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Abstract 
 

Self-specific CD8+ T cells can escape clonal deletion, but the properties and 

capabilities of such cells and the mechanisms restraining them require further 

clarification. Much of the data on self-tolerance originate from mice with 

genetically-manipulated TCR repertoires, and there is a need for improved 

models that better recapitulate normal physiology. 
 

We established a novel self-tolerance model focused on polyclonal CD8+ T cells 

specific for tyrosinase-related protein 2 (Trp2), a melanocyte enzyme encoded by 

the dopachrome tautomerase gene (Dct). We examined mice expressing (wild-

type [WT]) or lacking (Dct-/-) this enzyme; Trp2 represents a self-antigen in WT 

mice and a foreign antigen in Dct-/- mice. Phenotypic and gene expression 

profiles of pre-immune Trp2/Kb-specific cells were similar; the population size 

was only slightly reduced in WT relative to Dct-/- mice. Despite comparable initial 

responses to Trp2 immunization, WT Trp2/Kb-specific cells showed blunted 

expansion and less readily differentiated into a CD25+ proliferative population. 

Functional self-tolerance clearly emerged when assessing immunopathology: 

adoptively transferred WT Trp2/Kb-specific cells mediated vitiligo much less 

efficiently.  
 

Examination of the T cell receptor (TCR) repertoire as characterized by single-

cell sequencing revealed clonotypes shared both within and between the WT and 

Dct-/- Trp2/Kb-specific populations early after activation. Clonal expansions were 

more frequent among the Dct-/- repertoire, suggesting that higher-performing cells 

were more likely to be eliminated in WT animals. 
 

Our physiologically-relevant model demonstrates that CD8+ T cells can exhibit 

functional, cell-intrinsic self-tolerance while sharing many features with non-

tolerant cells. This model will be useful in further mechanistic investigation of self-

tolerance that may ultimately lead to more effective therapeutic manipulation of 

the immune system.  
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1.1 The vertebrate immune system 

The immune system is integral to animal survival, protecting against death or 

disability from the pathogens inhabiting every environment on the planet.  

Although invertebrates do possess immune systems with variable degrees of 

complexity,1 the vertebrate immune system has evolved an additional feature 

that enables exquisitely precise recognition of pathogens: adaptive immunity. 

 

Aside from gamma delta T cells and natural killer T cells, which possess some 

but not all features of adaptive immunity, the two major cell types in the adaptive 

immune system are B and T cells, each of which can be subdivided into subsets. 

The hallmark of adaptive immune cells is their expression of receptors that 

recognize very specific antigens. These receptors arise from the rearrangement 

of multiple gene segments during an individual B or T cell’s development, 

creating a unique constellation of receptors in each individual. As opposed to 

recognizing a class of molecular patterns as innate immune cells do, each T cell 

receptor (TCR) recognizes a unique short peptide fragment—its cognate 

antigen—as part of the TCR ligand, enabling an individual’s T cell repertoire to 

recognize a diverse set of specific antigens.  

 

Adaptive immune cells also have the capacity to differentiate into memory cells, 

allowing the immune system to respond differently, i.e., more rapidly and 

vigorously, upon subsequent encounter with a particular pathogen. This property 

is made possible by specific antigen recognition, which lends a layer of safety 

against damage to the host that could result from inappropriate, non-specific 

reactivation of memory cells. Memory is a critical feature of the vertebrate 

immunes system and allows an animal to adapt to frequently encountered 

pathogenic threats in its environment over a lifetime. 
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1.2 CD8+ T cells 

In humans, most T cells express TCRs with alpha and beta chains and are 

known as conventional T cells. Conventional T cells can be divided into two 

major populations based on their expression of the coreceptors CD8 and CD4, 

although it should be noted that there are additional subgroups such as 

intraepithelial lymphocytes (themselves a heterogenous population) with distinct 

coreceptor expression profiles.2 T cells expressing the CD8αβ  coreceptor, 

termed CD8+ or cytotoxic T cells, are the focus of this work. These cells are the 

assassins of the adaptive immune system, capable of eliminating host cells that 

have been invaded by an intracellular pathogen and thereby combatting the 

infection. 

 

CD8+ T cells require their cognate peptide antigens to be presented by major 

histocompatibility complex I (MHC I) molecules in order for recognition to occur, 

and CD8 itself contributes to MHC I recognition. MHC I is expressed by all 

nucleated cells in the body, allowing almost any cell to be targeted by CD8+ T 

cells if infected. The strength of binding between a TCR and its peptide–MHC 

target is termed affinity; avidity describes the strength of multiple such 

interactions.3 The affinity of a given TCR–ligand interaction can be determined 

using biophysical techniques or estimated using more readily available tetramer 

reagents, which comprise four identical peptide–MHC pairs bound to a 

streptavidin molecule and labeled with a fluorophore that can be detected using 

flow cytometry.3-6 An individual’s TCR repertoire will contain T cells that bind their 

targets with a range of affinities, and the affinity/avidity of a given T cell impacts 

its survival and functionality.   

 

Naïve CD8+ T cells must be activated before serving as capable effectors, a 

process that involves gene expression and phenotypic changes as well as 

proliferation of the activated T cell to generate large numbers of effectors. 

Optimal activation of CD8+ T cells requires a professional antigen-presenting cell 
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(APC) expressing costimulatory molecules to present the cognate antigen to the 

T cell in the presence of the appropriate cytokines. The professional APC is 

typically a dendritic cell (DC) but could also be a macrophage or B cell, and this 

process generally occurs in the lymph nodes draining the site of infection. 

 

Upon activation, the CD8+ T cell alters its metabolism, cell surface markers, and 

many other parameters. It undergoes cellular division and ultimately leaves the 

lymphatic system and traffics to the site of infection, where it can exert effector 

activity against infected cells. Cells infected by intracellular pathogens such as 

viruses and intracellular bacteria typically display pathogen-derived antigens on 

their MHC I molecules. If an effector CD8+ T cell recognizes its cognate antigen, 

it is able to kill the infected cell by secreting perforin, which forms pores in the 

target cell’s membrane, and granzymes that pass through these pores and 

induce apoptosis of the target cell.3 Another important role of CD8+ T cells is the 

production of cytokines that impact other immune cells, e.g., IFNγ, which 

enhances macrophage activation. Some effector CD8+ are short-lived, whereas 

others differentiate into memory cells that may recirculate in blood and lymph 

(central memory cells), localize to the vasculature (long-lived effector cells),7 or 

remain localized in tissues (resident memory cells). These memory cells enable a 

stronger subsequent response to infection with the same pathogen. 

 

The capacity for amplification and memory is critical to the vertebrate immune 

system but also creates the potential for severe self-directed harm, i.e., 

autoimmunity, if T cells inappropriately respond to a self-antigen.  Because of the 

stochastic way in which TCRs are generated, individuals will generate T cells 

specific for self-proteins. Accordingly, all T cells must accurately perform the 

difficult task of discriminating between self and foreign antigens and responding 

appropriately. 
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1.3 Immunological tolerance  

Overview 

Immunological self-tolerance is the protective failure of the immune system to 

attack the host. Breaches in self-tolerance may result in autoimmune disease, 

which can cause significant morbidity and mortality depending on the site and 

extent of the self-directed immune attack. Tolerance is a form of immune 

regulation involving all levels of the immune system, but it is particularly 

important as it applies to adaptive immune cells because self-reactive 

lymphocytes have the capacity to attack self with specificity and memory. 

 

The combinatorial nature of initiating an immune response imposes a degree of 

protection against self-damage. For example, with a few exceptions, B and T 

cells must first be activated by interacting with other immune cells before 

becoming capable effectors. As previously mentioned, T cells are generally 

activated by professional antigen-presenting cells presenting cognate antigen 

along with costimulatory molecules and cytokines that may be produced by the 

APC or other nearby immune cells. The APC also requires activation — typically 

involving recognition of pathogen-associated molecular patterns — before it is 

able to capably fill this role. B cells and a subset of CD4+ T cells, T follicular 

helper cells (TFH) interact in the lymph nodes to enhance the activation status of 

both cell types. This interaction requires that both the B and TFH cells have first 

recognized their cognate antigens, typically derived from a common pathogen, 

imposing another layer of safety.3  

 

The specific immune tolerance mechanisms governing B and T cells can be 

broadly classified as central or peripheral. Central tolerance mechanisms apply 

during the development of these cells: in the bone marrow for B cells and the 

thymus for T cells. After lymphocytes leave these sites, peripheral tolerance 

mechanisms act in the rest of the body — the “periphery,” i.e., the secondary 

lymphoid organs (spleen, lymph nodes, mucosal-associated lymphatic tissue) 
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and other tissues of the body. In general terms, central and peripheral tolerance 

mechanisms can result in deletion of a self-reactive lymphocyte or modulation of 

its activity, either hampering its ability to cause self-harm or actually harnessing 

the cell to exert regulatory control over other self-reactive cells. 

 

The deletion of self-reactive T cells in the thymus (thymic clonal deletion) is one 

of the primary mechanisms of negative selection; in the past, this process was 

thought to be highly efficient. More recently, it has been demonstrated that the 

efficiency of deletion is quite variable depending on the expression pattern of the 

self-antigen.8-13 Self-reactive T cells that escape deletion may also be altered by 

encountering their cognate antigen in the thymus. For example, in the case of 

CD4+ T cells, those with a strong affinity for a self-antigen expressed in the 

thymus can be diverted into the regulatory T cell (Treg) lineage.14 It is also 

possible that a developing self-reactive T cell will not encounter its cognate 

antigen in the thymus and will therefore remain ignorant, i.e., non-tolerant.15,16 

This is more likely in the case of tissue-restricted antigens, although some tissue-

restricted antigens will in fact be expressed by medullary thymic epithelial cells 

(e.g., autoimmune regulator [AIRE]-mediated expression).17  

 

Some of these same tolerance mechanisms apply in the periphery: self-reactive 

T cells may remain “ignorant” of their target antigen (i.e., non-tolerant but not 

causing harm due to lack of opportunity), undergo peripheral deletion when 

activated (activation-induced cell death, AICD), or be diverted into a regulatory 

lineage (induced CD4+ Tregs).3 Moreover, self-reactive T cells can be restrained 

by other immune cells such as Tregs or enter a state of low responsiveness and 

functionality sometimes termed anergy.3 These mechanisms are better described 

and understood as they apply to CD4+ T cells, but — with the possible exception 

of diversion into a regulatory lineage — apply to CD8+ T cells as well. It is 

important that they do so, as CD8+ T cells are known to be involved in the 

pathology of autoimmune diseases such as type I diabetes and vitiligo.18 
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The role of deletion for self-reactive CD8+ T cells 

T cells must exhibit some reactivity to self-peptide–MHC in order to pass the 

positive selection checkpoint and continue development in the thymus, but those 

that react too strongly to self-peptide–MHC may be modified or eliminated 

(thymic clonal deletion) through the negative selection process. The occurrence 

of thymic clonal deletion has been demonstrated by a number of authors from the 

1980s onward.19 This deletion occurs on the basis of the developing T cell’s 

affinity, with higher affinity cells being more likely to undergo clonal deletion.20,21 

Clonal deletion occurs via apoptosis.17 

 

As a result of the selective deletion of higher affinity clones, mature self-reactive 

T cells that exit to the periphery may exhibit reduced affinity. This has been 

demonstrated for CD8+ T cells specific for self-antigens in mouse models. 

Studies in TCRß transgenic mice (utilized because their restricted repertoires 

elevated the frequency of autoreactive clones) demonstrated reduced affinity 

among escaping self-reactive cells using tetramer staining and peptide 

stimulation approaches.11,12  

 

Deletion of self-reactive CD8+ T cells also occurs in the periphery.22-25 The self-

reactive CD8+ T cell may recognize its antigen presented by cells that 

themselves express the antigen or the antigen may be transferred to DCs that 

then serve the antigen-presenting role.22,26 Interestingly, various subsets of 

stromal cells in the lymph nodes have been shown to express peripheral tissue 

antigens, including tyrosinase, and can mediate the deletion of self-reactive 

cells.27-29 The transfer of antigen to DCs, termed cross-presentation,26 is another 

way for naïve T cells to “see” cognate antigens that are expressed in tissues 

where they don’t normally circulate. Cross-presentation is used both to mediate 

tolerance and to activate CD8+ T cells, depending on the differentiation state of 

the DC and the T cell. In the case of self-reactive CD8+ T cells, this recognition 
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of antigen in the periphery may lead to activation and proliferation prior to 

deletion of the self-reactive cell,22,23,30 but the self-reactive cell will generally be 

functionally impaired even during this period of proliferation.23  

 

Antigen-presenting cells play a critical role in initiating this process of activation-

induced deletion, and the activation status of the APC generally dictates the T 

cell’s fate after it recognizes antigen.31-33 Whereas a self-reactive T cell that 

initially sees its antigen presented by an activated APC has the potential to 

become a functional effector and induce autoimmune damage, most self-

antigens are initially presented to T cells by quiescent APCs in the absence of 

infection or inflammation, which steers the T cell toward tolerance (i.e., deletion 

or anergy).31-33  

 

The role of anergy for self-reactive CD8+ T cells 

As it applies to T cells, anergy is typically used to describe a cell-intrinsic state of 

impaired proliferation and/or effector function following encounter with antigen 

that limits the response to restimulation.34,35 Anergy as a CD8+ tolerance 

mechanism has been demonstrated in a number of experimental models as well 

as in humans.9,34,36-40 Anergy is a persistent state, but one that may be reversible 

under certain conditions, such as the removal of antigen or presence of a 

lymphopenic environment.33,35,41,42 As with activation-induced deletion, the 

interaction of the self-reactive T cell with an APC displaying antigen in the 

absence of other stimulatory signals, i.e., co-stimulation and proinflammatory 

cytokines, facilitates diversion toward a state of anergy. Whether a self-reactive T 

cell becomes anergic or is deleted after this initial antigen recognition is thought 

to be determined by the availability of antigen in the environment, with high levels 

of exposure to antigen promoting anergy and low exposure levels promoting 

deletion.24,33,37  
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On a molecular level, an imbalance between nuclear factor of activated T cells 

(NFAT) and activator protein 1 (AP-1)-mediated signaling — with NFAT 

dominating — promotes anergy.24,43,44 Classically, TCR signaling in the absence 

of costimulation has been thought to promote more activation of NFAT signaling 

pathways relative to the mitogen-activated protein kinase (MAPK) pathways that 

lead to AP-1 translocation into the nucleus.24,35 More recently, others have 

proposed that the shorter T cell:DC contacts likely to occur under conditions 

leading to anergy (quiescent APCs, signaling through inhibitory receptors) result 

in delayed NFAT export from the nucleus relative to AP-1.24,45 Unopposed NFAT-

mediated transcription leads to the expression of molecules that further inhibit 

TCR signaling, e.g., EGR2, EGR3, NR4A1, CBL-B, DGK⍺/DGKζ, PD-1, TIM3, 

and LAG3.23,24,33,35 

 

Our knowledge of the signaling pathways governing tolerant CD8+ T cells is still 

incomplete, but to date both similarities and differences among these pathways 

have been identified between cells undergoing anergy versus deletion. Many of 

the transcription factors and inhibitory receptors that downmodulate TCR 

signaling listed above, such as EGR2, CBL-B, DGKζ, and PD-1, have been 

implicated in both settings.23 However, signaling through the MAPK pathway 

resulting in Erk phosphorylation appears to be preserved in CD8+ T cells 

undergoing deletion, in contrast to anergic cells.23,37 Recent work has also 

identified NDFIP1, a transactivator of certain E3 ubiquitin ligases, as required for 

CD8+ T cell anergy but not deletion in the RIP-Ovahi mouse model.39 Meanwhile, 

peripheral deletion of self-reactive CD8+ T cells has been shown to be 

dependent on the pro-apoptotic Bcl-2 family member Bim.25 

 

Whereas folate receptor 4 (FR4) and CD73 have been identified as anergy 

markers among CD4+ T cells,46,47 there is a lack of consistent markers that have 

been shown to uniquely distinguish anergic CD8+ T cells. However, mouse 

models of tolerance have identified phenotypic characteristics associated with 
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anergic CD8+ T cells. In some cases, cells appear to display certain markers at 

rest, while in other models the self-reactive cells must be stimulated in order to 

upregulate expression. Inhibitory receptors are among the most commonly 

reported cell surface markers expressed by self-reactive CD8+ T cells in murine 

studies; PD-1, CTLA-4, TIM-3, and LAG-3 expression have been the most widely 

described.23,41,48-50 Self-reactive CD8+ T cells expressing inhibitory receptors and 

exhibiting diminished effector responses have also been identified in humans,8,51 

but the origin and nature of this state is often unclear and may be due to 

suppression from regulatory cells or exposure to a tumor setting. Polymorphisms 

in the gene encoding PD-1 have been associated with the development of 

autoimmune diseases, implying that this pathway does influence tolerance in 

humans.52 Other studies have shown that circulating self-reactive CD8+ T cells in 

humans can also have a naïve phenotype and that such cells may9 or may not53 

exhibit suppressed responses to antigen, making it difficult to distinguish whether 

such cells are anergic or ignorant using phenotypic measures.  

 

When anergic CD8+ T cells can be identified, there is also a lack of consensus 

on the mechanisms maintaining tolerance in these cells. A study in TCR 

transgenic mice41 demonstrated that tolerant CD8+ T cells did not require the 

presence of self-antigen or antigen-specific Tregs in the environment to maintain 

this state. Tolerant T cells could be rescued by transfer into a lymphopenic 

environment but rapidly became tolerant again even in recipient mice not 

expressing the model self-antigen. Other data suggest that Tregs can induce 

CD8+ T cell anergy via their effects on antigen-presenting cells.8 Finally, the 

overlap of CD8+ T cell anergy with other forms of altered T cell functionality such 

as exhaustion or tumor-induced dysfunction requires further clarification. 

 

Cell-extrinsic suppression of CD8+ T cells by Tregs 

Work in various mouse models and in vitro settings has demonstrated that Tregs 

have the capacity to suppress the activation, proliferation, and survival of self-
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reactive CD8+ T cells.54 A common, indirect mechanism of repression is Treg 

manipulation of DCs, which results in CD8+ T cell inhibition. For example, 

previous work has demonstrated that Tregs, acting via CTLA-4, can 

downregulate co-stimulatory molecule (CD80, CD86) expression on DCs55,56 and 

that human self-reactive CD8+ T cells activated in the presence of DCs with this 

immature phenotype may adopt an anergic phenotype.8 Similarly, work in a 

transgenic mouse model of self-tolerance, in which DCs can be induced to 

express CD8+ epitopes, also showed that Tregs maintained DCs in an immature 

state that induced the tolerance of antigen-specific CD8+ T cells.57 

 

However, Tregs are also capable of inhibiting CD8+ T cells directly. Studies 

performed in a mouse model of type 1 diabetes demonstrated anti-islet CD8+ T 

cells were inhibited by TGF-β secretion from Tregs,58 and later work in mice59,60 

demonstrated a direct inhibitory effect of TGF-β on the cytolytic activity of CD8+ 

T cells. A study performed in a mouse tumor model59 found that Tregs specific for 

the same antigen as the CD8+ T cells were more effective at suppressing them. 

In vitro experiments have also demonstrated that activated Tregs can directly 

suppress the proliferation and cytokine production of TCR transgenic CD8+ T 

cells, possibly by restricting their expression of CD25, the alpha subunit of the 

high-affinity IL-2 receptor.61 Tregs themselves constitutively express CD25 and 

have been proposed to act as a sink for IL-2, thereby limiting availability to other 

T cells3; an in vivo study in mice showed reduced proliferation of self-reactive 

TCR transgenic CD8+ T cells under immunogenic conditions that was mediated 

by Treg downmodulation of IL-2 availability.62 Tregs can also directly regulate the 

survival of CD8+ T cells; in vitro assays using human cells have shown that 

Tregs can kill CD8+ T cells via Fas/FasL63 or perforin-dependent64 mechanisms.  

 

The data show that Tregs have the potential to suppress the activity of CD8+ T 

cells in a number of different ways, but questions remain. In the context of CD8+ 

T cell tolerance, it remains unclear how frequently and in what settings Treg 
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regulation of self-reactive CD8+ T cells is a dominant tolerance mechanism in 

vivo. 

 

Other CD8+ T cell tolerance mechanisms 

Some self-antigens are ubiquitous, whereas others are only expressed in 

particular tissues. With some tissue-restricted antigens, T cells specific for 

antigens expressed in these sites may merely be ignorant of the presence of 

antigen.15,16 Naïve T cells do not circulate widely and have limited exposure to 

sites outside of the blood and lymphatic system, so in the absence of tissue 

damage or infection they may not encounter antigens restricted to these sites. 

Moreover, sites such as the brain, eye, and testis are considered “immune-

privileged” sites and have barriers limiting contact with the immune system — 

making access particularly difficult for naïve T cells — as well as physiologic 

features that promote protective rather than pro-inflammatory immune 

responses.3,65 Additionally, T cells may remain “unaware” of their cognate 

antigens under normal conditions if their TCRs are of extremely low affinity and 

don’t bind their targets well, as is the case for some self-reactive CD8+ T 

cells.11,15 

 

In the case of self-reactive CD4+ T cells, diversion into a regulatory lineage (i.e., 

Tregs), either in the thymus or the periphery, is a common tolerance mechanism. 

It is unclear how frequently this mechanism applies to conventional, MHC I-

restricted CD8+ T cells, and this remains a controversial topic. A number of 

investigators have identified CD8+ T cells with regulatory properties (CD8+ 

Tregs) in both mice and humans, but with varying phenotypic and functional 

properties. Suppressive mechanisms attributed to CD8+ Tregs include the 

secretion of inhibitory cytokines such as TGFβ and IL-10, contact-dependent 

inhibition, and cytolytic activity.66-68 In some situations, these CD8+ Tregs have 

phenotypical similarities to CD4+ Tregs, such as the expression of FoxP3, CD25, 

and CTLA-4.66 However, populations of CD8+ Tregs that lack these markers but 
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express others have also been identified, e.g., CD8+ CD122+ (mice), CD8+ 

CD28-, or CD8+ CD45RClow (the last found in humans and rats only).66-68  

 

CD8+ T cells with these phenotypes have demonstrated suppressive abilities in 

vitro in some studies, but this may only apply to a subset of cells expressing 

these markers and their relevance to in vivo physiology is currently murky.66 

Additionally, there is phenotypic overlap between cells expressing these markers, 

virtual memory T cells, and nonconventional Qa-1-restricted CD8+ T cells with 

suppressive properties, complicating the identification of CD8+ T cells with 

regulatory features. As with a growing number of other immune cell types, it is 

likely that conventional CD8+ T cells can display regulatory properties in certain 

situations, but whether they represent a distinct and stable population remains 

somewhat unclear. 

 

Synopsis of CD8+ T cell tolerance 

To date, a number of tolerance mechanisms have been demonstrated to affect 

self-reactive CD8+ T cells in specific circumstances. However, the importance of 

each of these tolerance mechanisms as they apply to the myriad of self-antigens 

potentially recognizable by CD8+ T cells as well as the interplay of these 

mechanisms remain poorly understood. Existing data have largely been 

generated using in vitro assays or experimental models that rely on TCR 

transgenic animals or other settings that depart from normal physiology, in large 

part due to the technical difficulties involved in studying this topic (e.g., detecting 

deletion of self-reactive cells, identifying self-reactive cells present at low 

frequency in the periphery). Further study is needed for us to understand the 

entirety of CD8+ T cell tolerance that is so critical to safeguarding individuals 

against autoimmune disease. 
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1.4 Autoimmunity 

Overview 

Autoimmunity refers to an immune response directed against self and spans from 

evidence of self-targeting (autoantibodies) in asymptomatic individuals to severe, 

multisystemic disease. Although all facets of the immune system can be involved 

in autoimmunity, lymphocytes play a major role in perpetuating autoimmune 

disease because of their specificity — breaches in the tolerance of self-reactive B 

or T cells can result in specific targeting of self. Moreover, because of 

lymphocytes’ capacity to form a memory response, the activation of such self-

reactive cells paves the way for future attacks on the body.  

 

The existence of autoimmune diseases clearly indicates that not all self-reactive 

lymphocytes are eliminated through deletion and illustrates the necessity for 

multiple tolerance mechanisms. Autoimmune diseases have an estimated 

prevalence of approximately 4.5% worldwide,69 with women being more 

commonly affected. More than eighty autoimmune diseases have been 

identified69; some predominantly affect specific organs and others are systemic 

diseases involving multiple organ systems.  

 

Genetic predispositions have been identified for many autoimmune diseases; 

specific MHC II variants have been frequently associated with particular 

autoimmune diseases, and a number of other genes have also been implicated.70 

Often, these are genes related to the function and regulation of the immune 

system. Still, data from twin studies have revealed that even in the autoimmune 

diseases with the strongest genetic component, other factors contribute to 

disease development and severity.71 Some of these environmental factors — 

certain infectious agents, smoking — are relatively well established, while others 

have limited supporting evidence or remain unknown.70 

 

Mechanisms of development 
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Although it may not be possible to identify all of the inciting factors and causative 

mechanisms behind a particular patient’s development of an autoimmune 

disease (in the absence of specific genetic abnormalities impairing normal 

immune functioning), there are data to support a number of different mechanisms 

as contributors to autoimmune pathology.  

 

Infections with pathogens have the potential to breach self-tolerance in more 

than one way. Some pathogens share epitopes with self-proteins, a feature 

known as molecular mimicry. When an immune response directed against such 

an epitope develops, host cells expressing the epitope can also be targeted. 

Moreover, memory cells can be generated against these epitopes, setting the 

stage for ongoing or future attacks. This mechanism has been demonstrated in a 

number of mouse models72; in humans, there is evidence to support this 

mechanism in a number of autoimmune diseases, with the linkage between 

group A streptococci and rheumatic fever being perhaps the best-known 

example.72-74 

 

Pathogens can also trigger an autoimmune response secondary to the 

inflammatory signals they elicit. For example, bystander self-reactive T cells that 

are not normally activated because of low affinity for antigen may pass the 

threshold for activation when cognate antigen happens to be presented by an 

activated dendritic cell.3 Additionally, some T cells possess dual TCRs, in which 

case it is possible for one to recognize a foreign antigen with high avidity and the 

other to recognize a self-antigen with low avidity. These cells may escape thymic 

tolerance mechanisms and have the potential to induce damage to self when 

activated by the higher-avidity TCR; dual-TCR cells have been suggested to play 

a role in several autoimmune diseases.18,75  

 

Damage induced by pathogens, either via direct tissue disruption or as collateral 

damage inflicted by the innate immune system as it targets the pathogen, 
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exposes more self-antigens to the immune system. For example, the breakdown 

of physiological barriers and cell death resulting from infection and subsequent 

inflammation can release self-antigens normally found within cells, enabling them 

to be picked up by phagocytes and presented to T cells or recognized by B cells. 

Because this occurs against a backdrop of pro-inflammatory signals, self-reactive 

lymphocytes recognizing these antigens can more readily be activated and 

initiate an autoimmune response. This broadening of an immune response to 

include additional targets is known as epitope spreading.3 Similarly, tissue 

damage and resulting epitope spreading can be instigated by other 

environmental factors such as UV irradiation or chemicals.76 Some chemicals 

also have the ability to modify self-proteins, creating new epitopes that can be 

targeted by lymphocytes, and antibodies generated against these epitopes may 

be cross-reactive with the unmodified self-protein.77   

 

Epitope spreading also applies to autoimmune responses after they are initiated; 

an initial attack against select self-epitopes can result in sufficient damage to 

release other self-antigens and broaden the number of targeted self-epitopes. 

This has been demonstrated in mouse models of autoimmunity such as 

experimental autoimmune encephalomyelitis (EAE), a model for multiple 

sclerosis, and the non-obese diabetic model of type 1 diabetes.72  

 

The evidence suggests that the development of autoimmunity typically requires 

multiple breaches of tolerance. In addition to the environmental triggers 

discussed above and other factors not specifically focused on here (e.g., dietary 

components, alterations in the microbiome),76,77 altered immune regulation is 

likely to play a role in disease development. Imbalances in the ratio of effector T 

cells to Tregs, inappropriate or excessive activation of the innate immune 

system, and aberrant antigen presentation have all been proposed as 

contributing factors.76,78 
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CD8+ T cell involvement in autoimmune disease 

While CD4+ T cells and B cells have long been implicated in causing and 

potentiating autoimmune diseases, the role of CD8+ T cells has not been studied 

as extensively. However, a growing body of work has established the importance 

of CD8+ T cells to the pathophysiology of a number of autoimmune diseases. 

These cells have been shown to play a dominant role in inducing and 

perpetuating some autoimmune conditions, a protective role in others, and in 

some cases their influence remains to be determined.18 

 

There is strong evidence for a prominent role of CD8+ T cells in the development 

of type 1 diabetes (TID), multiple sclerosis (MS), and multiple autoimmune skin 

conditions, including vitiligo.18,79,80 In TID, MS, and autoimmune vitiligo, certain 

MHC I alleles have been associated with disease susceptibility, and infiltrating 

CD8+ T cells have been identified in the affected organs of patients with these 

diseases.18,79-81 Data from mouse models suggest that the infiltrating CD8+ T 

cells contribute to disease.18,79 Additionally, work performed using human skin 

explants demonstrated that CD8+ T cells identified from the lesions of vitiligo 

patients were able to induce melanocyte apoptosis in normally pigmented skin, 

whereas CD4+ T cells did so much less efficiently.82 Mouse models have 

demonstrated that the mechanisms responsible for the autoimmune pathology 

inflicted by infiltrating CD8+ T cells include killing of host cells via 

perforin/granzyme secretion or Fas/FasL interactions as well as the production of 

cytokines such as IFNγ and IL-17, depending on the setting.18,79,83  

 

1.5 Melanocyte enzymes as targets in autoimmunity and melanoma 

Several different enzymes — tyrosinase, tyrosinase-related protein 2 (Trp2), and 

tyrosinase-related protein 1 (Trp1) — are involved in the production of melanins 

by melanocytes in the hair follicles and epidermis (the relative distribution of 

melanocytes in these sites varies by species/strain).83-85 In addition to their 

biological functions in pigment production, these enzymes are of interest as 
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targets in both autoimmune disease, where their targeting is detrimental, and 

melanoma, where their targeting is beneficial. An epitope from Trp2, which is 

encoded by the gene dopachrome tautomerase (Dct), is the model antigen used 

in our studies described here. 

 

In the setting of autoimmune vitiligo, tyrosinase-reactive T cells have been 

demonstrated in the blood and skin of both healthy individuals and vitiligo 

patients, but these cells are present at higher frequencies in vitiligo patients.82,86 

The same is true of T cells specific to other melanocyte differentiation antigens, 

such as Melan-A/MART-1 and gp100.8,82,86,87 Melanocyte differentiation antigens 

are also demonstrated targets of autoantibodies in patients with autoimmune 

vitiligo, but the data suggest that antibodies play a minor role in pathogenesis.79 

Current mainstream therapies for vitiligo (topical immunosuppression, 

phototherapy) have deficiencies in efficacy and durability, and a number of 

therapies that more selectively modulate immune function are in 

development.79,88 

 

Melanocyte differentiation enzymes, including Trp2, are commonly expressed in 

melanomas,89,90 and they have been a focus of cancer immunotherapy 

approaches directed against melanoma. The class I-restricted epitope used in 

our studies, Trp2180–188/Kb, was identified as a target of tumor-infiltrating CD8+ 

lymphocytes (TILs) in the B16 model of murine melanoma in the 1990s,91,92 and 

TILs reactive to the same epitope (presented by HLA-A*0201) were identified in 

human melanoma lesions shortly thereafter.90 Immunotherapy approaches, 

including those designed to break self-tolerance to tumor antigens shared with 

self, have been widely attempted in melanoma patients, with variable outcomes. 

Some patients responding to these therapies have developed vitiligo — which 

has been associated with a survival benefit — indicating that an immune 

response can be directed against melanocytes with protective results.93,94 
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Immunotherapies directed against Trp2 have met with some success in mouse 

models95-100 but have not yet demonstrated widespread translational efficacy in 

humans.101,102 A more complete understanding of normal self-tolerance 

mechanisms is likely to enable the development of successful cancer 

immunotherapy approaches that also minimize side effects. 

 

1.6 Conclusions 

The immune system must walk a fine line between over-reactivity, which carries 

the risk of autoimmune disease, and under-reactivity, which carries the risk of 

impaired pathogen control and cancer development/progression. The immune 

system’s ability to discriminate between self (and innocuous foreign antigens) 

versus non-self-antigens is critical to striking this balance, and it is truly 

remarkable that it succeeds at these tasks the majority of the time. 

 

Our understanding of self-tolerance has grown with advances in cellular and 

molecular immunology, but this has also exposed the complexity of this 

regulatory system. Although many tolerance mechanisms have been 

demonstrated in various model systems and supported by human data, we still 

lack a complete understanding of how these mechanisms operate at a molecular 

level, how they work together, what their limits are, and how they relate to other 

states of altered immune function demonstrated in cancer or chronic infection. 

Complicating the picture further, much of our mechanistic understanding of self-

tolerance mechanisms is derived from studies that rely heavily on mice with T 

cell repertoires that are genetically manipulated in ways that depart from natural 

conditions. Accordingly, there is a need for further study of CD8+ T cell tolerance 

mechanisms in models that more closely relate to normal physiology.  
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Chapter 2 
 
CD8+ T cell self-tolerance permits responsiveness but limits tissue 
damage1 
 
 
  

 
1Emily Nestor Truckenbrod, Kristina S Burrack, Todd P Knutson, Henrique 
Borges da Silva, Katharine E Block, Stephen D O'Flanagan, Katie R Stagliano, 
Arthur A Hurwitz, Ross B Fulton, Kristin R Renkema, Stephen C Jameson  
 
All figures are reproduced from Truckenbrod et al. 2021, eLife, published under 
the Creative Commons Attribution 4.0 International Public License (CC BY 4.0; 
https://creativecommons.org/licenses/by/4.0/) 
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2.1 Introduction 

 

Accurate discrimination between harmful (pathogens, toxins, cancerous cells) 

and non-harmful entities (self, innocuous environmental components, non-

pathogenic microbes) underlies effective functioning of the immune system. 

Understanding the mechanisms that normally enforce immunological tolerance to 

self is a prerequisite for safely and effectively manipulating the immune system to 

therapeutically induce or break self-tolerance.  

 

Tolerance can be mediated by the clonal deletion of developing self-reactive T 

cells in the thymus,17,19 but some self-reactive CD8+ T cells are able to evade 

negative selection as demonstrated in both mice11,12,103 and humans.8,9,53 Using a 

mouse model, one group proposed that up to 4% of peripheral CD8+ T cells are 

self-specific.103 Furthermore, studies in humans indicated that precursor 

frequencies of blood CD8+ T cells specific for certain self-peptides were 

comparable to those demonstrated for foreign peptides9 and suggested that such 

cells might be capable of overt autoreactivity if suitably stimulated.8  

 

Aside from clonal deletion, tolerance mechanisms include ignorance of antigen, 

suppression by regulatory T cells (Tregs), and induction of a functionally 

unresponsive or hyporesponsive anergic state.31,33,104,105 However, different 

models have produced conflicting evidence regarding the contribution of each of 

these mechanisms and whether non-deletional CD8+ T cell tolerance is an 

intrinsic property of tolerant cells9 or dependent on restraint by Tregs.8,103  It is 

also unclear how the presence and reactivity of self-specific CD8+ T cells relates 

to their ability to drive immunopathology. The majority of commonly-used mouse 

models of tolerance have the drawbacks of relying on T cell receptor (TCR) 

transgenic animals or utilizing in vitro analyses for characterization of 

functionality.  
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Our studies are intended to provide a better understanding of non-deletional 

CD8+ T cell tolerance by utilizing a more physiologic and translationally-relevant 

mouse model in which an epitope from the melanocyte differentiation enzyme 

tyrosinase-related protein 2 (Trp2) is recognized by CD8+ T cells as either self or 

foreign. Tyrosinase-related protein 2, an enzyme involved in melanin 

biosynthesis encoded by the dopachrome tautomerase (Dct) gene, is normally 

expressed by melanocytes in the skin in both humans and C57BL/6 mice and is 

overexpressed by many melanomas.106,107  Using wild-type (WT) mice and a 

novel Dct-deficient (Dct-/-) strain, we compared responses to Trp2180-188/Kb 

(Trp2/Kb) as a self- versus foreign antigen. This model is relevant to human 

health, as Trp2 is a common target in cancer immunotherapy directed against 

melanoma,90,95,99 and Trp2/Kb-specific responses can be induced in WT mice 

with vigorous priming approaches.95,108,109 Instead of relying on TCR transgenic 

models, we focus on the polyclonal Trp2/Kb-specific CD8+ T cell repertoire to 

maximize applicability to normal physiology.  

 

Here, we show that tolerance among Trp2/Kb-specific CD8+ T cells is manifest 

primarily at the level of minimizing overt autoimmunity; differences in the size and 

initial Trp2 responsiveness of the precursor pool in WT and Dct-/- mice were 

relatively modest, although there was evidence for “pruning” of cells with the 

highest-avidity Trp2/Kb-specific TCRs from the WT precursor population. The 

underlying tolerance mechanism does not depend on cell-extrinsic regulation but 

rather correlates with a cell-intrinsic failure of WT Trp2/Kb-specific CD8+ T cells to 

sustain optimal proliferation. However, while differences in the responsiveness of 

WT and Dct-/- cells to Trp2 immunization were mostly subtle, a notable difference 

emerged when the cells were assessed for their ability to provoke autoimmune 

vitiligo: cells primed in Dct-/- mice were much more effective than those primed in 

WT animals. Accordingly, we conclude that tolerance in this setting does not lead 

to marked changes in the presence, phenotype, or initial reactivity of Trp2/Kb-

specific CD8+ T cells but limits these cells’ capacity for overt autoreactivity. 
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Moreover, our polyclonal model reveals that certain characteristics of Trp2/Kb-

responsive effector cells — reduced CD25 expression and impaired 

differentiation into a highly proliferative subpopulation — correlate with functional 

tolerance of a T cell population, providing a framework for future characterization 

of self-specific CD8+ T cells.  
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2.2 Results 

 

2.2.1 The pre-immune population of Trp2/Kb-specific cells is similarly sized and 

appears naïve in WT and Dct-/- mice 

 

Clonal deletion is a well-studied tolerance mechanism that may result in the near-

total culling of self-specific cells or a reduction in the number and apparent TCR 

affinity of surviving self-specific cells.11,12,17,110,111 We assessed the number and 

phenotype of Trp2/Kb-specific cells in pre-immune (naïve) mice to examine 

deletional central tolerance in our model. For mice in which Trp2 would not be a 

self-antigen, we used a novel Dct-/- strain that carries a large deletion 

encompassing the exon (exon 2) encoding Trp2180-188 (Figure 2.1, Supplemental 

figure 2.1, Tables 2.1 and 2.2), unlike a previously described Dct-targeted strain 

that retains the coding sequence for that epitope.85 We performed tetramer 

enrichment from the spleen and lymph nodes of pre-immune WT and Dct-/- mice 

to quantify the number of Trp2/Kb-specific CD8+ T cell precursors (Figure 2.1A,  

Supplemental figure 2.2A). While on average we identified more antigen-specific 

cells in Dct-/- mice (~1.4-fold increased), we nevertheless found relatively large 

numbers of Trp2/Kb-specific CD8+ T cells (> 1500) in both strains, evidence that 

most Trp2/Kb-specific cells escape thymic or peripheral clonal deletion in WT 

mice. 

Figure 2.1. Trp2/Kb-specific CD8+ T cells in pre-immune WT and Dct-/- mice share a naïve 
phenotype while showing modest differences in frequency and tetramer staining 
Tetramer enrichment was performed to enumerate Trp2/Kb-specific CD8+ T cells per mouse (A). 
Median tetramer fluorescence intensity (MFI) was used to estimate the avidity of enriched 
Trp2/Kb-specific (B) or B8R/Kb-specific cells (C).  (D) CD44/CD122 expression of Trp2/Kb-specific 
cells. (E) CD69 expression by Trp2/Kb-specific cells. (F) PD-1, CTLA-4, LAG3, and TIM3 
expression of Trp2/Kb-specific cells. (G) CD5 expression of Trp2/Kb-specific cells. Data are 
compiled from three independent experiments in A and D. Four WT and Dct-/- mice are shown in 
B and C; results are representative of other experiments. The graphs in Figures 1E–G represent 
individual experiments with four mice per group. Squares indicate male animals.  ** p < 0.01 by 
unpaired t test. 
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In some systems, T cells bearing TCRs with low affinity for self-antigens avoid 

deletion; low affinity TCRs can often be identified by reduced peptide/MHC 

tetramer binding to these cells.11,12,17,110,112-114 We compared the Trp2/Kb tetramer 

median fluorescence intensity (MFI) in pre-immune WT and Dct-/- mice. The 

average Trp2/Kb tetramer staining was higher on Dct-/- cells, but the MFI largely 

overlapped between the two populations (Figure 2.1B), suggesting that the range 

of TCR avidities did not markedly differ between the Trp2/Kb-specific pools. 

Indeed, the tetramer staining difference we observed (a WT:Dct-/- tetramer MFI 

ratio of ~0.8) is more subtle than that noted in a previous study using a 

transgenic mouse model, which reported a tetramer ratio of ~0.35 between mice 

with vs. without self-antigen expression.11 As a control to make sure there were 

no staining differences between the strains, we also assessed the avidity of cells 

specific for an irrelevant foreign epitope — B8R/Kb from vaccinia virus — in WT 
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and Dct-/- mice; the tetramer MFI of B8R/Kb-specific cells was comparable 

between the strains as expected (Figure 2.1C).   

 

We also examined the phenotype of Trp2/Kb-specific cells in pre-immune WT and 

Dct-/- mice. No consistent differences in the expression of activation/memory 

markers (CD69, CD44, CD122) or anergy/exhaustion markers (PD-1, LAG3, 

CTLA-4, TIM3) were identified between Dct-/- and WT Trp2/Kb-specific cells 

(Figures 2.1D–F, Supplemental figures 2.2B–D). The majority of cells exhibited 

low expression of the memory markers CD44 and CD122, and 

anergy/exhaustion marker expression was low in both populations. CD5 can 

indicate self-antigen recognition,115,116 but we did not detect significant 

differences in expression between the groups (Figure 2.1G). RNAseq analysis of 

Trp2/Kb tetramer-binding cells isolated from pre-immune mice by fluorescence-

activated cell sorting (FACS) showed no consistent differences in gene 

expression related to their derivation from WT versus Dct-/- mice (Supplemental 

figure 2.2E), although this does not rule out the possibility of epigenetic 

differences between the populations.  

 

To ensure our findings were not unique to Trp2180/Kb-specific cells, we used 

tetramer enrichment to isolate CD8+ T cells specific for other skin antigens — a 

distinct Trp2 epitope (Trp2363/Db) and a tyrosinase-related protein 1 epitope 

(Trp1455/Db) — in mice expressing or lacking these antigens. We were able to 

identify cells with these specificities present at numbers similar to slightly less in 

mice expressing antigen relative to mutant mice (Supplemental figure 2.2F). This 

suggests that CD8+ T cells specific for other melanocyte self-epitopes also 

largely escape clonal deletion. 

 

Hence, although we identified some minor differences between Trp2/Kb-specific 

cells from WT versus Dct-/- mice, these pre-immune populations generally 

resembled each other in number, phenotype, and gene expression, arguing 
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against extensive clonal deletion or overt steady-state anergy induction as the 

mechanisms dictating tolerance to this antigen. These findings resonate with 

studies in humans, which have shown that the precursor frequency and average 

peptide/MHC tetramer staining intensity are only modestly reduced (or “pruned”) 

among self-antigen specific CD8+ T cells9 and that self-specific cells can be 

phenotypically naïve.8,9 Accordingly, these data suggested that analysis of 

Trp2/Kb-specific responses in mice could serve as a useful model for 

investigating the characteristics and responsiveness of self-specific CD8+ T cells 

that escape deletional tolerance.  

 

2.2.2 Differences in the magnitude of the response to Trp2 immunization in WT 

and Dct-/- mice 

 

It was possible that the lack of substantial clonal deletion or signs of prior 

activation in WT Trp2/Kb-specific cells indicated a form of “ignorance” toward 

Trp2 — i.e., T cells capable of strong responses may simply not have 

encountered or recognized the self-antigen during normal homeostasis, as has 

been reported in some transgenic models.15,16 To investigate this, we challenged 

WT and Dct-/- mice with Trp2 in an immunogenic context using TriVax, a subunit 

immunization strategy comprising peptide, agonist anti-CD40 antibody, and 

poly(I:C).95 It should be noted that the TriVax approach uses the minimal peptide 

for priming, which likely excludes antigen-specific Treg involvement. We included 

B8R peptide in addition to Trp2 peptide in these experiments as an internal 

control. While WT and Dct-/- mice responded similarly to B8R, WT mice showed a 

more limited response to Trp2 at an effector time point (day 7) relative to Dct-/- 

mice (Figures 2.2A and B), ruling out this type of ignorance as the dominant 

tolerance mechanism. We observed a significantly larger number and frequency 

of Trp2/Kb-specific cells in Dct-/- mice, and the Dct-/- cells exhibited higher 

apparent Trp2/Kb avidity (as measured by tetramer MFI; Figures 2.2C–E); TCRß 

MFI was similar between WT and Dct-/- Trp2/Kb-specific cells, indicating that the 
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difference in tetramer MFI between the strains did not reflect differential 

modulation of cell-surface TCR (Supplemental figure 2.3A). Still, WT Trp2/Kb-

specific cells expanded > 1000-fold (Dct-/- cells expanded ~4000-fold). The 

WT:Dct-/- tetramer ratio was little changed relative to the pre-immune populations, 

suggesting the difference in avidity between WT and Dct-/- cells had not been 

amplified by activation.  

 

Aside from the difference in avidity, we were unable to detect meaningful 

differences in the expression of activation markers, chemokine receptors, or 

anergy/exhaustion markers at this time point (Supplemental figures 2.3 B–D and 

data not shown). The frequency of PD-1+ cells was comparable between WT and 

Dct-/- Trp2/Kb-specific populations (Figure 2.2F), suggesting similar exposure to 

antigen. We also assessed cytokine production and degranulation following ex 

vivo Trp2 stimulation at day 7 after TriVax and found that a greater frequency of 

Dct-/- CD8+ T cells produced IFN-γ, TNF-α, and CD107a (an indicator of 

degranulation), in approximate proportion to the frequency of Trp2/Kb-specific 

cells (Supplemental figure 2.3E). Among IFN-γ-producing cells, a slightly larger 

proportion of Dct-/- cells co-produced TNF-α, indicating that Trp2/Kb-specific Dct-/- 

cells may have modestly improved polyfunctionality (Supplemental figure 2.3E). 

 

As the skin is the site of Trp2 expression (in WT mice), we looked at Trp2/Kb-

specific cells in the skin at day 7 after TriVax to determine whether we would see 

a more divergent phenotype between WT and Dct-/- cells in this location and 

whether larger numbers of Trp2/Kb-specific cells might be attracted to the skin in 

WT mice, potentially explaining the difference in splenic representation. 

Interestingly, this was not the case: the number of Trp2/Kb-specific cells in the 

skin was similar between the strains (Supplemental figure 2.4A). Tetramer MFI 

was again greater among the antigen-specific Dct-/- population; whether the 

difference in local antigen expression impacted cells’ responses was unclear — 

the proportion expressing CD69 +/- CD103 was slightly greater in WT Trp2/Kb-



 29

specific cells, but we did not detect a clear difference in PD-1 expression 

(Supplemental figures 2.4B–D). 

   

Since the Trp2180-188 epitope shows suboptimal binding to Kb,117 it was possible 

that our findings were influenced by the high doses of Trp2 peptide used in the 

TriVax immunization approach. To explore Trp2 responses in a more 

physiological context, we infected mice with a recombinant Listeria 

monocytogenes strain expressing Trp2 (LmTrp2)118 and sacrificed the mice at 

effector (day 7) and memory (day 45) time points, assessing the percentage and 

number of Trp2/Kb-specific CD8+ T cells and cytokine production in response to 

ex vivo Trp2 stimulation. Again, the Trp2/Kb-specific response was greater in Dct-

/- mice at both effector and memory time points (Supplemental figures 2.5A–C). 

As with TriVax, the frequency of all CD8+ T cells responding to ex vivo Trp2 

stimulation with cytokine production (IFN-γ, TNF-α) was larger in Dct-/- mice; the 

percent producing IFN-γ approximated the tetramer-positive population, 

suggesting that the majority of Trp2/Kb-specific cells were able to produce this 

cytokine in both strains of mice (Supplemental figure 2.5D). Among IFN-γ-

producing cells, those from Dct-/- mice tended to produce increased amounts of 

cytokine on a per-cell basis (as assessed by IFN-γ MFI). 

 

With both the TriVax and LmTrp2 approaches, polyclonal Trp2/Kb-specific cells 

from WT mice showed evidence of tolerance, i.e., submaximal responsiveness to 

Trp2, while those from Dct-/- mice mounted a stronger response consistent with a 

typical response to a foreign antigen. Because cells from Dct-/- mice were able to 

respond robustly in these experiments, the poor responsiveness of WT Trp2/Kb-

specific cells could not be attributed solely to ignorance or ineffective 

immunization.   
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Figure 2.2. Differences in the magnitude of the response to Trp2 immunization in WT and 
Dct-/- mice 
Mice were primed with TriVax (50 ug each of Trp2 and B8R peptides; A–F). The number (A) or 
percent (B) of splenic Trp2/Kb or B8R/Kb-specific cells was assessed at day seven. (C, D) The 
tetramer fluorescence intensity of splenic Trp2/Kb-specific cells was compared. (E) Gating for 
dual Trp2/Kb tetramer positive CD8+ (samples were not enriched for Trp2/Kb-specific cells). (F) 
The frequency of the indicated splenic population expressing PD-1 is shown. Data in A and B are 
compiled from more than three experiments. Data in C–F are representative of three or more 
similar experiments. Squares indicate male animals. * p < 0.05, **** p < 0.0001 by unpaired t test 
(C) or one-way ANOVA with Sidak’s multiple comparisons test (A, B, F).   
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2.2.3 Tolerance to Trp2/Kb is CD8+ T cell-intrinsic  

 

Both cell-intrinsic and cell-extrinsic mechanisms of CD8+ T cell tolerance have 

been previously described. Sakaguchi’s group8 identified anergic CD8+ T cells 

specific for melanocyte antigens in healthy human donors and concluded that 

these cells were restrained by Tregs. In contrast, other groups have shown cell-

intrinsic deficits among self-reactive CD8+ T cells. For example, Davis’ group9 

found human self-antigen-specific T cells to be poorly responsive to antigenic 
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stimulation even in the absence of Tregs, and Greenberg and colleagues41 

showed that tolerant self-reactive murine CD8+ T cells remained tolerant when 

transferred into new hosts that lacked antigen expression.  

 

Accordingly, we investigated whether cell-intrinsic or -extrinsic mechanisms were 

active in restraining Trp2/Kb-specific CD8+ T cells in WT mice. To assess this, 

we transferred bulk WT polyclonal CD8+ T cells to both WT and Dct-/- recipients, 

then primed the mice with TriVax and examined the effector response at day 7 

post-immunization (Figures 2.3A, B, and D). Transferred WT Trp2/Kb-specific 

cells did proliferate (~100-fold expansion), albeit to a much lesser degree than 

endogenous Dct-/- Trp2/Kb-specific cells. Importantly, their expansion was 

comparable in both WT and Dct-/- recipients (Figures 2.3B and D), suggesting 

that the WT CD8+ T cells remained hyporesponsive even in an environment 

where endogenous cells were not tolerant to Trp2, supporting a cell-intrinsic 

basis for the impaired reactivity of WT Trp2/Kb-specific CD8+ T cells. These 

findings also argue against a model in which the reduced number of splenic 

Trp2/Kb-specific cells arising after priming in WT mice reflects recruitment into 

sites of self-antigen exposure (e.g., the skin), since similar numbers of 

transferred WT cells are found in the spleen in WT hosts and Dct-/- hosts lacking 

antigen expression.    

 

We also assessed the performance of Dct-/- CD8+ T cells when transferred into 

Dct-/- and WT hosts prior to priming to determine whether they would acquire 

Figure 2.3. WT Trp2/Kb-specific cells exhibit cell-intrinsic tolerance  
(A) We performed negative enrichment for CD8+ T cells from WT or Dct-/- donors and transferred 
bulk CD8+ T cells into congenically distinct WT or Dct-/- recipients. One day later, mice were 
immunized with TriVax (100 ug of Trp2 and B8R peptide). Donor and endogenous cells were 
collected from the spleens of recipient mice on day seven following immunization and assessed 
for the percent (B, C) and number (D, E) of Trp2/Kb-binding cells. Data in B–E were compiled 
from three or more experiments. Squares indicate male animals. ** p < 0.01, **** p < 0.0001 by 
one-way ANOVA with Sidak’s multiple comparisons test. Endog, endogenous; recip, recipients. 
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tolerance in the WT environment (Figure 2.3A). These Trp2/Kb-specific donor 

cells were able to expand robustly in both Dct-/- and WT recipients (Figures 2.3C 

and E), further demonstrating a lack of extrinsic regulation in the WT 

environment. Dct-/- cells actually performed better in WT recipients than in Dct-/- 

recipients; the basis for this outcome is not clear but could be due to reduced 

competition by endogenous Trp2/Kb-specific cells in WT hosts. Preliminary 

studies indicated that Dct-/- cells still showed strong expansion when the interval 

between cell transfer and TriVax was extended from one day to one week, 

suggesting that these cells did not acquire tolerance characteristics within this 

timeframe (data not shown).  

 

We conducted similar transfers utilizing LmTrp2 instead of TriVax, again finding 

evidence of cell-intrinsic tolerance. The transferred cells behaved in accordance 

with the donors’ Trp2 expression rather than that of the recipients: WT cells 

remained tolerant when primed in Dct-/- recipients, while Dct-/- cells retained the 

ability to expand when primed in WT recipients (Supplemental figures 2.6A and 

B). Collectively, these data indicate that cell-intrinsic mechanism(s) enforce 

tolerance among WT Trp2/Kb-specific cells.  

 

2.2.4 WT Trp2/Kb-specific cells are capable of an acute response to Trp2 

  

Although the response to Trp2 immunization was weaker in WT versus Dct-/- 

mice, the WT response was still substantial (Figure 2.2A). Studies on T cells with 

low affinity TCRs have shown a normal initial proliferative response that stalls 

prematurely relative to the response by high affinity T cells.110,112,119 Alternatively, 

it was possible that fewer clones would be recruited into the Trp2 response in WT 

mice, leading to decreased expansion relative to Dct-/- animals from the initiation 

of an immune response. To distinguish between these possibilities, we studied 

the expansion kinetics of the Trp2/Kb-specific response in WT and Dct-/- mice. In 

order to track early polyclonal responses, TriVax with a higher dose of Trp2 
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peptide was used in these studies, and tetramer enrichment was used to isolate 

Trp2/Kb-specific cells. Interestingly, WT Trp2/Kb-specific cells were capable of an 

initial response that largely paralleled that shown by their Dct-/- counterparts 

(Figure 2.4A). One day after TriVax immunization, few cells were isolated, likely 

due to either trapping within the tissues120 or TCR downregulation.121 Slightly 

more Trp2/Kb-specific cells were identified in WT mice on day two, while 

increased numbers of Trp2/Kb-specific cells were seen in Dct-/- mice on days 

three through five. By days six and seven after high dose TriVax immunization, 

Trp2/Kb-specific cells in Dct-/- mice outnumbered those in WT mice by an average 

ratio of 4:1. Although significant, these differences in expansion were modest in 

comparison with the > 1000-fold expansion of Trp2/Kb-specific cells in both 
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strains (Figure 2.4A). Preliminary assessment of apoptosis induction (annexin V 

staining) showed no differences between the strains at one or three days after 

TriVax (data not shown).    

 

We also assessed the phenotype of responding Trp2/Kb-specific cells acutely 

after TriVax. With this approach, CD69 did not serve as a reliable indicator of 

activation due to the type I interferon response induced by poly(I:C) leading to 

CD69 upregulation,122 and widespread CD44 expression was seen in both 

tetramer positive and negative cells because of the potent inflammatory response 

unleashed by this method of immunization. Accordingly, we tracked CD25 

expression as an indicator of activation. CD25, the high affinity alpha component 

of the IL-2 receptor, is upregulated with activation in certain situations123 and may 

enable a stronger effector response by cells expressing it.124,125 The proportion of 

Trp2/Kb-specific cells expressing CD25 was significantly greater in Dct-/- mice on 

day four, and trended higher on days two and three (Figures 2.4B and C). The 

CD25 MFI of CD25+ cells was also higher on Dct-/- Trp2/Kb-specific cells on day 

four (Figures 2.4B and C), suggesting that Dct-/- cells expressed more CD25 on a 

per-cell basis. Once again, Dct-/- Trp2/Kb-specific cells displayed significantly 

higher tetramer MFI than WT cells on days two through seven, but the avidity 

differences detected by tetramer staining did not demonstrate a progressive 

increase with time; the ratio between the WT and Dct-/- tetramer MFI transiently 

dropped at days 4–6, but the ratio at day 7 was similar to that of pre-immune 

Figure 2.4. WT Trp2/Kb-specific cells are capable of an initial response to Trp2 similar to 
that of Dct-/- cells 
WT and Dct-/- mice received intravenous injections of TriVax with 200 ug Trp2 peptide. Tetramer 
enrichment was used to enumerate Trp2/Kb-specific cells and assess their phenotype at the 
indicated time points following immunization (A–C, E). The ratio between the mean experimental 
PE MFI of Trp2/Kb-specific cells in WT mice relative to Dct-/- mice is plotted in D, with each 
symbol representing one experiment. Data are compiled from three or more experiments in A, C, 
and D. Representative flow plots from one day four experiment are shown in B, and the same 
representative day four experiment is shown in E. Squares indicate male animals; the dotted line 
indicates the average naïve precursor frequency from the spleen and lymph nodes. ** p < 0.01, 
*** p < 0.001, **** p < 0.0001 by one-way ANOVA with Sidak’s multiple comparisons test 
(performed on log-transformed data in [a]). 
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cells (Figure 2.4D, Supplemental figure 2.7A). As with pre-immune cells, the 

tetramer MFI of B8R/Kb-specific cells was similar between the strains at day 7 

(Supplemental figure 2.7B). Tetramer MFI was highest among the CD25+ subset 

for both WT and Dct-/- cells; the tetramer MFI of CD25+ WT cells was similar to 

the MFI of the overall tetramer-binding Dct-/- population on day four (Figure 2.4E).  

 

We also assessed the early response following peptide stimulation alone, since 

this would be analogous to encountering Trp2 in a non-inflammatory context. We 

again found the early response to be similar between WT and Dct-/- Trp2/Kb-

specific cells. The number (Supplemental figure 2.7C) and phenotype of WT 

Trp2/Kb-specific cells was comparable to that of Dct-/- cells on day one post-

peptide. The activation markers CD44 and CD69 were similarly upregulated in 

both (Supplemental figures 2.7D and E), however, responses began to diverge 

by day two after peptide stimulation, and by day three significant differences in 

number and CD44 expression had emerged, with Dct-/- cells clearly 

outperforming WT cells (Supplemental figure 2.7C and D).  

 

These findings indicate that the response to Trp2/Kb in WT and Dct-/- mice follows 

similar kinetics and magnitude but that expansion in WT animals terminates 

prematurely. Interestingly, we did not observe a progressive increase in apparent 

TCR avidity over time among the Dct-/- responder pool relative to WT cells, as 

might be expected if the subset of Dct-/- T cells with higher avidity TCRs were the 

only cells capable of responding strongly to Trp2/Kb.  

 

2.2.5 Single-cell sequencing reveals an impaired ability to differentiate into a 

highly proliferative population early after priming among WT Trp2/Kb-specific cells 

 

To better understand the defects in expansion and functionality observed among 

WT Trp2/Kb-specific cells and assess the heterogeneity within this population, we 

performed single-cell RNA sequencing on Trp2/Kb-specific cells from WT and 
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Dct-/- mice at day seven after TriVax priming. After initial data processing, the WT 

and Dct-/- datasets were merged126; clusters based on the cells’ transcriptomes 

were generated in an unbiased manner and visualized using uniform manifold 

approximation and projection (UMAP). Surprisingly, the distribution of WT and 

Dct-/- cells was quite similar (Supplemental figure 2.8A); the majority of clusters 

showed similar frequencies of cells from the two strains, although a slightly larger 

proportion of Dct-/- cells (14% vs. 6% of WT cells) were located in cluster 1 and a 

slightly smaller proportion in cluster 2 (5% vs. 12% of WT cells). We assessed 

the expression of genes associated with activation, anergy, or exhaustion among 

these populations and found generally similar patterns of expression between 

sample groups (Supplemental figure 2.8B). Aligning with our analysis of 

anergy/exhaustion marker expression by flow cytometry, we found low 

expression of these genes in WT (and Dct-/-) cells at this effector time point 

(Supplemental figure 2.3D, Supplemental figure 2.8B). 

 

Based on our finding that WT cells began to fall behind Dct-/- cells in number 

around day four after TriVax, it was possible that these populations had diverged 

earlier after activation. Accordingly, we also performed single-cell sequencing at 

day three after TriVax. At this time point, cells clustered into two major groups 

separated along the x-axis, each comprised of smaller clusters (Figure 2.5A). 

Interestingly, over half of the cells (58%) from Dct-/- mice were localized in cluster 

0, but this cluster was nearly devoid of WT cells, representing only a small subset 

(13%) of WT cells (Figure 2.5B). Suspecting that this cluster might contain a 

more functional subset poorly represented in the WT population, we assessed its 

characteristics in more detail. Because this cluster made up the majority of Group 

A (left group), we performed differential gene expression analysis between the 

two major groups in the merged dataset: A and B (right group). 

 

Histone genes (e.g., Hist1h1b, Hist1h1e, Hist1h1d, Hist2h2ac) were among the 

most upregulated in Group A compared to Group B; these genes are commonly 
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induced in association with cellular replication.127 Other genes associated with 

proliferation, such as Myc, Nolc1, Npm1, and Ccne2, were also upregulated in 

Group A (Figure 2.5C), and cell cycle analysis revealed that the majority of cells 

in Group A were in stages G2/M or S of the cell cycle (Figure 2.5D). Among cells 

in cluster 0 (Group A), 76% of Dct-/- cells were in G2/M or S versus 42% of WT 

cells (Figure 2.5E). Gene set enrichment analysis revealed a strong enrichment 

of gene sets comprising Myc targets, E2F targets, and genes related to mTORC1 

signaling and the G2/M checkpoint (Supplemental figure 2.9A).  

 

Many of the cells in Group A expressed CD25, with the majority of the remainder 

located in cluster 2 of Group B (Figure 2.5F); cells in these clusters also showed 

enrichment for a gene signature associated with IL-2 receptor signaling 

(Supplemental figure 2.9B). This aligns with our finding that the frequency of cells 

expressing CD25 was greater in Dct-/- than WT Trp2/Kb-specific effectors (Figure 

2.4C). Indeed, group A cells showed significantly higher expression of certain 

genes relevant to the IL-2 signaling pathway with known impacts on T cell 

function, such as Irf4 and Myc; previous work has demonstrated that signaling 

through the IL-2 receptor is important for sustained Myc expression.128 Lag3 and 

 

Figure 2.5. WT Trp2/Kb-specific cells show proliferative defects in the early effector phase 
Trp2/Kb-specific CD8+ T cells were isolated from WT and Dct-/- mice on day three after TriVax 
and submitted for scRNA-seq. After initial processing, the WT and Dct-/- data sets were merged 
and further analyzed. (A) UMAP representation of gene expression from merged datasets 
determined using Seurat; each dot represents one cell. Clusters are indicated by color. (B) Cells 
from the Dct-/- sample are shown on the left and cells from the WT sample on the right using the 
same UMAP projection (generated from merged data) shown in Fig. 6A. (C) The most 
differentially expressed genes between groups A and B (see Fig. 2.6A); histone genes and other 
genes associated with proliferation are indicated. A positive average log fold change value 
indicates higher expression in group A. (D) Cell cycle analysis indicates the cell cycle phase for 
each cell on the UMAP plot (cells from the Dct-/- sample are shown on the left and cells from the 
WT sample on the right). (E) Pie charts show the frequencies of cells within cluster 0 in each 
stage of the cell cycle (left: Dct-/- sample, right: WT sample). (F) Expression of CD25 (Il2ra) by cell 
is indicated on the clusters by color.  
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Pdcd1 (PD-1) expression were seen among cells in some clusters, but 

expression of these markers was higher among Dct-/- cells (Supplemental figure 

2.9C); other anergy and exhaustion markers were not widely expressed in either 

population, similar to the data from day 7.  

 

Based on the association of IL-2 signaling with Dct-/- Trp2/Kb-specific effector 

cells, we administered IL-2 complex (IL-2 + anti-IL-2 S4B6 antibody) to WT and 

Dct-/- mice previously primed with TriVax to determine whether this would correct 

the defective proliferation of the WT Trp2/Kb-specific cells. IL-2 complex acts 

through the and  components of the IL-2 receptor, negating the impact of 

differential CD25 expression. IL-2 complex treatment on day five after TriVax or 

LmTrp2 improved the expansion of both WT and Dct-/- Trp2/Kb specific cells to a 

similar extent (Supplemental figures 2.9D and E). Although this treatment did not 

correct the expansion defect of WT Trp2/Kb-specific cells in a selective manner, it 

did improve their numbers to the level seen among untreated Dct-/- cells, 

supporting the use of IL-2R-directed therapies in cancer immunotherapy 

designed to engage tolerant cells.129-131 

 

Taken as a whole, the RNA-sequencing data suggest that WT Trp2/Kb-specific 

cells are deficient in their ability to form the more proliferative subpopulation that 

comprises a majority of the Dct-/- Trp2/Kb-specific population on day three after 

priming. Nevertheless, proliferation of the WT population was not entirely 

constrained, since this pool continued to expand over successive days (Figure 

2.4). 

 

2.2.6 WT Trp2/Kb-specific cells are inefficient at mediating vitiligo  

 

T cells that escape self-tolerance mechanisms can sometimes elicit 

autoimmunity. Even CD8+ T cells with very low affinity TCRs that avoid deletional 

tolerance have been found to drive tissue destruction following activation.12,110,132 
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Furthermore, vigorous immunization against Trp2 can break tolerance and lead 

to vitiligo.95,108,129 Our data indicated that the proliferative response of Trp2/Kb-

specific cells was only slightly impaired in WT relative to Dct-/- mice, but the ability 

of these expanded cells to mediate overt tissue damage, as indicated by 

autoimmune vitiligo, was unclear.  

 

To investigate this, we primed WT and Dct-/- donors with TriVax, then transferred 

day seven effectors to congenically distinct WT recipient mice in parallel and 

immunized these recipients with TriVax. Equal numbers of Dct-/- and WT cells 

were transferred to compensate for the reduced response in WT mice. The 

recipients were treated with dinitrofluorobenzene (DNFB) on the left flank six 

days after transfer as a local inflammatory stimulus133-135; vehicle (acetone/olive 

oil) was applied to the right flank (Figure 2.6A). Analysis of the blood six days 

after transfer and boosting revealed expansion of both types of donor cells; 

although there was a trend for transferred Dct-/- cells to expand to a greater 

degree than donor WT cells, the difference was not statistically significant (Figure 

2.6B). Recipient mice were subsequently monitored for vitiligo development on a 

weekly basis and scored using a numeric metric (Supplemental figure 2.10A). 

 

Recipients of Dct-/- cells developed vitiligo more rapidly and more extensively 

than mice receiving WT cells, beginning around day 20 after cell transfer (Figure 

2.6C). Vitiligo was most frequently initiated at the DNFB-treated site and would 

often progress over the following weeks to involve the right flank, hair around the 

eyes, and — in some cases — hair distributed over the body. Vitiligo progressed 

more rapidly and to a greater extent (higher numeric score) in recipients of Dct-/- 

cells (Figure 2.6D, Supplemental figures 2.10B and C), although low-grade 

vitiligo was observed in some mice receiving WT Trp2/Kb-specific effector cells or 

TriVax and DNFB without cell transfer. It is possible that initial melanocyte 

destruction mediated by the transferred cells facilitated antigen release and a 

broadening of the anti-melanocyte response to include endogenous T cells; 
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nevertheless, limited studies using irrelevant TCR transgenic mice (P14) as 

recipients showed that Trp2/Kb-specific donor cells from Dct-/- mice were still able 

to induce vitiligo in this setting (Supplemental figures 2.11A and B).  

 

Vitiligo severity (average vitiligo score) was positively correlated with the number 

of donor Trp2/Kb-specific cells in the blood on day 6 after transfer and TriVax 

boost (Supplemental figure 2.10D). This suggests that the enhanced proliferative 

capacity of Dct-/- cells was a factor in their superior ability to induce vitiligo, 

although it does not rule out additional qualitative differences between the WT 

and Dct-/- populations.  

 

We also assessed the number and phenotype of transferred Trp2/Kb-specific 

cells in the skin of recipient P14 mice, which lacked a large population of 

endogenous antigen-specific cells. At day 11 or 12 after cell transfer, we 

identified similar numbers of cells from both donors in the DNFB-treated (left) 

flank; interestingly, this number was also similar to the number of cells identified 

in the vehicle-treated (right) flank (Supplemental figure 2.11C). The phenotype 

(PD-1, CD49a expression) of the transferred Trp2/Kb-specific cells was also 

similar across donor group and both flanks (Supplemental figure 2.11D). As in 

previous experiments, antigen-specific cells from Dct-/- donors exhibited higher 

tetramer MFI; the tetramer MFI on donor cells in the skin was similar to or slightly 

higher than that observed in the spleen (Supplemental figure 2.11E and data not 

shown). At a memory time point, fewer transferred Trp2/Kb-specific cells were 

identified in the skin, but this reduction was similar in recipients of WT and Dct-/- 

cells, as was the number of transferred Trp2/Kb-specific cells in the spleen at day 

27 after transfer (data not shown). These findings contrasted with the clear 

difference in vitiligo elicited by Dct-/- versus WT cells and indicate that differences 
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in skin recruitment and retention are unlikely to account for the distinct disease 

progression induced by these populations. 
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In summary, in contrast to the relatively modest differences in the expansion of 

Trp2/Kb responders in WT and Dct-/- mice, the ability of these populations to 

mediate autoimmune damage—melanocyte destruction—was strikingly different.   

 

 

Figure 2.6. WT Trp2/Kb-specific cells are unable to mediate efficient anti-melanocyte 
activity  
(A) WT mice were monitored for vitiligo after receiving 50,000 Trp2/Kb-specific cells from WT or 
Dct-/- donors primed with TriVax seven days prior; recipient mice received TriVax (100 ug Trp2) 
on the day of transfer and were treated with DNFB (left flank) six days later. No cell transfer 
controls (not shown in schematic) received TriVax and DNFB but no transferred cells. (B) 
Recipient mice were bled on day six after transfer and TriVax; the number of transferred Trp2/Kb-
positive cells per uL blood is shown. (C) Kaplan Meier curve of vitiligo development; mice were 
considered to have vitiligo when they first had a vitiligo score of two that was sustained. Mean 
group vitiligo scores over time are shown in (D), with a dotted line indicating definite vitiligo.  Data 
in C and D are compiled from three experiments with 4–10 mice per group. Data in B are 
compiled from two experiments with 4–10 mice per group. **** p < 0.0001 by unpaired t test (B), 
log-rank survival analysis (C), or two-way ANOVA followed by Tukey’s multiple comparisons test 
(D). 
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2.3 Discussion 

 

A number of groups have demonstrated the existence of self-reactive CD8+ and 

CD4+ T cells in the periphery of mice and healthy human adults.8,9,91,136-138 In 

some cases, self-reactive cells display indicators of reduced functionality, 

revealing them as tolerant and unlikely to cause spontaneous pathology. For 

example, self-reactive cells are often reported to express inhibitory receptors 

such as CTLA-4, PD-1, and LAG-3.8,41,48,49 However, studies in human adults 

have identified self-reactive cells with a phenotype similar to that of naïve CD8+ 

T cells specific for foreign antigens9; these cells did not display an overtly anergic 

phenotype but still responded poorly to stimulation. It is important to understand 

the mechanisms restraining these cells under normal conditions as well as their 

potential to cause pathology; such knowledge is critical to designing effective 

therapies to restrain these cells (e.g., to control autoimmune disease) or induce 

their responses (e.g., for cancer immunotherapy). As described in this chapter, 

we developed a polyclonal mouse model for CD8+ T cell self-tolerance, enabling 

us to define the characteristics of these cells and their reactivity in a physiological 

setting.  

 

We found that the pre-immune populations of Trp2/Kb-specific cells in WT and 

Dct-/- strains were qualitatively similar, sharing a naïve phenotype and 

indistinguishable gene expression profile; there were no clear signs of prior 

antigen exposure among the WT cells. The size of the Trp2/Kb-specific precursor 

pool was only slightly (although significantly) smaller in WT mice, by less than 2-

fold, and the response to Trp2 immunization was substantial in both strains, 

leading to a > 1000-fold expansion of Trp2/Kb-specific cells in both WT and Dct-/- 

mice. Despite these commonalities, the population primed in Dct-/- mice showed 

greater expansion and elicited more rapid and widespread tissue destruction, 

read out as vitiligo, after adoptive transfer. Since the enhanced induction of 

vitiligo by transferred Dct-/- cells did not align with their improved recruitment to 
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the skin, these findings suggest that Dct-/- cells are more efficient at mediating 

melanocyte destruction within the tissue.  

 

Our adoptive transfer studies showed that the observed restraint in the WT 

Trp2/Kb-specific response did not depend on extrinsic factors but was a cell-

intrinsic feature of pre-immune CD8+ T cells. This implies that other cell 

populations, including CD4+ Tregs or regulatory CD8+ T cells,139 are neither 

required for nor capable of affecting the responses of tolerant and non-tolerant 

Trp2/Kb-specific cells during priming. These findings also effectively eliminate the 

possibility that self-antigen presentation during Trp2 priming alters the nature of 

the immune response. However, while our studies argue that cell-extrinsic 

regulation is not required for enforcement or maintenance of tolerance by 

Trp2/Kb-specific cells, this does not exclude a potential role for regulatory T cell 

populations in establishing the initial tolerant state in WT mice. It is currently 

unclear whether tolerance to Trp2 is enforced during thymic development or in 

the periphery of WT mice: one report suggested that Dct expression is 

undetectable in thymic mTECs,140 but Trp2 could be brought into the thymus by 

dendritic cell populations to induce tolerance in WT animals. The site of tolerance 

induction was not a focus of the current study, but it will be interesting to 

determine whether instances of CD8+ T cell self-tolerance correlate with self-

antigen expression patterns in the thymus (e.g., AIRE-regulated tissue-specific 

antigen expression).  

 

Many of the characteristics we report for Trp2/Kb-specific CD8+ T cells in WT 

mice are strongly reminiscent of T cells with low affinity/avidity for 

antigen,11,12,110,112 and we did observe modestly higher Trp2/Kb tetramer staining 

intensity on a subset of Dct-/- cells compared to WT responder cells. The 

“pruning” of WT CD8+ T cells with high-avidity Trp2/Kb-specific TCRs remains 

the most likely explanation for this finding. If so, however, the effect of such 

pruning appears to be remarkably subtle. While analysis of unimmunized mice 
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revealed that the average number and tetramer staining intensity of Trp2/Kb-

specific CD8+ T cells were significantly lower in WT than Dct-/- animals, the 

degree of overlap suggests such measures would be unreliable for detecting 

tolerant cells beyond this optimized experimental model. Furthermore, the 

relatively consistent WT to Dct-/- tetramer MFI ratio in our time course 

experiments argues against an imbalanced outgrowth of higher affinity/avidity 

TCR clones in Dct-/- relative to WT animals (as might have been expected if TCR 

affinity was the primary factor driving improved proliferation in the Dct-/- 

population). At a practical level, the relatively modest differences in cell number 

and tetramer staining between tolerant and non-tolerant cells that we observed in 

this carefully controlled model system would not be sufficient to accurately 

predict self-reactivity versus tolerance in a clinical setting. Broadly similar 

conclusions were drawn from earlier studies of self-tolerance in humans.8,9 This 

finding highlights the limitations of currently available assays for accurately 

predicting responsiveness to self-antigens.   

 

Other studies utilizing mouse models have reported that even CD8+ T cells with 

very low affinity/avidity TCRs (including those undetectable by normal 

peptide/MHC tetramer staining) can provoke overt tissue damage that may reach 

or exceed the response observed for non-tolerant, high affinity/avidity 

cells.12,110,132  Our data indicate that the opposite can also occur: despite largely 

overlapping tetramer staining profiles, WT and Dct-/- Trp2/Kb-specific cells exhibit 

markedly different abilities to mediate widespread vitiligo. Hence, the impact of 

CD8+ T cell tolerance toward some self-antigens only partially limits expansion 

but can prevent the generation of cells readily capable of potent tissue 

destruction: tolerance is not a binary state.  

 

Although enumeration, phenotyping, and pre-immune gene expression profiling 

failed to provide a robust metric for identifying functionally tolerant CD8+ T cells, 

we were able to delineate an inflection point following priming at which the 
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responses of tolerant and non-tolerant cells diverged. Flow cytometry and single-

cell RNA sequencing of Trp2/Kb-specific CD8+ T cells soon after priming 

demonstrated that WT responders failed to differentiate into a CD25+, IRF4+ 

population (a characteristic of most Dct-/- responder cells) and indicated that WT 

cells showed poor commitment to sustained proliferation. These combined 

features may be useful for further defining the responses by self-antigen specific 

cells that are or are not capable of overt tissue destruction.  

 

The early effector population of Trp2/Kb-specific cells demonstrates 

heterogeneity on a transcriptomic level in both strains. Whereas the majority of 

Dct-/- cells show a highly proliferative phenotype characterized by active cell 

cycling and responsiveness to mTOR and Myc, few WT Trp2/Kb-specific cells fall 

into this group. The reason(s) underlying the inability of WT cells to optimally 

engage these important pathways and proliferate efficiently requires further 

investigation but may relate to impaired sensitivity to endogenous IL-2 or other 

cytokines, altered TCR signaling, and/or the composition of the TCR repertoire. 

Recent studies on dysfunctional tumor-specific or exhausted CD8+ T cells have 

shown that epigenetic changes in chromatin accessibility or methylation can 

maintain such states,141-143 which is another potential explanation for the cell-

intrinsic nature of the tolerance seen in our model. How these or other factors 

relate to the relative inability of primed WT Trp2/Kb-specific cells to mediate overt 

tissue damage is currently unclear, but it will be critical to identify the cellular and 

molecular mechanisms involved in future studies. We describe preliminary 

investigation into the TCR repertoires of WT and Dct-/- mice in Chapter 3.  

 

We were able to identify CD8+ T cells specific for other melanocyte 

epitopes/antigens in pre-immune mice; these cells had a similar phenotype to 

WT Trp2/Kb-specific cells. Accordingly, we predict that our results will apply to 

other populations of CD8+ T cells specific for melanocyte and potentially other 

tissue-restricted antigens. Similar populations of self-specific CD8+ T cells may 
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exist in humans, and the ability of such cells to respond to self-antigen 

immunization while not causing autoimmune damage is relevant for 

understanding the limits of “breaking” tolerance, e.g., for cancer immunotherapy. 

Indeed, our results align with work examining polyclonal self-antigen-specific 

cells in human adults9 with regard to the phenotype (modestly lower tetramer 

MFI, lower CD25 expression) and response to cognate peptide (diminished) 

observed among tolerant cells. Another study examining self-specific CD8+ T 

cells8 attributed their restrained responsiveness to Treg-mediated suppression; 

while we did not detect a cell-extrinsic regulatory mechanism in our studies, it is 

certainly possible that this mechanism limits the response to some self-antigens.  

 

Our finding that polyclonal melanocyte-specific cells exhibit covert cell-intrinsic 

tolerance characterized by a partial defect in proliferation and a profound defect 

in tissue damage has implications for utilizing such cells therapeutically. This 

model has clear relevance to human physiology and will be useful in exploring 

methods of correcting the proliferative defects of tolerant cells to more effectively 

mobilize them in cancer immunotherapy approaches targeting tumor antigens 

shared with self.  
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2.4 Materials and methods 

 

2.4.1 Mice 

C57BL/6 (WT) mice were obtained from Charles River laboratories and housed 

in specific pathogen-free conditions at the University of Minnesota. Dct-/- mice on 

a C57BL/6 background were developed by Katie Stagliano and A. Andy Hurwitz 

at the NCI (see below); the mice were subsequently bred in-house on different 

congenic backgrounds and housed in specific pathogen-free conditions. Animals 

were used at 6–14 weeks of age. All animal experiments were approved by the 

Institutional Animal Care and Use Committee at the University of Minnesota. In 

accordance with NIH guidelines, both male and female animals were used in 

experiments; males are indicated by square symbols in the figures. 

 

2.4.2 Generation of Dct2-6 (Dct-/-) mice 

The construct used to generate an exon 2-6 deletion mutant of Dct (Dct2-6 – 

referred to as Dct-/- in the manuscript) was synthesized by IDT (Coralville, IA). 

Electroporation of the gene construct into mouse embryonic stem cells (mESC) 

was performed by the Transgenic Mouse Model Laboratory (TMML) of the 

Laboratory Animal Services Program at the National Cancer Institute, Frederick, 

MD. Polymerase chain reaction (PCR) primers were designed to screen for the 

presence of the recombined construct in the proper genomic location of 

prospective clones. pDRAW32 deoxyribonucleic acid (DNA) analysis software 

(www.acalone.com) and Primer3 (www.simgene.com) were used to design 

primers, and the NCBI Primer-BLAST tool was used to confirm the specificity of 

primers in the mouse genome (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).    

 

Genomic DNA from candidate mESC samples was purified using standard 

phenol chloroform extraction. Clones were screened by PCR using the primer 

pairs listed in Table 1A. Hot-Start Taq Blue Master Mix from Denville Scientific 

(Holliston, MA) was used with the following conditions: 5 minutes at 95 degrees 
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Celsius (°C); followed by 40 cycles of 1 minute at 95°C, 1 minute at 55°C, and 7 

minutes at 72°C; followed by cooling and storage at 4°C. PCR products were 

visualized by agarose gel electrophoresis. After screening approximately 350 

mESC samples, four candidates that showed recombination were found. These 

cells were then transferred into blastocysts and inserted into pseudo-pregnant 

females by the TMML. Ultimately, two chimera lines were generated and 

transferred into the Hurwitz laboratory’s mouse colony where we oversaw the 

breeding of chimeras and the intercrossing of pups. Pups were screened for slate 

coat color, which is the phenotype expected for mice with a homozygous deletion 

of Dct. Tail clips were used to test for the presence or absence of exons by PCR. 

Primer pair sequences are listed in Table 2.2. Hot-Start Taq Blue Master Mix 

from Denville Scientific (Holliston, MA) was used with the following conditions: 5 

minutes at 95°C; followed by 30 cycles of 1 minute at 95°C, 1 minute at 60°C and 

1 minute at 72°C; followed by cooling and storage at 4°C. All primers were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA). 

 

2.4.3 Tetramer enrichment 

Tetramer enrichment was used to isolate antigen-specific cells from pre-immune 

or acutely challenged mice. A modification of the method used by Obar et al.144 

was employed. Following digestion with collagenase D, single-cell suspensions 

were prepared from the spleens (acutely challenged mice) or spleen and 

cervical, axillary, brachial, inguinal, and mesenteric lymph nodes (pre-immune 

mice). When possible, the same tetramer (Trp2180–188/Kb) was used in both APC 

and PE to ensure specificity. Anti-PE and anti-APC beads and magnetized 

columns (both from Miltenyi Biotec) were used to enrich for tetramer-bound cells. 

Samples were stained and analyzed by flow cytometry; CountBright counting 

beads (Invitrogen) were used for enumeration. 

 

2.4.4 In vivo priming with Trp2 
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TriVax immunization was used as previously described95; mice were immunized 

intravenously (via tail vein injections) with Trp2180–188 peptide or Trp2 and B8R20–

27 peptides, agonist-anti CD40 antibody (BioXCell), and vaccine-grade poly(I:C), 

a toll-like receptor 3 agonist (InvivoGen). Peptide doses of 50, 100, and 200 g 

per mouse were used for effector timepoints, transfer experiments, and acute 

timepoints, respectively, unless otherwise noted. Animals that received TriVax 

immunization via intraperitoneal instead of intravenous injection were removed 

from the analysis unless otherwise noted.  

 

2.4.5 Infections with LmTrp2 

Frozen stocks of LmTrp2118 were thawed and grown to log-phase in tryptic soy 

broth supplemented with streptomycin (50 g/mL). Mice were typically injected 

with approximately 105–106 colony-forming units intravenously or 

intraperitoneally. Infectious doses were verified by colony counts on tryptic soy 

broth-streptomycin plates.  

 

2.4.6 Ex vivo stimulation 

In some experiments, splenocytes were stimulated ex vivo after isolation from 

infected mice. Splenocytes were incubated with Trp2 peptide (10-6 M) and 

Golgiplug (BD Biosciences) for 4–6 hours at 37°C; parallel wells with no peptide 

were used as a control. Cells were washed and stained with surface antibodies, 

followed by fixation and permeabilization with a FoxP3 Fix/Perm kit (eBioscience) 

or FoxP3/transcription factor staining buffer kit (Tonbo Biosciences) and staining 

with intracellular antibodies.  

 

2.4.7 Skin harvests 

Skin was shaved and dissected from the underlying tissue, then cut into small 

pieces and digested in a Collagenase Type III solution. Subsequently, samples 

were processed using a gentleMACs dissociator (Miltenyi Biotec), filtered, and 

washed before staining for flow cytometry. 
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2.4.8 Adoptive transfer experiments 

Bulk polyclonal CD8+ T cells were isolated from the spleen and lymph nodes of 

WT or Dct-/- mice using negative magnetic enrichment (CD8a+ T cell Isolation Kit; 

Miltenyi Biotec). Enriched CD8+ T cells (typically ~75-90% pure) were 

resuspended in sterile PBS and 2–2.5 x 106 CD8+ T cells were injected 

intravenously per recipient mouse; recipient mice were congenically distinct (by 

CD45 and/or Thy-1 alleles). One day later, the recipient mice were immunized 

with TriVax or LmTrp2 intravenously or intraperitoneally. Mice were sacrificed for 

analysis seven days later.  

 

2.4.9 Bulk RNA sequencing of pre-immune mice 

Trp2/Kb-specific cells were isolated from pre-immune WT and Dct-/- mice using 

tetramer enrichment followed by fluorescence-activated cell sorting on double 

tetramer positive cells. Cells were isolated from three separate cohorts, with each 

cohort comprising eight WT and eight Dct-/- mice. The Clontech StrandedRNA 

Pico Mammalian workflow was used for library preparation, and samples were 

sequenced using an Illumina NextSeq instrument (2x75 bp paired end reads). 

 

2.4.10 Bulk RNAseq analysis 

Raw sequencing data were demultiplexed by sample into FASTQs (mean 24.6 

million reads/sample) and mapped against the mouse genome (Ensembl 

GRCm38 release 95) using Hisat2 software (v 2.1.0). Gene level quantification 

was completed using Subread featureCounts software (v 1.6.2) and the read 

counts table was processed in R (v 3.5.2). Differentially expressed genes were 

identified with DESeq2 software (v 1.22.2) using a negative binomial model with 

effect size estimation completed by apeglm algorithm via the lfcShrink function. 

Group comparison p-values were adjusted by the Benjamini and Hochberg 

method to account for multiple hypothesis testing where genes with a false 

discovery rate (FDR) q < 0.05 were investigated in downstream analyses. 
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2.4.11 Single-cell RNA sequencing 

Day 7: WT and Dct-/- mice were primed with TriVax (50 g Trp2), and Trp2/Kb-

specific cells were isolated using negative enrichment for CD8+ T cells followed 

by fluorescence-activated cell sorting for tetramer positive cells. Day 3: WT and 

Dct-/- mice were primed with TriVax (200 g Trp2), and Trp2/Kb-specific cells 

were isolated using tetramer enrichment followed by fluorescence-activated cell 

sorting. At both time points, cells were submitted for barcoding and library 

preparation using the 10x Genomics platform (Chromium Single Cell 5’ Library & 

Gel Bead Kit),145 and samples were sequenced using an Illumina NovaSeq 

instrument with 2x150 bp paired end protocol.  

 

2.4.12 Single-cell RNAseq analysis 

Raw sequencing data were processed using Cell Ranger (v 3.0.2; 10x 

Genomics) software programs “mkfastq” for demultiplexing the WT and Dct-/- 

Illumina libraries and “count” for read alignment against the mouse genome 

(mm10, provided by 10x Genomics, ver 3.0.0) and generation of the mRNA 

transcript count table. Raw count data were loaded into R (v 3.6.1) and analyzed 

with the Seurat R package (v 3.0.3.9039).126,146 All scRNA datasets (WT or Dct-/-) 

at each time point (3 or 7 days after TriVax immunization) were independently 

filtered to include only cells (i.e. uniquely barcoded transcripts) expressing more 

than 300 genes and genes expressed in more than 3 cells (e.g. counts > 0). The 

proportion of mitochondrial RNA in each cell was calculated and cells with 

extreme levels (top or bottom 2% of all cells) were removed from the analysis. 

Genes with extreme expression levels (top or bottom 1% of all genes) were 

removed. Contaminating cells in the day 3 dataset expressing high levels of B 

cell or myeloid lineage marker genes and low levels of T cell markers were 

removed using empirically derived thresholds (675 B cells and 26 myeloid cells 

removed from WT and 117 B cells removed from Dct-/-). Downstream analysis of 

the day 3 dataset included a total of 4,539 WT cells (19,326 genes) and 11,680 
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Dct-/- cells (19,416 genes); the day 7 dataset included a total of 6,254 WT cells 

(12,902 genes) and 4,784 Dct-/- cells (12,437 genes). The datasets from each 

timepoint were analyzed similarly in parallel, unless otherwise noted. Raw RNA 

counts were normalized with the LogNormalize function and each cell was 

classified according to its expression of canonical cell cycle genes using the 

CellCycleScoring function from Seurat (S-phase and G2/M-phase gene sets 

provided by Seurat were originally developed by Tirosh et al.147). For each cell, a 

cell cycle score was computed by subtracting the average expression of a 

random control gene set from the average expression of either S or G2/M cell 

cycle gene sets. If the difference score was negative for both comparisons, the 

cell was labeled G1. Otherwise, the cell was labeled according to which 

difference score was larger (S or G2/M). Raw RNA counts were normalized and 

transformed using the Seurat SCTransform function148 including the percent of 

mitochondria expression as a regression factor. Principal components analysis 

(PCA) was performed using the normalized, mean-centered, and scaled SCT 

dataset (RunPCA function). The top 3000 variable genes from each dataset were 

identified using the FindVariableFeatures function (vst method) and were used 

for WT and Dct-/- sample integration.126 Two-dimensional projections were 

generated using the top 30 PCA vectors as input to the RunTSNE and 

RunUMAP functions. Cells were clustered using the FindNeighbors (top 30 PCA 

vectors) and FindClusters functions (testing a range of possible resolutions: 0.2, 

0.4, 0.8, 1.2, 1.6). Pairwise differential gene expression (DE) testing (Wilcox 

rank-sum) with the FindMarkers function was performed between all initial 

clusters; any two clusters were merged if there were fewer than 5 significant DE 

genes (i.e. absolute value of log2-fold-change >= 0.25 and Bonferroni adjusted p-

value <= 0.01). Pairwise DE testing continued on subsequently merged clusters. 

A final resolution of 0.2 was chosen (merging of initial clusters by DE testing was 

not required) to best represent the biological processes within both datasets. 

Cluster-specific pathway expression testing was completed using the VISION R 

package149 and figures were generated using the ggplot2 R package.150 Gene 
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Set Enrichment Analysis151,152 was performed using pre-ranked gene lists (sorted 

from largest to smallest log2 fold change between clusters compared). Gene set 

enrichment statistics were calculated for two gene set collections in the Molecular 

Signatures Database (hallmarks and c2 curated) derived for mouse symbols 

using the R package msigdbr, v 6.2.1 using the R package clusterProfiler (v 

3.12.0). Interesting gene sets with a FDR q < 0.05 were evaluated. Raw and 

processed data have been deposited at Gene Expression Omnibus and are 

available via GEO. 

 

2.4.13 IL2 complex treatment 

10 g antibody (S4B6-1; Bio XCell) plus 1 ug murine recombinant carrier-free 

murine IL-2 (R&D) was administered per mouse via intraperitoneal injection on 

day 5 after priming with TriVax or LmTrp2; control mice received an equal 

volume of PBS. 

 

2.4.14 Vitiligo induction 

Donor mice (WT and Dct-/-) were primed with TriVax (100 g Trp2); in one 

experiment, donor mice received ~50% less of the other TriVax components to 

minimize adverse reactions. Negative enrichment for CD8+ T cells was 

performed on day seven. Live cells were counted using a hemocytometer, and 

the percentages of CD8+ and Trp2/Kb tetramer-binding cells were applied to 

enumerate Trp2/Kb-specific cells; equal numbers (50,000) of WT or Dct-/- 

Trp2/Kb-specific cells were transferred to WT or P14 recipients. Recipients were 

treated with TriVax (100 g Trp2) later the same day. On day six after cell 

transfer, the recipients were bled to assess donor populations. The mice were 

then treated with dinitrofluorobenzene (DNFB; 0.15% in 4:1 acetone:olive oil) on 

the left flank; 30 L was applied to a shaved patch of skin ~ 1.5 x 1.5 cm in size. 

30 L of vehicle was applied to the right flank in the same manner. Control mice 

did not receive cell transfers, but did receive TriVax immunization and DNFB 
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treatment at the same time as mice receiving cell transfers. Mice were monitored 

for vitiligo development on a weekly basis by an observer blinded to the 

experimental groups or by two independent observers. 

 

2.4.15 Tetramers and flow cytometry 

H-2Kb tetramers loaded with Trp2180-188 or B8R20-27 were obtained from the NIH 

tetramer core facility and labelled with streptavidin-fluorophore conjugates in 

house. Single-cell suspensions were stained with tetramers (when applicable) 

and fluorescent dye-conjugated antibodies purchased from BD Biosciences, 

Tonbo Biosciences, eBioscience, or BioLegend. In many experiments, Live/Dead 

Fixable Aqua Dead Cell Stain Kit (ThermoFisher Scientific) was used for dead 

cell exclusion. When applicable, cells were fixed with a FoxP3 Fix/Perm kit 

(eBioscience) or FoxP3/transcription factor staining buffer kit (Tonbo 

Biosciences). These kits were also used for permeabilization prior to staining with 

intracellular antibodies. Samples were run on a BD LSR II or BD Fortessa 

instrument using BD FACSDiva (BD Bioscience), and data were analyzed with 

FlowJo (BD).  

 

2.4.16 Statistical analysis 

Initial sample size estimates were based on use of G*Power software (University 

of Dusseldorf). Prism software (GraphPad) was used to plot data and conduct 

statistical analyses. An unpaired t test was used for two-way comparisons 

between two groups. A one-way ANOVA with Sidak’s or Tukey’s multiple 

comparisons test was used when multiple comparisons were performed. Log-

rank (Mantel-Cox) tests were used to evaluate Kaplan-Meier curves. A two-way 

ANOVA with Tukey’s multiple comparisons test was used to evaluated vitiligo 

scores over time. P-values are represented as follows: * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001.  
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This chapter has been modified (with permission) from the published article: 
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KEB, SDO, HBdS, and KRR performed experiments, and ENT analyzed results. 
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portions of the Methods section. AAH and KRS created the Dct-deficient mouse 
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guidance. ENT and SCJ wrote the manuscript, with all authors contributing to 

edits. 
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2.6 Supplemental figures  
  

 
  

Supplemental figure 2.1. Generation of Dct-/- mouse 
model by deleting exons 2 through 6  
(A) The intact Dct gene is shown schematically with 8 
exons (E1–E8) in green and large intronic regions shown 
in yellow. The Hurwitz lab designed a new knockout 
model, which involved deleting exons 2 through 6 and 
inserting a neomycin gene. Primers used for screening 
prospective clones are represented by blue arrows. (B) 
Stained agarose gel showing the PCR screening of 
candidate mESC clones for homologous recombination 
events. In this example, the 5’ arm is being interrogated 
with primers 5-Arm-In-F and Linker-R1. “HR” indicates a 
band of the appropriate size, 2907bp, that is indicative of 
homologous recombination. “+” is a positive control 
using the cloning construct.  “WT” is genomic DNA from 
a wild-type mouse that is negative for homologous 
recombination. (C) Chimeric mice were generated and 
interbred, producing pups that were white (W), slate (S), 
or black (B). The slate phenotype is expected for Dct-/- 
mice. (D) Pups were screened by PCR for the presence 
of exons 1 through 7.  Black pups retain all exons of Dct 
in their genome, whereas slate pups retain lack exons 2 
through 6 and are knockouts for Dct. White pups are 
albino and are a byproduct of generating chimeric mice.  
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  Supplemental figure 2.2. Additional analysis of the Trp2/Kb-specific population and cells 
specific for other melanocyte epitopes in pre-immune mice 
(A) Tetramer staining of pre-immune lymphocytes (enriched fraction, gated on live, dump-
negative CD8+ T cells). Dual tetramer staining was used to facilitate more accurate gating on 
antigen-specific cells. (B, C) CD44 and CD122 staining of pre-immune Trp2/Kb-specific cells from 
a WT mouse (B) and a Dct-/- mouse (C). (D) Bulk RNA sequencing of Trp2/Kb-specific CD8+ T 
cells from pre-immune WT and Dct-/- mice was performed; differentially expressed genes were 
not identified between WT and Dct-/- samples as shown by the volcano plot. (E) Quantification of 
CD8+ T cells specific for a Db-restricted Trp2 epitope and an epitope from tyrosinase-related 
protein 1 (Trp1) in pre-immune mice reveals a similar or slightly lesser number of cells in mice 
expressing antigen (WT mice) relative to those that do not. Samples used for tetramer 
enrichment of Trp1/Db-specific cells were obtained from shipped samples; accordingly, these 
data likely underestimate the precursor frequency. PC, principal component. ** p < 0.01 by one-
way ANOVA with Sidak’s multiple comparisons test.  
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Supplemental figure 2.3. Additional phenotyping and functional analysis of Trp2/Kb-
specific cells at day 7 after TriVax 
The median fluorescence intensity of (A, B, D) or frequency of cells expressing (C, D) the 
indicated marker are shown for Trp2/Kb tetramer positive cells from the spleens of mice treated 
with TriVax (intravenous or intraperitoneal administration) containing Trp2 peptide seven days 
prior. (E) Splenocytes harvested at this time point were stimulated for six hours with Trp2 peptide 
and stained for cytokine production (intracellular stains) and CD107a expression (antibody added 
prior to stimulation). Squares indicate male animals. Data represent individual experiments with 
3–6 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t test. 
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Supplemental figure 2.4. Analysis of Trp2/Kb-specific cells in the skin of WT and Dct-/- mice 
at day 7 after TriVax 
Mice were treated with TriVax containing Trp2 and B8R peptides (100 ug each) and sacrificed at 
day 7. An approximately 2 cm2 piece of skin from the flank of each mouse was shaved, collected, 
and processed to a single-cell suspension; spleens were also collected. (A) The number of 
Trp2/Kb-specific cells in the piece of skin (left) or spleen (right) are shown. For Trp2/Kb tetramer 
positive cells, the tetramer MFI (B), PD-1 MFI (C), or frequency of cells expressing CD69/CD103 
(D) are displayed. Squares indicate male animals. Data represent two compiled experiments (A) 
or individual experiments (B–D). *** p < 0.001, **** p < 0.0001 by unpaired t test. Welch’s t test 
was used to compare the number of splenic Trp2/Kb-specific cells in A (p = 0.07). 
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Supplemental figure 2.5. Response to infection with LmTrp2  
Mice were infected with a recombinant Listeria monocytogenes strain expressing Trp2 (LmTrp2). 
The percent (A) or number (B, C) of splenic Trp2/Kb-specific cells was assessed at the indicated 
day. (D) Day 7 splenocytes were stimulated for 4–6 hours with Trp2 peptide and intracellular 
staining was performed to assess cytokine production.  Data in A, B, and D are representative of 
3 similar experiments; data in C represent an individual experiment with 2–5 mice per group. 
Squares indicate male animals. * p < 0.05, ** p < 0.01, **** p < 0.0001 by unpaired t test.  
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Supplemental figure 2.6. Response to infection with LmTrp2 after adoptive transfer 
(A,B) CD8+ T cells from pre-immune WT (A) or Dct-/- (B) donors were negatively enriched and 
bulk CD8+ T cells were transferred into congenically distinct WT or Dct-/- recipients. One day 
later, mice were infected with LmTrp2. Donor and endogenous cells were collected from the 
blood of recipient mice on day 7 following infection and assessed for Trp2/Kb tetramer binding. 
Data represent individual experiments with 2–5 mice per group. **** p < 0.0001 by one-way 
ANOVA with Sidak’s multiple comparisons test. Endog, endogenous; recip, recipients. 
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Supplemental figure 2.7. Tetramer staining kinetics and response to peptide immunization  
WT and Dct-/- mice received intravenous injections of 200 ug Trp2 peptide as part of TriVax (A) or 
alone (C–E). (A) Histograms of tetramer staining for Trp2/Kb-binding cells at the indicated day 
after TriVax. (B) Histogram and quantification of tetramer staining for B8R/Kb-binding cells at day 
seven after TriVax with B8R peptide are shown as a control. (C–E) Tetramer enrichment was 
used to enumerate Trp2/Kb-specific cells and assess their phenotype at the indicated time points 
following peptide injection; males are indicated by square symbols. Data from representative 
experiments at each time point are shown in (A). Data in C–E are compiled from multiple 
experiments. *** p < 0.001, **** p < 0.0001 by one-way ANOVA with Sidak’s multiple 
comparisons test. 
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    Dct-/- WT

Supplemental figure 2.8. scRNA-seq analysis of Trp2/Kb-specific cells at day seven after 
TriVax 
WT and Dct-/- mice were treated with TriVax (50 ug Trp2), and Trp2/Kb-specific cells were 
isolated at day seven and submitted for scRNA-seq. After initial processing, the WT and Dct-/- 
data sets were merged and further analyzed. (A) UMAP representation of gene expression from 
merged datasets determined using Seurat; each dot represents one cell. Clusters are indicated 
by color. Cells from the Dct-/- sample are shown on the left and cells from the WT sample on the 
right using the same UMAP projection (generated from merged data). (B) Dot plot showing the 
expression of genes associated with activation, functionality, anergy, or exhaustion by sample 
and cluster. 
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Supplemental figure 2.9. Additional day three single-cell data and response of WT and Dct-

/- Trp2/Kb-specific cells to IL-2C 
(A) Gene set enrichment analysis (GSEA) plots show enrichment of the following gene sets in 
Group A: Myc targets, MTORC1 signaling, G2M checkpoint, E2F targets. (B) Enrichment 
between clusters and a dataset of genes involved in IL-2 signaling is indicated by color. (C) Dot 
plot showing the expression of genes associated with activation, functionality, anergy, or 
exhaustion by sample and cluster. (D, E) WT and Dct-/- mice were immunized with TriVax (D) or 
infected with LmTrp2 (E) and treated with PBS or IL-2C on day five. Trp2/Kb tetramer positive 
splenocytes were enumerated on day seven after priming/infection. Squares indicate male 
animals. ** p < 0.01, *** p < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test. 
IL-2C, IL-2 complex. 
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Supplemental figure 2.10. Vitiligo scoring metric and correlation between the average 
vitiligo score and the number of transferred Trp2/Kb-specific cells 
(A) Vitiligo scoring metric used to quantify the degree of vitiligo. (B) Example of a grade 2 mouse; 
(C) example of a grade 5 mouse. (D) Average vitiligo score per mouse (days 0–93) relative to the 
number of transferred Trp2/Kb tetramer positive cells on day six after transfer and TriVax boost. 
Two compiled experiments are shown. Simple linear regression was used to fit a line and assign 
R2 and p-values. 
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Supplemental figure 2.11. Vitiligo development and skin infiltration in P14 mice receiving 
cell transfers from WT or Dct-/- donors 
Rag-positive P14 TCR transgenic mice were monitored for vitiligo after receiving 50,000 Trp2/Kb-
specific cells from WT or Dct-/- donors primed with TriVax seven days prior; recipient mice 
received TriVax (100 ug Trp2) on the day of transfer and were treated with DNFB (left flank) six 
days later. No cell transfer controls received TriVax and DNFB but no transferred cells — the low-
grade vitiligo observed in those mice presumably coming from P14 T cells that also rearranged 
endogenous TCRs or tissue damage that did not require antigen-specific T cell responses. (A) 
Kaplan Meier curve of vitiligo development; mice were considered to have vitiligo when they first 
had a vitiligo score of two that was sustained. Mean group vitiligo scores over time are shown in 
(B), with a dotted line indicating definite vitiligo. Flank skin (~ 2 cm2) previously treated with DNFB 
(left) or vehicle (right) was collected from mice sacrificed at day eleven or twelve after cell transfer 
and processed to a single-cell suspension. The number of transferred Trp2/Kb tetramer-binding 
cells is shown in (C). (D) The frequency of transferred Trp2/Kb tetramer-binding cells expressing 
CD49a and PD-1. The tetramer MFI of transferred Trp2/Kb tetramer positive cells in the skin and 
spleen is presented in E. Data in A and B represent one experiment with 4–5 mice in the WT and 
Dct-/- transfer groups and 2 mice in the no cell transfer group. Data in C and D represent two 
experiments with 3–7 mice per group; data in E represent one experiment with 7 mice per group. 
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Table 2.1. Primers used to screen prospective clones for homologous 
recombination of the Dct knockout construct  

 
 
 
Table 2.2. Primers used to screen mice to confirm deletion of the Dct gene  
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Chapter 3 
 
Investigating the T cell receptor’s role in the survival and 
functionality of melanocyte-specific CD8+ T cells2 

 
 

 

  

 
2Emily Nestor Truckenbrod, Hristo Georgiev, Katharine E Block, Todd P Knutson, 
Christine O’Connor, David Owen, Ryan Martinez, Henrique Borges da Silva, 
Kristin R Renkema, Elizabeth Motunrayo Kolawole, Brian D. Evavold, and 
Stephen C Jameson 
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3.1 Introduction 

 

The T cell receptor (TCR) is central to the identity and function of CD8+ T cells. 

Beyond determining the specificity of the cell expressing it, the affinity of a given 

TCR can impact that cell’s survival and response to antigen.11,12,110,112,114,119 For 

example, work by the Zehn group using altered peptide ligands and TCR 

transgenic cells showed that lower-affinity TCR:pMHC interactions caused 

premature termination of expansion following activation.112 In the setting of 

immunological tolerance, the clonal deletion of self-reactive cells in the thymus is 

a well-established tolerance mechanism,17,153 and studies have shown that the 

self-reactive CD8+ T cells with the highest-affinity TCRs are preferentially deleted 

during negative selection.11,12 For self-reactive cells that escape the thymus, 

affinity/avidity can also shape whether the cell will be deleted peripherally or 

enter an anergic state of diminished responsiveness.37 

 

As described in Chapter 2 and previously published,154 we developed a mouse 

model for studying CD8+ T cell self-tolerance in which T cells respond to an 

epitope from the melanocyte enzyme tyrosinase-related protein 2 (Trp2) as either 

self (wild-type [WT] C57BL/6 mice) or foreign (Trp2 KO [Dct-/-] mice). The WT 

Trp2/Kb-specific population has some features in common with low-affinity T 

cells, i.e., lower Trp2/Kb tetramer median fluorescence intensity (MFI) and 

diminished expansion relative to the Dct-/- population. WT cells exhibit functional 

tolerance (decreased ability to induce vitiligo), which we determined to be cell-

intrinsic. However, comprehensive gene expression analysis using single-cell 

RNA sequencing (scRNAseq) failed to indicate a clear mechanistic explanation. 

Accordingly, we chose to examine whether differences in the TCR repertoire 

between WT and Dct-/- animals might be dictating the responses of these 

populations and mediating tolerance, in whole or in part, in our model system. 
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3.2 Results 

 

3.2.1 Transfers of Trp2/Kb-specific cells from two antigen-specific TCR transgenic 

strains fail to replicate findings among the polyclonal pool 

As our work in Chapter 2 showed that a cell-intrinsic mechanism was responsible 

for functional tolerance to Trp2 in WT mice, we used a transfer system to 

investigate whether Trp2/Kb-specific cells with an identical TCR would exhibit 

altered differentiation or responsiveness after developing in hosts expressing 

(WT) or lacking (Dct-/-) Trp2 antigen. The Hurwitz lab previously generated two 

TCR transgenic strains specific for Trp2180–188/Kb: a low-affinity155 (37B7) and a 

high-affinity156 (24H9) strain. These TCRs are encoded by transgenes, and the 

sequences for both were isolated from WT mice. We bred each of these strains 

onto a Dct-/- background in order to examine the impact of antigen expression 

during development. 

 

We first transferred low-affinity TCR transgenic cells from WT or Dct-/- donors into 

congenically distinct WT recipients, challenged the recipients with a recombinant 

Listeria monocytogenes expressing Trp2 (LmTrp2),118 and examined the effector 

response at one week post-infection. Trp2/Kb tetramer-positive cells from Dct-/- 

donors expanded slightly more (Figure 3.1A), but the proportion of transferred 

CD8+ cells producing IFNγ upon ex vivo stimulation with Trp2 peptide was 

similar regardless of donor Trp2 expression (Figure 3.1B).  

 

We then utilized high-affinity TCR transgenic cells on WT versus Dct-/- 

backgrounds for transfers into polyclonal WT and Dct-/- recipients and examined 

both effector (day 7) and memory (day 43) responses of transferred cells to 

LmTrp2 infection. As previously reported, some of the T cells in these mice do 

show evidence of antigen experience in WT mice156; accordingly, we depleted 

CD44hi cells prior to transfer to minimize differences in the donor populations. 
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The transferred cells expanded well regardless of donor (or recipient) Trp2 

expression, with no significant differences observed in the blood between the 

groups at day 7 after infection (Figure 3.1C). We also examined the tetramer MFI 

of transferred cells and found no significant differences among groups (Figure 

3.1D), suggesting that antigen presence or absence during development did not 

cause T cells to modulate their surface TCR expression. At a memory timepoint, 

there was a trend toward slightly better persistence of transferred Dct-/- cells in 

WT recipients (Figure 3.1E) — perhaps suggesting that competition from 

endogenous Trp2/Kb-specific cells might have impaired persistence in Dct-/- 

recipients — but this difference was not statistically significant. 

 

Overall, we did not see clear differences in the performance of transferred TCR 

transgenic Trp2/Kb-specific cells based whether Trp2 was present during the 

development and early life of these cells. This differs from the behavior of 

polyclonal Trp2/Kb-specific cells, which demonstrate better expansion after 
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maturing in a Dct-/- background.154 Possible explanations for this discrepancy are 

that (1) the behavior of Trp2/Kb-specific cells is dictated by their TCR and/or (2) 

tolerance is overwhelmed when the majority of CD8+ T cells express an identical 

TCR during development.  

 

3.2.2 Trp2/Kb-specific TCR transgenic cells develop similarly in low-frequency 

WT or Dct-/- bone marrow chimeras  

While there was no indication that 24H7 TCR-expressing T cells developed more 

effectively in Dct-/- versus WT background mice, it was possible that negative 

selection processes were overwhelmed because of the high precursor frequency 

of antigen-specific cells in intact TCR transgenic animals. In order to observe the 

behavior of Trp2/Kb-specific TCR transgenic cells that matured at lower 

frequency — closer to normal physiology — we utilized a mixed bone marrow 

chimera approach. We depleted WT and Dct-/- host mice of hematopoietic stem 

cells using busulfan; this agent preserves the majority of mature, circulating 

lymphocytes, avoiding a lymphopenic environment.157 These mice received 

transfers of bone marrow-derived cells (BMDCs), comprising a mixture of “filler” 

congenically distinct WT BMDCs and BMDCs from high-affinity TCR transgenic 

(24H9) mice. This setup also allowed us to assess functional responses of the 

24H9 T cells that matured in each environment through secondary transfers and 

priming.  

 

Figure 3.1. Transferred Trp2/Kb-specific TCR transgenic cells expand well and do not show 
consistent differences based on donor antigen expression   
Low-affinity (A, B) or high-affinity (C–E) TCR transgenic cells were transferred into congenically 
distinct polyclonal recipients, which were primed with LmTrp2 one day later. The expansion and 
persistence of the transferred Trp/Kb-specific cells were examined at the indicated timepoint in the 
spleen (A), blood (C, D), or spleen plus peripheral lymph nodes (E). Splenocytes in B were 
stimulated for 4–6 hours ex vivo with Trp2 peptide and cytokine production was assessed relative 
to control cells that were not treated with peptide. Data represent individual experiments. *, p < 
0.05 by unpaired t-test. Data in C–E were compared using one-way ANOVA followed by Sidak’s 
multiple comparisons test; no significant differences were identified. LmTrp2, Listeria 
monocytogenes expressing Trp2; TCR, T cell receptor. 
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The experimental schematic is shown in Figure 3.2A; we used three different 

pools of donor cells with different ratios of B6.SJL (WT) to 24H9 BMDCs. WT and 

Dct-/- host mice were bled to monitor for reconstitution. Seven weeks after 

chimera establishment, we assessed the population of Trp2/Kb tetramer-positive 

CD8+ T  cells derived from the 24H9 donor. The frequency of this population 
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relative to all CD8+ T cells varied by transfer group as expected, but in all three 

groups the frequency of Trp2/Kb-specific 24H9-derived CD8+ was similar 

between WT and Dct-/- hosts (Figure 3.2B). In other words, we did not see 

evidence of clonal deletion of these high-affinity self-antigen-specific cells during 

development in WT (Trp2 antigen-expressing) hosts.  

 

Very few cells from the population of interest were seen in some of the low-

frequency (Group 1 and 2) hosts; accordingly, we made use of the Group 3 

chimeras to assess the functionality of the 24H9 TCR transgenic cells. Bulk 

CD8+ T cells from WT and Dct-/- hosts were isolated from the spleen and 

peripheral lymph nodes and transferred to unmanipulated WT and Dct-/- 

recipients; equal numbers of 24H9 TCR transgenic cells were transferred to each 

recipient. Recipient mice were infected with LmTrp2 and bled at day 7 after 

infection to assess the effector responses of transferred cells. 24H9 TCR 

transgenic CD8+ originating from Dct-/- chimeras expanded slightly better than 

those from WT chimeras (Figure 3.2C), although poor engraftment in several of 

the Dct-/- recipients of WT cells (Figure 3.2D) appeared to be a significant 

contributor to this difference and it is unclear if this represents a technical issue 

or if the variation seen in this group is a biological feature. As expected, 

endogenous Trp2/Kb-specific CD8+ T cells expanded significantly better in Dct-/- 

Figure 3.2. High-affinity (24H9) TCR transgenic cells that matured in mixed bone marrow 
chimeras show minimal differences between WT and Dct-/- hosts 
(A) Schematic for mixed bone marrow chimera experiments. BMDCs from 24H9 TCR transgenic 
and WT donors were mixed in varying ratios and transferred to WT and Dct-/- hosts previously 
treated with busulfan to deplete stem cells. (B) Representation of Trp2/Kb-specific 24H9 CD8+ T 
cells relative to all CD8+ after reconstitution. In C–F, equal numbers of Trp2/Kb-specific 24H9 
CD8+ T cells from group 3 WT or Dct-/- hosts were transferred into unmanipulated WT and Dct-/- 
recipients; recipients were infected with LmTrp2 and bled at day 7 post-infection to assess 
effector responses. The frequency of Trp2/Kb-specific 24H9 CD8+ T cells is shown in C and D, 
and the frequency of Trp2/Kb-specific endogenous cells in recipients is depicted in E. F shows the 
Trp2/Kb tetramer MFI of Trp2/Kb-specific 24H9 CD8+ T cells by group. *, p < 0.05; ****, p < 0.001 
by unpaired t-test. Data in C–F represent data from two compiled transfer experiments. BMDCs, 
bone-marrow derived cells; LmTrp2, recombinant Listeria monocytogenes expressing Trp2. 
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animals (Figure 3.2E). Similar to the transfer experiments previously described, 

the 24H9 TCR cells did not appear to be modulating surface TCR expression 

according to antigen presence or absence during development, as the Trp2/Kb 

tetramer MFI was similar across all groups (Figure 3.2F).     

 

Overall, we saw minimal differences in the representation or performance of 

Trp2/Kb specific 24H9 TCR transgenic cells relative to the presence or absence 

of Trp2 during development, even when these cells matured as a minority 

population. This contrasts with the differences in number and expansion 

associated with antigen expression among polyclonal cells.154 It remained 

possible that the behavior of TCR transgenic cells was not reflective of normal 

physiology, potentially due to the altered thymic maturation of TCR transgenic 

cells158 or their representation at higher frequencies than normal. Accordingly, we 

turned to the polyclonal Trp2/Kb-specific repertoire to further investigate whether 

differences in the TCR repertoire were responsible for functional tolerance. 

 

3.2.3 Polyclonal WT and Dct-/- Trp2/Kb-specific cells differ modestly in TCR Vβ 

usage and 2D affinity  

The modestly lower Trp2/Kb tetramer MFI and population size of Trp2/Kb-specific 

cells in WT mice relative to the Dct-/- strain suggested that there could be some 

differences in the selection and composition of the Trp2/Kb-specific repertoire. In 

order to broadly survey repertoire diversity, we investigated TCR Vβ usage by 

flow cytometry in pre-immune mice and after activation (Supplemental figure 3.1, 

A and B).  

 

Due to low cell numbers, assessment of the preimmune population necessitated 

pooling splenocytes from four individual mice of each genotype. Slightly greater 

usage of Vβ 8.1/2 was identified in the pooled Dct-/- Trp2/Kb tetramer-positive 

sample, but in general Vβ usage was highly similar between the preimmune WT 

and Dct-/- samples (Supplemental figure 3.1A). Trp2/Kb-specific cells from 
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individual mice were also assessed at an effector timepoint following 

immunization with TriVax (peptide, agonist anti-CD40 antibody, poly(I:C))95 using 

the same Vβ panel (Supplemental figure 3.1B). Similar to the preimmune 

analysis, Vβ 5.1/2, 8.1/2, and 11 were preferentially used by Trp2/Kb-specific 

CD8+ T cells in both WT and Dct-/- mice. Interestingly, effector cells from Dct-/- 

animals consistently showed greater Vβ 11 usage relative to their WT 

counterparts, suggesting that this population might be selected against in WT 

mice on the basis of affinity/avidity or other characteristics. This pattern was not 

seen among cells specific for an irrelevant foreign epitope, B8R (data not 

shown). However, examination of the tetramer median fluorescence intensity 

(MFI; used as a proxy for avidity) of Trp2/Kb-specific cells did not reveal Dct-/- Vβ 

11+ cells to be of higher avidity than cells with other Vβ usage (Supplemental 

figure 3.1C). 

 

Tetramer MFI is commonly used to indicate TCR affinity/avidity and often 

correlates well with other methods.4 However, this measurement is at best an 

imperfect surrogate. Biophysical methods for determining TCR affinity include 

surface plasmon resonance (a 3-dimensional measure)5 and 2-dimensional (2D) 

mechanical assays,6 which may better represent the physiological interactions of 

TCR/CD8 with peptide:MHC complexes on antigen-presenting cells.159 

 

Accordingly, we collaborated with the Evavold lab to perform 2D measurements 

of affinity (2D affinity) using a previously described micropipette adhesion 

assay.6,159,160 We were unable to directly assess 2D affinity in Trp2/Kb-specific 

cells from pre-immune mice due to technical limitations — only ~1 in 10,000 

CD8+ T cells is of the correct specificity. Instead, we immunized WT and Dct-/- 

mice with TriVax and performed the assay on day 7 effectors. Aligning with the 

tetramer MFI characteristics shown in Chapter 2 (greater tetramer MFI in Dct-/- 

cells), the 2D affinity assay indicated that cells from Dct-/- mice had higher-affinity 

TCRs on average (Supplemental figure 3.2A). We also measured the affinity of 
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24H9 TCR transgenic cells as a control (Supplemental figure 3.2B). We found 

that the 2D affinity of this “high-affinity” WT clone was lower than that of a TCR 

transgenic receptor specific for the gp33 epitope from LCMV. Interestingly, the 

24H9 TCR affinity was similar to the mean 2D affinity of the polyclonal Dct-/- cells, 

a value only matched by the small, highest-affinity subset of WT polyclonal cells. 

This suggests that the 24H9 TCR may be an outlier among WT cells that is more 

similar to Dct-/- Trp2/Kb-specific cells, which may help to explain the ability of cells 

expressing it to expand well regardless of antigen experience during maturation 

(Figures 3.1 and 3.2). 

 

The standard 2D affinity measurement is performed using a mutant monomer 

that does not bind to CD8, but the Evavold lab also assessed the normalized 

adhesion bonds of polyclonal Trp2/Kb-specific cells using the standard Trp2/Kb 

monomer (Supplemental figure 3.2C), and a similar trend was observed (stronger 

binding by Dct-/- cells). WT and Dct-/- cells had similar TCR density (Supplemental 

figure 3.2D), suggesting that modulation of TCR cell surface expression does not 

substantially contribute to avidity differences between the strains as estimated by 

tetramer MFI staining. Finally, the Evavold lab measured the frequency of 

enriched CD8+ T cells that bound Trp2/Kb in their assay (Supplemental figure 

3.2E). Aligning with quantification by tetramer staining as shown in Chapter 2, a 

significantly higher frequency of Dct-/- cells bound monomer relative to WT cells. 

We expected that this sensitive assay might capture a larger population of 

monomer-binding cells than can be identified by tetramer staining, but we were 

surprised to see that around 50% of WT and 60% of Dct-/- cells bound monomer 

in these experiments — far exceeding the frequency identified with tetramer 

staining of the enriched CD8+ T cells prior to shipment (data not shown). In the 

future, we plan to repeat these assays while including some additional controls 

(e.g., B8R/Kb-specific CD8+ T cells, bulk naïve CD8+ T cells) to further 

investigate this finding. 
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Thus, in addition to the modest differences in enumeration and tetramer staining 

shown in Chapter 2, the altered 2D affinity profiles and differential Vβ 11 usage 

could suggest pruning of the Trp2/Kb-specific TCR repertoire in WT and Dct-/- 

mice. Accordingly, we utilized single-cell TCR sequencing to further investigate 

the Trp2/Kb-specific TCR repertoire. 

 

3.2.4 Single-cell RNA sequencing reveals subtle differences between the WT 

and Dct-/- repertoires  

As described in Chapter 2, we used the 10x genomics platform to perform 

scRNAseq of Trp2/Kb-specific WT and Dct-/- cells. Cells from five mice were 

pooled within each sample group. In addition to generating gene expression 

data, we sequenced the TCRs of these cells at day 3 following TriVax 

immunization, allowing us to interrogate paired alpha/beta TCR sequences 

during early expansion.  

 

We first looked broadly at the data, assessing the beta and alpha variable gene 

segment usage, as shown in Figure 3.3A and B, respectively. For the most part, 

WT and Dct-/- cells showed similar TRBV utilization. Aligning with our Vβ staining 

(Supplemental figure 3.1), TRBV 16 — corresponding to the Vβ 11 antibody — 

was preferentially expressed in Dct-/- cells (Figure 3.3A). TRBV 13-2 (Vβ 8.2), 

which was one of the most frequently utilized gene segments in both analyses, 

showed a similar pattern, which we did not detect by flow cytometry. This could 

be because the sequencing and flow analysis were performed at different time 

points (day 3 versus day 7, respectively) or it may represent normal variation. 

Likewise, TRAV analysis (Figure 3.3B) showed largely similar patterns of 

expression between WT and Dct-/- cells, but two of the ten most frequently 

utilized gene segments were clearly overrepresented among Dct-/- cells and 

another was overrepresented among WT cells.  
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The strength of the scRNAseq approach for repertoire analysis is the ability to 

analyze paired TCRα/β sequences, which more accurately reflect repertoire 

diversity. When analyzing TCR clonotypes, we characterized a clonotype as a 
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unique paired complementarity-determining region 3 (CDR3) sequence at the 

amino acid level. The majority of both WT and Dct-/- Trp2/Kb-specific cells 

expressed unique TCRs, but approximately 28% of WT and 34% of Dct-/- cells 

expressed TCRs shared by more than one cell (termed shared clonotypes; 

Figure 3.3C, Table 3.1). Most of these clonotypes were shared within a sample 

group, but 85 clonotypes — representing 1–2% of total clonotypes within each 

sample group) — were present in both the WT and Dct-/- samples, indicating that 

some TCRs were permitted regardless of antigen expression during 

development. Regardless of sample, most shared clonotypes comprised 

relatively few cells (Figure 3.3C), although a small subset represented somewhat 

larger expansions (Figure 3.3C, Table 3.2), e.g., clonotypes shared by 21–40 

cells inthe WT sample and > 40 samples in the Dct-/- sample (more cells with 

productive V–J rearrangements were present in the latter).  

 

Characteristic WT Dct-/- 

% clones unique to sample 97.93 98.47 

% of clonotypes with > 1 cell (within sample) 12.56 14.47 
% of cells expressing shared-clonotype TCRs  
(within sample) 27.89 34.21 

Dispersion 0.54 0.32 

Evenness 0.66 0.42 

Figure 3.3. Single-cell TCR repertoire analysis of previously activated Trp2/Kb-specific WT 
and Dct-/- cells 
WT and Dct-/- mice were primed with TriVax and Trp2/Kb-specific cells were isolated at day 3, 
then submitted for scRNAseq using 10X genomics immune profiling. TRBV and TRAV usage are 
shown in A and B, respectively. Paired CDR3 clonotypes based on amino acid sequence were 
analyzed and the distribution of cells relative to clonotype membership is shown in C. scRNAseq, 
single-cell RNA sequencing; TCR, T cell receptor; TRAV, T cell receptor alpha variable; TRBV, T 
cell receptor beta variable. 

Table 3.1. Characteristics of the TCR repertoire in Trp2/Kb-specific WT and Dct-/- cells 
Clonotypes were assigned based on paired CDR3 amino acid sequences. 
CDR3, complementarity-determining region 3; TCR, T cell receptor. 
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We used the clonotype data to assess the “dispersion” and “evenness” of the WT 

and Dct-/- Trp2/Kb-specific populations. Both of these metrics, which describe 

aspects of the TCR repertoire diversity, were higher among WT cells (Table 3.1),  

Clonotype 
Total 
no. cells  

No. WT 
cells  

No. Dct-/- 
cells 

cdr3_clonotype_6133 56 0 56 
cdr3_clonotype_6041 55 0 55 
cdr3_clonotype_6562 35 0 35 
cdr3_clonotype_6686 34 0 34 
cdr3_clonotype_141 26 25 1 
cdr3_clonotype_6733 20 0 20 
cdr3_clonotype_292 20 20 0 
cdr3_clonotype_911 17 17 0 
cdr3_clonotype_6231 16 0 16 
cdr3_clonotype_6068 16 0 16 
cdr3_clonotype_7034 16 0 16 
cdr3_clonotype_61 16 16 0 
cdr3_clonotype_621 15 10 5 
cdr3_clonotype_6884 14 0 14 
cdr3_clonotype_7633 12 0 12 
cdr3_clonotype_2486 12 5 7 
cdr3_clonotype_7615 11 0 11 
cdr3_clonotype_5534 11 1 10 
cdr3_clonotype_115 11 4 7 
cdr3_clonotype_1103 11 5 6 
cdr3_clonotype_584 11 5 6 
cdr3_clonotype_6230 10 0 10 
cdr3_clonotype_6107 10 0 10 
cdr3_clonotype_933 10 2 8 
cdr3_clonotype_1385 10 3 7 
cdr3_clonotype_428 10 10 0 

Table 3.2. Clonotypes shared by 10 or more cells within or between samples  
Clonotypes were assigned based on paired CDR3 amino acid sequences. 
CDR3, complementarity-determining region 3 
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indicating that clonal expansions were concentrated to fewer clones within the  

WT population relative to the Dct-/- population. This fits with the larger proportion  

of cells expressing shared-clonotype TCRs and larger proportion of  

expanded/shared clonotypes in the Dct-/- population (Table 3.1). 

 

As this analysis represents an individual experiment, we repeated single-cell 

TCR sequencing in a separate experiment to determine whether these 

conclusions could be generalized. We again sequenced enriched and sorted WT 

and Dct-/- Trp2/Kb-specific cells, but we added two new elements. During cell 

sorting, cells were partitioned into “tetramer high” and “tetramer low” populations 

that were sequenced separately, enabling us to estimate an individual cell’s 

avidity for Trp2/Kb when examining the TCR repertoire and gene expression 

characteristics. Additionally, we labeled cells from individual mice with hashtags 

so we could determine whether clonotypes shared between cells represented 

clonal expansions in individual mice or more broadly shared TCR usage. 

Analysis of the new data is ongoing, but we do observe broadly similar patterns 

of TRBV usage and some shared clonotypes between both data sets (data not 

shown).      

 

Overall, these data support the idea that fewer “high-quality” clones, i.e., clones 

able to expand well, are permitted in WT animals. However, the bulk of this 

analysis represents one experiment, and more detailed investigation will be 

important in determining whether this is a consistent feature of the WT Trp2/Kb-

specific population. 

 

3.2.5 T cells with retrogenic TCRs develop and perform similarly in WT and Dct-/- 

hosts 

The observation of both TCR clonotypes unique to one sample and others 

shared between WT and Dct-/- mice presented an opportunity for us to interrogate 

the behavior of both categories of TCR. Accordingly, we selected four TCR 
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sequences, all of which were found in multiple cells, to use in generating 

retrogenic TCRs for characterization of the development and functionality of 

these clones when they matured in environments where antigen was present or 

lacking. We were especially interested in whether clones found only in the Dct-/-  

repertoire would be permitted to mature in WT animals as well as whether cells 

expressing a given TCR would have comparable functionality after developing in 

these two different settings. Importantly, our approach for creating retrogenic 

cells allows these T cells to follow a similar developmental pathway to normal T 

cells, i.e., the TCRβ and TCRα chains are expressed sequentially and with the 

appropriate timing, unlike the 24H9 and 37B7 TCR transgenic cells described 

earlier in this chapter.  

 

We selected two clones shared between the WT and Dct-/- repertoires and two 

clones unique to the Dct-/- repertoire to make into retrogenic vectors. These 

clones were present at fairly high frequency in our dataset and utilized the more 

common TRBV segments (Table 3.3). Additionally, each of these clones was 

Clone 

No. 
WT 
cells 

No. 
Dct-/- 

cells  TRBV TCRβ CDR3 AA seq TRAV TCRα CDR3 AA seq 

1103 5 6 13-2 CASGDALGYEQYF 16N CAMREGDQGGRALIF 

1762 4 4 16 CASSLDSGGNQDTQYF 16N CAMREGDQGGRALIF 

6133 0 56 12-1 CASSLAGAGTNERLFF 3D-3 CAVRGTGGYKVVF 

7633 0 12 16 CASSLDWGGNQDTQYF 16N CAMREGDQGGRALIF 

Table 3.3. Clonotypes used to make retrogenic TCR vectors 
Clonotypes were assigned based on paired CDR3 amino acid sequences. AA, amino acid; 
CDR3, complementarity-determining region 3; TCR, T cell receptor; TRAV, T cell receptor alpha 
variable; TRBV, T cell receptor beta variable 
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encoded by multiple nucleotide sequences, which suggests they arose multiple 

times and were encoded by distinct progenitors. The selected clones  

were fairly similar, with 1762 (shared) and 7633 (Dct-/--specific) being the most 

highly related (Table 3.3) despite their differing distributions.  

 

Vectors were created for each of the clones and screened in vitro by transducing 

TCRα-deficient splenocytes (see Materials and Methods), revealing that only 

clones 1762 (shared) and 7633 (Dct-/--specific) bound Trp2/Kb tetramer. We used 

these two constructs to transduce CD4 Cre (needed for expression of the 

retrogenic TCR) Rag2-/- BMDCs, which were then transferred to lethally irradiated 

WT and Dct-/- recipients. These “retrogenic” mice were bled sequentially to 

assess reconstitution. 

 

Retrogenic cells of both clones developed in WT and Dct-/- hosts. At nine weeks 

post-cell transfer, small populations of endogenous T cells remained, but 

transferred/retrogenic cells comprised the majority of CD8+ T cells regardless of 

host antigen expression or the retrogenic clone transferred (Figure 3.4A). There 

were no clear, consistent differences in the Trp2/Kb tetramer MFI of retrogenic 

cells (Figures 3.4B and C); clone 7633 cells (bearing the “Dct-/--specific” TCR) 

developing in Dct-/- hosts tended to have slightly higher tetramer MFI than those 

developing in WT cells, while tetramer staining of cells expressing clone 1762 

(shared TCR) was discordant between the APC and PE tetramers for unclear 

reasons. TCRβ MFI was significantly higher in WT hosts receiving clone 1762 

cells and comparable in WT and Dct-/- hosts receiving clone 7633 cells (data not 

shown). In general, however, tetramer MFIs were similar between clone 7633 

and clone 1762 cells. 

 

At approximately three months after cell transfer, we sacrificed host mice and 

analyzed the populations of retrogenic cells in the spleen, thymus, and lymph 

nodes of these mice (Figures 3.4D and E). With only one representative animal 
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per condition, there was significant variation, but retrogenic cells were identified 

in all mice. Clone 7633 (Dct-/--specific) retrogenic cells in the WT thymus 

exceeded those in the Dct-/- thymus but were underrepresented in the periphery 

of the WT host (Figure 3.4D); this could potentially reflect peripheral deletion but 

requires further investigation.  
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We also submitted splenic tissue from both WT and Dct-/- recipients to the 

Evavold lab for 2D affinity measurements. Interestingly, the 2D affinity of clone 

7633 cells was higher than that of clone 1762 cells (Figure 3.4F); while not 

unexpected given that clone 7633 was only found in Dct-/- mice — which tend to 

have higher-affinity Trp2/Kb-specific cells — we did not observe differential 

tetramer staining between these clones (Figures 3.4B and C), further suggesting 

that the 2D affinity technique may enable more precise discrimination of subtle 

differences in the ability to bind antigen.  

  
Although limited due to the small number of chimeric mice assessed, 

examination did not reveal any clear evidence that the higher-affinity 7633 clone 

underwent thymic clonal deletion during development in WT animals.  

 

3.2.6 Cells with the same retrogenic TCR have similar functionality regardless of 

antigen presence during thymic development 

 

Although we did not detect evidence for substantial deletion of cells expressing 

the “Dct-/--only” TCR (7633) in WT animals, it was possible that developing in the 

presence of cognate antigen might impact the functionality of those retrogenic 

cells. Accordingly, we assessed the ability of retrogenic T cells to attack 

melanocytes expressing Trp2 and mediate vitiligo.  

 

Figure 3.4. Shared and Dct-/--specific retrogenic Trp2/Kb-specific T cells develop in both 
WT and Dct-/- hosts 
Rag2-/- BMDCs were transduced with vectors encoding retrogenic TCRs originally identified in 
both the WT and Dct-/- repertoires (clone 1762) or only the Dct-/- repertoire (clone 7633), then 
transferred into congenically distinct lethally irradiated WT and Dct-/- animals in parallel. 
Representation (A) and Trp2/Kb tetramer MFI (B,C) of CD8+ T cells derived from transferred 
BMDCs nine weeks after transfer. Enumeration of retrogenic Trp2/Kb tetramer positive cells in 
mice that received BMDCs transduced with constructs for clone 1762 (D) or clone 7633 (E) 
approximately twelve weeks after cell transfer. (F) 2D affinity of retrogenic cells. *, p < 0.05; **, p 
< 0.01 by unpaired t test. BMDCs, bone marrow-derived cells; MFI, median fluorescence 
intensity. 
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We used the same transfer model described in Chapter 2, with the exception that 

we were able to transfer naïve cells due to the abundance of retrogenic T cells in 

the spleens of reconstituted mice. Recipient mice (all WT) were immunized with 

TriVax one day after transfer and the left flank was treated with 

dinitrofluorobenzene (DNFB) five days later to invoke an inflammatory response 

(Figure 3.55A). For logistic reasons, clone 1762 and 7633 cells were transferred 

in separate experiments; in both cases, WT mice that did not receive retrogenic 

cell transfers (but were treated with TriVax and DNFB) were included as controls. 

Retrogenic cells in the blood of recipient mice were enumerated at day six after 

transfer (Figures 3.5B and D); this number did not significantly differ relative to 

antigen presence during development for cells of either clonotype.  

 

Mice were scored for vitiligo using the metric presented in Chapter 2. The vast 

majority of recipient mice receiving retrogenic cells (all but one recipient of clone 

1762 retrogenic cells from a WT host) developed vitiligo (Figures 3.5C and E). 

The presence of antigen during development did not obviously affect the 

functionality of retrogenic cells; transferred retrogenic cells of the same clonotype 

induced vitiligo at a similar rate coming from WT and Dct-/- host mice, and the 

degree of vitiligo was comparable as well (Supplemental figures 3.3A and B).  

 

Mice receiving clone 7633 (identified only in the Dct-/- repertoire) retrogenic cells 

developed vitiligo more rapidly than those receiving clone 1762 (shared clone) 

cells (Figures 3.5C and E), and vitiligo was more severe in clone 7633 recipients 

(Supplemental figures 3.3A and B). This fits with the higher 2D affinity for clone 

7633 (Figure 3.4F) and the behavior of polyclonal Trp2/Kb-specific cells from Dct-

/- mice. However, this data should be interpreted cautiously, as control mice (in 

the experiment involving clone 7633 transfers) not receiving cell transfers also 

developed vitiligo at high rates and this vitiligo was of a higher degree than 

expected (Figures 3.5C and E, Supplemental figures 3.3A and B). Relative to 

other experiments, control mice in the experiment involving clone 1762 transfers 
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also had increased vitiligo development, but to a lesser degree compared with 

the clone 7633 experiment.  The reasons for this are unclear but could relate to 

the TriVax or DNFB formulations, both of which are made fresh for each 

experiment, or other factors such as the hair follicle cycle in recipient mice.   

 

In these preliminary vitiligo induction experiments, retrogenic T cells of a given 

clone appeared to perform similarly regardless of antigen presence or absence 

during development and maturation, which aligns with our investigations using 

Trp2/Kb-specific TCR transgenic cells. Future repeats of these experiments 

should prove valuable to investigate the functionality of TCR retrogenic cells that 

matured in the presence or absence of self-antigen. 

 

Figure 3.5. Cells expressing the same retrogenic TCR perform similarly regardless of 
antigen presence during development and maturation 
(A) In separate experiments, 50,000 cells expressing clone 1762 (shared) or clone 7633 (Dct-/--
only) TCRs were transferred from WT or Dct-/- hosts into WT recipients. Recipient mice were 
immunized with TriVax one day later and treated with DNFB (left flank) and vehicle (right flank) 
on day 6 post-transfer. Recipient mice were bled on the same day as DNFB treatment and the 
number of retrogenic T cells in the blood was enumerated (B, D). (C, E) Vitiligo development in 
recipient mice and control mice not receiving cell transfers. DNFB, dinitrofluorobenzene; TCR, T 
cell receptor. 



 94

 
 
 
 
 
 
 



 95

3.3 Discussion 
 
 
Although some tolerance mechanisms dictate the death or survival of T cells 

based on the TCR expressed, e.g., deletion of cells that recognize self-

peptide:MHC complexes with high affinity in the thymus or periphery, others 

merely restrict the activity of self-reactive cells, e.g., induction of anergy, 

diversion into a regulatory lineage.17,19,24,31,35 Moreover, some tolerance 

mechanisms are not strictly dependent on a cell’s TCR (ignorance),16 and 

experimental systems have shown that cells bearing identical TCRs can adopt 

different phenotypes and/or have different fates.161-163 Our investigation of 

polyclonal Trp2/Kb-specific cells (Chapter 2) revealed some characteristics that 

suggested the influence of a TCR-dependent tolerant mechanism in restricting 

the functionality of WT cells, such as a lower precursor frequency and reduced 

tetramer MFI among WT versus Dct-/- cells.  Still, the degree of deletion and 

difference in tetramer MFI were much subtler than commonly reported, leading 

us to question how much modulation of the TCR repertoire was impacting 

tolerance in our model system.  

 

Studies of the polyclonal TCR repertoire showed some differences between WT 

and Dct-/- Trp2/Kb-specific cells. Staining with Vβ antibodies at an effector time 

point following immunization revealed a greater expansion of Vβ 11+ cells in Dct-

/- mice; this was supported by scRNAseq early after immunization, which showed 

a higher frequency of TRBV16-expressing Dct-/- cells relative to WT cells (the Vβ 

11 antibody corresponding with TRBV16). Using sophisticated 2D affinity 

analysis of polyclonal Trp2/Kb-binding cells following immunization,6,159 we 

confirmed that the Dct-/- population was of higher affinity than the WT population. 

Single-cell TCR sequencing enabled us to assess the clonality and diversity of 

the polyclonal WT and Dct-/- repertoires using paired TCRα and TCRβ sequences 

as the basis of our analysis. Clonal expansions were more frequent among the 
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Dct-/- repertoire, which aligns with the idea that higher-performing cells are more 

likely to be eliminated in WT animals.  

 

We used existing high- and low-affinity Trp2/Kb-specific TCR transgenic strains 

and created retrogenic TCRs from our scRNAseq dataset to better interrogate 

the role of deletional tolerance in our system. Perhaps surprisingly, low-

frequency mixed bone marrow chimeras using BMDCs from the high-affinity TCR 

transgenic strain and bone marrow chimeras established with retrogenic cells 

failed to demonstrate the deletion of high-affinity clones in WT animals. We also 

found that cells expressing a given TCR showed similar abilities to expand and/or 

mediate vitiligo regardless of antigen presence or absence during development, 

which aligns with the concept that a cell’s TCR dictates its functionality rather 

than the concept that self-reactive cells in our model enter anergic or regulatory 

states after encounter with self-antigen.  

 

Thus, the data to date do not conclusively support either deletion or anergy 

induction as the basis for tolerance in our model. It is of course possible — even 

likely — that both deletional tolerance and the induction of altered states of 

functionality occur in our model, applying to individual T cells on the basis of TCR 

affinity or perhaps stochastically, but we would expect at least one of these 

mechanisms to significantly contribute to the cell-intrinsic functional tolerance 

observed among the polyclonal WT Trp2/Kb-specific population (Chapter 2). 

There are at least two plausible explanations for the discrepancies we observed: 

the TCR and retrogenic clones we selected are not representative of patterns 

that apply to other cells in the repertoire and/or our experimental setup does not 

accurately model normal physiology or lacks sufficient resolution to detect altered 

states of functionality.  

 

Our experiments using TCR transgenic and retrogenic cells utilized four different 

TCR clones. Although we suspected that cells expressing the high-affinity 24H9 
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transgenic TCR might be eliminated by deletion, this clone was originally isolated 

from a WT mouse (from CD8+ T cells that had infiltrated B16 melanomas156,164), 

showing that deletion is not completely efficient. Moreover, the timing of TCRβ 

and TCRα expression in the thymus is abnormal in these transgene-encoded 

TCR transgenic cells (expressed earlier than normal), which could affect their 

susceptibility to normal selection processes. We made use of retrogenic clones 

with on-time TCR expression in efforts to more closely mirror normal physiology 

but have only been able to test two different TCR clones at this time. We have 

prepared a new set of retrogenic vectors, some of which encode TCRs found in 

both sequencing experiments, and we plan to scale up these experiments in the 

future along with some refinements that will improve interpretation and reduce 

the risk of overloading tolerance mechanisms (see Chapter 4). We also plan to 

pursue additional collaborations with the Evavold lab to clarify how the TCRs of 

WT and Dct-/- Trp2/Kb-specific cells compare in their capacity to bind peptide–

MHC as well as how relevant tetramer MFI is in predicting affinity.  

 

Our profiling of the polyclonal Trp2/Kb-specific repertoire suggests that deletional 

mechanisms do play a role in enforcing tolerance to this self-antigen while also 

revealing many similarities between the repertoires, implying the involvement of 

other tolerance mechanisms. Our approach of using this data to inform the 

creation of more reductionist models, i.e., retrogenic mice, combines insights 

gained from endogenous, polyclonal cells with advanced molecular biology and 

cellular immunology techniques to help us better understand immune tolerance in 

all its complexity. 
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3.4 Materials and Methods 

3.4.1 Mice 

C57BL/6 (WT) mice were obtained from Charles River laboratories and housed 

in specific pathogen-free conditions at the University of Minnesota. Dct-/- mice on 

a C57BL/6 background were developed by Katie Stagliano and A. Andy Hurwitz 

at the NCI (see Chapter 2); the mice were subsequently bred in-house on 

different congenic backgrounds and housed in specific pathogen-free conditions. 

Low- and high-affinity Trp2/Kb-specific TCR strains were developed by A. Andy 

Hurwitz as previously published155,156 and interbred with Dct-/- mice in-house. 

Animals were used at 6–14 weeks of age. All animal experiments were approved 

by the Institutional Animal Care and Use Committee at the University of 

Minnesota. In accordance with NIH guidelines, both male and female animals 

were used in experiments; males are indicated by square symbols in the figures. 

 

3.4.2 Bone marrow chimeras 

One day prior to BMDC transfer, host WT and Dct-/- mice received 650 ug of 

busulfan (in DMSO/sterile water per the Vezys lab protocol) intraperitoneally to 

deplete stem cells. Bone marrow was harvested from WT (B6.SJL) and high-

affinity (24H9) TCR transgenic mice, washed, and filtered. BMDCs were 

enumerated and mature cells were depleted with anti-CD3 and anti-CD8 

antibodies using Miltenyi columns with anti-APC microbeads. WT and 24H9 cells 

were combined in different ratios (see Figure 2) and injected into host mice 

intravenously. Host mice were monitored for reconstitution by serial bleeding and 

flow cytometry analysis. Some chimeric mice were later sacrificed and used for 

secondary transfers (see below). 

 

3.4.3 Generation of retrogenic mice 

Paired TCRβ and TCRα sequences used to generate retrogenic TCRs were 

selected from the scRNAseq data (see below). Retrogenic mice were generated 

using a modified version of a previously published protocol.165 Briefly, cloned 
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TCRα and TCRβ sequences were sequentially ligated into a linearized pMIG-flox 

plasmid; this construct facilitates on-time TCRα expression via a lox-stop-lox 

cassette upstream of the TCRα sequence. Plat-E cells were transfected with the 

pMIG-flox plasmid containing the retrogenic TCR sequences and the pCI-Eco 

retrovirus packaging plasmid. Retrovirus produced by Plat-E cells was used to 

transduce BMDCs harvested from CD4 Cre Rag2-/- donors, and the transduced 

BMDCs were transferred intravenously (5 x 106 cells per recipient) into lethally 

irradiated WT and Dct-/- hosts. Host mice received antibiotics initially and were 

bled to assess reconstitution at various time points following cell transfer. 

 

3.4.4 In vivo priming with Trp2 

TriVax immunization was used as previously described95; mice were immunized 

intravenously (via tail vein injections) with Trp2180–188 peptide or Trp2 and B8R20–

27 peptides, agonist-anti CD40 antibody (BioXCell), and vaccine-grade poly(I:C), 

a toll-like receptor 3 agonist (InvivoGen). Peptide doses of 50–200 g per mouse 

were used, depending on the experiment.  

 

3.4.5 Infections with LmTrp2 

Frozen stocks of LmTrp2118 were thawed and grown to log-phase in tryptic soy 

broth supplemented with streptomycin (50 g/mL). Mice were typically injected 

with approximately 105–106 colony-forming units intravenously or 

intraperitoneally. Infectious doses were verified by colony counts on tryptic soy 

broth-streptomycin plates.  

 

3.4.6 Ex vivo stimulation 

In some experiments, splenocytes were stimulated ex vivo after isolation from 

infected mice. Splenocytes were incubated with Trp2 peptide (10-6 M) and 

Golgiplug (BD Biosciences) for 4–6 hours at 37°C; parallel wells with no peptide 

were used as a control. Cells were washed and stained with surface antibodies, 

followed by fixation and permeabilization with a FoxP3 Fix/Perm kit (eBioscience) 
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or FoxP3/transcription factor staining buffer kit (Tonbo Biosciences) and staining 

with intracellular antibodies.  

 

3.4.7 Adoptive transfer experiments 

Bulk polyclonal CD8+ T cells were isolated from the spleen +/- lymph nodes of 

donor mice using negative magnetic enrichment (CD8a+ T cell Isolation Kit; 

Miltenyi Biotec). Enriched CD8+ T cells (typically ~75-90% pure) were 

resuspended in sterile PBS and 2–2.5 x 106 CD8+ T cells were injected 

intravenously per recipient mouse; recipient mice were congenically distinct (by 

CD45 and/or Thy-1 alleles). One day later, the recipient mice were immunized 

with TriVax or LmTrp2 intravenously or intraperitoneally. Mice were sacrificed or 

bled for effector analysis seven days later; in some experiments, mice were 

subsequently sacrificed at memory. Enrichment of high-affinity (24H9) TCR 

transgenic cells in Figure 1 included addition of 0.1 ug biotinylated anti-CD44 

antibody to deplete CD44 high cells. 

 

3.4.8 Single-cell RNA sequencing 

WT and Dct-/- mice were primed with TriVax (200 g Trp2), and Trp2/Kb-specific 

cells were isolated at day three post-immunization using tetramer enrichment 

followed by fluorescence-activated cell sorting. Cells were submitted for 

barcoding and library preparation using the 10x Genomics platform (Chromium 

Single Cell 5’ Library & Gel Bead Kit) 145, and samples were sequenced using an 

Illumina NovaSeq instrument with 2x150 bp paired end protocol.  

 

3.4.9 Single-cell RNAseq analysis 

Raw sequencing data were processed using Cell Ranger (v 3.0.2; 10x 

Genomics) software programs “mkfastq” for demultiplexing the WT and Dct-/- 

Illumina libraries and “count” for read alignment against the mouse genome 

(mm10, provided by 10x Genomics, ver 3.0.0) and generation of the mRNA 

transcript count table. Raw count data were loaded into R (v 3.6.1) and analyzed 
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with the Seurat R package (v 3.0.3.9039) 126,146. All scRNA datasets (WT or Dct-/-

) were independently filtered to include only cells (i.e. uniquely barcoded 

transcripts) expressing more than 300 genes and genes expressed in more than 

3 cells (e.g. counts > 0). The proportion of mitochondrial RNA in each cell was 

calculated and cells with extreme levels (top or bottom 2% of all cells) were 

removed from the analysis. Genes with extreme expression levels (top or bottom 

1% of all genes) were removed. Contaminating cells expressing high levels of B 

cell or myeloid lineage marker genes and low levels of T cell markers were 

removed using empirically derived thresholds (675 B cells and 26 myeloid cells 

removed from WT and 117 B cells removed from Dct-/-).  

 

CellRanger (v 3.0.2, 10X Genomics) ‘vdj’ was used to obtain identities of alpha 

and beta chain clonotypes; paired alpha and beta chain CDR3 amino acid 

sequences were used to identify clonotypes within each library. Cells with more 

than one beta chain were excluded from further analysis. Clonotype tables were 

merged and frequencies were calculated across libraries. 

 

3.4.10 Calculation of TCR repertoire diversity and evenness  

The following formulas were used: 

Dispersion: Dd = (1/SUM((#TCR in clone 'n'/Total # TCRs in dataset)^2))/Total # 

TCRs in dataset 

Evenness: De = (1/(SUM((#TCR in clone 'n'/Total # TCRs in dataset)^2))/Total # 

unique clones in dataset 

 

3.4.11 Retrogenic cell transfer and vitiligo induction 

Transfers of clone 1762 or clone 7633 retrogenic were done separately. Negative 

enrichment of CD8+ T cells was performed as described above. Live cells were 

counted using a hemocytometer, and the percentage of CD8+ retrogenic cells 

was applied to enumerate retrogenic cells; equal numbers (50,000) of WT or Dct-

/- clone 1762 or 7633 cells were transferred to WT recipients. Recipients were 
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treated with TriVax (100 g Trp2) the next day. On day six after cell transfer, the 

recipients were bled to assess donor populations. The mice were then treated 

with dinitrofluorobenzene (DNFB; 0.15% in 4:1 acetone:olive oil) on the left flank; 

30 L was applied to a shaved patch of skin ~ 1.5 x 1.5 cm in size. 30 L of 

vehicle was applied to the right flank in the same manner. Control mice did not 

receive cell transfers, but did receive TriVax immunization and DNFB treatment 

at the same time as mice receiving cell transfers. Mice were monitored for vitiligo 

development on a weekly basis. 

 

3.4.12 Tetramers and flow cytometry 

H-2Kb tetramers loaded with Trp2180-188 were obtained from the NIH tetramer core 

facility and labelled with streptavidin-fluorophore conjugates in house. Single-cell 

suspensions were stained with tetramers (when applicable) and fluorescent dye-

conjugated antibodies purchased from BD Biosciences, Tonbo Biosciences, 

eBioscience, or BioLegend. In many experiments, Live/Dead Fixable Aqua Dead 

Cell Stain Kit (ThermoFisher Scientific) was used for dead cell exclusion. When 

applicable, cells were fixed with a FoxP3 Fix/Perm kit (eBioscience) or 

FoxP3/transcription factor staining buffer kit (Tonbo Biosciences). These kits 

were also used for permeabilization prior to staining with intracellular antibodies. 

Samples were run on a BD LSR II or BD Fortessa instrument using BD 

FACSDiva (BD Bioscience), and data were analyzed with FlowJo (BD).  

 

3.4.13 Tetramer enrichment 

In some experiments, tetramer enrichment was used to isolate antigen-specific 

cells from pre-immune or acutely challenged mice. A modification of the method 

used by Obar et al.144 was employed. Following digestion with collagenase D, 

single-cell suspensions were prepared from the spleens (acutely challenged 

mice) or spleen and cervical, axillary, brachial, inguinal, and mesenteric lymph 

nodes (pre-immune mice). When possible, the same tetramer (Trp2180–188/Kb) 

was used in both APC and PE to ensure specificity. Anti-PE and anti-APC beads 
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and magnetized columns (both from Miltenyi Biotec) were used to enrich for 

tetramer-bound cells. Samples were stained and analyzed by flow cytometry; 

CountBright counting beads (Invitrogen) were used for enumeration. 

 

3.4.14 2D affinity and associated analyses 

The 2D affinity of TCR transgenic, retrogenic, and polyclonal Trp2/Kb-specific 

cells was determined by the Evavold lab as previously described.6,159 

 

3.4.15 Statistical analysis 

Prism software (GraphPad) was used to plot data and conduct statistical 

analyses. An unpaired t test was used for two-way comparisons between two 

groups. A one-way ANOVA with Sidak’s or Tukey’s multiple comparisons test 

was used when multiple comparisons were performed. P-values are represented 

as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  
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3.5 Author contributions 

ENT, HG, and SCJ designed experiments; ET, EMK, BDE, and SCJ interpreted 

results. ENT, HG, KEB, HBdS, KRR, and EMK performed experiments; ENT and 

EMK analyzed results. TPK and COC performed bioinformatics analysis of 

RNAseq data and wrote the relevant portions of the Methods section. DO and 

RM assisted with analyzing the TCR repertoire. ENT wrote the manuscript with 

input from SCJ. 
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3.6 Supplemental figures 

 

 

Supplemental figure 3.1. TCR Vβ analysis of pre-immune and effector Trp2/Kb-specific 
cells from WT and Dct-/- mice (A) TCR Vβ usage of Trp2/Kb tetramer-binding (Trp2+) or non-
binding (Trp2-) CD8+ T cells enriched from the spleens of pre-immune mice (pooled). TCR Vβ 
usage (B) or tetramer MFI (C) of Trp2/Kb tetramer-binding cells at day 7 after TriVax (Trp2 
peptide + control B8R peptide). Data in B and C were compiled from two experiments as 
indicated. FT, flow through; MFI, median fluorescence intensity. 

A

B

C
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Supplemental figure 3.2. 2D affinity and related TCR analyses 
WT and Dct-/- mice were immunized with TriVax; on day 7, negatively enriched CD8+ T cells were 
submitted for analysis (A, C–E). 2D affinity measurements of cells binding mutant Trp2/Kb 
monomer are shown in A. The 2D affinity for cognate antigen (Trp2/Kb for 24H9) of two different 
transgenic TCRs are shown in B (these cells were not previously activated). Normalized adhesion 
bonds formed by polyclonal CD8+ binding Trp2/Kb monomer are shown in C. TCR density and % 
of cells binding Trp2/Kb out of submitted polyclonal CD8+ are shown in D and E, respectively. **, 
p < 0.01 by unpaired t-test. 2D, two-dimensional; TCR, T cell receptor. 
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Supplemental figure 3.3. Cells expressing the same retrogenic TCR induce a similar grade 
of vitiligo regardless of antigen presence during their development and maturation 
Vitiligo scores in recipient mice that received retrogenic clone 1762 cells (A) or clone 7633 cells 
(B). Control mice that did not receive cell transfers were also included in both experiments.  
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Chapter 4 
 
Conclusions  



 109

The immune system’s ability to discriminate between appropriate and 

inappropriate targets and react accordingly is the basis of its functionality. 

Because of the complexity of our environments, this is not a black and white 

distinction, and the reactivity of the immune system can be thought of as a 

continuum. Too much reactivity can lead to autoimmune or autoinflammatory 

pathology, whereas too little reactivity results in incomplete protection against 

infectious agents and neoplasia.  

 

Both the innate and the adaptive arms of the immune system are required to 

strike this balance between reactivity and restraint, but it is particularly important 

that antigen-specific adaptive immune cells — with their ability to proliferate 

extensively and differentiate into long-lived memory populations — are not 

inappropriately activated against self. How this is prevented remains incompletely 

understood, and this is particularly true with regard to CD8+ T cells. Multiple 

factors contribute to this knowledge gap. It is difficult to study self-reactive CD8+ 

T cells: they do not have any ubiquitous features marking them as self-specific, 

they tend to be difficult to detect using conventional techniques such as tetramer 

staining or peptide stimulation, and they may be relatively scarce in number. 

Moreover, the complexity of the immune system means that there are often 

multiple complementary or combinatorial mechanisms governing immune 

responses such as self-tolerance.  

 

These challenges have necessitated a degree of reliance on simplified model 

systems for studying self-tolerance mechanisms, most commonly inbred mice 

with limited TCR diversity. However, there is often a conflict between a tractable 

model and one that closely mirrors normal physiology; as our ability to detect 

tolerant, self-reactive T cells in humans has improved, some discrepancies with 

mouse models have emerged, leading to questions regarding the applicability of 

insights derived from mice with restricted TCR repertoires to human self-

tolerance. For example, while extensive culling of self-reactive T cells has been 
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reported in many mouse models, the analogous population in humans appears to 

be more lightly trimmed. 

 

In an effort to better understand this type of human self-tolerance, we developed 

a mouse model focused on examining the endogenous, polyclonal CD8+ T cell 

population specific for the melanocyte antigen tyrosinase-related protein 2 (Trp2) 

in mice that express the antigen (wild-type [WT] mice) versus those that do not 

(Dct-/- mice). As expected — since WT mice do not normally develop 

spontaneous vitiligo — we observed functional tolerance in WT mice, but we 

were surprised by the degree of overlap between the tolerant and non-tolerant 

populations. Although we identified modestly lower tetramer median fluorescence 

intensity (MFI) and two-dimensional T cell receptor (2D TCR) affinity for 

peptide/MHC in WT cells along with impaired CD25 upregulation after activation, 

the WT and Dct-/- cells shared a largely similar phenotype and transcriptional 

profile, both before and after stimulation. In pre-immune mice, both WT and Dct-/- 

Trp2/Kb-specific cells had a naïve appearance. After activation, WT cells were 

able to parallel the expansion of Dct-/- cells for several days and could proliferate 

> 1000-fold over their precursor frequency. We detected some differences 

between the WT and Dct-/- Trp2/Kb-specific TCR repertoires, such as a lower 

frequency of highly proliferative clones among the WT pool, but we also 

observed a number of shared clones between these populations.  

 

Using this experimental system, we were able to delineate differences between 

WT and Dct-/- cells on a population level, determining that the diminished 

responses observed among WT cells were cell-intrinsic and related to impaired 

proliferative ability relative to their Dct-/- counterparts. Still, the large degree of 

overlap between these populations would make it impossible to accurately 

discriminate a tolerant versus a non-tolerant cell on a cell-to-cell basis by relying 

on phenotype or expansion after activation. Similarly, human studies have 

identified self-reactive T cells with a naïve appearance and overlapping abilities 
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with non-tolerant cells.9,53 Accordingly, our model system appears to recapitulate 

features of human CD8+ T cell tolerance but also reinforces the limitations of our 

current tools at detecting tolerant self-reactive CD8+ T cells.  

 

Our model is well-suited for the further analysis of this population, and we hope 

that ongoing and future studies will clarify the mechanism(s) that enforce 

functional tolerance among WT Trp2/Kb-specific cells. Based on our single-cell 

TCR sequencing results, we plan to perform expanded retrogenic experiments to 

test the TCR’s influence on the development and functionality of Trp2/Kb-specific 

cells. We will assess more retrogenic clones (both shared clones and those 

specific to the Dct-/- or WT repertoire) and seed cells expressing them at a low 

frequency to more closely mirror natural precursor frequencies. We also plan to 

expand vitiligo induction experiments using these cells to minimize the impact of 

variability and increase our ability to detect differences in performance, and we 

will utilize irrelevant TCR transgenic mice (as mentioned in Chapter 2) as 

recipients to eliminate any effects from endogenous antigen-specific cells that 

could confuse results. 

 

We would also like to perform additional 2D affinity and other TCR-based assays 

in collaboration with the Evavold lab. Using our next group of retrogenic cells, it 

will be interesting to analyze the nature of the bonds between TCR and ligand, 

assessing whether this differs among clones depending on their origin (Dct-/--

specific, shared, or WT-specific). In particular, we want to evaluate the formation 

of catch versus slip bonds (the former allowing maintenance of the receptor–

ligand interaction under force and associated with increased ligand 

potency).166,167 We also plan to repeat experiments assessing the 2D affinity of 

the polyclonal Trp2/Kb-specific population with some modifications, e.g., 

incorporating additional controls for binding specificity and evaluating sorted 

tetramer-high versus tetramer-low cells to better understand how well tetramer 

MFI correlates with affinity. 
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Other ongoing and future experimental directions include assessing the role of 

the thymic epithelium in establishing tolerance (using thymic grafts in nude mice), 

looking at cellular localization within the skin during anti-melanocyte responses 

via immunofluorescence, investigating the metabolism of WT vs. Dct-/- Trp2/Kb-

specific cells, and exploring ways of more effectively breaking tolerance to induce 

vitiligo and/or induce anti-melanoma responses. Preliminary data (not shown) 

suggest that mice with more normalized microbial experience (“dirty” mice) 

develop vitiligo at similar to slower rates as specific pathogen-free (SPF) mice 

using our vitiligo induction protocol, but these data have varied between 

experiments and clarifying any influence of the microbiota on tolerance in our 

system will also require further investigation. 

 

Thanks to advances in biomedical science, it is currently possible to manipulate 

immune responses for clinical benefit in a number of ways — dialing down 

reactivity when treating autoimmune diseases and invigorating or redirecting 

immune cells to attack tumors. Still, there is much room for improvement; we are 

unable to therapeutically re-establish tolerance in the setting of autoimmunity but 

rather rely on suppressing immune responses, while cancer immunotherapy 

approaches are not effective in all patients and commonly result in immune-

mediated pathology. There is much promising pre-clinical work to address these 

issues, but these approaches often fail to translate to human medicine. Until we 

have a more complete understanding of the mechanisms that succeed in 

establishing and perpetuating functional immune tolerance in the majority of 

individuals, we will be unable to effectively prevent or cure autoimmune diseases 

and our ability to selectively reverse tolerance to attack tumor antigens shared 

with self will also be compromised. Our model represents a small step toward 

achieving a more comprehensive understanding of CD8+ T cell tolerance and the 

goals of being able to identify self-reactive cells in humans, assess their potential 

for causing harm, and manipulate their reactivity for therapeutic benefit.    



 113

References 
 

1 Yuan, S., Tao, X., Huang, S., Chen, S. & Xu, A. Comparative Immune Systems in 
Animals. Annual Review of Animal Biosciences 2, 235-258, doi:10.1146/annurev-animal-
031412-103634 (2014). 

2 Cheroutre, H., Lambolez, F. & Mucida, D. The light and dark sides of intestinal 
intraepithelial lymphocytes. Nature Reviews Immunology 11, 445-456 (2011). 

3 Murphy, K. & Weaver, C. Janeway's Immunobiology, 9th Edition. Janeway's 
Immunobiology, 9th Edition, 1-904 (2017). 

4 Slifka, M. K. & Whitton, J. L. Functional avidity maturation of CD8+ T cells without 
selection of higher affinity TCR. Nature immunology 2, 711-717 (2001). 

5 Garcia, K. C. et al. CD8 enhances formation of stable T-cell receptor/MHC class I 
molecule complexes. Nature 384, 577-581 (1996). 

6 Huang, J. et al. The kinetics of two-dimensional TCR and pMHC interactions determine 
T-cell responsiveness. Nature 464, 932-936 (2010). 

7 Renkema, K. R. et al. KLRG1+ memory CD8 T cells combine properties of short-lived 
effectors and long-lived memory. The Journal of Immunology 205, 1059-1069 (2020). 

8 Maeda, Y. et al. Detection of self-reactive CD8(+) T cells with an anergic phenotype in 
healthy individuals. Science 346, 1536-1540, doi:10.1126/science.aaa1292 (2014). 

9 Yu, W. et al. Clonal Deletion Prunes but Does Not Eliminate Self-Specific alpha beta 
CD8(+) T Lymphocytes. Immunity 42, 929-941, doi:10.1016/j.immuni.2015.05.001 
(2015). 

10 Malhotra, D. et al. Tolerance is established in polyclonal CD4+ T cells by distinct 
mechanisms, according to self-peptide expression patterns. Nature immunology 17, 187-
195 (2016). 

11 Bouneaud, C., Kourilsky, P. & Bousso, P. Impact of negative selection on the T cell 
repertoire reactive to a self-peptide: A large fraction of T cell clones escapes clonal 
deletion. Immunity 13, 829-840, doi:10.1016/s1074-7613(00)00080-7 (2000). 

12 Zehn, D. & Bevan, M. J. T cells with low avidity for a tissue-restricted antigen routinely 
evade central and peripheral tolerance and cause autoimmunity. Immunity 25, 261-270, 
doi:10.1016/j.immuni.2006.06.009 (2006). 

13 Legoux, F. P. et al. CD4+ T cell tolerance to tissue-restricted self antigens is mediated by 
antigen-specific regulatory T cells rather than deletion. Immunity 43, 896-908 (2015). 

14 Lee, H.-M., Bautista, J. L., Scott-Browne, J., Mohan, J. F. & Hsieh, C.-S. A broad range 
of self-reactivity drives thymic regulatory T cell selection to limit responses to self. 
Immunity 37, 475-486 (2012). 

15 Heath, W. R. et al. Autoimmune diabetes as a consequence of locally produced 
interleukin-2. Nature 359, 547-549, doi:10.1038/359547a0 (1992). 

16 Ohashi, P. S. et al. Ablation of "tolerance" and induction of diabetes by virus infection in 
viral antigen transgenic mice. Cell 65, 305-317, doi:10.1016/0092-8674(91)90164-t 
(1991). 

17 Hogquist, K. A., Baldwin, T. A. & Jameson, S. C. Central tolerance: Learning self-control 
in the thymus. Nature Reviews Immunology 5, 772-782, doi:10.1038/nri1707 (2005). 

18 Gravano, D. M. & Hoyer, K. K. Promotion and prevention of autoimmune disease by 
CD8+ T cells. Journal of autoimmunity 45, 68-79 (2013). 

19 Kappler, J. W., Roehm, N. & Marrack, P. T cell tolerance by clonal elimination in the 
thymus. Cell 49, 273-280, doi:10.1016/0092-8674(87)90568-x (1987). 

20 Robey, E. A. et al. The level of CD8 expression can determine the outcome of thymic 
selection. Cell 69, 1089-1096, doi:10.1016/0092-8674(92)90631-l (1992). 

21 Hogquist, K. A. & Jameson, S. C. The self-obsession of T cells: how TCR signaling 
thresholds affect fate 'decisions' and effector function. Nat Immunol 15, 815-823, 
doi:10.1038/ni.2938 (2014). 



 114

22 Kurts, C., Kosaka, H., Carbone, F. R., Miller, J. F. & Heath, W. R. Class I-restricted 
cross-presentation of exogenous self-antigens leads to deletion of autoreactive CD8(+) T 
cells. J Exp Med 186, 239-245, doi:10.1084/jem.186.2.239 (1997). 

23 Parish, I. A. et al. The molecular signature of CD8+ T cells undergoing deletional 
tolerance. Blood 113, 4575-4585, doi:10.1182/blood-2008-10-185223 (2009). 

24 Nüssing, S., Trapani, J. A. & Parish, I. A. Revisiting T Cell Tolerance as a Checkpoint 
Target for Cancer Immunotherapy. Front Immunol 11, 589641, 
doi:10.3389/fimmu.2020.589641 (2020). 

25 Davey, G. M. et al. Peripheral deletion of autoreactive CD8 T cells by cross presentation 
of self-antigen occurs by a Bcl-2-inhibitable pathway mediated by Bim. J Exp Med 196, 
947-955, doi:10.1084/jem.20020827 (2002). 

26 Kurts, C. et al. Constitutive class I-restricted exogenous presentation of self antigens in 
vivo. The Journal of experimental medicine 184, 923-930 (1996). 

27 Nichols, L. A. et al. Deletional self-tolerance to a melanocyte/melanoma antigen derived 
from tyrosinase is mediated by a radio-resistant cell in peripheral and mesenteric lymph 
nodes. The Journal of Immunology 179, 993-1003 (2007). 

28 Turley, S. J., Fletcher, A. L. & Elpek, K. G. The stromal and haematopoietic antigen-
presenting cells that reside in secondary lymphoid organs. Nature Reviews Immunology 
10, 813-825 (2010). 

29 Tewalt, E. F. et al. Lymphatic endothelial cells induce tolerance via PD-L1 and lack of 
costimulation leading to high-level PD-1 expression on CD8 T cells. Blood 120, 4772-
4782 (2012). 

30 Parish, I. A. et al. Tissue destruction caused by cytotoxic T lymphocytes induces 
deletional tolerance. Proceedings of the National Academy of Sciences 106, 3901-3906 
(2009). 

31 Mueller, D. L. Mechanisms maintaining peripheral tolerance. Nature Immunology 11, 21-
27, doi:10.1038/ni.1817 (2010). 

32 Mescher, M. F. et al. Signals required for programming effector and memory 
development by CD8+ T cells. Immunological reviews 211, 81-92 (2006). 

33 Redmond, W. L. & Sherman, L. A. Peripheral tolerance of CD8 T lymphocytes. Immunity 
22, 275-284, doi:10.1016/j.immuni.2005.01.010 (2005). 

34 Schwartz, R. H. T cell anergy. Annu Rev Immunol 21, 305-334, 
doi:10.1146/annurev.immunol.21.120601.141110 (2003). 

35 ElTanbouly, M. A. & Noelle, R. J. Rethinking peripheral T cell tolerance: checkpoints 
across a T cell's journey. Nat Rev Immunol, doi:10.1038/s41577-020-00454-2 (2020). 

36 Pauken, K. E. et al. Cutting Edge: Identification of Autoreactive CD4(+) and CD8(+) T 
Cell Subsets Resistant to PD-1 Pathway Blockade. Journal of Immunology 194, 3551-+, 
doi:10.4049/jimmunol.1402262 (2015). 

37 Redmond, W. L., Marincek, B. C. & Sherman, L. A. Distinct requirements for deletion 
versus anergy during CD8 T cell peripheral tolerance in vivo. J Immunol 174, 2046-2053, 
doi:10.4049/jimmunol.174.4.2046 (2005). 

38 Rocha, B., Grandien, A. & Freitas, A. A. Anergy and exhaustion are independent 
mechanisms of peripheral T cell tolerance. The Journal of experimental medicine 181, 
993-1003 (1995). 

39 Wagle, M. V. et al. The Ubiquitin Ligase Adaptor NDFIP1 Selectively Enforces a CD8+ T 
Cell Tolerance Checkpoint to High-Dose Antigen. Cell Rep 24, 577-584, 
doi:10.1016/j.celrep.2018.06.060 (2018). 

40 Deeths, M. J., Kedl, R. M. & Mescher, M. F. CD8+ T cells become nonresponsive 
(anergic) following activation in the presence of costimulation. The Journal of 
Immunology 163, 102-110 (1999). 

41 Schietinger, A., Delrow, J. J., Basom, R. S., Blattman, J. N. & Greenberg, P. D. Rescued 
Tolerant CD8 T Cells Are Preprogrammed to Reestablish the Tolerant State. Science 
335, 723-727, doi:10.1126/science.1214277 (2012). 



 115

42 Brown, I. E., Blank, C., Kline, J., Kacha, A. K. & Gajewski, T. F. Homeostatic proliferation 
as an isolated variable reverses CD8+ T cell anergy and promotes tumor rejection. The 
Journal of Immunology 177, 4521-4529 (2006). 

43 Li, W., Whaley, C. D., Mondino, A. & Mueller, D. L. Blocked signal transduction to the 
ERK and JNK protein kinases in anergic CD4+ T cells. Science 271, 1272-1276, 
doi:10.1126/science.271.5253.1272 (1996). 

44 Macián, F. et al. Transcriptional mechanisms underlying lymphocyte tolerance. Cell 109, 
719-731 (2002). 

45 Marangoni, F. et al. The transcription factor NFAT exhibits signal memory during serial T 
cell interactions with antigen-presenting cells. Immunity 38, 237-249 (2013). 

46 Martinez, R. J. et al. Arthritogenic self-reactive CD4+ T cells acquire an FR4hiCD73hi 
anergic state in the presence of Foxp3+ regulatory T cells. J Immunol 188, 170-181, 
doi:10.4049/jimmunol.1101311 (2012). 

47 Kalekar, L. A. et al. CD4(+) T cell anergy prevents autoimmunity and generates 
regulatory T cell precursors. Nat Immunol 17, 304-314, doi:10.1038/ni.3331 (2016). 

48 Fife, B. T. & Bluestone, J. A. Control of peripheral T-cell tolerance and autoimmunity via 
the CTLA-4 and PD-1 pathways. Immunol Rev 224, 166-182, doi:10.1111/j.1600-
065X.2008.00662.x (2008). 

49 Nelson, C. E. et al. Reprogramming responsiveness to checkpoint blockade in 
dysfunctional CD8 T cells. Proc Natl Acad Sci U S A, doi:10.1073/pnas.1810326116 
(2019). 

50 Martin-Orozco, N., Wang, Y. H., Yagita, H. & Dong, C. Cutting Edge: Programmed death 
(PD) ligand-1/PD-1 interaction is required for CD8+ T cell tolerance to tissue antigens. J 
Immunol 177, 8291-8295, doi:10.4049/jimmunol.177.12.8291 (2006). 

51 Baitsch, L. et al. Exhaustion of tumor-specific CD8+ T cells in metastases from 
melanoma patients. The Journal of clinical investigation 121, 2350-2360 (2011). 

52 Gianchecchi, E., Delfino, D. V. & Fierabracci, A. Recent insights into the role of the PD-
1/PD-L1 pathway in immunological tolerance and autoimmunity. Autoimmunity reviews 
12, 1091-1100 (2013). 

53 Culina, S. et al. Islet-reactive CD8+ T-cell frequencies in the pancreas but not blood 
distinguish type 1 diabetes from healthy donors. Sci Immunol 3, 
doi:10.1126/sciimmunol.aao4013 (2018). 

54 Shevach, E. M. Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity 
30, 636-645, doi:10.1016/j.immuni.2009.04.010 (2009). 

55 Wing, K. et al. CTLA-4 control over Foxp3+ regulatory T cell function. Science 322, 271-
275, doi:10.1126/science.1160062 (2008). 

56 Schmidt, A., Oberle, N. & Krammer, P. H. Molecular mechanisms of treg-mediated T cell 
suppression. Frontiers in immunology 3, 51 (2012). 

57 Schildknecht, A. et al. FoxP3+ regulatory T cells essentially contribute to peripheral CD8+ 
T-cell tolerance induced by steady-state dendritic cells. Proc Natl Acad Sci U S A 107, 
199-203, doi:10.1073/pnas.0910620107 (2010). 

58 Green, E. A., Gorelik, L., McGregor, C. M., Tran, E. H. & Flavell, R. A. CD4+CD25+ T 
regulatory cells control anti-islet CD8+ T cells through TGF-beta-TGF-beta receptor 
interactions in type 1 diabetes. Proc Natl Acad Sci U S A 100, 10878-10883, 
doi:10.1073/pnas.1834400100 (2003). 

59 Chen, M. L. et al. Regulatory T cells suppress tumor-specific CD8 T cell cytotoxicity 
through TGF-beta signals in vivo. Proc Natl Acad Sci U S A 102, 419-424, 
doi:10.1073/pnas.0408197102 (2005). 

60 Mempel, T. R. et al. Regulatory T cells reversibly suppress cytotoxic T cell function 
independent of effector differentiation. Immunity 25, 129-141, 
doi:10.1016/j.immuni.2006.04.015 (2006). 



 116

61 Piccirillo, C. A. & Shevach, E. M. Cutting edge: control of CD8+ T cell activation by 
CD4+CD25+ immunoregulatory cells. J Immunol 167, 1137-1140, 
doi:10.4049/jimmunol.167.3.1137 (2001). 

62 McNally, A., Hill, G. R., Sparwasser, T., Thomas, R. & Steptoe, R. J. CD4+CD25+ 
regulatory T cells control CD8+ T-cell effector differentiation by modulating IL-2 
homeostasis. Proc Natl Acad Sci U S A 108, 7529-7534, doi:10.1073/pnas.1103782108 
(2011). 

63 Strauss, L., Bergmann, C. & Whiteside, T. L. Human circulating CD4+CD25highFoxp3+ 
regulatory T cells kill autologous CD8+ but not CD4+ responder cells by Fas-mediated 
apoptosis. J Immunol 182, 1469-1480, doi:10.4049/jimmunol.182.3.1469 (2009). 

64 Grossman, W. J. et al. Human T regulatory cells can use the perforin pathway to cause 
autologous target cell death. Immunity 21, 589-601, doi:10.1016/j.immuni.2004.09.002 
(2004). 

65 Carson, M. J., Doose, J. M., Melchior, B., Schmid, C. D. & Ploix, C. C. CNS immune 
privilege: hiding in plain sight. Immunol Rev 213, 48-65, doi:10.1111/j.1600-
065X.2006.00441.x (2006). 

66 Niederlova, V., Tsyklauri, O., Chadimova, T. & Stepanek, O. CD8. Eur J Immunol 51, 
512-530, doi:10.1002/eji.202048614 (2021). 

67 Lu, L. & Cantor, H. Generation and regulation of CD8(+) regulatory T cells. Cell Mol 
Immunol 5, 401-406, doi:10.1038/cmi.2008.50 (2008). 

68 Flippe, L., Bézie, S., Anegon, I. & Guillonneau, C. Future prospects for CD8 regulatory T 
cells in immune tolerance. Immunol Rev 292, 209-224, doi:10.1111/imr.12812 (2019). 

69 Hayter, S. M. & Cook, M. C. Updated assessment of the prevalence, spectrum and case 
definition of autoimmune disease. Autoimmun Rev 11, 754-765, 
doi:10.1016/j.autrev.2012.02.001 (2012). 

70 Wang, L., Wang, F. S. & Gershwin, M. E. Human autoimmune diseases: a 
comprehensive update. J Intern Med 278, 369-395, doi:10.1111/joim.12395 (2015). 

71 Bogdanos, D. P. et al. Twin studies in autoimmune disease: genetics, gender and 
environment. J Autoimmun 38, J156-169, doi:10.1016/j.jaut.2011.11.003 (2012). 

72 Getts, D. R., Spiteri, A., King, N. J. C. & Miller, S. D. in The Autoimmune Diseases     
363-374 (Elsevier, 2020). 

73 Rojas, M. et al. Molecular mimicry and autoimmunity. Journal of autoimmunity 95, 100-
123 (2018). 

74 Root-Bernstein, R. Rethinking Molecular Mimicry in Rheumatic Heart Disease and 
Autoimmune Myocarditis: Laminin, Collagen IV, CAR, and B1AR as Initial Targets of 
Disease Frontiers in Pediatrics 2, doi:10.3389/fped.2014.00085 (2014). 

75 Schuldt, N. J. et al. Cutting edge: Dual TCRα expression poses an autoimmune hazard 
by limiting regulatory T cell generation. The Journal of Immunology 199, 33-38 (2017). 

76 Rosenblum, M. D., Remedios, K. A. & Abbas, A. K. Mechanisms of human autoimmunity. 
The Journal of clinical investigation 125, 2228-2233 (2015). 

77 Vojdani, A. A potential link between environmental triggers and autoimmunity. 
Autoimmune diseases 2014 (2014). 

78 Theofilopoulos, A. N., Kono, D. H. & Baccala, R. The multiple pathways to autoimmunity. 
Nature immunology 18, 716 (2017). 

79 Frisoli, M. L., Essien, K. & Harris, J. E. Vitiligo: mechanisms of pathogenesis and 
treatment. Annual review of immunology 38, 621-648 (2020). 

80 Boehncke, W.-H. & Brembilla, N. C. Autoreactive T-lymphocytes in inflammatory skin 
diseases. Frontiers in immunology 10, 1198 (2019). 

81 Liu, J. B. et al. Association of vitiligo with HLA-A2: a meta-analysis. Journal of the 
European Academy of Dermatology and Venereology 21, 205-213 (2007). 

82 Van Den Boorn, J. G. et al. Autoimmune destruction of skin melanocytes by perilesional 
T cells from vitiligo patients. Journal of Investigative Dermatology 129, 2220-2232 (2009). 



 117

83 Harris, J. E. et al. A mouse model of vitiligo with focused epidermal depigmentation 
requires IFN-γ for autoreactive CD8+ T-cell accumulation in the skin. Journal of 
Investigative Dermatology 132, 1869-1876 (2012). 

84 Kondo, T. & Hearing, V. J. Update on the regulation of mammalian melanocyte function 
and skin pigmentation. Expert review of dermatology 6, 97-108 (2011). 

85 Guyonneau, L., Murisier, F., Rossier, A., Moulin, A. & Beermann, F. Melanocytes and 
pigmentation are affected in dopachrome tautomerase knockout mice. Mol Cell Biol 24, 
3396-3403, doi:10.1128/mcb.24.8.3396-3403.2004 (2004). 

86 Palermo, B. et al. Specific cytotoxic T lymphocyte responses against Melan-A/MART1, 
tyrosinase and gp100 in vitiligo by the use of major histocompatibility complex/peptide 
tetramers: the role of cellular immunity in the etiopathogenesis of vitiligo. Journal of 
investigative dermatology 117, 326-332 (2001). 

87 Ogg, G. S., Dunbar, P. R., Romero, P., Chen, J. L. & Cerundolo, V. High frequency of 
skin-homing melanocyte-specific cytotoxic T lymphocytes in autoimmune vitiligo. Journal 
of Experimental Medicine 188, 1203-1208, doi:10.1084/jem.188.6.1203 (1998). 

88 Boniface, K., Seneschal, J., Picardo, M. & Taïeb, A. Vitiligo: focus on clinical aspects, 
immunopathogenesis, and therapy. Clinical reviews in allergy & immunology 54, 52-67 
(2018). 

89 Kameyama, K. et al. The expression of tyrosinase, tyrosinase-related proteins 1 and 2 
(TRP1 and TRP2), the silver protein, and a melanogenic inhibitor in human melanoma 
cells of differing melanogenic activities. Pigment cell research 8, 97-104 (1995). 

90 Parkhurst, M. R. et al. Identification of a shared HLA-A*0201 restricted T-cell epitope 
from the melanoma antigen tyrosinase-related protein 2 (TRP2). Cancer Research 58, 
4895-4901 (1998). 

91 Bloom, M. B. et al. Identification of tyrosinase-related protein 2 as a tumor rejection 
antigen for the B16 melanoma. Journal of Experimental Medicine 185, 453-459, 
doi:10.1084/jem.185.3.453 (1997). 

92 Tüting, T. et al. Induction of tumor antigen-specific immunity using plasmid DNA 
immunization in mice. Cancer gene therapy 6, 73-80 (1999). 

93 Rosenberg, S. A. & White, D. E. Vitiligo in patients with melanoma: Normal tissue 
antigens can be targets for cancer immunotherapy. Journal of Immunotherapy 19, 81-84, 
doi:10.1097/00002371-199601000-00009 (1996). 

94 Freeman-Keller, M. et al. Nivolumab in resected and unresectable metastatic melanoma: 
characteristics of immune-related adverse events and association with outcomes. Clinical 
Cancer Research 22, 886-894 (2016). 

95 Cho, H. I. & Celis, E. Optimized Peptide Vaccines Eliciting Extensive CD8 T-Cell 
Responses with Therapeutic Antitumor Effects. Cancer Research 69, 9012-9019, 
doi:10.1158/0008-5472.can-09-2019 (2009). 

96 Bronte, V. et al. Genetic vaccination with &quot;self&quot; tyrosinase-related protein 2 
causes melanoma eradication but not vitiligo. Cancer Research 60, 253-258 (2000). 

97 Yamano, T., Kaneda, Y., Huang, S., Hiramatsu, S. H. & Hoon, D. S. B. Enhancement of 
immunity by a DNA melanoma vaccine against TRP2 with CCL21 as an adjuvant. 
Molecular Therapy 13, 194-202, doi:10.1016/j.ymthe.2005.05.018 (2006). 

98 Steitz, J., Britten, C. M., Wolfel, T. & Tuting, T. Effective induction of anti-melanoma 
immunity following genetic vaccination with synthetic mRNA coding for the fusion protein 
EGFP.TRP2. Cancer Immunology Immunotherapy 55, 246-253, doi:10.1007/s00262-005-
0042-5 (2006). 

99 Liu, H. P. et al. Structure-based programming of lymph-node targeting in molecular 
vaccines. Nature 507, 519-+, doi:10.1038/nature12978 (2014). 

100 Kuai, R., Ochyl, L. J., Bahjat, K. S., Schwendeman, A. & Moon, J. J. Designer vaccine 
nanodiscs for personalized cancer immunotherapy. Nature materials 16, 489-496 (2017). 



 118

101 Rotte, A., Bhandaru, M., Zhou, Y. W. & McElwee, K. J. Immunotherapy of melanoma: 
Present options and future promises. Cancer and Metastasis Reviews 34, 115-128, 
doi:10.1007/s10555-014-9542-0 (2015). 

102 Domingues, B., Lopes, J. M., Soares, P. & Pópulo, H. Melanoma treatment in review. 
ImmunoTargets and therapy 7, 35 (2018). 

103 Richards, D. M. et al. The Contained Self-Reactive Peripheral T Cell Repertoire: Size, 
Diversity, and Cellular Composition. Journal of Immunology 195, 2067-2079, 
doi:10.4049/jimmunol.1500880 (2015). 

104 Mescher, M. F. et al. Molecular basis for checkpoints in the CD8 T cell response: 
Tolerance versus activation. Seminars in Immunology 19, 153-161, 
doi:10.1016/j.smim.2007.02.007 (2007). 

105 Schietinger, A. & Greenberg, P. D. Tolerance and exhaustion: defining mechanisms of T 
cell dysfunction. Trends in Immunology 35, 51-60, doi:10.1016/j.it.2013.10.001 (2014). 

106 Wang, R. F., Appella, E., Kawakami, Y., Kang, X. & Rosenberg, S. A. Identification of 
TRP-2 as a human tumor antigen recognized by cytotoxic T lymphocytes. J Exp Med 
184, 2207-2216, doi:10.1084/jem.184.6.2207 (1996). 

107 Avogadri, F. et al. Protein Expression Analysis of Melanocyte Differentiation Antigen 
TRP-2. Am J Dermatopathol 38, 201-207, doi:10.1097/DAD.0000000000000362 (2016). 

108 Bowne, W. B. et al. Coupling and uncoupling of tumor immunity and autoimmunity. J Exp 
Med 190, 1717-1722 (1999). 

109 Byrne, K. T. et al. Autoimmune melanocyte destruction is required for robust CD8+ 
memory T cell responses to mouse melanoma. J Clin Invest 121, 1797-1809, 
doi:10.1172/JCI44849 (2011). 

110 Enouz, S., Carrié, L., Merkler, D., Bevan, M. J. & Zehn, D. Autoreactive T cells bypass 
negative selection and respond to self-antigen stimulation during infection. J Exp Med 
209, 1769-1779, doi:10.1084/jem.20120905 (2012). 

111 Cheng, M. & Anderson, M. S. Thymic tolerance as a key brake on autoimmunity. Nat 
Immunol 19, 659-664, doi:10.1038/s41590-018-0128-9 (2018). 

112 Zehn, D., Lee, S. Y. & Bevan, M. J. Complete but curtailed T-cell response to very low-
affinity antigen. Nature 458, 211-214, doi:10.1038/nature07657 (2009). 

113 Daniels, M. A. & Jameson, S. C. Critical role for CD8 in T cell receptor binding and 
activation by peptide/major histocompatibility complex multimers. J Exp Med 191, 335-
346, doi:10.1084/jem.191.2.335 (2000). 

114 Daniels, M. A. et al. Thymic selection threshold defined by compartmentalization of 
Ras/MAPK signalling. Nature 444, 724-729, doi:10.1038/nature05269 (2006). 

115 Fulton, R. B. et al. The TCR's sensitivity to self peptide-MHC dictates the ability of naive 
CD8(+) T cells to respond to foreign antigens. Nature Immunology 16, 107-+, 
doi:10.1038/ni.3043 (2015). 

116 Azzam, H. S. et al. CD5 expression is developmentally regulated by T cell receptor (TCR) 
signals and TCR avidity. J Exp Med 188, 2301-2311, doi:10.1084/jem.188.12.2301 
(1998). 

117 McWilliams, J. A., McGurran, S. M., Dow, S. W., Slansky, J. E. & Kedl, R. M. A modified 
tyrosinase-related protein 2 epitope generates high-affinity tumor-specific T cells but does 
not mediate therapeutic efficacy in an intradermal tumor model. J Immunol 177, 155-161, 
doi:10.4049/jimmunol.177.1.155 (2006). 

118 Bruhn, K. W., Craft, N., Nguyen, B. D., Yip, J. & Miller, J. F. Characterization of anti-self 
CD8 T-cell responses stimulated by recombinant Listeria monocytogenes expressing the 
melanoma antigen TRP-2. Vaccine 23, 4263-4272, doi:10.1016/j.vaccine.2005.02.018 
(2005). 

119 Ozga, A. J. et al. pMHC affinity controls duration of CD8+ T cell-DC interactions and 
imprints timing of effector differentiation versus expansion. J Exp Med 213, 2811-2829, 
doi:10.1084/jem.20160206 (2016). 



 119

120 Weninger, W., Crowley, M. A., Manjunath, N. & von Andrian, U. H. Migratory properties of 
naive, effector, and memory CD8(+) T cells. J Exp Med 194, 953-966 (2001). 

121 Cai, Z. et al. Requirements for peptide-induced T cell receptor downregulation on naive 
CD8+ T cells. J Exp Med 185, 641-651 (1997). 

122 Shiow, L. R. et al. CD69 acts downstream of interferon-alpha/beta to inhibit S1P1 and 
lymphocyte egress from lymphoid organs. Nature 440, 540-544, 
doi:10.1038/nature04606 (2006). 

123 Valenzuela, J., Schmidt, C. & Mescher, M. The roles of IL-12 in providing a third signal 
for clonal expansion of naive CD8 T cells. J Immunol 169, 6842-6849 (2002). 

124 Obar, J. J. et al. CD4+ T cell regulation of CD25 expression controls development of 
short-lived effector CD8+ T cells in primary and secondary responses. Proc Natl Acad Sci 
U S A 107, 193-198, doi:10.1073/pnas.0909945107 (2010). 

125 Williams, M. A., Tyznik, A. J. & Bevan, M. J. Interleukin-2 signals during priming are 
required for secondary expansion of CD8+ memory T cells. Nature 441, 890-893, 
doi:10.1038/nature04790 (2006). 

126 Stuart, T. et al. Comprehensive Integration of Single-Cell Data. Cell 177, 1888-
1902.e1821, doi:10.1016/j.cell.2019.05.031 (2019). 

127 Mei, Q. et al. Regulation of DNA replication-coupled histone gene expression. Oncotarget 
8, 95005-95022, doi:10.18632/oncotarget.21887 (2017). 

128 Preston, G. C. et al. Single cell tuning of Myc expression by antigen receptor signal 
strength and interleukin-2 in T lymphocytes. EMBO J 34, 2008-2024, 
doi:10.15252/embj.201490252 (2015). 

129 Moynihan, K. D. et al. Eradication of large established tumors in mice by combination 
immunotherapy that engages innate and adaptive immune responses. Nat Med 22, 1402-
1410, doi:10.1038/nm.4200 (2016). 

130 Waithman, J., Gebhardt, T., Davey, G. M., Heath, W. R. & Carbone, F. R. Cutting edge: 
Enhanced IL-2 signaling can convert self-specific T cell response from tolerance to 
autoimmunity. J Immunol 180, 5789-5793, doi:10.4049/jimmunol.180.9.5789 (2008). 

131 Rosenberg, S. A. IL-2: the first effective immunotherapy for human cancer. J Immunol 
192, 5451-5458, doi:10.4049/jimmunol.1490019 (2014). 

132 Sabatino, J. J., Huang, J., Zhu, C. & Evavold, B. D. High prevalence of low affinity 
peptide-MHC II tetramer-negative effectors during polyclonal CD4+ T cell responses. J 
Exp Med 208, 81-90, doi:10.1084/jem.20101574 (2011). 

133 Haas, J., Lipkow, T., Mohamadzadeh, M., Kolde, G. & Knop, J. Induction of inflammatory 
cytokines in murine keratinocytes upon in vivo stimulation with contact sensitizers and 
tolerizing analogues. Exp Dermatol 1, 76-83, doi:10.1111/j.1600-0625.1992.tb00075.x 
(1992). 

134 Mackay, L. K. et al. Long-lived epithelial immunity by tissue-resident memory T (TRM) 
cells in the absence of persisting local antigen presentation. Proc Natl Acad Sci U S A 
109, 7037-7042, doi:10.1073/pnas.1202288109 (2012). 

135 Zhang, S. et al. CD4+ T-cell-mediated anti-tumor immunity can be uncoupled from 
autoimmunity via the STAT4/STAT6 signaling axis. Eur J Immunol 39, 1252-1259, 
doi:10.1002/eji.200839152 (2009). 

136 Su, L. F., Kidd, B. A., Han, A., Kotzin, J. J. & Davis, M. M. Virus-specific CD4(+) memory-
phenotype T cells are abundant in unexposed adults. Immunity 38, 373-383, 
doi:10.1016/j.immuni.2012.10.021 (2013). 

137 Delluc, S., Ravot, G. & Maillere, B. Quantification of the preexisting CD4 T-cell repertoire 
specific for human erythropoietin reveals its immunogenicity potential. Blood 116, 4542-
4545, doi:10.1182/blood-2010-04-280875 (2010). 

138 Anderson, A. C. et al. High frequency of autoreactive myelin proteolipid protein-specific T 
cells in the periphery of naive mice: mechanisms of selection of the self-reactive 
repertoire. J Exp Med 191, 761-770 (2000). 



 120

139 Saligrama, N. et al. Opposing T cell responses in experimental autoimmune 
encephalomyelitis. Nature 572, 481-487, doi:10.1038/s41586-019-1467-x (2019). 

140 Träger, U. et al. The immune response to melanoma is limited by thymic selection of self-
antigens. PLoS One 7, e35005, doi:10.1371/journal.pone.0035005 (2012). 

141 Philip, M. et al. Chromatin states define tumour-specific T cell dysfunction and 
reprogramming. Nature 545, 452-456, doi:doi:10.1038/nature22367 (2017). 

142 Pauken, K. E. et al. Epigenetic stability of exhausted T cells limits durability of 
reinvigoration by PD-1 blockade. Science 354, 1160-1165, doi:10.1126/science.aaf2807 
(2016). 

143 Ghoneim, H. E. et al. De Novo Epigenetic Programs Inhibit PD-1 Blockade-Mediated T 
Cell Rejuvenation. Cell 170, 142-157.e119, doi:10.1016/j.cell.2017.06.007 (2017). 

144 Obar, J. J., Khanna, K. M. & Lefrançois, L. Endogenous naive CD8+ T cell precursor 
frequency regulates primary and memory responses to infection. Immunity 28, 859-869, 
doi:10.1016/j.immuni.2008.04.010 (2008). 

145 Zheng, G. X. et al. Massively parallel digital transcriptional profiling of single cells. Nat 
Commun 8, 14049, doi:10.1038/ncomms14049 (2017). 

146 Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell 
transcriptomic data across different conditions, technologies, and species. Nat Biotechnol 
36, 411-420, doi:10.1038/nbt.4096 (2018). 

147 Tirosh, I. et al. Dissecting the multicellular ecosystem of metastatic melanoma by single-
cell RNA-seq. Science 352, 189-196, doi:10.1126/science.aad0501 (2016). 

148 Hafemeister, C. & Satija, R. Normalization and variance stabilization of single-cell RNA-
seq data using regularized negative binomial regression. Genome Biol 20, 296, 
doi:10.1186/s13059-019-1874-1 (2019). 

149 DeTomaso, D. et al. Functional interpretation of single cell similarity maps. Nat Commun 
10, 4376, doi:10.1038/s41467-019-12235-0 (2019). 

150 Wickham, H. ggplot2: Elegant Graphics for Data Analysis.  (Springer-Verlag, 2016). 
151 Mootha, V. K. et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation 

are coordinately downregulated in human diabetes. Nat Genet 34, 267-273, 
doi:10.1038/ng1180 (2003). 

152 Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 15545-
15550, doi:10.1073/pnas.0506580102 (2005). 

153 Kappler, J. W., Roehm, N. & Marrack, P. T cell tolerance by clonal elimination in the 
thymus. Cell 49, 273-280 (1987). 

154 Truckenbrod, E. N. et al. CD8+ T cell self-tolerance permits responsiveness but limits 
tissue damage. Elife 10, e65615 (2021). 

155 Singh, V., Ji, Q. Y., Feigenbaum, L., Leighty, R. M. & Hurwitz, A. A. Melanoma 
Progression Despite Infiltration by In Vivo-primed TRP-2-specific T Cells. Journal of 
Immunotherapy 32, 129-139 (2009). 

156 Zhu, Z. Q. et al. High-Avidity T Cells Are Preferentially Tolerized in the Tumor 
Microenvironment. Cancer Research 73, 595-604, doi:10.1158/0008-5472.can-12-1123 
(2013). 

157 Vezys, V. et al. Continuous recruitment of naive T cells contributes to heterogeneity of 
antiviral CD8 T cells during persistent infection. The Journal of experimental medicine 
203, 2263-2269 (2006). 

158 Baldwin, T. A., Sandau, M. M., Jameson, S. C. & Hogquist, K. A. The timing of TCRα 
expression critically influences T cell development and selection. The Journal of 
experimental medicine 202, 111-121 (2005). 

159 Huang, J., Edwards, L. J., Evavold, B. D. & Zhu, C. Kinetics of MHC-CD8 interaction at 
the T cell membrane. The Journal of Immunology 179, 7653-7662 (2007). 

160 Chesla, S. E., Selvaraj, P. & Zhu, C. Measuring two-dimensional receptor-ligand binding 
kinetics by micropipette. Biophysical journal 75, 1553-1572 (1998). 



 121

161 Tay, S. S. et al. Antigen expression level threshold tunes the fate of CD8 T cells during 
primary hepatic immune responses. Proceedings of the National Academy of Sciences 
111, E2540-E2549 (2014). 

162 Schönrich, G. et al. Down-regulation of T cell receptors on self-reactive T cells as a novel 
mechanism for extrathymic tolerance induction. Cell 65, 293-304 (1991). 

163 Huang, X. & Yang, Y. The fate of effector CD8 T cells in vivo is controlled by the duration 
of antigen stimulation. Immunology 118, 361-371 (2006). 

164 De Palma, R. et al. Therapeutic effectiveness of recombinant cancer vaccines is 
associated with a prevalent T-cell receptor α usage by melanoma-specific CD8+ T 
lymphocytes. Cancer research 64, 8068-8076 (2004). 

165 Bettini, M. L., Bettini, M., Nakayama, M., Guy, C. S. & Vignali, D. A. A. Generation of T 
cell receptor–retrogenic mice: improved retroviral-mediated stem cell gene transfer. 
Nature protocols 8, 1837-1840 (2013). 

166 Liu, B., Chen, W., Evavold, B. D. & Zhu, C. Accumulation of dynamic catch bonds 
between TCR and agonist peptide-MHC triggers T cell signaling. Cell 157, 357-368 
(2014). 

167 Sibener, L. V. et al. Isolation of a structural mechanism for uncoupling T cell receptor 
signaling from peptide-MHC binding. Cell 174, 672-687 (2018). 

 

 
 


