor chimerism and the percentage of CD44high cells were 

also observed with CTLA-4Ig treatment. The combination of MR1 and CTLA-4Ig was most 

effective, both in reducing the degree of donor chimerism and in blocking the activation status 

of CD4+ donor T cells. In contrast to CD4+ T cell mediated GVHD, MR1 treatment alone did 

not have an effect on donor chimerism after CD8+ T cell transfer. On the other hand, 

treatment with CTLA-4Ig alone or in combination with MR1 reduced donor chimerism with 

more than 37%. Neither MR1 alone nor CTLA-4Ig alone seemed to have an effect on the 

proportion of CD44high cells after transfer of CD8+ T cells. Only when MR1 and CTLA-4Ig 

were administered together, a slight decrease in the percentage of CD44high cells was noticed 

(Figure 6.1 F).         

Together, these results show that in our model of GVHD, treatment with MR1 predominantly 

inhibits CD4+ T cell mediated GVHD whereas CTLA-4Ig treatment predominantly inhibits 

CD8+ T cell mediated GVHD. However, a combination of both costimulatory blocking 

agents is most effective in preventing both CD4+ and CD8+ T cell mediated GVHD. 

Moreover, the data obtained from H2K-k and CD44 stainings suggest that MR1 blocks both 

the expansion and activation of donor CD4+ T cells but not of donor CD8+ T cells. In 

contrast, CTLA-4Ig predominantly blocks the expansion of CD8+ T cells, but seems to have 
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little effect on the activation status of these cells. Finally, since no APCs are present in the 

donor cell inoculum, these data also demonstrate that donor APCs are not required for the 

induction of tolerance by costimulation blockade.  
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Figure 6.1: Treatment of MR1 is more effective in preventing CD4+ T cell mediated 
GVHD whereas CTLA-4Ig is more effective in preventing CD8+ T cell mediated GVHD 
Recipient B6C F1 mice (n = 7 or 8 per group) underwent 7 Gy total body irradiation on day -
1. On day 0, each group of B6C F1 mice was injected with either 8 x 106 B6 CD4+ T cells 
(left column) or 3 x 106 B6 CD8+ T cells (right column). The animals were treated with either 
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hamster IgG (-■-), with MR1 alone (- -), with CTLA-4Ig alone (-▼-) or with MR1 and 
CTLA-4Ig (-▲-) for 21 days. In A and B, survival rates are shown. In C and D, the 
percentage of donor origin CD3+ T cells was determined by flowcytometry on peripheral 
blood on day 11 post-cell transfer using PerCP-labeled anti-CD3 and PE-labeled anti-H2K-k 
antibodies. In E and F, the percentage of CD44high cells among donor cells was determined by 
flowcytometry on peripheral blood on day 11 post-cell transfer using FITC-labeled anti-CD44 
and PE-labeled anti-H2K-k antibodies.  
 

 

 

6.4 IL-10 is important for tolerance induction by costimulation blockade 

 

We previously showed that transfer of 10 x 106 WT B6 splenocytes in B6C F1 recipients 

induces lethal GVHD that can be completely prevented by a three week treatment of a 

combination of CTLA-4Ig and MR1. To investigate a potential role for IL-10 in the induction 

and maintenance of tolerance by costimulation blockade, we now transferred cells derived 

from IL-10 KO donor B6 mice. Transfer of WT or IL-10 KO splenocytes resulted in a similar 

disease severity with mortality of all recipient animals within 20 days (Figure 6.2). On the 

other hand, when these animals were treated with costimulation blockade, no long term 

survival could be induced in most of the animals transferred with IL-10 KO cells (Figure 

6.2). Of note, in these animals a population of host reactive TCR-Vβ3 cells was still present 

in the peripheral blood on day 60 post splenocyte transfer (data not shown). These results 

thus point to a role of donor IL-10 in the induction of tolerance by costimulation blockade. 
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Figure 6.2: Il-10 plays an essential role in inducing tolerance.  
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. At day 0, they were 
injected i.v. with either 10 x 106 B6 WT splenocytes (squares) or 10 x 106 B6 IL-10KO 
splenocytes (triangles). Mice were treated with either hamster Ig (- - and - -) or with MR1 
and CTLA-4Ig (- - and - -) for 21 days. Each group consisted of 5 animals. Survival curve 
is shown. 
 

 

6.5 Lack of IL-10 promotes donor T cell engraftment in animals treated with 

costimulation blockade  

 

To elucidate the mechanisms by which the lack of IL-10 prevented the induction of tolerance, 

we first analyzed the degree of donor T cell chimerism in surviving treated recipients of WT 

or IL-10 KO splenocytes on day 60 post splenocyte transfer. We found that recipients of IL-

10 KO splenocytes exhibited markedly higher levels of donor CD3+ T cell chimerism 

(Figure 6.3 A). The average percentage of total donor CD3+ T cell chimerism in recipients of 

WT and IL-10 KO splenocytes on day 60 was 21.5 % and 75.9 %, respectively (p = 0.003). 

The absolute number of donor CD3+ T cells in the spleen of recipients of IL-10 KO 

splenocytes was also significantly higher than in recipients of WT splenocytes (p = 0.045) 

(Figure 6.3 B), while the total number of host CD3+ T cells was much lower in recipients of 

IL-10 KO splenocytes (p = 0.0007). These results suggest that costimulation blockade fails to 

block the expansion of donor T cells in recipients of IL-10 KO splenocytes. Moreover, 

concurrently with the donor cell expansion in these recipients, an elimination of host-type 

lymphoid cells occurred as a consequence of the ongoing GVHD.   
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Figure 6.3: Lack of IL-10 promotes donor cell engraftment in animals treated with 
costimulation blockade 
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. On day 0, they were 
injected i.v. with either 10 x 106 B6 WT splenocytes or 10 x 106 B6 IL-10 KO splenocytes, 
and treated with MR1 and CTLA-4Ig for 21 days. On day 60, mice were sacrificed for 
analysis of donor chimerism. (A) The percentage of donor-origin splenic CD3+ T cells was 
determined by flow cytometry using PerCP-labeled anti-CD3 and PE-labeled anti-H2K-k 
antibodies, both for recipients of WT splenocytes (WT) and recipients of IL-10 KO 
splenocytes (IL-10 KO) (n=5 in each group). (B) The absolute amount of CD3+ T cells of 
donor-origin and host-origin in the spleen was calculated. 
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6.6 Donor-type T cells in treated recipients of IL-10 KO splenocytes are not silent to 

recipient allo-antigens  

 

To further evaluate whether donor-type T cells in treated chimeric animals were silent to 

recipient allo-antigens after WT but not after IL-10 KO splenocyte transfer, donor-type T 

cells were isolated from surviving animals on day 60 post cell transfer. In addition, donor-

type T cells were also isolated from thymectomized recipient animals transferred with either 

WT or IL-10 KO splenocytes and treated with costimulation blockade. These T cells were 

then restimulated in vitro with recipient cells. In fact, it can be expected that donor-type T 

cells detected on day 60 in euthymic animals are composed of a mixture of pre-existing T 

cells (or T cells derived from those) present in the splenocyte inoculum, and of newly 

generated T cells differentiated in the host thymus from donor stem cells present in the 

splenocyte inoculum. Therefore, by using thymectomized recipient animals effects of 

costimulation blockade can be studied independently of newly generated T cells.  

At 60 days post cell transfer, we indeed found a higher number of CD3+ T cells in the spleen 

of euthymic compared to thymectomized recipients, indicating that in euthymic animals new 

T cells have been generated in the thymus. Restimulation of donor-type T cells isolated from 

euthymic animals did not elicit proliferative responses, irrespective of whether donor T cells 

were able to produce IL-10 or not (Figure 6.4). On the other hand, restimulation of isolated 

donor-type T cells from thymectomized recipients of IL-10 KO splenocytes clearly showed 

proliferative responses. Restimulation of donor-type T cells isolated from thymectomized 

recipients of WT splenocytes did not show proliferation. These results indicate that IL-10 

plays a role in the induction of tolerance of pre-existing T cells (or of T cells derived from 

those) in the splenocyte inoculum.  
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Figure 6.4: Costimulation blockade can not induce tolerance in pre-existing T cells in the 
splenocyte inoculum from IL-10 KO donors. 
Recipient euthymic (A) and thymectomyzed (B) B6C F1 mice underwent 7 Gy total body 
irradiation on day -1. On day 0, they were injected i.v. with either 10 x 106 B6 WT 
splenocytes (WT, n=5) or 10 x 106 IL-10 KO B6 splenocytes (IL-10 KO, n=6), and treated 
with MR1 and CTLA-4Ig for 21 days. On day 60, mice were sacrificed and isolated donor-
type splenic T cells were restimulated with B6C F1 splenocytes. Thymidine incorporation 
was used for quantification of T cell proliferation, and results are given as counts per minute 
(cpm) (p=0.0043). 
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6.7 IL-10 production by donor T cells is required for tolerance induction by 

costimulation blockade 

 

To investigate the cell type responsible for IL-10 production and hence tolerance induction 

by costimulation blockade, we transferred purified donor T cells instead of total splenocytes 

to F1 recipients and studied whether it was possible to induce tolerance. Transfer of WT T 

cells and IL-10 KO T cells both induced a similar severe GVHD with 100% mortality within 

20 days (Figure 6.5). When animals were treated with costimulation blockade, this GVHD 

could be completely prevented after transfer of WT T cells (no mortality of recipient animals 

and all animals remained without clinical signs of disease). In contrast, treatment of 

recipients of IL-10 KO T cells could prevent GVHD in only 50 % of the animals. These 

results point to T cells as the source of IL-10 necessary to induce tolerance.     
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Figure 6.5: IL-10 produced by donor T cells plays an essential role in inducing tolerance.  
Recipient B6C F1 mice underwent 7 Gy total body irradiation on day -1. At day 0, they were 
injected i.v. with either 3 x 106 B6 WT T cells (filled symbols) or 3 x 106 B6 IL-10 KO T 
cells (open symbols). Mice were treated with either hamster Ig (- - and - -) or with MR1 and 
CTLA-4Ig (-▲- and - -) for 21 days. Each group consisted of 6 animals. Mean relative 
weights compared to day 0 (A) and percentage of survival (B) are shown. 
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6.8 Discussion 

 

In the present study we have shown that both CD4+ T cells and CD8+ T cells are able to 

induce GVHD in our parent-in-F1 model. Moreover, our study demonstrated a differential 

role for the CD28-CD80/CD86 and the CD40-CD40L pathway in GVHD mediated by either 

CD4+ T cells or CD8+ T cells. We showed that the selective blockade of the CD40-CD40L 

pathway is more effective in preventing CD4+ T cell mediated GVHD, whereas selective 

blockade of the CD28-CD80/CD86 pathway is more effective in blocking CD8+ T cell 

mediated GVHD. Therefore, blocking of the CD28-CD80/CD86 or the CD40L-CD40 

pathway holds therapeutic promise for the manipulation of CD8+ versus CD4+ mediated 

immune responses, respectively. However, blockade of both costimulatory pathways proved 

to be most effective in achieving tolerance in both CD4+ and CD8+ T cell mediated GVHD. 

We further provide evidence that MR1 preferentially blocks the expansion of CD4+ T cells, 

whereas CTLA-4Ig preferentially blocks the expansion of CD8+ T cells. Furthermore, MR1 

could block the up-regulation of the activation/memory marker CD44 on CD4+ T cells.  

The exact mechanisms by which MR1 and CTLA-4Ig block CD4+ T cell and CD8+ T cell 

mediated alloreactivity remain at present elusive. Therefore, for future studies it will be 

interesting to investigate the involvement of Treg cells and/or deletion when either MR1 or 

CTLA-4Ig is used in preventing CD4+ or CD8+ T cell mediated GVHD, respectively. In this 

way, we will get a better understanding on the mechanisms by which MR1 and CTLA-4Ig 

exert their immunomodulatory effects.   

In a second part of this chapter we showed that IL-10 plays a role in the induction of tolerance 

by costimulation blockade. In the absence of IL-10 the effect of costimulation blockade on the 

survival outcome was clearly diminished. Moreover, donor T cells present in surviving treated 

recipients of IL-10 KO splenocytes were shown not to be silent to recipient alloantigens upon 

in vitro restimulation. Finally, we showed that IL-10 derived from donor T cells is required 

for the tolerance induction.     

The potential role of IL-10 in GVHD and other transplantation settings is still debated. 

Administration of exogenous IL-10 accelerated GVHD and blockade of IL-10 activity with 

anti-IL-10 neutralizing mAb turned out to be protective 126. However, other reports point to a 

protective effect of exogenous IL-10 127. Differences in the functional effect of IL-10 depend 

on the amount of IL-10 128. High doses enhance lethality, while low amounts of bio-available 
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IL-10 are protective. This can be explained by the cytotoxicity-enhancing capacity of high 

amounts of IL-10 129. We here found that IL-10 has no clear effect on the disease development 

since all untreated recipients of IL-10 KO cells had similar survival rates as compared with 

untreated recipients of WT cells. 

A role of IL-10 in the induction of hypo-responsiveness by CD40L blockade alone has also 

been studied by Taylor et al 130. These authors found that allo-reactive CD4+ cells could be 

tolerized ex vivo with anti-CD40L mAb and that after the tolerizing regimen these CD4+ cells 

were less efficient in inducing GVHD, in contrast to CD4+ cells that were not tolerized. No 

differences were found when IL-10 knock-out CD4+ cells were used, thus indicating that IL-

10 is not required for the induction of hypo-responsiveness or GVHD protection in this 

model. There are, however, some major differences with our model. Firstly, we used a MHC-

mismatched parent-to-F1 model of GVHD whereas the other authors used a model in which 

they transferred cells in MHC class II disparate mice. Secondly, in our experimental setting 

tolerance is induced in vivo in contrast to in vitro induction in the other study. Finally, we 

used a combination of anti-CD40L and CTLA-4Ig to induce tolerance, whereas Taylor et al 

used anti-CD40L only. 

Our data reveal that IL-10 is necessary for tolerance induction by costimulation blockade. 

How IL-10 exerts its immune suppressive effects in our experimental model is at present 

unknown. Several possible explanations can be put forward. First, we can hypothesize that IL-

10 is required both for the induction and the activity of adaptive Treg cells. As we have 

shown in chapter 5, donor-type cells isolated from spleens of tolerized animals could suppress 

an MLR response, indicating that a population of regulatory cells is induced by costimulation 

blockade. Studies by others have also suggested that the result of costimulation blockade is 

based on the induction of Treg 102. We ourselves demonstrated that human T cell activation by 

costimulatory signal-deficient allogeneic cells induces anergic T cells with regulatory activity 

and that these cells produce high amounts of IL-10 44. Another possibility is that IL-10 is 

involved in the deletion process of alloreactive donor T cells. In this respect, it is an important 

finding that in CTLA-4Ig/MR1 treated recipients of IL-10 KO splenocytes a population of 

host reactive TCR-Vβ3 cells was still present on day 60 post splenocyte transfer (data not 

shown).    
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Chapter 7: General conclusions and future perspectives 
 

 

Tolerance induction to complex antigens, such as alloantigens, is a major challenge in 

transplant immunology. Whereas conventional immunosuppression suppresses the immune 

system in a non-specific way, thereby undermining an appropriate immune response towards 

potentially harmful antigens, tolerance induction aims at inducing non-reactivity to specific 

antigens (alloantigens in case of transplantation) while preserving protective immunity. 

Moreover, true tolerance implies an immunological status in which non-reactivity to specific 

antigens is preserved after withdrawal of the tolerance-inducing therapy. Among the most 

prominent strategies to induce immunological tolerance are costimulation blockade and mixed 

chimerism. By manipulating costimulatory molecules, tolerance induction has already been 

achieved in preclinical models. However, despite important advances in the protocols for 

tolerance induction, both at the peripheral and/or central level, we still know little about the 

mechanism responsible for such tolerance. Nevertheless, understanding these mechanisms of 

tolerance induction will be a prerequisite before therapies such as costimulation blockade will 

find their definite way into the clinic. Thereby, potential hazards such as side effects and the 

interaction with other tolerance-inducing therapies need to be taken into account. 

 

This study aimed at identifying the underlying mechanisms responsible for the induction of 

tolerance by targeting two particular costimulatory pathways (the CD28 – CD80/CD86 and 

the CD40 – CD40L interactions) for T cell activation. To study this, a MHC-mismatched 

parent-in-F1 model of GVHD was used, which allowed us to study allo-reactivity from the 

parent to the host animals. By using this model, we have shown that a three week treatment 

with a combination of CTLA-4Ig and MR1 can completely prevent GVHD after the transfer 

of allogeneic WT donor splenocytes to sublethally irradiated F1 recipients. Furthermore, these 

recipient animals developed a state of stable mixed chimerism, suggesting that donor T cells 

were tolerant towards host antigens. This was confirmed by the adoptive transfer of isolated 

donor-type cells. Transfer to secondary F1 recipients did not induce GVHD. On the other 

hand, transfer to third party F1 recipients readily caused GVHD. These results illustrate that 

our treatment regimen with costimulation blockade induced true tolerance since it specifically 

targets host-reactive T cells, whereas T cells with other TCR specificities are left ‘untouched’. 
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The specificity of this treatment protocol is of significant importance, as costimulation 

blockade targets only those T cells whose antigen-specific receptors have been engaged. In 

contrast to general immunosuppressive drugs, the risk of opportunistic infections and cancer 

should therefore be substantially reduced.     

 

Our experimental results provide evidence that suggests that multiple mechanisms contribute 

to the induction of tolerance by costimulation blockade (Figure 7.1).  

 

First of all a role for Treg cell activity in the induction of tolerance was investigated. Previous 

in vitro work has shown that human T cell activation by allogeneic APCs in the presence of 

the antagonistic monoclonal antibodies anti-CD80, anti-CD86 and anti-CD40 results in T cell 

hypo-responsiveness or anergy 44. Whereas it was originally thought that these anergic cells 

were merely inert passive cells without any biological function, it was recently shown that T 

cell anergy is at least partially based on the induction and/or expansion of regulatory T cells 

which down-regulate the activity of the other effector T cells. Therefore, we speculated that 

this phenomenon would also be functioning when costimulation blockade is applied in vivo. 

Indeed, at early time points post-splenocyte transfer we showed in the model of GVHD that 

an important role in tolerance induction could be attributed to regulatory T cells. This was 

demonstrated by the presence of a high percentage of Foxp3 positive cells among donor 

CD4+ cells in the spleen of treated animals, and our finding that isolated donor-type T cells at 

an early time point after splenocyte transfer displayed suppressive capacity in vitro. We 

further showed that the transient increase in the percentage of Foxp3 positive cells was not 

due to the de novo induction of Foxp3 positive cells but that these cells were derived from 

pre-existing Foxp3 positive cells in the splenocyte inoculum. A plausible scenario for these 

findings is that the nTreg cells may still be able to expand in vivo in response to allo-antigens 

in the absence of adequate costimulation, in contrast to alloantigen-reactive effector T cells. In 

any case, during the period of costimulation blockade Treg cell numbers increase so that when 

costimulation becomes again available to all cells, they are able to control the response of 

effector T cells. It is important to note that in treated animals there was a specific increase in 

the percentage of host-reactive Foxp3 positive cells, as measured by TCR-Vβ3 expression. 

This specific increase of Foxp3 positive T cells with host allo-reactivity is of potential 
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interest, as these cells may represent alloantigen specific suppressor cells. Therefore it will be 

interesting for further studies to isolate these cells and test their specificity in vitro or in vivo.  

 

We also provided evidence that IL-10 is involved in the induction of tolerance by 

costimulation blockade. Indeed, in the absence of IL-10 producing donor cells, costimulation 

blockade could not prevent GVHD in most of the recipient animals. How IL-10 exactly 

regulates the process of tolerance induction is currently not known. However, we can 

speculate that IL-10 may be required for the induction and/or function of adaptive Treg cells. 

Moreover, a role for IL-10 in the suppressive activity of the Foxp3 positive Treg cells can not 

be excluded. Finally, IL-10 may be important for the peripheral deletion of alloreactive T 

cells. 

 

The relevance of Treg cells in the inhibition of GVHD has been demonstrated both in humans 

and mice. In mice, it was shown that the administration of Treg cells is able to inhibit GVHD. 

Moreover, Treg cells have also been implicated in a mouse model in which GVHD has been 

inhibited by pre-BMT exposure of donor T cells to recipient allo-antigens in the presence of 

anti-CD40L. In humans, several studies have documented decreased numbers of Treg cells in 

association with acute GVHD.  

 

Anergy induction (and concomitant Treg induction) due to the lack of adequate costimulation 

may also happen under normal physiological conditions, for example in the context of self-

tolerance. It is well known that the peripheral T cell repertoire contains autoreactive T cells 

due to the incomplete nature of the process of negative selection in the thymus. The induction 

of T cell anergy may therefore be an important mechanism responsible for controlling these 

autoreactive T cells in the periphery. In this respect, it is hypothesized that autoantigen 

presentation by tissue cells (and thus not by professional APCs) will lead to the induction of T 

cell anergy of potentially dangerous T cells since tissue parenchymal cells lack appropriate 

costimulatory molecules. Also here, we can speculate that the induction of anergy is at least 

partially based on the induction of Treg cells. In case these anergic cells were merely inert 

unresponsive cells without any other function, it would be hard to attribute a biological 

significance to them. There would be no reason for keeping these partially activated, 

potentially dangerous T cells alive. In contrast, attributing regulatory effects to the anergic 
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phenotype justifies their existence since this gives them the capacity to suppress other 

potentially destructive T cells.        

 

It should be noted that anergy is reversible under pro-inflammatory conditions, including the 

presence of infection. Therefore, anergy is unlikely being the sole long-term tolerance 

mechanism. Indeed, in our model we could not demonstrate a role for regulatory T cells in the 

maintenance of tolerance. At late time points post-splenocyte transfer, deletion of host-

reactive T cells was found to be a major mechanism responsible for tolerance. We can 

speculate that when peripheral deletion of host-reactive T cells has become complete, 

regulatory activity is no longer essential. 

 

Furthermore, we found that treated recipient animals exhibit high levels of durable mixed 

chimerism that lasts for more than 90 days. Therefore, it can be expected that new donor-type 

T cells will have developed from donor hematopoietic stem cells present in the splenocyte 

inoculum. Indeed, by using thymectomized recipient animals it was shown that less donor-

type T cells could be recovered from their spleen. Since both euthymic and thymectomized 

recipient animals displayed a comparable deletion of host-reactive T cells in their spleens and 

peripheral blood, it can be hypothesized that newly developing host-reactive thymocytes in 

euthymic animals are deleted by the process of negative selection in the thymus (Figure 7.1).  

  

In conclusion, we have shown that a combination of CTLA-4Ig and MR1 was able to prevent 

the development of GVHD and to induce host-specific tolerance. Tolerance was mediated by 

multiple mechanisms that play differential roles at different time points after the splenocyte 

transfer. Whether therapy with CTLA-4Ig and MR1 is efficient in case of an already 

established immune reaction against allo-antigens is not known. However, since CTLA-4Ig 

and MR1 specifically targets costimulatory interactions that interfere with the activation of 

naïve T cells, it can be expected that already activated T cells will be less susceptible to these 

costimulatory blocking agents. In that case however, a potential solution is to target other 

costimulatory signals that play a dominant role in maintaining the effector function of T cells.    

 



 
 
Figure 7.1  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Summary 
 

 

Targeting costimulatory interactions between T cells and APC can potentially be useful to 

treat auto-immune diseases and to prevent transplant rejection. Blocking of these interactions 

has already been shown to lead to tolerance in several autoimmunity and transplantation 

models, but the underlying mechanisms are incompletely understood. Here, we targeted two 

particular costimulatory pathways (the CD28 – CD80/CD86 and the CD40 - CD40L pathway) 

and tried to elucidate the mechanisms responsible for promoting tolerance when both 

pathways are blocked. More specifically, we investigated the involvement of regulatory T 

cells and of deletion of allo-reactive cells in the induction and maintenance of tolerance after 

costimulation blockade. 

 

To study the mechanisms responsible for promoting tolerance after costimulation blockade, a 

MHC-mismatched parent-in-F1 mouse model of GVHD was developed. Injection of 

splenocytes from the C57BL/6 parent strain into a sublethally irradiated F1 offspring 

(C57BL/6xC3H) induced a GVHD characterized by severe pancytopenia. Treatment with 

anti-CD40L mAb and CTLA4-Ig every three days during three weeks after splenocyte 

injection prevented disease development and induced a long lasting state of stable mixed 

chimerism (> 120 days). In parallel, host-specific tolerance was achieved as demonstrated by 

lack of host-directed allo-reactivity of donor-type T cells both in vitro and in vivo. Chimerism 

and tolerance were also obtained after transfer of CD25+ cell depleted splenocytes, showing 

that CD25+ natural Treg cells are not essential for tolerance induction. We further showed 

that costimulation blockade results in enhanced Treg cell activity at early timepoints (day 6 – 

day 30) after splenocyte transfer. This was demonstrated by the presence of a high percentage 

of Foxp3+ cells among donor CD4+ cells in the spleen of treated animals, and the finding that 

isolated donor T cells at an early timepoint (day 30) after splenocyte transfer displayed 

suppressive capacity in vitro. When sorted Foxp3- splenocytes were used as donor cells, there 

was no de novo induction of Foxp3+ cells, indicating that the high percentage of Foxp3+ cells 

among donor cells originated from Foxp3+ cells present in the donor cell inoculum. At later 

timepoints (> 30 days after splenocyte transfer), deletion of host-reactive T cells was found to 

be a major mechanism responsible for tolerance. Finally, we provided evidence that IL-10 is 

involved in the induction of tolerance by costimulation blockade. In the absence of IL-10 
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producing donor cells, costimulation blockade could not prevent lethal GVHD in most of the 

recipient animals.  
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Samenvatting 
 
 

Het blokkeren van costimulatoire interacties tussen T cellen en antigen presenterende cellen 

kan potentieel aangewend worden om autoimmuunziekten te behandelen en om 

afstotingsreacties na transplantaties tegen te gaan. Het blokkeren van deze interacties heeft 

zijn doeltreffendheid reeds aangetoond in verschillende autoimmuun- en 

transplantiemodellen, maar de onderliggende mechanismen die aan de basis liggen van deze 

tolerantie zijn nog onvoldoende gekend. In deze studie werden twee costimulatoire interacties 

geblokkeerd (de CD28-CD80/CD86 en de CD40-CD40L interacties) en de mechanismen die 

aan de basis liggen voor de inductie van tolerantie werden onderzocht. Meer specifiek werd 

onderzoek gedaan naar de rol van regulator T cellen en de rol van deletie van allo-reactieve T 

cellen in de inductie en het behoud van tolerantie na costimulatieblokkade. 

 

Om de mechanismen die verantwoordelijk zijn voor het promoten van tolerantie te 

bestuderen, werd gebruik gemaakt van een majeur mismatch ouder-naar-F1 muismodel van 

graft versus host ziekte (GVHZ). De injectie van splenocyten afkomstig van de ouderlijke 

C57BL/6 stam in sublethaal bestraalde F1 nakomelingen (C57BL/6xC3H) induceerde een 

GVHZ gekarakteriseerd door een ernstige pancytopenie. Behandeling met anti-CD40L 

monoclonale antistoffen en CTLA-4Ig elke drie dagen gedurende drie weken voorkwam de 

ontwikkeling van GVHZ en induceerde een langdurige staat van gemengd chimerisme (> 120 

dagen). In parallel hiermee werd gastheer-specifieke tolerantie verkregen, wat aangetoond 

werd door de afwezigheid van gastheer-gerichte allo-reactiviteit van donor-T cellen. Dit werd 

zowel aangetoond in vitro als in vivo. Chimerisme en tolerantie konden ook verkregen worden 

wanneer splenocyten getransfereerd werden die vooraf gedepleteerd waren van CD25+ cellen, 

wat aangeeft dat CD25+ natuurlijke Treg cellen niet noodzakelijk zijn voor de inductie van 

tolerantie. Verder werd aangetoond dat costimulatieblokkade resulteert in een verhoogde 

activiteit van Treg cellen op vroege tijdstippen (dag 6 – dag 30) na de transfer van 

splenocyten. Tijdens deze tijdspanne vonden we immers een verhoogd percentage aan 

Foxp3+ cellen binnen de CD4+ celfractie terug in de milt van behandelde dieren en 

vertoonden geïsoleerde donor-T cellen een supprimerende activiteit in vitro. Wanneer 

gesorteerde Foxp3- splenocyten gebruikt werden als donorcellen kon geen de novo inductie 

van Foxp3+ cellen worden vastgesteld, wat aangeeft dat het hoog percentage aan Foxp3+ 
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cellen binnen de donor CD4+ cellen afkomstig was van Foxp3+ cellen die reeds aanwezig 

waren in het splenocyteninoculum. Op latere tijdstippen (> 30 dagen na de transfer van 

splenocyten), bleek perifere deletie van gastheer-reactieve T cellen een belangrijk 

mechanisme voor de inductie van tolerantie. Tot slot toonden we aan dat IL-10 een 

belangrijke rol speelt in het proces van tolerantie-inductie door costimulatieblokkade. In 

afwezigheid van IL-10 producerende donorcellen kon geen tolerantie meer geïnduceerd 

worden in het merendeel van de behandelde dieren.  
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