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Abstract 
 

The main function of co-inhibitory molecules is to regulate T cell immune 

responses by providing negative signals to those cells. Homeostatic activation of 

T cells occurs in both natural and artificially induced states of lymphopenia. 

Although lymphopenia leads to homeostatic proliferation of T cells, it does not 

always lead to autoimmunity, suggesting that control mechanisms may exist. 

Controlling these mechanisms may be particularly important during the period 

when the first T cells are exported from the thymus, as many recent thymic 

emigrants (RTE) have not yet had the opportunity to undergo peripheral tolerance. 

In chapters 2 and 3, I tested whether the major function of the co-inhibitory 

receptors such as programmed death-1 (PD-1) and B and T cell attenuator 

(BTLA) is to control autoimmunity induced by homeostatic activation, and also to 

assess their importance in RTE vs. established peripheral T cells. Interestingly, I 

found that their function is more critical only in newly generated T cells but not in 

mature T cells as PD-1-/- or BTLA -/- RTE induced a lethal multi-organ 

inflammatory disease in lymphopenic recipients. The disease induced by 

lymphopenia induced proliferation (LIP) was inhibited by reducing lymphoid 

space and also by providing polyclonal T cells as competitors for the pathogenic 

T cells. In chapter 4, I examined whether co-inhibitory molecules play a critical 

role in the "spontaneous" allograft tolerance of male islets. Among those tested, 

only PD-1 has a role in spontaneous acceptance of male islet allografts. While T 

cells have been observed to induce bystander killing of uninfected cells at the 



vicinity of the infected cells during viral infections in vitro, very little is known 

about the existence of bystander killing in vivo and also the mechanisms that limit 

this type of killing. In chapter 5, I investigated the capacity for bystander killing 

of islet cells in vivo and observed that PD-1, but not BTLA, can limit bystander 

killing. Overall, my studies have divulged the critical roles of co-inhibitory 

molecules in the maintenance of self-tolerance and these research findings will 

provide critical insights in the development of novel therapies to combat 

autoimmunity and rejection of transplants. 
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1.1. Introduction 

The question of how the adaptive immune system prevents self-reactivity 

continues to be at or near the top of the hierarchy of important questions in 

immunology, with the favored solution changing from one decade to the next.  

Recently regulatory T cells (Treg) have been the focus (again) of research on this 

question.  Increasingly, however, negative regulation by receptors that work 

together with lymphocyte antigen-receptors to deliver ‘co-inhibitory’ signals have 

also taken centre stage.  While the rapidly increasing detailed description of co-

inhibitory receptors and their intracellular signaling pathways has been reviewed 

elsewhere1-7, we focus here on the relationship between co-inhibitory receptors 

and their functions in terms of minimal models of immune regulation (solutions to 

self/nonself discrimination), with a particular focus on recent studies that suggest 

a convergence between co-inhibitory signals and the cells that regulate the 

immune response (regulatory T cells and innate immune system cells). 

 

1.2. A brief history of efforts to tackle self/nonself discrimination 

A unique feature of the immune system is the ability to discriminate self from 

nonself antigens, with strong responses against many foreign antigens and 

tolerance to self -antigens. Many theories have been proposed to solve the 

problem of self/nonself discrimination.  

 

1.2.1. Timing of antigen exposure 

 Burnet and Fenner proposed that there is a tolerogenic window early in the 
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ontogeny of organisms8. Despite the elegant studies conducted by Billingham, 

Brent and Medawar9 that supported Burnet’s theory, numerous studies also 

provided evidence against this view (discussed in refs.10, 11). In addition, the fact 

that lymphocytes are generated throughout life also indicated the Burnet-Fenner 

theory was either incorrect or incomplete. If tolerance occurs only early in life, 

how do lymphocytes newly generated in an adult animal become self-tolerant?  

Lederberg formulated a one-signal model of lymphocyte activation12 that resolved 

this problem in the Burnet-Fenner theory on tolerance. He proposed that there is a 

tolerogenic window early in the ontogeny of each lymphocyte rather than in the 

organism as a whole, allowing each lymphocyte to go through self-tolerance 

education whether the lymphocyte was born in a neonatal or adult animal.   

 

Lederberg’s 1959 model proposing that antigen exposure in immature 

lymphocytes is tolerogenic, is not, as recently described13, an extension of Burnet 

and Fenner’s idea, but instead overturned their incorrect theory that postulated 

tolerance was a property uniquely of the fetal or neonatal period. The emergence 

of the central tolerance mechanisms, primarily deletion of autoreactive T cells in 

the thymus14, 15, supported the Lederberg explanation that was proposed half a 

century ago.  However, the one-signal model did not consider a need for tolerance 

in mature lymphocytes, that is a peripheral tolerance, a tolerance that would seem 

to be demanded by the presence of particular self antigens only outside the central 

lymphoid organs and by the capacity of lymphocytes to mutate leading to self-

reactivity (e.g.: somatic hypermutation). To counter the problem of continuous 
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lymphocyte generation and mutation in the life of lymphocytes and consequently 

rescue the Burnet-Fenner tolerogenic window in ontogeny, Bretscher and Cohn 

proposed the two-signal model of lymphocyte activation16. According to this 

model, the optimal activation of T or B lymphocytes requires two signals in which 

the first signal arises from the engagement of the antigen with specific receptors 

of lymphocytes and the second signal is from the antigen specific T-helper cells 

(Th), which are required to complete activation of the immune response. Based on 

this model, absence of self-reactive helpers can enforce tolerance throughout life 

due to a lack of help for newly generated helpers. This latter concept opened the 

chicken-egg dilemma by raising the question of which cell helped the first Th 

cells? It also suffered from the same problem as Burnet’s hypothesis, the 

experiments showing that there is no tolerance window defined uniquely in the 

fetal/neonatal period. Thus, while Lederberg explained much of self/nonself 

discrimination through a central tolerance mechanism, tolerance of the ‘peripheral 

self’ remained unresolved.   

 

1.2.2. Co-stimulation, PAMPS and DAMPS 

An effort by Lafferty and Cunningham to solve the puzzle of T cell allo vs. xeno 

reactivity was a major step towards resolving peripheral tolerance, as it led to a 

revised two-signal model for lymphocyte activation17. In this revised model, 

signal 2 (positive signal) or “co-stimulation” originates from antigen presenting 

cells (APCs) instead of Th. In both of the two-signal theories, absence of signal 2 

in lymphocytes will lead to tolerance (deletion or inactivation). However, it 
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remained unclear how co-stimulation could help discriminate self from nonself; 

how co-stimulation could be present with foreign but not self-antigens.  Charles 

Janeway suggested a solution to the deficiency in Lafferty and Cunningham’s 

theory by proposing that pattern recognition receptors of the innate immune cells 

influenced the expression of co-stimulation. Janeway translated from lymphocytes 

to the APC, the Coutinho and Moller concept of mitogen receptors binding 

microbial products18, as the primary stimulus for immune responses. According to 

Janeway’s model, the interaction of pattern recognition receptors of APC with 

their ligands (pathogen associated molecular patterns or PAMPS) of microbes, 

induced APC activation and expression of co-stimulatory molecules19. The 

identification of Toll like receptors (TLR), a few years later, supported this 

concept20. Presently, more than ten TLRs have been identified in mammals with 

their respective PAMP ligands. Despite the clear role of TLRs in regulating 

immune responses, Janeway’s theory failed to easily explain transplant rejection 

and anti-viral immunity or the ability to harbor normal flora. Polly Matzinger 

introduced a new theory in the “Danger model” to solve the issues in Janeway’s 

proposal and left the idea of a self/nonself discrimination behind in favor of a 

danger no danger discrimination21. This theory allowed for a peaceful co-

existence between the immune system and our normal flora22, unlike the 

self/nonself models. In the danger model, co-stimulation is induced by 

endogenous danger signals that arise from host cell damage. The danger model is, 

in a number of respects, more diverse in offering explanations for tumor immune 

responses, autoimmunity and transplant rejection and there is an increasing 
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amount of evidence supporting this model23-29. Molecules that signal danger are 

also now called alarmins or danger associated molecular patterns (DAMPS). 

 

1.2.3. Tolerance mediated by co-inhibition 

All of these minimal models of immune discrimination, be they self vs. nonself or 

danger vs. non-danger, give the job of tolerance inducing signals to the antigen 

receptor of lymphocytes.  However, there is increasing evidence that tolerogenic 

signals are not derived from antigen receptor signals alone, and even before the 

concept of co-stimulation was proposed, the idea that there are co-receptors that 

provide inhibitory signals had been put forward.  While examining the 

mechanisms of feedback suppression by antibody, Sinclair and Chan developed a 

model that explained the importance of the Fc portion of the antibody in 

suppression of the B cell response.  Figure 1-1 shows the ‘Tripartite Inactivation 

model’ from their 1971 publication30. Tripartite referred to the three components, 

antigen, antibody (a co-inhibitory ligand) and the immunologically competent 

cell.  This, the first proposal of a receptor (in this case an Fc receptor) that works 

together with an activating receptor (when co-aggregated) to mediate 

inactivation/tolerance, was further substantiated by the identification of Fc 

receptors on B cells and their negative co-signaling capacity, including the 

identification of a critical immuno-tyrosine based inhibitory motif (ITIM) in its 

intracytoplasmic domain.  Sinclair later proposed that these negative signals are 

required for tolerance in T cells as well as B cells31, and coined the term co-

inhibition for this process in further postulating that the fundamental control of 
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self/nonself discrimination in the periphery is determined by the balance between 

multiple co-stimulators and co-inhibitors32. While co-stimulation contributes to 

immune discrimination because it is present only with DAMPS or PAMPS (and 

not in ‘healthy’ self tissues), we proposed that co-inhibition contributes, at least in 

part, by being upregulated during prolonged antigen exposure (chronic antigen 

receptor signaling)32. Numerous lines of evidence now support the role of co-

inhibitory molecules in self-tolerance33-35 and in control of responses during 

chronic antigen exposure36-43. 

 
 

Figure 1-1. The origins of the concept of co-inhibition.  The tripartite 
inactivation model30 proposed that B cells are inactivated by antibody bound to 
antigen via the co-aggregation of the B cell antigen receptors with a receptor for 
the Fc portion of antibody. The model predicted the presence of negative 
signaling Fc receptors on B cells and that B cells are tolerized not by antigen 
receptor signals but instead by the co-operative signaling of antigen and Fc 
receptors.  Reprinted with kind permission of Springer Science and Business 
Media. From page 611 in: K. Lindahl-Kiessling. G. Aim. and M. G. Hanna (eds.). 
Morphological and Fundamental Aspects of Immunity, pp. 609- 615. New York: 
Plenum Press, 1971. 
 
 



 8 

1.2.4. Tolerance and regulatory T cells (Tregs) 

The presence of autoreactive T cells in the periphery from healthy individuals44, 45 

underscored the importance of peripheral tolerance, especially to control the low 

affinity autoreactive T cells that escape from the thymus46. The potential 

outcomes of peripheral tolerance are diverse, and include clonal anergy or 

unresponsiveness47-51, clonal deletion52-54, ignorance55-57, downregulation of T cell 

receptors or co-receptors58, 59 and suppression by Treg cells60. Among peripheral 

tolerance mechanisms, Treg cells have become of great interest due to their 

potential therapeutic applications in controlling autoimmunity and transplant 

rejection61-64. Treg exhibit dominant peripheral tolerance mechanisms by 

suppressing self-reactive T cells60. The suppressive function of Treg is mediated by 

negative signals to other T cells and APCs through cell contact or cytokines such 

as TGF-β and IL-10.  The concept of Treg or suppressor T cells originated in 1970 

from studies of Gershon and Konda65. Research on these cells flourished until the 

discovery that there was no I-J region in major histocompatability gene complex 

(MHC), which had been expected to be the locus controlling Treg.  Moreover, 

other studies14, 15, 48 suggested that deletion or inactivation/anergy of lymphocytes 

were the relevant mechanisms of immunological tolerance, which further 

dwindled enthusiasm for the Treg field.  However, studies by Sakaguchi66 

demonstrated the importance of CD4+ CD25+ suppressor cells in controlling 

autoimmunity, which rejuvenated enthusiasm for the potential importance of Treg 

in immunological tolerance. Despite the popularity of Treg studies, there have been 

very few efforts to incorporate them into a model of self/nonself discrimination67-
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69. What are the rules that allow Treg to suppress self but not appropriate foreign 

antigen specific responses?  The rules are far from clear at this point despite the 

immense amount of data exploring these cells. While Treg mediate a dominant 

form of tolerance where effectors cells are regulated in a cell extrinsic fashion, co-

inhibition has mostly been considered a cell intrinsic recessive form of tolerance. 

However, recent data that we will discuss is challenging this mutually exclusive 

viewpoint, and suggesting that many co-inhibitory receptors are involved in both 

recessive and dominant tolerance. 

 

1.2.4.1. Central tolerance 

Self-reactivity of the lymphocytes is controlled by central and peripheral 

tolerance. Central tolerance or negative selection occurs during the development 

of lymphocytes, in which lymphocytes that have strong affinity to self peptide-

MHC (selfpMHC) will be deleted in primary lymphoid organs. In the case of T 

cells, central tolerance occurs in the thymus.  A classical study by Marrack’s 

group reported the first evidence of clonal deletion by showing that T cells that 

were specific to MHC class II IE were deleted in the thymus of mice expressing 

IE14. Moreover, Von Boehmer’s group also demonstrated central tolerance in 

developing anti-HY (male antigen) TCR transgenic thymocytes15. In male mice, 

anti-HY CD8+ T cells were deleted in the thymus due to the expression of male 

antigen in the thymus. On the other hand, in female mice, anti-HY CD8+ T cells 

were positively selected in the thymus. Recently, discovery of AIRE 
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(Autoimmune regulator protein) expression in medullary thymic epithelial cells 

(mTEC) re-emphasized the importance of central tolerance.   

 

AIRE is required for the efficient negative selection in the thymus by up 

regulating tissue specific antigens in mTEC and so absence of AIRE leads to 

defective negative selection with the release of autoreactive T cells in the 

periphery70. Mutations in AIRE cause autoimmune disease in humans, namely, 

APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy) or 

APS-1 (autoimmune polyglandular syndrome type 1)71.  In the case of mice, 

AIRE deficiency leads to the development of multi-organ inflammatory infiltrates 

and auto-antibodies72.  

 

1.2.4.2. Peripheral tolerance 

Although central tolerance is an efficient process in controlling self-reactivity, it 

does not eliminate completely all the self-reactive T cells. Previous studies also 

supported this notion by showing the presence of autoreactive T cells in the 

peripheral blood of healthy patients73, 74.  However, the autoreactivity of those 

escaped T cells that are in the periphery is controlled by putative peripheral 

tolerance mechanisms namely ignorance, anergy, deletion and suppression. In 

theory, ignorance is mediated through the sequestration of tissue-restricted 

antigen in tissues that are inaccessible to T cells. Anergy is a condition of 

functional unresponsiveness of T cells to self-antigens75. Anergy in T cells can be 

classified into two categories namely, clonal anergy and adaptive tolerance or in 
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vivo anergy. Clonal anergy occurs due to lack of second signal in spite of the 

presence of TCR signaling. However, the induction of clonal anergy can be 

rescued directly by costimulation of CD28/B7 pathway76 or indirectly by 

stimulation of growth factors like IL-2 on cell cycle progression77. Adaptive 

tolerance of a T cell occurs due to the generalized inhibition of proliferation and 

effector functions. The requirement of co-inhibitory pathways such as, CTLA-4, 

PD-1 for the induction of T cell anergy has been well-documented78, 79.  Deletion 

of autoreactive T cells can occur in the periphery80 due to Fas-Fas-L, Bim-

dependent pathways81, 82 and also, possibly, due to PD-1-PDL-1 or BTLA-HVEM 

pathways83, 84.  T regulatory cells (Tregs) are suppressor cells and have been 

shown to play an important role in the maintenance of peripheral tolerance by 

suppressing autoreactive T cells66. 

 

1.3. Major co-inhibitory molecules 

1.3.1. Cytotoxic lymphocyte antigen-4 (CTLA-4; CD152) 

 CTLA-4 is expressed by activated T cells and Tregs60, 85. It exhibits its inhibitory 

function by binding with B71 (CD80) and B72 (CD86) molecules of antigen 

presenting cells. It has been reported that the CTLA-4 has 10-20 times higher 

affinity to bind with B7 molecules than that of its activating counter part, CD2886, 

87. 

 

CTLA-4 plays a critical role in the regulation of T cell tolerance and homeostasis. 

For example, CTLA-4-/- mice developed rapid lethal inflammatory disease and 
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died by 3-4 weeks of age35. The disease is characterized by increased effector 

memory T cells with lymphocytic infiltration in major organs such as heart and 

pancreas.  Furthermore, a previous study88 reported that thymocyte development 

is normal in CTLA-4-/- mice, which suggests the importance of CTLA-4 in the 

maintenance of peripheral tolerance. One of the questions in CTLA-4-/- mice that 

was unanswered was the antigenic specificity of the T cells undergoing rapid 

proliferation and infiltration of the tissues. It was recently answered by Murphy 

and colleagues, who demonstrated that the infiltrating T cells in CTLA-4-/- mice 

were specific to tissue-specific antigens and also autoreactive89. The experiment 

involved CTLA-4-/- mice with fixed TCR-β chain and the antigen specificity was 

demonstrated by transferring the pathogenic CD4+ T cells from organs like liver 

or pancreas into secondary Rag-/- recipients. Interestingly, it was found that the T 

cells from liver tend to home in the liver of Rag-/- recipients and induced 

pathology only in the liver. Later, it was identified that the pancreatitis in CTLA-

4-/- mice is due to specific autoantigen namely acinar cell–specific enzyme PDIA2 

(protein disulfide isomerase–associated 2). 

 

1.3.2. Programmed death-1 (PD-1; CD279) 

PD-1, a co-inhibitory molecule, was first isolated by Honjo and colleagues in 

199290 by using a subtractive hybridization technique in two different cell lines 

namely, LyD9 and 2B4.11. The amino acid sequence of PD-1 is 21-33% identical 

to CTLA-4/CD28/ICOS. Unlike CTLA-4, PD-1 is a monomer due to the lack of 

membrane proximal cysteine. The cytoplasmic domain of PD-1 has two different 
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tyrosine residues, an ITIM and an immunoreceptor tyrosine-based switch motif 

(ITSM)91. It has been reported that the mutation of ITSM abrogated the PD-1 

inhibitory function91.  

 

C57BL/6 PD-1-/- mice developed a narrow spectrum of autoimmunity in the form 

of destructive arthritis and lupus at an older age33. At 6 months of age 30% of 

mice were affected, where as the incidence increased to 50% by 14 months of age. 

In the case of BALB/c PD-1 -/- mice, dilated cardiomyopathy was observed with 

autoantibody production to troponin-1. The majority of the mice (60%) died by 30 

weeks of age. Disease was absent in BALB/c PD-1 -/-  Rag-/- mice, which 

suggested that the disease is dependent on T and/or B cells. Also, spleen or bone 

marrow cells from sick BALB/c PD-1 -/-  mice can transfer disease into Rag-/- 

recipients34. Neonatal thymectomy in BALB/c PD-1 -/-  induced fatal autoimmune 

hepatitis with the production of anti-nuclear antibody92. 

 

Deficiency of PD-1 on autoimmune backgrounds such as NOD93 and lpr mice33 

accelerated the onset of disease. Furthermore, PD-1-/- deficiency can act 

synergistically with LAG-3 deficiency (lymphocyte activation gene 3) to induce 

lethal myocarditis in BALB/c mice94. In humans, single nucleotide polymorphism 

in the PD-1 gene has been associated with multiple sclerosis95, lupus, arthritis96, 97 

and type-1 diabetes98. 
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There are two known ligands of PD-1 namely PD-L1 (B7-H1) and PD-L2 (B7-

DC). PD-L1 is expressed in activated T cells, B cells, Tregs, myeloid and also in 

dendritic cells. In addition, PD-L1 is also expressed in non-lymphoid tissues such 

as heart, liver, placenta and pancreatic islets. Cytokines such as IFN-γ can 

upregulate PD-L1 expression in the tissues99. The broader expression of PD-L1 at 

peripheral tissues emphasized its role in the maintenance of peripheral tolerance 

by controlling autoreactive T cells. In contrast to PD-L1, PD-L2 expression is 

restricted to macrophages, dendritic cells and bone marrow derived mast cells.  

The PD-1/PD-L1 pathway can control the priming of self-reactive T cells in the 

lymph node and also the effector T cell responses at the target sites100. 

 

Blocking either PD-1 or PD-L1 but not PD-L2 accelerated the diabetes 

development in NOD mice, a mouse model for type-1 diabetes101. In addition, 

loss of PD-L1 can induce autoimmune enteritis102, and myocarditis99. Although 

blockade of PD-L2 did not accelerate diabetes101, the treatment augmented 

experimental autoimmune encephalomyelitis (EAE) in wild type mice103. 

Furthermore, lack of PD-L2 abrogated the induction of oral tolerance104.  

 

1.3.3. B and T lymphocyte attenuator (BTLA; CD272) 

 B and T lymphocyte attenuator (BTLA) is one of the members of Ig superfamily 

recently added to the list of co-inhibitory molecules105. It is expressed by 

activated T cells, B cells, NK cells, NK Tcells, macrophages and dendritic cells1, 

105. BTLA is preferentially expressed by Th1 cells, which suggests its role in 
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regulating Th1 responses105. Previous studies reported that T cell receptor (TCR) 

engagement, together with BTLA signaling inhibited IL-2 production and 

decreased T cell proliferation105, 106. In contrast to other Ig superfamily members 

that bind to B7 molecules, BTLA binds with a tumor necrosis factor receptor 

member namely herpes virus entry mediator (HVEM)107. Engagement of BTLA 

with HVEM exerts inhibitory function on T cell activation107. In addition to 

BTLA, HVEM can also bind to lymphotoxin-α, LIGHT108 and a co-inhibitory 

molecule CD160109 that revealed the complexity of this pathway. The expression 

pattern of HVEM in T cells is in stark contrast to the BTLA expression. HVEM 

expression is higher in naïve T cells and becomes lower once the T cells are 

activated110.  

 

Various studies have highlighted the importance of BTLA in controlling 

autoimmunity and the maintenance of self tolerance83, 105, 111, 112. Aged BTLA-/- 

mice on 129SvEv background were susceptible to autoimmune hepatitis with the 

production of anti-nuclear antibodies. Also, earlier studies reported that BTLA-/- 

mice were more prone to EAE105 and allergic airway inflammation113. Absence of 

BTLA impaired the induction and maintenance of oral tolerance and peptide 

induced tolerance83.  The expression of BTLA is critical in CD8 + T cells to 

prevent autoimmune diabetes83.  BTLA deficiency in MRL-lpr mice augmented 

the autoimmunity by increasing the severity of the lymphocytic infiltration in 

major organs111.  
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1.4. Co-inhibitors in recessive and dominant tolerance mechanisms 
 
For the purposes of this discussion we will consider that dominant tolerance is an 

antigen specific tolerance that is dominant when lymphocytes from the tolerant 

animal are mixed with lymphocytes from naïve animals (the mixture acts like the 

tolerant cells). Conversely, recessive tolerance is manifested by a lack of 

tolerance when the lymphocytes are mixed. However, it should be noted that there 

is at least the potential for an additional dominant tolerance mechanism that 

would not pass the ‘mixing’ test: The upregulation of co-inhibitory ligands within 

tissues leading to a local dominant tolerance that is not transferable with ‘tolerant’ 

lymphocytes to naïve recipients.   

 

Summarized in Figure 1-2 and Table 1-1, is a minimal model of the currently 

described cellular interactions, either cell intrinsic (recessive) or extrinsic 

(dominant/regulatory), in which co-inhibitory pathways are known or thought to 

be involved.  Multiple co-inhibitory receptor ligand pairs are likely to be involved 

in each of the five pathways illustrated, each serving substantially or slightly 

different roles in the problem of self/nonself discrimination.  Mechanism number 

1 in Figure 1-2 and Table 1-1 represents the most well documented co-inhibition 

scenario, where co-inhibitory ligands, which can be soluble (e.g. antibody) or 

expressed on the surface of cells (non-T cells; APC or other tissue cells), interact 

with co-inhibitory receptors and generate tolerance. This tolerance is generally 

considered to be a recessive form of tolerance and involves recruitment of 

phosphatases to ITIM motifs.  However, it cannot be excluded that in some cases 
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these interactions may turn the T cell into a Treg, in which case dominant tolerance 

would ensue.  In fact recent studies indicate that expression of PD-L1 on APC 

promotes generation of iTreg in a population of naïve T cells114, 115.  It remains 

unclear how such a mechanism could function in vivo without causing a state of 

generalized immunosuppression.  Another example of co-inhibition via 

mechanism 1 is the ability of HVEM on radioresistant cells to prevent T cell 

activation by its interaction with BTLA and/or CD160 on the responding T 

cells116. PD-L1 is also expressed in non-hematopoeitic cells117-121 and may bind 

with PD-1 on conventional T cells (Tcon) to maintain recessive tolerance within 

tissues and tumors122. Although mechanism 1 is a recessive tolerance (not 

mediated by Treg) acting directly on responding T cells, the inhibition of 

proliferation/activation of the responding T cell population could be expected to 

alter the ratio of effector to Treg cells, favoring the Treg.  The concept that 

mechanism 1 is recessive is contingent upon the determining factor in 

responsiveness being regulation of co-inhibitor expression on the responding 

lymphocyte. That is, co-inhibitor levels change while co-inhibitory ligands are a 

constant (not inducible) and thus do not ‘decide’ the outcome. However, the 

picture may become even more complex for mechanism 1 if co-inhibitory ligands 

are themselves also inducibly expressed in tissues, as has been seen in the setting 

of inflammatory cytokines and autoimmunity120, 123. In this latter case, mechanism 

1 would itself seem to be an effort to establish a form of dominant tolerance 

locally within the tissue, a dominant tolerance that is not mediated by Treg but may 

nevertheless be useful. 
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The role of co-inhibitors in dominant tolerance mediated by Treg has only recently 

emerged. Treg play a key role in immunological tolerance to self-antigens as well 

as foreign antigens. Treg can be divided into natural Treg (nTreg) and induced Tregs 

(iTreg). The development of nTreg is different from induced Treg as the former 

develop in the thymus whereas iTreg are induced in the periphery124. The 

mechanism of suppression by Treg can be contact dependent or through cytokine 

dependent mechanisms125, 126. It has recently emerged that the suppressive 

function of Treg is mediated by co-inhibitory receptors.  For example, Treg lacking 

PD-L1 or CTLA-4 are not good suppressors127, 128. It has been shown recently that 

the CTLA-4 in Treg down regulates co-stimulatory molecules CD80 and CD86128, 

129 on APCs to maintain tolerance (mechanism 3 in Figure 1-2 and Table 1-1).  In 

contrast to CTLA-4, ligands of PD-1119 and BTLA131 are more highly expressed 

by Treg than Tcon such that co-inhibitory ligands of Treg bind with their receptors 

on Tcon (mechanism 2 in Figure 1-2 and Table 1).  However, some studies have 

suggested an alternate possibility, that PD-1 on Treg could negatively regulate 

immune responses by binding with its ligand, PD-L1, on other cells130. The 

mechanisms involved in this latter possibility are not clear. It was recently shown 

that PD-L1 was not only required for Treg functions, but also required for the 

development and maintenance of iTreg
115.  CTLA-4 and PD-1 are not the only co-

inhibitory pathways key to Treg function.  Treg that lack HVEM have reduced 

capacity to suppress naïve wild type (WT) T cells131. Conversely, WT Treg could 

not efficiently suppress BTLA-/- Tcon, which implied that Treg utilized HVEM to 

inhibit the effectors through BTLA131 and possibly CD160.  Increasing the 
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complexity even further, receptors involved in co-inhibition apparently can also 

have a positive impact on immune responses. BTLA expression and function in T 

cells is associated with increased T cell survival in both graft versus host disease 

and colitis models116, 132-134. How BTLA functions to increase survival is not yet 

clear. However, a recent study indicates that BTLA and HVEM can interact in cis 

on T cells (see mechanism 4 in Figure 1-2 and Table 1.1) and that the cis 

interaction promotes survival134. Surprisingly, it promotes survival even though 

the cis interaction blocks trans interaction of HVEM ligands (BTLA, CD160) 

with HVEM on adjacent cells, preventing HVEM signals (NF-κB activation).  

 

T cell immunoglobulin (Ig) domain and mucin domain-3 (Tim-3), is a co-

inhibitory molecule expressed by terminally differentiated Th1 T cells. The 

binding of Tim-3 with its ligand galectin-9 induced apoptosis of Th1 cells135. A 

recent study reported that galectin-9 was expressed by Treg and proposed that it 

could inhibit Th1 cells by binding with Tim-3 on those cells136. Consistent with 

their speculation, blocking antibodies to Tim-3 reduced the suppressive function 

of Treg in vitro and in vivo. Although blocking Tim-3 pathway partially restored 

Tcon proliferation in vitro, there was no evidence that it directly reduced the 

suppressive function of Treg. A previous study from the same group reported that 

the ligand of Tim-3 can negatively regulate alloreactive CD8+ T cells137. Based on 

these findings, the interpretation that blocking Tim-3 pathway in vivo negated the 

suppressive function of Treg is complicated by the possibility that the treatment 

could have directly enhanced alloreactive CD8+ T cell responses subsequently 
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resulting in allograft rejection. 

 

Given the above evidence that co-inhibitors are critical in Treg function it raises 

the question of whether co-inhibitors actually have a critical role in recessive 

tolerance mechanisms.  Conditional deletion of CTLA-4 only in Treg showed 

delayed onset of the rapid lymphoproliferative disorder and autoimmunity that 

occurs when there is global deletion of CTLA-4, suggesting that CTLA-4 may 

also regulate the Tcon intrinsically128. More recently, this concept was supported 

by elegant experiments by Ise et al.89 and Jain et al.138 that demonstrated the 

requirement for CTLA-4 in controlling Tcon to prevent autoimmunity.  Hence, the 

expression of CTLA-4 in T cells has a dual role. The expression of CTLA-4 in 

Treg serves to control aberrant activation of Tcon extrinsically, whereas CTLA-4 

has an intrinsic effect on Tcon to maintain tolerance. Furthermore, numerous lines 

of evidence showed the involvement of co-inhibitory molecules in recessive 

tolerance mechanisms such as deletion and anergy of T cells139-142. Interestingly, 

even the well-known ability of B cell antigen presentation to tolerize naïve T 

cells143, 144 has been found to be dependent on the co-inhibitors PD-1 and CTLA-

4145. In another recent study, the adoptive transfer of CD25-CD4+CD45RBhigh 

naive T cells into syngeneic Rag-/- recipients that induces colitis was shown to be 

accelerated in HVEM-/- Rag-/- recipients.  HVEM expression on radioresistant 

cells reduced the disease via interactions with BTLA and/or CD160116, indicating 

a non-Treg mediated tolerance through co-inhibition. Interestingly, BTLA was also 

required in non-T cells to reduce the disease. 
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Table 1-1 

Distinct mechanisms by which co-inhibitory receptors/ligands block 
conventional T cell (Tcon) responses depends on the cells expressing co-
inhibitors vs. co-inhibitor ligands, and may even switch their function from 
inhibition to stimulation 
 

 Co-
inhibitor 

aCo-inhibitor 
ligand 

Outcome Examples; cBinding 

1 Tcon 
APC or 
tissue 

Inhibitory signals to Tcon; recessive 
tolerance PD-1/PD-L1, Fas; trans 

2 Tcon Treg 
Inhibitory signals to Tcon; dominant 

tolerance 
PD-1/PD-L1, BTLA/HVEM; 

trans 

3 Treg APC 
Reduced co-stimulation to Tcon; 

dominant tolerance CTLA-4/CD80-CD86; trans 

4 Tcon 
bTcon 

Survival signals to Tcon; prolonged 
responses BTLA/CD160/HVEM; cis 

5 Tcon APC 
Reduced co-stimulation to Tcon; 

recessive tolerance 
CTLA-4/CD80-CD86; trans 

 

aIn some cases, specifically #3 and 5, ligand for the co-inhibitor is also a co-
stimulatory ligand. 
bThe co-inhibitory ligand (HVEM) is also expressed on Treg, and at high levels, 
although low BTLA levels on these cells likely preclude significant cis 
interactions. 
cInteractions between receptors and ligands on the same cell (cis) versus different 
cells (trans). (Reproduced from Thangavelu et al. (2010) with permission from 
SelfNonself, Landes Bioscience) 
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Figure 1-2.   Mechanisms of co-inhibitory signaling involving dominant (Treg) 
versus recessive mechanisms.  Abbreviations, include Ci (co-inhibitor), Ci-L 
(co-inhibitory ligand), Cs (co-stimulator), Cs-L (co-stimulatory ligand), Tcon 
(conventional T cell), Treg (regulatory T cell).  See also Table 1 for a description 
of each type of mechanism shown in 1-5 in the figure. (Reproduced from 
Thangavelu et al. (2010) with permission from SelfNonself, Landes Bioscience) 
 

1.4.1.  Feto-maternal tolerance 

 The mechanisms of feto-maternal tolerance in humans and mice have been 

discussed in detail elsewhere146.  Here we will focus on the role of co-inhibitory 
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molecules in the maintenance of maternal tolerance. Aluvihare et al.147 reported 

the expansion of Treg in allogeneic pregnancy in mice when compared to 

syngeneic pregnancy.  Consistent with the mouse studies, it has been 

demonstrated that there is also expansion of Treg in human pregnancies148. 

Furthermore, adoptive transfer of Treg in an abortion prone mouse model149 

prevented fetal resorption, which suggested the importance of Treg in allogeneic 

mating.  PD-L1 is expressed by mouse119 and human placenta150, which may serve 

to inhibit paternal antigen reactive T cells. Consistent with this possibility, 

paternal antigen specific T cells up regulated PD-1 upon encounter of cognate 

fetal antigen in pregnancy151 and blockade of PD-L1 pathway induced fetal 

resorption and reduced litter sizes119. In contrast to this recessive tolerance action 

of PD-1 in pregnancy, adoptive transfer of purified Treg from WT mice but not 

from PD-L1-/- mice was shown to reduce semi-allogeneic fetal resorption in PD-

L1-/- mice127. However, litter sizes were small when compared to WT females, 

suggesting the requirement of PD-L1 in other immune cells or tissues. Another 

study showed that PD-L1-/- mice had an increased percentage of antigen 

presenting cells, which expressed a higher level of co-stimulatory molecules152, 

raising the possibility that this mechanism might have enhanced the alloimmune 

responses against semi-allogeneic fetuses.  It therefore remains an open question 

as to whether co-inhibition contributes to fetal tolerance primarily via recessive or 

dominant127 tolerance mechanisms. The role of co-inhibitory molecules in the 

maintenance of maternal tolerance may involve protective suppressive functions 

of Treg
146, 153, induction of apoptosis in paternal antigen specific T cells151, and a 
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balancing of Th1/Th2 responses119, 146. 

 

1.4.2.  Exhaustion 

T cell adaptation or ‘exhaustion’ is a property that occurs in T cells due to 

persistent systemic antigen exposure43, 58, 154-157 and chronic viral infections, 

respectively36, 158. Previous studies reported that exhausted anti-viral T cells 

expressed high levels of multiple co-inhibitory receptors38, including CTLA-4, 

PD-1, and LAG-3, which leads to T cells dysfunction36, 159, 160 and persistent 

viremia. Furthermore, blocking co-inhibitory molecules induced strong immune 

responses by reversing the state of adaptation or exhaustion of T cells43, 160-162. 

Reversal of exhausted T cells by blocking co-inhibitory pathways has become an 

important area due to its therapeutic applications in chronic viral infections such 

as HIV, and blocking multiple co-inhibitors is synergistic in reversing 

exhaustion38, 41. While a number of studies implicate Treg in the reduced responses 

in chronic viral infection, there are not yet many studies addressing the question 

of whether co-inhibition’s contribution to ‘exhaustion’ is a recessive tolerance or 

via Treg. Current data favor a non-Treg contribution of co-inhibition41. 

 

While the Treg literature may have to some degree promoted a descriptive biology 

approach to immunology, the exhaustion literature may also have suffered this 

inertia. Exhaustion studies seem to be an example where evaluation of concepts is 

lost in the rush to generate descriptions of mechanisms of an immunologic 

phenomenon.  In providing the description of what molecules are involved in 
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controlling exhaustion, the fact that these descriptions actually overturn (disprove) 

the concept of exhaustion seems to have been overlooked.  The word and concept 

of exhaustion means to consume or tire completely, that is, the entities or 

resources used for positive action have been depleted.  The literature showing a 

key role for co-inhibitors in putative “exhaustion” show the phenomenon is in fact 

not exhaustion, as all the resources for positive action are present; it is instead an 

upregulation of negative regulatory pathways.  As shown in Figure 1-3, relieving 

the cells of these co-inhibitory signals reveals that the cells are not exhausted and 

have all the resources to respond.  Like the term “negative-costimulation”, an 

oxy-moron often used to describe what is really co-inhibition, use of the term 

exhaustion when discussing tolerance through chronic antigen exposure 

misconstrues the essence of the phenomenon.  While it is exciting to discover 

molecules that underlie tolerance during chronic antigen exposure, as this 

provides new avenues for clinical treatments163, it is not clear why there would 

not also be excitement in (or even recognition of) the advance that it provides for 

a fundamental understanding of how the immune system works; that such 

tolerance works not through exhausting T cells (i.e. too many positive signals 

exhaust resources) but through a decision to shut down T cells by employing co-

inhibitory (negative) signals when positive signals become chronic.  As we have 

argued previously164, if chronic antigen/virus were truly exhausting T cells, then 

additional positive signals to T cells should have no effect or deepen the 

exhaustion if the exhaustion was not already complete. Instead, “exhaustion” can 

be rescued by providing to T cells what can only be considered additional positive 
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(exhausting) signals165. Given the ability of co-inhibition blockade to restore 

responses, the only way to maintain the concept that chronic antigen exposure 

leads to exhaustion would be to postulate that co-inhibition is itself acting as 

additional positive signals responsible for depletion of resources.  Based on 

existing data we favor the model that co-inhibitory signals inhibit the elaboration 

of effector functions but do not deplete the resources needed for effector  

 

 

Figure 1-3.   Relief from co-inhibition reveals that chronic antigen exposure 
does not lead to exhaustion of T cells.  Chronic antigen exposure leads to long-
term expression of co-inhibitory receptors in conventional T cells.  Two 
alternative outcomes of chronic antigen exposure are depicted. The conventional 
view is shown on top, where chronic antigen exposure (e.g. chronic LCMV 
infection) leads to exhaustion of T cells. Exhaustion is a loss of resources needed 
for differentiation to effector function. The resources (R) that are putatively 
depleted have not been defined but could include signaling elements, transcription 
factors, cytokines, ATP etc.  The second possible outcome is shown at the bottom, 
where the T cell is not exhausted, resources within the cell are maintained but not 
deployed because they are held in check by co-inhibitory signals.  Blocking co-
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inhibitory signals differentiates between these two possibilities, as co-inhibitory 
blockade is predicted to restore effector function in the second model (bottom) but 
not if chronic antigen leads to exhaustion (top). Abbreviations are as described in 
Figure 2.  (Reproduced from Thangavelu et al. (2010) with permission from 
SelfNonself from Landes Bioscience) 
 

function. Chronic antigen exposure can also lead to deletion of some of the 

responding repertoire of T cells, and co-inhibition is also likely to be central to 

this process. There is no evidence that this deletion is a result of exhausting 

resources. 

 

1.4.3. Tumor evasion mechanisms 

 Tumor cells, as a mechanism of immune evasion, have exploited the property of 

co-inhibitory molecules that regulates immune responses against self-antigens. 

The anti-tumor T cell responses are limited due to the expression of co-inhibitory 

molecule by T cells, and co-inhibitory ligands by antigen presenting cells as well 

as by the tumor microenvironment. For example PD-L1 expressed by tumor cells 

induced T cell dysfunction, by binding with PD-1 expressed by tumor specific 

cytotoxic T cells122, 166. A good prognosis for cancer patients was inversely 

proportional to the expression of PD-L1 in tumor cells167. Interestingly, a recent 

study suggested that PD-L1 sends signals directly to the tumor cells to trigger 

their resistance to killing, rather than PD-L1 sending co-inhibitory signals to T 

cells168.  Another recent study in humans demonstrated the relationship of BTLA 

expression in anti-tumor effector T cells and inhibition of their function169.  Treg 

and APCs can also block the anti-tumor T cells by direct effects and also by the 

production of the indoleamine 2,3- dioxygenase (IDO) enzyme. The negative 
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association of Treg with tumor immune responses has been shown in various 

studies170. Depletion of Treg using anti-CD25171 induced tumor immune responses 

and other strategies that were meant to attenuate Treg function by anti-CTLA-4; 

anti-GITR treatment also induced strong tumor immune responses and rejection 

of tumors172, 173. Although the latter studies demonstrated the induction of tumor 

immune responses, they did not demonstrate that the treatments affected Treg 

directly.  Indirect effects could occur through expression of the targeted molecules 

on other cells of the immune system. The role of CTLA-4 in Treg mediated tumor 

immune suppression was demonstrated by the development of a Treg -specific 

CTLA-4 knockout, lacking CTLA-4 only in Tregs128. In this mouse model the 

tumor immune responses were enhanced. The involvement of multiple co-

inhibitory pathways opens up a possibility to develop an innovative tumor 

immunotherapy. 

 

1.4.4. Role of co-inhibitory molecules in transplantation 

Induction of transplantation tolerance to foreign antigens remains the Holy Grail 

for transplantation immunology. The involvement of co-inhibitory molecules in 

the mechanisms of peripheral tolerance has allowed immunologists to develop 

new strategies that promote tolerance to allogeneic tissues. Long-term acceptance 

of allografts was achieved in various allograft models by using CTLA-4-Ig174, 175 

(although this works by blocking CD28 co-stimulation), PD-L1-Ig176, 177, anti-

BTLA treatments175, 178 alone or in combination with other therapies.  Conversely, 

blocking co-inhibitory pathways accelerated allograft rejection179-181. It has been 
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demonstrated that intratracheal delivery of alloantigen prolonged the survival of 

cardiac allografts by allowing the development of donor specific Treg
182. Blockade 

of the PD-1/PD-L1 pathway during the administration of alloantigen, by using 

either anti-PD-1 or anti-PD-L1, accelerated rejection183. The conclusion was that 

PD-L1 blockade prevented the induction of Treg. However, there was no direct 

evidence that PD-1 or PD-L1 blockade prevented the induction of Treg in this 

setting, as the adoptive transfer studies employed whole splenocytes rather than 

purified Treg. Tolerance to various allografts achieved by treating animals with 

several regimens could be prevented by using blocking antibodies to Tim-3184 or 

PD-L1174 or CTLA-4185. The effects could be due to enhanced proliferation and 

cytokine responses.  Blockade of co-inhibitory molecules induced strong immune 

responses by favoring Th1 responses and expansion of cytotoxic T cells that lead 

to accelerated rejection.  In terms of strategies to induce transplantation tolerance, 

there are at least two major approaches that could prove useful.  One is the 

generation of biologics that act as agonists for co-inhibitory signals, with few 

such agents having been developed at this point. A second approach is to 

overexpress ligands within tissues to create an immune privileged environment 

for the transplant186-189. 

 

1.4.5. Homeostatic proliferation 

Homeostatic proliferation of T cells is a physiological mechanism that exists to 

prevent lymphopenia and also to maintain immunocompetence190-192. This 

phenomenon is characterized by antigen independent conversion of naïve T cells 
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into a memory like phenotype and occurs in the T cell compartment of the 

secondary lymph nodes193. Lymphopenia can occur due to viral infections, 

lympho-ablation employed in cancer therapy, and also in primary 

immunodeficiency disorders.  

 

Although lymphopenia induced proliferation (LIP) is generally beneficial, 

previous studies reported that there might be a possibility of the expansion of 

disease causing autoreactive T cells in the periphery194-196. The association of 

lymphopenia with autoimmunity has been well documented in humans197, 198 and 

mice199.  However, other studies have reported that lymphopenia alone does not 

have the capacity to induce autoimmunity200, 201. Moreover, studies in mice 202, 203 

and humans204 showed that LIP can impair the induction of tolerance to allografts. 

Naïve T cells can proliferate in a lymphopenic host due to the availability of more 

resources such as self-pMHC ligands and IL-7191. Previous studies have 

demonstrated the critical importance of positively selected self-pMHC ligands in 

driving homeostatic proliferation of both polyclonal and monoclonal naïve T 

cells205, 206. Higher concentrations of IL-7 can enhance the LIP of T cells207, 208. 

Also, Tak Mak and colleagues reported that the combination of either exogenous 

or endogenous IL-7 and lymphopenia can induce autoimmune diabetes209.  

However, studies identified that IL-7 independent homeostatic proliferation of 

CD4+ T cells can occur in chronic immunodeficient mice such as Rag-/- and TCR-

/-195, 210. Apart from IL-7, other cytokines namely, IL-2 and IL-5 also have been 

shown to play a role in the homeostatic proliferation of CD8+ T cells211, 212.  
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1.4.6. Co-inhibition, a controller of homeostasis, antigen specific responses or 

both?   

The engagement of a co-inhibitory receptor with its ligand could influence the 

homeostasis of T cells. Blockade or absence of co-inhibitory molecules induced 

expansion of antigen-specific reactive T cells179, 213.  CTLA-4-/- mice die by 3 

weeks of age due to a lymphoproliferative disorder, which implied the importance 

of CTLA-4 in T cell homeostasis.  However, in an important recent study the 

hyperproliferative response in CTLA-4-/- T cells appears to be autoantigen driven 

to a large extent, and for the first time it was shown that CTLA-4 is critical in 

controlling T cells specific to natural autoantigens89.  It has been demonstrated 

that antigen independent homeostatic expansion of T cells could be negatively 

regulated by BTLA214. In addition, the loss of BTLA in naïve T cells enhanced 

the generation of CD8+ memory T cells.  Using an elegant model, Welsh and 

colleagues showed that PD-1 also plays a key role in controlling lymphopenia 

induced homeostatic proliferation of established anti-viral T cells215.  Recent 

thymic emigrants are a T cell population with distinct properties and are 

particularly important early in immune system generation and during immune 

reconstitution post lymphocyte depletion that occurs in some viral infections and 

in conditioning used for bone marrow transplantation. Interestingly, syngeneic 

bone marrow transplantation induced autoimmunity in sub-lethally irradiated 

immunodeficient animals, but not in lethally irradiated immunocompetent 

mice216.  
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1.4.7. Interpreting experiments using antibodies targeting co-inhibitors 

The blockade of co-inhibitory pathways with monoclonal antibodies (mAb) has 

been an important strategy in various experimental models to test co-inhibitor 

function and generally has been found to increase immune responses, although in 

some cases the antibodies appear to be agonistic. The induction of strong immune 

responses could occur through releasing effector cells from co-inhibitory signals, 

by altering the ratio of Treg/Tcon, reducing Treg function, or favoring a particular 

class of response (Th1/Th2/Th17). Conversely, putative agonistic antibodies are 

assumed to inhibit responses by providing negative co-inhibitory signals to the 

cells they bind.  However, in most cases there is very limited data to support the 

contention that the antibodies simply act by blocking or stimulating the co-

inhibitory receptor. Often the evidence that a particular mAb blocks or activates a 

co-inhibitor is derived solely in vitro and then assumed to function similarly in 

vivo. However, mAb have the potential to do things in vivo that do not readily 

occur in vitro, such as opsonize cells leading to their destruction via various 

mechanisms.  A recent example of this is an interesting study showing the 

importance of HVEM on radioresistant cells interacting with BTLA on T cells in 

the prevention of colitis116. The mAb 6F7 specific to BTLA was used to show that 

an agonist mAb (conclusion derived from in vitro data) inhibits colitis.  However, 

when we studied the effects of 6F7 in vivo, we found that this antibody physically 

depletes BTLA expressing cells178. Although it is possible that depletion is due to 

induction of apoptosis triggered by BTLA signaling, this seems unlikely given 

that loss of BTLA expressing cells occurs in a large fraction of these cells, while 
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only a small fraction are likely to be engaging cognate antigen (a requirement for 

a co-inhibitory signal). Whether an antibody is blocking, depleting or agonistic 

when bound to a co-inhibitory receptor (or ligand) has important implications for 

its use therapeutically. An agonistic anti-co-inhibitor mAb may only temporarily 

inactivate the relevant antigen specific cells, while depletion would be a 

permanent elimination of relevant clones that could only be countered by 

recruitment of new thymic emigrants and newly generated B cells into the 

peripheral repertoire. 

 
 
1.4.8. Thymic selection 
 
The role of BTLA and PD-1 in thymic selection is not clear due to differing 

results and insufficient data. Sharpe’s group reported that PD-1 can inhibit 

positive selection using a mouse that transgenically expressed PD-1 on 

developing thymocytes217. However, there was no effect on negative selection. 

Experiments in 2C Rag-/- mice suggested that there was an increase in negative 

selection of double positive thymocytes in the absence of PD-1218. By using the 

OT-1 mouse model, it was reported that there is an association between PD-1 and 

positive selection of thymocytes219. An earlier study reported that BTLA is an 

early marker for positive selection106. But the exact role of BTLA in thymic 

selection has not yet been determined. 
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1.5. Islet transplantation 

Diabetes is one of the fatal diseases in humans with high morbidity and secondary 

complications. It has been estimated that close to 400 million people will be 

affected with diabetes worldwide by 2030220. Despite the higher occurrence of 

type-2 disease in diabetic patients, type-1 remains as the severe form due to loss 

of insulin producing beta cells as a result of autoimmunity.   

 

Insulin was discovered to treat diabetes by Banting, Best and Collip. The 

downsides of the insulin therapy are failure of complete glycemic control, 

development of secondary complications such as retinopathy, neuropathy and 

renal failure. However, the problem of glycemic control can potentially be 

prevented by islet or pancreas transplantation. Islet transplantation is considered 

to be much superior to whole pancreas due to its minimal invasiveness. 

 

The initial attempt for pancreas/islet transplantation was performed in a young 

patient in 1893 by Watson–Williams and Harsant. Minced pancreases from sheep 

were transplanted subcutaneously. However, the patient died 3 days later despite 

of the mild control of glucose levels. In 1915, Charles Pybus transplanted diabetic 

patients with human cadeveric pancreatic tissues. The result from this study was 

similar to Watson-William’s study.  A major breakthrough in islet transplantation 

was made by Paul Lacy. He developed a novel method for islet isolation by using 

collagenase221 and later demonstrated that the transplanted islets can reverse 

diabetes in animals222. Since 1977, various clinical trials, for islet transplantation, 
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were conducted all over the world but the results from those trials were not 

promising223-225.  However, the development of the Edmonton protocol in 2000 

reignited the islet transplantation field by demonstrating 100% insulin 

independence in seven patients by using steroid free immunosuppressive 

therapy226. After the success of the Edmonton protocol, nine centers participated 

in clinical trials. Interestingly, the centres could reproduce the success, but with 

varied insulin independence rates (23% to 82%)227, 228.  

 

The major hurdles for the successful islet transplantation are insufficient donor 

islets and rejection of the grafts. Islet stem cells or xenogeneic porcine islets could 

be used to meet the rising demand for donor islets. Induction of tolerance towards 

donor islet grafts would avert the use of harmful immunosuppressive drugs.  

 

Recent studies have demonstrated the significance of co-inhibitory signals in the 

attenuation/prevention of autoimmune diabetes or the induction of tolerance to 

islet allografts. An earlier study showed that transgenic expression of anti-CTLA-

4 scFV, agonistic CTLA-4 signaling molecule, on pancreatic β cells of NOD mice 

decreased the incidence of autoimmune diabetes229. Moreover, combination of 

blocking anti-ICOS mAb and CTLA-4 Ig therapy significantly delayed the islet 

allograft rejection in a fully MHC mismatched mouse model of islet 

transplantation230.  In the case of PD-1, absence93 or blockade101 accelerated the 

onset of diabetes in NOD mice. Interestingly, insulin promoter driven PD-L1 over 

expression in NOD mice delayed the onset of autoimmune diabetes231. HVEM, 
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the ligand of BTLA, is expressed by β cells of pancreas232.  Studies from our 

group demonstrated that depleting anti-BTLA antibody delayed the onset of 

diabetes in NOD mice178.  Furthermore, the combination of anti-BTLA and 

CTLA-4 Ig therapy induced donor specific islet allograft tolerance175, 233. 

Recently, a study reported that BTLA expressing transgenic dendritic cells 

ameliorated autoimmune diabetes by inducing CD8+ T cell tolerance234. 

 

1.5.1. Bystander killing or collateral damage 

It is not known whether the existence of co-inhibitory molecule is to limit 

bystander killing. The unique nature of T cell effector function is the selective 

killing of target cells without affecting bystander cells during infection or 

allograft rejection. This specificity of the T cell function has been tested by a 

limited number of in vitro and in vivo studies. Although in vitro studies using 

CTL clones reported the lysis of bystander cells235-237, the results from in vivo 

studies238, 239 were mixed. A previous study240 reported that influenza infection is 

always associated with liver pathology despite the absence of the detectable virus 

in the liver, which suggests the possibility of bystander killing or collateral 

damage in the liver. In the fifth chapter of this thesis, I tested the occurrence of 

bystander killing in vivo using islet transplantation as a model. Also, the role of 

co-inhibitory molecules in limiting bystander killing was examined. 
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1.6. Overview of my thesis 

It has been shown that co-inhibitory molecules play an important role in the 

regulation of immune responses. Although studies have been conducted to 

understand the role of co-inhibitory molecules in tolerance mechanisms, the role 

of these molecules in understudied areas such as lymphopenia induced 

homeostatic proliferation and bystander killing is unclear. Co-inhibitory 

molecules regulate the tolerance of T cells. This led to the hypothesis of this 

thesis that co-inhibitory molecules are required to prevent lymphopenia induced 

autoimmunity and bystander killing. I investigated the role of co-inhibitory 

molecules in lymphopenia induced homeostatic proliferation and bystander killing 

by using stem cell transplantation and islet transplantation models, respectively. 

 

In chapters 2 and 3 (Figure 1-4) of my thesis, I report studies of the role of co-

inhibitory molecules namely PD-1 and BTLA in controlling lymphopenia-induced 

autoimmunity of T cells by using lymphopenic (Rag-/-) recipients. I tested the role 

of these two co-inhibitory molecules in two kinds of T cells, namely mature T 

cells and also newly generated T cells or recent thymic emigrants (RTE). Fetal 

liver cells and adult splenocytes were used as a source of RTE and mature T cells, 

respectively. Syngeneic Rag-/- recipients were given either fetal liver cells or 

mature T cells from PD-1-/-  or BTLA -/-  mice. I used fetal liver cells from wild 

type (WT) mice as a control. Interestingly, I found that co-inhibitory molecules 

are required in newly generated T cells to prevent lymphopenia-induced 

autoimmunity. The disease in lymphopenic recipients was controlled by reducing 
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lymphoid space or providing competitor T cells. 

 

Figure 1-4.  Testing the capacity of co-inhibitory molecules to prevent 
lymphopenia induced autoimmunity. Syngeneic immunodeficient (T and B cell 
deficient) mice were given fetal liver cells or thymocytes or splenocytes from  
PD-1-/- or BTLA-/- or Wild type (WT) mice. 
 
 
In chapter 4 (Figure 1-5) of my thesis, I report studies testing the role of co-

inhibitory molecules (CTLA-4, PD-1 and BTLA) in the maintenance of 

spontaneous acceptance of weakly mismatched allografts (male antigen). Among 

the co-inhibitory molecules, I found that only PD-1 is required for maintenance of 

spontaneous acceptance and tolerance of male islet grafts in syngeneic female 

mice. 
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Figure 1-5.  Testing the capacity of co-inhibitory molecules in the 
maintenance of tolerance to male islet allografts. Chemically induced diabetic 
female PD-1-/- or BTLA-/- or Wild type (WT) mice were transplanted with their 
syngeneic male islet grafts. 
 
 
In chapter 5 (Figure 1-6) of my thesis, I describe studies that tested whether 

bystander killing or collateral damage can occur in islet transplantation by using 

TCR transgenic (Tg) and wild type mice. Results from TCR transgenic 

experiments demonstrated that bystander killing can occur in islet transplantation. 

However, bystander killing was not observed in wild type mice, which have a 
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polyclonal T cell repertoire. Furthermore, I investigated the mechanisms that can 

limit bystander killing in vivo. 

 

Figure 1-6. Testing the occurrence of bystander killing in vivo and 
mechanisms that limit bystander killing. Chemically induced diabetic TCR Tg 
or PD-1-/- or BTLA-/- or Wild type (WT) mice were transplanted with mixed islets 
of targets and bystander islets. 
 

In chapter 6 of my thesis, I described the possible implications of my research 

findings in clinical settings. Additionally, I discussed the future directions of my 

research. Taken together, my research findings uncovered the most critical role of 

the co-inhibitory molecules PD-1 & BTLA in the maintenance of self-tolerance. 

 

1.7. Conclusions 

The data we have reviewed here present a strong case that co-inhibitory receptor 

ligand pathways are central to both recessive and dominant tolerance 

mechanisms, and that their control of innate immunity is a promising area for 
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future research.  The complexity of their interactions, including the cell types that 

express the receptors/ligands and other issues related to the context in which these 

signals are perceived can alter the outcome. Receptors predominantly contributing 

negative co-inhibitory signals may under some conditions positively regulate 

responses.  It therefore becomes difficult to neatly categorize receptors based 

simply on their structural relationships or predominant functions.  The precise role 

of co-inhibition in recessive vs. dominant tolerance needs to be more fully 

defined.  Most experiments investigating co-inhibitors in dominant Treg function 

suffer from the flaws common to experimental systems evaluating Treg.  The Treg 

studied usually do not have a defined antigen specificity89, 241. In systems where 

tolerance depends on a particular receptor/pathway (e.g. a co-inhibitor) the loss of 

tolerance by Treg does not by itself prove the receptor/pathway works via Treg.  In 

addition, dominant tolerance is tested by studying the response to an antigen of 

naïve cells that have been mixed with cells that are putatively tolerant via a Treg 

mechanism.  The control for such experiments has almost universally been the 

addition of non-Treg (e.g. CD25- cells) to the naïve population to show that the 

non-Treg do not inhibit the response.  However, if one is to demonstrate a true 

dominant tolerance preventing immune responses specifically to self, the required 

control is instead the addition of a control population of T cells that is tolerant via 

a recessive mechanism (e.g. tolerant by deletion of T cells with the appropriate 

specificity). Without this control, the dominant Treg tolerance demonstrated might 

simply be a non-specific cellular competition that raises the threshold for naïve T 

cell activation. Nevertheless, such a non-specific suppression could be important 
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for inhibiting low affinity anti-self cells, buffering against homeostatic activation, 

and allowing recessive tolerance mechanisms to take hold141, 241.  Defining the 

role of co-inhibitors in these processes should provide important insights into the 

evolutionary solution for self/nonself discrimination and new avenues of immune 

intervention in disease. 
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Programmed death-1 is required for systemic self-tolerance in newly 
generated T cells during the establishment of immune homeostasis. 



 60 

2.1. Introduction 

The peripheral T cell compartment is tightly regulated by homeostatic 

mechanisms. Reductions in T cell numbers, as occurs in viral infections and 

lymphoablative therapy, can lead to a physiological process called lymphopenia 

induced proliferation (LIP)1.  There is evidence for several distinct forms of LIP, 

including a rapid or acute proliferation (also called endogenous proliferation), a 

slower IL-7 dependent ‘homeostatic’ proliferation, and a rapid expansion of CD8 

central memory cells that occurs in the presence of excess IL-15.  Both the slow2-4 

and rapid5 forms of LIP demonstrate dependence on the presence of adequate 

lymph node stroma, particularly in the case of CD4 LIP2-4.  In contrast, the form 

of LIP that leads to proliferation of central memory CD8 T cells, as occurs in 

lymphopenic mice lacking NK cells (e.g. IL-2Rγ chain deficient6, 7), occurs even 

in mice substantially deficient in lymph nodes7.    

 

Lymphopenia can exacerbate auto-reactivity of T cells by homeostatic expansion8, 

9. However, syngeneic HSC or T cell transfer into lymphopenic animals usually 

leads to LIP without autoimmunity. Either mechanisms exist to prevent LIP-

induced autoimmunity or additional, as yet unknown, stimuli are required to 

generate disease. Although the balance between multiple co-stimulatory and co-

inhibitory signals controls conventional T cell responses10, whether co-inhibitory 

signals control lymphopenia driven activation leading to autoimmune disease is 

unknown. The PD-1 pathway is upregulated during viral infection11 and in a 

subset of T cells undergoing acute homeostatic proliferation12 suggesting its 
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expression may regulate lymphopenia driven activation. In addition, PD-1 

deficiency leads to a narrow spectrum of late-life autoimmunity in mice13-15 and 

human PD-1 polymorphisms16 further support a role for PD-1 in self-tolerance. 

 

Control of homeostatic activation is likely to be particularly important when the 

first T cells seed the periphery during the fetal/neonatal period17, 18. Such newly 

generated T cells have not yet had a chance to undergo peripheral tolerance, and 

therefore may have greater autoimmune potential19. Consistent with an increased 

need for control at this stage, recent thymic emigrants (RTE) are considered to 

have a reduced ability to attain effector function20-22 despite having an increased 

capacity for LIP23-25. Reduced effector function of RTE could be due to their 

incomplete maturation20, 21 or instead an increased negative regulation of fully 

competent cells. The hypothesis of the current study is that PD-1 is required in T 

cells to prevent lymphopenia induced autoimmunity. We examined these issues 

and found that a high proportion of RTE express PD-1 and that PD-1 expression 

is necessary to prevent lymphopenia driven multi-organ autoimmunity. 

 

2.2. Materials and methods 

2.2.1. Mice 

These studies used male and female B6.129S7-Rag1tm1mom/J (abbreviated as Rag-/-

), (C57BL/6J × C57BL/10SgSnAi)-[KO]γc-[KO]Rag2 knockout (abbreviated as 

Rag-/- γc-/), CD45.1-C57BL/6, TCR transgenic Rag2-/- Marilyn (originally 

obtained from the NIAID Exchange Program)26, and C57BL/6-Pdcd1-/- (PD-1-/-; 
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backcrossed 11 generations to C57BL/6) mice originally generated by Prof. T. 

Honjo and colleagues14. GFP Rag-/-, Rag-/- Kb-/- Db-/-, and Rag-/- PD-1-/- mice were 

generated by crossing the above Rag-/- mice with C57BL/6-Tg(UBC-GFP) 

30Scha/J, C57BL/6 H-2Kbtm1-H-2Dbtm1N12 (from the NIAID Exchange Program, 

NIH: 004215)27, and C57BL/6-Pdcd1-/- mice, respectively. C57BL/6-HYcd4 

(abbreviated as HYcd4) mice have been previously described28. HYcd4PD-1-/- mice 

were generated by crossing C57BL/6-HYcd4 mice with C57BL/6-Pdcd1-/- mice.  

Rag2-/- Marilyn PD-1-/- mice were generated by crosses between Rag2-/- Marilyn 

with C57BL/6-Pdcd1-/- mice. B6.129S2-Ltatm1Dch/J (abbreviated as LTα-/-) were 

obtained from Jackson laboratory. Animal care was in accordance with guidelines 

of the Canadian Council on Animal Care.  

 

2.2.2. Stem cell transplantation 

Fetal liver cells (day 15-16 fetuses) were used as a source of hematopoietic stem 

cells (HSC). Six-eight week old immunodeficient animals received 10-15 x 106 

fetal liver cells i.v. (from PD-1-/- or wild type (WT) fetuses). Recipients were not 

irradiated unless indicated. In some experiments, as indicated, recipients were 

given 15 x 106 fetal liver cells containing a 1:1 mixture of PD-1-/- and WT CD45.1 

cells. In other experiments 15 x 106 female (sex determined by PCR29) fetal liver 

cells from PD-1-/- mice were given to female Marilyn mice. 

 

2.2.3. Definition of disease and histology 

Disease included cachexia, hunched appearance, ruffled fur, reduced mobility, 
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skin and ocular lesions. Recipient mice were no longer considered disease free 

when two or more of the above symptoms were evident. Histological evaluations 

were completed by a Veterinary Pathologist (R.R.E.U.) blinded to the treatment 

groups. 

 

2.2.4. In vivo antibody treatment 

We used a total dose of 1500µg anti-mouse PD-1 mAb (J43), anti-mouse PD-L1 

(10F.9g2) and isotype control (Rat IgG2b) split into six equal doses once every 5 

days beginning at 30-35 days of post WT HSC transplantation; timing of the start 

of injections was determined by the detection of substantial T cell numbers in the 

peripheral blood. NK cells in Rag-/- mice were depleted by using anti-mouse 

NK1.1 mAb (PK136) at a dose of 250µg once per week from day minus 7 to day 

28 relative to PD-1-/- HSC transplantation. 

 

2.2.5. Flow cytometry analysis 

Peripheral blood samples and splenocytes were stained after incubation with an 

FcR block. T cell repertoire was analyzed by using a Vβ TCR screening panel 

(BD Pharmingen TM).  A FACSCalibur™ (BD Biosciences) with CellQuest™ Pro 

software and BD LSR II (BD Biosciences) with FACS DivaTM software were 

used for most of the data acquisition and analysis, with the exception of the 

studies on HYcd4 mice.  Analysis of HYcd4 thymocytes: Fluorochrome conjugated 

antibodies for cell surface staining were purchased from eBioscience. For 

intracellular cleaved caspase-3 staining, cells were fixed with the BD 
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Cytofix/Cytoperm™ Kit and then stained with an anti-cleaved caspase 3 antibody 

purchased from Cell Signaling Technology.  Cell events were collected using a 

FACS Canto II™ (BD Biosciences) and FlowJo software was used for data 

analysis.  

 

2.2.6. Irradiation bone marrow chimera experiments and adoptive transfer 

studies 

Rag-/-
 γc -/-

 or GFP Rag-/-
 recipients were lethally irradiated in split doses (5 hours 

apart) of a total of 9 to 12 Gy (Cesium source, Gamma Cell 3000). A total of 107
 

bone marrow cells from GFP Rag-/-
 or Rag-/-

 γc -/-
 donors were injected i.v. into 

Rag-/-
 γc-/-

 or GFP Rag-/- respectively. Approximately two months post bone 

marrow transplantation recipients were given 15 x 106
 PD-1-/-

 fetal liver cells. 

Thymocytes or splenocytes containing 5 x 106
 single positive T cells from 7 week 

old PD-1-/-
 mice were injected i.v. into immunodeficient recipients. In 

experiments testing the adoptive transfer of cells from diseased mice, splenocytes 

containing 3.5 x 106
 T cells from diseased or healthy mice were injected into 

secondary Rag-/-
 γc-/-

 or Rag-/-
 recipients.  In other experiments WT or LTα-/- mice 

were lethally irradiated in split doses 48 hrs apart to a total dose of 13Gy. 

Immediately after the second split dose of irradiation, all recipients were given 15 

x 106 PD-1-/- or WT fetal liver cells. 

 

2.2.7. Adoptive transfer studies and FACS sorting 

Thymocytes vs. splenocytes injected i.v. contained 5 x 106 single positive T cells 
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from PD-1-/- mice. To test transfer of disease, splenocytes containing 3.5 x 106 T 

cells from diseased or healthy mice were injected into secondary recipients. TCR+ 

CD24lo cells were sorted aseptically from splenocytes of five week old PD-1-/- 

mice on a FACS BD influxTM cell sorter (BD Biosciences). The purity of the 

sorted cell populations was 92%. 

 

2.2.8. BrdU incorporation, immunofluorescence and serum cytokine analysis 

Experimental mice were treated with 2mg BrdU in PBS by i.p. injection. BrdU 

incorporation was assessed in splenic T cells after 36 hours of injection using a 

BrdU flow cytometry kit (BD PharmingenTM). For immunofluorescence 5µm 

crosssections were cut from tissues, fixed, blocked with goat serum and stained 

with rat anti-mouse CD4 or CD8α (Biolegend, San Deigo, CA) followed by goat 

anti-rat Alexaflour 488 (Invitrogen Laboratories, Burlington, ON) and visualized 

on a compound fluorescent microscope (Axioplan, Axiovision 4.1 software, Carl 

Zeiss, Toronto, ON).  Serum cytokines were analyzed by multiplex bead 

immunassays (BioSource-Invitrogen, Carlsbad, CA) using a Luminex 100TM 

instrument.  Standard curves with defined cytokine concentrations were used to 

determine the concentrations of cytokines. 

 

2.2.9. Statistical analysis 

We used Prism version 4.0a (GraphPad Software Inc., SanDiego, CA, USA) for 

statistical analysis. A student’s t-test (unpaired or paired) and one-way analysis of 

variance (ANOVA) determined statistically significant differences (P< 0.05) 
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between two and three groups respectively. The log-rank test was used to 

compare survival curves. All data are expressed as mean ± SEM.         

 

2.3. Results 

2.3.1. Requirement for PD-1 in RTE cells to prevent systemic autoimmunity 

PD-1 is expressed on an increased proportion of T cells with an effector memory 

phenotype compared to a central memory phenotype (30, and Figure 2-1A). To 

begin to examine if PD-1 may also have a role in newly generated T cells, we 

examined PD-1 expression on CD24hi peripheral T cells, as CD24 is a marker of 

RTE20, 25. A higher proportion of CD24hi T cells co-expressed PD-1 when 

compared to CD24lo T cells in four out of four wild type C57BL/6 (B6) mice 

tested (P=0.046; Figure 2-1A and 2-2). To examine whether homeostatic 

activation of RTE might be under the control of PD-1, we transferred syngeneic 

B6 HSC into lymphocyte-deficient Rag-/- recipients and examined PD-1 

expression in the newly generated T cells. We monitored the development of T 

cells by checking their appearance in the peripheral blood of all HSC recipients at 

different time points after HSC injection. In the majority of the recipients, T cells 

were detected only after 30 days post HSC injection (data not shown), as would 

be expected due to the time required to establish the HSC in the bone marrow 

followed by subsequent migration of precursors to the thymus and the ensuing 

maturation and selection processes. We found that PD-1 was expressed on a much 

higher proportion of T cells newly generated from HSC than on circulating or 

resident splenic T cells of adult B6 mice (P=0.009; Figure 2-1B,C). Consistent 
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with a key role for PD-1 in RTE, the frequency of T cells expressing PD-1 

declined significantly over time post HSC transplantation (day 40 vs. 180, 

P=0.014; Figure 2-1C).  In addition, a higher proportion of CD24hi T cells co-

expressed PD-1 when compared to CD24lo T cells in all HSC recipients, both 

early and late post HSC transplantation (day 40, P=0.006; day 180, P=0.002; 

Figure 2-1C). 
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Figure 2-1. PD-1 is expressed on a high proportion of newly generated T 
cells. (A) Left: The frequency of PD-1+ cells in splenic T cells from individual 
(n=7) WT B6 mice gated on TCR+ and CD44hi and CD62Llo (effector memory) 
vs. CD62Lhi (central memory) cells. Right: The frequency of PD-1+ cells in 
splenic T cells from individual (n=4) WT B6 mice gated on TCR+ and CD24hi vs. 
CD24lo cells. (B, C) PD-1 expression on TCR+ gated cells from adult control B6 
mice (WT) and Rag-/- mice 50-56 days or day 40 and 180 (where indicated) post 
WT HSC injection (HSC). (B) Representative analysis of T cells in the spleen. 
PD-1 staining of TCR+ gated spleen cells from PD-1-/- mice (filled grey) is also 
shown. (C) Left: Frequency of PD-1+ T cells in the blood and spleen; mean and 
SE (Blood: HSC, n=16; WT, n=3; Spleen: d40, n=7; d180, n=4). Right: The 
frequency, in individual mice (n=4), of splenic PD-1+ TCR+ cells that were either 
CD24hi vs. CD24lo at 40 or 180 days post HSC transplantation. 
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Figure 2-2. Increased frequency of PD-1 expressing T cells in recent thymic 
emigrants. A representative comparison of PD-1 expression on recent thymic 
emigrants (CD24hi) vs. established (CD24lo) T cells from spleens of WT B6 mice 
is shown. The horizontal line defines the region of PD-1 positive cells.  Values for 
individual mice are shown in the right panel of Figure 2-1A. 
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To test whether PD-1 was needed to prevent LIP-induced autoimmunity in 

established T cells or specifically in RTE cells, we transferred mature PD-1-/- 

lymphocytes or their HSC precursors, respectively, into Rag-/- mice. Mature PD-1-

/- lymphocytes did not induce any evident overt illness in lymphopenic animals 

(Figure 2-3A). In stark contrast, animals given PD-1-/- HSC developed lethal 

multi-organ disease (100% of animals; n = 60 from more than ten experiments) 

within several days to at most a few weeks post appearance of T cells in the 

periphery, while, consistent with our previous data29, none of the animals given 

wild type (WT) HSC developed disease (Figure 2-3A).  WT HSC could produce 

disease if the recipients were treated with mAbs targeting PD-1 or PD-L1 (Figure 

2-3B).  Consistent with the idea that RTE have a unique disease inducing 

potential, PD-1-/- thymocytes but not resident splenic T cells could induce disease 

(Figure 2-3A).  Transfer of one million FACS sorted TCR+ CD24low splenic T 

cells from PD-1-/- mice was also unable to cause any overt disease when 

transferred into Rag-/- mice (days of disease free survival: >100 x 4).  On physical 

examination (Figure 2-3C), diseased animals were not thrifty and were 

characterized by cachexia, ruffled fur, scaly ulcerative skin and ocular lesions 

(exudate and reddened conjunctiva). Diseased animals showed lymphocytic 

infiltration in major organs such as the liver, kidney, pancreas, heart, eye (Figure 

2-3C, E) as well as the lung and esophagus (data not shown), and rapidly lost 

weight (Figure 2-3D). Infiltration in these tissues included CD4+ and CD8+ T 

cells in recipients of PD-1-/- but not WT HSC (one representative example is 

shown in Figure 2-3C). Cytokines play an important role in inflammation and 
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autoimmunity. A number of serum cytokine/chemokines such as IFN-γ, IL-13, 

TNF-α, IP-10, MIG, MCP-1, VEGF in PD-1-/- HSC recipients were significantly 

increased compared to WT HSC recipients (Figure 2-4A). 
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Figure 2-3. Newly generated but not established PD-1-/- T cells cause lethal 
multi-organ inflammatory disease in lymphopenia. (A) Adult Rag-/- mice were 
given HSC from PD-1-/- or WT fetuses (n=10 per group) or PD-1-/- thymocytes or 
splenocytes (Thy or SC; n=8-9 per group; both contained 5 x 106 single positive T 
cells) and monitored for disease incidence. The grey rectangle indicates the range, 
in days, at which the first T cells were detected in the peripheral blood after HSC 
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injection. (B) Adult Rag-/- mice (n=4-5) were given WT HSC and treated with 
either anti-PD-1 or anti-PD-L1 beginning 30-35 days post HSC. (C) Top: 
Macroscopic pictures of representative recipients of PD-1-/- and WT HSC. Middle 
(six panels): Histology (hematoxylin and eosin staining; original magnification 
x100) of the liver, kidney and heart of recipients of PD-1-/- (left) and WT (right) 
HSC. Arrows point to areas of infiltration. Lower (four panels): 
Immunofluorescence (original magnification x400) of pancreas from individual 
recipients of PD-1-/- and WT HSC (similar data was found for other organs). Blue: 
staining with the nuclear marker 4',6'-diamidino-2-phenylindole (DAPI); green: 
CD4 or CD8 staining. (D) Body weight measurements in individual recipients 
(n=5) of PD-1-/- or WT HSC. (E) Anterior uveitis and episcleritis were observed in 
recipients of PD-1-/- HSC. Histology (H&E) of eyes from the recipients of PD-1-/- 

or WT HSC 45 days post HSC.  

 

Consistent with the multi-organ nature of the disease, there was no obvious 

oligoclonal expansion of T cells (Figure 2-4B). Importantly, PD-1 and Rag 

double knockout recipients of PD-1-/- HSC (Figure 2-4C) also developed disease, 

showing that disease was not due to a response to potential histocompatibility 

antigens linked to the Pdcd-1 locus.  

 

In neonatal mice, previous studies suggested that CD8 +T cells traffic into tissues 

where they encounter self tissue antigens presented by MHC class I on 

parenchymal cells and become tolerant31. Should this trafficking into tissue be 

defective in our model, leading to a class I restricted autoimmunity within tissues, 

it would predict that MHC class I deficient recipients would be protected from 

disease.  To test this possibility we transferred PD-1-/- HSC into recipients lacking 

MHC class I (Rag-/- Kb-/- Db-/-) and found that they were fully susceptible to 

disease (Figure 2-4C). Thus, the disease could not be explained by an inability of 

CD8 T cells to traffic into adult tissues and become tolerant to MHC class I 

presented antigens on parenchymal tissues. We confirmed that disease is indeed 
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dependent on T cells by transferring PD-1-/- HSC into thymectomized Rag-/- 

recipients. All successfully thymectomized Rag-/- recipients were free from 

disease (n= 4; days of disease free survival of >100 x 4), whereas euthymic Rag-/- 

recipients developed disease (data not shown). 

 

2.3.2. PD-1 deficiency does not prevent negative selection in the thymus 

The high frequency of PD-1 positive cells within RTE and the lack of disease 

with established PD-1-/- T cells suggested that PD-1 expression by RTE was 

required to control their function.  However, the autoimmunity caused by PD-1 

deficient RTE could also reflect a requirement for PD-1 in negative selection in 

the thymus.  While some studies have suggested a role for PD-1 in positive 

selection32, 33, data assessing PD-1 in negative selection have been limited to the 

alloreactive 2C TCR transgenic model14, 34. However, PD-1 expression has been 

observed on a subset of double positive (DP) thymocytes undergoing negative 

selection using the physiological HYcd4 model system suggesting that PD-1 

signaling may be important during deletional tolerance35. To examine the 

contribution of PD-1 to thymic negative selection, HYcd4 PD-1-/- mice were 

generated.  There were no differences in the CD4 by CD8 profiles in male or 

female HYcd4 mice comparing PD-1-/- mice to their PD-1 expressing counterparts 

(Figure 2-5A). Furthermore, there was a similar reduction in the absolute number 

of T3.70+ DP and CD8 single positive (SP8) thymocytes in HYcd4 male mice 

compared to female mice regardless of PD-1 expression, indicating that 

potentially auto-reactive thymocytes were being deleted similarly.  Equivalent 
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negative selection in the absence of PD-1 was further confirmed by a similar 

increase in the activation of caspase-3 in T3.70+ DP thymocytes from HYcd4 male 

mice compared to female mice in the presence or absence of PD-1 (Figure 2-5B).  

To evaluate the effect of PD-1 deficiency on negative selection of CD4 +T cells, 

we generated Marilyn (anti-HY/I-Ab)26 PD-1-/- mice. Consistent with the data on 

CD8+ T cell selection, Marilyn thymocytes underwent a similar level of negative 

selection in male mice in the presence vs. absence of PD-1 (Figure 2-5C,D). 

Taken together, these data strongly suggest that the autoimmunity observed in the 

above experiments is not the result of a defect in thymic negative selection when 

PD-1-/- is absent during T cell development. 
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Figure 2-4.  PD-1-/- HSC cause increased circulating cytokines/chemokines 
without oligoclonal expansion and disease does not depend on host PD-1 or 
MHC class I.  (A) Serum cytokines were quantified from Rag-/- recipients of PD-
1-/- or WT (n=4 per group) HSC (50 days post HSC). The serum cytokine 
concentrations of IFN-γ, IL-13, TNF-α, IP-10, MIG, MCP-1, VEGF were 
significantly (P< 0.01) higher in PD-1-/- than WT HSC recipients. Serum 
concentrations of IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17 were 
not significantly  (P> 0.05) different between PD-1-/- and WT HSC recipients (not 
shown). (B) CD4+ and CD8+ T cells from spleens of recipients of PD-1-/- or WT 
HSC (n=4 per group) were analyzed 50 days post HSC for TCR diversity. (C) 
Left:  Adult Rag-/- PD-1-/- (n=4) mice were given PD-1-/- HSC. Right: Adult Rag-/- 

Kb-/-    Db -/-  (n=4) mice were given PD-1-/- HSC. 
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2.3.3. Control of lymphopenia driven activation and autoimmunity through 

competition 

Lymphopenia driven activation results from reduced competition for resources 

(MHC on dendritic cells and cytokines) that occurs within lymphopenic lymph 

nodes, and can be blocked by reducing lymph node stroma5 or by increasing the 

number of competitor T cells1; polyclonal naïve T cells compete with each other 

to bind with self-MHC/peptide complexes and cytokines for their survival and 

homeostatic proliferation36. Therefore, we further tested our conclusion that PD-1 

was needed to control homeostatic activation of RTE cells by using two separate 

approaches to increase the competition for resources.  We used hosts that have 

greatly reduced lymph node stroma when compared to the adult Rag-/- recipients 

and lymph node sufficient Rag-/- hosts with added competitor T cells. To test 

whether disease could be inhibited by provision of a competitor (bystander) T cell 

population3 we co-transfered WT stem cells with PD-1-/- stem cells. Since a 

hallmark of lymphopenia driven activation is the conversion of naïve T cells into 

memory cells, we also examined in these chimeras the frequency of PD-1-/- T 

cells with a memory phenotype.  We found that 40% or more WT circulating T 

cells was enough to reduce the frequency of effector memory phenotype T cells 

(naïve and central memory T cell proportions increased) and prevent disease 

development (Figure 2-6 A, B and Table 2-1).  
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Figure 2-5.  PD-1 deficiency does not impair negative selection. (A) 
Representative CD4 by CD8 profiles of T3.70+ thymocytes from HYcd4 female vs. 
male mice that are WT or PD-1-/-. (B) Absolute numbers of T3.70+ of DP and SP8 
thymocytes (Females, HYcd4 PD-1+/+: n=15, HYcd4 PD-1-/-: n=3, Males, HYcd4 
PD-1+/+: n=20, HYcd4 PD-1-/-: n=6), top and middle panels respectively. Bottom 
panel: Fold increase in percentage of cleaved caspase-3 T3.70+ DP thymocytes 
from indicated strain relative to percent cleaved caspase-3 DP thymocytes from 
C57BL/6 mice (HYcd4F: n=3, HYcd4F PD-1-/-: n=5, HYcd4M: n=4, HYcd4M PD-1-/-

: n=6). (C) Representative CD4 by CD8 profiles of TCR gated thymocytes from 
Marilyn (Mar) female vs. male mice that are WT or PD-1-/- . (D) Absolute 
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numbers of TCR+ of DP and SP4 thymocytes (Females, Mar PD-1+/+: n=3, Mar 
PD-1-/-: n=4, Males, Mar PD-1+/+: n=3, Mar PD-1-/-: n=4). 

 
We next tested whether disease could be inhibited by reducing the recipient’s 

lymphoid stroma rather than providing competitor T cells. Two of the recipients 

with a relative deficiency in lymph node stroma were lymphotoxin deficient 

(LTα-/-) mouse37, which lacks most secondary lymphoid tissue except spleen, and 

adult Rag and common cytokine receptor gamma chain (γc) double knockout 

recipients. Although LTα-/- mice lack lymph nodes, they have normal 

development of T cells and B cells.  Rag-/- γc-/- mice lack a functional IL-7R, 

substantially blocking lymph node development38. Adult Rag-/- γc-/- recipients 

were completely resistant to disease caused by PD-1-/- HSC transfer (Figure 2-

6C), and lacked or had reduced infiltration in major organs (Figure 2-7A). 

Lymph nodes were generally absent in Rag-/- γc-/- recipients, and the few lymph 

nodes that were found were greatly reduced in size compared to Rag-/- recipients, 

even 175 days after receipt of HSC (as expected38; data not shown). Lack of 

disease in Rag-/- γc-/- recipients suggested that inhibition of lymphopenia driven 

activation of RTE, due to a paucity of lymph node stroma, was dominant over 

increased homeostatic activation that may result from the loss of IL-7 mediated 

negative feedback on dendritic cells39. Lack of disease was not due to an inability 

to develop a functional T cell response post HSC transfer to lymph node deficient 

recipients, as we have previously shown that such mice robustly reject even well 

healed skin grafts40. In addition, lack of disease was not due to a resistance of 

Rag-/- γc-/- tissues to immune attack; transferred splenocytes from diseased 
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animals (PD-1-/- HSC to Rag-/- recipients) caused disease in both Rag-/- and Rag-/- 

γc-/- secondary recipients (Figure 2-6D and Figure 2-7B), consistent with 

effector function and proliferation of memory T cells being independent of 

lymphoid organs.  In contrast, splenocytes from disease free mice (PD-1-/- HSC to 

Rag-/- γc-/- recipients) did not induce disease in either type of recipient (Figure 2-

6D). We next examined markers of activation and proliferation in Rag-/- vs. Rag-/- 

γc-/- recipients of WT vs. PD-1-/- HSC. BrdU labeling demonstrated that T cells of 

PD-1-/- HSC recipients undergo much more proliferation than recipients of WT 

HSC (Figure 2-6 E). Rag−/− γc−/− recipients had significantly lower numbers of 

splenic T cells, and a lower frequency of memory phenotype and BrdU positive T 

cells than Rag−/− recipients (Figure 2-6 E). Remarkably, T cells of Rag−/− 

recipients of PD-1−/− HSC were almost universally effector memory cells 

phenotypically, unlike T cells of recipients of WT HSC or Rag−/− γc−/− recipients 

of PD-1−/− HSC (Figure 2-6 F). 

 

While disease resistance in Rag-/- γc-/- recipients was consistent with a 

requirement for lymph node stroma in disease induction, defects in innate immune 

cells of these recipients might instead have prevented disease. For example, host 

NK cells might be required for autoimmunity. To test these possibilities, we 

created reciprocal bone marrow chimeras between Rag-/- and Rag-/- γc-/- recipients 

prior to transfer of PD-1-/- HSC. Lack of disease was not due to potential defects 

in Rag-/- γc-/- innate cells, as protection from disease required γc deficiency in host 

radioresistant cells rather than a deficiency of γc in the bone marrow cells (Figure 
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2-8 and 2-9). The presence of disease in reciprocal bone marrow chimeras did not 

correlate with the bone marrow’s capacity to produce NK cells; GFP Rag-/- to 

Rag-/- γc-/- chimeras had bone marrow capable of NK cell production but 

nevertheless remained disease free, while Rag-/- γc-/- to GFP Rag-/- chimeras had 

bone marrow incapable of producing NK cells and yet rapidly succumbed to 

disease. Furthermore, Rag-/- recipients chronically depleted of NK cells were also 

fully susceptible to disease (Figure 2-8C).  
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Figure 2-6. Protection from lymphopenia driven activation and disease by 
WT competitor HSC or by using IL-2Rg deficient recipients. (A) CD45.2 PD-
1-/- and CD45.1 WT HSC at a 1:1 ratio were given to adult Rag-/- mice (n=13). 
Controls were given PD-1-/- cells alone. (B) Top: Representative flow cytometry 
gated on TCRβ+ cells in blood from healthy vs. diseased recipients of a mixture of 
CD45.2 PD-1-/- + CD45.1 WT HSC; 45 days post HSC. Bottom: Representative 
flow cytometry (gated on TCRb+ CD45.2+ cells) in recipients of PD-1-/- plus WT 
HSC 45 days post HSC (See also supplementary Table 1). (C) Adult Rag-/- γc-/- 
mice (n=7) or adult Rag-/- (n=5) mice were given PD-1-/- HSC. Also see 
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supplemental Figure 1 for histology. (D) Disease incidence post adoptive transfer 
of splenocytes (SP) from diseased mice (PD-1-/- HSC → Rag-/-; abbreviated as 
Rag-/- SP) or healthy mice (PD-1-/- HSC → Rag-/- γc-/-; abbreviated as Rag-/- γc-/- 

SP) into secondary Adult Rag-/- γc-/- (n=3 per group) or Rag-/- recipients (SP from 
diseased mice, n=7; SP from healthy mice, n=4). Also see supplemental Figure 1 
for histology. (E) Enumeration of splenic T cells and B cells in adult Rag-/- 

recipients of PD-1-/- or WT HSC and adult Rag-/- γc-/- recipients of PD-1-/- HSC 
(splenic T cells in Rag-/- recipients of PD-1-/- were increased vs. WT HSC, n=5, 
and vs. Rag-/- γc-/- recipients of PD-1-/- HSC, n=3, P< 0.01; splenic B cells were 
significantly lower, P< 0.05, than those of Rag-/- recipients of WT HSC or Rag-/- 
γc-/- recipients of PD-1-/- HSC). The percent BrdU+ T cells in spleen of Rag-/- 

recipients of PD-1-/- (n=3) HSC was significantly higher than that of Rag-/- 

recipients of WT HSC (n=3; P< 0.01) and Rag-/- γc-/- recipients of PD-1-/- HSC 
(n=3; P< 0.01) examined 50 days post HSC. (F) Representative flow cytometry 
showing the frequency of ‘memory’ T cells (gated on TCRb+ cells) in peripheral 
blood. The percent effector memory T cells (CD44hi CD62Llo) in Rag-/- recipients 
of PD-1-/- HSC (n=15; 92.28 ± 0.83) was significantly higher (P< 0.0001) than 
that of Rag-/- recipients of WT HSC (n=10; 58.35 ± 6.8) and Rag-/- γc-/- recipients 
of PD-1-/- HSC (40.08± 6.9) and Rag-/- γc-/- recipients of WT HSC (n=3; 7.8 ± 
0.49), analyzed 40-50 days post HSC injection.  
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Table 2-1: Frequency of WT T cells required to prevent disease 
 

Mouse 

number 

% CD45.1 of TCRβ+ 

cells (WT T cells) 

% CD45.2 of TCRβ+ 

cells (PD-1-/- T cells) 

Outcome 

 

1 

 

11.76 

 

87.80 

 

Sick 

2 24.15 75.00 Sick 

3 20.99 78.89 Sick 

4 9.27 90.65 Sick 

5 NDa ND Sick 

6 38.72 60.85 Disease free 

7 44.03 55.61 Disease free 

8 61.75 37.51 Disease free 

9 67.18 32.61 Disease free 

10 98.68 0.05 Disease free 

11 38.48 61.17 Disease free 

12 38.95 60.28 Disease free 

13 56.87 42.69 Disease free 

 
 
 
Frequency of WT vs. PD-1-/- T cells determined by flow cytometry in blood from 
healthy vs. diseased recipients of a mixture of CD45.2 PD-1-/- + CD45.1 WT 
HSC; 45 days post HSC (see also Fig. 5A,B). 
aND (not done); this mouse was euthanized prior to the time of analysis due to the 
severity of illness. 
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Figure 2-7. Loss of host γ-chain protects from the generation of disease, but 
not sensitivity to the effectors of disease. H and E staining (A) of pancreas, liver 
and kidney of Rag-/- γc-/- recipients of PD-1-/- HSC; day 175 post HSC. (B) 
Lymphocytic infiltration indicated by white arrows in heart, liver and kidney of 
adoptively transferred Rag-/- γc-/- recipients (Rag-/- SP → Rag-/- γc-/-) shown in 
Figure 5D. Representative sections 120 days post splenocyte transfer. 
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Figure 2-8. Loss of host IL-2Rγ-chain protects from disease; role of host 
hematopoietic cells vs. radioresistant cells (A) Top: Experimental design for 
reciprocal bone marrow chimeras used in A-C. Adult Rag-/- γc-/-  (n=6) or GFP 
Rag-/- recipients (n=7) were lethally irradiated and given bone marrow cells from 
GFP Rag-/- or Rag-/- γc-/- mice respectively. 50 days later they were given PD-1-/- 

HSC. See also supplementary Figure 2 for characterization of bone marrow 
chimeras by flow cytometry. (B) Disease incidence in bone marrow chimeras (see 
(A)) given PD-1-/- HSC. (C) Failure of NK cell depletion to prevent disease. Adult 
Rag-/- recipients were treated with NK cell depleting antibody (PK136) and were 
given PD-1-/- HSC (n = 4).  
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 Figure 2-9. Loss of host γ-chain protects from disease; role of host 
hematopoietic cells vs. radioresistant cells. Representative flow cytometry of 
peripheral blood from reciprocal bone marrow chimeras (used in Figure 6) 50 
days post bone marrow transplantation (prior to receipt of PD-1-/- HSC). 

 
 

Similar to the Rag-/- γc-/- recipients, disease was absent in irradiated LTα-/- 

recipients.  In contrast, disease was present in irradiated WT (LTα+/+) mice 

(Figure 2-10A). Moreover, the frequency of memory phenotype cells in irradiated 

LTα+/+ recipients was significantly higher than those of irradiated LTα-/- 

recipients (Figure 2-10B). Together these data indicated that reducing lymphoid 

stroma could block disease, and suggested a possible explanation for the paradox 

that PD-1 deficient mice themselves do not succumb to a rapidly lethal 

autoimmunity.  The ability to prevent disease by reducing lymphoid stroma, 

suggests that PD-1 deficient mice might be spared from strong autoimmunity 

because their T cell repertoire is generated during the fetal/neonatal period when 

lymphoid stroma is very limited.  To test the role of recipient age, we compared 

transfer of PD-1-/- HSC into neonatal vs. adult Rag-/- mice.  Unlike adult 

recipients, nearly all of the neonatal recipients remained disease free (Figure 2-

10C). The frequency of memory phenotype T cells was also greatly reduced in all 
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of the neonatal recipients that remained disease free (Figure 2-10D). Taken 

together these data strongly suggested that a systemic lack of tolerance with PD-1-

/- HSC occurred due to reduced competition and the presence of adequate 

lymphoid tissue to support lymphopenia driven T cell activation3 of RTE. 

 

 

Fig. 2-10. Resistance to disease and lymphopenia driven activation in adult 
adult LTα -/- and neonatal Rag-/- recipients. (A) Lethally irradiated LTα+/+ (PD-
1+/+ or PD-1-/-; n=8) or LTα-/- (n=5) mice were given PD-1-/- HSC. Controls were 
irradiated WT (n=5) mice that were given WT HSC. (B) Representative flow 
cytometry showing the frequency of ‘memory’ T cells (gated on TCRβ+ cells) in 
peripheral blood of mice shown in A. The frequency of CD44hi CD62Llo T cells in 
LTα+/+ (n=8; 41.8± 4.5) recipients of PD-1-/- HSC was significantly higher (P< 
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0.01) than that of LTα-/- recipients (n= 5; 12.3 ± 3.1) or control (n=5; 7.0 ± 0.45) 
recipients that were given WT HSC. (C) Day 1 Rag-/- neonates (n=7) or adult Rag-

/- (n=7) mice were given PD-1-/- HSC and development of disease monitored. (D) 
The percent CD44hi CD62Llo T cells in neonates (n=7; 30.8± 5.7) was 
significantly lower (P< 0.0001) than that of adult recipients (n=7; 89.5 ± 1.5) 
analyzed 40-50 days post PD-1-/- HSC.  

 

2.4. Discussion 

Numerous co-inhibitory pathways have been identified and while each may 

contribute to self-tolerance, their specific functions are almost certainly unique41. 

Identification of their unique functions should provide more refined strategies for 

tolerance induction in autoimmunity and transplantation.  Previous studies have 

suggested a relatively limited role for PD-1 in self tolerance, with a deficiency in 

PD-1 signaling leading to tissue specific autoimmunity, targeting a single tissue15, 

42, 43, or a variable late life lupus like disease14. In the current study, we found that 

PD-1 deficiency can lead to a profound loss of self tolerance, leading to rapid 

lethality associated with lymphocyte infiltration of many organs. This widespread 

loss of self tolerance with PD-1 deficient cells, suggests that PD-1’s most critical 

function is in the control of the autoimmune potential of newly generated T cells 

in the setting of lymphopenia. We found no evidence for a reduced ability of PD-

1-/- thymocytes, either those generating MHC class I or II restricted T cells, to 

undergo negative selection to conventional self peptide/MHC complexes in the 

thymus.  These data further emphasize that control of tolerance by PD-1 is most 

likely to occur in the periphery. Welsh and colleagues recently showed that PD-1 

is highly expressed on a subpopulation of established peripheral CD8+ T cells 

transferred into lymphopenic hosts, and was associated with apoptosis and 
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reduced their effector output12. They also suggested that PD-1 may have a key 

role in preventing lymphopenia driven autoimmune disease, although this 

hypothesis was not examined. Some support for this hypothesis has come from 

recent studies showing CD4 T cells in PD-L1 deficient lymphopenic hosts cause 

autoimmunity in the lung43.  However, this relatively limited autoimmunity was 

only demonstrated in the artificial setting of a complete deficiency of Foxp3+ Treg 

cells (Foxp3 depleted cells), raising doubts about the physiologic significance.  

Our data indicated that PD-1 is critical to prevent a much more generalized and 

rapid autoimmune disease induced by lymphopenia, but that this function was 

critical for RTE rather than established peripheral T cells.  Importantly, the RTE 

generated multi-organ autoimmunity we observed occurred without any artificial 

depletion of specific cell populations such as Treg cells.  Together with the 

inability of established peripheral PD-1-/- T cells to cause the disease, the ability 

of thymocytes to cause disease and the presence of a thymus dependent disease 

within several days of the appearance of PD-1-/- T cells in periphery post HSC 

transplantation, indicated that RTE were responsible for disease. These data also 

suggest that confirmation of an intact PD-1 pathway may be needed in the setting 

of lymphoablation and bone marrow transplantation, particularly with autologous 

hematopoietic stem cell transplants used to treat autoimmunity44-47, where 

alterations in this pathway can be expected. 

 

Suggestive of a potential role for RTE in autoimmunity, a recent report implicated 

RTE as a major component in the infiltrates of human autoimmune thyroiditis48. 
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Furthermore, studies showing thymocytes or neonatal spleen cells but not adult 

spleen cells are able to cause oophoritis and gastritis in lymphopenic mice19 are 

consistent with a greater autoimmune potential in RTE. RTE have a particular 

importance in a number of settings where homeostatic expansion can occur. RTE 

are critical to regeneration of the T cell repertoire following lymphodepletion 

caused by viral infections or intentionally generated by conditioning therapies 

used in hematopoietic stem cell transplantation.  Thus, homeostatic activation of 

RTE and the potential for autoimmunity to be triggered by immune reconstitution 

post-lymphopenia have been major concerns.  However, these concerns have been 

tempered by observations suggesting that RTE remain immature and deficient in 

effector function for a significant period after migration into the periphery20-22. 

We found that RTE are not functionally impotent but instead harbor a heightened 

disease-inducing potential that is under the control of negative regulatory 

pathways. It has also been shown that the interactions between PD-1 and PD-L1 

influences CD8+T cells early after antigen encounter49. CD8+ T cells rapidly up 

regulated PD-1 expression upon encounter with antigen, when antigen was 

expressed as neo-self antigen but not as a microbial antigen.  Blocking the PD-

1/PD-L1 pathway with either anti-PD-1 or anti-PD-L1 or using PD-1-/- T cells 

during neo-self-antigen encounter prevented tolerance49, 50. Thus, PD-1 may have 

an important role in controlling the early T cell response to self-antigen and in the 

response to homeostatic signals in RTE.  
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Our data, showing that approximately 95% of T cells phenotypically become 

effector memory cells when they lack PD-1 and go through the RTE stage in a 

lymphopenic host, strongly suggests that the disease is driven in a polyclonal 

fashion.  The autoimmunity may in addition require autoantigen recognition, a 

question that could be addressed using the elegant approach employed recently 

for disease due to CTLA-4 deficiency51. Furthermore, the ability to inhibit disease 

with competitor HSC or by reduction of lymphoid stroma is associated with 

greatly reduced polyclonal activation. Mechanistically, the lack of PD-1 in LIP 

might have changed the Treg:Teffector ratio by increasing Teffectors or because 

of a reduced ability to generate induced Treg cells43, 52, a possibility we are 

investigating.  

 

Homeostatic activation is conventionally considered to be activation resulting 

from reduced competition for resources (binding to self MHC, cytokines from 

APCs/Stroma etc.)53. However, the lack of autoimmunity and LIP in Rag-/- γc-/- 

recipients of PD-1-/- HSC initially seemed surprising given that previous studies 

have shown CD8+ T cells can have enhanced LIP in γc-/- recipients6, 7; enhanced 

LIP was attributed to the lack of NK cells in these mice and hence reduced 

competition for IL-15 between pre-existing central memory CD8+ T cells and NK 

cells7.  However, our studies specifically assessed the requirement for γc in 

autoimmunity and LIP of newly generated T cells (lacking any pre-existing 

central memory cells).  In the setting of newly generated T cells, LIP and 

autoimmunity was clearly dependent on the presence of γc.  Our data are 
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consistent with studies showing that some forms of LIP are highly dependent on 

lymph node stroma2-5, and lymph nodes are almost completely absent in Rag-/- γc-/-

54 recipients that we found were protected from disease.  In addition, the rules of 

LIP may be different for T cells that are self antigen specific.  Consistent with this 

possibility a recent study showed that a self antigen specific transgenic CD8 T 

cell underwent substantial LIP in γc-/- but not Rag-/- γc-/- recipients55.  Thus, LIP 

rules defined by experiments done in γc-/- recipients do not necessarily hold for 

studies done in completely T cell deficient Rag-/- γc-/- recipients. 

 

The relative lack of LIP and autoimmunity in lymph node deficient recipients and 

in neonates raises the question of how precisely to define lymphopenia. 

Lymphopenia is a relative deficiency in lymphocytes, but relative to what 

exactly? For example, the neonatal period in mice is often discussed as being a 

naturally lymphopenic period relative to the adult stage.  Supporting this idea, 

neonates but not adults support homeostatic proliferation18.  However, the most 

relevant definition of lymphopenia might be a low ratio of lymphocytes to 

available lymphoid stroma. From this viewpoint, neonates, having both low T cell 

numbers and a paucity of lymphoid stroma are not highly lymphopenic, at least 

not in comparison adult immunodeficient mice. Consistent with this view, the 

homeostatic proliferation seen in neonates18 occurs for a much smaller fraction of 

input T cells than when T cells are transferred to Rag-/- adult recipients7. Our data 

in neonatal Rag-/- recipients of PD-1-/- HSC suggest that the T cell repertoire that 

is naturally generated in a PD-1-/- animal (during the fetal/neonatal period), in the 
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relative absence of LIP, is able to develop sufficient peripheral tolerance to 

prevent rapid multi-organ autoimmunity.  

 

Thus, a primary role for PD-1 is in the control of homeostatic activation, a process 

most strong in RTE cells as revealed during states of lymphopenia56. This 

perspective suggests a model whereby the relatively mild autoimmunity seen in 

PD-1-/- mice may be explained by a partial loss in the ability to control 

homeostatic activation; the restricted lymphoid environment present in the 

neonatal period, when T cell homeostasis is established, prevents a complete loss 

of control. As the animal grows, and the lymphoid stroma increases, newly 

generated PD-1-/- T cells are controlled by the tolerant population of T cells 

already present within the lymphoid tissue, a feedback mechanism.  Successful 

feedback may involve generation of the appropriate balance of regulatory and 

effector cells43, 57 when the first waves of T cells seed the periphery.  The natural 

paucity of lymphoid stroma early in life that appears to control homeostatic 

activation of PD-1 deficient T cells, also raises an important question for 

understanding the role of co-inhibitors. Future studies should address how the 

absence of CTLA-4, but not PD-1, signaling is able overcome the restricted 

lymphoid environment of the neonatal period to generate lethal multi-organ 

autoimmune disease.  

 

Contribution 

I performed almost all of the experiments and analyzed the data except the HYcd4 studies. 
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Chapter 3: Role of B and T lymphocyte (BTLA) attenuator in 

controlling lymphopenia induced autoimmunity 
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3.1. Introduction 

Having demonstrated the role of PD-1 in controlling lymphopenia induced 

autoimmunity, I tested the importance of other co-inhibitory molecules such as B 

and T lymphocyte attenuator (BTLA) in controlling lymphopenia-induced 

autoimmunity. The outcome of the immune response is influenced by the balance 

between co-stimulation and co-inhibition1, 2.  Besides lymphocyte receptor 

signaling, which is due to antigen encounter with the antigen receptor, co-

stimulation acts as a second signal and causes increased proliferation of 

lymphocytes and their survival3. In contrast, co-inhibition terminates or dampens 

the lymphocyte response by providing negative signals4.  

 

BTLA (CD272) is a co-inhibitory receptor expressed by T cells, B cells, NK cells, 

NKT cells and antigen presenting cells5, 6. It has two cytoplasmic immunoreceptor 

tyrosine-based inhibitory motifs (ITIMs). The interaction of BTLA with its ligand 

herpesvirus entry mediator (HVEM) attenuates T cell proliferation by inducing 

tyrosine phosphorylation and associating with SHP-1 and SHP-26. A previous 

study reported that the induction of peripheral tolerance of T cells was dependent 

on BTLA7. Deficiency of BTLA in an autoimmune background caused severe 

lymphocytic infiltration in major organs8, indicating that BTLA deficiency has the 

potential to synergize with other factors to generate autoimmunity.  In this report, 

we have investigated whether lymphopenia may be a co-factor for autoimmunity 

together with BTLA deficiency. 
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Homeostatic proliferation is a physiological process that occurs after lymphopenic 

states created by infections9 or lymphoablation10, 11.  Lymphopenia induced 

homeostatic proliferation can be associated with autoimmunity12-14.  However, 

syngeneic stem cell transplantation in lymphopenic animals fails to induce 

autoimmunity despite the presence of homeostatic proliferation of T cells. Of late, 

we have shown that programmed cell death-1 plays a critical role in recent thymic 

emigrants in preventing lymphopenia induced autoimmunity15. The hypothesis of 

the current study is that BTLA is required in recent thymic emigrants to prevent 

lymphopenia induced autoimmunity. In this study we tested this hypothesis by 

using a hematopoietic stem cells transplantation model and found that BTLA but 

not Fas plays a critical role in newly generated T cells in the prevention of 

lymphopenia induced autoimmunity.  

 

3.2. Materials and Methods 

3.2.1. Mice 

Male and female B6.129S7-Rag1tm1mom/J (abbreviated as Rag-/-), (C57BL/6J × 

C57BL/10SgSnAi)-[KO] γc-[KO]Rag2 knockout (abbreviated as Rag-/- γc-/-), 

CD45.1-C57BL/6 (B6), RAG2p-GFP Tg16 and C57BL/6-BTLA-/- (BTLA-/-)  

mice6 were used in the experiments described in this chapter. B6.MRL-Tnfrsf6lpr/J 

(lpr) were purchased from Jackson Laboratory (Bar Harbor, ME). Animal care 

was in accordance with guidelines of the Canadian Council on Animal Care.  

 

 



 102 

3.2.2. Stem cell transplantation 

Fetal liver cells, a source of hematopoietic stem cells, were harvested from day15-

16 B6 or BTLA-/-  fetuses. A single-cell suspension was made by gently pipetting 

the fetal livers and filtration through a cell strainer15. Female or male six to eight 

week old immunodeficient mice were used as recipients and each recipient 

received 10-15 x 106 fetal liver cells. In mixed stem cell experiments, recipients 

were given 15 x 106 fetal liver cells total containing a 1:1 mixture of BTLA-/- and 

B6 wild type (WT) CD45.1 cells. 

 

3.2.3. Definition of disease and histology 

Disease symptoms included cachexia, hunched appearance, ruffled fur, reduced 

mobility, skin and ocular lesions. Recipient mice were no longer considered 

disease free when two or more of the above symptoms were evident. Tissues from 

multiple organs collected from recipient mice were fixed in formalin, embedded 

in paraffin, sectioned, and stained with hematoxylin and eosin. Histological 

evaluations were completed by a Veterinary Pathologist (R.R.E.U.) blinded to the 

treatment groups. 

 

3.2.4. Flow cytometry analysis 

Fluorochrome conjugated antibodies for cell surface molecules were purchased 

from eBioscience. Peripheral blood samples and splenocytes were stained after 

incubation with FcR block, which is a cocktail of anti-CD16/32 antibody (2.4G2; 

Bio Express, West Lebanon, NH) and mouse, rat and hamster sera, used to reduce 
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background staining and in turn increase the specificity of antibody binding. The 

antibody staining was done at 4°C for 15 minutes followed by washing and 

resuspension in PBS. A FACSCalibur™ (BD Biosciences) with CellQuest™ Pro 

software and BD LSR II (BD Biosciences) with Flowjo software were used for 

data acquisition and analyses.   

 

3.2.5. Thymocyte transfer and FACS sorting 

Thymocytes or splenocytes (2-2.5 x 106 single positive T cells) from B6 or  

BTLA-/- mice were injected into immunodeficient recipients. Briefly, thymuses 

and spleens were removed from the donors and mashed with glass slides to make 

a single cell suspension followed by filtration with a cell strainer (BD Falcon TM). 

TCR+ CD24low cells were sorted aseptically from splenocytes of six week old 

BTLA-/- mice on a FACS BD influxTM cell sorter (BD Biosciences). The purity of 

the sorted cell populations was 92%. 

 

3.2.6. BrdU incorporation and immunofluorescence  

Experimental mice were treated with 2mg BrdU in PBS by i.p. injection. BrdU 

incorporation was assessed in splenic T cells 24 hours after injection using a 

BrdU flow cytometry kit (BD PharmingenTM). For immunofluorescence 5µm 

cross sections were cut from OCT embedded cryo tissues, fixed, blocked with 

goat serum and incubated with rat anti-mouse CD4 or CD8a (Biolegend, San 

Deigo, CA) followed by secondary antibody, which was goat anti-rat Alexaflour 

488 (Invitrogen Laboratories, Burlington, ON) and visualized on a compound 
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fluorescent microscope (Axioplan, Axiovision 4.1 software, Carl Zeiss, Toronto, 

ON).   

 

3.2.7.  Measurement of liver enzymes 

The levels of asparate aminotransferase (AST), alanine aminotransferase (ALT) 

and alkaline phosphatase (ALP) in serum were determined using test strips with a 

VetTest analyzer (IDEXX laboratories, USA).  

 

3.2.8. Statistical analysis 

Prism version 4.0a (GraphPad Software Inc., SanDiego, CA, USA) was used for 

statistical analysis. Statistical significance was evaluated using a Student’s t-test 

or a one-way ANOVA was used to compare two more groups. The log-rank test 

was used to compare survival curves. All data were expressed as mean ± SEM. A 

value of p < 0.05 was considered a statistically significant difference between 

groups. 

 

3.3.  Results 

3.3.1. BTLA is required in RTE to prevent lymphopenia induced 

autoimmunity 

We recently showed that programmed death-1 (PD-1) is critical in recent thymic 

emigrants (RTE) to prevent lymphopenia-induced autoimmunity using a 

syngeneic hematopoietic stem cell (HSC) model15. It was therefore of interest to 

determine whether other inhibitory signaling receptors in lymphocytes are also 
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necessary for RTE or if instead this role is unique to PD-1.  To examine whether 

RTE might have a higher frequency of BTLAhigh cells compared to established T 

cells, similar to our previous findings with PD-1, we used mice that express GFP 

under the control of the promoter of Rag216. Interestingly, we found that RTE 

(GFP+) in these Rag2-GFP mice had a higher proportion of BTLA high T cells 

when compared to mature (GFP-) T cells (Figure 1; left top) The percent of RTE 

(8.8 ± 2.1) that express BTLA was significantly higher (p < 0.05) than those of 

mature T cells (2.6 ± 0.7). We next investigated whether BTLA is required in 

RTE to prevent lymphopenia-induced autoimmunity by using syngeneic BTLA-/- 

HSC.  BTLA-/- mature T or WT HSC cells were used as control groups. In 

addition, BTLA-/- thymocytes were used as a second source of RTE.  The majority 

of the recipients of BTLA-/-  thymocytes or HSC became sick, while the control 

groups remained disease free (Figure 3-1; middle). Fas is a death receptor and 

has a capacity to induce apoptosis of cells. We used lpr HSC as a control to test 

whether a lack of death signal would induce disease in lymphopenia. 

Interestingly, there was no overt disease in lpr HSC recipients and this suggests 

that not all the receptors that provide negative signals to T cells in this model are 

needed to control lymphopenia induced autoimmunity. Collectively, these data 

suggested a requirement for BTLA in RTE to control lymphopenia-induced 

autoimmunity.  

 

The sick mice showed cachexia, hunched back (Figure 3-1), ruffled fur, 

dermatitis on the tail and diarrhea. At necropsy, we noticed that a small 
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percentage (10%) of mice developed colitis. Histological analysis of tissue 

sections obtained from sick mice revealed lymphocytic infiltration in major 

organs including the liver, kidney and pancreas (Figure 3-2; top). 
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Figure 3-1. BTLA-/- HSC and thymocytes induce lethal multi-organ 
inflammatory disease in lymphopenia. Top left:  BTLA expression was higher 
in recent thymic emigrants (RTE;  gated on GFP+ TCR+). The expression of 
BTLA was higher in RTE (n=3) than those of mature T cells (GFP- TCR+). Top 
right: Macroscopic picture of recipients of either BTLA-/- or WT HSC. Middle 
left: Adult Rag-/- mice were given fetal liver cells (HSC) from BTLA-/- (n=30) or 
WT (n=10) or lpr fetuses (n=3) and disease was monitored. Middle right: Adult 
Rag-/- mice were given BTLA-/- (n=5) or WT thymocytes (n=4) or WT/BTLA-/-  
splenocytes or purified BTLA-/- splenic T cells  (n=3 for each group) and 
monitored for disease incidence. Disease was only observed in BTLA-/- HSC or 
thymocyte group, with all other groups surviving to day 100 disease free. Serum 
was collected from the sick recipients of BTLA-/- HSC between day 40 to 65 post 
HSC transfer. Also, serum was collected from the control recipients of WT HSC 
at the same time; n = 4 /group. Data are expressed as mean ± SE. AST was higher 
(P < 0.01) in sera of BTLA-/- HSC recipients (532.8 ± 96.4) than those of WT 
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HSC recipients (193.0 ± 26.2). Other enzymes such as ALT (92.50 ± 19.2) or 
ALP (72.00 ± 15.8) in BTLA-/- HSC recipients were not significantly different 
from those levels of WT HSC recipients (ALT: 66.5 ± 10.3; ALP: 28.50 ± 14.8). 
 

Lymphocytic infiltration in the liver included CD4+ and CD8+ T cells in recipients 

of BTLA-/- HSC but not WT HSC (Figure 3-2; bottom). 

 

A previous study reported the occurrence of autoimmune hepatitis in old 129 

SvEV BTLA-/- mice17. Moreover, liver was the major organ affected in Rag-/- 

recipients of BTLA HSC.  Hence, we measured the level of liver enzymes in sera 

of sick mice. The level of AST in sera was significantly higher in recipients of 

BTLA-/- HSC than those of WT HSC (Figure 3-1). Although other liver enzymes 

such as ALT, ALP were also elevated in sera of BTLA-/- HSC recipients, the 

differences did not reach statistical significance (Figure 3-1). 

 

3.3.2. BTLA-/-  T cells have a greater capacity to undergo homeostatic 

proliferation and autoimmunity can be controlled by reducing lymphopenia 

driven activation through competition and reduced lymphoid space 

Homeostatic proliferation of T cells was confirmed using BrdU labeling and 

evaluation of activation markers. The percent of BrdU+ T cells was higher in the 

recipients of BTLA-/- HSC than those of WT HSC (Figure 3- 3; top). Moreover, 

the percent of effector memory T cells in sick mice was higher than that of WT 

HSC recipients (Figure 3- 3; bottom). These results suggest that T cells of 

BTLA-/- HSC recipients undergo much more proliferation than those of WT HSC 

recipients.  
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Figure3- 2: Lymphocytic infiltration in organs of BTLA-/-  HSC recipients. Top: 
Representative histology (hematoxylin and eosin staining) of the liver, kidney and 
pancreas of recipients of WT HSC (left), BTLA-/- HSC (second left), BTLA-/- 

splenocytes (second right) and BTLA-/- thymocytes (right). Bottom (four panels): 
Immunofluorescence (original magnification ×400) of liver from individual recipients 
of BTLA -/- and WT HSC. Blue: staining with the nuclear marker 4’,6’-diamidino-2-
phenylindole (DAPI); green: CD4 or CD8 staining.  
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Figure 3-3: T cells from BTLA-/-  HSC undergo more homeostatic 
proliferation and the disease induced by BTLA-/- HSC can be controlled by 
reducing lymphoid space or by providing polyclonal competitor T cells. Top: 
The mean percentage of BrdU+ T cells in spleen of Rag-/-  recipients (n=4; each 
group) of BTLA-/- HSC (20.93 ± 5.6) was significantly higher (P < 0.05) than that 
of WT HSC (5.76 ± 2.1) examined 65 days post HSC. Middle: Adult γc-/- Rag-/- 
mice (n=5) were given BTLA-/- HSC. Adult Rag-/- mice were given BTLA-/- HSC 
alone or together with WT HSC (1:1; n= 6) or BTLA-/- splenocytes (sp; n=3). 
Bottom: The percent of effector memory T cells (TCR+ CD44hi CD62Llo) in Rag-/- 

recipients of BTLA-/- HSC (n = 4; 73.28 ± 3.1) was significantly higher (P < 0.05) 
than that of Rag-/- recipients of WT HSC (n = 4; 52.29 ± 6.9) and γc-/- Rag-/- 
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recipients of BTLA-/- HSC (n=3; 25.73 ± 7.2), analyzed 55 days post HSC 
injection. 

 
 
Having demonstrated that BTLA is required in newly generated T cells to prevent 

lymphopenia-induced autoimmunity we used two strategies to test whether 

disease could be blocked by reducing lymphopenia driven activation. Firstly, we 

co-transferred WT HSC with BTLA-/- HSC to provide a competitor T cell 

population. Secondly, recipients with reduced lymph node stroma (Rag-/- γc-/- 

mice) were used as HSC recipients. Interestingly, T cells from BTLA-/- HSC 

failed to induce disease in both models (Figure 3- 3; middle). Co-transfer of  WT 

HSC with BTLA-/- HSC also reduced the effector memory T cells of BTLA-/- HSC 

(n=3; day 50 post HSC; 25 ± 6.6). Taken together, these results suggested that 

autoimmunity can be controlled by reducing lymphopenia driven activation of 

BTLA-/- T cells, similar to our findings with autoimmunity caused by PD-1-/- T 

cells. 

 

3.4. Discussion 

Previous studies have demonstrated that co-inhibitory molecules, such as CTLA-4 

and PD-1, play essential roles in the maintenance of immune homeostasis and 

self-tolerance18-20. Although accumulating evidence suggests that BTLA could 

also be involved in the maintenance of self-tolerance, its main role is still unclear. 

The development of autoimmunity in BTLA-/- mice is influenced by the genetic 

background of mice. For example, old BTLA-/- mice on a 129SvEV background 

develop autoantibodies to nuclear antigen and an autoimmune hepatitis-like 
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disease17. On the other hand, C57BL/6 BTLA-/- mice appear free from 

autoimmune disease21, which might be interpreted as a reduced importance of 

BTLA in self-tolerance. Interestingly, our study demonstrated a critical role for 

BTLA in the prevention of lymphopenia induced multi-organ autoimmunity. The 

effect of BTLA deficiency was restricted to newly generated T cells rather than 

mature T cells and the present study supported the idea that the central role of co-

inhibitory molecules in the setting of lymphopenia is to control the autoimmune 

potential of newly generated T cells15.  In addition, it emphasized the involvement 

of multiple, and yet specific, co-inhibitory molecules in the regulation of this 

process. Thus, synergism of lymphopenia and BTLA deficiency can instigate 

newly developed T cells to induce autoimmunity.  

 

The majority of the lymphopenic recipients that were transplanted with BTLA-/- 

HSC showed lymphocytic infiltration in the major organs. There was an increase 

in the frequency of effector memory T cells in recipients of BTLA-/- HSC 

compared to WT HSC recipients. Kaye and colleagues reported that T cells from 

BTLA-/- mice had an advantage in undergoing more homeostatic proliferation, 

compared to T cells from wild type mice22. Although T cells from WT HSC can 

undergo homeostatic proliferation in lymphopenic mice, the presence of intact 

BTLA may inhibit the development of effector memory T cells and disease. 

Moreover, a recent study demonstrated that a single dose of agonistic anti-BTLA 

antibody inhibited the development of graft versus host disease23. BTLA has been 

shown to act as a prosurvival signal for T cells under certain conditions24, 25 and 
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this may be the reason that the disease onset took a longer time in BTLA-/- HSC 

recipients, in comparison to those of PD-1-/- HSC in which the onset of the disease 

was earlier15.  

 

Liver enzymes were elevated in BTLA-/- compared to WT HSC recipients. The 

spontaneous development of autoimmune hepatitis-like disease in aged BTLA-/- 

129SvEV was due to the accumulation of CD4+ T cells and NKT cells in the 

liver17. In the present study, lymphocytic infiltration was observed in the liver of 

the BTLA-/- HSC recipients.  However, the mechanism of liver damage may be 

different in our model because the liver damage occurred earlier than BTLA-/- 

129SvEV mice and there was also infiltration of the liver with CD8+ T cells.  

 

Homeostatic proliferation of T cells occurs due to the availability of more 

lymphoid space in lymphopenic recipients. Previous studies have reported that 

lymphopenia induced homeostatic proliferation can be inhibited by either using 

competitor T cells26 or reducing lymph node stroma27. As a first step, we 

investigated whether co-transfer of WT HSC with BTLA-/- HSC can prevent the 

disease. Interestingly, co-transfer of WT HSC completely prevented the disease 

by reducing the activation of T cells and frequency of effector memory T cells. 

This result suggested that T cells can compete with each other for resources 

(MHC on APC, cytokines etc.)28, 29 to undergo homeostatic proliferation. 

Furthermore, we tested whether disease can be prevented by reducing lymph node 

stroma. We took advantage of the Rag-/- γc-/- mouse, which is lymph node 
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deficient, as a recipient of BTLA-/- HSC. In contrast to Rag-/- recipients, all of the 

Rag-/- γc-/-  recipients were free from the development of disease. The frequency of 

effector memory cells was also lower in Rag-/- γc-/- recipients. These data 

suggested that a paucity of lymph node stroma can prevent the disease 

development by reducing lymhopenia induced homeostatic proliferation of newly 

developing T cells.  

 

A previous study demonstrated the importance of BTLA signaling in the 

regulation of mucosal inflammation30 in which the authors showed that signaling 

through BTLA prevented the acceleration of colitis induced by WT CD4+ T cells 

in HVEM-/- Rag-/- recipients. In addition, transfer of WT CD4+ T cells into 

BTLA-/-  Rag-/- also accelerated the colitis. In the present study, we observed that a 

small proportion of BTLA-/- HSC recipients developed colitis, which further 

supports the role of BTLA in the prevention of colitis. However, our studies 

suggest that in addition to tissue specific tolerance requirements, BTLA can 

become critical for tolerance more generally in the context of lymphopenia and 

newly generated T cells. 

 

In addition, the results from this study suggest that a requirement for intact BTLA 

function should be one of the criteria to be considered in patients who undergo 

lympho-ablation followed by autologous stem cell transplantation31, 32. 

 
Contribution 
 
I performed all the experiments and analyzed the data. 
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4.1. Introduction 

Although tolerance in newly generated T cells can be highly PD‐1/BTLA 

dependent, its not clear whether naïve T cells are also dependent on PD‐

1/BTLA for tolerance upon their first encounter with the antigen. The latter 

possibility would suggest that PD‐1/BTLA would have a role in tolerance of 

naïve T cells even in adult immunocompetent animals. To test this we used 

male (HY) antigen as a model in female mice, in which T cells are naïve to 

male antigen. The success of MHC matched transplants is impeded by immune 

responses to minor-H antigens1. For instance, bone marrow transplants between 

HLA matched siblings induced GVH disease due to immune responses against 

minor-H antigens2. Autosomal and Y-chromosome genes encode H-antigens3. 

The male specific antigen (HY) triggers rejection of male syngeneic skin grafts in 

certain inbred strains of female mice4. Naïve H-2b females can reject male skin 

grafts and thus are referred to as strong responders. Although H-2b females reject 

male skin or bone marrow3, 5, they could not reject male islet6, 7, kidney8 or 

cardiac grafts9. Spontaneous acceptance of male islet grafts may also induce 

dominant tolerance to male antigens7.  Adoptive transfer of T cells from tolerant 

mice to female neonates allowed acceptance of male skin grafts in the adoptive 

recipients, although third party grafts were not tested. Islet or heart grafts given 

time to heal into the recipient before the recipient’s immune system develops can 

also lead to tolerance of donor antigens10. This ‘natural tolerance’ of a transplant 

given pre-immunocompetence is designed to mimic the conditions that allow 

establishment of tolerance to peripheral self antigens. However, spontaneous 
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tolerance of male islet grafts by adult mice, i.e. tolerance of grafts given post-

immunocompetence of the recipient, may not involve precisely the same 

mechanisms, due to the inflammatory conditions associated with grafts given to 

immunocompetent adult recipients and the presence of an established adaptive 

immune system.  It is therefore of interest to determine whether the primary 

mechanisms of peripheral self tolerance, such as those mediated by co-inhibitory 

signals, are also involved in spontaneous tolerance of weakly mismatched grafts 

in immunocompetent recipients. 

 

The balance between co-stimulation and co-inhibition influences the outcome of 

immune responses by allowing strong immune response against appropriate 

foreign antigens and maintaining tolerance to self-antigens11, 12.  Cytotoxic 

lymphocytic antigen-4 (CTLA-4; CD152), programmed death-1 (PD-1; CD279) 

and B and T lymphocyte attenuator (BTLA; CD272) are some of the major co-

inhibitory molecules that have been shown to be involved in immunological 

tolerance. CTLA-4 is expressed by activated T cells and Tregs and can compete 

with the co-stimulatory molecule CD28 to bind with its ligands B7.1 (CD80) and 

B7.2 (CD86). Lack of CTLA-4 induced a fatal lymphoprolifertive disorder in 

mice13 that was recently shown to be due to autoreactive T cells14. PD-1 shares 

23% amino acid sequence homology with CTLA-4 and is expressed by activated 

T cells, B cells and myeloid cells. Lack of PD-1 leads to a narrow spectrum of 

autoimmune disease that varies based on the strain background15, 16.  PD-1 binds 

PD-L1(B7H1; CD274) and PD-L2 (B7DC; CD273), with PD-L1 being widely 
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expressed in hematopoietic and non-hematopoietic cells, whereas PD-L2 

expression is restricted to dendritic cells and macrophages17, 18. Deficiency of 

BTLA induced autoimmune hepatitis and anti-nuclear antibodies in aged mice19 

and increased susceptibility to experimental autoimmune encephalomyelitis20 and 

allergic airway inflammation21. 

 

We tested whether the “spontaneous tolerance” of weakly mismatched transplants 

is mediated by co-inhibitory pathways. Herein, we show that PD-1 plays a critical 

role in the tolerance of single minor mismatched islet transplants. 

 

4.2. Materials and methods 

4.2.1. Mice 

Adult wild type C57BL/6, (B6; H-2b) mice were obtained from NCI (Frederick, 

MD). B6.129S7-Rag1tm1mom/J (abbreviated as Rag-/-) mice from Jackson were 

bred in house. We generated MHC class-I and Rag deficient mice (C57BL/6 H-

2Kbtm1-H-2Dbtm1N12 Rag-/-; abbreviated as class-I-/- Rag-/-) by crossing the two 

knockout lines obtained originally from Jackson. MHC class-II deficient B6.129-

H2-Ab1tm1Gru (abbreviated as class-II-/-) mice were from Taconic Farms. C57BL/6-

Pdcd1-/- (PD-1-/-) mice, originally generated by Prof. T. Honjo and colleagues15, 

22 in embryonic stem cells of the 129 background and backcrossed 11 generations 

to C57BL/6, and C57BL/6-BTLA-/- (BTLA-/- mice20) were bred at the University 

of Alberta. All protocols on care and handling of animals were carried out in 

CCAC accredited facilities at the University of Alberta. 
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4.2.2. Diabetes induction and islet transplantation 

Diabetes was chemically induced by a single intraperitoneal injection of STZ; 200 

mg/kg; Sigma-Aldrich) in female recipients. Diabetes was confirmed as blood 

glucose of >20 mmol/L twice on consecutive days. Diabetic recipients were 

transplanted with 400 male donor islets into the renal subcapsular space. The 

function of the graft was monitored by blood glucose; rejection was defined as 

blood glucose exceeding 15 mmol/L on two consecutive days. Nephrectomy was 

performed to assess whether transplanted islets were responsible for the 

normoglycemic state. 

 

4.2.3. In vivo antibody treatment and immunization 

We used 250 µg anti-mouse PD-1 mAb (J43), anti-mouse PD-L1 (10F.9g2), anti-

mouse PD-L2 (TY25), anti-mouse BTLA (6F7) and isotype control (Rat IgG2b) 

given every other day, beginning on the day of transplantation, for a total of six 

injections (last injection on day 10). Anti-CTLA-4 (4F10), at a dose of 100 µg of 

blocking antibody was injected every 2 days from the day of transplantation for a 

total of six injections. Anti-mouse PD-1, was used at 250 µg mAb (J43) per 

injection, and given twice, with six days between injections, to block PD-1 

signaling. For sensitization, 4x106 male B6 or PD-1-/- splenocytes were injected 

into female B6 or PD-1-/- mice respectively. Fourteen days post immunization, all 

recipients were made diabetic, as described above, and transplanted with male 

islet grafts. WT B6 recipients received male islets from WT B6 donors, and  
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PD-1-/- recipients received islets from PD-1-/- male donors. 

 

4.2.4. Pentamer studies 

We used PE labelled H-2Db (WMHHNMDLI; UTY 246-254; Proimmune, 

Bradenton, FL) pentamers together with antibodies to mouse CD8, pan TCRβ and 

CD19 (eBioscience, San Diego, CA) to detect the frequency of anti-HY CD8 T 

cells.  Non-specific binding was blocked with anti-CD16/32 antibody (2.4G2; Bio 

Express, West Lebanon, NH), and mouse, rat and hamster sera. Data acquisition 

and analysis was on a FACSCalibur™ flow cytometer (BD Biosciences). 

 

4.2.5. Histology and Immunofluorescence 

Kidney with islet grafts were fixed in formalin, embedded in paraffin, sectioned, 

and stained with anti-insulin, hematoxylin and eosin. For immunofluorescence 

5µm crosssections were fixed with acetone and blocked with 20% normal goat 

serum (Jackson ImmunoResearch Westgrove, PN). Staining was with rat anti-

mouse CD4 or CD8α, (1:200; Biolegend, San Deigo, CA) followed by goat anti-

rat Alexaflour 488 (1:200; Invitrogen Laboratories, Burlington, ON). Slides were 

coverslipped using Prolong Gold Anti-fade with DAPI (Invitrogen), and 

visualized on a compound flourscent microscope (Axioplan, Axiovision 4.1 

software, Carl Zeiss, Toronto, ON).  
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4.2.6. Statistical analysis 

Statistical analyses were done using GraphPad Prism Software  (San Diego, CA). 

The Kaplan-Meier method and the log rank test were used for graft survival and a 

Student’s t-test for pentamer studies. 

 

4.3. Results 

4.3.1. Tolerance induced by spontaneously accepted islet grafts is PD-1 

dependent 

 Female WT mice accepted male islet grafts indefinitely (Figure 4-1A), in 

agreement with previous studies6, 7. We tested whether targeting co-inhibitory 

pathways prevents spontaneous acceptance of male islets, by treating mice with 

mAb that block either CTLA-4 or PD-123, 24. While we have never observed 

rejection of ‘syngeneic’ male islets by WT mice, one of the recipients treated with 

anti-PD-1 rejected its male islet graft (Figure 4-1A), suggesting that PD-1 may 

have some role in spontaneous acceptance. A preliminary analysis using anti-PD-

L1 or anti-PD-L2 treatment did not provide further support for this hypothesis, as 

these antibodies did not prevent spontaneous graft acceptance (Figure 4-1B). 

Therefore, we tested the role of PD-1 by two additional approaches. In the first 

approach, we gave female PD-1-/- mice male islets.  In order to ensure the only 

antigenic mismatches were derived from the Y chromosome, we used PD-1-/- 

mice as the donors of male islets. Again, lack of PD-1 function appeared to have 

at most a small effect, with only one out of seven recipients rejecting their graft 

(Figure 4-1C). We also tested the role of BTLA, using BTLA-/- recipients. There 
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was no increase in rejection of male islet grafts in BTLA-/- females (Figure 4-

1C). 

 

Our previous studies6 indicated that diabetes (as induced by STZ) could suppress 

the anti-HY immune response, and this diabetes-induced immunosuppression 

might have reduced the ability to detect a role for these receptors in spontaneous 

graft acceptance. We therefore tested whether the ability to maintain the graft 

after immunization with donor antigen may depend on PD-1 function.  We 

immunized female WT, PD-1-/- or BTLA-/- recipients with long-term accepted 

grafts (100-105 days) to test if the grafts had induced tolerance to HY or if instead 

the immunization would trigger islet rejection. Interestingly, almost all of the PD-

1-/- recipients, but not WT or BTLA-/- recipients, rejected their long-term 

established graft (Figure 4-1D).  Together these results indicate that despite the 

spontaneous islet allograft acceptance not being strongly PD-1/PD-L1/PD-L2 

dependent, the tolerance induced by the long-term presence of the islet graft is 

highly dependent on PD-1 but not BTLA function.  
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Figure 4-1. PD-1 is required for tolerance but not acceptance of a weakly 
mismatched islet allograft. (A) Male B6 islets were transplanted to syngeneic 
female mice that were either untreated (black solid line; n=4; Control) or treated 
with blocking antibodies to CTLA-4 (grey dashed line; n=5) or PD-1 (black 
dashed line; n=5). (B) B6 male islets were transplanted to syngeneic female mice 
that were treated with anti-PD-L1 (black dashed line; n=5), anti-PD-L2 (black 
solid line; n=5) or isotype control (grey solid line; n=5). (C) Female PD-1-/- mice 
were transplanted with male PD-1-/- or WT islet grafts (black solid line; n=7) or 
female PD-1-/- islet grafts (black dashed line; n=3). Also, female BTLA-/- mice 
were transplanted with male BTLA-/- islet grafts (grey solid line; n=5).  (D) 100-
105 days post transplantation, female recipients were immunized with 4 x 106 

male splenocytes. The groups included female PD-1-/- mice transplanted with 
male (black solid line; n=4) or female (grey dashed line; n=3) islets or female B6 
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(WT) mice transplanted with male islets (black dashed line; n=4) and female 
BTLA-/- mice transplanted with male islets (grey solid line; n=5). 
 
 
4.3.2. Spontaneous graft acceptance in sensitized recipients is PD-1 

dependent 

Having found that immunization with male antigen breaks the long-term 

acceptance of male islet grafts in female PD-1-/- mice, it suggested the possibility 

that PD-1 may play a more critical role in controlling the response of sensitized 

recipients.  We therefore tested the effect of sensitization with donor antigen prior 

to transplantation on spontaneous graft acceptance in WT vs. PD-1-/- or BTLA-/- 

recipients. Female WT, PD-1-/- or BTLA-/- mice were immunized with male 

splenocytes before islet transplantation. Similar to the immunization post 

transplantation data, there was consistent rejection (100%) of male, but not 

control female, islet grafts only in the sensitized female PD-1-/- mice (Table 4-1).  

Sensitized female PD-1-/- recipients rejected donor male islet from either WT B6 

or PD-1-/- B6 donors, indicating that rejection was not due to potential additional 

minor antigen mismatches between WT B6 and PD-1-/- B6 mice. Lack of female 

islet rejection showed the response was donor specific and not due to potential 

autoreactivity in PD-1-/- mice. Similarly, we found that the PD-1-/- recipients that 

rejected male islets would accept a female islet graft and reject a second male islet 

graft when re-transplanted in contralateral kidney (data not shown). Histological 

examination confirmed the rejection of male islets in sensitized PD-1-/- but not 

WT recipients, the latter showing strong insulin staining and only a peri-islet 

infiltrate (Figure 4- 2B).  Male islet grafts were infiltrated with CD4 and CD8 

cells in sensitized PD-1-/- mice (Figure 4-2C).  



 128 

Blockade of PD-1 signaling can result in the expansion of anti-donor CD8+ T 

cells25. We examined the frequency of anti-HY CD8 T cells using pentamers, in 

sensitized female WT or PD-1-/- mice.  There was an increase in the percentage of 

anti-HY CD8 T cells in sensitized female PD-1-/- mice compared to WT mice (P< 

0.05; Figure 4-2A), suggesting a role for PD-1 in dampening the priming of anti-

donor T cells. 

 

Table 4-1. PD-1 is required to prevent rejection of male islet grafts in 

sensitized recipients.  

Group Islet Donor Recipients Anti-PD-1 

treatment 

  Graft Survival (d) % Graft 

survival 

1 Male PD-1-/- N/Aa 10 x 2, 14, 18, 20 x 

2, 28, 76b 

0 

2 Female PD-1-/- N/A > 100 x 5 100 

3 Male BTLA-/- None 44, > 100 x 3 75 

4 Male WT None > 100 x 7 100 

5 Male WT At Immunization 15, 16, > 100 x 3 60 

6 Male WT At Transplantation 20, > 100 x 4 80 

7 Male WT At Immunization & 

Transplantation 

17, 19, 28, > 100 25 

 

Female WT or PD-1-/- or BTLA-/- mice were immunized with male splenocytes 

two weeks before transplantation of islet grafts. The sensitized PD-1-/- mice given 

male islets (group 1) were significantly different (P< 0.01) from groups 2, 3, and 

4. For groups 5-7, female WT mice were treated with anti-PD-1 at the time of 

immunization with male splenocytes or at the time of transplantation of male 

islets, 2 weeks after immunization or at both stages. Group 7 vs. 4 (P< 0.05). 
aN/A, not applicable 
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bGroup 1 recipients (n=8) of male islets received islets from WT B6 (n=4) or PD-

1-/- B6 (n=4) donors. 

 

 

  

Figure 4-2. Lack of PD-1 increased the frequency of anti-HY CD8 T cells. (A) 
Female B6 or PD-1-/- mice were immunized with male splenocytes and pentamer 
staining was performed in splenocytes 2 weeks after immunization. Plots show the 
frequency of TCR gated pentamer positive anti-HY CD8 T cells. (B) Histological 
examination of representative islet grafts from sensitized female WT (not rejected; 
top) showed numerous intact islets that contain insulin granules (brown) surrounded 
with a mononuclear cell infiltrate. Male islet grafts in sensitized female PD-1-/- 
recipients (rejected; middle) had substantial infiltrates that penetrated the islets and 
little if any insulin staining. Female islet grafts with insulin granules (brown) in 
sensitized female PD-1-/- recipients (not rejected; bottom).  Histology was assessed 5 
days post-islet graft rejection and at 105 days post islet transplantation for mice that 
accepted the islet graft. (C) Immunofluorescence pictures of male islet grafts in 
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sensitized B6 (not rejected) or PD-1-/- (rejected) mice. Blue: staining of nucleus with 
4',6'-diamidino-2- phenylindole (DAPI); green: CD4 or CD8 staining. 
Immunoflluorescence was assessed 2 weeks post islet graft rejection and 130 days 
post islet transplantation for mice that accepted the islet graft. 
 
 

Our data indicated that PD-1 is important during the priming stage, with increased 

accumulation of donor specific CD8 T cells when PD-1 is absent during 

immunization. However, ligands for PD-1 are also expressed within the islets 

themselves26 and therefore lack of PD-1 signaling during the response to the 

transplant could potentially also contribute to the rejection. To examine this 

question, we targeted PD-1 with mAb specifically at the immunization stage 

before transplantation or at the transplantation stage or at both stages. Targeting 

the PD-1 pathway at both the stages tended to be more effective than blocking at 

either one of the stages alone (Table 4-1). Taking these results together, PD-1 

may be required at both the priming and transplantation stages for spontaneous 

allograft acceptance in sensitized recipients. 

 

4.3.3. Loss of PD-1 leads to donor MHC class-I but not class-II dependent 

rejection 

Whether direct presentation of donor antigens by islets is critical for their 

rejection is controversial. One study suggested donor MHC class-I is a major 

pathway in islet rejection, as class-I deficient islets were accepted in the majority 

of recipients27. In contrast, Gill and colleagues28 showed that absence of donor 

class-I and II, but not either alone, prevented rejection. Given the increased 

frequency of anti-donor CD8 T cells in sensitized PD-1-/- recipients (Figure 4-2 

A), we hypothesized that PD-1 deficiency would lead to rejection targeting donor 
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class-I molecules. We compared class-I-/- vs. class-II-/- donor islet grafts in pre-

sensitized PD-1-/- recipients. Acute graft rejection was indeed dependent on donor 

class-I but not class-II (Figure 4-3).  However, the recipients of class-I-/- donors 

did exhibit blood glucose levels close to the rejection level (Figure 4-3), 

suggesting some attack on the islets could occur even in the absence of donor 

class-I. 

 

 

 

Figure 4-3. Absence of donor class-I prevented the rejection of male islet 
grafts in sensitized female PD-1-/- recipients. Top: Chemically induced diabetic 
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female PD-1-/- mice, previously sensitized with male spleen cells were 
transplanted with male class-I-/- Rag-/- (black solid line; n=5), class-II-/- (black 
dashed line; n=3) or control Rag-/- (Class-I & II+/+) islet grafts (grey solid line; 
n=3). Bottom: Islets from male class-I-/- Rag-/- mice were transplanted to 
sensitized diabetic female B6 PD-1-/- recipients (black dashed lines; n=5). Data 
shown are blood glucose levels of individual mice, and values for sensitized 
diabetic female B6 PD-1-/- recipients of control female islets (black solid lines; 
n=5) are shown for comparison.  
 

4.4. Discussion 

PD-1 has been shown to play an important role in the maintenance of 

immunological tolerance15, 16. Previous studies have reported that deficiency or 

blockade of the PD-1/PD-L1 pathway prevented the prolongation or acceptance of 

MHC mismatched skin29 and cardiac30, 31 allografts, which were achieved with 

various tolerogenic regimens. Whether such induced transplant acceptance and 

spontaneous acceptance would involve the same tolerance mechanisms was 

unknown.  We have shown here the significance of the PD-1 pathway in the 

spontaneous acceptance of weakly mismatched transplants. Female H-2b mice 

spontaneously accepted syngeneic male islet grafts and an earlier study7 reported 

that the spontaneous acceptance of male islet grafts could induce tolerance to 

male antigen. We tested whether co-inhibitory molecules are involved in the 

induction of this spontaneous acceptance of male islet grafts. Our studies 

represent only an initial test of the role of co-inhibitory molecules such as CTLA-

4 and PD-1 by using specific blocking antibodies.  While only anti-PD-1 had any 

discernable effect in allowing rejection of male islets by naïve recipients, and 

CTLA-4 seemed not to be involved, our studies using anti-CTLA-4 are too 

limited to completely exclude a role for this pathway in spontaneous allograft 
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acceptance.  A larger study and examination of pre-sensitized recipients is 

required to fully evaluate this possibility. In the case of BTLA deficiency, only a 

weak effect was discernable, and even then only in the sensitized recipients.  

 

The frequency of T cells against HY antigen in naïve female mice is low32 and 

CD4 T cell help is critical in the CD8 T cell response to HY33, 34. Blocking or loss 

of PD-1 signaling in naïve female mice did not induce rejection of male islet 

grafts in the majority of naïve female mice. This may indicate that the HY 

antigens alone are insufficient to trigger islet rejection.  However, an earlier 

study6 from our laboratory had shown that non-diabetic female recipients induced 

stronger anti-HY immune responses and more peri-islet infiltration of grafts than 

those of diabetic female recipients. Thus, lack of rejection may also be due to the 

immunosuppressive effects of STZ induced diabetes on anti-HY immune 

responses6. Hence, we tested whether immunization with donor antigen in the 

absence of PD-1 signaling would break the spontaneous acceptance of male islet 

grafts.  Immunization did indeed trigger rejection of accepted grafts in PD-1-/- 

recipients. This rejection was not a result of potential additional minor antigens on 

the immunizing male spleen cells, as the immunizing cells were also from PD-1-/- 

mice.  A second objective of our experiment was to mimic the situation of islet 

transplant recipients, in which the recipient’s immune system may already be 

sensitized to islet and/or donor antigens. Interestingly, we found that PD-1 has a 

crucial role in both the long-term acceptance of the graft after immunization with 

donor antigen and in initial graft acceptance in pre-sensitized recipients. 
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 There are at least two possibilities that may explain the rejection of male islet 

grafts in the absence or blockade of PD-1. The first possibility is by increasing the 

frequency of anti-HY CD8 T cells, as we observed using HY/Db pentamers.  

Increased CD8 T cells could be due to reduced PD-1 signals in the CD8s 

themselves, reduced PD-1 signals to HY specific helper T cells that promote CD8 

expansion, or due to a reduced ability to generate adaptive Treg cells35. In accord 

with our results, previous studies have shown that loss of PD-1 or blockade of the 

PD-1 pathway increased the clonal expansion or percentage of the anti-donor T 

cell population, respectively25, 36. A second possibility is the absence of PD-1/PD-

L1 ligation in the target of rejection, the islets.  PD-L1 is expressed in many cells, 

including beta cells of the islets26.  Lack of PD-L1/PD-1 in NOD mice26, 37, or in 

an induced diabetes model38, potentiated the onset of autoimmune diabetes, which 

suggested that PD-L1 and PD-1 interaction has a protective role in islets.  

Therefore, we speculated that the absence of PD-1/PD-L1 interactions within 

parenchymal tissues might play a role in the rejection of male islet grafts. An 

earlier study39 had shown the importance of PD-1 at both priming and effector 

stages of CD8 T cell responses, supporting this possibility.  Our data suggest that 

both an increased frequency of anti-donor T cells and a lack of PD-1 signals at the 

graft site contribute to the loss of spontaneous tolerance. Consistent with a role for 

CD8 T cells, class-I expression in donor islets was required for acute male islet 

allograft rejection in sensitized female PD-1-/- recipients.  However, a previous 

study demonstrated that class-I deficient MHC mismatched islet allografts could 

be rejected in wild-type mice28. A potential explanation for the different outcomes 
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could be the degree of mismatches and the high frequency of donor islet reactive 

T cells in the previous study. In addition, we did see increased blood glucose 

levels in several recipients of class-I deficient islets, suggesting some attack on 

the islets had occurred. Blockade of PD-1 can increase DTH like immune 

responses40 that may have contributed to killing of islets by a donor class-I 

independent mechanism. 

 

Although sensitized WT B6 recipients had a much lower frequency of HY 

specific CD8 T cells compared to the sensitized PD-1-/- recipients, they 

nevertheless had a relatively high frequency of these cells. Thus, it is not yet fully 

clear why sensitized WT B6 mice are unable to reject a male islet graft.  

However, increased frequencies of HY specific T cells, compared to naïve mice, 

has been observed in mice made tolerant to HY through peptide administration41, 

42. These data suggest that HY specific T cell function (e.g. cytokine production 

or regulatory function) is likely to be just as important as the frequency of specific 

T cells in determining whether HY expressing target cells are eliminated. 

 

Our studies also have implications for understanding the regulation of immune 

responses to chronically persistent antigen. Failure of immune responses to clear 

microbes may lead to persistent or chronic infections, which is mainly associated 

with T cell dysfunction. The PD-1/PD-L1 pathway is involved in the impairment 

of T cell function during chronic viral infections; blocking the PD-1/PD-L1 

pathway reversed the T cell dysfunction43, 44. These studies of chronic antigen 
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exposure, involve responses to systemic viral antigens.  Under certain conditions, 

systemic alloantigens can stimulate immunity and yet not be cleared by the 

immune system. Examples include systemically injected donor hematopoietic 

cells and host alloantigens targeted by donor T cells during GVH reactions45, 46.  

Such persistent systemic histocompatibility antigens can switch alloimmunity 

(anti-donor or anti-host) into tolerance; a tolerance that may involve a number of 

mechanisms, including loss of CD4 co-receptor expression45, and tolerogenic 

signals from PD-146.  Liver allografts can lead to systemic donor antigens via 

migration of passenger leukocytes47, and the spontaneous tolerance of liver 

allografts also appears to be dependent on co-inhibitory signals, including both 

PD-1 and CTLA-448, 49.  From these virus and alloantigen studies, it might be 

assumed that it is the systemic nature of persistent antigens that triggers the 

tolerogenic co-inhibitory pathway. Our results suggest that spontaneous PD-1 

dependent tolerance may not be limited to situations with high levels of systemic 

antigens.  We found that donor alloantigen, in the form of an islet graft under the 

kidney capsule, resists rejection and induces a form of tolerance that is highly 

dependent on PD-1 function.  Success of allograft transplantation is influenced by 

various factors. The current studies have shown that PD-1 plays a critical role in 

the spontaneous acceptance of weakly mismatched allografts and thus supports 

the idea that potentiation of naturally induced co-inhibitory signals11, such as via 

PD-150, could be exploited as a mechanism to achieve transplantation tolerance. 

 
Contribution 
 
I performed all the experiments and analyzed the data 
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5.1. Introduction 

A key function of the immune system is to protect the host by mounting an 

immune response against invading pathogenic organisms. Cellular responses 

mediated by T cells play a major role in clearing infections by killing infected 

cells. Bystander killing occurs when activated T cells kill host bystander cells that 

do not express the target antigen but are in sufficiently close proximity to the 

antigen expressing targets. The autoimmunity seen in deficiencies of coinhibitors 

may be due to bystander killing. In this study, we proposed that co-inhibitory 

molecules are required to limit bystander killing. Previous studies have 

documented the ability of cytolytic T lymphocytes (CTL) to cause bystander 

killing in vitro1, 2. The bystander killing was dependent on Fas2, 3 or tumor 

necrosis factor (TNF)4 and major histocompatability complex (MHC)2. However, 

the killing was also independent of the MHC of bystanders5. Transplantation 

experiments, either using a mixture of syngeneic and allogeneic or xenogeneic 

islets6, 7, or allophenic skin grafts8-10, supported the concept of specific killing, as 

it appeared that only the donor cells were killed. In contrast, other studies have 

demonstrated that syngeneic skin grafts from tolerant animals were rejected or 

attacked by syngeneic animals, resembling a delayed type hypersensitivity 

response11, 12 and bystander rejection of mixed syngeneic and xenogeneic islets 

appeared to occur in primed recipients13. However, with the exception of some 

tumor transplant and graft versus host (GVH) studies, the studies cited above, to 

our knowledge, represent the extent of knowledge in transplantation relating to 

rejection of bystander cells/tissues lacking expression of the target antigen. It is 
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therefore not yet clear how common or generalizable bystander rejection is, nor is 

it clear what mechanisms in vivo mediate bystander rejection or control it 

sufficiently to allow host survival. 

 

Co-inhibitory molecules are co-signaling molecules expressed by lymphocytes 

and also innate cells of the immune system. Programmed death-1 (PD-1) and B 

and T lymphocyte attenuator (BTLA) are examples of co-inhibitory molecules 

and have been shown to be involved in the maintenance of self-tolerance 

mechanism14, 15. We hypothesized that CD4 or CD8 T cells have capacity to 

induce bystander killing in islet transplantation. 

 

 Our results showed that bystander killing can occur in vivo and that both subsets 

of T cells have the capacity to induce bystander killing. In addition, we also 

explored the factors that increase the specificity of the immune response by 

limiting the occurrence of bystander killing. 

 

5.2. Materials and methods 

5.2.1. Mice 

Adult C57BL/6 (B6; H-2b) and C3H/HeJCr (H-2K) mice were obtained from NCI 

(Fredrick, MD). Adult B10.BR (H-2K), C57BL/10 (B10; H-2b), B6.MRL-

Tnfrsf6lpr/J (lpr) were purchased from Jackson Laboratory (Bar Harbor, ME). 

Marilyn16, Matahari17, OT-1 Rag-/-, GFP Rag-/-  mice were bred at the University 

of Alberta. GFP Rag-/-  mice were developed by crossing B6.129S7-Rag1tm1mom -/-  
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mice with C57BL/6-Tg(UBC-GFP) 30Scha/J mice18. B6 mOVA Rag-/- mice were 

developed by crossing Act-mOVA transgenic mice19 with B6 Rag-/- mice. B6 

Rag-/- C-H2-Ab1bm12 (H-2bm12) mice were developed by crossing B6.129S7-

Rag1tm1mom -/-  mice with B6.C-H2-Ab1bm12 (H-2bm12)20. C57BL/6-Pdcd1-/- (PD-1-/-) 

mice were originally generated by Prof. T. Honjo and colleagues21. C57BL/6-

BTLA-/- ( BTLA-/-22 mice were generated by Prof. Ken Murphy and bred at the 

University of Alberta. BALB/c (H-2d) mice were purchased from the Health 

Sciences Laboratory Animal Services and Charles River Laboratories (Montreal, 

Quebec). Marilyn mice lacking PD-1 were generated in our laboratory by 

crossing Rag2−/− Marilyn with C57BL/6-Pdcd1−/− mice. Experimental animals 

were handled and cared for according to the guidelines of the Canadian Council 

on Animal Care.  

 

5.2.2. Diabetes induction and islet transplantation 
 
Recipient mice were administered streptozotocin (Sigma-Aldrich, Mississauga, 

ON) at 185-190 mg/kg body weight to induce diabetes. Recipients were 

considered diabetic after two consecutive measurements of higher blood glucose 

levels (> 20 mmol/L) and measurements were done using OneTouch Ultra 

glucometer (Lifescan Canada, Burnaby, BC).  Diabetic recipients were 

transplanted with mixed islets (800) from two different donor types in equal 

numbers (400 each). Bystander killing was defined as consecutive blood glucose 

measurements of >15 mmol/L (hyperglycemia). Graft survival was expressed as 

median survival time (MST). 
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5.2.3. Target and bystander islet grafts 

Male or ova+/+ islet grafts and female or ova-/- islet grafts were used as targets and 

bystanders in anti-HY or anti-ova TCR transgenic mice, respectively. Targets 

from Rag-/- GFP (green fluorescent protein) mice were used in anti-HY TCR 

transgenic recipients, to allow rejection of target islets to be monitored by GFP 

presence vs. absence.  In some experiments, major histocompatability complex 

(MHC) mismatched (H-2k) bystanders were also used in TCR transgenic 

recipients. In addition, MHC class-II mutant (H-2bm12) bystanders were also used 

in CD4 TCR transgenic recipients. In case of B6 wild type or PD-1-/- recipients, 

BALB/c allografts were used as targets, whereas respective syngeneic islet grafts 

(wild type or PD-1-/-) were used as bystander islets.  

 

5.2.4. Histology 

Graft-bearing kidneys were harvested and processed. Paraffin tissue sections of  

5 µm thickness were stained with hematoxylin-eosin and insulin as previously 

described23. 

 

5.2.5. Immunofluorescence 

In some experiments, graft bearing kidneys were harvested at the end of the 

experiment followed by fixation in 4% formaldehyde overnight at 4°C.After 

fixing, grafts were washed in PBS and then incubated in a 15% sucrose–PBS 

solution and subsequently in a 30% sucrose–PBS solution at 4°C. Finally, grafts 
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were stored at -80°C after embedded in OCT compound. Cross-sections (5 µm) 

were cut from kidney grafts, fixed, blocked with goat serum and stained with 

guinea pig anti-insulin (1:1000 dilution; Dako, ON, Canada) and rabbit polyclonal 

anti-GFP antibody (1:100 dilution; Santacruz Biotechnology, CA, USA). The 

secondary antibodies such as goat anti-rat Alexaflour 488 and Alexaflour 594 

(1:200 dilution; Invitrogen Laboratories, ON, Canada) were used for GFP and 

insulin respectively. Sections without primary antibodies were used as negative 

controls. Slides were visualized on a compound fluorescent microscope 

(Axioplan, Axiovision 4.1 software, Carl Zeiss, ON, Canada). 

 

5.2.6. Immunization and IFN-γ  neutralization antibody treatment 
 
In sensitization experiments, anti-HY TCR Tg or OT-1 recipients were 

immunized with two million live male cells or ova+/+ spleen cells, respectively, a 

week before transplantation. In the experiments involving sensitization of WT or 

PD-1-/- mice, recipients were immunized with allogeneic (BALB/c) live spleen 

cells two weeks before transplantation. In one of the experiments, Marilyn 

recipients were given neutralizating anti-IFN-γ (XMG 1.2) antibody at a dose of 

0.5 mg/mouse every 5 days starting from day 3 post transplantation and the 

treatment was stopped at day 33 post transplantation. 
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5.2.7. Statistical analysis 

Statistical analyses were done using Prism 4 (GraphPad Software) and the log 

rank test was used to compare survival curves.  A value of p < 0.05 was 

considered significant. 

 

5.3. Results 

5.3.1. CD4 T cells can induce bystander killing in vivo 

We investigated whether bystander killing can occur in vivo using islet 

transplantation models in T cell receptor (TCR) transgenic mice. Chemically 

induced diabetic female CD4 or CD8 TCR transgenic mice were transplanted 

either with islets from male or female B6 donors (H-2b), or a mixture of the two 

sets of islets. Marilyn mice were used to test whether bystander killing can occur 

in vivo in islet transplantation and also the capacity of CD4 T cells to induce 

bystander killing. Female Marilyn mice have monoclonal CD4 T cells that 

recognize male (HY) peptide (NAGFNSNRANSSRSS) in the context of I-Ab. 

Consistent with the results from our previous study24, Marilyn recipients of male 

islets (antigen bearing cells; targets alone) rejected their transplants whereas 

100% of recipients of female islets (non-antigen bearing cells; bystanders alone) 

accepted their islet transplant long term (Table 5-1A). We also tested whether 

recipient T cells can kill the female bystander islets when they kill the male target 

cells. Interestingly, majority of the animals with mixed male and female B6 islets 

rejected their grafts, indicative of bystander killing (hyperglycemia; Table 5-1A). 

Histological examination of the rejected islet grafts revealed mononuclear 
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infiltration of the islets. Furthermore, these grafts showed an absence or severe 

reduction in the number of insulin-positive cells (Figure 5-1) compared to those 

from recipients of bystanders alone. In addition, infiltration of the kidney 

parenchyma was observed.  Together, these studies indicated that target islets 

capable of direct presentation of donor antigen to CD4 T cells were capable of 

stimulating bystander killing. To examine whether such bystander killing was 

unique to directly stimulated CD4 T cells, or if even the lower level of antigen 

presentation that occurs indirectly might be capable of stimulating bystander 

rejection, we used BALB/c male islets as targets. Marilyn CD4 T cells are not 

able to directly recognize HY in H-2d BALB/c targets and hence, will only 

recognize processed HY from BALB/c islets presented in I-Ab. Interestingly, 

Marilyn T cells had the capacity to kill female bystander cells indirectly 

stimulated by the presence of male BALB/c targets (group9; Table 5-1A).  In 

addition, this experiment demonstrated that the bystander killing was not due to 

the transfer of MHC from the targets to bystanders. We next evaluated the 

capacity of CD8 T cells to induce bystander killing using Matahari mice. 

Matahari has monoclonal CD8 T cells, which express a transgenic T-cell receptor 

specific for the HY peptide (WMHHNMDLI) in the context of Db.  

 

There was no bystander killing in naïve Matahari recipients (data not shown). The 

blood glucose levels in naïve recipients were high despite not reaching the cutoff 

threshold (> 15 mmol/L), which suggested that there was some degree of 

bystander injury mediated by CD8 T cells in this group. We also tested this 
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conclusion with naïve OT-1 T cells, which recognize ova peptide (chicken 

ovalbumin 257-264) in the context of Kb. Similar to naïve Matahari mice, we did 

not observe bystander rejection in naïve OT-1 mice (Table 5-1B). 

 
 
5.3.2. Role of MHC and IFN- γ  in bystander killing 
 
Having demonstrated that CD4 T cells can induce bystander killing in vivo, we 

investigated the factors that can influence bystander killing. To determine the role 

of MHC in bystander killing, we used bystander cells that express different MHC 

alleles from the recipients (H-2b). As shown in the Table 5-1A, bystander killing 

was reduced (P< 0.05) when there was a change in the MHC molecule of the 

bystander cells. We also used MHC congenic B10.BR mice to elucidate that the 

bystander killing was due to the change in the MHC molecule of the bystander 

cells rather than the background of the strain. Histological examination of the 

grafts from the above recipients revealed the presence of insulin-positive cells 

(Figure 5-1). In B10.BR bystander recipients, there is a possibility that the 

bystander islets somehow prevent killing of target islets and thus those mice 

(Figure 5-2). IFN-γ can modulate the immune response by up-regulating and 

class-II expression26 in cells. Moreover, the combination of IFN-γ and TNF-α 

enhanced the up-regulation of MHC class-II expression in islets25, 27. To 

determine the role of IFN-γ in bystander killing, mixed islet graft recipients were 

treated with anti- IFN-γ neutralizing antibody. Interestingly, anti- IFN-γ treatment 

prevented the bystander killing (Table 5-1A).  
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5.3.3. Fas is required for bystander killing but not target killing 
 
The Fas-FasL pathway plays an important role in the maintenance of peripheral 

tolerance28.  In the case of bystander killing, in vitro studies suggested that the 

Fas-FasL pathway may be required to induce bystander killing2, 3. We next 

analyzed whether Fas is required in bystander killing in vivo using Fas mutant 

(lpr) MHC matched bystander islets. Consistent with an essential role for Fas, lpr 

bystanders were resistant to being killed in vivo (Table 5-1 A) as the recipients 

maintained normoglycemia until the end of the experiment. However, male lpr 

targets alone were rejected by Marilyn T cells, indicating that targets and 

bystander islets are killed by different mechanisms. We next investigated the role 

of Fas in bystander killing of the pre-sensitized recipients. Consistent with the 

result in naïve recipients, bystander killing was Fas dependent even in sensitized 

mice (Table 5-2). Interestingly, unlike sensitized CD4 T cells, sensitized CD8 T 

cells rejected lpr bystanders (Table 5-2A) suggesting that other mediators of 

killing such as IFN-γ or granzymes may be involved in the bystander killing. 
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Table 5-1A: CD4 T cells can induce bystander killing and the bystander 
killing is dependent on the MHC of the bystanders, Fas and IFN-γ  
 
Group Islet grafts 

 
Survival of islet grafts % Graft 

survival 
1 Targets only 

 
14, 15 0 

2 H-2b Bystanders only 
 

> 100 x 5 100a 

3 Targets and H-2b bystanders 12 x 5, 13, 21 x 5,  
> 32*,  > 100 x 3 

26.6b 

4c Targets and H-2k bystanders 
 

24, > 100 x 7 87.5a 

5 Targets and H-2bm12 

bystanders 
 

> 100 x 4 100a 

5.5 Targets and H-2bm12 

bystanders 
 

 11 x 2, 12 0 

6 lpr Targets only 
 

12, 16 x 3 0b 

7 Targets and lpr H-2b 
bystanders 
 

> 100 x 4 100a 

8 Targets and H-2b bystanders 
+ anti-IFNγ 

> 100 x 4 100a 

9d H-2d Targets and H-2b 
bystanders 

13, 21 x 2, > 100 x 1 
 

25b 

 
Group 1-5 and 6-9: Diabetic female Marilyn recipients were transplanted with 
either targets alone (male islet grafts), bystanders alone (female islet grafts) or 
mixed islets of targets and bystanders. Group 5.5 differed only in that the 
recipient was a PD-1-/- Marilyn. 
*Animal found dead 
a and b are significantly different (p < 0.05) 
c fully MHC mismatched (H-2k) bystanders (C3H or B10.BR bystanders -4 
recipients/group; total n=8) 

d BALB/c targets (indirect stimulation) 
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Table 5-1 B: Inability to detect bystander killing (rejection) by CD8 T cells 
 
Group Islet grafts 

 
Survival of islet 

grafts 
% Graft 
survival 

1 Targets only 
 

 2, 3 x 2 0a 

2 Bystanders only 
 

> 100 x 3 100b 

3 Targets and bystanders 
(H-2b) 
 

> 100 x 3 100b 

4 Targets and bystanders 
(H-2k) 
 

> 100 x 3 100b 

 
Group 1-4: Diabetic OT-1 recipients were transplanted with either targets (ova+/+  
islet graft) and/or bystanders (ova-/- islet graft).  
a and b are significantly different (p < 0.05).
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5.3.4. Sensitized recipients 
 
In vivo, bystander killing has more often been observed in recipients previously 

primed to the target antigen(s)13. In the clinical setting, islet transplant recipients 

are autoimmune type-1 diabetics and are sensitized to islet auto-antigens, and in 

some cases alloantigens, prior to transplantation. To mimic the clinical setting, we 

investigated the nature of bystander killing in sensitized recipients. Recipient 

mice were sensitized to target antigen by immunizing them with target cells prior 

to islet transplantation. In contrast to naïve CD4 T cells (non-sensitized 

recipients), primed CD4 T cells (sensitized recipients) had the capacity to kill 

MHC mismatched bystander cells (Table 5-2).  

 

We also tested whether bystander killing can occur in sensitized CD8 TCR 

transgenic recipients. Interestingly, bystander killing was observed in both 

Matahari and OT-1 recipients. In addition, activated OT-1 T cells can induce 

bystander killing of MHC mismatched bystanders (Table 5-2). 

 

Evidence of bystander killing was demonstrated by hematoxylin and eosin (H & 

E) staining of islet grafts, where mononuclear infiltration was observed. 

Furthermore, there was an absence of insulin positive cells in rejected grafts 

(Figure 5-1)
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Table 5-2: CD8 and CD4 T cells from sensitized mice can induce bystander 
killing 
 
Group Islet grafts 

 
Survival of islet 

grafts 
% Graft 
survival 

1 Bystanders only 
 

> 100 x 2 100a 

2 Targets and bystanders (H-
2k) 
 

14 x 2, 18 x 2 0b 

3 Targets and lpr bystanders 
(H-2b) 
 

7, > 100 x 3 80a 

4 Bystanders only 
 

> 100 x 3 100a 

5 Targets and bystanders (H-
2b) 
 

2 x 2, 3 0b 

6 Targets and bystanders (H-
2k) 
 

2, 3 x 2 0b 

7  Targets and lpr bystanders 
(H-2b) 
 

2, 3 0b 

 
 
Group 1-3: Diabetic female Marilyn recipients were transplanted with either 
bystanders (female islet grafts) or targets (male islet grafts) and bystanders. 
Group 4-7: Diabetic OT-1 recipients were transplanted with either bystanders 
(ova-/- islet graft) or targets (ova+/+  islet graft) and bystanders. 
a and b are significantly different (p < 0.05)



 155 

 

 
 

Figure 5-1: Absence of insulin positive cells and presence of monocytic 
infiltration in mixed islet grafts where bystander islets are rejected. 
Representative H&E-stained islet grafts from different groups of CD4 (Marilyn) 
and CD8 TCR (OT-1) transgenic recipients (all stained with H&E and anti-insulin 
antibody; ×100). A: Diabetic recipients were transplanted with bystanders alone 
and the grafts were harvested 100 days post transplantation. Insulin positive cells 
(brown color; not rejected) were present in the grafts. B-C: Diabetic recipients 
were transplanted with mixed islets of targets and bystanders (H-2b or H-2k). 
Mononuclear cell infiltrations and absence of insulin positive cells were observed 
in targets and H-2b bystanders  (rejected) of Marilyn recipients. Bystanders (H-2b 
or H-2k) of OT-1 recipients and (H-2k) of Marilyn recipients had insulin positive 
cells (not rejected; 100 days post transplantation). D: Pre-sensitized diabetic 
recipients were transplanted with mixed islets of targets and bystanders (H-2k). 
Absence of insulin positive cells and presence of mononuclear cell infiltration 
were observed in mixed grafts (rejected) 
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Figure 5-2: Absence of target islets (GFP+) in animals that did not exhibit 
bystander killing.  Green- GFP, Red- Insulin, Blue- DAPI 
Top: Presence of GFP+/+ (orange) islets and GFP-/- islets from control Rag-/- 
recipients. Bottom: Representative picture of islet grafts from Marilyn recipients 
that were transplanted with GFP+/+ targets and GFP-/- MHC mismatched bystander 
islets (H-2K). Absence of target GFP+/+ (yellow) islets, but presence of GFP-/- 

islets (red) indicated that the targets were killed. 
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5.3.5. Bystander killing by a polyclonal T cell repertoire 

The above studies using TCR Tg mice, which have a high frequency of 

responding T cells, were useful to define the maximal potential for CD4 and CD8 

T cells to generate bystander killing. However, it was important to test the 

occurrence of bystander killing in the setting of a normal polyclonal T cell 

repertoire of wild type mice (WT) and examine mechanisms that may normally 

limit bystander killing. Using diabetic C57BL/6 (B6) recipients we transplanted 

mixed islet grafts from allogeneic and syngeneic donors.  There was little overt 

bystander killing in naïve or sensitized WT recipients (Figure 5-3). However, the 

blood glucose levels in sensitized WT mice were always higher than those of 

naïve WT mice, suggesting that there was some level of bystander killing in this 

group (Figure 5-4). To begin to determine which mechanisms might be 

responsible for limiting bystander killing, we tested bystander killing in mice 

lacking the co-inhibitory receptor programmed death-1 (PD-1) or B and T 

lymphocyte attenuator (BTLA). We chose PD-1 because the ligands for PD-1 or 

BTLA are present in both lymphoid tissue and parenchymal tissue14, 29, 30, 

including islets31, 32 making them particularly good candidates for regulating 

bystander killing. Interestingly, bystander killing was only observed in a majority 

of the sensitized PD-1-/- mice but not in naïve PD-1-/-  group (Figure 5-3). 

However, the blood glucose levels were higher in naïve PD-1-/-  than those of 

naïve WT mice (Figure 5-4), indicating that there was some degree of bystander 

killing which occurred in the absence of PD-1, even in naïve mice. Histology of 

the rejected grafts revealed the absence of insulin positive cells (Figure 5-3). 
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There was no bystander killing observed in sensitized BTLA-/- mice (>100 x4) 

suggesting that BTLA may not be required to limit bystander killing. 
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 Figure 5-3: PD-1 can limit the bystander killing. Top Left: Diabetic naïve 
(black solid line; n=4) or sensitized (black dashed line; n=9) wild type recipients 
were transplanted with mixed islets of targets and bystanders. p = 0.50 between 
the two groups Top Right: Diabetic naïve (black solid line; n=5) or sensitized 
(black dashed line; n=11) PD-1-/- recipients were transplanted with mixed islets of 
targets and bystanders. p = 0.02 between the two groups. Bottom: Representative 
H&E-stained islet grafts from different groups of WT and PD-1-/- recipients (all 
stained with H&E and anti-insulin antibody; ×100). Presence of insulin positive 
cells (brown; not rejected) in mixed islet grafts from naïve, sensitized WT and 
naïve PD-1-/- recipients. Presence of mononuclear cell infiltrations and absence of 
insulin positive cells were observed in mixed islet grafts (rejected) of sensitized 
PD-1-/- recipients. 
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Figure 5-4: Increased blood glucose levels in sensitized WT and naïve PD-1-/- 

mice. Top: Blood glucose levels from naïve WT mice (black solid line; n=4) and 
naïve PD-1-/- recipients (black dashed line; n=5). Bottom: Blood glucose levels 
from naïve WT mice (black solid line; n=4) and sensitized WT recipients (grey 
dashed line; n=5). Data shown are blood glucose levels of individual mice.   
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5.4. Discussion 
 
The concept of bystander killing is a controversial topic and has been in debate 

for many decades. Elegant studies conducted in 1960’s8 and 1980’s10 had 

provided the evidence for the highly specific nature of the effector mechanism by 

transplanting skin graft from allophenic mice (B6 and A/J) to either of its parental 

mice (B6 or A/J).  The parental strain’s immune system rejected the allogeneic 

part of the allophenic skin graft, but not the syngeneic component. In contrast to 

these studies, earlier studies reported that the effector mechanism could be non-

specific11, 12. In addition, in vitro studies also reported that CD4 or CD8 CTL have 

the capacity to induce bystander killing1, 2, 33, 34. A recent study reported that there 

was a concurrent loss of alpha cells along with beta cells in the islets of newly 

diabetic NOD mice35.  It was suggested that the loss was not due to the bystander 

injury, but based on the current study we think that the loss may be due to 

bystander killing. Although in vitro studies suggested that bystander killing can 

occur, it is not clear whether one would observe this phenomenon in vivo.  

 

The current study hypothesized that bystander killing can occur in vivo. We tested 

this hypothesis using an islet transplant model in TCR transgenic (Tg) mice and 

demonstrated that bystander killing can occur in vivo. Anti-HY CD4 T cells from 

TCR transgenic (Tg) mice can kill female islets in the presence of male islets. The 

killing was reduced in recipients that were transplanted with MHC mismatched 

bystander islets. There are many possibilities that can explain the increased 

incidence of bystander killing of MHC matched bystander islets. One possibility 
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is due to the cross presentation of target antigen to Marilyn T cells by H-2b 

bystander islet parenchymal cells or antigen presenting cells. The killing may also 

due to the expression of the positively selecting H-2b  allele by bystander cells. 

The affinity of the interaction between Marilyn’s TCR and H-2b on the bystander 

cells may influence the outcome of the bystander killing. It has been reported that 

in non-vascularized grafts such as skin grafts, host endothelial cells can pick up 

the target antigen from the graft and present it to T cells. The specific killing of 

endothelial cells can lead to ischemia and graft loss17. Like skin grafts, islet grafts 

are also classified under the non-vascularized category. There is also a possibility 

that bystander killing might have occurred due to specific killing of endothelial 

cells. However, in the current study, bystander killing was reduced using MHC 

mismatched bystander cells, which ruled out the above-mentioned possibility. An 

in vitro earlier study suggested that pre-activation of T cells by PMA allowed 

them to acquire the capacity of killing MHC mismatched bystander cells2. 

Similarly, we observed that activated CD4 T cells (sensitized mice) induced 

killing of MHC mismatched bystander cells in vivo.  

 

Cell mediated cytotoxicity and cytokine production are some of the important 

mechanisms involved in the development of immunopathology induced by CD4 T 

cells1. There are two pathways that have been described in cytotoxic CD4 T cells 

namely, FasL-Fas36 and perforin37. The FasL- Fas pathway has been shown to be 

involved in both antigen specific and non-specific killing2, 3, 38. Consistent with 

the results of previous in vitro studies1, 39, we observed that in vivo bystander 
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killing was dependent on the Fas pathway. This result suggested that there is a 

high chance of occurrence of immunopathology during infections due to the 

bystander killing of Fas+ cells. However, CD8 T cells from the sensitized mice 

could kill the Fas mutant bystander cells, which suggest that Fas is not the 

primary pathway for CD8 T cells to induce bystander killing. CTL can release 

IFN-γ upon antigen dependent activation which can up regulate Fas expression on 

Fas negative bystander cells40. Although in the current model the bystander killing 

was inhibited by using IFN-γ neutralization treatment, the mechanism of 

bystander killing may not be due to IFN-γ dependent up-regulation of Fas. If 

bystander killing is dependent on up-regulation of Fas by IFN-γ, then the MHC 

mismatched bystanders would be expected to have been killed at a similar rate to 

the MHC matched bystanders in earlier experiments, as we used the same targets 

through out the experiments. Future studies involving use of IFN-R-/- mice as 

bystander islets will be helpful to explore the role of IFN-γ in the current model.   

 

In contrast to naïve CD4 T cells (non-sensitized TCR transgenic recipients), naive 

CD8 T cells could not induce bystander killing regardless of the MHC of the 

bystander cells. A previous study suggested the requirement of a three-cell 

conjugate model for bystander killing, namely a specific target, bystander cells 

and CTL41. CD8 TCR Tg cells usually reject targets within two days and we 

speculate that the absence of persistent target cells prevented the rejection of 

bystander cells. However, we found that primed CD8 T cells (sensitized mice) can 

induce bystander killing and this result is consistent with those from previous 
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studies42, 43, which demonstrated the occurrence of collateral damage to neurons 

using activated CD8 T cells. Although the results from TCR Tg mice are 

interesting, they may not recapitulate normal physiology due to the presence of a 

high frequency of monoclonal T cells instead of a polyclonal T cell repertoire. 

WT mice were used as recipients to assess the capacity of a polyclonal T cell 

repertoire in inducing bystander killing. In contrast to the results in TCR Tg 

animals, we did not observe bystander killing in naïve or sensitized WT mice. 

Similarly, studies in rats7 and WT mice6 also reported the absence of bystander 

killing using allogeneic and xenogenic targets, respectively.  However, priming 

before transplantation killed syngeneic islets in the presence of xenogenic 

targets13. Discrepancies between these results may be due to the experimental 

model we used in the current study and also the methods used to declare the 

occurrence of bystander killing. We speculated that bystander killing can occur in 

WT mice, but it is limited by natural mechanisms such as co-inhibitory pathways. 

PD-1 is a co-inhibitory molecule expressed by activated T cells, B cells and other 

immune cells. It has been shown that PD-1 is required to establish the self-

tolerance mechanism by knockout of the PD-1 gene in mice15, 21. PD-L1 is one of 

the known ligands of PD-1 and is expressed in islets32, lymphoid tissues and other 

non-lymphoid tissues29, 30. Expression of PD-L1 in parenchymal tissue has a 

beneficial effect against autoimmune diabetes by controlling self reactive T cells 

in NOD mice29. 
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In support of our speculation, bystander killing was observed in sensitized PD-1-/- 

mice. Even in non-sensitized mice, we observed increased blood glucose levels in 

the absence of PD-1 and this could be due to some degree of bystander injury. 

 

The reasons for bystander killing in sensitized PD-1-/- mice may be due to the 

enhanced priming and cytolytic responses of T cells and also due to the possibility 

of increased cytokine responses such as, IFN-γ. The current data suggest that PD-

1 is required to limit the bystander killing or collateral damage. This notion is also 

supported by those previous studies which used viral infection model and EAE44. 

In hepatic adenoviral infection, extensive hepatocellular damage was reported in 

PD-1-/- mice despite rapid clearance of the virus45. Similarly in EAE model, there 

was a loss of axon due to bystander damage in PD-1–deficient myelin mutant 

mice46. Furthermore, lack of PD-L1 induced bystander axonal damage due to 

increased pro-inflammatory cytokines44. Hence, the PD-1 pathway played an 

important role in the regulation of destructive immune responses generated 

against microbial infections as well as allograft rejections. Future studies focused 

on the role of other factors that can limit or prevent bystander killing are 

warranted. One of the possible factors could be Tregs due to their suppressive 

function on T cells and their role in the self-tolerance mechanism.  

 

In summary, the current study demonstrated that the bystander killing can occur 

in vivo and also the mechanisms that can limit this process. The current findings 

may be limited to the transplant model we have used, but the rules might instead 
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be more generalizable and applicable to the other immune models as well. 

Bystander killing has a beneficial effect in controlling the spread of viral infection 

by killing the cells at the vicinity of the infected cells, before it presents the 

endogenous viral antigen.  Elucidating the mechanisms that control bystander 

destruction will help in the development of more comprehensive approaches to 

prevent type-1 diabetes in disease prone individuals. Moreover, identification of 

the mechanisms involved in this understudied area of immune tolerance has 

important implications in designing tolerance strategies for islet transplantation.  

 

Contribution 

 I performed all the experiments and analyzed the data 
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Chapter 6: Implications and future studies 
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An essential role for programmed death-1 in the control of autoimmunity:  

implications for the future of hematopoietic stem cell transplantation
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6. Implications and future studies 

The central function of co-inhibitory receptors is to control the activation of the 

lymphocyte responses by providing negative signals in conjunction with signals 

from lymphocyte antigen receptors (‘co-signaling’). Recently, co-inhibitory 

molecules have been extensively studied due to the broad spectrum of their 

potential application in various novel immunotherapeutic approaches. The co-

signaling aspect of these receptors is particularly appealing for clinical 

development, as non-depleting antibodies targeting these co-inhibitory receptors 

will only affect lymphocytes that are encountering (or have recently encountered) 

their cognate antigen; ligation of co-inhibitors alone, without antigen receptor 

signals, has no effect.  Even though it is now forty years since the initial concept 

of co-inhibitory signaling was pioneered1 (and reviewed in2), only recently have 

these signaling pathways been specifically targeted for therapy.  Agonistic 

monoclonal antibodies to co-inhibitors are a promising new approach in the 

prevention of transplant rejection and graft versus host disease, and may also find 

application in treating autoimmune disease.  Monoclonal antibodies that instead 

block these co-inhibitors are currently undergoing clinical trials in cancer 

treatment, and one such co-inhibitory blocker, specific to CTLA-4, has recently 

achieved FDA approval.  Programmed death-1 (PD-1; CD 279) and B and T 

lymphocyte attenuator (BTLA; CD 272) are novel co-inhibitory molecules.  They 

are involved in the regulation of immune responses and self-tolerance3. 

Autoimmunity only rarely can be attributed to variants of a single gene alone. 

Instead, discovery of the causes of most autoimmunity will be found in 
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synergisms between alleles of many different genes and their interactions with the 

environment.  

 

PD-1 had previously been shown to have a relatively limited role in self-

tolerance.  Loss of PD-1 function led to autoimmunity directed at a single organ 

or a late life lupus/arthritis in only a fraction of mice. Like PD-1, loss of BTLA 

led to a narrow spectrum of autoimmunity and it was reported in only one strain 

of the mice. This raised the question of factors that might synergize with a 

deficiency in PD-1 or BTLA function to lead to a more severe autoimmunity with 

higher incidence.  In the chapter 2nd and 3rd of my thesis, we demonstrated that 

PD-1 or BTLA function is essential in the newly generated T cells to prevent a 

lethal lymphopenia-induced multi-organ autoimmunity4.  The results from those 

experiments suggested that PD-1’s or BTLA’s most critical function resides in 

controlling the first waves of T cells newly exported from the thymus as they 

respond to as yet unidentified lymphopenia potentiated signals. Like 

lymphopenia, PD-1 or BTLA deficiency by itself does not usually lead to such a 

severe multi-organ autoimmunity.  Our data suggested that this may be due to the 

fact that the only stage where newly generated T cells naturally predominate is 

during the fetal/neonatal period, a time when lymphoid tissue is not yet fully 

developed and therefore has a reduced ability to support LIP of PD-1 or BTLA 

deficient T cells.  
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Co-inhibitory pathways have been exploited by tumors as an immune evasion 

mechanism5. There is a negative correlation between the expression of co-

inhibitory molecules such as PD-L1 and prognosis in the cancer patients6, 7. 

Strategies have been designed to overcome this hurdle by blocking co-inhibitory 

pathways and are considered to have high therapeutic potential. For example, 

blockade of PD-1 inhibited the dissemination of CT26 colon carcinoma and B16 

melanoma by increasing the priming and homing of effector T cells8.  

 

Dendritic cell vaccines have been used in animal models9, 10 and as wells as in 

humans to induce anti-tumor immunity11.  Although vaccines against cancer can 

induce a high number of anti-tumor T cells, it does not always lead to a protective 

immune response and therefore clinical efficacy is poor. Accumulating evidence 

suggests that dysfunction of these tumor-infiltrating lymphocytes is due to the 

upregulation of PD-1 expression12, 13. Studies from melanoma patients revealed 

that PD-1 is highly expressed by endogenous anti-melanoma specific T cells, 

melanoma vaccine induced specific T cells, as well as in tumor-infiltrating 

lymphocytes (TIL)14, 15,16. In the case of lymphoma, an increase in the absolute 

number of tumor cells was associated with increased PD-1 expression of CD4 T 

cells17. Interestingly, combining a tumor vaccine with anti-PD-1 augmented the 

anti-tumor responses and also vaccine efficacy13, 18. Furthermore, blocking 

BTLA-HVEM pathway also enhanced vaccine efficacy19. 
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Similar to animal studies13, 18, a preclinical study conducted ex-vivo reported that 

the combination of anti-PD-1 with dendritic cell myeloma fusions (DC/MF) 

enhanced anti-tumor responses20. Treatment of cancer patients with anti-PD-1 is 

an exciting new approach and the recent clinical trials21, 22 have reported the 

beneficial effects of the antibody with the potential for less autoimmune side 

effects than anti-CTLA-4. Encouraged by these results, a clinical trial has already 

been started for multiple myeloma patients, which involves high dose 

chemotherapy, autologous HSC transplantation, followed by DC/MF with anti-

PD-1 (http://clinicaltrials.gov/ct2/show/study/NCT01067287). 

 

High dose chemotherapy is used to treat advanced cases of cancers to eradicate 

cancer cells more effectively. However, the downside of the high dose regimens is 

the killing of healthy cells, in particular hematopoietic cells, as this makes it 

necessary to give a HSC transplant to those patients. High dose chemotherapy 

followed by HSC transplantation has become a standard regimen to treat cancers 

like multiple myeloma and lymphoma23-25.  Autologous stem cell transplantation 

(Table 6-1; Figure 6-1) has an advantage over allogeneic stem cells due to a lack 

of graft versus host disease26, although the graft versus leukemia effect is lost with 

this approach.  

 

Our studies4 suggest the potential for generation of significant autoimmune 

disease in patients where the immune system is ‘restarted’, such as patients 

undergoing therapies that are lymphoablative followed by autologous HSC with 



 176 

anti-PD-1 treatment.  Even without anti-PD-1 treatment, patients with alleles of 

PD-1 that demonstrate reduced function would be anticipated to be at higher risk 

of developing autoimmunity due to the newly generated T cells post HSC 

transplantation. In these patients, lymphopenia due to ablation will allow the 

newly generated T cells to expand and, together with reduced functioning of PD-

1, these newly generated T cells can acquire the capacity to induce autoimmunity. 

Development of agonistic antibody to PD-1 or other co-inhibitors might be 

helpful to mitigate the autoimmunity in the aforementioned settings. 
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Table 6-1. Disease commonly treated with Hematopoietic Stem-Cell 
Transplantation. 
 
 
Table 1. Diseases Commonly Treated with Hematopoietic  
Stem-Cell Transplantation. 
Autologous transplantation* 
Cancers 
Multiple myeloma 
Non-Hodgkin’s lymphoma 
Hodgkin’s disease 
Acute myeloid leukemia 
Neuroblastoma 
Ovarian cancer 
Germ-cell tumors 
Other diseases 
Autoimmune disorders 
Amyloidosis 
 
Allogeneic transplantation† 
Cancers 
Acute myeloid leukemia 
Acute lymphoblastic leukemia 
Chronic myeloid leukemia 
Myelodysplastic syndromes 
Myeloproliferative disorders 
Non-Hodgkin’s lymphoma 
Hodgkin’s disease 
Chronic lymphocytic leukemia 
Multiple myeloma 
Juvenile chronic myeloid leukemia 
Other diseases 
Aplastic anemia 
Paroxysmal nocturnal hemoglobinuria 
Fanconi’s anemia 
Blackfan–Diamond anemia 
Thalassemia major 
Sickle cell anemia 
Severe combined immunodeficiency 
Wiskott–Aldrich syndrome 
Inborn errors of metabolism 

* More than 30,000 autologous transplantations are performed 
annually worldwide, two thirds for multiple myeloma 
or non-Hodgkin’s lymphoma. 
† More than 15,000 allogeneic transplantations are performed 
annually worldwide, nearly half for acute leukemias. 
The vast majority are performed to treat lymphoid 
and hematologic cancers. 

 
 
 
 
 
Reproduced with permission from Edward A. Copelan. N Engl J Med. 2006; 
354(17):1813-26. 
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Adapted from MAKNA (2008) [http://www.makna.org.my/bonemarrow.asp] 
 
Figure 6-1. Autologous stem cell transplantation procedure. 
 

 

In the case of clinical trials with anti-PD-1 treatment, even the patients with fully 

functional alleles of PD-1 would be at risk of developing autoimmunity, due to 

the disruption of PD-1 function. However there are a few caveats to be considered 

in interpreting the murine data in relation to the approaches undergoing clinical 

trials. Firstly, the lymphopenia in most of the murine studies was absolute, 

employing recipient mice that completely lacked both T and B cells due to the 

absence of a Rag gene.  In the subset of experiments where recipients were 

instead lymphoreplete (immunocompetent), conditioning with a supralethal dose 
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of irradiation was required to observe the severe disease.  The presence of a 

‘competitor’ population of T cells substantially blocked disease, perhaps 

explaining why recipients with lower doses of irradiation did not succumb to 

severe disease (our unpublished data).  Lymphopenia induced in the clinical 

setting is not absolute, and the remaining T cells resistant to chemotherapy or 

other depletional regimens may inhibit autoimmunity caused by newly generated 

T cells.  

 

 From this viewpoint, any efforts to develop protocols that more fully ablate the 

patients hematopoietic system would be ill advised if combined with dysfunction 

of co-inhibitors (due to patient specific alleles or blocking antibody treatment). A 

second caveat is that the pattern of immune reconstitution differs substantially 

between mouse models and the human setting.  Immune reconstitution post HSC 

transplantation in humans is notoriously slow and incomplete.  Any efforts to 

augment immune reconstitution, such as through the development of methods that 

increase the patient’s thymic function, would increase the output of newly 

generated T cells and the potential for autoimmunity. Despite the caveats 

discussed above, future clinical trials involving high dose chemotherapy or 

lymphoablation with stem cell transplantation may need to consider 

polymorphisms regulating the PD-1 or BTLA pathway in protocol development. 

Given the central role of these co-inhibitory signals upon immune system start up, 

any attempts to ‘perfect’ ablation and immune reconstitution protocols will need 

to be carefully planned if severe autoimmunity is to be avoided. 
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6.1. Future studies in the HSC model 

In the future, studies will be designed to control the lethal disease induced by PD-

1-/- or BTLA -/- HSC. In particular, by harnessing the signals of other co-inhibitory 

molecules in the immune system.  The effect of CTLA-4 Ig fusion protein or anti-

BTLA-4 antibody, or a combination of both, in controlling the PD-1-/- HSC 

disease can be tested.  The benefits of these agonistic antibodies in controlling 

graft versus host disease and also the induction of allograft tolerance have been 

well documented27-29. The other approach would be the forced expression of 

CTLA-4 in all the conventional naïve T cells from PD-1-/- or BTLA -/- HSC.  

 

It is unknown whether the disease induced by PD-1-/- or BTLA -/- HSC is 

dependent on either CD4+ T cells or CD8+ T cells or both. This can be tested by 

using the corresponding depleting antibodies in HSC recipients. Can the forced 

expression of these co-inhibitory molecules in either CD4 + T cells or CD8+ T 

cells rescue the breakdown of tolerance? This can be done by using either CD4+ 

or CD8+ co-receptor as a promoter. Another interesting question to be tested is 

whether the forced expression of these co-inhibitory molecules in either Tregs or 

conventional T cells can prevent the disease in Rag-/- recipients.  

 

Blockade of co-stimulatory molecules can attenuate T cell responses. CD40-

CD40L plays a key role in the pathogenesis of autoimmune diseases30 and also 

anti-CD40L treatment inhibited the rapid lymphopenia induced proliferation of 



 181 

CD4+ T cells31. A study involving anti-CD40L to control the disease in the 

current coinhibitor-/- HSC model would be worth considering. 

 

Characterization of the effector mechanisms of tissue destruction by T cells would 

help to tailor the strategies that control the autoimmunity.  Previous studies 

reported the involvement of perforin/granzyme and Fas/Fas-L pathways in 

autoimmunity32-35. The role of perforin or Fas/Fas-L pathway can be tested by 

using fetal liver cells from perforin -/- or  PD-1-/-/BTLA-/-gld mice, respectively.  

Moreover, Rag-/- lpr can also be used as HSC recipients to test Fas/Fas-L 

pathway. Cytokine secretion is one of the effector pathways that can also mediate 

target cell destruction and has been shown to be involved in various autoimmune 

diseases. In my study, it was found that there was an increase in number of 

Th1/Th2 cytokines in sera of PD-1-/- HSC recipients. The role of cytokines such as 

IFN-γ, IL-6 and TNF-∝ in PD-1-/- HSC recipients can be tested by using 

neutralizing antibodies or cytokine receptor deficient recipients, for example, 

IFN-γR-/- mice.  

 

Recent studies have divulged the importance of microRNAs (miRNAs), small 

noncoding ribonucleic acids (RNAs), in immune homeostasis and self-tolerance36, 

37. It should be investigated whether miRNAs are dysregulated in the current 

disease model and might provide necessary cues to better understand the 

mechanism of the induction of the disease. The identification of these bio-markers 
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may lead to novel therapeutic strategies namely miRNA-based gene therapies to 

control disease. 

 

6.1.1. Innate immunity 

Dendritic cells (DCs) are professional antigen presenting cells responsible for the 

priming of naïve T cell38. It should be determined whether there is any difference 

in the subset of DCs between sick (PD-1-/- or BTLA-/- HSC) and control (WT 

HSC) mice. There may be expansion of a specific subset of DCs in the recipients 

of PD-1-/- or BTLA-/- HSC that is not expanded in recipients of WT HSC. 

Identification of those cells may provide insights for designing therapies to 

control the severity of the disease either by depletion of those particular DCs or 

blocking the function of those specific cells using monoclonal antibodies. On the 

other hand, approaches for the transfer of tolerogenic DCs to PD-1-/- or BTLA-/- 

HSC recipients may help in the restoration of tolerance.  

 

6.2. Implications of bystander killing studies 

Type-1 diabetes is an autoimmune disease characterized by a lack of tolerance to 

insulin producing β cells of the pancreas.  Although islet transplantation is an 

exciting treatment option for type-1 diabetes, the success is hampered by various 

technical and biological barriers39. Among the biological barriers, recurrent 

autoimmunity or allograft rejection of islet grafts by the immune system is a 

major one. Moreover, our research finding also reported the possibility of 

bystander killing of islet cells in islet transplantation. 
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Knowledge of the mechanisms controlling bystander destruction will allow the 

development of more comprehensive approaches to prevent type-1 diabetes in 

disease prone individuals. Identification of the mechanisms involved in the 

bystander killing has important implications for the future design of tolerance 

strategies in islet transplantation by targeting cytokines or using Fas mutant islets. 

 

Recent studies have demonstrated the involvement of co-inhibitory molecules in 

the dysfunction of T cells during chronic viral infections40, 41. Blockade of these 

co-inhibitory molecules induced potent anti-viral immune responses and cleared 

the infection. However, our findings divulged the importance of PD-1 in limiting 

bystander killing. Future clinical trials involving co-inhibitory blockade treatment 

to treat chronic viral infections will have to be properly designed to avoid 

inadvertent killing of healthy bystander cells. However, in tumor immunology, 

the application of the bystander killing concept to eradicate cancer will be a useful 

strategy for consideration. 

 

6.2.1. Future studies in bystander killing 

Bystander killing in Marilyn mic was dependent on MHC alleles of the bystander 

cells. For example, MHC matched (I-Ab) bystander cells were more susceptible to 

killing than those of MHC mismatched (I-Ak) or class-II mutant (I-Abm12) 

bystander cells. The increased susceptibility to bystander killing may be due to 

two reasons. Firstly, there may be presence of more I-Ab donor antigen presenting 
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cells at the graft site of MHC bystander cells. This possibility can be tested by 

using bystander cells from bone marrow chimera. Bone marrow chimeras can be 

developed by lethally irradiating C57BL/6 (B6) I-Abm12 mice followed by 

reconstitution with B6 Rag-/- bone marrow and vice versa. Secondly, it is also 

possible that female bystander cells could have picked up male antigen from 

target cells and cross presented those to Marilyn T cells. The role of cross-

presentation can be tested using bystander cells that have been engineered to 

present a single peptide in I-Ab42. 

 

6.2.2. Role of Tregs and co-inhibitory molecules in preventing bystander 

killing 

Future research aimed to test the role of T regulatory cells (Tregs) in controlling 

bystander killing would be highly valuable and could be tested in both TCR (T 

cell receptor) Tg (transgenic) and WT mice by adoptive transfer experiments. 

 

6.2.2.1. TCR Tg mice 

Unlike WT mice, Marilyn mice lack Tregs and this may be the reason why anti-

HY CD4+ T cells have the ability to induce bystander killing. This idea can be 

tested by transferring FACS sorted Tregs (CD4+ CD25+) from WT mice into 

Marilyn recipients with mixed islets targets and MHC matched bystanders. CD4+ 

CD25- T cells can be used as control for Tregs in a separate cohort of recipients 

with mixed islets. Furthermore, if Tregs have the capacity to inhibit bystander 

killing, then the mechanism of controlling has to be elucidated. The mechanism 
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may be mainly mediated through cytokine or co-inhibitory pathways. 

Involvement of suppressive cytokines namely, TGF-β  and IL-10 can be tested by 

using neutralizing anti- TGF-β antibody or Tregs from IL-10-/- mice, respectively. 

The role of co-inhibitory function in Tregs can be tested by using Tregs from co-

inhibitory molecule deficient mice.  

 

6.2.2.2. Wild type mice 

Adoptive transfer can be used to test the role of Tregs in the prevention of 

bystander killing in WT mice. B6-Rag-/- recipients transplanted with mixed 

BALB/c and syngeneic B6 bystander islets will receive FACS sorted CD3+CD25- 

cells from naïve B6 mice, with or without the addition of FACS sorted Tregs. 

Ratios of effectors (CD3+CD25-) to regulators (CD4+CD25+) will be optimized to 

determine the particular ratio of these two cell types that will prevent the 

bystander rejection (B6 islets) without preventing the rejection of the target 

BALB/c islets. In addition, whether Tregs (CD4+Foxp-3+) are present within the 

non-rejected bystander islets can be detected by FACS and also by assessing the 

expression of Foxp3 mRNA and protein using Q-PCR and 

immunohistochemistry, respectively. Our study demonstrated that the T cells 

from sensitized PD-1-/- mice have the ability to induce bystander killing. 

However, it is unclear whether co-inhibitory molecules are required in Teff or 

Tregs to control bystander killing. This can be tested by adoptive transfer of  PD-

1+/+ Tregs from WT mice into sensitized PD-1-/- recipients with mixed islets. If 

there is no evidence for a role of Tregs in the prevention of bystander rejection, it 
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would suggest that co-inhibitors act directly on effector cells. The role of other 

co-inhibitory molecule namely CTLA-4 in preventing bystander killing can also 

be tested using monoclonal antibodies (anti-CTLA-4) in WT mice.  

 

6.3. Conclusions 

My thesis work uncovered the most important previously unknown roles of co-

inhibitory molecules in the regulation of immune tolerance. In particular, their 

role in controlling recent thymic emigrants to prevent lymphopenia induced 

autoimmunity. Furthermore, PD-1 is required to limit bystander killing or 

collateral damage.  

 

I believe that co-inhibitory molecules maintain tolerance by regulating T effector 

class switch responses (Th1 or Th17 or Th2). Experiments are warranted to test 

the above hypothesis. PD-1 plays an important role in mediating spontaneous 

tolerance to a single minor antigen mismatched allograft. The “Holy Grail” of 

transplant immunology is the achievement of immunological tolerance towards 

the donor allografts without immunosuppression. In other words, the requirement 

of toxic immunosuppressants can be avoided by inducing immunological 

tolerance. Attempts have been made to induce donor specific tolerance by 

mimicking natural tolerance pathways namely, central and peripheral tolerance. 

Mixed haematopoietic chimerism is a central tolerance strategy that has been used 

in the clinical setting since 197043.  Although mixed haematopoietic chimerism 
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can induce tolerance, the toxicity related to transplantation protocols, risk of 

GVHD and existence of split tolerance44 have limited its wide application.  

 

 On the other hand, peripheral tolerance strategies such as co-stimulation 

blockade28 or ex-vivo expanded antigen specific Tregs45, 46 are promising in 

inducing long term acceptance of allografts. Results from clinical trials47 

involving the CTLA-4 Ig fusion protein, Belatacept (LEA29Y), in diminishing 

alloimmunity were promising. Co-inhibitory signals play a key role in mediating 

peripheral tolerance. Future studies should focus more on the unexplored roles 

played by the co-inhibitory molecules in the regulation of immune responses. Of-

note, it will be helpful to develop new generation therapies in order to prevent 

autoimmunity, graft versus host disease and transplant rejection. 
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Appendix 
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A.1. Reagents and protocols 

A.1.1. Acetate buffer (to dissolve streptozotocin) 

• Solution A: 0.7775mL glacial acetic acid + 49.2225 mL ddH2O 

• Solution B: 1.36 g sodium acetate trihydrate added to ddH2O to make the 

total volume up to 50 mL 

• Solution C: 15.25 mL solution A + 9.75 mL solution B + 25 mL ddH2O 

• Add 0.45 g of sodium chloride to solution C. Mix well and correct the pH 

to 4.5 

• Sterilization of the pH corrected solution was done by vacuum filtration 

and the buffer was stored at 4ºC 

 

A.1.2. Streptozotocin injection 

• Always dissolve streptozotocin (STZ) in acetate buffer freshly before 

injection. 

• The dose of STZ is 200mg/kg body weight and the route of inj is i.p. 

 

A.1.3. Phosphate-buffered saline (PBS) stock solution 

• To make 10X PBS, dissolve 2 g of potassium chloride, 2 g of potassium 

dihydrogen phosphate, 80 g of sodium chloride and 9.2 g of disodium 

hydrogen phosphate in 1 L of ddH2O 

• Correct the pH to 7.2-7.4 

• Sterilization of the pH corrected solution was done by vacuum filtration 

and stored at room temperature (RT) 
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A.1.4. Antibody diluent in flow cytometry 

• To 45 mL of 1X PBS, add 5 mL of dialyzed 10% bovine serum albumin 

(BSA) 

• Sterilization was done by vacuum filtration and the diluent was stored at 

4ºC 

 

A.1.5. Fc receptor blocking solution 

• Mix 3.333 mL each of mouse, rat and hamster sera and add 300 µg of anti-

CD16/32 antibody to the mixture of sera 

• Sterilization was done by vacuum filtration and the solution was stored in 

small aliquots at 4ºC 

 

A.1.6. Red blood cell (RBC) lysis buffer 

• To 1 L of ddH2O, add 8.29 g of ammonium chloride, 1 g of potassium 

bicarbonate and 37.2 mg of disodium ethylenediamine tetra acetic acid 

and stir well  

• Adjust pH to 7.2-7.4 

• Sterilization was done by vacuum filtration and the buffer was stored at 

4ºC 

 

A.1.7. Immunolabeling of cells for flowcytometry 

I. For conjugated primary antibodies: 
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1. Stain 25 µL of cells (heparinized blood, spleen, lymph node, thymus, BM, 

peritoneum, etc.) 

2. Add 25 µL of Fc receptor blocing solution and incubate for 5 mins at RT 

3. Add antibody cocktail at the ratio of 1:1 to cells and incubate at 4ºC for 

15-30 minutes after mixing it well 

4. After incubation with primary antibody, wash cells with 3 mL of cold 

RBC lysis buffer in case of blood sample; 3 mL of cold 1X PBS in case of 

other cell types by centrifugation at 4ºC @ 1200 rpm for 10 minutes 

5. After discarding the supernatant the cell pellet was resuspended in 200-

300 ml of cold 1X PBS and analyzed on flow cytometer 

 

II. For combination of biotinylated and conjugated primary antibodies: 

1. Follow the steps in the above-mentioned protocol in the same order up to 

step 3. 

2. Wash the cells using cold 1X PBS by following the centrifugation 

requirements mentioned in step 4 

3. Upon removal of supernatant, add streptavidin conjugated to Tricolor or 

allohycocyanin at the ratio of 1:1 to cells and incubate at 4ºC for atleast 15 

minutes 

4. Again wash the cells using RBC lysis buffer incase of blood sample or 

cold 1X PBS in case of other cell types as mentioned in step 4 and prepare 

the cells for flow cytometry anlysis as mentioned in step 5 in the above-

mentioned protocol. 
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A.1.8. Hematoxylin and eosin staining 

1. Deparaffinize the tissue sections by dipping in histoclear or xylene (3 

times, 5 minutes each) 

2. Rehydrate the sections by dipping in descending grades of ethanol  

a) 100% ethanol - 3 times, 2 minutes each 

b) 95% ethanol -  1 minute 

c) 70% ethanol – 1 minute 

3. Wash in ddH2O for 5 minutes 

4. Dip the tissue sections in Haris hematoxylin for 1 to 1.5 minutes 

5. Rinse the slides in running tap water for 1-2 minutes or until clear 

6. Dip the slides in 0.25% acid alcohol (3 dips) and in water for 30 seconds 

7. Dip in lithium carbonate for 30 seconds and wash in water for 30 seconds 

8. Dip the tissue sections in 95% ethanol for 30 seconds 

9. Stain with alcoholic eosin for 35 seconds 

10. Dehydrate the tissue sections by washing in ascending grades of alcohol 

a) 95% ethanol - 30 seconds 

b) 100% ethanol - 4 times; 30 seconds each 

c) Xylene - 3 times; 5 minutes each 

11. Dry the slides and apply coverslip on the tissue sections using permanent 

mounting medium. 
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A.1.8.1. Immunohistochemistry for insulin 

Tissue fixation 

• Overnight incubation of islet grafts with buffered zinc formalin fixative 

(Z-Fix) 

Tissue processing 

• Fixed tissues were embedded in paraffin and those paraffin embedded 

tissues were cut using microtome at the desired thickness of the tissue 

section (3 µm) and placed on charged histobond slides 

 

Immunohistochemical staining for insulin 

1. Tissue sections were deparaffinized using xylene and rehydrated using 

descending grades of ethanol 

2. Endogenous peroxidase activity was blocked using 0.3% hydrogen 

peroxide solution in methanol for 10 minutes and washed using 1X PBS 

3. To avoid non-specific binding, tissue sections were incubated with 10% of 

normal goat serum for 15 minutes at RT 

4. Tissue sections were incubated with guinea pig anti-insulin antibody 

(1:1000; Dako Cytomation, Missisangua, ON) for 30 minutes at RT and 

then washed thrice using 1X PBS 

5. After washing, tissue sections were incubated with biotinylated goat anti-

guinea pig IgG (1:200; Jackson ImmunoResearch Laboratories, West 

Grove, PA) for 20 minutes at RT and then washed thrice using 1X PBS 
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6. Tissue sections were then incubated with avidin-biotinylated enzyme 

complex (Vector Laboratories, Burlingame, CA) for 40 minutes at RT and 

washed thrice using 1X PBS 

7. Diaminobenzidine (DAB) was used as chromogen, which produces a 

brown color end product for immunopositivity 

8. Tissue sections were then washed to stop the chromogen development, 

counterstained, washed and coverslipped using mounting medium 

 

A.1.9. Mouse islet isolation 

       Preparation of solution 
 

1) Supplement HBSS with  50% Dextrose, Penn/Strep, and HEPES (5mL 

each per 1L of HBSS) then place on ice 

2) Supplement  500mL of M199 with 55mL newborn calf serum (heat 

inactivated) and 2.5 mL Penn/Strep, sterile filter and leave at room 

temperature 

3) Prepare 0.1% to 0.2% collagenase-TypeV using HBSS (5 mL required per 

mouse), sterile filter and place on ice 

4) Add 15mL supplemented HBSS to a 50mL centrifuge tube and place on 

ice 

5) Set out 4 tubes for ficoll gradients, 1 for the cannula, 1 for a vacuum line, 

4/10 mice for the first ficoll, 2/10 mice for the second ficoll, and 1/10 mice 

for the final wash  

6) Place the glass funnel with 500 um screen in one of the first 4 tubes 
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7) Place the 5mL pipette in the vacuum line tube and attach to the vacuum 

line 

8) Place the cannula in the cannula tube and attach one of the 10mL syringes 

9) Pour ficoll gradients into labelled tubes (10mL/tube for the bottom, 

6mL/tube for the other gradients) 

 
 

      Excision of pancreas 
 

1) Immobilize the anaesthetized animal on mouse board with skin anchors 

2) Clip the heart 

3) Using 3mL syringe, draw up 2.5mL collagenase solution 

4) Attach 27G needle and bend to a 450  angle, bevel inside 

5) Attach mosquito clamps to the common bile duct where it joins the small 

intestine and expose the common bile duct. 

6) Cannulate bile duct at the bifurcation with the syringe and needle, slowly 

injecting all of the collagenase solution 

7) Remove the syringe and needle, then carefully cut the pancreas away from 

all connective tissue 

8) Place perfused pancreas in the tube with 15mL HBSS on ice 

 
 
      Islet isolation 
 

1) Transfer pancreases to the tube with collagenase 

2) Cap tightly and place in shaking water bath (digestion time can vary from 

9 to 14 minutes) 
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3) Remove tube from the bath and add COLD HBSS to stop the digestion 

4) Centrifuge at 1500rpm for 30 seconds 

5) Remove supernatant and resuspend the pellet in 15mL HBSS with a 

vortex 

6) Pour suspended tissue through the filter funnel into a 50ml tube 

7) Rinse the digestion tube and pour the rinse through the filter funnel 

8) Draw up 10mL cold HBSS in a syringe attached to 23G needle 

9) Spray the HBSS onto the filter to wash any islets into the tube 

10)  Remove filter funnel from the tube and split the tissue into the other first 

ficoll tubes evenly 

11) Fill the tubes with HBSS and cap 

12) Centrifuge at 1500rpm for 30 seconds 

13) Remove all the supernatant and add 10mL of the ficoll bottom layer to 

each of the tubes 

14) Cap and vortex the tubes until all the tissue is suspended 

15) Slowly add 6mL of each of the remaining ficoll gradients 

16) Centrifuge the tubes at 2000rpm for 10 minutes, NO BRAKE 

17) Use the 10mL syringe and cannula to remove the islets from the first ficoll 

interface and place in the tubes for second ficoll 

18) Fill the tubes with HBSS and centrifuge at 2000rpm for 1 minute 

19) Remove supernatant with vacuum and repeat wash 

20) Remove all the supernatant and add 10mL of the bottom ficoll layer 

21) Repeat ficoll layers and centrifuge at 2000rpm for 2 minutes 
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22) Using the same cannula, remove the islets from the ficoll interface and 

place in last wash tubes 

23) Add HBSS to the top and centrifuge at 2000rpm for 1 minute 

24) Remove supernatant and repeat wash 

25) Remove all the supernatant and resuspend islets in 10mL Medium199 

26) Pour islets into petri dish 

27) Rinse tube with Medium199 and add to petri dish  

28) Using Pasteur pipette connected to the hand pipettor, pick out all the islets 

and transfer to another dish 

29) Culture islets in CMRL or Ham’s F-10 medium 

 
 
      Islet transplantation 
 

1) Make a small incision through skin and muscle of the left back side of the 

anaesthetized mouse (halothene machine with a nose cone is used) 

2) Carefully lever the kidney outside of the body using a wet swab and the 

kidney should be maintained in moist state throughout the procedure 

3) Make a small nick in the anterior/dorsal portion of the kidney capsule 

using a 27G needle 

4) Make an open pocket in that hole with the aid of a siliconized glass probe  

5) Place a piece of PE-50 tubing approximately 10” long onto a 23G needle 

and attach to the micromanipulator 

6) Collect the islets from the microcentrifuge tube by placing the tubing in 

the pellet of cells and turning the manipulator handle AWAY from you 
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7) Seal the end of the tubing with a ligaclip 

8) Spin the manipulator and tubing until the islets collect into a pellet at the 

end of the tubing 

9) Remove the ligaclip and trim the tubing so there are no sharp edges 

10)  Insert the tubing under the kidney capsule and slowly inject the islet pellet 

by turning the manipulator handle TOWARDS you 

11)  Close the capsule with the cautery 

12)  Sew the muscle layer and close the skin with staples 

13)  Remove the inhalant anaesthetic, which will allow to wake up the mouse 

 
 
A.2    Tregulatory cells can control the lethal disease induced by PD-1-/- HSC 

Having demonstrated that co-transfer of WT HSC with PD-1-/- HSC can prevent 

the disease (Chapter 2), we further tested whether monoclonal T cells can prevent 

the disease.  Regulatory T cells (Tregs) are required for the immunological 

tolerance1. Hence, we tested the frequency of Tregs in the PD-1 -/- HSC recipients 

and also tested whether Tregs can prevent the disease. 

 

A.2.1. Materials and Methods 

A.2.1.1. Mice 

 C57BL/6 (WT), C57BL/6-Pdcd1-/- (PD-1-/-), B6.129S7-Rag1tm1mom/J 

(abbreviated as Rag-/-), C57BL/6-TgN (OT-I)-RAG1tm1Mom, C57BL/6-TgN (OT-

II.2a)-RAG1tm1Mom  mice were used in the experiments.  
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A.2.1.2. Stem cell transplantation  

Recipients were injected with 15 x 106  fetal liver cells from PD-1-/- mice alone or 

with OT-I or OT-II  mature T cells. In other experiments 15 x 106  female (sex 

determined by PCR) fetal liver cells from PD-1-/- mice were given to female 

Marilyn mice. 

 

A.2.1.3. FACS sorting  

Spleens from WT mice were collected aseptically in PBS with 5% FBS. TCR+ 

CD4+ CD25+ or CD25- cells were sorted aseptically from those splencoytes by 

using FACS BD influxTM cell sorter (BD Biosciences). The purity of the sorted 

cell population was >96%.  

 
 
A.2.2. Results 
 
A.2.2.1. Tregs can prevent the disease 
 
We tested whether co-transfer of monoclonal CD4 or CD8 TCR transgenic cells 

with PD-1-/- HSC can prevent the disease. Interestingly, monoclonal T cells failed 

to prevent the disease (Figure A.2 A).  Moreover, monoclonal CD4 or CD8 TCR 

transgenic mice were also susceptible to the disease (Figure A.2 A). Disease in 

TCR-/- mice (B cell sufficient) suggested that B cells are also unable to act as 

competitors for the prevention of the disease (Figure A.2 B).  

 

There was a significant decrease in the frequency of Foxp3+ CD4 T cells in PD-1-

/- HSC recipients (Figure A.2 B) indicating that PD-1 is required to establish the 
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ratio between Tregs and effector cells in a newly generated T cell repertoire. We 

therefore tested whether co-transfer of CD4+ CD25+ T cells with PD-1-/- HSC 

could prevent disease development. Interestingly, FACS sorted CD4+ CD25+ T 

cells from WT B6 or even PD-1-/- whole splenocytes had the capacity to prevent 

the disease while CD4+ CD25- T cells could only delay the disease onset (Figure 

A.2 C). 
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Figure A.2. Lethal inflammatory disease caused by PD-1-/- HSC can be 
controlled by Tregs. (A) Left: Adult Rag-/- mice (n=4 per group) were given PD-
1-/- HSC together with 3.5 x 106 OT-I or OT-II mature T cells. Right: In another 
set of experiment, female Marilyn mice (n=4) were given female PD-1-/- HSC.  
(B) Left: Adult TCR-/-  mice were given either WT HSC or PD-1-/- HSC (n=4). 
Right: Adult Rag -/- were given PD-1 -/- HSC together with either 1 x 106 TCR+ 
CD4+CD25+(n=3) or  TCR+ CD4+CD25- (n=9) or whole PD-1-/- splenocytes 
(SP) (n=5). Controls were given PD-1 -/- HSC alone. (C) Left: Frequency of 
CD25+ Foxp3+ cells within CD4+ cells in spleens of individual adult Rag-/- mice 
given PD-1-/- or WT HSC and assessed 40 days post HSC (n=4-5; P< 0.05).  
 
 



 206 

A.3.   Depletion of detectable gut microflora did not prevent the disease 
 
It was reported that the homeostatic proliferation of T cells was controlled by the 

host gut flora2. Furthermore, acute GVHD can be blocked by eliminating host 

flora with multiple antibiotics3, 4 and we tested whether elimination of gut flora 

can prevent the disease. 

 
 
A.3.1.  Materials and Methods 
 
A.3.1.1. Antibiotic treatment 

Mice were given 0.5 grams per litre of Vancomycin hydrocholoride 

(Pharmaceutical partners of Canada), 1 gram per litre of metronidazole (Alberta 

health services), 1 gram per litre of ampicillin (Novopharm), 1 gram per litre of 

neomycin sulfate  (Sigma Aldrich) in drinking water5. After four to seven weeks 

of medication, colonic microflora were determined by removing fecal material 

from colons aseptically. Homogenized contents were diluted and plated on 

different media for the growth of anaerobes and aerobes. 

 

A.3.1.2. Fecal culture 

Fresh mice feces were collected aseptically and homogenized at 300 x g (very 

slow) for 3 minutes to settle the cell debri. The supernatant layer was used to plate 

for culturing in MRS agar plates under anaerobic and aerobic conditions at 37C 

for 24 to 48hrs. Anaerobic GasPaks and anaerobic jars were used to create 

anaerobic condition. 
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A.3.2.  Results  

A.3.2.1. Elimination of gut flora did not prevent the disease 

We found elimination of detectable (culturable) commensal flora from recipients 

that were given medicated water (Figure A-3; A – D). However, medicated water 

treatment did not protect recipients from disease (Figure A-3.1). 

 
 
 
 
 
 

   
 
 
 
 
 
Figure A-3A. Bacterial culture of feces from control (left; non-medicated water) 
and test mice (right; medicated water) under anerobic condition after 24 hrs  
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Figure A-3B. Bacterial culture of feces from control (left; non-medicated water) 
and test mice (right; medicated water) under anerobic condition after 48 hrs  
 
 
 

   
 
 
 
 
 
Figure A-3C. Bacterial culture of feces from control (left; non-medicated water) 
and test mice (right; medicated water) under aerobic condition after 24 hrs  
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Figure A-3D. Bacterial culture of feces from control (left; non-medicated water) 
and test mice (right; medicated water) under aerobic condition after 48 hrs  
 
 
 

 
 
 
 
Figure A-3.1. Lack of disease in antibiotic treated recipients. Adult Rag-/- mice 
(n=4) were given medicated water and after 4 weeks recipients were given PD-1-/- 

HSC. Medicated water was given until the end of the experiment. In another set of 
experiment, recipients (n=3) were given regular water (non-medicated water; 
control) followed by PD-1-/- HSC transplantation. 
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A.4.  Antigen presenting cells in stem cell recipients are not completely 

replaced by donor antigen presenting cells 

 
The objective of this experiment was to examine the source of antigen presenting 

cells in stem cell (HSC) transplant recipients after transplantation.  

 
 
A.4.1. Results 
 
The percentage of CD11b+ GFP+ cells (n=3; 49.27 ± 1.61) was significantly 

higher (p < 0.0001) than those of CD11b+ GFP- (n=3; 1.34± 0.11). Similarly, the 

percentage of CD11c+ GFP+ cells (n=3; 8.4 ± 1.93) was significantly higher (p < 

0.05) than those of CD11c+ GFP- (n=3; 2.26 ± 0.73). These preliminary data 

suggested that the majority of the antigen presenting cells are host derived rather 

than of donor origin. 

 
 
 

 
 
 
 
Figure A-4.1. Majority of antigen presenting cells is of host origin. Rag-/- GFP 
mice were used as recipients for WT HSC transplantation. Forty days after HSC 
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transplantation, the percentages of CD11b+ CD11c+ GFP+ or GFP- cells in the 
spleens of HSC recipient were determined. 
 
 
A.5.  Peripheral tolerance of CD4+ T cells to a localized antigen 
 
The objective of this experiment is to dissect the mechanism(s) involved in CD4+ 

T cell peripheral tolerance. 

 

A.5.1. Methodology 

Chemically induced female diabetic B6 Rag-/- recipients were transplanted with 

either male or female islet grafts from B6 Rag-/- donors. After 3-6 months post 

islet transplantation, recipients were reconstituted with female fetal liver cells 

from B6 WT (CD45.1) and Marilyn (anti-HY CD4+ T cells; CD45.2) in a ratio of 

4:1.  

 

A.5.2. Results 

Although a small percent (< 30%) of recipients that were transplanted with male 

islet grafts rejected their transplants due to the high frequency of Marilyn T cells 

in the periphery, majority of the recipients tolerated the peripheral male islet 

transplants. The frequency of Marilyn T cells (CD45.2+, CD45.1-, CD4+Vb6+) in 

the peripheral blood of those tolerant recipients was lower than that of control 

recipients of a female islet graft (Fig A-5.1). This data suggested the antigen 

specific deletion of Marilyn T cells in the periphery. Moreover, recipients that 

were tolerant to male islet grafts were also tolerant to male skin grafts (Fig A-5.2). 
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Figure A-5.1. Antigen specific progressive deletion of Marilyn T cells. (A) 
Identification of Marilyn T cells (grey box). (B) Frequency of Marilyn T cells, 
Mean and SE. 
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Figure A-5.2. Male skin grafts were accepted by recipients that were tolerant 
to male islet grafts.  Male skin grafts were transplanted to male islet tolerant Rag-

/- recipients (n=5) 6 months post fetal liver cell injections.  Two recipients were 
found dead on day 50 and 79 post skin transplantation for unknown reasons with 
male skin grafts intact.  On the other hand, all the recipients (n=4) with female 
islet grafts rejected the male skin grafts. 
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A.6. Neutralizing antibodies to IL-6 or IFN-γ  or TNF-α  failed to control the 

disease induced by PD-1-/- HSC 

The objective of this experiment is to test whether neutralization of IL-6 or IFN-γ 

or TNF-α cytokine can prevent the disease induced by PD-1-/- HSC in Rag-/- 

recipients. 

 

A.6.1. Methodology 

Adult Rag-/- recipients were given PD-1-/- HSC. After 20 days post HSC, 

recipients were treated, weekly once, with 250µg of anti-IL-6 (clone 20F3) or 

anti-IFN-γ (XMG 1.2) or anti-TNF-α (XT22) or isotype control (mouse IgG1) 

antibody. 

 

A.6.2. Results  

None of the neutralizing antibodies prevented the disease. However, recipients 

that were treated with anti-IFN-γ did not develop dermatitis. Future experiments 

involving increased dosage of neutralizing antibodies may be warranted. 
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Figure A-6.1. Neutralizing antibodies to IL-6, IFN-γ  or TNF-α  failed to 
control the disease induced by PD-1-/- HSC.  Adult Rag-/- recipients were 
transplanted with PD-1-/- HSC. After few weeks, recipients were treated with 
250µg of anti-IL-6 (n=3) or anti-IFN-γ (n=3) or anti-TNF-α (n=4) or isotype 
control antibody (n=2). 
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A.7. Agonistic anti-BTLA (6A6) failed to control the disease induced by  

PD-1-/- HSC 

The objective of this experiment is to test whether agonistic anti-BTLA (6A6) can 

prevent the disease induced by PD-1-/- HSC in Rag-/- recipients. 

 

A.7.1. Methodology 

Adult Rag-/- recipients were given PD-1-/- HSC. After 18 days post HSC, 

recipients were treated with anti-BTLA (6A6; 10µg/g body weight) or isotype 

control (mouse IgG1) antibody once a week till the onset of the disease. 

 

A.7.2.  Results 

Anti-BTLA treatment failed to prevent the disease induced by PD-1-/- HSC. 

 

 
 
Figure A-7.1. Agonistic anti-BTLA treatment failed to control the PD-1-/- 

HSC induced disease. Adult Rag-/- recipients were given PD-1-/- HSC followed 
by treatment with anti-BTLA (6A6; 10µg/g body weight). There was a significant 
difference in survival between (p <0.005) the control and anti-BTLA group. 
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A.8. PD-1-/- CD24hi or CD24 low splenic T cells failed to induce disease in 

immunodeficient recipients 

 
The objective of this experiment is to investigate the role of PD-1-/- CD24hi  

(recent thymic emigrants) or CD24low T cells (mature T cells) in lymphopenia 

induced autoimmunity.  

 

A.8.1. Methodology 
 
TCR+ CD24hi or CD24low cells were sorted from pooled spleen cells (4-6 weeks) 

of C57BL/6 PD-1-/- mice by using CD24 , TCR fluorochrome conjugated 

antibodies (eBioscience) and FACS BD influx™ cell sorter (BD Biosciences). 

The purity of the sorted cell populations was 92%. Adult Rag-/- recipients 

(n=3/group) were injected either with 1X106 CD24hi or CD24low cells.  

 

A.8.2. Results 
 
The disease was not observed in recipients of either groups TCR+ CD24hi or 

CD24low cells. One of the mice in each group had anal prolapse along with weight 

loss after 55-60 days post HSC. However, the disease (2 or more symptoms) was 

not observed in either of the Rag-/- recipients.  
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Figure A-8.1. Disease was not observed in Rag-/- recipients of either CD24hi or 
CD24low T cells. Adult Rag-/- recipients were given either TCR+ CD24hi  (CD24 
H) or CD24low  (CD24 L) cells. There was no significant difference (p > 0.05) 
between the two groups. 
 
 

A.9. PD-1-/- CD4 or CD8 single positive thymocytes alone failed to induce 

disease in immunodeficient recipients 

The objective of this experiment is to test the role of PD-1-/- CD4+ or CD8+ single 

positive thymocytes in lymphopenia induced autoimmunity.  

 

A.9.1. Methodology 

TCR+ CD4 or CD8 cells were sorted from pooled thymocytes (3-5 weeks) of 

C57L/6 PD-1-/- mice by using fluorochrome conjugated antibodies (eBioscience) 

and FACS BD influx™ cell sorter (BD Biosciences). The purity of the sorted cell 

populations was > 90%. Adult Rag-/- recipients were adoptively transferred either 

with 1X106  TCR+ CD4+ (n=3) or TCR+ CD8+ (n=2). 
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A.9.2. Results 

The disease (2 or more symptoms) was not observed in either of the Rag-/- groups. 

 

 

Figure A-9.1. Disease was not observed in Rag-/- recipients of either PD-1-/- 

CD4+ or CD8+ thymocytes. Adult Rag-/- recipients were given either TCR+ 
CD4+ or CD8+ single positive thymocytes. There was no significant difference (p 
> 0.05) between the two groups. 
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