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ABSTRACT 

 

The development of a transient, tolerance-promoting therapy is a critical 

goal in transplantation. Antibody-perturbation of T cell activation signals is 

considered a promising candidate. However, the mechanisms of such therapies 

remain vague. The lack of cohesive and systematic knowledge in the requirements 

of generating long-term transplantation tolerance using short-term antibody 

treatments impedes the rational design of tolerance-promoting therapies. 

Therefore, using anti-LFA-1 and anti-CD154 as representatives of efficacious 

tolerance-inducing therapeutics, I interrogated their proximal impact on naïve 

antigen-specific T cells during initial antigen encounter.  

Using both monoclonal TCR-transgenic and polyclonal T cells in an in 

vivo adoptive transfer model, I tracked T cell activation and differentiation in the 

presence of anti-LFA-1 and/or anti-CD154. The antibody therapies markedly 

reduced the number of T cells in the draining lymph nodes. However, those 

remaining in the nodes vigorously proliferated. This paradoxical decrease in cell 

number despite intact proliferative capability was not due to deletion, as the 

adoptively transferred T cells persisted past primary activation and responded 

productively to secondary antigen exposure. Surprisingly, while anti-LFA-1 

and/or anti-CD154 partially inhibited effector cytokine production, they did not 

specifically induce differentiation of alternate, tolerogenic phenotypes. However, 

while the antibody therapies mediated neither complete suppression of T cell 

reactivity nor T cell tolerance, anti-LFA-1- and anti-CD154-mediated skin graft 

prolongation was maintained by a dominant regulatory mechanism that allowed 



	  

naïve graft-specific T cell activation and proliferation but inhibited their 

differentiation.  

Taken together, anti-LFA-1 and anti-CD154 appeared to partially inhibit T 

cell reactivity without inducing early T cell tolerance. However, long-term graft 

survival and tolerance generated by these antibodies were maintained by an active 

regulatory mechanism protecting the graft from naïve T cells. I therefore 

hypothesize that, instead of immediately generating tolerance upon interaction 

with responding T cells, antibodies targeting T cell activation signals dampen 

initial T cell reactivity to allow early transplant survival in an immunologically 

quiescent microenvironment, which allows the transplant itself to then gradually 

tolerize graft-specific T cells and generate donor-specific tolerance in a time-

dependent manner. In other words, the transplant, and not the therapeutic 

antibodies, is the key tolerogen for successful generation of tolerance. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 T CELLS AND IMMUNOSUPPRESSIVE TRANSPLANT THERAPIES 

Solid organ and cellular transplantation is the standard treatment for end-

stage organ failure. In the past five decades, advances in surgical techniques and 

therapeutics have steadily improved early transplant function. However, 

transplant rejection by the immune system remains the primary obstacle to long-

term survival of the transplant. Transplant rejection is initiated by the recognition 

of graft allo-antigens, which leads to injury and destruction of a transplant 

through effector mechanisms involving both the innate and the adaptive immune 

responses. Immune cells that have been shown to contribute to graft injury 

include such diverse players such as macrophages, eosinophils, neutrophils, 

natural killer cells, natural killer T cells, B cells, and T cells (1–6). Amongst 

these, T cells are especially critical in facilitating transplant rejection, whether by 

directly damaging the graft or by shaping other graft-destructive immune 

responses. In fact, it has long been known that animals lacking T cells cannot 

reject transplants until reconstitution of T cells, thus highlighting T cells’ essential 

role in the process (6–9). Because of this integral role of T cells in the immune 

response to a transplant, monitoring the fate of T cells during treatment with 

therapeutic agents aimed to prolong allograft survival will be the primary focus of 

this thesis. 

 

1.1.1 T Cell-Mediated Transplant Rejection 

Antigen-specific T cells are a primary component of the adaptive immune 

system. They are able to recognize specific peptide antigens ranging from 

pathogenic organisms to tumour-associated antigens and differentiate into 

appropriate effectors to control the precise threat to the host. Once activated 

against a specific threat, antigen-reactive T cell clones rapidly expand and 

differentiate to neutralize the insult. A population of the activated T cells 

eventually acquires long-living memory phenotype capable of rapid activation 
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and protection upon a secondary encounter with the same threat. To maximize the 

range of antigens able to be recognized by T cells, the T cell repertoire is 

generated in the thymus by a random rearrangement of gene segments coding for 

the T cell receptors (TCR), which results in a vast set of available TCR 

specificities. Generally, the precursor frequency of naive T cells specific for one 

nominal peptide antigen is usually less than 1/100,000, which necessitates a 

period of time lag after initial antigen encounter for naïve T cells to expand to the 

necessary magnitude in order to neutralize the immune insult efficiently (10). In 

contrast, the frequency of T cells able to react to a given non-self major 

histocompatibility complex (MHC) molecules is as high as 0.1% to 10% of an 

individual’s total T cell repertoire, and can therefore achieve similar magnitude of 

expansion rapidly (11–13). A transplant can be seen both by the high-frequency T 

cells recognizing its allogeneic MHC molecules directly and by the low-frequency 

T cells recognizing donor antigens presented by self-MHC as nominal peptide 

antigen. Therefore, a transplant induces a dynamic and potent T cell response 

against itself. 

The concept of alloreactivity is problematic in the context of the classical 

understanding of T cell development. During maturation, immature thymocytes 

undergo positive selection in the thymus so only those that recognize self-MHC 

survive (14). In fact, the concept of MHC restriction, or the requirement of 

nominal peptide antigens to be presented on self-MHC to activate T cells is one of 

the earliest observations made in the studies of T cell immunobiology (15, 16). 

An alloreactive T cell capable of recognizing non-self MHCs directly is therefore 

a curious phenomenon, more so that it exists in so high a frequency. Currently, it 

is thought that T cells are primed against transplant antigens through three distinct 

recognition pathways (17). The “direct” recognition pathway requires the 

recipient T cells to interact with intact allogeneic peptide-MHC complexes on 

donor-derived antigen-presenting cells (APCs), and thus involves these high-

frequency, directly alloreactive T cells (17) (Fig. 1-1A). The “indirect” 

recognition pathway primes recipient T cells by presenting donor allo-antigens on 

recipient APC; the responding T cells recognize a combination of donor peptide 



	  3	  

antigen with recipient MHC, and are therefore self-MHC-restricted (17) (Fig. 1-

1B). More recently, an additional “semidirect” recognition pathway has been 

shown to occur when donor cell membrane fragments bearing donor antigen-

MHC complexes are captured and transferred onto recipient APC surface (17, 18) 

(Fig. 1-1C). In other words, a recipient alloreactive T cell would recognize the 

combination of donor peptide antigen on donor MHC similar to the direct 

pathway, but this interaction is facilitated by recipient APCs instead. Since the 

finite number of donor passenger leukocytes within a transplant are eliminated 

relatively quickly after transplantation, the effect of the direct pathway on priming 

alloreactive T cells likely decreases with time and probably contributes mostly to 

acute graft rejection (19). On the other hand, indirect antigen recognition can 

occur as long as the transplant is present as a source of antigen. Therefore, this 

pathway plausibly becomes the primary mechanism of T cell priming against a 

transplant in the long term, and is a major component of chronic transplant 

rejection (17, 19). 

 

1.1.1.1 CD8+ T Cells in Transplant Rejection 

T cells are traditionally classified into two major categories based upon 

their co-receptors. T cells expressing the co-receptor CD8 are restricted to 

recognizing their cognate antigen presented on class I MHC molecules (MHC I), 

while those expressing CD4 co-receptor recognize antigens presented on class II 

MHC molecules (MHC II). CD4+ and CD8+ T cells can be further categorized 

into different subsets based upon the specific differentiation phenotypes and 

cytokine profiles they acquire upon activation. Most of these subsets have been 

shown to facilitate transplant rejection. 

When naïve CD8+ T cells are activated by their cognate antigens (MHC I 

plus peptide), they differentiate into antigen-specific cytotoxic T lymphocytes 

(CTLs). The generation of graft-specific CTLs is a critical barrier to transplant 

survival. Numerous studies have conclusively shown the potency of CTLs in graft 

rejection (20–27). CD8+ effector T cells are consistently isolated from human 

patients with rejecting allografts (20). Moreover, adoptive transfer of CD8+ T 
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cells alone effectively induced rejection of MHC I-mismatched skin grafts or islet 

allografts in mice, and mice undergoing heart rejection episodes had expanded 

and activated CD8+ T cell infiltration in the graft (8, 22, 28). Furthermore, 

adoptive transfer of a single clone of antigen-specific CD8+ T cells into 

thymectomized and T cell-depleted recipients was sufficient to reject fully MHC-

mismatched cardiac allografts in mice (23). Taken together, a variety of studies 

clearly indicated graft-reactive CD8+ T cells as a key facilitator of transplant 

rejection. 

CTLs mediate graft destruction primarily through specific interaction with 

cells presenting their cognate peptide-MHC complexes (17). Once recognition is 

established, CTLs release granules containing cytotoxic molecules such as 

perforin and granzyme B, which then trigger target cell apoptosis cascade 

including the activation of caspase 3 and caspase 9 (17, 29, 30). Some results 

suggest a role of caspase-initiated apoptosis in transplant destruction. Caspase 3 

staining in human cardiac transplant biopsies correlated with rejection, and 

inhibiting caspase 3 prevented acute cardiac allograft rejection in rats (29, 31). 

Furthermore, when graft-infiltrating T cells from rejecting human renal allografts 

were incubated with inhibitors of the granzyme exocytosis pathway, their ability 

to induce in vitro apoptosis or proximal tubular epithelial cells was significantly 

reduced, indicating a direct link between CTL granule release and transplant 

tissue damage (29). Alternatively, CTLs can also facilitate similar apoptosis 

pathways through the Fas-Fas ligand (FasL) pathway (17, 29), and Fas expression 

has been found on rejecting allografts in humans (29). More importantly, while 

these two pathways have been correlated to potent allograft damage and rejection, 

CTLs have been shown to reject transplants even in the absence of either 

mechanism (24). Diamond et al. used primed CD8+ T cells from perforin- or 

FasL-deficient mice to effectively reject allogeneic pancreatic islet transplants 

(24), suggesting the presence of multiple redundant mechanisms by which CTLs 

can cause allograft destruction. For instance, while the specific mechanisms are 

still unclear, CTLs can cause graft injury through a range of proinflammatory 

cytokines including interferon-gamma (IFN-γ) and tumour necrosis factor-alpha 
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(TNFα) similar to CD4+ T cells. (20). Later studies by Sleater et al. found that the 

bulk of CD8 T cell-mediated islet allograft rejection involved the alternative use 

of perforin and/or FasL (28). That is, perforin- or FasL-knockout CD8+ T cells 

did not readily reject FasL-deficient pancreatic islet allograft (28). Taken together, 

activated CD8+ T cells present a major barrier to transplant survival through its 

efficiency in direct tissue destruction and flexibility in employing multiple 

mechanisms in causing such destruction. 

 

1.1.1.2 CD4+ T Cells in Transplant Rejection 

MHC class II-restricted CD4+ T cell-mediated transplant rejection is 

another major component of cell-mediated transplant rejection. Clear evidence 

indicate that CD4+ T cells are capable of rejecting a transplant independently of 

any other immune cell types. For example, mice with transgenic monoclonal 

antigen-specific CD4+ T cells could rapidly reject skin grafts bearing the cognate 

antigen in the absence of CD8+ T cells, and other studies showed that selective 

depletion of CD8+ T cells in vivo did not prevent skin graft rejection (32–34). 

Moreover, adoptive transfer of CD4+ T cells isolated from a CD8-knockout 

mouse into an immune-deficient recipient was also sufficient to induce skin graft 

rejection (35). CD4+ T cells also accounted for primary acute cardiac allograft 

rejection independent of either CD8 T cells or B cells (36).  CD4+ T cells were 

also demonstrated to be required for the rejection of pancreatic islet allo- and 

xeno-grafts (37–39). Furthermore, CD4+ T cells can collaborate with naïve CD8+ 

T cells and B cells to promote the generation of CTLs and/or antibody-producing 

B cells, respectively (32). Taken together, CD4+ T cells can mediate transplant 

rejection both as the direct mediator of transplant injury or as a helper in the 

functions of other immune cells. 

Unlike CD8+ T cells, which generally ‘default’ into pro-inflammatory 

effector cells, CD4+ T cells have great plasticity in their differentiation and 

functional phenotype depending on the context under which they are activated. A 

naïve CD4+ T cell potentially can differentiate into several different types of 

effector T cells. Conversely, while different types CD4+ T effector cells have the 
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capability to cause graft injury, certain subsets of them can actually mediate 

protection of the transplant; these particular subsets of CD4+ T cells will be 

discussed in detail later in section 1.2.1.2.3. The two CD4+ T cell subsets that 

have been demonstrated most extensively in transplant rejection are T helper-1 

(TH-1) and T helper-2 (TH-2) T cells. TH-1-mediated graft rejection is more 

commonly referred to as delayed-type hypersensitivity (DTH) in the clinic, which 

describes the general inflammation at the graft site associated with the presence of 

TH-1 effectors. TH-1 cells characteristically produce pro-inflammatory cytokines 

IL-2, IFN-γ and TNF-α and mediate acute inflammation by facilitating the 

activation and infiltration of monocytes, macrophages and CTLs into the graft site 

and the subsequent generation of proteolytic enzymes, nitric oxide, and other 

factors in the local environment (17, 29, 34). TH-1-mediated graft rejection has 

been demonstrated by adoptively transferring a single clone of TH-1 alloreactive 

cell line recognizing donor MHC peptides indirectly (40). These monoclonal TH-1 

cells alone were sufficient to reject skin grafts in SCID recipients, and the grafts 

histologically showed macrophage infiltration consistent with a DTH-type 

response (40). TH-1 T cells can also reject cardiac allografts primarily using the 

cytotoxic mediators perforin and FasL (41). Also, other studies achieved long-

term graft acceptance by decreasing the magnitude of TH-1 response (29, 42, 43). 

In humans, peripheral blood mononuclear cells (PBMCs) from patients with 

functioning allografts despite cessation of immunosuppressants showed 

particularly blunted DTH response (43). As such, TH-1-associated allograft 

response is closely connected to transplant rejection and survival. 

While TH-1 cells facilitate a pro-inflammatory response, TH-2 cells 

promote humoural response with cytokines such as IL-4, IL-5 and IL-10 that 

assist in B cell maturation and eosinophil recruitment (29, 34). Traditionally, it 

was thought that since TH-2 cytokines suppress TH-1 differentiation and the 

downstream proinflammatory response, a TH-2 response would be preferable in 

prolonging transplant survival. However, studies have subsequently demonstrated 

that a TH-2 response alone is sufficient in mediating graft rejection (33, 44, 44). 

For instance, IFN-γ and IL-2 double-knockout mice unable to mount a TH-1 
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response rapidly rejected cardiac allografts using a characteristic, “anti-

inflammatory” TH-2 cytokine profile (44). In fact, adoptive transfer of TH-2-type 

T cell clones efficiently induced acute skin graft rejection by themselves (33). 

Therefore, despite producing cytokines not associated with acute inflammation 

and able to suppress pro-inflammatory TH-1 cells, TH-2 cells are highly effective 

in mediating transplant rejection. As such, whether a naïve T cell activates into a 

TH-1 or a TH-2 phenotype, it will acquire potent ability to cause graft injury. 

Recently, more subsets of effector CD4+ T cells have been identified, 

such as the highly inflammatory TH-17 cells, and their potential participation in 

transplant rejection are being investigated (45, 46). For the scope of this thesis, 

the CD4+ T cell effector paradigm will be confined to the pro-inflammatory TH-1 

and pro-humoural TH-2 cells. However, the discovery of new effector phenotypes 

underlines the tremendous plasticity of CD4+ T cells and their potentially multi-

faceted role in transplant immunity. 

 

1.1.2 Immunosuppressive Therapies Preventing T Cell-Mediated Rejection 

Since many T cell subsets have been demonstrated to independently or 

collaboratively promote acute transplant destruction, the design of transplant-

protective therapies has revolved around control of T cell activities. Many 

different pharmaceutical agents, such as glucocorticoids, have been used and 

replaced as newer generations of immunosuppressants are continuously 

formulated and produced. In the following sections, a sample of the currently 

most used immunosuppressive agents in transplantation therapies will be 

discussed in detail (Table 1-1). These immunosuppressive therapies are generally 

designed to act in one of two approaches. First, small-molecule pharmaceutical 

agents have been used to interfere with cell cycle mechanisms such as DNA and 

RNA synthesis, thus arresting T cell activation and/or proliferation. Second, 

antibodies targeting key T cell surface molecules have been developed to 

specifically bind and deplete T cells. Current standard clinical post-transplant 

therapeutic regimens consist of a combination of these two types of 

immunosuppressive agents. 
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1.1.2.1 Small-Molecule Drugs 

Most small-molecule immunosuppressive drugs are derived from 

microbial products. There have been many different classes of small-molecule 

immunosuppressants developed in the last fifty years. Three of them will be 

discussed here due to their wide-spread usage in almost all types of organ and 

cellular transplantations. 

Calcineurin inhibitors bind to and form a complex with cytosolic 

immunophilin proteins that then inhibits calcineurin activity (47, 48). Calcineurin 

is a phosphatase downstream of the calcium channel, and it activates the 

transcription factor nuclear factor of activated T cell (NFATc) to translocate into 

the nucleus and initiate the transcription of interleukin-2 (IL-2), a cytokine crucial 

for promoting and perpetuating T cell expansion and survival during activation 

(48). Inhibition of calcineurin therefore prevents T cell activation and 

differentiation into effector function. Two calcineurin inhibitors, cyclosporine and 

tacrolimus, are currently widely used in solid organ transplantations. 

Cyclosporine was originally isolated from the fungus Tolypocladium inflatum and 

became one of the earliest immunosuppressive agents to be used in clinical 

transplantation (49, 50). Tacrolimus was discovered later from the bacteria 

Streptomyces tsukubaensis and exhibited greater molar potency than cyclosporine 

in inhibiting calcineurin activity (51). Both agents are used almost ubiquitously in 

combination with other immunosuppressants to prevent transplant rejection. 

Target-of-Rapamycin inhibitors function similarly as calcineurin inhibitors 

to suppress T cell activity (47). Instead of calcineurin, these inhibitors form a 

complex with the cytosolic protein FKBP12 and subsequently block the activity 

of mammalian target of rapamycin (mTOR) (47). mTOR is a kinase regulating 

many downstream activities such as cell growth, proliferation, motility, survival, 

protein synthesis, and transcription in response to cytokines and growth factors 

(52–55). Inhibiting mTOR renders T cells unable to respond to cytokines such as 

IL-2 and generally inhibits T cell proliferation and activity (47, 55). The two 

mTOR inhibitors widely used in clinical transplantation today are sirolimus, 
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isolated from the bacteria Streptomyces hygroscopicus, and its derivative, 

everolimus (47, 56). 

Inosine monophosphate dehydrogenase (IMPDH) inhibitors suppress the 

activity of IMPDH, a key enzyme driving purine synthesis (57). Interestingly, 

while T and B cell growth is particularly paralyzed without IMPDH, other cells 

are able to generate purine nucleotides by alternate pathways (47, 58). Therefore, 

inhibition of IMPDH became an attractive option for specifically suppressing 

lymphocyte responses without compromising universal cell activity. This is done 

clinically by the application of mycophenolate mofetil, a pro-drug that releases 

mycophenolic acid to inhibit IMPDH activity (47, 59–61).  

 

1.1.2.2 Lymphocyte Depleting Antibodies 

Unlike small-molecule drugs that inhibit T cell immune response by 

interfering with general cell growth pathways but not necessarily causing cell 

death, depleting antibodies cause the specific and universal destruction of T cells. 

Due to their potency in eliminating circulating T cells, depleting antibodies are 

routinely used as induction therapies, which are usually designed to result in 

immunosuppression of a much higher degree than maintenance therapies in order 

to prevent acute graft rejection (62). These antibodies work by binding to T cell-

specific surface proteins and triggering T cell lysis or label T cells for clearance 

by other immune cells (62). The two most commonly used T cell depleting 

antibodies are antithymocyte globulins and alemtuzumab. 

Antithymocyte globulins are polyclonal antibodies produced by 

immunizing horses or rabbits with human thymocytes (63). The resulting horse- 

or rabbit-anti-human-thymocyte antibodies bind a variety of T cell surface 

markers including CD2, CD3, CD4, CD8, CD11a, and CD18 and initiate 

complement-dependent lysis of bound T cells (64). Antithymocyte globulins 

induce such thorough and systemic depletion of both circulating T cells and 

resident T cells in the spleen and thymus, a short course of treatment with the 

globulins is sufficient to produce profound lymphopenia lasting beyond one year 

(47, 62, 64, 65). 
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Alemtuzumab is a humanized monoclonal antibody against CD52, which 

is found on almost all T and B cells (61, 62, 66, 67). Binding of alemtuzumab to 

CD52 induces antibody-dependent lysis of the cells (62). Similar to antithymocyte 

globulins, alemtuzumab depletes lymphocytes thoroughly and efficiently. While 

effective in preventing acute graft rejection, transient use of the antibody in an 

induction therapy results in lymphopenia that can take up to a year to reverse (62). 

 

1.1.2.3 Problems Associated with Immunosuppressive Therapies 

The immunosuppressive agents described so far are standard options for 

preventing transplant rejection. In fact, development of transplantation therapies 

since the first anti-rejection drug was used over fifty years ago has very much 

revolved around blunt suppression of immune responses. While incidences of 

acute rejection in every transplantation type have steadily decreased with each 

newer generation of immunosuppressants, long-term graft survival remains 

difficult to achieve and is wrought with complications. Unfortunately, many of 

these complications stem from the immunosuppressants themselves.  

The primary side effect of immunosuppressants is their very mechanism of 

action. Immunosuppressive agents, by definition, indiscriminately inhibit the 

immune system. This leads to chronic immunodeficiency. While the transplant is 

thus protected from graft injury and rejection, the patient becomes vulnerable to 

pathogenic infections and malignancies (68–71). Since the patient has very little 

protective immunity upon treatment with immunosuppressive agents, even 

innocuous infections and otherwise treatable cancerous growths become life-

threatening (71–73). As a result of preventing transplant rejection, 

immunosuppressants thus severely compromise a patient’s immune defense 

against injurious assaults. 

Besides from immunodeficiency due to the gross inhibition of immune 

responses, immunosuppressive agents are inherently toxic. The toxicity is 

amplified by their chronic and accumulative use necessary to maintain transplant 

survival. The two calcineurin inhibitors, cyclosporine and tacrolimus, induce a 

plethora of organ injuries including nephrotoxicity, neurotoxicity, and post-
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transplantation diabetes mellitus (47). Side effects of sirolimus include 

hyperlipidemia, thrombocytopenia, delayed wound healing, and delayed graft 

function (47, 74). Sirolimus also exacerbates the toxicity of calcineurin inhibitors 

when used together, rendering therapeutic regimens containing both agents 

difficult to control (47). Mycophenolate mofetil is milder in its side effects but 

still causes blood-related dysregulations such as anemia, and a range of 

gastrointestinal complications (47, 75, 76). Byproducts of mycophenolate mofetil 

also appeared to induce release of inflammatory cytokines (77). Depleting 

antibodies induce severe cytokine-release syndrome during the process of 

lymphocyte lysis (47, 62).  Furthermore, while depleting antibodies are usually 

used on a short-term basis, the resulting profound lymphopenia can lead to 

skewed reconstitution of the immune system during recovery (62). For instance, 

patients treated transiently with alemtuzumab for multiple sclerosis unexpectedly 

developed secondary autoimmunity driven by significantly increased level of 

serum interleukin-21 (78). Unfortunately, as these immunosuppressive agents are 

rarely effective independently and are routinely administered as a combined 

cocktail, the patients therefore suffer from the exacerbated adverse effects 

resulting from the amalgamation of multiple toxicities. 

The chronic nature of immunosuppressive therapies and the subsequent 

immunodeficiency and organ toxicity negatively impact the prognosis for long-

term graft and patient survival. Oftentimes these anti-rejection therapies 

paradoxically result in graft injuries. The elevated risks of infection, cancer, and 

adverse side effects also reduce the transplant patients’ quality of life. As such, 

the goal of transplant therapy development is now aimed at inducing transplant 

tolerance rather than preventing rejection. In contrast to immunosuppressants, 

the ideal tolerance-inducing transplant therapy should have low toxicity and 

require only a transient administration that will then result in transplant-

specific tolerance. We define immune tolerance as an antigen-specific change 

in a competent immune system that will lead to no destructive immune 

response against this antigen. In the context of transplantation, the immune 
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response will specifically accept the transplant while retaining all protective 

immunity against non-transplant pathogenic and mutagenic assaults. 

 

1.2 T CELLS AND TOLERANCE-PROMOTING THERAPIES 

The concept of immunological tolerance was first described in 1946 by 

Owen et al. when dizygotic cattle twins were observed to carry live erythrocytes 

of both their own and their siblings’ genotypes (79). Since it was known at the 

time that an animal would normally mount an immune response to blood cells 

from another animal of the same species, this observation suggested a mechanism 

allowing non-responsiveness to a foreign antigen during fetal development. 

Burnet and Fenner subsequently developed the hypothesis that, if the immune 

system was exposed to an antigen prior to full development, it would not be able 

to respond to the antigen once it reaches maturity (80). This concept of actively 

acquired tolerance during the neonatal period was supported by several 

succeeding studies. Billingham, Brent, and Medawar injected strain A mouse 

fetuses with spleen cells from strain B, and these fetuses accepted strain B skin 

grafts when developed into adult mice (81). Concurrent with the demonstration 

from the Medawar group, Hasek and Habra performed embryonic parabiosis 

experiments connecting the circulatory systems of chicken embryos, which 

resulted in adults that accepted each other’s skin grafts (82). Furthermore, later 

experiments fusing two heterozygous embryos created allophenic mice that did 

not reject grafted tissues from the parents (83). At this point, it was widely 

accepted that immunological tolerance required exposure to a foreign antigen 

during the fetal/neonatal development of an animal. As such, induction of 

transplantation tolerance in an adult would appear nigh on impossible. 

However, an alternative hypothesis for acquired immune tolerance 

emerged when Lederberg proposed that it was the age of the lymphocyte, and not 

the animal, that determined whether antigen encounter would result in immunity 

or tolerance, since immature lymphocytes were likely to be more prone to being 

tolerogenic rather than immunogenic (84). He hypothesized that lymphocytes 

learn self-tolerance throughout an animal’s lifetime by early exposure to self 
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antigens prior to cellular maturation (84). This concept allows for the possibility 

of conditioning the immune system to be tolerant to a transplant even after the 

recipients have reached adulthood. At around the same time period, large numbers 

of experiments began emerge that demonstrated induced antigen non-

responsiveness in adult animals. It was found that if an adult animal was 

repeatedly injected intravenously with a non-immunogenic form of an antigen, 

such as soluble rather than aggregate proteins or proteins without adjuvants, the 

animal became non-responsive when subsequently exposed to the immunogenic 

forms of the antigen (85–89). Similarly, Rowley and Fitch observed that rat 

antibody response to xenogeneic sheep erythrocytes decreased steadily if the rat 

was injected with the erythrocytes consecutively for a prolonged period (90). 

Furthermore, adult female mice that normally rejected male skin grafts accepted 

male skins long-term when injected consecutively with disrupted male 

splenocytes prior to transplantation (91). Taken together, these experiments began 

to suggest acquired tolerance mechanisms that could be developed in an adult 

animal, thus rendering transplant tolerance a realistic possibility. 

 

1.2.1 Self-Tolerance 

The early observations of the existence of immunological tolerance were 

all determined by antibody responses to specific foreign antigens, as lymphocytes 

secreting antibodies were thought to be the sole mediators of adaptive immunity.  

However, after extensive studies into the function of the thymus, Miller and 

Mitchell demonstrated in 1967 that the thymus generates a subset of small 

circulating lymphocytes distinct from those originated from the bone marrow, 

thus identifying T cells as a unique component of the adaptive immune system 

(92–95). As T cells gained recognition as a potent mediator of adaptive immunity 

influencing many other components of the immune response, the role of T cells 

during the acquisition of immune tolerance became a key question. T cells are 

highly responsive to foreign antigens and initiate extensive destructive response 

against pathogens, malignancies and, unfortunately, non-self transplants. 

However, T cells are also selective in their response to their potential targets. In a 
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healthy host, the T cell repertoire is self-tolerant. This is especially remarkable 

since T cell receptors are generated randomly to maximize the range of antigen 

recognition, and they are specifically selected to retain a certain level of self-

reactivity in order to recognize self-MHC molecules (MHC restriction). 

Nevertheless, these self-recognizing T cells do not induce immune damage 

against self-antigens. As demonstrations of induced immunological tolerance in 

adult animals increased, it became apparent that there existed multiple 

mechanisms preventing T cells from mounting a self-reactive response. 

 

1.2.1.1 Central Tolerance 

Parallel to Lederberg’s hypothesis that immature lymphocytes can be 

conditioned to be tolerogenic, central tolerance, or negative selection, is a 

mechanism by which developing thymocytes showing high levels of auto-

reactivity are eliminated in the thymus, thus rendering the overall mature T cell 

repertoire non-destructive to self (Fig. 1-2A). The clonal deletion of auto-reactive 

T cells was first described when animals tolerant to a particular antigen were 

demonstrated to have reduced frequency of mature T cells recognizing said 

antigen in the periphery (96). This concept was further illustrated by the use of a 

monoclonal antibody tracking the fate of a specific T cell family throughout the 

course of thymic maturation (97). The monoclonal antibody KJ23a recognized T 

cells with receptor subunit Vβ17a that interacted with the MHC class II I-E 

molecule (97). Using KJ23a as a detection tool, Kappler et al. demonstrated that T 

cells with Vβ17a receptor were absent in the peripheral T cell and single-positive 

thymocyte populations but present in the immature CD4+CD8+ double-positive 

thymocyte population, suggesting that clonal deletion of T cells reactive to self 

MHC class II occurred in the thymus prior to T cell maturation and emigration 

into the periphery (97). Clonal deletion has also been shown in mice with 

transgenic T cell receptors recognizing the male H-Y antigen presented on MHC 

class I, and CD8+ T cells with the transgenic T cell receptor were deleted in male 

but not female mice (98). These observations provided early evidence that 
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immature, self-reactive T cells underwent an elimination process within the 

thymus as a means of self-tolerance. 

While it became clear that autoreactive thymocytes were deleted in the 

thymus during development, the exact mechanism separating self-reactive 

thymocytes from non-self-reactive ones was unclear. It was shown that the 

medullary thymus epithelial cells expressed a surprisingly large number of 

peripheral tissue-specific antigens, which presumably permitted the thymus to test 

thymocyte autoreactivity (99). However, an explanation for the thymus’ unique 

ability to “promiscuously” express peripheral tissue antigens did not surface until 

the autoimmune regulator (Aire) transcription factor was discovered. This began 

with the observations that humans with Autoimmune Polyendocrinopathy 

Syndrome Type 1 (APS1), a rare autosomal recessive disorder characterized by 

multi-organ autoimmunity, had mutations in only one single gene: aire (100, 

101). Subsequently, mice engineered with Aire deficiency acquired spontaneous 

autoimmune destruction of multiple organs similar to the human disease (102). In 

searching for the link between the Aire transcription factor and the induction of 

multi-organ autoimmunity, Aire-deficient mice were found to have markedly 

reduced expressions of peripheral tissue-specific antigens in their thymic medulla, 

thus pointing the cause of disease to thymic negative selection (102, 103). 

Ensuing microarray analyses showed that Aire controls the transcription of 

thousands of genes in the medullary thymic epithelial cells, especially genes with 

highly specialized tissue origin such as insulin, fatty acid binding protein, and 

salivary protein (102, 103). Direct connection between Aire and negative 

selection was finally established in a series of experiments crossing TCR 

transgenic mice to mice expressing their cognate antigens peripherally in the 

pancreas or thyroid (104, 105). Transgenic T cells were largely deleted in the 

thymus in the resultant off-springs, and the small residual number of transgenic T 

cells in the periphery was functionally anergic (104, 105). However, if these 

normally healthy mice were rendered Aire-deficient, the transgenic T cells 

escaped thymic deletion and remained fully functional in responding to their 

cognate antigens in the periphery, resulting in the induction of diabetes or 
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thyroiditis (104, 105). Therefore, the promiscuous expression of peripheral tissue-

specific antigens in the thymic medulla allows for the deletion of autoreactive T 

cells during thymic development, and central tolerance is thus an integral 

component in the acquisition of self-tolerance. 

 

1.2.1.2 Peripheral Tolerance 

While central tolerance is an effective mechanism of eliminating 

autoreactive T cells, it is not sufficient alone. Central tolerance is dependent on 

identifying autoreactive T cell before they exit the thymus. However, Aire does 

not drive the expression of every tissue-specific antigen, and autoreactive T cells 

can still be found in the periphery in healthy individuals, yet these individuals 

remain free of autoimmune symptoms (106). This suggests a secondary 

mechanism controlling T cell autoreactivity in the periphery. Furthermore, the 

possibility of TCR rearrangement in the periphery has been hypothesized when 

CD40 engagement was demonstrated to induce expression and nuclear 

translocation of recombination activating gene (RAG) 1 and 2 and alter TCR V-

alpha expression in peripheral T cells (107). If fully developed peripheral T cells 

could modify their TCR specificity or recognition strength, a peripheral tolerance 

mechanism would be essential. Evidence of a peripheral tolerance mechanism 

have also been observed in many different animal models. The repeated 

intravenous injections of non-immunogenic forms of protein antigens described in 

section 1.2 resulting in antigen-specific non-responsiveness essentially 

demonstrated a thymus-independent mechanism dampening T cell reactivity in 

the periphery. Adoptive transfer of TCR transgenic T cells into recipients 

expressing their cognate antigens has also demonstrated to result in peripheral 

deletion of the “autoreactive” transgenic T cells (108). Also, if the thymus is 

sufficient in tolerizing T cells to all peripheral antigens, presence of peripheral 

tissues should be irrelevant in the acquisition of self-tolerance. However, several 

studies have demonstrated the break-down of tolerance to specific peripheral 

tissues by temporarily removing organs from fetal animals, which resulted in the 

immune destruction of the organs or organ-specific antigens when they were re-
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introduced into the adult animal (109–111). Thus a peripheral mechanism 

functions alongside thymic negative selection in the maintenance of self-tolerance 

(Fig. 1-2B). Two arms of peripheral regulation of mature autoreactive T cells will 

be discussed here: recessive and dominant tolerance. 

 

1.2.1.2.1 Recessive Tolerance: Anergy 

Anergy is defined as a cell-autonomous state in which T cells remain 

viable and persist in the host but are intrinsically and functionally inactive (112). 

The state of hyporesponsiveness was first demonstrated using T cells interacting 

with chemically-altered APCs (113, 114). Instead of a neutral non-event, T cell 

interaction with impaired APCs inherently drove the T cells into a state of 

unresponsiveness and inability to produce IL-2 and proliferate (114). 

Interestingly, this loss of responsiveness is an actively induced state, as blockade 

of new protein synthesis during T cell interaction with altered APCs abrogated 

anergy (115). As such, the induction of anergy required an activation signal that 

was strong enough to initiate protein synthesis, but weak enough to result in non-

productive activation (112). For instance, anergy can be a consequence of either a 

strong TCR signal in the absence of costimulation or a weak TCR signal with 

low-affinity ligands in the presence of costimulation (112, 115). In the context of 

peripheral self-tolerance, a scenario of activation with TCR signal lacking 

costimulation would be an autoreactive T cell interacting with self-antigen 

directly on tissue parenchymal cells that do not express costimulatory ligands. 

Alternatively, naïve autoreactive T cells can also interactive with APCs that are 

passively presenting self-antigens as a normal physiological process of continuous 

antigen uptake without up-regulation of costimulatory signals. Furthermore, some 

evidence suggested that anergic T cells might interact with other APCs and inhibit 

their antigen-presenting function, thus perpetuate the maintenance of anergy 

(116). Taken together, in a healthy individual without pathogen infection, 

inflammation, tissue distress and injury, or any other cell-intrinsic or cell-extrinsic 

“danger signals” that can initiate the up-regulation of costimulatory molecules 
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(117), self-antigens would be presented to autoreactive T cells with subpar signal 

strength, thus inducing anergy and preventing autoreactive T cell activity.  

 

1.2.1.2.2 Recessive Tolerance: Cell Death/Deletion 

In contrast to functionally inactivated autoreactive T cells remaining in the 

host, another mechanism of peripheral tolerance is the death or deletion of 

autoreactive T cells in the periphery. A peripheral deletion mechanism of T cell 

tolerance was observed when mice made tolerant to a bacterial superantigen 

markedly decreased frequency of peripheral superantigen-specific T cells (118). 

This deletion was ascertained to be a thymus-independent mechanism since it also 

occurred in thymectomized mice (118). Further demonstration of peripheral 

deletion of autoreactive T cells has been shown by the deletion of adoptive 

transferred mature T cells specific for a self-antigen in the recipients (108).  

Deletion of autoreactive T cells in the periphery occurs by apoptosis similar to 

thymic negative selection (106). T cell apoptosis could be triggered by death 

signaling through the Fas/FasL pathway, and Fas- or FasL-knockout mice display 

systemic autoimmunity resembling human systemic lupus erythematosus and 

significant lymphadenopathy (106, 119). Alternatively, apoptosis could also be 

triggered through the Bcl-2-regulated family of pro- and anti-apoptotic proteins 

(106, 120). In the context of peripheral self-tolerance, death pathways have been 

shown to be induced by repeated and chronic T cell stimulation by self-antigens 

(106). Similar to anergy, apoptosis as a consequence of T cell interaction with 

peripheral self-antigens protects and adult animal from T cell-mediated 

autoimmunity. 

 

1.2.1.2.3 Dominant Tolerance: Regulatory T Cells 

While recessive, cell-intrinsic tolerance mechanisms such as anergy and 

cell death appeared to explain the paradox of the presence of autoreactive T cells 

in the periphery of a healthy, non-autoimmune individual, there exists another 

form of peripheral T cell tolerance that employs the dominant regulation of 

autoreactive T cells by a second population of T cells (121). The evidence of such 
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regulatory T cells (Tregs) was presented through a series of observations spanning 

the past forty years. One of the earliest observation of T cell-mediated control of 

self-reactivity was the spontaneous induction multi-organ autoimmunity by 

thymectomizing mice between days three and five after birth (122). This 

suggested that there was a burst of T cells emigrating the thymus during this 

developmental period that could control self-reactive T cells leaving the thymus 

prior to thymectomy. This first inkling of a T cell-mediated tolerance mechanism 

was followed up by several adoptive transfer models indicating that autoimmunity 

could be controlled by specific CD4+ T cell populations. Transfer of T cells from 

diabetes-resistant strain sublines inferred disease protection in diabetes-prone BB 

rats or NOD mice (123). Subsequently, adoptive transfer of CD4+ T cells 

abrogated autoimmune thyroiditis and diabetes induced in adult rats by 

thymectomy followed by sub-lethal irradiation (124–126) More conclusively, it 

was shown that systemic autoimmunity triggered by day-three thymectomy was 

ameliorated by the transfer of a population of CD4+ T cells expressing IL-2 

receptor alpha chain (CD25), thus giving Tregs a concrete phenotype as T cells 

co-expressing CD4 and CD25 (127). The transcription factor forkhead box P3 

(FoxP3) was also identified as a marker of Tregs, and mice with non-functional 

foxp3 gene developed severe systemic autoimmunity and lymphoproliferative 

syndrome (128, 129). These regulatory CD4+ T cells are therefore an integral 

component in the maintenance of peripheral self-tolerance. 

There are two types of regulatory CD4+ T cells, natural (nTreg) and 

induced (iTreg) (130, 131). Natural Tregs commit to their regulatory lineage 

during thymic development, and the exact mechanism of which is unclear. It is 

postulated that while negative selection eliminates thymocytes showing strong 

affinity to self-antigens, the process also allows a pool of self-reactive thymocytes 

to survive and acquire a regulatory phenotype (130). Therefore, nTregs likely 

have specificities to self tissue-specific antigens, and are the key regulators in 

peripheral self-tolerance. In contrast, induced Tregs exit the thymus with naïve 

CD4+ T cell phenotype and can be activated to become either tolerogenic or 

immunogenic effector cells depending upon the context of their activation (130, 
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131). Since iTregs survived the negative selection process as a naïve T cell, they 

likely express TCRs that recognize non-self peptides, and are therefore heavily 

implicated in tolerance induction to oral antigens, gut commensal bacteria, and 

transplants (131). Despite the divergence in their genesis, both natural and 

induced Tregs appear to share similar mechanisms for regulating immune 

tolerance. 

In vivo studies of tolerance induction by Tregs have yielded large number 

of potential mechanisms. Regulatory T cells could suppress effector T cell 

response through cell-cell contact either directly with the responding T cell or 

indirectly through a APC intermediate (132). When interacting directly with an 

effector T cell, Tregs may secrete suppressor cytokines such as IL-10 and TGF-β 

or cell surface molecules such as galectin-1 to arrest cell cycle progression (132–

134). Alternatively, Tregs may compete with the effector T cells for IL-2 using 

their high surface expression of CD25, thus promoting cytokine-deprivation-

induced apoptosis (135). Lastly, Tregs may also directly kill the effector T cells 

using the perforin/granzyme pathway similar to CD8+ cytotoxic T cells (136). 

When interacting with an APC, Tregs may utilize an array of surface signaling 

molecules to down-regulate the strength of costimulation by these APCs and 

thereby preventing them from activating effector T cells productively. Tregs 

constitutively express cytotoxic T-lymphocyte antigen 4 (CTLA-4), which binds 

to CD80/CD86 on dendritic cells and prevents their maturation and up-regulation 

of costimulatory molecules (132, 137, 138). Alternatively, CD223 on Treg binds 

to MHC class II on dendritic cells and sends an inhibitory signal to suppress 

maturation (139). Tregs may also use the ectoenzyme CD39 to catalytically 

inactivate extracellular ATP and thus suppress metabolic energy source required 

for dendritic cell maturation (140). Finally, Tregs may competitively occupy 

dendritic cells through long interactions induced via neuropilin (Nrp-1) and block 

naïve effector T cells from antigen exposure (132). Therefore, 

CD4+CD25+FoxP3+ regulatory T cells could maintain peripheral self-tolerance 

by dominantly suppressing the function of autoreactive T cells either directly or 
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indirectly by a myriad of mechanisms. Many of these mechanisms are also 

considered keys to inducing transplantation tolerance.  

 

1.2.2 Application of Self-Tolerance Concepts in Transplantation 

The understanding of self-tolerance evolved in parallel with experiments 

testing the induction of transplantation tolerance. The observations made in one 

arena helped advance the other. The major difference between self and transplant 

tolerance is that transplant tolerance requires tolerance induction to a non-self-

antigen in the periphery of an immunologically mature recipient. This is 

problematic, as the foundation of immune tolerance hinges on the segregation of 

self from non-self. In contrast, transplantation tolerance requires an active 

restraint of an appropriately activated destructive immune response against a 

foreign antigen. Therefore, transplantation tolerance necessitates a deliberate 

deviation from a default healthy immune response. However, as the mechanisms 

initiating and maintaining self-tolerance are elucidated through time, potential 

ways of “tricking” the immune system into a tolerance response against the non-

self transplant antigen also started to emerge.  

Ray Owen’s early observation of red blood cell chimerism in dizygotic 

cattle twins sparked the concept of using chimerism to tolerize allo-immunity 

(141). This was followed by extensive studies by the Medawar group showing 

that splenocytes or bone-marrow cells injected into a neonatal recipient with an 

immature immune system allowed the adult recipients to accept donor strain skin 

grafts (142). Subsequently, adult mice with a developed immune system were 

shown to accept donor skin grafts after being treated with total body irradiation 

then donor strain bone-marrow (141). The idea of using a chimeric immune 

system created by bone-marrow transplantation to generate donor-specific 

tolerance to an accompanying organ transplant was thus engendered. This method 

of tolerance induction has shown some success in animal models (143). However, 

it quickly became apparent that allogeneic bone-marrow transplantation itself 

carried lethal risks of graft-versus-host disease, and creating a chimeric immune 

system with a completely allogeneic bone-marrow transplant naturally was 
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unlikely (141). It became difficult to justify the risk-versus-benefit ratio of using 

bone marrow transplantation as a means of prolonging the survival of a secondary 

organ graft. Therefore, when the first immunosuppressive agent, azathioprine (6-

mercaptopurine), was described and applied to clinical transplantation, studies in 

transplantation therapies quickly shifted focus from natural induction of graft 

tolerance using bone marrow chimerism to pharmaceutical control of rejection 

(141, 144). However, as discussed in detail in Section 1.1.2, while advances in 

immunosuppression allowed transplantation an immense leap forward as a 

feasible clinical therapy, these pharmaceutical agents carry with them a wide 

range of debilitating adverse side effects. Therefore, the search for a method to 

promote transplant-specific tolerance continued. 

Attempts have been made to imitate thymic negative selection in order to 

induce clonal deletion and “central tolerance” of donor-specific T cells. Early 

observations described a loss of antibody immunity to bovine gamma globulin in 

rats after total body irradiation followed by injection of the globulin protein 

directly into the thymus (145). Subsequently, Posselt et al. showed that allogeneic 

rat pancreatic islets could survive indefinitely in the recipient thymus with one 

single injection of anti-lymphocyte serum to deplete circulating lymphocytes prior 

to transplantation (146). Interestingly, rats carrying such long-term surviving islet 

grafts in the thymus went on to accept islets from the same donor strain 

transplanted under the renal capsule without any therapies (146). Jones et al. 

further developed this observation into a transplant tolerance protocol in which 

TCR transgenic mice were treated with depleting anti-CD8 and anti-CD4 

antibodies followed by intrathymic injection of splenocytes carrying the cognate 

antigen (147). Cardiac transplants expressing the cognate antigen were then 

accepted indefinitely by the recipients (147). Both experiments elegantly 

demonstrated the effect of thymic negative selection in conditioning developing 

thymocytes to prevent immunity against antigens within the thymus. However, 

the major caveat of this tolerance protocol is the requirement of intrathymic 

exposure to donor antigens minimum one month prior to transplantation, which 

renders it impractical in clinical transplantation scenarios unless a living donor is 
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involved. Therefore, while mimicking central tolerance proved to be an effective 

method to induce transplantation tolerance, it was unfortunately not applicable in 

human clinical transplantation. 

Induction of the peripheral self-tolerance mechanism of anergy has also 

been studied as a potential method to promote transplant tolerance. This draws 

upon the large body of early data showing that antigen-specific non-

responsiveness could be induced in adult animals by intravenous injection with 

non-immunogenic forms of protein, red blood cells, or disrupted splenocytes (85–

91). Fabre et al. then demonstrated that multiple intravenous injections of donor 

blood resulted in long-term survival of donor-strain renal allografts (148). 

Dallman et al. followed up the observations by identifying the mechanism of 

allograft tolerance induced by donor blood transfusion as the induction of clonal 

anergy by disrupting the production of IL-2 and expression of IL-2 receptor alpha 

and beta chains on donor-specific T cells (149). However, this method of 

tolerance induction shares the same clinical impracticality as intrathymic antigen 

exposure in that the recipients need to be exposed to donor antigens at least one 

week prior to transplantation. As such, a method to induce transplantation 

tolerance without prior donor antigen exposure to accommodate the organ 

donation after cardiac or brain death is still to be found.  

While examples described above providing proof-of-concept that inducing 

transplantation tolerance in an immunologically mature recipient is achievable are 

clearly important, a key rate-limiting issue is the method of delivery and its 

efficient application in the clinic. As outlined in section 1.1.2.3, the ideal 

tolerance-promoting agent should be able to induce long-term donor-specific 

tolerance with a transient administration. Also, since organ donation originates 

primarily from cardiac- or brain-dead donors, tolerizing protocols that require pre-

conditioning with specific donor antigens are highly impractical if not impossible. 

Therefore, tolerance-promoting therapy should be donor-independent agents that 

could be administered to patients around the time of transplantation. These agents 

should then specifically alter the early events of T cell activation in order to derail 

them from initiating a destructive response against the donor antigen. As the 
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detailed signaling events modulating peripheral self-tolerance were identified, it 

became apparent that a key deciding factor deciding between T cell tolerance and 

immunity is the context in which a naïve T cell become activated. The strength of 

T cell interaction with APCs, which involves the sum total of signals through 

TCR, costimulatory and coinhibitory molecules, and adhesion molecules, varied 

cytokines, and other cellular and humoural components all can influence the 

downstream effector function of the T cell following antigen encounter. 

Monoclonal antibodies disrupting specific T cell surface costimulation or 

adhesion molecules were thus developed on this premise and showed great 

promise as clinically applicable transplant-tolerance-promoting therapies. In the 

following section, major signals in T cell activation and induction of transplant 

tolerance by targeting these signals will be discussed. 

 

1.2.2.1 Signals in T Cell Activation 

To productively engage with a cognate antigen, naïve T cells interact with 

APCs presenting the antigens and become activated. The consequence of 

activation is dependent on the strength and quality of signals between the T cell 

and the APC, and the T cell could potentially proceed into various differentiation 

pathways that will determine their functionality. As described previously, 

peripheral self-tolerance is particularly dependent on utilizing reduced activation 

signal strength to impart tolerance to autoreactive T cells. Generally, T cell 

activation requires the interplay between three types of signals, including TCR 

engagement with antigen presented on MHC, costimulation, and adhesion. The 

cytokine milieu in the immune microenvironment, such as the presence of 

inflammatory cytokines such as interferons, is also considered as an additional 

signal of T cell activation. However, since these cytokines are the result of initial 

T cell activation and are therefore an amplification of an established activation 

phenotype, and targeting T cell activation signals as a means of inducing 

transplantation tolerance generally focuses on perturbing T cell activation 

immediately during initial T cell recognition of the transplant, the following 

discussion will focus on the signals from TCR engagement, costimulation, and 
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adhesion. The role of each of these signals in T cell activation will be described 

below (Fig. 1-3). 

 

1.2.2.1.3 TCR:Antigen-MHC Engagement 

T cells recognize specific antigens presented on self-MHC through their 

clonotypic TCRs. This was originally shown by Zinkernagel and Doherty that 

cytotoxic T cells could only kill virus-infected target cells if the target cell and the 

T cell matched at the MHC loci (15, 16). The requirement of self-MHC 

recognition was further supported by the process of positive selection, or MHC 

restriction, during T cell thymic maturation. Developing, double-positive 

(CD4+CD8+) thymocytes with weak or no recognition of self-MHC will die by 

neglect, thus requiring thymocytes to be able to interact with self-MHCs in order 

to survive maturation (150). T cell activation in this context is therefore a highly 

specific event requiring the correct antigen presented by self-MHC. It is 

interesting then that an adult individual actually harbors a high frequency of 

mature T cells capable of recognizing non-self (allogeneic) MHC molecules (10, 

13, 151). This process of allorecognition is the basis of T cell rejection of an 

allogeneic transplant. Since the presence of alloreactive T cell in the periphery is 

very high, a transplant can elicit a rapid activation and expansion of direct 

alloreactive T cells leading to acute allograft rejection. 

However, alloreactive T cells directly activated by foreign MHC are not 

the only T cell recognition event in the context of a transplant. As described in 

Section 1.1.1, there exists also a population of self-MHC-restricted T cells that 

can recognize processed allo-antigens presented on self-MHC (40, 152). These T 

cells can therefore be indirectly activated by transplant donor antigens processed 

through self-APCs (153). As the frequency of indirect alloreactive T cells 

resembles T cell clones recognizing a peptide antigen, it is much lower than direct 

alloreactive T cells. The indirect T cells are thus implicated in a slower, chronic 

form of transplant rejection. Taken as a whole, a transplant recipient harbors T 

cells that could engage donor antigen both directly through recognizing donor 
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MHC, or indirectly via donor antigen presented on self-MHC, and both T cell 

populations could mediate transplant rejection. 

 

1.2.2.1.2 Costimulation 

While TCR interaction with transplant antigens initiates alloreactive T cell 

recognition, this interaction alone is insufficient to activate a destructive response 

by the T cells. Binding of costimulatory molecules expressed on naive T cell 

surface with their ligands on APCs is another essential signal in T cell activation. 

This secondary signal could determine whether a naïve T cell become fully 

activated and proceed into productive clonal expansion and functional 

differentiation (154). Several costimulatory molecules have been identified to 

play crucial roles in T cell activation. 

The B7 superfamily consists of several costimulatory molecules with 

strong influence on T cell immunity. Pathways in this family of costimulatory 

molecules include CD28/CTLA-4-CD80/CD86, and ICOS-ICOSL. CD80/CD86-

CD28/CTLA-4 is one of the earliest costimulatory pathways identified, and is one 

of the most intensively studied signals in the induction of transplant tolerance. 

CD28 is constitutively expressed on the surface of naïve CD4+ and CD8+ T cells 

(155). CD28’s role in T cell activation was originally recognized when it was 

discovered that TCR engagement of antigen without IL-2 led to T cell anergy 

instead of proliferation, and CD28 augmented T cell IL-2 production when bound 

to its ligands, CD80 and CD86, on APCs (113, 156). CD28 costimulation lowers 

the activation threshold of naïve T cells, thus allowing T cells to be activated with 

fewer TCR-antigen engagements (157). CD28 engagement also up-regulates T 

cell IL-2 production and promotes naïve T cell survival, thus enabling them to 

maintain optimal clonal expansion and differentiation (156, 158, 159). In contrast, 

CTLA-4, which also binds to CD80 and CD86, delivers a negative signal 

blocking signal transduction from TCR and CD28 (160–162). CTLA-4 was 

identified due to structural homology to CD28 (163). Unlike the constitutive 

expression of CD28 found on T cells, CTLA-4 expression is not up-regulated 

until a few days after T cell activation (161). Once expressed, it binds CD80 and 
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CD86 with greater affinity than CD28 and delivers an inhibitory signal that 

inhibits T cell IL-2 production and prevents entry into cell cycle and proliferation 

(161, 162, 164–166). In other words, upon TCR-antigen engagement, CD28 

ligation with CD80/CD86 promotes T cell activation and survival, and CTLA-4 

induces T cell anergy. 

A second class of costimulatory molecules is the tumor necrosis factor 

(TNF)-TNF receptor superfamily with pathways including CD40-CD154, OX40-

40L, 4-1BB-4-1BBL, CD27-CD70, and CD30-CD30L (120). The first members 

of the TNF-TNFR family to be identified as costimulatory molecules are CD40 

and its ligand CD154 (CD40L) (120). CD40 is constitutively expressed on APCs 

including B cells, dendritic cells, macrophages, and thymic epithelium (167). Pro-

inflammatory cytokines such as TNF-α, IL-1-β, and interferon-γ can also induce 

CD40 expression on endothelial cells and fibroblasts (167, 168). CD154, or 

CD40-ligand, is primarily expressed on activated CD4+ T cells but can also be 

found on a subset of CD8+ T cells, NK cells, and eosinophils (167). The ligation 

of T cell CD154 with CD40 on APCs up-regulates expression of costimulatory 

molecules CD80, CD86, and adhesion molecule ICAM-1 on APCs and promotes 

their ability to trigger T cell proliferation and production of pro-inflammatory 

cytokines (169, 170). Furthermore, APCs with augmented costimulatory 

capacities after CD40-CD154 interaction can provide help in priming the 

cytotoxic CD8+ T cell response (171, 172). Therefore, CD40-CD154 can be 

considered as a reverse costimulation mechanism in which T cells provide the 

costimulatory signal to APCs. The enhanced antigen-presentation and 

costimulatory capacity of “activated” APCs then indirectly augment T cell 

activation. In other words, CD40-CD154 pathway creates a feedback loop that 

broadly impacts both T cells and APCs in determining the consequence of T cell 

activation. As such, this pathway is a key candidate for manipulating T cell 

response to an allograft. 

 

1.2.2.1.3 Adhesion 
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While specific TCR-antigen-MHC interaction and costimulatory signals 

are crucial in naïve T cell activation, these events cannot occur if the circulating T 

cell cannot sustain cell-cell contact with APCs. Thus, a third crucial component of 

T cell activation is the adhesion between T cells and APCs. T cells interact with 

APCs in three steps. First, a migrating T cell initiates contact with an APC. If the 

APC does not present its cognate antigen, this interaction is brief, and the T cell 

continues its migration. However, if the APC presents the correct antigen-MHC 

complex, the signal from the TCR-antigen-MHC engagement stops T cell 

migration and begins polarizing other T cell surface receptors towards the point of 

contact (173). Second, the T cell forms a stable interaction plane with the APC 

called the immunological synapse (174, 175). At this stage, the T cell is arrested 

on the APC, allowing ligation of costimulatory molecules and their receptors, and 

T cell activation usually occurs at this stage (175). Finally, the immunological 

synapse collapses, and the T cell regains its high motility state, detaches from the 

APC, and begins proliferation (176). A stable immunological synapse is thus 

essential in productive T cell costimulation and activation. The formation of the 

immunological synapse also occurs in three phases. The combined signals of TCR 

recognition of cognate antigen-MHC complex and the ligation of T cell leukocyte 

function antigen-1 (LFA-1) with intercellular adhesion molecule-1 (ICAM-1) on 

the APC initiate synapse formation, resulting in temporary arrest in T cell 

migration (173). Early immunological synapse formation is followed by 

recruitment of a host of signaling molecules, kinases, and phosphatases that lead 

to protein and lipid scaffolding and the establishment of a stable signaling 

platform between the T cell and the APC (175). This allows the maturation of the 

synapse and the third phase of synapse formation to occur. T cell co-receptors, 

costimulatory receptors and ligands, cytokine receptors, and more adhesion 

molecules are recruited to the synapse, and the T cell is now receptive to 

costimulation and cytokines influencing its activation and lineage commitment 

(175, 177–180). As such, adhesion molecules are crucial in establishing the 

immunological synapse and facilitating activation and costimulation of naïve T 

cells. 
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The key surface molecules mediating immunological synapse formation is 

LFA-1 on T cells and its ligand, ICAM-1, on APCs. LFA-1 is a β-2 integrin 

heterodimer consisted of an unique CD11a α chain and a common CD18 β chain 

shared by other β-2 integrins (181). Baseline level LFA-1-ICAM-1 interaction 

allows migrating T cells to form brief cell-cell contact with APCs and facilitates 

their rapid and constant survey of presented antigens (182). A specific TCR-

antigen-MHC engagement sends intercellular signals to strengthen LFA-1-

mediated cell adhesion and induces clustering of LFA-1 toward the point of TCR 

engagement, thereby initiating the early stages of immunological synapse (183). 

LFA-1-ICAM-1 interaction also maintains the synapse during T cell 

costimulation to ensure prolonged cell-cell contact between the T cells and APCs 

(175). Importantly, binding of LFA-1 to ICAM-1 also acts as a potent 

costimulatory pathway. Naïve T cells cross-linked by anti-CD3 antibody alone in 

vitro cannot proliferate, but proliferation is rescued by adding an anti-ICAM-1 

antibody (184). LFA-1-ICAM-1 interaction also synergizes with CD28-

CD80/CD86 costimulation to enhance T cell IL-2 production via non-redundant 

signaling pathways (185–187). In fact, it was shown that high TCR-antigen 

density cannot compensate for the lack of LFA-1-ICAM-1 engagement, and naïve 

CD4+ T cells could not be activated without LFA-1-ICAM-1 interaction, 

supporting the concept that these two molecules are critical for more than T cell 

adhesion (188). More recently, LFA-1-ICAM-1 signaling was also shown to 

induce a genetic profile with up-regulated TGF-β inhibitory molecules, implying 

a role for LFA-1 signaling to render T cells refractory to the dampening of 

immune reactivity by TGF-β (189). With their diverse role in T cell activation, 

LFA-1 and ICAM-1 have garnered great interest as potential targets for 

manipulating T cell response as a means of generating transplantation tolerance. 

 

1.2.2.2 Targeting T Cell Activation Signals for Transplantation Tolerance 

As naïve T cells require adhesion and costimulation in addition to TCR-

antigen-MHC recognition for productive activation and differentiation, and 

various adhesion and costimulatory molecules involve in the decision between a 
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positive (induction of T cell immunity) and a negative (lack of T cell immunity) 

response following T cell activation, these molecules appear to be excellent 

candidates for therapeutic manipulation of antigen-specific T cell response. This 

is achieved by generating either antagonistic or agonistic monoclonal antibodies 

and similar biologic agents that specifically bind to the T cell surface adhesion or 

costimulatory molecules. Unlike the immunosuppressive depleting antibodies 

described in section 1.1.2.2, however, these antibodies interfere with T cell 

adhesion or signaling pathways without killing or lysing the T cells. Furthermore, 

disrupting these adhesion and costimulation pathways have shown great efficacy 

in prolonging allograft survival and generating donor-specific transplantation 

tolerance in rodent and non-human primate models. However, like the 

development of any therapeutic agents, manipulating cell signaling pathways 

using non-depleting antibodies was not without its difficulties and complexities. 

Each signaling pathway in the immune system potentially impacts a multitude of 

diverse responses, and some are not apparent until the disruption of individual 

pathways. Furthermore, many pathways share redundancy to compensate for each 

other, a phenomenon also not easily observed until specific pathways have been 

blocked. As such, there are still many variables and unexpected consequences 

resulting from the use of adhesion- or costimulation-specific antibody therapies. 

Despite the need for further elucidation of mechanisms and proximal impacts on 

T cell responses, these antibodies remain a promising alternative to 

immunosuppressive therapies (Table 1-2). 

 

1.2.2.2.1 Costimulation: CD80/CD86-CD28/CTLA-4 Pathway 

One way to target the CD80/CD86-CD28/CTLA-4 pathway is using 

monoclonal antibodies to directly disrupt CD80 and CD86. Combined anti-CD80 

and anti-CD86 was first demonstrated to inhibit allograft rejection in mouse 

pancreatic islet transplantation model, in which the antibodies were shown to 

suppress alloreactive T cell proliferation against islet or splenocytes stimulation in 

vitro and delay CD4+ T cell infiltration into the graft site (190). However, results 

were less consistent when the antibodies were used in non-human primates. 
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Combined anti-CD80 and anti-CD86 therapy also delayed renal allograft rejection 

in non-human primates, but graft survival was not indefinite, and most recipients 

eventually rejected their transplant while still being treated with the antibodies 

(191). Allograft survival fared better when the two antibodies were used as 

induction therapy in conjunction with calcineurin inhibitors or sirolimus, but 

donor-specific tolerance was not generated in the primate model (192, 193). In 

addition to the rather lackluster allograft prolongation results, anti-CD80 and anti-

CD86 also appeared to be a strictly immunosuppressive therapy. Therefore, direct 

interference of the CD80 and CD86 molecules in such manner does not appear to 

be a suitable candidate for generating transplantation tolerance. 

Focusing on the other side of the CD80/CD86-CD28 costimulatory 

signaling, an anti-CD28 monoclonal antibody has also been tested in several 

transplantation models. Short-term administration of the antibody induced long-

term renal allograft survival with generation of regulatory-type immune cells in 

rats and prevented graft-versus-host disease in a mouse bone-marrow transplant 

model (194–196). Paradoxically, this antibody turns out to send an agonistic 

signal through CD28. As CD28 costimulation abrogates T cell anergy and 

promotes positive T cell activation, facilitating allograft survival with agonistic 

anti-CD28 was a puzzling phenomenon. Anasetti et al. proposed that CD28 

costimulation enhanced T cell activation with intermediate-avidity antigens but 

induced apoptosis when encountering high-avidity antigens, and further 

demonstrated interferon-γ-dependent donor-specific CD8+ T cell depletion in a 

mouse bone-marrow transplant model (196–198). The same antibody also 

promoted TH-2 phenotype during CD4+ T cell activation with the production of 

IL-4 and IL-10 in vitro and expanded protective CD4+CD25+ regulatory T cells 

in a rat experimental autoimmune encephalomyelitis model (199, 200). 

Interestingly, the agonistic anti-CD28 showed no adverse effects in rodent and 

non-human primate models. Unfortunately, as a tragic illustration of the 

complexity and variability of immune responses across different animal models 

and the caution and care required to translate immune therapies from bench to 

bedside, a clinical safety trial of humanized agonistic anti-CD28 resulted in 
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immediate and massive cytokine storm and severe multi-organ failure in all of the 

healthy volunteers (201). It was later shown that, unlike the tolerizing effects seen 

in animal models, human lymphocytes underwent profound proliferation and 

cytokine release when treated with the antibody in vitro (202). Subsequently, anti-

CD28 was eliminated as a potential candidate for transplantation tolerance 

therapy after imparting the grim lesson that a lack of stringent and multi-centre 

pre-clinical testing of immunological therapies potentially leads to dire 

consequences. 

With the remarkable damage induced by the agonist anti-CD28 therapy, 

focus in the CD80/86-CD28/CTLA-4 pathways returned to blocking, rather than 

inducing, a costimulatory signal. Since monoclonal antibody targeting CD80 and 

CD86 resulted in only mediocre transplant survival, an alternative strategy using a 

CTLA-4 immunoglobulin fusion protein that ligated CD80 and CD86 with high 

avidity and prevented CD28 binding was created instead (203). CTLA-4-Ig 

promoted allograft survival and donor-specific tolerance in mouse and rat 

transplantation models (204–207). Hypotheses of CTLA-4-Ig’s mechanism of 

action vary. It may act as a suppressant of donor-specific cell-mediated immunity 

(204). It may also preferentially up-regulate a non-inflammatory TH-2 response to 

inhibit graft injury from the inflammatory TH-1 response (207). Induction of early 

donor-specific T cell anergy by blocking IL-2 production or T cell deletion 

through apoptosis or activation-induced cell death have also been suggested (208, 

209). Subsequent to the early promising results, a second-generation of CTLA-4-

Ig, LEA29Y, was developed to further increase binding avidity to CD80 and 

CD86 (203). LEA29Y was efficacious in prolonging allograft survival in non-

human primate models when combined with immunosuppressive agents and 

human clinical trials suggested LEA29Y as a safer replacement for calcineurin-

inhibitors (203).  Interestingly, increasing the binding avidity appeared to 

eliminate the ability CTLA-4-Ig to promote tolerance and rendered it 

immunosuppressive. A potential reason for this may be that CD80 and CD86 are 

ligands to both the costimulatory CD28 and coinhibitory CTLA-4. Extensive and 

thorough blocking of CD80 and CD86, while preventing CD28 costimulation, 
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also thus abrogating immune regulation through CTLA-4. Nevertheless, the 

efficacy of LEY29Y in human transplantation trials presents a landmark for 

taking the concept of altering T cell activation signals as an immune therapy into 

the clinic. 

 

1.2.2.2.2 Costimulation: CD40-CD154 Pathway 

 Monoclonal antibody against CD154 has shown great efficacy in 

prolonging allograft survival and promoting tolerance in different animal models. 

Transient anti-CD154 treatment combined with transfusion of donor lymphocytes 

reliably prolong allograft survival and generated donor-specific tolerance in 

mouse models (210–212). While short-term treatment with anti-CD154 alone was 

not as efficacious at tolerance induction, it proved to be excellent at synergizing 

with other transient antibody therapies such as CTLA-4-Ig, anti-LFA-1, anti-CD8, 

and anti-CD45RB to induce strong donor-specific tolerance in mouse allograft 

and xenograft models (213–219). While transient treatment with anti-CD154 

alone was not successful in prolonging allograft survival in non-human primates, 

when used continuously or combined with other agents, anti-CD154 becomes 

highly effective in preventing acute rejection and promoting indefinite graft 

survival (220–224). 

Although anti-CD154 appears to be the most successful non-depleting 

antibody in promoting transplantation tolerance so far, its mechanism is widely 

debated. While there is strong evidence that maintenance of anti-CD154-mediated 

graft survival is mediated by immune cells with regulatory functions, the 

induction phase of tolerance remains vague, and the proximal impact of the 

antibody on antigen-specific T cells is controversial (216, 225). For instance, anti-

CD154 may or may not promote T cell anergy or deletion (209, 212, 215, 226–

228). Anti-CD154 may generate adaptive CD4+ T regulatory cells (229, 230). 

Anti-CD154 may inhibit inflammatory T cell response by directly triggering a 

dominant non-inflammatory TH-2 response or indirectly suppressing dendritic cell 

inflammatory cytokine production during antigen presentation (231–233). 

Regrettably, clinical trials of humanized anti-CD154 were suspended when 
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patients unexpectedly developed thromboembolic complications (234). It was 

then identified that, unlike rodents, CD154 was expressed on human platelets and 

treatment with anti-CD154 disrupted thormbostasis (203). Therefore, while anti-

CD154 was amongst the most efficacious transplant tolerance-promoting agent to 

date and much of its potentials is still to be elucidated, it unfortunately was not 

feasible to be used as a clinical therapy. 

Despite the setback, targeting the CD40-CD154 pathway with anti-CD154 

remains one of the most successful transplant tolerance-promoting strategies 

observed. Furthermore, anti-CD154’s ability to positively synergize with various 

antibodies and immunosuppressive agents made it a strong candidate for clinical 

application. Therefore, attempts are currently underway to develop an antibody 

against CD40 to potentially recapitulate the effect of anti-CD154. An early 

prototype of an antagonistic anti-CD40 was administered in conjunction with anti-

CD86 in a non-human primate kidney allograft model (235). While the 

combination prevented acute rejection to a degree, all the animals rejected their 

grafts either during the treatment or immediately after its cessation (235). Larsen 

et al. subsequently developed and tested different isoforms of anti-human- and 

anti-mouse-CD40 (236–238). As a potential complication, however, these newer 

generations of antibodies still induced some agonistic signals, which was 

worrying considering the disastrous clinical trial with the agonistic anti-CD28 

(236, 237). Nevertheless, while not as efficacious as a mono-therapy as anti-

CD154, anti-CD40 developed by the Larsen groups achieved significant 

prolongation of allograft survival in mice and both allograft and xenograft 

survival in non-human primates when combined with LEA29Y, basiliximab (anti-

IL-2-receptor), and sirolimus (236–238). However, it is unclear whether anti-

CD40 can generate donor-specific transplantation tolerance beyond facilitating 

graft survival as anti-CD154. Taken together, anti-CD40 is a potential candidate 

for a transplant tolerance therapy provided more studies are carried out to 

interrogate its exact mechanisms and address safety concerns. 

 

1.2.2.2.3 Adhesion and Costimulation: ICAM-1-LFA-1 Pathway 
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Similarly to anti-CD154, targeting the ICAM-1-LFA-1 pathway with anti-

LFA-1 alone resulted in varied efficacy in prolonging allograft survival depending 

on the model (239–242). When combined with another biologic agent, however, 

transient treatment with anti-LFA-1 becomes strongly effective in promoting graft 

survival and donor-specific transplant tolerance (218, 219, 239, 243–245). For 

instance, a short course of anti-LFA-1 combined with anti-CD154 induced 

dominant and transferable donor-specific tolerance in a mouse pancreatic allograft 

model (218). The combination also promoted indefinite survival and tolerance in 

mice receiving xenogeneic porcine islet transplants (219, 246). Combination 

treatments including anti-LFA-1 as an induction therapy also proved to be 

successful in prolonging allograft survival in non-human primates (247). In fact, 

anti-LFA-1 appeared to be as promising a tolerance-promoting therapeutic 

candidate as anti-CD154 had been. 

However, similarly to the antibodies described previously, mechanism and 

proximal impact of anti-LFA-1 treatment is unclear. It is known that anti-LFA-1 

does not induce T cell depletion and allowed eventual T cell infiltration into the 

graft without disrupting tolerance (203). Interestingly, in certain models, complete 

abrogation of the ICAM-1-LFA-1 pathway by combining anti-ICAM-1 and anti-

LFA-1 actually disrupted tolerance induction, suggesting induction of tolerance 

by transient anti-LFA-1 therapies required a certain threshold of T cell anti-donor 

reactivity (248). In other words, perturbing the ICAM-1-LFA-1 pathway could be 

either tolerogenic or immunosuppressive depending on the degree of interference. 

This was perhaps the reason that humanized anti-LFA-1 (efalizumab) given 

chronically to autoimmune psoriasis patients in a clinical trial resulted in two fatal 

cases of progressive multifocal leukoencephalopathy (PML), an opportunistic 

infection usually observed in severely immunosuppressed individuals (249, 250). 

While efalizumab, as a short-term induction therapy, had by then demonstrated 

compelling efficacy in promoting accelerated graft function and survival with few 

side effects in human renal and pancreatic islet transplantation trials, the antibody 

was unfortunately recalled from the market due to the PML cases (251–253). 
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Nevertheless, like anti-CD154, anti-LFA-1 has proven to be one of the most 

effective biologic agents in facilitating transplant survival and tolerance.  

 

1.3 Rationale and Objectives of the Thesis 

When solid organ transplantation proved to be a technical possibility but 

resulted in overwhelming immune responses, tremendous efforts were dedicated 

to understanding the immune system in search of methods to manipulate the 

responses into accommodating a foreign graft. In the last sixty years, we have 

gained significant insights into the mechanisms of allograft rejection and the 

essential role T cells play in the response. However, we still have not found an 

effective control of transplant rejection other than systemically and chronically 

suppressing the entire immune system. While the advancement in newer 

generations of immunosuppressive therapies allowed increasingly positive control 

of early transplant rejection, long-term and persistent graft survival remains 

difficult to accomplish. Parallel to knowledge gained in transplantation 

immunology, we have also unraveled some aspects of T cell’s role in maintaining 

immune tolerance to self-antigens. It thus appeared to be a logical progression to 

apply knowledge learned from the studies in self-tolerance to achieving 

transplantation tolerance. If specific, self-perpetuating tolerance can be generated 

toward an allograft, a transplant patient will no longer need to rely on chronic 

immunosuppression in order to maintain transplant survival. 

Since then, we have attempted to apply nearly all the self-tolerance 

concepts in the context of transplantation. As a result, we have recognized that 

using highly specific antibodies to target T cell activation signals appeared to be 

the most clinically applicable method of transplant tolerance induction. However, 

while successful promotion of transplantation tolerance has now been repeatedly 

observed in animal models, the mechanisms of tolerance induction remain 

unknown. Our knowledge is limited to the induction agents used and their final 

consequences regarding transplant survival. While many mechanisms have been 

proposed, systematic studies of the necessary events turning a destructive immune 

response into a tolerant one are still lacking. It is unknown whether there is one 
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predominant mechanism shared by all tolerance-promoting therapies, or if 

multiple possible pathways exist. This lack of cohesive knowledge impedes us 

from being able to rationally design a transplant therapy that maximizes benefits 

while minimizes undesirable adverse effects. Some of this lack is illustrated by 

the repeated suspension of antibody therapies that were rushed into clinical trials 

without a thorough understanding of their detailed impact on the immune system. 

Therefore, the primary objective of the studies detailed in my thesis is to 

elucidate the mechanisms by which antibodies targeting T cell activation signals 

induces transplantation tolerance and their precise proximal impact on antigen-

specific T cells during this process. We selected two representative monoclonal 

antibodies targeting T cell activation, anti-CD154 and anti-LFA-1, for these 

studies. The reasoning for their selection is two-fold. First, while many potential 

mechanisms have been proposed to explain the proximal impact of anti-LFA-1 

and anti-CD154 on antigen-specific T cells, there is little consensus between 

studies, and a systematic interrogation of the issue has not been satisfactorily 

performed. Second, our laboratory has extensively demonstrated the efficacy of 

anti-CD154 and anti-LFA-1 in facilitating transplant survival. Significantly, when 

used as a combination therapy, these two antibodies consistently resulted in 

indefinite graft survival and generated potent donor-specific and transferable 

tolerance. Besides from our laboratory, many other groups have also reproducibly 

demonstrated these two antibodies’ propensity in promoting transplantation 

tolerance. Therefore, anti-LFA-1 and anti-CD154 are reliable candidates for 

studying T cell responses during transplant tolerance induction, as tolerance is a 

known consequence resulting from transient treatments with these antibodies.  

For my studies, I utilized two congenic mouse models to track the fate of 

adoptively transferred antigen-specific T cells in vivo during activation and 

treatments with anti-LFA-1 and anti-CD154. The first was a TCR transgenic 

model that allowed the tracking of a defined monoclonal population of responsive 

T cells. This provided an overall representation of any major impacts of anti-

LFA-1 and anti-CD154 on T cell activation. To compensate for issues with 

precursor frequency and monoclonal T cell responses that came with using a TCR 
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transgenic model, I also performed my experiments in parallel on a second 

polyclonal, alloreactive model. By combining these two T cell activation models, 

I hope to present a thorough and systematic representation of antigen-specific T 

cell fate during the induction phase of anti-LFA-1 and anti-CD154 treatments.   

 

1.4 Thesis Hypotheses 

I hypothesize two models of the proximal impact of anti-LFA-1 and/or 

anti-CD154 on antigen-specific T cells based upon our existing understanding of 

the induction and maintenance of self-tolerance.  

 

1.4.1 First Model: Induction of Alternate T Cell Phenotypes 

The first mechanism of anti-LFA-1 and/or anti-CD154-mediated 

transplantation tolerance I hypothesize requires an immediate change in T cell 

activation phenotypes upon antibody treatments. The rationale for this 

hypothesis draws upon our understanding of peripheral self-tolerance, in which 

naïve autoreactive T cells enter the periphery with potential to initiate destructive 

immunity toward self-antigens. However, due to certain events during early T cell 

interaction with its cognate antigen such as lack of costimulation, inappropriate 

affinity or avidity, or activation state of the APCs, the post-activation fate of the 

autoreactive T cells becomes clonal anergy, clonal deletion, or differentiation into 

tolerance-prone phenotype. As the generation of transplantation tolerance requires 

the presence of these therapeutic antibodies, it is logical that the antibodies exert 

direct influence on graft-reactive T cells to render them non-destructive or 

tolerogenic (Fig. 1-4A). 

 

1.4.2 Second Model: Inhibition of Early T Cell Reactivity 

The alternative model of anti-LFA-1 and/or anti-CD154-mediated transplantation 

tolerance requires the down-regulation of T cell reactivity without deviation 

in T cell phenotype upon antibody treatments. The rationale of this hypothesis 

still bases upon our knowledge of the mechanisms of peripheral self-tolerance. 

However, in this case, instead of the therapeutic antibodies being the agents to 
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directly tolerize T cells, their primary role is to dampen immediate T cell 

reactivity sufficiently to allow for early transplant survival and suppress extensive 

inflammation. In this scenario, the transplant, in an immunological environment 

with down-regulated stress and stimulatory signals, can then tolerize graft-

reactive T cells during interactions subsequent to antibody treatment. In other 

words, the transplant, and not the antibodies, is the T cell tolerogen, and it 

achieves this by mimicking peripheral self-antigens in an immunologically 

quiescent state (Fig. 1-4B). 
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1.5 FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1-1. Pathways of T cell-mediated recognition and rejection of 

transplant. A. Direct recognition pathway. B. Indirect recognition pathway. C. 

Semidirect recognition pathway. 
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A 

 
B 

 
 

FIGURE 1-2.  Mechanisms of self-tolerance. A. Central tolerance. B. Peripheral 

tolerance. 
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FIGURE 1-3.  Signals affecting the outcome of T cell activation mentioned in 

this thesis. The effect of TCR-MHC-antigen recognition is indicated as unknown 

because whether this recognition leads to activation is dependent on the sum total 

of costimulatory versus coinhibitory signals received by the T cell. 
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FIGURE 1-4. Hypothesized models of the proximal impact of anti-LFA-1 

and/or anti-CD154 on graft-reactive T cells. A. Anti-LFA-1 and/or anti-CD154 

directly tolerizes T cells by inducing alternate, non-destructive T cell phenotypes. 

B. Anti-LFA-1 and/or anti-CD154 do not directly tolerize T cells or induce 

alternate T cell phenotypes. 
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1.6 TABLES 

 

 
 

TABLE 1-1 Mechanisms and adverse effects of major immunosuppressive 

agents currently used in transplantation.  
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TABLE 1-2. Using monoclonal non-depleting antibodies and biologic agents 

targeting T cell activation pathways as transplantation therapies. 
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CHAPTER TWO 

MATERIALS AND METHODS 

 

2.1 MICE 

All animals were maintained in accordance to the University of Alberta Animal 

Care and Use Committee and the University of Colorado Anschutz Medical 

Campus Institutional Animal Care and Use Committee guidelines. 

 

2.1.1 Recipients 

C57BL/6J (B6, H-2b, CD45.2) mice aged 6-12 weeks were purchased from the 

Jackson Laboratory (Bar Harbor, ME) or from in-house breeding colony with 

breeders purchased from the Jackson Laboratory 

 

2.1.2 T Cell Donors 

2.1.2.1 Monoclonal TCR Transgenic Model 

The following mice were obtained from Taconic Farms (Hudson, NY) through the 

NIAID exchange program, NIH: B6.129S7-Rag1tm1Mom Tg(TcraTcrb)1100Mjb 

(OT-I rag-/-, H-2b; line 4175) and B6.129S7-Rag1tm1Mom Tg(TcraTcrb)425Cbn 

(OT-II rag-/-, H-2b; line 4234) (254, 255). The OT-I rag-/- and OT-II rag-/- mice 

were crossed with B6.SJL-Ptprca Pep3b/BoyJ (CD45.1 B6, H-2b, CD45.1) mice 

purchased from the Jackson Laboratory until OT-I rag-/- and OT-II rag-/- mice 

were fixed with the congenic CD45.1 marker (CD45.1 OT-I rag-/-, CD45.1 OT-II 

rag-/-). In the thesis, the CD45.1 OT-I rag-/- will be referred to generically as OT-

I and the CD45.1 OT-II rag-/- as OT-II. OT-I mice generate MHC-I-restricted 

CD8+ T cells with Vα2+Vβ5+ transgenic TCR specific for a chicken ovalbumin 

peptide (OVA257-264, SIINFEKL) presented by H-2Kb (256). OT-II mice generate 

MHC-II-restricted CD4+ T cells with Vα2+Vβ5+ TCR specific for a chicken 

ovalbumin peptide (OVA323-339, ISQAVHAAHAEINEAGR) presented by H-2I-

Ab (254). 

2.1.2.2 Polyclonal Alloreactive Model 
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B6.SJL-Ptprca Pep3b/BoyJ (CD45.1 B6, H-2b, CD45.1) mice were purchased 

from The Jackson Laboratory. 

 

2.1.3 T Cell Antigen and Transplant Donors 

2.1.3.1 Monoclonal TCR Transgenic Model 

C57BL/6-Tg(ACTB-OVA)916Jen/J (B6-OVA, H-2b) mice with membrane actin-

driven expression of chicken ovalbumin protein were purchased from the Jackson 

Laboratory and maintained by in-house breeding (257). 

2.1.3.2 Polyclonal Alloreactive Model 

BALB/cByJ (BALB/c, H-2d) mice were purchased from the Jackson Laboratory. 

 

2.2 REAGENTS 

 

2.2.1 General Preparations of Live Lymphocytes 

Hank’s balanced salt solution (HBSS) was made by diluting 10X HBSS (Sigma-

Aldrich, St. Louis, MO) in purified water with 0.35 mg/L sodium bicarbonate 

(Sigma-Aldrich) and 10 mM N-2-hydroxyethylpiperazine-N”-2-Ethane Sulfonic 

Acid (HEPES; GIBCO, Invitrogen, Grand Island, NY). Eagle’s essential minimal 

medium (EMEM) was made by adding 10% (v/v) fetal calf serum (Atlanta 

Biologicals, Lawrenceville, GA), 20 mM HEPES (GIBCO, Invitrogen), 1% (v/v) 

100X GlutaMAX (GIBCO, Invitrogen), 1% (v/v) 100X non-essential amino acids 

(GIBCO, Invitrogen), 1% (v/v) penicillin/streptomycin/neomycin (GIBCO, 

Invitrogen), and 10-4 M 2-mercaptoethanol (Sigma-Aldrich) to minimal essential 

medium (MEM; GIBCO, Invitrogen). RBC lysing buffer was purchased from 

Sigma-Aldrich. Lympholyte cell separation media (Mammal) was purchased from 

Cedarlane (Burlington, NC). 0.4% Trypan Blue stain was purchased from GIBCO 

(Invitrogen). 

 

2.2.2 Proliferation Dye Labeling 

Washing solution was made by adding 10 µg/mL DNase (Sigma-Aldrich) and 20 

mM HEPES to MEM (GIBCO, Invitrogen). Labeling solution was made by 
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adding 0.1% (v/v) fetal calf serum (Atlanta Biologicals) to filter-sterilized 

Dulbecco’s phosphate-buffered saline (DPBS; GIBCO, Invitrogen). Quenching 

solution was made by adding 5% (v/v) fetal calf serum (Atlanta Biologicals) to 

filter-sterilized phosphate-buffered saline. Solid carboxyfluorescein succinimidyl 

ester (CFSE) was purchased from Invitrogen Molecular Probes (Eugene, OR) and 

re-constituted into 5 mM stock solutions by dissolving in anhydrous dimethyl 

sulfoxide (Sigma-Aldrich, St. Louis, MO). Solid eFluor 670 was purchased from 

eBioscience (San Diego, CA) and re-constituted into 5 mM stock solutions by 

dissolving in anhydrous dimethyl sulfoxide (Sigma-Aldrich). 

 

2.2.3 Flow Cytometry: Surface Staining 

FACS washing buffer was DPBS (GIBCO, Invitrogen) with 0.01% (w/v) sodium 

azide (Sigma-Aldrich) and 1% (v/v) fetal calf serum (Atlanta Biologicals). FACS 

staining buffer is FACS washing buffer with 10 µg/mL anti-Fc receptor antibody 

(2.4G2; cell line purchased from American Type Culture Collection).  

Antibodies CD45.1 (A20), CD4 (RM4-5), CD8α (53-6.7), CD44 (IM7), CD62L 

(MEL-14) and CD25 (7D4 or PC61.5). Antibodies were purchased from 

BioLegend (San Diego, CA), eBioscience and BD Biosciences (San Jose, CA). 

 

2.2.4 Flow Cytometry: Intracellular Staining 

Permeabilization washing buffer is 0.1% (w/v) saponin (Sigma-Aldrich) in FACS 

washing buffer. Fixing/Permeabilization buffer is HBSS (Sigma-Aldrich) with 

4% (w/v) paraformaldehyde (Sigma-Aldrich), 0.1% (w/v) saponin (Sigma-

Aldrich), and 10 mM HEPES (GIBCO, Invitrogen). 

interferon-γ (XMG1.2, BD Biosciences), granzyme-B (GB11, BD Biosciences), 

interleukin-4 (11B11, BD Biosciences), interleukin-10 (JES5-16E3), and/or tumor 

necrosis factor-α (MP6-XT22), or isotype control antibodies (BD Biosciences), 

FoxP3 (FJK-16s, eBioscience) 

polyclonal rabbit anti-mouse cleaved caspase-3 (Asp175) antibody (Cell 

Signaling Technology, Danvers, MA), then followed by Alexa Fluor 647 goat 

anti-rabbit IgG (H+L) (Invitrogen Molecular Probes) and PE anti-Bcl-2 



	  49	  

(BCL/10C4, BioLegend) or its isotype antibody PE mouse IgG1, κ (MOPC-21, 

BioLegend). 

 

2.2.5 in vitro Re-Stimulation for Intracellular Cytokine Staining 

Solid OT-I peptide (OVA257-264, SIINFEKL) were purchased from GenScript 

(Piscataway, NJ) and re-constituted into 1 mg/mL stock solution by dissolving 1 

mg of OT-I peptide in 50 µL anhydrous dimethyl sulfoxide then raise the 

concentration to 1 mg/mL by adding 950 µL of PBS. 

Solid OT-II peptide (OVA323-339, ISQAVHAAHAEINEAGR) were purchased 

from GenScript (Piscataway, NJ) and re-constituted into 1 mg/mL stock solution 

by dissolving 1 mg of OT-II peptide in 1 mL of PBS. Phorbol 12-myristate 13-

acetate (PMA) was purchased from Sigma-Aldrich and diluted in dimethyl 

sulfoxide (Sigma-Aldrich) to make 400 µg/mL stock solution. Ionomycin was 

purchased from Sigma-Aldrich and diluted in dimethyl sulfoxide (Sigma-Aldrich) 

to make 500 µg/mL stock solution. Brefeldin A were purchased from Sigma-

Aldrich and re-constituted to 10 mg/mL stock solution in molecular grade 100% 

ethanol (Sigma-Aldrich). 

 

2.2.6 Pancreatic Islet Transplantation 

Collagenase Type V was purchased from Sigma-Aldrich. Medium A was made by 

adding 1% HEPES, 10 µg/mL DNase, and 1.5 g/L bovine serum albumin (Fisher 

Scientific, Hampton, NH). Medium B was made by adding 1% HEPES and 10% 

(v/v) bovine calf serum (Sigma-Aldrich) to HBSS. Histopaque was purchased 

from Sigma-Aldrich. Isoflurane (Fluriso) was purchased from Vet One (Boise, 

ID) 

 

2.3 MONOCLONAL ANTIBODY THERAPIES 

 

2.3.1 Anti-LFA-1 Therapy 
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Animals received 200 µg of anti-LFA-1 (KBA, rag IgG2a; cell line generously 

provided by Dr. A. Ihara at University of Tokyo) by intraperitoneal injections on 

days 0, 1, 7, 14 with day 0 being the day of antigen challenge or transplantation. 

 

2.3.2 Anti-CD154 Therapy 

Animal received 250 µg of anti-CD154 (MR-1, hamster IgG; purchased from Bio 

X Cell, West Lebanon, NH) by intraperitoneal injections on days -1, 2, 7, 9 with 

day 0 being the day of antigen challenge or transplantation. 

 

2.3.3 Combined Anti-LFA-1 and Anti-CD154 Therapy 

Animals received 200 µg of anti-LFA-1 on days 0, 1, 7, 14 plus 250 µg of anti-

CD154 on days -1, 2, 7, 9 with day 0 being the day of antigen challenge or 

transplantation. 

 

2.3.4 Ascites Preparation 

Anti-LFA-1 was prepared from the KBA hybridoma cells using ascites. Out-bred 

ICR-SCID mice were purchased from Jackson Laboratory. The mice were 

injected intraperitoneally with 0.5 mL Pristane (2,6,10,14-

Tetramethylpentadecane; Sigma-Aldrich) 14 to 21 days prior to injection of 

hybridoma cells. Pristane-primed mice were injected with 10x106 KBA 

hybridoma cells intraperitoneally and monitored daily. When mice appeared 

bloated, they were euthanized and small incisions were made over their ventral 

peritoneum. Abdominal fluid was collected using a sterile plugged Pasteur pipet. 

The fluid was centrifuged at 478 x g for 10 minutes at 4-degree Celsius to remove 

the top Pristane layer and the red blood cell pellets. The middle ascites layer was 

centrifuged and purified again, then quantitated by ELISA. Unused ascites were 

stored in -80-degree Celsius freezer. 

 

2.4 LABELING LYMPHOCYTES WITH PROLIFERATION DYES 

Lymphocytes to be tracked for adoptive transfer experiments were harvested from 

donor spleens and lymph nodes (axial, brachial, inguinal, mesenteric, cervical). 
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The lymph nodes were dissociated by glass slides. The spleens were repeatedly 

cut with surgical scissors and ground through 70 micron cell strainers with a 

syringe plunger then depleted of red blood cells by incubating with red blood cell 

lysis buffer at 1 mL/spleen for 2 minutes then washed once by adding 10 mL 

HBSS to the lysis buffer-splenocyte mix. Lymphocytes from lymph nodes and 

spleens were then combined and counted. Lymphocytes were then washed once 

with washing solution. Single-cell suspensions were made in labeling solution at 

106 cells/mL and incubated with either 5 µM eFluor 670 or 1 µM CFSE for 5 

minutes at room temperature. The staining process was then quenched to adding 

equal-volume of quenching solution as the volume the cells were stained in then 

centrifuged. The cells were washed once in washing solution prior to 

resuspending in EMEM. The labeled cells were then counted again to account for 

any cell loss during the labeling process. 

 

2.5 FLOW CYTOMETRY 

All flow cytometric data were acquired on a LSR II flow cytometer (BD 

Biosciences) and analyzed using FlowJo analysis software version 9.5.2  

(TreeStar, Ashland, OR). 

 

2.5.1 Staining for Cell Surface Markers 

Cells were harvested from individual experiments and processed as described in 

sections 2.7, 2.8, and 2.10. Single-cell suspensions of cells to be stained were 

transferred into 96-well V-bottom plates (Costar, Corning, Corning, NY) at 106 

cells/well and centrifuged at 544 x g for 4 minutes. The cells were washed again 

by adding 200 µL FACS washing buffer per well prior to centrifuging. 

Fluorescence-conjugated antibodies against cell surface markers were diluted in 

FACS staining buffer to make a master mix. Generally, surface antibodies were 

diluted at a ratio of 1:500. The cells were incubated with 50 µL of master mix per 

well for 30 minutes in the dark at 4-degree Celsius. The cells were washed twice 

with then resuspended in  FACS washing buffer prior to transfer into 5-mL 



	  52	  

polystyrene round-bottom tubes ( BD Falcon, BD Biosciences, San Jose, 

California) for flow cytometry acquisition. 

 

2.5.2 Staining for Intracellular Cytokines 

Cells were harvested from individual experiments and processed as described in 

sections 2.7, 2.8 and 2.10. Single-cell suspensions were re-stimulated in vitro for 

cytokine production as described in section 2.6. Cells were then transferred into 

96-well V-bottom plates and centrifuged at 544 x g for 4 minutes followed by two 

washes with FACS washing buffer. Cells were stained with surface marker-

specific antibodies as outlined in section 2.5.1. After the last wash with FACS 

washing buffer at the end of surface staining, cells were resuspended in 

fixation/permeabilization buffer at 100 µL/well for 15 minutes at room 

temperature. The cells were subsequently washed twice with 200 µL 

permeabilization buffer at 850 x g for 4 minutes. Fluorescence-conjugated 

antibodies specific to intracellular cytokines were diluted in permeabilization 

buffer to make a master mix. Intracellular cytokine antibodies were generally 

diluted at a ratio of 1:500. Cells were incubated with master mix at 50 µL/well for 

a minimum of 45 minutes in the dark at 4-degree Celsius. Cells were then washed 

twice with permeabilization buffer prior to resuspending in FACS washing buffer. 

Cells were transferred into flow cytometry tubes for acquisition. 

 

2.5.3 Staining for the Transcription Factor FoxP3 

Cells were harvested from individual experiments and processed as described in 

sections 2.7, 2.8 and 2.10. Single-cell suspension of harvested cells were then 

transferred into 96-well V-bottom plates and centrifuged at 544 x g for 4 minutes 

followed by two washes with FACS washing buffer. Cells were stained with 

surface marker-specific antibodies as outlined in section 2.5.1. After the last wash 

with FACS washing buffer at the end of surface staining, cells were resuspended 

in fixation/permeabilization buffer at 100 µL/well for 15 minutes at room 

temperature. The cells were subsequently washed twice with 200 µL 

permeabilization buffer at 850 x g for 4 minutes. Fluorescence-conjugated 



	  53	  

antibodies specific to FoxP3 transcription factor were diluted in permeabilization 

buffer at a ratio of 1:200. Cells were incubated with diluted FoxP3 antibody at 50 

µL/well for a minimum of 60 minutes in the dark at 4-degree Celsius. Cells were 

then washed twice with permeabilization buffer prior to resuspending in FACS 

washing buffer. Cells were transferred into flow cytometry tubes for acquisition. 

 

2.5.4 Staining for Apoptosis Regulator Proteins 

Cells were harvested from individual experiments and processed as described in 

sections 2.7, 2.8 and 2.10. Single-cell suspension of harvested cells were then 

transferred into 96-well V-bottom plates and centrifuged at 544 x g for 4 minutes 

followed by two washes with FACS washing buffer. Cells were stained with 

surface marker-specific antibodies as outlined in section 2.5.1. After the last wash 

with FACS washing buffer at the end of surface staining, cells were resuspended 

in fixation/permeabilization buffer at 100 µL/well for 15 minutes at room 

temperature. The cells were subsequently washed twice with 200 µL 

permeabilization buffer at 850 x g for 4 minutes. Polyclonal rabbit anti-mouse 

cleaved caspase-3 (Asp175) antibody was diluted in permeabilization buffer at a 

ratio of 1:200. Cells were incubated with diluted caspase 3 antibody at 50 µL/well 

for a minimum of 30 minutes in the dark at 4-degree Celsius then washed twice 

with 200 µL permeabilization buffer. Alexa Fluor 647 goat anti-rabbit IgG (H+L) 

antibody was diluted in permeabilization buffer at a ratio of 1:200 along with anti-

Bcl-2 antibody or its isotype control at 1:50 to make master mixes. Cells were 

incubated with the master mix at 50 µL/well for a minimum of 30 minutes at 4-

degrees Celsius in the dark. Cells were then washed twice with permeabilization 

buffer prior to resuspending in FACS washing buffer. Cells were transferred into 

flow cytometry tubes for acquisition. 

Cultured thymocytes were used as positive apoptosis control. Thymi were 

harvested and dissociated by grinding through a 70-micron cell strainer with a 5-

mL syringe plunger. Thymocytes were counted, resuspended in EMEM, and 

transferred into 12-well sterile cell culture plates at 5x106 cells per well and 

cultured from 1 to 3 days prior to staining with caspase 3 antibody. 
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2.6 in vitro RE-STIMULATION FOR INTRACELLULAR CYTOKINE 

STAINING 

 

2.6.1 Monoclonal TCR Transgenic Model 

Lymphocytes were harvested and dissociated from lymphoid organs specified for 

each experiment type. Single-cell suspensions of lymphocytes were incubated in 

96-well flat-bottom cell culture plates (Costar, Corning, Corning, NY) at 106 

cells/well in EMEM containing 1 µg/mL brefeldin A with 0.1 µM OT-I peptide 

and/or 1.0 µM OT-II peptide depending on the transgenic T cells to be assessed 

for cytokines. The cells were incubated for 4 to 5 hours at 37-degree Celsius with 

10% CO2. The cells were then transferred into 96-well V-bottom plates and 

resuspended in FACS washing buffer for flow cytometry processing.  

 

2.6.2 Polyclonal Alloreactive Model 

Lymphocytes were harvested and dissociated from lymphoid organs specified for 

each experiment type. Single-cell suspensions of lymphocytes were incubated in 

96-well flat-bottom cell culture-treated plates at 106 cells/well in Eagle’s essential 

minimal medium containing 1 µg/mL brefeldin A with 40 ng/mL PMA and 500 

ng/mL ionomycin. The cells were incubated for 4 to 5 hours at 37-degree Celsius 

with 10% CO2. The cells were then transferred into 96-well V-bottom plates and 

resuspended in FACS washing buffer for flow cytometry processing.  

 

2.7 LOCAL FOOTPAD ANTIGEN CHALLENGE 

 

2.7.1 Monoclonal TCR Transgenic Model 

2.7.1.1 Adoptive Transfer 

Lymph nodes and spleens were harvested from naive CD45.1 OT-I rag-/- or 

CD45.1 OT-II rag-/- cell donors. Lymphocytes were dissociated from the 

lymphoid organs and labeled with proliferation dye as described in section 2.4. 

After labeling and cell counting, lymphocytes were resuspended in HBSS at 
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5x106 cells/0.1 mL for CD45.1 OT-I rag-/- and 10x106 cells/0.1 mL for CD45.1 

OT-II rag-/- in preparation for adoptive transfer. Recipients were briefly 

anesthetized by isoflurane inhalation and the lymphocytes were adoptively 

transferred into recipients via intravenous retro-orbital injection at a volume of 0.1 

mL/recipient. Therefore, CD45.1 OT-I rag-/- were transferred at 5x106 

cells/recipient and CD45.1 OT-II rag-/- at 10x106 cells/recipient.  

To examine engraftment of the transferred lymphocytes in the recipients, 200 µL 

blood was collected from each recipient via submandibular bleeds 2 to 4 days post 

adoptive transfer. The blood was layered above 1 mL of lympholite (mammal) 

and centrifuged at 850 x g for 20 minutes at room temperature to separate the 

components. The lymphocyte layer was then collected and washed with 3 mL 

FACS washing buffer by centrifuging at 544 x g for 4 minutes prior to transfer 

into 96-well V-bottom plates for flow cytometry processing as described in 

section 2.5.1. CD45.1 OT-I rag-/- lymphocytes were identified by co-expression 

of CD45.1 and CD8, and CD45.1 OT-II rag-/- lymphocytes were identified by co-

expression of CD45.1 and CD4.  

2.7.1.2 Antigen Challenge and Therapy Treatment 

2-4 days post adoptive transfer and after engraftment was confirmed, spleens were 

harvested from B6-OVA cell donor mice. The spleens were cut into small pieces 

and ground through 70-micron cell strainers with a 5-mL syringe plunger to 

dissociate the splenocytes. The splenocytes were counted then resuspended in 

HBSS at 1x106 cells/25 µL in preparation for footpad injection. The recipients 

with previously adoptively transferred lymphocytes were transiently anesthetized 

by isoflurane inhalation and 25 µL of B6-OVA splenocytes were subcutaneously 

injected into each footpad of the hind paws. Therefore, each recipient received 

1x106 B6-OVA splenocytes per footpad in both footpads. 

Therapy-treated recipients were given their respective monoclonal antibodies as 

outlined in section 2.3. 

2.7.1.3 Harvest and Analysis 

At 3 days post footpad challenge for CD45.1 OT-I rag-/- lymphocytes and 4 days 

post footpad challenge for CD45.1 OT-II rag-/- lymphocytes, draining popliteal 
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lymph nodes were harvested from recipients along with distal mesenteric lymph 

nodes, spleens, and blood. The blood was processed as described in section 

2.7.1.1. The spleens were dissociated via described in section 2.7.1.2 and the 

lymph nodes via frosted glass slides. The splenocytes were RBC-depleted as 

described in section 2.4. Cells were then resuspended in EMEM and counted. At 

this point, the cells would be processed for flow cytometry as described in section 

2.5 depending on the phenotypes being examined. 

 

2.7.2 Polyclonal Alloreactive Model 

2.7.2.1 Adoptive Transfer 

Lymph nodes and spleens were harvested from naive CD45.1 B6 cell donors. 

Lymphocytes were dissociated from the lymphoid organs and labeled with 

proliferation dye as described in section 2.4. After labeling and cell counting, 

lymphocytes were resuspended in HBSS at 30x106 cells/0.1 mL in preparation for 

adoptive transfer. Recipients were briefly anesthetized by isoflurane inhalation 

and the lymphocytes were adoptively transferred into recipients via intravenous 

retro-orbital injection at a volume of 0.1 mL/recipient. Therefore, each recipient 

received 30x106 CD45.1 B6 lymphocytes.  

The engraftments of the transferred lymphocytes were confirmed as described in 

section 2.7.1.1. CD45.1 B6 lymphocytes were identified as CD8+ and CD4+ cells 

also expressing CD45.1. 

2.7.2.2 Antigen Challenge and Therapy Treatment 

2-4 days post adoptive transfer and after engraftment was confirmed, spleens were 

harvested from BALB/c cell donor mice. Processing of splenocytes and 

subsequent footpad injections were as described in section 2.7.1.2. 

Therapy-treated recipients were given their respective monoclonal antibodies as 

outlined in section 2.3. 

2.7.2.3 Harvest and Analysis 

At 5 days post footpad challenge, draining popliteal lymph nodes were harvested 

from recipients along with distal mesenteric lymph nodes, spleens, and blood. The 

cells were processed for analysis as described in section 2.7.1.3. 
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2.8 SECONDARY ANTIGEN CHALLENGE 

 

2.8.1 in vivo Systemic Primary Antigen Stimulation 

2.8.1.1 Monoclonal TCR Transgenic Model 

CD45.1 OT-I rag-/- or CD45.1 OT-II rag-/- lymphocytes were harvested, 

processed, and adoptively transferred into recipients as described in section 

2.7.1.1 with the exception that the lymphocytes were not labeled with 

proliferation dyes. 2-4 days post adoptive transfer, engraftments of transferred 

cells were confirmed as outlined in section 2.7.1.1. At this time, spleens were 

harvested from B6-OVA donor mice and processed for splenocytes as described 

in section 2.7.1.2. The splenocytes were resuspended in HBSS at 5x106 cells/0.1 

mL, and each recipient received 0.1 mL of the suspension by intraperitoneal 

injection. Therefore, each recipient was systemically challenged with 5x106 B6-

OVA splenocytes at the time of primary antigen stimulation. Therapy-treated 

recipients received their respective monoclonal antibodies as outlined in section 

2.3. 

2.8.1.2 Polyclonal Alloreactive Model 

CD45.1 B6 lymphocytes were harvested, processed, and adoptively transferred 

into recipients as described in section 2.7.2.1 with the exception that the 

lymphocytes were not labeled with proliferation dyes. 2-4 days post adoptive 

transfer, engraftments of transferred cells were confirmed as outlined in section 

2.7.2.1. At this time, spleens were harvested from BALB/c donor mice and 

processed for splenocytes as described in section 2.7.2.2. The splenocytes were 

resuspended in HBSS at 5x106 cells/0.1 mL, and each recipient received 0.1 mL 

of the suspension by intraperitoneal injection. Therefore, each recipient was 

systemically challenged with 5x106 BALB/c splenocytes at the time of primary 

antigen stimulation. Therapy-treated recipients received their respective 

monoclonal antibodies as outlined in section 2.3. 

 

2.8.2 in vitro Secondary Antigen Challenge 
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2.8.2.1 Monoclonal TCR Transgenic Model 

At day ≥ 21 post primary activation, the spleens from the recipients were 

harvested and the splenocytes dissociated as described in section 2.7.1.1. Spleens 

from B6-OVA mice were also harvested as secondary antigen source. The 

splenocytes were depleted of red blood cells as described in section 2.4, counted, 

and resuspended in EMEM. 1x106 cells from each recipient were transferred into 

96-well flat-bottom cell culture-treated plates and peptide-stimulated for 5 hours 

for cytokine generation as described in section 2.6.1. The cells were subsequently 

processed for intracellular cytokine staining and flow cytometry as described in 

section 2.5.2. 

The remaining recipient splenocytes were labeled with proliferation dyes as 

described in section 2.4. The recipient cells were resuspended in EMEM at 

10x106 cells/mL, and the B6-OVA splenocytes at 30x106 cells/mL. 1 mL (10x106 

cells) of the recipient splenocytes were added into 25-cm2 cell culture flasks 

(Corning, Corning, NY) standing upright with or without 1 mL (30x106 cells) of 

the B6-OVA splenocytes. The flasks were topped off to a final volume of 20 mL 

with EMEM. The cells were incubated at 37-degree Celsius and 10% CO2 for 

three days. At which point, the cells were harvested from the culture flasks and 

processed for flow cytometric analysis as described in section 2.5.1. 

2.8.2.2 Polyclonal Alloreactive Model 

At day ≥ 21 post primary activation, the spleens from the recipients were 

harvested and the splenocytes dissociated as described in section 2.7.1.1. Spleens 

from BALB/c mice were also harvested as secondary antigen source. The 

splenocytes were depleted of red blood cells as described in section 2.4, counted, 

and resuspended in EMEM. 1x106 cells from each recipient were transferred into 

96-well flat-bottom cell culture-treated plates and stimulated for 5 hours with 

PMA/ionomycin for cytokine generation as described in section 2.6.2. The cells 

were subsequently processed for intracellular cytokine staining and flow 

cytometry as described in section 2.5.2. 

The remaining recipient splenocytes were labeled with proliferation dyes as 

described in section 2.4. The recipient cells were resuspended in EMEM at 
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10x106 cells/mL, and the BALB/c splenocytes at 30x106 cells/mL. 1 mL (10x106 

cells) of the recipient splenocytes were added into 25-cm2 cell culture flasks 

standing upright with or without 1 mL (30x106 cells) of the BALB/c splenocytes. 

The flasks were topped off to a final volume of 20 mL with EMEM. The cells 

were incubated at 37-degree Celsius and 10% CO2 for three days. At which point, 

the cells were harvested from the culture flasks and processed for flow cytometric 

analysis as described in section 2.5.1. 

 

2.9 TRANSPLANTATION SURGERIES 

 

2.9.1 Pancreatic Islets 

2.9.1.1 Pancreatic Islet Isolation 

Donor mice were anesthetized via intraperitoneal Avertin injection, secured to the 

surgical board with abdomens facing upwards, and drenched with 70% denatured 

ethanol. Incisions were made into the skin and viscera to expose the peritoneum. 

Donors were exsanguinated at this point by incisions to the abdominal aorta/vena 

cava. Liver lobes were reflected to expose the gall bladder and common bile duct. 

The bile duct was clamped off at the junction with the small intestines, and the 

pancreas was injected with 4 mL of 2.5 mg/mL collagenase solution through the 

bile duct and removed. The pancreas was placed in a 50-mL tube and incubated in 

a 37-degree Celsius water bath until the islets had separated from the exocrine 

tissue. The incubation time was approximately 8-12 minutes and mouse strain-

dependent. The incubation was terminated by shaking and disrupting the tube 

containing the digesting pancreas followed by adding and mixing 45 mL of 

medium A to the tube. The tube was placed on ice for 5 minutes to allow tissue 

settling and 20 mL of supernatant was vacuum-aspirated. This process was 

repeated twice, then the tissue was filtered into a new 50-mL tube through a wire 

filter screen to remove undigested pancreas and lymph nodes. The tube was 

topped off with medium B and centrifuged briefly at 850 x g to form a soft pellet. 

The supernatant was discarded, and the pellet was resuspended in 5 mL medium 

B. 5 mL of histopaque was layered beneath the pellet mix and centrifuged at 850 
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x g for 20 minutes, at which point the islets were collected at the interface. The 

islet interface layer was transferred to a 15 mL centrifuge tube, added with 

medium B, and centrifuged at 850 x g for 35 seconds. The supernatant was 

discarded and the tube was filled with medium B and placed on ice for 5 minutes 

to allow islets to settle. Most of the fluid was vacuum-aspirated, and the settling 

process was repeated until the supernatant appeared free of acinar tissue. The 

fluid containing the islets were transferred into a 100-mm petri dish on a 

dissecting microscope, and the islets were hand-picked and counted with a 

modified Pasteur pipet. 

2.9.1.2 Chemical Induction of Diabetes with Streptozotocin 

Pancreatic islet recipients were rendered diabetic using streptozotocin. Mice 

were given a single injection of streptozotocin intravenously minimum three days 

prior to islet transplantation. Streptozotocin was given at dosage of 160 to 220 

mg/kg body weight depending on the mouse strain. Monitoring of diabetes onset 

in treated mice started two days post streptozotocin injection. Diabetes was 

defined as two consecutive blood glucose readings of more than 20 mM after 

streptozotocin treatment. Mice confirmed as diabetic were selected as recipients 

of pancreatic islets. 

2.9.1.3 Pancreatic Islet Implantation 

The islated islets were transferred into a PE-50 tubing and pelleted. Recipients 

were anesthetized via isoflurane inhalation and an incision was made at their left 

dorsal-lateral lumbar region. The surgical site was sterilized by wiping down with 

70% ethanol pads followed by povidone-iodine pads. A 1 cm incision was made 

through the skin and peritoneal wall, and the left kidney was exposed through the 

incision. A 26-gauge needle was used to made a small hole in the kidney capsule. 

The end of the PE-50 tubing containing the islet pellet was inserted beneath the 

capsule, and the pellet was transferred into the capsule space using a micrometer. 

The peritoneal wall and the skin were closed with autoclips. 

2.9.1.4 Monitoring Recipients 

The recipients’ blood glucose readings were monitored daily for the first week or 

until achieving euglycemia (<15 mM). At this point, the recipients were 
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monitored three times a week until rejection of the pancreatic islets or until graft 

survival exceeded 100 days. Graft rejection was determined as two consecutive 

blood glucose readings above euglycemic level, and the recipients were 

euthanized at this point. Recipients bearing grafts exceeding 100 days of survival 

were given nephrectomy to remove the islet graft-bearing kidney. Survival 

nephrectomy was used to confirm the dependence of recipient glucose control on 

the presence of the transplanted islets. 

2.9.1.5 Survival Nephrectomy 

Recipients were anesthetized via isoflurane inhalation and their left dorsal-lateral 

lumbar region was shaven. The surgical site was sterilized by wiping down with 

70% ethanol pads followed by povidone-iodine pads. A 2 cm incision through the 

skin and peritoneal wall was made at the site of the prior islet transplantation, and 

the graft-bearing kidney was exposed. The adipose tissue surrounding the kidney 

and the renal vessels was dissected away, and the renal artery, vein, and ureter 

were ligated with nonabsorbable 5-0 silk sutures. The kidney was removed by 

excising the renal artery above the ligature. The peritoneal wall and the skin were 

then closed with autoclips. Nephrectomized recipients were monitored daily after 

the procedure for the recurrence of diabetes as determined by two consecutive 

blood glucose readings above euglycemic level (15 mM). Diabetic recipients were 

euthanized at this point. 

 

2.9.2 Skin 

2.9.2.1 Full-Thickness Trunk Skin Preparation 

Skin donors (B6-OVA or BALB/c) were euthanized and shaven with electric 

clippers. The donors were drenched with 70% denatured ethanol. The donor skins 

were cut circumferentially around the shoulder joints and the hip joints; the two 

cuts were then joined by a longitudinal cut. The skins were peel off and rinsed in 

sterile PBS. The fat and subcutaneous tissues were scraped off of the skins, which 

were then cut into 1 cm2 squares and kept in PBS. 

2.9.2.2 Skin Grafting 
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The recipient mice (B6) were anesthetized with isoflurane inhalation and shaved 

from shoulder joint to approximately hip joint on the dorsal side of their trunks. 

The recipients were wiped down with ethanol gauze pads at the shaven site, and a 

square 1 cm2 graft bed was cut on the dorsal side of the thorax but extended no 

further than the spine. The donor skins were placed on the graft beds with excess 

edges trimmed and affixed with small amounts of veterinary surgical glue 

(VetBond; 3M, St. Paul, MN). The grafts were covered with Vaseline-infused 

gauze (Tyco Healthcare Group, Mansfield, MA), and cohesive flexible bandages 

(Fisherbrand, Fisher HealthCare, Houston, TX) were applied circumferentially 

around the recipients. 

2.9.2.3 Therapy Treatments and Monitoring of Recipients 

Therapy-treated recipients were given their respective monoclonal antibodies as 

outlined in section 2.3. All recipients were monitored daily. The bandages were 

removed after minimum of 7 days. The grafts were observed daily after bandage 

removal. The day of rejection was determined as the day the entire graft had 

become necrotic. 

 

2.10 NAÏVE T CELL RE-CHALLENGE OF LONG-TERM B6-OVA SKIN 

GRAFTS 

 

2.10.1 Re-Challenge: Naïve T Cells Alone 

Lymph nodes and spleens were harvested from naive CD45.1 OT-I rag-/- or 

CD45.1 OT-II rag-/- cell donor mice. Lymphocytes were dissociated and labeled 

with proliferation dye as described in section 2.4. 104 CD45.1 OT-I rag-/- or 

2x104 CD45.1 OT-II rag-/- labeled lymphocytes were adoptively transferred by 

intravenous retro-orbital injection into 1) combined anti-LFA-1 and anti-CD154 

therapy-treated recipients bearing healthy B6-OVA skin grafts for a minimum of 

60 days, 2) naïve recipients with fresh B6-OVA graft, and 3) naïve recipients with 

fresh B6 grafts. Recipients with CD45.1 OT-I rag-/- lymphocytes were harvested 

5 days post transfer, and those with CD45.1 OT-II rag-/- lymphocytes 6 days post 

transfer. Skin draining lymph nodes (axial, brachial, inguinal) were harvested as 
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the primary site of reaction along with mesenteric lymph nodes and spleens. The 

lymphoid organs were dissociated and processed for cytokine re-stimulation 

(section 2.6.1) and flow cytometric analysis (section 2.5). 

 

2.10.2 Re-Challenge: Naïve T Cells with Peripheral Donor Antigen 

Stimulation 

Lymph nodes and spleens were harvested from naive CD45.1 OT-I rag-/- or 

CD45.1 OT-II rag-/- cell donor mice. Lymphocytes were dissociated and labeled 

with proliferation dye as described in section 2.4. 104 CD45.1 OT-I rag-/- or 

2x104 CD45.1 OT-II rag-/- labeled lymphocytes were adoptively transferred by 

intravenous retro-orbital injection into 1) combined anti-LFA-1 and anti-CD154 

therapy-treated recipients bearing healthy graft for a minimum of 60 days, 2) 

recipients transplanted with and subsequently rejected B6-OVA graft minimally 

60 days prior, and 3) recipients bearing healthy syngeneic B6 graft for minimally 

60 days. All recipients were subsequently challenged in both footpads with 1x106 

live B6-OVA splenocytes one day post adoptive transfer. Recipients with CD45.1 

OT-I rag-/- lymphocytes were harvested 4 days post transfer, and those with 

CD45.1 OT-II rag-/- lymphocytes 5 days post transfer. Skin draining lymph nodes 

(axial, brachial, inguinal) and popliteal lymph nodes were harvested as the 

primary sites of reaction along with mesenteric lymph nodes and spleens. The 

lymphoid organs were dissociated and processed for cytokine re-stimulation 

(section 2.6.1) and flow cytometric analysis (section 2.5). 

 

2.11 STATICTICAL ANALYSIS 

 

2.11.1 Transplant Survival Curves 

Statistical significance of transplant survival curves were analyzed using Log-

rank (Mantel-Cox) Test. Significance is defined as a minimum of P < 0.05. 

 

2.11.2 Absolute Cell Counts and Flow Cytometry 
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Statistical significance of absolute cell counts and flow cytometric data was 

analyzed using one-way analysis of variance followed by Turkey’s multiple 

comparison test.  Error bars on bar graphs represent standard error of the mean. 

 

2.12 REPRODUCIBILITY 

All data represent a minimum of three separate experiments. 
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CHAPTER THREE 

ESTABLISHING A MODEL FOR 

TRACKING THE FATE OF ANTIGEN-SPECIFIC T CELLS 

 

3.1 INTRODUCTION 

The primary goal of this thesis was to interrogate the proximal impact of 

transplantation tolerance-promoting antibody therapies on the fate of T cells, thus 

elucidating the requirements for inducing immune tolerance to a foreign antigen. 

As such, a specific naïve T cell population needed to be tracked through antigen-

driven activation and proliferation in order to interrogate whether the presence of 

therapeutic antibodies changed the fate of these T cells. Therefore, a T cell 

adoptive transfer model was employed. This technique was initially developed as 

a means of accurately and precisely following the natural history of an antigen-

specific T cell population through its response in vivo and later extended to the 

study of TCR-transgenic T cells (257, 258). Since the primary objective of this 

thesis is to compare the consequences of T cell activation under treatments with 

anti-LFA-1, anti-CD154, or combined anti-LFA-1/anti-CD154 therapies, the 

adoptive transfer of T cells enabled specific analysis of one single population of 

responding T cells during the course of the therapies. Importantly, detecting donor 

T cell proliferation during primary activation was a major outcome examined 

throughout this thesis. As such, adoptive transfer allowed the harvesting and 

processing of the T cell population to be tracked prior to transfer into the 

recipients to monitor subsequent in vivo activation. Tracking such transferred 

cells involved the labeling of responding T cells with various proliferation dyes 

and thus provided a dynamic representation of T cell reactivity during antibody 

treatment. To thoroughly examine the fate of T cells in the presence of therapeutic 

antibodies, two in vivo activation models were established using two types of T 

cell-antigen activation scenarios. 

The first in vivo T cell activation model is monoclonal and antigen-

specific. This model uses TCR transgenic T cells with congenic markers as the T 

cells to be tracked through activation and proliferation. As described in section 
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2.1.2.1, the models used were the OT-I and OT-II transgenic mice that generated 

CD8+ and CD4+ T cells respectively that specifically recognized the neo-antigen 

chicken ovalbumin (OVA) in the context of MHC H-2b. Since the TCR transgenic 

T cells were monoclonal and responded solely to single OVA epitopes, this model 

allowed the tracking of a very specific T cell response with very low background 

reactivity. In other words, activating adoptively transferred OT-I or OT-II T cells 

in vivo with OVA-expressing APCs presented a very precise illustration of T cell 

reactivity. Therefore, the monoclonal TCR transgenic T cell model was an 

excellent model for interrogating general and fundamental changes in the fate of T 

cells. 

However, while the monoclonal nature of the TCR-transgenic T cells 

permits clear antigen-specificity in the response, this model also presents an 

obstacle in accurately representing naïve T cell reactivity. That is, the study of a 

single antigen specificity may not accurately reflect the response of the entire 

polyclonal endogenous TCR repertoire. For instance, it has been shown that initial 

naïve T cell frequency prior to antigen exposure significantly impacted the quality 

of the resulting T cell response (259, 260). Since a single clone of antigen-specific 

T cells generally exist in exceeding low frequencies endogenously, it is very 

difficult to adoptively transfer a monoclonal population of T cells in comparably 

low cell number to recapitulate its physiological frequency and still allow robust 

tracking of this T cell population. Furthermore, TCR transgenic T cells were 

usually generated by selecting for high-affinity and high-reactivity clones 

amongst T cells specific for a single antigen. As such, adoptive transfer of a 

monoclonal TCR transgenic T cell inadvertently creates an initial naïve T cell 

population that is likely superior in quantity, affinity, and avidity compared to an 

endogenous and polyclonal antigen-specific T cell population. The representation 

of T cell fate using these transgenic T cells may therefore be biased. While TCR 

transgenic T cells allows highly specific tracking of a tracer population of T cells 

in a wild-type recipient, they might not be wholly representative of a typical T 

cell response. 



	  67	  

To compensate for this caveat, an alternative adoptive transfer model was 

used in parallel with the monoclonal transgenic model to create a broader, more 

physiological representation of T cell response during treatments with therapeutic 

antibodies. Instead of using a monoclonal population of T cells as the initial tracer 

population, bulk polyclonal wild-type T cells were adoptively transferred into 

congenic recipients and challenged with allo-antigens. Adoptively transferring a 

wild-type, polyclonal population of T cells allowed the initial frequency of 

antigen-specific (alloreactive) T cells to remain physiological and unchanged, and 

the response to the allo-antigen would be a heterogeneous conglomerate of 

different allo-antigen-specific T cell clones. This prevented biasing the T cell 

response with artificial frequency and affinity. Furthermore, since transplantation 

within the same species is by nature an allogeneic response, tracking wild-type 

alloreactive T cells more accurately represented transplant immunity. However, 

due to the lack of a specific tracking marker for endogenous alloreactive T cells, 

one difficulty with tracking a polyclonal T cell population was the decreased 

precision in following “antigen-specific” T cells. Since the frequency of 

responding T cells was comparatively low, the analysis of T cell response was not 

as precise as using the monoclonal transgenic T cells. However, by using them in 

tandem, the two models complemented each other and created a more thorough 

and dynamic representation of T cell response during primary antigen activation 

and treatments with antibody therapies. 

This chapter describes the development of the adoptive transfer model for 

tracking T cell primary response in vivo. Various perimeters of the adoptive 

transfer and in vivo antigen activation processes were examined. It also details the 

development of specific techniques to examine different aspects of T cell 

response from activation, proliferation, effector function, to apoptosis. To ensure 

reliable analysis of T cell response during treatments with therapeutic antibodies, 

every technique and model used in this thesis was thoroughly tested. 

 

3.2 RESULTS 

Monoclonal antibody therapies can prolong pancreatic islet allograft survival 
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Prior to examining the therapeutic mechanisms of anti-LFA-1 and anti-

CD154 therapies in vivo, it was essential to confirm that such treatments could 

induce prolonged or indefinite allograft survival. This was tested using a 

pancreatic islet allograft model as described in section 2.9.1. Briefly, B6 

recipients were rendered chemically diabetic with streptozotocin. The diabetic 

recipients were then transplanted with 450 BALB/c pancreatic islets under the left 

kidney capsule and treated with or without either anti-LFA-1 or anti-CD154 

antibodies. Recipients receiving BALB/c islet allograft without any treatment 

consistently rejected their transplants within 21 days and reverted to 

hyperglycemia (Figure 3-1). When visually observed under the microscope, 

recipients who rejected their grafts had no observable islets remaining under the 

kidney capsule at the time of rejection. However, treatment with anti-LFA-1 alone 

allowed 40% of the recipients to achieve indefinite graft survival, and anti-CD154 

prolonged graft survival in at least 70% of the recipients (Figure 3-1). These 

results were similar to pancreatic islet allograft prolongation observed previously 

in our laboratory, and anti-LFA-1 and anti-CD154 were confirmed as effective in 

promoting long-term allograft survival (218). 

To demonstrate that the antibody-promoted allograft survival resulted in a 

resistance to induced allograft immunity, recipients euglycemic for a minimum of 

120 days were challenged with 10x106 BALB/c splenocytes intraperitoneally. All 

re-challenged recipients (anti-LFA-1: n=4, anti-CD154: n=6) maintained 

euglycemia for a minimum of two weeks post challenge with BALB/c 

splenocytes. Subsequently, the recipients were further challenged with 

intraperitoneal injections of 10x106 2C transgenic T cells, which were alloreactive 

CD8+ T cells with transgenic TCR specific for H-2Ld. Similar to the previous 

BALB/c splenocytes challenge, all recipients remained euglycemic for another 

two weeks. At the end of the two-week time period, pancreatic islet grafts were 

removed from all recipients by nephrectomy of the left kidney as described in 

section 2.9.1.5. All nephrectomized recipients reverted to hyperglycemia, thus 

demonstrating their previous euglycemic state as dependent of the islet allografts. 
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Comparison of proliferation tracking dyes 

To accommodate the possibility of using various GFP reporter mice, 

whose GFP expression would interfere with CFSE reading using flow cytometry, 

two proliferation dyes on non-GFP fluorescent channels were compared against 

CFSE. The two proliferation dyes tested were CellTrace Violet (Invitrogen) with 

a peak excitation/emission spectrum of 405/450 nm, and eFluor 670 (eBioscience) 

with a peak excitation/emission spectrum of 647/670 nm. To test the efficacy of 

the proliferation dyes, polyclonal B6 lymph node and spleen lymphocytes were 

labeled with CFSE, CellTrace Violet, or eFluor 670 and cultured in vitro with the 

plant mitogen concanavalin A (Sigma-Aldrich) for three days. The lymphocytes 

were then harvested and their proliferation assessed by flow cytometry. All three 

dyes presented approximately 60% of the lymphocytes as having proliferated 

(Figure 3-2). CellTrace Violet showed the most discrete division peaks followed 

by CFSE and eFluor 670 (Figure 3-2). However, it also required the highest 

labeling concentration (10 µM) to achieve similar fluorescence intensity as CFSE 

(1 µM) and eFluor 670 (5 µM). Nevertheless, all three proliferation dyes were 

confirmed efficacious in tracking lymphocyte proliferation using flow cytometry. 

 

Persistence of adoptively transferred TCR-transgenic T cells 

The first parameter of using TCR-transgenic OT-I and OT-II T cells as an 

adoptive transfer model tested was dosage of T cells to mimic an appropriate 

initial naïve T cell frequency and the intrinsic persistence of the transgenic T 

cells. As described previously, initial T cell frequency has been demonstrated to 

change the quality of subsequent T cell responses (259, 260). It was therefore 

essential for an adoptive transfer model to determine a T cell tracer population 

dose that recreated a physiological initial T cell frequency while allowing robust 

tracking of the population. Furthermore, T cells generated in monoclonal 

transgenic mice on a RAG-knockout background may exhibit different biological 

properties than those produced in a polyclonal wild-type immune environment, 

and their ability to persist or, conversely, their intrinsic rate of attrition, after 

adoptive transfer is a crucial factor in designing a model to track the evolution of 
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their response longitudinally. Therefore, it was essential to determine the OT-I 

and OT-II T cell doses to achieve a reasonable initial frequency and the extent of 

T cell persistence in the adoptively transferred host. 

To examine these two factors, I selected two different doses of OT-I or 

OT-II lymph node and spleen cells to adoptively transfer into B6 recipients. 

Subsequently, blood was collected from each recipient on days 3, 7, 14, and 21 

post adoptive transfer, and frequencies of OT-I and OT-II T cells in the host 

circulation were assessed by flow cytometry. 5x106 and 10x106 adoptively 

transferred OT-I lymphocytes yielded similar frequencies of CD45.1+CD8+ T 

cells (~0.1% of total blood lymphocytes) in the recipient blood for the first 7 days 

post adoptive transfer (Figure 3-3). The frequencies started to taper off on day 14, 

which could either be due to lymphocyte attrition or homing of the T cells into the 

lymph nodes (Figure 3-3). Since the 0.1% of total blood lymphocyte is similar to 

the frequency of endogenous alloreactive T cells, 5x106 OT-I lymphocytes was 

determined to be the optimal cell dose for adoptive transfer. In contrast, while 

10x106 and 20x106 OT-II lymphocytes resulted in different initial CD45.1+CD4+ 

T cell frequencies in host circulation, neither was detectable in the circulation by 

14 days post adoptive transfer (Figure 3-3). I later confirmed that the 

disappearance of OT-II T cells were due to intrinsic attrition rather than lymph 

node homing as they could not be detected in lymph nodes (Figure 3-5B). Since 

adoptive transfer of 10x106 OT-II lymphocytes resulted in an initial T cell 

frequency of approximately 0.06% of total lymphocytes, and increasing the initial 

lymphocyte dose did not delay their attrition, this was determined to be the 

optimal cell dose for adoptive transfer (Figure 3-3). Taken together, both 

transgenic OT-I and OT-II T cells underwent attrition after adoptive transfer with 

OT-II T cells being particularly unstable. However, both transgenic models lasted 

long enough during adoptive transfer to be used as a tool to examine acute 

primary T cell activation and the early proximal impact of antibody therapies 

during this phase of antigen-specific T cell activity. 

 

Antigen dose required for transgenic T cell activation 
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The second parameter of the OT-I and OT-II TCR transgenic models 

tested was the optimal antigen dose during primary activation. This was 

determined using an in vivo local antigen challenge model. Using adoptive 

transfer T cell doses as determined in the previous experiment, 5x106 OT-I or 

10x106 OT-II lymphocytes were adoptively transferred into B6 recipients. The 

recipients were subsequently challenged at both hind footpads with three doses of 

transgenic B6-OVA splenocytes with actin-driven expression of chicken 

ovalbumin (OVA). The recipients’ draining popliteal lymph nodes were harvested 

on day 3 post stimulation for OT-I and day 4 for OT-II reactivity, which was 

determined by the extent of T cell proliferation and up-regulation of activation 

marker CD44 as assessed by flow cytometry.  

OT-I T cells increased in cell number to a similar magnitude when 

stimulated with either 0.2x106 or 1x106 B6-OVA splenocytes per footpad and 

experienced a larger expansion in cell number when challenged with 5x106 B6-

OVA splenocytes (Figure 3-4A). Nevertheless, all three B6-OVA splenocytes 

doses successfully stimulated OT-I T cell expansion. Despite the differences in 

OT-I T cell numbers in the draining lymph nodes, all three antigen doses 

stimulated equivalent rounds of T cell division, with 1x106 and 5x106 B6-OVA 

splenocytes per footpad achieving higher proportions of proliferated OT-I T cells 

(Figure 3-4B). In contrast, OT-II T cells did not proliferate extensively when 

challenged with 0.2x106 B6-OVA splenocytes per footpad, and only underwent 

increasing T cell proliferation with 1x106 and 5x106 antigen dose (Figure 3-4A). 

Despite the differences in T cell magnitudes in the draining lymph nodes, OT-II T 

cells did achieve similar rounds of division when stimulated with all three antigen 

doses (Figure 3-4 B). However, stimulation with 1x106 and 5x106 B6-OVA 

splenocytes per footpad resulted in the highest proportions of proliferated OT-II T 

cells in the lymph nodes (Figure 3-4B). Both proliferated OT-I and OT-II T cells 

up-regulated their expression of CD44, confirming their productive interactions 

with cognate antigens (Figure 3-4C). Taken as a whole, since 1x106 B6-OVA 

splenocytes per footpad was able to stimulate both OT-I and OT-II T cell 
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activation and proliferation, I determined this as the optimal antigen dose for my 

in vivo local antigen activation model. 

 

Time course of transgenic T cell activation and proliferation in vivo 

The third and final parameter of an in vivo TCR-transgenic T cell 

activation model established was the time frame of naïve transgenic T cell 

activation and proliferation. I used a T cell activation time course to determine the 

optimal day to harvest adoptively transferred OT-I or OT-II T cells after in vivo 

antigen challenge at the footpads. 5x106 OT-I or 10x106 OT-II lymphocytes were 

transferred into B6 recipients. The recipients were subsequently challenged with 

1x106 B6-OVA splenocytes per footpad, and their draining popliteal lymph nodes 

were harvested on days 2, 7, and 14 post antigen stimulation. Extent of OT-I and 

OT-II T cell proliferation was assessed by flow cytometry.  

Both OT-I and OT-II T cells underwent little proliferation 2 days after 

initial antigen stimulation (Figure 3-5A). However, the majority of the adoptively 

transferred T cells had proliferated vigorously after 7 days (Figure 3-5A). 

Interestingly, OT-II lymphocytes could not be found in the draining popliteal 

lymph nodes by 14 days post antigen stimulation (Figure 3-5A). This was not a 

phenomenon of antigen stimulation, as OT-II lymphocytes adoptively transferred 

into unchallenged recipients had also disappeared from the lymph nodes (Figure 

3-5B). This confirmed my previous observation that transgenic OT-II 

lymphocytes are intrinsically prone to attrition after adoptive transfer. OT-II T 

cells are therefore likely not ideal as a candidate for studying long-term T cell 

reactivity. However, they were still effective as a model of acute CD4+ T cell 

reactivity. The rationale in determining an optimal day of harvesting adoptively 

transferred T cells was to allow for sufficient T cell activation and proliferation at 

an early stage of T cell reactivity, so the initial direct impact of antibody therapies 

on T cell primary responses could be examined. Based upon the results of the 

proliferation time course, the optimal time to examine OT-I and OT-II T cell 

acute response appeared to be between days 2 and 7. As such, OT-I T cells were 
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harvested on day 3 post antigen stimulation when used in the local footpad 

antigen challenge model, and OT-II T cells were harvested on day 4. 

 

Activating transgenic T cells with cognate peptides 

An integral part of the analysis of T cell fate during activation in the 

presence of antibody therapies was the functional differentiation of activated T 

cells. This was determined by assessing the cytokine profiles of adoptively 

transferred OT-I and OT-II T cells challenged by B6-OVA splenocytes in the 

footpads. In this model, the T cells require a four- to five- hour in vitro re-

stimulation with their cognate peptides to be driven into active cytokine 

expression for flow cytometry analysis. To find the optimal peptide concentration 

for this re-stimulation process, doses of OT-I and OT-II peptides were tested for 

their ability to induce early activation of naïve OT-I and OT-II lymphocytes. 

1x106 OT-I or OT-II spleen and lymph node cells were cultured in vitro with four 

different doses of their respective peptides (0.001 µM, 0.01 µM, 0.1 µM, and 1.0 

µM) for six hours. The lymphocytes were subsequently assessed for the 

expression of early activation markers CD69 and CD25 by flow cytometry. 

Expression of CD69 and CD25 by OT-I D8+ T cells were induced by all 

four concentrations of the OT-I peptide (Figure 3-6). The expression of activation 

markers increased with the peptide concentration until it plateaued at the peptide 

concentration of 0.1 µM (Figure 3-6). Therefore, 0.1 µM of OT-I peptide was 

determined to be the optimal peptide concentration for in vitro re-stimulation of 

OT-I CD8+ T cells. In contrast, OT-II CD4+ T cells did not experience up-

regulation of CD69 and CD25 until incubated with 0.1 µM of OT-II peptides, and 

the expression of the activation markers were much stronger when OT-II 

lymphocytes were incubated with 1.0 µM of peptides (Figure 3-6). As such, the 

optimal concentration of OT-II peptide used in in vitro re-stimulation of OT-II 

CD4+ T cells was determined to be 1.0 µM. These concentrations were 

subsequently used in all experiments examining OT-I and OT-II T cell cytokine 

profiles. 
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Assessing apoptosis by flow cytometry 

Another aspect of T cell activation examined in this thesis was T cell 

apoptosis both as a potentially direct result of antibody therapies or indirectly 

through antibodies’ impact on activation-induced cell death. The two markers 

examined as a representation of T cell apoptosis were the apoptosis-related 

cysteine peptidase caspase 3 that drives apoptosis, and the anti-apoptotic B-cell 

lymphoma 2 protein (Bcl-2), a member of the Bcl-2 family of apoptosis regulator 

proteins. The expressions of these markers of apoptosis and survival were 

assessed by flow cytometry, and the antibodies used to label them were tested 

using a cultured thymocyte model. 

 Thymocytes naturally begin undergoing apoptosis when cultured in vitro. 

This phenomenon was used to test the efficacy of the caspase 3- and Bcl-2- 

specific antibodies. Thymi were harvested from wild-type B6 mice and 

dissociated to release thymocytes. An aliquot of the thymocytes were processed 

for intracellular labeling of anti-caspase 3 and anti-Bcl-2 immediately, as primary 

thymocyte populations generally do not contain a high number of apoptotic cells 

(Figure 3-7). The remaining thymocytes were cultured in vitro for one to three 

days. On each designated day after culture, thymocytes were harvested and 

labeled with the antibodies and assessed by flow cytometry. Thymocyte caspase 3 

expression increased with amount of time in culture, while Bcl-2 first decreased 

then recovered in its expression by the third day of in vitro culture (Figure 3-7). 

The discrete expressions of caspase 3 and Bcl-2 as a time course of in vitro 

culturing of thymocytes demonstrated the efficacy of the caspase 3- and Bcl-2-

specific antibodies as a means of interrogating T cell apoptosis. 

 

Skin grafts as a model of transplantation 

While the previous work done with the antibody therapies in this 

laboratory had utilized the pancreatic islet transplantation model, translating the 

model into the OT-OVA system encountered a major difficulty. The B6-OVA 

transgenic mice with actin-driven expression of ovalbumin protein had pancreata 

that were difficult to digest and isolate islets from. The B6-OVA pancreata were 
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visually different than those of the wild-type B6 mice; they were brightly white 

instead of slightly translucent and flesh-coloured in appearance. These pancreata 

could not be digested using the collagenase concentration and incubation time 

optimized for B6-background mice. However, even small increases in either the 

collagenase or the time of incubation caused extensive islet destruction. 

Furthermore, the islets that survived the digestion process were covered with 

ascinar tissues that were difficult to remove. The appearance of the pancreata, the 

resistance to collagenase digest, and the large amount of ascinar tissues suggested 

that the over-expression of ovalbumin protein on cell surfaces of B6-OVA mice 

was likely the cause of these anomalies. Due to these obstacles, an alternative 

transplantation model was necessary to accommodate the OT-OVA T cell 

tracking system established for tracking T cells in vivo. 

A skin transplantation model was developed to replace pancreatic islet 

transplantation. Full-thickness donor trunk skin was selected as the graft rather 

than ear or tail skin as trunk skin was the most immunogenic of the three types of 

skin grafts. The finalized skin grafting protocol is detailed in section 2.9.2. As an 

example of the protocol, Figure 3-8A shows a combined anti-LFA-1/anti-CD154-

treated B6 recipient bearing a healthy BALB/c skin graft for at least 50 days. In 

comparison, Figure 3-8B shows a B6-recipient treated with the same therapy 

starting to reject its BALB/c graft. When the skin donors had the same coat 

colours as the recipients, the graft was transplanted with hair growing in opposite 

direction from recipient natural hair growth for clear identification of donor graft. 

The skin transplantation model was thus successfully developed for the OT-OVA 

T cell tracking model in place of pancreatic islet transplantation. 

 

Intrinsic impact of monoclonal antibody therapies on naïve immune system 

Before tracking the effects of antibody therapies on the fate of antigen-

specific T cells during primary activation, the intrinsic impact of these antibodies 

on a naïve, un-manipulated immune system was examined. Naïve wild-type B6 

recipients were given transient courses of anti-LFA-1, anti-CD154 or combined 

anti-LFA-1/anti-CD154 therapies as outlined in section 2.3. Recipient blood, 
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lymph nodes (axial, brachial, inguinal, mesenteric), and spleen were harvested 

four days after the start of antibody treatments. This time frame was chosen to 

mimic the approximate time of harvest when tracking antigen-specific T cell fate 

in a footpad challenge model. Endogenous lymphocytes of the B6 recipients were 

then analyzed by flow cytometry to assess whether treatments with antibodies 

therapies without any other stimulation or manipulation induces phenotypic 

changes in the immune system. 

Interestingly, while anti-CD154 treatment alone did not result in gross 

changes in the endogenous naïve lymphocyte phenotype, anti-LFA-1, whether 

alone or combined with anti-CD154, induced CD4+ and CD8+ T cell emigration 

from lymph nodes into the blood and spleen (Figure 3-9A). The significant 

decrease in T cell numbers in the lymph nodes of anti-LFA-1 or combined anti-

LFA-1/anti-CD154-treated recipients corresponded with increases of T cells in 

both the blood and the spleen (Figure 3-9A). This was likely caused by a decrease 

in the level of CD62L expression on lymphocytes during anti-LFA-1 or anti-LFA-

1/anti-CD154 treatments, as CD62L is a major homing receptor that directs naive 

T cell migration into lymph nodes (Figure 3-9B). Endogenous naïve lymphocytes 

lowered their CD62L expression in all three lymphoid compartments in anti-LFA-

1-treated recipients, and the decrease is especially evident in the lymph nodes 

(Figure 3-9B). Combining anti-CD154 with anti-LFA-1 appeared to rescue 

CD62L expression in the recipient spleen, but the lymphocytes found in the blood 

of these animals still maintained distinctly reduced CD62L expression (Figure 3-

9B). This change in surface marker expression was not observed with CD44 and 

CD25 except for a slight up-regulation of CD44 expression in lymph node cells of 

the anti-LFA-1-treated recipients (Figure 3-9C). It appeared that anti-CD154 

treatment did not change the phenotype of naïve T cells. However, binding of 

anti-LFA-1 to CD11a on a naïve T cells somehow resulted in down-regulation of 

surface CD62L and naïve T cell emigration from lymph nodes. The intrinsic 

mechanism connecting antibody perturbation of CD11a and the change in CD62L 

expression of a naïve, un-stimulated T cell remains unclear but potentially 

contributes to the promotion of transplant tolerance by anti-LFA-1 therapies. 
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3.3 FIGURES 

 

 
 

FIGURE 3-1. Impact of monoclonal antibody therapies on allograft survival. 

B6 recipients were transplanted with 450 BALB/c pancreatic islets as described in 

Materials and Methods and treated as follows: 1) no treatment, 2) anti-CD154, or 

3) anti-LFA-1. Therapy-treated recipients were given antibodies based upon 

protocol outlined in Material and Methods. Pairs of identical symbols denote 

experimental groups with significant differences of at least P < 0.05. 
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FIGURE 3-2. Efficacy of three different proliferation tracking dyes during in 

vitro T cell expansion. Polyclonal B6 lymph node and spleen cells were labeled 

with CellTrace Violet, CFSE, or eFluor 670 and cultured in vitro with 

concanavalin A for three days. Lymphocytes were analyzed by flow cytometry, 

and the efficacies of proliferation dyes in tracking lymphocyte expansion were 

compared. The histograms are gated on total lymphocytes.  
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FIGURE 3-3. Persistence of adoptively transferred CD45.1 OT-I or OT-II 

rag-/- T cells in recipient circulation. CD45.1 OT-I or OT-II rag-/- lymphocytes 

were adoptively transferred into B6 recipients (n=5 receiving each cell type) at the 

indicated cell number on day 0. The recipients’ blood was collected at days 3, 7, 

14, and 21 after adoptive transfer. Lymphocytes purified from the blood were 

analyzed for presence of adoptively transferred cells by flow cytometry. % OT-I 

T cells were determined as % CD45.1+CD8+ cells in the blood, and % OT-II T 

cells as % CD45.1+CD4+ cells. 
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A                                                     B  
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*Figure continues on the following page. 
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FIGURE 3-4. in vivo CD45.1 OT-I or OT-II rag-/- lymphocyte response to 

stimulation with different doses of B6-OVA splenocytes. 5x106 OT-I or 10x106 

OT-II lymphocytes were adoptively transferred into B6 recipients. Recipients 

were challenged by footpad injections of three increasing doses of B6-OVA 

splenocytes as indicated. Recipient popliteal lymph nodes (pLN) were harvested 

on day 3 (OT-I) or 4 (OT-II) post stimulation and assessed by flow cytometry. A. 

Total OT-I or OT-II cells in pLN as calculated by multiplying total pLN cell 

count with %CD45.1+CD8+ (OT-I) or %CD45.1+CD4+ (OT-II) in pLN. B. 

Proliferation of OT-I or OT-II cells in pLN as indicated by dilution of CFSE. The 

histograms are gated on CD45.1+CD8+ (OT-I) or CD45.1+ CD4+ cells. C. 

Activation of OT-I or OT-II cells in pLN as indicated by up-regulation of CD44 

by proliferating cells. The dot plots are gated on CD45.1+CD8+ (OT-I) or 

CD45.1+ CD4+ cells. 
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*Figure continues on the following page. 
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FIGURE 3-5. Time course of OT-I or OT-II in vivo proliferation during 

footpad challenge. 5x106 OT-I or 10x106 OT-II lymphocytes were adoptively 

transferred into B6 recipients. Recipients were challenged by footpad injection of 

1x106 B6-OVA splenocytes per footpad at both footpads. Popliteal lymph nodes 

were harvested on indicated days post stimulation and analyzed by flow 

cytometry. A. Proliferation of OT-I or OT-II cells as assessed by dilution of 

CFSE. The histograms are gated on CD45.1+CD8+ (OT-I) or CD45.1+CD4+ 

(OT-II) cells. OT-II cells can no longer be found by 14 days post stimulation. B. 

Intrinsic attrition of OT-II cells by day 14 as shown by their absence in pLNs 

whether stimulated or not. Dot plots are gated on total lymphocytes. 
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FIGURE 3-6. Stimulation of OT-I or OT-II lymphocytes by different doses of 

their cognate antigen peptides. OT-I lymphocytes were cultured in vitro with 

four increasing doses of OVA257-264 peptide (SIINFEKL) and OT-II with OVA329-

337 peptide (ISQAVHAAHAEINEAGR) for six hours. OT-I and OT-II activation 

was determined by up-regulation of CD25 and CD69 as assessed by flow 

cytometry. The dot plots are gated on CD45.1+CD8+ (OT-I) or CD45.1+CD4+ 

(OT-II) cells. 
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FIGURE 3-7. Efficacy of caspase 3 and Bcl-2 antibody staining for flow 

cytometric analysis of apoptosis. Thymocytes harvested from B6 mice were 

either labeled with caspase 3 and Bcl-2 antibodies and assessed by flow cytometry 

immediately or cultured alone in vitro. Cultured thymocytes were harvested on 

the indicated days and labeled with caspase 3 and Bcl-2 for flow cytometric 

analysis. The dot plots are gated on total lymphocyte.  
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A        B 

 
 

FIGURE 3-8. Skin transplantation. B6 recipients were grafted with BALB/c 

skin as described in Materials and Methods. A. Recipient treated with combined 

anti-LFA-1 and anti-CD154 therapy bearing healthy long-term surviving skin 

graft. B. Recipient treated with combined anti-LFA-1 and anti-CD154 therapy that 

started to reject skin graft. 
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*Figure continues on the following page. 
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C 

 
 

FIGURE 3-9. Proximal impact of anti-LFA-1 and/or anti-CD154 treatment 

on naïve lymphocytes. Naïve B6 recipients were given the following treatments: 

anti-LFA-1 alone, anti-CD154 alone, or anti-LFA-1 plus anti-CD154. The 

antibody treatments were given according to treatment protocol specified in 

Materials and Methods. Spleen, lymph nodes, and blood were harvested from 

recipients four days into the treatment protocols and analyzed by flow cytometry. 

A. Absolute lymphocyte numbers in each lymphoid compartment were counted 

and multiplied to % CD4+ or % CD8+ cells in the compartment to calculate total 

CD4+ or CD8+ cell counts. Identical pairs of symbols on the bar graphs denote 

experimental groups with significant differences of at least P < 0.05. Total 

lymphocyte CD62L (B), CD44 (C), and CD25 (C) expressions in each 

compartment was assessed by flow cytometry. The histograms are gated on total 

lymphocytes.  
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CHAPTER FOUR 

PROXIMAL IMPACT OF ANTIBODY THERAPIES 

ON ACUTE T CELL REACTIVITY 

 

4.1 INTRODUCTION 

As described in the first chapter, transplant rejection is currently managed 

by chronic administration of immunosuppressive agents that non-specifically 

inhibit the immune system. The intrinsic toxicities of these drugs can result in 

organ dysfunction, and their universal inhibition of immunity leads to increased 

susceptibility to both infections and cancer (68–71). Thus, a fundamental goal in 

transplantation research is to develop a transient therapy that can result in long-

term acceptance of the transplant while circumventing harmful side effects. An 

ideal transplant therapy induces donor-specific tolerance to the transplant while 

leaving the patient immune-competent against other assaults. Biologics targeting 

specific cell-surface immuno-receptors have garnered great interest as potential 

candidates for their defined rather than universal impact on the immune response 

(261). In particular, monoclonal antibodies disrupting the costimulatory CD40-

CD154 and adhesion/costimulatory LFA-1-ICAM-1 pathways have proven 

successful in promoting transplant survival in both rodent and non-human primate 

models (210, 213, 218, 223, 239, 241, 247, 262). Using a mouse allogeneic 

pancreatic islet transplantation model, our laboratory has previously shown that 

antibodies against LFA-1 and CD154 individually induce donor-specific tolerance 

(218, 241). Furthermore, combining the two antibodies achieved allograft survival 

in all the recipients and a dominant tolerance state (218). The combination of anti-

LFA-1 anti-CD154 also promoted indefinite survival and tolerance in various 

other transplantation models including the highly immunogenic xenogeneic islet 

transplants (219, 242, 246). Taken together, anti-LFA-1 and anti-CD154 

treatments appear to be potent promoters of transplant survival and tolerance. 

While antibody perturbation of LFA-1/ICAM-1 and CD40/40L pathways 

have been highly efficacious in promoting transplant survival, it has not been 

clear how such interventions impact the initial graft destructive T cell response. It 
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has been suggested that antibody perturbation of LFA-1 and CD154 pathways 

resulted in immediate deviation of graft-specific immune response either into 

deletion/anergy or induction of an alternate regulatory phenotype during T cell 

activation. Early studies using anti-CD154 treatments demonstrated a decrease in 

initial intragraft IL-2 and IFN-γ cytokine production while simultaneously 

increase the production of IL-4 and IL-10, suggesting TH-1 to TH-2 immune 

deviation as one possible mechanism (214, 231). Other studies indicated a rapid 

deletion of donor-specific CD8+ T cells or the induction of T cell apoptosis 

through activation-induced cell death by anti-CD154 treatments (215, 226, 263, 

264). Alternatively, anti-CD154 therapies have been associated with altering 

naive T cell differentiation into an anergic phenotype or into CD4+Foxp3+ 

regulatory T cells during primary antigen challenge (227, 230). Fewer 

mechanistic studies have been done to elucidate the proximal impact of LFA-1-

specific antibodies on naïve graft-specific T cell response. However, a recent 

study proposed that anti-LFA-1 induced transplant tolerance by sequestering 

activated, graft-specific T cells in the draining lymph nodes to prevent their 

infiltration into the graft site while simultaneously increasing the frequency of 

Foxp3+ Tregs in the draining lymph nodes (245). These studies proposed that a 

key mechanism of anti-LFA-1 and anti-CD154-mediated tolerance induction is an 

immediate deviation of graft-specific T cells toward an alternate, non-destructive 

phenotype during initial responses toward the transplant.  

In this thesis, the impact of perturbing LFA-1 and/or CD154 during initial 

antigen exposure was examined using the adoptive transfer model developed and 

described in the previous chapter. Surprisingly, significant deviation in the fate of 

adoptively transferred antigen-specific CD4+ or CD8+ T cells during treatments 

with anti-LFA-1, anti-CD154, or combined anti-LFA-1 and anti-CD154 was not 

observed. Instead, rather than inducing an early dramatic alteration of T cell 

phenotype, anti-LFA-1 and anti-CD154 likely promoted transplant tolerance by 

attenuating the magnitude of graft-destructive T cell response during initial 

antigen encounter and therapy treatments, which then allowed early graft survival 

that eventually leads to the generation of long-term graft protection. 
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4.2 RESULTS 

Antibody therapies restrained the magnitude of T cells in the draining lymph 

nodes. 

Using the footpad challenge model as an in vivo representation of acute 

local antigen challenge, I interrogated both antigen-specific TCR transgenic and 

polyclonal T cell responses during anti-LFA-1 and/or anti-CD154 treatments. To 

examine a discrete monoclonal population of antigen-specific T cells, OT-I or 

OT-II lymphocytes were adoptively transferred into wild-type B6 recipients 

challenged at the footpads with B6-OVA splenocytes and treated with anti-LFA-

1, anti-CD154, or combined anti-LFA-1/anti-CD154. When the draining popliteal 

lymph nodes were harvested 3 (OT-I) or 4 (OT-II) days post antigen challenge, all 

three therapies strikingly decreased the presence of adoptively transferred T cells 

in the draining lymph nodes. Importantly, while the therapies decreased total 

lymphocyte numbers in the nodes, they also specifically decreased the proportion 

of adoptively transferred antigen-specific T cells within the remaining popliteal 

lymph node cells (Fig. 4-1). This translated to a prominent reduction in the 

absolute numbers of OT-I or OT-II T cells remaining in the popliteal lymph nodes 

during harvest (Fig. 4-1). Anti-LFA-1 caused a significantly more pronounced 

reduction of antigen-specific T cells compared to anti-CD154, while combining 

anti-LFA-1 and anti-CD154 had the greatest impact on T cell presence in the 

draining lymph nodes than either antibody alone, suggesting an additive effect 

between the two antibodies (Fig. 4-1). The magnitude of OT-II CD4+ T cells in 

the draining lymph nodes seemed especially susceptible to the impact of combine 

anti-LFA-1/anti-CD154 therapy (Fig. 4-1B). Taken together, it appeared that the 

antibody therapies, especially when anti-LFA-1 was included, greatly restrained 

the magnitude of antigen-specific T cells in the reactive lymph node. 

To compensate for any artifacts from using a monoclonal population of T 

cells to represent T cell reactivity, I also performed parallel experiments tracking 

polyclonal T cell reactivity during antibody therapies. Congenic CD45.1 B6 

lymphocytes were adoptively transferred into wild-type CD45.2 B6 recipients, 

which allowed for the tracking of an adoptively transferred T cell population 
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without compromising potential variables such as naïve T cell precursor 

frequency and clonal variety within an antigen-specific T cell population. The 

recipients were challenged at the footpads with BALB/c splenocytes, and the 

adoptively transferred congenic T cells were assessed for their alloreactivity. All 

three therapies exerted similar impact on the presence of adoptively transferred 

polyclonal T cells in the draining popliteal lymph nodes as they did on the 

monoclonal transgenic T cells. In fact, polyclonal T cells experienced greater 

reduction in magnitude than TCR-transgenic T cells in the presence of the 

antibodies (Fig 4-2). In contrast to the more pronounced effect of the combined 

anti-LFA-1/anti-CD154 therapy in restraining the presence of antigen-specific T 

cells, anti-LFA-1 appeared to be as potent as the two antibodies combined in 

controlling both CD4+ and CD8+ T cells in the draining lymph nodes (Fig 4-2). 

Polyclonal CD4+ T cells also appeared to be more sensitive to the proximal effect 

of anti-LFA-1 therapies than CD8+ T cells, as anti-LFA-1 alone and combined 

with anti-CD154 decreased the number of adoptively transferred CD4+ T cells to 

levels below what was found in the draining lymph nodes of non-antigen-

challenged recipients (Fig. 4-2). Therefore, all three therapies, but especially 

therapies including anti-LFA-1, significantly reduced the adoptively transferred 

monoclonal or polyclonal T cells from the draining lymph nodes. 

 

Antibody therapies did not prevent T cell proliferation in the draining lymph 

nodes. 

With such dramatic reduction in the magnitude of adoptively transferred T 

cells in the draining lymph node, it appeared that the antibody therapies, 

especially ones including anti-LFA-1, had suppressive effects on T cell reactivity. 

Since using a local footpad antigenic challenge model eliminated many 

experimental variables involved with transplantation surgeries such as tissue 

injury, wound healing, and graft ischemia, this observation is likely a direct 

consequence of proximal interaction between the therapeutic antibodies and 

responding T cells. If anti-LFA-1 and/or anti-CD154 directly led to the decrease 

in the number of responding T cells at the site of cognate antigens, this inhibitory 
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mechanism potentially explained therapeutic antibody-mediated transplant 

survival. However, when the phenotype of the T cells remaining in the draining 

lymph nodes was examined more closely, the impact of the therapies became less 

straightforward. This was also when monoclonal transgenic T cell response 

diverged from that of the polyclonal T cells, illustrating the complexities in 

delineating the fate of T cells and intrinsic variation between T cell models. 

The first phenotypic parameter examined was T cell proliferative capacity 

in the presence of the therapeutic antibodies. Despite the prominent reduction in 

cell numbers, proliferation of adoptively transferred, monoclonal OT-I CD8+ T 

cells remaining in the draining popliteal lymph nodes was not disrupted in the 

presence of the antibodies (Fig. 4-3A). In fact, if not for the significant decrease 

in cell numbers, antibody therapies appeared to have little effect on OT-I CD8+ T 

cell reactivity. In contrast, the proliferative capacity of adoptively transferred OT-

II CD4+ T cells appeared to be more vulnerable to the impact of therapies if both 

anti-LFA-1 and anti-CD154 were present (Fig. 4-3B). The proliferation of OT-II 

CD4+ T cells in the draining lymph nodes of the combined therapy-treated 

recipients appeared to lag behind untreated control by two to three divisions (Fig. 

4-3B). Nevertheless, while having both antibodies present delayed the 

proliferation cycle of antigen-specific CD4+ T cells, the antibodies by no means 

grossly inhibited their antigen responsiveness. Both adoptively transferred OT-I 

and OT-II T cells achieved enough cycles of cell division that should have 

correlated to a substantial increase in T cell numbers in the draining lymph nodes. 

However, I have also shown the marked decrease in the number of T cells in the 

nodes. Therefore, the antibodies paradoxically allowed T cell proliferation but 

resulted in significantly diminished T cell numbers. 

In contrast, the impact of antibody therapies on polyclonal T cells in the 

draining lymph nodes appeared less dichotomous. Adoptively transferred 

polyclonal T cells showed reduced proportion of proliferated cells in the presence 

of the therapies based on the extent of CFSE dilution in the draining lymph nodes 

(Fig. 4-4). Interestingly, this observation can be explained by two distinct 

interpretations. The first interpretation is that, unlike monoclonal T cells, antibody 
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therapies have higher potency in suppressing polyclonal T cell proliferation. 

Alternatively, another interpretation takes into account that the adoptively 

transferred T cell population is polyclonal with only a small proportion able to 

respond to an allo-antigen, and the reduction of the total number of responsive T 

cells were so great in this model in comparison to adoptively transferred 

monoclonal T cells, the additional therapy-mediated decrease in cell number 

within the already small proliferating population rendered the T cells seemingly 

non-proliferative during analysis. This interpretation is supported in the case of 

anti-LFA-1 single and combined treatments, where the undivided, CFSEHI peak 

were reduced alongside the proliferating, CFSELO cells, suggesting a non-

discriminative reduction in all T cells, whether alloreactive or not (Fig. 4-4). As 

there existed no markers to track polyclonal alloreactive T cells specifically, I 

could not distinguish whether a larger population of alloreactive T cells remained 

CFSEHI in the presence of the antibodies, which would demonstrate actual 

inhibition of antigen-specific T cell proliferation. While the observations may 

suggest that the therapies exerted a greater inhibitory effect on both polyclonal T 

cell proliferation and magnitude in response to an allo-antigen stimulation, taken 

into account the intact and vigorous proliferative capability observed in therapy-

treated monoclonal T cells, I consider the second interpretation of the results more 

likely, and that the therapies do not completely suppress polyclonal T cell 

activation and proliferation. 

 

Antibody therapies did not alter the activation phenotype of proliferated T cells 

in the draining lymph nodes. 

I have shown the paradoxical observation that antibody therapies allowed 

T cell proliferation but decreased their numbers in the draining lymph nodes. The 

link between a seemingly productive antigen-driven proliferation and a massive 

decrease in cell number was puzzling. I therefore examined the activation 

phenotypes of the proliferated T cells for the possibility of an altered or unstable 

T cell activation. The primary markers used to determine the activation state of T 

cells were CD44 and CD62L, as up-regulation of CD44 and down-regulation of 
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CD62L are standard representations of an antigen-experienced T cell. OT-I and 

OT-II T cells proliferating in the presence of antibody therapies exhibited 

increasing CD44 and decreasing CD62L expression resembling T cells without 

therapy treatments, suggesting similarly productive engagement with cognate 

antigens (Fig. 4-5A and B). Regulation of activation markers on OT-II CD4+ T 

cells in particular did not seem to be affected by treatments with antibodies (Fig. 

4-5B). Interestingly, anti-LFA-1 alone and with anti-CD154 appeared to slightly 

raise CD44 expression on proliferating OT-I CD8+ T cells upon antigen 

engagement but retained a population of CD8+ T cells that did not down-regulate 

their CD62L expression in the draining lymph node (Fig. 4-5A). The proliferating 

OT-I T cells remaining CD62LHI was particularly unexpected, as anti-LFA-1 has 

been previously shown to non-specifically down-regulate naive lymph node T cell 

CD62L expression in the absence of antigen stimulation (Fig. 3-8B). The overall 

expression of CD44 and CD62L by adoptively transferred OT-I and OT-II T cells 

were similar whether treated with antibody therapies or not (Fig. 4-5C and D). In 

fact, combined anti-LFA-1 and anti-CD154 actually increased CD44 expression 

on OT-I CD8+ T cells (Fig. 4-5C). Taken as a whole, antibody therapies did not 

prevent proliferating monoclonal T cells from acquiring a classical activation 

phenotype, suggesting the presence of therapeutic antibodies did not significantly 

interfere with antigen interaction by T cells remaining in the draining lymph 

nodes. 

While antibody therapies had shown a greater impact on polyclonal T cell 

number and possibly proliferation, they did not affect activation phenotype of the 

responding T cells. Both proliferating polyclonal CD4+ and CD8+ T cells up-

regulated CD44 and down-regulated CD62L in the presence of therapeutic 

antibodies (Fig. 4-6). This suggested that antibody therapies did not entirely 

inhibit polyclonal T cells from engaging with their antigens, and that productive 

antigen-driven activation and proliferation were still possible under therapy 

treatments despite the dramatic reduction of the T cell magnitudes in the draining 

lymph nodes. Combining with the observation of activation statuses in transgenic 

antigen-specific T cells, it seemed that all three antibody therapies allowed 
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productive T cell-antigen engagement and activation despite the potent reduction 

of T cell numbers in draining lymph nodes. 

 

Antibody therapies differentially affected T cell effector cytokine production. 

As anti-LFA-1 and anti-CD154 therapies restrained the magnitude of both 

monoclonal TCR-transgenic and polyclonal T cells while allowing their activation 

and proliferation, I next examined the antibodies’ impact on T cell effector 

differentiation. While the reduction in draining lymph node T cell numbers could 

explain some of the antibodies’ ability to prolong transplant survival, it is curious 

how the therapies control the population of T cells that still activated and 

proliferated. A possibility is that T cell activation in the presence of anti-LFA-1 

and/or anti-CD154 alters their functional differentiation. If proliferated T cells are 

compromised in their ability to cause graft injury due to a deviation in effector 

phenotype, transplant survival will occur despite T cell activation. Therefore, 

using the same model of local footpad challenge, the impact of therapeutic 

antibodies on T cell functional differentiation, as represented by cytokine profiles, 

in the draining popliteal lymph nodes was investigated. 

While TCR-transgenic OT-I and OT-II T cells activated and proliferated 

in the draining lymph nodes in the presence of anti-LFA-1 and/or anti-CD154, the 

antibodies appeared to selectively suppress their cytokine production. Without 

antibody therapies, OT-I CD8+ T cells acquired an inflammatory-type cytokine 

profile with high expressions of IFN-γ and granzyme B in response to B6-OVA 

splenocytes in the footpads (Fig. 4-7A). Anti-LFA-1 alone reduced expressions of 

both IFN-γ and granzyme B to approximately half of the un-modified response in 

the draining lymph nodes (Fig. 4-7A). In contrast, anti-CD154 did not affect the 

expression of IFN-γ but restrained the production of granzyme B (Fig. 4-7A). 

Despite the partial suppression, neither antibody alone completely inhibited the 

production of these inflammatory cytokines. Interestingly, when used together, 

anti-LFA-1 and anti-CD154 significantly decreased IFN-γ and granzyme B 

expressions to levels resembling un-stimulated OT-I CD8+ T cells, again showing 

an additive effect between the two antibodies (Fig. 4-7A). The antibodies also 



	  97	  

impacted OT-II CD4+ T cell cytokine production. Un-modified OT-II CD4+ T 

cells acquired a TH-1-like inflammatory phenotype with high expression of IFN-γ 

and no interleukin-4 (Fig. 4-7B, 4-7C). Anti-CD154 restrained IFN-γ expression 

by OT-II CD4+ T cells to a greater extent than anti-LFA-1, suggesting CD4+ T 

cells to be more susceptible to CD154 perturbation (Fig. 4-7B). Simultaneous 

treatment with both anti-LFA-1 and anti-CD154 also showed a more pronounced 

effect especially on reducing IFN-γ production by OT-II CD4+ T cells (Fig. 4-

7B). While the antibody therapies decreased CD4+ T cell production of IFN-γ to 

different degrees, neither antibody alone induced interleukin-4 or a switch in T 

cell activation into a TH-2-like phenotype (Fig. 4-7C). As such, the antibody 

therapies appear to selectively and partially suppress existing cytokine production 

without inducing alternative cytokine profiles in the transgenic T cells. 

Similar to their impact on monoclonal transgenic T cells, the therapeutic 

antibodies also affected polyclonal T cells cytokine profiles. Unlike monoclonal T 

cells, alloreactive T cells within the polyclonal adoptively transferred population 

cannot be irrefutably identified by a marker. As such, the cytokine production of 

the polyclonal T cells were analyzed as cytokine production by T cells that had 

diluted CFSE fluorescence with the assumption that the majority of the CFSELO 

population proliferated specifically in response to BALB/c splenocytes (Fig. 4-

8A). Under this assumption, anti-LFA-1 appeared to suppress IFN-γ production 

by CD4+ T cells but not CD8+ T cells, which is contradictory to its suppression 

of both IFN-γ and granzyme B in monoclonal transgenic CD8+ T cells (Fig. 4-8B, 

Fig. 4-7A). Both polyclonal CD4+ and CD8+ T cells were susceptible to cytokine 

inhibition by anti-CD154 (Fig. 4-8B). Similarly to their impact on monoclonal T 

cells, combined anti-LFA-1 and anti-CD154 exerted greater impact on both CD4+ 

and CD8+ T cell IFN-γ production (Fig. 4-8B). However, the combined therapy 

did not suppress cytokine production by the polyclonal T cells to the same 

magnitude as the monoclonal transgenic T cells (Fig. 4-8B, Fig. 4-7). These 

observations further illustrated the variability in studying a monoclonal 

population of T cells versus a population including a large number of different 

clones. While monoclonal TCR-transgenic T cells were, by nature, expected to 
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respond homogenously, antigen-specific polyclonal T cells could potentially 

differentiate into a myriad of varied effectors (265). Therefore, the dissimilar 

impact of the antibodies on transgenic versus polyclonal antigen-specific T cell 

responses was to be expected. As a whole, the antibodies appeared to exert partial 

suppression to T cell effector cytokine production without inducing alternate 

phenotypes. 

 

Anti-LFA-1 increased frequency but not absolute number of FoxP3-expressing 

CD4+ T cells in the draining lymph nodes. 

While the therapeutic antibodies appeared to partially suppress draining 

lymph node T cell reactivity, they did not appear to alter intrinsic T cell effector 

phenotype. I followed up this observation by examining whether the antibodies 

could induce a de novo regulatory T cell phenotype. As described in section 

1.2.1.2.3, FoxP3-expressing CD4+ T cells are a key regulatory component in self-

tolerance, and have been implicated as a potential mechanism for transplant 

survival. A major current paradigm of how various non-depleting, therapeutic 

antibodies promote transplant survival and immune tolerance is through induction 

of FoxP3+CD4+ T regulatory cells. Therefore, I assessed the expression of FoxP3 

by adoptively transferred CD4+ T cells in both monoclonal and polyclonal 

footpad stimulation models, the presence of which would indicate the antibodies’ 

ability to drive naïve T cells into acquiring regulatory phenotype. 

As transgenic OT-II mice were also on a rag gene-knockout background, 

naïve OT-II CD4+ T cells did not express FoxP3. This was shown by the low 

background levels of FoxP3 expression among un-stimulated OT-II CD4+ T cells 

(Fig. 4-9). While anti-CD154 alone did not change the proportion of FoxP3+ OT-

II T cells in the draining lymph nodes, treatments with anti-LFA-1 alone or 

combined with anti-CD154 resulted in large increases in the percentages of 

Foxp3+ OT-II CD4+ T cells (Fig. 4-9). This appeared to support the paradigm 

that therapeutic antibodies preferentially skew naïve T cell phenotype into a 

tolerogenic lineage. However, when the absolute numbers of FoxP3+ OT-II 

CD4+ T cells were calculated, this seeming increase in the magnitude of Tregs 
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disappeared (Fig. 4-9). In fact, anti-LFA-1 and combined therapy prominently 

reduced the number of Foxp3+ OT-II T cells in draining lymph nodes (Fig. 4-9). 

This was likely a result of the overall reduction in the total number of OT-II T 

cells as a result of these two therapies (Fig. 4-1B). Therefore, while anti-LFA-1 

and combined anti-LFA-1/anti-CD154 resulted in a higher frequency of FoxP3+ 

OT-II T cells in the draining lymph nodes, the absolute number of FoxP3+ OT-II 

T cells revealed that the antibodies did not cause a preferential de novo generation 

of regulatory T cells. 

Similar to the trend observed in monoclonal TCR-transgenic CD4+ T 

cells, the presence of anti-LFA-1 and combined anti-LFA-1/anti-CD154 during T 

cell activation increased the percentage of FoxP3+ CD4+ T cells in the draining 

lymph nodes (Fig. 4-10). The increase in percentage with the combined antibody 

therapy was significantly higher compared to FoxP3 expression in non-therapy-

treated CD4+ T cells and anti-CD154-treated T cells (Fig. 4-10). Nevertheless, 

neither therapy caused significant increase in the absolute number of FoxP3+ 

CD4+ T cells despite the increases in frequencies (Fig. 4-10). As the polyclonal T 

cells originated from wild-type, rag gene-sufficient donors, the FoxP3-expressing 

CD4+ T cells observed could include both natural regulatory T cells already 

expressing FoxP3 and induced regulatory T cells activated into a FoxP3-

expressing lineage upon antigen stimulation. Therefore, in the polyclonal model 

of T cell activation, anti-LFA-1 and combined anti-LFA-1/anti-CD154 did not 

appear to induce generation of new FoxP3+ CD4+ T cells or preferential 

recruitment of existing FoxP3+ CD4+ T cells based on the lack of increase in T 

cell numbers (Fig. 4-10). Taken together, both the monoclonal transgenic T cell 

and polyclonal T cell data indicate that the presence of therapeutic antibodies 

during T cell activation did not preferentially generate new regulatory T cells in 

the responding CD4+ T cell population. 

 

Antibody therapies did not increase T cell apoptosis in the draining lymph 

nodes. 
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I have so far established that anti-LFA-1 and/or anti-CD154 significantly 

restrained the number of reactive T cells in the draining lymph nodes while still 

allowing their activation, proliferation, and differentiation. Surprisingly, the 

antibodies, while partially suppressing effector cytokine production, did not 

induce alternate cytokine profiles or trigger de novo generation of FoxP3+ 

regulatory T cells. I have thus returned to the original question I set out to answer: 

what is the proximal impact of the therapeutic antibodies on T cells that allows 

transplantation tolerance? As of now, the most striking effect of the antibody 

therapies was the decrease in the number of T cells in the draining lymph nodes. 

This raised the possibility that the antibodies facilitated activation-induced cell 

death and led to the deletion of responding T cells. To explore this possibility, I 

assessed the expressions of the pro-apoptotic marker caspase 3 and the anti-

apoptotic marker Bcl-2 by adoptively transferred, footpad-challenged TCR-

transgenic and polyclonal T cells directly ex vivo. If anti-LFA-1 and/or anti-

CD154 significantly increased T cell expression of the pro-apoptotic caspase 3 or 

decreased the pro-survival Bcl-2 expressions, it could potentially explain the 

paradox of T cell activation and proliferation leading to decreased T cell number 

in the draining lymph nodes, and lend support to a deletional mechanism for 

generating transplantation tolerance. 

The results were, unfortunately, anti-climatic. The therapeutic antibodies 

did not significantly increase the expression of caspase 3 by proliferating 

monoclonal OT-I and OT-II T cells in the draining lymph nodes (Fig. 4-11A). 

Both OT-I CD8+ and OT-II CD4+ T cells activated and proliferated without 

antibody treatment started showing presence of apoptotic, caspase 3-expressing 

cells at approximately three to four rounds of cell division, suggesting a baseline 

activation-induced cell death mechanism in this model (Fig. 4-11A). Anti-LFA-1 

treatment alone appeared to accelerate the appearance of caspase 3-expressing 

OT-I and OT-II T cells earlier, and might suggest some effect on accelerated T 

cell death following activation (Fig. 4-11A). However, the percentages of total 

caspase-3 expression by proliferating transgenic T cells in the presence of anti-

LFA-1 were not strikingly different from the non-therapy-treated T cells (Fig. 4-
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11A). As for Bcl-2, which promotes T cell survival when expressed, activated T 

cells automatically down-regulate Bcl-2 during the acute expansion phase, and the 

trend of Bcl-2 down-regulation did not appear to vary in the presence or absence 

of the antibodies (Fig. 4-11B). The same observations were seen in proliferating 

polyclonal alloreactive T cells (Fig. 4-12). Therefore, while antibody-driven 

apoptosis and deletion would explain the rapid disappearance of responding T 

cells from the draining lymph nodes, ex vivo assessment of caspase 3 and Bcl-2 

did not indicate this as a direct impact of anti-LFA-1 and/or anti-CD154 on 

antigen-specific T cells. 

 

Antibody therapies allowed T cell persistence and reactivity during secondary 

antigen exposure. 

However, while expression of apoptotic proteins is a solidly reliable 

indicator of T cell death in vitro, it is notoriously difficult to examine apoptosis in 

vivo, since apoptotic cells are rapidly cleared from the immune 

microenvironment. Furthermore, studies have shown that expression of apoptotic 

markers ex vivo may not be restricted to apoptotic cells (266–270). As such, I 

used an alternative method to indirectly investigate T cell deletion as a 

mechanism of anti-LFA-1 and/or anti-CD154. Instead of looking for immediate 

up-regulation of apoptosis, I tested the persistence of adoptively transferred, 

antigen-activated, and therapy-treated T cells. This was done by systemically 

challenging recipients adoptively transferred with OT-I, OT-II, or polyclonal B6 

with B6-OVA or BALB/c splenocytes with or without therapy regimens. 

Recipients’ spleens were harvested minimum three weeks after initial antigen 

challenge, and the splenocytes were given secondary antigen challenge in vitro. 

The results from this approach answered two questions. 1) If the adoptively 

transferred T cells could be recovered, then deletion was unlikely a mechanism of 

anti-LFA-1 and/or anti-CD154. 2) If T cells were recovered and could respond to 

the secondary challenge, then clonal anergy was further demonstrated to not be a 

mechanism of the therapies. 
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Unfortunately, this experiment was difficult to carry out with the 

monoclonal TCR-transgenic T cells. As shown in chapter three, adoptively 

transferred OT-II CD4+ T cells underwent complete attrition within two weeks 

after transfer (Fig. 3-4). As a confirmation of that observation, they could not be 

found at three weeks post primary antigen challenge in this experiment. OT-I 

CD8+ T cells fared slightly better, and a small population could still be recovered 

from recipients’ spleens, and these persistent transgenic CD8+ T cells proliferated 

vigorously during in vitro secondary challenge whether the recipients were given 

antibody therapies or not (Fig. 4-13A). This showed that antibody therapies 

induced neither clonal deletion nor anergy of antigen-specific CD8+ T cells 

during initial antigen encounter and therapy treatments (Fig. 4-13A). 

Interestingly, while none of the therapeutic antibodies eliminated the presence of 

persistent, antigen-experienced, CD44HI OT-I T cells in the spleens, OT-I T cells 

activated initially in the presence of anti-LFA-1 showed reduced expression of 

IFN-γ during secondary antigen challenge (Fig. 4-13B). However, if the T cells 

were activated in the presence of both anti-LFA-1 and anti-CD154 initially, the 

persistent T cells expressed IFN-γ normally upon secondary challenge (Fig. 4-

13B). Taken as a whole, antibody therapies did not cause deletion or anergy of 

monoclonal antigen-specific CD8+ T cells during initial antigen encounter, and 

the persistent T cells were able to proliferate and acquire effector phenotype in 

response to a secondary antigen challenge. 

Similar results were observed with polyclonal T cells, in which adoptively 

transferred B6 T cells could still be detected three weeks after primary challenge 

with BALB/c splenocytes. The persistent T cells underwent proliferation upon 

secondary BALB/c challenge whether therapeutic antibodies were present during 

primary antigen encounter or not (Fig. 4-14A). Furthermore, both persistent 

CD4+ and CD8+ T cells retained their abilities to produce IFN-γ and granzyme B 

(Fig. 4-14B). Polyclonal CD4+ T cells initially activated in the presence of anti-

CD154 appeared to have a reduced but not inhibited capacity to express IFN-γ 

(Fig. 4-14B). Interestingly, CD8+ T cells activated in the presence of anti-LFA-1 

appeared to actually have enhanced production of granzyme B upon secondary 
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challenge (Fig. 4-14B). Despite the modest fluctuations in effector cytokine 

production, antibody therapies did not prevent adoptively transferred polyclonal T 

cells to differentiate into effector phenotypes during secondary antigen challenge 

(Fig. 4-14B). Furthermore, the therapies did not result in significant up-regulation 

of FoxP3 or expression of the anti-inflammatory cytokine interleukin-10 in CD4+ 

T cells during secondary challenge (Fig. 4-14C). In fact, adoptively transferred 

CD4+ T cells remaining after initial treatment with anti-CD154 and combined 

anti-LFA-1/antiCD154 therapies showed reduced expression of these regulatory 

markers during secondary challenge (Fig. 4-14C). Similar to observations made 

with monoclonal OT-I CD8+ T cells, treatment with antibody therapies did not 

appear to cause universal deletion and inactivation of reactive T cells, and the 

recipients retained T cells that could be activated into functional, non-regulatory 

effectors during subsequent exposures to their antigens. 
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4.3 FIGURES 

 

A 

B 

FIGURE 4-1. Antibody therapies restrained the number of antigen-specific T 

cells in draining lymph nodes. 5x106 CD45.1 OT-I or 10x106 CD45.1 OT-II 

lymphocytes were adoptively transferred into CD45.2 B6 recipients. Recipients 

were challenged at the footpads with 1x106 B6-OVA splenocytes with or without 

anti-LFA-1, anti-CD154, or combined anti-LFA-1/anti-CD154 treatments. 

Draining popliteal LNs were harvested 3 (OT-I) or 4 (OT-II) days post footpad 

challenge and analyzed by flow cytometry. Percentages of CD45.1+CD8+ (OT-I) 

or CD45.1+CD4+ (OT-II) T cells were their proportion among total popliteal LN 

cells. Absolute cell numbers were calculated by multiplying the percentages to 

total number of popliteal LN cell. Pairs of identical symbols on bar graphs denote 

data groups with significant differences of at least P < 0.05. A. Percentage and 

absolute number of OT-I CD8+ T cells in popliteal LNs. B. Percentage and 

absolute number of OT-II CD4+ T cells in popliteal LNs. 
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A            B 

 
 

FIGURE 4-2. Antibody therapies restrained the number of polyclonal T cells 

in draining lymph nodes. 30x106 CD45.1 B6 lymphocytes were adoptively 

transferred into CD45.2 B6 recipients. Recipients were challenged at the footpads 

with 1x106 BALB/c splenocytes with or without anti-LFA-1, anti-CD154, or 

combined anti-LFA-1/anti-CD154 treatments. Draining popliteal LNs were 

harvested 5 days post footpad challenge and analyzed by flow cytometry. 

Absolute cell numbers were calculated by multiplying the percentages of 

CD45.1+CD4+ or CD45.1+CD8+ T cells to the total number of popliteal LN cell. 

Pairs of identical symbols on bar graphs denote data groups with significant 

differences of at least P < 0.05. A. Absolute number of adoptively transferred 

CD4+ T cells in popliteal LNs. B. Absolute number of adoptively transferred 

CD4+ T cells in popliteal LNs. 
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A 

 
B 

 
 

FIGURE 4-3. Antibody therapies did not inhibit antigen-specific T cell 

proliferation in draining lymph nodes. Mice were treated as described in Figure 

4-1. Popliteal LN cells were analyzed for activation proliferation by CFSE 

dilution using flow cytometry. A. OT-I T cell proliferation in popliteal LNs. 

Histograms represent CD45.1+CD8+ -gated lymphocytes. F. OT-II T cell 

proliferation in popliteal LNs.  Histograms represent CD45.1+CD4+ -gated 

lymphocytes. 
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FIGURE 4-4. Antibody therapies differentially restrained the presence of 

proliferated polyclonal T cells in draining lymph nodes. Mice were treated as 

described in Figure 4-2. Popliteal LN cells were analyzed for proliferation by 

CFSE dilution using flow cytometry. Histograms are gated on CD45.1+CD8+ or 

CD45.1+CD4+ T cells in popliteal LNs. 
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*Figure continues on the following page. 
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D 

 
 

FIGURE 4-5. Antibody therapies did not inhibit antigen-specific T cell 

activation in the draining lymph nodes. Mice were treated as described in 

Figure 4-1. Popliteal LN cells were analyzed for activation (CD44HI, CD62LLO) 

by flow cytometry. A. Up-regulation of CD44 and down-regulation of CD62L by 

proliferating OT-I T cells. Dot plots were gated on CD45.1+CD8+ cells in 

popliteal LNs. B. Up-regulation of CD44 and down-regulation of CD62L by 

proliferating OT-II T cells. Dot plots were gated on CD45.1+CD4+ cells in 

popliteal LNs. C. Overall expression of activation markers by OT-I 

(CD45.1+CD8+) T cell in popliteal LNs. D. Overall expression of activation 

markers by OT-II (CD45.1+CD4+) T cells in popliteal LNs. Pairs of identical 

symbols on bar graphs denote data groups with significant differences of at least P 

< 0.05. 
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FIGURE 4-6. Antibody therapies differentially allowed activation of 

polyclonal T cells in the draining lymph nodes. Mice were treated as described 

in Figure 4-2. Popliteal LN cells were analyzed for activation (CD44HI, CD62LLO) 

by flow cytometry. A. Up-regulation of CD44 and down-regulation of CD62L by 

adoptively transferred and proliferating CD8+ T cells. Dot plots were gated on 

CD45.1+CD8+ cells in popliteal LNs. B. Up-regulation of CD44 and down-

regulation of CD62L by adoptively transferred and proliferating CD4+ T cells. 

Dot plots were gated on CD45.1+CD4+ cells in popliteal LNs. 
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*Figure continues on the following page. 
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FIGURE 4-7. Combined therapy with anti-LFA-1 and anti-CD154 

suppressed effector cytokine production by antigen-specific CD4+ and CD8+ 

T cells in draining lymph nodes. Mice were treated as described in Figure 4-1. T 

cell cytokine profile was determined by intracellular antibody labeling and flow 

cytometry after 4 hours of in vitro re-stimulation with OT-I or OT-II peptides and 

brefeldin A. Data shown are cytokine production by OT-I (gated on 

CD45.1+CD8+) and OT-II (gated on CD45.1+CD4+) T cells in popliteal LNs. 

Pairs of identical symbols on bar graphs denote data groups with significant 

differences of at least P < 0.05. A. IFN-γ and granzyme B production by OT-I T 

cells in popliteal LNs. B. IFN-γ production by OT-II T cells. 
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FIGURE 4-8. Combined therapy with anti-LFA-1 and anti-CD154 

suppressed effector cytokine production by polyclonal CD8+ T cells in the 

draining lymph nodes. Mice were treated as described in Figure 4-2. T cell 

cytokine profile was determined by intracellular antibody labeling and flow 

cytometry after 4 hours of in vitro re-stimulation with PMA/ionomycin and 

brefeldin A. A. IFN-γ production by adoptively transferred and proliferating 

CD8+ (gated on CD45.1+CD8+) and CD4+ (gated on CD45.1+CD4+) T cells in 

popliteal LNs. B. Overall IFN-γ production by adoptively transferred and 

proliferated CD8+ (gated on CD45.1+CD8+CFSELO) and CD4+ (gated on 

CD45.1+CD4+CFSELO) T cells in popliteal LNs. 
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FIGURE 4-9. Treatments with anti-LFA-1 alone or anti-LFA-1 combined 

with anti-CD154 increased proportion but not absolute number of Foxp3+ 

antigen-specific CD4+ T cells in draining lymph nodes. Mice were treated as 

described in Figure 4-1. Foxp3 expression by adoptively transferred OT-II T cells 

in popliteal LNs was determined by intracellular antibody labeling and flow 

cytometry. Percentages of Foxp3+ OT-II T cells were Foxp3-expressing cells 

within the CD45.1+CD4+ gate in the popliteal LNs. Absolute numbers of Foxp3+ 

OT-II T cells were determined by multiplying the percentage of Foxp3-expressing 

cells by total number of CD45.1+CD4+ T cells (as described in Figure 4-1) in 

popliteal LNs. 
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FIGURE 4-10. Treatments with anti-LFA-1 alone or anti-LFA-1 combined 

with anti-CD154 increased proportion but not absolute number of Foxp3+ 

polyclonal CD4+ T cells in draining lymph nodes. Mice were treated as 

described in Figure 4-2. Foxp3 expression by adoptively transferred CD4+ T cells 

in popliteal LNs was determined by intracellular antibody labeling and flow 

cytometry. Percentages of Foxp3+ T cells from the adoptively transferred 

population were Foxp3-expressing cells within the CD45.1+CD4+ gate in the 

popliteal LNs. Absolute numbers of Foxp3+ T cells were determined by 

multiplying the percentage of Foxp3-expressing cells by total number of 

CD45.1+CD4+ T cells (as described in Figure 4-2) in popliteal LNs. 
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FIGURE 4-11. Antibody therapies did not significantly induce antigen-

specific T cell apoptosis in the draining lymph nodes. Mice were treated as 

described Figure 4-1. Caspase 3 and Bcl-2 expression by OT-I (gated on 

CD45.1+CD8+) and OT-II (gated on CD45.1+CD4+) T cells in draining popliteal 

LNs were determined by ex vivo intracellular antibody labeling and flow 

cytometry. A. Caspase 3 expression in popliteal LNs. B. Bcl-2 expression in 

popliteal LNs. 
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FIGURE 4-12. Antibody therapies did not significantly induce polyclonal T 

cell apoptosis in the draining lymph nodes. Mice were treated as described 

Figure 4-1. Caspase 3 and Bcl-2 expression by CD45.1 B6 CD8+ (gated on 

CD45.1+CD8+) and CD4+ (gated on CD45.1+CD4+) T cells in draining popliteal 

LNs were determined by ex vivo intracellular antibody labeling and flow 

cytometry. A. Caspase 3 expression in popliteal LNs. B. Bcl-2 expression in 

popliteal LNs. 
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*Figure continues on the following page. 
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FIGURE 4-13. Anti-LFA-1 and anti-CD154 therapies allowed antigen-

specific CD8+ T cell persistence and maintenance of reactivity. 5x106 OT-I 

lymphocytes were adoptively transferred into B6 recipients. Recipients were 

challenged with 5x106 B6-OVA splenocytes intraperitoneally with or without 

antibody treatments. Recipient spleens were harvested after a minimum of 21 

days post primary challenge. A. Proliferation of persisting adoptively transferred 

OT-I T cells upon secondary B6-OVA challenge.  Recipient splenocytes were 

cultured in vitro with B6-OVA splenocytes for three days and proliferation 

measured by CFSE dilution. Histograms shown are gated on CD45.1+CD8+ T 

cells. B. CD44 expression and IFN-γ production by persisting adoptively 

transferred OT-I (gated on CD45.1+CD8+) T cells. Recipient splenocytes were 

cultured in vitro with OT-I peptide and brefeldin A for 5 hours prior to 

intracellular antibody labeling. 
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*Figure continues on the following page. 
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FIGURE 4-14. Anti-LFA-1 and anti-CD154 therapies allowed polyclonal T 

cell persistence and maintenance of reactivity. 30x106 CD45.1 B6 lymphocytes 

were adoptively transferred into CD45.2 B6 recipients. Recipients were 

challenged with 5x106 BALB/c splenocytes intraperitoneally with or without 

antibody treatments. Recipient spleens were harvested after a minimum of 21 

days post primary challenge. A. Proliferation of persisting adoptively transferred 

T cells upon secondary BALB/c challenge.  Recipient splenocytes were cultured 

in vitro with irradiated BALB/c splenocytes for three days and proliferation 

measured by CFSE dilution. Histograms shown are gated on either 

CD45.1+CD4+ or CD45.1+CD8+ T cells. B. Effector cytokine production by 

persisting adoptively transferred (gated on CD45.1+CD8+ or CD45.1+CD4+) T 

cells. Recipient splenocytes were cultured in vitro with PMA/ionomycin and 

brefeldin A for 5 hours prior to intracellular antibody labeling. C. Foxp3 

expression and interleukin-10 production by persisting adoptively transferred 

CD4+ (gated on CD45.1+CD4+) T cells after in vitro re-stimulation as described 

in B. 
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CHAPTER FIVE 

REGULATION OF NAÏVE GRAFT-SPECIFIC T CELLS DURING 

MAINTENANCE OF TRANSPLANT SURVIVAL 

 

5.1 INTRODUCTION 

To my immense surprise, while many previous studies suggested direct 

alteration of early T cell reactivity by anti-LFA-1 and anti-CD154 therapies as 

their mechanism of transplantation tolerance, I had not observed a significant 

induction of this phenomenon. In my models, anti-LFA-1 and/or anti-CD154 did 

not induce clonal anergy, clonal deletion, or alternate effector and/or regulatory 

phenotypes in the responding T cell populations. Unlike the studies that proposed 

immediate induction of tolerogenic T cell phenotypes, I did not detect any overt 

change in T cell activation and differentiation in the presence of anti-LFA-1 

and/or anti-CD154 that could suggest a dominant and self-perpetuating T cell 

tolerance being generated. While the therapeutic antibodies did significantly 

decrease the number of T cells in the draining lymph nodes and partially 

suppressed their cytokine production, these T cells did not demonstrate any major 

phenotype alterations that suggested the generation of a tolerance mechanism that 

could mediate long-term transplant survival. In other words, in contrast to the 

current paradigms hypothesizing the tolerizing antibodies to actively change 

graft-destructive T cells into tolerance-prone phenotypes, my results so far 

showed a distinct lack of such early induction of alternate, non-destructive T cell 

responses. The proximal impact of these tolerance-promoting antibody therapies 

on responding T cells appeared unexpectedly modest. 

However, a large amount of data from the past twenty years has showed 

irrefutable evidence indicating the efficacy of transient anti-LFA-1 and anti-

CD154 therapies in mediating transplant survival and donor-specific tolerance. 

For instance, our laboratory had tested the antibodies alone and in combination in 

a variety of murine transplant models including pancreatic islets and hearts in 

both allogeneic and xenogeneic donor-recipient combinations (218, 219, 241, 

248). Clearly, treatments with the two antibodies undeniably lead to 
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transplantation tolerance. Furthermore, many studies have demonstrated that 

donor-specific tolerance generated by anti-LFA-1 and anti-CD154 therapies was 

in fact maintained by a dominant, T cell-dependent regulatory mechanism that 

was generated at some point during therapy treatments (212, 216, 218, 225, 263). 

This was puzzling, since I had so far not observed any such generation of de novo 

T cell tolerance during initial T cell activation in the presence of the antibodies. 

Therefore, I decided to investigate whether such regulatory/tolerogenic 

mechanism was reliably generated in time.  

I used a neo-antigen skin transplant model with combined anti-LFA-1 and 

anti-CD154 therapy as detailed in section 2.9.2.2. I generated B6 recipients 

bearing long-term surviving B6-OVA skin grafts, and subsequently challenged 

the grafts by adoptively transferring naïve OT-I or OT-II T cells into the 

recipients. The transferred T cells were carefully tracked and interrogated for their 

ability to respond to the transplant antigen. Interestingly, while T cell reactivity 

did not appear to undergo significant changes during initial treatment period with 

antibody therapies, recipients bearing long-term surviving B6-OVA grafts 

actively altered the reactivity of naïve graft-specific T cells. Therefore, a 

dominant regulatory mechanism had been established during the maintenance 

phase of transplant survival and tolerance in recipients that had been given 

transient anti-LFA-1/anti-CD154 treatments 

 

5.2 RESULTS 

Combined anti-LFA-1 and anti-CD154 therapy prolonged skin graft survival.  

As the skin transplant model is recognized for its stringent nature due to 

the high immunogenicity of skin grafts and the difficulty in achieving prolonged 

skin transplant survival, it was used to test the efficacy of the antibody therapies. 

The fully allogeneic model in which BALB/c skin grafts were transplanted onto 

B6 recipients could not achieve indefinite survival with any of the three antibody 

therapies (Fig. 5-1A). However, combined anti-LFA-1 and anti-CD154 therapy 

(median day to rejection: 57) did significantly prolong the survival of full MHC-

mismatched skin graft compared to non-treated (median day to rejection: 10), 
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anti-LFA-1- (median day to rejection: 20), or anti-CD154-treated grafts (median 

day to rejection: 17) (Fig. 5-1A). This suggests a synergistic effect of combining 

the two antibodies in preventing transplant rejection. Although the therapies did 

not achieve indefinite survival of fully MHC-mismatched skin grafts, combined 

anti-LFA-1 and anti-CD154 treatment did significantly delay transplant rejection 

in this stringent model. 

The antibody therapies were also tested on a neo-antigen-mismatch skin 

transplant model in which B6 recipients were given B6-OVA skin. Interestingly, 

while anti-CD154 (median day to rejection: 24) failed to prevent graft rejection in 

this model, anti-LFA-1 alone (median day to rejection: 40) significantly delayed 

B6-OVA skin rejection (Fig. 5-1B). This is especially interesting considering that 

anti-CD154 is a more superior single therapy compared to anti-LFA-1 in the 

pancreatic islet transplant model, suggesting the intrinsic nature of the transplant 

as a potentially significant variable in the study of transplantation tolerance (Fig. 

3-1). Similar to the fully allogeneic model, combining anti-LFA-1 and anti-

CD154 excelled in prolonging B6-OVA skin graft survival comparing to either 

therapy alone. Furthermore, in contrast to the MHC-mismatch skin grafts, the 

combined therapy reliably achieved indefinite survival (>60 days post 

transplantation) of the B6-OVA grafts in approximately 70% of the recipients 

(Fig. 5-1B). Therefore, the neo-antigen-mismatch model of B6-OVA skin 

transplantation was used in the following experiments to test naïve graft-specific 

T cell response in a recipient bearing a long-term surviving transplant. 

 

Naïve graft-specific T cells responded to long-term surviving graft with altered 

activation and effector phenotype. 

Since the antibody therapies did not appear to significantly alter antigen-

specific T cell activation or induce alternate T cell phenotypes during the 

treatment period, it was curious whether the proximal impact of the antibodies 

were exerted on the transplant instead. A potential explanation of prolonged graft 

survival when no significant tolerogenic phenomenon was observed in the 

responding T cells was that the graft might have decreased immunogenicity. 
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Alternatively, since the most prominent effect of the antibody therapies observed 

was the decreased magnitude of T cells in the draining lymph nodes, it was also 

possible that the therapeutic antibodies prevented T cells from directly responding 

with the transplants, thus preventing their rejection via T cell ignorance. To test 

these two possibilities, naïve graft-specific OT-I or OT-II T cells were adoptively 

transferred into combined anti-LFA-1/anti-CD154-treated recipients bearing 

healthy B6-OVA grafts for a minimum of sixty days (Fig. 5-2A, Fig. 5-3A). Skin 

draining lymph nodes were harvested and analyzed for OT-I or OT-II T cell 

response to the surviving graft as compared to their response to a newly 

transplanted B6-OVA graft in a naïve recipient without therapy (Fig. 5-2A, Fig. 

5-3A). The objective was to test whether naïve T cells responded to antibody 

therapy-treated, long-term surviving transplant differently than to an untreated 

transplant bearing their cognate antigens. 

The long-term surviving B6-OVA skin grafts were neither non-

immunogenic nor ignored by graft-specific T cells. Both naïve, adoptively 

transferred OT-I CD8+ and OT-II CD4+ T cells accumulated in skin draining 

lymph nodes to similar extents as the accumulation of graft-specific T cells in the 

draining lymph nodes of newly transplanted, non-therapy-treated B6-OVA skins 

(Fig. 5-2B, Fig. 5-3B). Furthermore, both CD8+ and CD4+ T cells have 

proliferated vigorously in the skin draining lymph nodes of the therapy-treated 

recipients, suggesting productive T cell-antigen engagements with the B6-OVA 

grafts (Fig. 5-2B, Fig. 5-3B). The adoptively transferred OT-I and OT-II T cells 

did not induce acute graft rejection in the therapy-treated recipients. This 

observation, combined with the intact ability of OT-I and OT-II T cells to 

proliferate in response to the graft, suggests that combined anti-LFA-1 and anti-

CD154 therapy prolonged graft survival without diminishing its immunogenicity.  

Interestingly, while recipients bearing long-term surviving skin grafts 

allowed productive activation and proliferation of naïve graft-specific T cells, the 

T cells exhibited altered activation and effector phenotype. Although naïve OT-I 

CD8+ T cells underwent similar rounds of division in the two recipients, CD44 

expression by proliferating OT-I T cells showed a two-fold decrease in response 
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to therapy-treated recipients bearing “protected” skin grafts comparing to non-

therapy-treated recipients with fresh B6-OVA skins (Fig. 5-2C). Strikingly, 

interferon-γ production by proliferating OT-I T cells showed a ten-fold decrease 

when responding to long-term surviving B6-OVA grafts (Fig. 5-2C). The two-

fold decrease in CD44 expression was also observed in proliferating OT-II CD4+ 

T cells responding to long-term skin grafts. Interestingly, while combined anti-

LFA-1/anti-CD154 did not appear to induce alternate generation of FoxP3+ OT-II 

T cells during initial antigen exposure, long-term B6-OVA skin grafts in 

recipients previously treated with the combined therapy drove a population of 

naïve OT-II CD4+ T cells to up-regulate FoxP3 expression early in their 

proliferation (Fig. 5-3C). Taken as a whole, it appeared that while anti-LFA-1 and 

anti-CD154 did not induce alternative T cell phenotype during initial antigen 

exposure, skin transplants with prolonged survival after treatment with antibodies 

remained fully immunogenic but let to an altered graft-specific T cell effector 

phenotype. 

 

Naïve graft-specific T cells responded to peripheral challenge in recipients 

bearing long-term surviving graft with altered effector phenotype. 

Although the antibody therapies demonstrated a lack of immediate 

generation of T cell tolerance, recipients with long-term surviving skin grafts after 

anti-LFA-1 and anti-CD154 treatment actively altered naïve graft-specific T cell 

activation and differentiation phenotypes. This suggested that the therapy did 

indeed lead to active T cell regulation later in time despite the lack of such 

phenomenon during initial antigen exposure. If an active regulatory mechanism 

was thus developed, it would suggest a systemic regulation of T cell reactivity 

towards donor antigens that was not limited to the graft site. To explore this 

concept, naïve OT-I or OT-II T cells were adoptively transferred into combined 

anti-LFA-1/anti-CD154-treated recipients bearing healthy B6-OVA skin for 

minimum of sixty days. Naïve graft-specific T cells were also concurrently 

transferred into untreated recipients who had rejected B6-OVA grafts minimum 

sixty days prior to transfer and recipients bearing syngeneic B6 skin for the same 
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amount of time (Fig. 5-4A, Fig. 5-5A). The recipients were then given a 

peripheral graft antigen challenge in the form of footpad injection with B6-OVA 

splenocytes (Fig. 5-4A, Fig.5-5A). T cell reactivity in both the popliteal lymph 

nodes and the skin draining lymph nodes were analyzed to assess whether the 

altered phenotype observed in naïve T cells activated by long-term skin grafts 

could be seen when the T cells were responding to graft antigens in general (Fig. 

5-4A, Fig. 5-5A). In other words, I wanted to investigate whether the antibody 

therapy mediated the generation of a systemic, donor-antigen-specific change in T 

cell reactivity. 

After the peripheral graft antigen challenge, both OT-I CD8+ and OT-II 

CD4+ T cells trafficked into and proliferated vigorously in both the popliteal and 

the skin draining lymph nodes in recipients bearing long-term surviving B6-OVA 

grafts (Fig. 5-4B, Fig. 5-5B). This again demonstrated that while the therapy had 

prevented rejection of the B6-OVA skin grafts, naïve graft-specific T cells could 

still engage productively both directly with the graft or with graft antigen given 

peripherally. Significantly, OT-I CD8+ T cells showed the same decrease in 

interferon-γ as previously observed both in the skin draining lymph nodes and the 

popliteal lymph nodes, suggesting this altered effector function as a fundamental 

and systemic change in the recipients’ entire anti-OVA T cell response rather than 

a phenomenon restricted to T cells activated directly by the transplant (Fig. 5-4C). 

The down-regulation of interferon-γ was also present in proliferating OT-II CD4+ 

T cells in both the skin and the popliteal lymph nodes, albeit to a lesser extent 

(Fig. 5-5C). Interestingly, the induction of FoxP3+ expression exclusively in 

naïve OT-II CD4+ T cells responding to long-term B6-OVA skin observed earlier 

was not evident when peripheral graft antigen was given. In this case, FoxP3 

expression was ubiquitously induced in OT-II T cells early in their proliferation 

phase in recipients bearing long-term skin, rejected skin, and syngeneic skin (Fig. 

5-5C). Taken together, combined anti-LFA-1/anti-CD154 therapy appeared to 

eventually generate a fundamental change in graft-specific T cell reactivity if 

indefinite graft survival was achieved despite the lack of immediate immune 

deviation during initial antibody treatments. 
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5.3	  FIGURES 
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FIGURE	  5-‐1. Combined anti-LFA-1 and anti-CD154 therapy prolonged skin 

graft survival. Skin grafts were performed as described in chapter two. Pairs of 

identical symbols denote statistical significance of minimum P <0.05. A. B6 

recipients were transplanted with full-thickness skin as follows: BALB/c alone 

(n=3), BALB/c with anti-CD154 (n=4), BALB/c with anti-LFA-1 (n=5), BALB/c 

with combined anti-LFA-1/anti-CD154 therapy (n=4). B. B6 recipients were 

transplanted with full-thickness skin as follows: B6-OVA alone (n=26), B6-OVA 

with anti-CD154 (n=8), B6-OVA with anti-LFA-1 (n=10), B6-OVA with 

combined anti-LFA-1/anti-CD154 therapy (n=28).	  
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FIGURE	   5-‐2. Long-term surviving skin graft allowed naïve graft-specific 

CD8+ T cell proliferation but altered activation phenotype and effector 

function.  A. Naïve CD45.1 OT-I (1x104) lymphocytes were adoptively 

transferred into CD45.2 B6 recipients bearing the following: 1) B6-OVA skin 

surviving minimum of 60 days after combined anti-LFA-1/anti-CD154 treatment, 

2) newly transplanted B6-OVA skin, and 3) newly transplanted B6 skin. Skin 

draining LNs were harvested 5 days post transfer and analyzed by flow 

cytometry. B. Proportion (%CD45.1+CD8+ live lymphocytes) and absolute 

numbers (%CD45.1+CD8+ x total skin LN cell count) of OT-I CD8+ T cells in 

skin draining LNs. C. CD44 and interferon-γ expression by proliferating OT-I 

CD8+ T cells in skin draining LNs. Plots are gated on CD45.1+CD8+ live 

lymphocyte population. 
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FIGURE	   5-‐3. Long-term surviving skin graft allowed naïve graft-specific 

CD4+ T cell proliferation and acquisition of regulatory phenotype.  A. Naïve 

CD45.1 OT-II (2x104) lymphocytes were adoptively transferred into CD45.2 B6 

recipients bearing the following: 1) B6-OVA skin surviving minimum of 60 days 

after combined anti-LFA-1/anti-CD154 treatment, 2) newly transplanted B6-OVA 

skin, and 3) newly transplanted B6 skin. Skin draining LNs were harvested 6 days 

post transfer and analyzed by flow cytometry. B. Proportion (%CD45.1+CD4+ 

live lymphocytes) and absolute numbers (%CD45.1+CD4+ x total skin LN cell 

count) of OT-II CD4+ T cells in skin draining LNs. C. CD44 and FoxP3 

expression by proliferating OT-II CD4+ T cells in skin draining LNs. Plots are 

gated on CD45.1+CD4+ live lymphocyte population. 
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FIGURE	  5-‐4. Recipients bearing long-term surviving skin graft allowed naïve 

graft-specific CD8+ T cell proliferation but altered effector function in both 

the skin and popliteal lymph nodes upon peripheral graft-antigen footpad 

challenge. A. Naïve CD45.1 OT-I (1x104) lymphocytes were adoptively 

transferred into CD45.2 B6 recipients: 1) B6-OVA skin surviving minimum of 60 

days after combined anti-LFA-1/anti-CD154 treatment, 2) B6-OVA skin rejected 

minimum 60 days prior to challenge , and 3) B6 skin for minimum 60 days. 

Recipients were challenged at the footpads with 1x106 B6-OVA splenocytes post 

adoptive transfer. Skin draining LNs and popliteal LNs were harvested 4 days 

post footpad challenge and analyzed by flow cytometry. B. Proportion 

(%CD45.1+CD8+ live lymphocytes) and absolute numbers (%CD45.1+CD8+ x 

total skin LN cell count) of OT-I CD8+ T cells in popliteal and skin draining LNs. 

C. Interferon-gamma production by proliferating OT-I CD8+ T cells in popliteal 

and skin draining LNs. Plots are gated on CD45.1+CD8+ live lymphnocytes. 
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FIGURE	  5-‐5.	  Recipients bearing long-term surviving skin graft allowed naïve 

graft-specific CD4+ T cell proliferation but altered effector function in the 

skin draining lymph nodes upon peripheral graft-antigen footpad challenge. 

A. Naïve CD45.1 OT-II (2x104) lymphocytes were adoptively transferred into 

CD45.2 B6 recipients with the following: 1) B6-OVA skin surviving minimum of 

60 days due to combined anti-LFA-1/anti-CD154 treatment, 2) B6-OVA skin 

rejected minimum 60 days earlier, and 3) B6 skin for minimum 60 days prior to 

adoptive transfer. Recipients were challenged at the footpads with 1x106 B6-OVA 

splenocytes post adoptive transfer. Skin draining LNs and popliteal LNs were 

harvest 5 days post footpad challenge and analyzed by flow cytometry. B. 

Proportion (%CD45.1+CD4+ live lymphocytes) and absolute numbers 

(%CD45.1+CD4+ x total skin LN cell count) of OT-II CD4+ T cells in popliteal 

and skin draining LNs. C. Interferon-gamma and FoxP3 expression by 

proliferating OT-II CD4+ T cells in popliteal and skin draining LNs. Plots are 

gated on CD45.1+CD4+ live lymphocytes.	  
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CHAPTER SIX 

DISCUSSION 

 

6.1 INTRODUCTION 

6.1.1 T Cells and Transplant Rejection 

While transplantation is still the most effective treatment for end-stage 

organ failure, immune-mediated transplant rejection remains the primary barrier 

to favourable long-term patient outcomes. Amongst the immune cells 

participating in transplant rejection, T cells are a critical mediator in inducing 

graft injury and facilitating destructive responses from other cell types. T cells can 

recognize donor antigens when presented both in the context of donor MHC and 

self MHC. As such, T cells possess great flexibility in detecting and responding to 

transplant antigens, thus rendering protection of transplant from T cell 

surveillance a difficult and complex task. CD8+ and CD4+ T cells can both 

independently and synergistically instigate transplant destruction. Activated 

CD8+ CTLs are adept at causing direct graft damage through diverse mechanisms 

including apoptosis-promoting granules and pro-inflammatory cytokines (20–27). 

CD4+ T cells, on the other hand, can simultaneously facilitate direct graft injury 

and enhance anti-transplant activities of other immune mediators such as B cells 

and CD8+ T cells (33, 34). Therefore, effective control of multi-faceted T cell 

reactivity is a critical hurdle in advancing transplantation as a medical treatment.    

 

6.1.2 Suppressing Immunity versus Inducing Tolerance 

Currently, the only clinically available option for controlling transplant 

rejection is immunosuppressants. These agents completely and non-discriminately 

inhibit immune activities, including T cell reactivity. The two most prevalent 

types of clinically available immunosuppressants are small-molecule 

pharmaceutical agents derived from microbial products that interfere with the 

mechanics of cell cycle and T cell-specific depleting antibodies that bind to and 

lyse T cells. While immunosuppressants are effective in globally inhibiting T cell 

activity and thus preventing acute cell-mediated transplant injury, they carry 



	  139	  

severe adverse side effects. The immunodeficiency induced by 

immunosuppressants, while allowing for transplant survival, leaves patients 

highly susceptible to pathogenic infection and malignancies (68–71). 

Furthermore, immunosuppressive agents are intrinsically toxic, and life-long 

dependence on them critically compromises patient health and, ironically, the 

viability of the transplant itself. For instance, the small-molecule pharmaceutical 

agents cause multiple organ injuries and complications including nephrotoxicity, 

neurotoxicity, and post-transplantation diabetes mellitus, while depleting 

antibodies generate an acute cytokine storm as part of their mechanism of action 

and result in skewed immune composition (47, 62). Moreover, since 

immunosuppressive agents are routinely used as a combination therapy, the 

patients suffer from the cumulative toxicities of these agents but are dependent on 

them to prevent transplant rejection. 

Given the damage caused by chronic usage of immunosuppressive agents, 

prevention of transplant rejection becomes paradoxically a limiting factor for 

long-term graft and patient survival. Therefore, a critical goal in improving 

patient and transplant outcome is to focus the development of transplant therapies 

on generating donor-specific immune tolerance rather than inhibiting global 

immune reactivity. The key to balancing the restraint of graft-destructive immune 

responses and the prevention of therapy-intrinsic adverse affects is developing a 

therapy that is capable of inducing transplant tolerance with a transient course of 

treatment. This induced immune tolerance, unlike immunodeficiency mediated by 

immunosuppression, should be a donor antigen-specific response and thus permits 

the patient to retain a competent immune system. Therefore, the ideal transplant 

therapy will allow the patient to indefinitely accept the transplant while still 

preserve protective immunity against pathogenic and mutagenic assaults.  

 

6.1.3 Non-Depleting Antibodies as Tolerance-Inducing Agents 

As studies into peripheral T cell tolerance suggested that TCR signal 

strength during antigen recognition determines the consequence of naïve T cell 

activation, and this signal is a combination of costimulation and adhesion along 
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with the specific TCR-antigen-MHC interaction, manipulating T cell activation 

signals became a viable possibility for inducing a tolerogenic rather than 

pathogenic T cell response. Monoclonal, non-depleting antibodies specific for T 

cell surface adhesion and costimulation molecules were therefore developed to 

execute precise interference with these pathways. The specific nature of 

monoclonal antibody therapies allows them to target selective immune surface 

molecules, thus reducing the dangers associated with comprehensive immune 

paralysis generated by immunosuppressants. Furthermore, many of these 

monoclonal antibodies have already shown great efficacy in prolonging allograft 

survival and generating donor-specific tolerance as transient therapies in animal 

models. As such, monoclonal non-depleting antibodies targeting T cell surface 

molecules involved in adhesion and costimulation appear to be promising 

candidates for transplant tolerance-promoting therapies.  

 

6.2 INTERPRETATION OF THESIS RESULTS RELATIVE TO 

CURRENT PARADIGMS 

Amongst the plethora of therapeutic monoclonal antibodies that have been 

tested as transplant therapies, antibodies targeting the adhesion and costimulation 

molecule, LFA-1 (CD11a), and the costimulation molecule, CD154 (CD40L), 

have been particularly efficacious in generating donor-specific transplant 

tolerance in mouse and non-human primate models (223, 239, 241, 247, 262). 

Significantly, these two antibodies can mediate indefinite graft survival as 

transient therapies. This leads to the major question as to how a short-term 

administration of antibodies targeting a costimulatory molecule or an adhesion 

molecule can result in long-term maintenance of transplant survival and tolerance. 

Although the two antibodies, particularly anti-CD154, have since been widely 

studied in multiple animal transplant models for their ability to promote tolerance, 

their specific mechanisms of restraining graft-specific T cell from mediating 

injuries remain vague. Despite the ambiguity concerning the proximal impact of 

the antibodies on graft-specific T cells, in the case of anti-CD154, various models 

have been hypothesized through the years to explain its mechanism of tolerance 
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induction. However, the large variety of hypothesized paradigms plus little 

overlap in mechanisms proposed by different research groups indicate that there 

lacks a cohesive and systematic examination into the link between an antibody 

binding to a T cell costimulatory molecule and long-term graft survival and 

donor-specific tolerance. Similarly, anti-LFA-1, while widely and repeatedly 

tested for its ability to induce transplant tolerance and excellent compatibility in 

synergizing with different therapeutics, has not been studied as closely with 

regard to its early impact on T cells. As such, the mechanism of tolerance 

induction by anti-LFA-1 is even less defined than that of anti-CD154. 

Importantly, improved understanding of the processes involved in restraining 

graft-specific T cell immunity and generating donor-specific tolerance by 

therapeutic antibodies will allow the rational design of a safe and effective 

transplant therapy. To address this gap in knowledge and determine the impact of 

anti-CD154 and/or anti-LFA-1 on antigen-specific T cells, models of tracking the 

fate of T cells were established in this thesis to methodically examine the 

proximal impact of anti-LFA-1 and/or anti-CD154 on T cell reactivity.  

Since the key question is the connection between a transient therapy with 

antibodies targeting T cell surface molecules and long-term transplant tolerance, it 

is perhaps unsurprising that the current hypothesized paradigms of anti-LFA-1- 

and anti-CD154-mediated tolerance focus on an early and drastic change in T cell 

fate that would generate immediate graft tolerance. As detailed in chapter one, the 

exploration of induced transplantation tolerance progressed at a parallel pace with 

the discovery of self-tolerance. In fact, most identified mechanisms of central and 

peripheral self-tolerance have been applied to the generation of transplantation 

tolerance. Therefore, deviations from expected immune responses during naïve T 

cell activation that result in peripheral self-tolerance have been the models in 

explaining transplantation tolerance generated by the short-term use of biologics 

and therapeutic antibodies. In chapter one, three principal mechanisms of altered 

T cell activation fate in peripheral self-tolerance were described: induction of 

clonal anergy, induction of clonal deletion and death, and generation of altered, 

regulatory or non-destructive T cell phenotypes. These mechanisms form the 
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primary paradigms currently proposed as the proximal impact of anti-CD154 and 

anti-LFA-1 on graft-specific T cells (Fig. 6-1). Therefore, my thesis results will 

be discussed relative to these paradigms in the following sections. 

 

6.2.1 Induction of Clonal Anergy as a Route of Transplantation Tolerance 

Clonal anergy is one of the earliest identified mechanisms of peripheral 

immune tolerance to self-antigens. Anergy is defined as a state of 

hyporesponsiveness in which T cells are alive and not deleted, but are 

functionally inactive (112). Generally, an anergic T cell is recognized as one that 

is refractory to proliferation and production of IL-2 upon encountering its cognate 

antigen, and this is likely due to T cell activation with insufficient signal strength 

(114). In other words, T cell clonal anergy is considered a consequence of failed T 

cell activation. In the context of peripheral self-tolerance, clonal anergy provided 

a means for controlling autoreactive T cell reactivity. If autoreactive T cells are 

interacting with self-antigens either presented on tissue parenchymal cells lacking 

costimulatory ligands or immature APCs that have yet to up-regulate their 

costimulatory signals, the induction of anergy would prevent these T cells from 

being activated against self. In the context of tolerance induction to a transplant 

then, it seems logical that a possible mechanism of generating transplant tolerance 

is driving graft-destructive T cells into clonal anergy. If a transplant therapy 

facilitates donor-specific T cells to interact with graft antigens with subpar 

activation signals, these T cells should become anergic and lose their ability to 

proliferate and differentiate in response to the donor graft. More specifically, if a 

therapeutic antibody targeting T cell costimulatory or adhesion molecules can 

modulate activation strength, it may be capable of utilizing clonal anergy as a 

mechanism of generating donor-specific transplantation tolerance. 

Indeed, clonal anergy or T cell hyporesponsiveness has been observed in 

multiple studies using anti-CD154 or anti-LFA-1 as transplant tolerance-inducing 

therapies. These studies demonstrated loss of host T cell activation, clonal 

expansion, and/or effector functional differentiation in response to donor antigens 

when treated with the therapeutic antibodies. For instance, by using an adoptive 
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transfer model, Quezada et al. showed anti-CD154 rendering antigen-specific T 

cells refractory to activation and proliferation by tracking the fate of CD4+ TCR 

transgenic TEa-Tg T cells recognizing allo-antigen Eα in the context of class II 

MHC I-Ab in response to stimulation with donor-specific transfusion (DST) 

(227). While DST predictably induced proliferation and expansion of TEa-Tg T 

cells in the lymph nodes, the presence of anti-CD154 abrogated TEa-Tg T cell 

expansion (227). Furthermore, TEa-Tg T cells harvested from anti-CD154-treated 

recipients lacked an activated phenotype (CD44HICD62LLOCD69HI) and exhibited 

reduced production of IL-2, a hallmark of T cell anergy (227). Anti-CD154 also 

abrogated adoptively transferred TCR transgenic AND CD4+ T cell clonal 

expansion in an antigen-specific bone-marrow chimerism model (271). Similarly, 

anti-LFA-1 inhibited T cell clonal expansion in vitro in an allogeneic mixed 

lymphocyte reaction (248). All told, induction of T cell clonal anergy is one 

possible mechanism allowing anti-CD154 and anti-LFA-1 to generate long-term 

transplant survival and donor-specific tolerance. 

The theory of clonal anergy induced by T cell interaction with anti-LFA-1 

or anti-CD154 as a mechanism of generating transplant tolerance is supported by 

the studies showing the loss of T cell activation of proliferation in the presence of 

these antibodies. I first investigated this phenomenon using a monoclonal antigen-

specific model of adoptively transferred, CFSE-labeled, OT-I CD8+ or OT-II 

CD4+ T cells into wild-type B6 recipients challenged locally at the footpads with 

B6-OVA splenocytes. Surprisingly, despite the decrease in the number of T cells 

in the draining lymph nodes, the presence of the antibodies did not impede OT-I 

or OT-II T cell proliferation (Fig. 4-2). Furthermore, proliferated OT-I or OT-II T 

cells in the presence of all three therapies also showed activation phenotypes 

similarly to T cells proliferated in the absence of antibodies (Fig. 4-5). In the case 

of monoclonal antigen-specific T cells, my data did not indicate inhibition of 

activation and proliferation as a consequence of anti-CD154 and/or anti-LFA-1 

treatments and did not support clonal anergy as a mechanism of tolerance 

induction by these antibodies.  
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Interestingly, the proximal impact of anti-CD154 and/or anti-LFA-1 on 

early T cell activation and proliferation in a polyclonal B6-anti-BALB/c footpad 

challenge model proved to be less straightforward. Frequency of proliferated T 

cells distinctly decreased in the polyclonal model depending on the therapy used 

(Fig. 4-4). Anti-LFA-1 and anti-CD154 down-regulated the presence of 

proliferated CD8+ T cells in the draining popliteal lymph nodes, while anti-

CD154 and combined anti-CD154/anti-LFA-1 affected CD4+ T cells similarly 

(Fig. 4-4). Nevertheless, the proliferated cells showed “normal” expression of 

activation phenotype (Fig. 4-6). At a glance, this did resemble a partial inhibition 

of T cell proliferation, and thus partly supported clonal anergy as a mechanism of 

anti-CD154 or anti-LFA-1-induced tolerance. However, without being able to 

track antigen-specific polyclonal alloreactive T cells, I could not determine 

whether the non-proliferating pool of T cells contained a higher number of 

alloreactive T cells in the presence of antibodies, which would correlate to a 

suppressed ability to proliferate in response to antibody treatments. Also, 

considering the significant loss of both proliferating and non-proliferating T cells 

from the draining lymph nodes and the ability of the adoptively transferred T cells 

to proliferate upon secondary activation, rather than the induction of anergy, I 

hypothesize instead that the decrease in the frequency of proliferated polyclonal T 

cells was due to a global decrease of T cell number in the lymph nodes rather than 

a specific inhibition of T cell proliferation (Fig. 4-2, 4-14). This observation and 

hypothesis will be discussed in further detail later in this discussion. 

Several factors could explain the contradiction between my data and the 

previous studies showing inhibition of T cell activation and proliferation in the 

presence of anti-CD154 or anti-LFA-1. While Quezada et al. and Kurtz et al. 

observed T cell anergy with DST/anti-CD154 treatment using the TEa-Tg and 

AND TCR transgenic models respectively, I showed intact T cell proliferative 

ability with the OT-I/OT-II model (227, 271) (Fig. 4-3). However, the nature of 

the TCR transgenic model may be a key reason for the difference observed. TCR 

transgenic T cells represent one single clone within a population of antigen-

specific T cells. However, an endogenous naïve antigen-specific T cell population 
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consists of upwards to a hundred different T cell clones, and each clones responds 

uniquely to the antigen (265). Therefore, a wild-type, unmodified “antigen-

specific” response is in reality a cumulative representation of many distinct T cell 

responses (265). In contrast, monoclonal TCR transgenic T cells only portray one 

single discrete response towards an antigen. In other words, the therapeutic 

antibodies could potentially induce anergy in some endogenous T cell clones but 

not others. Therefore, it is possible that the TEa-Tg and AND T cells are clones 

prone to therapy-induced anergy while OT-I and OT-II T cells are not, thus 

demonstrating contradictory reaction to anti-CD154 treatment. Having considered 

this limitation of the transgenic model, I have tracked the fate of wild-type 

polyclonal T cell response in parallel to the transgenic T cells. Perhaps 

unsurprisingly, polyclonal T cell activation and proliferation appeared to be more 

sensitive to the presence of the antibodies and might have been rendered partially 

anergic. As such, it is possible that anti-CD154 and anti-LFA-1 are both capable 

of inducing clonal anergy in some T cells but not others. Nevertheless, 

considering the drastic decrease in both proliferated and un-proliferated T cell 

number in the lymph node in the polyclonal model and the intact ability of the T 

cells to proliferate during secondary antigen exposure, I would postulate that 

anergy, if indeed one of the many consequences of anti-CD154 and anti-LFA-1 

treatments, is not a primary mechanism of tolerance-induction compared to the 

disappearance of T cells from the draining lymph nodes. 

 

6.2.2 Induction of T Cell Death or Deletion as a Route of Transplantation 

Tolerance 

Another mechanism involved in peripheral self-tolerance is the deletion of 

autoreactive T cells. Unlike clonal anergy, which inactivates a T cell upon antigen 

stimulation but leaves them alive and potentially capable of regaining their 

responsiveness, certain T cell activation events lead to outright death and 

elimination of the cell. For instance, activation-induced cell death is well 

established as a part of the standard consequence of T cell activation as a means 

of controlling the sudden increase in antigen-specific T cells during clonal 
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expansion. In the context of peripheral self-tolerance, repeated and chronic T cell 

exposure to its cognate antigen could potentially initiate death pathways (106). 

Deletion or death of an autoreactive T cell in the periphery occurs through 

apoptosis not unlike thymocyte death during negative selection (106). Essentially, 

as a mechanism of self-tolerance, the induction of apoptosis removes autoreactive 

T cells from the periphery and thus prevents injury to self. Translating this 

concept into transplantation tolerance suggests that eliminating anti-donor T cells 

by death and deletion would be an effective and beneficial mechanism of 

protecting the transplant from destructive T cell responses. While anti-LFA-1 has 

not been examined as closely in this respect, anti-CD154 has been observed to 

mediate early deletion of donor-specific T cells in many studies. In this regard, 

death and deletion of T cells appear to be a potential mechanism of antibody-

mediated transplant tolerance. 

Deletion of graft-specific T cells has been reported by multiple studies as a 

major early mechanism of therapies with anti-CD154. T cell apoptosis was first 

demonstrated as a necessary mechanism for DST/anti-CD154-mediated transplant 

tolerance in two distinct models. The first model utilized a transgenic mouse 

strain with constitutive expression of Bcl-xL in T cells (264). Bcl-xL is a pro-

survival protein of Bcl-2 family (272). It blocks apoptosis by binding to and 

interfering with the function of pro-apoptotic executioner proteins, BAX and 

BAK, and inducer BH3-only proteins (272). T cells in the transgenic Bcl-xL mice 

therefore are protected from apoptosis. While DST and anti-CD154 achieved 

long-term allogeneic cardiac transplant survival in 100% of the wild-type 

recipients, survival dwindled to approximately 20% in transgenic Bcl-xL 

recipients, suggesting the loss of T cell apoptosis negatively impacted transplant 

tolerance induction (264). The second model tracked proliferation and apoptosis 

of naïve C3H/He (H-2k) lymphocytes adoptively transferring into irradiated 

BALB/c (H-2d) recipients and treated with a tolerance-inducing regimen of 

combined anti-CD154 and CTLA-4-Ig (215). During primary activation, anti-

CD154 and CTLA-4-Ig up-regulated Annexin V staining of proliferating C3H/He 

CD4+ T cells, suggesting activation-induced cell death as an intrinsic mechanism 
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of the therapy (215). The role of T cell death in anti-CD154-induced tolerance 

was further investigated by Iwakoshi et al. using an adoptive transfer model in 

which H-2Kb-specific KB5 DES+ CD8+ transgenic T cells were tracked in 

recipients given H-2b skin grafts (226). It was shown that combined DST and anti-

CD154 significantly decreased the number of transferred KB5 DES+ CD8+ T 

cells recovered from recipient lymph nodes seven days after skin transplantation 

(226). T cell deletion by apoptosis during anti-CD154 therapies has also been 

demonstrated in murine bone-marrow transplantation (209, 271). Proximal impact 

of anti-LFA-1 therapies on T cell death and deletion has not been examined as 

extensively as anti-CD154. However, OT-I CD8+ T cells adoptively transferred 

into anti-LFA-1-treated recipients given B6-OVA skin grafts showed increased 

staining of Annexin V during initial T cell activation, implying an increase in 

apoptotic cells in the presence of anti-LFA-1 (245). Taken as a whole, these 

observations suggest that anti-CD154 and anti-LFA-1 facilitate early T cell death 

and deletion as a means of generating transplantation tolerance. 

My data initially appeared to support T cell deletion as a mechanism of 

anti-CD154 and/or anti-LFA-1 therapies. Both the monoclonal TCR transgenic 

model and the polyclonal allogeneic model showed an approximately two-fold 

decrease in adoptively transferred T cells in the draining popliteal lymph nodes 

when challenged with their cognate antigen in the footpads in the presence of 

anti-CD154 (Fig. 4-1, 4-2). Even more dramatically, anti-LFA-1 and combined 

anti-CD154/anti-LFA-1 therapies led to more than a ten-fold decrease in the 

number of draining lymph node T cells (Fig. 4-1, 4-2). As the disappearance of T 

cells from the draining lymph nodes appeared to recapitulate previous studies 

supporting T cell death and deletion as a mechanism of tolerance, I looked for T 

cell apoptotic markers in the draining lymph nodes as a confirmation of the 

mechanism. However, when examined directly ex vivo, none of the therapies 

showed particularly increased presence of apoptotic T cells as determined by the 

expression of pro-apoptotic caspase 3 protein (Fig. 4-11, 4-12). As the rapid 

clearance of apoptotic cells renders assessing cell death difficult ex vivo, I used a 

secondary method to confirm whether T cell deletion occurred. I allowed 
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adoptively transferred T cells to be systemically activated then assessed the 

presence and activity of transferred T cells over three weeks later, the rationale 

being that, if T cell deletion is a necessary mechanism of tolerance, I should not 

be able to recover the adoptively transferred T cells, especially the monoclonal 

TCR transgenic T cells by this time point. Surprisingly, both adoptively 

transferred OT-I CD8+ T cells and polyclonal T cells were present three weeks 

after initial antigen exposure and remained responsive and proliferative to 

secondary antigen challenge (Fig. 4-13, 4-14). Therefore, while anti-LFA-1 

and/or anti-CD154 therapies resulted in striking decrease in the magnitude of T 

cells in the draining lymph nodes during initial T cell activation, this does not 

appeared to be caused by increased T cell deletion and death driven by the 

therapeutic antibodies. 

The lack of increased early anti-LFA-1- and/or anti-CD154-driven T cell 

deletion and death indicated by my data is directly contradictory to the previous 

studies described above. Two factors may explain the discrepancy between the 

results. The first one is the method used in determining T cell apoptosis. In the 

previous studies mentioned, apoptotic cells were assessed by staining draining 

lymph node T cells with Annexin V. Annexin V binds to phosphatidylserine on 

the cell surface, and extracellular exposure of phosphatidylserine is recognized as 

a hallmark of cells undergoing apoptosis and a signal for macrophage clearance of 

the apoptotic cells (266, 270). However, phosphatidylserine exposure is not 

exclusive to apoptotic cells, and can be observed on a range of viable, apoptotic, 

and necrotic cells ex vivo (266). In fact, ex vivo labeling of viable cells with 

Annexin V has been repeatedly observed (267, 268, 270). As such, Annexin V-

positive cells may not actually proceed to apoptosis. Furthermore, CD8+ T cells 

have been shown to transiently expose phosphatidylserine during rapid antigen-

driven clonal expansion without entry into death, so an ex vivo snapshot in time 

showing increased Annexin V-positive T cells in the draining lymph nodes during 

acute primary T cell activation may simply be an indicator of vigorous T cell 

proliferation (269). Granted, my use of caspase 3 as an alternative indicator of 

apoptosis may not have been entirely representative, either, as caspase 3 was also 
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shown to be transiently expressed by non-apoptotic T cells during acute 

proliferation (269). Regardless, as I did not observe significant increase in caspase 

3-expressing T cells in the draining lymph nodes during primary activation and 

antibody treatments, my data did not support T cell apoptosis as a significant 

mechanism of transplant tolerance induction by anti-CD154 and/or anti-LFA-1. 

Another factor contributing to the difference observed in T cell deletion in 

the presence of therapeutic antibodies between my data and previous studies is the 

potential role of trafficking as a mechanism of antibody therapies. The previous 

studies searched for T cells in the draining lymph nodes only, and concluded a 

decrease in the magnitude of T cells in the nodes as a result of deletion. My data 

also showed dramatic decrease in the number of adoptively transferred T cells in 

the draining lymph nodes during primary activation. However, these T cells could 

be recovered from the recipients’ spleens three weeks after primary activation and 

respond productively to secondary antigen challenge. This paradoxical 

observation suggests that rather than deletion, the T cells might have simply been 

absent in the draining lymph nodes during primary activation. If anti-CD154 

and/or anti-LFA-1 can dictate T cell migration, they can potentially diminish the 

presence of T cells in the draining lymph nodes without deleting them. In other 

words, the therapeutic antibodies could temporarily “hide” the T cells from their 

antigens and prevent full-scale immune response, thus mimicking a deletional 

phenotype in the lymph nodes. This hypothesis is supported by my earlier 

observation that administering anti-LFA-1 alone or with anti-CD154 to naïve 

wild-type recipients without immune stimulation was sufficient to alter CD62L 

expression on endogenous T cells and relocate them from the lymph nodes into 

the circulation and the spleen (Fig. 3-9). Therefore, while Annexin V staining 

may not represent T cell death, decrease in the number of T cells in the draining 

lymph nodes may not represent deletion. As such, my data do not support death 

and deletion as a proximal impact of anti-CD154 and anti-LFA-1 on T cell 

activation. 
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6.2.3 Alteration of T Cell Phenotypes as a Route of Transplantation   

Tolerance 

Aside from T cell anergy and deletion, a third mechanism of controlling 

destructive T cell reactivity is to allow T cell activation but alter their 

differentiation into a non-destructive phenotype. In the context of peripheral self-

tolerance, an example of this would be the induction of regulatory T cells, 

especially FoxP3-expressing CD4+ regulatory T cells. As detailed in section 

1.2.1.2.3, T cells of the regulatory lineage presumably recognize self-antigens, 

especially the natural T regulatory cells postulated to develop from thymic 

negative selection and enter the periphery already committed to the FoxP3 lineage 

(130, 131). However, unlike destructive autoreactive T cells, regulatory T cells do 

not recognize self-antigens to cause injury. On the contrary, regulatory T cells 

suppress other effector T cells through multiple direct and indirect mechanisms, 

such as by secreting their hallmark cytokines, IL-10 and TGF-β, which down-

regulate immune responses. In the case of transplantation tolerance, a second type 

of FoxP3-expressing regulatory T cells, induced T regulatory cells, is of particular 

interest. Induced Tregs phenotypically resemble a naïve effector CD4+ T cell 

until antigen encounter and, at which point, possess the plasticity to differentiate 

into either effector T cells or a regulatory T cells depending on the immune 

environment during its activation (130, 131). Since these CD4+ T cells 

presumably emigrate from the thymus as naïve T cells that have survived negative 

selection, they potentially recognize a wide range of non-self antigens (131). 

These naive peripheral CD4+ T cells could potentially be activated to become 

protective of rather than destructive toward their cognate antigen. As such, 

induction of induced, graft-specific regulatory T cells could hypothetically be a 

mechanism of anti-CD154 and anti-LFA-1-mediated transplantation tolerance. 

Aside from generating FoxP3-expressing regulatory T cells, another 

example of controlling destructive immunity through altered T cell differentiation 

is by inducing a non-inflammatory effector response instead of a pro-

inflammatory one. This was primarily observed in naïve CD4+ T cell effector 

differentiation. The classic paradigm of TH cell differentiation postulates that a 
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naïve CD4+ T cell could be activated to become one of two primary types of 

effector T cells. When encountering a bacterial, viral, or other intracellular 

pathogen, TH-1 effectors with signature cytokine profile of IL-12 and IFN-γ are 

generated (273, 274). TH-1 effectors then proceed to initiate an inflammatory 

response and amplify the activation of other pro-inflammatory immune cells such 

as CD8+ CTLs and macrophages (273, 274). On the other hand, if the pathogen is 

extracellular, such as intestinal parasites, TH-2 effectors with cytokines IL-4, IL-5, 

and IL-13 are induced to mediate a non-inflammatory humoural response by 

augmenting B cell reactivity (273, 274). Importantly, TH-2 cytokines suppress TH-

1 differentiation and vice versa, thus ensuring the presence of one predominant 

effector CD4+ T cell response in the immune microenvironment. The significance 

of this phenomenon in regulating undesirable T cell immunity was observed in 

models of chronic inflammatory diseases. Parasitic helminths potently induce a 

TH-2 response, and this strong TH-2 phenotype has been shown to ameliorate 

existing TH-1-mediated inflammation in the cases of inflammatory bowel 

diseases, chronic mycobacterium infection, and rheumatoid arthritis (275–278). A 

deliberate induction of TH-2 immunity has also been implicated as potential 

treatments for inflammatory autoimmune diseases such as Type-1 diabetes and 

multiple sclerosis (279). Considering CD4+ T cell-mediated inflammatory 

response is one of the major mechanisms of transplant failure as discussed in 

section 1.1.1.2, deviation from a pro-inflammatory TH-1 response to a non-

inflammatory TH-2 one by anti-CD154 or anti-LFA-1 therapies could potentially 

be a mechanism to protect transplant from injuries mediated by inflammation. 

Acute induction of alternate T cell phenotypes by anti-CD154 has been 

reported in contradictory results. Van Maurik et al. showed that transfer of 

splenocytes from mice treated with DST and anti-CD154 four weeks prior into a 

secondary recipient could not delay graft rejection, while splenocytes from 

similarly treated recipients bearing >100-day surviving transplant could (280). 

This suggested that direct interaction of anti-CD154 with donor-specific T cells 

did not induce protective regulatory T cells. However, using an antigen-specific 

adoptive transfer model, Ferrer et al. observed increased percentage of FoxP3+ 
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population in transferred OT-II CD4+ T cells in B6-OVA skin grafted recipients 

treated with either anti-CD154 alone or anti-CD154 plus DST (230). As this 

FoxP3 expression was seen within fourteen days of transplantation and therapy 

treatments, Ferrer et al. concluded that anti-CD154, whether alone or in 

combination therapy, directly altered naïve CD4+ T cell differentiation toward a 

regulatory lineage (230). Nevertheless, induction of regulatory T cells during 

initial antigen exposure in the presence of anti-CD154 appears to be controversial.  

Deviation of immune response between pro-inflammatory TH-1 and non-

inflammatory TH-2 response has also been attributed to anti-CD154 therapies. 

Hancock et al. demonstrated that anti-CD154 and DST therapy resulted in early 

mononuclear infiltrates within cardiac allografts expressing IL-4 and IL-10 

instead of the IL-2 and IFN-γ found in control rejecting grafts (231). Using a F1 

islet transplant model in which H-2d grafts were transplanted into H-2b/k,d 

recipients, Zheng et al. also found significantly increased intragraft IL-4 

transcripts in recipients treated with DST and anti-CD154 (214). Both studies 

suggested the skewing toward a TH-2 effector function to be a potential 

mechanism of anti-CD154 that favoured transplant survival and tolerance. 

In comparison to anti-CD154, therapies with anti-LFA-1 have not been 

extensively interrogated for their ability to directly generate alternate T cell 

phenotypes. Reisman et al. showed in the draining lymph nodes of a BALB/c to 

B6 allogeneic skin graft model that anti-LFA-1 decreased the frequency of 

inflammatory-type CD8+ T cells expressing both IFN-γ and TNF-α while 

increasing the frequency of FoxP3-expressing CD4+ T cells (245). However, 

whether this was due to anti-LFA-1 inducing an alternate phenotype or facilitating 

trafficking and differential accumulation of T cells in the lymph nodes was 

unclear. Despite the contradictory and sometimes ambiguous results, inducing 

non-graft-destructive T cell phenotypes is still considered a major paradigm 

explaining the efficacy of therapeutic antibodies in facilitating donor-specific 

transplantation tolerance. 

Interestingly, my data both supported and refuted induction of alternate T 

cell phenotypes as a mechanism of anti-LFA-1- or anti-CD154-mediated 
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transplantation tolerance. When the frequency of FoxP3-expressing CD4+ T cells 

was assessed, both the TCR transgenic model and the polyclonal alloreactive 

model showed significantly increased percentages of FoxP3+ CD4+ T cells in the 

draining lymph nodes when the recipients were treated with anti-LFA-1 or 

combined anti-LFA-1/antiCD154 (Fig. 4-9, 4-10). Unlike the observation 

reported by Ferrer et al., however, anti-CD154 did not significantly raise the 

frequency of Tregs in the draining lymph nodes (230) (Fig. 4-9, 4-10). However, 

since an “induction” of regulatory T cells implies de novo generation of FoxP3+ 

Tregs in the presence of therapeutic antibodies, and thus should correlate to an 

increase in FoxP3+ T cell number on top of frequency, I considered the better 

indicator of Treg induction to be a change in the absolute number of Tregs in the 

lymph nodes. When the absolute numbers of FoxP3-expressing CD4+ T cells 

were calculated, the dramatic increase in Tregs during anti-LFA-1 or anti-LFA-

1/anti-CD154 therapies became insignificant (Fig. 4-9, 4-10). In fact, anti-LFA-1- 

or combined anti-LFA-1/anti-CD154- treated recipients had fewer FoxP3+ T cells 

than non-therapy-treated, control activated recipients in both the TCR transgenic 

and the polyclonal alloreactive models (Fig. 4-9, 4-10). In other words, while anti-

LFA-1 and anti-LFA-1/anti-CD154 therapies certainly changed Treg-to-T-

effector ratio as indicated by the striking increase in the frequency of FoxP3+ T 

cells in the draining lymph nodes, they did not appear to have induced significant 

generation of new Tregs. Considering that I have observed anti-LFA-1 and 

combined anti-LFA-1/anti-CD154 diverting naïve T cells out of lymph nodes into 

the circulation and spleen by changing their CD62L expression, an observation 

supported by Reisman et al., it is possible that effector T cells are more 

susceptible than FoxP3+ regulatory T cells to anti-LFA-1-driven trafficking 

changes, thus the frequency but not number of Tregs increased due to reduced 

presence of effector T cells (245) (Fig. 3-8, 4-9, 4-10). Regardless of the 

mechanism, my data do not support de novo induction of regulatory T cells as a 

mechanism of anti-LFA-1 and/or anti-CD154.  

As I did not observe induction of regulatory T cells during initial antigen 

exposure and therapy treatments, I assessed the cytokine profiles of the adoptively 
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transferred T cells recovered from the draining lymph nodes to determine whether 

a switch between effector T cell phenotypes could be a mechanism of antibody-

mediated transplantation tolerance. Contrary to the studies reporting an increased 

presence of IL-4 in the graft sites, I did not find any indication of an alternate 

cytokine profile generated in the presence of the therapies. All three therapies 

decreased CD4+ and CD8+ T cell cytokine (IFN-γ, granzyme B) expression to 

different extents in both the TCR transgenic and polyclonal models, but none 

induced generation of alternate cytokines (Fig. 4-7, 4-8). As such, the therapies, 

especially combined anti-LFA-1/anti-CD154, appeared to down-regulate 

expression of T cell effector cytokine release without changing their intrinsic 

cytokine profiles. Taken together, anti-LFA-1 and/or anti-CD154 seemed to exert 

partial suppressive effect on T cell effector function rather than inducing an 

alternate effector phenotype. 

My data contradicted previous studies proposing induction of regulatory T 

cells as a mechanism of anti-CD154. A major factor explaining the difference is 

the method of data analysis. In the study by Ferrer et al., which was one of the 

first reports that concretely hypothesized Treg induction as an early direct 

consequence of anti-CD154 treatments by showing increased presence of FoxP3+ 

CD4+ T cells in the draining lymph nodes (230). However, this increase in Tregs 

was reported as an increase in FoxP3+ T cell frequency and not absolute number. 

When looking strictly at T cell frequencies, my data also appeared to show a 

dramatic increase in the regulatory T cells after treatments with anti-LFA-1 or 

combined anti-CD154/anti-LFA-1. However, by calculating the absolute number 

of Tregs, I then determined that this increase in percentage of FoxP3+ T cells did 

not translate to an increase in absolute number. In fact, the absolute cell number 

data would suggest that the antibodies had no effect on the generation of FoxP3+ 

Tregs. Therefore, as Ferrer’s study showed only increase in the percentage of 

Tregs, it is difficult to determine whether induction of Tregs was really observed 

as a mechanism of anti-CD154. Whether a skewing of the frequency of Tregs 

versus that of T effectors is enough to impart transplant tolerance without active 

generation of Tregs is unknown. It is possible that the increase in percentage of 



	  155	  

Tregs likely caused by a decrease in effector T cells in the presence of anti-LFA-1 

or combine anti-LFA-1/anti-CD154 could be sufficient in driving a tolerogenic 

rather than destructive response. In this case, the antibodies could be thought of as 

having “induced” an alternate T cell phenotype or response. However, since the 

two therapies also largely diminished the presence of T cells in the draining 

lymph nodes, there were likely too few Tregs to be able to single-handedly 

execute transplantation tolerance despite their higher percentage. In fact, my data 

supported the observation of van Maurik et al., which saw no evidence of acute 

induction of regulatory lymphocytes during the first month of DST/anti-CD154 

(280). My data so far have not shown an immediate change in T cell 

differentiation into either a regulatory or an alternative effector phenotype as a 

consequence of anti-CD154 and/or anti-LFA-1 treatment. On the contrary, the 

therapeutic antibodies appeared to partially inhibit existing T cell effector 

function rather than generating novel T cell phenotype and function. 

 

6.2.4 Maintenance of Tolerance 

To my surprise, my interrogation into the proximal impact of anti-LFA-1 

and/or anti-CD154 on T cell activation unexpectedly showed no clonal anergy, 

clonal deletion, or induction of alternate phenotype during T cell differentiation. 

My observations largely contradicted previous studies proposing direct and 

immediate changes in T cell fate as mechanisms of transplantation tolerance 

mediated by anti-LFA-1 and anti-CD154. In contrast, while my data showed a 

change in T cell trafficking associated with anti-LFA-1, T cells remaining in the 

draining lymph nodes engaged their cognate antigen and proliferated. Besides 

from the reduced magnitude of T cells in the draining lymph nodes, the other 

major effect of the antibodies seemed to be a partial inhibition of T cell effector 

cytokine production. However, major alterations during T cell activation that 

could indicate the beginnings of a tolerogenic response were not observed. 

Unexpectedly, the proximal impact of two such potent tolerance-inducing 

therapeutic antibodies on T cells appeared to be startlingly unremarkable. 
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Nevertheless, a large body of data from the last twenty years has 

repeatedly demonstrated that transient anti-LFA-1 and anti-CD154 treatments 

during the early peri-transplantation period promoted powerful long-term graft 

survival and donor-specific tolerance. Previous data from our laboratory alone 

have shown the two antibodies to both independently and synergistically promote 

transplantation tolerance to allogeneic cardiac and allogeneic and xenogeneic 

pancreatic islet grafts in the murine model (218, 219, 241, 248). Furthermore, 

many studies emphatically demonstrated that the maintenance of this transplant 

tolerance is contingent on the presence of a dominant, T cell-dependent regulatory 

response (212, 216, 218, 225, 263). In other words, regardless of whether anti-

LFA-1 and anti-CD154 therapies induced early tolerogenic T cell responses 

immediately upon treatments, T cell-dependent mechanisms are responsible for 

the maintenance of transplant tolerance once long-term graft survival has been 

achieved. Since, contrary to my predicted results, I did not observe immediate 

induction of tolerogenic T cell phenotypes in the presence of anti-LFA-1 and/or 

anti-CD154, I investigated the fate of naïve graft-specific T cells during the 

maintenance phase of transplant survival to see whether a regulatory mechanism 

resulted from the seeming lack of one during the early phase of transplantation. 

Interestingly, while my previous data did not indicate early immune 

deviation towards a tolerogenic response in the presence of anti-LFA-1 and anti-

CD154, recipients bearing long-term surviving B6-OVA skin grafts changed 

functional phenotypes of naïve, adoptively transferred OT-I or OT-II T cells. At 

sixty days post transplantation, combined anti-LFA-1/anti-CD154-treated 

recipients maintained their B6-OVA skin grafts while the antibodies had 

presumably left their immune system. Interestingly, adoptively transferred OT-I 

or OT-II T cells accumulated in the skin draining lymph nodes and proliferated 

vigorously, suggesting that the graft remained fully immunogenic and antigenic 

(Fig. 5-2, 5-3). However, IFN-γ production by OT-I CD8+ T cells was suppressed 

despite the vigorous proliferation (Fig. 5-2). Significantly, a population of 

FoxP3+ CD4+ T cells was generated in the pool of proliferating OT-II T cells in 

the tolerant recipients (Fig. 5-3). It appeared that, at the maintenance phase of 
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anti-LFA-1/anti-CD154-generated graft survival and tolerance, a regulatory 

mechanism had taken form and was capable of controlling naïve graft-specific T 

cells. Furthermore, this apparent regulatory mechanism was not limited to T cells 

reacting to the transplant itself. When donor antigens were given as a peripheral 

challenge at the footpads of recipients bearing long-term B6-OVA skin grafts, 

IFN-γ production by OT-I CD8+ T cells was similarly suppressed in spite of the 

intact proliferative response (Fig. 5-4). Therefore, while I did not observe 

immediate induction of tolerogenic T cell responses during early treatment period 

when anti-LFA-1 and anti-CD154 were present, an active regulatory mechanism 

capable of altering naïve graft-specific T cell reactivity was eventually established 

during the maintenance of transplant survival and tolerance. It could thus be 

inferred from my observations that it was not the initial interaction of the 

antibodies with the T cells that “induced” transplantation tolerance, but rather a 

consequence of the immune activities that occurred after the early period of 

therapy treatments. 

 

6.3 A PROPOSED MODEL OF TRANSPLANTATION TOLERANCE 

In this thesis, I have shown that treatments with anti-LFA-1 and/or anti-

CD154 surprisingly resulted in no immediate induction of overt T cell tolerance. I 

did not observe clonal deletion or anergy of activated T cells in the presence of 

the therapeutic antibodies, nor did I detect preferential generation of alternate 

non-destructive T cell phenotypes. In the presence of the antibodies, T cells 

productively engaged with their antigens by acquiring an activation phenotype 

and proliferative capability. The most significant impact of the antibody therapies 

appeared to the striking decrease in the number of T cells in the draining lymph 

nodes and partial inhibition in their effector cytokine production. Nevertheless, 

when prolongation of transplant survival was achieved, a regulatory mechanism 

was present to dominantly control naïve T cell activation and differentiation. 

Therefore, while transient antibody therapies promoted long-term transplant 

survival, they did not induce early generation of tolerogenic T cell responses 

when they were present in the recipient immune system. In other words, my 
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results demonstrate an actively maintained transplant survival as a consequence of 

a lack of early immune deviation during anti-LFA-1 and/or anti-CD154 

treatments. Based upon these observations, I hypothesize that, rather than altering 

the initial graft-specific T cell response, anti-LFA-1 and anti-CD154 act to 

partially inhibit the magnitude of T cell reactivity to prevent immediate graft 

destruction. This in turn allows the transplant and its relatively quiescent immune 

microenvironment to gradually generate a tolerant T cell response that then 

continues to maintain transplant survival.  

 

6.3.1 Therapeutic Antibodies versus Transplant: Who is the Tolerogen? 

The concept of a temporarily suppressed initial immune response that 

allows for gradual subsequent generation of transplantation tolerance is similar to 

the concept of APC-depleted, “cultured”, grafts. Studies have shown that 

transplants depleted of APCs create an environment of “indifference” that allowed 

initial graft survival in adult immune-competent recipients by neither activating 

nor tolerizing graft-specific T cells (281). However, over time, T cell-dependent 

and donor-specific transplant tolerance ultimately developed from this early state 

of T cell non-reactivity (282–285). In other words, while the APC-depleted 

transplants did not immediately facilitate either destructive or tolerogenic T cell 

responses, the T cells were not entirely ignorant of the transplant. In fact, a certain 

degree of T cell interaction with the transplant led to the generation of T cell-

dependent donor-specific tolerance (283). This implies that tolerance, not 

immunity, is the dominant response of long-term T cell interaction with an APC-

depleted graft when given enough time. This concept can be translated to anti-

LFA-1 and/or anti-CD154-generated transplant tolerance based upon my 

observations of their mechanism of action. The consequence of transient anti-

LFA-1 and/or anti-CD154 has been demonstrated in multiple animal and 

transplant models to facilitate long-term graft survival and donor-specific 

tolerance maintained by a dominant T cell regulatory mechanism. On the other 

hand, I have shown that the early impact of the antibodies on activated T cells is 

partial inhibition of reactivity without the induction of clonal anergy, clonal 
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deletion, or generation of regulatory phenotypes. In other words, although anti-

LFA-1 and/or anti-CD154 reliably generate transplant tolerance, their presence at 

the initial stage of transplantation induced neither overt destructive responses nor 

tolerogenic regulation. Therefore, correlating my observations to previous studies 

on the phenomenon of APC-depleted allograft tolerance, I propose that tolerance 

induction by anti-LFA-1 and/or anti-CD154 occurs in three stages: 1) immediate 

partial suppression of T cell reactivity to dampen early T cell-mediated injury 

and allow initial transplant survival, 2) as the presence of the antibodies wanes, 

recovery of T cell reactivity in the presence of a transplant lacking inflammation 

or other extrinsic stress and stimulatory signals due to dampened early T cell 

responses, and 3) gradual and time-dependent generation of T cell tolerance 

by allowing T cells to respond to the transplant in a quiescent immune 

environment.  

It is important to note that the initial state of attenuated immune responses 

caused by the presence of anti-LFA-1 and/or anti-CD154 is not universal 

inhibition of T cell reactivity. Anti-LFA-1 and anti-CD154 restrained but did not 

block productive T cell interaction with their cognate antigens. Moreover, the 

long-term skin graft survival generated by the antibodies was not a state of clonal 

ignorance, and the graft retained its immunogenicity and ability to interact with 

but not rejected by graft-specific T cells. This is demonstrated by previous studies 

showing that while APC-depleted islet allografts transplanted in immune-

competent recipients gradually generated dominant, transferable, and CD4+ T 

cell-dependent tolerance, the same grafts given to immune-deficient recipients 

without adaptive immunity were unable to generate tolerance when the recipients 

were reconstituted with T cells (281–283). Other studies have also shown that 

allografts given to immune-deficient recipients, even when allowed time to heal 

and reach a quiescent state prior to reconstituting the recipient immune systems, 

could not induce tolerance and, in some cases, were promptly rejected after 

immune reconstitution (286, 287). This suggests that the lack of a host immune 

response prevented the time-dependent generation of tolerance toward the 

transplant, even when the graft itself has reached an immune quiescent state. 
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Another illustration of the importance of an intact immune system in the 

generation of tolerance is the body of evidence showing that immunosuppressants 

globally paralyzing the immune system, such as calcineurin-inhibitors and 

immune cell depletion therapies, block tolerance induction experimentally and 

inhibit regulatory T cell activity clinically (288–291). Furthermore, if tolerance-

promoting antibody therapies are given in a manner that excessively restrains T 

cell response, their efficacy actually markedly decreases. This was illustrated by a 

study demonstrating that combined anti-LFA-1 and anti-ICAM-1 treatment 

resulted in greater reduction of T cell proliferation than either therapy alone, but 

was paradoxically the weakest therapy of the three in inducing long-term 

pancreatic islet allograft survival (248). While relative down-regulation of T cell 

immunity appeared to be crucial for anti-LFA-1- and/or anti-CD154-mediated 

transplantation tolerance, the antibodies do not act as immunosuppressants. 

Therefore, aside from the immune microenvironment surrounding a transplant, 

continuous host immune recognition of the transplant is equally essential as time 

in the evolution of a successful donor-specific tolerogenic response.  

To summarize, I hypothesize that anti-LFA-1 and anti-CD154 therapies 

promote long-term transplant survival by a mechanism similar to that of APC-

depleted grafts. The antibodies diminish graft-specific T cell responses enough to 

prolong initial graft survival while still permitting T cell-antigen interaction; the 

transplant then gradually induces tolerance to itself, which then actively maintains 

long-term transplant acceptance. To reiterate my proposed model in the context of 

peripheral self-tolerance, previously proposed paradigms of anti-LFA-1- or anti-

CD154-generated tolerance assign mechanisms of self-tolerance, such as clonal 

anergy, deletion, or induction of regulation, as intrinsic consequences of the 

interaction between the therapeutic antibodies and the graft-specific T cells. In 

contrast, my model hypothesizes that the ability to generate tolerance lies not 

with the therapeutic antibodies but with the transplant itself. The antibodies 

facilitate early survival of the transplant in a relatively immunologically quiescent 

state, which subsequently allows the transplant to activate T cells towards a non-

destructive response. The transplant therefore mimics a self-antigen encountered 
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by an autoreactive T cell in the periphery, and mechanisms of peripheral self-

tolerance likely occur at this stage to generate T cell tolerance to the transplant. 

Thus, the transplant itself, rather than the therapeutic antibodies, is the tolerogen 

and promoter of T cell tolerance. 

 

6.3.2 Implications of Time-Dependent Evolution Transplantation Tolerance 

Instead of a therapy-induced, immediate skewing of the immune responses 

towards tolerance, I hypothesized a model of transplantation tolerance that instead 

requires a gradual and time-dependent evolution into donor-specific tolerance by 

virtue of maintaining a relatively immunologically quiescent environment 

surrounding the transplant (Fig. 6-2). This model requires time to achieve a stable 

mechanism that can eventually maintain transplant survival, and it suggests that 

the transplant itself acts as a peripheral self-antigen promoting the generation of 

such tolerogenic response. Based upon these criteria, this model carries several 

significant implications that modify our understanding of transplantation tolerance 

and immune tolerance in general. 

 

6.3.2.1 Designing a Transplantation Tolerance Therapy 

Since my proposed model of transplantation tolerance assigns the 

transplant as the tolerogen rather than the therapeutic antibodies, this implies that 

the exact nature of the antibodies is not key to generating tolerance. Instead, this 

model suggests that there is a universal sequence of events in the induction of 

transplantation tolerance that, as long as they occur, tolerance can be generated 

regardless of the exact therapeutic agents used. To facilitate transplantation 

tolerance, I hypothesized that the initial inflammation and destructive response 

towards the graft needs to be dampened to ensure graft survival but a threshold 

level of T cell activity needs to remain and interact with the transplant. This is 

then followed by T cells activated by the transplant in a quiescent environment 

similar to an autoreactive T cell engaging a self-antigen in a non-autoimmune 

individual. This interaction then gradually establishes a donor-specific tolerance 

response towards the transplant itself. Therefore, according to this model, the 
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basis to finding tolerance-permissive therapy is developing therapeutic agents that 

suppress initial innate and adaptive immune response enough to prevent acute 

transplant rejection and allow the presentation of donor transplant antigens in a 

quiescent manner, but still permit a baseline level of T cell reactivity to actively 

generate donor-specific tolerance. Since a number of different biologic agents 

currently qualify this description, this perhaps explains why many agents, 

especially antibodies targeting a myriad of distinct T cell surface molecules, all 

result in transplantation tolerance. After all, if the therapeutic agents are not 

required to themselves be able to intrinsically induce T cell tolerogenic responses, 

the exact nature and identity of the therapy are not as crucial as their ability to 

achieve early graft survival without gross suppression of all T cell reactivity. 

If the solution to designing a tolerance-generating therapy is finding a 

therapeutic agent that can dampen the initial immune response surrounding the 

transplant to both ensure immediate graft survival and allow donor antigens to be 

presented in a tolerance-promoting context, what are the key criteria this agent 

should have? From the large body of data acquired in the studies of peripheral 

self-tolerance, it is generally accepted that if an antigen is presented 1) without 

costimulatory signals, 2) without sufficient affinity or avidity, 3) at too high or too 

low a density, or 4) without environmental factors such as inflammation, 

pathogen infection, and tissue distress, then the presented antigen is likely to 

promote a tolerogenic rather than a immunogenic response. Of these criteria, it 

appears that inflammation in particular plays an essential role in accelerating 

transplant rejection and preventing the induction of transplant tolerance. While 

pathogen infection has been accepted as a potent barrier to tolerance induction, 

the exact factors interfering with tolerance brought about by an infection 

remained unclear until recently. The Chong group showed that Listeria 

monocytogenes infection prevented skin and cardiac allograft acceptance by anti-

CD154 and DST in mice (248). Interestingly, they also discovered that this 

disruption of tolerance was not universal to all pathogen infections. Pseudomonas 

aeruginosa, another common opportunistic pathogen in the clinics, did not affect 

anti-CD154/DST-mediated graft prolongation and tolerance (292). This difference 
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was attributed to the specific immune responses elicited by these two pathogens. 

P. aeruginosa typically triggers a strong humoural response with a dominant TH-2 

phenotype (293, 294). On the other hand, L. monocytogenes infection elicits a 

powerful inflammatory response from both the innate immune cells and CD8+ 

CTLs (295). Unsurprisingly, L. monocytogenes-mediated disruption of tolerance 

induction turned out to be dependent on pro-inflammatory cytokines IL-6 and 

type-I interferons (292, 296). One potential explanation of the potent inhibitory 

effect of inflammation on tolerance induction is that inflammation acts similarly 

to pathogen-associated molecular patterns from microbial byproducts and 

damage-associated molecular patterns released during tissue distress to stimulate 

dendritic cell maturation through toll-like receptors, thus allowing their increased 

effectiveness in activating T cells (297). Based on these observations, it appears 

that inflammation is a key environmental determinant of the success in generating 

transplantation tolerance. This is especially relevant in the clinical setting, as 

human patients, unlike mice kept in specific pathogen-free facilities, are 

constantly exposed to a large variety of pathogens, and thus will require careful 

monitoring during the peri-transplant period. Therefore, to permit the transplant to 

promote a tolerogenic response, it is necessary for the initial therapy treatment to 

especially suppress inflammation around the graft tissue and allows presentation 

of the donor antigens in the absence of additional immune activation due to 

inflammation and tissue distress. 

 

6.3.2.2 What Is the Role of Regulatory T Cells? 

Since my hypothesized model of time-dependent transplant tolerance 

generation calls for an initial down-regulation of anti-graft immune response 

followed by gradual generation of transplant-specific tolerance, and my data had 

not shown specifically increased generation of de novo FoxP3+CD4+ Tregs, one 

might infer from this discussion that regulatory T cells play a limited role in this 

model of transplant tolerance. However, this is clearly not the case. As stated in 

section 6.2.4, many studies have shown that antibody therapy-induced 

transplantation tolerance is reliant on the presence of T cell-mediated regulation. 
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For instance, treatment with anti-CD4 in thymectomized mice bearing long-term 

surviving allogeneic skin promptly induced transplant rejection, and depletion of 

CD4+ T cells prior to transplantation in this model also abrogated graft survival 

(212). Furthermore, depletion of CD4+ T cells during the peri-transplantation 

period reduced the effectiveness of combined anti-CD154 and anti-LFA-1 therapy 

in a pancreatic islet allograft model (218). Specific depletion of CD4+FoxP3+ 

Tregs also demonstrated that Tregs were needed constantly during transplant 

tolerance induction and maintenance (298). All these evidence highlight the 

importance of T cell-mediated regulation in transplantation tolerance. The 

question is therefore when and where this regulatory activity develops during the 

generation of tolerance to a transplant. 

According to my data, I hypothesize that while antibody therapies may not 

up-regulate the generation of regulatory T cells, they facilitate their eventual 

development. The early increase in Treg-to-T-effector ratio observed in this thesis 

suggested that anti-LFA-1 therapies preferentially maintained regulatory T cells 

rather than effector T cells at the site of antigen challenge. This initial sparing of 

existing regulatory T cells may allow early transplant survival, which will then 

facilitate active expansion and generation of regulatory T cells according to the 

time-dependent model of tolerance generation. Therefore, the presence of 

regulatory T cells is likely essential both at the initial phase and the maintenance 

phase of transplant tolerance. However, the generation of donor-specific 

regulatory T cells are not driven by the antibody therapies, rather, it occurs 

subsequently in response to the transplant itself. To take this concept further, 

while therapy-mediated sparing of regulatory T cells by the antibody therapies at 

the site of antigen exposure may contribute to early graft survival, the initial 

restrain for effector T cell response against the transplant is likely exerted 

primarily by the antibody therapies, while the later and continuous control of 

effector T cells during the maintenance of graft survival and tolerance is mediated 

by the regulatory T cells. 

 

6.3.2.3 Stability of Transplantation Tolerance 
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Transplantation tolerance has been demonstrated in many models to be 

vulnerable. Many factors, from memory T cells to antibodies to toll-like receptor 

activation, have been shown to interfere with tolerance induction and accelerate 

transplant rejection (292, 297, 299–302). More importantly, bacterial infection in 

mice after established long-term transplant survival has recently been 

demonstrated to instigate transplant rejection (303). This phenomenon cannot be 

explained by the previously proposed models of tolerance generated by anti-LFA-

1 or anti-CD154, which identify the therapeutic antibodies as the tolerance-

inducing agent that causes immediate changes in T cell phenotypes towards a 

tolerogenic response. If this is the case, enduring transplantation tolerance should 

be established within the time frame during which the therapeutic antibodies are 

circulating the immune system, and graft survival should not be disrupted after 

this early tolerance-induction period. However, to be able to abrogate existing 

long-term graft survival and tolerance suggests that the immune response 

surrounding a “tolerant” transplant is not as stable as these models suggest.  

In contrast, since my hypothesized model of transplant tolerance requires 

time-dependent and incremental evolution in the immune system after antibody 

therapies, this implies that tolerance can be incomplete and thus vulnerable long 

after initial transplantation and therapy administration. This would explain the 

ability of an Listeria monocytogenes infection to override an established 

tolerogenic immune response (303). Unfortunately, this also implies that there are 

potentially many factors that could tamper with transplantation tolerance 

throughout the life-span of a long-term surviving graft. For instance, reactivation 

of latent cytomegalovirus (CMV) is commonly reported in human solid transplant 

patients, and the transplantation procedure itself has been shown in mouse models 

to be sufficient in reactivating latent CMV (304). Furthermore, while the 

reactivated CMV did not appear to inhibit Treg generation, the type-I interferons 

associate with CMV infection was correlated to reduction of allograft acceptance 

(304). Therefore, reactivation of a chronic infection, such as CMV, during 

transplantation could conceivably disrupt the evolution of tolerance even when an 

active regulation mechanism has been partially established. Furthermore, since a 
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crucial goal of designing a tolerance-promoting, rather than immunosuppressive, 

therapy is to allow transplant recipients to retain their protective immunity, 

pathogen infections and subsequent immune response could break established 

tolerance. These observations combined with my hypothesized model of a gradual 

development of transplantation tolerance unfortunately suggest that the process of 

tolerance induction could be fragile and fraught with difficulties. 

If the development of transplantation tolerance is not immediate and 

thorough and instead requires time and incremental changes to the immune 

system, how should we prevent disruptions to this potentially fragile process? The 

answer may be, once again, meticulous control of inflammation. I have described 

in the previous section how the presence of a pro-inflammatory immune response 

would block tolerance induction as indicated by abrogation of transplant tolerance 

in the presence of L. monocytogenes (292, 296). Interestingly, the pathogen 

shown to be able to override existing transplant tolerance is also the pro-

inflammatory L. monocytogenes (303). Furthermore, reactivated latent CMV 

infection was shown to disrupt allograft acceptance in a mouse cardiac transplant 

model, and this phenomenon was correlated to the type-I interferons elicited by 

CMV (304). It seems that inflammation is a universal barrier to transplantation 

tolerance whether at the early or the late stage of the process. As such, the success 

of promoting donor-specific tolerance appears to require vigilant and consistent 

monitoring of the recipient immune responses after transplantation, and 

prevention of inflammation is especially crucial. Controlling peripheral pro-

inflammatory responses therefore seems to be essential in ensuring stable graft 

survival during the process of generating transplantation tolerance. 

 

6.4 FUTURE DIRECTIONS AND CONCLUSION 

In this thesis, I have shown that transplantation tolerance-inducing 

therapeutic agents, anti-LFA-1 and anti-CD154, did not cause major changes in 

naïve T cell activation and differentiation during initial antigen exposure and 

therapy treatments. The antibodies did not induce clonal anergy, death and 

deletion, or alternate activation phenotype, the three primary paradigms currently 
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used in the field of transplantation immunology to explain the mechanism of 

tolerance by therapeutic antibodies. I have observed a large decrease in the 

magnitude of T cells in the draining lymph nodes likely due to a diverted T cell 

trafficking pattern and partial suppression in cytokine production by activated and 

proliferated T cells found in the nodes. Nevertheless, I have confirmed that, 

despite the lack of significant induction of T cell tolerance phenotypes, long-term 

surviving grafts after transient treatment with anti-LFA-1 and anti-CD154 were 

maintained by an active regulatory mechanism that controls the differentiation 

and function of naïve graft-specific T cells. Based upon my results, I hypothesize 

a model of transplantation tolerance that, instead of requiring the therapeutic 

agents to immediately tolerize the immune system, suggests the transplants itself 

as the tolerogen instead. In other words, to achieve transplantation tolerance, a 

therapeutic agent will down-regulate T cell immunity without completely 

suppressing it to allow initial graft survival, the surviving graft will subsequently 

drive the generation of T cell tolerance by activating graft-specific T cells in a 

relatively immunologically quiescent microenvironment, resulting in the gradual 

evolution of a donor-specific tolerance response. 

The immediate next step to follow up these observations is to examine the 

validity of my proposed model of time-dependent tolerance induction. 

Specifically, the state of T cell reactivity and tolerance induction after the initial 

period of transplantation and therapy treatments need to be interrogated to support 

or refute my hypothesized model. The presence of the transplant as a requirement 

for generating tolerance can be tested by removing the transplant at various time 

points after initial transplantation and treatments with therapies. For instance, if 

my proposal of transplant as the tolerogen is correct, then removing the graft one 

month, perhaps even two, after transplantation would abrogate the generation of 

transplant tolerance. This procedure can subsequently be used to investigate how 

long the transplant needs to be present in order to promote transplantation 

tolerance. Secondly, similar adoptive transfer and T cell tracking methods can be 

used to interrogate the reactivity of T cells during the later stages of transplant 

survival. If tolerance is gradually generated throughout the time it takes a 
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transplant to be considered as achieving long-term survival, then tracking a 

specific population of T cells during this time frame can elucidate this process of 

evolving T cell tolerogenic responses. After all, many studies have shown the 

long-term consequence of transient antibody therapies as transplantation tolerance 

maintained by dominant and T cell-dependent regulatory mechanisms, and I have 

shown that the early stage of this process as decrease in T cell magnitude and 

partial suppression of effector function, it is curious as to when the regulatory 

mechanisms start to develop in between these two points in time. 

Another question raised by my observations in this thesis is the role of 

trafficking as a proximal effect of anti-LFA-1. I have shown that anti-LFA-1 and 

combined anti-LFA-1/anti-CD154 resulted in striking decrease in the number of T 

cells in the draining lymph nodes without a significant induction of T cell 

apoptosis. Furthermore, I have shown altered T cell trafficking pattern as a 

consequence of anti-LFA-1 treatments. This suggests that a major impact of anti-

LFA-1 on T cells is facilitating their emigration from lymph nodes into the 

circulation and the spleen. This offers a novel mechanism of therapeutic antibody-

promoted early transplantation survival not through classical tolerance 

mechanisms such as anergy, deletion, and regulation, but rather through a kind of 

forced ignorance. If anti-LFA-1 prevents T cells from staying in the draining 

lymph nodes, then fewer T cells can become activated against transplant donor 

antigens. One way to test the necessity of trafficking as an element of anti-LFA-1-

mediated transplant tolerance is by treating the recipients with FTY720 prior to 

transplantation and anti-LFA-1 treatments. FTY720 is an agonist for sphingosine-

1-phosphate receptors and induces T cell trafficking out of the circulation and into 

the lymph nodes, which is the exact opposite consequence than anti-LFA-1 

treatments (305). Therefore, FTY720 should abrogate anti-LFA-1’s ability to alter 

T cell traffic, thus testing the requirement of trafficking as a mechanism of 

tolerance induction via anti-LFA-1 therapies.  

In conclusion, results from my thesis have refuted the current paradigms 

of transplantation tolerance generation using therapeutic antibodies targeting T 

cell costimulation and/or adhesion molecules. The current paradigms propose 
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immediate generation of tolerance mediated by the direct interaction between the 

antibodies and the graft-specific T cells. In contrast, the model established by this 

thesis offers an alternative mechanism that suggests the role of the therapeutic 

antibodies not as direct inducers of T cell tolerance, but rather as facilitators of 

early transplant survival. Importantly, my proposed model gives the crucial role 

of inducing T cell tolerance to the transplant itself, and the requirement of time 

for gradual evolution of donor-specific transplantation tolerance. This model has 

many implications that change our current view of transplantation tolerance from 

methods to design a clinically applicable tolerance regimen to the stability and 

vulnerability of transplantation tolerance. Taken together, results from my thesis 

contribute to our existing knowledge of transplantation tolerance by modifying 

the existing paradigms of tolerance induction and offering alternative directions 

toward the understanding and development of a tolerance-promoting therapy. 
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6.5 FIGURES 

 

 

 
 

FIGURE 6-1. Current competing hypotheses of anti-LFA-1 and/or anti-

CD154-induced T cell tolerance. 
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FIGURE 6-2. A proposed model of the generation of transplantation 

tolerance based on the observations in this thesis. A. Therapeutic antibodies 

(anti-LFA-1 and/or anti-CD154) reduce the magnitude and reactivity of naïve 

graft-specific T cells in the transplant draining lymph nodes. B. The reduction of 

graft-specific T cell number is likely due to altered trafficking and not deletion. C. 

Partially suppressed T cell magnitude and reactivity is not enough to induce 

sufficient graft damage and rejection. Graft survives in a microenvironment with 

dampened immune activity and inflammation. D. New naïve T cells are generated 

as the presence of antibodies wanes. They now respond to an immunologically 

quiescent graft and gradually develop into tolerance-promoting phenotypes. E. 

Long-term graft survival and donor-specific tolerance is eventually generated and 

maintained by these T cells. 
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