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Abstract 

While the development of powerful immunosuppressive medications enabled the use of 

organ transplantation as a treatment for end-stage organ failure, current immunosuppression 

protocols drive many co-morbidities; thus, they now present a critical limitation to long-term 

health and quality of life for transplant recipients. Replacing conventional immunosuppression 

with treatments to induce donor-specific immune tolerance would eliminate life-long exposure to 

drug toxicity and high risk of severe infections and malignancies for transplant recipients. 

Therefore, a large amount of research has been devoted to developing therapies to induce donor-

specific immune tolerance. While there are treatments that induce permanent allograft 

acceptance in animal models and there are limited reports of immunosuppression-free graft 

survival in patients, tolerance observed in these circumstances is vulnerable to inflammatory 

challenges. To become a standard of care for transplant recipients, donor-specific tolerance must 

induce stable graft survival that resists bouts of inflammation. In this dissertation, we study the 

mechanisms maintaining tolerance long-term in murine models of transplantation. We find that 

that TREGs play a more central role in the maintenance of tolerance than previously appreciated. 

TREGs were required to constrain allospecific T cell expansion and avidity maturation during the 

maintenance phase of tolerance and depletion of TREGs in tolerant allograft recipients swiftly led 

to rejection. We also investigated the factors driving development of cell-intrinsic dysfunction in 

T cells persisting in tolerant transplant recipients, finding that cell-extrinsic signals from 

lymphocytes in the tolerant host are required to program and maintain the dysfunctional state. 

We also found that there is heterogeneity in the functional profile of allospecific T cells 

persisting during tolerance. These findings may inform strategies to improve the resilience of 

tolerance and develop biomarkers to track the stability of tolerance in transplant recipients. 
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 Introduction 

Introduction 

Solid organ transplantation can cure end-stage organ failure. As the global population ages and 

rates of chronic diseases associated with organ failure increase, demand for organ transplantation 

is high. However, while organ transplantation is the best treatment option for many patients, 

transplant recipients experience significantly increased morbidity and mortality due to 

complications associated with their required lifelong immunosuppression regimens. With the 

exception of identical twins, all pairs of organ donor and recipient are genetically dissimilar. Due 

to this genetic disparity, the recipient’s immune system will recognize the donor organ as foreign 

and mount a destructive immune response against it, a response known as transplant rejection. 

To prevent rejection, all transplant recipients must undergo immunosuppression. Indeed, 

development of new surgical techniques such as vascular anastomosis made solid organ 

transplantation technically possible in the early 20th century but its practice was limited to 

identical twins and autologous skin grafting until the addition of immunosuppressive 

medications fifty years later. Early immunosuppression regimens including total body irradiation 

or cytotoxic chemotherapeutic agents extended graft survival only modestly and were 
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accompanied by severe complications. It was not until the addition of steroids and cyclosporine 

in the 1950’s that long-term graft survival improved sufficiently for transplantation to become a 

common practice. Indeed, steroids are still commonly used to control transplant rejection and 

nearly all patients receiving transplants today take medications with the same mechanism of 

action as cyclosporine. More recent developments in immunosuppression have included the 

discovery of new classes of immunosuppressants and combination of multiple 

immunosuppressants into treatment cocktails with the intention of reducing the dose, and thus 

side effects, of each component drug (Barker and Markmann 2013). While the development of 

immunosuppressive medications drove the widespread practice of solid organ transplantation, 

these same medications now represent one of the largest barriers to long-term health and quality 

of life in transplant recipients. 

Current immunosuppression protocols for transplant recipients are associated with 

several critical shortcomings. First, immunosuppressive drugs that compose the standard of care 

for transplant recipients do not discriminate between harmful immune responses against the 

donor organ and desirable responses against pathogens and tumors. As a result, transplant 

recipients experience increased rates of cancer and life-threatening infections (Chapman, 

Webster, and Wong 2013, Fishman 2007, Engels et al. 2011, Bhat et al. 2018). Second, 

transplant recipients must take these immunosuppressive drugs indefinitely, exposing them to 

lifelong drug side effects and toxicity. Several common immunosuppressants are associated with 

increased risk of cardiovascular disease, which is one of the main causes of morbidity and 

mortality for transplant recipients (Kasiske 2001, Miller 2002). Renal toxicity associated with 

calcineurin inhibitors (CNIs) like cyclosporine can also lead to kidney failure necessitating 

dialysis or transplantation. Due to these disadvantages, as well as the prohibitive cost and 
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inconvenience of perpetual immunosuppression, many transplant recipients eventually become 

partially or fully non-adherent with their treatment, placing their donor organs at risk of rejection 

(Scheel et al. 2018, Cossart et al. 2019, Al-Sheyyab et al. 2019). Even in patients who adhere 

closely to their immunosuppression regimens, chronic rejection associated with vascular damage 

and fibrosis can lead to failure of the donor organ (Moreau et al. 2013, Demetris et al. 1997). 

Further, due to the shortage of donor organs and immune sensitization of the recipient during 

rejection of the first transplant, re-transplantation is frequently not possible. Thus, improvements 

upon current immunosuppression protocols are needed and would vastly improve clinical 

outcomes and quality of life for transplant recipients. 

An attractive alternative to lifelong non-specific immunosuppression is the establishment 

of permanent donor-specific immune tolerance in the recipient prior to or at the time of 

transplantation. The concept of immunological tolerance was first proposed by Burnet, who 

hypothesized that to avoid autoimmunity, the immune system learns to discriminate in utero 

between “self” molecules expressed by the host and exogenous “non-self” molecules, resulting 

in specific non-responsiveness to self, or self-tolerance (Burnet 1941). Shortly thereafter, Owen 

published the first observations supporting this theory in nature. He found that “freemartin” 

fraternal twin cattle that share a placenta, and thus are exposed to each other’s blood in utero, 

were almost always of the same blood type, despite random assortment of other genes. He later 

determined that freemartin cattle did not, in fact, express the same blood group antigens. Instead, 

their immune systems were non-reactive not only against their own blood type but also the blood 

type of their twin. He hypothesized that this was the result of exposure to the twin’s blood in 

utero (Owen 1945). Billingham, Brent and Medawar later tested this hypothesis experimentally 

by inoculating mice with cells from other mouse strains in utero and later testing their reactivity 
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against the donor strain. Indeed, they found that as adults, the inoculated mice accepted skin 

grafts from the strain to which they had been exposed in utero, but rejected skin grafts from third 

party strains (Billingham, Brent, and Medawar 1956, 1953). As the molecular and cellular 

mechanisms inducing and maintaining self-tolerance were discovered in the ensuing decades, it 

became evident that the generation of self-tolerance was not limited to fetal development. 

Together, these findings supported the hypothesis that tolerance is an adaptive process that can 

be induced by exposure to antigen under tolerogenic circumstances and formed the basis for the 

therapeutic induction of tolerance.  

Whereas self-tolerance refers to a lack of immune reactivity specifically towards self-

antigens, donor-specific tolerance is a state where the recipient’s immune system is trained not to 

respond to antigens within the donor organ, even after immunosuppression is stopped, while 

maintaining the ability to respond to third party antigens. Thus, by definition and in contrast to 

lifelong conventional immunosuppression, only a short period of treatment would be required to 

establish a tolerant state. This ensures that tolerant patients would not endure the complications 

or inconvenience associated with long-term immunosuppressant use. Critically, antigen-

specificity of therapeutic tolerance would allow transplant recipients to respond normally to 

infections and tumors eliminating some of the largest causes of morbidity and mortality in 

transplant recipients. Finally, establishing a robust and stable state of donor-specific tolerance 

would eliminate acute rejection episodes due to periods of inadequate immunosuppression, 

which are thought to contribute to chronic rejection (Almond et al. 1993). Because generating 

donor-specific tolerance would vastly improve upon the disadvantages associated with 

conventional immunosuppression, a great deal of research has been devoted to the therapeutic 

induction of tolerance. However, as will be discussed in later sections, treatments to induce 
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donor-specific tolerance have thus far been more successful in animal models than in humans. A 

better understanding of the mechanisms inducing, maintaining and disrupting immune tolerance 

is needed to translate these findings to clinical transplantation,  

While donor-specific tolerance has been difficult to achieve therapeutically in the clinic, 

some patients maintain stable graft function for years after stopping immunosuppression for 

medical indications or non-compliance, representing a proof of concept that clinical transplant 

acceptance in the absence of immunosuppression is possible in humans. Because these patients 

are defined clinically by the maintenance of graft function, rather than direct measures of 

immune reactivity to donor antigens, they are referred to as operationally tolerant. Indeed, 

operational tolerance may represent active immunological tolerance using mechanisms similar to 

those maintaining self-tolerance, but operational tolerance can also be explained by ignorance of 

the graft by immune cells, in the absence of inflammation. The latter state is expected to be less 

stable, as infection or injury in the graft would elicit a fully competent immune response to the 

new antigenic threat, which may awake a dormant immune response to the transplanted organ. It 

is also possible that operational tolerance is a heterogenous phenomenon with different 

mechanisms promoting graft survival. This would explain the wide variation in long-term graft 

survival across operationally tolerant patients (Massart et al. 2016, Orlando et al. 2010). In 

experimental models, donor-specific tolerance is observed as spontaneous acceptance of a graft 

from the strain to which the recipient was tolerized and rejection of third-party grafts. While it is 

not possible to perform such assays to identify true donor-specific tolerance in human transplant 

recipients, research is underway to identify biomarkers predicting operational tolerance in 

transplant hosts. Importantly, many of these biomarkers are direct measures of donor-specific 

immune responsiveness (Heidt and Wood 2012). 
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Operational tolerance is most frequently observed in liver transplant recipients, likely due 

to tolerogenic properties of the liver. Indeed, an estimated 20-30% of liver transplant recipients 

are expected to maintain stable graft function after cessation of immunosuppression (Sanchez-

Fueyo 2013, Levitsky and Feng 2018). While it is a rare phenomenon, kidney transplant 

recipients may also experience operational tolerance (Massart et al. 2016, Orlando et al. 2010). 

Importantly, ex vivo assays have indicated that operationally tolerant kidney transplant recipients 

have reduced immune reactivity to donor antigens relative to third party antigens (Haynes et al. 

2012, Sagoo et al. 2010). Spontaneous operational tolerance has never been reported in heart or 

lung transplant recipients in the clinic, organs which are more immunogenic than the liver and 

kidney in mouse models of transplantation (Zhang et al. 1996, Madariaga, Kreisel, and Madsen 

2015). 

Therapeutic induction of donor-specific immune tolerance would eliminate major 

complications associated with conventional immunosuppressants. The existence of operationally 

tolerant patients implies that long-term graft acceptance can be achieved without 

immunosuppression. While the exact cellular mechanisms preventing rejection in these patients 

are not well understood, there are correlations between tolerance and hypo-responsiveness 

specifically to donor antigens, suggesting that operational tolerance is associated with donor-

specific tolerance. Biomarkers to identify tolerant patients who can be prospectively weaned 

from immunosuppression should vastly improve quality of life for those patients. However 

spontaneous tolerance is rare; thus, therapies to induce donor-specific tolerance are needed. 

Importantly, many treatments under investigation for the therapeutic induction of tolerance act 

by co-opting existing mechanisms that have evolved for self-tolerance. The following section 
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will describe mechanisms known to contribute to self-tolerance to establish a basis for the 

discussion of tolerance induction therapies under investigation. 

Mechanisms that have evolved to maintain self-tolerance 

Random generation of lymphocyte surface receptors necessitates mechanisms of self-tolerance 

To generate specific adaptive immune responses against diverse pathogen- and tumor-derived 

antigens, T and B lymphocytes in vertebrates rearrange germline-encoded surface receptor 

components. Engagement of a surface receptor by an antigen results in activation of the 

lymphocyte and, when combined with proinflammatory signals from the cell environment and 

innate immune system, initiates an immune response directed towards that antigen. That 

generation of TCR and BCR sequences is stochastic rather than directed towards defined 

antigens allows specificity for new antigens that could arise through encounter with a pathogen 

or mutation in a tumor cell. Conversely, to instruct TCR or BCR rearrangement based on a set of 

known target antigens would place selective pressure on tumors and pathogens to mutate or 

down-regulate expression of these antigens to evade detection. The immense size and diversity 

of TCR and BCR repertoires make this mechanism of immune evasion much less likely. 

However, uninstructed generation of TCR and BCR specificities risks generating receptors 

specific for irrelevant targets or molecules endogenous to the healthy individual, known as self. 

Generating tolerance to self within this diverse immune system is thus an essential and 

formidable task. Self-tolerance is accomplished using several mechanisms divided into two main 

stages: central tolerance, which culls developing lymphocytes with self-reactive surface 

receptors before they have the potential to mount an immune response, and peripheral tolerance, 
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which acts on mature self-reactive lymphocytes that have evaded the mechanisms of central 

tolerance. The stochastic generation of TCR and BCR sequences also results in the production of 

allospecific lymphocytes specific for non-self antigens expressed within a donor organ. 

Allospecific T cells do not cause harm in non-transplanted individuals as they do not encounter 

their cognate antigen, thus there is no selective pressure driving the evolution of mechanisms to 

control or remove them. Indeed, studies have estimated that 1-30% of T cells in a naïve B6 

mouse are reactive to directly or indirectly presented BALB/c-derived antigens (Suchin et al. 

2001). Allospecific lymphocytes are required to reject a donor organ (Moreau et al. 2013), thus 

immunosuppression for transplant recipients typically targets lymphocytes, though in a non-

antigen specific manner. Strategies for inducing donor-specific tolerance are meant to only 

eliminate responses by allospecific lymphocytes, leaving all other lymphocytes unaffected. Due 

to their shared requirements for suppressing immune responses against only some antigens, most 

treatments for the induction of donor-specific tolerance utilize mechanisms that evolved for 

central and peripheral self-tolerance. Thus, it is worth beginning with a discussion of how self-

tolerance mechanisms operate under physiological conditions before elaborating on specific 

treatments for the establishment of donor-specific tolerance. 

Central tolerance of T and B cells 

Developing T cells are subjected to central tolerance in the thymic medulla. Once a thymocyte 

rearranges its TCR gene locus, the translated TCR is expressed on the cell surface and tested for 

reactivity against self-antigen-MHC complexes presented on thymic epithelial cells and dendritic 

cells (DCs). Developing thymocytes must first experience a minimal quantity of TCR signaling 

in the thymic cortex to survive, a process known as positive selection, which is thought to select 

against cells expressing TCRs that are structurally unstable or unable to recognize peptide:MHC 
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complexes (pMHC). While weak signaling through the TCR allows developing thymocytes to 

survive positive selection, cells with a strong response to self-pMHC must be removed from the 

T cell repertoire to prevent autoimmunity. Central tolerance, or the control and removal of self-

reactive T cells, occurs in the thymic medulla. Positively selected thymocytes travel to the 

thymic medulla where they encounter antigen presenting medullary thymic epithelial cells 

(mTECs) and DCs. Most cells that experience strong TCR signaling in response to self-pMHC 

undergo apoptosis (Vrisekoop et al. 2014). An alternative fate is possible for CD4 single positive 

thymocytes with intermediate self-reactivity, by which they may up-regulate the transcription 

factor (TF) FoxP3 and develop into regulatory T cells (TREGs) with immune suppressive function. 

The development of thymic TREGs is thought both to promote a dominant mechanism of self-

tolerance in the periphery, and to divert potentially self-reactive T cell clones from maturing and 

later developing into conventional CD4+ T cells (TCONVs) with potentially destructive effector 

functions (Xing and Hogquist 2012). While there is evidence that negative selection can occur in 

the thymic cortex (McCaughtry  et al. 2008), the medulla has specific features that maximize the 

diversity of self-antigens presented to thymocytes and chemotaxis of thymocytes to the medulla 

appears necessary for preventing autoimmunity (Nitta et al. 2009, Kurobe et al. 2006). Unique to 

mTECs is expression of the transcriptional regulators Aire and Fezf2, which drive the expression 

of genes typically restricted to non-thymic tissues so that thymocytes reactive to tissue-restricted 

antigens can undergo central tolerance. Highlighting the importance of these molecules in 

generating self-tolerance, deficiency in either Aire or Fezf2 results in widespread autoimmunity 

(Anderson et al. 2002, Peterson et al. 1998, Takaba et al. 2015).  

Developing B cells also undergo a process of central tolerance, which occurs in the bone 

marrow. B cells that have rearranged their BCR locus into a functional surface receptor are then 
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tested for autoreactivity. Random generation of BCR sequences frequently produces autoreactive 

B cell clones. Indeed, cloning of antibodies from developing B cells of healthy human donors 

revealed that greater than 75% of early B cell precursors expressed autoreactive BCRs 

(Wardemann et al. 2003). There are multiple potential outcomes for a developing B cell that 

signals strongly in the bone marrow. First, it can re-activate the BCR rearrangement machinery 

to potentially convert the autoreactive BCR sequence to an innocuous one, a process known as 

receptor editing. While there is controversial evidence that a similar process occurs in 

thymocytes (Mostoslavsky and Alt 2004, Kreslavsky et al. 2013), much more is known about the 

mechanism of receptor editing in B cells, where it clearly plays an important role in shaping the 

mature BCR repertoire. Alternatively, autoreactive B cells can be deleted (Nemazee 2017). B 

cell central tolerance does not come close to achieving perfect deletion of autoreactive B cells. 

Indeed, among 40% of BCRs sequenced from newly emigrated B cells were found to be 

autoreactive (Wardemann et al. 2003). These cells may remain ignorant in the periphery, or they 

may be tolerized through further deletion, receptor editing or anergy. T cell tolerance is also 

critically important for controlling autoreactive B cells in the periphery. 

Generation of a germinal center response for B cell class-switching and somatic 

hypermutation requires help from activated CD4+ T cells that recognize their cognate pMHC 

presented by the B cell. The peptides presented by B cells are typically generated by processing 

the antigen bound by the BCR, thereby linking the B cell specificity to the specificity of the 

helper T cell. In transplantation, acute and chronic graft injury tends to be associated with donor-

specific IgG, whose production requires a germinal center response (Karahan, Claas, and Heidt 

2017). Because effective tolerization of T cells should preclude such T cell-dependent B cell 
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responses, many strategies for inducing donor-specific tolerance focus on tolerizing allospecific 

T cells. 

Thymic tolerance is not completely effective at eliminating self-reactive T cell clones, 

necessitating additional mechanisms to suppress autoimmunity. While TCR reactivity to self-

antigen clearly contributes to T cell fate during thymic selection (Moran et al. 2011), not all self-

reactive T cells are deleted or diverted into the TREG population. Even among monoclonal 

thymocytes, individual T cells achieve varied fates (Bautista et al. 2009, Malchow et al. 2016). 

The overall proportion of thymocytes developing into TREGs is dependent on TCR sequence as 

well as clonal frequency due to a limited TREG developmental niche for each T cell clone 

(Bautista et al. 2009, Moran et al. 2011, Malchow et al. 2013). T cells with lower affinity for 

self-antigen may also present a challenge for central tolerance, as these cells signal only weakly 

in the thymus but may still mount an autoimmune response under some physiological conditions, 

for example, during an infection (Enouz, Carrié, et al. 2012). 

Self-reactive T cells that escape central tolerance and enter the periphery as naïve cells 

are controlled by several peripheral tolerance mechanisms. Here, the discussion of peripheral 

tolerance will encompass all extrathymic mechanisms preventing a productive effector response 

by T cells. In addition to controlling self-reactive T cells, peripheral tolerance also plays a 

critical role in promoting maternal-fetal tolerance, colonization by commensal microbes, and 

lack of response to dietary antigens since fetal, commensal and diet-derived antigens are not 

endogenous to the host and thus cannot be expressed by thymic APCs. 
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Antigen presenting cells tolerize T cells in the periphery 

In contrast to thymocytes, where T cell activation is generally undesirable, mature T cells require 

activation to perform their effector functions. Thus, differentiating between helpful and 

autoreactive T cell responses becomes more challenging in the periphery. This becomes a task 

for the DCs that initiate, or prime, a response by naïve T cells in the secondary lymphoid organs. 

DCs sense infection and tissue damage in their environment, which signal that an immune 

response is needed. The DC relays that information to the T cells that recognize pMHC on the 

DC surface by providing additional signaling through activating “co-stimulatory” molecules. An 

important consequence of MHC restriction of the TCR is the linkage between TCR signaling and 

these secondary co-signals during a T cell-DC interaction. Under some circumstances the DC 

and T cell may also express co-inhibitory surface molecules, whose interaction suppresses T cell 

priming. The role of co-inhibitory receptors during homeostasis is not completely understood, 

though they appear to play a role in limiting the size and duration of productive immune 

responses, likely limiting collateral damage to tissue during the response, and also preventing the 

priming of autoimmune responses. Overall, the balance of co-stimulatory and co-inhibitory 

signals delivered to the T cell determine whether it will mount a productive immune response or 

become tolerized. The regulation and molecular mechanisms of co-signaling pathways will be 

discussed below, followed by a discussion of the immunological consequences of T cell 

interaction with a stimulatory or tolerogenic DC. 

A resting DC does not express sufficient co-stimulatory signals to activate a T cell 

response. To up-regulate surface expression of co-stimulatory molecules, the DC must be 

activated. DC activation occurs downstream of pattern recognition receptors (PRRs) that bind 

evolutionarily conserved molecules expressed by microbes and damaged tissue. PRR signaling 
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induces the DC to up-regulate antigen uptake, processing and presentation as well as expression 

of co-stimulatory molecules and pro-inflammatory cytokines. Microbe-derived PRR ligands 

called pathogen-associated molecular patterns (PAMPs) include, for example, bacterial cell 

membrane components and microbe-specific nucleic acid structures such as double stranded 

ribonucleic acid (RNA) (Amarante-Mendes et al. 2018). PRR ligands can also be endogenous 

molecules expressed by damaged tissue. Among these damage-associated molecular patterns 

(DAMPs) are stress-induced molecules such as heat shock proteins as well as molecules in 

abnormal cellular compartments, such as cytoplasmic deoxyribonucleic acid (DNA) and 

extracellular adenosine triphosphate (ATP) (Gong et al. 2020). Infections associated with tissue 

damage can result in a combination of PAMP and DAMP production (Cunha et al. 2012). 

Because organ transplantation typically involves sterile organs and is performed under aseptic 

conditions, PRR signaling after transplantation is mainly driven by DAMPs. Indeed, the 

ischemia-reperfusion injury (IRI) that occurs after transplantation generates many DAMPs. 

Purposely prolonged ischemia in mouse models of transplantation, as well as the enhanced 

ischemia associated with transplantation from a deceased versus living donor also result in 

greater production of DAMPs and are associated with an enhanced alloimmune response (Farrar, 

Kupiec-Weglinski, and Sacks 2013, Mori et al. 2014). Deficiency in myeloid differentiation 

primary response 88 (MyD88), an adaptor mediating signaling by some PRRs, can prolong the 

survival of minor-mismatched grafts significantly (Goldstein et al. 2003). 

PRR signaling results in up-regulation of co-stimulatory molecules, allowing productive 

priming of T cells. The interaction between CD28 and its ligands CD80 and CD86 is one of the 

best studied co-stimulatory pathways. Briefly, CD28 expressed by the T cell can bind either 

CD80 or CD86, resulting in a signaling cascade within the T cell that both enhances TCR 
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signaling and also activates the TFs nuclear factor of activated T cells (NFAT), nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) and activator protein 1 (AP-1), 

ultimately promoting T cell proliferation, differentiation, survival and memory formation 

(Esensten et al. 2016). An important outcome of CD28 signaling is production of IL-2 by the 

stimulated T cell, which acts in an autocrine manner to promote proliferation and differentiation 

(Fraser et al. 1991). Experiments using a CD28-Ig fusion protein have also indicated that 

signaling occurs within the DC downstream of CD80 and CD86 ligation, resulting in the 

production of inflammatory cytokines. However, the significance of this signaling mechanism in 

vivo is not yet understood (Orabona et al. 2004). Importantly, CD28 signaling results in the up-

regulation of a second group of co-stimulatory molecules on the T cell, including inducible T cell 

co-stimulator (ICOS), CD154 and OX40. These co-stimulatory molecules enhance activation 

downstream of the TCR and also influence the differentiation of the primed T cell into different 

effector subsets (Chen and Flies 2013). For example, ICOS and OX40 promote the formation of 

follicular helper T cells (TFH), which provide help to B cells for germinal center formation 

(Tahiliani et al. 2017, Walker et al. 1999). While some T cell responses can occur in the absence 

of CD28 signaling, CD28-deficient mice show significant impairments in antibody production 

and T cell proliferation, indicating that other co-stimulatory pathways cannot fully compensate 

for loss of CD28 in naïve T cells (Shahinian et al. 1993, Green et al. 1994). Because it has non-

redundant functions and up-regulates expression of other co-stimulatory molecules, CD28 is 

thought to act upstream of other co-stimulatory pathways. For that reason, therapeutic 

manipulation of co-stimulation is often directed towards the CD28-CD80/CD86 axis. 

Activated DCs can further up-regulate expression of co-stimulatory molecules following 

interactions with activated TCONVs through a process known as DC licensing. DC licensing is 
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activated by interaction between CD40 expressed constitutively by DCs and CD154 expressed 

on activated TCONVs. CD40-CD154 binding results in enhanced expression of co-stimulatory 

molecules such as CD80 and CD86, and production of cytokines such as IL-12 by the DC, 

ultimately promoting T cell priming and differentiation (Caux et al. 1994, Cella et al. 1996). DC 

licensing by TCONVs is critical for generating optimal primary and memory CD8+ T cell responses 

(Laidlaw, Craft, and Kaech 2016). Further, agonist anti-CD40 treatment can restore cytotoxicity 

by CD8+ T cells primed by MHC II-deficient DCs, indicating that CD40 can compensate for a 

lack of help by TCONVs (Ridge, Di Rosa, and Matzinger 1998). 

Alternatively, co-inhibitory signaling can suppress T cell activation, often by interfering 

directly with TCR and co-stimulatory signaling. Cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) was one of the first co-inhibitory molecules discovered; thus, a relatively large 

amount is known about the molecular mechanisms of CTLA-4-mediated T cell inhibition. By 

binding the co-stimulatory molecules CD80 and CD86 on the APC surface with roughly 10-fold 

greater affinity than does CD28 (Sansom 2000), CTLA-4 acts as a competitive inhibitor of T cell 

priming. Further, CTLA-4-binding can induce the removal of CD80 and CD86 from a target 

APC followed by endocytosis and degradation of CD80 and CD86 within the CTLA-4-

expressing T cell, a process known as trogocytosis (Qureshi et al. 2011, Chen and Flies 2013). 

Some co-inhibitory molecules, including CTLA-4 as well as programmed cell death 1 (PD-1) 

and T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory 

domains (TIGIT) recruit inhibitory phosphatases to the immunological synapse, where they 

deactivate signaling molecules downstream of the TCR and co-stimulatory receptors by 

dephosphorylation (Chen and Flies 2013). Lymphocyte activation gene 3 (LAG-3) is a co-

inhibitory molecule with homology to CD4. While LAG-3 does bind MHC Class II, the 
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importance of MHC Class II as a ligand for LAG-3 is under debate (Maruhashi et al. 2018). 

Fibrinogen-like Protein 1 was recently identified as a LAG-3 ligand and likely plays a more 

significant role than MHC Class II in LAG-3-mediated suppression. Indeed, Fibrinogen-like 

Protein 1 was required for LAG-3-mediated suppression of anti-tumor immunity in mice (Wang 

et al. 2019). Several other co-inhibitory molecules have been identified, though the molecular 

mechanisms by which they suppress immunity are not well understood. Some of them likely 

utilize mechanisms similar to those described for CTLA-4, PD-1, TIGIT and LAG-3 (Chen and 

Flies 2013). It is important to note that expression of co-inhibitory receptors is not limited to T 

cells. PD-1 in particular has also been described in B cells and myeloid cells, where it suppresses 

an immune response by these cells (Zhu, Yao, and Chen 2011, Chen and Flies 2013).  

Co-signaling is largely regulated by surface expression of co-signaling receptors and 

ligands. In some cases, both binding partners must be up-regulated prior to signaling. For other 

co-signaling pathways, one binding partner is expressed constitutively while the other is 

regulated. For example, CD28 is expressed constitutively by T cells whereas CD80 and CD86 

expression is up-regulated by the DC after activation. Thus, up-regulation of CD80 and CD86 

after DC activation is the limiting step for this co-signaling pathway. Further, CD86 is expressed 

before CD80, suggesting that it is more important for initiation of T cell priming. Other co-

stimulatory molecules are up-regulated only after CD28 signaling. Finally, co-inhibitory 

molecules are often up-regulated by the T cell after activation. The asynchronous kinetics of co-

signaling molecule expression has been referred to as tide-like, continuously rising towards a 

peak as more co-stimulatory molecules are expressed, and then regressing as co-inhibitory 

signaling increases and co-stimulatory molecules are deactivated (Zhu, Yao, and Chen 2011).  
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Up-regulation of surface co-signaling molecule expression is accomplished by increasing 

rates of transcription, translation and trafficking to the cell surface. Indeed, DC activation is 

accompanied by many changes to transcription, including at loci encoding co-stimulatory 

receptors (Brown et al. 2019). Termination of co-signaling can occur through a combination of 

reduced transcription as well as proteolytic degradation of the binding partners. Many co-

signaling molecules, including CD28 and PD-1 are internalized and degraded by the proteasome 

following signaling (Linsley et al. 1993, Eck et al. 1997, Meng et al. 2018). Trogocytosis by 

CTLA-4 aids the removal of CD80 and CD86 from the cell surface, further contributing to the 

termination of CD28-CD80/CD86 signaling (Qureshi et al. 2011). Interestingly, LAG-3 

signaling is terminated via cleavage of its external domain by metalloproteases (Andrews et al. 

2017). Post-translational modifications such as glycosylation may also modulate co-signaling 

molecule activity, as appears to be true for LAG-3 (Chen and Flies 2013). 

Integrating co-stimulatory and co-inhibitory signaling is a complex task, especially 

because different co-signaling molecules are expressed asynchronously and may bind multiple 

ligands. While it is not yet possible to predict the outcome of a given T cell-DC interaction based 

on the expression of co-stimulatory signals, it does appear that the decision between a productive 

or tolerogenic interaction generally relies on the balance of co-stimulatory and co-inhibitory 

signals. Successful priming of a T cell response requires the DC to have been activated by 

encountering DAMPs and/or PAMPs, signaling the need for a protective immune response. On 

the other hand, antigens presented in the absence of a pathogen or tissue damage are likely to be 

self-antigens, which should not elicit an immune response. Importantly, naïve T cells that signal 

without adequate co-stimulation do not remain naïve. As will be discussed in the following 
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section, these cells are tolerized through deletion or the development of cell-intrinsic 

dysfunction. 

T cell-intrinsic mechanisms of peripheral tolerance: deletion and dysfunction 

T cell apoptosis can be induced in the periphery under several circumstances. T cells interacting 

with DCs that are resting or supply greater co-inhibitory than co-stimulatory signals may 

undergo deletion. This is thought to occur due to a reduction in pro-survival signals downstream 

of TCR signaling. Co-stimulation may provide additional pro-survival signals to replace those 

that are lost, but in the absence of co-stimulation, the T cell will undergo apoptosis. Additionally, 

repeated T cell stimulation or particularly strong TCR signaling may also induce T cell death. 

These mechanisms add to the clonal deletion experienced by T cells in the thymus (Van Parijs, 

Ibraghimov, and Abbas 1996). Finally, T cells undergo widespread cell death during the 

contraction phase of a productive immune response, though this is not a tolerogenic process 

since a memory response will persist after the contraction of the effector phase and promote, 

rather than inhibit, a secondary immune response upon re-stimulation with the same antigen. 

Two molecular pathways of apoptosis contribute to clonal deletion of T cells in the 

periphery: the “intrinsic” apoptotic pathway dependent on B cell lymphoma 2-interacting 

mediator of cell death (Bim) and a pathway dependent on death receptors. Briefly, Bim is a pro-

apoptotic molecule that promotes the release of cytochrome-c from mitochondria, resulting in 

activation of caspases, the effector molecules that carry out the process of apoptosis. In contrast, 

the death receptor-dependent apoptotic pathway is initiated by interaction between a surface 

death receptor such as Fas with its ligand. As a result, the death receptor activates a signaling 

cascade that results in caspase activation. The Bim-dependent and death receptor-dependent 
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pathways do not converge until the activation of caspases, at which point apoptosis is inevitable, 

thus the two pathways are regulated independently (Galluzzi et al. 2018). Bim- and death 

receptor-dependent signals both appear to be involved in peripheral T cell death. Studies have 

suggested that T cell death due to inadequate co-stimulation or cytokine starvation is mediated 

specifically by Bim, whereas apoptosis due to repeated TCR signaling is more likely the result of 

death receptor activation (Green, Droin, and Pinkoski 2003). Regardless of the apoptotic 

pathway involved, clonal deletion of T cells in the periphery significantly shapes the T cell 

repertoire.  

T cells that survive TCR stimulation without adequate co-stimulation become 

intrinsically dysfunctional, a state known as anergy. Anergy was first described in T cell clones 

stimulated in vitro by chemically fixed APCs, which cannot up-regulate co-stimulatory 

molecules. T cells primed under these conditions were unable to proliferate in response to re-

stimulation by viable APCs, indicating that they had become intrinsically dysfunctional (Jenkins 

and Schwartz 1987). Stimulation with pMHC, anti-CD3 or the T cell mitogen concanavalin A 

alone yielded similar results (Schwartz et al. 1989). Later, it was determined that co-stimulation 

through CD28 could prevent the development of anergy, likely by enabling the T cell to produce 

IL-2 (Schwartz 2003, Harding et al. 1992). Stemming from these initial findings, a large amount 

of research over the last 20 years has investigated the molecular mechanisms and functional 

consequences of T cell dysfunction.  

In vivo, self-reactive T cells also become dysfunctional, a state which is sometimes 

referred to as anergy, but which may be heterogenous and fairly distinct from the anergic state 

observed in vitro (Schwartz 2003). In common between the anergic states induced in vitro and in 

vivo is a lack of proliferation and effector response upon re-stimulation. These are associated 
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with multiple impairments in proximal TCR signaling, a reduction in effector gene expression 

and an up-regulation of genes associated with T cell inhibition. These changes are thought to 

result from unique gene targeting by TCR-activated NFAT when its binding partner AP-1 has 

not been up-regulated by co-stimulation (Wells 2009, Macián et al. 2002). Anergy is also 

associated with epigenetic modifications, which likely explain how self-reactive T cells that are 

made temporarily functional by transfer into lymphopenic hosts eventually revert to a 

dysfunctional state (Schietinger et al. 2012). 

Dysfunction has also been described in T cells responding to tumors and infections.  T 

cells responding to a chronic viral infection are thought to become “exhausted” as a result of 

persistent stimulation. Thus, despite the persistence of these virus-specific T cells, they fail to 

eliminate the infection. Exhaustion appears to worsen over time, with the gradual loss of effector 

cytokine production, potential to proliferate and increased expression of co-inhibitory molecules. 

Despite expression of CD44, indicating antigen experience, exhausted cells do not differentiate 

into long-lived memory cells and fail to express memory cell markers. Importantly, the initial 

phases of T cell exhaustion appear to be reversible whereas later stages are epigenetically 

enforced. Exhausted cells also require persistent TCR activation to survive since, unlike naïve or 

memory T cells, exhausted T cells do not respond to the survival cytokines IL-7 or IL-15 

(Wherry and Kurachi 2015). A similar phenotype and functional profile is seen in T cells in the 

tumor microenvironment (Thommen and Schumacher 2018). 

Recently, the TF thymocyte-associated high mobility group box protein (TOX) has been 

implicated as a driver of T cell exhaustion. TOX is up-regulated by NFAT signaling and is 

required for the up-regulation of co-inhibitory molecule expression in T cells responding to 

chronic viral infection (Khan et al. 2019). However, another study found that expression of TOX 
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was neither required nor sufficient for the development of an impaired effector response. This 

finding calls into question the importance of co-inhibitory molecules in driving the dysfunction 

of exhausted cells (Scott et al. 2019). 

A third category of T cell-intrinsic dysfunction is senescence. As in other hematopoietic 

and non-hematopoietic cells, T cell senescence describes a state where cellular replication has 

shortened telomeres to the extent that further replication is not possible. T cell senescence is 

associated with low expression of CD28 and up-regulation of CD57 (Bellon and Nicot 2017, 

Frimpong et al. 2019). T cell senescence is associated with repeated T cell stimulation, chronic 

viral infection and old age. However, in contrast to T cell exhaustion or anergy, senescent T cells 

retain the ability to produce effector cytokines. Inability to proliferate upon re-challenge is the 

main defect apparent in senescent cells (Chou and Effros 2013).  

Self-reactive T cells in the periphery appear to be controlled by a combination of clonal 

deletion and development of dysfunction. While the characterization of different forms of T cell 

dysfunction may suggest that there is a discrete number of distinct dysfunctional states, a single 

autoreactive T cell is likely to experience a combination of signals associated with multiple types 

of dysfunction. For example, autoreactive T cells are likely to signal chronically and without co-

stimulation. Further research is needed to determine whether such combinations of dysfunction-

inducing inputs result in a T cell state that is closer to exhaustion, anergy, senescence or another 

state altogether and which tolerogenic signals induce particular functional and phenotypic 

changes. Importantly, T cell deletion and dysfunction are both mechanisms that act in a cell-

intrinsic fashion, thus they represent recessive forms of tolerance. The following section will 

discuss mechanisms exerting dominant tolerance upon T cells by suppressing of T cell priming 

and effector function in a cell-extrinsic manner. 
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T cell-extrinsic mechanisms of peripheral tolerance: suppression 

Inhibition of immunity by suppressive T cells is a key component of peripheral tolerance and 

plays an important role in many strategies for induction of donor-specific tolerance. Suppressive 

T cells, though long hypothesized to exist, were first observed in 1995 when Sakaguchi and 

colleagues identified CD25 as a marker for a CD4+ T cell population highly enriched for 

suppressive T cells (Sakaguchi et al. 1995). Later, FoxP3 was identified as a more specific 

marker for suppressive T cells, as CD25 is also expressed on recently activated TCONVs in mice, 

and studies of FoxP3 function revealed that it is responsible for programming many of the 

suppressive functions found in TREGs (Fontenot, Gavin, and Rudensky 2003, Marson et al. 2007). 

The importance of regulatory T cells can be seen in FoxP3-deficient “scurfy” mice or in mice 

expressing the diphtheria toxin receptor (DTR) under control of the FoxP3 promoter (FoxP3DTR), 

where injection of diphtheria toxin (DT) selectively depletes FoxP3+ cells. In these mouse 

models, the constitutive absence or induced depletion of FoxP3+ TREGs results in severe systemic 

autoimmunity (Kim, Rasmussen, and Rudensky 2007, Brunkow et al. 2001). More recent studies 

have identified other suppressive T cell populations, such as FoxP3- CD4+ and CD8+ T cells 

displaying suppressive activity as well as CD8+ FoxP3+ T cells (Flippe et al. 2019, Guillonneau, 

Picarda, and Anegon 2010, Gregori, Goudy, and Roncarolo 2012). This section will focus 

primarily on CD4+ FoxP3+ TREGs, which are the most abundant and have been most thoroughly 

studied among the suppressive T cell subsets. 

TREGs are generated in the thymus (tTREGs) as a result of intermediate self-reactivity, or 

they can be induced from naïve CD4+ T cells in the secondary lymphoid organs (iTREGs) upon 

stimulation in the presence of TREG differentiation promoting factors such as TGF-b, IL-10 and 

retinoic acid. Both TREG subsets can be expanded in the periphery upon antigen encounter (Plitas 
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and Rudensky 2016). Helios and neuropilin-1 have been used as markers to identify tTREGs found 

in the periphery and differentiate them from iTREGs, though studies have shown that these 

markers are not exclusive to tTREGs (Szurek et al. 2015, Singh et al. 2015). While they 

differentiate in distinct organs, there are many similarities in the mechanisms of iTREG and tTREG 

differentiation and immune suppression. Optimal generation of both iTREGs and tTREGs requires 

the transcription factors forkhead box O1 and forkhead box O3 (Kerdiles et al. 2010) as well as 

dynamic expression of the chromatin organizer special AT-rich sequence binding protein 1 

(Beyer et al. 2011, Kitagawa et al. 2017). However, there are also key distinctions between 

iTREGs and tTREGs. Activity in conserved non-coding sequence (CNS) 1 within the FoxP3 locus is 

necessary for iTREG induction but dispensable for tTREG differentiation. That CNS1 contains a 

SMAD binding site highlights the importance of TGF-b signaling in iTREG induction (Zheng et 

al. 2010). Importantly, the TCR repertoires in iTREGs and tTREGs are largely distinct (Pohar, 

Simon, and Fillatreau 2018). tTREGs are mainly thought to be specific for self-antigens 

encountered in the thymus and therefore, they primarily suppress autoimmune responses. 

Conversely, iTREGs are derived from naïve T cells that left the thymus without exhibiting 

autoreactivity. iTREGs are therefore thought to be mainly specific for environmental antigens 

whose presentation is limited to the periphery. This explains why CNS1-deficient mice 

specifically lacking iTREGs experience inflammation localized at barrier sites (Josefowicz et al. 

2012). 

TREGs have traditionally been thought to suppress immunity using 3 general mechanisms: 

secreting inhibitory cytokines, expressing inhibitory surface molecules and competing for 

survival and stimulation factors. The following sections will begin with a description of these 

three classical TREG suppressive mechanisms, then expand to more recently discovered and less 
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well appreciated mechanisms followed by discussions of the importance of multiple suppressive 

mechanisms and TREG subtypes in providing optimal suppression of deleterious immune 

responses. In the following survey of the functions of TREGs, a broader role will be evident in the 

suppression of other classes of innate and adaptive immune cells and in the maintenance of tissue 

homeostasis in colonized and non-colonized tissues. Because T cell activation is required to 

trigger auto- or alloimmunity in the absence of TREGs, T cell priming will remain the primary 

focus of this section, but it is important to acknowledge the potential that other cells having an 

independent interplay with TREGs may also participate in the immune response or return to 

homeostasis. While there is evidence that TREGs can suppress responses by previously activated 

cells in vitro, they are much more effective at suppressing the priming of naïve cells in mouse 

models of transplantation (Yang et al. 2007). 

The main inhibitory cytokines known to be secreted by TREGs are TGF-b, IL-10 and IL-

35. TGF-b signals through the TGF-b receptor, a dimeric serine/threonine kinase receptor 

expressed on a wide range of target cells, resulting in activation of the TFs SMAD3 and 

SMAD4. TGF-b is a pleiotropic cytokine with critical roles in the development and homeostasis 

of many tissue types. Which genes are regulated by TGF-b depends on the target cell type and 

context due to differential expression of signal transduction components, inhibitors and co-

factors as well as differences in chromatin availability. TGF-b suppresses immunity through 

several mechanisms including promoting differentiation and function of iTREGs while inhibiting 

the differentiation of TCONV subsets, suppressing antigen presentation by DCs and inhibiting 

IFN-g expression in NK cells (Sanjabi, Oh, and Li 2017, Li, Wan, and Flavell 2007). A non-

canonical SMAD-independent TGF-b signaling pathway also exists downstream of the TGF-b 

receptor, which exerts effects complementary to the canonical signaling pathway, including 
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changes in target cell metabolism, cytoskeleton organization and generation of extracellular 

matrix components (Massagué 2012, Hata and Chen 2016). In contrast to TGF-b, the functions 

of IL-10 and IL-35 described thus far have largely been restricted to immune cells. IL-10 signals 

through the heterodimeric IL-10 receptor on target cells and activates the TF STAT3. IL-10 

signaling in myeloid cells down-regulates production of pro-inflammatory cytokines and reduces 

antigen presentation. IL-10 also binds T cells directly to promote TREG survival and activity and 

suppress TCONV responses (Coomes et al. 2017). Finally, IL-35 is a heterodimer consisting of 

EBI3 and IL-12a, which are also subunits of IL-27 and IL-12, respectively. IL-35 signals via a 

homodimer or heterodimer of IL-12Rb2 and gp130, subunits also present in the IL-12 and IL-27 

receptors, respectively. Binding of IL-35 to its receptor results in activation of the TFs STAT1 

and STAT4, which suppress T cell proliferation and effector function and reduce antibody 

production (Olson, Sullivan, and Burlingham 2013, Collison et al. 2007). 

TREGs also express co-inhibitory ligands such as CTLA-4 and PD-L1, whose functions 

were described in depth in a previous section. CTLA-4 is constitutively expressed in TREGs 

though stable surface expression only occurs after TREG activation (Schneider and Rudd 2014). In 

addition to the mechanisms of CTLA-4-dependent suppression described previously, studies in 

TREGs have also revealed that CTLA-4 induces expression and augments activity of indoleamine 

2,3-dioxygenase (IDO), an enzyme that degrades tryptophan, in DCs. The resulting tryptophan 

starvation and generation of active metabolites through the kynurenine degradation pathway 

suppress T cell proliferation, induce cell death and promote differentiation of iTREGs (Fallarino et 

al. 2003, Grohmann et al. 2002, Fallarino et al. 2006). Importantly, engagement of co-inhibitory 

receptors such as PD-1 and LAG-3 on the TREG surface can inhibit TREG suppressive function, 

promoting an immune response (Kamada et al. 2019, Zhang et al. 2017). 
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Finally, TREGs inhibit effector T cell responses by competing for TCR signaling and 

survival factors. TREGs were originally identified by their expression of the high affinity IL-2 

receptor component CD25, allowing them to compete with TCONVs for IL-2. Indeed, IL-2 

deprivation is thought to explain the Bim-dependent apoptosis observed in TCONVs activated in 

the presence of TREGs (Pandiyan et al. 2007). TREGs may also compete with TCONVs for other 

critical activating ligands on the APC surface. This was previously exemplified by competitive 

binding of CD80/86 by CTLA-4. TREGs can also compete for binding of pMHC on the APC 

surface, preventing recognition by TCONVs. Similar to trogocytosis of CD80/86, TREGs can also 

remove MHC from the APC surface (Akkaya et al. 2019). 

There are several more recently appreciated functions of TREGs as well as interesting 

hypothesized suppressive mechanisms yet to be studied in depth. A subset of TREGs secretes 

perforin and granzyme to kill other immune cells including T cells and DCs, resulting in 

suppression of an immune response (Cao et al. 2007, Grossman et al. 2004, Boissonnas et al. 

2010). There is also some evidence for Fas-dependent killing of APCs and CD8+ T cells and 

tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-dependent killing of 

activated CD4+ T cells by TREGs in vitro (Gorbachev and Fairchild 2010, Strauss, Bergmann, and 

Whiteside 2009, Ren et al. 2007) though it is not yet clear how significant a role these 

mechanisms play in TREG function in vivo. Depletion of TREGs at the time of antigen challenge 

has long been known to result in an enhanced T cell-dependent antibody response (Sakaguchi et 

al. 1995), though only recently have TREGs been shown to directly suppress activation of TFH 

cells and B cells (Sage and Sharpe 2016). TREGs also express CD39 and CD73 on their surface. 

Together, these enzymes degrade extracellular ATP, which promotes inflammation, into 

adenosine, which has immune suppressive functions. Indeed, blockade of CD39 or CD73 
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appears to reduce TREG-mediated suppression (Deaglio et al. 2007, Stagg et al. 2011). While the 

study of exosome signaling in T cells is in its infancy, secretion of microvesicles, such as 

exosomes, by TREGs may also provide a mechanism for delivery of multiple extracellular and 

intracellular suppressive signals as a packaged unit over relatively long distances. Indeed, 

exosomes derived from TREGs in vitro whose contents include CD39, CD73 and microRNAs 

have been shown to suppress T cell activation in vitro and in vivo (Okoye et al. 2014, Akkaya et 

al. 2019). It is hypothesized that similar exosomes are produced by TREGs in vivo, though in vivo 

models eliminating exosome production by TREGs are not yet available. 

Why is it necessary for TREGs to have many unique mechanisms of suppression? It seems 

that multiple mechanisms of suppression by TREGs may play somewhat compensatory roles. For 

example, CTLA-4 deficient TREGs are capable of suppressing colitis induced by adoptive transfer 

of naïve T cells, but suppression of colitis by CTLA-4 deficient TREGs relies more heavily on IL-

10 than suppression by wild type (WT) TREGs (Read et al. 2006). In other contexts, however, 

there is not adequate compensation for CTLA-4, which is evident in the widespread 

autoimmunity seen in mice born with global or TREG-specific CTLA-4 deficiency (Tivol et al. 

1995, Wing et al. 2008). Thus, different suppressive mechanisms may also play a dominant role 

in different tissues or physiological contexts. Indeed, some TREG-derived cytokines can play pro- 

or anti-inflammatory roles depending on the presence of other modulating factors in the 

environment. Despite its many immune suppressive functions, when in the presence of IL-6, 

TGF-b drives the development of pro-inflammatory IL-17-producing TCONVs (TH17 cells) rather 

than TREGs. This may explain why TGF-b exacerbates experimental autoimmune 

encephalomyelitis (EAE) (Gutcher et al. 2011, Bettelli et al. 2006). Similarly, organism-wide 

and TREG-specific IL-10 or IL-10R deficiency leads to severe colitis, indicating the importance of 
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its immune suppressive activity (Engelhardt and Grimbacher 2014, Kühn et al. 1993, Rubtsov et 

al. 2008, Chaudhry et al. 2011) but type 2 cytokines such as IL-4 potentiate pro-inflammatory 

effects of IL-10 such as promoting the proliferation and activity of mast cells and enhancing B 

cell activity (Polukort et al. 2016, Thompson-Snipes et al. 1991, Rousset et al. 1992). Further, 

IL-10 enhances NK cell proliferation, cytotoxicity and IFN-g production in the presence of type I 

cytokines (Shibata et al. 1998, Cai, Kastelein, and Hunter 1999). These pro-inflammatory 

functions may explain why treatment with recombinant IL-10 generally seems more effective at 

preventing inflammation than reversing inflammatory disorders after their onset and may in fact 

exacerbate ongoing inflammatory conditions (Couper, Blount, and Riley 2008). Thus, certain 

suppressive functions may be best suited for particular tissues or undermined by specific 

cytokines. TREGs may employ multiple suppressive mechanisms both for protective redundancy 

and to best suit the varied environments across different tissues and inflammatory conditions. 

TREGs also contribute to homeostasis in non-lymphoid tissues (Panduro, Benoist, and 

Mathis 2016). The gastrointestinal tract, skin and lungs are rich in TREGs, which promote 

colonization by commensal microbes and prevent damage to host tissues during immune 

responses to microbial and other foreign antigens abundant at these barrier tissues. Ablation of 

IL-10 results in spontaneous colitis in colonized but not germ-free mice, indicating that IL-10 

plays an important role in suppressing inflammation in response to microbes in the intestine. 

While IL-10 is produced by other cell types in the intestine, ablation of IL-10 specifically in 

TREGs still results in colitis (Rubtsov et al. 2008, Sellon et al. 1998). In neonatal mice, TREGs 

infiltrate the skin to establish immune tolerance to commensal microbes. Blocking skin 

infiltration by TREGs results in expansion of commensal-specific effector T cells and 

inflammation when the barrier is disrupted by abrasion (Scharschmidt et al. 2015). Systemic 
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TREG depletion also resulted in increased type 2 immunity and skin fibrosis (Kalekar et al. 2019). 

Thus, TREGs are critical for maintaining homeostasis in barrier tissues. While colonized and 

sterile tissues host resident TREG populations under homeostatic conditions, TREGs may also travel 

to sites of inflammation to mitigate or repair tissue damage during an immune response. For 

example, after a viral respiratory infection, TREGs infiltrate the lungs and prevent tissue damage 

(Arpaia et al. 2015, Antunes and Kassiotis 2010). 

Sterile tissues such as visceral adipose tissue (VAT) and skeletal muscle also host 

resident TREG populations, which have distinct transcriptional profiles and are likely to play 

tissue-specific functional roles. Though mouse models ablating only tissue TREGs or impairing 

effector functions in tissue TREGs specifically are lacking, several findings already suggest a 

meaningful role for these cells. Despite their residence in non-lymphoid tissue, VAT TREGs are as 

effective as splenic TREGs at suppressing T cell responses in vitro (Feuerer et al. 2009). VAT and 

skeletal muscle TREGs express particularly high levels of the suppressive cytokine IL-10, 

suggesting that these cells suppress inflammation in the tissue. Interestingly, the IL-10 receptor 

is expressed not only on immune cells in the tissue but also on adipocytes (Lumeng, Bodzin, and 

Saltiel 2007, Rajbhandari et al. 2018), suggesting a direct functional impact of TREGs on these 

stromal cells. Indeed, in vitro studies suggest that IL-10 signaling may reduce inflammatory 

cytokine production and promote glucose uptake by adipocytes (Feuerer et al. 2009, Lumeng, 

Bodzin, and Saltiel 2007) and in vivo, IL-10 deficient mice resist age-related weight gain 

(Rajbhandari et al. 2018). VAT, skeletal muscle and intestinal TREGs also express high levels of 

the growth factor amphiregulin (Areg), which does not appear to play a role in TREG-mediated 

immune suppression but does promote tissue healing, for example after an infection or tissue 

damage (Arpaia et al. 2015, Burzyn et al. 2013). Further supporting a role for TREGs in promoting 
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homeostasis in the tissue, in vivo studies in mice show increased insulin resistance in the VAT 

and impaired healing of injured skeletal muscle after systemic TREG depletion with anti-CD25 or 

DT administration in FoxP3DTR mice (Burzyn et al. 2013, Feuerer et al. 2009), though it is 

difficult to interpret these results as TREG deficiency results in widespread inflammation, which 

may play a confounding role. More specific depletion models are needed to determine the true 

impact of tissue-resident TREGs and to study their effect in the absence of the severe 

autoimmunity and inflammation caused by systemic TREG depletion. 

While one study has shown that TREGs can suppress T cell responses in vitro in the 

absence of ongoing stimulation (Szymczak-Workman, Workman, and Vignali 2009), it is well 

documented that TREGs require stimulation from their cognate pMHC to suppress immune 

responses in vivo (Schmidt, Oberle, and Krammer 2012). Because several mechanisms of TREG-

mediated suppression require that the suppressed T cell be activated by the same APC as the 

activated TREG, TREGs are thought to mainly suppress T cell responses in an antigen-specific 

manner. For example, suppression due to competition for and trogocytosis of pMHC molecules 

requires matched pMHC specificity of the TREG and TCONV. On the other hand, other mechanisms 

of TREG suppression seem only to require that the TREG and TCONV are activated by the same 

APC, even if they are specific for distinct pMHC complexes, a phenomenon known as linked 

suppression (Qin et al. 1993). For example, BALB/c mice tolerized to B6 heart allografts rapidly 

reject secondary C3H allografts but can accept F1 (C3H x B6) allografts long-term. In this case, 

spontaneous tolerance to C3H antigens is linked to the previously induced tolerance to B6 

antigens (Li et al. 2008). Finally, TREGs mediate “infectious tolerance” by secreting TGF-b and 

other factors that induce naive CD4+ T cells to differentiate into iTREGs during priming 

(Belladonna et al. 2009). Infectious tolerance between TREGs and T cells with APC-linked but not 
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identical pMHC specificities also provides a means to expand upon the epitopes recognized 

within the TREG, similar to epitope spreading in effector T cells (Yang et al. 1999). 

Importantly, there is functional heterogeneity in the TREG population. For example, recent 

work determined that the suppressive cytokines IL-10 and IL-35 are made by largely distinct 

subsets of TREGs and that these cytokines make non-redundant contributions to the suppression of 

anti-tumor immunity (Sawant et al. 2019). In the lymph nodes and spleen, only a subset of TREGs 

expresses CXCR5, which is necessary for them to traffic to the B cell follicle and suppress 

germinal center responses (Chung et al. 2011, Linterman et al. 2011). Similarly, a subpopulation 

of TREGs expresses the TH1 master TF T-bet, which drives the expression of CXCR3, allowing 

them to colocalize with TH1 cells. Expression of T-bet in these TREGs is necessary for optimal 

suppression of TH1 responses (Koch et al. 2009). The variety in TREG subtypes is perhaps best 

appreciated in tissue TREGs, which experience diverse stromal environments. A recent study 

analyzed the transcriptional profiles of skin, lung and lymph node TREGs at the single cell level. 

Analysis of skin and lung TREGs revealed multiple unique subsets of TREGs in these tissues, with 

each tissue primarily colonized by distinct subtypes (Kalekar et al. 2019). The majority of 

intestinal TREGs in mice express either Rorgt, the master TF of TH17 cells, or Gata3, which drives 

differentiation of TH2 cells, though interestingly expression of these TFs does not confer upon 

TREGs the full effector functionality of the other T cell subtypes (Zhou et al. 2008, Wohlfert et al. 

2011). Transcription of Gata3 and of Rorgt appear to be mutually exclusive, defining two unique 

subsets in addition to Gata3- Rorgt- TREGs. Further, these subsets have unique functional roles and 

appear to be derived mainly from different pools of TREGs, Gata3 being expressed mainly in 

tTREGs and Rorgt expressed mainly in iTREGs. Deletion of the Rorc gene in TREGs results in 

exacerbation of disease in mouse models of colitis and enhanced anti-helminth immunity (Sefik 
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et al. 2015, Ohnmacht et al. 2015) whereas Gata3+ TREGs accumulate preferentially in response to 

IL-33 and produce Areg (Schiering et al. 2014), suggesting that they may be particularly 

important for tissue repair. Tissue-resident TREGs can even express TFs associated with the 

stromal cells in their surrounding tissue, such as PPAR-g in visceral adipose tissue TREGs. Indeed 

PPAR-g expression drives transcription of some factors associated with the tissue repair 

functions of VAT TREGs, including Gata3 (Cipolletta et al. 2012). In lymphoid and non-lymphoid 

tissue, distinct TREG subtypes are optimized for context and tissue-specific functions. 

There is increasing acknowledgment of plasticity between T cell subpopulations, 

including between TREG subtypes. IL-10 and IL-35 producing TREGs appear to interconvert in 

vitro though it is not yet known whether this occurs in vivo (Sawant et al. 2019). Fate mapping of 

FoxP3-expressing cells revealed a population of  “ex- TREGs” that had lost expression of FoxP3, 

lacked expression of other TREG-associated molecules such as CD25 and CTLA-4 and performed 

functions associated with TCONVs (Zhou et al. 2009). However, further investigation revealed that 

ex-TREGs are very rarely generated in adult mice and may mainly represent a population of 

TCONVs that undergo transient FoxP3 expression (Miyao et al. 2012, Sawant and Vignali 2014, 

Rubtsov et al. 2010). 

Other populations of immune and stromal cells may also suppress immunity, often 

utilizing molecular mechanisms in common with TREGs. Subsets of FoxP3- T cells, for example, 

produce many of the same suppressive molecules as TREGs, such as IL-10, TGF-b and CTLA-4. 

Priming in the presence of IL-27 has been shown to promote the differentiation of FoxP3- CD4+ 

T cells with these properties. Such cells tend to have high surface expression of co-inhibitory 

molecules, including LAG-3 and PD-1, but these markers are not exclusive to suppressive T cells 

as they are also expressed on the surface of recently activated effector cells. Better markers for 
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FoxP3- suppressor T cells are needed to understand their development and function. Regulatory 

B cells represent another source of adaptive immunosuppression. These B cells were first 

identified by their ability to produce IL-10 after in vitro stimulation (Fillatreau et al. 2002). B 

cell-specific IL-10 deficiency has since been found to enhance autoimmunity (Fillatreau et al. 

2002, Carter et al. 2011). Finally, expression of co-inhibitory ligands on stromal cells may also 

suppress immune responses, particularly within the graft where inflammation from ischemia-

reperfusion injury is likely to enhance expression of these molecules (Castro et al. 2018). 

Many mechanisms have evolved to prevent autoimmunity in the presence of T and B cell 

repertoires with highly diverse, randomly-generated TCRs and BCRs. Having multiple 

mechanisms allows for compensation if one mechanism were to fail and allows for modulation 

of suppression to suit a particular tissue or context. Importantly, most of these suppressive 

mechanisms act in an antigen-dependent manner. The next section will focus on the ways in 

which these mechanisms for self-tolerance are co-opted to therapeutically induce tolerance to 

foreign antigens present within an allograft. 

Strategies to induce donor-specific transplantation tolerance 

Induced chimerism through stem cell and bone marrow transplantation 

Following their discovery that adaptive tolerance was generated in utero in mice, and that 

tolerance could be manipulated to allow acceptance of genetically distinct skin grafts, 

Billingham, Brent and Medawar extended their findings to chickens. They observed that 

dizygotic “natural twin” chickens hatched from double-yolked eggs, as well as “artificial twin” 

chickens from single-yolked eggs whose embryonic blood supplies were surgically fused with 
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those from other eggs were tolerant to skin grafts from their natural or artificial twins as adults. 

Further, the authors found that the resulting chickens were chimeric, containing red blood cells 

of their twin’s genotype sometimes over 5 months after hatching. Robust chimerism persisted in 

some chickens beyond the 120-day lifespan of red blood cells, indicating that these chickens 

contained a persisting source of new red blood cells of their twin’s genotype, which we now 

would identify as hematopoietic stem cells. Supporting a hypothesis that persisting chimerism 

was necessary for maintaining tolerance, the authors found that some artificial twin chickens 

rejected their skin grafts late after transplantation, and this rejection was associated with a loss of 

chimerism (Billingham, Brent, and Medawar 1956). In more recent years, several tolerance 

induction strategies have focused on generating hematopoietic chimerism of donor cells in 

transplant recipients. 

Bone marrow transplantation is a well-established method for generating long-term 

hematopoietic chimerism. Anecdotes of patients who develop tolerance to solid organ transplants 

after having previously received bone marrow transplants from the same donor provided proof of 

principle for this approach in clinical transplantation (Svendsen et al. 1995, Sayegh et al. 1991, 

Helg et al. 1994, Jacobsen et al. 1994). A group at Harvard subsequently pioneered clinical 

combined kidney and bone marrow transplantation. Patients undergoing concurrent 

hematopoietic cell and solid organ transplantation received both transplants on the same day, and 

were temporarily treated with conventional immunosuppression, typically for less than one year. 

Of the ten patients initially transplanted, seven were able to stop immunosuppression without 

rejecting their grafts for 4.5-11.4 years, though three patients did eventually experience rejection, 

requiring reinstatement of conventional immunosuppression (Kawai et al. 2014). Hematopoietic 

stem cells may also be harvested from donor peripheral blood, in a procedure that is less invasive 
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than harvesting bone marrow. More recently, two US medical centers have conducted clinical 

trials of concurrent hematopoietic stem cell transplantation with kidney transplantation, which 

have thus far reported similar levels of success in achieving immunosuppression-free graft 

survival (Scandling et al. 2015, Leventhal et al. 2013).  

While the mechanisms preventing acute rejection in these patients are not fully 

understood, both clonal deletion (Morris et al. 2015) and induction of allospecific TREGs 

(Sprangers et al. 2017) have been detected. These findings, and possibly cell-intrinsic 

dysfunction, contribute to donor-specific hypo-responsiveness observed in immune cells from 

recipients after combined hematopoietic cell and solid organ transplantation (Kawai et al. 2014). 

In mice, donor-specific tolerance induced by bone marrow transplantation has similarly been 

associated with clonal deletion of donor-reactive T cells, and anergy in donor-specific T cells 

that persist (Tomita, Khan, and Sykes 1994). Interestingly, the persistence of donor cell 

chimerism was not associated with graft outcomes in kidney recipients who received concurrent 

bone marrow transplants. In these patients, donor cells become undetectable 2-3 weeks after 

transplantation (Kawai et al. 2014). In patients receiving concurrent hematopoietic stem cell 

transplantation, the relation between stable chimerism and tolerance is less clear. Some patients 

with transient chimerism were more likely to undergo rejection, but in many cases these patients 

also received a lower dose of donor cells, had lower peak chimerism and different numbers of 

disparities in HLA mismatches compared to patients with stable chimerism, thus it is not clear 

whether the lack of chimerism is the cause of inadequate tolerance in these patients or whether 

impaired tolerance and transient chimerism are independent readouts of other variables in the 

treatment protocol (Leventhal et al. 2013).  
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Bone marrow and hematopoietic stem cell transplantation are associated with severe 

complications, making them infeasible for many solid organ transplant recipients. To prevent 

rejection of the donor cells, hematopoietic cell transplant recipients undergo conditioning 

regimens. Such regimens have historically included high dose total body irradiation or 

chemotherapy, which place the patient at risk of many complications, including life-threatening 

infections, since they eliminate a large portion of the immune system. More recently, novel 

conditioning agents and lower doses of radiation have been adopted to reduce these 

complications, though they do not eliminate risk (Gyurkocza and Sandmaier 2014, Chhabra et al. 

2017). The need for pre-transplant conditioning also precludes the use of combined 

hematopoietic cell transplantation with deceased donor organs, since it is not possible to predict 

availability of a deceased donor to begin the conditioning treatment. GVHD is also a common 

complication in bone marrow transplant recipients that can be life-threatening. These risks are 

amplified in the context of the end-stage organ failure and major surgery experienced by solid 

organ transplant recipients. 

Intra-thymic introduction of alloantigen 

Some attempts have been made to establish donor-specific tolerance by inducing the presentation 

of alloantigen in the thymus, thereby applying the mechanisms of central tolerance to allospecific 

thymocytes. To that effect, protocols to induce thymic expression of alloantigen have included 

intra-thymic injection of donor tissue or cells, purified alloantigen, or alloantigen-expressing 

retrovirus directly into the thymus. These procedures were largely successful at promoting long-

term kidney, islet and heart allograft acceptance in rodent models (Perico et al. 1991, Marodon et 

al. 2006, Jones et al. 1998, Saborio et al. 1999, Chen, Sayegh, and Khoury 1998, Posselt et al. 

1990). As expected, intra-thymic alloantigen presentation resulted in clonal deletion of 
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allospecific T cells and increased differentiation of allospecific TREGs (Jones et al. 1998, Saborio 

et al. 1999, Marodon et al. 2006). Allospecific T cells that escaped thymic selection and persisted 

in the periphery were found to be hypo-responsive upon re-challenge, which was likely the result 

of TREG-mediated suppression but may also have involved T cell-intrinsic dysfunction (Chen, 

Sayegh, and Khoury 1998, Posselt et al. 1990). Despite success in the pre-clinical setting, intra-

thymic alloantigen injection failed to induce tolerance in a small cohort of human heart 

transplant recipients (Remuzzi et al. 1995). It is not known whether intra-thymic injection failed 

to adequately induce central tolerance to alloantigen in these patients or whether additional 

peripheral tolerance mechanisms are needed to maintain tolerance specifically in humans. The 

efficacy of intra-thymic introduction of antigen for tolerance induction may also be limited in 

adult humans due to involution of the thymus and reduction in the rate of T cell development 

with age. 

Oral tolerance 

The immune system is exposed to a large number of innocuous non-self antigens from the 

environment, including those derived from the diet or commensal microbes. To prevent 

inflammation and food allergy, the host must be tolerized against these antigens. Central 

tolerance is not thought to play a significant role in tolerization against non-self antigens as they 

are not expressed in the thymus or bone marrow. Thus, tolerization against dietary and 

commensal antigens occurs mainly through peripheral tolerance mechanisms including T cell 

deletion and dysfunction and TREG induction. The route of antigen exposure is a key determinant 

of whether the host will be immunized or tolerized against a particular environmental antigen. 

Mucosal and intravenous exposure to antigen generally promotes tolerance while subcutaneous 

or intramuscular injection of antigen is immunogenic. Metabolites from some commensal 
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microbes can further promote the induction of TREGs (Atarashi et al. 2013, Stefka et al. 2014). 

Thus, some studies have attempted to induce donor-specific tolerance by orally exposing the 

recipient to alloantigens (Mayer and Shao 2004). In animal models, exposure to donor 

alloantigen in the form of purified protein, donor splenocytes or donor bone marrow significantly 

prolonged allograft survival, though graft acceptance was not permanent (Zavazava et al. 2000, 

Ishido et al. 1999, Gorczynski et al. 1998). A pilot study found that feeding synthesized peptides 

with sequences derived from donor MHC to kidney transplant recipients was associated with 

reduced T cell reactivity to those peptides (Womer et al. 2008). Oral tolerance would be an ideal 

therapeutic approach for patients as it is non-invasive, but thus far oral tolerance has not 

generated robust enough tolerance to induce permanent graft acceptance. Further, the need to 

generate allogeneic peptides for treatment beginning potentially months prior to transplantation 

makes this approach infeasible for the majority of transplant recipients. 

Increasing the frequency of regulatory T cells in the allospecific T cell population 

TREGs are well-suited to promote donor-specific tolerance as they can potently and specifically 

suppress alloimmune responses. Indeed, in mouse models and clinical transplantation, tolerance 

is associated with a high TREG:TCONV ratio (Young et al. 2018, Savage et al. 2018, Heidt and 

Wood 2012). The endogenous TREG population is also required for several experimental 

tolerance induction treatments, as TREG depletion at the time of transplantation can prevent 

tolerance induction. The most straightforward approaches for inducing tolerance through TREG-

mediated suppression aim to increase the TREG:TCONV ratio in vivo. This can be accomplished by 

selectively increasing the number of allospecific TREGs and/or decreasing the number of 

allospecific TCONVs. 
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Many tolerance induction strategies such as concurrent hematopoietic cell 

transplantation, oral tolerance and co-stimulation blockade are associated with an increased 

TREG:TCONV ratio, though these treatments also induce other, independent mechanisms of 

tolerance such as clonal deletion of allospecific T cells. Some treatments, such as low dose IL-2, 

directly and specifically expand TREGs with the hypothesis that an increased TREG:TCONV ratio is 

sufficient for tolerance induction. Due to their expression of CD25, TREGs outcompete other cells 

for binding of limiting doses of IL-2. Combination with rapamycin, which inhibits IL-2 

signaling, has had a synergistic effect in promoting graft survival in mice (Pilon et al. 2014). 

However, as the IL-2 dose increases, a larger proportion of effector cells is activated, potentially 

resulting in severe systemic inflammation. It is difficult to identify and maintain an optimal dose 

of IL-2 to specifically promote suppression, making this a risky strategy for treatment. Recently, 

a study found that complexing of IL-2 with a specific anti-IL-2 clone (JES6-1) specifically 

inhibited binding to lower affinity IL-2 receptors expressed by mouse effector T cells, further 

restricting its activity to TREGs (Spangler et al. 2015, Boyman et al. 2006). This complex was 

more effective than IL-2 alone at inducing acceptance of fully MHC mismatched islet allografts 

in mice. Interestingly, the expansion of TREGs after IL-2/JES6-1 treatment was shown to be 

transient and T cells from mice that had accepted their grafts were not found to be hypo-

responsive in vitro when compared to IL-2/JES6-1-treated mice that failed to accept their grafts. 

These findings suggest that allospecific T cells are not well controlled by suppression, 

dysfunction or depletion in the periphery. It is possible that the functional cells are simply 

ignorant after initial acceptance of the graft, or perhaps changes within the graft, such as an 

enrichment of TREGs, protect it from rejection (Webster et al. 2009). The efficacy of IL-2/anti-IL-

2 treatment in inducing tolerance in patients remains to be determined.  
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Some recent studies have utilized a novel drug delivery system to localize TREG -

promoting treatments to the graft. In one study, microparticles were injected into a rat hindlimb 

graft to locally and continuously release CCL22, a chemokine that preferentially attracts TREGs. 

CCL22 microparticle treatment significantly increased hindlimb graft survival, though the 

efficacy was highly dose-dependent, with less than ten-fold increase or decrease in dosage nearly 

eliminating the effects of treatment. Still, the majority of rats treated with an optimal dose 

accepted their hindlimb allografts for at least 200 days, a significant feat for transplantation of 

highly immunogenic vascular composite allografts (Fisher et al. 2020). Similarly, this group 

injected a combination of microparticles containing rapamycin and the TREG -promoting 

cytokines IL-2 and TGF-b into hindlimb allografts to locally promote TREG induction and 

expansion. This treatment induced acceptance of the graft for at least 300 days in all but one 

recipient (Fisher et al. 2019). Both TREG recruiting and TREG inducing microparticle treatments 

were found to enhance suppression of donor-specific T cell responses in vitro (Fisher et al. 2019, 

Fisher et al. 2020). 

The converse strategy of selectively inhibiting TCONVs can be accomplished with 

immunosuppressants and depleting antibodies that are known to preserve TREGs. For example, 

immunosuppression protocols may minimize the use of calcineurin inhibitors, which impair TREG 

function, in favor of TREG-sparing immunosuppressants such as Rapamycin. Monoclonal anti-

CD3 antibodies and polyclonal T cell-binding antibodies such as anti-thymocyte globulin have 

been used to deplete T cells after transplantation. These antibodies appear to deplete TREGs less 

well than other T cell subsets, thereby increasing the proportion of TREGs in the T cell repertoire 

(Tang and Bluestone 2013, Penaranda, Tang, and Bluestone 2011). Indeed, anti-CD3 has been 
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shown to induce long-term acceptance of major mismatched islet allografts in mice in a TREG-

dependent mechanism (Besançon et al. 2017). 

Rather than expanding TREGs in vivo, there is considerable interest in transfusing 

transplant recipients with TREGs expanded ex vivo. The process of TREG cell therapy typically 

starts with enrichment of TREGs from a patient’s blood using surface markers such as CD25, 

CD45RA and CD127. The isolated cells are then expanded ex vivo either by stimulation with 

anti-CD3- and anti-CD28-coated beads or donor APCs and then transfused into the recipient 

shortly after transplantation. Using donor-derived stimulators is advantageous as they 

specifically expand donor-specific TREGs, resulting in a more potent suppressive population. 

However, TREGs specific for alloantigens presented indirectly on host APCs will not be expanded 

by this process. This problem may be mitigated if the donor-recipient pair has partially or fully 

matched MHC Class II alleles. Additionally, the expanded TREGs may promote infectious 

tolerance in vivo. A small number of clinical trials are underway to test the efficacy of TREGs 

expanded by donor APCs in promoting tolerance to liver and kidney transplants. It is already 

clear that generating enough allospecific TREGs for tolerance induction will be a significant 

barrier for TREG cell therapy as one clinical trial has been terminated due to manufacturing 

challenges (NCT02188719, ClinicalTrials.gov) and others have reported frequent failed TREG 

batches due to low cell yield or contamination (Safinia et al. 2018, Tang and Vincenti 2017).  

It is also technically possible to induce TREGs from naïve T cells in vitro, rather than 

expanding existing allospecific TREGs. However, TREGs induced by existing protocols involving 

stimulation in the presence of TREG-promoting cytokines in vitro are epigenetically and 

functionally unstable, frequently converting to dangerous effector T cells (Koenecke et al. 2009). 

This strategy may become more practical after protocols are developed to stabilize in vitro 
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generated TREGs. Preliminary studies have also shown that exosomes derived from TREGs 

stimulated in vitro can modestly promote allograft survival, though it is unclear how long the 

exosomes last in vivo and whether they suppress responses in an antigen-specific manner (Yu et 

al. 2013, Aiello et al. 2017, Robbins and Morelli 2014). Some studies have also attempted to 

induce tolerance through transfusion of other suppressive immune cell subsets such as myeloid-

derived suppressor cells, tolerogenic dendritic cells cultured from bone marrow or monocytes, 

mesenchymal stromal cells or regulatory B cells, though they have had limited success in 

inducing long-term graft acceptance. TREG induction and/or TCONV deletion are typically central 

to the mechanisms of action of these other suppressive cells (Ochando et al. 2019, Chesneau et 

al. 2013, Marín, Cuturi, and Moreau 2018, Podestà, Remuzzi, and Casiraghi 2019). 

Transducing TREGs with allospecific surface receptors is another way of generating large 

populations of allospecific TREGs for adoptive transfer. Some studies in mice have accomplished 

this by transducing TREGs with allospecific TCRs, which promoted long-term acceptance of 

partially MHC mismatched heart allografts. However, it is much harder to predict which TCRs 

are allospecific in more genetically diverse combinations of human transplant donors and 

recipients (Tsang et al. 2008). To reduce the size of this hurdle, some groups have engineered T 

cells to express chimeric antigen receptors (CARs) consisting of an external Ig-like region that 

binds alloantigen fused to intracellular TCR signaling components. CAR-TREGs have been 

effective at preventing GVHD, skin graft rejection and autoimmunity in mouse models 

(MacDonald et al. 2016, Zhang, Lu, et al. 2018). However, CAR-TREGs still carry several 

disadvantages similar to ex vivo expanded TREGs. Manufacturing of cell therapies for clinical use 

is a costly and complex process. It is also unclear whether CAR-TREGs can suppress priming of 

allospecific T cell responses or only suppress effector responses after priming, since they 
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recognize epitopes that may not be present in the secondary lymphoid organs. The significance 

of these disadvantages may become clear as clinical trials of CAR-TREGs begin in the near future. 

The first trial of CAR-TREGs in kidney transplant recipients is expected to start recruiting patients 

in 2020. 

TREGs are known to play a critical role in self-tolerance, tolerance to environmental 

antigens and therapeutically induced tolerance to allografts. Treatments to support TREG-

mediated suppression by increasing the TREG:TCONV ratio have generally promoted graft survival, 

though effective TREG-centered treatments have thus far failed to induce permanent donor-

specific tolerance. Cell-based therapies may be a promising strategy to quickly increase the 

allospecific TREG:TCONV ratio but face major manufacturing and regulatory challenges. 

Additionally, transplant recipients who have been sensitized to alloantigens by rejection of a 

previous allograft, blood transfusion or pregnancy present a significant challenge as memory T 

cells are more resistant to TREG-mediated suppression than naïve T cells (Yang et al.). Thus, there 

is interest in de-sensitizing these patients so that they can become tolerized. A recent study has 

reported that a small molecule inhibitor of CDK8 and CDK19 may convert memory TCONVs into 

TREGs, removing a particularly dangerous subset of allospecific T cells and increasing the number 

of TREGs. While this treatment did convert a small percentage of memory T cells to TREGs in vivo, 

it did not result in T cell population-wide desensitization (Akamatsu et al. 2019). Promoting 

suppression by TREGs is a logical strategy for inducing donor-specific tolerance but there are 

clearly large hurdles ahead for clinical implementation of existing TREG-based therapies and it is 

not yet clear whether altering the TREG:TCONV ratio is sufficient for induction of robust tolerance 

induction. 
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Co-stimulation blockade 

Several treatments under investigation for tolerance induction work by blocking co-stimulatory 

signaling between T cells and APCs. As discussed in a previous section, transplantation is 

associated with the release of DAMPs, which stimulate the APCs taking up alloantigen, allowing 

them to activate allospecific T cells and initiate graft rejection. By blocking co-stimulatory 

signals therapeutically, naïve allospecific T cells instead receive a tolerogenic signal similar to 

the signal provided by a resting APC. Important to this tolerogenic strategy is the timing of 

treatment. Theoretically, indefinite treatment with co-stimulation blockade would globally 

compromise host adaptive immunity since the immune system would be unable to optimally 

prime a response against any foreign antigen. Instead, limiting co-stimulation blockade to a short 

period of time concurrent with transplantation is expected to limit the induction of tolerance 

mainly to alloantigens, since APCs activate or tolerize T cells in an antigen-dependent manner 

and the host is unlikely to encounter many novel foreign antigens beyond alloantigens during a 

short window of treatment. Also important to this strategy is the generation of permanent 

tolerance, which would continue to prevent rejection after cessation of co-stimulation blocking 

treatment. 

Some of the first treatments for blocking co-stimulation in transplant recipients interfered 

with interactions between CD28 and CD80/CD86. This pathway was a particularly attractive 

target because it was thought to regulate other co-stimulatory pathways, and it had been shown 

that CD28-CD80/CD86 interaction could prevent T cell anergy (Harding et al. 1992, Chen and 

Flies 2013). This pathway could be effectively blocked by the addition of a soluble extracellular 

domain of CTLA-4 stabilized by fusion to the Fc region of IgG1 (CTLA-4-Ig). CTLA-4-Ig acts 

as a decoy to bind CD80 and CD86 with high affinity and competitively inhibit their interaction 
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with CD28. Additionally, CTLA-4-Ig induces expression and activation of IDO in the bound DC 

(Fallarino et al. 2003). Indeed, immunization in the presence of CTLA-4-Ig has been shown to 

result in clonal deletion of T cells (Wells et al. 1999). However, while CTLA-4-Ig treatment at 

the time of antigen exposure was shown to effectively eliminate T cell priming in vivo, it did not 

induce tolerance, as secondary immunizations after cessation of CTLA-4-Ig treatment could still 

elicit an immune response (Linsley et al. 1992). Still, treatment with CTLA-4-Ig could induce 

donor-specific tolerance in mouse models of transplantation, as evidenced by long-term graft 

acceptance and spontaneous acceptance of secondary donor-matched grafts (Pearson et al. 1994). 

However, in a clinical trial, treatment of kidney transplant recipients with CTLA-4-Ig was 

associated with a 2-3 fold increase in acute rejection rate compared to the conventional 

immunosuppressant cyclosporine (Vincenti et al. 2010). More recent studies have revealed that 

CTLA-4-Ig may undermine the suppressive function of TREGs by starving them of CD28 

signaling that is needed for their survival (Tang et al. 2003, Riella et al. 2012, Charbonnier et al. 

2012). Additionally, signaling downstream of CTLA-4 within host TREGs may promote their 

suppressive function and CTLA-4-Ig treatment prevents this signaling, thereby inhibiting an 

important source of peripheral tolerance (Masteller et al. 2000). 

Treatments that interfere with CD40-CD154 interaction impair co-stimulation without 

harming CTLA-4-CD28 signaling by TREGs. Blocking this interaction prevents DC licensing to 

limit allospecific T cell priming, and also inhibits germinal center responses. While treatment 

with anti-CD154 alone prolongs allograft survival, combination with a transfusion of donor 

splenocytes (DST) is necessary to consistently induce long-term survival and donor-specific 

tolerance (Parker et al. 1995, Hancock et al. 1996). The mechanisms by which DST synergizes 

with anti-CD154 to induce tolerance are not well understood. Originally, DST was added to 
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conventional immunosuppression with the intention of inducing tolerance through hematopoietic 

chimerism. It was later shown that chimerism was not required for anti-CD154/DST-induced 

tolerance as irradiated DST could also induce donor-specific tolerance when combined with anti-

CD154 (Bushell et al. 1995). Additional studies have investigated the requirement of various 

molecules and cells within the DST for inducing tolerance, but none have identified a particular 

population or pathway intrinsic to the DST that is critical for tolerance induction. Because cells 

in DST express donor MHC Class I and II, one could hypothesize that the mechanism of DST 

relies on direct alloantigen presentation on DST cells. However, a recent study using MHC Class 

I and/or II-deficient mice has shown direct presentation by DST is not necessary for tolerance 

induced by anti-CD154 and DST (Kishimoto et al. 2004). Work is underway in our group to 

better understand the mechanism of DST, with the hypothesis that through increasing the dose or 

the physical distribution of antigen in the host, DST allows tolerization of more allospecific T 

cells than graft-derived antigen alone. 

Multiple long-lasting changes to the host immune system have been shown to occur after 

anti-CD154/DST-induced tolerance. These effects that last beyond cessation of anti-CD154 

treatment are likely important for long-term maintenance of tolerance. Promoting these 

mechanisms may increase the robustness of tolerance during an inflammatory challenge, and 

detection of these mechanisms may identify biomarkers for stable tolerance in patients with 

spontaneous or therapeutically-induced transplantation tolerance. Like CTLA-4-Ig, anti-

CD154/DST induces deletion of allospecific T cells through abortive proliferation (Quezada et 

al. 2005). However, clonal deletion is not complete, resulting in a significant population of 

allospecific T cells that persist long-term. Control of these persisting cells, and of new thymic 

emigrants, appears to involve several mechanisms. In contrast to CTLA-4-Ig, anti-CD154 
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treatment is accompanied by expansion of the allospecific TREG population, which may suppress 

persisting allospecific TCONVs (Ferrer et al. 2011). Indeed, TREG depletion at the time of 

transplantation prevents tolerance induction (You and Chatenoud 2018).  A recent study has 

indicated that similar expansion of allospecific TREGs occurs during acute allograft rejection, but 

that the lack of TCONV expansion after anti-CD154 treatment results in a high allospecific 

TREG:TCONV ratio that promotes tolerance. Thus, the allospecific TREG:TCONV ratio may be more 

important than the absolute number of allospecific TREGs for predicting tolerance (Young et al. 

2018). 

The allospecific B cell repertoire of anti-CD154/DST-treated murine heart allograft 

recipients also experiences long-term changes. Allospecific B cells neither expand nor are 

deleted during tolerance induction, persisting at quantities similar to those of naïve mice. Like 

allospecific T cells, allospecific B cells become intrinsically dysfunctional during tolerance, 

failing to mount a productive germinal center response, even when exposed to functional 

activated cognate CD4+ T cells. Interestingly tolerant B cells could suppress responses by naïve 

B cells in secondary hosts in an antigen-specific manner (Khiew et al. 2020). 

Interestingly, transient TREG depletion late after transplantation with anti-CD154/DST 

does not break established tolerance, suggesting that additional mechanisms maintain tolerance. 

One such mechanism appears to be the development of T cell-intrinsic dysfunction resulting 

from anergizing TCR stimulation without co-stimulation and/or chronic stimulation by persisting 

alloantigen expressed by the accepted graft (Miller et al. 2019, Quezada et al. 2003). Our group 

has shown that allospecific T cells persisting during tolerance up-regulate expression of CD44, 

indicating that they are antigen-experienced, but similar to exhausted T cells responding to a 

chronic infection, tolerant T cells fail to up-regulate the memory cell marker CD127 and express 
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high levels of PD-1, a co-inhibitory receptor that is up-regulated after recent antigen stimulation. 

Using monoclonal tracer populations of allospecific CD4+ T cells, this study reported that 

persisting tolerant allospecific T cells expanded less than memory cells when re-stimulated, even 

when isolated from other immune cells, indicating that their dysfunction was cell-intrinsic rather 

than dependent on suppression by factors and cells within the tolerized mouse (Miller et al. 

2019). 

After productive immunization or rejection, the responding polyclonal population of T 

cells increases in average sensitivity to antigen stimulation, a process known as avidity 

maturation. In contrast to affinity maturation by B cells, which involves BCR rearrangement in 

the periphery, T cell avidity maturation results from the selective expansion of existing T cell 

clones with high sensitivity to stimulation due to high affinity for pMHC and other biochemical 

parameters (Nikolich-Žugich, Slifka, and Messaoudi 2004). While direct measurement of T cell 

sensitivity to stimulation, or functional avidity, requires a dose-titration of peptide stimulus, 

functional avidity can be estimated by the intensity of T cell binding to pMHC multimer 

complexes, a measure of structural avidity (Savage, Boniface, and Davis 1999a). Higher 

intensity of fluorophore-conjugated pMHC-binding as measured by flow cytometry correlates 

with increased functional avidity. Using this method of approximation, our group has determined 

that the endogenous, polyclonal population of allospecific T cells in tolerized heart recipient 

mice does not undergo avidity maturation, retaining the lower avidity of allospecific T cells in a 

naïve mouse instead (Miller et al. 2018). Limiting the quantity of high avidity T cell clones may 

support tolerance if high avidity T cells could mediate a particularly destructive rejection 

response if poorly controlled, or if they are resistant to mechanisms maintaining tolerance such 
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as suppression or development of dysfunction. More work is needed to test these hypotheses and 

to determine which mechanisms restrict avidity maturation during tolerance induction. 

Due to the efficacy of both CTLA-4-Ig and anti-CD154 in preventing rejection in mouse 

models, some attempts have been made to combine these therapies in hopes that they will 

synergize in inducing tolerance. However, there are inconsistencies in reports of the 

effectiveness of combining CTLA-4-Ig with anti-CD154 and DST. Some studies have reported 

synergy between CTLA-4-Ig and anti-CD154/DST in inducing tolerance to allografts (Larsen et 

al. 1996), while others have found that CTLA-4-Ig impairs CD154/DST-mediated tolerance by 

blocking inhibitory signaling downstream of CTLA-4 on T cells (Zheng et al. 1999). 

Undermining of tolerance by CTLA-4-Ig may stem, as mentioned earlier in this dissertation, 

from the role of CD28 in promoting TREG function and a potential role for inhibitory CTLA-4 

signaling on TREGs and TCONVs (Walunas et al. 1994, Lin et al. 1998).  

While promising in animal models of transplantation, humanized anti-CD154 monoclonal 

antibodies did not succeed in clinical trials because of thromboembolitic complications resulting 

from treatment (Kawai et al. 2000). Focus subsequently shifted back to development of CTLA-4-

Ig as a less effective but safer option for co-stimulation blockade. Recently, evidence has 

indicated that the Fc region of anti-CD154 binds to FcgRIIa expressed on the platelet surface. 

Because humans express a soluble form of CD154, the antibodies can become cross-linked by 

this soluble antigen, forming large complexes of platelets. One study has shown that the 

combination of anti-CD154 and soluble CD154 causes clotting in mice transgenically expressing 

human FcgRIIa on their platelets, supporting this model of anti-CD154-induced clotting (Robles-

Carrillo et al. 2010). Success of anti-CD154 treatment in inducing long-term survival of islet 

(Kenyon, Chatzipetrou, et al. 1999, Kenyon, Fernandez, et al. 1999) and renal (Kirk et al. 1999) 
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allografts in non-human primates indicates that blockade of this pathway may induce donor-

specific tolerance in patients. Monoclonal antibodies specific for CD40 are in clinical trials 

(Lowe et al. 2012, Pearson et al. 2002) as a strategy to block CD40-CD154 co-stimulation with 

less potential for clotting than anti-CD154. Indeed, early results from a phase 2 clinical trial 

revealed that replacing calcineurin inhibitors with anti-CD40 in a standard immunosuppression 

regimen did not increase risk of thromboembolitic complications, resulted in similar 1-year renal 

graft outcomes, and reduced chronic allograft damage (Farkash et al. 2019). Additionally, anti-

CD154 clones with modified Fc regions that do not bind FcgRIIa are in development. The first 

clinical trial using such a modified anti-CD154 is underway to test its efficacy in treating 

multiple sclerosis (https://www.sanofigenzyme.com). 

The presence or absence of co-stimulation determines whether a T cell activated in the 

periphery will be primed or tolerized. Thus, eliminating co-stimulation to mimic an interaction 

with a tolerogenic DC is a clever strategy for inducing donor-specific tolerance. Despite early 

challenges with clinical translation, co-stimulation blockade remains one of the more clinically 

feasible tolerance induction strategies, especially when compared to the complexity of other 

leading treatments such as concurrent hematopoietic cell transplantation or TREG cell therapy. 

Considering the success of anti-CD154 in animal models of transplantation, newer engineered 

clones of anti-CD154 or anti-CD40 antibodies hold great promise for robust tolerance induction.  
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Robustness of transplantation tolerance induced with anti-CD154 and DST 

Multiple compensatory immune suppressive mechanisms maintain tolerance induced by anti-

CD154 and DST 

For any tolerance induction treatment to become a standard for transplant recipients, it must 

induce a state of tolerance that is resistant to inflammatory challenges such as infections. The 

state of tolerance induced by treatment with anti-CD154 and DST is particularly robust when 

compared to other tolerance induction methods. Thus, it is important to understand the immune 

mechanisms responsible for maintaining this robust tolerance so that they can be replicated and 

tracked in tolerant patients. It is also important to identify insults that can break robust tolerance 

to understand and overcome the potential vulnerabilities of patients made tolerant to their 

transplants with co-stimulation blockade. 

Our group has found that limitation of alloreactive T cell number, and suppression of 

alloreactive T cells by TREG cells and programmed cell death 1 ligand 1 (PD-L1) are 

compensatory mechanisms simultaneously keeping tolerance intact in tolerant heart recipient 

mice. Only after disruption of all three mechanisms did tolerized heart recipients reject their 

grafts (Miller et al. 2016a). Additional work from our group indicates that the allospecific T cell 

population persisting in tolerant graft recipients is intrinsically dysfunctional and these cells have 

low structural avidity for alloantigen (Miller et al. 2019, Miller et al. 2018). These cell-intrinsic 

features may prevent graft rejection even if cell-extrinsic suppression fails. The robustness of 

anti-CD154/DST-induced tolerance in mouse models makes it an ideal tolerant state to study and 

emulate with newly developed tolerizing therapies.  
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Breaking tolerance induced by anti-CD154 and DST 

Our group and others have described the robustness of anti-CD154/DST-induced tolerance 

during infection. While infections with lymphocytic choriomeningitis virus (LCMV) (Welsh et 

al. 2000) or Staphylococcus aureus (Ahmed et al. 2011) prevent the induction of tolerance with 

anti-CD154 and DST, these pathogens do not break tolerance after it is established. Only 

infection with Listeria monocytogenes (Lm) has been reported to break established tolerance 

induced by anti-CD154 and DST. The precise immune mechanisms by which Lm is able to break 

tolerance are not well understood, though they seem to result from the release of type I interferon 

(IFN) and IL-6 during the host response to Lm infection. Indeed, IL-6 and type I IFN were both 

required for rejection precipitated by Lm infection. Further, the combination of IL-6 and IFN-b 

was sufficient to break tolerance under sterile conditions (Wang et al. 2010b), suggesting that 

other viruses and bacteria capable of eliciting these cytokines may also break established 

tolerance (McNab et al. 2015, Kovarik et al. 2016, Rose-John, Winthrop, and Calabrese 2017). 

There may also be other cytokines sufficient to break tolerance, and pathogens or sterile causes 

of inflammation that break tolerance via mechanisms distinct from those required for Lm-

induced rejection. Thus, while anti-CD154/DST induces a relatively robust tolerant state, it is 

likely still vulnerable to multiple different infections.  

Understanding the mechanisms that contribute to the maintenance of tolerance, and how 

these mechanisms are disrupted during rejection after a period of stable tolerance is necessary to 

improve the stability of therapeutically-induced tolerance, and to monitor patients with 

spontaneous or therapeutically-induced transplantation tolerance for signs of rejection or 

unstable tolerance. While cohorts of tolerant patients have been too small to establish a statistical 

relationship between infection and rejection, several observations in transplant recipients support 
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a model that infection leads to rejection in patients who previously were tolerant to their grafts. 

Episodes of rejection in transplant recipients with spontaneous operational tolerance are 

frequently preceded by infection (Brouard et al. 2012). Rejection following infection has also 

been reported in patients tolerized to kidney allografts with concurrent hematopoietic stem cell 

or bone marrow transplantation (Kawai et al. 2008, Markmann and Kawai 2012, Leventhal et al. 

2012). Understanding the mechanisms of rejection after various insults, including infection, in 

tolerized mice may shed light on the mechanisms of rejection in tolerant transplant patients. 

Many studies investigating the immune mechanisms of tolerance induction have shown 

that long-term changes occur in the allospecific lymphocyte populations of tolerant graft 

recipients, including increased TREG:TCONV ratio, and T cell- and B cell-intrinsic dysfunction. 

Rejection after a period of stable tolerance may involve reversal of some of these mechanisms of 

tolerance, or may involve mechanisms distinct from rejection in the absence of 

immunosuppressive or tolerogenic treatment. Rejection after Lm required both CD4+ and CD8+ 

T cells, contrasting with acute rejection in the absence of tolerance induction where only CD4+ T 

cells are required. Indeed, Lm infection was associated with restoration of the donor-specific T 

cell response as measured in vitro by IFN-g enzyme-linked immunospot assay (ELISpot) (Wang 

et al. 2010b). Studies of Lm-induced fetal resorption have revealed that Lm infection impairs 

TREG suppressive function while leaving TREG quantity unchanged (Rowe et al. 2012). Additional 

studies have indicated that IL-6 and IFN-b can impair TREG function (Srivastava et al. 2014, Nish 

et al. 2014). Thus, impaired TREG-mediated suppression is likely a contributor to rejection of 

tolerized allografts after Lm infection, though both IL-6 and IFN-b are highly pleiotropic 

cytokines, thus additional effects by these cytokines may also contribute to Lm-induced 

rejection. Interestingly, tracking of allospecific T cells revealed that allospecific T cells do not 
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expand with one week of Lm infection in previously tolerant hosts. Further, allospecific T cells 

remain hypo-responsive and retain a surface phenotype associated with dysfunction following 

Lm-induced rejection (Miller et al. 2019). Thus, it is not clear which T cells are required for 

allograft rejection precipitated by Lm. 

An additional study found that tolerance induced by anti-CD154 and DST could be 

broken by inducing mast cell degranulation. Similar to Lm-induced rejection, rejection after mast 

cell degranulation was T cell-dependent. Also similar to Lm infection, mast cell degranulation 

resulted in impaired TREG function, which was associated with a reduction in TREG expression of 

TGF-b, IL-10, EBI3 and granzyme B (De Vries et al. 2009). However, disruption of TREG-

mediated suppression is not thought to be sufficient to break tolerance as our findings indicate 

that tolerance is sustained even after depletion of TREGs with anti-CD25 (Miller et al. 2016b). 

Additional insults have been shown to break transplant tolerance induced by other 

protocols. For example, repeated injections of high dose IL-2 could break longstanding tolerance 

induced by concurrent bone marrow transplantation in non-human primates. Broken tolerance 

was associated with recovery of the allospecific T cell response. Unexpectedly, IL-2 increased 

both TREG and TCONV numbers such that the total TREG:TCONV ratio increased. It is possible that 

TREG function was impaired or that the numbers of allospecific TREGs and TCONVs did not follow 

this trend, potentially explaining the restoration of donor-specific T cell response (Yamada et al. 

2015). It is not known whether IL-2 injections can similarly break tolerance induced by co-

stimulation blockade. 

In this dissertation, we utilize tracer monoclonal allospecific T cells and pMHC 

multimers to study the phenotype and functional profile of allospecific T cells in a mouse model 
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of anti-CD154/DST-induced tolerance to fully MHC mismatched heart allografts. Using this 

strategy, we have identified restriction of T cell avidity maturation as a novel immune 

mechanism supporting donor-specific tolerance, as high avidity allospecific T cells are more 

potent mediators of graft rejection than their low avidity counterparts. We also investigate the 

vulnerabilities of tolerance, finding that continuous TREGs-mediated suppression is required for 

maintaining tolerance. We additionally identify T cells specific for transiently expressed 

alloantigen as a population that retains functionality during tolerance, while persistently 

stimulated allospecific T cells become anergic. Finally, we investigate the response by 

allospecific T cells and B cells during the disruption of tolerance by Lm infection or TREG 

depletion, finding a multitude of effects including restoration of T cell and B cell function and T 

cell avidity maturation, dependent on which insult was used to break tolerance. These findings 

highlight the importance of TREGs in tolerance, indicate that there is diversity in fate of 

allospecific T cells dependent on their cognate alloantigen, and suggest that tolerance could be 

made more robust by subjecting a broader range of allospecific T cells to prolonged TREG-

mediated suppression. 

Summary 

Since Owen’s and Billingham, Brent and Medawar’s discoveries revealed that immune tolerance 

was an adaptive process, a great deal has been discovered about the mechanisms of tolerance. 

Importantly, it has become clear that tolerance occurs beyond the neonatal period and that 

mechanisms have evolved to generate tolerance to non-self antigens, such as dietary and 

commensal antigens, in the periphery. Many tolerance induction treatments apply these existing 

mechanisms to alloantigens. We have chosen to focus on tolerance induced by anti-CD154 and 
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DST as this strategy is both clinically feasible and generates a robust tolerant state that resists 

many inflammatory challenges. Disruption of established tolerance by Lm infection or mast cell 

degranulation indicates that there are vulnerabilities in the tolerant state that must be resolved in 

order to induce reliable tolerance in clinical transplant recipients. The following chapters 

describe findings that uncover immune mechanisms contributing to robust transplantation 

tolerance and the ways in which these mechanisms are disrupted to induce rejection in previously 

tolerant graft recipients. These findings will inform strategies to improve the robustness of 

tolerance and predict the disruption of tolerance in transplant recipients. 
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 T cells with high avidity for alloantigen are 

potent mediators of alloimmunity that are controlled by 

multiple immune mechanisms during transplantation 

tolerance. 

Note: much of the data and text in the following section titled “T cells with high avidity for 

alloantigen are potent mediators of alloimmunity that are controlled by multiple immune 

mechanisms during transplantation tolerance” are reproduced from references (Miller et al. 2018) 

and (Gupta et al. 2019) with some rearrangement and addition of text and figures. 

Abstract 

Mechanisms implicated in robust transplantation tolerance at the cellular level can be broadly 

categorized into those that inhibit alloreactive T cells intrinsically (clonal deletion and 

dysfunction) or extrinsically through regulation. Recently, we have discovered that co-

stimulation blockade prevents the expansion of T cells with high avidity for alloantigen after 
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transplantation. Whereas T cells with high avidity preferentially accumulated during acute 

rejection of allografts, the alloreactive T cells in tolerant recipients retained a low-avidity profile, 

comparable to naive mice despite evidence of activation. Here, we investigated whether 

controlling the expansion of high avidity cells supports transplantation tolerance. Indeed, we 

found that high avidity cells were more potent at rejecting allografts than low avidity cells with 

the same specificity. We also investigated which immune mechanisms constrain T cell avidity 

during tolerance, finding that exposure to alloantigen and co-stimulation were not sufficient to 

restore avidity maturation. TREG depletion did restore avidity maturation of some T cell 

specificities, indicating that mechanisms known to support transplantation tolerance play a role 

in maintaining low avidity for alloantigen, but that there are additional mechanisms also 

responsible for preventing avidity maturation. Thus, peripheral transplantation tolerance involves 

control of alloreactive T cells at the population level, in addition to the individual cell level. 

Controlling expansion or eliminating high-affinity, donor-specific T cells long term may be 

desirable to achieve robust transplantation tolerance in the clinic. Identification of high avidity 

allospecific T cells may also serve as a biomarker for the robustness of tolerance. 

Introduction 

Given the vast size and sequence diversity of the T cell repertoire, multiple T cells in an 

individual are likely to respond to the same alloantigen. T cells with the same specificity may 

differ in their sensitivity to stimulation, a phenomenon that has been termed functional avidity 

(Nikolich-Žugich, Slifka, and Messaoudi 2004, Honjo, Xu, and Bucy 2000). In contrast to T cell 

affinity, which refers to the binding strength of a single TCR and pMHC interaction, T cell 

avidity integrates interactions between multiple TCRs and co-receptors with pMHC molecules 
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(Van Den Berg and Rand 2007). Differences in TCR avidity have been attributed to the affinity 

and geometry of TCR binding to pMHC (Zhong et al. 2013, Krogsgaard et al. 2003), level of 

TCR (Labrecque et al. 2001) and co-receptor (Cawthon, Lu, and Alexander-Miller 2001) 

expression, post-translational modifications to the TCR (Kuball et al. 2009) and spatial 

arrangement of TCR components (Minguet et al. 2007, Fahmy et al. 2001), whereas exposure to 

inflammatory cytokines can enhance T cell sensitivity to activation (Richer, Nolz, and Harty 

2013). Self-reactivity during thymic development also tunes the sensitivity of a T cell to 

stimulation by non-self antigens in the periphery through negative regulation of TCR signaling 

(Persaud et al. 2014). While the TCR sequence largely contributes to affinity for pMHC and 

tuning of the TCR in the thymus, it is not the sole determinant of avidity because even 

monoclonal T cells have varied functional avidity (Ioannidou et al. 2017). Antigen experience 

also contributes to T cell avidity, as memory T cells are more sensitive to stimulation than naïve 

or recently stimulated T cells (von Essen, Kongsbak, and Geisler 2012, Hesse et al. 2001). Thus, 

the diversity of the T cell repertoire is not only represented by the range of individual TCR 

sequences or specificities but also by the combination of parameters that determine avidity for a 

particular pMHC. 

Several animal models have demonstrated that the avidity profile of peripheral T cell 

populations increases following foreign antigen encounter (Busch and Pamer 1999, Savage, 

Boniface, and Davis 1999b) through the selective expansion of high-affinity T cells that may 

better compete for limited amounts of antigen and receive a stronger signal to proliferate and 

survive (Bos et al. 2012, Ozga et al. 2016). In addition, TREGs may preferentially inhibit low-

avidity T cells (Pace et al. 2012). This accumulation of high-affinity and/or avidity T cells, based 

on interactions with pMHC, has been termed “avidity maturation” at the T cell population level, 
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in contrast to “affinity maturation” of B cells. Using the intensity of staining with pMHC 

multimer as a correlate for functional avidity (Busch and Pamer 1999, Dutoit et al. 2001), our 

group showed that allospecific CD4+ and CD8+ T cells in mice rejecting major MHC 

mismatched heart allografts also experienced a population-wide increase in avidity (Miller et al. 

2018). Increased avidity during allograft rejection was associated with skewing of the TCR 

sequence representation in the allospecific repertoire but not an increase in other potential 

contributors to avidity such as co-receptor or TCR expression levels. By contrast, alloreactive 

TCONVs from mice that were made tolerant to heart allografts with anti-CD154 and DST did not 

undergo avidity maturation and likewise did not substantially shift their TCR repertoire despite 

up-regulation of the activation marker CD44. This low-avidity profile in tolerized mice was 

stable, even upon re-challenge with donor antigen in the absence of co-stimulation blockade, and 

was due, at least partly, to an inhibition of expansion of high-avidity clones. These data reveal 

that therapeutically induced peripheral tolerance can durably shape T cell repertoires and 

suggests that reducing the abundance of high-avidity, donor-specific effector T cell clones may 

be desirable to achieve long-term tolerance. 

Here, we determined whether controlling the expansion of high avidity T cell clones was 

advantageous for preventing graft rejection during tolerance. By limiting the adaptive 

alloimmune response to a titrated dose of monoclonal CD8+ T cells with varied avidities for the 

same alloantigen, we found that high avidity cells were more potent mediators of graft rejection 

than their lower avidity counterparts, though low avidity cells were still capable of rejection at 

high doses. Thus, high avidity allospecific T cells are particularly dangerous for allograft 

survival. We have also developed an approach for the generation of TCR-retrogenic CD4+ T 

cells with varied avidities for 2W:I-Ab, which will allow us to determine whether our findings 
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translate to CD4+ T cells, an important question as CD4+ T cells are necessary for heart allograft 

rejection (Krieger, Yin, and Fathman 1996). 

We also investigated which immune mechanisms prevent the expansion of high avidity T 

cell clones during tolerance. We found that TREGs contributed to the restriction of avidity 

maturation of T cells during the maintenance of tolerance for some but not other allospecificities, 

suggesting that other active or passive suppressive mechanisms of T cell avidity maturation are 

likely in place. Interestingly, T cells of every allospecificity tested were found to expand upon 

re-challenge with TREG depletion even if they did not avidity mature, indicating that expansion 

and avidity maturation may be regulated independently. Lm-induced rejection in previously 

tolerant heart allograft recipients was also accompanied by avidity maturation in T cells of some 

allospecificities. Understanding the mechanisms of Lm-induced rejection may, therefore, reveal 

additional factors that can control T cell avidity maturation. 

Determining whether high and low avidity cells pose unique threats to the allograft is 

important for understanding the mechanisms and potential shortcomings of tolerance. High 

avidity CD8+ T cells are particularly strong mediators of rejection. Limiting the number of high 

avidity cells may therefore limit the potential damage if other mechanisms of tolerance were 

disrupted. We have also found that allospecific T cells vary widely in their potency for mediating 

rejection. Thus, it may be advantageous to distinguish between high and low avidity T cells in 

functional assays to monitor alloreactivity in patients. The presence of high avidity T cells may 

also serve as a useful biomarker to detect unstable tolerance in transplant recipients with 

spontaneous or therapeutic tolerance.   
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Materials and Methods 

Mice 

B6 and BALB/c mice were purchased from Envigo RMS, CD45.1+ mice and OT-I TCR-Tg Rag-

/- (OT-I) mice were purchased from Jackson Laboratory, and P14 TCR-Tg Rag-/- (P14 Rag-/-) 

mice were bred in house from mice purchased from Taconic Biosciences. OT-3 TCR-Tg TCRα-/- 

(OT-3) mice were obtained from Stephen Schoenberger (La Jolla Institute) and Vb3-Tg 

FoxP3GFP, Vb8.3-Tg FoxP3GFP, Vb3-Tg TCRa-/- CD4cre and Foxp3DTR mice were obtained from 

Peter Savage (University of Chicago). Because DTR is incorporated into the endogenous FoxP3 

locus on the X chromosome in these mice, only FoxP3DTR/DTR females and FoxP3DTR/y males 

were used in experiments. Mice expressing a membrane-bound fusion protein of 2W1S and 

ovalbumin (2W-mOva) on a B6 background, as previously described (Moon et al. 2011), were 

crossed to BALB/c mice to generate F1 progeny. Both male and female mice at least 6 weeks of 

age were used for the experiments. In some experiments, mice were treated with one-sixth to 

one-quarter spleen for DST (intravenous [i.v.]) on day 0 ± 0.6 mg αCD154 (i.v.). In some 

experiments, mice were re-challenged with a second DST injection i.v. 30 or 60 days after 

primary immunization in the presence or absence of a single 100 μg dose of agonistic anti-CD40 

(FGK4.5) or 1 μg of DT (Sigma) on days 28, 29, and 31. Mice were housed under specific 

pathogen-free conditions. 

Skin transplantation 

Tail skin from F1 2W-mOva mice was transplanted onto the flank of P14 Rag-/- recipients as 

previously described (Kellersmann and Zhong 1998). Sorted OT-I or OT-3 T cells were 
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adoptively transferred on the day of transplantation. Bandages were removed 7 days post-

transplantation. Rejection was reported when <20% of the transplanted skin was viable. 

Heart transplantation 

Cardiac transplantation was performed using a technique adapted from Corry et al (Corry, Winn, 

and Russell 1973). For induction of tolerance, mice were treated with 500-600 µg of anti-CD154 

(MR1, BioXCell) on days 0, (i.v.) 7 and 14 (i.p.) post-transplantation and DST (i.v.) on day 0. 

Magnetic enrichment 

T cells were magnetically enriched by negative selection from spleens of recipient mice 

following binding with biotinylated anti-CD19 (Fitch Monoclonal Facility), anti-Ter119 

(eBioscience), and anti-CD11b (eBioscience) and incubation with streptavidin magnetic beads 

(Pierce, Thermo Fisher Scientific). APCs were magnetically enriched by negative selection of 

splenocytes from CD45.1+ B6 mice following staining with anti-Thy1.2-biotin (eBioscience) and 

incubation with streptavidin magnetic beads (Pierce). 

Lm infection 

An overnight culture of Lm engineered to express GFP (Lm-GFP) (Ertelt et al. 2009) was diluted 

1:50 and grown until OD600 was within the log-phase of our Lm-GFP growth curve. OD600 was 

used to calculate colony forming units (CFU)/mL. Mice were infected i.p. with 1x106 CFU Lm-

GFP in 400 µL per mouse as this dose resulted in the highest rejection rate with minimal 

lethality. Lm-GFP was plated to confirm dose. Graft survival was monitored twice per week after 

infection. 
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Flow cytometry 

5x106 T-enriched cells were stained with a fixable live/dead stain (Invitrogen) followed by 

phycoerytherin (PE)- or allophycocyanin (APC)-conjugated 2W:I-Ab or pKd:I-Ab tetramer (NIH 

Tetramer Core Facility) for 1 hour in a room temperature (RT) water bath, washed, and then 

stained with PE- or APC-conjugated Ova:Kb pentamers (ProImmune) or H60:Kb tetramers (NIH 

Tetramer Core Facility) for 20 minutes in a room temperature (RT) water bath. Cells were then 

stained with fluorophore conjugated anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD45.1 (A20), anti-

CD45.2 (104), anti-CD44 (IM7), anti-TCRβ (H57-597), and anti-B220 (RA3-6B2). Surface-

stained cells were then fixed with the FoxP3 fixation permeabilization buffer kit (eBioscience, 

San Diego, California) for 15 minutes at RT and washed with 1x permeabilization buffer. Some 

samples were intracellularly stained with anti-Ki67 (SolA15), anti-IRF4 (3E4), or anti-FoxP3 

(FJK-16s) for 30 minutes at RT; washed with permeabilization buffer; and analyzed by flow 

cytometry. CFSE labeling was performed by labeling cells with CellTrace CFSE (Invitrogen) for 

20 minutes at 37°C. All monoclonal antibodies (mAbs) were from BD Biosciences, eBioscience, 

or Invitrogen. 

Adoptive cell transfer 

Spleen and lymph node cells were isolated into single-cell suspensions and counted with an 

Accuri C6 flow cytometer (BD Biosciences, San Jose, California). For direct comparison of skin 

allograft rejection or homeostatic proliferation by OT-I and OT-3 cells, CD8+ CD44lo TCR-Tg 

cells were sorted before adoptive transfer in 200 μL of PBS. In some experiments, APCs and B 

cells were magnetically depleted before sorting. For comparison of homeostatic proliferation of 

OT-I versus OT-3 cells, 1.5×105 cells were injected. 
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Tetramer sorting for in vitro stimulation 

Spleens were isolated from B6 mice 7 days after immunization with F1 2W-mOVA splenocytes, 

pooled in groups of three spleens, homogenized, and magnetically enriched for T cells. Cells 

were stained with APC-conjugated 2W:I-Ab tetramers for 1 hour in a room temperature water 

bath, washed, and then stained with PE-conjugated Ova:Kb pentamers for 20 minutes in a room 

temperature water bath. Cells were then stained with anti-CD4 (L3T4), anti-CD8 (Ly2), anti-

CD44 (IM7), and anti-B220 (RA3-6B2). Within the population of CD4+ CD44+ 2W:I-Ab+ cells, 

30% of cells with the brightest 2W:I-Ab staining were sorted as 2W:I-Ab Hi. The 20% next 

brightest were not sorted. The following 30% brightest were sorted as 2W:I-Ab Lo. The dimmest 

20% of 2W:I-Ab+ cells were not sorted. CD4+ CD44+ 2W:I-Ab− cells were sorted as 2W:I-Ab 

Neg. Gates were adjusted between samples before sorting so that the percentage of cells in each 

gate remained the same across samples. 

Generation of TCR-Retrogenic mice 

Spleens were isolated from B6 Vb3-Tg FoxP3GFP mice 8 days after immunization with F1 2W-

mOva splenocytes and then homogenized. Pilot experiments also investigated Vb8.3-Tg 

FoxP3GFP mice as a source for tetramer+ cells but Vb3-Tg FoxP3GFP mice were selected as they 

yielded more FoxP3- CD44hi 2W:I-Ab tetramer+ cells after immunization. Cells were stained with 

APC-coupled-2W:I-Ab tetramers for 1 hour in a room temperature water bath, washed, and then 

magnetically enriched for T cells as we had seen that enrichment after tetramer staining was 

associated with less non-specific tetramer staining than enrichment before tetramer staining. 

Enriched samples were then stained with anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD44 (IM7), 

and anti-B220 (RA3-6B2). All staining and wash buffers contained 50 nM of the protein kinase 
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inhibitor Dasatinib (AdooQ Bioscience) to prevent internalization of the TCR during multimer 

staining (Lissina et al. 2009). Within the population of CD4+ FoxP3- CD44+ 2W:I-Ab+ cells, 30% 

of cells with the brightest 2W:I-Ab staining were sorted as 2W:I-Ab Hi. The 20% next brightest 

were not sorted. The following 30% brightest were sorted as 2W:I-Ab Lo. The dimmest 20% of 

2W:I-Ab+ cells were not sorted. Gates were set using a global average containing an equal 

number of cells from each sample. Cells were sorted directly into buffer RLT (QIAGEN) 

containing b-mercaptoethanol, then immediately homogenized, frozen in ethanol and dry ice and 

stored at -80˚C until RNA isolation. 

Cell lysates of the same tetramer binding intensity were pooled into three samples from 

3-4 mice each prior to RNA isolation with RNeasy micro kit (QIAGEN). Isolated RNA was sent 

to iRepertoire for TCRa sequencing. CDR3 sequences identified in at least 2 samples of the 

same tetramer binding intensity were considered candidates for Rg T cell generation. Seven 

CDR3 sequences were selected for cloning based on their relatively high abundance and diverse 

distribution in RNA from 2W:I-Ab Hi and Lo cells. 

Full-length TCRa sequences were reconstructed from CDR3 sequences using the 

International Immunogenetics information system (IMGT) V-quest alignment tool. Gibson 

reactions were designed using NEBuilder for construction of full length TCRa from fragments 

encoding the variable (TRAV) and constant (TRAC) regions into a pMGflThy1.1 plasmid vector 

(McDonald et al. 2015). DNA encoding TRAVs was purchased from Genscript (and primers 

were purchased from Integrated DNA Technologies. DNA encoding TRAC and the 

pMGflThy1.1 vector were obtained from the Savage Lab. TRAV and TRAC fragments were 

amplified using Phusion High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, 
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Massachusetts) and amplification products were purified using a QIAquick Gel Extraction Kit 

(QIAGEN). pMGflThy1.1 was linearized by simultaneous digestion with High Fidelity AgeI and 

High Fidelity NotI restriction enzymes in CutSmart Buffer (New England BioLabs). Gibson 

assembly of TRAV, TRAC and linearized pMGflThy1.1 was performed with Gibson Assembly 

Master Mix (New England BioLabs) under the conditions specified by NEBuilder. Assembly 

products were cloned into 5-alpha Competent E. coli (New England BioLabs). Colonies resistant 

to ampicillin were screened by sequencing the inserted TRAV and TRAC. Maxi-prep of 

plasmids was performed using an EndoFree Plasmid Maxi Kit (QIAGEN). 

Platinum E (PlatE) cells obtained from the Savage Lab were transfected with 

pMGflThy1.1-TRAC-TRAV constructs using Lipofectamine 2000 (Invitrogen). Transfected 

cells were cultured in DMEM with 10% fetal bovine serum (FBS) for 24-48 hours. Transfection 

was confirmed by GFP expression. Retrovirus was collected by passing culture supernatant 

through a 0.45 µm filter. Filtrate was frozen in ethanol and dry ice and stored at -80˚C until use. 

Vb3-Tg TCRa-/- CD4cre mice were injected with 150 mg/kg 5-Fluorouracil (APP 

Pharmaceuticals) 3 days prior to bone marrow harvest. Bone marrow harvested from femura and 

tibiae was cultured for 2 days in X-Vivo 10 (Lonza) with 1% penicillin and streptomycin 

(pen/strep), 15% FBS, 100 ng/mL mouse stem cell factor (SCF), 10 ng/mL mouse IL-3 and 20 

ng/mL human IL-6 (Biolegend). Cultured cells were transduced by centrifugation at 900 g for 90 

minutes at 37˚C in the presence of virus, 4 µg/mL polybrene (EMD Millipore), mouse SCF, 

mouse IL-3 and human Il-6. Transduced cells were cultured for 24 hours before being harvested 

for BMT. 
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BMT recipient mice (B6 CD45.1+) were lethally irradiated 24 hours before i.v. injection 

with 1x106 transduced bone marrow cells and 5x106 freshly isolated filler bone marrow cells 

from a Rag-/- donor. At least 6 weeks after BMT, peripheral blood of recipient mice was stained 

with antibodies to identify CD45.2/2 Thy1.1+ Rg T cells. Mice were used in experiments only 

after Rg T cells had been identified in their peripheral blood. 

In vitro stimulation 

5×103 sorted 2W:I-Ab Hi, 2W:I-Ab Lo, or 2W:I-Ab Neg cells were co-cultured with 2×104 APC-

enriched CD45.1+ B6 splenocytes and 25 µg/mL 2W peptide for 6 hours at 37°C and 5% CO2. 

For peptide stimulation of OT-I and OT-3 T cells, splenocytes were isolated from CD45.1+ OT-I 

and OT-3 mice 7 days after immunization with 2W-mOva DST and then magnetically enriched 

for T cells. 1×104 T cell-enriched OT-I or OT-3 T cells were then co-cultured with 4×104 

CD45.1− APC-enriched B6 splenocytes, and the indicated dose of SIINFEKL peptide for 6 hours 

at 37°C and 5% CO2. Stimulated cells were then stained with a fixable live/dead stain (Aqua, 

Invitrogen), washed, and stained with anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD45.1 (A20), and 

anti-CD45.2 (104). Using the FoxP3 fixation buffer set as mentioned earlier, surface-stained 

cells were fixed and intracellularly stained with anti-IRF4 (3E4) for 30 minutes at room 

temperature and then were analyzed by flow cytometry. 

To determine the specificity and avidity of Rg T cells, spleens and lymph nodes were 

harvested from Rg BMT recipients CD45.2/2 Thy1.1+ cells were detected in their peripheral 

blood. Cells were homogenized, labeled with CellTrace Violet (CTV) (Invitrogen) for 20 

minutes, magnetically enriched for T cells and sorted for CD4+ CD8- CD45.2+ Thy1.1+ CD44lo 

cells. 2x104 sorted T cells were co-cultured with 8x104 APC-enriched B6 or F1 APCs with or 
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without 10 µg/mL OT-2 peptide (AAHAEINEA), a titration of 2W peptide 

(EAWGALANWAVDSA) (Genscript) or 1 µg/mL anti-CD3 (2C11). Unstimulated controls 

were cultured with 1 ng/mL human IL-7 (PeproTech). After 3 days of culture at 37˚C and 5% 

CO2, dilution of CTV was observed in live Thy1.1+ cells by flow cytometry. 

Data analysis 

Flow cytometry data were analyzed using FlowJo (Tree Star). Flow cytometry samples were 

gated on live single cells before analysis. Tetramer stained samples were also gated on B220- 

cells. Statistical analyses were performed where appropriate using GraphPad Prism (GraphPad). 

Each statistical test is listed in the figure legends. 

Study Approval 

The studies were performed in agreement with the University of Chicago’s Institutional Animal 

Care and Use Committee, according to the NIH guidelines for animal use. 

Results 

T cell structural avidity is associated with functional avidity in vitro 

To investigate whether differential pMHC binding avidity translated into distinct functional 

avidity, an injection of DST from 2W-mOva-transgenic F1 mice into B6 hosts was used to 

expand donor-reactive T cells. Seven days later, secondary lymphoid organ cells were stained 

with pMHC multimers and sorted by flow cytometry into high- and low-multimer binders (Fig. 

2.1A) before re-stimulation with peptide for 6 hours. A larger percentage of the high than the low 

2W:I-Ab-binding T cells up-regulated expression of interferon regulatory factor 4 (IRF4) (Fig. 
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2.1B), a quantifier of TCR signal strength (Krishnamoorthy et al. 2017), demonstrating more 

limited functional avidity of low 2W:I-Ab-binding T cells. A similar analysis with Ova:Kb-

binding T cells could not be performed, because cell sorting using Ova:Kb pentamers resulted in 

maximal IRF4 expression even without peptide re-stimulation, an artifact of pMHC multimers 

inducing TCR signaling during the sorting process.  

To circumvent these caveats, we obtained OT-I and OT-3 mice whose T cells can be sorted with 

congenic markers, thus leaving their TCRs untouched. As shown by their differential binding to 

Ova:Kb (Fig. 2.2A), OT-I and OT-3 T cells span the range of avidities that can represented by 

Ova:Kb tetramer binding. This difference in pMHC binding correlated with a difference in T cell 

signaling upon Ova peptide stimulation, as evidenced by IRF4 staining (Fig. 2.2B). Indeed, OT-3 

cells required about 50-fold more peptide to elicit a similar magnitude of response as OT-I cells.  

 
Figure 2.1 pMHC tetramer binding intensity correlates with functional avidity. 

(A) Flow cytometry plot showing strategy for sorting 2W:I-Ab bright (Hi), dim (Lo), and 
negative (Neg) cells from B6 mice 7 days after immunization with 2W-mOva F1 splenocytes. 
(B) Left: representative histogram showing levels of IRF4 staining in tetramer-sorted, 2W:I-Ab-
specific T cells after in vitro stimulation with 2W peptide. Right: percentage of IRF4+ tetramer-
sorted, 2W:I-Ab-specific T cells after in vitro stimulation with 2W peptide. Results are from one 
experiment. Data were analyzed by one-way paired ANOVA. *p<0.05. 
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High avidity CD8+ T cells are more potent in rejecting skin allografts than low avidity CD8+ T 

cells specific for the same alloantigen. 

To determine the impact of T cell avidity for alloantigen on transplant rejection, we used an Ova-

expressing skin allograft model. P14 Rag-/- mice we used as hosts of OT-I and OT-3 cells to 

prevent homeostatic proliferation of the transferred cells (Fig. 2.2D), while ensuring that only the 

transferred cells recognized the graft, as P14 T cells recognize an irrelevant antigen. Whereas 103 

high-affinity OT-I T cells rejected Ova-expressing skin grafts readily, even 104 low-avidity OT-3 

T cells failed to reject (Fig. 2.2C), demonstrating the superior capacity of high-avidity T cells to 

reject allografts over that of low-avidity T cells. Importantly, higher doses of OT-3 T cells were 

capable of rejecting Ova-expressing skin grafts. 
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Figure 2.2 T cells with high avidity for alloantigen are more potent in rejecting skin grafts 
than T cells with lower avidity for the same antigen. 

(A) Histogram showing intensity of Ova:Kb pentamer binding in naive OT-I and OT-3 T cells. 
(B) Left: representative histogram showing levels of IRF4 staining in OT-I and OT-3 T cells 
after in vitro stimulation with 10 nM SIINFEKL peptide. Right: percent IRF4+ in OT-I or OT-3 
responder T cells after in vitro stimulation with a dose titration of SIINFEKL peptide. Lines 
indicate nonlinear regression analysis. (C) Survival of 2W-mOva B6 skin allografts in P14 Rag-/- 
recipients adoptively transferred with the indicated number of CD44- OT-I or OT-3 T cells. (D) 
Histograms showing CFSE dilution in CD44- OT-I and OT-3 T cells 6 days after adoptive 
transfer into Rag-/- or P14 Rag-/- mice or after 6 days of in vitro culture without stimulation. 
Results in (C) are pooled from 2 independent experiments. 

Co-stimulation and alloantigen exposure are not sufficient to increase T cell avidity for 

alloantigen after co-stimulation blockade. 

Having determined that high avidity cells mediated a stronger alloimmune response on a per-cell 

basis, we next investigated the mechanisms preventing avidity maturation in co-stimulation 

blockade-treated mice. Similar to the increased population avidity reported upon secondary 

response to infections (Busch and Pamer, 1999), re-challenge of DST-immunized mice with 
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donor splenocytes resulted in a further increase in pMHC multimer binding, characteristic of a 

memory T cell response. In contrast, the low-avidity profile of allospecific T cells in mice 

primed with DST in the presence of co-stimulation blockade remained low after re-stimulation 

30 days later (Miller et al. 2018). These results suggest the T cell-population avidity profile is 

altered long term upon antigen exposure in the presence of initial co-stimulation blockade, 

despite the potential input of new donor-reactive thymic emigrants.  

We had found that adding co-stimulation in the form of agonistic anti-CD40 at the time 

of priming with anti-CD154 and DST could rescue avidity maturation. We hypothesized that 

providing agonistic anti-CD40 at the time of antigen re-challenge could also allow avidity 

maturation in mice that had been primed with anti-CD154 and DST. To test this, we treated mice 

with anti-CD154 and 2W-mOva F1 DST, then 30 days later re-challenged them with 2W-mOva 

F1 DST with or without anti-CD40 (Fig. 2.3A). 1 week after re-challenge, we measured the 

intensity of pMHC multimer binding among 2W-I-Ab, Ova:Kb and H60:Kb tetramer+ cells. We 

did not see an increase in tetramer binding avidity in the group re-challenged with anti-CD40 

compared to the group re-challenged without anti-CD40 (Fig. 2.3B). Thus, provision of 

additional co-stimulation through the CD40 pathway is not sufficient to rescue avidity 

maturation in mice treated with co-stimulation blockade at the time of priming. Interestingly, the 

quantity of 2W-I-Ab and H60:Kb tetramer+ cells increased in mice after re-challenge (Fig. 2.3C), 

suggesting that avidity maturation and cell expansion are independently regulated. 
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Figure 2.3 Co-stimulation and antigen re-challenge are not sufficient to drive avidity 
maturation in T cells primed in the presence of co-stimulation blockade. 

(A) Experimental design. (B) Normalized MFI of 2W:I-Ab, Ova:Kb and H60:Kb multimer 
binding in tetramer+ splenic T cells isolated from naïve mice, mice 30 days post-immunization 
with 2W-mOva DST or anti-CD154/DST-primed mice 1 week post-re-challenge. Cells from 
naïve mice were gated on CD44lo and all other groups were gated on CD44hi cells. Values were 
normalized, with the average of the MFI for the naïve mice in each experiment set to 1. (C) 
Number of 2W:I-Ab, Ova:Kb and H60:Kb multimer binding cells per spleen of mice treated as in 
(B). Data were pooled from 2 independent experiments. Each data point represents an individual 
mouse with lines indicating average +/- SD. Data were analyzed by one-way ANOVA with 
Bonferroni correction for multiple comparisons. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. 
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After co-stimulation blockade TREGs are necessary for maintaining low avidity for some 

alloantigens in the recipient T cell population. 

Considering the importance of TREGs in maintaining transplantation tolerance, we investigated 

whether TREGs are necessary for constraining the avidity profile of allospecific T cells after anti-

CD154/DST priming. To test this, we treated B6 WT or FoxP3DTR mice with anti-CD154/2W-

mOva F1 DST, then 30 days later re-challenged mice with 2W-mOva F1 DST while treating 

with DT to selectively deplete TREGs in the FoxP3DTR mice (Figs. 2.4A, B). We found that TREG 

depletion upon re-challenge was associated with increased avidity for Ova:Kb, but not 2W:I-Ab 

or H60:Kb, indicating that constraint of avidity maturation does depend on TREGs for some T cell 

specificities but not others. Similar to re-challenge with agonistic anti-CD40, re-challenge with 

TREG depletion resulted in expansion of T cells of every specificity evaluated. 
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Figure 2.4 TREG depletion at the time of antigen re-challenge allows avidity maturation of 
some T cells primed in the presence of co-stimulation blockade. 

WT or FoxP3DTR mice were primed with 2W-mOva F1 DST and treated with anti-CD154. 30 
days after priming, mice were re-challenged with DST and treated with DT to deplete TREGs from 
FoxP3DTR mice. (A) Experimental design. (B) Percent FoxP3+ in CD4+ cells in peripheral blood 
of naïve WT mice or anti-CD154/DST-primed WT or FoxP3DTR mice 1 day after the second 
injection of DT. (C) Normalized tetramer MFI and (D) number of 2W:I-Ab, Ova:Kb and H60:Kb 
tetramer-binding splenic T cells isolated from mice 1 week post-re-challenge. MFI values were 
normalized, with the average of the MFI for naïve mice in each experiment set to 1. Data were 
pooled from 2 independent experiments. Each data point represents an individual mouse with 
lines indicating average +/- SD. Data were analyzed by one-way ANOVA with Bonferroni 
correction for multiple comparisons. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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While allospecific T cells in un-transplanted anti-CD154/DST-treated mice experience 

TCR stimulation without adequate co-stimulation similar to transplant recipients tolerized with 

anti-CD154/DST, the persistence of antigen in tolerant graft recipients may apply additional 

mechanisms to constrain avidity maturation. Thus, we investigated whether TREGs were required 

to prevent avidity maturation in allospecific T cells persisting in tolerant heart allograft 

recipients. B6 WT or FoxP3DTR mice were tolerized to BALB/c heart allografts using anti-

CD154/DST. At least 30 days post-heart transplantation, recipients were treated with DT, 

resulting in rejection in all FoxP3DTR mice within 11 days and survival of all WT mice (Fig. 2.5). 

Tetramer binding intensity was measured in pKd:I-Ab or H60:Kb tetramer-binding splenocytes 12 

or 35 days after DT treatment. No difference was observed in pKd:I-Ab tetramer MFI 12 days 

post-DT. On day 35 post-DT, however, we observed an increase in pKd:I-Ab tetramer MFI in 2/3 

mice compared to naïve and tolerant WT mice. The increase in avidity after DT exceeded that 

observed in B6 mice 35 days after DST immunization. Consistent with our findings in anti-

CD154/DST-primed mice (Fig. 2.4), tetramer binding intensity in H60:Kb was unchanged after 

TREG depletion. 
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Figure 2.5 TREG depletion in previously tolerant heart allograft recipients may result in 
avidity maturation of some allospecific T cells. 

Normalized MFI of pKd:I-Ab and H60:Kb multimer binding in endogenous alloreactive splenic T 
cells isolated from naïve WT mice, previously tolerant WT or FoxP3DTR BALB/c heart recipients 
12 or 35 days after DT injection or WT mice 35 days after immunization with BALB/c DST. 
Values were normalized, with the average of the MFI for the naïve mice in each experiment set 
to 1. Results were pooled from 1-2 independent experiments. Each data point represents an 
individual mouse with lines indicating average +/- SD. 

Avidity maturation in allospecific T cells after Lm-induced rejection. 

Lm infection results in T cell-dependent rejection in previously tolerant heart allograft 

recipients (Wang et al. 2010b). We sought to determine whether Lm-induced rejection was 

associated with loss of constraint of avidity maturation. B6 mice were tolerized to BALB/c heart 

allografts with anti-CD154/DST and 35 days later infected with Lm-GFP, which resulted in 

rejection in 2/5 mice and reduced allograft function without rejection in 2/5 mice. 40 days after 

Lm infection, the tetramer MFI was measured in pKd:I-Ab and H60:Kb tetramer-binding 

splenocytes. While pKd:I-Ab MFI is not increased in stably tolerant mice compared to naïve mice 

(Fig. 2.5), we found a significant increase in pKd:I-Ab MFI after Lm-induced rejection compared 
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to naïve mice (Fig. 2.6). Consistent with previous findings (Figs. 2.4C, 2.5), H60:Kb MFI 

remained stable after tolerance was disrupted by Lm infection. 

 
Figure 2.6 Lm-induced rejection in previously tolerant heart allograft recipients results in 
avidity maturation of T cells specific for some alloantigens. 

Normalized MFI of pKd:I-Ab and H60:Kb multimer binding in endogenous alloreactive splenic T 
cells isolated from naïve mice, mice 40 days after immunization with BALB/c DST or 
previously tolerant heart recipients 40 days after Lm-GFP infection. Values were normalized, 
with the average of the MFI for the naïve mice in each experiment set to 1. Results are from one 
experiment. Each data point represents and individual mouse with lines indicating average +/- 
SD. Data were analyzed by one-way ANOVA with Bonferroni correction for multiple 
comparisons. *p<0.05; **p<0.01. 
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In animal models, co-stimulation blockade therapy has been shown to induce robust 

donor-specific tolerance through peripheral T cell mechanisms (Markees et al. 1998), including 

clonal deletion and anergy and/or exhaustion at a cell-intrinsic level and suppression by 

regulatory cells at a cell-extrinsic level (Pinelli et al. 2013, Quezada et al. 2005, Miller et al. 

2019). Using allogeneic pMHC multimer binding intensity as a correlate for T cell sensitivity, or 

avidity, for alloantigen we recently observed that peripheral transplantation tolerance induced 
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T cells with low avidity for alloantigens. Unlike rejecting graft recipients, whose allospecific T 

cell populations increase in average avidity for alloantigen, a process known as avidity 

maturation, the allospecific CD4+ and CD8+ T cell populations in tolerant graft recipients 

maintained low avidity overall, similar to the avidity of alloreactive T cells observed in naïve 

mice. Constraining avidity depended on limiting the selective expansion of higher-avidity T cell 

clones (Miller et al. 2018). These findings highlight a previously unknown element of peripheral 

transplantation tolerance, in which allospecific T cells are shaped at the population-level. In this 

study, we have investigated the functional consequences of limiting T cell avidity for alloantigen 

and whether preventing the expansion of high avidity allospecific T cell clones supports graft 

survival during anti-CD154/DST-induced transplantation tolerance.  

To compare the strength of alloimmune response mediated by T cells with high versus 

low avidity for alloantigen, we developed an experimental system to compare skin allograft 

rejection kinetics when the adaptive alloimmune response was limited to a defined number of 

adoptively transferred high or low avidity T cells. By comparing Ova+ skin graft rejection in 

recipients adoptively transferred with matched numbers of high avidity CD8+ OT-I T cells versus 

OT-3 T cells with 10-to-100-fold lower in vitro avidity for the same Ova:Kb alloantigen, we 

determined that OT-I T cells were far more potent at mediating allograft rejection on a per-cell 

basis. >1x104 OT-3 T cells were required to reject a graft whereas only 1x102 OT-I T cells were 

able to consistently reject skin allografts. 1x105 OT-3 T cells were required to reject skin grafts 

with similar kinetics to 1x103 OT-1 T cells. In this model, a 100-fold greater dose of OT-3 T 

cells was generally required to mount an alloimmune response with similar strength as a 

response mediated by OT-I T cells. Thus, high avidity allospecific T cells present a particularly 

large risk to graft survival in the absence of immunosuppression or tolerance. Future studies, 
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which are discussed in a later chapter, will determine whether avidity for alloantigen impacts the 

strength of alloreactivity mediated by CD4+ T cells as well.  

The functional enhancement of high versus low avidity T cells that contributes to their 

stronger potential for alloimmunity remains unknown, although functional differences between 

high and low avidity cells have been described, most frequently in CD8+ T cells. For example, 

high avidity T cells were shown to produce more cytokines and effector molecules on a per-cell 

basis in vivo or when antigen was limiting in vitro (Zhong et al. 2013, Hesse et al. 2001, Enouz, 

Carrie, et al. 2012). Intravital imaging revealed that, compared with low avidity monoclonal 

CD8+ T cells, high avidity T cells made longer contacts with dendritic cells (DCs) and were held 

in the lymph nodes longer, allowing greater overall expansion (Ozga et al. 2016). Polyclonal 

high avidity CD8+ T cells were also better able to lyse target cells in vitro and in vivo 

(Alexander-Miller, Leggatt, and Berzofsky 1996, Zeh et al. 1999), and they were better able to 

receive help from CD4+ T cells, further enhancing their function (Zhu et al. 2015). As a result of 

their enhanced response to antigen, high avidity T cells were more potent than low avidity T 

cells in mediating anti-tumor immunity as well as autoimmune reactions (Zhong et al. 2013, Zeh 

et al. 1999). We hypothesize that a lack of avidity maturation may support graft survival during 

tolerance by limiting the pool of cells that would be most harmful to the graft if the suppressive 

mechanisms maintaining tolerance were to be disrupted. 

Low avidity TCONVs, while less potent in mediating alloimmunity, may be more apt at 

resisting the suppressive mechanisms underlying induced donor-specific tolerance. During 

central tolerance to self, low avidity self-reactive T cells were more likely to escape thymic 

deletion and TREG induction compared with high avidity T cells and persisted in the periphery, 

where they could be activated and mediate autoimmunity following infection (Enouz, Carrie, et 
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al. 2012, Zehn and Bevan 2006). Most treatments used to induce donor-specific tolerance rely on 

peripheral tolerance mechanisms, which also exert different effects on T cells depending on the 

avidity for self. There are conflicting reports on whether high or low avidity T cells are more 

likely to undergo activation-induced cell death in the periphery (Anderton and Fillatreau 2008, 

Black, Armstrong, and Jaffee 2014). Interestingly, a study found that both high and low avidity 

self-reactive CD4+ T cells were susceptible to becoming anergic, but only high avidity anergic 

cells upregulated regulatory markers such as CTLA-4 and FoxP3 and suppressed the activation 

of naïve T cells (Mallone et al. 2005). Future studies using adoptively transferred TCR-Tg or 

TCR-Rg T cells will determine whether CD4+ or CD8+ T cells with high or low avidity for 

alloantigen are more likely to prevent tolerance induction or break established tolerance. 

We also investigated the mechanisms by which avidity is constrained during tolerance. 

We had previously found that antigen re-challenge did not restore avidity maturation in mice 

primed in the presence of anti-CD154, indicating that a lasting change had occurred in the anti-

CD154/DST-primed mice to permanently restrict avidity maturation, even in the presence of 

antigen. Avidity maturation is generally associated with expansion of high avidity clones. 

Indeed, pharmacologically inhibiting T cell proliferation prevents avidity maturation after 

priming. Because allospecific T cells in anti-CD154/DST-primed mice do not expand upon re-

stimulation, impaired avidity maturation upon re-stimulation in these mice may be the 

consequence of poor expansion of allospecific T cells, as a consequence of various long-lived 

mechanisms of tolerance including suppression and/or cell-intrinsic hypo-responsiveness. 

Although deletion of high-avidity clones could also explain impaired avidity maturation upon re-

stimulation, previous TCR spectratyping data from our group had found that there was no 

reduction in the total number of peaks detected in tolerant heart recipients versus naive mice 
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(Miller et al. 2018), strongly suggesting that clonal deletion had not occurred during anti-

CD154/DST priming or tolerance induction. That allospecific T cells in tolerant graft recipients 

up-regulated expression of CD44 indicated that the lack of avidity maturation was not a 

consequence of ignorance by persisting allospecific T cells. 

While our group had previously found that avidity maturation could be rescued by 

provision of additional co-stimulation by agonistic aCD40 at the time of anti-CD154/DST 

priming, aCD40 could not restore avidity maturation if given only at the time of re-stimulation. 

Impaired co-stimulation through the CD40 pathway therefore did not explain the permanent 

constraint of avidity in anti-CD154/DST-primed or tolerant mice. Interestingly, however, anti-

CD40 treatment at the time of re-challenge did restore the expansion of allospecific T cell clones 

specific for 2W:I-Ab and H60:Kb. Other instances of polyclonal T cell expansion without avidity 

maturation have not been described. It is possible that T cell expansion would occur without 

avidity maturation under conditions where antigen presentation was abundant enough to exceed 

the dose required for a maximal response of both high and low avidity cells, and where 

interclonal competition did not hinder activation of low avidity cells. However, it is hard to 

imagine a single pMHC complex being this abundant in vivo. It is also possible that the initial 

priming in the presence of anti-CD154/DST tuned the avidity of allospecific T cells so that re-

stimulation would elicit a similar response by high and low avidity T cells. The cellular 

mechanisms of avidity-neutral T cell expansion clearly require more investigation. 

We found that resistance to population-level changes depended on the presence of TREGs 

for Ova:Kb- and pKd:I-Ab-binding populations, but not for H60:Kb- or 2W:I-Ab-binding 

populations. For these other specificities, resistance to avidity maturation may be the result of T 

cell-intrinsic hypo-responsiveness, which makes cells resistant to secondary encounter of antigen 
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(Philip et al., 2017, Schietinger et al., 2012), or may be constrained by regulatory cells distinct 

from classical TREGs. Disruption of established tolerance by L. monocytogenes infection also 

induced avidity maturation in pKd:I-Ab-binding, but not H60:Kb-binding T cells. While the 

mechanisms of Lm-induced rejection are not well understood, Lm infection has been found to 

impair TREG function (Rowe et al. 2012). The similar patterns we have observed in avidity 

maturation after Lm infection and TREG depletion in tolerized heart recipients provide further 

support for impaired TREG function as a major contributor to Lm-induced rejection. It is not clear 

which factors determine whether avidity maturation will be constrained by TREGs versus other 

factors. Work from our lab previously determined that multiple immune mechanisms 

simultaneously support transplantation tolerance. It is possible that different mechanisms act 

primarily on distinct allospecific T cells and these data suggest that specificity for a particular 

alloantigen influences which mechanisms act on a particular cell. 

There are strong correlations between accumulation of high-avidity T cells and clearance 

of infections (Busch and Pamer, 1999), elimination of tumors (Black et al., 2014, Kuball et al., 

2009, Soong et al., 2014), better memory responses (Turner et al., 2008, Zehn et al., 2009), 

and autoimmunity (Maeda et al., 2014). Low-avidity T cells, however, which are correlated with 

less effector functionality (Falta et al., 2005, Kuball et al., 2009, Tsang et al., 2011), would be 

beneficial for transplantation. This study demonstrates that high avidity T cells are particularly 

potent mediators of allograft rejection, and controlling the number and activation of these cells 

should be a priority in transplantation tolerance. Tracking the activation, suppression and number 

of high avidity T cells may also serve as an important biomarker for robust tolerance. We found 

that tolerance induction restricted the expansion of T cells with high avidity for alloantigen, 

partially dependent on TREGs. We also observed that different T cell subsets are subject to 
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different immune mechanisms of tolerance, dependent on their specificity for a particular 

allogeneic pMHC complex. A strategy to apply additional mechanisms of tolerance to 

allospecific T cells whose control during tolerance depends on TREGs may improve the robustness 

of tolerance during an inflammatory challenge such as Lm infection.  
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 Persistent suppression is necessary for 

maintaining allospecific T cell dysfunction during 

transplantation tolerance. 

Abstract 

TREGs suppress alloimmune responses to prevent rejection during transplantation tolerance. 

During the maintenance phase of tolerance, additional features of the allospecific T cell 

repertoire, such as low population-wide avidity for allogeneic pMHC and development of cell-

intrinsic dysfunction have also been observed. Redundancy in these mechanisms may support the 

robustness of tolerance, preventing rejection even when one or more mechanisms are disrupted. 

However, it is also possible that these mechanisms all result from one or more upstream 

tolerogenic mechanisms, with disruption of the upstream mechanism representing a critical 

vulnerability of tolerance. For example, TREGs have been shown to suppress avidity maturation of 

allospecific T cells during the maintenance phase of tolerance. Here, we asked whether TREGs are 

required for maintaining donor-specific transplantation tolerance. Indeed, we found that TREGs 
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were required for the maintenance of anti-CD154/DST-induced transplantation tolerance, as 

TREG depletion led to graft rejection in mice that had previously achieved stable tolerance to 

heart allografts. TREG depletion-induced rejection was associated with allospecific T and B cell 

responses, which was surprising as prior studies had indicated that allospecific T and B cells 

persisting in tolerant hosts become intrinsically dysfunctional and thus should not respond, even 

after TREG depletion. We thus investigated whether allospecific T and B cells could recover 

functionality, if starved of cell-extrinsic suppressive signals from the tolerant environment. 

Indeed, we found that signals in the tolerant mouse were required for maintaining dysfunction, as 

transfer to non-tolerant secondary hosts led to the return of function in previously tolerized T 

cells. These signals likely derive from suppressive lymphocytes such as TREGs as we found that 

allospecific T cells remained functional in lymphopenic heart recipients treated with anti-

CD154/DST. These findings suggest that bolstering TREG function may make tolerance more 

resilient and tracking allospecific TREG function and TCONV dysfunction may be useful 

biomarkers for robust transplantation tolerance. 

Introduction 

Treatments to induce donor-specific transplantation tolerance have been under investigation for 

decades as an attractive alternative to the non-specific immunosuppressants that compose the 

standard of care for transplant recipients. Achieving donor-specific tolerance would eliminate the 

life-long exposure to drug toxicity, adverse effects and high risk of malignancy and infection 

resulting from conventional immunosuppression. Strategies to induce tolerance by blocking the 

CD40-CD154 co-stimulation pathway are being developed for use in clinical transplantation. 

One such treatment, a blocking antibody specific for CD154, has been shown to induce robust 
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donor-specific tolerance in mouse models of transplantation when combined with a transfusion 

of donor splenocytes (DST). However, even in mice that achieved stable graft acceptance with 

anti-CD154/DST, inflammatory challenges including infection can precipitate rejection (Wang et 

al. 2010a). Understanding which immune mechanisms are required to maintain transplantation 

tolerance may identify additional threats to stable tolerance and methods to make tolerance more 

robust. 

Work from our group and others has identified multiple immune mechanisms that support 

anti-CD154/DST-induced tolerance in mice, including limiting the expansion of allospecific T 

cells, particularly those with high avidity for alloantigen, TREG-mediated suppression, and 

development of cell-intrinsic dysfunction in allospecific T and B cells (Miller et al. 2018, Miller 

et al. 2016b, Khiew et al. 2020, Quezada et al. 2005, Quezada et al. 2003). It is possible that 

these are independent consequences of treatment with anti-CD154/DST, or they may all result 

and diverge from one upstream mechanism. Redundancy and independence in these mechanisms 

could allow tolerance to persist when one or more mechanisms are disrupted. On the other hand, 

if there is one keystone mechanism that drives tolerance, then disrupting that mechanism alone 

would precipitate rejection, representing a major vulnerability of the tolerant state. 

Recent findings suggest that TREG-mediated suppression may be required for maintaining 

other immune mechanisms supporting tolerance. Studies described in a previous chapter of this 

dissertation found that TREG-mediated suppression was required to constrain expansion and 

avidity maturation in allospecific T cells during the maintenance phase of tolerance. There is also 

evidence that TREGs are required to program and maintain dysfunction in TCONVs. T cells that are 

tolerized to self or fetal antigens in the periphery may become anergic, expressing the surface 

markers CD73 and FR4 and failing to produce cytokines upon in vitro stimulation (Martinez et 
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al. 2012, Kalekar et al. 2016). However, self-reactive T cells failed to up-regulate these markers 

in the absence of TREGs (Martinez et al. 2012). Anergic cells were also able to mount an 

autoimmune response after TREG depletion (Kalekar et al. 2016). These data indicate that TREGs 

are required for the development and maintenance of anergy in self-reactive T cells. It is not yet 

clear whether the dysfunction we and others have observed in allospecific T cells from anti-

CD154/DST-tolerized graft recipients is functionally or epigenetically similar to anergy. Thus 

far, T cell dysfunction during transplantation tolerance has been defined by functional assays and 

a PD-1hi CD127lo surface phenotype associated with chronic stimulation and exhaustion. One 

report showing increased FR4 and CD73 expression in graft-infiltrating TCONVs from mice 

tolerized to islet transplants suggests that the anergic functional profile may be involved in 

transplantation tolerance (Besançon et al. 2017).  

Further supporting a central role for TREGSs in maintaining tolerance are findings that 

multiple challenges that can break established tolerance are also associated with disruption of 

TREG-mediated suppression. Indeed, Lm infection or the combination of IL-6 and IFN-b can 

break anti-CD154/DST-induced tolerance to heart allografts (Wang et al. 2010b) and have each 

been shown to impair TREG suppressive function (Srivastava et al. 2014, Nish et al. 2014, Rowe 

et al. 2012), though it is not yet clear whether TREG impairment is required for these insults to 

break tolerance as they also disrupt tolerance through other mechanisms. We hypothesize that 

TREG-mediated suppression is required for maintaining transplantation tolerance and may be 

required to maintain dysfunction in tolerized allospecific T cells as the central driver of other 

immune mechanisms known to support transplantation tolerance. 

Previous work from our group suggested that other suppressive mechanisms such as co-

inhibitory ligands, could compensate for TREGs-mediated suppression during transplantation 
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tolerance. After induction of stable transplantation tolerance, grafts persisted after TREG depletion 

with anti-CD25, blockade of PD-1/PD-L1 signaling, or adoptive transfer of naïve allospecific T 

cells. Only the combination of all three challenges could break established tolerance and induce 

rejection, suggesting that there is redundancy in these mechanisms during the maintenance phase 

of tolerance (Miller et al. 2016b). While these data do clearly indicate that multiple mechanisms 

are involved in the maintenance of tolerance, they do not eliminate the possibility that these three 

mechanisms are all derived from TREGs or that TREGs are not required for the maintenance of 

tolerance. Anti-CD25 does not deplete TREGs well in tissues, including lymphoid organs where 

alloimmune responses are primed. Indeed, there are reported differences in the in vivo effects of 

partial TREG depletion by anti-CD25 versus more complete TREG depletion by DT treatment in 

mice expressing DTR under control of the FoxP3 promoter (Li et al. 2010). Further, TREGs 

express PD-L1 and can be overwhelmed by high numbers of T cells requiring suppression, thus 

blocking PD-1/PD-L1 signaling and adoptively transferring allospecific T cells may break 

tolerance not by targeting three independent mechanisms but by further impairing suppression by 

a persisting TREG population after anti-CD25 treatment. 

In this study, we investigated whether TREGs are necessary for maintaining transplantation 

tolerance induced with anti-CD154/DST. Indeed, we found that extensively depleting TREGs in 

allograft recipients after establishing donor-specific tolerance swiftly led to rejection and 

increased alloimmune responses of T cells and B cells. As our prior findings showed that 

allospecific TCONVs become dysfunctional during tolerance, we next investigated whether TCONVs 

could recover functionality by isolating them from the tolerant environment and adoptively 

transferring them into non-tolerant secondary hosts. Indeed, tolerized TCONVs fully recovered 

functionality in secondary hosts, and were able to reject skin allografts with similar kinetics as 
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memory T cells. Similar to anergic cells described in other contexts, tolerant allospecific T cells 

failed to develop dysfunction or acquire the CD73hi FR4hi anergy-associated phenotype in hosts 

lacking allospecific lymphocytes, which likely serve as a source of necessary dysfunction-

promoting signals. While it is likely that the requisite anergy-inducing and -maintaining signals 

are derived from TREGs, this will be determined definitively in future studies described in a later 

chapter. Our findings indicate that disrupting TREGs alone is sufficient to induce rejection in 

previously tolerant allograft recipients. Thus, the tolerant state may be more vulnerable than 

previously appreciated as redundancy from other immunosuppressive mechanisms does not 

appear sufficient to maintain tolerance after the disruption of TREGs. Further, the additional 

immune mechanisms that support transplantation tolerance may depend on persistent suppression 

by TREGs. This work indicates that insults impairing TREG function, even transiently, pose a 

significant risk to tolerant allograft recipients and strategies to improve and stabilize TREG 

function may improve long-term outcomes in tolerant graft recipients. 

Materials and Methods 

Mice 

B6 and BALB/c mice were purchased from Envigo RMS and P14 TCR-Tg Rag-/- (P14 Rag-/-) 

mice were bred in house from mice purchased from Taconic Biosciences. TCR75 TCR-Tg mice 

were obtained from R. Pat Bucy (University of Alabama) and crossed with Rag-/- mice to 

generate TCR75 Rag-/- mice (TCR75). Foxp3DTR mice were obtained from Peter Savage 

(University of Chicago). Because DTR is incorporated into the endogenous FoxP3 locus on the 

X chromosome in these mice, only FoxP3DTR/DTR females and FoxP3DTR/y males were used in 

experiments. Mice were housed under specific pathogen-free conditions. DST for immunization 
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or tolerance induction was prepared by homogenizing and isolating a single cell suspension of 

splenocytes from BALB/c mice. Mice were injected i.v. with splenocytes from one-quarter 

spleen in 200 µL PBS. 

Heart transplantation 

Cardiac transplantation was performed using a technique adapted from Corry et al (Corry, Winn, 

and Russell 1973). For induction of tolerance, mice were treated with 500-600 µg of anti-CD154 

(MR1, BioXCell) on days 0, (i.v.) 7 and 14 (i.p.) post-transplantation and DST (i.v.) on day 0. 

Skin transplantation 

Tail skin from BALB/c mice was transplanted onto the flank of P14 Rag-/- recipients as 

previously described (Kellersmann and Zhong 1998). Either 1x103 or 3x103 TCR75 cells sorted 

from primary hosts ≥30 days post-transplantation or DST were adoptively transferred into P14 

Rag-/- secondary hosts on the day of transplantation. Bandages were removed 7 days post-

transplantation. Rejection was reported when <20% of the transplanted skin was viable. TCR75 

cells re-isolated from P14 Rag-/- skin allograft recipients were pooled based on the status of theirs 

skin graft (early, late or no rejection) prior to analysis.  

Adoptive cell transfer 

In experiments where TCR75 tracer cells were seeded before transplantation or immunization, 

spleen and lymph node cells (inguinal, axillary, brachial, cervical and mesenteric) from TCR75 

mice were isolated into single-cell suspensions and counted with an Accuri C6 flow cytometer 

(BD Biosciences, San Jose, California). 5x104 splenocytes from a naïve TCR75 mouse were 

injected i.v. in 200 μL of PBS 0-1 days before transplantation or immunization with DST. 
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ELISA to detect donor MHC-specific antibodies 

Clear 96-well high binding microplates (Corning) were bound overnight at 4˚C with 5 µg/mL 

streptavidin (Jackson Immunoresearch) in pH 9.63 carbonate-bicarbonate coating buffer. Plates 

were washed then bound with biotinylated SYIPSAEKI:Kd or FIEWNKLRFRQGLEW:I-Ed 

monomers (NIH Tetramer Facility) diluted to 8.65 nM in wash buffer (PBS + 0.05% Tween-20) 

for 1 hour at RT. Some plates were not bound by pMHC monomers to evaluate non-specific 

binding of serum antibodies to the plate. After pMHC monomer binding, plates were washed, 

blocked with PBS + 1% bovine serum albumin (BSA), washed again and then incubated for 1 

hour at RT with serum diluted 1:100 in wash buffer. Plates were washed then bound with 

alkaline phosphatase-conjugated goat anti-mouse IgG antibody (Jackson Immunoresearch) 

diluted 1:10,000 in wash buffer for 1.5 hours at RT. SigmaFAST para-nitrophenyl phosphate 

solution (Sigma) was added to detect alkaline phosphatase activity. OD405 was measured 15-30 

minutes after addition of substrate. Background OD405 detection in wells without bound serum 

was subtracted from OD405 measurement in other wells before analysis. 

Isolation of tracer TCR75 cells from primary and secondary hosts 

Spleen and lymph nodes from primary or secondary hosts of tracer TCR75 cells were harvested 

and homogenized ≥30 days following transplantation or DST injection. Single cell isolates were 

stained with anti-CD45.1-biotin (eBioscience) and incubated with streptavidin magnetic beads 

(Miltenyi) for magnetic enrichment with LS columns (Miltenyi) or an AutoMACS machine 

(Miltenyi). In some experiments, cells form mice within the same experimental group were 

pooled after magnetic enrichment. Magnetically enriched cells were then stained with 

fluorescently coupled anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD4 (L3T4), anti-CD8 (Ly2), 
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anti-CD44 (IM7) and streptavidin and sorted for CD45.1+ CD4+ CD44hi cells on a FACSAria 

cell sorter (BD Biosciences). Cells were sorted into FBS, then washed and re-suspended in PBS 

and subjected to further staining or functional analysis in vitro or in vivo. 

Isolation of graft-infiltrating cells 

Heart allografts were thoroughly rinsed with Hank’s balanced salt solution (HBSS) with heparin, 

cut into small pieces and digested with 400 U/m: collagenase IV (Sigma), 0.01% DNase I (MP 

Biomedicals) and 10mM HEPES (Cellgro) in HBSS for 40 minutes at 37˚C. Cells were then 

filtered to isolate a single cell suspension, washed and then stained. 

Flow cytometry 

Sorted TCR75 cells or unenriched spleen and lymph node cells were stained with a fixable 

live/dead stain (Invitrogen). For tetramer staining 5x106 cells followed by phycoerytherin (PE)- 

or allophycocyanin (APC)-coupled pKd:I-Ab tetramer (NIH Tetramer Core Facility) for 1 hour in 

a room temperature (RT) water bath, washed, and then stained with PE- or APC-coupled H60:Kb 

tetramer (NIH Tetramer Core Facility) for 20 minutes in a room temperature (RT) water bath. In 

some experiments, tetramer-stained cells were then magnetically enriched for T cells as we had 

seen that enrichment after tetramer staining was associated with less non-specific tetramer 

staining than enrichment before tetramer staining. Cells were then stained with anti-CD4, anti-

CD8, anti-CD44, anti-PD-1 (J43), anti-CD127 (A7R34), anti-FR4 (12A5), anti-CD73 (TY/11.8) 

and anti-B220 (RA3-6B2). Surface-stained cells were then fixed and permeablized with the 

FoxP3 fixation permeabilization buffer kit (eBioscience). Some samples were intracellularly 

stained with anti-Ki67 (SolA15) or anti-FoxP3 (FJK-16s) for 30 minutes at RT; washed with 

permeabilization buffer; and analyzed by flow cytometry. CFSE labeling was performed by 
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labeling cells with CellTrace CFSE (Invitrogen) for 20 minutes at 37°C. All monoclonal 

antibodies (mAbs) were from BD Biosciences, eBioscience, or Invitrogen. 

In vitro stimulation for cytokine production 

U-bottom tissue culture plates were coated for 90 minutes at 37˚C with 5 µg/mL anti-CD3 

(2C11) and 1 µg/mL anti-CD28 (PV.1) (Fitch Monoclonal Facility). 500-2000 tracer TCR75 

cells sorted from primary or secondary hosts were plated per well and incubated for 16-24 hours 

at 37˚C and 5% CO2. Within each individual experiment, all wells were plated with the same 

number of cells. In some experiments, 1x105 B6 splenocyte feeder cells per well were co-

cultured with TCR75 cells. Unstimulated controls were plated in uncoated wells with 1ng/mL 

human IL-7 (PeproTech). 2 hours after plating, brefeldin A (BioLegend) was added to all wells. 

After stimulation cells were stained with fixable viability dye (Invitrogen) and then surface 

stained with anti-CD4, anti-CD8, anti-CD45.1, anti-CD45.2 and anti-CD44. Cells were then 

fixed and permeablized with the FoxP3 fixation permeabilization buffer kit (eBioscience) and 

stained with anti-IFN-g (XMG1.2) and anti-TNF (MP6-XT22) for 30 minutes at RT or overnight 

at 4˚C before washing with permeablization and flow cytometry analysis. 

Data analysis 

Flow cytometry data were analyzed using FlowJo (Tree Star, Ashland, Oregon). Flow cytometry 

samples were gated on live single cells before analysis. Tetramer stained samples were also 

gated on B220- cells. Statistical analyses were performed where appropriate using GraphPad 

Prism (GraphPad, La Jolla, California). Each statistical test is listed in the figure legends. 
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Study Approval 

The studies were performed in agreement with the University of Chicago’s Institutional Animal 

Care and Use Committee, according to the NIH guidelines for animal use. 

Results 

TREG depletion precipitates rejection in previously tolerant cardiac allograft recipients 

We hypothesized that TREGs were not only required to induce tolerance with anti-CD154/DST but 

that persistent TREG activity was required to maintain tolerance long-term. To test this 

hypothesis, we induced tolerance to BALB/c heart allografts in WT and FoxP3DTR mice on a B6 

background by treating them with anti-CD154/DST. At least 30 days after transplantation, when 

tolerance had been established, we treated mice with DT to extensively deplete TREGs specifically 

in recipient FoxP3DTR mice (Fig. 3.1 A). Supporting our hypothesis, tolerized FoxP3DTR mice 

swiftly rejected their grafts after administration of DT, whereas graft function in WT mice 

remained stable. DT-induced rejection was accompanied by the production of IgG specific for 

donor MHC Class I and Class II molecules, alloantibodies that were otherwise undetectable 

before DT (Fig. 3.1C). This result was unexpected as allospecific B cells have been shown to 

become intrinsically impaired in their ability to produce IgG (Khiew et al. 2020). That these 

alloantibodies were class-switched indicates that a productive allospecific T cell response also 

occurred, which was surprising since our previous data indicated that allospecific T cells become 

intrinsically dysfunctional during tolerance (Miller et al. 2019). 
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Figure 3.1 TREG depletion causes rejection in previously tolerant heart recipients. 

B6 WT and FoxP3DTR mice were tolerized to BALB/c heart allografts with anti-CD154 and 
DST. ≥30 days after transplantation, tolerant mice were injected with DT. (A) Experimental 
design. (B) Heart allograft survival after diphtheria toxin treatment. (C) Detection of serum 
antibodies specific for donor MHC Class I (Kd), MHC Class II (I-Ed) or non-MHC-specific IgG 
binding uncoated ELISA plates in previously tolerant B6 WT and FoxP3DTR heart recipients after 
DT and naïve B6 WT mice after immunization with BALB/c DST. Data were normalized within 
each experiment, with the average OD405 from samples at day 0 set to 1. Results were pooled 
from 2-3 independent experiments. Each time point represents data from 2-6 mice per 
experimental group with lines indicating average +/- SEM. Survival curves were analyzed by 
Log-rank (Mantel-Cox) text. ****p<0.0001. 

To determine whether allospecific T cells responded during DT-induced rejection, we 

compared the expansion and expression of the proliferation marker Ki67 in allospecific T cells 

from the spleens of previously tolerant WT or FoxP3DTR mice after DT injection. Consistent with 

previous reports (Kim, Rasmussen, and Rudensky 2007), TREG depletion was accompanied by 

proliferation of CD4+ and CD8+ T cells, resulting in increased numbers of T cells overall (Figs. 
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3.2A, B). Surprisingly, allospecific CD4+ T cells identified by pKd:I-Ab tetramer binding were 

also proliferating 12 days after DT treatment, having already expanded as compared to the pKd:I-

Ab tetramer+ population in stably tolerant WT mice (Fig. 3.2C). 

 
Figure 3.2 TREG depletion in previously tolerant heart recipients results in expansion of 
allospecific TCONVs. 

Splenocytes were isolated from naïve B6 WT mice, WT or FoxP3DTR heart recipients 12 days 
after DT. The quantity per spleen and percent and Ki67hi were analyzed in (A) bulk CD4+ 
TCONVs, (B) bulk CD8+ cells and (C) CD4+ pKd:I-Ab tetramer+ cells. Results were pooled from 1-
2 independent experiments. Each data point represents an individual mouse with lines indicating 
average +/- SD. Data were analyzed by one-way ANOVA with Bonferroni correction for 
multiple pairwise comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Recovery of function in tolerant TCR75 cells in non-tolerant secondary hosts 

We hypothesized that tolerized pKd:I-Ab tetramer-binding T cells expanded after TREG depletion 

because continuous cell-extrinsic signaling, including suppressive signals from TREGs, are needed 

to maintain dysfunction in tolerant allospecific TCONVs. To determine whether allospecific T cells 

recover function when removed from the tolerant environment, we isolated tracer TCR75 cells 

from tolerant or rejecting heart recipients ≥30 days after transplantation and compared their 

phenotype and functional profile 7 and 44 days after adoptive transfer into naïve B6 secondary 

host. Importantly, TCR75 cells rarely become TREGs in tolerant graft recipients (Chai et al. 2015), 

thus suppression by TCR75 TREGs co-transferred into the secondary host is unlikely to confound 

our results. Secondary host B6 mice have neither the enriched allospecific TREG population nor 

the persistent source of donor antigen present in the tolerant primary host. Secondary hosts were 

immunized with BALB/c DST after adoptive transfer to expand TCR75 cells for improved cell 

recovery at late timepoints (Fig. 3.3A). 

Tracer TCR75 cells and their progeny could be recovered for analysis by sorting CD45.1+ 

CD4+ cells from the secondary lymphoid organs of primary and secondary hosts (Fig. 3.3B). By 

day 7 post-transfer, the level of PD-1 expression on the surface of Tol TCR75 cells had declined 

to match that of rejecting TCR75 cells (Fig. 3.3C). CD127 expression decreased significantly in 

both Tol and Rej TCR75 cells 7 days after adoptive transfer (Fig. 3.3D), which was likely a 

consequence of their effector response to immunization with DST. We also found that Tol 

TCR75 cells expressed high levels of the anergy markers CD73 and FR4 and that expression of 

these markers decreased to match those of Rej TCR75 cells within 7 days of adoptive transfer 

(Fig. 3.3E, F). While studies have shown that autoreactive CD73hi FR4hi T cells convert into 

FoxP3+ TREGs after transfer into secondary hosts where their cognate antigen is not expressed as 
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self (Kalekar et al. 2016), Tol TCR75 cells did not convert into TREGs after adoptive transfer into 

naïve secondary hosts (Fig. 3.3G). 

 
Figure 3.3 Tolerized TCONVs lose their dysfunction-associated phenotype in non-tolerant 
secondary hosts. 

B6 mice were seeded with tracer TCR75 cells prior to transplantation with BALB/c hearts with 
(Tol) or without (Rej) anti-CD154 DST. ≥30 days after heart transplantation CD44hi TCR75 cells 
were isolated from the spleens and lymph nodes of the transplanted mice, transferred into naïve 
B6 secondary hosts and expanded by immunizing the secondary hosts with BALB/c DST. (A) 
Experimental design. (B) Number of TCR75 cells recovered from the spleen and lymph nodes of 
primary hosts (day 0) or secondary hosts 7 and 44 days after adoptive transfer.  
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Figure 3.3, continued: Normalized MFI of PD-1 (C), CD127 (D), CD73 (E) and FR4 (F) in 
CD44hi FoxP3- tracer TCR75 cells isolated as in (B). MFI values were normalized within each 
time point, with the average MFI of CD44lo CD4+ FoxP3- splenocytes from a naïve B6 mouse set 
to 1. (G) Percent FoxP3+ in TCR75 cells isolated as in (B) and in CD4+ cells from the 
splenocytes of naïve B6 mice. Results are from one experiment. Each sample was pooled from 1-
3 mice before analysis. Lines indicate SD. 

We next determined whether the reduction in expression of dysfunction-associated 

surface markers in Tol TCR75 cells after removal from the tolerant transplant recipient was 

accompanied by a return of function. Indeed, in vitro IFN-g and TNF production by Tol TCR75 

cells recovered in non-tolerant secondary hosts (Figs. 3.4A, B). Within 7 days of removal from 

the tolerant environment, Tol TCR75 cells had recovered some ability to produce IFN-g and TNF 

and by day 44, their cytokine production was similar to that of memory TCR75 cells from 

rejecting mice. 

 
Figure 3.4 Tolerized TCONVs recover function in non-tolerant secondary hosts. 

Percent of TCR75 cells isolated from rejecting (Rej) or tolerant (Tol) BALB/c heart recipients 
(day 0) or non-transplanted secondary hosts (days 7, 44) that produced IFN-g (A) or TNF (B) 
after in vitro re-stimulation with anti-CD3 + anti-CD28. Results are from one experiment. Cells 
isolated from 1-3 mice were pooled before in vitro re-stimulation. Lines indicate SD. 
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BALB/c heart allografts ≥30 days after heart transplantation, then adoptively transferred a 

minimal number of these cells into non-tolerant P14 Rag-/- secondary hosts. Hosts were then 

given a BALB/c skin allograft (Fig. 3.5A). By using P14 Rag-/- secondary hosts, which only bear 

T cells expressing an irrelevant LCMV-specific TCR, we could isolate the alloimmune response 

to the transferred TCR75 cells, while at the same time preventing the transferred cells from 

undergoing homeostatic proliferation, which would occur after adoptive transfer into T cell-

deficient mice and has been shown to restore function to self-tolerant T cells (Schietinger et al. 

2012). Tol TCR75 rejected skin grafts in secondary hosts with similar kinetics as the same 

number of TCR75 cells from rejecting heart recipients (Rej) or DST-immunized mice (Mem) 

(Fig. 3.5B, C). Forty-five days after skin transplantation, we confirmed that the TCR75 cells had 

recovered function in the secondary hosts by evaluating their ability to produce IFN-g and TNF 

upon in vitro stimulation. Indeed, Tol TCR75 cells produced both cytokines to a similar extent as 

Rej TCR75 cells recovered from P14 Rag-/- skin graft recipients. 
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Figure 3.5 Tolerized allospecific TCONVs reject skin grafts in non-tolerized secondary hosts. 

(A) Experimental design. (B, C) BALB/c skin allograft rejection in P14 Rag-/- mice after 
adoptive transfer of  (B) 3000 or (C) 1000 CD44hi TCR75 cells from primary hosts that had 
received BALB/c heart allografts with (Tol) or without (Rej) anti-CD154/DST ≥30 days prior or 
were immunized with BALB/c DST (Mem) ≥30 days prior. (D, E) In vitro production of IFN-g 
and TNF by TCR75 cells isolated from the spleen and lymph nodes of mice 45 days after skin 
transplantation as in (C). Results are from one experiment. Each data point and flow plot 
represents a sample pooled from 1-3 mice with lines indicating average +/- SD. Survival curves 
were analyzed by Log-rank (Mantel-Cox) test. *P<0.05. 
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Induction of T cell dysfunction requires signals from other lymphocytes 

Having observed that tolerant TCR75 cells recover function over time in non-tolerant secondary 

hosts, where there are no other allospecific T cells, we sought to determine whether cell-extrinsic 

signals from other allospecific T cells are also necessary for programming T cell dysfunction 

during the induction of donor-specific tolerance. TCR75 cells (4x104) were adoptively 

transferred into B6 mice (containing endogenous TREGs and B cells) or P14 Rag-/- mice (devoid 

of endogenous TREGs and B cells) one day prior to heart transplantation with (Tol) or without 

(Rej) anti-CD154/DST treatment, or one day prior to DST immunization. At least 30 days after 

transplantation or immunization, TCR75 cells were re-isolated from the spleens and lymph nodes 

of transplanted mice and subjected to analysis of phenotype and function (Fig. 3.6A). A larger 

number of TCR75 cells was recovered from P14 Rag-/- heart recipients compared to WT 

recipients regardless of whether the hosts were tolerized (Fig. 3.6B). TCR75 cells were no more 

likely to develop into TREGs in P14 Rag-/- hosts than in WT hosts (Fig. 3.6C). TCR75 cells in both 

B6 and P14 Rag-/- hosts similarly underwent a larger magnitude of expansion when immunized 

with DST rather than a heart allograft (Fig. 3.6B). These results suggest that other lymphocytes 

limit the magnitude of the T cell alloimmune response to solid organ transplants, but not to DST 

immunization.  

We next evaluated the surface phenotype of tolerant and rejecting TCR75 TCONVs from 

WT and P14 Rag-/- heart allograft recipients. Supporting our hypothesis that signals from other 

lymphocytes are necessary for inducing dysfunction in tolerant allospecific TCONVs, TCR75 

TCONVs in tolerant P14 Rag-/- heart recipients failed to up-regulate CD73 and FR4 to the high 

levels seen in TCR75 TCONVs from tolerant lymphoreplete mice (Fig. 3.6C). Tol TCR75 cells 

from P14 Rag-/- mice expressed a PD-1hi CD127lo phenotype, similar to those in WT mice. This 
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finding dissociated the CD73hi FR4hi anergy-associated phenotype from the PD-1hi CD127lo 

exhaustion-associated phenotype. Our observations of phenotype in peripheral TCR75 cells were 

recapitulated within the graft. Indeed, larger numbers of TCR75 cells accumulated in the grafts 

of P14 Rag-/- recipients compared to WT recipients (Fig. 3.7A). Within the graft, TCR75 cells 

rarely expressed FoxP3 (Fig. 3.7B). The PD-1hi CD127lo exhaustion-associated phenotype was 

observed in TCR75 cells from Tol WT and P14 Rag-/- mice (Fig. 3.7C) but only in tolerized WT 

mice did graft infiltrating TCR75 cells up-regulate FR4 and CD73 expression (Fig. 3.7D). 

Finally, we determined whether TCR75 cells retained function in tolerized P14 Rag-/- 

heart recipients. Indeed, while TCR75 cells in tolerized B6 mice lost much of their ability to 

produce IFN-g and TNF, TCR75 cells in P14 Rag-/- mice were able to produce both cytokines 

(Fig. 3.6D). These results show that signals from other lymphocytes (TREGs or other subsets of T 

cells or B cells) are needed for donor-specific TCONVs to acquire dysfunction during tolerance 

induction. 
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Figure 3.6 Allospecific TCONVs fail to become dysfunctional after co-stimulation blockade in 
P14 Rag-/- heart recipients. 

(A) Experimental design. (B) Number of tracer TCR75 cells recovered from the spleen and 
lymph nodes of WT or P14 Rag-/- mice ≥30 days after BALB/c DST or heart transplantation +/- 
anti-CD154/DST. (C) Left: flow plots showing FoxP3 expression in TCR75 cells. %FoxP3-

indicated inside plots; Right: flow plots showing expression of PD-1, CD127, FR4 and CD74 in 
TCR75 TCONVs recovered as in (B) with MFI for each experimental group indicated inside plots. 
(D) Production of IFN-g and TNF by TCR75 cells recovered as in B and re-stimulated in vitro. 
Results are from one experiment. Data represent samples pooled from 2-3 mice. 
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Figure 3.7 Graft-infiltrating allospecific TCONVs fail to develop a dysfunction-associated 
phenotype after co-stimulation blockade in P14 Rag-/- heart recipients. 

(A) Number of tracer TCR75 cells recovered from BALB/c heart allografts of B6 WT or P14 
Rag-/- mice >30 days after transplantation +/- anti-CD154/DST. (B) Percent FoxP3+ in graft-
infiltrating TCR75 cells, (C) PD-1 MFI and CD127 MFI in graft-infiltrating FoxP3- TCR75 cells 
recovered as in A. (D) Representative flow plots for FR4 and CD73 staining, percent anergic 
(FR4hi CD73hi) cells, CD73 MFI and FR4 MFI in graft-infiltrating TCR75 TCONVs recovered as 
in A. MFI values were normalized, with the average MFI for B6 Rej mice set to 1. Results are 
from one experiment. Each data point represents an individual mouse with lines indicating 
average +/- SD. Data were analyzed by one-way ANOVA with Bonferroni correction for 
multiple pairwise comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Discussion 

Many strategies for the induction of donor-specific tolerance result in long-term 

establishment of a high allospecific TREG:TCONV ratio. While it is appreciated that TREGs are 

necessary for the induction of donor-specific tolerance with anti-CD154/DST, other immune 
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mechanisms such as T cell-intrinsic dysfunction are thought to prevent rejection during the 

maintenance phase of tolerance, possibly providing redundancy that would allow tolerance to 

persist even in the absence of TREG-mediated suppression. In this study, we find that impairment 

in TREG function results in breakage of established transplantation tolerance.  

Here, we have found that TREG depletion in FoxP3DTR mice treated with DT can break 

established tolerance. However, in addition to eliminating allospecific TREGs, DT treatment in 

FoxP3DTR mice also eliminates autospecific TREGs, resulting in severe autoimmunity and 

systemic inflammation. Thus, breakage of tolerance after DT treatment could result from 

impairing TREG-mediated suppression of alloimmunity but may also result from systemic 

autoimmunity, through mechanisms involving the abundance of pro-inflammatory cytokines or 

activation of autospecific TCONVs with cross-reactivity to the donor. Specifically eliminating 

allospecific TREGs without impairing autospecific TREGs would allow us to differentiate between 

these mechanisms, though techniques to accomplish this are not yet available. 

While our findings indicate that TREGs are required for the maintenance of tolerance, prior 

studies have shown that more mild depletion of TREGs with anti-CD25 could not break 

established tolerance, though treatment with anti-CD25 at the time of transplantation did prevent 

the induction of tolerance, indicating that there is differential sensitivity to incomplete TREG 

depletion during tolerance induction and maintenance (Miller et al. 2015, Miller et al. 2016a, 

Jiang et al. 2011). This may be because at the time of transplantation, the TREG:TCONV ratio has 

not yet increased to the level seen during stable tolerance, thus small aberrations in this ratio may 

have a larger physiological impact. It is also possible that TREGs become more potent in 

suppressing TCONVs during the maintenance phase of tolerance. Indeed, inflammation at the time 

of transplantation resulting from surgery and ischemia-reperfusion injury may inhibit TREG 
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function. Finally, the differential efficacy of anti-CD25 and DT may have more to do with the 

compartments where TREGs are depleted rather than the overall percentage of TREGs depleted 

systemically. DT is more effective than anti-CD25 at depleting TREGs within tissue (Li et al. 

2010), thus during the maintenance phase of tolerance, graft-infiltrating TREGs may protect the 

allograft from rejection even when circulating TREGs are depleted by anti-CD25, whereas 

immediately after transplantation, recipient TREGs have not yet accumulated in the graft, thus 

depletion of graft infiltrating TREGs is not necessary. 

That TREG depletion precipitated T cell- and B cell-mediated alloimmunity was surprising 

considering prior findings that allospecific T cells and B cells become intrinsically dysfunctional 

during tolerance (Miller et al. 2019, Khiew et al. 2020). The findings that TREGs are required for 

inducing and maintaining anergy in T cells tolerized to self or fetal antigens suggested that 

allospecific T cells in our model of transplantation tolerance may have recovered function after 

TREG depletion, allowing them to expand, reject the graft and provide help to B cells. Indeed, we 

found that tolerized TCONVs could recover function after removal from the tolerant environment 

and adoptive transfer into non-tolerant secondary hosts. Future studies will determine whether 

co-transfer of allospecific TREGs into non-tolerant secondary hosts preserves dysfunction in 

tolerized allospecific TCONVs. TCONVs also encounter significant inflammation in TREG-depleted 

primary hosts, as well as DST-immunized or skin transplanted secondary hosts. If co-transfer of 

TREGs preserves dysfunction in tolerized TCONVs transferred into skin grafted secondary hosts, it 

will also indicate that inflammation is not sufficient to restore function to tolerized TCONVs. 

It is also unclear how dysfunctional tolerized B cells recovered sufficient function to 

produce alloantibodies after TREG depletion. Unlike tolerant T cells, tolerant B cells have been 

shown to remain dysfunctional for weeks after adoptive transfer into non-tolerant secondary 
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hosts, and even suppress responses by naïve B cells in the secondary host (Khiew et al. 2020). 

Thus, it is unlikely that TREGs or other suppressive signals specific to the tolerant environment are 

required to maintain tolerant B cell dysfunction. Severe systemic inflammation may provide the 

signals necessary to re-program these B cells, though treatment with CpG and provision of help 

to tolerized B cells with agonist anti-CD40 did not rescue their function. More research is needed 

to understand the signals required for recovering function in tolerant allospecific T and B cells. 

In vitro and in vivo, recovered tolerized T cells were functionally indistinguishable from 

memory T cells. As memory cells are more resistant to suppression, tolerance induction and 

conventional immunosuppression than naïve T cells, rejection after TREG depletion is likely to 

permanently sensitize the host against a secondary transplant from a donor strain expressing 

alloantigens in common with the initial donor. Pre-existing alloantibodies also undermine 

tolerance, further preventing successful re-transplantation (Burns and Chong 2011). This would 

contrast with our previous findings that donor-specific tolerance spontaneously recovers after 

Lm-induced rejection, allowing acceptance of a second heart allograft from the same donor strain 

once the infection has resolved (Miller et al. 2015). Whether a second donor heart would be 

accepted or rejected following DT-dependent rejection of a primary tolerized graft remains to be 

determined. 

We also found that TCR75 cells remained functional in anti-CD154/DST-treated P14 

Rag-/- heart allograft recipients. Future studies will investigate whether co-adoptive transfer of 

TREGs is sufficient to enable the development of alloreactive TCONV dysfunction in P14 Rag-/- 

graft recipients treated with the tolerogenic protocol. Despite retaining functionality and 

infiltrating the allograft, cardiac allografts remained functional in these mice. This is consistent 

with previous reports that monoclonal CD4+ T cells are inefficient at rejecting heart allografts 
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(Honjo et al. 2004, Brennan et al. 2008). Experiments to determine whether TREG deficiency 

allows allospecific TCONVs in the endogenous repertoire to retain sufficient function to reject the 

allograft are complicated by the necessity for TREGs to prevent autoimmunity by autoreactive T 

cells persisting in the endogenous T cell repertoire. 

Contrasting with our results, one study has found that recipient TREG depletion with DT 

did not break tolerance to islet allografts (Besançon et al. 2017). There are several notable 

differences between this experimental model and our own, which may explain the discrepancy in 

results following TREG depletion. First, this study achieved transplant tolerance by treating 

recipients with anti-CD3. Similar to anti-CD154/DST, anti-CD3 induces a tolerant state that 

includes allospecific T cell dysfunction and accumulation of allospecific TREGs, though there are 

likely to be differences in the tolerant states induced by either treatment, potentially including the 

extent or stability of TCONV dysfunction. It is also possible that reduced immunogenicity or 

antigen availability from islet allografts compared to cardiac allografts may allow allospecific T 

cells to ignore islet allografts, but not cardiac allografts, after TREG depletion. TREGs were also 

depleted for 2 days fewer in this study than in our own. We have found that allospecific TCONVs 

progressively re-gain function over time in non-tolerant secondary hosts, thus longer TREG 

disruption may be required for allospecific T cells to recover sufficient function to reject an 

allograft. Better understanding the factors that explain differential susceptibility of different 

transplantation tolerance models to TREG-mediated suppression may identify methods to protect 

allografts from rejection in tolerized hosts that encounter a disruption in TREG function. 

Together, this study and findings described in a previous chapter indicate that TREGs are 

required for maintaining transplantation tolerance, including multiple downstream immune 

mechanisms that prevent alloimmunity during transplantation tolerance. These include 
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constraining the size and avidity of the allospecific CD4+ TCONV and CD8+ T cell populations and 

possibly the programming and maintenance of dysfunction in allospecific TCONVs. Thus, TREGs 

serve as a keystone mechanism for maintaining tolerance, explaining why tolerance fails when 

TREGs are depleted. The tolerant state induced with anti-CD154/DST is likely vulnerable to any 

insults that severely impair TREG function. While Lm infection is known to impair TREG function, 

it is not yet clear whether this is the main mechanism responsible for Lm-induced rejection in 

previously tolerant graft recipients. Strategies to protect TREG function during tolerance may 

improve the robustness of tolerance during inflammatory challenges, an important goal for 

clinical translation of tolerogenic therapies. Additionally, tracking TREG-mediated suppression in 

transplant recipients may be an important biomarker for the robustness of transplantation 

tolerance. As Lm impacts TREG function without reducing TREG number, readouts of TREG 

functionality are likely to be more useful early markers for stable tolerance than the TREG:TCONV 

ratio, especially at early timepoints before TCONVs escaping suppression have had time to expand. 

It may also be possible to detect a dysfunction-associated phenotype in allospecific TCONVs as a 

biomarker for effective TREG-mediated suppression. In this study, we found that the FR4hi 

CD73hi phenotype was a better predictor of T cell dysfunction than the PD-1hi CD127lo 

phenotype that has been associated with T cell exhaustion. Indeed, we found that in the absence 

of TREGs, T cells became PD-1hi CD127lo but retained functionality. Our results highlight a 

central role of TREGs in maintaining tolerance through multiple downstream effects. Thus, 

therapies that support TREG function, especially in the presence of infections or other 

inflammatory challenges, are likely to improve the robustness of tolerance. 
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 T cells specific for transiently expressed 

alloantigens retain function in tolerant allograft recipients. 

Abstract 

Achieving stable, robust donor-specific tolerance in transplant recipients has been challenging. 

While advances have been made to therapeutically induce tolerance in mouse models of 

transplantation and a limited number of clinical trials, resulting tolerant graft recipients are still 

vulnerable to inflammatory challenges such as infections. Understanding the mechanisms by 

which previously tolerized grafts are rejected after the establishment of donor-specific tolerance 

may identify strategies for improving the robustness of tolerance. While rejection after infection 

in previously tolerant graft recipients is T cell-dependent, it is unclear which specificity of 

alloreactive T cells mediate rejection since prior studies have indicated that allospecific T cells 

persisting during tolerance are intrinsically dysfunctional due to chronic stimulation in the 

tolerant environment. In this study, we found that alloreactive T cells specific for donor MHC 

Class II, a transiently expressed alloantigen, retain functionality during tolerance as they are not 
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chronically stimulated. Thus, there is heterogeneity in the fate of alloreactive T cells with distinct 

specificities persisting during tolerance, and cells retaining function during tolerance may pose a 

greater threat to the graft if their antigen is re-expressed after graft acceptance. These findings 

suggest that treatments to induce dysfunction in a broader array of allospecific T cells, such as 

prolonging exposure to alloantigens expressed transiently in the allograft, may improve the 

robustness of tolerance. 

Introduction 

Achieving stable donor-specific tolerance would immensely improve graft survival and quality 

of life for transplant recipients by eliminating the life-long exposure to drug toxicity, adverse 

effects and high risk of malignancy and infection associated with conventional 

immunosuppression. In mice, treatment with anti-CD154 and DST produces a particularly robust 

state of graft-specific tolerance (Miller et al. 2016a) and similar strategies to block CD40-CD154 

signaling are being developed for clinical applications. However, studies in animal models have 

shown that susceptibility to rejection following infection remains a critical vulnerability in anti-

CD154/DST-induced tolerance. Indeed, Lm infection induces T cell-dependent rejection in 

previously tolerant allograft recipients. Lm-induced rejection was dependent on IL-6 and type I 

IFN. Further, the combination of IL-6 + IFN-b broke established tolerance without infection, 

suggesting that tolerance may be vulnerable to any inflammatory setting eliciting these cytokines 

(Wang et al. 2010b). There is also evidence that infection poses a threat to clinical 

transplantation tolerance. A subset of patients who spontaneously developed operational 

tolerance rejected their grafts after years of stability, often after an infection (Brouard et al. 

2012). Reports of patients made tolerant to renal allografts with concurrent hematopoietic stem 
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cell or bone marrow transplantation who later rejected their allografts following an infection 

further suggest that even the most effective strategies currently available for clinical tolerance 

induction are vulnerable to inflammatory challenges (Kawai et al. 2008, Leventhal et al. 2012). 

To become a reliable standard for clinical use, donor-specific tolerance must resist common 

insults such as infections. 

Understanding the mechanisms of rejection after tolerance may identify strategies to 

improve the robustness of tolerance. While many studies have focused on the mechanisms of 

allograft rejection in otherwise untreated mice, little is known about rejection in previously 

tolerant mice. Lm-induced rejection was dependent on CD4+ and CD8+ T cells, which is 

surprising considering there are multiple immune mechanisms preventing T cell-mediated 

alloimmunity during transplantation tolerance. Anti-CD154/DST-mediated tolerance is 

associated with induction of alloreactive TREGs (Ferrer et al. 2011) and abortive proliferation of 

alloreactive TCONVs, resulting in a high TREG:TCONV ratio (Young et al. 2018). Our group 

previously found that TCONVs specific for a donor MHC Class I-derived peptide presented on host 

APCs (TCR75 cells) that persist in tolerant mice become intrinsically dysfunctional, exhibiting 

poor effector function even after removal from the tolerant graft recipient (Miller et al. 2019). If 

all allospecific TCONVs become intrinsically dysfunctional during tolerance, they should not be 

able to mediate rejection even after disruption of TREGs.  

As discussed in a previous chapter, TREG depletion does break established tolerance, 

resulting in T cell-mediated alloimmunity. However, work from our group previously found that 

allospecific T cells did not expand or recover function after Lm infection (Miller et al. 2019), 

thus if TCONV recovery does occur during Lm infection, it is likely to be short-lived and may 

involve a small quantity of TCONVs compared to rejection in non-tolerant hosts, where expansion, 
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avidity maturation and strong effector responses are involved. Here, we investigated another 

potential source of T cell-mediated alloimmunity that could promote rejection after disruption of 

stable tolerance: TCONVs that retain functionality and are controlled by other means, such as TREGs 

or ignorance. 

We previously identified markers of T cell dysfunction in monoclonal tracer allospecific 

T cells as well as endogenous allospecific T cells identified with allogeneic pMHC multimers 

(Miller et al. 2019), ensuring that our results were not specific to one T cell clone or specificity. 

However, the T cells observed thus far are unlikely to be representative of the entire allospecific 

T cell population, which is estimated to contain over 1% of mature T cells (Suchin et al. 2001). 

Variables including avidity for alloantigen and specificity for a particular alloantigen and 

allorecognition pathway may impact the fate of allospecific T cells during tolerance. Duration of 

antigen presentation has recently become appreciated as a key variable modulating alloreactive T 

cell responses (Ali et al. 2016b). Having determined that chronic alloantigen exposure is 

necessary for the development of dysfunction in allospecific TCONVs during anti-CD154/DST-

induced tolerance (Miller et al. 2019), we investigated whether duration of alloantigen 

expression impacts the development of T cell dysfunction.   

Previous findings from our group indicated that the graft must persist for >1 week for 

tracer TCR75 cells to acquire dysfunction as TCR75 cells were not impaired functionally if 

grafts were surgically removed 1 week after transplantation with anti-CD154/DST treatment 

(Miller et al. 2019). However, some alloantigens are not expressed persistently in the graft. 

Unlike responses to donor MHC Class I, molecules constitutively expressed by all nucleated 

cells, direct responses to donor MHC Class II and indirect responses to peptides derived from 

donor MHC Class II are transient. Expression of MHC Class II antigens is thought to be short-
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lived because donor APCs die shortly after transplantation (Ali et al. 2016a). Thus, there is 

potentially a large population of allospecific T cells specific for transiently expressed 

alloantigens whose fate during tolerance remains to be investigated. 

Here, we investigated the functionality of donor MHC Class II peptide-reactive T cells 

persisting during transplantation tolerance. We found that these cells retained greater 

functionality than donor MHC Class I peptide-reactive T cells that were persistently activated 

during tolerance. Thus, T cells specific for transiently expressed alloantigens may remain 

functional but controlled by TREGs and/or ignorance of the graft in tolerance because levels of 

their cognate antigen are low. Donor endothelial cells can upregulate MHC Class II in response 

to IFN-g (Scott et al. 2018, Lian et al. 1996) produced, for example, during infection (O'Connell 

et al. 2004) or autoimmunity (Nyström et al. 2014). Re-expression of donor MHC Class II in 

endothelial cells or impairment in TREG-mediated suppression observed after infection, or both, 

may contribute to rejection by alloreactive TCONVs that remain functional in tolerance. 

Importantly, donor MHC Class II peptide-specific T cells could be made profoundly 

dysfunctional with repeated antigen stimulation over >4 weeks. Prolonging exposure to 

alloantigen through repeated donor blood transfusions during tolerance may represent a 

therapeutic approach to improve the robustness of tolerance by inducing dysfunction in a broader 

array of allospecific T cells. 
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Materials and Methods 

Mice 

B6 and BALB/c mice were purchased from Envigo RMS. TCR75 TCR-Tg mice obtained from 

R. Pat Bucy (University of Alabama) and TEa TCR-Tg mice obtained from Alexander Rudensky 

(when at the University of Washington) were crossed with Rag-/- mice to generate TCR75 Rag-/- 

(TCR75) and TEa Rag-/- (TEa) mice, respectively. Mice were housed under specific pathogen-

free conditions. 

DST was prepared by homogenizing and isolating a single cell suspension of splenocytes from 

BALB/c mice. Each injection contained splenocytes from one-quarter to one-sixth spleen in 200 

µL PBS. In all experiments where mice were treated with DST, day 0 injection was i.v. In mice 

treated with repeated DST injections every 48 hours, all injections after day 0 were i.p. 

Heart transplantation 

Cardiac transplantation was performed using a technique adapted from Corry et al (Corry, Winn, 

and Russell 1973). For induction of tolerance, mice were treated with 500-600 µg of anti-CD154 

(MR1, BioXCell) on days 0, (i.v.) 7 and 14 (i.p.) post-transplantation and DST (i.v.) on day 0. 

Lm infection 

An overnight culture of Lm engineered to express GFP (Lm-GFP) (Ertelt et al. 2009) was diluted 

1:50 and grown until OD600 was within the log-phase of our Lm-GFP growth curve. OD600 was 

used to calculate colony forming units (CFU)/mL. Mice were infected i.p. with 1x106 CFU Lm-

GFP in 400 µL per mouse as this dose resulted in the highest rejection rate with minimal 
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lethality. Lm-GFP was plated to confirm dose. Graft survival was monitored twice per week after 

infection. 

ELISA to detect donor MHC-specific antibodies 

Clear 96-well high binding microplates (Corning) were bound overnight at 4˚C with 5 µg/mL 

streptavidin (Jackson Immunoresearch) in pH 9.63 carbonate-bicarbonate coating buffer. Plates 

were washed then bound with biotinylated SYIPSAEKI:Kd or FIEWNKLRFRQGLEW:I-Ed 

monomers (NIH Tetramer Facility) diluted to 8.65 nM in wash buffer (PBS + 0.05% Tween-20) 

for 1 hour at RT. After pMHC monomer binding, plates were washed, blocked with PBS + 1% 

bovine serum albumin (BSA), washed again and then incubated for 1 hour at RT with serum 

diluted 1:100 in wash buffer. Plates were washed then bound with alkaline phosphatase-

conjugated goat anti-mouse IgG antibody (Jackson Immunoresearch) diluted 1:10,000 in wash 

buffer for 1.5 hours at RT. After washing, SigmaFAST para-nitrophenyl phosphate solution 

(Sigma) was added to detect alkaline phosphatase activity. OD405 was measured 15-30 minutes 

after addition of substrate. Background OD405 detection in wells without bound serum was 

subtracted from OD405 measurement in other wells before analysis. 

Adoptive cell transfer 

In experiments where TCR-Tg tracer cells were seeded before transplantation or immunization, 

cells were isolated from the spleen and lymph nodes (inguinal, axillary, brachial, cervical and 

mesenteric) of naïve TCR75 or TEa mice and counted with an Accuri C6 flow cytometer (BD 

Biosciences). 5x104 cells were injected i.v. in 200 μL of PBS up to 1 day before transplantation 

or the first DST injection. 
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Isolation of tracer TCR-Tg cells from primary hosts 

Spleen and lymph nodes from primary hosts were harvested and homogenized ≥30 days 

following transplantation or first DST injection. Single cell isolates were stained with anti-

CD45.1-biotin (eBioscience) and incubated with streptavidin magnetic beads (Miltenyi) for 

magnetic enrichment with LS columns (Miltenyi) or an AutoMACS machine (Miltenyi). In some 

experiments, cells form mice within the same experimental group were pooled after magnetic 

enrichment. Magnetically enriched cells were then stained with fluorophore conjugated anti-

CD45.1 (A20), anti-CD45.2 (104), anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD44 (IM7) and 

streptavidin and sorted for CD45.1+ CD4+ CD44hi cells on a FACSAria cell sorter (BD 

Biosciences). Cells were sorted into FBS, then washed and re-suspended in PBS and subjected to 

further staining or functional analysis in vitro or in vivo. 

Flow cytometry 

Sorted TCR-Tg cells or unenriched spleen and lymph node cells were stained with a fixable 

live/dead stain (Invitrogen). For tetramer staining 5x106 cells followed by phycoerytherin (PE)- 

or allophycocyanin (APC)-coupled pKd:I-Ab tetramer (NIH Tetramer Core Facility) for 1 hour in 

a room temperature (RT) water bath, washed, and then stained with PE- or APC-coupled H60:Kb 

tetramer (NIH Tetramer Core Facility) for 20 minutes in a room temperature (RT) water bath. In 

some experiments, tetramer-stained cells were then magnetically enriched for T cells. Cells were 

then stained with fluorophore conjugated anti-CD4 (L3T4), anti-CD8 (Ly2), anti-CD44 (IM7), 

anti-PD-1 (J43), anti-CD127 (A7R34), anti-FR4 (12A5), anti-CD73 (TY/11.8) and anti-B220 

(RA3-6B2). Surface-stained cells were then fixed with the FoxP3 fixation permeabilization 

buffer kit (eBioscience) for 15 minutes at RT and washed with 1x permeabilization buffer. Some 
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samples were intracellularly stained with anti-Ki67 (SolA15) or anti-FoxP3 (FJK-16s) for 30 

minutes at RT; washed with permeabilization buffer; and analyzed by flow cytometry. CFSE 

labeling was performed by labeling cells with CellTrace CFSE (Invitrogen) for 20 minutes at 

37°C. All monoclonal antibodies (mAbs) were from BD Biosciences, eBioscience, or Invitrogen. 

In vitro stimulation for cytokine production 

U-bottom tissue culture plates were coated for 90 minutes at 37˚C with 5 µg/mL anti-CD3 

(2C11) and 1 µg/mL anti-CD28 (PV.1) (Fitch Monoclonal Facility). 500-2000 tracer TCR-Tg 

cells sorted from primary hosts were plated per well and incubated for 16-24 hours at 37˚C and 

5% CO2. Within each individual experiment, all wells were plated with the same number of cells. 

In some experiments, 1x105 B6 splenocyte feeder cells per well were co-cultured with TCR-Tg 

cells. Unstimulated controls were plated in uncoated wells with 1 ng/mL human IL-7 

(PeproTech). 2 hours after plating, brefeldin A (BioLegend) was added to all wells. After 

stimulation cells were stained with fixable viability dye (Invitrogen) and then surface stained 

with fluorophore conjugated anti-CD4, anti-CD8, anti-CD45.1, anti-CD45.2 and anti-CD44. 

Cells were then fixed and permeablized with the FoxP3 fixation permeabilization buffer kit 

(eBioscience) and stained with fluorophore conjugated anti-IFN-g (XMG1.2) and anti-TNF 

(MP6-XT22) for 30 minutes at RT or overnight at 4˚C before washing with permeablization and 

flow cytometry analysis. 

Evaluation of recall expansion 

500-2000 sorted TCR-Tg cells were injected i.v. into naïve B6 mice. After one day, secondary 

hosts were immunized with BALB/c DST i.v. Within each experiment, the number of transferred 

cells was consistent between mice. Cell concentration was confirmed by counting on an Accuri 
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C6 flow cytometer prior to injection. 5 days after DST, 5x106 splenocytes were isolated from 

secondary hosts then stained with a viability dye and fluorophore conjugated anti-CD4, anti-

CD8, anti-CD45.1 and anti-CD45.2. The number of CD45.1+ CD4+ cells was calculated per 

mouse. 

Data analysis 

Flow cytometry data were analyzed using FlowJo (Tree Star, Ashland, Oregon). Flow cytometry 

samples were gated on live single cells before analysis. Tetramer stained samples were also 

gated on B220- cells. Statistical analyses were performed where appropriate using GraphPad 

Prism (GraphPad, La Jolla, California). Each statistical test is listed in the figure legends. 

Study Approval 

The studies were performed in agreement with the University of Chicago’s Institutional Animal 

Care and Use Committee, according to the NIH guidelines for animal use. 

Results 

The alloimmune response to MHC Class II is temporary 

We hypothesized that in mice receiving MHC Class I and II mismatched heart allografts, 

recipient T cells continue to respond to donor MHC Class I as it is persistently expressed by 

most donor cells, while the alloimmune response to donor MHC Class II is transient, as 

passenger APCs, a large source of donor MHC Class II, die shortly after transplantation. Graft 

endothelial cells can also up-regulate expression of MHC Class II in response to IFN-g (Pober et 

al. 1983, Lapierre, Fiers, and Pober 1988), though we hypothesized that endothelial cells would 
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not provide sufficient antigen to persistently stimulate T cells specific for donor MHC Class II-

derived antigens late after transplantation when inflammation due to ischemia-reperfusion injury 

had resolved. We adapted a previously established protocol to detect T cell responses to 

indirectly presented peptides derived from donor MHC Class I and II during the maintenance 

phase of tolerance (Ali et al. 2016b) by adoptively transferring CFSE-labeled TCR-Tg T cells 

with known specificity for each alloantigen into tolerant BALB/c heart recipients ≥35 days after 

transplantation with anti-CD154/DST treatment. CFSE dilution was observed after 4 days as a 

measure of cell proliferation. To detect the T cell response to donor MHC Class I late after the 

establishment of tolerance, we used TCR75 TCR-Tg cells, which are specific for a donor Kd-

derived peptide presented indirectly on host I-Ab. TEa TCR-Tg cells specific for a donor I-Ed-

derived peptide presented indirectly on host I-Ab were used to track T cell-mediated 

autoimmunity to donor MHC Class II (Figs. 4.1A, B). 

As expected, almost all TCR75 cells proliferated sufficiently to fully dilute CFSE after 

adoptive transfer into B6 mice that had received BALB/c heart allografts with anti-CD154/DST 

35 days prior (Fig. 4.1C left), reflecting the persistence of donor MHC Class I expression. 

Conversely, the majority of naïve CFSE-labeled TEa cells failed to proliferate after adoptive 

transfer into similarly tolerant mice (Fig. 4.1C center left), suggesting low expression and/or 

presentation of donor MHC Class II in the tolerant hosts. Importantly, TEa cells proliferated to a 

similar extent as TCR75 cells after transfer into naïve B6 mice immunized with BALB/c DST, 

indicating that naïve TEa cells are not intrinsically impaired in their ability to proliferate.  

We next investigated whether provision of additional antigen in the form of BALB/c 

DST could rescue naïve TEa proliferation after transfer into stably tolerant heart recipients. 

Indeed, the addition of DST allowed nearly all TEa cells to proliferate after transfer into tolerant 
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heart recipients (Fig. 4.1C center right), suggesting that the TEa response is limited by donor 

MHC Class II antigen quantity 35 days after transplantation in tolerant hosts. Nevertheless, TEa 

cells underwent fewer divisions on average in these DST-immunized tolerant hosts than in DST-

immunized naïve mice, indicating that the magnitude of the TEa response was suppressed in the 

tolerant animals. Overall, antigen did appear to be limiting for TEa cells in tolerant mice, but not 

for TCR75 cells in tolerant mice.  

It was also possible that, in our model, heart allografts do not contain sufficient MHC 

Class II to consistently stimulate TEa cells. In this case, TEa cells would not proliferate well 

even in recently transplanted mice. We tested this hypothesis by transferring CFSE-labeled TEa 

cells into a mouse transplanted with a BALB/c heart allograft 3 days prior. We found that shortly 

after transplantation, BALB/c heart allografts contain sufficient antigen to stimulate a response 

by nearly all transferred TEa cells (Fig. 4.1C right).  
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Figure 4.1 T cell response to donor MHC Class II declines after heart transplantation. 

(A) Model of antigen persistence and presentation to TEa and TCR75 cells after BALB/c to B6 
heart transplantation. (B) Experimental design for (C). (C) Histograms showing CFSE dilution in 
TCR75 Rag-/- or TEa Rag-/- T cells 4 days after adoptive transfer into naïve B6 mice or rejecting 
or tolerant B6 recipients of BALB/c heart allografts +/- BALB/c DST at the time of adoptive 
transfer. Results are representative of 2-3 mice per experimental group. 
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T cells specific for donor MHC Class II retain more functionality than T cells specific for donor 

MHC Class I during the maintenance phase of tolerance. 

Having observed that the majority of TEa cells specific for donor MHC Class II fail to proliferate 

during the maintenance phase of tolerance, and considering our previous findings that persistent 

antigen stimulation is required for the induction of tolerance (Miller et al. 2019), we 

hypothesized that even antigen experienced TEa cells would fail to become dysfunctional during 

tolerance as they would not be chronically stimulated. To test this hypothesis, we compared the 

phenotype and functionality of CD44hi tracer TCR75 versus tracer TEa cells isolated from 

rejecting or anti-CD154/DST-treated BALB/c heart recipients ≥35 days after transplantation 

(Fig. 4.2A). Fewer TEa cells than TCR75 cells were isolated from the spleen and lymph nodes of 

tolerant mice (Fig. 4.2B), the majority of which were CD44hi. Importantly, many TEa cells 

differentiated into TREGs in tolerant mice, whereas TCR75 cells rarely develop into TREGs (Fig. 

4.2C). Later analyses were performed only on CF44hi FoxP3- tracer TCR75 and TEa TCONVs. We 

found that while Tol TCR75 cells had higher expression of PD-1, a marker of recent stimulation, 

than naïve TCR75 cells, Tol TEa cells expressed a low level of PD-1 similar to naïve cells (Figs. 

4.2 D, E), further supporting our findings that TEa cells are not stimulated well during the 

maintenance phase of tolerance. Interestingly, both Tol TCR75 and Tol TEa cells down-

regulated CD127 expression compared to cells from rejecting mice (Figs. 4.2D, F), suggesting 

that while donor MHC Class II antigen may be limiting at late time points after transplantation in 

tolerant hosts, Tol TEa cells do not form the canonical memory cells (CD127hi) found in 

rejecting mice, as would be expected if the donor MHC Class II antigen had been eliminated 

from the tolerant host. Finally, we compared expression of the anergy markers FR4 and CD73 on 

Tol TCR75 and Tol TEa cells. While Tol TCR75 cells expressed very high levels of both FR4 
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and CD73, TEa cells only expressed high levels of FR4. Instead of the high expression of CD73 

seen on Tol TCR75 cells, Tol TEa cells expressed an intermediate level of CD73 similar to that 

seen on the surface of memory cells (Figs. 4.2D, G, H). There were no differences in the 

rejecting or naïve cell phenotypes between TEa and TCR75 TCONVs with regard to FoxP3, PD-1, 

CD127, FR4 and CD73 expression (Fig. 4.2). 
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Figure 4.2 T cells specific for donor MHC Class II express a partial dysfunction-associated 
surface phenotype during the maintenance of tolerance. 

(A) Experimental design. (B) Number of tracer TCR75 or TEa cells recovered from the spleens 
and lymph nodes of tolerant (Tol) and rejecting (Rej) B6 recipients of BALB/c heart allografts.  
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Figure 4.2, continued: (C) Percent FoxP3+ in naïve B6, TCR75 and TEa cells and CD44hi tracer 
TCR-Tg cells recovered as in (B). (D) Representative flow plots for PD-1, CD127, FR4 and 
CD74 staining in naïve Tol and Rej TCR75 and TEa TCONVs. (E) PD-1, (F) CD127, (G) FR4 and 
(H) CD73 MFI in naïve, Tol and Rej TCR75 and TEa TCONVs. Results were pooled from 1-4 
independent experiments. All results are representative of at least 2 independent experiments. 
Each data point or flow plot represents a sample pooled from 1-5 mice with lines indicating 
average +/- SD. Data were analyzed by one-way ANOVA with Bonferroni correction for 
multiple pairwise comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Having found that TEa cells expressed some but not all markers of T cell dysfunction, we 

next investigated whether TEa cells failed to lose function during tolerance by isolating tracer 

TEa and TCR75 cells from tolerant and rejecting heart allograft recipients ≥35 days after 

transplantation and subjecting them to functional analyses. Consistent with prior findings from 

our group, Tol TCR75 cells proliferated less than Rej TCR75 cells upon re-stimulation in 

secondary hosts. Conversely, TEa cells from Tol mice were not impaired in their expansion in 

secondary hosts when compared to Rej TEa cells (Fig. 4.3A). We next evaluated the ability of 

Tol TEa cells to produce effector cytokines. As memory cells, both Rej TCR75 and Rej TEa 

cells were able to produce IFN-g and TNF upon in vitro stimulation. Tol TCR75 cells were 

significantly impaired in their production of both IFN-g and TNF. Tol TEa cells, on the other 

hand, fully retained their ability to produce TNF but were impaired in IFN-g production to a 

similar extent as Tol TCR75 cells (Figs. 4.3B, C). This is consistent with work in exhausted T 

cells, where effector functions are progressively lost during chronic viral infection, with the 

ability to produce IFN-g lost before the ability to produce TNF (Wherry and Kurachi 2015), and 

suggests an intermediate dysfunction of Tol TEa cells. 
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Figure 4.3 T cells specific for donor MHC Class II retain greater functionality than T cells 
specific for donor MHC Class I during the maintenance of tolerance. 

(A) CD44hi tracer TCR75 Rag-/- and TEa Rag-/- cells were sorted from the spleens and lymph 
nodes of rejecting (Rej) or tolerized (Tol) B6 recipients of BALB/c heart allografts ≥30 days 
post-transplantation and then adoptively transferred into naïve B6 secondary hosts. One day 
later, secondary hosts were immunized with BALB/c DST and recall expansion was measured by 
quantifying the number of TCR-Tg cells that had accumulated in the spleen 5 days later. Data 
were normalized, with the average cell recovery from Rej mice set to 1 for each experiment. (B, 
C) In vitro production of IFN-g and TNF by TCR-Tg cells recovered as in (A). Results were 
pooled from 1-2 independent experiments. All results are representative of at least 2 independent 
experiments. Each data point or flow plot represents a sample pooled from 1-5 mice with lines 
indicating average +/- SD. Data were analyzed by t-test (A) or one-way ANOVA with 
Bonferroni correction for multiple pairwise comparisons (C). **p<0.01, ***p<0.001, 
****p<0.0001. 
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Both donor MHC Class I- and MHC Class II-specific T cells can be made dysfunctional by the 

addition of repeated injections of donor splenocytes to co-stimulation blockade. 

Our comparison of tolerant TCR75 versus tolerant TEa cells suggested that prolonged exposure 

to alloantigen was associated with greater dysfunction in allospecific T cells. Thus, we 

determined whether TEa cells could be made similarly dysfunctional to TCR75 cells if they were 

exposed to their alloantigen for a longer period of time. To accomplish this, we seeded naïve B6 

mice with tracer TCR75 or TEa cells and then either immunized the mice with one injection of 

BALB/c DST or treated them with anti-CD154 and repeated injections of BALB/c DST, which 

contains abundant MHC Class I and II, every 48 hours for 35 days prior to functional analysis of 

the persisting tracer TCR-Tg cells. Indeed, we found that anti-CD154 combined with prolonged 

antigen exposure in the form of repeated DST injections led to profound impairment in recall 

proliferation of tracer TCR75 and TEa cells (Fig. 4.4A). TCR75 and TEa cells were also 

similarly impaired in production of both IFN-g and TNF (Figs. 4.4B, C). These results indicate 

that increasing the persistence of alloantigen can lead to a loss of function in more allospecific T 

cells, and also show that TEa cells do not intrinsically resist the development of dysfunction. 

These data also suggest a therapeutic avenue to increase the robustness of donor-specific T cell 

dysfunction and potentially transplantation tolerance. 
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Figure 4.4 Donor MHC Class I- and Class II-specific T cells become dysfunctional with 
prolonged exposure to their cognate antigen. 

B6 mice were adoptively transferred with TCR75 Rag-/- or TEa Rag-/- cells then either 
immunized with a single injection of BALB/c DST (1x BALB/c) or given anti-CD154 (days 0, 7 
and 14) and repeated injections of BALB/c DST every 48 hours until sacrifice on day 35 
(Repeated BALB/c + anti-CD154). (A) CD44hi tracer TCR-Tg cells were sorted from spleens 
and lymph nodes. Recovered cells were then adoptively transferred into naïve B6 secondary 
hosts. One day later, secondary hosts were immunized with BALB/c DST and recall expansion 
was measured by quantifying the number of TCR-Tg cells that had accumulated in the spleen 5 
days later. Data were normalized, with the average cell recovery from 1x BALB/c mice set to 1 
for each experiment. (B, C) In vitro production of IFN-g and TNF by TCR-Tg cells recovered as 
in (A). Results were pooled from 2 independent experiments. Each data point represents a 
sample pooled from 1-2 mice with lines indicating average +/- SD. Data were analyzed by t-test. 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Discussion 

In this study, we determined that allospecific TCONVs develop varied levels of dysfunction 

during anti-CD154/DST-induced transplantation tolerance. Our results suggest that the kinetics 

of expression of different alloantigens contribute to this heterogeneity. Allospecific T cells 

experiencing persistent, chronic stimulation during tolerance, modeled by TCR75 cells, lose 

more function than transiently expressed alloantigen-specific T cells, including tracer TEa cells. 

Cells that retain more functionality may pose a greater threat to graft survival during tolerance, 

especially if they escape suppression by TREGs.  

The population of endogenous T cells recognizing alloantigens expressed transiently 

during tolerance is likely to expand beyond cells specific for indirectly presented MHC Class II-

derived peptides. T cells recognizing donor MHC Class II presented directly on donor APCs are 

likely to experience similarly transient kinetics of stimulation as cells recognizing donor MHC 

Class II-derived peptides presented indirectly on host APCs. It is also possible that some minor 

histocompatibility antigens are expressed transiently in the graft, potentially including 

polymorphic stress-induced molecules whose expression is expected to decline after resolution 

of ischemia-reperfusion injury. Additionally, T cells with low avidity for alloantigens that are 

persistently expressed or T cells specific for alloantigens persistently presented in low quantities 

may not be chronically stimulated if they rarely encounter APCs presenting a sufficient quantity 

of their cognate antigen to activate their TCR. Thus, there is potentially a large population of 

allospecific T cells that would not experience the chronic stimulation needed to program 

dysfunction during tolerance. Observing the diversity of T cell clones from a naïve mouse that 

are activated after adoptive transfer into recently transplanted versus stably tolerant mice may 

provide an estimate of the number of transiently stimulated allospecific T cells. 
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It is not yet clear whether TCR75 and TEa cells represent the full range of dysfunctional 

states in allospecific T cells during tolerance. It is possible that there are allospecific T cells that 

retain even more function than TEa cells during tolerance, including IFN-g production. Previous 

results from our group showed that in mice without of a heart allograft to provide chronic 

alloantigen exposure, anti-CD154/DST treatment induced TCR75 cells to differentiate into 

memory cells instead of developing dysfunction (Miller et al. 2019). TEa cells did not up-

regulate expression of the canonical memory cell marker CD127 during tolerance, possibly 

because they experience an intermediate duration of alloantigen exposure. There may be other 

allospecific T cells stimulated even more briefly than TEa cells, which form long-lived memory 

cells during tolerance. The persistence of allospecific memory T cells during tolerance is of 

particular concern as memory T cells have been shown to resist TREG-mediated suppression 

(Yang et al. 2007). 

Little is known about the programming of dysfunction in tolerized allospecific T cells 

beyond the necessity for chronic alloantigen exposure. That TEa cells have lost the ability to 

produce IFN-g but are fully capable of recall expansion and TNF production, rather than 

displaying a partial impairment in all three functions, suggests that there is a sequential loss of 

function and potentially discrete stages of dysfunction in tolerized cells. Up-regulation of the 

surface markers of anergy also appears to occur in stages, with CD73 up-regulated to an 

intermediate level, similar to that observed in memory T cells, followed by strong up-regulation 

of FR4, and then a second up-regulation of CD73 expression. Expression of each of these 

markers may correlate with loss of particular effector functions, making them useful biomarkers 

for the extent of dysfunction in T cells. For example, FR4 up-regulation appears to occur 



  
 

135 

alongside loss of IFN-g production, while loss of TNF production and recall proliferation appear 

to occur later, with the second up-regulation of CD73. 

We have evaluated the functionality of tolerized allospecific TCONVs by examining their 

ability to perform multiple central functions: expansion and production of effector cytokines. 

However, TCONVs play a multi-faceted role during allograft rejection, which includes providing 

help to B cells and CD8+ T cells. Indeed, while expansion and production of IFN-g and TNF are 

important for TCONV function, it is possible that even the most dysfunctional allospecific TCONVs 

retain sufficient functionality during tolerance to reject an allograft and that rejection is 

controlled fully by TREGs. As shown in the previous chapter, experiments to evaluate whether 

tolerized allospecific TCONVs are sufficient to reject a graft in the absence of other lymphocytes 

are complicated by the recovery of TCONVs outside the tolerant environment, including other 

lymphocytes. Preliminary RNAseq data from our group do indicate that tolerant TCR75 cells are 

highly distinct from memory TCR75 cells at the transcriptional level beyond the effector 

functions evaluated in this study. 

For functional transiently activated T cells to pose a threat to the allograft, they must be 

exposed to their cognate alloantigen at a later time. Thus, T cells specific for alloantigens 

irreversibly down-regulated shortly after transplantation are likely harmless. For T cells directly 

and indirectly recognizing donor MHC Class II, we hypothesize that secondary exposure would 

occur during an inflammatory challenge, when MHC Class II expression is up-regulated on graft 

endothelial cells in response to IFN-g. Of course, this would only be possible for vascularized 

grafts containing donor-derived endothelial cells that survive long-term after transplantation. 

Similarly, expression of hypothesized transiently-expressed alloantigens derived from stress-

induced minor histocompatibility antigens would be up-regulated during injury or inflammation. 
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Alternatively, T cells specific for alloantigens that are expressed persistently at levels too low to 

induce chronic stimulation may, on rare occasion, encounter sufficient alloantigen to become 

activated. This may occur by chance, or at a time when a large amount of their alloantigen is 

shed from the graft, processed and presented, for example following injury and death of graft 

cells. 

The functional allospecific T cells we have identified may play an important role in 

rejection late after transplantation that is observed commonly in clinical transplant recipients. 

Prior work from our lab showed that chronically stimulated allospecific T cells also developed 

dysfunction in graft recipients treated with conventional immunosuppression rather than anti-

CD154/DST (Miller et al. 2019). However, alloimmune responses still occur late after 

transplantation, resulting in chronic rejection and episodes of acute rejection. Allospecific T cells 

retaining functionality long-term during tolerance may provide the source of alloreactivity 

needed for rejection late after transplantation. Indeed, alloantibodies produced de novo after 

transplantation are often directed towards alloantigens predicted to exhibit transient expression. 

For example, de novo alloantibody production is more frequently directed towards donor MHC 

Class II than MHC Class I, and is predictive of graft failure (Ntokou et al. 2011, Haririan et al. 

2009). More recently, alloantibodies specific for the polymorphic stress-induced molecule MICA 

have been detected in transplant recipients, and are associated with poor graft outcome (Zou et 

al. 2007). 

Understanding how allospecific TCONVs can circumvent or reverse the mechanisms of 

tolerance and which cells drive rejection during infection will inform strategies to prevent 

disruption of tolerance. Overall, we have identified a previously unappreciated source of 

functionality in the allospecific T cell population that may pose a significant risk to graft survival 
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during donor-specific tolerance or possibly also following transplantation with conventional 

immunosuppression. We have also determined that repeated injections of donor splenocytes 

could provide the chronic antigen exposure needed to induce dysfunction in TEa cells. If 

functionality retained by allospecific T cells during transplantation tolerance contributes to 

rejection late after transplantation, then prolonging exposure to alloantigens expressed transiently 

in the graft may increase the robustness of donor-specific tolerance by promoting the 

development of more severe dysfunction in a wider array of allospecific T cells. 
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 Discussion 

Introduction 

This work identifies TREG-mediated suppression as a central mechanism required for maintaining 

transplantation tolerance. Indeed, disruption of TREG-mediated suppression swiftly resulted in 

rejection in previously tolerant graft recipients, accompanied by allospecific T cell expansion, 

avidity maturation and alloantibody production. While cell-intrinsic dysfunction in tolerized 

allospecific T cells should protect the graft from rejection, we find that some allospecific T cells 

retain functionality during tolerance, and those which do become profoundly dysfunctional may 

recover, potentially posing a threat to graft survival. Our results indicate that the robustness of 

tolerance may be improved by strategies to protect TREG function, and may be enhanced by 

treatments that promote more profound dysfunction in a broader population of allospecific T 

cells. In transplant recipients who achieve tolerance, monitoring allospecific TREG function or 

TCONV dysfunction may be a useful strategy to detect disruptions to the tolerant state, prompting 

treatments to restore tolerance and prevent rejection. 
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Working Model 

We propose a working model of the mechanisms required to maintain transplantation tolerance 

and describe how tolerance may be disrupted following insults such as Lm infection. Treatment 

with the combination of anti-CD154 and DST drives allospecific TREG induction and expansion 

paired with abortive proliferation of allospecific TCONVs. The resulting high TREG:TCONV ratio is 

maintained long-term during tolerance, promoting continuous suppression of persisting 

allospecific TCONVs as well as new thymic emigrants (Fig. 5.1). As a result, allospecific TCONVs 

fail to expand during tolerance, even though they continue to encounter their cognate antigen. As 

avidity maturation requires T cell expansion, suppressing productive T cell proliferation through 

co-stimulation blockade, and later TREG-mediated suppression, prevents avidity maturation of 

allospecific TCONVs. It is not yet clear whether any individual downstream effect of TREG-

mediated suppression is most important for maintaining tolerance. Transfer of a large number of 

allospecific TCONVs can induce rejection in previously tolerant hosts (Miller et al. 2016b), though 

it is not known whether reversing TCONV dysfunction without direct impairment of TREGs can 

break established tolerance.   
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Figure 5.1 Changes to the allospecific T cell repertoire that support allograft acceptance 
after anti-CD154/DST treatment. 

In our model describing the mechanisms of transplantation tolerance, anti-CD154/DST treatment 
induces long-term changes to the allospecific T cell repertoire, which support allograft survival. 
First, anti-CD154/DST treatment restricts avidity maturation within the allospecific T cell 
population, limiting accumulation of highly potent high avidity T cells. Second, treatment with 
anti-CD154/DST increases the ratio of allospecific TREGs:TCONVs, promoting TREG-mediated 
suppression of alloimmunity. Finally, anti-CD154/DST treatment induces cell-intrinsic 
dysfunction in persisting allospecific TCONVs by promoting survival of the graft as a source of 
chronic antigen stimulation and inducing additional dysfunction-promoting signals. There may 
also be interplay between these mechanisms, as impairment in TREG function led to avidity 
maturation of some allospecific T cells and TREGs may provide signals required for programming 
TCONV-intrinsic dysfunction during tolerance.   

Allospecific TCONVs persisting within the tolerant graft recipient encounter chronic 

stimulation and dysfunction-inducing signals, which prevent them from developing into highly 

functional memory cells. As cells are chronically stimulated, they first lose the ability to produce 

IFN-g, then later lose potential for recall expansion and TNF production. As they lose 

functionality, chronically stimulated cells also up-regulate markers of anergy, first up-regulating 

expression of CD73 to an intermediate level, then increasing FR4 expression, and finally 

undergoing a second up-regulation of CD73. Intrinsic dysfunction may prevent TCONVs from 

expanding or performing effector functions if they are stimulated while a TREG is not 
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immediately present to suppress their activation, as we observed in tolerant TCR75 cells that 

were isolated from the tolerant environment and stimulated either in vitro or in naïve secondary 

hosts. Cell-intrinsic dysfunction may also explain why some allospecific T cells do not avidity 

mature when TREGs are depleted during the maintenance phase of tolerance, though it is unclear 

why some T cells do remain dependent on TREGs for preventing avidity maturation.  

We have found that the dysfunctional state is reversible. While the signals required to 

reverse T cell dysfunction have not been identified, they likely include an absence of suppressive 

signals (potentially deriving from TREGs), cessation of TCR signaling, encounter of pro-

inflammatory molecules or some combination of these factors. T cells whose cognate 

alloantigens are expressed only transiently within the graft may retain functionality during 

tolerance either because they were not stimulated with enough chronicity to induce the 

dysfunctional state or because they recovered function after they stopped encountering TCR 

signaling (Fig. 5.2). While we have focused our study on an indirectly presented donor MHC 

Class II-derived peptide as a transiently expressed alloantigen, there are likely other transiently 

expressed alloantigens in both murine and human allografts, including stress-induced molecules 

and directly presented donor MHC Class II. Low avidity allospecific T cells or T cells specific 

for poorly presented alloantigens additionally may not encounter chronic TCR signaling of 

sufficient intensity to program dysfunction to the same extent as we have observed in TCR75 

cells during tolerance.  
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Figure 5.2 Development of dysfunction in allospecific TCONVs specific for antigens with 
various expression kinetics. 

In our model, the duration of alloantigen (Ag) exposure influences the fate of allospecific T cells 
during tolerance, with T cells specific for very transiently expressed antigens (such as those 
encountered after anti-CD154/DST without heart transplantation) developing memory, T cells 
encountering slightly more persistent antigens (such as donor MHC Class II within a heart 
allograft) losing some effector function and T cells specific for the most persistent alloantigens 
(such as donor MHC Class I within a heart allograft) losing the greatest amount of function. 

We hypothesize that TREGs suppress alloimmune responses by TCONVs that have retained 

or recovered function when encountering their cognate antigen during transplantation tolerance. 

Thus, functional allospecific T cells may only pose a threat to graft survival if TREG function is 
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impaired. While we have not identified allospecific memory cells persisting during tolerance, 

that very transient alloantigen encounter in untransplanted anti-CD154/DST-treated mice led to 

the development of allospecific memory T cells indicates that alloantigens expressed very 

transiently within an allograft may also induce the development of persistent memory cells that 

are resistant to suppression. We do not yet understand the breadth of functional states T cells can 

develop during tolerance or the relative abundance of allospecific T cells falling into these 

different states. 

Impairment of TREG function through TREG depletion or other insults potentially including 

Lm infection, disrupts several downstream immune mechanisms maintaining tolerance, leading 

to activation of alloimmunity and rejection. Due to loss of TREG-mediated suppression and/or 

systemic autoimmunity, allospecific T cells expand after TREG impairment in previously tolerant 

hosts. For some allospecificities, highly potent high avidity T cell clones expand preferentially, 

leading to avidity maturation. Considering our data showing that tolerant TCONVs do not 

immediately recover functionality when removed from the tolerant environment, it is possible 

that cells specific for transiently expressed alloantigens, which retain functionality, are the first 

to mediate rejection when released from TREG-mediated suppression. Chronically stimulated 

allospecific T cells may recover function over time and then join the alloimmune response. 

Allospecific B cells also appear to recover functionality in this environment. If the disruption in 

TREG function is brief, chronically stimulated T cells and B cells may not have sufficient time to 

recover function. Future studies will investigate the relationship between the duration of a 

challenge to tolerance and the quality of alloimmune response. 

Given this model, methods to prevent disruption of TREG-mediated suppression are 

expected to promote the robustness of donor-specific tolerance. Additionally, inducing 
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dysfunction in T cells specific for transiently expressed alloantigens may make tolerance more 

robust, as even though dysfunctional cells can recover under some circumstances, they do remain 

dysfunctional in a cell-intrinsic manner for several days. Cell-intrinsic dysfunction in TCONVs 

may represent a mechanism to prevent unwanted immune responses given that it cannot be 

guaranteed that a TREG will be present during every interaction between an auto- or allo-reactive 

TCONV and its cognate pMHC. Perhaps this mechanism plays a particularly critical role in 

maintaining tolerance during infections, when self- or donor-specific TREGs are intrinsically 

impaired or overcrowding with T cells specific for the pathogen limits TREG:APC interactions. 

Dysfunction may therefore act as a memory of suppression until the cell is reminded by another 

encounter with its suppressive signal. Future studies will investigate whether programming 

dysfunction in a broader population of allospecific TCONVs is able to stabilize the tolerant state 

during challenges such as Lm infection. 

Future Directions 

Generating TCR-retrogenic (Rg) CD4+ T cells with varied avidity for alloantigen. 

We have found that high avidity CD8+ T cells are more potent in mediating skin allograft 

rejection than lower avidity CD8+ T cells with the same specificity. Whether avidity for 

alloantigen also impacts the strength of rejection mediated by CD4+ T cells remains to be 

determined. The factors that influence the strength of CD4+ T cell-mediated immunity are key as   

CD4+ T cells are thought to be critical contributors to clinical allograft rejection. CD4+ T cells 

also play distinct and diverse roles in alloimmunity, including cytokine production, and help to T 

cells, B cells and other immune cells. Determining which, if any, of these functions are impacted 
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by CD4+ T cell avidity will provide a greater understanding of the processes of rejection and 

basic immune functions of TCONVs. Additionally, because skin allografts are resistant to tolerance 

induction, studying the role of avidity in tolerance requires the use of other transplant models, 

such as heart transplantation, where CD4+ T cells are necessary for rejection (Krieger, Yin, and 

Fathman 1996). 

While the TCR-Tg mice expressing monoclonal CD8+ OT-I and OT-3 T cells are 

important for studying the role of avidity in shaping alloimmunity mediated by CD8+ T cells, 

TCR-Tg mice expressing CD4+ T cells with varied avidity for the same alloantigen have not yet 

been described. We have generated “TCR-retrogenic (Rg)” mice that received bone marrow 

virally transduced to express TCRs of varied avidity for the same alloantigen. TCR-Rg mice 

offer several advantages compared to TCR-Tg mice that express a TCR of interest due to 

germline incorporation of that TCR sequence as a transgene. TCR-Tg mice must be bred 

continuously to generate new mice and propagate the line, making comparison of multiple TCR-

Tg mouse lines very costly. In contrast, TCR-Rg mice are created as needed by transfecting bone 

marrow from a single line of bone marrow donor mice with any TCR of interest. This makes 

feasible the comparison of multiple TCR sequences, which, for example, would allow us to draw 

stronger conclusions about the association between T cell avidity for alloantigen and 

alloimmunity or susceptibility to the mechanisms of tolerance. Generation of new TCR-Tg mice 

is also a slow process, often taking greater than 6 months, whereas TCR-Rg mice are typically 

ready for experimentation 6 weeks after BMT. Finally, comparison of TCR-Tg mice is 

complicated by the random insertion of the transgene, which can disrupt endogenous gene 

functions in all progeny (Bettini, Bettini, and Vignali 2012, Holst et al. 2006). Thus, TCR-Rg 

mice are ideal for comparing T cells with varied avidities for the same alloantigen. 
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We chose to generate TCR-Rg T cells specific for 2W:I-Ab as rejection of minor 

mismatched 2W-mOva B6 grafts and haploidentical 2W-mOva F1 allografts in B6 mice has 

been well characterized by our group and others. Fully mismatched 2W-mOva BALB/c donor 

mice are also available and would limit presentation of the alloantigen to the indirect 

allopresentation pathway. Using 2W:I-Ab pMHC multimers, we have also observed a strong 

response to 2W:I-Ab in the polyclonal endogenous T cell population of B6 mice after 

transplantation with a 2W+ graft. Thus, monoclonal 2W:I-Ab-specific T cells would be valuable 

for studying alloimmunity and tolerance in a variety of settings. To identify TCR sequences from 

TCONVs specific for 2W:I-Ab we first expanded the endogenous 2W:I-Ab-specific population in 

B6 Vb3-Tg FoxP3GFP mice with 2W-mOva F1 DST. We chose to fix the Vb sequence of the B6 

mice so that only TCRa would need to be sequenced and transduced into the TCR-Rg mice. 

Eight days after immunization, we sorted CD4+ CD44hi FoxP3- 2W:I-Ab tetramer-binding 

splenocytes then sequenced the TCRa in those cells for sequencing (Fig. 5.3A). Because 2W:I-

Ab tetramer MFI correlated with functional avidity (Fig. 2.1B), we collected 2W:I-Ab bright (Hi) 

and 2W:I-Ab dim (Lo) cells separately from within the 2W:I-Ab tetramer-binding population 

(Fig. 5.3B), hypothesizing that higher avidity T cells would be found uniquely in the tetramerhi 

population, lower avidity cells would be uniquely in the tetramerlo population and cells with 

intermediate avidity would be in both populations. We collected tetramerhi and tetramerlo cells 

from 10 mice, which were pooled into 3 groups of 3-4 mice each before TCR sequencing. 

Distribution of cells into each gate was fairly consistent between mice (Fig. 5.3C). 
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Figure 5.3 Generation of TCR-retrogenic T cells with varied avidities for 2W:I-Ab. 

(A) Experimental design for generation of TCR-retrogenic T cells with varied avidities for 2W:I-
Ab. (B) Left: gating strategy for sorting 2W:I-Ab tetramer+ cells of varied structural avidities 
from B6 Vb3-Tg FoxP3GFP mice after BALB/c DST immunization. Right: tetramer staining 
intensity in previously sorted tetramerhi and tetramerlo cells. (C) Distribution of tetramer staining 
intensity in cells from three independent mice gated as shown in (B).  
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We identified 570 unique CDR3 sequences from the tetramerhi and tetramerlo samples 

analyzed. We narrowed our selection to the 40 CDR3 sequences identified in ≥2 samples of the 

same tetramer binding intensity to exclude non-2W:I-Ab-specific sequences that may have been 

erroneously included in the samples. Seven CDR3 sequences (TRAVs 1-7) with relatively high 

prevalence but different distribution patterns across tetramerhi and tetramerlo samples were 

chosen for TCRa cloning and generation of TCR-Rg mice (Fig. 5.4A, Table 5.1). TRAVs 1 and 

2 were highly abundant and predicted to have intermediate avidity as they were found in both 

tetramerhi and tetramerlo samples. TRAVs 3 and 4 were predicted to have high avidity as they 

were exclusively found in tetramerhi samples. TRAV5 was predicted to have intermediate-high 

avidity as it was more representative of the tetramerhi population than the tetramerlo population. 

TRAVs 6 and 7 were found exclusively in the tetramerlo population, suggesting that they were of 

low avidity. TCR-Rg mice have successfully been made for TRAVs 1, 5 and 6. TRAV6 cells 

were found to likely be autoreactive as they were very rarely observed in the peripheral T cell 

repertoire and the majority of those present in the spleen and lymph nodes were CD44hi in naïve 

mice. We tested the specificity and functional avidity of CD44lo CD4+ CD45.2/.2 Thy1.1+ spleen 

and lymph node cells from TRAV1 and TRAV5 TCR-Rg mice. Both proliferated in response to 

B6 APCs presenting 2W peptide in vitro. We also determined that they were not reactive to other 

alloantigens present in 2W-mOva F1 DST, which would also be present as alloantigens in our 

mouse models of transplantation, by stimulating them with B6 APCs presenting an MHC Class 

II restricted Ova peptide (OT-2) or F1 APCs in vitro (Fig. 5.4B). We then compared the 

functional avidity of TRAV1 and TRAV5 by stimulating CTV-labeled cells with B6 APCs and a 

dose titration of 2W peptide in vitro. The avidities of TRAV1 and TRAV5 were very similar 

though TRAV1 may be of slightly higher avidity (EC50 within 10 µg/mL of TRAV5) (Fig. 5.4C). 
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Figure 5.4 TCR-Rg T cell specificity and relative avidity for 2W:I-Ab. 

(A) Frequency of CDR3 sequences in CD44hi FoxP3- 2W:I-Ab tetramerlo and tetramerhi cells 
sorted from B6 Vb3-Tg FoxP3GFP mice immunized with F1 (B6 x BALB/c) 2W-Ova DST. 
CDR3 sequences cloned for generation of Rg T cells are labeled. Predicted T cell avidities are 
color coded in blue (low), green (low-intermediate), purple (intermediate) and red (high). Only 
the 40 CDR3 sequences found in ≥ 2 samples of the same tetramer staining intensity are shown 
out of 570 CDR3 sequences identified. Line at x=y. (B) Histograms showing CTV dilution in 
TRAV1- and TRAV5-Rg T cells after in vitro stimulation by B6 or F1 (B6 x BALB/c) APCs +/- 
OT-2 peptide, 2W peptide or anti-CD3 (C) CTV dilution in TRAV1- and TRAV5-Rg T cells 
stimulated in vitro by B6 APCs with a dose titration of 2W peptide. Results in (B) and (C) are 
representative of 1 experiment for TRAV5 and 2 independent experiments for TRAV1. 



  
 

150 

Table 5.1 CDR3 sequences of TCR-Rg T cells with contributing Va and Ja segments. 

Identifier CDR3 amino acid sequence Va Ja 
TRAV1 ATERPNKVV 8D-2*01 34*02 
TRAV2 ATDRGSALGRLH 8D-2*02 18*01 
TRAV3 ALRDTNAYKVI 6D-5*01 30*01 
TRAV4 ATERPHNVGDNSKLI 8D-2*01 38*01 
TRAV5 ATERPYNVGDNSKLI 8D-2*01 38*01 
TRAV6 AVSMRNNNAPR 7-6*02 43*01 
TRAV7 ASNNYAQGLT 13D-1*02 26*01 

It is possible that 2W:I-Ab tetramer binding requires relatively high avidity, and that the 

CDR3 sequences identified thus far reflect a narrow range of avidities. If that is the case, we will 

attempt to identify lower avidity T cells for sequencing by staining them with higher-order 

pMHC dodecamers, which are better able to bind low avidity cells than pMHC tetramers or 

pentamers (Huang et al. 2016). After identifying TCR-Rg T cells with a broad range of avidities 

for 2W:I-Ab, we will test whether high avidity CD4+ T cells are more potent in mediating graft 

rejection and which alloimmune functions enhanced in high avidity cells contribute to their 

increased efficacy. Limiting the number of high avidity T cells may also support tolerance if high 

avidity cells are resistant to suppression or other mechanisms of tolerance. Thus, we will 

determine whether adoptive transfer of high versus low avidity allospecific T cells prevents 

induction or maintenance of tolerance to heart transplants. If either cell population is deleterious 

to tolerance, we can investigate which mechanisms of tolerance they resist by comparing 

suppression, anergy induction or deletion of high avidity versus low avidity cells. We may also 

compare transcriptional profiles of high and low avidity allospecific tracer TCR-Tg cells after 

immunization, rejection or tolerance by RNAseq to identify markers of avidity as well as 

functions and expression patterns that correlate with avidity. 
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Pairing structural avidity and transcriptomic analysis through DNA barcoded pMHC 

dextramers. 

Monoclonal T cells from TCR-Tg and TCR-Rg mice are important tools for studying the 

function of allospecific T cells with varied avidities during rejection and tolerance. However, the 

endogenous polyclonal allospecific T cell repertoire is vast. Indeed, we identified over 500 

CDR3 sequences from 2W:I-Ab tetramer-binding cells even without TCRb rearrangement 

contributing to TCR diversity. It is not feasible to compare the function of nearly these many 

TCR-Rg mice and a small number of selected TCRs is unlikely to represent the behavior of such 

a diverse population. However, DNA-barcoded pMHC multimers (Immudex) have recently been 

developed to identify T cells of a given antigen specificity in parallel with single cell RNA 

sequencing (scRNAseq). We hypothesize that staining intensity and barcode read count will 

correlate with T cell functional avidity, as we have found for pMHC multimers in the past (Figs. 

2.1 and 2.2). Additionally, because barcoded pMHC dextramers can contain a higher number of 

pMHC molecules per multimer than the tetramers and pentamers we have used in the past, they 

may also be able to identify T cells of lower avidity than we have been able to study thus far. 

If we find that pMHC dextramer staining intensity and barcode read count correlate with 

functional avidity, we will perform scRNAseq paired with allogeneic pMHC dextramer binding 

in CD4+ and CD8+ T cells from rejecting and tolerant mice. Using these data, we will identify 

transcripts whose expression levels correlate with avidity, potentially identifying biomarkers that 

could be used to track high avidity allospecific T cells in transplant patients. We will determine 

whether higher avidity cells produce more effector molecules on a per-cell basis or whether high 

and low avidity cells perform distinct functions during rejection or tolerance. We will determine 

whether high avidity TREGs express more suppressive molecules or a different subset of 
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suppressive molecules than lower avidity TREGs during tolerance and observe whether high or 

low avidity TCONVs retain more effector function during tolerance, indicating resistance to 

mechanisms of tolerance. We will then confirm these findings in vivo using TCR-Rg T cells of 

varied avidities. Further, single cell pMHC dextramer barcode sequencing and RNA sequencing 

can be combined with TCR sequencing to identify additional sequences for generating TCR-Rg 

mice of different specificities or broader avidities. 

Are suppressive signals from TREGs sufficient to induce and maintain transplantation tolerance? 

Our findings that tracer TCR75 cells remained functional and failed to develop an anergy-

associated phenotype in P14 Rag-/- hosts after transplantation with anti-CD154/DST treatment 

indicate that P14 Rag-/- mice are missing one or more components required for programming 

TCONV dysfunction during transplantation tolerance. Dysfunctional tolerized TCR75 cells from 

lymphoreplete heart allograft recipients also recovered function in P14 Rag-/- secondary hosts, 

indicating that P14 Rag-/- hosts lack signals needed to maintain dysfunction in tolerized TCONVs. 

In future studies, we will identify these necessary signals and the cells supplying them in the 

tolerant environment.  

P14 Rag-/- mice lack all lymphocytes except for a single clone of CD8+ T cells 

recognizing an LCMV-derived antigen. Thus, P14 Rag-/- mice are devoid of B cells as well as 

allospecific CD4+ and CD8+ T cells, including suppressive T cell subsets. Because we have 

found that TREGs are necessary to prevent T cell-mediated rejection during tolerance, and TREGs 

are required to maintain dysfunction in autoreactive T cells, we hypothesize that TREGs provide 

the signal required for inducing and maintaining dysfunction that is missing from P14 Rag-/- 

mice. We will test whether adoptive transfer of TREGs into P14 Rag-/- primary hosts prior to 
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transplantation with anti-CD154/DST is sufficient to allow the development of dysfunction in 

tracer TCR75 cells. We will also test whether tolerized TCR75 cells remain dysfunctional and 

fail to reject skin grafts after adoptive transfer into P14 Rag-/- secondary hosts when TREGs are co-

transferred with them. These protocols may be adapted to co-transfer other lymphocyte subsets 

that are missing in P14/Rag-/- mice if we find that TREGs do not restore the induction or 

maintenance of dysfunction in tolerized TCR75 cells. Identifying the cell subset responsible for 

the dysfunctional state we have observed will improve our understanding of the mechanisms 

contributing to transplantation tolerance, and suggest which molecular signals are provided to the 

TCONV to induce dysfunction. Further experiments to better understand the signaling pathways 

involved in programming dysfunction may inform improved strategies for tolerance induction 

and a better understanding of T cell dysfunction in other physiological contexts. 

Prolonging alloantigen exposure through multiple transfusions of  donor splenocytes to induce a 

tolerant state that is resistant to systemic infection with Listeria monocytogenes. 

We have found that some allospecific T cells retain greater functionality than others during 

transplantation tolerance. We hypothesize that the enhanced functionality of this subset increases 

their potency in rejecting previously accepted allografts after Lm infection. Having found that 

prolonging exposure to alloantigen through repeated injections of DST promotes dysfunction in a 

wider array of allospecific T cells than does a single DST injection, we will test whether adding 

repeated injections of DST to our existing tolerization protocol enhances the robustness of 

tolerance. We will determine whether graft recipients tolerized with anti-CD154 and multiple 

repeated injections of DST experience more stable graft function after Lm infection than mice 

tolerized to their graft with anti-CD154 and a single DST injection. 
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Our results showing recovery of function in tolerized TCR75 cells after transfer into non-

tolerant secondary hosts may reflect a requirement for continuous stimulation to maintain the 

dysfunctional state. Thus, if prolonging alloantigen exposure does enhance the robustness of 

donor-specific tolerance, it will be important to determine whether DST injections are required 

perpetually, whether an extended but defined period of treatment permanently increases the 

robustness of tolerance, or whether occasional DST injections would be sufficient to reinforce T 

cell dysfunction after the induction of tolerance. To test whether continuous injections are 

required to improve the resistance of tolerance to Lm infection, we will provide multiple 

repeated injections of DST over the course of 30 days, and then cease injections for ≥30 days 

prior to Lm infection. These findings will have important implications for the clinical translation 

of prolonged exogenous alloantigen exposure to enhance tolerogenic therapies. 

Investigating the necessity for persistent alloantigen exposure to prevent development of 

alloimmunity in clinical transplant recipients. 

We have established a collaboration with clinicians at Hôpital Erasme in Brussesls, Belgium to 

collect serum samples from renal and combined renal/pancreas transplant recipients who 

underwent conventional immunosuppression and later required transplantectomy due to graft 

failure. In these patients, transplantectomy removes the source of alloantigen, thus ceasing 

chronic stimulation to allospecific T cells. We hypothesize that alloreactive cells will recover 

functionality after transplantectomy. Our study will compare alloantibody production in the 

serum from these patients before and after transplantectomy to determine whether alloreactivity 

is enhanced after removal of the graft. These results will provide important clinical translation of 

our findings that chronic antigen exposure is required to maintain dysfunction in alloreactive 

lymphocytes. 
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Conclusion 

In summary, we have shown that TREG-mediated suppression is responsible for multiple 

downstream immune mechanisms acting on allospecific TCONVs to support transplantation 

tolerance. Further, we showed that TREGs are required for maintaining tolerance. We have also 

identified a population of functional allospecific T cells persisting long-term in tolerant graft 

recipients, which may represent a larger population of functional allospecific T cells posing a 

threat to long-term graft survival. Finally, we have developed an approach to reduce 

functionality of these cells. These findings highlight previously unappreciated vulnerabilities of 

tolerance, mechanisms of rejection after tolerance and identify strategies that may improve the 

robustness of transplantation tolerance.  
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Appendix. Impact of donor and recipient microbiome 

composition on transplant outcomes. 

Note: the following section titled “Impact of donor and recipient microbiome composition on 

transplant outcomes” is reproduced with minor editing and re-numbering of figures from 

reference (McIntosh et al. 2018). 

Abstract 

Background 

Solid organ transplant recipients show heterogeneity in the occurrence and timing of 

acute rejection episodes. Understanding the factors responsible for such variability in patient 

outcomes may lead to improved diagnostic and therapeutic approaches. Rejection kinetics of 

transplanted organs mainly depends on the extent of genetic disparities between donor and 

recipient, but a role for environmental factors is emerging. We have recently shown that major 

alterations of the microbiota following broad-spectrum antibiotics, or use of germ-free animals, 

promoted longer skin graft survival in mice. Here, we tested whether spontaneous differences in 
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microbial colonization between genetically similar individuals can contribute to variability in 

graft rejection kinetics. 

Results 

We compared rejection kinetics of minor mismatched skin grafts in C57BL/6 mice from Jackson 

Laboratory (Jax) and Taconic Farms (Tac), genetically similar animals colonized by different 

commensal microbes. Female Tac mice rejected skin grafts from vendor-matched males more 

quickly than Jax mice. We observed prolonged graft survival in Tac mice when they were 

exposed to Jax mice microbiome through co-housing or fecal microbiota transplantation (FMT) 

by gastric gavage. In contrast, exposure to Tac mice did not change graft rejection kinetics in Jax 

mice, suggesting a dominant suppressive effect of Jax microbiota. High-throughput sequencing 

of 16S rRNA gene amplicons from Jax and Tac mice fecal samples confirmed a convergence of 

microbiota composition after cohousing or fecal transfer. Our analysis of amplicon data 

associated members of a single bacterial genus, Alistipes, with prolonged graft survival. 

Consistent with this finding, members of the genus Alistipes were absent in a separate Tac 

cohort, in which fecal transfer from Jax mice failed to prolong graft survival. 

Conclusions 

These results demonstrate that differences in resident microbiome in healthy individuals may 

translate into distinct kinetics of graft rejection, and contribute to interpersonal variability in graft 

outcomes. The association between Alistipes and prolonged skin graft survival in mice suggests 

that members of this genus might affect host physiology, including at sites distal to the 

gastrointestinal tract. Overall, these findings allude to a potential therapeutic role for specific gut 

microbes to promote graft survival through the administration of probiotics, or FMT. 
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Introduction 

Solid organ transplantation is a common treatment for end-stage organ failure. However, most 

transplant recipients need to remain on lifelong immunosuppression to prevent immune-mediated 

acute rejection of the donor organ, leaving them susceptible to infections (Fishman 2017), 

malignancies (Doycheva, Amer, and Watt 2016), and drug toxicity (Naesens, Kuypers, and 

Sarwal 2009). In the absence of immunosuppression, the transplant recipient’s immune system 

recognizes the donor organ as non-self and mounts an immune response, termed the alloimmune 

response (Gurley, Lowry, and Forbes 1983). Even in patients taking immunosuppressive drugs, 

an alloimmune response can occur and cause acute graft rejection leading to permanent damage 

to and loss of the transplanted organ. Importantly, patients who are successfully treated for 

episodes of acute rejection experience worse long-term graft survival than patients who never 

experience an acute rejection episode (Koo et al. 2015). 

Recipients of solid organ transplants show heterogeneity in the occurrence and timing of 

acute rejection episodes. While some patients experience acute rejection within the first year 

after transplantation, others retain their grafts long-term despite similar immunosuppression 

(Hart et al. 2017, Kim et al. 2017), and a small subset spontaneously develops operational 

tolerance, the ability to maintain allografts without rejection after withdrawal of 

immunosuppression (Roussey-Kesler et al. 2006, Mazariegos et al. 1997). Understanding the 

factors responsible for such heterogeneity may lead to improved screening protocols for patients 

and the development of therapeutics to prevent or treat acute rejection. 

The likelihood and intensity of acute rejection episodes is mainly determined by the 

extent of genetic disparities between the donor and the recipient of the allograft. However, a role 

for environmental factors is emerging. High-fat (Molinero et al. 2016) and high-salt diet (Safa et 



  
 

159 

al. 2015) have been shown to lead to accelerated transplant rejection in mice. Additionally, 

infection has been associated with increased incidence of acute rejection in kidney (Abbott et al. 

2004, Reinke et al. 1994) and lung (Husain et al. 2007, Vilchez et al. 2003) transplant patients. In 

mice, infection with S. aureus (Ahmed et al. 2011) or Listeria monocytogenes (Wang et al. 2008) 

prevented the induction of graft-specific tolerance and L. monocytogenes infection could also 

break transplantation tolerance after it had been established (Wang et al. 2010b). Given its role in 

the development and function of the immune system (Smith, McCoy, and Macpherson 2007), 

and the molecular similarity between pathogens and commensal microbes, the microbiota may 

also contribute to the intensity of alloimmunity and the kinetics of acute rejection. 

Our group has previously shown that germ-free and antibiotic-pre-treated mice exhibit 

dampened alloimmunity, and prolonged survival of skin grafts, and that gastric inoculation of 

germ-free mice with FMT from conventional mice is sufficient to accelerate skin graft rejection 

(Lei et al. 2016). These findings indicate that the microbiota is an environmental factor that can 

causally affect alloimmunity and that massive alterations in the microbiota can translate into 

measurable differences in graft outcome. However, the comparison between sterile and 

colonized mice is not representative of the differences in microbiota composition between 

individuals. In this study, using a murine model of skin transplantation, we set out to determine 

whether differences in resident microbiota between healthy individuals at steady state may 

impact graft survival. 

Investigating communities of commensal microbes associated with different skin 

transplant outcomes may allow identification of specific members of the microbiota contributing 

to transplant rejection. Individual microbial taxa have been shown to promote varied immune 

phenotypes in their hosts. For example, Bacteroides fragilis and some Clostridium species have 
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been shown to promote the development of TREGs (Atarashi et al. 2011, Ochoa-Repáraz et al. 

2010), and segmented filamentous bacteria have been shown to promote differentiation of naïve 

T cells into TH17 cells (Ivanov et al. 2009) in the gut mucosa. With the recent discovery of 

specific microbes modulating anti-tumor immunity (Sivan et al. 2015, Vétizou et al. 2015, Iida et 

al. 2013), susceptibility to rheumatoid arthritis (Scher et al. 2013, Marietta et al. 2016), 

experimental autoimmune encephalomyelitis (Ochoa-Repáraz et al. 2010), and other immune-

mediated diseases distal to the gut in mouse models (Belkaid and Hand 2014), we sought to 

identify members of the gut microbiota associated with improved or worsened transplant 

survival. Here, we provide evidence that members of the genus Alistipes are associated with 

improved survival of transplanted skin in mice. 

Materials and Methods 

Mice 

We obtained C57BL/6 (B6) from Jackson Laboratory or Taconic Farms and performed all 

experiments using 6–8-week-old male or female mice. We fed mice with Harlan Teklad 2018 

diet, maintained them on distilled water, and housed them in individually ventilated cages in a 

specific pathogen-free animal facility at the University of Chicago. We collected fecal samples 

directly into autoclaved tubes, avoiding contact with mouse skin or urine, and stored them at 

− 20°C until DNA isolation. 

Skin transplantation 

We transplanted tail skin from male B6 mice onto the flank of female B6 recipients as previously 

described (Kellersmann and Zhong 1998) and removed bandages after 7 days, while monitoring 
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the graft survival every other day thereafter. We reported “rejection” when less than 20% of 

transplanted skin was viable. 

Cohousing and FMT experiments 

For cohousing experiments, we kept two or three B6 mice from each Jax and Tac cohort in the 

same cage (five mice/cage) for 3 weeks prior to transplantation. Cohousing experiments prior to 

transplantation included both skin transplant donors and recipients grouped based on their 

gender. For FMT experiments, male mice received oral FMT from male mice, while female mice 

received oral FMT from female mice. FMT donor mice arrived from Jax or Tac in the same 

shipments as FMT recipient mice, but were housed separately from FMT recipients. We 

prepared a separate fecal suspension from each of three FMT donor mice by suspending one 

fecal pellet in 1 mL sterile phosphate buffered saline using a syringe and 18-gauge needle 

(Becton Dickinson) until all volume could pass through the needle. We allowed particulates to 

settle for 30 s before drawing supernatant into a syringe attached to a 22-gauge gavage needle 

(Fine Science Tools). We pooled together 500 μL of the supernatants from each of the three 1 

mL suspensions and deposited 200 μL of this pooled supernatant into the stomach of each 

recipient mouse by gavage. Each FMT recipient was gavaged 7, 4, and 1 days prior to skin 

transplantation, with donor feces freshly harvested from the same three Jax or Tac FMT donors 

immediately prior to gavage, and the first FMT obtained upon arrival of the Jax or Tac mice to 

our facility. We cleaned gavage needles with 70% ethanol between mice, using different gavage 

needles for each treatment group. We cleaned gavage needles with 70% ethanol and autoclaved 

them after the final gavage on each experimental day. 
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Microbial DNA isolation, sequencing library preparation, and analysis 

QIAamp DNA Stool Mini Kit (QIAGEN) extracted the DNA from fecal samples homogenized 

with 0.1 mm zirconia/silica beads in 1.4 mL ASL buffer (QIAGEN) in a Mini-Beadbeater 

(Biospec). The Environmental Sample Preparation and Sequencing Facility at Argonne National 

Laboratory (Argonne, IL, USA) performed library preparation and sequencing of our DNA 

isolates. Thirty-five cycles of amplification were performed using primers (Caporaso et al. 2012) 

that target the V4-V5 region of the 16S rRNA gene to generate our amplicons from purified 

DNA, and Illumina MiSeq paired-end sequencing (2 × 300) was used to sequence our amplicon 

libraries at the High-Throughput Genome Analysis Core in the Argonne National Laboratory. 

Quantitative Insights Into Microbial Ecology (QIIME) software (Caporaso et al. 2010) joined 

paired-end sequences and de-multiplexed raw sequencing data into samples. We identified ASVs 

in our dataset to infer high-resolution microbial community structures using Minimum Entropy 

Decomposition (MED) (Eren, Morrison, et al. 2015) via the previously described oligotyping 

pipeline (Eren et al. 2013). We used Global Alignment for Sequence Taxonomy (GAST) (Huse 

et al. 2008) to infer the taxonomic affiliation of each ASV. After identifying ASVs, QIIME 

calculated alpha diversity estimates with Shannon entropy and inverse Simpson index. We 

performed principal coordinate analysis (PCoA) to infer similarities between samples based on 

their microbial community structures using the relative abundances of ASVs and the Bray-Curtis 

distance with the R package phyloseq (McMurdie and Holmes 2013) after removing samples 

with less than 2500 reads. We generated heat map visualizations of ASV percent relative 

abundances using anvi’o v3 (Eren, Esen, et al. 2015). 
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Statistical analysis 

Kaplan-Meier plots and log-rank (Mantel-Cox) tests compared graft survival curves, and 

unpaired Mann-Whitney tests with Sidak-Bonferroni correction compared the relative abundance 

of microbial taxa across samples. We used Prism 6 (Graphpad) for statistical analyses and 

considered P < 0.05 to be statistically significant denoting levels of significance with increasing 

numbers of asterisks in our text and figures: *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. 

Results 

Microbiota composition differs in Jax and Tac mice of the same genetic background 

To determine whether specific commensal microbes could impact skin transplantation outcomes, 

we obtained mice of the same B6 genetic background from different vendors as they have been 

shown to be colonized by different communities of commensal microbes (Ivanov et al. 2009, 

Sivan et al. 2015). We performed 16S rRNA gene amplicon sequencing of fecal samples from 

Jax and Tac mice upon their arrival to our facility. We inferred highly resolved microbial 

community structures in our amplicon data with Minimum Entropy Decomposition (MED). 

MED iteratively decomposes a given amplicon dataset using highly variable nucleotide positions 

identified by Shannon entropy, until the variation within the population of amplicon sequences 

that resolve to the same oligotype, or “amplicon sequence variant” (ASV), is minimal (Eren, 

Morrison, et al. 2015). This strategy allows the identification of closely related but distinct taxa 

at a single-nucleotide resolution, better explaining micro-diversity compared to clustering 
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strategies that rely on arbitrary similarity thresholds (Callahan, McMurdie, and Holmes 2017, 

Needham, Sachdeva, and Fuhrman 2017, Eren et al. 2014, Eren, Sogin, and Maignien 2016). 

MED identified 195 ASVs present in female Jax or Tac mice. Female Jax and Tac mice 

were both colonized almost entirely by members of the phyla Firmicutes and Bacteroidetes and a 

small proportion of the phylum Tenericutes (Fig. A.1a left), which agrees with previous studies 

(Sivan et al. 2015).Tac mice were also colonized by a small proportion of ASVs assigned to the 

phylum Verrucomicrobia. While these ASVs made up only 2.1% of the Tac mice microbiota on 

average, this was a relative abundance 700-fold greater than in Jax mice. This lack of 

Verrucomicrobia members in Jax mice is consistent with our previous findings (Sivan et al. 

2015). 

To gain an understanding of the differences between Jax and Tac microbiota composition 

beyond taxonomic annotations, we compared the most abundant ASVs in Jax and Tac mice that 

made up at least 50% of the overall composition of each mouse (Fig. A.1a right). The 

distribution of the 12 ASVs that matched this criterion differed remarkably between Jax and Tac 

mice except two. One of the two ASVs that were similarly abundant in both groups 

(ASV_10871) could not be assigned taxonomy beyond the order Bacteroidales, while the other 

(ASV_66) resolved to the genus Lactobacillus. Five of the remaining ten ASVs (8132, 10739, 

12136, 12072 and 12134) were specific to Tac mice, as they were detected in every Tac mouse 

while being virtually undetected in Jax mice. None of the Tac-specific ASVs could be assigned 

taxonomy at a level higher than Bacteroidales order. Remaining five ASVs were specific to Jax 

mice, three of which (ASVs 1857, 1858, and 4421) were not assigned beyond the order 

Bacteroidales, and the last two were assigned to Allobaculum (ASV_100) and Alistipes 

(ASV_5969). Some lower abundance ASVs were also differentially abundant between Jax and 



  
 

165 

Tac mice. Relative abundance of ASVs_122, 5039, and 5968 were all over 1000-fold higher in 

Tac than in Jax mice and were assigned to family Prevotellaceae, genus Lactobacillus, and genus 

Parabacteroides, respectively. Conversely, the Bacteroidales-assigned ASV_1859 was over 

1000-fold more abundant in Jax than in Tac. 
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Figure A.1 Cohousing with Jax B6 mice results in prolonged skin transplant survival in 
Tac B6 mice. 

(a) Representation of phyla (left) or the 12 ASVs with highest average percent relative 
abundance across pre-cohousing Jax and Tac samples (right) after 16S rRNA gene sequencing 
and clustering of amplicons into ASVs using MED in female Tac and Jax B6 mice. 
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Figure A.1, continued: Each column represents an individual mouse. All phyla contributing to 
at least 1% of overall microbial composition are labeled and shown in color. (b-d) Survival of 
vendor-matched male B6 skin transplants in female Tac and Jax B6 mice housed separately or 
following cohousing of Jax and Tac skin graft donors and cohousing of Jax and Tac recipients 
for 3 weeks prior to transplantation. *P < 0.05, ****P < 0.0001; ns = not significant 

Skin graft rejection kinetics in Tac mice are affected by cohousing or FMT 

Following our observation of differences in microbiota composition between Jax and Tac mice 

arriving at our facility, we compared the kinetics of rejection of skin grafts bearing sex-

dependent minor (non-major histocompatibility complex) mismatches, as skin from male mice 

expresses H-Y antigens encoded by the Y chromosome (Billingham, Silvers, and Wilson 1965, 

Scheid et al. 1972). H-Y antigens are recognized following transplantation by the immune 

system of otherwise genetically identical female recipients, resulting in rejection. We grafted 

skin from male B6 Jax and Tac mice to their female B6 counterparts from the same vendor (Fig. 

A.1b) and monitored animals to determine the length of time until each graft was rejected (Fig. 

A.1d) Female Tac mice rejected male skin grafts significantly faster (MST 18 ± 3 days, n = 10) 

than did female Jax mice (MST 24 ± 2 days, n = 8; P < 0.001). To eliminate the possibility that 

genetic drift in B6 mice at Jax or Tac facilities had contributed to the observed differences in 

rejection kinetics, we cohoused Jax and Tac skin graft donor mice together for 3 weeks prior to 

transplantation, and Jax and Tac skin graft recipients together for 3 weeks prior to transplantation 

(Fig. A.1c), to allow transfer of some environmental factors, including commensal microbes, 

between individuals from different vendors, while preserving any existing host genetic 

differences. In support of an environmental but not host genetic cause for the delayed rejection in 

Jax mice, Tac mice rejected grafts with slower Jax-like kinetics after cohousing (Fig. A.1d) 

(MST 21 ± 4 days, n = 7; P = 0.02 when compared to Tac mice housed separately from Jax 

mice). In contrast, rejection kinetics in Jax mice remained unchanged (MST 24 ± 3 days, n = 7) 
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when compared with Jax mice housed separately from Tac mice, suggesting that Jax mice were 

transferring a dominant inhibitory factor to Tac mice by cohousing, rather than Jax mice losing a 

graft-protective factor or gaining a rejection-accelerating factor by cohousing with Tac mice. 

Because components of the fecal microbiota are transferred between cohoused mice, we 

sought to determine whether the environmental factor responsible for differences in skin 

transplantation outcomes in Jax mice could be found in Jax feces. To this end, skin graft donor 

and skin graft recipient Tac mice received gastric FMT from Jax mice, prior to skin 

transplantation (Fig. A.2a). Indeed, Jax FMT into Tac mice promoted slower skin graft rejection 

by Tac mice when compared to Tac skin graft recipients that had received Tac FMT (MST 21 ± 1 

days, n = 5 versus 15 ± 3 days, n = 4; P < 0.005) (Fig. A.2b). In contrast, Tac or Jax FMT into 

Jax mice did not change graft rejection kinetics in Jax mice (MST 20 ± 4 days, n = 4 versus MST 

22 ± 2 days, n = 3). This confirmed the presence of a component of Jax feces that dominantly 

prolonged skin graft survival and could be transferred to Tac mice by FMT. 
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Figure A.2 Jax FMT into both Tac skin transplant donor and recipient mice delays skin 
transplant rejection. 

(a) Treatment schedule for mice receiving Jax or Tac FMT. (b) Survival kinetics of vendor-
matched male B6 skin transplants in female Jax or Tac B6 graft recipients following Jax or Tac 
FMT into both skin transplant donor and recipient. (c) Survival of male Tac B6 skin transplants 
in female Tac B6 recipients following Jax or Tac FMT into skin transplant donor and/or 
recipient. *P < 0.05, **P < 0.01; ns = not significant 

Jax FMT to both Tac skin graft donor and Tac skin graft recipient is required for maximal 

prolongation of graft survival 

In organ transplantation, genetic or environmental factors associated with either the donor or the 

recipient could influence the rejection of the transplanted organ. For instance, polymorphisms of 

both the transplant donor (Ge et al. 2014, Kamei et al. 2013) and recipient (Kamei et al. 2016, 
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Thude et al. 2016, Mandegary et al. 2015) have been shown to impact graft rejection, and we 

have previously demonstrated that antibiotic pre-treatment needs to be administered to both the 

donor and the recipient to result in prolonged skin graft survival (Lei et al. 2016). In the 

cohousing and fecal transfer experiments described in Figs. AII.1 and AII.2, skin donors and 

recipients were both cohoused or given FMT prior to transplantation, so the effect of Jax feces 

on graft survival could have occurred through changes to the donor and/or recipient. To 

determine whether the improvement in skin transplantation outcome in Tac mice after exposure 

to Jax microbiota occurred through changes to the donor, recipient, or both, only Tac skin graft 

donors or recipients received FMT from Jax mice prior to transplantation (Fig. A.2c). While Jax 

FMT into only the Tac skin graft donor (MST 19 ± 1 days, n = 5) or only the Tac skin graft 

recipient (MST 19 ± 1 days, n = 4) led to a slight improvement in skin transplant survival 

compared to Tac FMT into Tac mice (MST 16 ± 2 days, n = 5), Jax FMT into both Tac skin graft 

donor and recipient led to more significant prolongation in graft survival (MST 23 ± 3 days, n = 

5; P < 0.01) when compared to Tac FMT. Thus, maximal skin graft survival improvement by Jax 

FMT required that both the Tac skin graft donor and the Tac skin graft recipient receive the Jax 

FMT. 

Convergence of fecal microbiota composition in Jax and Tac mice following cohousing and FMT 

To determine whether Jax fecal transfer led to changes in the microbiota of Tac mice, we 

compared microbial community profiles in samples from Jax and Tac mice before and after 

cohousing or FMT experiments. The distinct composition of Jax and Tac microbiota composition 

at baseline and their convergence after cohousing or cross-vendor FMT was clearly evident in 

the relative abundance of microbes at the ASV level (Figs. A.3a and A.4a). Principal coordinate 

analysis (PCoA) of these data also revealed a clear separation of Jax (n = 7) and Tac (n = 6) fecal 
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samples at baseline and a convergence of Jax (n = 7) and Tac (n = 7) microbiota composition 

following cohousing (Fig. A.3b). PCoA showed a separation between Jax and Tac mice 

following FMT from vendor-matched fecal donors, but similar to cohousing, cross-vendor-FMT 

resulted in a convergence of microbiota composition (Fig. A.4b). Alpha diversity as defined by 

Shannon entropy or inverse Simpson index was similar in Jax and Tac fecal samples, and longer 

graft survival did not correlate with differences in alpha diversity. These results suggest that one 

or more taxa are transferred from Jax to Tac by cohousing or FMT and that the transfer is 

associated with prolonged skin graft survival in Tac mice. 

We then analyzed the microbial community structure between these cohorts to determine 

which taxa changed in Tac mice following cohousing with Jax mice or following Jax FMT that 

could explain the improvement in rejection kinetics in Tac mice. To gain a broad view of the 

efficiency of microbial transfer in our experiments, we determined the number of ASVs detected 

in the majority of mice from either Jax or Tac prior to cohousing or FMT and quantified how 

many of these ASVs were gained or lost post cohousing or FMT. Of 30 Jax-specific ASVs, 14 

were gained by Tac mice post cohousing and 21 out of 27 Tac-specific ASVs were gained by Jax 

post cohousing. Fourteen of 60 Jax-specific ASVs were transferred to Tac by Jax FMT, and 8 of 

15 Tac-specific ASVs were transferred to Jax by Tac FMT. Five ASVs were gained by Tac mice 

by both cohousing and Jax FMT. Three ASVs were gained by Jax mice by both cohousing and 

Tac FMT. 
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Figure A.3 Jax and Tac microbiota composition converges following cohousing. 

(a) Heat map of percent relative abundance of ASVs in Jax and Tac mice before and after 
cohousing. Each row represents an individual mouse. Each column represents a single ASV.  
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Figure A.3, continued: Only ASVs with percent relative abundance of at least 1% in a 
minimum of two samples from the same vendor before cohousing were included. Arrangement 
of ASVs was kept constant between all rows. Bottom row displays the phylum to which the ASV 
in the same column was assigned. (b) Principal coordinate analysis of female B6 Jax and Tac 
fecal microbiota composition using Bray-Curtis distance prior to or following cohousing of Jax 
and Tac mice for 3 weeks. Each dot represents an individual mouse. (c, d) Percent relative 
abundance of all ASVs significantly differentially abundant between Tac and Jax before 
cohousing and between Tac before and after cohousing with Jax, but not significantly different 
between Jax and Tac after cohousing. Each dot represents an individual mouse. *P < 0.05, ns = 
not significant 

We chose to focus further analysis on ASVs that had a relative abundance of at least 1% 

in a minimum of two mice from either Jax or Tac at baseline, reasoning that very low abundance 

microbes were more likely to represent sequencing errors. Of the 34 ASVs meeting our criteria 

for inclusion, our analysis revealed 24 ASVs that were differentially abundant between Jax and 

Tac mice upon arrival at our facility. Following cohousing, none of those 24 ASVs remained 

significantly different between Jax and Tac, and the relative abundance of only five 

(ASVs_3100, 5969, 8132, 12134, and 12135) had changed in Tac mice before and after 

cohousing with Jax (Fig. A.3c, d). ASVs_100 and ASV_5969 were present only in Jax mice at 

baseline and were transferred to Tac mice by cohousing, while remaining unchanged in Jax mice. 

Three ASVs that resolved to the Bacteroidales order (ASVs_8132, 12134, and 12136) were 

present only in Tac mice at baseline, and their abundance increased significantly in Jax mice 

after cohousing. They also decreased two to threefold in relative abundance in Tac mice after 

cohousing, though the increase in these ASVs in Jax mice was far greater than their decrease in 

Tac mice. Because ASVs_100 and ASV_5969 only changed in Tac following cohousing, we 

reasoned that the abundance of these ASVs tracked best with delayed skin transplant rejection 

and that these were the best candidates for ASVs promoting skin transplant survival. 
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Figure A.4 Jax and Tac microbiota composition converges following FMT, including 
transfer of ASVs transferred by cohousing. 

(a) Heat map of percent relative abundance of ASVs in Jax and Tac mice before FMT, or 1 day 
after the third FMT from either vendor-matched fecal donor (self-FMT) or fecal donor from 
different vendor (cross-FMT). Each row represents an individual mouse. Each column represents 
a single ASV. Only ASVs with percent relative abundance of at least 1% in a minimum of two 
samples from the same vendor were included. Arrangement of ASVs was kept constant between 
all rows. Bottom row displays the phylum to which the ASV in the same column was 
assigned. (b) Principal coordinate analysis of female B6 Jax and Tac fecal microbiota 
composition using Bray-Curtis distance following either self-FMT (Jax to Jax, Tac to Tac) or 
cross-FMT (Tac to Jax, Jax to Tac). (c) Percent relative abundance of ASVs associated with 
prolonged graft survival in Jax and Tac mice either pre-FMT, or 1 or 15 days after the third self-
FMT or cross-FMT. Each dot represents an individual mouse. *P < 0.05, ns = not significant 

Next, we analyzed taxonomic composition of the fecal microbiota in Jax and Tac mice 

prior to and following Jax or Tac FMT. ASVs_100 and ASV_5969 were again detected in Jax 
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(n = 5) but not Tac (n = 4) mice upon arrival at our facility (Fig. A.4c). Following Jax FMT into 

Tac (n = 5), relative abundance of ASV_100 rose in two mice to match relative abundance in Jax 

mice but returned to nearly undetectable levels within 15 days after FMT. Tac mice gavaged 

with Tac feces (n = 4) also acquired some ASV_100. Jax mice maintained relatively high levels 

of ASV_100 whether gavaged with Jax or Tac feces, though the relative abundance did drop in 

some Jax mice. Much better correlated with graft outcome was ASV_5969, which was 

consistently transferred to Tac mice given Jax FMT, reaching levels similar to those seen in Jax 

mice. Relative abundance of ASV_5969 remained consistently high 15 days following the last 

FMT, showing that colonization was stable over time and through the stress of surgery. Jax mice 

maintained consistently high levels of ASV_5969 whether given FMT from Jax (n = 5) or Tac 

(n = 4) mice. We also note that, slower or faster skin graft rejection was associated with the 

presence or absence of ASV_100 and ASV_5969, independent of their relative abundance in 

animals in which they were detected (data not shown). 

ASV_100 and ASV_5969 were absent from an outlier cohort where Jax FMT did not prolong 

skin transplant survival in Tac mice 

Importantly, in one experiment, Tac mice treated with Jax FMT did not display delayed rejection 

kinetics (MST 19 ± 2 days, n = 5) when compared with Tac FMT-treated Tac mice (MST 

19 ± 1 days, n = 5) (Fig. A.5a), affording us the opportunity to compare microbiota composition 

between these Jax FMT-treated Tac mice with fast rejection kinetics (fast Jax to Tac) and Jax 

FMT-treated Tac mice with delayed graft rejection from prior experiments (slow Jax to Tac). We 

performed a PCoA of 16S rRNA gene sequencing data in fecal DNA isolates from Tac FMT-

treated Tac mice (Tac to Tac 1, n = 3 and Tac to Tac 2, n = 4), slow Jax FMT-gavaged Tac mice 

(n = 5), and fast Jax FMT-gavaged Tac mice (n = 3) using Bray-Curtis distance. Our analysis 
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revealed that mice exhibiting delayed skin graft rejection (slow Jax FMT-gavaged Tac mice) 

clustered separately from mice rejecting grafts more quickly (Tac mice and fast-Jax FMT-treated 

Tac mice) (Fig. A.5b), supporting our hypothesis that microbiota composition impacts graft 

rejection kinetics. Consistent with a role for ASV_100 or ASV_5969 in prolonging skin graft 

survival, fast Jax FMT-treated Tac mice were nearly devoid of both of these ASVs (n = 2, Fig. 

A.5c). 

 

Figure A.5 Skin transplant survival-associated ASVs are missing from cohort of Jax to Tac 
mice with fast rejection. 

(a) Male B6 Tac skin transplant survival kinetics in an outlier cohort of female B6 Tac mice that 
had received Jax or Tac FMT. (b) Principal coordinate analysis of microbiota composition using 
Bray-Curtis distance in female Tac B6 mice treated with Tac FMT (Tac to Tac 1 and Tac to Tac 
2), with Jax FMT that delayed graft rejection (Slow Jax to Tac) or Jax FMT that did not delay 
graft rejection (Fast Jax to Tac). Each dot represents an individual mouse.  
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Figure A.5, continued: (c) Percent relative abundance of ASVs previously associated with 
prolonged graft survival (ASV_100 and ASV_5969) in Tac mice shown in a 1 day after the third 
Tac or Fast Jax FMT. ns = not significant 

Discussion 

In this study, we have determined that the composition of the fecal microbiota impacts the 

kinetics of skin transplant rejection in otherwise unmanipulated mice (i.e., not treated with 

antibiotics nor immunosuppressed). In the human population, there is a large diversity of 

microbiota composition between individuals, variability which can already be observed within 

the first year of life (Palmer et al. 2007). Even within an individual, large shifts in microbiota 

composition can occur through time following dietary changes (Palmer et al. 2007, Koenig et al. 

2011). Our findings show that such differences in microbial community composition between 

individuals at steady state, independent of genetic differences between graft donor and recipient, 

can translate into varied kinetics of graft rejection and may therefore contribute to inter-patient 

variability in transplant outcomes. 

We have identified a specific bacterial group that resolved to the genus Alistipes 

(ASV_5969), whose presence consistently correlated with delayed skin graft rejection in Jax 

mice or in Tac mice following cohousing with Jax mice or following Jax FMT pre-treatment. 

While transfer of ASV_5969 from Jax to Tac was consistently associated with prolonged graft 

survival, the mechanism by which members of this ASV could provide such an effect remains 

uncertain. Prolongation of skin graft survival could occur through directly or indirectly 

dampened adaptive alloimmunity, improved wound healing, or other processes impacting 

longevity of a transplanted organ. Alternatively, ASV_5969 may be displacing, after transfer into 

Tac mice, microbial species that promote faster graft rejection. Such displacement would need to 
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be broadly distributed across different genera and/or variable between individuals as we did not 

detect any microbial taxon consistently displaying a negative correlation with skin transplant 

survival. Members of ASV_5969 may also inhibit certain behaviors of other commensal 

microbes that promote graft rejection without limiting their colonization. 

Interestingly, optimal prolongation of skin transplant survival in Tac mice required 

treating both the skin transplant donor and the skin transplant recipient with Jax FMT. As the 

female skin transplant recipient only receives skin from the male skin transplant donor, and the 

graft is disinfected with ethanol prior to transplantation, this finding suggests that the effect of 

Jax FMT in the transplant donor is localized to the skin tissue itself. The skin tissue may be 

affected, before its harvest for transplantation, by soluble factors circulating from the intestine to 

the skin, or by direct contact with the modified feces in the cage. Alternatively, we cannot 

eliminate the possibility that some Jax-derived microbes resist skin disinfection and modulate the 

immune system of the skin graft host after transplantation. Nevertheless, despite differences in 

microbiota between male and female mice evident in our data as well as in previous reports 

(Yurkovetskiy et al. 2013), ASV_5969 was transferred from Jax to Tac in both male skin graft 

donors and female skin graft recipients, supporting the hypothesis that the same immune 

modulation is at play in the graft donor and graft recipient. 

While mechanisms behind these observations warrant further study, our data suggest a 

potential immunomodulatory role for the Alistipes population identified by ASV_5969. Not 

much is known about the immune impact of individual members of the Alistipes genus. One 

species, Alistipes shahii, has been associated with increased, rather than diminished, immune 

responses, as it has been shown to improve efficacy of anti-tumor immunotherapy in a mouse 

model (Iida et al. 2013). This effect was attributed to lipopolysaccharide (LPS) on the surface of 
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A. shahii acting as a toll-like receptor (TLR) 4 ligand, promoting tumor necrosis factor 

production and thus enhanced anti-tumor immunity. It is unlikely that Alistipes is promoting 

graft survival through LPS-TLR4 interactions, as it is polymorphisms associated with loss rather 

than gain of function in TLR4 that have been shown to be protective from acute rejection in 

humans (Palmer et al. 2003, Fekete et al. 2006), and signaling through TLR4 has been shown to 

promote rejection in a mouse skin graft model (Thornley et al. 2007). 

An alloimmunity-dampening mechanism more consistent with our findings relates to the 

recent report that Alistipes members produce the anti-inflammatory metabolite sulfobacin B 

(Walker et al. 2017). In vitro, incubation of macrophages with sulfobacin B has been shown to 

inhibit production of TNF and NF-κB following stimulation with LPS (Maeda et al. 2010). In 

vivo, intraperitoneal injection with sulfobacin A lessened the inflammatory response to phorbol 

12-myristate 13-acetate and LPS. In our Alistipes-colonized transplant recipients, it is 

conceivable that sulfobacin B might similarly impair NF-κB signaling and TNF production, 

leading to a reduction in the strength of the alloimmune response and thus delayed allograft 

rejection. Consistent with this, in preliminary results, we found reduced expression of TNF 

transcripts in the lymph nodes of skin transplanted Jax mice when compared to Tac mice. 

While graft survival was only prolonged by several days in our slow-rejecting 

experimental groups, this modest survival increase may be biologically relevant. Indeed, we and 

our collaborators previously found similar differences in kinetics of tumor growth in mice 

obtained from different vendors and differences in tumor control were significantly amplified 

when the animals were treated with anti-PD-L1, a checkpoint blockade therapy (Sivan et al. 

2015). We have since extended these data to the clinical setting and confirmed that differences in 

the fecal microbiota observed prior to initiation of checkpoint blockade therapy could predict 
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responsiveness to subsequent immunotherapy in melanoma patients (Matson et al. 2018). These 

findings as well as a recent study showing synergy of low-dose tacrolimus with FMT from mice 

treated with high-dose tacrolimus in delaying the rejection of major mismatched skin allografts 

in mice (Zhang, Liu, et al. 2018) suggest that small effects of the microbiota at steady state on 

tumor control or graft survival may be amplified by pharmacologic treatments. While our study 

has utilized a minor mismatch model of skin transplant rejection to provide a better window to 

observe either acceleration or delay in rejection kinetics without requiring immunosuppression, 

we have recently shown that antibiotic pre-treatment of skin graft donors and recipients can 

prolong survival of major mismatched skin grafts as well, supporting a wider role of the 

microbiota in various transplantation settings (Lei et al. 2016). 

The shift in graft rejection kinetics observed between Tac mice treated with slow Jax-

FMT and Tac mice treated with fast Jax-FMT, despite the Jax fecal donors originating from the 

same room in the same breeding facility at Jackson Laboratories, should provide a cautionary 

tale to investigators, as changes in microbial community composition that may occur over 

periods of time can impact the phenotype of interest. 

One of the most noteworthy outcomes of our study is that there may be microbial 

populations that consistently colonize newly exposed mice and prolong graft survival. This 

observation suggests that whether patients undergoing organ transplantation may benefit from 

probiotic therapies or FMT warrants further research. 

Our results also highlight the importance of understanding the effects of surgery and 

medications given to transplant recipients on microbiota composition, and the potential for them 

to induce colonization by microbes promoting or impairing graft survival. Studies have shown 
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changes to the microbiota of liver transplant recipients following transplantation, though no 

changes to relative abundance of Alistipes were observed (Sun et al. 2017). While the cause of 

microbiota changes in transplant recipients remains unknown, a recent study has shown that 

between multiple immunosuppressive drugs commonly used in transplantation, only steroids 

significantly impacted the composition of the mouse fecal microbiota, including a reduction in 

Bacteroidetes and an increase in Firmicutes (Tourret et al. 2017). Whether these post-

transplantation changes to the microbiota have a meaningful impact on transplant outcomes 

remains to be investigated. 

Conclusions 

Our comparison of skin transplant rejection kinetics in mice of the same genetic background 

from different commercial vendors demonstrated that the composition of the resident 

microbiome in healthy individuals can impact the kinetics of transplant rejection, and may thus 

also contribute to inter-individual variability in graft outcomes in patients. We identified a single 

ASV that was consistently and stably transferred from the fecal microbiota of Jax to Tac and 

which was associated with prolonged skin graft survival in Tac mice. These observations suggest 

that we need to better understand transplantation-associated changes to patient microbiota 

composition as these changes may impact transplant outcomes. 
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