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ABSTRACT 

In both humans and mice, CD4+ T cells reactive to self-derived antigens have been 

implicated in a range of autoinflammatory processes. To promote disease, such cells must evade 

tolerogenic mechanisms in the thymus and in secondary lymphoid organs. However, the factors 

that render self-reactive CD4+ Foxp3neg conventional (Tconv) cells prone to regulation remain 

incompletely understood. Moreover, it is unclear whether these same factors govern the pathogenic 

potential of self-reactive CD4+ Tconv cells. Previous work on this topic has focused on the 

sensitivity with which a CD4+ T cell recognizes and responds to a given peptide-MHC class II 

(pMHC-II) ligand. Yet, to assess the impact of varying T cell sensitivities, many studies have relied 

on the analysis of T cells reactive to foreign model antigens; immune responses towards such 

antigens may not recapitulate those targeting bona fide self-antigens. Using T cell receptor (TCR) 

profiling paired with in vivo clonal analysis of T cell differentiation, we characterized two panels 

of naturally occurring CD4+ Tconv cell clones reactive to endogenous self-ligands. The first 

consisted of self-reactive CD4+ Tconv cell clones that infiltrate the prostate following systemic 

Treg cell ablation. A subset of these clones were highly proliferative in the lymphoid organs at 

steady state and exhibited overt reactivity to self-ligands displayed by dendritic cells (DCs), yet 

were not purged by clonal deletion. These clones spontaneously adopted numerous hallmarks of 

T follicular helper (Tfh) cells, including expression of Bcl6 and PD-1. yet failed to produce 

common effector cytokines at baseline. The second panel of naturally occurring CD4+ Tconv cell 

clones consisted of TCRs reactive to a known tissue-specific antigen (TSA), Tcaf3646-658 (termed 

“C4” peptide). Analysis of these clones revealed preferential thymic Foxp3+ regulatory T (Treg) 

cell differentiation among clones exhibiting higher sensitivities to C4/I-Ab. Notably, less sensitive 

C4-reactive clones retained the ability to infiltrate the prostate in various inflammatory contexts, 
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including infection, systemic Treg cell ablation, and oncogene-driven prostate tumors. 

Collectively, our work identifies two distinct self-reactive CD4+ Tconv cell populations kept in 

check by Treg cells at steady state: one that interacts with both DCs and B cells by adopting a Tfh-

like phenotype, and one that senses TSAs but remains phenotypically naïve until released from 

mechanisms of peripheral T cell tolerance. Future work will elucidate how the interplay between 

these populations shapes autoimmune and antitumor responses.  
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CHAPTER I: INTRODUCTION 

 

Self/non-self discrimination by the mammalian immune system 

The mammalian immune system consists of multiple effectors acting in concert to defend 

the host against pathogenic challenges. These effectors include cellular and humoral components 

of innate immunity, such as granulocytes, monocytes, dendritic cells (DCs) and complement, as 

well as components of the adaptive immune system - namely, B and T lymphocytes1. These 

effectors differ in their ability to recognize, respond to, and “remember” foreign antigens2–4. In 

contributing to antimicrobial responses, these effectors promote the generation and function of 

cytokines, cytotoxic molecules, and other mediators of inflammation. However, such agents may 

have the unintended consequence of inflicting collateral damage upon host tissues, which the 

immune system must limit to ensure host survival and function. Thus, in disease settings, 

defending the host involves balancing resistance to pathogens with protection against self-inflicted 

injury5. To prevent unwanted immune responses against self-derived antigens, the immune system 

has developed multiple mechanisms to maintain a state of tolerance towards self while enabling 

effective responses against foreign entities. Many of these mechanisms rely on the ability of 

immune cells to successfully discriminate between self and non-self6. 

Self/non-self discrimination refers to the immune system’s ability to identify molecules 

derived from exogenous sources based on the differences those molecules possess in comparison 

to endogenous molecules derived from host tissues7. One hallmark of the innate immune system 

includes recognition of evolutionarily conserved features of pathogens, referred to as pathogen-

associated molecular patterns (PAMPs), by germline-encoded pattern recognition receptors 

(PRRs)8. Upon PRR binding of a known exogenous ligand, such as lipopolysaccharide (LPS) or 
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double-stranded RNA, innate immune cells rapidly upregulate cytokines and antimicrobial 

peptides to limit pathogen replication, prevent further infection, and eliminate infected host cells9. 

In addition, DCs integrate PRR and/or other danger signals with the uptake of pathogen-derived 

antigens, which are subsequently processed into peptides and loaded onto major histocompatibility 

complex (MHC) molecules10. This integration leads to DC maturation; upregulation of the B7 co-

stimulatory ligands, CD80 and CD86; and presentation of foreign peptide-MHC class I (pMHC-I) 

and class II (pMHC-II) complexes to CD8+ and CD4+ T cells, respectively11. Thus, the innate 

immune system relies on detection of typical features of microbes which mammalian cells lack to 

both provide a first line of defense and activate adaptive immunity. 

Nevertheless, to successfully discriminate between self and non-self, the immune system 

must grapple with at least two major challenges. First, the higher proliferative and mutational rates 

of pathogenic microorganisms allow them to evolve much faster than mammalian cells, enabling 

the former to more rapidly develop immune evasion mechanisms12. How does the immune system 

respond to foreign pathogens capable of constant change? In this domain, the innate immune 

system is helped in part by targeting PAMPs – which often cannot be altered by the microbe 

without reducing its fitness – as well as by recognizing instances of “missing,”13 “altered,”14 or 

“damaged”15,16 self. For more complete protection against pathogens, however, the immune 

system must also rely on B and T cells harboring somatically rearranged antigen receptors. Deficits 

in either lymphocyte compartment - or in the ability to rearrange antigen receptors, as in the case 

of Rag1 and Rag2 mutations17,18 - leave the host susceptible to recurrent, life-threatening 

infections.  

In generating a diverse repertoire of B and T cell receptors, the immune system develops 

the ability to respond to a broad range of antigens – including those from self19,20. Herein lies the 
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second challenge: how does the immune system train B and T cells on self, in order to avoid 

autoimmunity? Through mechanisms of central tolerance, developing B and T cells are exposed 

to self-derived antigens in the bone marrow and thymus, respectively; this enables deletion, 

diversion, or restraint of overtly self-reactive lymphocytes prior to such cells’ migration into 

secondary lymphoid organs (SLOs), including spleen and lymph nodes21,22. In the periphery, 

mechanisms of peripheral tolerance work to prevent self-reactive lymphocytes from encountering 

their cognate antigens and curtail inappropriate activation of these cells upon antigen 

encounter21,23. For T cells, additional layers of regulation exist; in contrast to B cell receptors 

(BCRs), which may directly bind peptide and non-peptide antigens in their native form, T cell 

receptors (TCRs) may only recognize peptide antigens bound to MHC molecules24. Moreover, 

CD4+ T cells bind antigens presented on MHC class II molecules, the expression of which is 

largely limited to professional antigen-presenting cells (APCs)25. As conventional CD4+ T (Tconv) 

cells can potentiate B, CD8+ T, and myeloid cell responses26, immune tolerance depends on 

restricting the possibility and productivity of interactions between self-reactive CD4+ Tconv cells 

and self-peptide-MHC class II complexes (spMHC-II).  

This dissertation will discuss past, present, and future work aimed at understanding the role 

of TCR:spMHC-II interactions in establishing and enforcing immune tolerance. Through robust 

clonal analyses, our most recent work demonstrates that the endogenous CD4+ T cell repertoire 

contains cells that actively sense bona fide self-antigens at steady state and infiltrate non-lymphoid 

organs in settings of immune perturbation. This work also raises key questions regarding the ways 

in which TCR:spMHC-II interactions shape a CD4+ Tconv cell’s propensity to mount autoimmune 

and anti-tumor responses. 
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T cell receptor structure and the immunological synapse 

 A T cell surveys the body’s tissues for immunogenic peptides using its T cell receptor: a 

heterodimeric transmembrane receptor capable of binding short peptide fragments bound to MHC 

class II molecules on the surface of APCs. Studies of T cell development since the early 1990s 

have revealed the existence of multiple T cell lineages, differentiated by their TCRs and antigen-

binding properties (summarized in refs27,28). Conventional αβ T cells comprise the most prevalent 

T cell subset in mice and humans and are distinguished by the expression of the αβTCR: a 

heterodimeric antigen receptor consisting of one TCRα and one TCRβ chain covalently linked by 

a disulfide bond. Each TCR chain possesses a constant region and a variable region. The constant 

region includes a short cytoplasmic tail devoid of signaling capabilities, a transmembrane domain, 

and a membrane-proximal connecting peptide important for association of the TCR with the CD3 

signaling complex. The variable region contains three complementarity-determining regions 

(CDRs) which make contacts with the sides (CDR1 and CDR2) and peptide-binding pocket 

(CDR3) of MHC molecules29. These loops determine the ability of a TCR to bind pMHC ligands, 

the strength (or affinity) of the TCR:pMHC interaction, and the orientation in which TCR binding 

to pMHC occurs30–32.  

While the αβTCR itself is sufficient for initial binding to pMHC, productive T cell 

signaling occurs through the formation of the immunological synapse (IS), a specialized membrane 

structure at the interface between a T cell and an APC.33,34 The IS consists of the TCR/CD3 

complex, whose engagement triggers downstream signaling events; the coreceptor CD4 or CD8, 

which stabilize TCR-ligand interactions by binding to the sides of MHC class I and II molecules, 

respectively; cell adhesion molecules, which support proximity between T cells and APCs; and 

co-stimulatory and co-inhibitory molecules, which modulate T cell signaling, function, and 
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survival. For a naïve CD4+ T cell, binding of pMHC-II ligands leads to TCR crosslinking and Lck 

kinase recruitment to the IS, where it can phosphorylate immunoreceptor tyrosine–based activation 

motifs (ITAMs) present within the cytoplasmic tails of CD3 subunits35. These phosphorylated 

ITAMs are bound by the Zap70 kinase, leading to the latter’s release from autoinhibition and 

further activation via Lck phosphorylation36. Active Zap70 then promotes subsequent TCR 

signaling events, such as the recruitment of LAT and Slp76, as well as the activation of 

Ras/MAPK, PI3K, and calcium/NFAT pathways important for CD4+ T cell proliferation and 

differentiation37,38. This process is cumulatively referred to as “Signal 1;” naïve T cells require this 

along with signals derived from ligation of the CD28 co-stimulatory receptor – “Signal 2” – for 

complete activation to occur39. 

 

Consequences of TCR signaling 

Complete activation of peripheral CD4+ Tconv cells results in two key outcomes: clonal 

expansion and acquisition of effector function. TCR engagement and co-stimulation trigger 

proliferation of the CD4+ Tconv cell clone that has successfully recognized antigen, thereby 

generating multiple daughter cells bearing the same TCR and capable of responding to the antigen 

of interest. As the estimated clonal frequencies of naïve T cells of a given pMHC specificity often 

fall below 100 cells per million, clonal expansion is crucial for facilitating efficient antigen 

detection and clearance40. With regards to effector function, CD4+ Tconv cells may adopt one of 

several possible T helper (Th) cell lineages following activation41. Each lineage expresses a master 

transcription factor (TF), upregulates signature cytokines and hallmark phenotypic markers, and 

exerts functions that are tailored for responding to a particular immune challenge (summarized in 

refs10,42). Briefly, Th1 cells express the lineage-defining TF T-bet (encoded by Tbx21) and mediate 
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the elimination of intracellular pathogens by secreting IFN-γ to activate the phagocytotic and 

microbicidal functions of macrophages and DCs. Th2 cells rely on expression of Gata-3 to 

orchestrate protective functions against helminths, roping in eosinophils, basophils, and other cells 

to do so. Rorγt+ Th17 cells use IL-17 and other cytokines to recruit and activate neutrophils and 

help defend the host against extracellular pathogens. T follicular helper (Tfh) cells provide B cells 

with key cytokines and co-stimulatory cues to develop potent antibody-mediated immune 

responses against viruses and bacteria. (The function of regulatory T, or Treg, cells, and its 

dependence on TCR-derived signals, is discussed later in this Introduction.) As illustrated thus far, 

Th cells work in concert with other immune cell types to eliminate the relevant antigenic insult.  

Once the offending antigen is removed, contraction occurs. During this process, the 

majority of antigen-specific CD4+ Tconv cells undergo apoptosis, with a minor subset persisting 

as memory CD4+ T cells43. Should the host experience the same antigen again, memory CD4+ T 

cells are epigenetically and transcriptionally poised to respond more quickly upon secondary 

challenge, leading to improved antigen clearance and protection for the host. 

 

T cell development & antigen receptor rearrangement 

 Because T cell function depends on successful signaling through TCR/CD3, the process of 

thymopoiesis must result in the generation of cells bearing TCRs capable of binding ligand and 

promoting signal transduction44. T cell precursors are thus subjected to multiple developmental 

checkpoints that ensure successful expression of a functional TCR. The probing of TCR function 

occurs in the thymus, which is seeded by lymphoid progenitors derived from hematopoietic stem 

cells in the bone marrow45. At the earliest stage of thymic development, these precursors lack 

expression of the coreceptors CD4 and CD8, and are referred to as double-negative (DN) 
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thymocytes. During this stage, thymocytes begin to form their antigen receptors through the 

process of V(D)J recombination, which involves the splicing of individual germline-encoded 

variable (V), diversity (D; TCRβ only), and joining (J) immunoglobulin gene segments together 

in order to yield exons encoding for TCR chains46. 

For αβ T cells, recombination of the Tcrb locus occurs first, with assembly of one Dβ 

(TRBD) and one Jβ (TRBJ) segment followed by joining of one Vβ (TRBV) segment to the 

rearranged DJ segment. Each instance of somatic rearrangement is mediated by the recombination 

activating genes 1 (Rag1) and 2 (Rag2), which form a heterotetramer that binds recombination 

signal sequences (RSSs) proximal to V, D, and J segments47. The Rag complex facilitates double-

stranded DNA breaks near two gene segments, leading to excision of intervening sequences and 

formation of a DNA hairpin resolved via the classical non-homologous end joining pathway. Once 

a VDJ segment is formed, it is transcribed with the TCRβ constant region and translated if in frame. 

The resulting TCRβ chain is then paired with a germline-encoded pre-TCRα chain to form the pre-

TCR; this triggers the first developmental checkpoint, known as β-selection. To survive, a 

thymocyte must be able to experience signaling through the pre-TCR following ligation of pMHC 

molecules expressed by cells within the thymic cortex48. If a thymocyte produces a TCRβ chain 

with no reactivity to pMHC molecules, or if it fails to produce an in-frame TCRβ exon, the absence 

of TCR signaling at this stage leads to death by neglect, through which non-signaled thymocytes 

undergo apoptosis49. In contrast, thymocytes exhibiting at least weak TCR-mediated signals are 

rescued from cell death and encouraged to continue their developmental trajectory.  

TCR-mediated signals also trigger migration to the thymic medulla, maturation to the CD4+ 

CD8+ double-positive (DP) stage, and recombination of the Tcra locus48. As above, the Rag 

complex mediates splicing of one Vα (TRAV) to one Jα (TRAJ) segment to yield a TCRα exon. 
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Following TCRα rearrangement, a thymocyte must express the newly rearranged TCRα chain, pair 

it with the recently assembled TCRβ chain, and undergo another developmental checkpoint, 

involving interactions with pMHC molecules displayed on medullary APCs. Prevailing models of 

thymocyte development posit that DP thymocytes transiently downregulate surface expression of 

CD850. In doing so, thymocytes bearing MHC class II-restricted TCRs retain the ability to bind 

pMHC-II molecules and maintain TCR signaling, whereas thymocytes with MHC class I-restricted 

TCRs exhibit reduced pMHC-I contact and signaling due to diminished co-receptor expression. 

This temporal regulation of TCR signaling governs the expression of transcription factors critical 

for differentiation of CD4 single-positive (CD4SP) versus CD8 single-positive (CD8SP) cells. 

However, this canonical developmental trajectory may be altered following agonist TCR:pMHC 

interactions either before or after the DN-to-DP transition; such interactions can divert thymocytes 

away from the conventional αβ T cell lineage in favor of alternative T cell fates (reviewed in 

refs27,28). In the absence of agonist signaling, thymocytes emigrate to the periphery as mature naïve 

CD4+ or CD8+ αβ T cells, ready to expand upon antigen encounter. 

As the genomes of mice and humans harbor multiple V, D, and J segments, V(D)J 

recombination affords a thymocyte millions of potential gene segment combinations for generating 

a TCR, enabling combinatorial diversity of TCRs among the total T cell pool51. Because the non-

germline VJ and VDJ regions comprise the TCR CDR3α and CDR3β loops, respectively, each 

combination of gene segments can yield a TCR with distinct antigen binding properties. Thus, 

somatic rearrangement of TCR gene segments creates combinatorial diversity within the T cell 

repertoire, allowing the mammalian immune system to recognize a greater breadth of antigens than 

would be possible through germline-encoded receptors. Moreover, the process of resolving DNA 

hairpins at the junction sites between gene segments often leads to the addition and/or deletion of 
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nucleotides. Such changes can modify the amino acid sequence and/or the reading frame of the 

TCR exon. As a result, V(D)J recombination introduces junctional diversity, which, when 

combined with combinatorial diversity, further increases the number of possible TCRs.  

 

Generation of self-reactive TCRs and the need for T cell tolerance 

 While the stochastic nature of V(D)J recombination allows the immune system to generate 

a diverse TCR repertoire, it also produces TCR exons that fail to encode a TCR chain, give rise to 

TCR chains that cannot successfully pair with one another, or yield TCRs incapable of binding 

MHC molecules49. Thymocytes experiencing any of these failures do not receive TCR-mediated 

survival signals during development and, as a result, do not reach the periphery. Of the TCR exons 

that give rise to functional receptors, a subset produces TCRs that bind strongly to pMHC 

molecules bearing self-derived peptide ligands. If left unchecked, T cells bearing self-reactive 

TCRs may undergo activation and mount pro-inflammatory responses against a self-antigen, 

thereby promoting autoimmunity. 

 

Mechanisms of central tolerance for CD4+ T cells 

 To prevent unwanted self-directed immune responses, the mammalian immune system 

employs several mechanisms aimed at culling or curbing self-reactive CD4+ T cells. In the thymus, 

mechanisms of central tolerance rely on the display of self-antigens to developing T cells to 

prevent their egress as CD4+ Tconv cells. During the DN stage of thymic development, thymocytes 

encounter self-antigens primarily through interactions with cortical thymic epithelial cells 

(cTECs). cTECs highly express cathepsin L and thymus specific serine protease, specialized 

enzymes that cleave endosomal polypeptides to be loaded on MHC class II. Both enzymes are 
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required for CD4+ T cell development, as genetic ablation of either enzyme or both impairs positive 

selection of MHC-II-reactive T cell clones.52,53 Interactions with spMHC-II on cTECs can result 

in death by neglect, positive selection, or negative selection, by which thymocytes receiving strong 

TCR signaling upregulate BH3 effectors of apoptosis, such as Bim, and undergo cell death54,55. As 

negative selection acts to remove specific clones that exhibit high extents of self-reactivity, this 

process is also referred to as clonal deletion. 

 Another possible fate for MHC-II-reactive thymocytes includes differentiation into the 

Foxp3+ CD4+ regulatory T (Treg) cell lineage. Treg cells are required throughout life and act to 

limit inflammation, maintain host tissue homeostasis, and promote tissue repair56,57. In 

combination with co-stimulation through CD28, moderate TCR signaling is thought to induce 

upregulation of the Treg cell lineage-defining transcription factor, Foxp3, and the high-affinity 

interleukin-2 (IL-2) receptor, CD25 (IL2Rα)58. Foxp3 enables at least a fraction of a Treg cell’s 

suppressive program, while repressing expression of transcription factors and cytokines associated 

with pro-inflammatory CD4+ Tconv cell subsets. CD25 sensitizes Treg precursors to the survival 

and proliferative cues imparted by IL-2 signaling. While the majority of Treg cells in mice 

originate from the thymus (tTregs), the relative contributions of the thymic cortex versus the 

medulla on tTreg differentiation remain unclear. Using mixed bone marrow chimeras with wild-

type (WT) and CCR7-deficient marrow, the Rudensky group observed Foxp3 expression among 

Ccr7-/- DP and CD4SP thymocytes, which have undergone positive selection but fail to migrate to 

the thymic medulla59. Similar results were observed using Ab1null K14-Aβb mce, in which MHC 

class II expression is restricted to keratin 14-expressing cTECs. However, Liston et al. focused 

primarily on Foxp3 positivity; more recent studies have highlighted the existence of two distinct 

Treg precursor populations: Foxp3lo CD25neg and Foxp3neg CD25+ cells60. While the former 
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population was observed in both the thymic cortex and medulla, the latter was found exclusively 

in the medulla. Moreover, mature Treg cells derived from Foxp3lo CD25neg precursors failed to 

control experimental autoimmune encephalomyelitis (EAE) severity to the same extent as did 

mature Treg cells derived from Foxp3neg CD25+ precursors, suggesting that the thymic cortex may 

give rise to Treg cells whose quality and/or specificities vary from those of medullary-derived 

Treg cells. Collectively, while these findings point to uncertainty regarding the developmental 

origins of Treg cell heterogeneity, prevailing models of thymopoiesis regard the thymic cortex 

mainly as the location in which positive selection and MHC restriction occur. 

In contrast, the thymic medulla is viewed as the key site in which central T cell tolerance 

is imposed. Following positive selection, DN thymocytes upregulate CD4, CD8, and CCR7, which 

enables CCL19/21-dependent migration to the medulla45. There, DP thymocytes engage spMHC-

II on medullary thymic epithelial cells (mTECs) and other thymic APC populations, including B 

cells, conventional DC subsets (cDC1s and cDC2s), and plasmacytoid DCs. In particular, 

medullary TECs (mTECs) express the transcriptional regulator Aire, which enables ectopic 

expression of tissue-specific antigens (TSAs) in these cells61. In doing so, Aire allows thymocytes 

to be “trained” on a wider range of self-peptides that would otherwise be absent in the thymus but 

may be encountered in the periphery. If thymocytes during the neonatal period cannot undergo 

Aire-dependent training on TSAs, such as in the case of Aire deficiency, mice and humans develop 

multiorgan autoimmunity62. Lymphocytic infiltration of specific tissues in Aire-/- individuals is 

associated with defective negative selection of CD4+ and CD8+ T cells exhibiting high extents of 

reactivity to TSAs, as well as poor TSA-specific tTreg cell differentiation63–65. As certain organs 

are spared from autoimmunity in Aire-/- individuals, Aire may not facilitate thymic expression of 

all TSAs. Moreover, the extent to which a self-reactive thymocyte undergoes deletion versus tTreg 
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cell induction may depend on which APC presents spMHC-II66. Aire-regulated self-antigens may 

be presented by mTECs themselves or may be transferred from mTECs to thymic DCs; antigen 

transfer from mTECs to DCs is unidirectional, constitutive, and required for the development of a 

subset of organ-specific Treg cell clones67,68. Independently of Aire, thymic DCs and B cells may 

also present their own set of endogenous self-antigens and are thought to play non-redundant roles 

in negative selection and thymic Treg cell induction69,70. Thus, to impose central T cell tolerance, 

a collection of medullary APCs limits thymic egress of self-reactive CD4+ T cell clones through 

negative selection or skewing towards the tTreg cell fate. 

 

Mechanisms of peripheral tolerance for CD4+ T cells 

 As discussed above, tolerogenic mechanisms in the thymus are critical for immune 

homeostasis, as failure to eliminate highly self-reactive thymocytes (as in the case of Bim 

deficiency54) or display tissue-restricted self-antigens (as in the case of Aire deficiency71) leads to 

multiorgan autoimmunity. However, numerous studies have demonstrated the existence of self-

reactive CD4+ Tconv and CD8+ T cells in the periphery of healthy mice64,72,73 and humans74–76, 

indicating that negative selection and thymic Treg cell differentiation minimize, but do not 

completely prevent, the development of self-reactive clones. As such clones may pose risk for 

autoimmunity, tolerogenic mechanisms in the periphery must compensate for imperfect processes 

of central T cell tolerance in order to avert disease. 

The “toolbox” of peripheral T cell tolerance contains several mechanisms for limiting self-

reactive CD4+ Tconv cell activation; these include ignorance to antigen, peripheral deletion, 

induction of anergy, pTreg induction, and Treg-mediated suppression77. As part of ignorance, self-

reactive CD4+ Tconv cells may be prevented from encountering their cognate antigens by physical 
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barriers (e.g., the blood-brain barrier) and/or by inefficient antigen processing or presentation. This 

separation of autoreactive T cells from spMHC-II averts unwanted activation of the former. While 

“ignorant” self-reactive CD4+ Tconv cells are antigen-inexperienced, they are not functionally 

impaired and may undergo activation in the case of sufficient pMHC-II availability. 

Should antigen encounter take place, the lack of co-stimulatory ligands on DCs at steady 

state facilitates peripheral deletion among self-reactive CD4+ Tconv cells. Co-stimulation through 

CD28 is typically provided to naïve T cells by mature DCs, which have taken up exogenous 

antigen and received additional pro-inflammatory signals, such as PRR sensing of PAMPs or 

recognition of other danger signals11. In the absence of infection or inflammation, DCs are 

predominantly immature78; while these APCs may still express endogenous self-antigens loaded 

onto MHC class II molecules, they generally do not upregulate CD80 (B7-1) or CD86 (B7-2). 

CD28/B7 interactions enhance T cell survival by promoting expression of anti-apoptotic Bcl2 

family proteins, such as BclXL79. Without CD28 signaling, T cells fail to counter pro-apoptotic 

factors upregulated downstream of TCR signaling. Thus, at steady state, a self-reactive CD4+ 

Tconv cell clone can bind to spMHC-II ligands on immature DCs and receive Signal 1; doing so, 

however, would increase that clone’s propensity for apoptosis as a result of missing Signal 2.  

Yet, even without co-stimulation, self-reactive CD4+ Tconv cells that experience TCR 

stimulation are not entirely eliminated from the peripheral repertoire. A fraction of such cells 

survives and may be restrained via T cell anergy, defined as a state of functional 

hyporesponsiveness to further TCR stimulation80. Early evidence for T cell anergy stems from 

allograft transplantation studies by Bluestone and colleagues, in which investigators used in vitro 

and in vivo anti-CD3 antibody administration to mimic the phenomenon of providing Signal 1 but 

not Signal 2 to T cells81,82. In these studies, while the majority of recipient CD4+ T cells are 
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depleted following antibody administration, the CD4+ T cells that remain exhibit decreased 

proliferation and cytokine production when re-stimulated ex vivo with anti-CD379. This 

observation was further supported by work from the Schwartz group, which assessed the function 

of TCR-transgenic (TCRtg) CD4+ T cells reactive to defined foreign antigens after intravenous 

transfer of the T cells’ cognate antigen. Following contraction of the antigen-specific CD4+ T cell 

population, surviving antigen-experienced CD4+ T cells displayed impaired upregulation of 

activation markers, reduced secretion of IL-2, and minimal expansion compared to naïve cells 

bearing the same TCR80,83. While aspects of in vitro versus in vivo T cell anergy differ, functional 

defects of anergic CD4+ Tconv cells are generally attributable to impairments in signaling at the 

level of Ras, MAPK and AP-1 following TCR-dependent upregulation of molecular mediators of 

T cell dysfunction84. These mediators include transcription factors Egr2 and Egr3, E3 ubiquitin 

ligases Cbl and GRAIL, and diacylglycerol (DAG) kinases responsible for breaking down the 

secondary messenger DAG. Of note, many of the molecular and functional features of T cell 

anergy may be reversed upon removal of antigen, co-stimulation through CD28 and/or OX-40, or 

provision of IL-2. This raises the possibility of inadvertently activating self-reactive CD4+ Tconv 

cells, should an ongoing immune response provide the co-stimulatory ligands and cytokines 

needed for release from anergy.  

As a failsafe, Treg cells exist to limit instances in which a self-reactive CD4+ Tconv cell 

receives TCR stimulation and co-stimulation. As discussed above, the majority of Treg cells 

originate in the thymus following interactions with spMHC-II ligands presented by thymic APCs. 

In addition, a subset of the overall Treg cell pool consists of peripherally induced Treg (pTreg) 

cells, which arise from mature CD4+ Tconv cells that upregulate Foxp3 and CD25 following 

antigen encounter in the periphery. pTreg induction is facilitated by sensing of transforming 
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growth factor beta (TGFβ), released by a subset of tolerogenic immature DCs and by Treg cells 

themselves85,86. The nature of antigens recognized by pTreg cells and the requirement of co-

stimulation for pTreg cell induction remain incompletely understood. However, multiple groups 

have found limited overlap between the pTreg and tTreg TCR repertoires, indicative of recognition 

to distinct sets of antigens86,87. Moreover, recent work by Surh and colleagues showed that the 

majority of pTreg cells were induced following the introduction of commensal microbes or dietary 

antigens, suggesting that these cells prevent pro-inflammatory responses against nonharmful 

peptides88. Thus, foreign-reactive CD4+ Tconv cell clones that are not curbed by central tolerance 

may be leveraged by the host to avoid unwanted immune-mediated damage. Of note, pTreg cell 

differentiation was still observed among naïve CD4+ Tconv cells adoptively transferred into Rag1-

/- germ-free (GF) mice fed an elemental antigen-free (AF) diet89. Moreover, deficiency or depletion 

of pTreg cells leads to colitis and impaired maternal-fetal tolerance90,91. These findings 

demonstrate that the immune system can restrain the pathogenic potential of CD4+ Tconv cell 

clones that bypass central tolerance by converting them into pTreg cells. 

These tolerance mechanisms notwithstanding, suppression in trans by tTreg cells represent 

a linchpin of peripheral tolerance, as indicated by the fatal lymphoproliferative and multiorgan 

autoimmune disease observed in mice (scurfy) and humans (IPEX) due to genetic inactivation of 

Foxp392. Similar disease occurs if Treg cells are selectively ablated, as in Foxp3DTR mice, which 

express the human diphtheria toxin (DT) receptor in Foxp3-expressing cells and experience Treg 

cell loss upon DT administration93. Autoimmunity also ensues in mice whose Treg cells have been 

functionally impaired; examples include Foxp3Cre Cd25fl/fl, Foxp3Cre Ctla4fl/fl, and Foxp3Cre 

Il10rafl/fl mice, which exhibit Treg-specific deletion of the high-affinity IL-2 receptor94, the co-

inhibitory receptor CTLA-495, and the IL-10 receptor96, respectively. Each of these mouse models 
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displays robust lymphocytic infiltration of skin, gastrointestinal tract, and/or other non-lymphoid 

tissues, accompanied by increased mortality. In this vein, Treg-specific ablation studies have 

elucidated several suppressive modalities of Treg cells, which include depletion of local IL-2 

levels via CD25, depriving nearby effector T cells of IL-2; use of CTLA-4 to disrupt CD28-B7 

interactions between T cells and APCs; and production of soluble anti-inflammatory mediators 

and cytokines, such as IL-10. By leveraging these and other suppressive functions, Treg cells can 

antagonize co-stimulation, expansion, and function of self-reactive CD4+ Tconv cells and drive 

them towards anergy, deletion, or pTreg differentiation56,97,98. 

 

The role of TCR:spMHC-II interactions in promoting Treg cell function 

 Still, open questions remain regarding the ability of Treg cells to prevent antigen 

recognition by self-reactive CD4+ Tconv cells. While it is well appreciated that Treg cells require 

TCR signaling to exert their suppressive function, ongoing work continues to elucidate the ways 

in which TCR:spMHC-II interactions govern Treg cell function99–101. Three such ways are 

reviewed herein. First, TCR signaling in Treg cells triggers differentiation into an effector Treg 

(eTreg) state, marked by enhanced suppressive capacity102. By studying Foxp3Cre-ERT2 Tcrafl/fl 

mice, which exhibit tamoxifen-inducible Treg-specific loss of the TCRα chain, Levine et al. link 

autoimmunity in these mice to a loss of CD44hi CD62Llo effector Treg cells, suggesting that Treg 

cells must undergo activation and differentiation into the eTreg state in order to achieve full 

suppressive capacity99. Similarly, Vahl et al. note that TCR ablation on Treg cells leads to 

diminished expression of IL-10100; this latter finding was corroborated by observations of reduced 

IL-10 positivity when Treg cells were treated with the TCR signaling inhibitor tacrolimus103. 

However, these studies both reported similar, if not heightened, extents of IL-2 receptor expression 
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and signaling in the absence of TCR signaling, indicating that only part of the Treg suppressive 

program is TCR-dependent. Moreover, analyses of Treg cells in Nur77GFP mice – whose 

expression of a fluorescent reporter positively correlates with the intensity of TCR signaling104 – 

found similar CD62L expression among GFPhi and GFPlo cells105. This raises three interesting 

possibilities: (1) Nur77GFP expression by Treg cell subsets reflects signaling derived from both 

cognate and non-cognate interactions with spMHC-II, obscuring the relative contributions of 

agonist versus tonic signaling on eTreg cell differentiation; (2) TCR signals are necessary but not 

sufficient to induce differentiation from the CD62Lhi central Treg (cTreg) to the CD62Llo eTreg 

state; and/or (3) TCR signaling can be antagonized or counterbalanced by other signaling pathways 

to prevent cTreg-to-eTreg cell conversion. 

 Second, TCR:pMHC-II binding allows for apposition of Treg cells with APCs, along with 

upregulation and activation of cell adhesion molecules. Together, these events allow Treg cells to 

engage in prolonged contacts with APCs, leading to the latter’s downregulation of CD80 and 

CD86. The Sakaguchi group first demonstrated this by studying DO11.10 TCRtg Treg cells, which 

react to a chicken ovalbumin (OVA) peptide presented on MHC class II molecule I-Ad. In vitro 

co-culture assays revealed that DO11.10 TCRtg Treg cells aggregated around DCs and B cells 

only in the presence of antigen and only when the TCR-induced integrin LFA-1 was allowed to 

bind to its targets106. Down-regulation of CD80 and CD86 occurred in a CTLA-4-dependent 

manner, an observation corroborated by later work implicating CTLA-4 in Treg cell-mediated 

removal of CD80/86 from DCs via trogocytosis107. In the examples presented thus far, TCR-

mediated antigen recognition by Treg cells promotes several antigen-nonspecific suppressive 

mechanisms. By imposing a TCR requirement for Treg function, the immune system may limit 
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potent anti-inflammatory actions to discrete microenvironments, rather than allowing Treg cells to 

have systemic effects108.  

Third, a Treg cell may use its TCR to restrict the number of spMHC-II complexes available 

for CD4+ Tconv cells with matched specificity. This constitutes antigen-specific suppression, 

which can occur through ligand occupancy and/or ligand stripping. Treg cells may use their TCR 

to outcompete their CD4+ Tconv cell counterparts for binding to spMHC-II ligands109. By 

occupying sites of spMHC-II, Treg cells would block naïve CD4+ Tconv cells from accessing self-

ligands, thereby preventing priming of the latter against self. In the same vein, Treg cells may 

disrupt ongoing interactions between CD4+ Tconv cells and APCs, leading to limited CD4+ Tconv 

cell activation. Apart from this “goalkeeping,” Treg cells may remove the goal entirely; recent 

work by Shevach and colleagues showed that Treg cells have the capacity to remove pMHC-II 

molecules from DCs via trogocytosis and do so in an antigen-specific manner110. These 

demonstrations of antigen-specific suppression by Treg cells help address a longstanding 

conundrum regarding Treg cell function: in situations where an APC presents self- and foreign-

derived antigens simultaneously, Treg cells employing only antigen-nonspecific suppressive 

mechanisms would preserve tolerance towards self-antigens at the expense of host defense against 

foreign invaders. Instead, a combination of antigen-specific and -nonspecific mechanisms enables 

Treg cells to prevent unwanted autoimmune responses while permitting the immune system’s 

resistance to non-self. 

 

Dissecting TCR:pMHC affinity, T cell avidity, sensitivity, and potency 

For Treg cells to successfully outcompete CD4+ Tconv cells for binding to spMHC-II 

molecules, something must impart upon Treg cells a competitive advantage for ligand binding 
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and/or association with APCs. Such an advantage can be described in terms of a CD4+ T cell’s 

overall avidity for a given pMHC-II ligand. T cell avidity is defined as the strength with which a 

T cell engages an antigen source, and is primarily dependent on the number and quality of 

TCR:pMHC interactions111. Experimentally, T cell avidity can be approximated via staining of 

CD4+ T cells with pMHC-II multimers. The original pMHC multimers described by the Davis 

group consisted of four biotinylated pMHC-I monomers complexed to streptavidin; conjugation 

of the streptavidin backbone to a fluorophore enabled detection of pMHC-I tetramer-binding CD8+ 

T cells by flow cytometry112. This technology was later adapted to facilitate labeling of antigen-

specific CD4+ T cells using pMHC-II tetramers. For both CD4+ and CD8+ T cells, cells exhibiting 

more intense and/or persistent staining with pMHC tetramers are thought to exhibit greater T cell 

avidity for that particular pMHC ligand.  

Of note, TCR:pMHC interactions can be stabilized by co-receptor binding to invariant 

regions of MHC. While CD4 and CD8 are known to bind MHC class II and MHC class I 

molecules, respectively, several groups have shown that the CD4 interaction with MHC-II is 

weaker than the interaction between CD8 and MHC-I. Moreover, CD4 may preferentially bind 

already pre-formed TCR:pMHC pairs, suggesting that the degree to which CD4 promotes initial 

bond formation between TCR and pMHC is minimal34,113,114. Thus, contributions of the CD4 co-

receptor to avidity for antigen will not be discussed further. 

Whereas T cell avidity reflects the contributions of multiple TCR:pMHC bonds, 

TCR:pMHC affinity refers to the strength of the binding interaction between a single TCR and its 

pMHC ligand111. Key biochemical parameters of the TCR:pMHC interaction include the rate at 

which the TCR associates with pMHC (on-rate, or kon); the rate at which the TCR:pMHC complex 

dissociates into its constituent parts (off-rate, or koff); and the half-life of the TCR:pMHC 
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interaction (t1/2; also referred to as dwell time). Additionally, the ratio of off- and on-rates gives 

rise to the dissociation equilibrium constant (KD). TCR:pMHC affinity is often conceptualized as 

the inverse of KD, such that lower KD values indicate higher TCR affinities for a particular pMHC 

ligand. Historically, TCR:pMHC affinities have been measured via surface plasmon resonance 

(SPR), a three-dimensional binding assay in which individual TCRs are immobilized onto a sensor 

surface and subjected to flow of soluble pMHC ligands115. More recently, a micropipette-based 

assay has been developed to quantify TCR:pMHC binding parameters in two-dimensional space 

(2D-MP)116; this assay defines effective 2D affinity as a metric that increases in value with stronger 

TCR:pMHC binding. Whether 2D or 3D affinity measurements are employed, increased 

TCR:pMHC affinity has been associated with greater T cell avidity, as shown by more robust 

pMHC tetramer labeling of T cells bearing higher-affinity TCRs117–119. In fact, it is generally 

appreciated that pMHC tetramer reagents exhibit a bias towards identifying T cells with greater 

avidities and higher TCR:pMHC affinities. pMHC multimers often fail to detect low-avidity 

antigen-specific T cells, despite mounting evidence that such cells contribute to ongoing immune 

responses120,121. 

The involvement of pMHC tetramer-negative T cells in immune responses raises a key 

question: in which ways does TCR:pMHC affinity or T cell avidity affect T cell function? What 

dictates a T cell’s sensitivity to antigen versus a T cell’s potency? Importantly, these terms all 

differ from one another, despite the misleading tendency to treat them as interchangeable. Affinity 

and avidity are defined above. Sensitivity – also referred to as “functional avidity” – describes a T 

cell’s propensity to translate external cues into cell-intrinsic functional responses. These include 

phosphorylation of proximal (e.g., ZAP70) and distal (e.g., Erk) components of the TCR/CD3 

signaling cascade, induction of TCR-dependent negative regulators (e.g., Nur77, Egr2), and T cell 
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proliferation or cytokine production. Potency specifically relates to whether a T cell’s function 

culminates in a larger, cell-extrinsic immune response, such as pathogen clearance, tumor 

rejection, or disease incidence. However, for each of these terms, readouts are often reported across 

a range of antigen concentrations, enabling comparison of distinct T cell clones and their relative 

characteristics at a given antigen dose. 

Like T cell avidity, T cell sensitivity integrates signals derived from multiple TCR:pMHC 

interactions, which can be affected by the affinity of each TCR:pMHC bond and modulated by co-

stimulatory and cytokine-derived signals. However, T cell sensitivity to antigen is also modulated 

by the effects of co-stimulatory, co-inhibitory, and cell adhesion molecules. (The related terms, 

TCR signal strength and signal quality, ignore these influences but often use many of the same 

readouts.122) Multiple studies have found that Treg cells form tighter and more long-lasting clusters 

with DCs compared to CD4+ Tconv cells, even when the Treg and CD4+ Tconv cells bear the same 

TCR106,110,123. These observations likely arise due to differential expression123, regulation124, 

and/or function125 of integrins on Treg versus CD4+ Tconv cells. However, CTLA-4/B7 

interactions as well as DC expression of chemokines that preferentially recruit Treg cells may also 

play a role107,126. While these findings implicate TCR-independent mechanisms in increasing Treg 

cell access to spMHC-II molecules, more work is required to assess how non-TCR-related aspects 

of the Treg cell program shape Treg cell interactions with APCs. 

Moreover, T cell sensitivity relies on whether a T cell has previously been exposed to 

cognate antigens and whether a T cell experiences strong tonic signaling at baseline. The effects 

of past antigen encounter on T cell sensitivity are readily observed among memory or anergic T 

cells, which - when compared to naïve T cells bearing the same antigen specificity - respond to 

antigen more or less rapidly, respectively127,128. Regarding the role of tonic signaling, T cells 
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reactive to foreign antigens transiently engage in non-cognate interactions with spMHC molecules 

expressed by DCs at steady state. Ablation of DCs or transfer of CD4+ T cells into either MHC-II-

deficient or -mismatched recipients led to poorer T cell signal transduction and proliferation 

following exposure to cognate pMHC-II ligands in vitro129,130. Moreover, a recent characterization 

of two CD4+ T cell clones reactive to Listeria monocytogenes (Lm) demonstrated that tonic 

signaling in response to spMHC-II led to increased levels of baseline CD3ζ phosphorylation, along 

with greater Erk phosphorylation and production of IL-2 upon cognate TCR:pMHC interactions131. 

These confounding variables notwithstanding, studies that dissect the TCR- and non-TCR-based 

components on T cell sensitivity to spMHC-II can be powerful for understanding how Treg and 

self-reactive CD4+ Tconv cells compete with each other for access to antigens. 

 

Basis of increased Treg cell sensitivity for spMHC-II ligands conferred by Treg TCRs 

 Several lines of evidence support the notion that, compared to CD4+ Tconv cells, Treg cells 

exhibit higher sensitivities for spMHC-II due to their TCRs. First, studies comparing the TCR 

repertoires of Treg and CD4+ Tconv cells note that Treg and CD4+ Tconv TCRs are largely distinct, 

implying that these two populations differ in their ability to bind and/or respond to pMHC-II 

ligands132,133. In line with this, CD4+ Tconv cells transduced with Treg-derived TCRs proliferated 

extensively and induced wasting disease following transfer into lymphopenic mice, indicating that 

the Treg cell repertoire is enriched for clones with increased reactivity to spMHC-II. Similar 

findings were reported by the Fillatreau group, which studied Treg and CD4+ Tconv cells reactive 

to the myelin oligodendrocyte glycoprotein (MOG) self-antigen72. Kieback et al. transduced a 

TCR-deficient cell line with MOG-reactive Treg or CD4+ Tconv cell TCRs, stimulated the 

resulting cells with a range of MOG peptide doses, and observed that Treg TCRs induced more 
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IL-2 production than CD4+ Tconv TCRs at each peptide concentration tested. Furthermore, 

comparisons of Treg versus CD4+ Tconv cells in the SLOs of Nur77GFP reporter mice revealed 

greater GFP expression among Treg cells at steady state, demonstrating that polyclonal Treg cells 

experience more frequent and/or more intense TCR signals in response to endogenous pMHC-II 

ligands104.  

 In several studies of thymic development, greater T cell sensitivity to spMHC-II has been 

associated with tTreg cell differentiation. Early work by Caton and colleagues demonstrated that 

CD4+ T cells reactive to a I-Ed-restricted peptide derived from influenza hemagglutinin (HA) 

developed into Treg cells only when the HA peptide was transgenically expressed in host cells134. 

When the HA-specific TCR was mutated to reduce its TCR affinity for HA/I-Ed, tTreg cell 

development was abrogated, demonstrating the role of high-affinity TCR:pMHC-II interactions in 

promoting the tTreg cell fate135. Later work by the Hsieh group expanded on this finding using 

transgenic mice expressing membrane-bound OVA under the control of the rat insulin promoter 

(RIP)136. In RIP-mOVA mice, OVA serves as a model “self” antigen; introduction of BALB/c 

thymocytes bearing TCRs with varying affinities for OVA323-339/I-Ad revealed that the efficiency 

of Treg cell development increased with increasing TCR:pMHC-II affinity. More recently, 

Stadinski et al. used pMHC tetramers to identify naturally occurring CD4+ T cell clones reactive 

to an endogenous self-antigen, Padi4137. In measuring the pMHC-II binding kinetics of Padi4-

reactive TCRs, the authors found that TCRs exhibiting intermediate dwell times with Padi4/I-Ab 

enabled tTreg cell induction, whereas shorter dwell times led to development as CD4+ Tconv cells. 

Collectively, these and other findings demonstrate that Treg cells are selected based on more potent 

and/or prolonged interactions with spMHC-II ligands in the thymus. tTreg cell differentiation also 

depends on the spatiotemporal availability of spMHC-II ligands, cytokines, and other factors. 
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Nevertheless, prevailing models of CD4+ T cell development postulate that agonist TCR:spMHC-

II interactions drive the development of Treg cells, which generally exhibit greater sensitivity to 

spMHC-II compared to their CD4+ Tconv cell counterparts66. While a minor fraction of CD4+ T 

cell clones are shared between the Treg and CD4+ Tconv cell repertoires, population-level 

differences in T cell sensitivity to self – as imposed by mechanisms of central tolerance – likely 

contribute to Treg-mediated control of CD4+ Tconv cells. 

 

Role of T cell sensitivity in tTreg cell differentiation versus negative selection 

Prior to examining the impact of T cell sensitivity on the function of self-reactive CD4+ 

Tconv cells, it is important to note that evidence supporting T cell sensitivity to self-antigens as a 

primary determinant of the developmental fates of MHC-II-restricted thymocytes stems largely 

from the study of foreign-reactive TCRs responding to transgenically expressed model antigens. 

The affinity model of thymic development posits that that intermediate TCR-pMHCII affinities – 

at the threshold between positive and negative selection – promote optimal tTreg cell development, 

allowing Treg cell clones to differentiate while also evading clonal deletion. However, in studies 

using engineered TCR-ligand systems, increasing TCR:pMHC-II affinities have been associated 

with increased and concomitant occurrence of both tTreg cell differentiation and clonal deletion. 

For example, the aforementioned work by Jordan et al. showed that, in HA-transgenic, their high-

affinity HA-reactive CD4+ T cell clone underwent clonal deletion, with approximately half of the 

remaining cells expressing Foxp3135. In contrast, their low-affinity HA-specific clone experienced 

neither deletion nor diversion into the Treg cell lineage. Similarly, Lee and colleagues 

demonstrated that both intermediate- and high-affinity OVA-specific TCRs facilitated tTreg cell 

development, with the latter also triggering clonal deletion. Moreover, the idea that TCR-pMHCII 



 25 
 

affinity exclusively determines whether a self-reactive thymocyte undergoes clonal deletion or 

Treg cell development is inconsistent with data from studies examining polyclonal Treg cells 

reactive to natural endogenous ligands. Specifically, Stritesky et al. noted that Treg cell expression 

of Nur77GFP is similar to that of Tconv cells rescued from negative selection in mice lacking the 

pro-apoptotic Bcl-2 family member Bim138. This finding suggests that the strength of TCR signals 

encountered by polyclonal Treg cells is comparable to that of thymocytes destined to undergo 

deletion. At the clonal level, Hsieh and colleagues demonstrated that the G113 TCR, a naturally 

occurring Treg-derived TCR, facilitates Treg cell development with no evidence of coincident 

clonal deletion139. Consistent with this, our own studies of the naturally occurring C4-reactive 

MJ23 Treg cell clone demonstrate that the thymic presentation of C4 peptide does not impact the 

frequency of MJ23-expressing thymocytes at different stages of development, suggestive of 

minimal clonal deletion65,140,141. Collectively, these and other studies suggest that increasing TCR 

affinity for a given spMHC-II ligand can promote both clonal deletion and tTreg cell development, 

leaving the factors that drive one of these outcomes over the other unclear. The timing of self-

antigen exposure, the density and expression patterns of self-antigens, the nature of the APC 

presenting self-antigens, and the availability of pro-survival cytokines all contribute to the fate 

determination process of self-reactive MHC-II-restricted thymocytes. 

 

Relationship between CD4+ Tconv cell potency and sensitivity to pMHC-II 

 In many settings of autoimmunity, self-reactive CD4+ Tconv cells clearly egress from the 

thymus, escape Treg control, and actively contribute to disease. To what extent does T cell 

sensitivity to spMHC-II affect the potency of self-reactive CD4+ Tconv cells? Using a variety of 

TCR-antigen systems and inflammatory settings, numerous groups have sought to define the 



 26 
 

impact of T cell sensitivity to pMHC-II on each facet of CD4+ Tconv cell function; many such 

studies unfortunately paint a conflicting picture of this relationship. 

 To vary the TCR:pMHC component of T cell sensitivity, one can either study distinct TCRs 

recognizing the same pMHC ligand or use varying pMHC ligands capable of binding the same 

TCR. The latter is often accomplished by using altered peptide ligands (APLs); in an APL system, 

a TCR’s cognate antigen is mutated to create similar peptides harboring single amino acid 

substitutions142. These subtle changes in peptide sequence can allow an APL to trigger stronger or 

weaker stimulation of the TCR under study, often as a result of differing TCR-APL binding 

kinetics relative to those of the cognate TCR:pMHC interaction. Several studies have employed 

APLs to characterize responses of CD4+ Tconv cells reactive to moth cytochrome c (MCC)-

derived peptides. In doing so, they have demonstrated that MCC-reactive CD4+ Tconv cells 

engaging in lower-avidity interactions with “weak” APLs do not proliferate as quickly or as 

extensively as MCC-reactive CD4+ Tconv cells that undergo higher-avidity interactions with 

MCC127,143,144. Similar findings were observed for CD4+ T cells reactive to influenza-derived 

nucleoprotein145, as well as for the OVA-reactive CD8+ T cell clone OT-I146. However, in APL 

studies, it remains unclear whether a history of strong encounter with pMHC translates to potent 

T cell responses. Johanns et al. found that Salmonella typhimurium (St) -specific CD4+ T cells 

exhibit similar extents of pathogen control whether they are first primed with a “strong” St APL 

or are left unprimed147. In contrast, following adoptive transfer, influenza-specific memory CD4+ 

T cells promoted improved survival of mice upon influenza infection when initial priming of those 

cells involved higher-avidity interactions with influenza APLs145. Further complicating the issue, 

a recent study found that OT-I cells failed to reject subcutaneous MCA205 tumors regardless of 
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the OVA APL expressed by the tumor148. Collectively, these studies illustrate how use of APL 

systems has led to inconclusive evidence linking T cell sensitivity to potent T cell responses. 

 In experiments that vary the TCR and keep the antigen consistent, a slightly clearer picture 

emerges. Gallegos et al. profiled two CD4+ T cell clones reactive to Mycobacterium tuberculosis 

(Mtb), termed C7 and C24149. Compared to C7, the C24 clone more readily bound Mtb-specific 

pMHC-II tetramer and proliferated more robustly at low Mtb ESAT6 peptide concentrations, 

indicating the C24 is more sensitive to ESAT6 than C7 is. However, in adoptive transfer 

experiments, when mice receiving C24 were exposed to Mtb infection, these mice exhibited worse 

pathogen burden compared to mice that received C7, pointing to a disconnect between T cell 

sensitivity and T cell potency. The authors attribute this disconnect to TCR downregulation by the 

C24 clone, although decreased survival of high-avidity CD4+ T cells and/or reduced cytokine 

production by these cells may also contribute to poorer T cell potency150. Similar findings were 

reported in the context of autoimmunity, when the Vignali group characterized eight TCRs 

recovered from CD4+ T cells that had infiltrated the islets of non-obese diabetic (NOD) mice151. 

The TCRs studied by Bettini et al. spanned a tenfold range of effective 2D TCR affinities for the 

same insulin-derived spMHC-II ligand. Notably, insulin beta-reactive CD4+ Tconv cells bearing 

higher- or lower-affinity TCRs induced similar extents of insulitis when transferred into 

lymphopenic NOD.scid recipients. The clone with the highest TCR:InsB/I-Ag7 affinity failed to 

promote diabetes, likely through TCR downregulation, induction of anergy, and/or activation-

induced cell death. Together, these findings suggest that the potency of CD4+ Tconv cells 

exhibiting high sensitivity to pMHC-II ligands is curbed by cell-intrinsic mechanisms of peripheral 

T cell tolerance. Whether this leads to preferential expansion or function of lower-sensitivity CD4+ 

Tconv cells as an immune response progresses remains fiercely debated119,121,144,152–155 (see 
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Discussion). Regardless, CD4+ Tconv cells with lower sensitivities to pMHC-II demonstrate the 

ability to expand and exert effector functions following antigen encounter. Thus, self-reactive 

CD4+ Tconv cells, which appear more likely to avoid clonal deletion or Treg cell induction in the 

thymus, still exhibit sensitivities to spMHC-II ligands that are permissive for pathogenesis. 

Release from cell-extrinsic peripheral tolerance mechanisms, such as Treg-mediated suppression, 

may enable these cells to drive autoimmune responses.  

 

Th cell differentiation & function as a product of sensitivity to pMHC-II 

Although T cell sensitivity for spMHC-II may not perfectly correlate with autoimmune 

disease incidence or severity, it may still affect the skewing of self-reactive CD4+ Tconv cells 

towards different Th cell fates. This holds implications for autoimmune diseases in which multiple 

immune cell types are involved, as each Th subset is specialized to interface with different subsets 

of immune cells10,42. Multiple studies of foreign-reactive CD4+ T cell clones have varied either the 

antigen dose used for stimulation or the relative TCR:pMHC-II affinity, observing increased Th1 

and decreased Th2 cell differentiation with increasing TCR stimulation156–160. Moreover, in work 

by Germain and colleagues, elevated pMHC-II concentrations favored Th1 cell induction even in 

the presence of a Th2-promoting adjuvant, indicating that T cell sensitivity for pMHC-II could 

outweigh the impact of co-stimulation and cytokines on Th fate determination. However, the 

impact of T cell sensitivity for pMHC-II on Th17 cell differentiation is less clear, with groups 

reporting improved Th17 cell induction under conditions of stronger161 or weaker162 TCR 

stimulation. Regarding Tfh cell differentiation, a recent study profiling polyclonal CD4+ Tconv 

cells reactive to lymphocytic choriomeningitis virus (LCMV) found that LCMV-specific Tfh cells 

exhibited increased 2D TCR:pMHC-II affinities, TCR expression levels, and IL-2 production 
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compared to non-Tfh cells of matched antigen specificity163. This finding fits with earlier results 

from the McHeyzer-Williams group, which observed greater Tfh cell differentiation among TCRtg 

CD4+ Tconv cells with higher TCR affinities for PCC/I-Ek 164. While these studies point to a 

positive correlation between T cell sensitivity to pMHC-II and Tfh cell differentiation, Kotov et 

al. note that high-affinity TCR:pMHC-II interactions also leads to the upregulation of CD25165; 

signaling through the IL-2 receptor-STAT5 axis induces the Bcl6 antagonist, Blimp-1, and inhibits 

Tfh cell differentiation166,167. Collectively, these findings suggest that heightened T cell sensitivity 

to pMHC-II promotes the generation of both Tfh and Th1 cells, and that the Tfh-versus-Th1 cell 

fate decision is primarily driven by co-stimulatory and/or cytokine-derived signals168,169.  

Once a CD4+ Tconv cell adopts a given Th cell fate, its sensitivity to pMHC-II may 

continue to shape its Th-specific functions. To date, few studies have rigorously assessed a direct 

link between T cell sensitivity to pMHC-II and interferon-gamma (IFN-γ) production in already 

differentiated Th1 cells. However, higher-affinity TCR:pMHC-II interactions may indirectly 

support Th1 cell function by inducing greater upregulation of CD40 ligand (CD40L) and IL12Rβ2. 

CD40L provides co-stimulation to CD40-expressing DCs and is necessary but not sufficient to 

trigger DC expression of IL-12. Still, greater magnitudes of CD40-mediated signaling can enhance 

the amount of IL-12 secreted by DCs170. This increased IL-12 – sensed through IL12Rβ2 – likely 

drives increased IFN-γ release from existing Th1 cells. A clearer link may be drawn between T 

cell sensitivity to pMHC-II and Tfh cell function. Tfh cells license B cells to undergo 

immunoglobulin (Ig) class switch recombination at the T-B border171 and somatic hypermutation 

within germinal centers (GCs)172. Tfh cells provide this B cell help in the form of IL-21 and 

CD40L169; expression of each is positively correlated with T cell sensitivity to pMHC-II173–175. 

Moreover, in the GC, B cells that have undergone activation following ligation of antigen alternate 
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between periods of proliferation in the dark zone (DZ) and selection in the light zone (LZ)176. In 

the LZ, GC B cells capable of internalizing, processing, and presenting antigen to GC Tfh cells 

receive cues that promote GC B cell survival, migration to the DZ, proliferation, and exit as 

antibody-secreting cells (ASCs). GC B cells with higher BCR avidities for antigen are thought to 

more readily capture and present antigen to GC Tfh cells, leading to preferential selection and 

expansion of high-avidity GC B cells177,178. Notably, higher-affinity TCR:pMHC-II interactions 

were found to increase Tfh proliferation within the GC, as well as the magnitude of signals 

associated with positive selection within GC B cells179. While further work is required to carefully 

assess how Tfh cell sensitivity to pMHC-II affects the affinities of antibodies generated by 

ASCs180, the studies summarized here indicate that elevated T cell sensitivity to pMHC-II leads to 

increased GC Tfh cell numbers, improved delivery of B cell help, and modulation of the B cell 

clones that participate in GC reactions. 

 

Th1 and Tfh cells in autoimmunity and antitumor immunity 

 Prior to the identification of other Th subsets, Th1 cells were considered the key drivers of 

disease in organ-specific T cell-mediated autoimmunity. In contrast, skewing of the immune 

system towards a Th2 response predispose mice and humans to allergy and atopy. The discovery 

of Th17 cells prompted a reevaluation of Th1 cells’ central role in autoimmunity, leading to revised 

paradigms of pathogenesis for multiple sclerosis (MS), inflammatory bowel disease (IBD), and 

rheumatoid arthritis (RA), among other disorders. In particular, Th1 and Th17 cells are thought to 

jointly promote demyelination and immune cell recruitment in MS and its murine model, EAE. In 

EAE, adoptive transfers of myelin-specific CD4+ Tconv cells after in vitro polarization to either 

the Th1 or Th17 cell program led to similar extents of disease severity. However, Th1 cell transfers 
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preferentially induced infiltration of monocytes and macrophages into the central nervous system 

(CNS), whereas Th17 cell transfers enabled the recruitment of neutrophils. This finding highlights 

how the respective contributions of different Th cell subsets can shape both the complexity and 

course of autoimmune responses. 

  With the identification of Tfh cells came a similar appreciation of collaboration between 

Tfh and Th1 cells in autoimmunity. For example, Tfh cells had been implicated separately in the 

pathogenesis of systemic lupus erythematosus (SLE), a systemic autoimmune disorder 

characterized by autoantibody production against nuclear antigens. In SLE, formation and 

deposition of antigen-antibody complexes in skin, kidney, blood vessel walls, and other sites 

triggers complement activation and inflammation, leading to progressive damage of host tissues181. 

SLE-prone Roquinsan/san mice, which exhibit deficits in the mRNA-repressing ubiquitin ligase, 

Roquin1, were shown to harbor increased frequencies of Tfh cells, which were capable of inducing 

SLE upon adoptive transfer into WT recipients182. Interestingly, in a subsequent study of both the 

Roquinsan/san and Fas-/- models of SLE, increased IFN-γ expression by CD4+ Tconv cells was 

shown to promote elevated Tfh cell numbers and autoantibody production, suggesting that Th1 

cells may support Tfh cell recruitment and/or expansion within sites of inflammation183. Moreover, 

in patients with advanced lupus nephritis, a more serious complication of SLE, the glomeruli of 

the kidney exhibit increased expression of the Th1-inducing cytokines IL-12 and IL-18, as well as 

increased infiltration of T-bet+ and IFN-γ-producing CD4+ Tconv cells184,185. SLE-prone mice 

deficient in either IFN-γ or its receptor do not develop glomerulonephritis, further emphasizing 

the importance of Tfh-Th1 cell crosstalk in the progression of autoimmunity. Lastly, as primary 

producers of IFN-γ, Th1 cells facilitate the secretion of the IgG2a antibody subtype, whose more 

potent binding to Fc gamma receptors has been associated with higher pathogenicity in a number 
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of autoimmune settings186–188. These and other findings suggest that the interplay between Tfh and 

Th1 cells may also underlie the emerging role of Tfh cells in type 1 diabetes189,190, MS/EAE191, 

and other autoimmune diseases169,192. 

 While self-directed pro-inflammatory immune responses are detrimental to the host in the 

context of autoimmunity, such responses are critical for the clearance and control of tumors. Th1 

cells have long been thought to promote antitumor immunity by supporting the functions of 

cytotoxic CD8+ T lymphocytes (CTLs), pro-inflammatory macrophages, and DCs193. Adoptive 

transfers of tumor-specific Th1 cells have led to tumor regression and stabilization of disease in 

human cancer patients, underscoring the central role of these cells in tumor control194. 

Additionally, comparative studies of immune checkpoint blockade (ICB) therapies, which employ 

antibodies to interfere with signaling through T cell co-inhibitory receptors, found an increase in 

tumor-infiltrating Th1 cells following administration of anti-CTLA-4195,196. Interestingly, these 

intratumoral Th1 cells expressed high levels of the Tfh-related markers PD-1 and ICOS, but 

remained negative for Bcl6. More importantly, these Th1 cells were correlated with decreased 

tumor volume, although assessment of the precise functions of these cells requires further study. 

 In addition to Th1 cells, a growing body of evidence points to a role for Tfh cells in 

antitumor immunity. Across multiple cancer types, a subset of patients exhibits tertiary lymphoid 

structures (TLSs), either within or near established tumors197. TLSs form in environments of 

chronic inflammation and their intratumoral presence is associated with improved prognosis 

following ICB198,199. Tfh cells often represent a large proportion of CD4+ Tconv cells within TLSs 

and can interact with tumor-infiltrating T and B cells. In a recent report, Cui et al. found that B 

cells were able to uptake and present tumor-derived neoantigens (neoAgs) – whose expression is 

unique to tumors – to neoAg-specific Tfh cells. The resulting Tfh-B cell interactions occurred 
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within GCs and led to the production of IL-21, which sustained CTL numbers, promoted 

expression of the cytotoxic effector granzyme B, and prevented tumor outgrowth200. This finding 

builds upon several other studies linking IL-21 to improved CD8+ T cell responses against 

tumors201–203. In adoptive transfer settings, Tfh cells were also found to elicit TLS formation and 

tumor regression, suggesting that recognition of tumor-associated antigens (TAAs) by Tfh cells 

can initiate generation of TLSs and promote the recruitment of additional T and B cells into the 

tumor microenvironment204,205.  

 

Understanding how TCR:spMHC-II interactions govern self-directed immune responses 

 T cell-mediated responses targeting neoAgs are made possible by elevated mutation rates 

in tumors, which yield immunogenic peptides that are foreign to the host206,207. As a result, 

responses against neoAgs are presumed to be less susceptible to control by mechanisms of T cell 

tolerance compared to responses against bona fide self-peptides208, meaning that CD4+ and CD8+ 

T cells exhibiting higher sensitivities to tumor-derived pMHC may more readily arise and mediate 

tumor eradication. However, the immune system can fail to clear tumors expressing neoAgs and 

can still generate antitumor responses towards cancers with low somatic mutation burdens, calling 

into question the necessity and sufficiency of neoAgs for antitumor immunity208,209. A more 

convincing paradigm of antitumor immunity involves a combination of CD4+ and CD8+ T cell 

responses against TAAs, with the latter comprising both neoAgs and unmutated spMHC 

ligands210. As tumors may evolve mechanisms of immune evasion while under selective pressure 

by the immune system, the targeting of multiple self- and tumor-derived antigens likely increases 

the chance of eliminating neoplasms211,212. 
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 How, then, does the immune system balance the advantages and disadvantages of 

maintaining a self-reactive CD4+ Tconv cell population in the periphery? Moreover, how do 

TCR:spMHC-II interactions affect the phenotypes, functions, and regulation of self-reactive CD4+ 

Tconv cells, either at steady state or in settings of immune perturbation? Lastly, does the 

expression pattern of self-antigens shape the relationship between sensitivity to spMCHII and 

function of self-reactive CD4+ Tconv cells? The work summarized herein seeks to address these 

questions via an in-depth clonal analysis of CD4+ Tconv cells reactive to either a murine prostate-

specific self-antigen or a yet-undefined self-antigen expressed across murine SLOs. 
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CHAPTER II: MATERIALS AND METHODS 

 

Mice 

The following mice were purchased from the Jackson Laboratory: B6 (C57BL/6J; stock 

no. 000664); Aire−/− (B6.129S2-Airetm1.1Doi/J; stock no. 004743); B6.SJL, also known as B6 

CD45.1/.1 (B6.SJL-Ptprca Pepcb/BoyJ; stock no. 002014); Rag1-/- (B6.129S7-Rag1tm1Mom/J; stock 

no. 002216); Tcra-/- (B6.129S2-Tcratm1Mom/J; stock no. 002116 or 002115); Foxp3DTR-EGFP 

(B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J; stock no. 016958); Foxp3EGFP (B6.Cg-Foxp3tm2Tch/J; stock no. 

006772); OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J; stock no. 004194); Tcrb-/- (B6.129P2-

Tcrbtm1Mom/J; stock no. 002118); TRAMP+/- (C57BL/6-Tg(TRAMP)8247Ng/J; stock no. 003135); 

MHCII-/- (B6.129S2-H2dlAb1-Ea/J; stock no. 003584 or 003374); Mb1Cre (B6.C(Cg)-

Cd79atm1(cre)Reth/EhobJ; stock no. 020505); and Rosa26LSL-DTR (C57BL/6-

Gt(ROSA)26Sortm1(HBEGF)Awai/J; stock no. 007900). B6.CgTg(CD4-cre)1Cwi (Cd4Cre; model no. 

4196) mice were obtained from Taconic. TCR Vβ3 transgenic (TCRβtg) mice expressing a fixed 

TCRβ chain of sequence Vβ3-(TRBV26-ASSLGSSYEQY) were generated on a C57BL/6J 

background at the University of Chicago Transgenics Core Facility, as previously described65. 

TCRβtg and Foxp3DTR-EGFP mice were interbred to obtain TCRβtg Foxp3DTR-EGFP mice. Cd4Cre, 

Tcra-/-, and TCRβtg mice were interbred to obtain Cd4Cre Tcra-/- TCRβtg mice. Cd4Cre Tcra-/- 

TCRβtg and Foxp3DTR-EGFP mice were interbred to obtain Cd4Cre Tcra-/- TCRβtg Foxp3DTR-EGFP 

mice. B6 CD45.1/.1 and Foxp3DTR-EGFP mice were interbred to obtain CD45.1/.2 Foxp3DTR-EGFP mice. 

B6 CD45.1/.1 and Rag1-/- mice were interbred to obtain CD45.1/.1 Rag1-/- mice. TRAMP+/- mice 

were interbred to obtain TRAMP+/+ mice. TRAMP+/+ male mice were crossed to homozygous 

female Foxp3DTR-EGFP mice to obtain TRAMP+/- Foxp3DTR-EGFP/y mice. TRAMP+/+ and TCRβtg 
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mice were interbred to obtain TRAMP+/- TCRβtg mice. Mb1Cre and Rosa26LSL-DTR mice were 

interbred to obtain Mb1Cre x Rosa26LSL-DTR mice. Tcaf3(C4)-/- mice were generated as previously 

described140. H2-DMα-/- mice on a C57BL/6J background were a generous gift from L. K. Denzin 

at Rutgers University. C57BL/6J mice housed under germ-free conditions (GF) were generously 

provided to us by E. B. Chang and B. Jabri at the University of Chicago. All mice were bred and 

maintained at the University of Chicago under specific-pathogen-free conditions (with the 

exception of germ-free mice) and in accordance with the guidelines of the Institutional Animal 

Care and Use Committee. 

 

Preparation and enrichment of cell suspensions 

Spleen, lymph nodes, Peyer’s patches, and thymi were isolated and mechanically 

dissociated through 40-μm, 70-μm, or 100-μm filters (Corning) in RPMI (Gibco) supplemented 

with 10% fetal bovine serum (FBS; Gemini Bio-Products) and 1% penicillin and streptomycin 

(Gibco), referred to as “cRPMI-10”. For the isolation of prostates, whole male genitourinary tracts 

were first isolated and prostate lobes were separated by microdissection. For the isolation of 

lymphocytes from non-lymphoid organs, prostate lobes, salivary glands, pancreas, and lacrimal 

glands were injected and digested with pre-warmed RPMI containing 0.4 mg mL-1 Liberase TL 

(Roche) and 0.2 mg mL-1 DNase I (Roche) for 30 min at 37°C. Digested prostate was mechanically 

disrupted with frosted microscope slides, while salivary glands, pancreas, and lacrimal glands were 

mechanically dissociated through 70-μm filters in cRPMI-10. Following dissociation, each tissue 

sample was centrifuged at 700 × g for 5 min, resuspended in 5 mL of cRPMI-10, overlaid on 5 mL 

of Histopaque 1119 (Sigma) or Ficoll Paque Plus (Cytiva), and centrifuged at 700 × g for 10 min 

at room temperature with no brake. Viable lymphocytes were isolated from the interface, then 
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washed and resuspended in cRPMI-10. For experiments involving cell sorting, or where indicated, 

cell suspensions underwent further enrichment for CD4+ T cells using the CD4+ T Cell Isolation 

Kit, mouse (Miltenyi Biotec) or depletion of CD8-biotin-labeled cells using the EasySep Mouse 

Streptavidin RapidSpheres Isolation Kit (STEMCELL Technologies), in accordance with 

manufacturer protocols. 

 

Antibodies, flow cytometry, and fluorescence-activated cell sorting (FACS) 

Cell suspensions were incubated in staining mixes that consisted of fluorochrome-labeled 

monoclonal antibodies resuspended in staining buffer (phosphate-buffered saline with 2% FBS, 

0.1% NaN3, 5% normal rat serum, 5% normal mouse serum, 5% normal rabbit serum, and 10 μg 

mL-1 2.4G2 FcR blocking antibody) for 20 min on ice (all sera from Jackson Immunoresearch). 

For analyses using spectral flow cytometry, staining mixes were supplemented with 10% BD 

Horizon Brilliant Stain Buffer Plus (BD Biosciences). Fluorochrome-labeled monoclonal 

antibodies (clones denoted in parenthesis) against B220 (RA3-6B2), CD3ε (145-2C11), CD4 

(GK1.5 or RM4-5), CD5 (53-7.3), CD8α (53-6.7), CD8β (YTS156.7.7), CD11b (M1/70), CD11c 

(N418), CD25 (PC61), CD38 (90), CD44 (IM7), CD45.1 (A20), CD62L (MEL-14), CD69 

(H1.2F3), CD73 (TY/11.8), CD200 (OX-90), CXCR5 (L138D7), F4/80 (BM8), FR4 (12A5), GL-

7 (GL7), ICOS (C398.4A), Neuropilin-1 (12C2), NK1.1 (PK136), PD-1 (RMP1-30), TCRβ (H57-

597), Thy1.1 (OX-7), and Thy1.2 (53-2.1) were purchased from BioLegend, eBioscience, or BD 

Biosciences unless otherwise noted. Intracellular staining of Bcl6 (K112-91), cleaved Caspase-3 

(D3E9, from Cell Signaling Technology), Eomes (Dan11mag), Ki67 (SolA15), T-bet (4B10), 

GATA3 (TWAJ), RORγt (Q31-378), and Foxp3 (FJK-16s) was performed using the Foxp3 

Staining Buffer Set (eBioscience) at 4°C overnight, after 30 minutes of fixation and 
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permeabilization. For FACS, cells were sorted using a FACSAria II, FACSAria IIIu, or FACSAria 

Fusion cell sorter running FACSDiva (BD Biosciences). Flow cytometry data was acquired on an 

LSRFortessa or LSRFortessa X-20 running FACSDiva version 8.0.2 (BD Biosciences), or on an 

Aurora spectral cytometer running SpectroFlo 2.2.0.4 (Cytek Biosciences), and analyzed using 

FlowJo software (Tree Star). Doublets were excluded to remove dead cells when possible. Unless 

otherwise noted, TCR “retrogenic” cells were sorted via FACS as CD8α- CD45.1neg Thy1.1+ or 

CD4+ CD8β- CD45.1neg Thy1.1+ cells and identified in flow cytometry analyses as TCRβ+ CD4+ 

CD8neg Thy1.1+ CD45.1neg cells. 

 

pMHC-II tetramer generation and staining 

 Allophycocyanin- and phycoerythrin (PE) -conjugated C4/I-Ab tetramers were generated as 

previously described140. CD4+ T cells were plated in a 96-well round-bottom plate (Nunc) and washed in 

minimal staining buffer (PBS with 0.1% NaN3, 2% normal rat serum, and 2% normal mouse serum, all 

from Jackson ImmunoResearch, and 10 µg/ml 2.4G2 antibody). Cells were resuspended in staining buffer 

supplemented with dasatinib (AdooQ Bioscience) at a final concentration of 50 nM and incubated for 30 

minutes at 37°C. Allophycocyanin- and PE-labeled tetramers were added directly to dasatinib-treated cells 

in minimal staining buffer (without washing) for 1 h at room temperature. Final tetramer concentrations are 

indicated on a per-experiment basis. Cells were washed and incubated with unconjugated mouse anti-PE 

antibody (clone PE001; BioLegend) and mouse anti-allophycocyanin antibody (clone APC003; 

BioLegend) at a concentration of 10 µg/ml for 20 min at 4°C in minimal staining buffer. Cells were washed 

and stained for flow cytometric analysis as described above, using minimal staining buffer for cell surface 

marker labeling. 

 

Bulk and single-cell TCR sequencing and analysis 
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For bulk TCR sequencing, cell populations of interest were FACS sorted into TRI Reagent 

(Sigma), frozen in dry ice, and stored at -80°C prior to use. RNA was isolated following a standard 

chloroform extraction and isopropanol precipitation protocol. Briefly, chloroform was added to 

each TRI reagent suspension, then vortexed and incubated for 3 min at room temperature. Samples 

were centrifuged at 12,000 × g for 15 min at 4°C, and the upper aqueous phase was extracted into 

a new tube, while avoiding the interface. RNA was precipitated by adding isopropanol along with 

20 μg glycogen, then mixed and stored at -80°C for at least 30 min. Precipitated RNA was pelleted 

by centrifugation at 12,000 × g for 10 min at 4°C, and the pellet was washed with 75% ethanol, 

then air-dried and resuspended in molecular grade RNase-free water. Purified RNA was subjected 

to TCRα sequencing using the Amp2Seq service from iRepertoire, a platform based on semi-

quantitative multiplex PCR coupled with Illumina sequencing. This approach allows analysis of 

the complete TCRα repertoire, regardless of variable-region usage. Typically, >8 x 105 sequence 

reads were obtained per sample. 

For each TCRα peptide sequence, the sum of the corresponding cDNA sequence reads was 

divided by the total TCRα sequence reads within a given sample to obtain the frequency of each 

TCRα peptide sequence per sample. “Recurrent” clones were defined as TCRα clonotypes for 

which the frequency was non-zero across all five samples sequenced for a given non-lymphoid 

organ. Typically, the most abundant TCRα clonotypes within a site of interest were determined by 

ranking recurrent TCRα sequences by median frequency in decreasing order. 

For single-cell TCR sequencing of Lm[C4]-expanded clones, lymphocytes from the 

spleens of Lm-infected Foxp3GFP TCRβtg infected mice were isolated into cell suspensions as 

described above and sorted as described by Chao et al.213 Briefly, Foxp3GFP-neg CD4+ Tconv cells 

were single-cell sorted into catch solution (sterile H2O with TRIS (pH 8.0, Ambio) and RNase 
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inhibitor (Promega) in 96 well U-bottom plates and processed for TCRα sequencing analysis, as 

described in Dash et al. with modifications214. cDNA synthesis was performed directly from single 

cells using Maxima First Strand cDNA Synthesis Kit (Thermo Scientific) per manufacturer’s 

instructions with minor modifications. The cDNA synthesis used 6 mL of reaction mix consisting 

of 3 mL 5X Reaction Mix, 0.5 mL Maxima Enzyme Mix, and 1.25% IGEPAL (Sigma). This was 

added to the 10 mL single cell-containing solution and incubated at 25°C for 10 min, 50°C for 50 

min, and 85°C for 5 min. Following reverse transcription, multiplex PCR was performed to 

amplify the CDR3α transcripts in a 20 mL reaction mix containing 2 mL cDNA and DreamTaq 

Green Master Mix (Thermo Scientific). The first round of PCR used a mixture of 23 TRAV 

forward and 1 TRAC reverse primers. The PCR conditions were 94°C for 5 min followed by 45 

cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 8 

min. The second round of PCR used the product from the first round of PCR as template and a 

mixture internal 23 TRAV forward and 1 TRAC reverse primers. The PCR conditions were similar 

to the first round but with 50 cycles. The nested PCR product was purified using EXOSap-IT 

(Applied Biosystems) per the manufacturer’s instructions and sequenced using the internal TRAC 

reverse primer. TCRα sequences were analyzed and assigned using the international 

ImMunoGeneTics information system (IMGT) database (http://www.imgt.org). 

 

TCR construct design and cloning 

Recombined TRAV sequences of interest were obtained from cDNA sequence reads 

acquired by the iRepertoire sequencing platform (for bulk TCRα sequencing) or by Sanger 

sequencing (for single-cell TCRα sequencing). The Trav chain and the Trac constant region were 

synthesized into pUC57 plasmids (Genscript) and cloned into a conditional retroviral vector, 
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pMGflThy1.1, as described below and in ref20. The pMGflThy1.1 vector is designed such that 

expression is conditional on Cre-mediated excision of a lox-flanked STOP inserted 5’ of the TCRα 

coding segment. Downstream of the TCRα coding segment is an IRES followed by mouse Thy1.1, 

such that positively infected cells could be distinguished by staining for the retrovirally encoded 

Thy1.1 protein and detected by flow cytometry. The Trav and Trac segments were PCR amplified 

using the Phusion high-fidelity polymerase (New England Biolabs) with dNTPs in 5X Phusion HF 

buffer (New England Biolabs). Primers were designed using the NEBuilder Assembly Tool (New 

England Biolabs) and obtained from IDT. The pMGflThy1.1 vector was digested with restriction 

enzymes AgeI and NotI (New England Biolabs) for 12 hr at 37°C. PCR products as well as the 

AgeI- and NotI-digested pMGflThy1.1 vector were gel purified using a QIAquick Gel Extraction 

Kit (QIAGEN). Purified TRAV and TRAC products were assembled with the purified AgeI- and 

NotI-digested pMGflThy1.1 vector using the Gibson Assembly Master Mix (New England 

Biolabs) for 60-90 min at 50°C. Assembled product was transformed into high-efficiency 5-alpha 

competent Escherichia coli (New England Biolabs), and plasmids carrying the correct insert were 

purified using an EndoFree Plasmid Maxi Kit (QIAGEN). Plasmid preparations were sequenced 

to verify the TCR insert. Sequence alignment and proper in-frame sequence expression was 

confirmed using the Snapgene software (GSL Biotech). Similar methods were used to insert TCR 

sequences into the pMGflhCD4 vector. The pMGflhCD4 vector is identical to the pMGflThy1.1 

vector, except for a replacement of the coding sequence of Thy1.1 with the sequencing encoding 

the extracellular domain of human CD4. 

 

Retrovirus production, infection, and primary TCR retrogenic mice generation 
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Conditional retrovirus was produced using Platinum-E (Plat-E; Cell Biolabs, Inc.) cells 

after the Tcra genes were inserted into the conditional retroviral vector, pMGflThy1.1 (or 

pMGflhCD4). Tcra constructs were transfected into Plat-E packaging cells using lipofectamine 

(Life Technologies). Harvested retroviral supernatant was filtered through a 0.45 μm filter, frozen 

in a dry ice and ethanol bath, and stored at -80°C prior to use. 

TCR Vb3 transgenic Cd4Cre Tcra-/- mice (Foxp3wt or Foxp3DTR-EGFP) were retro-orbitally 

injected with 150 mg kg-1 5-fluorouracil (Fresenius Kabi) 3 days prior to bone marrow harvest. 

Bone marrow was harvested by first cutting the epiphysis on each end of the femur bones, then by 

flushing the marrow out of each open end using a 30-gauge needle and syringe through a 40-μm 

filter. After harvest, bone marrow was cultured for 2 days in X-vivo 10 medium (Lonza) 

supplemented with 15% FBS (Gemini Bio-Products), 1% penicillin and streptomycin (Gibco), 100 

ng mL-1 mouse SCF, 10 ng mL-1 mouse IL-3, and 20 ng mL-1 mouse IL-6 (all from BioLegend). 

Cultures were maintained at 37°C with 5% CO2 in a CO2 incubator (Sanyo Electric). Stimulated 

cells were infected with Tcra-encoding retrovirus in the presence of 4 μg mL-1 polybrene (EMD 

Millipore) by centrifugation at 900 × g for 90 min at 37°C. After 24 hr of additional culture in X-

vivo 10 medium (supplemented as described above), transduced bone marrow cells were harvested 

and mixed with 5 × 106 freshly harvested “filler” bone marrow cells from CD45.1/.1 Rag1-/- mice 

prior to injection. 24 hr prior to injection, recipient mice (CD45.1/.1 or CD45.1/.2 Foxp3DTR) were 

subjected to lethal total-body irradiation using a dose of 850-900 rads. Irradiation was performed 

using irradiators with either an X-ray or cesium-137 source. 24 hr after irradiation, recipient mice 

were retro-orbitally injected with the mixture of infected and filler CD45.1/.1 Rag1-/- bone marrow 

to generate “primary TCR retrogenic” mice. Typically, primary TCR retrogenic (TCRrg) mice 

were analyzed 6-8 weeks after bone marrow reconstitution. Prior to analysis, proper expression of 
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the transduced TCRα chains by donor cells was confirmed by staining peripheral blood leukocytes 

with antibodies specific for CD45.1, Thy1.1, TCRb, and CD4. In select cases where primary 

TCRrg mice were generated in CD45.1/.2 Foxp3DTR-EGFP recipients, filler bone marrow cells were 

obtained from the recipient strain.  

 

In vitro T cell stimulation assays 

All experiments were performed in RPMI containing 10% FBS (Atlanta Biologicals), 1% 

penicillin and streptomycin, 0.1% β-mercaptoethanol (Gibco), and 100 U mL-1 recombinant mouse 

interleukin-2 (IL-2) (Miltenyi Biotec), unless absence of IL-2 was specified. In addition, all cell 

cultures were maintained in 96- or 384-well clear round bottom ultra-low attachment spheroid 

microplates (Corning) at 37°C with 5% CO2 in a CO2 incubator (Sanyo Electric). Pooled spleen 

and lymph nodes were isolated from primary TCRrg hosts, enriched for CD4+ T cells using the 

mouse CD4+ T Cell Isolation Kit (Miltenyi Biotec), and stained with antibodies against CD8β, 

CD45.1, and Thy1.1 prior to FACS sorting. T cells expressing the TCRα chains of interest (“TCR 

retrogenic cells”) were isolated by FACS sorting CD4-enriched lymphocytes as described above. 

Isolated TCRrg cells were labeled using the CellTrace Violet (CTV) Cell Proliferation Kit 

(Invitrogen) following manufacturer’s protocol, with slight modifications. In brief, sorted cells 

were resuspended in pre-warmed phosphate-buffered saline containing 0.625 μM CTV and 

incubated for 20 min at 37°C. The reaction was quenched by the addition of 10 mL cold cRPMI-

10, then washed with cRPMI-10. To obtain splenic dendritic cells (DCs), spleens were isolated 

from various genetic mouse strains (B6 CD45.1/.1, GF, H2-DM-/-, and MHCII-/-), injected and 

digested with pre-warmed RPMI containing 0.4 mg mL-1 Liberase TL (Roche) and 0.2 mg mL-1 

DNase I (Roche) for 20 min at 37°C, mechanically dissociated through a 100-μm filter (Corning), 
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and enriched for CD11c+ cells using the mouse CD11c MicroBeads UltraPure kit (Miltenyi 

Biotec). In select instances in which DCs from other anatomical sites were used, the same 

procedures were followed for cells isolated from the indicated sites. 1-2.5 × 104 of CTV-labeled 

TCRrg cells were co-cultured in vitro with 5 × 104 CD11c+ DCs for 5 days. When specified, anti-

MHC-II blocking antibody (clone M5/114.15.2, BD Biosciences) or IgG2b, κ isotype control 

antibody (BD Biosciences) was added to indicated cultures at a final concentration of 5 μg mL-1. 

As a positive control, CTV-labeled TCRrg T cells were co-cultured with anti-CD3ε/anti-CD28 

MACSiBead particles at a 1:1 ratio using the mouse T Cell Activation/Expansion Kit (Miltenyi 

Biotec) following manufacturer’s protocol. For all experiments, dilution of CTV and total T cell 

number were assessed by flow cytometry on day 5. 

 

Lymphodepletion of TRAMP mice 

 To ablate endogenous lymphocytes in prostate tumor-bearing mice, TRAMP mice were 

subjected to intraperitoneal injections of 100 mg/kg fludarabine (Leucadia Pharmaceuticals) and 

200 mg/kg cyclophosphamide (Baxter Healthcare Corporation or Sandoz) based on the regimen 

described by Koike et al.215 Each reagent was obtained in lyophilized pharmaceutical-grade form 

and stored at 4°C until use. For preparation, each compound was weighed separately using an 

analytical balance, resuspended in sterile Dulbecco's Phosphate-Buffered Saline (DPBS) lacking 

calcium or magnesium, and passed through a polyethersulfone membrane with pore size of 0.22 

μm into a 50 mL conical tube (Steriflip; EMD Millipore). Fludarabine alone was given on day -3, 

and both fludarabine and cyclophosphamide were administered on days -2 and -1, with adoptive 

cell transfers occurring on day 0. 
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Adoptive T cell transfers 

 For transfers of peripheral TCRrg CD4+ T cells, pooled spleen and lymph nodes were 

isolated from primary TCRrg hosts, enriched for CD4+ T cells, and isolated by FACS sorting as 

described above. When specified, TCRrg cells were further sorted for the naïve conventional T 

(Tconv) cell subset by sorting on CD44lo Foxp3DTR-EGFP-neg cells. Sorted cells were resuspended in 

RPMI (Gibco) and retro-orbitally injected into the specified recipients. In experiments involving 

co-transfer with “filler” splenocytes, spleens were isolated from 6- to 12-week-old mice and 

processed as described above. Splenocytes were resuspended in 1 mL Red Blood Cell Lysing 

Buffer (Sigma) and incubated for 5 min at room temperature to lyse red blood cells. The reaction 

was quenched by the addition of ≥5 mL cold RPMI containing 10% FCS (RPMI-10), then washed 

with RPMI-10 and resuspended in RPMI prior to injection. Typically, 10 x 106 bulk filler cells 

were co-injected retro-orbitally with sorted TCRrg T cells, such that TCRrg T cells constituted 

~1% of the inoculum. In instances in which sort yield was low, the amount of bulk filler cells was 

reduced such that the proportion of TCRrg T cells would remain as ~1% of the total inoculum. 

 For intrathymic transfers of TCRrg thymocytes, 10 x 106 bulk thymocytes from primary 

TCRrg mice in ~30 μL were injected into the thymi of into 4- to 6-week-old recipient mice 

anesthetized with 2-4% isoflurane in medical gas (21% oxygen, 79% nitrogen) in an acrylic 

chamber. No ultrasound guidance was used. Recipient mice were euthanized for analysis 7 d after 

transfer. For analysis of CD4SP thymocytes, 95% of whole thymus was depleted of CD8+ cells to 

enrich for CD4SP thymocytes via column-free magnetic separation using biotin-conjugated anti-

CD8α (53-6.7; BioLegend) or biotin-conjugated anti-CD8β (YTS156.7.7; BioLegend) and mouse 

streptavidin beads (STEMCELL Technologies) per the manufacturer’s protocol. 
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Analysis of cytokine production 

For assessment of cytokine production by intracellular staining, cells were cultured in 

RPMI (Gibco) containing 10% FBS (Gemini Bio-Products), 50 ng mL-1 PMA, and 500 ng mL-1 

Ionomycin in U-bottom 96-well plates (Corning) for 1 hr at 37°C, followed by addition of 2 μM 

monensin (eBioscience) for another 4 hr at 37°C. Cells were then permeabilized using the Foxp3 

Staining Buffer Set (eBioscience), and stained for intracellular cytokines at 4°C overnight. 

Fluorochrome-labelled monoclonal antibodies (clones denoted in parenthesis) against IFN-g 

(XMG1.2), IL-4 (11B11), and IL-10 (JES5-16E3) were purchased from BD Biosciences, IL-17 

(TC11-18H10.1) was purchased from BioLegend, and IL-21 (mhalx21) from eBioscience. Flow 

cytometry data was acquired on an LSRFortessa or LSRFortessa X-20 (BD Biosciences), or on an 

Aurora spectral flow cytometer (Cytek Biosciences). 

 

Genetic engineering of Listeria monocytogenes 

All L. monocytogenes strains were engineered using the pPL6-myc shuttle vector as 

described in Yan et al.216 with modifications in some strains as follows. The peptide or protein of 

interest to be expressed in L. monocytogenes was codon-optimized for expression in L. 

monocytogenes (Genscript), and the coding sequence was synthesized and inserted into the pUC18 

vector immediately flanked by BamHI restriction sites (Genscript). Coding sequence fragments 

were amplified with a Phusion PCR (New England Biolabs) using M13 universal forward and 

reverse primers (IDT) and gel-purified using the QIAquick Gel Extraction Kit (Qiagen) via the 

manufacturer’s protocol. Amplified fragments and pPL6-myc vector, obtained as a generous gift 

from N. E. Freitag, were digested with 1ul BamHI in Cutsmart Buffer (New England Biolabs) for 

1 hr at 37°C, gel-purified, and ligated with 1 μl T4 Ligase in Ligation Buffer (New England 
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Biolabs) overnight at 16°C using a 1:6 vector:fragment molar ratio. DH5-alpha E. coli were heat-

transformed using the ligation reaction mix via the manufacturer’s protocol (New England 

Biolabs), and transformed colonies were selected on LB agar plates (Sigma) containing 25 μg/ml 

chloramphenicol (CAM) (Sigma) overnight at 37°C. DNA from selected colonies was purified 

with the QIAprep Spin Miniprep Kit (Qiagen) using the manufacturer’s protocol. Sequence 

integration and directionality was confirmed via Sanger sequencing using the pPL6-Myc_Seq 

primer (TATTCCTATCTTAAAGTTACTTTTATGTGGAGGC). Correctly integrated plasmids 

were subsequently transformed into electrocompetent SM10 E. coli (Freitag Lab) via 

electroporation using a Gene-pulser and 0.1cm Gene-pulser cuvettes (Bio-Rad Laboratories), 

applying the following settings: capacitance 25μF, resistance 200Ω, voltage 1.8kV. Electroporated 

SM10 were selected overnight in LB broth (Gibco) supplemented with 25 μg/ml CAM at 37°C 

shaking, subsequently incubated overnight on LB agar plates supplemented with 25 μg CAM @ 

37C, and selected colonies were expanded. For conjugation into L. monocytogenes, transformed 

SM10 and L. monocytogenes parent strains (Lm[parent]) were grown to lawns overnight at 37°C 

on agar plates under the following conditions: LB agar + 25ug/ml CAM and BHI agar (BD 

Biosciences) + 200 μg/ml streptomycin (Strep), respectively. The following day, SM10 was re-

plated in ~1 in square on antibiotic-free BHI agar plates, Lm[parent] was replated directly on top 

of SM10, and conjugation proceeded for 4 hrs at 37°C. Following incubation, conjugation mix 

was selected overnight at 37°C shaking in BHI broth (BD Biosciences) containing 7.5ug/ml CAM 

and 200ug Strep. Cultures were further selected overnight @ 37C on BHI agar plates containing 

7.5ug/ml CAM and 200ug Strep. Colonies were isolated, expanded, and stored as 15% glycerol 

stocks at -80°C. 
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Infection with L. monocyogenes 

L. monocytogenes strains used in this study are referred to in Yan et al.216 Attenuated strains 

were derived from the 10403S prfA(G155S) ΔactA parent strain (NF-L974 in reference). Non-

attenuated strains were derived from the 10403S actA gus plcB prfA(G155S) parent strain (NF-

L943 in reference). The day before infection, glycerol stock of the infecting strain was scraped, 

dropped in starter culture, and grown overnight at 37°C shaking (225rpm) in BHI broth (Difco) 

under Chloramphenicol (CAM) (Sigma) selection (7.5μg/ml). On the day of infection, starter 

culture was diluted 1:20 in BHI+CAM and grown under analogous conditions and expanded to the 

experimentally determined logarithmic growth phase (~3hrs). Culture was removed and placed on 

ice for a minimum of 30 min to stall growth. Optical density (OD600) of culture was measured and 

concentration was calculated using the following experimentally determined equation: For 

attenuated strains; Log10[CFU/ml] = 0.6245(OD600) + 8.707. For non-attenuated strains; 

Log10[CFU/ml] = 0.3134(OD600) + 8.585. Culture was diluted in PBS inoculum to desired 

concentration, and mice were infected intravenously with 107 CFU (attenuated strains) or 5 x 103 

CFU (non-attenuated strains) in 400 μl. To confirm infecting dose, following the infection, limiting 

dilutions of inoculum were plated on antibiotic-free BHI agar plates, and grown overnight at 37°C. 

Doses were quantified the following day. 

 

Systemic Treg cell ablation 

 Diphtheria toxin (Sigma) was reconstituted at 5 μg/mL in sterile molecular grade water 

following manufacturer’s protocol and stored at -80°C prior to use. Diphtheria toxin aliquots were 

frozen and thawed once and 50 μg/kg of diphtheria toxin was injected intraperitoneally on days 0 
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and 1, then every other day until day 12. Mice were monitored for signs of terminal autoimmune 

disease and were sacrificed once moribund. 

 

Bulk RNA sequencing preparation, quality control and quantification 

Sample processing, sequencing, and analysis 

Spleen and lymph nodes were isolated from primary TCRrg mice 17-25 weeks after bone 

marrow reconstitution and processed for FACS as described above. At least 1 x 104 TCRrg CD4+ 

T cells were FACS sorted from each sample using a FACSAriaII cell sorter (BD Biosciences) and 

resuspended in TRI Reagent (Sigma). TCRrg T cells were selected by gating on Dumpneg 

(B220negCD11bnegCD11cnegF4/80neg), followed by CD4+CD8βneg, then by Thy1.1+CD45.1neg. 

Biological samples containing at least 1 x 105 TCRrg CD4+ T cells were subjected to RNA 

sequencing (RNA-seq). Total RNA was isolated following a standard chloroform extraction and 

isopropanol precipitation protocol as described above (see Materials & Methods, Bulk & single-

cell TCR sequencing and analysis). RNA quality and quantity was assessed using the Agilent bio-

analyzer. Strand-specific RNA-seq libraries were prepared using the TruSEQ mRNA RNA-seq 

library protocol (Illumina). Library quality and quantity was assessed using the Agilent bio-

analyzer. Sequencing of RNA-seq libraries was performed on the NovaSeq 6000, running 100 bp 

paired-end reads (PE100) and generating approximately 60 million reads per sample. Raw reads 

were aligned to reference genome mm10 using the STAR aligner217. ENSEMBL genes were 

quantified using FeatureCounts218. Differential expression statistics (fold-change and p-value) and 

normalized expression values were computed using edgeR using the exactTest() function219,220. P-

values were adjusted for multiple testing using the false discovery rate (FDR) correction of 
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Benjamini and Hochberg221. Significant genes were determined based on a FDR threshold of 5% 

(0.05). 

 

Enrichment against custom gene list 

Up- and down-regulated genes were compared to a custom list of 25 genes that have been 

implicated in T follicular helper cell differentiation, maintenance, and function, curated from the 

literature167,169,222,223. Enrichment log ratios and p-values were computed using Fisher’s Exact test, 

with the set of all expressed genes as a background.  

 

Immunofluorescence microscopy 

 Spleens were isolated from primary TCRrg hosts and washed in DPBS at 4°C. Spleens 

were directly frozen in embedding medium for optimal cutting temperature (Tissue-Tek OCT, 

Sakura Finetek) using cryomold trays placed on dry ice, then stored at -80°C prior to use. Spleen 

samples were sectioned at a thickness of 6 μm using a cryostat (University of Chicago Human 

Tissue Resource Center). Tissue sections were washed with PBS and incubated in solution 

containing 10% normal donkey serum and 1:200 dilution of anti-mouse Fc antibody (Sigma-

Aldrich). Sections were stained with antibodies against B220, Bcl6, CD4, CD45.2 (or Thy1.1), 

and TCR Vβ3 (clones and manufacturers indicated under “Antibodies, flow cytometry, and 

fluorescence-activated cell sorting (FACS)”). Following staining, tissue sections were mounted 

onto glass microscope slides using ProLong Gold Antifade Mountant (Invitrogen) and visualized 

24-48 h later by confocal microscopy using either the Stellaris (40x / 1.25 oil objective) or SP8 

(20x / 0.7 oil objective) (Leica Microsystems). Images were processed using Fiji (version 

2.3.0/1.53q, open-source software)224. 
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B cell depletion 

For systemic ablation of B cells in Mb1Cre x Rosa26LSL-DTR mice, diphtheria toxin (Sigma) 

was reconstituted at 5 μg/mL in sterile molecular grade water following manufacturer’s protocol 

and stored at -80°C prior to use. Diphtheria toxin aliquots were frozen and thawed once and 50 

μg/kg of diphtheria toxin was injected intraperitoneally on experiment days 0, 1, 4, and 7. Mice 

were euthanized for analysis on experiment day 8. 

For antibody-mediated B cell depletion, InVivoPlus anti-mouse CD20 (clone MB20-11, 

IgG2c, BioXCell) was resuspended in sterile PBS to a final concentration of 250 μg per 200 μL. 

In parallel, InVivoPlus rat IgG2a isotype control, anti-trinitrophenol (clone 2A3, BioXCell) was 

also diluted in PBS to a final concentration of 250 μg per 200 μL. Mice were injected 

intraperitoneally with 250 μg of anti-CD20 or isotype control solution and monitored daily for one 

week. 

 

Statistical analyses 

Except for data from RNA or TCR sequencing experiments, data were analyzed using 

Prism software (GraphPad). For the comparison of two groups, the Welch’s t-test was used unless 

otherwise indicated225. For the comparison of paired groups, the paired t-test was used. For 

comparison of multiple groups, one-way ANOVA was employed, coupled with Tukey’s HSD 

post-hoc tests when appropriate. *p < 0.05; **p < 0.01; ***p < 0.001, unless otherwise specified.  
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CHAPTER III: RESULTS PART I –  

THE ENDOGENOUS REPERTOIRE HARBORS SELF-REACTIVE CD4+ T CELL 

CLONES THAT ADOPT A T FOLLICULAR HELPER-LIKE PHENOTYPE AT 

STEADY STATE* 

Overview 

Prior to seeding secondary lymphoid organs (SLOs), αβ T cells navigate multiple 

developmental checkpoints in the thymus to ensure their functionality and specify their fate. One 

such checkpoint involves the somatic recombination of T cell receptor (TCR) gene segments to 

form exons encoding antigen receptors. While this process enables the development of a diverse 

αβ TCR repertoire, this diversity comes with a cost: the generation of TCRs that confer overt 

reactivity to major histocompatibility complex (MHC) molecules bearing self-derived peptides19. 

Thymocytes with such TCRs experience strong and/or persistent signaling following TCR ligation 

of self-peptide/MHC complexes (spMHC). If CD4+ T cells with strong reactivity to spMHC-II are 

allowed to egress into the periphery, these cells may trigger autoimmune responses directed against 

host tissues.  

To mitigate autoimmune threat to the host, mechanisms of central tolerance prevent self-

reactive MHC-II-restricted thymocytes from entering the conventional CD4+ T (Tconv) cell pool. 

Following agonist interactions with spMHC-II, self-reactive thymocytes may undergo negative 

selection, skewing into the immunosuppressive Foxp3+ regulatory T (Treg) cell lineage, and/or 

diversion into alternative T cell fates21. Several studies have shown that recognition of self-

antigens in the thymus is required for these fates to occur. For example, in the absence of the 

transcriptional regulator, Aire, ectopic expression of many tissue-specific antigens (TSAs) by 

 
* Much of this section is reproduced, with modifications, from Lee & Rodriguez et al. The endogenous repertoire 
harbors self-reactive CD4+ T cell clones that adopt a T follicular helper-like phenotype at steady state. In revision. 
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medullary thymic epithelial cells (mTECs) is abrogated, resulting in autoimmune infiltration of 

multiple host tissues64,65,71. Secondly, genetic ablation of a defined TSA increases the 

pathogenicity of CD4+ Tconv cells reactive to that self-antigen upon adoptive transfer into TSA-

sufficient mice. Thymocytes that would have otherwise undergone clonal deletion of thymic Treg 

(tTreg) cell differentiation instead develop as CD4+ Tconv cells and may contribute to autoimmune 

processes72,141,226,227. In line with this, naïve CD4+ T cells bearing Treg-derived TCRs reactive to 

myelin oligodendrocyte glycoprotein (MOG) were found to cause more severe disease upon 

induction of experimental autoimmune encephalomyelitis (EAE) compared to cells bearing TCRs 

derived from MOG-reactive CD4+ Tconv cells. Collectively, these findings support the notion that 

the immune system avoids autoimmunity by eliminating potentially pathogenic clones from the T 

cell repertoire via clonal deletion or diverting such clones into the Treg cell lineage during thymic 

development. 

Interestingly, in multiple studies of murine CD4+ T cell responses towards transgenically 

expressed or bona fide self-antigens, Treg and CD4+ Tconv cells with shared antigen specificities 

co-exist in the endogenous T cell repertoire72,136,140. Such findings corroborate earlier reports of 

self-reactive CD4+ Tconv cells in the SLOs of healthy human individuals228,229. Moreover, these 

observations shed light on genome-wide association studies linking distinct human leukocyte 

antigen (HLA) class II alleles with increased risk for several autoimmune diseases, which 

implicate CD4+ T cells in the pathogenesis of autoimmunity230,231. In autoinflammatory settings, 

self-reactive CD4+ T cells may either fail to restrain inflammation (as in the case of Treg cells) 

and/or promote inflammatory responses (as for CD4+ Tconv cells). As such, it is critical to 

understand the factors that govern the development of self-reactive CD4+ Tconv cells, as well as 

these cells’ activation and autoimmune potential in peripheral SLOs. 
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Several lines of evidence indicate that, if unleashed, self-reactive CD4+ Tconv cells in the 

endogenous T cell repertoire can promote autoimmunity. First, adoptive transfer of naïve CD4+ 

CD25neg Tconv cells into T cell-deficient mice leads to autoimmune destruction of multiple non-

lymphoid organs, as well as the production of autoantibodies232. Second, mice whose CD8+ 

regulatory T cells are unable to engage with the nonclassical MHC molecule Qa-1 demonstrate an 

expansion of CD4+ Tconv cells bearing the T follicular helper (Tfh) phenotype concomitant with 

autoantibody production233. Third, sustained administration of diphtheria toxin (DT) to Foxp3DTR 

mice, which express the human diphtheria toxin receptor (DTR) in all Foxp3-expressing cells, 

leads to systemic ablation of Treg cells, multiorgan lymphocytic infiltration by CD4+ Tconv cells, 

and increased mortality93. Similar findings were observed in Treg-ablated mice housed in either 

specific pathogen-free (SPF) or germ-free (GF) conditions, as well as in mice fed a diet lacking 

peptide antigens, implying that CD4+ Tconv cells that remain following systemic Treg cell 

depletion mediate disease through recognition of spMHC-II ligands89,234. 

Despite these findings, the prevalence, antigen specificities, developmental trajectories, 

and functional properties of potentially pathogenic self-reactive CD4+ Tconv cells all remain 

poorly understood. To address this knowledge gap, we utilized TCR sequencing to identify 

putative self-reactive CD4+ Tconv clones within the endogenous repertoire that are recurrently 

enriched in non-lymphoid organs following sustained Treg cell ablation. Through the study of 

monoclonal TCR "retrogenic" mice, we demonstrate that several CD4+ Tconv cell clones 

identified in this screen exhibit common properties at steady state, including widespread activation 

across various SLOs, ex vivo reactivity to endogenous MHC-II-restricted self-ligands displayed by 

splenic dendritic cells, adoption of a Bcl6hi PD-1hi phenotype, and a propensity to localize within 

B cell follicles. Thus, our collective work identifies a naturally occurring population of overtly 
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self-reactive Tfh-like CD4+ T cells that populate the endogenous repertoire of healthy mice and 

infiltrate non-lymphoid organs when released from Treg cell-mediated suppression.  

 

Recurrent CD4+ Tconv clones are detected in non-lymphoid organs of Treg cell-depleted 

mice 

Given that multiple non-lymphoid organs exhibit autoimmune infiltration by CD4+ Tconv 

cells following systemic Treg cell ablation, we first sought to understand whether CD4+ Tconv 

cell recruitment into such tissues occurred in an antigen-specific fashion. To address this question, 

we generated mice expressing the Foxp3DTR-EGFP allele as well as a transgenic TCRβ chain 

(TCRβtg). The Foxp3DTR-EGFP allele enables systemic Treg cell ablation upon DT administration, 

as well as identification of CD4+ Tconv cells lacking EGFP expression. Use of a fixed TCRβ chain 

allows for complete characterization of the TCR repertoire by deep sequencing of endogenous 

TCRα chains. Male Foxp3DTR-EGFP/y TCRβtg mice were subjected to systemic Treg cell ablation 

by DT administration over 12 days (Figure 1a), leading to pronounced CD4+ Tconv cell infiltration 

of several organs, including the prostate, pancreas, salivary gland, and lacrimal gland (Figure 1b). 

We purified CD4+ Tconv cells from the prostates of DT-treated mice via fluorescence-activated 

cell sorting (FACS) and performed TCRα sequencing to characterize the frequency and recurrence 

of organ-infiltrating clonotypes. We conducted the same approach with CD4+ Tconv cells isolated 

from the salivary glands of Treg-ablated mice as a comparative control. We isolated an average of 

~7.22 × 104 cells per prostate and ~1.08 × 105 cells per salivary gland. Following TCRα 

sequencing, we obtained an average of ~8.96 × 105 in-frame Tcra sequence reads per sample (data 

not shown). Collectively, the prostatic repertoire contained 17,154 distinct TCRα clonotypes 

(defined by the amino acid sequence of the TCRα complementarity determining region 3, or 
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CDR3α), of which 265 TCRα clonotypes were recurrently detected across all five prostate samples 

sequenced. For TCRα nomenclature, a recurrent TCRα clonotype is denoted using a three-letter 

code that reflects the amino acids at positions 3-5 of the CDR3α. For example, a clonotype with 

CDR3α sequence AVSRPGGGSNYKLT is denoted “SRP”. 

Analysis of the 20 most abundant prostate-associated CD4+ Tconv cell clones 

demonstrated that these clones were found recurrently in all five prostate samples (Figure 1c) and 

accounted for ~23.9% ± 6.7% of all Tconv cells within the prostate, suggestive of TCR-dependent 

enrichment of select clones. We next compared the frequency of these top 20 prostate-associated 

TCRs within the SLOs of unmanipulated male TCRβtg mice. In doing so, we found that these 

clonotypes were generally present at low frequencies in the Treg and/or CD4+ Tconv cell 

repertoires, arguing against these clones’ infiltration into non-lymphoid tissues as a byproduct of 

elevated clonal frequencies within SLOs (Figure 1d). Surprisingly, following Treg cell depletion, 

many of the most abundant prostate-associated TCRs were also observed among CD4+ Tconv cells 

that had infiltrated the salivary glands of the same mice (Figure 1d). Indeed, multiple CD4+ Tconv 

cell clones isolated from the prostates of Treg-ablated mice were also detected in the salivary gland 

and vice-versa, although some clones preferentially infiltrated one non-lymphoid organ or the 

other.  Collectively, these findings indicate that, in the setting of systemic Treg cell ablation, CD4+ 

Tconv cell clones recurrently infiltrate both the prostate and salivary gland – albeit to differing 

extents. 
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Figure 1 | Recurrent CD4+ Tconv clones are detected in non-lymphoid organs of Treg cell-
depleted mice. 
 
a, Experimental schematic. 6-8 week-old male TCRβtg Foxp3DTR-EGFP mice (n = 7) were subjected 
to sustained Treg cell ablation via administration of diphtheria toxin (DT). At day 12, 
CD4+Foxp3neg T conventional (Tconv) cells were purified from select non-lymphoid organs by 
fluorescence-activated cell sorting (FACS). Samples from five mice were then subjected to deep 
sequencing of transcripts encoding TCRα chains using the iRepertoire platform (see Materials & 
Methods).  
b, Absolute numbers of CD4+Foxp3neg Tconv cells recovered from the prostate (PR), pancreas 
(PA), salivary glands (SG), and lacrimal glands (LG) of Treg cell-depleted mice (open circles; n 
= 7) shown in a. Data from control mice treated with PBS (closed circles; n = 3) are also shown. 
Error bars represent means ± SEM.  
c, Box plots displaying the log10 frequency of the top 20 most abundant recurrent TCRα sequences 
expressed by Tconv cells in the prostate of Treg cell-depleted mice (n = 5). Each TCRα chain is 
denoted using a 3-letter code representing residues 3-5 of the predicted CDR3α chain. TCRα 
sequence information is listed in Table 1.  
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Figure 1, continued.  
Boxes represent interquartile ranges (IQRs; Q1-Q3 frequencies), bold horizontal lines represent 
median values. Whiskers represent maximum and minimum values. A frequency of 1% is denoted 
by a horizontal dashed line. 
d, Heat map displaying the 20 TCRα sequences from c and their corresponding log10 frequency 
in four groups of samples, as indicated. From left to right, these groups are Tconv cells from the 
prostate (PR) of Treg-depleted Foxp3DTR-EGFP males (n = 5), Tconv cells from the salivary glands 
(SG) of Treg-depleted Foxp3DTR-EGFP males (n = 5), Tconv cells from the pooled secondary 
lymphoid organs (SLOs) of untreated wild-type Foxp3GFP males (n = 4), and Treg cells from the 
SLOs of untreated wild-type Foxp3GFP males (n = 4). Data from the latter two groups are taken 
from ref65. Each column represents one biological sample. ND = not detected.  
 
 
 
 

 
 
Table 1 | Selection of recurrent prostate-infiltrating CD4+ Tconv clones isolated from Treg-
ablated mice for TCR retrogenic studies. 
 
13 of the top 20 most abundant recurrent TCRα sequences expressed by CD4+ Tconv cells in the 
prostate of Treg cell-depleted mice were selected for TCR retrogenic studies. TCRs were selected 
based on differential TRAV and TRAJ usage. Each TCRa chain is denoted using a 3-letter code 
representing residues 3-5 of the predicted CDR3a chain. The full TCRa sequence information is 
listed, including TRAV and TRAJ usage. The 13 selected TCRa clonotypes can be binned into 
three groups based on hallmarks of steady-state activation and reactivity to MHC-II-restricted self-
ligands (see Figure 2).  
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Multiple recurrent prostate-infiltrating CD4+ Tconv cell clones display overt reactivity to 

endogenous spMHC-II ligands 

The presence of recurrent CD4+ Tconv cell clones in both the prostate and salivary glands 

of Treg-ablated mice raised questions regarding the nature of the self-antigens these clones 

recognize. To gain insights into these clones’ antigen specificities, we selected 13 of these for 

further study using our TCRrg approach, prioritizing clones using unique combinations of Vα and 

Jα gene segments (Table 1). After generating primary TCRrg mice for each TCR of interest (see 

Materials & Methods and refs140,141), we characterized the localization and phenotype of TCRrg 

CD4+ T cells across SLOs and non-lymphoid tissues of TCRrg mice. In performing this analysis 

for each of the 13 TCRs under study, we observed that clones could be broadly categorized into 

three groups (see Table 1). The first group (“Group 1”) consisted of three clones, which yielded 

TCRrg CD4+ T cells that remained phenotypically naïve in the SLOs of primary TCRrg mice 

(Figure 2a-b for ANT and DAS; data not shown for APR). Group 2 contained six clones, which 

yielded TCRrg CD4+ T cells whose expression of CD69 varied but remained low across SLOs of 

primary TCRrg mice (data not shown). Interestingly, the four clones in Group 3 upregulated 

similarly high levels of CD69 and PD-1 across all SLOs examined, indicative of sensitivity to 

spMHC-II ligands present throughout the body (Figure 2a-b). We next assessed proliferation of 

our prostate-associated CD4+ Tconv cell clones following co-culture of CTV-labeled TCRrg CD4+ 

T cells with CD11c+ splenocytes and IL-2. These analyses validated the TCR grouping strategy 

and patterns of reactivity described from characterizations of primary TCRrg mice. Specifically, 

Group 1 TCRrg CD4+ T cells showed no proliferation over background when co-cultured with 

splenic APCs and IL-2 (Figure 2c-d). Addition of microbeads coated with anti-CD3/anti-CD28 

antibodies induced proliferation of Group 1 TCRrg CD4+ T cells, demonstrating that these cells 
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were not inherently dysfunctional. Group 2 TCRrg CD4+ T cells exhibited variable extents of low-

level proliferation in in vitro co-cultures, reflecting variable CD69 positivity in primary TCRrg 

hosts (data not shown). On the other hand, Group 3 TCRrg CD4+ T cells expanded robustly in the 

presence of splenic APCs and IL-2 alone (Figure 2c-d). Group 3 TCRrg CD4+ T cells also 

proliferated when splenic APCs from GF mice were used (Figure 2e-f), arguing against a role for 

recognition of antigens derived from commensal bacteria. Notably, proliferation of Group 3 

TCRrg CD4+ T cells was abrogated when splenic APCs from H2-DMa-/- mice were used (Figure 

2e-f). H2-M-deficient APCs predominantly present MHC-II molecules loaded with the invariant 

chain-derived CLIP peptide as a result of impaired peptide exchange235. The lack of response by 

Group 3 TCRrg CD4+ T cells to H2-M-deficient APCs showed that these cells react to specific 

self-derived peptides rather than MHC-II itself. Moreover, the finding that Group 3 TCRrg CD4+ 

T cells proliferate in the absence of exogenous peptide indicates that the antigenic peptide is 

endogenously presented by splenic APCs at steady state.  
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Figure 2 | Multiple recurrent prostate-infiltrating CD4+ Tconv clones exhibit hallmarks of 
steady-state activation and reactivity to MHC-II-restricted self-ligands. 
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Figure 2, continued. 
Group 1 and Group 3 TCRs as defined in Table 1 were cloned and expressed as TCRrg mice (see 
Materials & Methods). >6 weeks after bone marrow reconstitution, TCRrg T cells were purified 
and directly phenotyped using flow cytometry (a,b) or subjected to in vitro reactivity assays (c-f). 
a, Representative flow cytometric analysis of CD69 and PD-1 expression by Group 1 clones ANT 
and DAS and Group 3 clones SAS and SKV isolated from the spleen, pooled lymph nodes 
(iabcpLN), prostate and salivary glands of primary male TCRrg mice. 
b, Summary plot of data from a showing the percentage of splenic Group 1 (black symbols) and 
Group 3 (gray symbols) TCRrg T cells (TCRβ+CD4+Thy1.1+) expressing CD69. Each symbol 
depicts cells from an individual TCRrg mouse. n ≥ 3 per TCR. Data are pooled from eleven 
independent experiments. 
c, Purified TCRβ+CD4+Thy1.1+ TCRrg T cells expressing the indicated Group 1 (top) and Group 
3 (bottom) clones were labeled with CellTrace Violet (CTV) and co-cultured with splenic CD11c+ 
dendritic cells (DCs) and mouse recombinant IL-2 (mrIL-2) ± anti-MHCII blocking antibody for 
5 days (see Methods). Representative flow cytometric analyses of CTV dilution are shown. TCRrg 
cells co-cultured with anti-CD3ε/anti-CD28 MACSiBead particles (1:1) and mrIL-2 served as 
positive controls, indicated by dashed histograms. 
d, Summary plot of data from c depicting the percentage of CTV-diluted Group 1 (black symbols) 
and Group 3 (gray symbols) TCRrg T cells. Each symbol represents an individual co-culture. n ≥ 
3 per condition. Data are pooled from eight independent experiments. 
e, Histograms displaying representative flow cytometric analysis of proliferation by Group 3 CTV-
labeled TCRrg cells (TCRb+CD4+Thy1.1+) co-cultured with splenic CD11c+ DCs and mrIL-2 ± 
anti-MHC-II blocking antibody for 5 days. DCs were isolated from various mouse strains: WT, 
B6 CD45.1/.1; GF, germ-free; H2-DMatm1Luc, H2-DM-deficient mice; H2dlAb1-Ea, MHC class II I-
Ab-deficient mice (see Methods). TCRrg cells co-cultured with mrIL-2 in the absence of CD11c+ 
DCs served as negative controls. 
f, Summary plot of data from e depicting the absolute number of Group 3 TCRrg cells recovered 
at the culture endpoint, displayed as a ratio of total TCRrg cell count within each DC-containing 
co-culture sample divided by the mean of TCRrg cell counts within cultures lacking DCs in a given 
experiment. Symbols represent individual co-cultures. n ≥ 5 per condition. Data are pooled from 
two independent experiments.  
TCRrg T cells are denoted by the TCRα CDR3 amino acid sequence at positions 3-5 (see Table 
1), followed by “rg.” Bold horizontal lines represent means. p values were calculated by two-tailed 
Student’s t-test. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.  
 

 

 
  



 63 
 

Group 3 clones express common hallmarks of T follicular helper cells 

Despite overt self-reactivity to self-antigens and widespread availability of spMHC-II 

ligands, CD4+ T cells bearing Group 3 TCRs were not found to promote spontaneous 

autoimmunity, as shown by a lack of organ infiltration in TCRrg primary hosts (Figure 2a). To 

understand how such cells are regulated at steady state, we FACS-purified TCRrg CD4+ T cells 

expressing the Group 3 TCR SAS and performed transcriptional profiling of these cells via bulk 

RNA sequencing (RNAseq; Figure 3a). We also performed the same analysis for TCRrg CD4+ T 

cells expressing the Group 1 TCR ANT, which do not show hallmarks of activation in response to 

self-antigens. Principal component analysis (PCA) revealed right clustering of samples by TCR, 

with pronounced separation of Group 1 ANT and Group 3 SAS samples along PC1 (Figure 3b). 

In comparing transcripts expressed by Group 3 SAS cells and Group 1 ANT cells, we found 5,085 

differentially expressed genes (DEGs) at a false discovery rate (FDR) cut-off of q ≤ 0.05. Of these, 

2,851 genes were upregulated in Group 3 SAS cells relative to Group 1 ANT cells (Figure 3c).  

We first focused on genes upregulated by Group 3 SAS cells to determine if these cells 

were adopting a particular T helper (Th) cell program at steady state. We performed gene set 

enrichment analysis (GSEA) comparing the genes upregulated by Group 3 SAS cells to previously 

published gene sets associated with various Th subsets236. Unsurprisingly, as many established 

gene sets are derived from analysis of CD4+ T cells undergoing in vitro polarization or active in 

vivo immunization, Group 3 SAS cells at steady state did not exhibit statistically significant 

enrichment of these predefined Th gene sets relative to Group 1 ANT cells (data not shown). 

However, closer examination of the 100 most upregulated and 100 most downregulated transcripts 

in Group 3 SAS cells relative to Group 1 ANT cells yielded valuable insights. Group 3 SAS cells 

were distinguished by decreased expression of Ly6c1 (Ly6c) and Prdm1 (Blimp-1), as well as 



 64 
 

increased expression of Cxcr5, Pdcd1 (PD-1), and Slamf7. These features are shared by Tfh cells, 

which are specialized to interact with B cells and potentiate antibody responses169,223. Further 

curation of DEGs revealed that Group 3 SAS cells were enriched for additional hallmarks of Tfh 

cells, including Bcl6, Cd200, Icos, and Tox2 (Figure 3d)222,237,238. At the protein level, Group 3 

TCRrg CD4+ T cells were found to express Bcl6, PD-1, CXCR5, and ICOS via flow cytometry 

(Figure 3e-h). In contrast, Group 1 clones showed minimal protein expression of these markers, 

consistent with their naïve phenotype in the periphery (Figure 3e-h). In sum, Group 3 TCRrg CD4+ 

T cells display several canonical features of the Tfh cell phenotype at steady state. 

 

Group 3 clones exhibit signs of agonist signaling during thymic development  

In observing the adoption of a Tfh-like phenotype by Group 3 clones, we asked whether 

this phenotype is imparted upon thymocytes expressing Group 3 TCRs during thymic 

development, or whether this phenotype is imposed upon Group 3 CD4+ T cells once in the 

periphery. We first isolated thymi from Group 1 and Group 3 TCRrg mice and profiled TCRrg 

thymocytes ex vivo. CD4 single-positive (CD4SP) thymocytes expressing Group 3 TCRs (SAS or 

SKV) remained predominantly negative for Bcl6 and CXCR5 expression (Figure 4a). Importantly, 

a greater fraction of Group 3 TCRrg CD4SP thymocytes expressed PD-1, suggestive of strong 

TCR signaling in response to spMHC-II ligands in the thymus (Figure 4a-b)20. In line with this 

finding, Group 3 TCRrg thymocytes at the double-positive (DP) stage of thymic development 

exhibited downregulation of both the CD4 and CD8 co-receptors, a phenomenon termed “DP 

dulling” that is considered a readout of agonist ligand sensing239 (Figure 4b). Despite this, 

expression of Foxp3 and active caspase-3 remained minimal among Group 3 TCRrg CD4SP 
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Figure 3 | Group 3 clones express common hallmarks of T follicular helper cells.  
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Figure 3, continued. 
a-d, Comparative RNA-Seq analysis of Group 3 SAS and Group 1 ANT TCRrg cells. The SAS 
and ANT TCRs were cloned and expressed as TCRrg mice (see Methods). >6 weeks after bone 
marrow reconstitution, TCRrg T cells were purified from the pooled secondary lymphoid organs 
(SLOs) of primary TCRrg mice and subjected to bulk RNA sequencing (see Methods). Only 
biological samples containing ≥ 1 x 105 TCRrg T cells were included for analysis (n = 4 mice per 
TCR). 
a, Gating strategy schematic for the fluorescence-activated cells sorting (FACS) of TCRrg T cells 
for RNA sequencing. TCRrg T cells were selected by gating on Dumpneg 
(B220negCD11bnegCD11cnegF4/80neg), followed by CD4+CD8bneg, then by Thy1.1+CD45.1neg.  
b, Principal component analysis (PCA) of mRNA expression in Group 1 ANT and Group 3 SAS 
TCRrg T cells, presented as log-scaled normalized expression (log2 CPM). Each dot corresponds 
to an independent biological sample. Green and magenta dots denote samples isolated from Group 
1 ANT and Group 3 SAS TCRrg mice, respectively. n = 4 per TCR. Data are pooled from two 
independent experiments.  
c, RNA-seq volcano plot depicting differential gene expression for Group 3 SAS and Group 1 
ANT TCRrg cells. The –log10 q-value versus log2 fold-change is depicted for genes with average 
log2 CPM ≥ -1. Blue and red dots denote genes over-represented in Group 1 ANTrg and Group 3 
SASrg T cells, respectively, with a false discovery rate (FDR) of 5%. Labels denote select up- and 
down-regulated genes implicated in T follicular helper (Tfh) cell differentiation and function, as 
defined in b. Data are pooled from two independent experiments. q values were generated using 
edgeR (see Methods). For the 25 Tfh-related genes highlighted in d, genes that are significantly 
under- or overexpressed by Group 3 SAS TCRrg cells relative to Group 1 ANT TCRrg cells are 
indicated. Also indicated is the gene Eomes, relevant to later figures.  
d, RNA-seq heatmap displaying differential expression of select genes, shown as z-scored 
expression values (log2 CPM), for Group 3 SAS vs. Group 1 ANT TCRrg cells. The 25 genes 
depicted represent a curated list of genes previously implicated in Tfh cell differentiation and 
function169,222,223,238. Group 3 SAS TCRrg cells were enriched for the gene set shown (Fisher’s 
exact test, p = 4 x 10-8). 
e-h, Flow cytometric analysis of TCRrg T cells expressing Group 1 and Group 3 TCRs. TCRrg 
female mice expressing the prostate-specific MJ23 TCR (MJ23rg) served as additional negative 
controls. n ≥ 3 per TCR. 
e, Representative flow cytometric analysis of Bcl6 vs. CD69 expression by splenic Group 1 (top) 
and Group 3 (bottom) TCRrg T cells (TCRb+CD4+Thy1.1+). SP, spleen. 
f, Left, summary plot of data from c showing the percentage of splenic Group 1 (black symbols), 
Group 3 (gray symbols), and MJ23 (white symbols) TCRrg T cells (TCRβ+CD4+Thy1.1+) 
expressing Bcl6. Right, summary plot of data from c depicting relative Bcl6 expression, displayed 
as a ratio of mean fluorescence intensity (MFI) in Group 1 (black symbols) and Group 3 (gray 
symbols) TCRrg T cells (TCRb+CD4+Thy1.1+) divided by MFI in control MJ23 TCRrg T cells 
(MJ23rg, white symbols) in a given experiment. Each symbol depicts cells from an individual 
TCRrg mouse. Data are pooled from six independent experiments. 
g, Representative flow cytometric analysis of PD-1 (top row), CXCR5 (middle row), and ICOS 
(bottom row) vs. Bcl6 expression by splenic Group 1 and Group 3 TCRrg T cells 
(TCRb+CD4+Thy1.1+). SP, spleen. 
h, Summary plots of data from e showing the percentage of splenic Group 1 (black symbols), 
Group 3 (gray symbols), and MJ23 (white symbols) TCRrg T cells (TCRb+CD4+Thy1.1+) 
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expressing PD-1 (top left), CXCR5 (top right), and ICOS (bottom left). Each symbol depicts cells 
from an individual TCRrg mouse. Data are pooled from six independent experiments.  
TCRrg T cells are denoted by the TCRa CDR3 amino acid sequence at positions 3-5 (see Table 
1), followed by “rg.” Bold horizontal lines represent means. p values were calculated by two-tailed 
Student’s t-test. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. 
 
 

 
 

Figure 4 | Thymocytes expressing Group 3 TCRs do not show overt hallmarks of negative 
selection, tTreg cell differentiation, or intrathymic Tfh cell induction. 
 
a-c, Assessment of thymocyte fate in TCRrg mice. TCRrg mice were generated for the indicated 
Group 1 and Group 3 TCRs. ≥6 weeks post-generation, thymi were isolated from TCRrg mice for 
phenotypic analysis. 
a, Flow cytometric plots showing expression of PD-1 and CXCR5 (top), Bcl6 and cleaved caspase-
3 (middle), and Foxp3 and CD25 (bottom) among TCRrg CD4SP thymocytes. 
b, Top, quantification of the mean fluorescence intensity (MFI) of CD4 among Group 1 (black 
symbols) and Group 3 (gray symbols) TCRrg thymocytes, normalized to CD4 MFI of CD4+CD8α+ 
double-positive (DP) thymocytes from control wild-type (WT) mice. Bottom, quantification of 
PD-1 MFI among Group 1 (black symbols) and Group 3 (gray symbols) TCRrg thymocytes, 
normalized to PD-1 MFI of CD4+CD8neg single-positive (CD4SP) thymocytes from control WT 
mice. 
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thymocytes (Figure 4a), indicating that signaling in response to agonist TCR:spMHC-II 

interactions does not culminate in tTreg cell differentiation or clonal deletion of these clones. 

Moreover, Group 3 TCRrg CD4+ T cells displayed only a subset of their Tfh-like phenotype in the 

thymus, suggesting that additional cues in SLOs shape these cells’ differentiation, expansion, 

and/or maintenance in the periphery. 

 

Group 3 clones are poised to interface with B cells 

Classical Tfh cells are thought to develop and be maintained by TCR:pMHC-II and ICOS-

ICOSL interactions facilitated by both dendritic cells (DCs) and B cells. As such, B cell deficiency 

is associated with impaired Tfh cell differentiation and/or maintenance in settings of immunization 

and acute infection240–242. To determine whether peripheral B cells are required for the induction 

of a more complete Tfh-like program in Group 3 TCRrg CD4+ T cells, we transferred CD4SP 

thymocytes from Group 3 SAS TCRrg mice into secondary recipients pre-treated with either an 

anti-CD20 or isotype control antibody. Anti-CD20 administration led to the depletion of most, but 

not all, B cells in spleen and lymph nodes by day 7 post-treatment (Figure 5a-b), in line with 

previous reports243. Group 3 SAS TCRrg thymocytes were still found to upregulate Bcl6, CD200, 

and CXCR5 following transfer into anti-CD20-treated mice (Figure 5c-d), suggesting that B cells 

are dispensable for Group 3 clones to adopt a Tfh-like program in the periphery.  

In a similar experiment, we sought to determine the extent to which CD4+ Tconv cells 

expressing Group 3 TCRs maintained their Tfh-like phenotype in the absence of B cells. Group 3 

SAS CD4+ Tconv cells were isolated from the SLOs of primary SAS TCRrg mice and transferred  



 69 
 

 
 
Figure 5 | Group 3 TCRrg CD4+ Tconv cells express signature markers of Tfh cells in settings 
of B cell depletion. 
 
a-b, Effect of anti-CD20 antibody administration (clone MB20-11, see Materials & Methods) on 
endogenous B and T cells in the spleen, periaortic lymph nodes (pLN), and Peyer’s Patches 7 days 
post-treatment. 
a, Representative flow cytometric plots showing frequencies of CD19+ B cells and TCRβ+ T cells 
isolated from the indicated sites of mice injected intraperitoneally (i.p.) 7 days earlier with 250μg 
anti-CD20 or IgG2a isotype control antibody. 
b, Quantification of B and T cell counts as shown in a. 
c-d, CD8β-depleted thymocytes from Group 3 SAS TCRrg mice were transferred into secondary 
recipients that had been treated 7 days earlier with 250μg anti-CD20 or IgG2a isotype control 
antibody. Group 3 SAS TCRrg CD4+ Tconv cell numbers and phenotype were assessed 7 days 
post-transfer. 
c, Representative flow cytometric plots showing Group 3 SAS TCRrg CD4+ Tconv cell expression 
of Tfh cell markers PD-1 and CXCR5 (top), activation markers CD69 and Ki67 (middle), and 
markers that facilitate interactions with B cells (Bcl6 and CD200, bottom). 
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Figure 5, continued. 
d, Top, quantification of Group 3 SAS TCRrg CD4+ Tconv cell counts recovered from recipient 
spleens. Bottom, quantification of the frequency of Group 3 SAS TCRrg CD4+ Tconv cells 
expressing canonical Tfh cell markers following transfer. 
e-f, FACS-purified TCRrg CD4+ Tconv cells were transferred into secondary recipients that had 
been treated 7 days earlier with 250μg anti-CD20 or IgG2a isotype control antibody. Donor cell 
numbers and phenotype were assessed 7 days post-transfer. 
e, Representative flow cytometric plots showing TCRrg CD4+ Tconv cell expression of PD-1 and 
CXCR5 (top), and CD69 and Bcl6 (bottom). 
d, Quantification of Group 3 SAS TCRrg CD4+ Tconv cell counts recovered from recipient 
spleens. 
 

 

Figure 6 | Group 3 TCRrg CD4+ T cells are localized near and within B cell follicles at steady 
state.  
 
a-h, Immunofluorescence (IF) microscopy of TCRrg spleen sections to assess localization of 
TCRrg CD4+ T cells. Spleens from primary TCRrg hosts were isolated, embedded in OCT, and 
frozen for sectioning and IF microscopy (see Materials & Methods). Sections were stained with 
antibodies against B220, CD4, CD45.2, TCRβtg, and Bcl6. Representative images are shown for 
the Group 1 ANT clone (a-e) and the Group 3 SAS clone (f-j). Data are from two independent 
experiments, n = 6 per clone. 
a, Positioning of B220-expressing cells in the spleen of a Group 1 ANT TCRrg mouse. 
b, Positioning of CD4-expressing cells in the spleen of a Group 1 ANT TCRrg mouse. 
c, Positioning of splenic ANT TCRrg cells, defined as CD45.2+ CD4+ TCRβtg+ cells. 
d, Overlay of images shown in a-c. 
e, Overlay of c with superimposed Bcl6 staining. 
f, Positioning of B220-expressing cells in the spleen of a Group 3 SAS TCRrg mouse. 
g, Positioning of CD4-expressing cells in the spleen of a Group 3 SAS TCRrg mouse. 
h, Positioning of splenic SAS TCRrg cells, defined as in c. 
i, Overlay of images shown in e-g. 
j, Overlay of h with superimposed Bcl6 staining. White arrowheads indicate Bcl6+ TCRrg cells.  
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into anti-CD20-treated or control mice. Seven days following transfer, mice given anti-CD20 or 

isotype control showed no notable differences with regards to Group 3 SAS CD4+ Tconv cell 

numbers or expression of Tfh cell markers (Figure 5e-f). These findings suggest that, at least for a 

period of 7 days, B cells are not required for Group 3 clones to persist or to adopt their Tfh-like 

phenotype. Alternatively, the few B cells that remain following αCD20 treatment may support the 

differentiation and/or maintenance of Group 3 clones. 

While B cells may not be required for Group 3 clones to survive or upregulate Tfh-related 

markers, the latter’s expression of Bcl6, CXCR5, and ICOS may still enable these cells to interact 

with B cells near the B cell follicle. To assess this possibility, we isolated spleens from primary 

TCRrg mice expressing either the Group 1 ANT TCR or the Group 3 SAS TCR, and then analyzed 

the localization of TCRrg cells in these samples using immunofluorescence (IF) microscopy. 

TCRrg CD4+ T cells were distinguished from endogenous B6 CD45.1/.1 cells using the combination 

of CD4, CD45.2, and TCR Vβ3. Our imaging analysis revealed that Group 1 ANT TCRrg CD4+ 

T cells were predominantly confined to T cell zones and excluded from B cell follicles (Figure 6a-

d). In contrast, individual Group 3 SAS TCRrg CD4+ T cells could be observed near the edges of 

B cell follicles and in close proximity to B cells (Figure 6f-i). Moreover, individual Bcl6+ TCRrg 

cells were readily in spleens from Group 3 SAS TCRrg mice, but less so in samples from Group 1 

ANT TCRrg mice, mirroring our flow cytometric characterizations of these clones (Figure 6e, j). 

 

Group 3 clones infiltrate non-lymphoid tissues and switch to a Th1 cell phenotype following 

systemic Treg cell ablation  

In addition to upregulating multiple markers associated with Tfh cells, Group 3 clones 

highly expressed the transcription factor eomesodermin (Eomes) in the spleens of TCRrg mice 
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(Figure 7a). Eomes is involved in multiple facets of CD8+ T cell differentiation and function, 

including in these cells’ production of IFN-γ244 and in their adoption of a memory phenotype245. 

In CD4+ T cells, the function of Eomes remains incompletely understood, with recent reports 

linking its expression to CD4+ T cell secretion of IFN-γ, IL-10, and/or granzyme B246. In our 

RNAseq analysis of Group 3 SAS cells, both Eomes and Ifng were found to be among the most 

highly upregulated transcripts relative to Group 1 ANT cells (Figure 3c and data not shown). 

Despite this, Group 3 SAS TCRrg CD4+ Tconv cells did not produce IFN-γ at steady state (Figure 

7b, PBS histograms), suggesting that pro-inflammatory cytokine production by Group 3 clones 

may be limited to inflammatory contexts. To test this, we generated TCRrg male mice expressing 

Group 1 or Group 3 TCRs, in which both host and TCRrg cells harbored the Foxp3DTR-EGFP allele. 

DT administration over the course of 12 days (as in Figure 1a) led to lymphoproliferation and T 

cell infiltration of non-lymphoid organs. Notably, in this setting, Group 3 clones readily infiltrated 

both the prostate and salivary gland, whereas minimal organ infiltration was observed for Group 

1 clones (Figure 7c). Moreover, in the SLOs and non-lymphoid tissues of Treg-ablated animals, 

Group 3 clones produced IFN-γ upon PMA/ionomycin stimulation (Figure 7b, DT histograms), 

concomitant with a loss of Bcl6 (data not shown). Taken together, these findings suggest that, at 

steady state, Group 3 clones are diverted into a Tfh-like fate to curb their pathogenic potential. 

Once tolerance is broken, as in the case of systemic Treg cell ablation, Group 3 clones lose their 

Tfh-like phenotype, adopt a Th1 cell program, and mediate autoimmune responses against host 

tissues. 
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Figure 7 | Upon systemic Treg cell ablation, Group 3 clones produce IFNγ and infiltrate non-
lymphoid tissues. 
 
TCRrg mice expressing Group 1 or Group 3 TCRs were generated in Foxp3DTR-EGFP/y hosts using 
bone marrow from “retrogenic donor” mice that also harbored the Foxp3DTR-EGFP allele (see 
Materials & Methods). ≥ 8 weeks post-generation, TCRrg mice were treated with diphtheria toxin 
(DT) to ablate endogenous and TCRrg-derived Treg cells as in Figure 1a. PBS-treated TCRrg mice 
were included as controls. On experiment day 12, TCRrg CD4+ Tconv cells were isolated from 
spleen, pooled lymph nodes (not shown), prostate, and salivary gland for phenotypic analysis. 
a, Top and middle, expression of T helper (Th) lineage-defining transcription factors by TCRrg 
CD4+ Tconv cells recovered from the spleens of PBS-treated Foxp3DTR-EGFP/y TCRrg mice. 
Bottom, expression of Eomes by TCRrg CD4+ Tconv cells recovered from the spleens of PBS-
treated Foxp3DTR TCRrg mice. 
b, Assessment of IFNγ production by splenic TCRrg CD4+ Tconv cells following DT (dark gray 
histogram) or PBS treatment (light gray histogram). Cells were stimulated for 5 h with PMA & 
ionomycin, supplemented with monensin for the final 4 h of culture (see Materials & Methods). 
c, Summary plots showing the frequency of TCRrg cells among all CD4+ Tconv cells recovered 
from the prostates (top) and salivary glands (bottom) of PBS or DT-treated Foxp3DTR TCRrg mice 
(open white and closed blue dots, respectively). Data are compiled from two independent 
experiments, n ≥ 3 per TCR per condition.  
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The endogenous CD4+ Tconv repertoire harbors T cells displaying hallmarks of Group 3 

clones  

Given the potential danger that Group 3 clones pose to the host, we aimed to identify 

polyclonal CD4+ T cells within the endogenous repertoire that display similar phenotypic 

hallmarks of Group 3 clones. Based on our transcriptional and phenotyping profiling of Group 3 

SAS TCRrg cells, we defined PD-1hi Bcl6+ Eomes+ CD4+ Tconv cells as “Group 3-like” cells 

(Figure 8a). The combined use of these markers allowed us to identify a measurable population of 

polyclonal CD4+ T cells from unmanipulated WT mice that phenotypically mirror Group 3 SAS 

TCRrg cells (Figure 8b). Notably, polyclonal Group 3-like cells and Group 3 SAS TCRrg cells 

expressed similar extents of CD69, suggesting that polyclonal Group 3-like cells had also recently 

undergone TCR stimulation in response to spMHC-II ligands (Figure 8c). Moreover, PD-1+ Bcl6+ 

Eomes+ CD4+ Tconv cells were phenotypically distinct from other previously defined populations 

of antigen-experienced CD4+ T cells, including Foxp3+ Treg cells, CD44hi CD62Llo “memory-

phenotype” Tconv cells247, and CD44hi CD73hi FR4hi “anergic phenotype” Tconv cells248,249 

(Figure 8c). Thus, polyclonal T cells exhibiting numerous features of Group 3 clones can be readily 

identified within the endogenous repertoire. 

 

The frequency of polyclonal Group 3-like cells is diminished following inducible depletion of 

B cells 

 Lastly, we investigated whether B cells were required for the differentiation or maintenance 

of polyclonal CD4+ Tconv cells displaying the Group 3-like PD-1+ Bcl6+ Eomes+ phenotype. To 

do so, we generated Mb1Cre x Rosa26LSL-DTR mice, which harbor a Cre-inducible DTR inserted in  
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Figure 8 | The endogenous CD4+ Tconv repertoire harbors T cells displaying hallmarks of 
Group 3 clones 
 
Flow cytometric analysis of Group 1 ANT TCRrg, Group 3 SAS TCRrg, and polyclonal CD4+ 
Tconv cells. (Continued on next page.) 
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Figure 8, continued. 
 
a, TCRrg T cells (TCRb+ CD4+ Thy1.1+) from Group 1 ANT and Group 3 SAS TCRrg mice were 
analyzed using flow cytometry. Representative flow cytometric analysis of PD-1 expression vs. 
expression of the indicated markers (left columns), or CD73 vs. FR4 expression (far right column) 
by splenic ANTrg or SASrg T cells. Splenic CD4+ T cells (TCRβ+ CD4+) isolated from untreated 
B6 mice served as controls (polyclonal, bottom row). 
b, Gating strategy for the identification of polyclonal CD4+ Foxp3neg Tconv cells from untreated 
B6 mice displaying common features of Group 3 clones. Group 3-like cells were identified by 
gating on PD-1hiBcl6+ (red gate) cells, followed by Eomes+ cells. PD-1lo Bcl6neg cells from 
untreated B6 mice served as negative controls (blue dot plot and arrow). 
c, Histograms displaying representative flow cytometric analysis of expression of Tfh-associated 
markers (PD-1, Bcl6, and CXCR5), markers of T cell antigen experience (CD44, CD62L, CD69, 
CD200), and other relevant phenotypic markers (Nrp1, Eomes, CD73, and FR4) by the following 
cell populations: Group 1 ANTrg and Group 3 SASrg T cells (TCRb+CD4+Thy1.1+), polyclonal 
Treg cells (Foxp3+), polyclonal “naïve” Tconv cells (Foxp3negCD44loCD62Lhi), polyclonal 
effector/memory Tconv cells (Foxp3negCD44hiCD62Llo), polyclonal “anergic phenotype” cells 
(Foxp3negCD44hiCD73hiFR4hi), and polyclonal Group 3-like cells (Foxp3negPD-1hiBcl6+Eomes+). 
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the Rosa26 locus250 and express Cre in all B cells beginning at the pro-B cell developmental 

stage251. As a result, these mice exhibit inducible depletion of B cells upon DT administration 

(Figure 9a). Systemic B cell ablation led to the reduction of PD-1+ Bcl6+ Eomes+ CD4+ Tconv 

cells, but not of other antigen-experienced CD4+ Tconv cell subsets, including memory-phenotype 

CD44hi CD62Llo and anergic-phenotype CD44hi CD73hi FR4hi cells (Figure 9b-c). The PD-1+ 

CXCR5+ CD4+ Tconv cell population, which overlaps with our polyclonal Group 3-like cells of 

interest, also experienced a slight decrease in frequency following B cell depletion, albeit below 

the threshold of statistical significance. Similar results were observed when anti-CD20 antibody 

administration was used to deplete B cells (data not shown). Collectively, these data indicate that 

endogenous polyclonal Group 3-like cells are dependent on the continued presence of B cells for 

adoption and/or maintenance of the PD-1+ Bcl6+ Eomes+ phenotype, suggesting a critical 

dependence on B cells or B cell-dependent factors.  

 

Conclusion 

 Through in-depth clonal analyses of CD4+ Tconv cells recovered from non-lymphoid 

organs following systemic Treg cell ablation, our work defines a previously unidentified class of 

self-reactive CD4+ Tconv cells that, despite their overt responses to self-antigens, subvert central 

T cell tolerance and egress into the periphery. There, under steady-state conditions, CD4+ Tconv 

cells expressing Group 3 TCRs adopt signature features of the Tfh cell program, including elevated 

expression of Bcl6 and PD-1, as well as proximity to B cell follicles within the spleens of TCRrg 

mice. Expression of CD62L and Eomes distinguishes Tfh-like cells from other antigen-

experienced CD4+ T cell subsets, including the effector/memory and anergic phenotype CD4+ 

Tconv cell populations previously described in the literature. However, in the setting of systemic 
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Treg cell ablation, these self-reactive CD4+ Tconv cells transition away from a Tfh-like phenotype, 

produce the Th1 lineage-defining cytokine IFN-γ, and infiltrate multiple non-lymphoid tissues. 

Altogether, we show that potentially pathogenic self-reactive CD4+ Tconv cell clones populate the 

peripheral repertoire, regularly sense self-antigens, are controlled by Treg cells, and promote 

autoimmunity if released from Treg cell-mediated suppression. 
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Figure 9 | The frequency of polyclonal Group 3-like cells is diminished following inducible 
depletion of B cells 
 
Flow cytometric quantification of polyclonal Group 3-like and other antigen-experienced CD4+ 
Tconv cells following inducible ablation of B cells. 
a, Left, experimental schematic. Mb1Cre x Rosa26LSL-DTR mice were subjected to sustained B cell 
ablation via intraperitoneal administration of diphtheria toxin (DT) or were treated with PBS. On 
experiment day 8, cells from the secondary lymphoid organs of B-cell-depleted mice and control 
littermates were isolated and analyzed via spectral flow cytometry. Right, representative flow 
cytometric analysis of B220 expression by splenic lymphocytes in B-cell-depleted mice and 
control littermates. 
b, Representative flow cytometric analysis of splenic CD4+ Tconv cells exhibiting a PD-1hi Bcl6+ 
Eomes+ Group 3-like phenotype. For comparison, gating on additional antigen-experienced Tconv 
cell populations is also shown, including PD-1+ CXCR5+, T effector/memory (CD44hi CD62Llo), 
and “anergic phenotype” (CD44hi CD73hi FR4hi) cells. Plots for PBS-treated controls (top row) 
and B cell-depleted mice (bottom row) are depicted. 
c, Summary plot of data from b showing the frequency of Group 3-like (PD-1hi Bcl6+ Eomes+), 
PD-1+ CXCR5+, T effector/memory (CD44hi CD62Llo), and “anergic phenotype” (CD44hi CD73hi 
FR4hi) cells in B-cell-depleted mice (white symbols) and control littermates (black symbols). Data 
are pooled from two independent experiments, n ≥ 7 mice per group. Error bars represent means 
± SEM. p values were calculated by Mann-Whitney test. ns, not significant; *p < 0.05; **p < 0.01; 
***p < 0.001.  
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CHAPTER IV: RESULTS PART II –  

IMPACT OF T CELL RECEPTOR – PEPTIDE/MHC CLASS II SENSITIVITY ON THE 

DEVELOPMENT & PATHOGENICITY OF PROSTATE-REACTIVE CD4+ T CELLS 

Overview 

Through somatic recombination of T cell receptor (TCR) gene segments, the immune 

system gives rise to pathogen-reactive T cells capable of defending the host against infection, as 

well as self-reactive T cells capable of mediating pathogenic responses against host tissues97,252. 

Self-reactive Foxp3neg CD4+ conventional T (Tconv) cells have been implicated in multiple 

autoimmune disorders, highlighting the importance of understanding the thymic development and 

peripheral activity of these cells230,231. With regards to development of self-reactive CD4+ Tconv 

cells, a common paradigm of thymopoiesis suggests that the affinity with which a thymocyte’s 

TCR binds self-pMHC-II (spMHC-II) dictates whether that cell undergoes positive selection into 

the CD4+ Tconv cell compartment, differentiation into the Foxp3+ CD4+ regulatory T (Treg) cell 

lineage, or removal from the repertoire by clonal deletion49,66,253,254. Per the affinity model of 

thymic development, thymocytes bearing TCRs exhibiting low or high affinities to spMHC-II 

ligands undergo egress as CD4+ Tconv cells or negative selection, respectively. Moreover, 

intermediate TCR:pMHC-II affinities – at the threshold between positive and negative selection – 

are thought to promote optimal thymic Treg (tTreg) development, allowing Treg cell clones to 

differentiate while also evading clonal deletion. Thus, in prevailing models of thymic 

development, TCR:pMHC-II affinity is regarded as the primary determinant of thymocyte fate and 

the key factor governing the development of self-reactive CD4+ T cell clones. 

However, these proposed principles largely stem from the study of foreign-reactive CD4+ 

T cell clones reactive to engineered model antigens transgenically expressed in murine thymi. In 
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these engineered systems, recognition of agonist peptide in the thymus induces coincident clonal 

deletion and tTreg cell differentiation among model antigen-specific thymocytes, with the 

efficiency of both processes increasing as TCR:pMHC-II affinity increases135,136. In contrast, 

recent developmental studies of naturally occurring Treg cell clones reactive to bona fide self-

antigens have shown that these clones undergo tTreg cell differentiation with no evidence of 

coincident clonal deletion137,139–141. As the expression patterns, ligand densities, TCR:pMHC-II 

affinities, and immune recognition of engineered antigens may not reflect those of endogenous 

self-antigens, it remains unclear whether the predictions of the affinity model fully apply to Treg 

and CD4+ Tconv cell clones reactive to natural self-ligands. Moreover, factors beyond 

TCR:pMHC-II affinity – including the number, quality, and duration of TCR:pMHC-II bonds 

(encapsulated by T cell avidity); the contributions of cell adhesion molecules (affecting T cell 

senstivity); and the nature of the antigen-presenting cells (APCs) displaying self-antigens – have 

also been shown to modulate the development of self-reactive Treg and CD4+ Tconv cells70,137,255. 

These findings suggest that a broad examination of T cell sensitivity to self-antigens is required to 

understand how TCR interactions with self-antigens govern the fate of self-reactive MHC-II-

restricted thymocytes. 

While TCR:spMHC-II interactions are also expected to shape the peripheral function of 

self-reactive CD4+ Tconv cells, the relationship between CD4+ Tconv cell sensitivity to self-

antigens and such cells’ pathogenic potential remains unclear. Under the affinity model of thymic 

development, only thymocytes exhibiting lower TCR affinities for spMHC-II ligands are expected 

to develop as CD4+ Tconv cells. In contrast, the majority of Treg cells are thought to emerge from 

the thymus following agonist interactions with self-antigens, meaning that the Treg cell repertoire 

is enriched for clones exhibiting greater sensitivities to spMHC-II relative to the repertoire of CD4+ 
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Tconv cells49. Treg cells may leverage this improved sensitivity to spMHC-II to prevent activation 

of CD4+ Tconv cells of matched antigen specificity, disrupt ongoing interactions between self-

reactive CD4+ Tconv cells and APCs110, and mitigate autoimmune responses72. 

However, recent studies have questioned the extent to which immune homeostasis relies 

on Treg cells successfully outcompeting self-reactive CD4+ Tconv cells for the same spMHC-II 

complexes. In one, Sprouse et al. generated mixed TCR “retrogenic” bone marrow chimeras in T 

cell-deficient non-obese diabetic (NOD) mice to assess the extent of disease control exerted by 

insulin-reactive Treg cells bearing high- or low-affinity TCRs. The authors demonstrated that Treg 

cells expressing a lower-affinity TCR could still delay diabetes onset in mice whose CD4+ Tconv 

cells expressed high-affinity TCRs256. In another, immunization with the self-antigen myelin 

oligodendrocyte glycoprotein (MOG) led to induction of experimental autoimmune 

encephalomyelitis (EAE), even in mice prophylactically receiving Treg cells engineered to express 

a high-avidity MOG-specific TCR72. Thus, while Treg cells may partially limit self-reactive CD4+ 

Tconv cells through differential sensitivity to spMHC-II, self-reactive CD4+ Tconv cells still 

exhibit sensitivities to self-antigens that enable them to promote disease. Work by the Vignali 

group reinforces this point by showing that insulin-reactive CD4+ Tconv cells bearing higher- or 

lower-affinity TCRs induced similar extents of insulitis when transferred into lymphopenic 

NOD.scid mice151. The findings of Bettini et al. demonstrate that a broad range of sensitivity to 

self-antigens can confer pathogenic potential, and that other factors, such as spMHC-II availability, 

likely contribute to self-reactive CD4+ Tconv cell responses.  

 The present study seeks to understand the mechanisms by which the immune system 

regulates self-reactive CD4+ Tconv cells that exhibit varying sensitivities to self, using a panel of 

CD4+ T cell clones reactive to the same endogenous tissue-specific antigen (TSA). Here, we pair 
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deep TCRα repertoire profiling with in-depth analyses of individual self-reactive CD4+ Tconv cell 

clones in tumor-free and prostate tumor-bearing mice. In doing so, we found that self-reactive 

CD4+ Tconv cell clones with lower sensitivities to self-antigens could still infiltrate non-lymphoid 

tissues in some – but not all – contexts, indicative of susceptibility to cell-extrinsic modes of 

peripheral T cell tolerance. In contrast, clones with higher sensitivities to self-antigens were more 

vulnerable to T cell-intrinsic mechanisms of tolerance, particularly when spMHC-II ligands were 

more readily available. By defining the characteristics of the self-reactive CD4+ Tconv cell clones 

that pose the greatest danger of autoimmunity, this work elucidates the ways in which the immune 

system leverages TCR:spMHC-II interactions to impose immune tolerance. 

 

spMHC-II tetramers identify endogenous prostate-reactive CD4+ Tconv cells in Aire-/- mice 

Recently, the Savage and Adams groups described two naturally occurring murine Treg 

cell clones reactive to distinct I-Ab-restricted peptides from the same protein, Tcaf3140. Tcaf3 is an 

endogenous protein whose expression in the periphery is limited to the anterior and dorsolateral 

lobes of the mouse prostate, and whose expression in the thymus is mediated by Aire in medullary 

thymic epithelial cells (mTECs)65,68,140. Of the Tcaf3-specific Treg cell clones identified, one – 

termed MJ23 – recognizes a peptide corresponding to residues 646-658 of Tcaf3 (hereafter referred 

to as C4 peptide). TCR transgenic (TCRtg) thymocytes expressing the MJ23 TCR upregulate 

Foxp3 when transferred into wild-type (WT) C57BL/6J (B6) mice – yet fail to do so when 

transferred into mice with targeted deletion of the C4 peptide (Tcaf3(C4)-/-). In C4-deficient mice, 

MJ23tg thymocytes instead develop as CD4+ Tconv cells, indicating that the C4 peptide is required 

for tTreg differentiation but not positive selection of MJ23tg CD4+ T cells. Considering these 
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findings, it became of great interest to characterize the endogenous CD4+ T cell repertoire reactive 

to the Treg-inducing self-ligand, C4/I-Ab. 

 To do so, we utilized fluorescently labeled C4/I-Ab tetramers to identify C4-reactive CD4+ 

T cells in the prostates and prostate-draining lymph nodes (pLNs) of Aire-/- TCRβtg mice. Aire-/- 

mice develop a robust T cell infiltrate within the prostate and other non-lymphoid organs. Use of 

a transgene encoding the TCRβ chain of MJ23 enabled complete profiling of the TCR repertoire 

by deep TCRα sequencing. Of the CD4+ T cells derived from the prostates and pLNs of these mice, 

a fraction bound both allophycocyanin- and PE-conjugated tetramers, indicative of reactivity to 

C4/I-Ab (Figure 10a). C4/I-Ab tetramer-positive cells were purified from five mice via 

fluorescence-activated cell sorting (FACS) and subjected to TCRα sequencing using the 

iRepertoire platform. This yielded 1,436 distinct TCRα clonotypes, as determined by unique 

sequences in the complementarity determining region 3 (CDR3α). Of these 1,436 clonotypes, 17 

were observed across all five mice examined. Of note, this list of recurrent clones included the 

MJ23 TCRα, suggesting that the TCRs within this group were enriched for sensitivity to C4/I-Ab. 

 To validate this, we selected the three most abundant recurrent C4/I-Ab tetramer-binding 

clonotypes for further study (Table 2). Figure 10b displays the frequencies of selected clonotypes 

within the population in which these clones were identified. Unless otherwise indicated, TCR 

names are abbreviated using the amino acid sequence corresponding to positions 3 to 5 of the 

CDR3α region. For example, the TCR with CDR3α sequence AMRETWSNYNVLY is referred 

to as “RET.” For each of the TCRs listed in Figure 10b, we generated TCR “retrogenic” (TCRrg) 

mice; these mice develop CD4+ T cells bearing an individual TCR of interest, which can be used 

to perform both in vivo and ex vivo studies. TCRrg CD4+ T cells for each TCR were  

  



 85 
 

 

Figure 10 | pMHC-II tetramers identify prostate-infiltrating CD4+ T cell clones with 
differing avidities for the prostate-derived C4/I-Ab self-ligand. 
 
a. Isolation of putative C4-reactive clones. CD4+ T cells were isolated from the prostates and 
prostate-draining lymph nodes of >8-week-old Aire-/- TCRβtg male mice and stained with dual 
C4/I-Ab tetramer reagents. Tetramer-positive cells were subjected to TCRα sequencing 
(iRepertoire).  
b. Plots showing the average frequency of selected TCRs among all C4/I-Ab tetramer-positive 
CD4+ T cells (left) and among all Foxp3neg CD4+ T cells (right) recovered from the prostates and 
prostate-draining lymph nodes of >8-week-old Aire-/- TCRβtg male mice.  
c. Flow cytometric analysis of TCRrg (or TCRtg) CD4+ T cells stained ex vivo with C4/I-Ab 
tetramers. For the indicated TCRs, TCR “retrogenic” (TCRrg) mice were generated as previously 
described140. TCRrg CD4+ T cells were purified via FACS from pooled spleen and lymph nodes, 
plated at 104 cells/well, and stained with the indicated concentrations of C4/I-Ab tetramer (per 
fluorophore). Where indicated, cells from TCR transgenic (TCRtg) mice were used as a substitute 
for TCRrg cells.  
d. Summary plot for data shown in c.  
e. Plot showing the concentration of C4/I-Ab tetramer yielding half-maximal staining per clone 
(EC50) versus the frequency of each clone among prostate-associated C4/I-Ab tetramer-positive 
CD4+ T cells from Aire-/- TCRβtg mice. Data in c and d are representative of two independent 
experiments. 
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CDR3 TRAV TRAJ Average Freq. Median Freq. 

     
LYYNQGKLI  
(MJ23) 14-2 23 0.4582994459 0.4237347543 
AMRETWSNYNVLY 
(RET) 16 or 16D/DV11 21 0.0355272356 0.0038421823 
EMTGNTGKLI  
(TGN) 7-6 37 0.0172251881 0.0082604580 
PYYNQGKLI 14-2 or 14D-3/DV8 23 0.0012641459 0.0008337953 
LYCNQGKLI 14-2 23 0.0004297051 0.0004619943 
LYHNQGKLI 14-2 23 0.0003709236 0.0004014570 
LCYNQGKLI 14-2 23 0.0002709708 0.0003346892 
VYYNQGKLI 14-2 23 0.0000651806 0.0000200728 
EVTGNTGKLI 7-6 37 0.0000620365 0.0000329640 
LNYNQGKLI 14-2 23 0.0000503252 0.0000633067 
ETTGNTGKLI 7-6 37 0.0000468208 0.0000242382 
LYFNQGKLI 14-2 23 0.0000310542 0.0000245121 
LFYNQGKLI 14-2 23 0.0000190416 0.0000185288 
LYNNQGKLI 14-2 23 0.0000178689 0.0000143732 
LYSNQGKLI 14-2 23 0.0000121854 0.0000102665 
LYDNQGKLI 14-2 23 0.0000064300 0.0000061763 
LSYNQGKLI 14-2 23 0.0000059250 0.0000030881 

 
Table 2 | List of C4/I-Ab tetramer-binding CD4+ Tconv clones recurrently detected within 
the prostates and draining lymph nodes of Aire-/- TCRβtg mice. 
 
17 TCRα sequences were found in all five Aire-/- TCRβtg mouse samples. Full TCRa sequence 
information is listed, including TRAV and TRAJ usage, for each clone. Additionally, the average 
and median frequency of each TCRα sequence across all five samples are provided. Of these, the 
three most abundant were selected for TCR retrogenic studies. Selected TCRa chains are denoted 
using a 3-letter code representing residues 3-5 of the predicted CDR3a chain.  
  



 87 
 

FACS-purified, plated at a defined number per well, and subjected to dual C4/I-Ab tetramer 

staining across a range of tetramer concentrations. The majority of RET TCRrg CD4+ T cells were 

C4/I-Ab tetramer-positive, even at limiting tetramer doses, reflecting the high avidity of this clone 

for C4/I-Ab (Figure 10c-d). A similar staining pattern was observed for TCRrg CD4+ T cells 

bearing the MJ23 TCR. In contrast, for TGN TCRrg CD4+ T cells, C4/I-Ab tetramer binding was 

not saturated across the range of tetramer concentrations tested, indicating that this clone exhibits 

lower avidities for C4/I-Ab (Figure 10c-d). On their own, these data do not support the existence 

of a linear relationship between T cell avidity for spMHC-II and organ infiltration, as all three 

clones were highly prevalent among CD4+ T cells recovered from the prostates and pLNs of Aire-

/- TCRβtg mice, despite their varying avidities for C4/I-Ab (Figure 10e). 

 

CD4+ Tconv cell clones that recurrently infiltrate the prostates of Aire-/- mice display 

differing sensitivities for the C4/I-Ab self-ligand 

 Next, we sought to confirm that our C4/I-Ab tetramer-binding clones truly exhibited 

reactivity to C4/I-Ab. First, we performed ex vivo phenotyping of TCRrg CD4+ T cells isolated 

from distinct SLOs of TCRrg male mice. In TCRrg mice generated to express the MJ23, RET, or 

TGN TCRs, TCRrg CD4+ T cells were enriched in the pLNs relative to other SLOs, suggestive of 

preferential accumulation at the site of antigen expression (Figure 11a). Next, for these three 

clones, we generated primary TCRrg hosts using female mice, in which C4-reactive CD4+ T cells 

are expected to remain phenotypically naïve due to the lack of Tcaf3 expression in the periphery. 

We isolated TCRrg CD4+ Tconv cells from the pooled SLOs of these mice by sorting on CD44lo 

Foxp3DTR-EGFP-neg cells, and then transferred these cells into WT male mice. 24 hours later, TCRrg 

CD4+ Tconv cells upregulated CD69 and Egr2 in the pLNs, but not within distal sites (Figure 11b). 
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Upregulation of these markers was abrogated upon transfer of TCRrg CD4+ Tconv cells into 

Tcaf3(C4)-/- male recipients (Figure 11b), indicating that these self-reactive CD4+ T cells sense the 

C4/I-Ab antigen and experience TCR signaling as a result. Transferred cells also remained 

Foxp3neg regardless of the TCR expressed, demonstrating minimal conversion of MJ23, RET, or 

TGN TCRrg CD4+ T cells into peripherally induced Treg (pTreg) cells (Figure 11c). Based on 

these results, these clones’ responses to C4/I-Ab were not drastically restrained by antigen 

ignorance or pTreg cell differentiation. When FACS-purified TCRrg CD4+ T cells were labeled 

with the proliferation dye CellTrace Violet (CTV), co-cultured in vitro with CD11c+ splenocytes 

(as a source of APCs), and supplemented with interleukin-2 (IL-2) and exogenous C4 peptide 

across a range of C4 concentrations, all three clones proliferated upon addition of C4 peptide, 

demonstrating that these clones’ ability to respond to C4/I-Ab remained intact despite antigen 

sensing in the periphery (Figure 11d). Interestingly, compared to cells expressing the MJ23 or RET 

TCRs, TGN TCRrg CD4+ T cells required approximately tenfold greater C4 peptide doses in order 

to achieve half-maximal proliferation, in line with this clone’s lower sensitivity to C4/I-Ab. As a 

final measure to confirm reactivity to C4/I-Ab, we transferred TCRrg CD4+ Tconv cells into 

secondary WT recipients and infected the latter with 107 colony-forming units (CFU) of Listeria 

monocytogenes (Lm) engineered to express the C4 peptide (Lm[C4]; see Materials & Methods and 

Figure 11e). MJ23, RET, and TGN TCRrg CD4+ Tconv cells expanded robustly in Lm[C4]-

infected animals, but not in mice infected with the parental strain of Lm, which lacks C4 expression 

(Figure 11f). Collectively, these data show that CD4+ Tconv cells beaing the MJ23, RET, and TGN 

TCRs react to C4/I-Ab, albeit with differing sensitivities. 

 

Clones with higher sensitivities to C4/I-Ab infiltrate the prostates of tumor-free mice 
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 The release of C4-reactive CD4+ T cell clones from regulation in settings of inflammation 

raised an important question: are clones with differing sensitivities to C4/I-Ab similarly capable of 

promoting prostate-directed autoimmunity? To address this question, we adoptively transferred 

C4-reactive TCRrg CD4+ Tconv cells into Tcrb-/- recipients. T cells transferred into lymphopenic 

environments undergo homeostatic proliferation (HP) and activation as a result of excess 

availability of cytokines and spMHC-II ligands257. Following transfer into Tcrb-/- recipients, 

TCRrg CD4+ Tconv cells bearing the higher-sensitivity MJ23 and lower-sensitivity TGN TCRs 

infiltrated the prostate to similar extents (Figure 12a). When C4-reactive TCRrg CD4+ Tconv cells 

were co-transferred with filler splenocytes to curb the effects of HP, prostatic infiltration of MJ23 

and RET TCRrg CD4+ Tconv cells was partially abrogated (Figure 12b). Notably, few TGN 

TCRrg CD4+ Tconv cells were recovered from the prostates of Tcrb-/- mice following co-transfer 

with filler splenocytes. Altogether, these findings suggest that, compared to their higher-sensitivity 

counterparts, CD4+ Tconv cell clones exhibiting lower sensitivities to TSAs may rely more heavily 

on sensing inflammatory cues or cytokine signals in order to subvert tolerance to host tissues.  
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Figure 11 | The MJ23, RET, and TGN TCRs confer reactivity to C4/I-Ab. 
 
a. Distribution of MJ23, RET, and TGN TCRrg CD4+ T cells within TCRrg male mice. Primary 
TCRrg mice were analyzed >8 weeks post-generation. Frequencies of TCRrg CD4+ T cells in the 
prostate and indicated SLOs are shown. 
Primary TCRrg hosts were generated using female mice to yield monoclonal populations of naïve 
C4-reactive CD4+ T cells. TCRrg CD4+ Tconv cells from the SLOs of female TCRrg mice were 
purified and transferred into C4-sufficient Tcaf3(C4)+/- or C4-deficient Tcaf3(C4)-/- male 
recipients. Recipients were euthanized 24 h post-transfer and donor cell localization and phenotype 
were assessed (b-c). Data are representative of two independent experiments. 
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Figure 11, continued. 
b. Flow cytometric analysis of CD69 and Egr2 expression among transferred Thy1.1+ TCRrg 
CD4+ Tconv cells bearing the MJ23 (MJ23rg) or TGN (TGNrg) TCR. 
c. Flow cytometric analysis of Foxp3 and CD25 expression among transferred MJ23rg and TGNrg 
CD4+ Tconv cells. 
For the indicated TCRs, TCRrg CD4+ T cells were isolated, labeled with CellTrace Violet, and co-
cultured with CD11c+ splenocytes at a 1:5 ratio. Cultures were supplemented with varying 
concentrations of C4 peptide, and proliferation was assessed after 72 hours. 
d. Left, summary plot of CTV dilution versus concentration of C4 peptide added to co-cultures. 
Right, list of C4 peptide concentration required for each clone to achieve half-maximal 
proliferation (EC50 values). Data are representative of three independent experiments. 
Naïve TCRrg CD4+ Tconv cells isolated from female TCRrg hosts were transferred into 
congenically disparate female recipients. One day post-transfer, recipients were infected with L. 
monocytogenes expressing or lacking C4 peptide (Lm[C4] or Lm[parent], respectively) (e-f). 
e. Experimental schematic for Lm infection system to assess reactivity to C4/I-Ab. 
f. Flow cytometric plots showing the frequency of donor-derived Thy1.1+ TCRrg cells and 
recipient CD45.1+ cells among splenic CD4+ T cells isolated from recipient mice 5 d post-
infection. As a control, TCRrg CD4+ Tconv cells expressing the SP33 TCR, reactive to a different 
peptide derived from Tcaf3, were transferred140,141. Data are representative of two independent 
experiments. 
 

 
 
Figure 12 | Clones with higher sensitivities to C4/I-Ab infiltrate the prostates of tumor-free 
mice 
 
Naïve TCRrg CD4+ Tconv cells were isolated from pooled SLOs of female TCRrg mice and 
transferred into Tcrb-/- mice with (a) or without (b) co-transfer of “filler” splenocytes. Each 
recipient received 105 FACS-sorted TCRrg CD4+ Tconv cells (CD45.2/.2) ± 107 CD45.1/.1 
splenocytes. Donor cell localization and phenotype were assessed 3 weeks post-transfer.  
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Clones with lower sensitivities to C4/I-Ab are more readily observed among prostate tumor-

infiltrating CD4+ Tconv cells 

 In this vein, we next probed whether TGN TCRrg CD4+ Tconv cells could more readily 

infiltrate established prostate tumors, as cancers are frequently associated with increased 

inflammatory triggers and availability of self-antigens. We leveraged the Transgenic 

Adenocarcinoma of Mouse Prostate (TRAMP) model, in which oncogenic SV40 T antigens are 

expressed under the control of the rat probasin promoter258. This leads to oncoprotein expression 

in prostatic epithelial cells of the dorsolateral and ventral lobes, subsequent inactivation of the 

tumor suppressors Rb and p53, and invasive neoplasia by 20 weeks of age. Importantly, the 

involvement of the dorsolateral lobe in tumorigenesis makes C4/I-Ab a tumor-associated antigen 

(TAA) in TRAMP mice. To enable engraftment of adoptively transferred T cells into tumor-

bearing mice, we optimized a lymphodepletion regimen based on the chemotherapeutic agents 

fludarabine (Flu) and cyclophosphamide (Cy). In the clinic, these reagents are administered to 

patients undergoing preconditioning ahead of chimeric antigen receptor (CAR) T cell therapy. 

Flu/Cy treatment of TRAMP+/+ mice led to transient ablation of B and T cells – including Treg 

cells – in the blood and SLOs, with lymphocyte numbers starting to recover at 3 days post-

treatment. TRAMP+/+ mice treated with Flu/Cy or PBS displayed similar tumor masses 8 weeks 

post-treatment, indicating that Flu/Cy itself did not alter tumor mass (Figure 13a). Engraftment of 

transferred donor CD4+ T cells was superior in TRAMP+/+ mice preconditioned with Flu/Cy versus 

a sublethal dose of total body irradiation, an additional regimen used to promote the success of 

bone marrow transplantation or adoptive cell therapies (Figure 13b). Thus, to mirror currently 

approved clinical therapies, Flu/Cy treatment was used for all adoptive T cell transfers into tumor-

bearing TRAMP mice unless otherwise indicated.  
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 This preconditioning and adoptive transfer system allowed us to address a longstanding 

debate in the field of cancer immunotherapy surrounding the antitumor efficacy of low- versus 

high-avidity tumor-reactive CD4+ Tconv cells. Monoclonal C4-reactive TCRrg CD4+ Tconv cells 

were administered to Flu/Cy-treated TRAMP+/+ mice, and the frequency, localization, and 

phenotype of donor cells were assessed 2-3 weeks post-transfer (Figure 13c). Interestingly, TGN 

TCRrg CD4+ Tconv cells robustly infiltrated prostate tumors following transfer into 

lymphodepleted TRAMP+/+ mice (Figure 13d). Moreover, TGN cells experienced greater extents 

of proliferation in the tumor-draining pLN compared to the higher-sensitivity clone RET, as shown 

by greater dilution of CTV (Figure 13e). These findings suggest that CD4+ Tconv cells with lower 

sensitivities to self-antigens are kept in check when needing to compete for limited antigen, co-

stimulatory and/or cytokine-derived signals. Alternatively, clones bearing high sensitivities to self-

antigens may be more prone to mechanisms of peripheral T cell tolerance.  

 In Flu/Cy-treated mice, adoptively transferred C4-reactive TCRrg CD4+ Tconv cells 

briefly predominate over endogenous Treg cells, as the latter are temporarily removed following 

chemotherapy. To what extent does the endogenous Treg cell population regulate CD4+ Tconv cell 

clones with differing sensitivities to C4/I-Ab? To test this, we generated TRAMP+/- Foxp3DTR-EGFP/y 

mice, which express the human diphtheria toxin receptor (DTR) in all Treg cells. In these mice, a 

short course of DT administration leads to transient yet systemic Treg cell ablation, followed by 

repopulation of the Treg cell compartment by 3 weeks post-treatment. As a result, these mice 

experience lymphoproliferation due to temporary release from Treg-mediated suppression, but do 

not succumb to multiorgan autoimmunity. Non-Flu/Cy-treated TRAMP+/- Foxp3DTR-EGFP/y mice 

received C4-reactive TCRrg CD4+ Tconv cells followed by DT administration for 5 days (Figure 

13f). Three weeks post-transfer, intratumoral TGN TCRrg CD4+ Tconv cells were recovered at  
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Figure 13 | TGN TCRrg CD4+ Tconv cells exhibiting lower sensitivity to C4/I-Ab outperform 
higher-sensitivity cells for access to oncogene-drive prostate tumors.  
 
a-b, Development of a nonmyeloablative lymphodepletion strategy to promote engraftment of 
adoptively transferred T cells into TRAMP mice.  
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Figure 13, continued. 
a, ≥20-week-old TRAMP+/+ male mice were injected intraperitoneally (i.p.) with 10 mg/kg 
fludarabine (Flu) and 200 mg/kg cyclophosphamide (Cy) as described in Materials & Methods. 
Lymphodepleted animals were euthanized 8 weeks following the completion of Flu/Cy treatment, 
and masses of prostate tumors (left) and salivary glands, as a control (right), were measured. 
b, ≥20-week-old TRAMP+/+ male mice were injected i.p. with Flu/Cy as in a or were subjected to 
500 rads of X-ray total body irradiation. One day following treatment, lymphodepleted mice 
received 2 x 105 CD4+ T cells from Aire-/- male donors and 3 x 105 CD4+ T cells from female 
MJ23tg donors. Donor cell engraftment was assessed two weeks following adoptive transfer. 
c-e, Assessment of prostate tumor infiltration by clones bearing distinct sensitivities to the tumor-
associated antigen, C4/I-Ab. Data are representative of two independent experiments, n ≥ 4 per 
TCR. 
c, Experimental setup for adoptive transfer of CTV-labeled TCRrg CD4+ Tconv cells into Flu/Cy-
treated TRAMP+/+ mice. Donor cell localization and phenotype, as well as prostate tumor masses, 
were assessed 2 weeks post-transfer. 
d, Flow cytometric plots showing the presence and phenotype of RET and TGN TCRrg CD4+ 
Tconv cells in the pooled skin-draining lymph nodes (iabLN), the prostate-draining lymph node 
(pLN), and the prostate tumor. 
e, Analysis of CTV dilution as a measure of proliferation by TCRrg CD4+ Tconv cells recovered 
from the pLNs of tumor-bearing TRAMP+/+ mice.  
f-g, Mobilization of C4-reactive TCRrg CD4+ Tconv cells in tumor-bearing TRAMP+/- Foxp3DTR/y 
mice following transient Treg cell ablation. Data are representative of three independent 
experiments, n ≥ 6 per TCR. 
f, Experimental schematic. CTV-labeled TCRrg CD4+ Tconv cells were transferred into 
lymphoreplete TRAMP+/- Foxp3DTR/y mice. Recipients were subjected to daily i.p. injections of DT 
(see Materials & Methods) for 5 days. Donor cell localization and phenotype, as well as prostate 
tumor masses, were assessed 3 weeks post-transfer. 
d, Flow cytometric plots showing the presence of MJ23, RET, and TGN TCRrg CD4+ Tconv cells 
at the indicated sites. 
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greater numbers compared to their MJ23 or RET counterparts (Figure 13g). This result prompts 

consideration of two non-mutually exclusive possibilities. First, transient Treg cell ablation likely 

diminished the endogenous C4-reactive Treg cell population, granting TGN TCRrg CD4+ Tconv 

cells greater access to C4/I-Ab within TRAMP prostate tumors and pLNs. Second, increased TSA 

availability may have led to increased exhaustion or deletion of CD4+ Tconv cells bearing higher 

sensitivities to C4/I-Ab. Support for this second point stems from observations of decreased 

proliferation of RET TCRrg CD4+ Tconv cells (Figure 13e) and increased expression of the co-

inhibitory receptor PD-1 by RET and MJ23 TCRrg CD4+ Tconv cells (shown for RET in Figure 

13d) in the pLNs of tumor-bearing TRAMP+/+ mice. 

 

CD4+ Tconv cells bearing the high-sensitivity MJ23 TCR show limited ability to control 

prostate tumor growth 

 Next, we hypothesized that, if CD4+ Tconv cells bearing the MJ23 TCR were more 

susceptible to cell-intrinsic mechanisms of peripheral T cell tolerance, such cells would fail to 

control prostate tumor burden in TRAMP mice. We returned to our Flu/Cy preconditioning and 

adoptive transfer system (Figure 14a), instead infusing large numbers of MJ23 TCRtg CD4+ Tconv 

cells preactivated in vitro with CD11c+ cells and exogenous C4 peptide. Eight weeks post-transfer, 

tumor masses were comparable between TRAMP+/+ mice receiving MJ23tg CD4+ Tconv cells and 

control TRAMP+/+ mice (Figure 14b). In contrast, lymphodepleted TRAMP+/+ mice that received 

polyclonal CD4+ Tconv cells from Aire-/- donors exhibited reduced prostate tumor burden (Figure 

14c). Moreover, TRAMP+/- Aire-/- mice, which experience early prostatic infiltration of MJ23 and 

several other CD4+ Tconv cell clones, demonstrated reduced prostate tumor burden at 28 weeks 
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Figure 14 | Presence of polyclonal Aire-/-, but not monoclonal MJ23, CD4+ Tconv cells leads 
to reduced prostate tumor burden in TRAMP mice. 
 
(a-c) 20-week-old TRAMP+/+ males were subjected to Flu/Cy-based lymphodepletion, followed 
by adoptive transfer of 2.5-5 x 105 in vitro preactivated MJ23 TCRtg CD4+ Tconv cells (b) or 1-
2.5 x 106 polyclonal CD4+ Tconv cells from the SLOs of Aire+/- or Aire-/- males (c). Recipient mice 
were euthanized 8 weeks post-transfer and masses of the indicated non-lymphoid tissues were 
measured. Data are representative of three independent experiments, n ≥ 7 per condition. 
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Figure 14, continued. 
a, Experimental setup for adoptive transfers into TRAMP+/+ mice with established prostate tumors. 
b. Comparison of prostate tumor (left) and salivary gland (1 lobe; right) masses of TRAMP+/+ mice 
receiving monoclonal MJ23 TCRtg CD4+ Tconv cells versus control mice receiving 
lymphodepletion treatment alone. 
c. Comparison of prostate tumor (left) and salivary gland (1 or 2 lobes; right) masses of TRAMP+/+ 
mice receiving polyclonal CD4+ Tconv cells from Aire+/- versus Aire-/- donors. 
d. TRAMP+/+ mice and Aire-/- were intercrossed to generate TRAMP+/- Aire+/- and TRAMP+/- Aire-

/- mice, which were analyzed for prostate tumor mass and T cell infiltration (not shown) at 28 
weeks of age. Data are representative of three independent experiments, n ≥ 5 per condition. 
 
 

 
 

Figure 15 | MJ23 TCRrg CD4+ Tconv cells may promote the autoimmune infiltration of their 
lower-sensitivity counterparts. 
 
20-week-old TRAMP+/+ males were subjected to Flu/Cy-based lymphodepletion, followed by 
adoptive transfer of 105 Thy1.1+ MJ23 TCRrg CD4+ Tconv cells (first column), 105 hCD4+ TGN 
TCRrg CD4+ Tconv cells (second column), or 5 x 104 CD4+ Tconv cells of each clone (third 
column). Recipient mice were euthanized 3 weeks post-transfer and the localization and phenotype 
of each transferred population were assessed. Flow cytometric plots show the presence and CD44 
versus PD-1 expression of TCRrg CD4+ Tconv cells (MJ23 in orange, TGN in green). Data are 
representative of one experiment, n ≥ 2 per condition.  
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of age compared to Aire-sufficient TRAMP+/- mice (Figure 14d). Combined, these findings 

suggest that, once tolerance is broken, self-reactive CD4+ Tconv cell clones require continuous 

replenishment and/or collaboration with other such clones to mediate prolonged and effective 

immune responses against host tissues. 

 

Clones bearing greater sensitivity to C4/I-Ab may promote the prostatic infiltration of less 

sensitive C4-reactive clones 

To address the latter point of collaboration between self-reactive CD4+ Tconv cell clones, 

we generated MJ23 TCRrg mice expressing the Thy1.1 reporter on TCRrg cells, as well as TGN 

TCRrg mice whose TCRrg cells expressed a truncated human CD4 (hCD4) reporter. This enabled 

tracking of two distinct C4-reactive clones following co-transfer into the same tumor-bearing 

TRAMP mouse. Based on previous studies of CD8+ T cells, we originally predicted that the clone 

with higher sensitivity to C4/I-Ab, MJ23, would outcompete the lower-sensitivity TGN clone for 

access to self-antigen, preventing TGN TCRrg CD4+ Tconv cells from infiltrating prostate 

tumors109. Surprisingly, while TGN TCRrg CD4+ Tconv cells failed to enter prostate tumors on 

their own, co-transfer with MJ23 TCRrg CD4+ Tconv cells enhanced the recovery of intratumoral 

TGN TCRrg CD4+ Tconv cells 3 weeks post-transfer (Figure 15). Of note, TGN TCRrg CD4+ 

Tconv cells generated with the hCD4 reporter displayed lower TCR expression compared to those 

bearing the Thy1.1 reporter (data not shown), which may explain divergent results in Figure 13 

and Figure 15. Interestingly, compared to the single-transfer setting, TGN TCRrg CD4+ Tconv 

cells co-transferred with MJ23 cells showed decreased expression of CD44 and PD-1 (Figure 15). 

However, MJ23 TCRrg CD4+ Tconv cells displayed similar extents of CD44 and PD-1 expression 

in the presence or absence of co-transferred TGN cells. Based on this dichotomy, CD4+ Tconv 
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cells with higher sensitivities to TSAs may more readily infiltrate non-lymphoid tissues at early 

timepoints. In doing so, these cells promote organ infiltration of CD4+ Tconv cells with lower 

sensitivities to the same TSAs. As the former peter out, the latter may remain within host tissues 

and retain pathogenic potential. 

 

Thymocytes exhibiting higher sensitivities to C4/I-Ab undergo tTreg cell differentiation 

  As shown thus far, CD4+ Tconv cell clones with higher sensitivities to C4/I-Ab increase 

autoimmune risk by infiltrating the prostate and facilitating prostatic infiltration by other C4-

reactive CD4+ Tconv cells. Given a limited role for anergy, ignorance, or pTreg induction in the 

regulation of MJ23 and RET TCRrg CD4+ Tconv cells, the immune system may primarily avert 

disease by directing such clones into the tTreg cell fate during thymopoiesis. Doing so would limit 

the prevalence of potentially pathogenic C4-reactive clones within the CD4+ Tconv cell 

compartment and yield tTreg cells capable of competing with clones like TGN for access to 

spMHC-II ligands. To assess the extent to which the MJ23, RET, and TGN TCRs facilitate tTreg 

cell differentiation, we transferred bulk thymocytes from TCRrg mice into new hosts via 

intrathymic injection. This enabled the introduction of TCRrg T cell precursors at low clonal 

frequencies, thereby reducing intraclonal competition for niches that facilitate tTreg 

development139. Seven days following transfer, a fraction of thymocytes bearing either the MJ23 

or RET TCR upregulated Foxp3 (Figure 16). In contrast, negligible Foxp3 expression was 

observed among TGN TCRrg thymocytes (Figure 16). The ability of MJ23 and RET TCRrg 

thymocytes to undergo tTreg cell differentiation was dependent on expression of C4/I-Ab, as 

shown by minimal Foxp3 upregulation upon intrathymic injection into Tcaf3(C4)-/- recipients 
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Figure 16 | Following intrathymic injection, thymocytes exhibiting higher sensitivities to 
C4/I-Ab undergo tTreg cell differentiation in a C4-dependent manner. 
 
Female TCRrg primary host mice were generated as previously described. 107 bulk thymocytes 
from TCRrg primary hosts were injected directly into the thymi of female mice expressing or 
lacking C4 peptide (Tcaf3(C4)+ or Tcaf3(C4)-/- mice, respectively). Injections were performed 
using a nonsurgical technique under isoflurane anesthesia. Seven days post-injection, Thy1.1+ 
TCRrg thymocyte frequency and phenotype were assessed (a-c).  
a. Flow cytometric plots showing Foxp3 versus CD25 expression of Thy1.1+ CD4 single-positive 
cells.  
b. Quantification of flow cytometric data shown in a. Data are representative of one experiment, 
n ≥ 3 per TCR.  
c. Efficiency of thymic Treg cell differentiation exhibited by TCRrg thymocytes following transfer 
into C4-sufficent B6.SJL recipients. Data are representative of three independent experiments, n 
≥ 8 per TCR. 
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(Figure 16). In all, this data support diversion into the tTreg cell lineage as one mechanism by 

which tolerance is maintained towards the C4/I-Ab self-antigen. 

 

Infection with C4-expressing L. monocytogenes expands additional putative C4-reactive 

CD4+ Tconv cell clones and promotes prostatic infiltration of C4-reactive CD4+ Tconv cells 

Treg cell-mediated control of C4-reactive CD4+ Tconv cells may contribute to the 

prevention of prostate-directed immune responses, as prostatic infiltration of TCRrg CD4+ T cells 

was rarely observed in TCRrg male mice (Figure 11a). However, while TGN CD4+ Tconv cells 

are detected at lower frequencies within the prostates of mice following sustained Treg cell 

ablation, C4/I-Ab tetramer-binding TCRs are not among the most prevalent prostate-associated 

clonotypes recovered from Treg-ablated animals (Figure 1c, Table 2, and data not shown). These 

observations suggest that the combination of Treg cell-mediated suppression and limiting antigen 

availability may prevent prostatic infiltration by C4-reactive CD4+ Tconv cells.  

To address this possibility, we sought to assess functional responses of polyclonal C4-

reactive CD4+ Tconv cells following infection with Lm[C4], as this tool allows us to provide 

additional C4 peptide and potentially break tolerance to C4/I-Ab in vivo (Figure 17a). Male 

Foxp3GFP TCRβtg mice were infected with 107 CFU Lm[C4]. Seven days post-infection, CD4+ T 

cells from the spleens of Lm[C4]-infected mice were isolated and subjected to dual C4/I-Ab 

tetramer staining. Foxp3GFP-neg CD44hi tetramer-positive cells were single-cell sorted via FACS 

and subjected to TCRα sequencing to identify clonotypes that had likely expanded following 

Lm[C4] infection (Figure 17b). Intriguingly, TCRα sequencing identified recurrent clonotypes 

whose CDR3α sequences varied from those of the “canonical” RET and TGN TCRs by one or two 

amino acid residues (Figure 17c). Notably, these amino acid substitutions fell within or near the 
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non-germline-encoded junctional regions of the CDR3α, suggesting that these newly identified 

TCRs may exhibit differential binding properties to C4/I-Ab, yet retain some degree of reactivity 

to C4/I-Ab based on their detection among activated CD4+ Tconv cells in Lm[C4]-infected mice. 

In light of the above, we referred back to our original TCRα sequencing results from C4/I-

Ab tetramer-binding CD4+ T cells recovered from Aire-/- TCRβtg mice, mining this dataset for 

additional variants of the MJ23, RET, and TGN TCRs. From this analysis, we selected 10 variant 

TCRs for further assessment of their reactivity to C4/I-Ab using our TCR retrogenic approach 

(Table 3). In preliminary work, we focused on the RET variant TCR, RETTA. FACS-purified 

TCRrg CD4+ Tconv cells bearing the RET, RETTA, or TGN TCR were transferred into 

congenically disparate mice. Recipients were infected one day later with 107 CFU Lm[C4], and 

donor cell phenotype and localization were assessed 8 days post-infection (Figure 17d). For all 

three TCRs, CD4+ Tconv cells expanded in Lm[C4]-infected animals, but not in Lm[parent]-

infected mice (Figure 17e). Moreover, RET, RETTA, and TGN TCRrg CD4+ Tconv cells were 

recovered from the prostates of Lm[C4]-infected male mice, indicating that microbial infection 

and/or increases in antigen availability facilitated entry of C4-reactive CD4+ Tconv cells into the 

prostate. However, the degree of prostatic infiltration varied among the three clones under 

investigation, with many TGN but few RETTArg CD4+ Tconv cells recovered from the prostates 

of Lm[C4]-infected mice. Ongoing work will assess the sensitivity of CD4+ Tconv cells expressing 

the RETTA or other variant TCRs and will continue to dissect how differences in sensitivity relate 

to pathogenic potential of various C4-reactive clones. 
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Figure 17 | Variants of known C4-reactive TCRs are expanded following infection with C4-
expressing L. monocytogenes.  
 
a, Diagram of attenuated L. monocytogenes engineered to express the C4 peptide (see Materials & 
Methods). 
b, Experimental schematic for the discovery of additional C4-reactive TCRs. Foxp3GFP TCRβtg 
male mice were inoculated with 107 CFU Lm[C4]. Seven days post-infection, splenocytes were 
isolated from infected animals, magnetically enriched for CD4+ T cells, and subjected to dual C4/I-
Ab tetramer staining. CD4+ CD44hi Foxp3GFP-neg C4/I-Ab tetramer-positive cells were isolated via 
FACS into individual wells of 96-well plates for single-cell TCRα sequencing (scTCRseq).  
c, Partial list of candidate C4-reactive TCRs, alongside their total incidence and recurrence across 
5 mice examined. The top three TCRs are variants of the RET TCR (TRAV16 - 
AMRETWSNYNVLY - TRAJ21). The fourth TCR corresponds to MJ23. The fifth listing refers 
to TGN variant TCRs, with X indicating any amino acid. 
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Figure 17, continued. 
d, Experimental schematic for the validation of candidate C4-reactive CD4+ T cell clones using 
Lm[C4]. Prior to the experiment, female TCR “retrogenic” (TCRrg) primary hosts bearing the 
indicated TCRs were generated as previously described (see Materials & Methods). One day prior 
to infection, Foxp3GFP-neg TCRrg CD4+ Tconv cells were isolated from the secondary lymphoid 
organs of TCRrg primary hosts, magnetically enriched for CD4+ T cells, purified via FACS, and 
labeled with the proliferation dye CellTrace Violet (CTV). 104 CTV-labeled TCRrg Tconv cells 
were then transferred into CD45.1/.1 B6.SJL females. The following day, B6.SJL recipients were 
inoculated with 107 CFU Lm[C4] or parental L. monocytogenes (Lm[parent]). Eight days post-
infection, spleens, prostate-draining lymph nodes (pLNs), and prostates were harvested from 
infected mice and analyzed for Thy1.1+ TCRrg CD4+ Tconv cell expansion and localization by 
flow cytometry.  
e, Flow cytometric analysis of donor cells following Lm[C4] or Lm[parent] infection. Data show 
the frequency of Thy1.1+ TCRrg CD4+ T cells among all CD4+ Tconv cells at the indicated sites. 
Data are representative of one experiment, n ≥ 2 per clone and condition. 
 
 

 
 
Table 3 | List of putative C4-reactive “variant” TCRs under investigation. 
 
Naturally arising clonotypes harboring one to two amino acid substitutions near the underlined 
non-germline-encoded CDR3α of “canonical” MJ23, RET, and TGN TCRs (highlighted in yellow) 
were identified following TCRα sequencing of C4/I-Ab tetramer-binding CD4+ T cells from Aire-

/- TCRβtg mice and Lm[C4]-infected Foxp3GFP TCRβtg mice. For each TCR, Vα and Jα gene 
segment usage is shown, along with the CDR3α residue differences indicated in red. TCRrg mice 
have been generated for all TCRs shown, allowing for downstream validation of reactivity to C4/I-
Ab.  
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Conclusion 

By employing a robust clonal analysis of naturally occurring CD4+ T cell clones reactive 

to an endogenous TSA, C4/I-Ab, our study elucidates the impact of T cell sensitivity on the fate, 

function, and pathogenic potential of self-reactive CD4+ T cells. C4-reactive clones were readily 

identified in the endogenous CD4+ Tconv cell repertoire, indicating that the elimination of these 

clones by clonal deletion is, at best, an imperfect process76. Based on our TCRα sequencing data 

and transfers of TCRrg thymocytes, clones exhibiting higher degrees of sensitivity to C4/I-Ab 

showed limited evidence of restraint by clonal deletion but preferentially developed as tTreg cells, 

thereby limiting their pathogenic potential. Furthermore, we showed that, should these highly 

sensitive C4-reactive clones fail to differentiate into the tTreg cell lineage, they emerge as CD4+ 

Tconv cells capable of infiltrating the prostate and enhancing prostatic infiltration of other C4-

reactive CD4+ Tconv cells, including those with lower sensitivities for the same self-antigen. 

However, CD4+ Tconv cells exhibiting lower sensitivities to C4/I-Ab still possessed the ability to 

undergo prostatic infiltration in the contexts of infection, autoimmunity, and neoplasia, indicating 

that various inflammatory settings can release lower-sensitivity self-reactive CD4+ Tconv cells, 

especially if such settings involve perturbation of the Treg cell compartment. Ongoing work will 

continue to leverage our novel and physiologically relevant TCR-ligand system to further assess 

the relationship between T cell sensitivity to self-antigens and autoimmune potential and better 

understand the fundamental mechanisms by which immune tolerance is established and enforced. 
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CHAPTER V: DISCUSSION 

 

Overview 

Here, we interrogated the mechanisms by which the immune system restrains naturally 

occurring CD4+ Tconv cells reactive to endogenous self-antigens. In the case of a prostate-

associated antigen, C4/I-Ab, CD4+ Tconv cells exhibiting higher sensitivities to C4/I-Ab were 

diverted into the thymic Treg cell lineage in an Aire- and C4-dependent manner. In contrast, a C4-

reactive clone with lower sensitivity to C4/I-Ab egressed from the thymus into the CD4+ Tconv 

cell lineage but was kept in check by Treg cells in the periphery of tumor-free mice. In an 

autochthonous, oncogene-driven model of prostate cancer, lower-sensitivity C4-reactive CD4+ 

Tconv cells were able to infiltrate established tumors following adoptive transfer, even in the 

presence of endogenous Treg cells. These findings suggest that, at steady state, competition for 

access to limited antigenic and/or other inflammatory signals prevents the autoimmune function 

of self-reactive CD4+ Tconv cells. Such cues become more readily available to lower-sensitivity 

C4-reactive CD4+ Tconv cells upon systemic Treg cell ablation, indicating that systemic 

inflammation and/or loss of Treg-specific functions enables robust activation of self-reactive CD4+ 

Tconv cell clones present within the endogenous repertoire. 

 Notably, the rarity of C4-reactive clones among prostate-infiltrating CD4+ Tconv cells in 

Treg-ablated mice revealed another striking finding: the existence of a previously undefined class 

of self-reactive CD4+ Tconv cells that exhibit overt reactivity to widespread self-ligands. Through 

in-depth analyses of these cells in our TCR “retrogenic” (TCRrg) system, we found that such 

clones evade central tolerance, despite experiencing agonist TCR:spMHC-II interactions in the  
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Figure 18 | Working model of immune regulation of CD4+ Tconv cells reactive to the tissue-
specific antigen, C4/I-Ab. 
 
Thymocytes bearing TCRs that react to the prostate-derived peptide Tcaf3646-658 (“C4 peptide”) 
encounter this antigen in the thymic medulla. Upon encounter of C4/I-Ab, C4-reactive thymocytes 
differentiate as either thymic Treg (tTreg) cells or as CD4+ Tconv cells, with clones exhibiting 
higher avidities or sensitivities to C4/I-Ab preferentially experiencing tTreg cell induction (a). The 
resulting C4-reactive tTreg cells may successfully compete with their CD4+ Tconv cell 
counterparts for access to C4/I-Ab, thereby restraining the latter’s pathogenic potential (b). 
However, if highly sensitive C4-reactive clones are prevented from undergoing tTreg cell 
differentiation (as in c), such cells may egress from the thymus as CD4+ Tconv cells and promote 
autoimmune infiltration of the prostate in both tumor-free and tumor-bearing mice (d). Self-
directed immune responses by clones with lower sensitivity to C4/I-Ab may be enhanced by 
settings in which their access to antigen, cytokines, and/or co-stimulatory molecules is enhanced, 
such as in the case of systemic Treg cell ablation. 
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thymus. Instead, these self-reactive CD4+ Tconv cells adopt several features of Tfh cells in the 

periphery, including apposition to B cell follicles in the spleens of TCRrg mice. Interestingly, at 

steady state, these self-reactive “natural Tfh-like” (nTfh) cells do not express IL-21 or promote 

spontaneous GC formation, calling into question their ability to perform common Tfh cell effector 

functions. However, upon Treg cell depletion, nTfh cells downregulated Bcl6, produced IFN-γ, 

and infiltrated non-lymphoid organs, indicative of a switch to a pathogenic Th1 cell program. 

Given the ever-growing connection between Tfh and Th1 cells in autoimmunity, the clones 

described herein may play a central role in self-directed immune responses. 

 

The relationship between T cell sensitivity for self-antigens and autoimmune potential 

 Collectively, our results do not support a strictly linear relationship between a CD4+ Tconv 

cell’s sensitivity to spMHC-II and its pathogenic potential. However, such a relationship may 

appear non-linear due to differential effects at the extremes in polyclonal settings. Specifically, 

autoimmune functions of clones with higher sensitivities to self-antigens may be blunted by cell-

intrinsic mechanisms of peripheral T cell tolerance. While our analyses of MJ23 and RET TCRrg 

CD4+ Tconv cells did not demonstrate a role for the induction of pTreg cells or anergy, other 

modes of tolerance, including exhaustion and activation-induced cell death, have yet to be ruled 

out. Prior studies have implicated these mechanisms in the regulation of CD4+ and CD8+ T cell 

clones exhibiting high extents of reactivity to foreign antigens144,259. With regards to lower-

sensitivity self-reactive CD4+ Tconv cells, their organ infiltration and function may be enhanced 

by the presence of self-reactive clones with greater sensitivities to self-antigens. This point is 

supported by our co-transfers of C4-reactive clones, which demonstrated enhanced recovery of 

TGN TCRrg CD4+ Tconv cells when their MJ23 counterparts were also present. Additionally, in 
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the setting of Treg cell depletion, our observations of diminished organ infiltration by Group 1 

clones suggests that their initial discovery amongst prostate-infiltration CD4+ Tconv cells may 

have been facilitated by the more broadly self-reactive CD4+ Tconv cells comprising Group 3. 

Thus, we propose that clones with higher extents of self-reactivity represent “drivers” of 

autoimmunity once tolerance is broken, whereas clones exhibiting lower sensitivities to self-

antigens enter non-lymphoid organs as “passengers.” 

However, the extent to which passenger or “bystander” clones contribute to autoimmune 

processes remains unclear. This question has been frequently asked with regards to antitumor 

immunity, as tumor-specific and non-tumor-reactive clones are detected among CD8+ tumor-

infiltrating lymphocyte (TIL) populations. In characterizing the antigen specificity of tumor-

infiltrating CD8+ T cell clones, Newell and colleagues observe a substantial fraction of clones that 

display hallmarks of reactivity to viral epitopes, not tumor-derived antigens260. These bystander 

CD8+ TILs exhibited a tissue-resident memory phenotype, marked by high expression of PD-1, 

CD69, and the integrin CD103, suggesting that these cells had previously undergone activation 

and differentiation following antigen encounter. Notably, within tumors, these cells lacked 

expression of other TCR-induced markers, including CD39, indicating that these cells were not 

subject to chronic antigen stimulation in the tumor microenvironment. Moreover, increased 

frequencies of CD39neg CD8+ TILs were associated with poorer responses to immune checkpoint 

blockade (ICB) therapy in lung cancer patients. In contrast, other studies have reported decreased 

overall survival in patients with higher levels of exhausted CD8+ TILs. As bystander CD8+ TILs 

do not show signs of exhaustion, these cells may be contributing to tumor control by nonspecific 

cancer cell killing based on innate-like signals. Alternatively, passenger clones within tumors may 

simply be a byproduct of infiltration by tumor-specific T cells and may have no functional 
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importance of their own. Further research is required to dissect these possibilities and to 

conclusively determine whether a similar paradigm exists for CD4+ Tconv cells, as recently 

suggested by the Newell group261. In the context of the present study, a broader comparison of 

TCRrg CD4+ Tconv cells isolated from non-lymphoid organs may reveal additional phenotypic 

and/or functional differences between driver and passenger clones.  

  

Peripheral selection for self-reactive clones on the basis of sensitivity to spMHC-II 

In assessing the relative contributions of driver and passenger clones, another question 

arises: to what extent does the pool of T cells participating in an immune response evolve as the 

response persists? If T cells bearing higher sensitivities to antigen benefit from preferential 

activation and proliferation at limiting doses of antigen, then such cells may predominate the early 

stages of an immune response and prevent robust involvement of lower-sensitivity clones. On the 

other hand, if higher-sensitivity T cells eventually peter out or become terminally exhausted, an 

ongoing immune response may become dominated by their lower-sensitivity counterparts. Both 

scenarios imply selection of T cell clones based on their sensitivity to pMHC-II ligands, a 

phenomenon that remains under active investigation. In early work on this topic, Savage et al. 

immunized mice with pigeon cytochrome c (PCC) in Ribi adjuvant and stained CD4+ T cells with 

I-Ek tetramers bearing related moth cytochrome c peptide (MCC)155. By using a range of MCC:I-

Ek tetramer staining concentrations, the authors calculated apparent KD values for their cytochrome 

c-reactive CD4+ T cell population after primary immunization. A repeat of this analysis after 

secondary immunization found a decrease in apparent KD amongst cytochrome c-reactive CD4+ T 

cells, corresponding to an increase in TCR:p:MHC-II affinity. Since then, several groups have 

provided conflicting evidence for peripheral selection, with studies showing that CD4+ and CD8+ 
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T cells with higher sensitivities for antigen dominate152–154 over or give way to121,144 clones with 

lower sensitivities for antigen. Divergent findings by these studies may be explained by differences 

in the immunization strategies or infection models used, the techniques employed to measure 

sensitivity to antigen, and the timepoints chosen for analysis. This latter point is especially 

important: both high- and low-sensitivity clones have been shown to respond during primary 

immune challenges and differentiate into memory T cells. However, a recall response may trigger 

selection expansion of higher-sensitivity memory T cells, whereas a persistent immune challenge 

(or one with higher doses of antigen) may give lower-sensitivity effectors the upper hand149. 

Collectively, these findings suggest that immune challenges of differing intensity and duration 

direct the evolution of the responding T cell population and its overall sensitivity to antigen in 

distinct ways. 

 Of note, as a proxy for CD4+ T cell sensitivity to antigen, many studies use TCR:pMHC-

II affinity – as measured by surface plasmon resonance (SPR) or two-dimensional micropipette-

based (2D-MP) assays – or T cell avidity, as assessed by binding of pMHC-II multimers. However, 

as demonstrated by our study and others, binding to pMHC-II ligands in vitro does not guarantee 

functional CD4+ Tconv cell responses following antigen encounter in vivo. CD4+ T cell sensitivity 

and function may instead be more tightly linked to the duration of the TCR:pMHC-II interaction, 

which is often captured by t1/2. To test this, Yousefi et al. recently developed a TCR-ligand pair 

whose interaction half-life could be manipulated optogenetically262. In leveraging this system, the 

authors found that more prolonged interactions between their TCR and its ligand resulted in greater 

intracellular calcium flux compared to shorter, yet more frequent TCR-ligand pairings. This 

finding lends support to the kinetic proofreading model of T cell ligand discrimination, which 

posits that T cells differentiate between self- and foreign-derived ligands by exhibiting longer 
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interactions with the latter263. Differences in t1/2 may also explain the distinct behaviors exhibited 

by our various C4-reactive clones. Ongoing work seeks to characterize the binding kinetics of the 

MJ23, RET, TGN, and additional TCRs to C4/I-Ab by SPR and 2D-MP. Doing so will allow us to 

assess whether differences in binding parameters like t1/2 track with changes in the propensity of 

C4-reactive clones to infiltrate the prostate. 

 Such analyses may reveal either a positive or negative association between t1/2 and organ 

infiltration – or may fail to support the existence of such an association. According to kinetic 

proofreading, self-reactive CD4+ T cells that exhibit longer interactions with spMHC-II molecules 

are thought to be more sensitive to antigen. Such cells are expected to exhibit higher extents of T 

cell signaling, based on increased calcium mobilization, diacylglycerol (DAG) formation, and 

CD69 upregulation262,264. However, this improved T cell signaling does not translate to more 

potent CD4+ Tconv cell responses, as studies of foreign-reactive T cells have connected higher t1/2 

values to decreased polarization towards DCs and decreased proliferation144,265,266.  

Moreover, a central tenet of the kinetic proofreading model – that self-reactive T cells 

exhibit shorter interactions with spMHC-II ligands – holds primarily as a result of central T cell 

tolerance, by which clones that more durably bind to self-antigens are deleted or diverted into the 

tTreg cell lineage. A recent study by the Huseby group supports a role for t1/2 in fate determination 

of thymocytes reactive to the self-antigen Padi4, although peripheral deletion of the self-reactive 

clones they describe may also factor into their observations137. In this study, Stadinski et al. note 

that the association between TCR:pMHC-II affinity and clonal deletion (or tTreg cell 

differentiation) is not influenced by binding on-rates (kon). This finding suggests that TCR off-

rates (koff) and the associated metric of t1/2 are more relevant determinants of self-reactive 

thymocyte fate, and that the immune system selects against CD4+ Tconv cells whose TCRs can 
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engage in long-lasting interactions with self-antigens. However, our work demonstrates that the 

TCRs present within the endogenous CD4+ Tconv cell repertoire remain inherently capable of 

binding self-antigen, facilitating T cell signal transduction, and promoting infiltration of non-

lymphoid organs. Additionally, our observation that clones reactive to widespread self-antigens 

predominate within the organ-infiltrating CD4+ Tconv cell population suggests that increased 

antigen availability promotes the function of self-reactive CD4+ T cells across a range of 

TCR:spMHC-II affinities and half-lives, in line with similar findings reported for CD8+ T cells266. 

Shorter TCR:spMHC-II half-lives may instead facilitate serial triggering of multiple TCRs on the 

surface of a self-reactive CD4+ Tconv cell, leading to the latter’s activation and resistance to cell-

intrinsic mechanisms of peripheral T cell tolerance267,268. 

 

B eell-independent Tfh cell differentiation, maintenance, and function in settings of 

persistent antigen encounter 

 In this vein, many self-reactive CD4+ Tconv cells exist in settings in which chronic antigen 

stimulation can occur. How do these cells differentiate and maintain functional responsiveness in 

the presence of readily accessible self-antigens? Insights into this question may be gleaned from 

studies of chronic viral infection. In this setting, it is well appreciated that both CD4+ and CD8+ T 

cells undergo progressive dysfunction upon persistent recognition of antigen. For example, CD4+ 

Tconv cells specific for lymphocytic choriomeningitis virus (LCMV)-derived peptides rapidly 

upregulate a Th1 cell program and produce IFN-γ in mice infected with the acute LCMV 

Armstrong strain269. In contrast, mice infected with the chronic LCMV Clone 13 strain harbor 

LCMV-specific CD4+ Tconv cells that lose IFN-γ expression over time and become refractory to 

rechallenge270. Subsequent studies, however, have reported that persistent viral infection induces 
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the progressive differentiation of CD4+ Tconv cells into Tfh cells; such cells sustain virus-specific 

antibody production by B cells and are essential for viral clearance271,272. Moreover, in acute 

infection models, such as L. monocytogenes, increasing antigen doses correlated with increased 

Tfh cell differentiation among pathogen-reactive CD4+ Tconv cells. Our work fits well with these 

previous reports, in finding that CD4+ Tconv cells reactive to widespread self-antigens adopt 

canonical features of Tfh cells. 

 Notably, several infection and immunization studies demonstrate that environments with 

high antigen availability can facilitate Tfh cell induction in a B cell-independent manner. 

Following infection with chronic LCMV, Fahey et al. showed similar extents of CXCR5, ICOS, 

and OX-40 upregulation by CD4+ Tconv cells in WT and B cell-deficient μMT mice271. In 

addition, Choi et al. demonstrated that robust Bcl6 and CXCR5 induction by CD4+ Tconv cells 

could still occur in μMT mice during the early phases of acute LCMV infection273. These findings 

match our observations of Group 3 TCRrg CD4+ Tconv cells, which express hallmarks of Tfh cells 

even when transferred into animals treated with anti-CD20 antibody. Of note, B cell depletion 

following anti-CD20 administration is incomplete, with a minor fraction of CD20lo/neg GC B cells 

and plasma cells remaining 7 days post-treatment243. While it remains formally possible that these 

fully differentiated B cells could support the differentiation and maintenance of Tfh-like Group 3 

clones, a more likely possibility is that DCs can induce and maintain a Tfh-like program in Group 

3 clones by virtue of the abundance of cognate self-antigens. Future studies may leverage 

Zbtb46DTR mice to ablate conventional DCs and address the relative contributions of DCs versus 

B cells in diverting Group 3 clones towards a Tfh-like phenotype274.  

However, using both anti-CD20-treated WT mice and DT-treated Mb1Cre x Rosa26LSL-DTR 

mice, we found that B cell depletion led to a decrease in the frequency of polyclonal Group 3-like 
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PD-1hi Bcl6hi Eomes+ CD4+ Tconv cells. This difference in B cell dependence between polyclonal 

and TCRrg Group 3 cells remains enigmatic. One possibility is that, in our transfer experiments, 

Group 3 TCRrg thymocytes have already undergo thymic maturation in a B cell-sufficient 

environment. Early interactions with thymic B cells may contribute to the agonist signals exhibited 

by Group 3 TCRrg thymocytes. As a result, T:B interactions during thymic development may 

cause Group 3 TCRrg thymocytes to be transcriptionally and/or epigenetically poised to adopt a 

Tfh-like state in the periphery. This possibility may be tested by performing RNAseq or 

ATACseq275 of Group 3 TCRrg thymocytes isolated from B cell-depleted versus control animals. 

Additionally, in-depth phenotyping of polyclonal thymocytes from B cell-depleted versus control 

mice may provide further insights into the ontogeny of self-reactive Tfh-like cells276.  

 Whether or not B cells influence the induction and maintenance of self-reactive Tfh-like 

cells, our IF microscopy findings demonstrate that these two cell types may still interact with one 

another. The normal frequencies of GC B cells in Group 3 TCRrg mice do not rule out the 

possibility that Group 3 clones potentiate B cell responses. Moreover, these results also raise the 

alternative hypothesis that Group 3 clones regulate autoreactive B cells at steady state. Numerous 

studies have identified autoreactive B cells within the SLOs of mice and humans in the absence of 

autoimmune disease69,277,278. In healthy animals, autoreactive B cells display hallmarks of anergy, 

including decreased B cell receptor (BCR; IgM) surface expression and blunted antibody 

production following ligation of antigen. However, in certain settings of autoimmunity, 

autoreactive B cells receive signals that enable them to form GCs and produce autoantibodies. To 

assess whether Group 3 clones are capable of imposing B cell anergy, deleting anergic B cells, or 

restraining autoreactive GCs, one can transfer Group 3 TCRrg CD4+ Tconv cells into autoimmune-

prone mouse models or into infected mice. The impact of adoptive transfer on endogenous T and  
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Figure 19 | Working model of immune regulation of CD4+ Tconv cells reactive to widely 
expressed self-antigens. 
 
Thymocytes bearing TCRs that react to endogenous MHC class II-restricted self-antigens 
expressed by dendritic cells (DCs) egress from the thymus as CD4+ Tconv cells (a, c). At steady 
state, these broadly self-reactive CD4+ Tconv cells display hallmarks of antigen encounter in the 
periphery and upregulate signature markers associated with the Tfh cell fate (b). Upon Treg cell 
ablation, naturally occurring Tfh-like (“nTfh”) cells downregulate Bcl6, infiltrate non-lymphoid 
organs, and produce interferon-gamma (IFNγ), indicating a switch to a pathogenic Th1 cell 
program (d). A major role for alternate mechanisms of central and peripheral T cell tolerance has 
not been identified. Moreover, the relative contributions of DCs versus B cells in inducing the 
nTfh cell program remain unclear.  
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B cells could be tracked over time. Conversely, to test the ability of Group 3 clones to induce GCs, 

future studies could perform similar experiments in mice that harbor intact B cells but lack GCs at 

baseline; these include the Icos-/-, Cd40lg-/-, and CD4Cre x Bcl6fl/fl strains279–281. Lastly, it is possible 

that Group 3 clones upregulate Bcl6 and associated markers simply as a consequence of chronic 

antigen stimulation, rather than as part of a defined functional or regulatory module of self-reactive 

CD4+ Tconv cells. Future endeavors comparing the responses of Group 3 clones to CD4+ Tconv 

cells whose cognate self-antigen is known may address this possibility. 

  

Eomes as a defining feature of self-reactive “nTfh” cells 

 The identification of Eomes as a defining marker of TCRrg and polyclonal nTfh cells was 

surprising, as Eomes has more frequently been associated with Th1 cells and CD8+ cytotoxic T 

lymphocytes (CTLs)282,283. Nevertheless, recent reports have shown that, in both CD4+ and CD8+ 

T cells, Eomes may be upregulated through TCR engagement, co-stimulation, and sensing of 

various cytokines, including Type I IFNs, IL-2, IL-4, and IL-15283–286. These signals may not be 

required for maintenance of Eomes expression once it is induced287. T cell-specific deletion of 

Eomes led to decreased IFN-γ and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

secretion by CD4+ T cells following anti-CD3 stimulation. As in CD8+ T cells, Eomes is capable 

of inducing IFN-γ expression by CD4+ T cells in a T-bet-independent fashion288. However, the 

mechanisms by which Eomes operates and is induced in Tfh cells – including the nTfh cells we 

define herein – remain incompletely understood. 

 Eomes expression in nTfh cells may promote the plasticity of these cells, as demonstrated 

by their loss of Bcl6 and production of IFN-γ following systemic Treg cell ablation. CD4+ T cells 

have the capacity to express hallmarks of multiple Th cell lineages simultaneously, and often do 
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so in settings of autoimmunity289. As in other Th subsets, plasticity in Tfh cells is driven by the 

integration of distinct cytokine cues, co-stimulatory signals, and metabolic factors290. However, 

one notable difference lies in Tfh cells’ expression of Bcl6, which can repress other lineage-

defining transcription factors and the effector T cell-associated transcription factor, Blimp-1291. 

The ability of nTfh cells to express high levels of both Bcl6 and Eomes merits further investigation.  

Given the importance of Eomes for memory CD8+ T cell differentiation, Eomes may also 

impose the central memory-like T (TCM) cell phenotype exhibited by nTfh cells. In our 

characterization of Group 3 TCRrg CD4+ Tconv cell clones, we noted maintained expression of 

CD62L by these clones, despite obvious hallmarks of antigen encounter. CD44hi CD62Lhi TCM 

cells share this feature with nTfh cells, as the former have also undergone activation in response 

to pMHC-II ligands. Notably, in CD8+ T cells, Eomes deficiency leads to a profound loss of cells 

bearing the TCM phenotype245. If Eomes plays a similar role in CD4+ Tconv cells, we predict that 

loss of Eomes would hinder the induction of nTfh cells. If so, phenotypic characterization of 

CD4Cre x Eomesfl/fl mice would show a decrease in Tfh-like cells at steady state. In addition, 

intrathymic transfer experiments in which Rag1-/- Eomes-/- thymocytes are retrovirally transduced 

with a Group 3 TCR may reveal whether Eomes is required for the adoption of a Tfh-like or TCM-

like phenotype, or if TCR:spMHC-II interactions are sufficient to drive Group 3 cells into this 

unique state. 

Given its function in promoting CTL responses, Eomes may also confer cytolytic abilities 

onto nTfh cells, which these cells can leverage to control autoreactive B cell responses. While this 

possibility remains untested for our Group 3 clones, expression of Eomes by CD4+ Tconv cells 

has been associated with increased expression of granzyme B in models of autoimmune 

neuroinflammation292,293. As elevated frequencies of Eomes-expressing CD4+ Tconv cells have 
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been reported in mice with EAE and in patients with progressive forms of MS, these cells may 

impact the severity and chronicity of autoimmune disease. A recent study also implicates cytotoxic 

Eomes+ CD4+ Tconv cells in the control of B-cell chronic lymphocytic leukemia246, an intriguing 

observation considering our findings showing the potential for Eomes+ CD4+ Tconv cells to 

engage with B cells at steady state. Despite the tempting hypothesis that Eomes+ nTfh cells may 

direct their cytotoxic functions towards B cells, DCs or other APCs may also be targeted by 

cytotoxic CD4+ Tconv cells. A broader profiling of APC subsets in Group 3 TCRrg mice may 

elucidate the immune cell types influenced by nTfh cells. Lastly, Eomes may be dispensable for 

the ability of nTfh cells to promote deletion of autoreactive or anergic B cells; this function may 

be accomplished via other mechanisms, including the provision of FasL or CD40L by T cells to 

follicular or GC B cells294,295.  

 

CD73 and FR4: specific markers of anergic CD4+ Tconv cells? 

 In many of our experiments, a fraction of Group 3 TCRrg CD4+ Tconv cells expressed high 

levels of CD73 and FR4, two markers recently proposed to distinguish murine CD4+ T cells 

exhibiting hallmarks of anergy. In work by Mueller and colleagues, clones whose TCRs were 

reactive to widely expressed self-antigens progressively increased their surface expression of 

CD44, PD-1, CD73, and FR4248,296. Notably, these “anergic-phenotype” cells produced negligible 

amounts of common Th effector cytokines, such as IL-2, and remained Ki67lo, indicative of limited 

proliferative potential at steady state. In contrast, the self-reactive nTfh cells described here display 

elevated expression of Bcl6, CD62L, CD69, and Ki67. The numerous phenotypic differences 

between these two cell populations suggest that self-reactive nTfh cells represent a distinct subset 

of CD4+ Tconv cells. Further reinforcing this claim is our observation that the homeostasis of 
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polyclonal nTfh clones is dependent on B cells, whereas the homeostasis of anergic-phenotype 

cells is not. Thus, high-density expression of CD73 and FR4 may be shared by Treg and CD4+ 

Tconv cells recognizing abundant self-antigens in settings of immune homeostasis, rather than 

being limited to CD4+ Tconv cells experiencing hyporesponsiveness to spMHC-II ligands. 

Notably, the functional importance of increased CD73 and FR4 expression has yet to be 

demonstrated; experiments that force overexpression of these markers in CD4+ Tconv cells 

reactive to a defined antigen may reveal a role for these markers in immune regulation. 

 

Requirement of immune perturbation to unleash self-reactive CD4+ Tconv cells 

 We found that many of our self-reactive CD4+ Tconv cell clones exhibited greater organ 

infiltration in the setting of systemic Treg cell depletion, which induces widespread inflammation 

and releases pathogenic clones from Treg cell-mediated suppression. However, at steady state, 

organ infiltration by self-reactive CD4+ Tconv cells rarely occurred, indicating that some form of 

immune perturbation was required to enable self-directed responses against host tissues. Given 

that the selective removal of Treg cells is achieved via an artificial experimental system, it is 

important to understand how more physiological mechanisms can shift the immune system away 

from homeostasis and facilitate the autoimmune functions of self-reactive CD4+ Tconv cells. Our 

studies of C4-reactive clones in response to microbial infection (using Lm[C4]) address this by 

demonstrating that organ infiltration occurs in settings in which C4/I-Ab and inflammatory cues 

are more readily available. Notably, infection with the parental Lm strain did not trigger expansion 

or prostatic infiltration by C4-reactive clones, suggesting that inflammation alone cannot unleash 

self-reactive CD4+ Tconv cells. This finding comports with the requirement of exogenous myelin-

derived antigens for EAE induction in WT mice, as immunization with adjuvant and pertussis 
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toxin alone fails to trigger neuroinflammation297–299. Once myelin-reactive CD4+ Tconv cells are 

primed, however, they are capable of transferring disease to unimmunized animals, suggesting that 

persistent autoimmune responses can be enabled by a single occurrence of immune perturbation 

in the presence of sufficient antigen300. 

 In contrast, several mouse models of spontaneous organ-specific autoimmunity feature 

TCRtg mice in which all T cells bear reactivity to an MHC-II restricted self-antigen301–305. Self-

reactive TCRtg mice do not require immunization or infection for autoimmune organ infiltration 

to occur. Instead, as Treg cell development in TCRrg mice is limited due to intraclonal competition 

for Treg-inducing ligands139, the increased CD4+ Tconv cell to Treg cell (Th/Tr) ratio in these mice 

likely enables the activation and function of self-reactive CD4+ Tconv cells. Thus, therapies that 

increase the Th/Tr ratio, such as ICB therapies for cancer patients, may favor the expansion of 

self-reactive CD4+ Tconv cells that can mediate immune-related adverse events. Indeed, anti-

CTLA-4 administration is associated with several autoimmune toxicities, presumably due to its 

ability to induce antibody-dependent cellular cytotoxicity among Treg cells, which constitutively 

express high levels of CTLA-4306,307. On the other hand, therapies that decrease the Th/Tr ratio, 

such as through transfer of autologous Treg cells, show remarkable potential for ameliorating 

active autoimmune disease308. 

 Moreover, TCRtg models of spontaneous autoimmunity reveal that, in settings of Treg cell 

scarcity, self-reactive CD4+ Tconv cells already have access to the antigens, co-stimulatory 

molecules, and cytokines needed to undergo priming. Given our observation that a subset of self-

reactive CD4+ Tconv cells adopts a Tfh-like phenotype, cytokines that promote Tfh cell 

differentiation – including IL-6309 and IL-21310 – must also be readily available to these cells at 

steady state. Where do these accessory signals come from? It is possible that sensing of commensal 
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microbes could generate innate signals that then prompt DC maturation, cytokine production, and 

presentation of self-antigens311. This point may be addressed by generating self-reactive TCRrg 

mice in germ-free conditions. Studying the fate of self-reactive CD4+ Tconv cells in GF mice fed 

an elemental diet may also rule out inflammatory cues derived from dietary antigen intake312. 

Lastly, recognition of endogenous retroviruses (ERVs) by virus-specific CD4+ Tconv and CD8+ T 

cells may make cytokines and co-stimulation more readily accessible to self-reactive CD4+ Tconv 

cells313. However, of the limited studies that focus on ERVs, one suggests that peptides derived 

from ERV gene products may, in some instances, act as self-antigens capable of prompting 

deletion of ERV-reactive thymocytes314. Much more work is required to implicate ERV expression 

in the subversion of immune tolerance and development of autoimmunity. Altogether, a deeper 

understanding of the factors causing inflammatory cytokine production in the absence of overt 

immune challenges should shed light on the resources self-reactive CD4+ Tconv cells can access 

at steady state. 

 Unlike mice, humans predominantly live in a state of constant immune challenge, as 

demonstrated by the frequent opportunistic infections that manifest in immunodeficient patients. 

Given these observations and the appreciation of a strong environmental component to 

autoimmune etiology, several studies have sought to draw associations between microbial 

infections and the incidence of autoimmunity. Of note, Epstein-Barr virus (EBV) infections have 

been associated with the onset of MS, rheumatoid arthritis (RA), and systemic lupus erythematosus 

(SLE)315. For the latter two diseases, molecular mimicry has been suggested as a possible 

mechanism linking EBV infection and autoimmunity. Molecular mimicry entails the activation of 

autoreactive B and/or T cells through the recognition of foreign-derived antigens that exhibit 

extensive similarity to endogenous self-antigens316. However, self-reactive lymphocytes do not 
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always require contact with foreign antigens that resemble self. Other mechanisms by which 

microbial infections can promote activation of self-reactive CD4+ Tconv cells include the secretion 

of superantigens that nonspecifically crosslink TCRs317; and epitope spreading, in which self-

antigens become available to self-reactive CD4+ Tconv cells due to their release from damaged 

tissues and/or their physical proximity to foreign antigens318. The relative contributions of these 

processes to autoimmune risk and pathogenesis likely vary based on the disease in question, the 

frequency and persistence of microbial infection, the expression patterns of targeted self-antigens, 

and the prevalence and sensitivity of CD4+ Tconv cells reactive to the self-antigens involved. 

Intriguingly, infections may give rise to inflammatory signals, such as Type I IFNs, that may 

transiently inhibit Treg cell expansion or function319. This phenomenon could enable activation of 

self-reactive CD4+ Tconv cells and initiation of autoimmune responses.  

 

Conclusion 

 In summary, our work demonstrates both the existence of naturally occurring CD4+ Tconv 

cell clones reactive to endogenous self-antigens, and the divergent strategies used by the immune 

system to regulate these cells. Clones reactive to TSAs are diverted into the tTreg cell lineage 

based on their sensitivity to antigen. However, lower-sensitivity TSA-reactive CD4+ Tconv cells 

still display the ability to infiltrate non-lymphoid organs, particularly when antigen density, 

inflammatory cues, and their prevalence relative to Treg cells are increased. In contrast, clones 

reactive to more widespread self-antigens are recurrently shunted into a Bcl6hi PD-1hi Eomes+ 

state. These “nTfh” cells exhibit minimal evidence of clonal deletion or Treg cell differentiation 

in either the thymus or the periphery, despite signs of overt self-reactivity. When released from 

Treg cell-mediated suppression, nTfh cells enter non-lymphoid organs and adopt a Th1 cell 
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program marked by the expression of IFN-γ. Taken together, these findings argue against a primary 

role for clonal deletion in maintaining immune homeostasis and stress the importance of dominant 

tolerance in the form of Treg cells. In future work, a robust characterization of additional 

autoreactive TCRs, along with the identification of self-antigens recognized by nTfh cells, will 

further elucidate the ways in which TCR:spMHC-II interactions govern the regulation of self-

reactive CD4+ Tconv cells. Moreover, our current and future findings hold implications for the 

design of cancer immunotherapies that balance antitumor efficacy with autoimmune toxicity. 

 

Future Issues 

1. To what extent does prostatic infiltration by C4-reactive CD4+ Tconv cell clones correlate 

with TCR:C4/I-Ab affinity or t1/2 of the TCR:C4/I-Ab interaction? 

2. Would clones with varying sensitivities to C4/I-Ab exhibit similar degrees of prostatic 

infiltration following non-specific activation in vitro? Experiments in this vein would test 

whether sensitivity to antigen affects self-reactive CD4+ Tconv cell function at the level of 

priming versus at the level of effector function. 

3. Which mechanisms of peripheral T cell tolerance restrain higher-sensitivity C4-reactive 

CD4+ Tconv cell clones in settings of Treg cell ablation? Would decreasing the availability 

of C4/I-Ab give these clones a competitive advantage over clones with lower sensitivity to 

C4/I-Ab? 

4. Do C4-reactive Treg versus CD4+ Tconv cell TCRs exert different outcomes with regards 

to differentiation into Th cell lineages and/or memory cells based on their sensitivity to 

antigen? Are recall responses similar between C4-reactive CD4+ Tconv cells exhibiting 

differing antigen sensitivities? 
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5. What is the nature of the self-antigens recognized by the organ-infiltrating Group 1 and 

Group 3 CD4+ Tconv cell clones? 

6. Are Bcl6, PD-1, and Eomes – the markers used to identify nTfh cells – required for nTfh 

cell induction, maintenance, or function? Does Eomes impart a cytotoxic program in CD4+ 

Tconv cells? 

7. Do Tfh-like Group 3 cells potentiate or regulate B cell responses at steady state? In either 

case, what are the mechanisms by which Group 3 clones impact B cell homeostasis and/or 

function? 

8. In which ways do B cells contribute to the differentiation, homeostasis, and function of 

nTfh cells? Are Group 3 TCRrg CD4+ Tconv cells, or their polyclonal equivalent, affected 

by perturbations in B cell antigen presentation (such as in BCR transgenic mice or in mice 

lacking MHC-II on B cells)? 

9. Can nTfh cells be specifically expanded or depleted in settings of autoimmunity or 

antitumor immunity? How would modulation of this self-reactive CD4+ Tconv cell 

compartment impact the potency of self-directed immune responses?  
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