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ABSTRACT 
The T cell receptor (TCR) is essential for T cells to recognize foreign antigens from the 

diverse world of pathogens. While the TCR evolved to selectively recognize peptide presented by 

major histocompatibility complexes (MHC) on the cell surface, it must also be tested for being 

able to discriminate self from non-self. The education of T cells occurs during their maturation in 

the thymus where they interact with self-peptide MHC (self-pMHC). Importantly, while overtly 

self-reactive T cells are deleted, T cells must also obtain sub-threshold self-pMHC signals to be 

selected into the mature repertoire at all. This establishes a self-reactivity spectrum among naive 

T cells. Once naive T cells enter the periphery, they continue to obtain sub-threshold survival 

signals from self-ligand interactions. However, whether T cells across the self-reactivity spectrum 

are wired differently at the transcriptional level, whether this impacts their function post-

activation, to what extent the self-pMHC signals received in the thymus or periphery contribute to 

T cell heterogeneity, and why they are necessary for naive T cell survival, remained unknown.  

Here, we observed that naive T cells occupying opposing ends of the self-reactivity 

spectrum possessed distinct chromatin landscapes and transcriptional networks. The heterogeneity 

of naive T cells prior to their encounter with cognate antigen imparted biases in early signaling 

post-activation, regulatory T cell differentiation, and impacted follicular helper T (TFH) cell versus 

non-TFH effector lineage choice. Moreover, by depriving naive CD4+ T cells of tonic self-

interactions we identified gene expression and chromatin accessibility differences that did not rely 

on continuous peripheral self-ligand interactions and are thus likely thymically imprinted during 

development. Interestingly, one of the highest differentially expressed genes between naive CD4+ 

T cells with low versus high self-reactivity was terminal deoxynucleotidyl transferase (TdT), in 

line with a prior hypothesis that longer TCRs may be overrepresented in T cells with lower self-

reactivity. Strikingly, we observed that during chronic infection, low self-reactive T cells 

predominated in the immune response, and that in TdT-/- mice chronic viral control was delayed 

while acute viral infection was cleared normally. Finally, we investigated why continuous self-

pMHC interactions are essential for naive T cell maintenance and survival. We identified gene 

circuits involved in autophagy, lipid metabolism, response to starvation, and catabolic metabolism, 

as being upregulated upon self-ligand deprivation. Interestingly, we found that naive T cells 

underwent transient self-deprivation during viral infection, resulting in impaired function 

following in vitro stimulation. 
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Together, our work sheds new light on how the strength of self-reactivity of naive T cells 

regulates effector responses during infection, impacts T cell heterogeneity pre- and post-activation, 

and maintains T cell function. This has important implications for understanding which gene 

circuits may be amenable to therapeutics to modify T cell function, while others are epigenetically 

imprinted. Overall, we highlight the importance of the co-evolutionary relationship between a T 

cell and its pMHC ligands within an individual. 
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RÉSUMÉ 
Le récepteur des lymphocytes T (TCR) est essentiel pour reconnaître les antigènes venant 

du monde très diversifié des agents pathogènes. Alors que le TCR a évolué pour reconnaître 

sélectivement les pathogènes sous la forme de peptides présentés par des complexes majeurs 

d'histocompatibilité (pCMH), il doit aussi pouvoir pour discriminer le soi du non-soi. L'éducation 

des cellules T se produit pendant leur maturation dans le thymus par leurs interactions avec 

l’ensemble des pCMH du soi. Bien que les cellules T les plus auto-réactives soient supprimées, les 

autres doivent tout de même obtenir un signal suffisant des pCMH afin d'être sélectionnées dans 

le répertoire mature, ce qui établit un spectre de réactivité au soi parmi les cellules T naïves. Une 

fois en périphérie, elles continuent d'obtenir ces signaux qui leur permettent de survivre. 

Cependant, on ne sait pas si les cellules T sont transcriptionnellement identiques les unes aux 

autres au sein du spectre d’auto-réactivité et si cela a un impact sur leur fonction après leur 

activation. On ne sait pas non plus dans quelle mesure les signaux reçus par les pCMH du soi dans 

le thymus ou dans la périphérie contribuent à l'hétérogénéité des cellules T, ni pourquoi ces signaux 

sont nécessaires à la survie des lymphocytes T naïfs. 

Nous avons constaté que les lymphocytes T naïfs situés aux extrémités du spectre d'auto-

réactivité possèdent des paysages chromatiniens et des réseaux transcriptionnels distincts. Cette 

hétérogénéité pré-activation des lymphocytes T naïfs entraîne des biais de signalisation précoce 

lors de leur activation, ce qui résulte en des disparités dans leur potentiel de différenciation en 

lymphocytes T régulateurs (Treg) ou T auxiliaires folliculaires (TFH). En privant les cellules T CD4+ 

naïves d'interactions toniques, nous avons identifié les différences d'expression génétiques et 

d'accessibilité à la chromatine ne reposant pas sur les interactions continues avec les peptides du 

soi périphériques et donc probablement encodées dans le thymus au cours du développement. De 

façon intéressante, l'un des gènes les plus différentiellement exprimé parmi les lymphocytes T 

CD4+ naïfs peu auto-réactifs est la désoxynucléotidyl transférase terminale (TdT), en ligne avec 

une hypothèse selon laquelle les TCR les plus longs sont surreprésentés parmi les cellules T peu 

auto-réactives. De manière surprenante, nous avons observé que lors d'une infection chronique, les 

lymphocytes T peu auto-réactifs prédominent dans la réponse immunitaire, et que la perte de TdT 

induit un retard dans résolution cette infection, un effet absent lors de la résolution d’une infection 

virale aiguë. Enfin, nous avons étudié pourquoi les interactions toniques continues avec les pCMH 

du soi sont essentielles dans le maintien et la survie des cellules T naïves. Nous avons identifié 
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l’induction de circuits génétiques impliqués dans l'autophagie, le métabolisme lipidique, et la 

réponse au manque de nutriments lorsque les signaux obtenus par les pCMH du soi ont été 

supprimés. De façon intéressante, nous avons constaté que les cellules T naïves sont 

transitoirement privées des signaux venant du soi lors d’une infection virale, ce qui inhibe leur 

fonction après leur stimulation in vitro. 

Ensemble, nos travaux apportent une nouvelle vision sur le rôle de l'auto-réactivité des 

lymphocytes T naïfs dans les réponses effectrices aux infections, leur hétérogénéité avant et après 

leur activation, et le maintien de leurs fonctions. Nos découvertes ont des implications importantes 

pour comprendre les circuits génétiques et épigénétiques susceptibles d'être ciblés 

thérapeutiquement afin d'altérer la fonction des cellules T. Somme toute, nous montrons 

l'importance de la relation co-évolutive entre une cellule T et le pCMH de l’individu. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Scope 

Since 2001 Nature has issued milestone collections to highlight the most influential 

developments in science. Such collections have profiled the fields of diabetes, cancer, vaccines, 

and microbiota, among others. On December 6, 2022 (just in time for this thesis), Nature published 

its newest milestone: T cells. Some of the discoveries highlighted in the collection that are also 

discussed in this thesis include the thymus, T cell subsets, the T cell receptor (TCR), and 

distinguishing self from non-self, all impressive contributions in their own right. In 10 years, I 

hope we will see naive T cell heterogeneity receiving the attention that I think it deserves and be 

included in an upgraded version of the T cell milestone collection. 

It has long been appreciated that CD4+ T cells are able to differentiate into a variety of 

effector cell types upon recognition of foreign antigens. However, historically it has generally been 

thought that prior to encounter with foreign antigen the naive CD4+ T cell population is 

homogeneous, despite massive diversity in the TCRs expressed by T cells. Prior to my time in the 

lab, we were only just beginning to understand that differences in self-ligand signal strength 

establish a heterogeneous naive CD4+ T cell population, even prior to activation [1, 2]. For my 

work, we then asked: do self-signals pre-program the naive T cell population to possess biases in 

response to foreign antigen? Throughout my years in this lab, a body of literature from our group 

(presented in this thesis) and others have now shown that indeed self-signals pre-wire the naive T 

cell population. This thesis also addresses several other questions that we developed along my PhD 

journey. The rest of Chapter 1 is a literature review that explores three major areas of research 

essential to the work in this thesis: what is a T cell (Chapter 1.2), how do T cells ‘see’ antigens 

(Chapter 1.3), and why do T cells need to ‘see’ self (Chapter 1.4). 

Chapter 2 presents the bulk of what we did to understand how differences in strength of 

self-reactivity impact naive CD4+ T cell predispositions for effector cell responses post-activation. 

We revealed that, even prior to foreign antigen encounter, naive CD4+ T cells with low and high 

self-reactivity have distinct pre-existing chromatin landscapes and gene expression networks that 

predict biases in effector cell function and differentiation. Importantly, we also demonstrate that 

the transcriptional heterogeneity is only partially maintained by peripheral self-peptide MHC 
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interactions and that thymic development may imprint some of the chromatin and transcriptional 

networks identified.  

Most studies that have looked at naive T cell heterogeneity have focused on cells with 

higher self-reactivity. Yet, despite half the T cell population consisting of low self-reactive T cells, 

little work has asked how the low-reactive T cells contribute to the repertoire [3]. In Chapter 3, we 

show that low self-reactive cells dominate the T cell response in chronic infection and aid in 

pathogen control.  

 The work in Chapter 4 asks how T cells cope with the deprivation of self-ligand interactions 

at steady-state. While self-interactions are required for T cell survival and maintenance [4], 

surprisingly, naive T cells can survive for up to a month without these signals. We show that upon 

deprivation of self-signals naive CD4+ T cells upregulate several transcriptional networks 

suggesting an active survival response. Chapter 4 also presents a novel finding that during infection 

non-responding naive T cells undergo self-signal deprivation leading to impaired responses upon 

subsequent activation. We also show that infection-induced self-deprivation relies on type-I 

interferon (IFN) signaling. 

 The thesis concludes with Chapter 5, which discusses the main findings from Chapters 2-

4 with a focus on outstanding and new questions we have developed from the work presented here.  

 

1.2 T is for Thymus 

T cells are some of the most remarkable cells in the body. So special they have an entire 

organ dedicated to their development, the thymus, from which the ‘T’ in their name is derived. 

However, for several centuries, the thymus remained an enigmatic organ with no clear function. 

The first recorded hypothesis of thymic function was in the 14th century by Joannes Galenus, a 

philosopher, in his commentary of the Iliad where he proposed the thymus was located between 

the collar bones to protect the trachea from injury [5, 6]. As early as 1777 William Hewson 

observed that the thymus was filled with ‘particles’ that resembled what was found in the blood 

and lymph [7], which we now know today are leukocytes. The thymus was the last organ to have 

its function identified. It was not until 1961 that Jacques Miller published his seminal paper 

describing the thymus as being essential for the development of ‘immunologically competent cells’ 

[8].  
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(i) Development – where the porridge is juuust right 

 The development of immunologically competent cells in the thymus, later renamed T cells, 

is a well-timed highly choreographed process dependent on interactions with specialized cells in 

the thymic cortex and medulla. Common lymphoid progenitors first arise in the bone marrow and 

migrate to the thymus via the blood. Once in the thymus, the progenitor cells lose their potential 

to develop into B cells and natural killer (NK) cells [9, 10]. Progenitor cells become double 

negative (DN, CD4- and CD8-) T cell committed precursors which are further subclassified into 

four sequential stages of development based on the expression of CD44 and CD25: DN1 

(CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+), and DN4 (CD44-CD25-) [11].  

 During this stage of development, DN thymocytes can diverge to produce either  gd or ab 

TCR expressing cells [12]. The TCR acts as the ‘eyes’ in developing thymocytes and mature T 

cells that allow them to ‘see’ the world via peptides presented in the context of major 

histocompatibility complexes (pMHC) (discussed further in Section 1.2). For ab thymocytes, at 

the DN3 stage, the invariant pre-TCRa is first expressed [13]. The pre-TCRa pairs with a TCRb-

chain produced from an arrangement of Vb, Db, and Jb gene segments that have undergone 

somatic recombination dependent on RAG1 and RAG2 expression to form the pre-TCR [14, 15]. 

The expression of a functional TCRb is required for the cell to complete b-selection [16].  

 Thymocytes that survive b-selection subsequently undergo several rounds of division and 

transition into the largest population of developing cells in the thymus, the double positive (DP) 

stage, where they upregulate CD4 and CD8 coreceptors and rearrange the TCRa locus (composed 

of Va and Ja gene segments) [17]. The fate of DP thymocytes is determined by four processes – 

death by neglect, negative selection, positive selection, and lineage commitment [18]. It is TCR 

interactions with self-peptide MHC (self-pMHC) that provide the filtering criteria for selecting 

TCRs. The majority (~90%) of TCRs in the DP population interact weakly, if at all, with self-

pMHC and die by neglect [19]. Low to moderate strength interactions with self-pMHC provide 

the necessary signals to survive (positive selection) and promote differentiation to either the CD8 

or CD4 single positive (SP) stage when the TCR interacts with peptide presented by either MHCI 

or MHCII respectively (lineage commitment) [20]. A small fraction of thymocytes bear TCRs that 

interact with self-pMHC too strongly, which triggers apoptotic cell death, or clonal deletion, and 

are pruned from the repertoire [21-23]. Alternatively, in some instances where self-pMHC signals 

would normally induce deletion, thymocytes can develop into NK-T cells, intestinal intraepithelial 
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lymphocytes, and regulatory T cells (Tregs) [24]. By the time thymocytes complete development 

only a small fraction (~5%) of all possible TCRs pass the ruthless selection process and while there 

is a strict threshold between positive and negative selection that is permissible to survival, the 

‘goldilocks’ zone, the breadth of self-pMHC interactions that support positive selection covers a 

broad range [20, 25-27]. If a CD4+ SP or CD8+ SP thymocyte has passed the gauntlet of 

development, it will leave the thymus within a few days and enter the bloodstream where it will 

circulate as a mature naive T cell.  

 

(ii) Periphery – location, location, location 

 The fundamental role of a T cell is to search for and destroy anything non-self. Like in the 

thymus, T cells continue to use pMHC interactions to test their environment. To cover the most 

ground, naive T cells lead a nomadic life and are continuously circulating throughout the body via 

the blood, secondary lymphoid organs (SLOs), and the lymph [28, 29]. Once in the SLO, it might 

be expected that brute force migration toward a pathogen would be the most efficient way to 

eliminate a threat [30]. However, such behaviour is not observed in migrating naive T cells because 

cognate antigens presented by APCs do not provide signal cues until TCR engagement. Moreover, 

given the rarity of antigen-specific naive T cells, only a few cells per 105-106 total naive T cells 

[31-33], the best migratory strategy would be to provide all cells with equal opportunity to scan an 

APC [34]. Indeed, in the T cell zone of the lymph nodes, naive T cells undergo integrin-

independent diffusive (Brownian-type) random walking [35-37]. While naive T cell migration 

lacks a collective strategy, movement is not entirely random. Naive cells utilize an interconnected 

network of stromal fibroblast reticular cells (FRCs) to aid in ‘guided random walks’ [38]. The 

FRCs produce the chemoattractants CCL19 and CCL21 which T cells use to migrate through the 

SLOs at speeds of ~11µm/min [37, 39-41]. However, during this migration, there are fluctuations 

in slow and fast movements that are partially linked to integrins [39]. For example, LFA-1 

interactions with ICAM1 on dendritic cells (DCs) promote high-speed motility bursts in naive T 

cells [42]. Additionally, CCR7, the receptor for CCL19 and CCL21, promotes retention in the 

lymph node (LN) and is important for maintaining naive T cell speed but not directionality [43]. 

A naive T cell will typically spend ~4-24 hours within a given LN, with naive CD4+ T cells on 

average spending less time in the LN than naive CD8+ T cells [44, 45]. During their time in the 

LN, a naive CD4+ T cell will scan ~200 DCs whereas a naive CD8+ T cell scans ~300 DCs [44]. 
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If a naive T cell does not find a foreign antigen it recognizes (cognate antigen), it relies on 

sphingosine-1-phosphate receptor 1 expression to promote egress into the efferent lymph and the 

migratory cycle begins anew [46]. 

 

(iii) Wonder T cell powers … Activate! 

At steady-state, naive T cells are maintained in a quiescent state, which is an active process 

characterized by low metabolic, transcriptional, and translational activity [47]. Once a TCR 

engages its cognate antigen the T cell will exit quiescence and undergo activation. Activation is a 

complex signalling cascade that utilizes co-receptors, enzymes, and adaptor proteins to promote 

transcription factor activity and rapid changes within the T cells. For full activation a naive T cell 

requires three signals: 1) TCR signaling, 2) co-stimulation, and 3) cytokines.  

 

Signal 1 – the TCR handshake 

 The first signal that kickstarts T cell activation is when the TCR engages its cognate antigen 

presented by MHC, triggering a downstream signaling cascade (Figure 1). Upon stabilization of 

the TCR:pMHC interaction with the co-receptors CD4 and CD8, the protein kinase, LCK, is 

brought to the immunoreceptor tyrosine-based activated motifs (ITAMs) on the TCR complex 

[48]. Phosphorylation of the TCR ITAMs provides docking sites for the cytoplasmic kinase Zap-

70 [49]. Zap-70 will subsequently phosphorylate tyrosines on the linker for activation of T cells 

(LAT), which LCK is unable to phosphorylate [50]. This stage is often considered the rate-limiting 

step during cognate antigen stimulation (Discussed further in Chapter 1.3.iv). LAT serves as a hub 

for several signaling molecules that have wide-ranging downstream effects. For example, the 

phosphorylation of phospholipase C cleaves phosphatidylinositol biphosphate (PIP2) into 

diacylglycerol (DAG) and inositol triphosphate (IP3) [51]. IP3 then activates the release of internal 

calcium stores from the endoplasmic reticulum as well as entry of calcium from the extracellular 

environment [52]. The increased concentration of cytosolic calcium activates the phosphatase 

calcineurin which dephosphorylates the transcription factor NFAT allowing its translocation into 

the nucleus to bind target genes [53, 54]. Additionally, the increased calcium levels coupled with 

DAG and PIP2 activate protein kinase C and promote NF-kB signaling [54].  
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Figure 1. TCR signaling. Adapted from [55].  

 

Signal 2 – co-receptors co-llaborate 

The second signal provides necessary help for sustained T cell activation. CD28 was the 

first of the co-stimulatory receptors to be described in T cells [56]. Binding to the B7-1/B7-2 

ligands on APCs, CD28 induces phosphoinositol-3-kinase activation which promotes ERK and 

mitogen activated protein kinase (MAPK) signaling to lower the threshold for activation and 

enhances T cell proliferation and survival [57]. Since the discovery of CD28, several other co-

stimulatory molecules have been identified, such as CD44, LFA-1, 4-1BB, OX40, and ICOS [58]. 

When T cells do not get these second signals they become anergic or die [59].  

To counter the effects of co-stimulation during TCR signaling, T cells also use co-

inhibitory receptors. The first co-inhibitor described was CTLA-4 which limits co-stimulation by 

competing for the same ligands as CD28 [60]. In addition to CLTA-4, other co-inhibitory 

molecules (PD-1, LAG3, and TIGIT) play a key role in dampening the TCR signal [58]. Most 

inhibitory markers regulate the TCR signals by utilizing phosphatases like SH2 domain-containing 

tyrosine phosphatase 1 (SHP-1), SHP-2, and serine/threonine protein phosphatase 2A to 

dephosphorylate components of the TCR signaling cascade [58]. The interplay of the co-

stimulatory and co-inhibitory molecules work together to promote T cell activation but also shut 

down the TCR signaling cascade when necessary.  
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Signal 3 – cytokines, Kool-Aid for T cells 

 The third signal is provided by cytokines which are crucial proteins in cell-to-cell 

communication and are secreted by a wide range of cells. While fibroblasts and epithelial cells can 

produce cytokines, cells of the innate immune system provide the primary source of polarizing 

cytokines that instruct lineage decisions [61]. Following the recognition of pathogen associate 

molecular patterns, the pattern recognition receptors (PRRs) expressed on innate cells tailor 

cytokine secretion based on the pathogen encountered (bacterial, viral, parasitic, and fungal) 

allowing the fine-tuned response of effector T cells that are best suited to control the invading 

pathogen.  

 

(iv) The different flavours of T cells  

 The cytokines that a naive T cell is exposed to steer effector cell differentiation. The first 

effector subsets identified were the T helper 1 (TH1) and TH2 [62] which have now expanded to 

include the TH9, TH17, TFH, and Treg lineages (Figure 2A) [63]. Effector lineages have historically 

been classified by a lineage-defining transcription factor and the cytokines produced. However, 

importantly, there is plasticity in effector lineage choices where differentiation into one lineage 

does not preclude the cell from adopting the function of another [64]. Additionally, effector cells 

can express the transcription factors of multiple lineages [65].  

 

TH1: TH1 cells typically develop in response to intracellular pathogens (type I responses). 

Differentiation is initiated by interleukin (IL)-12 binding with the IL-12 receptor (IL-12R) which 

signals downstream via STAT4 to upregulate the transcription factor T-bet leading to IFN-g, TNF-

a, and IL-2 production [66, 67]. Specifically, IFN-g can then act in a positive feedback loop and 

promote further TH1 differentiation via STAT1 signaling [68]. These cytokines work together to 

recruit macrophages to the site of infection and enhance their ability to eliminate pathogens [69]. 

They also provide support for the destruction of cancer and infected cells by inducing apoptosis 

and enhancing CD8+ T cell and NK cell cytotoxicity [65]. 
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TH2: Type II responses are elicited by allergens and multicellular pathogens, like helminths, which 

drive IL-4 production that signals through the IL-4R upregulating GATA3 and committing the T 

cell to the TH2 lineage [70, 71]. TH2 cells then produce the cytokines IL-4, IL-5, and IL-13 [72]. 

Like IFN-g for TH1 cells, IL-4 produced by TH2 cells can sustain prolonged TH2 responses. 

Because parasites are large multicellular organisms, the cytokines produced by TH2 cells do not 

work by killing the pathogen but rather by assisting in the expulsion of the worms [69]. TH2 

cytokines will promote the activation and degranulation of eosinophils and mast cells, smooth 

muscle contraction, goblet cell hyperplasia and mucus secretion, as well as immunoglobulin E 

(IgE) class switching in B cells [73]. 

 

TH9: A relatively new class of effector cells, TH9 cells were first described in 2008 when it was 

found that TH2 cells could be reprogrammed into cells primarily expressing IL-9 by stimulating 

them with TGF-b and IL-4 [74]. Commitment to the TH9 lineage requires the transcription factors 

IRF4 and PU-1 leading to the expression of IL-9 and IL-10 [75, 76]. TH9 cells, like TH2 cells, play 

an important role in tissue inflammation and anti-parasitic responses and have recently been 

implicated as a key contributor to the anti-tumor response [77]. 

 

TH17: TH17 cells are involved in type III responses and are critical for the elimination of 

extracellular single-cell pathogens and fungi. Commitment to the TH17 lineage is guided by TGF-

b and IL-6 signaling through STAT3 to induce RORgt expression [78]. The signature cytokines 

produced by TH17 cells include IL-17 (IL-17A and IL-17F), IL-21, IL-22, and TNF-a [79]. IL-17 

signaling through the IL-17R, which is expressed on many cell types including stromal cells like 

fibroblasts and epithelial cells, leads to the production of b-defensin and C-type lectins that kill 

bacteria directly [80]. In addition, the cytokines secreted by TH17 cells aid in the recruitment of 

neutrophils and macrophages to the site of infection [81].  

 

Treg: While the above-mentioned TH cell lineages function to promote immune responses against 

pathogens, Tregs dampen the immune response. First described in 1995, CD4+ T cells expressing 

the IL-2Ra chain (CD25) were shown to prevent spontaneous autoimmune diseases [82]. In 2003, 

mutations in the transcription factor Foxp3 were responsible for the development of severe multi-
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organ autoimmune diseases [83]. Independently in 2003, it was discovered that these CD25+ CD4+ 

T cells were dependent on Foxp3 expression, later termed Tregs [84]. 

 Tregs can develop either in the thymus or in the periphery. Tregs formed in the thymus 

require access to IL-2 and are derived from CD4-committed thymocytes that typically receive 

stronger self-signals during development, referred to as natural Tregs [84]. In the periphery, naive 

CD4+ T cells can be instructed to become Tregs in the presence of IL-2 and TGF-b, induced Tregs 

[84]. Tregs utilize several mechanisms to inhibit effector T cell function such as IL-2 sequestration, 

co-inhibitory signaling, and immunosuppressive cytokine production. Tregs express increased 

levels of the high-affinity IL-2Ra and act as a sink for IL-2 by mopping up available cytokine 

preventing use by other effector T cells [85]. Additionally, Tregs express high levels of inhibitory 

receptors like CTLA-4, PD-1, LAG3, and TIGIT [86]. Another mechanism that Tregs use to 

dampen T cell responses is by producing the cytokines TGF-b and IL-10 which inhibit T cell 

proliferation and reduce antigen presentation and pro-inflammatory cytokine production by APC 

[87]. 

 

TFH: TFH cells are rather complicated cells, their differentiation is not defined by a single cytokine 

but instead, fate commitment relies on multistage multifactorial signals. Upon priming by a DC in 

the SLO T cell zone, if a naive CD4+ T cell upregulates the chemokine receptor CXCR5 it will 

migrate to the border of the B cell follicle [88]. This early TFH differentiation phase is regulated 

by TCR signal strength, IL-6, ICOS, and IL-2. On average, naive T cells that have longer dwell 

times with pMHC, thus presumably receiving stronger TCR signals, preferentially become TFH 

cells [89]. IL-6 signalling transiently upregulates the lineage-defining transcription factor BCL6 

which is necessary for CXCR5 expression [90]. Signalling by ICOS synergizes with IL-6 to 

reinforce BCL6 expression for early TFH differentiation and migration to the B cell follicle [91]. 

In addition, IL-2 signals are a potent inhibitor of TFH commitment early during T cell priming [92, 

93].  

 The next stage in TFH commitment occurs when T cells interact with antigen-specific B 

cells in the follicles of the B cell zone. As the early TFH cell upregulates CXCR5 it decreases the 

expression of CCR7 allowing the cell to leave to T cell zone. Once in the follicle, B cells become 

the primary APC population for the early TFH cells and provide ICOS-ICOS ligand signals that 

promote proper positioning [94]. The final stage of TFH lineage commitment involves the germinal 
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center (GC). The GC is a structure within the B cell follicles consisting of GC TFH cells, GC B 

cells, follicular dendritic cells, macrophages, and stromal cells [95]. Within the GC, TFH cells 

produce IL-21 and provide help for B cells undergoing affinity maturation (reviewed in [96]).  

 Until the discovery of TFH cells, it was thought that cytokine signaling fixed lineage fate 

decisions of effector cells. However, neither IL-6 nor IL-21 are able to induce sustained expression 

of BCL6 and stably polarize T cells to the TFH lineage and, unlike other effector T cells, in vitro 

differentiation (which uses cytokines to polarize activated CD4+ T cells) of TFH cells has been 

unsuccessful to date. Additionally, TFH cells arise in diverse immune environments and can 

produce several context-dependent cytokines like IFN-g, IL-4, and IL-17, thus blurring whether 

TFH cells are discrete effector lineages or not [97]. Recently, a new paradigm in the CD4+ T cell 

fate decision has been proposed whereby early in activation a bifurcation event occurs when a T 

cell ‘decides’ to become a bona-fide TFH cell or undergo effector differentiation (Figure 2B). This 

bifurcation event can thus produce any of the classical effector cells but also a TFH counterpart 

(TFH1, TFH2, TFH17, and T follicular regulatory [TFR] cells) [98].  

 
Figure 2. CD4+ T effector lineage choices. (A) The different effector lineages with polarizing cytokines, lineage-

defining transcription factors, and cytokine production. (B) The new paradigm of early activated CD4+ T cell bifurcation 

in fate decision with a focus on type I polarization. 
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(v) One versus many – single-cell and population-based diversity 

 Flexibility and diversification are key features of an effective T cell response. While the 

number of precursor frequencies ranges from a couple dozen to several hundred epitope-specific 

naive T cells per mouse [31], during systemic infection nearly all of the naive T cells specific to 

the invading pathogen are recruited into the response [99]. Thus, diversity within a T cell response 

must arise from several naive T cells recognizing the same epitope. A number of non-mutually 

exclusive ways to generate this T cell diversity have been proposed for individual cells as well as 

by population averaging [100]. At the individual cell level, the two hypotheses proposed are ‘one 

cell, one fate’ and ‘one cell, multiple fates’. From the population level, diverse responses can be 

generated in a fractal (the diversity proportion in single T cells scales for the entire epitope-specific 

population) or composite manner (each T cell within an epitope-specific population possesses a 

distinct pattern of diversification). Several studies have shown that T cell responses support the 

‘one cell, multiple fates’ hypothesis and that population-level T cell responses are built in a 

composite fashion [89, 101-103]. 

 

(vi) Conclusion 

T cells have the extraordinary capacity to become several flavours of effector cells and to 

tailor their responses to the type of pathogen being encountered. But they also face what seems 

like an insurmountable obstacle, they must find their cognate antigens. I imagine this search is like 

finding a needle in a haystack, except the haystack is the size of a mountain, it is dark, and you 

only know you found the needle once it pokes you. To top it off, it is likely that the needle you are 

searching for is on a different mountain. The next section discusses how T cells learn to recognize 

the diverse world of ligands and differentiate self from non-self. 

 

1.3 Seeing the world through the perspective of a T cell 

The adaptive immune systems of both jawless fish and jawed vertebrates have evolved 

receptors, the variable lymphocyte receptors (VLRs) A and C and the TCR respectively, that 

recognize foreign antigens from the immensely diverse world of pathogens [104]. However, while 

it is likely that these receptors evolved as a mechanism to selectively recognize pathogens, a key 

feature of antigen recognition via the TCR is that T cells must be able to discriminate self from 

non-self and that self-recognition does not overtly activate naive T cells. In this section, we will 
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explore how TCR diversity is generated, how T cells differentiate self from foreign, and tools that 

are used to measure TCR signal strength.   

 

(i) Be fruitful and diversify – TCR generation 

As thymocytes develop they rearrange the a- and b-chains of the TCR. Germline TCR 

sequences establish an evolutionary baseline for TCR diversity encoded by somatic recombination 

of V, J, and D (b-chain only) gene segments [105]. In mice, the a-chain locus constitutes ~100 V 

and 60 J segments and 35 V, 12 J, and 2 D segments in the b-chain [106, 107]; for humans, ~70 V 

and 61 J segments of the a-chain and 52 V, 13 J, and 2 D segments of the b-chain [108]. As the 

V(D)J gene segments are arranged the DNA polymerase terminal deoxynucleotidyl transferase 

(TdT) adds ~2-7 additional non-templated (N)-nucleotides at the junction sites of the V(D)J 

segments accounting for >90% of TCR diversity [109-111]. However, the addition of these N-

nucleotides is not entirely random where TdT biases the insertion of dGMP and dCMP over dAMP 

or dTMP [110, 112]. Estimations have placed the number of possible TCRs in the range of 1015-

1020 [113-115], a staggering number akin to the estimated number of stars in the observable 

universe (1024). Yet, not all TCR gene recombination events are useful and stringent selection 

processes weed out T cells bearing non-functional and auto-reactive antigen receptors [116]. Still, 

the naive T cell population likely consists of hundreds of millions of different TCRs representing 

individual T cell clonotypes and is a major source of heterogeneity in this population [113, 117]. 

Thus, the repertoire of an individual cannot possibly possess all TCRs and a subset of potential 

sequences must be sufficiently large enough to respond to all foreign challenges. Studies have 

suggested that the likelihood of a particular TCR being represented in the mature T cell repertoire 

is dependent on the probability of that TCR being encoded by multiple sequences (ie. sequences 

with multiple codons that translate the same amino acid are more likely to be present than 

sequences that encode amino acids with few redundant codons)  [118].  However, it remains 

unclear if there are biases and patterns in the choice of TCRs and how a T cell repertoire is selected 

based on the TCRs used.  

 

(ii) Features of the TCR  

Different structural components of the TCR interact with peptide and the MHC molecule 

itself. The complementarity-determining region 1 (CDR1) and CDR2 of the TCR are encoded by 
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germ-line sequences whereas the CDR3 is composed of the V(D)J gene segments along with the 

TdT-mediated N-nucleotides insertions that form the antigen-binding site of the TCR. Upon 

binding of ligands, the residues of the CDR1 and CDR2 interact with the MHC, whereas the CDR3 

interacts with the peptide [113, 119]. Together, the CDRs of the TCR adopt an overall shape that 

is complementary to pMHC. Because the CDR1 and CDR2 are conserved they only adopt a few 

secondary structures which limit structural diversity among the TCR thus establishing consistent 

MHC contacts across the T cell repertoire [120, 121]. Conversely, there is little complementarity 

in the shape of the TCR with pMHC ligands [122]. Additionally, amino acid usage has been shown 

to aid in MHC ligand specificity. Hydrophobic amino acid residues at positions 6 and 7 within 

TCRa and TCRb chain CDR3s increase the frequency and strength of TCR interactions with 

pMHC likely by excluding water molecules from the binding site [55]. Together, these structural 

features of the TCR inform sequence-specific effects of the TCR on ligand binding. 

The physical features of the TCR promote stable interactions with pMHCs. However, 

whether TCR engagement of pMHCs results in catch bonds (force prolongs the TCR-pMHC 

interaction) versus slip bonds (force shortens the TCR-pMHC interaction) has remained a topic of 

debate [123-125]. Despite this, it is clear there are distinct differences in the binding kinetics of 

the TCR with long-lived foreign-pMHCs versus the short half-life of self-pMHCs [26, 126-128]. 

It is the integration of these TCR-pMHC interactions and the downstream cellular signaling 

networks that are required for T cells to surpass the digital (on/off) activation threshold.  

 

(iii) Setting self-pMHC signal strength 

Once a T cell rearranges an abTCR it is tested by interacting with self-peptide presented by 

thymic APCs. It is generally thought that self-reactivity is determined at the DP stage during 

positive selection when the mature abTCR is first expressed. Increasing evidence suggests 

however that, in fact, self-peptides during b-selection may play a previously underappreciated role 

in shaping T cell self-reactivity. Historically, the pre-TCR has been thought to not be necessary 

for DN thymocytes to pass through b-selection [129-131]. More recently, however, biochemical 

studies have demonstrated that the pre-TCR interacts with pMHC similarly to the abTCR but in a 

distinct conformation and, likely, with broader specificity [132-135]. Binding of the pre-TCR to 

pMHC at this stage initiates the TCR signaling cascade and mutations that inhibit pre-TCR 

interactions with pMHC partially inhibit progression to the DP stage of development [135]. At the 
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b-selection stage, the absence of self-pMHC decreases cell proliferation, TCR repertoire diversity, 

and promotes abnormal differentiation [134, 136]. Together these studies suggest that both self-

ligand-dependent and -independent b-selection may establish an initial distribution in self-

reactivity amongst developing thymocytes before a mature TCR is even expressed (Figure 3). 

  At the DP stage of development, thymocytes undergo positive selection by receiving self-

signals from cortical thymic epithelial cells (cTECs) that support commitment to the CD4+ or CD8+ 

SP stage. The strict threshold in strength of self-reactivity sets the bounds for positive and negative 

selection and only ~5% of all possible TCRs survive this strict selection criteria [20, 25-27]. 

Notably, the efficiency with which an individual thymocyte completes positive selection may 

impact the overall self-reactivity of the TCR repertoire. Thymocytes that bear TCRs with higher 

affinity for self-pMHC complete positive selection and differentiate into SP thymocytes more 

rapidly [137]. Moreover, in the CD4+ T cell lineage, there is a non-normal skewed distribution of 

CD5, a marker of self-reactivity (discussed in section 1.3.v), suggesting that thymocytes 

expressing TCRs at the higher end of the permissible self-reactivity spectrum preferentially pass 

the positive selection bottleneck [1]. Overall, the various developmental stages that thymocytes 

receive self-pMHC signals likely play a role in collectively establishing the breadth of self-

reactivity among the mature T cell repertoire (Figure 3). 

 
Figure 3. The self-immunopeptidome in establishing naive T cell heterogeneity. Double negative (DN) thymocytes 

rearrange the β chain of the T cell receptor (TCR) pairing it with the pre-TCRα. These DN cells undergo β-selection 

which may establish an initial setpoint for T cell self-reactivity. Upon successful rearrangement of the α chain, double 
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positive (DP) thymocytes undergo positive selection whereby self-peptides are presented by cortical thymic epithelial 

cells (cTEC). Cells that do not receive self-signals at this stage die by neglect. DP thymocytes then commit to either 
CD4+ or CD8+ single positive (SP) thymocyte lineages and are negatively selected on self-pMHC presented by 

medullary thymic epithelial cells (mTEC), dendritic cells (DC), and B cells. The thymocytes that respond too strongly to 

self are removed from the T cell repertoire. As a population, SP thymocytes that survive negative selection represent 
a distribution of self-reactivities, which in CD4+ SP T cells, is skewed towards cells with higher self-reactivity. Upon 

egress into the periphery, recent thymic emigrants (RTE) undergo retuning of TCR signal sensitivity and are 

incorporated into the mature naive T cell pool. Adapted from [4]. 

 

The breadth of self-reactivity may also be a function of the TCR or an outcome of the 

mechanisms generating TCR diversity. In particular, the addition of non-templated nucleotides by 

TdT at the V(D)J junctions during TCR recombination may broaden the self-reactivity of the TCR 

repertoire [138]. Both in naive CD4+ and CD8+ T cells, expression of the TdT gene, Dntt, has been 

shown to be substantially greater (~10 fold) in low-affinity T cells [139-142]. Indeed, it has 

recently been shown that there is a correlation between greater expression level of Dntt during 

TCR rearrangement and more added n-nucleotides that, on average, produce TCRs of lower self-

reactivity [143]. Moreover, thymocytes from TdT-deficient mice more efficiently undergo positive 

selection suggesting the TCR repertoire may be enriched for relatively higher affinity clones that 

are more cross-reactive [144, 145]. 

 

(iv) Discriminating self from non-self 

Discriminating between self and foreign is a formidable challenge given that peptides from 

pathogens closely resemble those encoded by mammalian genomes [146]. To borrow a language-

learning parallel that has been proposed for their training in the thymus, T cells learn to ‘read’ the 

language of peptide presented in the context of MHC and are able to distinguish between the 

peptides (words) originating from self versus foreign proteins (two different languages) [146]. 

Ultimately, how T cells are mostly able to successfully make this distinction is still not fully 

understood, but likely requires a broad diversity in TCRs for possible pMHCs [147]. 

The kinetic proofreading model provides the best explanation for how T cells can 

discriminate self from foreign to receive tonic signals or undergo activation respectively. Multi-

step reversible biochemical reactions downstream of the TCR accumulate to create a time delay 

between the pMHC interaction and the induction of T cell activation, or not [148] (Figure 3, 

reviewed in detail here [149]). Given that such biochemical steps are reversible, the TCR-pMHC 
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interactions must either be of sufficient affinity and density, long enough half-life, or are stable 

enough to activate the T cell. While both self- and foreign-pMHC signals induce phosphorylation 

of the ITAMs on CD3 or TCRz, self-ligand interactions with the TCR are weaker with shorter 

half-lives preventing naive T cells from reaching the irreversible activation threshold within the 

signaling cascade [50, 150, 151]. Whereas, foreign-pMHC signals are of sufficient length and 

strength to overcome the necessary steps to kickstart T cell activation. Recent work has shown that 

while low-affinity ligands phosphorylate the CD3 chains and induce Zap70 association similarly 

to high-affinity ligands, low-affinity ligands cannot lead to Zap70 phosphorylation resulting in 

impaired LAT and CD6 signalosomes (the multi-protein signaling complexes assembled by LAT 

and CD6) [152]. Importantly, while the physical location of the TCR intracellular signaling 

machinery plays an important role in self versus foreign discrimination [153]; it remains unknown 

which step in the kinetic proofreading model acts as the switch for bona-fide T cell activation.  

 

 
Figure 4. Kinetic proofreading model for discrimination of self versus foreign ligands. Propagation of TCR 

signals is triggered by a series of reversible biochemical reactions that ultimately lead to T cell activation. These 

biochemical reactions include phosphorylation (a), protein-protein interactions (b), protein-protein dissociation (c), and 
dephosphorylation (d).  (A) TCR signals from self-pMHC are short-lived weak interactions that do not propagate down 

the signaling cascade to induce irreversible activation before the TCR disengages with self-pMHC. (B) When TCR 

interactions with foreign-pMHC are sufficiently long they accumulate phosphorylation across the reversible steps and 
overcome the irreversible T cell activation threshold. Adapted from [149]. 

 

TCR:pMHC
interaction

MHC
Self-peptide JO

ToRtBACKWARD
rate

Signaling
protein

(12
(P

FORWARDrate
ofareversible
signalingstep

Self-pMHCengagement
Shortboundhalflife

(2'3

TCR:pMHC
interaction

Foreign-pMHCengagement
Longboundhalflife

MHC
Foreignpeptide

TCR

3

Disengagement
Unbound

TCR:self-pMHC
interactionis
notsustained
longenough

Irreversible
signalingstep
arenottriggered

Tcellis
notactivated

Disengagement
[Unbound:

TCR:self-pMHC
interactionis
sustained
longenough

Productivesignals
propagate
downstreamto
irreversiblestep

(2/30
Irreversible
signalingstep

(23)
Tcellis
activated



 35 

The LAT signalosome plays a pivotal role in maintaining naive T cell ability to 

differentiate self and foreign antigen. During tonic self-ligand interactions, the LAT signalosome 

includes phospholipase Cg1 (PLCg1)-DAG which subsequently phosphorylates the transcriptional 

repressor HDAC7 leading to cytoplasmic accumulation [154]. Loss of LAT will allow HDAC7 to 

accumulate in the nucleus repressing Nur77 and IRF4 thus blunting T cell proliferation and 

differentiation upon encounter with cognate antigen [154]. In fact, the phosphorylation of LAT at 

tyrosine 132 appears to be an essential rate-limiting step for ligand discrimination of self versus 

foreign [155, 156].  

Following the formation of the proximal TCR signalosomes, downstream transcription 

factors fully activate naive T cells characterized by extensive chromatin remodeling, transcription, 

metabolic shifts, proliferation, and effector cell commitment. Most notably following LAT 

activation, self- versus foreign-ligand discrimination is controlled by competing ERK (positive) 

and SHP1 (negative) feedback loops [157, 158]. Weak pMHC binding, such as recognition of self-

ligands, recruits the phosphatase SHP-1 to the proximal TCR signaling machinery and desensitizes 

the TCR by inactivating LCK; following strong foreign ligand binding, phosphorylation of ERK 

via LCK prevents SHP-1 recruitment and promotes sustained signaling leading to gene activation 

[158]. However, given the complexity of the TCR signaling cascade, it is likely that self vs foreign 

discrimination is the result of the cumulative contribution of many interconnected signaling 

networks which have not yet been fully elucidated. 

 

(v) Measuring TCR signal strength 

 We classify ligands as either of self or foreign origin where self-pMHC interactions are 

generally weaker than foreign. However, within both sources of pMHC, there is heterogeneity in 

binding strength that can vary by several orders of magnitude [159, 160]. A great deal of interest 

has gone into developing tools to measure pMHC binding strength and assess T cell heterogeneity. 

 

Surface plasmon resonance: One of the first techniques developed to measure TCR interactions 

with pMHC was surface plasmon resonance (SPR) in 1994 [161, 162]. TCR is flowed over pMHC 

bound to a sensor surface. As TCRs bind the pMHC, mass accumulates on the sensor surface thus 

increasing the signal which can be used to obtain binding kinetics and affinities. However, this 
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technique is not easy to scale to a polyclonal population and requires prior knowledge of the 

epitope to be loaded onto the MHC.  

 

Two-dimensional binding assays: Shortly after SPR was developed, the micropipette adhesion 

frequency assay (later renamed the two-dimensional [2D] binding assay) was introduced [163]. 

For this assay, pMHC is coated onto the membrane of a red blood cell (RBC) through a biotin-

streptavidin system. The RBC and a T cell are immobilized on a micropipette and brought into 

contact with each other to establish TCR:pMHC interaction. The kinetics and affinity are 

determined based on the frequency of contacts within a set timeframe and how much the RBC 

membrane deforms upon retraction. Like SRP, this technique also suffers from the same 

requirement of a priori knowledge of the pMHC specificity for the TCR being tested.  

 

Tetramers: Tetramers, first described in 1996 [164], revolutionized the way antigen-specific CD4+ 

and CD8+ T cells were studied. Briefly, recombinant MHCI or MHCII monomers loaded with a 

peptide of interest are biotinylated and tetramerization is achieved by adding a streptavidin 

molecule conjugated with a fluorophore [165]. Tetramers can measure the binding strength for a 

particular antigen-specific T cell by assessing the dissociation rate of the tetramer off the cell, 

although low-affinity T cells tend to be missed by tetramers [128, 166]. The main disadvantage of 

using tetramers is that you can only assess one clonotype at a time and, like SPR and 2D binding 

assays, prior knowledge of the epitope specificity is required. 

 

TCR transgenic mice: Developed in 1988 [167], TCR transgenic mice have now become a 

foundational tool for studying antigen-specific T cell responses. Unlike tetramers which assess 

single T cell clones within a polyclonal population, TCR transgenic mice only have one clonotype 

that makes up its entire T cell pool. A repertoire composed of a single T cell clone simplifies the 

interpretation of the T cell response to antigen but can make it difficult to draw parallels with the 

polyclonal T cell population. 

 

Surrogate markers: The sub-threshold signals obtained from self-pMHC at steady-state are 

challenging to measure directly, particularly as only very few self-peptides have been identified 

so far for known TCRs [126, 168-170]. Thus, the characterization of functional heterogeneity 



 37 

among naive T cells has relied on markers whose expression levels provide read-outs of self-

reactivity. One of these is CD5, a surface glycoprotein expressed on all T cells that modulates TCR 

signaling [142, 171-175]. Two others are the orphan nuclear receptor member Nr4a1 encoding 

Nur77, for which a GFP reporter can identify sub-threshold TCR signal strength [176-178], and 

Ly6C, a GPI-linked receptor that is upregulated on a subset of naive T cells shortly upon egress 

from the thymus [179]. While both CD5 and Nur77 are broadly distributed on CD4+ and CD8+ T 

cells and directly correlate with self-reactivity, Ly6C has a bimodal distribution on naive CD4+ T 

cells whereby CD4+ T cells with relatively low self-reactivity are Ly6C+ and CD4+ T cells with 

higher levels of self-reactivity are Ly6C- [179]. In some studies, the combination of all three 

markers is used to subset naive CD4+ T cells [180, 181], while other studies have focused on 

comparing CD5lo to CD5hi naive T cells [2, 3, 140-142, 182-184] or Ly6C+ with Ly6C- naive CD4+ 

T cells [139, 179]. Of note, recent findings suggest that CD6 might be a more stable marker of 

self-reactivity than CD5 with differences that are more obviously maintained following activation 

[140]. However, CD6 has not been used to date to assess functional heterogeneity among naive T 

cells. 

 

(vii) Conclusion  

T cells face strong selective pressure in the thymus, it is more likely than not for a 

thymocyte to die than survive development. For those lucky few thymocyte soldiers that do 

survive, they have been trained by interactions with self-ligands that establish their rank within a 

polyclonal population as defined by the strength of self-reactivity. Once a T cell leaves basic 

training (the thymus) and is deployed to the periphery it needs to reliably be able to identify 

civilians (self ligands) from enemies (foreign ligands). In this thesis, we are interested in parsing 

naive T cell heterogeneity by self-reactivity and asking whether there are predispositions for T 

cells in response to activation and lineage choices. This is the topic of interest for Chapters 2 and 

3. 

 

1.4 Γνῶθι σεαυτόν [Greek, Oracle of Delphi]: “Know thyself” 

 The idea that the body can discriminate self from foreign has been traced back as far as 

ancient Egypt and India where skin from a person’s cheek or forehead was used as skin grafts in 

early rhinoplasty and otoplasty procedures [185, 186]. However, why skin grafts from the same 
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person survived (sometimes) and did not if the skin was from a different individual remained 

unknown. It was not until the 1950s that immunological tolerance was proposed where the 

introduction of foreign antigens in fetal development prevented the ‘antibody-forming system’ (T 

and B cells were not identified yet) from rejecting grafted tissue in adulthood [187]. In the 1980s, 

T cells were identified as the linchpin in establishing tolerance to self by clonally deleting T cells 

with TCRs that recognize a selecting self-ligand [167, 188]. However, we now know that not all 

self is ‘bad’ self and, in fact, self-pMHC signals are essential for all T cell development and in the 

periphery naive T cells will receive subthreshold self-signals for the rest of their lives. In this 

section, we discuss what is self, what self-signals do for naive T cells, and how self-signals 

maintain a functionally heterogeneous population. 

 

(i) Self-immunopeptidome – all the things you are 

The self-immunopeptidome is the full set of peptides that are derived from proteins 

encoded by an individual’s genes and that can be processed and presented by APCs on their MHC 

molecules. It is likely that the set of peptides that constitute the self-immunopeptidome is highly 

individualized due to genetic polymorphisms, variations in protein expression levels, splice 

variants, and binding differences of distinct MHC alleles. Estimates have suggested that the self-

immunopeptidome consists of 104-106 peptides by calculating non-overlapping peptides from the 

proteome that can be bound by MHC [146, 189-191]. Of note, the availability of better MHC I 

peptide binding prediction software, and the greater ease with which mass-spectrometry studies 

have been able to elute and sequence MHC I presented peptides have meant that while our 

understanding of the self-peptidome is far from complete, it is less well defined for MHC II- than 

MHC I-bound peptides. Adding complexity, our understanding of what ‘self’ is has evolved over 

recent years with the emerging view that ‘self’ may extend beyond the genome-encoded proteome 

to include peptides from the microbiome or endogenous viral elements, as well as cryptic peptides 

generated from apparently untranslated genomic regions or non-contiguous protein segments [191-

193]. Moreover, with age, changes in protein translation, apoptotic cell uptake, and/or antigen 

presentation both in the involuting thymus and in the periphery by DCs may also lead to shifts in 

the composition of the self-immunopeptidome [194-197]. Importantly, the self-immunopeptidome 

is also a function of the organ, the presenting cell type, and whether it expresses only MHC I or 

also MHC II, as well as the peptide processing machinery available. 
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(ii) Self-immunopeptidomes in the thymus and periphery 

 Self-proteins are degraded either in the cytoplasm by proteasomes or in endosomes by 

proteases where peptide fragments are then loaded onto MHCI or MHCII to be presented to the 

developing thymocytes. These different proteolytic processes presumably provide unique activity 

that alters the repertoire of degraded self-peptides generated. The cTECs, which positively select 

thymocytes, uniquely express the b5t-proteasome subunit as well as the cathepsin-L endopeptidase 

and thymus-specific serine protease (TSSP) [198-201]. The b5t-proteasome degrades proteins for 

peptide loading onto MHCI and cathepsin-L and TSSP for MHCII [198-204]. Conversely, the 

medullary thymic epithelial cells (mTEC), which negatively select thymocytes, do not express the 

b5t-proteasome subunit or cathepsin-L, and instead predominantly rely on the constitutive 

proteasome and immunoproteasome to generate their MHC-bound peptide repertoires [205]. 

Additionally, mTECs broaden their self-immunopeptidome by using the transcription factor 

autoimmune regulator (AIRE) to promiscuously express a ‘shadow self’ in the thymus that 

includes tissue-restricted antigens (TRA) [206-208]. More recently, mTECs have been shown to 

differentiate into cells that mimic peripheral cell types including microfold cells and tuft cells, 

among others [209-211]. Microbiome-derived peptides can also be shuttled to the thymus by 

migratory DCs further expanding the self that is used to train T cells [212-215]. However, it 

remains unknown whether the self-immunopeptidome that is presented to thymocytes is a random 

sample of all possible self-peptides generated or whether there are features of presented self that 

facilitate self- versus non-self-discrimination and, ultimately, T cell functionality, as has been 

suggested [146]. 

In the periphery, many hematopoietic cells such as macrophages and DCs express both the 

constitutive proteasome subunit and immunoproteasome, and the immunoproteasome can be 

upregulated in hematopoietic and non-hematopoietic cells in the presence of pro-inflammatory 

cytokines to impact peptide processing as well as gene expression [216]. Thus, the medullary self-

immunopeptidome is likely more reflective of the peripheral peptide repertoire than that found in 

the thymic cortex. However, how much the thymic and peripheral self-immunopeptides overlap 

remains an open question. Importantly, restricting the self-immunopeptidome leads to severely 

curtailed TCR diversity emphasizing the critical crosstalk between self and T cells in determining 

the TCR repertoire composition [138, 217]. 
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(iii) Maintaining T cell homeostasis and repertoire diversity 

 Once T cells leave their thymic training ground and become part of the mature naive T cell 

pool, their key function is to survey for foreign-pMHC. In doing so, they transit between SLOs via 

the blood and move within each SLO, scanning pMHC on DCs and stromal cells [29, 218]. Given 

that an individual naive T cell’s usefulness hinges on this continued surveillance activity, it is 

perhaps not surprising that their scanning function is intimately tied to naive T cell survival, 

providing an opportunity to remove T cells from the pool that have ceased to make productive 

contacts with self-pMHC. The reliance on tonic TCR signals for naive T cell survival has been 

shown by inducible ablation of TCR or TCR-proximal signaling molecules, as well as adoptive 

transfers into MHC I or II-deficient mice [219-223]. For reasons that are still unclear, loss of tonic 

self-pMHC signals results in only a gradual decline in naive T cell numbers. Self-deprived naive 

CD8+ T cells have a half-life of 16-19 days, and naive CD4+ T cells have a half-life of 30-45 days 

[221, 223]. In contrast, the loss of IL-7 signaling, another key survival signal for naive T cells, 

leads to a much more rapid decay [224]. The ability of T cells to survive without self-signals is 

perhaps even more striking when compared to B cells which die within 3-6 days of tonic signal 

deprivation [225]. Interestingly, it is also not understood how tonic sub-threshold TCR signals 

provide naive T cells with survival cues. The absence of IL-7 signals leads to reduced cell size, 

lower levels of the glucose transporter GLUT1, reduced mitochondrial function, and decreased 

ATP levels [226], but whether lack of access to self-pMHC results in a similar ‘starvation’ 

phenotype in naive T cells has not been examined.  

 While the continued relationship with self-pMHC in the periphery is a key means by which 

the naive T cell surveillance function is enforced, self-pMHC contacts and competition for these 

contacts within the naive T cell pool are also thought to play a role in maintaining TCR repertoire 

diversity. Precursor frequencies of T cells with the same foreign-pMHC specificity within a 

polyclonal naive repertoire range from a few dozen to several hundred antigen-specific cells [32, 

227, 228], but whether similar frequencies of T cells recognize the same self-pMHC and how 

foreign pMHC specificity relates to the particular self-peptide(s) able to provide tonic survival 

signals remains unknown. It is likely that at least a degree of overlap in self and foreign recognition 

between T cells plays a role in maintaining distinct precursor frequencies given that TCR cross-

reactivity is confined to a narrow set of related peptides [147, 229]. However, examples have also 
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been described where T cells with the same foreign-pMHC specificity are not selected on the same 

self-pMHC, and, conversely, where T cells with distinct foreign pMHC specificity do recognize 

the same self-ligand [126, 168, 230]. Evidence for the idea that naive T cells compete for tonic 

self-ligands comes from transferring TCR transgenic CD4+ T cells into lymphoreplete recipients 

and showing that monoclonal naive T cells have a longer half-life when added in small compared 

to large numbers to an established polyclonal repertoire [228]. Indeed, when naive T cell numbers 

drop, increased availability of IL-7 and reduced competition for self-pMHC pushes the normally 

quiescent naive T cells into division [231]. Notably, naive T cells with distinct self-pMHC 

reactivities differ in their ability to contribute to the reconstitution of a T cell repertoire during 

lymphopenia-induced proliferation (LIP), likely as a function of the intensity of competition for 

access to particular self-ligands [232-234]. Thus, weakly self-reactive T cells undergo slow LIP 

and maintain a naive phenotype whereas high self-reactive T cells rapidly proliferate under 

lymphopenic conditions and adopt memory-like phenotype [232, 233, 235, 236]. Interestingly, 

CD5 levels increase as competition for self-peptide is reduced in lymphoreplete environments 

though the functional impact of this has not been tested [232].  

 

(iv) Plasticity, tuning and readiness 

While there is evidence that functional biases among naive T cells are at least partly 

imprinted during thymic selection and subsequently maintained in the periphery, some level of 

plasticity exists in mature naive T cells that is influenced by the quality of continued interactions 

with the self-immunopeptidome in SLOs. Evaluation of the similarities and differences in the 

function of recent thymic emigrants (RTE) and their mature naive T cell counterparts provides 

valuable information regarding which characteristics might be set in the thymus versus maintained 

or induced in the periphery. RTEs retain a heightened sensitivity to TCR engagement with self-

pMHC, display elevated levels of CD5 and Nur77 as compared to more mature naive T cells, and 

have an enhanced ability to reconstitute a lymphopenic environment [177, 237, 238]. In some 

respects, the functional characteristics of RTEs are similar to those at the high end of the self-

reactivity spectrum of the mature naive T cell population in that RTEs preferentially differentiate 

into Tregs [239]. However, other functional biases associated with higher self-reactivity are not 

replicated in RTEs, including biases in CD4+ T helper differentiation and the increased 

contribution to acute immune responses; these may be thymically imprinted characteristics that 
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are independent of the strength with which the T cells interact with the self-immunopeptidome in 

the periphery. In line with this, CD5 expression itself, while modulated in response to access to 

self-ligands in the periphery, remains distinct between different TCR transgenic populations with 

different CD5 levels in transitioning from thymic SP T cells to mature naive CD4+ T cells, and 

sorted CD5hi naive CD4 T cells do not become CD5lo even when deprived of self-ligand access [1, 

44, 140, 240]. 

Interestingly, the pathways that have been implicated in imposing naive T cell quiescence, 

as defined by their low metabolic activity and G0 cell cycle state, do not seem to be a function of 

self-pMHC reactivity, relying on gatekeepers such as Tsc1 and VISTA expression, although their 

relationship with self-reactivity has perhaps not been fully explored [47, 93, 140, 241]. Despite 

being actively quiescent, naive T cells nonetheless remain in a state of readiness for activation, 

rapidly turning over a subset of proteins, maintaining a reservoir of glycolytic enzymes, and 

preserving a large number of idling ribosomes, all of which facilitate the rapid changes T cells 

undergo during activation [242]. Whether these ‘readiness’ features of naive T cells are modulated 

by self-pMHC interactions has not been investigated, but these studies emphasize that there are 

features of naive T cell function that rely on plastic, ongoing processes. Indeed, transient variations 

in protein levels of SHP1 and ERK can impact the diversity in T cell responsiveness to antigen in 

CD8+ T cells, explaining some, but perhaps not all, of the intra-clonal variability observed within 

TCR transgenic populations [243]. Similarly, the transcriptional wiring of naive CD4+ T cells was 

recently shown to have both imprinted (presumably through epigenetic modifications) as well as 

continually adjusted components, and at least some of the plasticity in gene expression arises as a 

result of continued engagement with self-pMHC [140] (as described in Chapter 2), although 

specific molecular mediators (such as type I interferon and asymmetric cell division) may also 

play a role [241, 244-247]. Moreover, it has been shown that the removal of tonic self-pMHC 

signals leads to the rapid dephosphorylation of the TCRz chain and ZAP70, and results in stunted 

TCR signaling, proliferation, and IL-2 production upon foreign pMHC recognition [248]. In 

addition, in the CD8+ T cell lineage, disruption of interactions with self-peptide leads to increases 

in coreceptor expression and, ultimately, an increase in sensitivity to low-affinity ligands [249]. 

Whether and which functional traits underlying naive T cell heterogeneity can be ascribed to being 

fixed versus plastic is therefore an important outstanding question.  

 



 43 

(v) A heterogeneous naive T cell population dependent on self 

 There is a long-standing assumption that naive CD4+ and CD8+ T cells are largely 

homogeneous populations despite the extraordinary diversity of their TCRs. While, on the 

population level, naive CD4+ T cells express higher CD5 and Nur77 compared to naive CD8+ T 

cells suggesting that naive CD4+ T cells may receive stronger self-pMHC interactions. The space 

within the self-reactivity spectrum of a polyclonal population that an individual naive T cells 

occupies may not entirely be dependent on the affinity and/or avidity of the TCR interaction with 

self-pMHC. It has been suggested that the tissue distribution of self-ligands may also impact the 

intensity of self-recognition by naive T cells. For example, naive T cells that are higher in self-

reactivity may be selected on ‘public’ peptides that would be readily accessible in the periphery; 

whereas, some naive T cells of lower self-reactivity may be selected by ‘private’ peptides that have 

limited expression in the periphery [250]. Additionally, evidence has emerged to suggest that 

variability in basal levels of self-reactivity among individual cells within the T cell population 

differentially regulates homeostasis and function.  

 Gene expression differences and functional biases among individual T cells are reflective 

of the spectrum of self-reactivity across the population (Figure 5). Of note, the naive CD8+ T cell 

population has a substantially narrower distribution of cell surface CD5 as compared to naive CD4+ 

T cells possibly a result of 'coreceptor tuning'; unlike the CD4 coreceptor, CD8 levels on individual 

T cells are adjusted in the periphery to balance the self-reactivity of the TCR [249, 251]. As a 

result, the underlying heterogeneity in naive CD4+ T cells and the role of self-pMHC reactivity in 

driving this variation is better defined. There are increases in TCR signaling molecules and 

negative regulators of T cell activity at the gene and protein level that correlate with heightened 

basal interactions with self-peptide, the balance of which impacts responsiveness to antigen 

challenge and, perhaps, limits autoimmune pathology at the precarious threshold between T cell 

readiness and overt autoreactivity [1, 2, 139, 140, 180, 181]. On average, naive T cells with 

relatively higher levels of self-reactivity are poised to respond to antigen challenge and 

preferentially contribute to the immune response in the context of acute infection, though those T 

cells at the highest end of the spectrum may be refractory to activation [1, 2, 140, 141, 180, 181]. 

The increased rigor with which CD4+ T cells that receive comparatively stronger signals from 

basal interactions with self-peptide respond to antigen challenge also limits the response as they 

are more sensitive to activation-induced cell death [2]. This may explain, in part, why their CD5lo 
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counterparts play a larger role in a chronic infection setting [252, 253], as described in Chapter 3. 

Interestingly, pre-existing transcriptional networks present within the naive CD4+ T cell 

population are predictive of some, but not all, cell fate biases [139, 140]. CD4+ T cells with low 

self-reactivity preferentially produce IFNg [3, 142, 179], while cells at the high end of the spectrum 

are prone to differentiate into regulatory T cells (Treg) and T helper 17 (TH17) cells (Figure 5) 

[139, 140, 179, 183]. T cells that experience stronger tonic TCR signaling express a follicular 

helper (TFH) cell gene signature [140, 181], and these cells are skewed toward the TFH fate in a 

lymphoreplete environment [140, 254]; however, there may be exceptions to this general rule 

[255]. In a broader context, differences in thymic selection that lead to changes in the basal self-

reactivity of the naive T cell population at both ends of the life spectrum may play a role in the 

unique T cell response to antigen challenge in neonates and the elderly population [256, 257]. 

 

 
Figure 5. Naive CD4+ T cell heterogeneity. Distinct steady-state transcriptional and chromatin-accessibility states 
have been described for naive T cells at the high compared to the low end of self-reactivity, as identified by surrogate 

markers for the strength of self-reactivity, including CD5, CD6, and Nur77. Among naive CD4+ T cells, differences have 

been described in basal phosphorylation of the TCR z chain, in levels of cytosolic calcium, and in NFkB signalling 
among others, as well as in the expression levels of negative regulators of TCR signaling. Importantly, these differences 

impact responses following activation with foreign antigen, including IL-2 production, susceptibility to activation-induced 

cell death, and the relative contributions to distinct effector lineages. Adapted from [4]. 
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(vi) Conclusion 

 T cells have a life-long relationship with self-ligands that begins in the thymus and 

continues in the periphery. The self-signals naive T cells receive in the periphery play several 

supporting roles: they induce cell division in lymphopenic conditions, promote retention in the 

SLOs, can act as coagonists, increase T cell sensitivity to foreign antigen by polarizing the TCR 

on the cell membrane, and provide survival signals (Figure 6) [138]. In fact, the importance of 

self-pMHC in providing survival cues for naive T cells has been appreciated for over 25 years. 

Yet, we know surprisingly little about the pathways T cells use when receiving self-signals to 

maintain survival and sensitivity. Conversely, we know even less about the amazing ability of 

naive T cells (especially CD4+ T cells) to survive for well over a month when self-signals are 

limiting. In Chapter 4 we tackle these questions and ask if there are other physiological settings 

that might impact access to self-ligands.  

 
Figure 6. Role of self-signals on peripheral naive T cells. Adapted from [138]. 
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PREFACE TO CHAPTER 2 
 

Once CD4+ T cells encounter their cognate antigen they can differentiate into several 

effector cell populations. It has historically been thought that prior to foreign antigen encounter, 

naive CD4+ T cells are a homogeneous population despite the fact that there are differences in the 

strength that T cells can recognize ligands. The goal of this study was to determine whether 

differences in strength of self-reactivity pre-wire the naive CD4+ T cell population and bias 

response to activation and effector lineage decisions. In addition, we ask to what extent 

transcriptional heterogeneity is dependent on tonic self-ligand interactions.  
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CHAPTER 2: PRE-EXISTING CHROMATIN ACCESSIBILITY AND GENE EXPRESSION DIFFERENCES AMONG NAIVE CD4+ T CELLS INFLUENCE EFFECTOR POTENTIAL 
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On the cover: 

Naive CD4+ T cells are heterogeneous with respect to their strength of reactivity to self (coded 

from red to purple). In this chapter, Rogers et al. show that this self-reactivity spectrum is 

established by pre-wired transcriptional and chromatin states that are partially imprinted during 

thymic development. Artwork by Judith N. Mandl and Dakota Rogers. 

 
This image was featured as the cover of Cell Reports Volume 37 Issue 9 (2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 49 
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2.1 Summary 

CD4+ T cells have a remarkable potential to differentiate into diverse effector lineages following 

activation. Here, we probe the heterogeneity present among naïve CD4+ T cells before 

encountering their cognate antigen to ask whether their effector potential is modulated by pre-

existing transcriptional and chromatin landscape differences. Single-cell RNA sequencing shows 

that key drivers of variability are genes involved in T cell receptor (TCR) signaling. Using CD5 

expression as a read-out of the strength of tonic TCR interactions with self-peptide MHC, and 

sorting on the ends of this self-reactivity spectrum, we find that pre-existing transcriptional 

differences among naïve CD4+ T cells impact follicular helper cell (TFH) versus non-TFH effector 

lineage choice. Moreover, our data implicate TCR signal strength during thymic development in 

establishing differences in naïve CD4+ T cell chromatin landscapes that ultimately shape their 

effector potential. 
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2.2 Graphical Abstract 
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2.3 Introduction 

Heterogeneity is a fundamental property of cellular systems [258, 259]. Even clonally-

derived cell populations exhibit variations in gene expression which impact cell fate decisions 

[260, 261]. Single-cell studies of immune cells have begun to reveal the diversity present in 

populations thought to be homogeneous and emphasized its role in the immune response [262, 

263]. Such heterogeneity is perhaps nowhere as intimately tied to cellular function as it is in 

adaptive immune cells. T cell populations comprise a breadth of T cell receptors (TCRs), with 

individual cells expressing unique TCRs generated by somatic recombination [105]. CD4+ T cells, 

in particular, possess a remarkable capacity for diversification into distinct effector lineages 

following activation that are defined by the cytokines they make and immune cells they act on. 

Indeed, CD4+ T cell effector fate is critical in tailoring an immune response to the specific 

pathogen encountered [264, 265]. 

CD4+ T cell differentiation relies on dynamic metabolic and transciptional changes [266, 

267]. An early CD4+ T cell fate decision is between effector subsets (T helper 1 (TH1), TH2, TH9, 

and TH17) and follicular helper T cells (TFH). TFH cells are essential to germinal center (GC) 

formation and generation of high-affinity plasma and memory B cells. TFH development requires 

TCR engagement, expression of the lineage-defining transcription factor Bcl6 with inhibition of 

Blimp1, and upregulation of surface proteins such as PD-1, CXCR5, and ICOS, enabling 

interaction with B cells [97, 268]. Remarkably, a single CD4+ T cell clone can expand into both 

TFH and non-TFH cells [89, 269]. CD4+ T cell clones are not equal, however. The propensity of a 

single CD4+ T cell to differentiate into one helper subset over another varies between cells 

expressing distinct TCRs [89, 103, 270]. Whether this clonal variablity in cell fate is determined 

entirely by TCR signal strength upon antigen encounter, or whether naïve T cells are pre-wired 

with specific effector biases remains incompletely understood. 

 It is increasingly appreciated that naïve CD4+ T cells already differ prior to antigen 

stimulation. Despite their quiescence, naïve CD4+ T cells remain ready to rapidly respond to 

antigen [47, 242, 248]. This is mediated at least in part by sub-threshold interactions with self-

peptide presented on MHC (self-pMHC) that provide tonic survival signals [138]. Several markers 

provide read-outs of self-pMHC signal strength. Ly6C distinguishes naïve CD4+ T cells with high 

(Ly6C–) from low (Ly6C+) self-pMHC reactivity [139, 179]. The expression levels of two other 

markers, CD5, a surface protein and negative regulator of TCR signaling, and the orphan nuclear 
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receptor Nur77 (Nr4a1), positively correlate with sub-threshold TCR signal strength [172, 177]. 

Measures of CD5 expression revealed that self-reactivity of naïve T cells spans a wide spectrum, 

whereby the upper and lower bounds are likely set in the thymus by positive and negative selection 

[1, 141]. Even within a monoclonal TCR transgenic (Tg) population, cells may vary with regard 

to self-pMHC reactivity [180]. Importantly, not only does self-pMHC reactivity impact 

competition between T cells for homeostatic signals [232], it also influences their responses to 

antigen. CD5hi naïve CD4+ T cells express higher basal levels of NFkB, phosphorylated TCR-z 

and ERK, make more IL-2 post-activation, preferentially differentiate into regulatory T cells 

(Tregs), predominate in acute infections, and contribute disproportionately to the memory T cell 

pool [1, 2, 141, 182, 183]. Similarly, Ly6C– cells preferentially differentiate into Tregs and TH17 

cells [179]. In contrast, CD5lo naïve CD4+ T cells produce more IFN-g upon activation [3].  

However, it remains unclear whether T cells are pre-programmed entirely by tonic peripheral TCR 

signals or whether early self-ligand encounters in the thymus play a role. 

Here, we adopted an unbiased systems approach, combining single-cell (sc)RNA 

sequencing (RNA-seq) with bulk RNA-seq, and assay for transposase-accessible chromatin using 

sequencing (ATAC-seq), to comprehensively investigate the drivers of heterogeneity among naïve 

CD4+ T cells. We report that individual cell-level biases in the expression of modulators of TCR 

signal strength, and in TFH versus non-TFH effector lineage choice, are driven, at least in part, by 

pre-existing transcriptional and epigenetic (chromatin accessibility) differences between cells with 

low (CD5lo) versus high (CD5hi) self-pMHC reactivity. Unexpectedly, our data reveal that many 

of the differences in gene expression among naïve CD4+ T cells do not require continuous 

signaling through the TCR via self-pMHC interactions but are likely a result of variable signal 

strengths obtained during development.  

 

2.4 Results 

TCR signaling induced gene expression differences are drivers of variability among 

individual naïve CD4+ T cells  

To define transcriptional differences among naïve CD4+ T cells with single cell resolution, 

we performed scRNA-seq on 1152 cells sorted from the spleen, of which 697 passed quality 

control (Table S1). For each individual T cell, we measured CD5 protein expression during sorting 

given prior studies implicating CD5 as a key read-out of diversity among naïve T cells [1, 2, 141]. 
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We verified that Cd5 transcript counts correlated with CD5 protein (Figure S1A), consistent with 

prior evidence for CD5 transcriptional regulation [271, 272]. In total we detected 14,040 genes; an 

average of 1,389 genes per cell. Among the top 5% most variable genes, after accounting for 

technical variation, non-detection drop-outs, and removing mitochondrial genes (Table S2) [273], 

we detected genes important for trafficking between blood and lymphoid organs including Cd69, 

S1pr1, Sell, Klf2, Itag4, Tln1, and Foxo1; genes involved in TCR signaling, such as Ptpn6, Folr4, 

Il7r, Cd4, Jun, Il2rg, Thy1, Lck, Klf6, Bcl2, Nr4a1, and also Cd5; as well as chromatin modifiers, 

including Dnmt1, Hdac4, Sirt1, and Smc4 (Figure 1A). Gene ontology (GO) enrichment analyses 

of the most variable genes showed an enrichment of GO terms associated with TCR signaling, 

including ab T cell activation and T cell selection (Figure 1B). UMAP analysis of the 2000 most 

variable genes did not reveal any detectable sub-clustering of naïve cells by CD5 expression 

(Figure S1B). However, principal component analyses (PCA) based on expression of 55 genes in 

the GO terms involved in T cell activation from Figure 1B (Table S3) showed that the 

transcriptional state of CD5lo naïve CD4+ T cells differed from that of CD5hi naïve CD4+ T cells, 

albeit with considerable overlap between the two populations (Figure 1C). Overall, our data 

highlighted the diversity between individual naïve CD4+ T cells that was detectable at the 

transcript-level and identified expression differences in genes involved in TCR signaling as key 

drivers of cellular variability. 

 

CD5 expression reveals the existence of distinct gene-expression profiles and chromatin 

landscapes in naïve CD4+ T cells 

To characterize the transcriptional heterogeneity of naïve CD4+ T cells in greater depth, 

we performed bulk RNA-seq, focusing on the top and bottom 15% of the self-reactivity spectrum 

defined by CD5 expression. We used FoxP3GFP+ reporter mice to exclude Tregs – including them 

as an ‘outgroup’ in our initial analyses (Figure 2A, 2B, S2A, and S2B) as Tregs express high 

levels of CD5 [274]. We confirmed that sorted naïve T cells did not contain Tregs (Figure S2C 

and S2D). Given the detection of chromatin modifiers in our scRNA-seq (Figure 1A), we also 

performed ATAC-seq to investigate the open-chromatin landscape of CD5lo and CD5hi naïve CD4+ 

T cells. PCA highlighted that at the transcriptional level, CD5lo and CD5hi cells clustered into 

distinct populations (Figure 2C). The CD5lo and CD5hi cells were distinguishable in PC2 and 

separated from Tregs in PC1 (Figure 2C). The CD5lo and CD5hi segregation was similarly 
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reflected by their chromatin accessibility profiles (Figure 2D). Overall, CD5lo and CD5hi cells had 

comparable numbers and genomic annotation of accessible peaks (Figure S2E and S2F). 

Importantly, we identified a total of 1,006 differentially expressed genes (DEGs) at FDR £ 0.01 

between CD5lo and CD5hi cells, of which 90% were found among detected differentially accessible 

regions (DARs) (Figure 2E). Indeed, there was significantly greater correspondence between gene 

expression and chromatin accessibility among DEGs than for a random gene set (Figure 2F and 

S2G). Plotting the fold changes (FC) between CD5lo and CD5hi naïve CD4+ T cells from the bulk 

RNA-seq versus the ATAC-seq emphasized the dataset concordance (Figure S2H). Among the 

DEGs and DARs identified was Cd5 itself, which had a ~6.7 fold greater transcript expression in 

CD5hi cells and was less accessible in CD5lo cells (Figure 2G and 2H). Consistent with Nur77 

expression reflecting tonic signal strength, Nr4a1 was among the DEGs (Figure 2G) and, as 

previously described [177], Nr4a1 expression was greater in Tregs than in CD5hi CD4+ T cells. 

Like Cd5, the Nr4a1 locus was more open in CD5hi cells (Figure 2H). Together, our findings 

revealed considerable differences both at the transcriptional and the chromatin level between 

CD5lo and CD5hi naïve CD4+ T cells. 

 

Differences in expression of transcriptional regulators and chromatin modifiers may 

contribute to functional differences among CD5lo and CD5hi naïve CD4+ T cells 

We next examined the DEGs identified between CD5lo and CD5hi naïve CD4+ T cell 

populations. More DEGs were upregulated in CD5hi cells and more transcripts were expressed at 

a FC ³2 compared to CD5lo cells (Figure 3A and Table S4). Importantly, we found strong 

concordance between the bulk and scRNA-seq datasets with regard to specific genes. For instance, 

Cd5, Folr4, Cd6, Nr4a1, Tox, Ptpn6, and Tcf25 were more highly expressed in CD5hi cells, while 

Ly6c1 and Dntt were higher among CD5lo cells (Figure 3B). Indeed, as was described in CD5-

sorted naïve CD8+ T cells [141] and in human naïve CD4+ T cells [142], one of the top DEGs was 

Dntt (encoding the DNA polymerase terminal deoxynucleotidyl transferase, TdT, which inserts 

non-templated nucleotides during V(D)J TCR rearrangement), at a 14x greater abundance in CD5lo 

cells. Given the greater Dntt expression in CD5lo cells in both CD4+ and CD8+ T cells, we asked 

whether other DEGs were shared by naïve CD8+ T cells sorted on CD5. Interestingly, in line with 

the narrower CD5 distribution in CD8+ T cells [1], far fewer DEGs with a FC cut-off ≥2 were 

identified in CD8+ T cells than in our CD4+ dataset and there was little overlap (Figure S3A). 
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Among overlapping DEGs, all but 2 of the 24 DEGs showed expression concordance in CD4+ and 

CD8+ T cells (Figure S3B). Unlike CD8+ T cells, CD5hi naïve CD4+ T cells were smaller and 

expressed less CD44 compared to CD5lo cells (Figure S3C). Overall, there were few parallels 

between naïve CD4+ and CD8+ T cells sorted on CD5 expression with regard to the specific DEGs. 

To investigate patterns in DEGs increased among CD5lo or CD5hi naïve CD4+ T cells, we  

performed GO analyses. In CD5lo cells we found an enrichment for tumor-mediated immunity and 

regulation of IFN-g responses (Figure 3C), consistent with work showing that CD5lo CD4+ T cells 

produce more IFNg than CD5hi cells upon activation [3]. In contrast, CD5hi cells were enriched for 

gene networks involved in leukocyte activation, regulation of signaling, and cell migration (Figure 

3C). In line with this, gene set enrichment analysis (GSEA) indicated that genes associated with 

CD4+ T cell activation and effector responses [275, 276] were overrepresented in CD5hi cells 

(Figure S3D). Of note, genes involved in the active maintenance of a quiescent state among naïve 

T cells [47, 241, 277, 278], were detected in both CD5lo and CD5hi cells but not significantly 

different (Table S4 and S5). Moreover, no cytokines were among the DEGs, except Il16 which is 

constitutively expressed in naïve CD4+ T cells [279] and was slightly increased in CD5lo cells 

(Table S4 and S5). Indeed, the chromatin loci for effector cytokines such as Ifng, Il5, Il17a, and 

Il10 were closed; only the transcription start site (TSS) for Il2 and a few peaks surrounding the 

TSS for Il21 had marginally greater accessibility in CD5hi cells (Figure S3E). These data indicated 

that although CD5hi cells were enriched for gene networks associated with activation, both gene 

expression and accessible chromatin regions were largely consistent with an equally quiescent and 

non-differentiated cell state among naïve CD4+ T cells with different self-reactivities.  

Quiescence exit occurs when naïve T cells are activated by antigen, after which they 

undergo chromatin remodeling, transcriptional changes, and ultimately effector differentiation. To 

understand whether naïve CD4+ T cells were poised to respond differently to activation as a 

function of our identified transcriptome and chromatin accessibility differences, we first 

investigated whether they differed in expression of transcriptional regulators (TRs). We used a 

predefined list of 1680 known or putative TRs [280] and detected 31 TRs upregulated in CD5hi 

cells involved in T cell proliferation or survival (Atf6, Myb, and Bcl3), and T cell activation or 

differentiation (Egr1, Egr2, Egr3, Nfatc3, Ikfz3, Ikzf4, Tox, Tox2, Nr4a1, Nr4a3, Klf9, Lef1, Bcl6, 

Eomes, Irf6, Id2, and Id3) (Figure 3D). We also detected 21 TRs that mediate chromatin 

modifications such as acetylation (Hdac5, Hdac9, and Etv6) and methylation (Dmnt3a, Klf10, 
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Kdm2b, and Gfi1) (Figure 3D), as well as other TRs (Figure S3F). Twenty TRs were enriched in 

CD5lo cells including repressors (Hdac7, Nr1d1, Prdm1, Rara, and Trps1) (Figure 3D and S3F).  

 We next asked if there were TR binding motifs enriched among chromatin peaks that were 

unique to either CD5lo or CD5hi cells. Indeed, CD5hi cells were enriched in binding motifs for TR 

networks downstream of TCR activation, including AP-1 and JNK transcription factors, FOS, 

FOSL2, AP-1, JUNB, as well as NUR77, NFAT, and NFkB (Figure 3E and S3G). Conversely, 

CD5lo cells were enriched in binding motifs for IRF-4 and PRDM1 (BLIMP-1), both of which 

promote non-TFH effector differentiation [281, 282]. Notably, while not represented in TR binding 

motif analysis, TOX and TOX2 were among identified upregulated TRs in CD5hi cells, which 

function downstream of the TCR through NFAT signaling [283-285] and promote TFH 

differentiation by increasing Bcl6 expression through enhanced chromatin accessibility of TCF-1 

and LEF-1 bound regions of the Bcl6 locus [286]. Thus, we asked whether TOX, LEF-1, and TCF-

1 expression was greater at the protein level in CD5hi cells. While the detected differences were 

small (1.3-1.4 fold) they were robust across mice (Figure 3F), were not observed in unstained 

controls (Figure S3H), and corresponded to increased chromatin accessibility in the loci for Tox, 

Tox2, Lef1, and Tcf7 in CD5hi cells (Figure S3I).  

Together, our data suggested the possibility that a network of TRs and unique chromatin 

accessibility profiles results in differences in cell states among naïve CD5lo and CD5hi CD4+ T 

cells, impacting their function and/or differentiation upon activation, particularly with regard to 

the early TFH vs. non-TFH bifurcation.  

 

Pre-existing expression differences in regulators of TCR signaling among naïve CD4+ T cells 

are maintained after activation 

To investigate the cell signaling and lymphocyte activation signatures in CD5hi CD4+ T 

cells, we curated a list of DEGs involved in regulating T cell activation. CD5hi cells had increased 

expression of genes involved in co-stimulation, such as Icos, Rankl, Itgb2, and Gitr (Figure 4A). 

More predominantly, CD5hi cells had a higher expression of genes involved in the negative 

regulation of TCR signaling or T cell activation, including Cd6, Nt5e (CD73), Ptpn6 (SHP-1), 

Ctla4, Pdcd1, Btla, IL10ra, P2rx7, Nrp1, Nrp2, Cd200, and Adora2a (Figure 4A). Given the role 

of negative regulators in T cell exhaustion during chronic antigen stimulation, and perhaps 

indicative of a greater frequency and/or strength of self-pMHC signals obtained by CD5hi T cells, 
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GSEA identified an enrichment in exhaustion-associated genes among CD5hi cells (Figure S4A). 

Corroborating our RNA-seq, we observed expression differences between CD5lo and CD5hi cells 

at the protein level for a subset of the regulators of TCR signaling including GITR, LFA-1, CD6, 

FolR4, PD-1, and CD73 (Figure 4B and 4C). Of note, FCs in CD6, Ly6C, FolR4, and CD73 

between CD5lo and CD5hi cells were detectable in neonates and remained stable with age (Figure 

S4B and S4C). Interestingly, signaling through LFA-1 was recently shown to promote Bcl6 

expression and be required for TFH differentiation [287], and some of the other genes modulating 

the TCR signal were also shown to play a role in TFH differentiation, including Tox, Tox2, FolR4, 

and Icos, all of which are expressed at greater levels in CD5hi cells (Figure 4A). In addition, we 

confirmed greater protein expression in CD5hi cells of SHP-1, a negative regulator of TCR 

signaling that modulates T cell antigen sensitivity [158, 243], associates with CD5, CD6 [174, 

288], and other negative regulators of TCR signaling such as PD-1, BTLA, and CTLA-4 [289] 

(Figure 4B and 4C). Further, CD5lo cells expressed higher levels of Ly6C. The non-significant 

DEGs CD4, CD98 (LAT1), and CD45 were used as controls to establish a cut-off for biologically 

significant protein FCs (Figure 4B and 4C). Thus, at least for the subset of tested DEGs, 

transcriptional differences among naïve CD4+ cells correlated with differences in protein 

expression. 

We next asked whether the differential expression of TCR signal regulators was maintained 

following TCR stimulation. We found that sorted CD5lo and CD5hi naïve CD4+ T cells stimulated 

with aCD3/CD28, which bypasses individual TCR affinity for their agonist peptides, retained 

expression differences 24 hours after stimulation, albeit for some proteins at reduced FCs (Figure 

4D and S4D). In unsorted CD4+ T cells, SHP-1 and CD6 expression increased with greater CD5 

levels, and this relationship was maintained following activation (Figure 4E). In contrast, Ly6C 

had a bimodal distribution, with most cells becoming Ly6C-negative after activation (Figure 4D 

and 4E). In addition, the transcription factor TOX, which promotes expression of exhaustion-

associated genes [284, 285], followed a similar expression pattern as SHP-1 across the full 

spectrum of CD5, but its expression range was reduced post-activation (Figure S4E). Mutual 

information analysis confirmed that CD5 was a strong predictor of both CD6 and SHP-1 

expression pre- and post-activation, whereas TCRb only became predictive post-activation for 

SHP-1 and was a poor predictor of CD6 (Figure S4F and S4G).  
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Cd5 and Cd6 are gene homologs located on the same chromosome and have functional 

similarities [290, 291]. Our data indicated a tight correlation between CD5 and CD6 levels, with 

CD5 expression being a robust predictor of CD6 expression both pre- and post-activation (Figure 

4E and S4G). Interestingly, the FC difference in CD6 expression on sorted CD5lo and CD5hi CD4+ 

T cells remained slightly greater post-activation than CD5, suggesting that CD6 might more 

reliably read out self-pMHC reactivity after activation (Figure 4F). The maintenance of 

differences among naïve CD4+ T cells in the expression of regulators of TCR signaling even 

following a strong TCR stimulus raised the possibility that these might be regulated through 

epigenetic modifications rather than modulated entirely by TCR signal strength. Indeed, akin to 

the differences in chromatin accessibility of the Cd5 locus (Figure 2H), the Cd6 and Ptpn6 loci 

were more accessible in CD5hi cells (Figure 4G). In summary, we corroborated expression 

differences between CD5lo and CD5hi naïve CD4+ T cells at the protein-level for genes important 

in tuning TCR signal strength and showed that these differences were maintained even after strong 

TCR stimulation. 

 

CD5hi cells have a greater propensity to develop into TFH cells than CD5lo naïve CD4+ T cells 

 We next investigated whether the observed transcriptional and chromatin accessibility 

differences alter T cell differentiation. GSEA of our RNA-seq indicated that CD5hi cells were 

enriched for genes expressed in natural Tregs (Figure S5A). To determine whether CD5hi cells 

were more likely to differentiate into Tregs in vivo than CD5lo cells, we adoptively transferred 

Treg-depleted CD4+ T cells into TCRb-/- mice in a model of inflammatory bowel disease [292, 

293]. Consistent with prior in vitro Treg polarization experiments [183] and studies of Ly6C– naïve 

CD4+ T cells [179], TCRb-/- mice given CD5hi cells subsequently had an increased survival time 

likely due to increased frequency of Tregs, compared to mice that received CD5lo cells (Figure 

S5B and S5C).  

Interestingly, GSEA also showed that CD5hi cells were enriched for TFH gene signatures 

(Figure 5A). Across all replicates, CD5hi cells expressed higher levels of Pdcd1, Cxcr5, and Bcl6, 

while CD5lo cells expressed higher levels of the TFH repressor Prdm1 (Blimp-1) (Figure 5B). 

Moreover, the Pdcd1, Cxcr5, and Bcl6 loci were more accessible in CD5hi cells (Figure 5C). These 

data suggested the possibility of a pre-existing disposition among CD5hi cells to become TFH cells 

relative to their CD5lo counterparts. In support of this hypothesis, CD5hi naïve CD4+ T cells were 
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shown to produce more IL-2 than CD5lo cells post-stimulation [2], and data has highlighted the 

importance of early IL-2 production in TFH lineage choice, with IL-2 producers becoming TFH cells 

and paracrine IL-2 signaling reinforcing non-TFH lineage commitment of CD4+ T cells obtaining 

weaker TCR signals [92, 254].  

To directly assess whether CD5hi naïve CD4+ T cells gave rise to a greater proportion of 

TFH cells in vivo than CD5lo cells, we first sorted 15% CD5lo and CD5hi naïve CD4+ T cells, 

adoptively transferred ~1x107 cells of each into separate recipients that were infected with LCMV. 

An estimated 8 LCMV-GP66 specific CD4+ T cells are present per 106 naïve CD4+ T cells [31, 

294], and so it was not surprising that the proportion of activated cells post infection (day 8) was 

highly stochastic among the transferred cells. However, as in our in vitro assays, the CD5 

expression difference between transferred CD5lo and CD5hi CD4+ T cells was maintained 

following activation (Figure 5D and 5E). As an alternative approach, we asked whether we would 

be better able to assess differences in TFH differentiation potential by transferring sorted 

populations into TCRb-/- mice. Given the lack of competitor T cells in these recipients, we first 

investigated whether this would impact TFH lineage choice in CD4+ T cells with a fixed TCR. We 

performed adoptive transfers of LCMV-specific TCR Tg SMARTA CD4+ T cells into both wild-

type (WT) and TCRb-/- recipients, infected them 1 day later with LCMV and then assessed the 

response 8 days post infection (Figure S5D). Overall, the clonal expansion of SMARTA TCR Tg 

cells was greater in the TCRb-/- mice (Figure S5E). Interestingly, we found that when SMARTA 

TCR Tg cells were transferred into TCRb-/- recipients, CD5 surface expression was increased 

compared to cells transferred into WT mice (Figure S5F), suggesting that SMARTA Tg cells were 

receiving stronger TCR signals upon antigen encounter in the absence of other competitor T cells, 

as has been previously shown in lymphopenia-induced expansion [232]. Importantly, the percent 

of TFH cells among transferred SMARTA TCR Tg cells was halved in the infected TCRb-/- 

compared to WT recipients (Figure S5G). Given the role of IL-2 in TFH differentiation and the 

modulation of IL-2 production by TCR signal strength [254], we postulated that the decreased TFH 

differentiation of SMARTA TCR Tg cells in TCRb-/- mice was a result of greater IL-2 production 

mediated by greater TCR signaling. Indeed, we observed that SMARTA TCR Tg cells produced 

more IL-2 and had greater CD25 (IL-2Ra) surface expression in the infected TCRb-/- mice (Figure 

S5H and S5I). Due to the impact of the lack of other T cells in the TCRb-/- mice on TFH frequency 
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post-infection we concluded that this experimental approach would not accurately identify TFH 

potential differences between CD5lo and CD5hi polyclonal naïve CD4+ T cells.  

Instead, based on the observation that CD5 expression remained detectably different after 

transfer, we quantified TFH differentiation among activated endogenous CD5lo and CD5hi CD4+ T 

cells post-LCMV infection. We found ~2 fold increased TFH differentiation within the 15% CD5hi 

activated CD4+ T cells compared to CD5lo cells (Figure 5F, 5G, and S5J). Moreover, among 

CD5hi cells, TFH (PD-1hi CXCR5+) and PD-1hi CXCR5– cells expressed greater levels of PD-1 than 

their CD5lo counterparts (Figure S5K). TFH cells were also overrepresented among CD6hi CD4+ T 

cells and had increased PD-1 expression over their CD6lo counterparts (Figure 5F-G and S5J-K). 

In line with an increased TFH population from CD5hi cells, these TFH cells expressed higher TOX, 

LEF-1, and TCF-1 (Figure S5L). Thus, our data suggested that TFH and non-TFH cell fate decision 

was altered by pre-existing differences present in naïve CD4+ T cells prior to foreign antigen 

encounter. 

 

Removing naïve CD4+ T cells from continuous self-pMHC interactions reveals gene 

expression differences that are independent of post-thymic self-ligand recognition 

Continuous tonic self-pMHC signals obtained by naïve T cells in the periphery facilitate 

antigen recognition by maintaining partial TCRz-chain phosphorylation, and through polarization 

of the TCR and its signaling components [248]. Interrupting signals from self-pMHC interactions 

for only 30 minutes leads to a loss of antigen sensitivity [248]. It is unknown whether described 

differences between naïve CD4+ T cells of low and high self-reactivity are similarly dependent on 

subthreshold tonic self signals. An alternative hypothesis is that naïve T cells are pre-wired by 

TCR signals obtained during selection in the thymus, and that these differences are then 

epigenetically imprinted. Given our findings that some modulators of TCR signal strength 

remained distinct post-activation, we examined which DEGs between CD5lo and CD5hi cells were 

dependent on continuous self-pMHC interactions, and which might be a result of thymic 

imprinting. 

To investigate this, we sorted 15% CD5lo and CD5hi naïve CD4+ T cells and cultured them 

ex vivo in the absence of self-pMHC for 22 hours with IL-7 and performed bulk RNA-seq. After 

resting, sorted cells segregated into clusters distinct from their freshly isolated counterparts along 

PC1, while differences between CD5lo and CD5hi cells were preserved in PC2 (Figure 6A). As 
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described, levels of CD5 protein and transcript rapidly decreased upon resting (Figure 6B) [44, 

173]. Interestingly, however, CD5 mRNA and protein expression remained distinct in rested CD5lo 

compared to CD5hi cells (Figure 6C). Therefore, while CD5 expression levels are maintained by 

peripheral self-interactions, our data suggested that the retention of CD5 expression differences 

between CD5lo and CD5hi cells were independent of tonic self-signals.  

To examine whether other genes in our identified CD5lo versus CD5hi DEGs followed a 

similar pattern to Cd5, we compared expression levels in fresh and rested cells and designed 

classification criteria to subset genes into 2 groups: DEG-ND, genes where expression differences 

between CD5-sorted populations were not dependent on tonic self-pMHC interactions; DEG-D, 

genes where differences were lost upon resting (i.e. expression differences were dependent on 

tonic self-pMHC interactions) (Figure 6D). A gene was classified as being DEG-ND if it was a 

DEG (FDR≤0.01) in the fresh comparison and remained a DEG (FDR≤0.01) after resting. 

Conversely, to be classified as DEG-D, the gene was a DEG (FDR≤0.01) in the fresh comparison 

but became non-significant (FDR≥0.3) post resting. With these criteria, 513 DEGs were DEG-ND, 

and 212 DEG-D, while 281 DEGs did not fall into either group (Figure 6D, Table S4 and S5). 

Plotting the CD5lo versus CD5hi FC of the fresh versus the rested confirmed that DEG-ND were 

unaffected by the absence of self-pMHC, while DEG-D converged to zero after resting (Figure 

6E). Thus, transcriptional heterogeneity among the naïve CD4+ T cell population was explained 

both by differences which depended on continuous self-pMHC interactions and which were 

independent of tonic self-pMHC signals. Interestingly, most of the negative regulators of TCR 

signaling and Dntt were DEG-ND, consistent with their expression level being set during thymic 

development (Figure 6E). In addition, more than half of the TFH-associated genes were DEG-ND, 

including Icos, Itgb2, P2rx7, and Adora2a, whereas 20% of TFH associated genes were DEG-D, 

including Tox2 and Dusp6. Of note, the TRs Jun, Egr1, Egr3, Ikzf3, and Nfatc3 were classified as 

DEG-D, while Stat1, Eomes, Ikzf2, Id2, Sox4, and Nr4a1 were DEG-ND, indicating that even at 

the level of regulation of TRs some expression differences rely on continuous self-ligand 

interactions while others do not (Figure 6E). To verify whether the maintenance of differences 

among transcripts following resting was also observed at the protein level, we chose a subset 

involved in TCR signalling (CD6, CD73, FolR4, Ly6C, PD-1, and SHP-1) from the DEG-ND 

group and measured expression in sorted CD5lo versus CD5hi cells rested for 5 days to give protein 

levels time to turn over. We observed no loss in cell viability during this period (Figure S6A), 
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and, while protein levels did change upon resting, the differences between CD5lo and CD5hi cells 

were retained (Figure 6F, Figure S6B).  

Our classification of genes into two distinct groups based on their reliance on tonic self-

pMHC interactions suggested that at least a subset of the described transcriptionally-wired 

heterogeneity among naïve CD4+ T cells may reflect epigenetic differences established in the 

thymus. To test this hypothesis, we probed our ATAC-seq dataset to ask whether there were 

detectable differences in chromatin states between the genes in the two groups. We predicted that 

loci of DEG-ND genes would show a greater difference in accessible regions between CD5lo and 

CD5hi cells than would the loci of DEG-D genes. Indeed, on average, the fold difference in 

chromatin accessibility was greater in the DEG-ND compared to DEG-D group (Figure 6G and 

6H). In line with this, gene expression difference between CD5lo and CD5hi cells were greater in 

the DEG-ND set than the DEG-D set (Figure 6I). Collectively these data suggested that there were 

two sources of heterogeneity among naïve CD4+ T cells which impacted their responsiveness to 

foreign antigen and their effector differentiation: differences that required continuous self-pMHC 

interactions in the periphery, and differences that did not require self-pMHC interactions that may 

be imprinted in the thymus. 

 

2.5 Discussion 

CD4+ T cells play a critical role in orchestrating an immune response, with early fate 

decisions between TFH and non-TFH effector subset lineage decisions thought to be primarily 

determined by TCR engagement with cognate pMHC during priming [97]. Here we showed that 

there are transcriptional and open-chromatin differences between CD4+ T cells that are present 

prior to their activation, maintained after activation in the short-term, and impact TCR signal 

strength and early lineage choice upon antigen encounter. At the single cell level, our data highlight 

that heterogeneity among naïve CD4+ T cells is mediated by many interacting genes. Importantly, 

while we show that CD5 expression alone does not establish discrete clusters among naïve CD4+ 

T cells, other work has defined subpopulations which change with infectious challenge [241, 295]. 

Here, we identified expression in modulators of TCR signaling, chromatin modifiers, and steady-

state T cell trafficking genes as key drivers of between-cell variability. Our data suggest that CD5 

expression is a better predictor of cellular behaviour at the population-level than at the single cell 

level. Population averages of sorted polyclonal naïve CD4+ T cells are therefore not always 
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mirrored when studying the behaviour of a few specific TCR clonotypes, explaining some of the 

contradictory results with regard to TFH-lineage differentiation biases described based on specific 

pairs of TCR Tg clones [2, 255].  

 Our findings expand on previous work implicating self-pMHC reactivity in the effector 

potential of CD4+ T cells [3, 179, 183]. Our work implicates self-reactivity in early TFH cell lineage 

bifurcation. Previous work showed that T cells obtaining stronger TCR signals during activation 

become IL-2 producing cells and signal in trans to IL-2-non-producing cells to reinforce non-TFH 

effector differentiation [92, 254]. We found that increasing the strength of self-pMHC signals 

obtained by SMARTA TCR Tg CD4+ T cells transferred into T cell deficient mice led to a decrease 

in TFH differentiation due to enhanced IL-2 production. Thus, removing competitor T cells, by 

modulating both IL-2 and TCR signal strength, led to the opposite outcome with regard to TFH 

differentiation predicted by TCR signal strength alone – in line with recent observations that 

Nur77lo CD4+ T cells adoptively transferred into TCRa-/- gave rise to a greater TFH frequency than 

transferred Nur77hi cells [255]. A recent study has corroborated the use of CD5 as a marker for the 

self-ligand reactivity in human T cells [142], but it will be important to investigate whether the 

relationships described between self-reactivity and effector potential hold. 

While we implicate thymically-imprinted epigenetic differences in the transcriptional 

heterogeneity among naïve CD4+ T cells, we did not address here whether such signals are 

impacted at different times during development. It is increasingly appreciated that T cell 

development is a layered process, with neonatally-derived T cells being distinct from adult-derived 

T cells with regard to responsiveness to stimulation and effector potential [296]. Moreover, in both 

mice and humans, CD5 expression on naïve CD4+ T cells is lower in adults than in neonates [1, 

256]. While we showed that differences between CD5lo and CD5hi naïve CD4+ T cells remained 

stable between neonates and older mice, it will be important to determine if T cell developmental 

origins (fetal versus adult) are a contributing factor in their diversity. 

Whether differences among naïve CD4+ T cells can ultimately be related back to features 

of their specific TCRs remains an open question. It is intriguing that in CD5lo naïve CD4+ T cells 

one of the top DEGs was Dntt (encoding TdT), as was also observed in mouse naïve CD8+ T cells 

and human naïve CD4+ T cells [141, 142]. TdT is responsible for adding n-nucleotides during 

V(D)J recombination and thus diversifying the TCR repertoire [297, 298]. It has been proposed 

that CD5hi T cells have a greater proportion of germline TCRs (lacking n-nucleotides) and were 
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evolutionarily optimized to strongly bind to pMHC [138]. It is possible that differences in Dntt 

expression play a role in dictating TCR sequence length and self-pMHC reactivity. Ultimately, 

patterns in TCR sequences may exist that enable some prediction of self-pMHC reactivity and, 

therefore, the differentiation potential of individual T cell clones.  

Together, our data shed light on which pre-existing transcriptome-level differences among 

naïve CD4+ T cells are accessible to interventions targeting self-pMHC peripheral interactions, 

compared to others that would require modulation at the chromatin level, which may aid in 

optimizing protocols for enhancing desirable T cell functions in clinical settings such as in 

adoptive cell therapies [299, 300].  

 

Limitations of the study 

Our data imply that naïve CD4+ T cell heterogeneity is partly thymically imprinted and retained 

independent of interactions with self-pMHC in the periphery. Thus, our work reconciles prior 

studies that have described specific heterogeneous traits among naïve CD4+ T cells, not all of 

which were dependent on tonic TCR signals [1, 2, 182, 248]. One limitation of our work is that 

not all DEGs identified could be classified into DEG-ND or DEG-D groups and, given the lack of 

commercially available antibodies for all genes of interest, only some of our classified genes were 

validated at the protein level. Further, future work will be needed to more clearly define the link 

between expression differences in chromatin modifiers, epigenetic changes in individual T cells, 

and the interactions with self-pMHC made in the thymus. 
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2.7 Figures 

 
 

Figure 1. Cellular variability among naïve CD4++ T cells at the single cell level is driven by T 

cell receptor signaling gene expression. (A) Plot of top 5% most variable genes (blue) across 

individual naïve CD4++ T cells (sorted on TCRb+, CD4++, CD8+-, CD25-, CD44lo, CD62Lhi). Select 

genes involved in TCR signaling (purple), T cell lymphoid organ trafficking (green), and 

chromatin modification (orange) are labelled. (B) Immune system process GO enrichment 

analyses of top 5% variable genes from A. Circles correspond to unique GO ontology groups with 

related groups coded in same color. Circle size reflects enrichment significance (FDR cut-offs 
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shown). (C) PCA projection of scRNA-seq profiles based on genes that were in the top 5% most 

variable genes and also in GO terms involved in T cell activation from B. The surface protein 

expression of CD5 is overlaid with the 15% CD5lo (blue) and 15% CD5hi (red) naïve CD4++ T cells. 

Shaded colored circles represent group means. Each data point represents a single cell. See also 

Figure S1. 
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Figure 2. Sorting on CD5 expression reveals that naïve CD4++ T cells encompass distinct 

gene-expression profiles and chromatin landscapes. (A) Sorted CD5lo, CD5hi naïve CD4++ T cells, 

and Tregs for RNA- and ATAC-seq. (B) Relative fluorescence intensity (RFI) of surface CD5 

expression on sorted populations from A, relative to pre-sorted naïve CD4++ T cells. Lines 

represent group means (n=4). (C,D) PCA of populations in A, for RNA-seq (n=4) (C), and ATAC-

seq (n=2) (D). Percents in parentheses indicate the variation described by each PC. I Venn diagram 

illustrating overlap in number of DEGs (FDR£0.01) identified by RNA-seq and DARs identified 

by ATAC-seq in CD5lo versus CD5hi cells. (F) Correlation between CD5hi versus CD5lo FC differences 

in identified DEGs and corresponding DARs as compared to the correlation with a random gene 

set. (G) Cd5 and Nr4a1 mRNA expression (RNA-seq). All group comparisons are significant at 

FDR<0.01. Lines represent group means (n=4). (H) ATAC-seq signal profiles across Cd5 and 

Nr4a1 gene loci from 2 biological replicates of sorted samples.  

 

Statistics: Significant DEGs had FDR<0.01 (E, G), correlation coefficient with 95% confidence 

intervals (F). See also Figure S2. 
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Figure 3. Transcriptional diversity among naïve CD4++ T cells suggest functional differences 

through transcriptional regulators activity and chromatin modifiers. (A) Volcano plot of 

DEGs identified by RNA-seq comparison of CD5lo and CD5hi naïve CD4++ T cells. Positive FC values 

indicate increased expression in CD5hi naïve CD4++ T cells. Significant DEGs (FDR<0.01) are 

indicated in grey and a subset of DEGs are labeled (blue). Dotted lines are drawn at FC = 2. (B) 

scRNA-seq gene expression level (colour) and frequency of cells with detectable expression (circle 

size) of select DEGs. (C) GO enrichment analysis for genes upregulated in CD5lo (left) or CD5hi 
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(right) cells. Circles correspond to unique GO ontology groups; related groups coded in same 

color. Circle size reflects enrichment significance (FDR cut-offs shown). (D) Heatmap of all 

differentially expressed TRs between CD5lo and CD5hi naïve CD4++ T cells (n=4), grouped by 

function. I Significant (p-value £10-4) unique enriched TF motifs in DARs from ATAC-seq for 
CD5lo (blue) and CD5hi (red) cells. (F) Protein expression TOX, LEF-1, and TCF-1 in CD5lo and CD5hi 

cells (RFI is relative to total naïve CD4++ T cells). Representative flow cytometry histograms are 

shown (with mean fluorescence intCD5loy (MFI) in top right). Data are summarized from 2-5 

independent experiments. Dotted lines in histograms denote CD5lo modes; data points in graphs 

represent individual mice (n=10-20); lines denote group means and average fold differences are 

indicated.  

 

Statistics: All TRs had FDR<0.01 except Lef1 (FDR=0.012) I, Wilcoxon matched-pairs signed 

rank test I. **p<0.01, ****p<0.0001. See also Figure S3. 
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Figure 4. Pre-existing transcriptional and protein differences among naïve CD4++ T cells are 

maintained post-activation. (A) Heatmap of curated list of DEGs involved in positive and 

negative regulation of T cell activation and TCR signaling (n=4). (B) Representative histograms 

of protein expression (measured by flow cytometry) of select DEGs identified from bulk RNA-

seq analyses comparing CD5lo and CD5hi naïve CD4++ T cells. Numbers in top right of histograms 

indicate MFI in CD5lo (blue) and CD5hi (red) cells. (C) Summary of fold expression differences of 

proteins measured in B that were significantly different between CD5hi and CD5hi groups from 2-5 
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independent experiments. Non-significant DEGs (CD4+, CD98, and CD45) were used as controls 

to establish a cut-off for biological significance. Greater expression in CD5lo (blue shading) and 

greater expression in CD5hi (orange shading). Each data point is from an individual mouse (n=4-

15); red lines denote group means. (D) Representative histograms of protein expression measured 

by flow cytometry in sorted 15% CD5lo and CD5hi naïve CD4++ T cells pre- and 24 hours post-

activation with anti-CD3/CD28. Numbers in top of histograms indicate fold difference between 
CD5lo (blue) and CD5hi (red) populations. I Single-cell flow cytometry analysis for SHP-1, CD6, and 

Ly6C expression among naïve CD4++ T cells pre- and 24 hours post-activation. Color scale 

represents MFI of proteins of interest in bins of at least 10 cells across the distribution of CD5 (x-

axis) and TCRb (y-axis). (F) Naïve CD4++ T cells were sorted into CD5lo and CD5hi, and CD5 and 

CD6 protein expression measured pre- and post-activation (anti-CD3/CD28). RFI normalized to 

CD5 or CD6 expression in the CD5hi population. Data are summarized from 2 independent 

experiments; each data point represents 4-5 pooled mice (n=6); error bars represent mean ± S.D. 

(G) ATAC-seq signal profiles across Ptpn6 and Cd6 gene loci shown from 2 biological replicates 

of sorted samples.  

 

Statistics: All genes had FDR<0.01 (A), paired t test (F). **p<0.01, ***p<0.001. See also Figure 

S4. 
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Figure 5. CD5hi naïve CD4++ T cells are enriched for TFH-associated genes and have a greater 

TFH differentiation potential upon infection than CD5lo cells. (A) GSEA of TFH signatures 

enriched in CD5lo and CD5hi naïve CD4++ T cells. (B) Pdcd1, Cxcr5, Bcl6, and Prdm1 mRNA 

expression from bulk RNA-seq for sorted CD5lo and CD5hi naïve CD4++ T cell populations. Lines 

indicate group means (n=4). (C) ATAC-seq signal profiles across Pdcd1, Cxcr5, and Bcl6 gene 

loci from 2 biological replicates of sorted CD5lo and CD5hi naïve CD4++ T cell samples. (D, E) Naïve 

15% CD5lo and CD5hi CD4++ T cells were sorted and adoptively transferred into recipients and 

infected 1 day later with LCMV. Representative flow cytometry plot of activated (CD44hi) 

transferred cells with numbers in top right indicating CD5 MFI of sorted CD5lo (blue) and CD5hi (red) 
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cells (D), and summary of CD5 RFI (relative to endogenous total naïve CD4++ T cells) of sorted 
CD5lo and CD5hi naïve or activated CD4++ T cells I. Data are summarized from 2 independent 

experiments (D, E); each data point is from an individual recipient mouse (n=2-6); error bars 

represent mean ± S.D. (F,G) Activated (CD44hi) CD4++ T cells isolated day 8 post LCMV infection 

were gated on the top and bottom 15% CD5- or CD6-expressing cells and the percent TFH 

determined. Representative flow cytometry plots are shown, with numbers indicating percent cells 

within each gate (F), data are summarized from 2 independent experiments; each data point is from 

an individual mouse (n=13); error bars represent mean ± S.D. (G).  

 

Statistics: All genes had FDR<0.01 except Cxcr5 (FDR=0.044) (B), one-way ANOVA with 

Tukey’s multiple comparison I, Wilcoxon matched-pairs signed rank test (G). ***p<0.001, 

****p<0.0001. See also Figure S5. 
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Figure 6. Withdrawal of naïve CD4++ T cells from self-pMHC identifies transcriptional and 

chromatin differences between CD5lo and CD5hi cells that do not rely on continuous self-pMHC 

interactions. (A) PCA of RNA-seq data from fresh and rested CD5lo and CD5hi naïve CD4++ T cells 

(n=4). (B) CD5 mRNA (normalized to Gapdh) and protein expression, relative to day 0, measured 

for naïve CD4++ T cells rested in culture in the presence of IL-7. Data are summarized from 2 

independent experiments; each data point is from an individual mouse (n=3-9). (C) CD5 mRNA 

(normalized to Tbp) and protein expression determined after resting as in B of sorted 15% CD5lo 

and CD5hi naïve CD4++ T cells. Data from 1 experiment; each data point represented 9-10 pooled 

mice. Day 0, 1 and 5 (n=4) and day 10 (n=2). There is a significant effect between CD5lo and CD5hi 
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in both mRNA (p<0.05) and protein (p<0.0001) groups post-resting. (D) Venn diagram dividing 

DEGs identified by RNA-seq into two groups: DEG-ND (orange) were differentially expressed 

(FDR£0.01) in the fresh CD5hi vs. CD5lo comparison and remained differentially expressed 

(FDR£0.01) in the rested CD5hi vs. CD5lo comparison; DEG-D (blue) were differentially expressed 

(FDR£0.01) in the fresh CD5hi vs. CD5lo comparison but were not differentially expressed (FDR³0.3) 

in the rested comparison. I FC expression of DEG-ND and DEG-D identified in D, in both the 

fresh and rested RNA-seq. Lines indicate best fits, slopes are shown. (F) Naïve CD4++ T cells were 

sorted into CD5lo and CD5hi and rested in culture in the presence of IL-7. RFI (normalized to total 

naïve CD4++ T cells) from genes identified from D. Data from 1 experiment; each data point 

represents 3 mice pooled (n=4); lines denote group means. (G) ATAC-seq chromatin accessibility 

heatmap for open chromatin regions among DEG-ND and DEG-D. (H) Summary of data in G 

with fold differences between CD5hi and CD5hi open chromatin peaks indicated on the graph. (I) Gene 

expression FCs from RNA-seq between CD5lo and CD5hi cells in DEG-ND and DEG-D groups 

identified in D. Lines denote group means.  

 

Statistics: Two-way ANOVA with Sidak’s multiple comparison I, Paired t test (F), Mann-Whitney 

test (I). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = non-significant. See also Figure S6. 
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2.8 Star Methods 
 
Key Resources Table 
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RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Judith Mandl (judith.mandl@mcgill.ca). 
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Materials availability 

This study did not generate new unique reagents. 

 

Data and code availability 

• The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) 

database and are publicly available as of the date of publication. Accession numbers are listed 

in the key resources table.  

• All original code has been deposited at Zenodo and is publicly available as of the date of 

publication. DOIs are listed in the key resources table. 

• Additional information required to reanalyze the data reported in this paper are available from 

the lead contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Mice 

C57BL/6 mice, CD45.1+, Foxp3GFP+ Tg [301], SMARTA TCR Tg [302], TCRb-/- [303], and 

MHCII-/- mice [304] were purchased from Jackson Laboratories (Bar Harbor, ME) and bred in-

house. RAG2GFP Tg mice [305] were obtained from Sylvie Lesage (Université de Montréal). All 

mice were on a B6 background, both male and female mice were used, and were 6-12 weeks of 

age.  Animal housing, care and research were in accordance with the Guide for the Care and Use 

of Laboratory Animals and all procedures performed were approved by the McGill University, 

Maisonneuve-Rosemont Hospital Research Center, Radboud University, or NIAID Animal Care 

Committee. 

  

Infections 

LCMV Armstrong was propagated from a strain provided by Dr. J. Harty (University of Iowa). 

Mice were infected with 2x105 plaque forming units (PFU) by intra-peritoneal injection [306]. 

Cellular responses were assessed 8 days post-infection. 

 

METHOD DETAILS 

Lymphocyte isolation, resting, activation, and restimulation 
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Spleen and peripheral lymph nodes (inguinal, axillary, brachial, superficial cervical, and 

mesenteric) were passed through a 70µm filter with 1% RPMI (1% FBS, L-glutamine, and 

pen/strep). ACK lysis buffer (Life Technologies) was added for 3 minutes and samples were 

refiltered and resuspended in 1% RPMI. Cell counts were determined by diluting a single-cell 

suspension 1:10 in Trypan Blue (ThermoFisher Scientific) and manually counting live single cells 

(Trypan Blue-negative) on a hemocytometer. For experiments where naïve CD4+ T cells were 

rested in culture, cells (either total or sorted, as specified) were kept in complete RPMI (10% FBS, 

1% L-glutamine, 1% pen/strep, 1% HEPES buffer, 1% Sodium Pyruvate, 1% non-essential Amino 

Acids, and 0.1% 2-mercapto-ethanol 1000X solution) supplemented with IL-7 (10 ng/mL, 

Biolegend). To activate T cells, sorted cells or total splenocytes were cultured in complete RPMI 

in 96-well plates coated with a-CD3 and a-CD28 (Invitrogen; both at 3µg/mL). Restimulation of 

splenocytes for cytokine production was performed with a-CD3 and a-CD28 (Invitrogen; both at 

2µg/mL) in 96-well plates with brefeldin A and monensin (Invitrogen, both diluted 500X) for 5 

hours at 37oC. 

 

Flow cytometry 

Samples were incubated in Fixable Viability Dye (AF780 or eF506, Life Technologies; Zombie 

UV, BioLegend) diluted in PBS for 20 minutes at 4°C. Extracellular antibodies were diluted in 

FACS buffer (2% FBS and 5mM EDTA in PBS) with Fc Block (Life Technologies) and incubated 

for 30 minutes at 4°C. Samples requiring intracellular staining were subsequently incubated in 

FoxP3 Transcription Factor Fixation/Permeabilization Concentrate and Diluent (Life 

Technologies) for 30 minutes at 4°C. Intracellular antibodies were diluted in permeabilization 

wash buffer and incubated for 30-60 minutes at 4°C. Directly conjugated antibodies used were as 

follows: TCRb (H57-597), CD4 (RM4.5), CD8a (53-6.7), CD5 (53-7.3), Foxp3 (FJK-16s), CD44 

(IM7), CD62L (MEL-14), CD25 (PC61.5), CD45 (30F11), CD98 (RL388), GITR (DTA-1), LFA-

1 (H155-78), CD73 (TY/11.8), PD-1 (29F.1A12), FolR4 (eBio12A5), Ly6C (HK1.4), CD6 (OX-

129), CXCR5 (SPRCL5), CD45.1 (A20), CD45.2 (104), TOX (TXRX10), CD69 (H1.2F3), B220 

(RA3-6B2), F4/80 (BM8), Ly6G (1A8), CD11b (M1/70), CD11c (N418), NK1.1 (PK136), CD19 

(eBio1D3), and IL-2 (JES6-5H4). Primary unconjugated antibodies used were: LEF-1 (C12A5), 

TCF-1 (C46C7), SHP-1 (C14H6). Secondary conjugated antibodies used were either Goat anti-

Rabbit IgG (H+L) Alexa Fluor 488 or Donkey anti-Rabbit IgG (H+L) Alexa Fluor 647. For 
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samples assessed for SHP-1 expression, cells were fixed with 1X TFP Fix/Perm Buffer for 50 

minutes at 4°C, then incubated in Perm Buffer III (BD Biosciences) for 20 minutes on ice. Fc 

Block, surface, and intracellular antibodies were diluted in 1X TFP Perm/Wash Buffer and 

incubated for 50 minutes at 4°C, and secondary antibody diluted in 1X TFP Perm/Wash Buffer 

was added for an additional 50 minutes at 4°C. For all flow cytometry experiments, cells were 

acquired using an LSRFortessa (BD Bioscience) and analyzed with FlowJo software (BD 

Bioscience). 

 

Cell sorts 

Lymphocytes from B6 or CD45.1+ congenic mice were isolated in single cell suspension as 

described. Samples for bulk RNA-seq, ATAC-seq, in vivo or in vitro assays were pooled from 

spleen and lymph nodes (inguinal, axillary, brachial, mesenteric, and cervical) from 2-10 mice. 

Samples for scRNA-seq were from a spleen from a single mouse. Total isolated cells or cells 

magnetically enriched for CD4 or total T cells (Stemcell EasySep mouse total T cell or CD4+ T 

cell enrichment kits) were then incubated in fixable viability dye, and subsequently stained with 

surface antibodies for 1 hour at 4°C. Naïve CD4+ T cell were sorted on CD5 expression (top and 

bottom 15%) for bulk analyses; single naïve CD4+ T cells were sorted into 384-well plates for 

subsequent scRNA-seq. Naïve CD4+ T cells were sorted on singlets, live, dump-negative (RNA-

seq and ATAC-seq), TCRb+ (bulk- and scRNA-seq), CD4+, CD8-, CD25- (scRNA-seq and in vivo 

and in vitro assays) or Foxp3GFP- (RNA-seq), CD44lo, CD62Lhi, and 15-25% CD5lo and CD5hi 

(RNA-seq, ATAC-seq, and in vivo and in vitro assays). Dump channel included B220, CD11b, 

CD11c, F4/80, Ly6G, NK1.1, and CD69 for RNA-seq; the ATAC-seq dump channel also included 

CD19 and CD25 (ATAC-seq). Sorts were performed on either a FACS Aria Fusion, Aria III, or 

Aria II SORP (BD Bioscience). All cell populations were sorted to >90% purity for bulk 

populations. 

 

Adoptive cell transfers 

For all adoptive cell transfer experiments, donors and recipients were sex-matched. 

TCRb-/- adoptive transfer: 25% CD5lo and CD5hi cells were sorted from CD45.2+ mice and 1x106 

cells were adoptively transferred by i.v. injection into CD45.1+ TCRb-/- recipients and mice were 

followed for 91 days. 
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LCMV infection:  15-18 CD45.1+ or CD45.2+ mice were used as donors to obtain a total of 12-

20x106 cells from each of 15% CD5lo and 15% CD5hi cells sorted as detailed above. 6-10x106 

sorted donor cells were adoptively transferred by i.v. injection into CD45.2+ or CD45.1+ recipients 

(n=2 per group), respectively. One day post-transfer, mice were infected with LCMV as described. 

Cells were isolated from the spleens and peripheral lymph nodes of recipient mice 8 days post-

infection. 

SMARTA transgenic T cell adoptive transfer: 1x104 CD45.2+ SMARTA CD4+ T cells were 

adoptively transferred by i.v. injection into CD45.1+ recipients. One day post-transfer, mice were 

infected with LCMV as described. Cells were isolated form the spleens of recipient mice 8 days 

post-infection. 

 

Bulk RNA sequencing 

1x106 cells from four independent samples, each with cells pooled from 2 mice, were sorted as 

described and CD5lo and CD5hi naïve CD4+ T cells were either directly added to 500µL TRIzol 

(ThermoFisher Scientific) or rested in complete RPMI supplemented with IL-7 for 22 hrs first. 

RNA was purified using RNA miniprep kit (Zymo Research) according to manufacturers’ 

recommendations. 500ng of purified RNA was used to prepare RNA-seq libraries using TruSeq 

mRNA library preparation kit v2 (Illumina). Libraries were sequenced on an Illumina HiSeq 2000 

using v3 chemistry and 50 cycle paired end reads. Illumina bcl files were converted to FASTQ 

using CASAVA1.8.2 and mapped to the UCSC mm9 mus musculus genome annotation using 

Tophat 2.0.11 [307]. Reads overlapping exons were counted using featureCounts version 1.4.5 

from the SubRead package [308], with a minimum read mapping quality score of 10. Normalized 

read counts differential gene expression analysis was performed with EdgeR [309]. In order for a 

gene to be included in the matrix a minimum CPM value of 5 in at least 3 of the 4 replicates was 

required. The p-values were corrected using the Benjamini-Hochberg method and an FDR 

threshold of <0.01 was considered significant. No FC threshold was set unless stated otherwise. 

 

Single cell RNA sequencing 

Each well within a 384-well plate contained CEL-Seq2 primers covered by mineral oil. Primers 

consisted of a 24bp polyT stretch, a 6bp random molecular barcode (UMI), a cell-specific barcode, 

the 5’ Illumina TruSeq small RNA kit adaptor and a T7 promoter. After sorting, the plates were 
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frozen at -80°C until further use. Single cell RNA-seq library preparation and sequencing was 

performed by Single Cell Discoveries (Utrecht, Netherlands) [310]. Libraries were prepared 

following the SORT-seq protocol [311], which consists of an automated and improved version of 

the CEL-Seq2 protocol [312]. Briefly, cells were first lysed for 5 minutes at 65°C, and reverse 

transcription and second strand mixes were dispensed by the Nanodrop II liquid handling platform 

(GC Biotech). Single cell double stranded cDNAs were pooled together and in vitro transcribed 

for linear amplification. Illumina sequencing libraries were prepared using the TruSeq small RNA 

primers (Illumina) and sequenced paired-end at 75 bp read length the Illumina NextSeq. Paired-

end reads from Illumina sequencing were aligned to the mouse transcriptome genome by BWA 

[313]. Read 1 contained the barcode information and was used for assigning reads to correct cells 

and libraries, while read 2 was mapped to gene models. Reads that mapped equally well to multiple 

locations were discarded. Read counts were first corrected for UMI barcode by removing duplicate 

reads that had identical combinations of library, cell-specific, and molecular barcodes and were 

mapped to the same gene. For each cell barcode the number of UMIs for every transcript was 

counted, and transcript counts were then adjusted to the expected number of molecules based on 

counts, 256 possible UMI’s and poissonian counting statistics [314]. A unique feature of this 

protocol is the combination of both flow cytometry staining and RNA sequencing; this allowed for 

the simultaneous tracking of select protein expression and gene expression on single cells. 

 

Single-cell RNA-seq data analysis 

Raw read counts were first subjected to quality control. We identified two blocks of wells with 

fewer than 500 non-spike-in reads. To exclude these and similar low-content wells, we applied a 

UMAP clustering on all wells (including the spike-in reads) and excluded the cluster of cells that 

was mainly composed by the low-read wells. After quality control, 697 wells out of 1152 were 

kept in the analysis. R packages ‘scater’ [315] and ‘scran’ [273] were used for further processing, 

the spike-in reads were removed and expression values were normalized to library size and 

normalized log expression values and gene variance were determined as described previously 

described [273]. Mitochondrial genes were excluded before modeling gene variance. The 

processed data was then plotted or subjected to UMAP clustering [316], performed with the R 

package 'uwot' [317] using the cosine distance and a neighbourhood size of 30. For defining CD5 
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low, mid, and high cells the CD5 mean fluorescent intensity was logged by the flow cytometer 

when we sorted the cells into individual wells.  

 

ATACseq library preparation, sequencing, and visualization 

Two independent biological replicates of CD5lo and CD5hi naïve CD4+ T cells were sorted as 

described, counted and 1x105 nuclei pelleted. ATAC-seq libraries were prepared from the fresh 

nuclei pellets using Illumina Tagment DNA TDE1 Kit by the Institut de recherches cliniques de 

Montréal (Montreal, Canada). Briefly, paired-end 42bp sequencing reads were generated by 

Illumina sequencing (using a NovaSeq6000). The quality of the sequenced reads was checked 

using FastQC tool v0.10.1 (Babraham Bioinformatics), and low-quality bases removed using 

Trimmomatic v.0.33 [318]. The trimmed reads were mapped to the mouse UCSC mm9 genome 

using Bowtie 1.0.0 [319], in paired-end mode with --best parameter. Peak calling was performed 

using MACS1.4.1 [320] with p-values  <10-7. Subpeaks were identified using PeakAnalyzer [321], 

with parameters: valley=0.5 and cutoff=5 counts per million (cpm). Normalized sequenced read 

density profiles (bigwig) were generated using makeUCSCfile from Homer package [322], 

normalizing the total number of reads in each sample to 106, and visualized on Integrative 

Genomics Viewer (IGV) [323]. When visualizing ATAC-seq signal profiles for individual genes, 

group scaling was performed. Peaks identified in the biological replicates were pooled using 

mergePeaks from Homer package, merging peak summits within 50bp to each other. Read 

densities around the peak summits were retrieved using annotatePeaks from Homer package and 

quantiles normalized for FC comparison between CD5lo and CD5hi replicates [324]. Transcription 

factor binding motif enrichment analysis was performed using Homer package on unique peaks 

found only in CD5lo or CD5hi replicates with a P-value <10-4. Hierarchical clustering of the peaks 

near the DEG-ND and DEG-D gene sets were performed using Pearson correlation with complete 

linkage method.  

 

RNA extraction and quantitative real-time PCR 

To assess Cd5 and Foxp3 expression in total and sorted CD5lo and CD5hi naïve CD4+ T cells or 

Tregs, lymphocytes from B6 or CD45.1+ congenic mice were isolated in single cell suspension as 

described. Lymphocytes were then magnetically enriched for total T cells or CD4+ T cells 

(Stemcell EasySep mouse total T cell or CD4+ T cell enrichment kits) and sorted as described. 
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RNA was extracted using Purelink™ RNA Mini Kit (Life Technologies) and cDNA converted 

using High-Capacity cDNA Reverse Transcription Kit (Life Technologies) according to 

manufacturers’ recommendations. RT-qPCR analysis was performed with TaqMan™ Gene 

Expression Master Mix (Life Technologies) and TaqMan™ Gene Expression Assay (Life 

Technologies; FAM, Cd5, Mm00432417_m1; FAM, Foxp3, Mm00475162_m1). Housekeeping 

genes Gapdh (Life Technologies, FAM, Mm99999915_g1) or Tbp (Life Technologies, VIC, 

Mm01277042_m1) were used. 

 

QUATIFICATION AND STATISTICAL ANALYSIS 

Heatmaps  

For RNA-seq these were created by either showing individual replicates or average expression 

within replicates. Log10(CPM+1) were visualized using the pheatmap package in R-Project on a 

color scale of black-blue-white-orange-red [325]. For ATAC-seq, heatmaps were created using 

annotatePeaks from Homer package, taking read densities ±2.5kb with bin size of 50bp for the 

highest peak summit near each gene TSS. Images were generated using MeV tool with blue-white-

red scale [326]. 

 

Geneset enrichment analysis (GSEA)  

GSEAs were performed as previously described [327] using gene sets defined by the Molecular 

Signatures Database [328] or otherwise described.  

 

Gene ontology pathway analysis 

Enrichment of GO terms in naïve CD4+ T cells was performed using ClueGO (version 2.5.4) [329] 

on Cytoscape (version 3.8.1) [330]. The following parameters were used when running ClueGO 

on the top 5% most variable genes from the scRNA-seq: Min GO Level =4, Max GO Level =6, 

Minimum Number of Genes associated to GO term =6, and Minimum Percentage of Genes 

associated to GO term =6. The following parameters were used when running ClueGO on bulk 

RNA-seq DEGs: Min GO Level =3; Max GO Level =4. For CD5lo cells: Minimum Number of 

Genes associated to GO term =3; Minimum Percentage of Genes associated to GO term =5. For 

CD5hi cells: Minimum Number of Genes associated to GO term =20; Minimum Percentage of 

Genes associated to GO term =10. Enrichment p-values were based on a hypergeometric test and 
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Benjamini-Hochberg method used for multiple testing correction. For bulk RNA-seq only 

pathways with P £ 0.05 were considered significant.  

 

PCA 

PCA plots were built using filtered log2CPM (RNA-seq) or log2-transformed read densities around 

peak summits (ATAC-seq) using ggplot2 package in R-Project [331]. 

 

Mutual Information 

Mutual Information (MI) is a robust, non-parametric measure of the statistical relationship between 

observables with distinct advantages over simple correlation measures [332]. MI is computed as: 

 
(Joint) probability distributions are obtained by binning the data into 96 geometrically spaced bins 

over the full Mean Fluorescent Intensity (MFI) range (100-106) for TCRb, CD5, CD6, and SHP-1. 

 

ScatterSlice analysis 

Scale values corresponding to single CD4+ T cells with expression of TCRb, Ly6C, CD5, CD6, 

TOX, and SHP-1 from flow cytometry data were identified and exported as csv files for analysis 

in the R-Project ScatterSlice [333]. Cells were divided into defined bins (15x15 matrix with a 

minimum of 15 cells per bin) and within each bin, the average MFI of SHP-1, Ly6C, TOX, or CD6 

was projected in false-color onto a plot of TCRb versus CD5 expression. 

 

Statistical analyses 

Group comparisons were performed using Prism V9 (GraphPad). Unless specified, data are 

presented as mean ± standard deviations (SD) with each data point representing an individual 

mouse. The cut-off for significance considered was p≤0.05 for all analyses unless otherwise stated. 

Information about specific statistical tests used for each experiment are listed in the figure legends. 
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2.9 Supplemental Information 
 

 
Figure S1. CD5 expression among single naïve CD4+ T cells. Related to Figure 1. (A) 

Comparison of Cd5 gene expression from scRNA-seq (y-axis) and CD5 protein expression from 

corresponding cells (x-axis) among naïve CD4+ T cells. Each data point represents a single cell. 

The line shows the polynomial regression line across all data. (B) UMAP projection of the 2000 

most variable genes from scRNA-seq profiles of 697 cells. CD5 protein expression level is 

overlayed as a grey to red intensity scale.  

Statistics: Pearson correlation coefficient = 0.09, 95% CI 0.02, 0.17, p-value = 0.01 (A).  
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Figure S2. Sort strategy and differences in chromatin accessible regions between CD5lo and 

CD5hi naïve CD4+ T cells. Related to Figure 2. (A) Flow cytometry plots illustrating the sort 

strategy used for RNA- and ATAC-seq. Dump channel included B220, CD11b, CD11c, F4/80, 

Ly6G, NK1.1, and CD69. (B) Representative post-sort purity for RNA- and ATAC-seq; numbers 

above gates indicate percent of cells in gate. (C,D) Foxp3 mRNA expression in sorted CD5lo and 

CD5hi naïve CD4+ T cells from RNA-seq data (n=4) (C) and verified by RT-qPCR in 

independently sorted CD5lo and CD5hi cells normalized to the housekeeping gene Gapdh and 

relative to Treg population (n=3) (D). Sorted Tregs (TCRβ+, CD4+, CD8-, CD25+) were used as 

positive control. Lines represent group means. (E,F) Global analysis of DARs in sorted CD5lo and 

CD5hi naïve CD4+ T cells from ATAC-seq. Total number of peaks (n=2) (E) and proportion of 

peaks annotated to genomic regions (F). (G) Absolute fold expression of DARs from identified 

DEGs between CD5hi versus CD5lo as compared DARs corresponding to a random set of genes. 

Box plot shows the quartiles and the 5th and 95th percentiles as whiskers. (H) FC expression of the 

911 significant DEGs between CD5hi versus CD5lo indentified in Fig. 2E from bulk RNA-seq 

dataset with corresponding DARs from ATAC-seq dataset. Dotted line denotes line of best fit from 

linear regression (equation shown).  

Statistics: Mann-Whitney test (D and G). ****p<0.0001, ns = non-significant. 
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Figure S3. Comparison of chromatin accessible regions and transcriptomes of CD5hi versus 

CD5lo CD4+ T cells. Related to Figure 3. (A) Venn diagram of DEGs identified in Fig. 2 with 

FC≥2, compared to published DEGs determined for naïve CD8+ T cells sorted into CD5hi and 

CD5lo (GSE62142). (B) Fold change expression differences between CD5hi and CD5lo of the 24 

DEGs identified in the venn diagram overlap in A. (C) FSC-A and CD44 protein expression levels 
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of CD5lo and CD5hi naïve CD4+ T cells (CD44 RFI is relative to total naïve CD4+ T cells). 

Representative flow cytometry histograms are shown and data summarized from 3 independent 

experiments. Dotted lines in histograms denote CD5lo modes; data point in graphs represent 

individual mice (n=14); lines denote group means. (D) GSEA showing enrichment of gene 

signatures in (i) CD4+ T cell activation in vivo, GSE68893, and (ii) CD4+ T cell memory during 

acute LCMV infection, GSE43863, relative to the CD5lo versus CD5hi naïve CD4+ T cell 

comparison. (E) ATAC-seq signal profiles of T cell effector cytokines from 2 biological replicates 

of sorted CD5lo and CD5hi naïve CD4+ T cell samples. (F) Heatmap of differentially expressed 

transcription factors (TF) between CD5lo and CD5hi naïve CD4+ T cells not classified in Fig. 3D. 

(G) Venn diagram of unique DARs from ATAC-seq for CD5lo and CD5hi naïve CD4+ T cells used 

for TF binding motif enrichment analysis in Fig. 3E. (H) Representative flow cytometry histogram 

of TOX fluorescence minus one (FMO) control in gated CD5lo and CD5hi naïve CD4+ T cells. (I) 

ATAC-seq signal profiles of Lef1, Tcf7, Tox, and Tox2 gene loci from 2 biological replicates of 

sorted CD5lo and CD5hi naïve CD4+ T cell samples.  

Statistics: Wilcoxon matched-pairs signed rank test (C). ***p<0.001.  
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Figure S4. CD5 expression on naive CD4+ T cells identifies protein differences that are stable 

with age and that predict divergence of functional differences post-activation. Related to 

Figure 4. (A) GSEA of gene signatures in mutant/constitutively-active form of NFAT1 

overexpressing CD8+ T cells (GSE64409) and T cell exhaustion during chronic viral infection 

(GSE30962) in CD5lo or CD5hi naïve CD4+ T cells. (B) Protein expression of key markers (CD6, 

Ly6C, FolR4, and CD73) were measure at 8 days (neonate), 19-22 weeks, and 34 weeks old B6 

mice in CD5lo versus CD5hi naïve CD4+ T cells. Representative histograms, protein expression 

(black bars, relative to CD5hi cells at each age group), and fold enrichment (grey bars) are shown. 

Data summarized from 2 independent experiments; data points are from individual mice (n=2-9); 

error bars represent standard deviation; grey hashed line represents the average fold enrichment of 

protein expression in neonates. (C) Fold enrichment of protein expression of markers as in (B) 

except mice were RAG2GFP and cells were gated on non-recent thymic emigrants (GFP-). Data 

summarized from 1 experiment; data points are from individual mice (n=2-3); error bars are 

standard deviations. (D) Protein expression (relative to sorted CD5hi naïve CD4+ T cells) measured 

by flow cytometry in sorted 15% CD5lo and CD5hi naïve CD4+ T cells pre- and 24 hours post-

activation with anti-CD3/CD28. Activated cells were gated on CD44hiCD25+ or CD44hiCD62L-. 

Data summarized from 2-4 independent experiments; individual data points are from 2-5 pooled 

mice (n=4-13); lines denote group means. (E) 3-dimensional single-cell flow cytometry analysis 

for TOX expression among naïve CD4+ T cells pre- and 24 hours post-activation. Color scale 

represents MFI of TOX in bins of at least 10 cells across the full protein expression spectrum of 

CD5 (x-axis) and TCRβ (y-axis). (F,G) Mutual information analysis to determine the ability of 

CD5 or TCRβ to predict SHP-1 (F) or CD6 (G) expression in naïve CD4+ T cells pre- and 24 hours 

post-activation.  

 

Statistics: Wilcoxon matched-pairs signed rank test (D). *p<0.05, **p<0.01, ***p<0.001.  
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Figure S5. Differences in CD5 and CD6 expression predicts biased effector differentiation in 

CD4+ T cells. Related to Figure 5. (A) GSEA of natural (nTreg) gene signature (GSE14308) in 

CD5lo or CD5hi naïve CD4+ T cells. (B) Treg conversion of total and sorted 25% CD5lo and CD5hi 
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naïve CD4+ T cells 91 days post-adoptive transfer into TCRβ-/- recipients. Representative flow 

cytometry plots (left, numbers are percent of cells within indicated gate) and summary plot (right, 

lines denote group means, data points are individual mice (n=3-5)) of percent Tregs among 

transferred cells. (C) Survival of mice adoptively transferred with total and sorted 25% CD5lo and 

CD5hi naïve CD4+ T cells. All data in B and C are summarized from 1 experiment. (D-I) 

Congenically labelled (CD45.2+) SMARTA transgenic CD4+ T cells were transferred into WT or 

TCRβ-/- mice that were infected 1 day later with LCMV, as shown in schematic of experimental 

setup (D). Total number of activated (CD44hi) transferred SMARTA cells on day 8 post-infection 

(E). CD5 protein expression (relative to SMARTA cells transferred into WT mice) of transferred 

SMARTA cells (F) and percent TFH of transferred SMARTA cells 8 days post-infection (G). 

Percent IL-2+ (H) and CD25 protein expression (I) (relative to SMARTA cells transferred into WT 

mice) of transferred SMARTA cells 8 days post-infection. All data in D-I are summarized from 1-

2 independent experiments; each data point in summary graphs is from an individual mouse (n=3-

10). Numbers in representative flow cytometry plots are percent of cells within indicated gate (G, 

H) or mean fluorescent intensity (F, I). (J ,K) Activated (CD44hi) CD4+ T cells isolated on day 8 

post-infection were gated on the top and bottom 15% CD5- or CD6-expressing cells and the 

percent PD-1hiCXCR5- and non-TFH (PD-1loCXCR5-) determined (J) and PD-1 RFI (relative to 

total TFH cells) of gated cells from Fig. 5F (K).All data in J,K are summarized from 2 independent 

experiments; each data point is from an individual mouse (n=13), error bars represent mean ± S.D. 

(L) TOX, LEF-1, and TCF-1 protein expression (relative to total TFH cells) in TFH cells from gated 

CD5lo and CD5hi CD4+ T cells. Numbers in representative flow cytometry plots are mean 

fluorescent intensity. Data is summarized from 2 independent experiments; each data point is from 

an individual mouse (n=13).  

 

Statistics: Mann-Whitney test (B), Mantel-Cox test (C), unpaired t test (E-I), and Wilcoxon 

matched-pairs signed rank test (J-L). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns= non-

significant.  
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Figure S6. Withdrawal of naïve CD4+ T cells from self-pMHC identifies proteins that do not 

rely on continuous self-pMHC interactions. Related to Figure 6. (A) Naïve CD4+ T cells were 

sorted into 15% CD5lo and CD5hi populations, rested in dissociated culture in the presence of IL-

7 for up to 5 days, and cell viability determined. Data is summarized from 1 experiment; each data 

point is from an individual mouse (n=4 for day 0, 1, and 5; n=2 for day 10). (B) Representative 

flow cytometry plots of proteins from sorted CD5lo and CD5hi naïve CD4+ T cells rested in 

dissociated culture in the presence of IL-7 for 5 days. Numbers in top right of histograms indicate 

mean fluorescence intensity in fresh or rested CD5lo and CD5hi populations. 

Statistics: Two-way ANOVA with Sidak’s multiple comparisons showed a significant effect 

(p<0.01) between CD5lo and CD5hi naive CD4+ T cells at Day 1, but not at Day 0, 5, or 10 (A).  
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Table S1. Counts matrix for transcripts in scRNA-seq analysis performed on individual naïve 

CD4+ T cells. CD5 surface protein expression (cd5.level) was measured by flow cytometry for 

each cell. Only cells that passed quality control are included. Related to Figure 1. 

 

Table S2. List of top 5% most variable genes among naïve CD4+ T cells from single cell RNA-

seq. Log2 normalized counts, gene expression variance, and gene classification are indicated. 

Related to Figure 1. 

 

Table S3. List of non-redundant genes enriched in the defined GO terms associated with T cell 

activation used for PCA analysis of naïve CD4+ T cells from single cell RNA-seq. Related to 

Figure 1. 

 

Table S4. List of DEGs identified in comparing CD5lo and CD5hi naïve CD4+ T cells (FDR < 0.01) 

using bulk RNA-seq. Log2 fold changes, absolute fold changes, log2 CPMs and p-values are 

indicated. Gene group classifications defined in Figure 6 are indicated in column G. Related to 

Figures 3 and 6. 

 

Table S5. Counts matrix for all detected transcripts in bulk RNA-seq in sorted fresh and rested 

CD5lo and CD5hi naïve CD4+ T cells. Related to Figures 3 and 6. 
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PREFACE TO CHAPTER 3 
 

In Chapter 2 we found that the naive CD4+ T cell population possesses remarkably diverse 

transcriptional and chromatin heterogeneity that is based on strength of self-reactivity. We show 

that CD5hi (high self-reactive) naive CD4+ T cells are more likely to become Tregs and TFH cells. 

We next sought to understand what low self-reactive T cells contribute to the T cell response during 

infection. We examined the role of CD5lo (low self-reactive) CD4+ T cells during chronic infection. 

We also investigated the impact of acute and chronic pathogen control when a T cell population 

has on average fewer low pMHC-reactive T cells.  
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CHAPTER 3: T CELLS WITH LOW ANTIGEN BINDING STRENGTH GENERATED BY N-NUCLEOTIDE DIVERSITY AID IN CHRONIC PATHOGEN CONTROL 
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On the cover: 

T cells express one of a possible 1020 T cell receptors (depicted as individual dots) where 

this diversity establishes a T cell population that spans a spectrum of strength in reactivity to 

peptide (encoded from red for high-reactivity to blue for low-reactivity). In this chapter, Rogers et 

al. show that when the T cell population is missing low-reactive receptors (blue dots) chronic 

pathogen control is delayed. Image concept inspired by the work of Yayoi Kusama. Artwork by 

Dakota Rogers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 103 

 

 

 

T cells with low antigen binding strength generated by N-nucleotide diversity aid in chronic 

pathogen control 

 

 

Dakota Rogers1,2, Hassan Jamaleddine1, Geneviève Perreault2, Dhanesh Patel1,2, and Judith N. 

Mandl1,2,3* 
 

 

1Department of Physiology, McGill University, Montreal, Quebec, Canada.  
2McGill University Research Centre on Complex Traits, Montreal, Quebec, Canada. 
3Department of Microbiology and Immunology, McGill University, Montreal, Quebec, Canada.  
 

 

*Corresponding author: Judith Mandl 

Email: judith.mandl@mcgill.ca 

 

 

 

Unpublished. Incorporated into two manuscripts: 

Jamaleddine S.*, Rogers D.*, Perreault G., Mandl J.N., Khadra A. (2022). Chronic 

infection control relies on T cells with lower foreign antigen binding strength generated by 

N-nucleotide diversity. Biorxiv. https://doi.org/10.1101/2022.06.26.497644. Under Review. 

* Equal contribution 

 

Textor J., Buytenhuijs F., Rogers D., Mallet Gauthier É., Sultan S., Wortel I.M.N., 

Kalies K., Fähnrich A., Pagel R., Melichar H.J., Westermann J., Mandl J.N. (2022). Machine 

learning analysis of the T cell receptor repertoire identifies sequence features that predict 

self-reactivity. BioRxiv. https://doi.org/10.1101/2022.11.23.517563.  



 104 

3.1 Summary 
 
The breadth of pathogens a T cell can respond to is determined by the T cell receptors (TCRs) 

present within a person’s repertoire. While N-nucleotide insertions at V(D)J gene segment 

junctions by terminal deoxynucleotidyl transferase (TdT) during recombination of the abTCR 

contribute more than 90% of TCR sequence diversity, the importance of these additions has 

remained elusive. Here, we probe whether TCRs with higher diversity, via TdT, differentially 

contribute to acute or chronic pathogen control. Using CD5 expression as a surrogate for TCR 

signal strength to self-peptide MHC (pMHC), which correlates with foreign pMHC reactivity, we 

found that CD5lo (low self-reactive) CD4+ T cells dominated in the responding T cell population 

during chronic infection. Supporting the idea that N-nucleotide additions skew TCRs, on average, 

to have lower pMHC-reactivity, pre-selection TdT-KO thymocytes had increased levels of CD5. 

Moreover, when TdT-KO was restricted to the T cell compartment, chronic viral control was 

delayed, while acute viral infections were unaffected. Together these data suggested that TCR 

diversity imparted by N-nucleotide additions preferentially produced TCRs of lower reactivity to 

pMHC and that these T cells support chronic pathogen control. 

 

 

 

 

 

Keywords 

Acute and chronic infections; Lymphocytic choriomeningitis virus; Cryptococcus neoformans; T 

cell receptor affinity; DNA nucleotidylexotransferase, terminal deoxynucleotidyl transferase; 

CD5. 

 

 

 

 

 

 

 



 105 

3.2 Introduction 

T cells have the remarkably difficult task of recognizing and responding to any possible 

pathogen. T cells use a specialized receptor called the T cell receptor (TCR) to recognize the 

pathogen-derived peptides through presentation on major histocompatibility complexes (pMHC) 

[334, 335]. To make a T cell population that is diverse enough to recognize all potential foreign 

peptides each T cell clone expresses a unique abTCR that is generated by somatic recombination 

of V and J gene segments for the a-chain and V, D, and J gene segments for the b-chain [105]. 

Further increasing TCR diversity, the DNA polymerase, terminal deoxynucleotidyl transferase 

(TdT), adds non-templated (N) nucleotides into the junctions of the V(D)J segments [105, 297, 

336, 337]. N-nucleotides account for ~90-95% of the TCR diversity [109, 338, 339]. Together, 

TdT in combination with somatic recombination of the V(D)J gene segments generates one of a 

possible 1015-1020 TCRs [113-115]. Many of the TCR recombination events produce receptors that 

are either non-functional or react to pMHC too strongly, which are removed from the T cell 

population during development in the thymus [116]. Still, the mature naive T cell repertoire 

consists of millions of TCRs representing individual clonotypes [113, 117].  

Upon encounter with a pathogen, many antigen-specific naive T cells within the T cell 

repertoire are mobilized to contribute to the response. Each T cell clonotype within the anti-

pathogen response recognizes the same or different pMHCs and the strength with which the TCRs 

bind their ligands can differ by several orders of magnitude [166, 340]. The heterogeneity among 

responding T cells in their TCR binding strength to pMHC, here referred to as pMHC reactivity, 

correlates with their self-pMHC reactivity and differences in T cell function. For CD4+ T cells, 

differences in pMHC reactivity impact effector lineage choices and memory cell differentiation 

[1, 4, 341, 342]; while among CD8+ T cells pMHC reactivity correlates with lytic activity, 

proliferation, and memory cell formation [340]. However, to what extent the distribution of 

pMHC-reactivity for pathogen-responding T cells affects how quickly a pathogen is cleared 

remains incompletely understood.  

Currently, there are few techniques that permit an in-depth analysis of the responding T 

cell population and how pMHC-reactivity evolves over the course of the infection. First, two-

dimensional binding assays measure the force required to dissociate the TCR interaction from its 

cognate pMHC as a T cell is physically pulled from the antigen presenting cell (APC) [343]. 

Second, surface plasmon resonance measures a change in mass on a sensor-surface with 
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immobilized pMHC as TCR molecules are flown over the pMHC to bind [344]. A third common 

method uses pMHC tetramers to identify antigen-specific T cells, although pMHC tetramers 

primarily identify T cell clonotypes with higher pMHC-reactivity and may miss low-reactive T 

cells [166]. However, all three techniques assess only one TCR at a time and require prior 

knowledge of the epitope that is recognized by the T cell clonotype of interest. Thus, by focusing 

on only a subset of known epitope-specific T cells, the contribution of the remaining pathogen-

specific T cell population is missed. 

While TdT is the primary source of TCR diversity that establishes a polyclonal T cell 

population, the benefit of added N-nucleotide from TdT has remained unclear. TdT-knockout 

(KO) mice, while possessing severely diminished TCR diversity, do not appear to be more 

susceptible to infection nor are their T cell responses impaired during acute infection [336]. 

Despite normal control of acute pathogens in TdT-KO mice, TdT is highly conserved across all 

jawed vertebrates [345, 346], suggesting an evolutionarily important role of TdT which has yet to 

be fully elucidated. One hypothesis proposes that by adding N-nucleotides, TdT generates non-

germline TCRs that expand the scope of peptides a T cell can recognize outside the germline-

encoded repertoire but may consequently have lower pMHC-reactivity because of the introduced 

bases [138]. Consistent with this idea, the neonatal T cell repertoire is first produced in the absence 

of TdT and has increased pMHC reactivity [296]. In addition, TdT-KO T cells undergo positive 

selection in the thymus more efficiently, suggesting they may have, on average, TCRs that have 

higher pMHC reactivity [144]. Moreover, during influenza A virus infection, CD8+ T cells specific 

to the HA518 epitope from TdT-KO mice were ~10 time more sensitive to antigen stimulation 

compared to the same epitope-specific CD8+ T cells from wildtype (WT) mice, further suggesting 

that TdT-independent TCRs may have higher pMHC reactivity [347]. However, in settings where 

there is chronic antigen stimulation, such as in long-term infections and cancers, T cells with high 

pMHC reactivity are more likely to undergo exhaustion, characterized by epigenetic remodelling 

leading to dysfunction, compared to T cells with lower pMHC reactivity [306, 348, 349]. As such, 

a possible benefit for TdT is to allow for better control of chronic infection when germline TCRs 

that, on average, have higher pMHC reactivity may otherwise become exhausted.  
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Here we investigated whether differences in the strength of pMHC reactivity within the 

polyclonal T cell population impact the clearance of acute and chronic pathogens. We show that 

naive CD4+ T cells with low self-reactivity, and thus lower foreign reactivity, preferentially 

contributed to the responding T cell pool during chronic infection. We also demonstrated that mice 

lacking T cells with TdT expression, thus having a T cell population that is presumably shifted 

towards higher-reactive T cells, have delayed chronic pathogen control. Taken together, our data 

suggest that one evolutionary benefit for TdT may be to produce T cells with lower pMHC 

reactivity and in doing so provide better control of pathogens during chronic infection. 

 

3.3 Results 

Strength of self-reactivity inversely correlates with Dntt expression in CD4+ T cells 

Previous work from our group and others had unexpectedly identified Dntt as one of the 

most enriched genes in low self-reactive T cells [3, 139-141]. Dntt encodes for the non-templated 

DNA polymerase TdT which has been proposed to generate TCRs during development that, on 

average, have lower self-pMHC reactivity [138]. To investigate the relationship between naive 

CD4+ T cell self-reactivity and Dntt expression, we first sought to understand whether the 

difference in Dntt expression was due to residual mRNA expression in recent thymic emigrants 

(RTE) where Dntt might still be expressed. We used CD5 protein expression as a surrogate to 

measure the strength of self-reactivity for naive T cells, as has been suggested by prior studies [1, 

2, 140, 141, 172]. Using a RAG2-GFP reporter mouse, we found that GFP+ RTEs were enriched 

for CD5hi cells rather than CD5lo cells (Figure S1A). This is consistent with RTEs possessing 

increased sensitivity to pMHC interactions [238]. Regardless, we excluded GFP+ RTEs when 

sorting naive CD4+ T cells with low, mid, and high CD5 expression to assess Dntt mRNA 

expression by qPCR (Figures S1B and S1C). In addition, we sorted double negative (DN), double 

positive (DP), and CD4+ single positive (SP) thymocytes to assess Dntt gene expression during 

development (Figures S1D and S1E). Consistent with previously published data, we found that 

Dntt expression was inversely correlated with CD5 protein in naive CD4+ T cells (Figures 1A and 

1B). Of note, even though CD5lo naive CD4+ T cells express higher Dntt than CD5hi cells, their 

Dntt expression was ~40-fold lower than in the developing DN and DP thymocytes (Figure 1A). 

In addition to greater Dntt gene expression in peripheral naive CD4+ T cells, CD5lo cells had 

greater chromatin accessibility for the Dntt locus (Figure 1C). Notably, the labelled intergenic 
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peak synergizes with the Dntt promoter to activate transcription specifically in T cells, but not B 

cells [350]. To gain a better understanding of the expression dynamics of TdT (encoded by Dntt) 

we further assessed protein expression at the different stages of thymocyte development (Figure 

S1F). As thymocytes progressed through development, TdT expression was first detected at the 

DN2 and DN3 stages, which is when the TCRb chain is rearranged [351]. There was a transient 

decrease in TdT expression in the DN4 stage then re-expression in the DP stage where the TCRa 

chain is rearranged, albeit not to the same level as the DN2-DN3 stages. TdT protein was no longer 

detected in CD4+ SP thymocytes. Together, these data led us to hypothesize that greater Dntt 

expression during thymic development may produce TCRs with more N-nucleotide insertions that 

increase the diversity of the TCR repertoire but may also, on average, have lower self-pMHC 

reactivity. 

To determine whether TdT-dependent TCRs are indeed biased for lower self-reactivity, we 

assessed CD5 expression throughout thymic development in TdT-KO mice. In theory, if TdT is 

used to make low self-reactive TCRs, the TdT-KO mice should possess a T cell repertoire that is 

enriched for higher self-reactive T cells, thus expressing more CD5. Pre-selection DP TdT-KO 

thymocytes indeed expressed higher levels of CD5 compared to WT thymocytes (Figure 1D). 

However, following selection in the DP stage as well as the CD4+ and CD8+ SP stages, CD5 

expression was no longer different between WT and TdT-KO thymocytes. These data suggest that 

following selection CD5 expression may be renormalized by different bounds of positive and 

negative selection within the TdT-KO mice. Indeed these data are supported by published work 

that shows TdT-KO T cells are more efficiently positively selected, implying that they have, on 

average, higher reactivity to pMHC [144]. 

 

T cells with low pMHC reactivity dominate during chronic infection 

During acute infection, antigen-responding CD4+ T cells are dominated by high self-

reactive (CD5hi) CD4+ T cells [1]. However, it remains unclear what role the low self-reactive 

CD4+ T cells play during infection. We asked if low self-reactive T cells, which may on average 

have more N-nucleotide insertions, are important for chronic pathogen control, as has been 

previously hypothesized [138]. To test this hypothesis, we sorted naive CD4+ T cells on the bottom 

and top 20% CD5 expressing cells, denoted as CD5lo and CD5hi respectively. The two sorted naive 

T cell populations (identified by congenic markers, CD45.1+ or Thy1.1+) were mixed at a 1:1 ratio 
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and adoptively transferred into CD45.2+ Thy1.2+ recipient mice that were infected 3 days prior 

with Cryptococcus neoformans (Figures 2A and 2B, S2A and S2B). Notably, exposure to the 

fungal pathogen, C. neoformans, establishes a persistent pulmonary infection [352]. Following 20 

days post-transfer (23 days post-infection) the C. neoformans responding (activated) CD4+ T cell 

population in the lung was dominated by CD5lo CD4+ T cells, outnumbering CD5hi CD4+ T cells 

4-fold (Figures 2C and 2D). Of note, within the infected mice, CD5 expression increased slightly 

upon activation; however, a CD5lo CD4+ T cell remained CD5lo, and a CD5hi CD4+ T cell remained 

CD5hi as has been previously shown during LCMV-Arm infection (Figures S2C and S2D) [140]. 

Our data is consistent with prior data from both antigen-specific CD4+ and CD8+ T cells showing 

that T cells with lower TCR reactivity predominate during chronic infection [253, 353].  

 

Absence of low pMHC reactive T cells generated by N-nucleotide diversity delays chronic 

pathogen control 

 We next sought to address whether a T cell repertoire devoid of TdT expression, which 

presumably disproportionately generates T cells with lower pMHC-reactivity, was important for 

pathogen control. TdT-KO mice are not impaired in their ability to control acute infection [336]; 

however, it is not known whether these mice can control chronic pathogens. We infected total 

TdT-KO mice with the chronic pathogen LCMV-Cl13 and assessed viral loads as the infection 

progressed. Across early (day 6), middle (day 25), and late (day 45) stages of infection viral titers 

were not impacted in TdT-KO mice, relative to WT mice (Figure 3A). Given that B cells also 

utilize TdT to diversify their B cell receptors (BCR) [354], it is possible that changes in the B cell 

repertoire in total TdT-KO mice impact viral replication. Thus, we restricted TdT deficiency to the 

T cell compartment alone, with normal TdT expression in B cells. To do this, we generated mixed 

bone marrow chimeras where TCRb-KO bone marrow (no T cells, WT B cells) was mixed 1:1 

with either WT bone marrow (WT T cells, WT B cells) leading to reconstitution with WT T and 

B cells, or with JH and TdT double KO bone marrow (TdT KO T cells, no B cells) developing 

TdT-KO T cells and WT B cells (Figure 3B). Prior to bone marrow cell transfer, we verified the 

cells were mixed at 1:1 ratio from each of the donors (CD45.1+ or CD45.2+) (Figure S3A). 

Consistent with prior data from total TdT-KO mice [336], there were no differences in viral titers 

during acute LCMV-Arm infection between the WT and TdT-KO T cell chimera groups in the 

serum at day 2 or in the spleen at day 6 (Figure 3C). However, during the chronic phase of LCMV-
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Cl13 infection at days 26-28 and days 40-45 TdT-KO T cell chimeras had higher viral loads at 

3.05-fold and 3.15-fold respectively (Figure 3D). Since some endogenous hematopoietic stem 

cells are retained following irradiation in bone marrow chimera recipients, which may skew the T 

cell response to virus, we repeated the chimera setup using TCRb-KO mice as recipients (Figure 

S3B). Like the chimeras made with CD45.1+ WT mice as recipients, TCRb-KO CD45.1+ 

recipients also had viral titers 3.74-fold greater than WT chimeras (Figure S3C). Intriguingly, 

antigen-responding TdT-KO T cells expressed higher levels of PD-1 expression during the chronic 

phase of LCMV-Cl13 infection (days 38-50) (Figure S3D). These data together suggest that T 

cells with TCRs that are not dependent on N-nucleotide insertions from TdT are, on average, 

higher affinity and may be more prone to exhaustion. Ultimately our findings highlighted the 

importance of low-affinity TCRs in the control of chronic pathogens. 

 

3.4 Discussion 

As T cells rearrange their TCRs during development TdT incorporates random nucleotides 

at the V(D)J gene junctions that are responsible for an explosion in TCR diversity outside the 

germline-encoded TCRs [297, 339, 355]. Yet, despite TdT being highly evolutionarily conserved 

[337], the impact these non-germline TCRs have on T cell responses has remained incompletely 

understood. Our data showed that T cells with lower self-reactivity, as determined by low CD5 

protein levels, express more Dntt, the gene encoding TdT, and may consequently have longer 

TCRs. These low self-reactive CD4+ T cells subsequently predominated in the pathogen-

responding T cell pool, consistent with a previous hypothesis [138]. When fewer low-reactive T 

cells are present in the T cell repertoire, as we predicted in TdT-KO mice, there was a delay in 

chronic, but not acute, pathogen control. Importantly, our data corroborated previous experiments 

showing that TdT-KO mice were not more susceptible to acute pathogens such as Vesicular 

Stomatitis, Sendai, Influenza A, and LCMV-WE [336, 347]. Together, our work shows a 

previously undescribed benefit for TCR repertoire diversification by TdT in the control of chronic 

infection.  

In settings where there is chronic antigen stimulation, high-affinity T cells are more prone 

to undergo permanent epigenetic remodelling, referred to as epigenetic scarring, which results in 

irreversible T cell exhaustion [306, 349, 356]. We found that TdT-KO T cells have increased 

expression of PD-1 during the chronic phase of infection. While PD-1 alone is not sufficient to 
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show that TdT-KO T cells are more prone to exhaustion, it does indicate that TdT-KO T cells 

receive greater TCR signals [357]. It will be interesting to evaluate the dynamic epigenetic changes 

that occur in TdT-KO T cells in chronic infection settings, where there is continuous antigen 

stimulation, to determine whether these cells indeed have an increased propensity to become 

exhausted.   

 The impact of a TdT-deficient repertoire in pathogen control is not only relevant for 

understanding the evolutionary conservation of TdT in jawed vertebrates but is also relevant to 

neonatal immunity, given that the T cell repertoire in the early stages of life is generated in the 

absence of TdT. In mice, TdT is first detected at 3-5 days after birth, while in humans TdT 

expression is detected at ~20 weeks of pregnancy [358, 359]. As a consequence, the neonatal TCR 

repertoire lacks N-nucleotide additions, TCR sequences are shorter, are more likely to be found 

across multiple individuals (public), and are more cross-reactive [145, 360, 361]. Indeed, the 

neonatal T cell repertoire has been shown to have higher self-reactivity [296], which is consistent 

with TdT-KO T cells. With these parallels in mind, it will be important to consider to what extent 

the neonatal versus the adult T cell repertoire differs in their responses to pathogens.  

 TdT-KO mice have been an enigma since first being characterized [336]. We found that 

peripheral TdT-KO naive CD4+ or CD8+ T cells do not express higher levels of CD5, contrary to 

what would be expected if cells had high pMHC-reactivity as we predict with the TdT-KO T cell 

repertoire. However, prior to thymic selection, TdT-KO thymocytes did express higher CD5, 

suggesting that while the T cell repertoire may be enriched for TCRs of high pMHC-reactivity, 

thymic selection re-normalizes the bounds of CD5 expression to be comparable to WT levels. 

Given these caveats, we additionally turned to computational modelling to characterize the T cell 

responses during acute and chronic infections and to modify a theoretical T cell repertoire and 

track pMHC-reactivity distributions over time during infection [252]. In line with our data, the 

model predicted a decrease in pMHC-reactivity in the pathogen-responding T cell population 

during chronic infection in silico [252]. Additionally, when a theoretical TCR repertoire was 

shifted to be higher in pMHC-reactivity the model predicted a prolonged chronic infection [252]. 

These experimental and computational data show complementary findings for  how TdT impacts 

the T cell repertoire in response to pathogens.  

Using bulk TCRb-sequencing and machine learning to asked whether there were 

differences in TCR usage for low (CD5lo) and high (CD5hi) self-reactive cells, our group recently 
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found that CD5lo naive CD4+ T cells had longer TCRs, on average, compared to CD5hi cells [143]. 

Intriguingly, sequences from CD5lo TCRs were slightly enriched in pre-selection DP thymocytes, 

suggesting that low-reactive TCRs may take longer to receive the necessary signals to be positively 

selected; conversely, CD5hi TCR sequences were enriched in the CD4+ SP thymocytes [143]. 

Indeed, experimental data has shown that weakly self-reactive thymocytes take longer to undergo 

positive selection [137]. Additionally, this new study found that CD5hi TCR sequences were 

preferentially identified in acute LCMV infection and in the memory response [143], consistent 

with previously published data [1]. Lastly, CD5lo TCR sequences were overrepresented in chronic 

LCMV infection [143]. These data provide the first direct evidence that low self-reactive T cells 

expressing higher Dntt indeed have longer TCR sequences, at least for the b-chain.  

In summary, our work provides new insights into the differential contribution of T cells 

with low- and high-reactivity to pMHC during acute and chronic immune responses. We show that 

by adding N-nucleotides to the TCR, TdT plays an essential role in setting the strength of pMHC 

reactivity. These data are important given recent findings in both mice and humans, for both CD4+ 

and CD8+ T cells, that differences in TCR signal strength play a critical role in effector cell 

outcomes [140-142]. Overall, our findings suggest that low pMHC-reactive T cells may be best 

suited for immune settings where chronic antigen exposure occurs such as other chronic infections, 

cancers, and autoimmunity. 
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3.6 Figures 

 
Figure 1. Dntt expression inversely correlates with CD5 expression in naive CD4+ T cells. (A) 

Dntt mRNA expression during thymic development and in peripheral naive CD4+ T cells. 

Thymocytes were sorted for double negative (DN; CD4-CD8-TCRb-), double positive (DP; 

CD4+CD8+TCRb-), and single positive (SP; CD4+TCRb+) populations. Naive CD4+ T cells were 

sorted by 20% lowest, middle, and highest CD5 expressing populations (CD5lo, CD5mid, and CD5hi 

respectively). n=4-8 mice. (B) CD5 protein expression (mean fluorescent intensity [MFI]) 

throughout development and in peripheral naive CD4+ T cells. DN, DP, and CD4+ SP thymocytes 

were defined by gating within the total thymocyte population. Peripheral naive CD4+ T cells were 

sorted into CD5lo, CD5mid, CD5hi populations. (C) ATAC-seq signal profile of Dntt from 2 

biological replicates of sorted CD5lo and CD5hi naive CD4+ T cell samples. (D) CD5 protein 

expression levels in pre-selection (CD3-CD69-) and post-selection (CD3+CD69+) DP (CD4+CD8+) 

thymocytes as well as CD4+ and CD8+ SP thymocytes in wild-type (WT) and TdT-KO mice. CD5 
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relative fluorescent intensity (RFI) is determined relative to the DN (CD4-CD8-) thymocyte 

population. n=5-7 mice per group. 

 

Statisitics: Mann-Whitney test (D). ns = not-significant, *p<0.05. 
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Figure 2. CD5lo CD4+ T cells predominate during chronic infection. (A) Schematic of 

experimental approach for adoptive cell transfer. Sorted CD5lo and CD5hi naive CD4+ T cells 

(either Thy1.1+ or CD45.1+) were mixed at a 1:1 ratio and adoptively transferred into congenic 

CD45.2+ Thy1.2+ recipient mice. Recipient mice were infected with C. neoformans 3 days prior to 

adoptive transfer. (B) Representative flow cytometry plot of sorted CD5lo CD45.1+ and CD5hi 

Thy1.1+ co-transferred naive T cell populations prior to adoptive transfer. (C) Representative flow 

cytometry plot (left) of activated (CD44hi) CD5lo CD45.1+ and CD5hi Thy1.1+ 20 days post-transfer 

(23 days post-infection) with corresponding CD5 protein expression levels shown as a histogram 

(right) and MFI indicated in blue (CD5lo) and red (CD5hi) text. (D) Ratio of co-transferred activated 

CD5lo to CD5hi CD4+ T cells pre-infection and 20 days post-transfer. n=8 recipient mice. 

 

Statistics: Wilcoxon rank sum test (D). **p<0.01. 
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Figure 3. Loss of TdT expression in T cells impairs chronic pathogen control. (A) LCMV-

Cl13 viral loads in the serum of WT or TdT-KO mice in early (6 days), mid (25 days), and late (45 

days) stages of viral replication. n=8-9 mice. (B) Schematic for the generation of mixed bone 

marrow chimeric mice possessing WT B cells and either WT T cells (irradiated mice reconstituted 

with 1:1 ratio of bone marrow from WT mice and TCRb KO mice) or TdT KO T cells (irradiated 

mice reconstituted with 1:1 ratio of bone marrow from JH and TdT double KO mice and TCRb 

KO mice). (C) LCMV-Arm viral loads in serum at day 2 (left) and spleen at day 6 (right) post-

infection in WT or TdT KO T cell chimeras. n=3 mice. (D) LCMV-Cl13 viral loads in serum at 

day 5-7, 26-28, and 40-45 days post-infection of chimeras with WT or TdT KO T cells. Fold 

changes indicate viral loads in TdT KO T cell mice relative to WT T cell mice. n=6-12 mice.  

 

Statisitics: Mann-Whitney test (A), unpaired t-test (C), and Kruskal-Wallis test (D). ns = not 

significant, *p<0.05. 
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3.7 Materials and Methods 

Mice 

C57BL/6, congenic CD45.1+, congenic Thy1.1+, RAG2-GFP [305], and TCRb-/- mice 

[303] were purchased from Jackson Laboratories (Bar Harbor, ME). The TdT-/- mice were shared 

by Dr. A. Feeney (The Scripps Research Institute) [338] and the JH-/- mice were shared by Dr. J. 

Fritz (McGill) [362]. All mice were on a C57BL/6 background, bred in-house and experiments 

were performed at 6-12 weeks of age with both males and females. Animal housing, care, and 

research were in accordance with the Guide for the Care and Use of Laboratory Animals and all 

procedures performed were approved by the McGill University Animal Care Committee. 

 

Pathogens stocks and infections  

LCMV. LCMV-Arm and -Cl13 strains were propagated from stocks provided by Dr. M. 

Richer (University of Indiana) on BHK-21 or L929 cells (ATCC). Briefly, virus was added at MOI 

0.01, incubated for 90 minutes in serum-free media at 37oC in 5% CO2, then topped up with 

complete media for incubation for another 48 hours before harvesting the supernatant. BHK-21 

cells were cultured in EMEM supplemented with 0.1% penicillin/streptomycin, 1% L-glutamine, 

1% non-essential amino acids, 1% sodium pyruvate, and 10% FBS and maintained at 37oC in 5% 

CO2. L929 cells were cultured in RPMI supplemented with 10% FBS, 1% L-glutamine, and 1% 

penicillin/streptomycin. Mice were infected with 2x105 plaque forming units (PFU) of LCMV-

Arm by intra-peritoneal injection or 2x106 PFU by intravenous injection for LCMV-Cl13 as 

previously described [306, 363]. Mice were bled by either tail artery or cardiac puncture into sterile 

eppendorf tubes kept on ice, blood was spun down at 12,000 rpm for 10 minutes and serum was 

aliquoted and frozen for viral titer determination. Spleens were collected in 1% RPMI and 

weighed. Spleens were placed in Lysing Matrix D tubes (MP Biomedicals) and homogenized with 

a MagNA Lyser (Roche) at 6000 rpm for 40 seconds. Spleen homogenate was then spun down at 

12,000 rpm for 10 minutes at 4oC and supernatant was transferred to a separate sterile tube and re-

spun at 12,000 rpm for 10 minutes at 4oC then aliquoted and frozen for viral titer determination. 

Viral titers (stocks used, mouse serum, and tissue samples) were determined by plaque assay with 

Vero cells [364]. Briefly, Vero cell monolayers were infected with 100 µL of serially diluted serum 

(1 in 10 dilutions from 10-1 to 10-7) and incubated for 90 minutes at 37oC in 5% CO2. Infected cells 

were then overlaid with 1% agarose (Wisent) and incubated for 3 days at 37oC in 5% CO2. A 
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second agarose overlay supplemented with 1% neutral red was then added and cells incubated for 

24 hours at 37oC in 5% CO2, after which plaques were counted.  

C. neoformans. The H99 strain was provided by K. Kwon-Chung (NIH). Frozen stocks (-

80oC) were prepared in 15% glycerol from fresh cultures from a YPD agar plate. Three days before 

infection, C. neoformans was scraped from the frozen stock and streaked onto a YPD agar plate. 

One day prior to infection, a single colony was inoculated and incubated for 12-16 hours at 30oC 

with continuous agitation in YPD broth. Immediately before infection, C. neoformans was 

resuspended in cold PBS. Mice were then anesthetized with isoflurane and infected by 

intrapharyngeal aspiration with 5x103 colony forming units (CFU) in 20 µL of PBS. Mice were 

sacrificed and tissue collected 23 days after infection. C. neoformans CFUs were determined as 

previously described [352]. 

 

Lymphocyte and thymocyte isolation 

For the C. neoformans infections, prior to harvest, an intravascular stain using 2.5 µg anti-

CD45 (30F11) was performed as previously described [365]. Infected lungs were harvested in cold 

PBS and minced with scissors. Lung was then digested at 37oC with agitation for 30 minutes in 

digestion buffer (1 mg/mL collagenase D, 50 U/mL DNase I, 1 mg/mL hyaluronidase, 1% L-

glutamine, 1% pen/strep in RPMI). Tissue was then passed through a 100-μm filter with PBS 

supplemented with 1% FBS and resuspended in 10mL of 37% Percoll in RPMI. Samples were 

centrifuged at 3000 rpm for 20 minutes at 22oC. ACK lysis buffer (Life Technologies) was added 

for 3 minutes, samples were washed with PBS, refiltered, and resuspended in complete RPMI 

(10% FBS, 1% L-glutamine, 1% HEPES buffer, 1% pen/strep, 1% sodium pyruvate, 1% non-

essential amino acids, 0.1% 2-mercapto-ethanol 1000X solution). Dilution of single-cell 

suspensions at 1:10 in Trypan Blue and manual counting of live cells (Trypan Blue-negative) on a 

hemacytometer was used to determine total cell counts. 

Spleen, thymi, and peripheral lymph nodes (inguinal, axillary, brachial, and mesenteric) 

were collected and passed through a 70-μm filter with 1% RPMI (1% penicillin/streptomycin, 1% 

L-glutamine, and 1% FBS). ACK lysis buffer (Life Technologies) was added for 3 minutes, 

samples were washed with PBS, refiltered and resuspended in 1% RPMI. For experiments with 

thymocytes, thymi were harvested and passed through a 70μm filter with 1% RPMI (1% FBS, 1% 

L-glutamine, and 1% pen/strep). Dilution of single-cell suspensions at 1:10 in Trypan Blue and 
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manual counting of live cells (Trypan Blue-negative) on a hemacytometer was used to determine 

total cell counts. 

 

Bone marrow chimeras 

Bone marrow was collected from the femurs and tibias of donor mice (either JH-/-, TdT-/-, 

TCRb-/-, or B6 WT) by flushing the marrow from the bones with cold 1% RPMI. Bone marrow 

cells were then passed through a 70-µm filter with 1% RPMI and red blood cells were lysed with 

ACK lysis buffer (Life Technologies) and cell counts were determined as above. Recipient mice 

(either B6 CD45.1+ or TCRb-/- CD45.1+) were irradiated twice at 550 rads 3 hours apart and 

reconstituted with a 1:1 mix of 2.5x106 cells per genotype that were injected i.v. within 5 hours of 

the first irradiation. To establish the WT chimera (WT T cells and B cells) B6 and TCRb-/- bone 

marrow cells were mixed at equal proportions; to make the T cell restricted TdT-/- chimeras (WT 

B cells) bone marrow cells from JH-/- TdT-/- mice were mixed 1:1 with TCRb-/- bone marrow cells. 

Recipient mice were given neomycin water (2g/L) 2 days prior to bone marrow transfer and kept 

on the antibiotic water for 2 weeks following transfer. Mice were used 8-12 weeks post-irradiation 

and bone marrow reconstitution. 

 

Flow cytometry 

Samples were incubated in Fixable Viability Dye (AF780, Life Technologies) diluted in 

PBS for 20 minutes at 4oC. Extracellular antibodies were diluted in FACS buffer (2% FBS and 

5mM EDTA in PBS) with Fc Block (Life Technologies) and incubated for 30 minutes at 4oC. For 

intracellular staining, samples were then incubated in FoxP3 Transcription Factor 

Fixation/Permeabilization Concentrate and Diluent (Life Technologies) for 30 minutes at 4oC. 

Intracellular antibodies were diluted in Permeabilization Wash Buffer (Life Technologies) and 

samples were incubated for 30-60 minutes at 4oC. Directly conjugated antibodies used were as 

follows: TCRb (H57-597), CD4 (RM4.5), CD8a (53-6.7), CD5 (53-7.3), Foxp3 (FJK-16 s), CD44 

(IM7), CD62L (MEL-14), CD25 (PC61.5), CD45.1 (A20), CD45.2 (104), PD-1 (29F.1A12), B220 

(RA3-6B2), Ly6C (HK1.4), B220 (RA3-6B2), CD11b (M1/70), CD11c (N418), F4/80 (T45-

2342), NK1.1 (PK126), and TdT (19-3). For all flow cytometry experiments, cells were acquired 

using an LSRFortessa (BD Bioscience) and analyzed with FlowJo software (BD Bioscience). 
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Cell sorts 

Cell sorts were performed as previously described and detailed briefly below.  

Sorts for quantitative RT-PCR (qRT-PCR): Thymocytes and lymphocytes from C57BL/6 

or C57Bl/6.SJL (CD45.1+) congenic mice were isolated in single-cell suspension as described. 

Total isolated thymocytes were directly stained for sorting. Total lymphocytes were magnetically 

enriched for CD4+ T cells (Stemcell EasySep mouse CD4+ T cell enrichment kit). Cells were then 

incubated in Fixable Viability Dye and subsequently stained with surface antibodies for 1 hour at 

4°C. Sorts were performed on either a FACS Aria Fusion, Aria III, or Aria II SORP (BD 

Bioscience). All cell populations were sorted to >90% purity for bulk populations. Thymocytes 

were sorted on dump negative and TCRβlo, CD8-, and CD4- for DN; TCRβlo, CD8+, CD4+ for DP; 

and TCRβhi, CD8-, CD4+ for CD4+ SP. Peripheral naive CD4+ were sorted on dump negative, 

TCRβ+, CD4+, CD8-, RAG2GFP-, CD44-, and 20% CD5lo, CD5mid, or CD5hi. Dump channel 

included CD25 (periphery only), B220, CD11b, CD11c, F4/80, Ly6C, and NK1.1. 

Sorts for adoptive cell transfers: Lymphocytes from Thy1.1+ or CD45.1+ congenic mice 

were isolated in single-cell suspension as described. Spleens and lymph nodes (inguinal, axillary, 

brachial, mesenteric, and cervical) were pooled from 15 mice for each congenic marker. Cells were 

then magnetically enriched for total CD4+ T cells (Stemcell EasySep CD4+ T cell Enrichment kit 

or Miltenyi Biotec CD4+ T cell Isolation Kit). Enriched CD4+ T cells were stained with surface 

antibodies for 1 hour at 4oC. Naive CD4+ T cells were sorted on singlets, CD4+, CD8-, CD62Lhi, 

CD44lo, and 20% CD5lo or CD5hi. Sorts were performed on a FACS Aria III (BD Bioscience). All 

cell populations were sorted to >90% purity. 

 

RNA extraction and quantitative real-time RT-PCR 

RNA from sorted DN, DP, and SP thymocytes and 20% CD5lo, CD5mid, CD5hi naive CD4+ 

T cells was extracted using RNAqueousTM-Micro Total RNA Isolation Kit (Life Technologies) 

and cDNA converted using High-Capacity cDNA Reverse Transcription Kit (Life Technologies). 

qPCR analysis was performed with TaqManTM Gene Expression Master Mix (Life Technologies) 

and TaqManTM Gene Expression Assay (FAM, Dntt, Mm00493500_m1, Life Technologies). 

Average Ct values across technical duplicates were determined for Dntt and fold change was 

calculated as Log2-transformed 2ΔΔCt values relative to the expression of the housekeeping gene 

Gapdh. 
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Adoptive cell transfers 

C. neoformans infection. All donors and recipients were sex matched. 15 CD45.1+ or 

Thy1.1+ mice were used as donors to obtain a total of 8-14x106 cells for each of 20% CD5lo and 

20% CD5hi cells sorted as described above. Sorted CD5lo and CD5hi were then mixed in a 1:1 ratio. 

4-7x106 of each sorted population was adoptively transferred into CD45.2+ Thy1.2+ recipients that 

were infected with 5x103 CFU of C. neoformans 3 days prior to transfer. Cells were isolated from 

the lungs of recipient mice 20 days post-transfer. 

 

ATAC-seq library preparation, sequencing, and visualization 

Two independent biological replicates of CD5lo and CD5hi naïve CD4+ T cells were sorted, 

counted, and 1x105 nuclei pelleted. ATAC-seq analysis was done as previously described [140]. 

ATAC-seq signal profiles were visualized on Integrative Genomics Viewer (IGV) [323]. 

 

Statistical analyses of experimental data 

Group comparisons were performed using Prism V9 (GraphPad). The cut-off for 

significance considered was p<0.05. Information about implemented statistical tests and sample 

sizes for individual experiments is provided in the figure legends. 
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3.8 Supplemental Information 

 
Figure S1. Greater Dntt expression in CD5lo naive CD4+ T cells is not explained by recent 

thymic emigrants. (A) Representative flow cytometry plot (left) and histogram (middle) and 

summary data (right) of CD5 protein expression on recent thymic emigrants (RTE) compared to 

non-RTE naive CD4+ T cells. Relative fluorescence intensity (RFI) is relative to non-RTE naive 
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CD4+ T cells RTEs were identified as GFP+ naive CD4+ T cells using a RAG2-GFP reporter. n=4 

mice. (B-E) Gating strategy for pre- (B) and post- (C) sort peripheral naive CD4+ T cells, as well 

as pre- (D) and post- (E) sort thymocytes used for qPCR and CD5 protein expression. (F) 

Representative flow cytometry plots of TdT protein expression in DN1 (CD4-CD8-CD44+CD25-), 

DN2 (CD4-CD8-CD44+CD25+), DN3 (CD4-CD8-CD44-CD25+), DN4 (CD4-CD8-CD44-CD25-), 

DP (CD4+CD8+), and CD4+ SP thymocytes in WT and TdT-KO mice. 

 

Statistics: Paired t-test (A). **p<0.01. 
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Figure S2. CD5 expression is maintained post-activation in sorted CD5lo and CD5hi CD4+ T 

cells. (A) Flow cytometry plots showing percent purities of sorted CD45.1+ or Thy1.1+ CD5lo and 

CD5hi naive (CD62L+CD44lo) CD4+ T cells prior to mixing and co-transfer into C. neoformans 

infected mice. (B) C. neoformans fungal burdens in the lungs of infected mice. Data is from 2 

independent experiments. n=8 mice. (C) Representative histograms of naive (CD44lo) and 

activated (CD44hi) sorted CD5lo and CD5hi CD4+ T cells that were adoptively co-transferred. The 

numbers in parentheses are the MFIs. (D) CD5 expression (RFI is relative to naive CD5lo cells) of 

transferred naive and activated sorted CD5lo and CD5hi CD4+ T cells. Data is from 2 independent 

experiments. n=8 mice. 

 

Statistics: Wilcoxon matched-pairs signed rank test (D). *p<0.05, **p<0.01. 
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Figure S3. Activated TdT-KO T cells have increased PD-1 expression during chronic 

infection. (A) Representative flow cytometry plots showing the percent of mixed bone marrow 

cells from each set of donor mice. Donor bone marrow were CD45.1+ cells from TCRb-KO mice 

and CD45.2+ cells from either WT or JH x TdT double KO mice. (B) Modified schematic from 

Fig. 3B for mixed bone marrow chimera generation using irradiated TCRb-KO mice as bone 

marrow recipients. (C) Serum LCMV-Cl13 viral titers 41 days post-infection of TCRb-KO 

recipient mice with either WT or TdT-KO T cells. (D) PD-1 expression on activated (CD44hi) 
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CD4+ and CD8+ T cells from WT or TdT-KO T cell chimeras at 38-50 days post-infection with 

LCMV-Cl13. N=12-14 mice. 

 

Statistics: two-tailed Wilcoxon rank sum test on geometric means (C), Mann-Whitney test (D). ns 

= not significant, **p<0.01. 
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PREFACE TO CHAPTER 4 
 

In Chapters 2 and 3, we showed that naive CD4+ T cells with low and high self-reactivity 

possess biases in function post-activation. Common among all naive T cells, they continuously 

receive self-signals as they migrate throughout the body. When self-signals are removed naive T 

cells can survive for several weeks; however, it is not known why. In Chapter 4, we delve into 

what transcriptional changes occur when naive CD4+ T cells are deprived of self-signals. 

Additionally, we investigate physiological settings where self-deprivation may occur.  
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CHAPTER 4: NAIVE CD4 T CELL CHANGES AT THE TRANSCRIPTIONAL LEVEL WHEN DEPRIVED OF SELF MAY HAVE CONSEQUENCES DURING INFECTION 
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On the cover: 

Strength of reactivity to self-ligands establishes a heterogeneous naive CD4+ T cells 

population (coded by the rainbow of colors). In this chapter, Rogers et al. begin to unravel why 

continuous tonic self-signals are essential for naive T cell maintenance. When naive T cells are 

deprived of self-ligands their response to activation is impaired (as depicted by a decrease in color 

vibancy from left to right) and ultimately begin to die (as depicted by a decease in number of cells 

from left to right). Artwork by Dakota Rogers. 
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4.1 Summary 

 T cells use their T cell receptors (TCRs) to discriminate self from foreign by recognizing 

peptides presented in the context of major histocompatibility complexes (pMHC). In the periphery, 

naive T cells rely on continuous self-pMHC interactions to maintain their readiness in response to 

pathogens. When naive T cells are deprived of self-pMHC interactions they gradually die, yet why 

naive T cells can still survive for several weeks without these signals remains incompletely 

understood. Here, we probe the protein and transcriptional changes that occur when naive T cells 

are deprived of self-pMHC interactions. Self-deprivation of naive CD4+ T cells at steady-state 

leads to dynamic changes in protein expression and upregulation of transcriptional networks like 

autophagy, lipid metabolism, response to starvation, and catabolic metabolism that implicate 

adaptations that may promote cell survival. We found that pathogen-non-specific naive CD4+ and 

CD8+ T cells undergo transient infection-induced self-deprivation (IISD), which impairs their 

response to subsequent activation. Additionally, we observed that IISD is dependent on type-I 

interferon signaling. Together, our work provides insights into how naive CD4+ T cells cope with 

self-deprivation and show that self-deprivation can occur during infection. 

 

 

 

 

 

 

 

Keywords 

Self-pMHC, self-ligands, self-deprivation, steady-state, infection-induced self-deprivation, naive 

T cells, infection, type-I interferons 
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4.2 Introduction 

 The fundamental role of T cells is to differentiate self from foreign. To do this, T cells use 

the T cell receptor (TCR) to recognize peptides presented in the context of major 

histocompatibility complexes (MHC) on antigen presenting cells (APCs) [366]. T cells have a life-

long relationship with self-ligands, which begins in the thymus, where self-peptide MHC (self-

pMHC) interactions are necessary for T cell development [116]. At homeostasis, referred to here 

as steady-state, mature naive T cells continue to require self-pMHC interactions in the periphery. 

Naive T cells will eventually die if they are deprived of self-pMHC interactions. In fact, self-

deprived naive CD4+ T cells have a half-life of 30-45 days, while naive CD8+ T cells have a half-

life of 16-19 days [221, 223]. In contrast, the loss of IL-7 signals, another critical survival signal 

for naive T cells, leads to a more rapid loss of naive T cells [224]. However, the reason why naive 

T cells gradually decline during self-deprivation, instead of quickly dying, is still not clear.  

Removal of self-pMHC signals also impairs naive T cell responses to cognate antigen. 

Removal of self-pMHC leads to the rapid dephosphorylation of the TCRz chain and ZAP70 [248], 

critical TCR signalling molecules. The dephosphorylation of the TCR cascade components 

desensitizes the T cell and stunts TCR signaling, proliferation, and IL-2 production upon foreign 

pMHC recognition [248]. Additionally, the disruption of self-signals in CD8+ T cells leads to the 

upregulation of the CD8+ coreceptor that increases the sensitivity of cells to low-affinity ligands 

[249]. As such, self-ligands provide signals that are essential for maintaining naive T cell readiness 

for encounters with foreign antigens.  

Upon infection, pathogens are first detected by innate immune and non-immune cells 

through pattern recognition receptors (PRRs), which recognize microbial products and trigger the 

induction of cytokines and chemokines that shape the adaptive immune response [367]. Some of 

the first cytokines to be produced are the type-I interferons (IFN), IFNa and IFNb [368]. 

Historically, type-I IFNs are essential for viral control; however, it has been shown that parasites, 

bacteria, and fungi can also induce type-I IFN signaling [368]. Within a few hours of infection, 

there is an initial wave of IFNb followed by IFNa that typically lasts for ~48 hours [369, 370]. 

Type-I IFN signaling through the IFNab receptor (INFAR) can have broad-ranging effects on 

cells; notably, signaling can impact peptide presentation by APCs and can directly signal on T 

cells. In APCs, IFNa/b stimulates the generation of the immunoproteasome in both immune and 

non-immune cells [216, 371], which may lead to changes in peptide presentation on MHC 
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molecules. For example, following PRR recognition, dendritic cells (DCs) preferentially present 

foreign peptides on MHCs over self peptides [372, 373]. For CD4+ T cells, type-I IFN signals can 

impact lineage differentiation, survival, and expansion; and in CD8 T cells can promote 

proliferation [374, 375]. In addition, type-I IFN signaling has recently been implicated in naive T 

cell homeostasis [241, 244]; however, we are only recently beginning to unravel the role these 

signals have on naive T cells. 

Here we investigated why naive CD4+ T cells can survive for well over a month without 

self-pMHC signals and explore the physiological settings where naive T cells can experience self-

deprivation. We show that self-ligand deprivation leads to the upregulation of transcriptional 

networks that may be implicated in promoting naive CD4+ T cell survival. In addition, we show 

that non-pathogen-specific naive CD4+ and CD8+ T cells experience transient self-ligand 

deprivation during infection that impairs their subsequent response to activation. We also show 

that infection-induced self-deprivation (IISD) is dependent on type-I interferon signaling. Taken 

together, we shed light on the potential pathways that naive T cells may utilize to survive in settings 

where self-ligands may be limiting, such as during infections.  

 
4.3 Results 

Naive CD4+ T cells induce cell survival transcriptional networks upon in vitro self-

deprivation 

 In our previous work, we showed that self-pMHC interactions maintain some, but not all, 

of the transcriptional and protein heterogeneity within the naive CD4+ T cell population [140]. We 

thus sought to assess how the removal of self-pMHC interactions, also referred to as self-

deprivation, affected protein expression dynamics in the total naive CD4+ T cell population. To 

deprive naive CD4+ T cells of self-ligand interactions, we cultured them in vitro with media 

supplemented with IL-7 (Figure 1A), a critical survival signal for T cells [376]. Culturing naive T 

cells in this way removes the APCs that present self-pMHC to the naive T cells. Over 5 days of 

self-deprivation there were dynamic changes in protein expression on naive CD4+ T cells, at least 

for the markers we assessed (Figure 1B). CD5, a surrogate marker for the strength of self-signals 

[172], CD6, and folate receptor 4 (FolR4) expression progressively decreased over time. The 

decrease in CD5 expression has been previously shown for naive CD4+ T cells that have been 

deprived of self-pMHC interactions [2, 140]. For Ly6C, where expression inversely correlates with 
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access to self-signals on CD4+ T cells [179], there was a transient decrease in protein levels that 

then progressively increased over time, consistent with a previous study where naive CD4+ T cells 

were deprived of self-signals in vivo [179]. The protein CD73, an ectonucleotidase that converts 

extracellular AMP to adenosine [377], saw a rapid rise in protein expression that was maintained 

for the full 5 days. CD98, a neutral amino acid transporter [378], saw an initial decrease in 

expression which normalized back to baseline levels by day 5. Lastly, CD4, a protein that has been 

shown to be unaffected by self-deprivation [2], remained constant across the 5 days. Together, the 

surface expression changes of these markers defined a phenotype on naive CD4+ T cells that we 

used to investigate self-deprivation on naive T cells. We next sought to ensure that the changes in 

protein expression were indeed due to self-deprivation and not other environmental cues like 

physical interactions and chemokine signaling in the secondary lymphoid organs. Naive CD4+ T 

cells were adoptively transferred into MHCII-/- mice and the self-deprivation protein phenotype 

was assessed 5 days post-transfer (Figure 1C). Consistent with the in vitro data, CD5, CD6, and 

FolR4 expression decreased while Ly6C and CD73 expression increased following 5 days of in 

vivo self-deprivation (Figure 1D).   

 We next sought to investigate whether self-deprivation led to changes in the transcriptomes 

of naive CD4+ T cells. To address this, we utilized a previously published naive CD4+ T cell dataset 

[140]. Briefly, naive CD4+ T cells with low (CD5lo) or high (CD5hi) self-pMHC reactivity were 

sorted and either fresh cells were taken for RNA sequencing, or naive cells were cultured as 

described above to deprive cells of self-pMHC interactions for 22 hours then sequenced. To define 

a common T cell signature, we took the overlap in differentially expressed genes (DEGs) for the 

fresh CD5hi versus self-deprived CD5hi and fresh CD5lo and self-deprived CD5lo comparisons, thus 

genes found across the whole T cell population. The T cell signature consisted of 4150 DEGs 

(Figure S1A). We further classified the common T cell signature as genes with increased 

expression in fresh (positive fold-change [FC] values, 2085 genes) and increased gene expression 

during self-deprivation (negative FC values, 2063 genes) (Figure S1B). Gene ontology (GO) 

analysis showed that pathways enriched in fresh cells included activation, proliferation, and 

response to pathogens suggesting maintenance of T cell sensitivity to activation (Figure S1C). 

The GO terms found in the fresh cells are consistent with previous data showing that continuous 

self-pMHC signals promote naive T cell sensitivity to cognate antigen encounter [248]. 

Interestingly, when naive T cells are deprived of self-signals in culture, they rapidly (within 22 
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hours) upregulate transcriptional networks for autophagy, catabolic metabolism, lipid metabolism, 

and response to starvation (Figure 1E). Together, these data suggest that naive CD4+ T cells may 

adapt to self-pMHC signal deprivation by upregulating pathways that promote cell survival. 

 

Infection induces a transient state of self-deprivation on naive T cells 

 We next asked if there were other physiological settings where self-deprivation may occur. 

This may be particularly important during infection where APCs upregulate different proteomes 

[372, 373], which may reflect in changes in the peptides presented to T cells where foreign peptides 

are biased for presentation over self-peptides. Additionally, several pathogens can promote the 

downregulation of MHC molecules as a way of hiding from the immune system [379-381], but 

consequently may also impact naive T cell access to self-peptides. We thus asked whether infection 

would lead to self-deprivation in the non-responding (non-pathogen specific) naive, hereafter 

referred to simply as naive, CD4+ and CD8+ T cell pools. Indeed, 8 days post-infection with 

lymphocytic choriomeningitis virus-Armstrong (LCMV-Arm), the naive CD4+ and CD8+ T cells 

had decreased expression of CD5, CD6, and FolR4, as well as increased Ly6C (Figures 2A, 2B, 

and S2A). These protein expression changes are consistent with naive CD4+ T cells deprived of 

self at steady-state. Additionally, the IISD phenotype was found in multiple model pathogens 

including influenza A (PR8 strain), Murine cytomegalovirus (MCMV), and LCMV-Clone 13 

(Cl13); however, it was not observed when mice were infected with the fungal pathogen 

Cryptococcus neoformans (Figure 2C). Importantly, IISD was not dependent on the dose of the 

pathogen as mice infected with the normal dose (2x105 PFU) and high dose (2x106 PFU) of 

LCMV-Arm experienced the same degree of decreased CD5 expression (Figure S2B). 

Additionally, when infected with the acute pathogen LCMV-Arm CD5 expression decreased by 8 

days post-infection but rebounded to steady-state levels by day 12 (Figure 2D). Conversely, mice 

infected with the chronic pathogen, LCMV-Cl13, had decreased levels of CD5 47 days post-

infection, albeit to a lesser degree than 8 days post-infection with LCMV-Cl13 (Figures 2C and 

2E). This suggested that naive T cells experience IISD so long as the pathogen has not been cleared 

and foreign antigen remains present in the system.  

 Removal of self-signals at steady state impairs naive T cell responses to cognate antigen 

[248]. We next asked if this was also true for non-responding naive CD4+ T cells that are 

experiencing IISD. To address this, we enriched naive CD4+ T cells from LCMV-Arm infected 
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mice 8 days post-infection and subsequently activated them with a-CD3 and a-CD28 for 24 hours 

(Figure 2F). Both CD5 and SHP-1 expression were impaired compared to uninfected CD4+ T cells 

(Figure 2G and 2H), consistent with the impaired response of CD4+ T cells during steady-state 

self-deprivation. In summary, infection leads to transient depivation of self-ligand signals that 

impairs the pathogen-non-specific naive T cell pool's ability to respond to subsequent activation.  

 
Infection-induced self-deprivation relies on type-I interferon signaling 

 As part of the early response to pathogens, type-I IFNs are expressed by almost all cells in 

the body in response to stimulation of the PRRs by microbial products. The type-I IFNs promote 

a shift in the peptide processing machinery potentially impacting the peptides available for naive 

T cells [368, 371]. We thus explored whether the IISD, which was most prominent during viral 

infection, was due to IFNa/b signaling. IFNAR1-/- mice, which cannot receive IFNa or IFNb 

signals, were infected with LCMV-Arm and IISD was assessed 8 days post-infection. The changes 

in protein expression during IISD for decreased CD5 and FolR4 and increased Ly6C on naive 

CD4+ and CD8+ T cells in WT mice were not recapitulated in the IFNAR-/- mice (Figure 3). These 

data identify that IISD is dependent on type-I interferon signals.  

 

4.4 Discussion 

 The importance of self-pMHC interactions in maintaining the naive T cell population has 

been understood for over 25 years [4]. Yet, we know surprisingly little about how naive T cells 

can still survive for several weeks when self-MHC signals are removed. Here, we show that self-

ligand interactions provide signals that upregulate gene networks maintaining naive CD4+ T cell 

readiness for activation, consistent with previously published data [248]. Conversely, the 

deprivation of self-signals leads to the upregulation of transcriptional networks that implicate 

pathways that may promote cell survival such as autophagy, lipid metabolism, starvation response, 

and catabolic metabolism in naive CD4+ T cells. Importantly, we found that infections induce a 

state of self-deprivation in non-responding naive T cells that impair T cell response to subsequent 

activation, a finding that is strikingly similar to steady-state self-deprivation. We also uncover the 

surprising requirement of type-I IFN signals to induce IISD in the naive T cells. Together, our 

work implicates several cell survival pathways that naive CD4+ T cells may utilize to promote 

survival in times when self-pMHC signals are limiting such as in the context of infection.  
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 To begin to uncover to what extent IISD mimics steady-state self-deprivation, we will 

perform RNA-sequencing on self-deprived naive CD4+ and CD8+ T cells at both steady-state and 

during infection. If IISD upregulates the same survival transcriptional networks as steady-state 

self-deprivation such as autophagy or response to starvation we can then target these pathways and 

assess their impact on the naive T cell pool in vivo. Using autophagy as an example, if the naive T 

cells are prevented from recycling cellular components via autophagy during self-deprivation it 

might be expected that the naive T cells would die faster. Thus, parsing the pathways that naive T 

cells use to prolong their survival during self-deprivation will help us to understand why T cells 

can survive without self-pMHC, at least short-term, even though self-signals are essential for 

maintaining naive T cell readiness for pathogen. 

 It will be important to determine which signals induce IISD. In infection, we show that 

type-I IFN signals are required for naive T cells to experience self-deprivation. However, whether 

these type-I IFN signals induce self-deprivation by changing the peptides presented by APCs or 

IFNa/b are signaling directly onto the T cells remains to be seen. Additionally, increasing evidence 

has shown that type-I IFN signals at steady-state may also be important for maintaining naive T 

cell homeostasis [241, 244], but more work is required to fully understand the impact of these 

signals and whether they are also required for steady-state self-deprivation.  

Together, our data provide novel insights into the physiological settings where self-ligand 

deprivation may occur and the consequences on T cell function. Ultimately, our work may have 

implications in elucidating how infections change the naive T cell repertoire and affect T cell 

responses to subsequent infection, which may be particularly important when considering co-

infections with multiple pathogens [382]. 
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4.6 Figures 
 

 
 
Figure 1. In vitro self-deprivation results in protein and gene expression changes in naive 

CD4+ T cells and implicates adaptations for cell survival. (A) Schematic for in vitro self-

deprivation of naive CD4+ T cells. (B) Protein expression of naive CD4+ T cells that were deprived 

of self-ligand interactions in culture in the presence of IL-7. Relative fluorescence intensity (RFI) 

is indicated for each protein relative to day 0. n=4 mice. (C) Schematic of in vivo self-deprivation 

for adoptively transferred naive CD4+ T cells. (D) Protein expression of congenic CD45.1+ naive 

(CD44loCD62Lhi) CD4+ T cells adoptively transferred into CD45.2+ WT or MHCII-/- mice. 

Expression (RFI) is relative to the average protein mean fluorescence intensity of cells transferred 

into WT mice. Data are from 1-2 independent experiments; n=3-15. (E) Gene ontology (GO) 
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enrichment analysis for genes upregulated in self-deprived naive CD4+ T cells. Gene pathways of 

particular interest are bolded with a ‘**’ following the GO term. Circles correspond to unique GO 

groups; related groups are coded in the same colour; edges link similar GO terms. 

 

Statistics: Mann-Whitney test (D). ns = not-significant, *p<0.05, ****p<0.001. 
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Figure 2. Infection leads to transient self-deprivation impairing non-responding naive T cell 

sensitivity to activation. (A) Representative flow cytometry histograms and summary data of CD5 

expression on non-responding naive (CD44loCD62Lhi) T cells at day 8 post-infection with LCMV-

Arm. RFI is relative to the average CD5 expression in mice not infected with the virus. Data are 
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from two independent experiments; n=6-9 mice. (B) CD6, Ly6C, and FolR4 protein expression on 

non-responding naive (CD44loCD62Lhi) T cells at day 8 post-infection with LCMV-Arm. RFI is 

relative to the average expression of the respective protein in mice not infected with the virus. The 

hashed line represents the baseline level in uninfected mice that were used to calculate RFI. Data 

are from two independent experiments; n=6-9 mice. (C) Summary data of CD5 expression on non-

responding naive (CD44loCD62Lhi) T cells from several infection systems. CD5 expression was 

assessed on day 7, day 8, and day 10 for IAV PR8, MCMV and LCMV-Cl13, and C. neoformans 

respectively. RFI is relative to the average CD5 expression in mice not infected with the virus. 

Data are from 1-2 independent experiments; n=4-15 mice. (D) Time course of CD5 expression on 

naive T cells in the blood at day 8 and 12 post-infection with LCMV-Arm. RFI is relative to the 

average CD5 expression in mice not infected with virus (day 0). n=3-4 mice. (E) Summary data 

of CD5 expression on non-responding naive (CD44loCD62Lhi) T cells in LCMV-Cl13 47 days 

post-infection. RFI is relative to the average CD5 expression in mice not infected with the virus. 

(F) Schematic of naive CD4+ T cell isolation from LCMV-Arm infected mice for in vitro activation 

with a-CD3 and a-CD28. (G-H) CD5 (G) and SHP1 (H) expression of naive CD4+ T cells 

enriched from either mice not infected or infected with LCMV-Arm then subsequently activated 

for 24 hours. Protein expression is relative to uninfected mice at 0 hours. Data are from two 

independent experiments; n=8-10. 

 

Statistics: unpaired t-test (A, D, E), one-way ANOVA (C, G, H). *p<0.05, **p<0.01, 

****p<0.001. 
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Figure 3. Infection-induced self-deprivation is type-I interferon signaling dependent. CD5, 

Ly6C, and FolR4 protein expression on naive CD4+ and CD8+ T cells from uninfected WT mice 

and at day 8 post-infection in WT and INFAR1-/- mice. Protein RFI is relative to the expression of 

uninfected WT mice. n=3-5. 

 

Statistics: Mann-Whitney test. ns = not-significant, *p<0.05. 
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4.7 Materials and Methods 
 
Mice 

C57BL/6, congenic CD45.1+, MHCII-/- [304] mice were purchased from Jackson Laboratories 

(Bar Harbor, ME). The IFNAR1-/- mice were shared by Dr. J Rauch (McGill University Health 

Centre) [383]. All mice were on a C57BL/6 background, bred in-house and experiments were 

performed at 6-12 weeks of age with both males and females. Animal housing, care, and research 

were in accordance with the Guide for the Care and Use of Laboratory Animals and all 

procedures performed were approved by the McGill University Animal Care Committee. 

 

Pathogens 

LCMV. LCMV-Arm and -Cl13 strains were propagated from stocks provided by Dr. M. 

Richer (University of Indiana) as previously described [252]. Mice were infected with 2x105 

plaque forming units (PFU) of LCMV-Arm by intraperitoneal injection or 2x106 PFU by 

intravenous injection for LCMV-Cl13 as previously described [306, 363]. Tissue was harvested 

from mice at either day 8 or 47 post-infection.  

Cryptococcus neoformans. The C. neoformans H99 strain was provided by Dr. K. Kwon-

Chung (NIH). Stocks used for infection were prepared as previously described [352]. Mice were 

anesthetized and infected by intrapharyngeal aspiration with 5x103 colony forming units (CFU) 

in 20 µL of PBS. Mice were sacrificed and tissue was collected 10 days after infection. C. 

neoformans CFUs were determined as previously described [352]. 

 IAV. Mice were anesthetized and infected intranasally with 2x103 PFU with the PR/8 

strain of IAV in PBS. Mice were euthanized and tissue was harvested 7 days post-infection. 

 MCMV. The MCMV-Dm157 stain was provided by Dr. J. Sun (Memorial Sloan Kettering 

Cancer Center). Mice were infected with 2x106 PFU intravenously and tissue was harvested 8 

days post-infection.  

  

Leukocyte isolation 

 Spleen was collected and crushed through a 70-µm filter with 1% RPMI (1% 

penicillin/streptomycin, 1% L-glutamine, and 1% FBS). Red blood cell lysis was done using 

ACK lysis buffer (Life Technologies) for 3 minutes. Cells were then washed with PBS, 

refiltered, and resuspended in 1% RPMI. For lymphocyte isolate from the blood, whole blood 
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was centrifuged at 2000rpm for 20 minutes using a Histopaque-1077 (Sigma-Aldrich) density 

gradient and lymphocytes were collected at the plasma/Histopaque-1077 interface. Single-cell 

suspensions were dilution 1:10 in Trypan Blue and manual counting of live cells (Trypan Blue-

negative) on a hemacytometer was used to determine total cell counts. To purify total T cells or 

CD4+ T cells Stemcell EasySep mouse total T cell or CD4+ T cell enrichment kits were used. To 

enrich naive CD4+ T cells Stemcell EasySep mouse CD4+ T cell enrichment kits were 

supplemented with CD44-bio antibody (IM7). 

 For experiments where naive CD4+ T cells were deprived of self-pMHC interactions, 

cells (either total or enriched cells, as specified) were cultured in 96-well plates in complete 

RPMI (10% FBS, 1% L-glutamine, 1% penicillin/streptomycin, 1% HEPES buffer, 1% Sodium 

Pyruvate, 1% non-essential amino acids, and 0.1% 2-mercapto-ethanol 1000X solution) 

supplemented with 10 ng/mL of IL-7 (Biolegend). To activate T cells, cells were cultured with 

complete RPMI in 96-well plates coated with a-CD3 and a-CD28 (Biolegend; both at 3 

mg/mL).  

 

Flow cytometry 

Cells were incubated with Fixable Viability Dye (AF780, Life Technologies) diluted in 

PBS for 20 minutes at 4oC. Extracellular antibodies were diluted in FACS buffer (2% FBS and 

5mM EDTA in PBS) containing Fc Block (Life Technologies) and were incubated for 30 

minutes at 4oC. If intracellular staining was required, cells were subsequently incubated in Foxp3 

Transcription Factor Fixation/Permeabilization Concentrate and Diluent (Life Technologies) for 

30 minutes at 4oC. Intracellular antibodies were then diluted in permeabilization wash buffer and 

incubated for 30-60 minutes at 4oC. Directly conjugated antibodies used were as follows: TCRb 

(H57-597), CD4 (RM4.5), CD8a (53-6.7), CD5 (53-7.3), Foxp3 (FJK-16 s), CD44 (IM7), 

CD62L (MEL-14), CD98 (RL388), CD73 (TY/11.8), FolR4 (eBio12A5), Ly6C (HK1.4), CD6 

(OX- 129), CD45.1 (A20), and CD45.2 (104). Primary unconjugated antibodies were: SHP-1 

(C14H6). The secondary conjugated antibody used was Donkey anti-Rabbit IgG (H+L) Alexa 

Fluor 647. To assess SHP-1 expression, cells were fixed with 1X TFP Fix/Perm Buffer for 50 

minutes at 4oC, washed, then incubated in Perm Buffer III (BD Biosciences) for 20 minutes on 

ice. Fc block and all surface and intracellular antibodies were diluted together in 

permeabilization wash buffer and incubated for 50 minutes at 4oC then washed. The secondary 
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antibody was also diluted in 1X TFP Perm/Wash Buffer and stained for an additional 50 minutes 

at 4oC. For all flow cytometry experiments, cells were acquired using an LSRFortessa (BD 

Biosciences) and analyzed with FlowJo software (BD Biosciences). 

 
Adoptive cell transfers 

All donors and recipients were sex matched. 13 CD45.1+ mice were used to isolate CD4+ 

T cells as described above. A total of 6-8x106 CD4+ T cells were adoptively transferred into 

either CD45.2+ WT or CD45.2+ MHCII-/- mice. Transferred cells were isolated from the spleen 

and peripheral lymph nodes of recipient mice 5 days post-transfer.  

 
RNA-seq 

Cell sorts, RNA-seq preparation, library prep, analysis, and data visualizing were done as 

previously described [140]. Briefly, 1x106 CD5lo and CD5hi naive CD4+ T cells were sorted and 

were either directly added to 500uL TRIzol (ThermoFisher Scientific) or were first rested in 

complete RPMI supplemented with IL-7 for 22 hours. FASTQ files were mapped to the UCSC 

mm9 Mus musculus genome and normalized read counts DEG analysis was performed with 

EdgeR. An FDR threshold of <0.01 was considered significant and No FC threshold was 

imposed on DEGs. The overlap from the DEGs in the fresh CD5hi versus self-deprived CD5hi 

and fresh CD5lo versus self-deprived CD5lo group comparisons were used to define the ‘common 

T cell signature’. The data reported in this paper can be found in the Gene Expression Omnibus 

database under accession number GSE185675. 

 
Statistical analyses 

Group comparisons were performed using Prism V9 (GraphPad). Unless specified, data 

are presented as mean with each data point representing an individual mouse. The cut-off for 

significance was p<0.05 for all analyses unless otherwise stated. Information about specific 

statistical tests used for each experiment is listed in the figure legends.  
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4.8 Supplemental information 
 

 
 

Figure S1. Self-pMHC interactions maintain transcriptional networks that support naive 

CD4+ T cell readiness. (A) Venn diagram of differentially expressed genes (DEGs) (FDR cut-

off <0.01) for fresh CD5hi versus self-deprived CD5hi and fresh CD5lo versus self-deprived CD5lo 

used to define the T cell signature common to all T cells. (B) Expression (log2Fold Change) of 

the DEGs in the T cell signature. Genes enriched in fresh naive CD4+ T cells are found in the 

upper-right quadrant, and gene enrichment upon self-deprivation of naive CD4+ T cells is located 

in the lower-left quadrant. (C) Gene ontology enrichment analysis of the fresh naive CD4+ T cell 

gene signature. Circles correspond to unique GO groups; related groups are coded in the same 

colour; edges link similar GO terms. 
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Figure S2. Infection-induced self-deprivation is not dependent on the dose of pathogen. (A) 

Flow cytometry plots illustrate the gating strategy used to assess non-responding naive CD4+ and 

CD8+ T cells during infection. (B) Summary data of CD5 expression on non-responding naive 

(CD44loCD62Lhi) T cells in the blood at day 4 and spleen day 8 post-infection with LCMV-Arm.  

RFI is relative to the average CD5 expression in mice un-infected with the virus. n=4-5 mice. 

 

Statistics: One-way ANOVA (B). ns = not-significant, ***p<0.001, ****p<0.0001 
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CHAPTER 5: DISCUSSION 

 

5.1 Overview 

Our understanding of the factors that influence the fate of an individual T cell when called 

upon to combat infection is evolving. While T cell receptor (TCR) affinity/avidity for foreign 

ligand and the cytokine milieu in which a T cell is activated are major players in the fate of a T 

cell upon antigen challenge, pre-existing functional biases among individual naive T cells may act 

to ensure functional diversity in the responding cells. In Chapter 2, we identify that the strength at 

which naive CD4+ T cells recognize self-peptides presented by major histocompatibility 

complexes (self-pMHCs), also called self-reactivity, imparts diverse chromatin and transcriptional 

networks. We also show that the transcriptional diversity is established by two sources of 

heterogeneity, one that relies on continuous self-pMHC signals and the second where differences 

are imprinted in the thymus during development, presumably by epigenetic changes. In Chapter 3, 

we found that low self-reactive naive CD4+ T cells preferentially contributed to the T cell response 

during chronic infection and that chronic pathogen control is delayed when fewer low self-reactive 

T cells are present within the T cell population. In Chapter 4, we begin to probe the consequences 

of self-pMHC deprivation. We observed that naive CD4+ T cells may utilize cell survival pathways 

to adapt to self-deprivation. Additionally, non-responding naive T cells undergo transient self-

deprivation during infection, which is dependent on type-I interferon (IFN) signaling. How these 

findings fit into the larger context of naive T cell heterogeneity and maintenance and what their 

implications might be are discussed below.  

 
5.2 Nature vs nurture – naive T cell heterogeneity and thymic imprinting 

During the DN progenitor stage of T cell development, the newly generated TCRβ chain 

is paired with the invariant pre-TCRα chain, forming the pre-TCR. However, beyond being a 

gatekeeper to ensure functional TCRβ rearrangement [16], β-selection may contribute to shaping 

T cell self-reactivity, thus impacting the mature T cell compartment in ways that have previously 

not been appreciated. The functional consequences of pre-TCR engagement with self-pMHC on 

the TCR repertoire and subsequent selection processes are still emerging. The strength of pre-TCR 

signaling at the DN T cell stage can shape the mature T cell repertoire such that decreasing pre-

TCR signals limits TCR diversity [384]. It has been reported that CD5 is upregulated after the β-
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selection checkpoint [172, 385], but whether the strength of signaling and CD5 levels during β-

selection are dependent on individual TCRβ clones (and their interactions with self-pMHC) is not 

yet known. It is tempting to speculate that CD5 levels correlate with the strength of pre-TCR 

signaling for individual TCRβ chains and, given that CD5 modulates TCR signaling, that CD5 

might participate in setting unique positive selection thresholds for each TCRβ. Thus, β-selection 

may ultimately contribute to establishing the self-reactivity of a T cell even before the mature TCR 

is expressed.  

A series of encounters with positively selecting self-peptides is required for differentiation 

of double positive (DP) cells into mature single positive (SP) thymocytes to reach a 'signal 

threshold' that may be specific for each TCR. Thymocytes undergoing positive selection are 

characterized by serial, transient interactions with self-peptide that occur over time [386, 387]. The 

magnitude and frequency of these individual interactions is likely influenced by the interactions 

with the self-peptide(s) providing the survival signals (Figure 1). Given a gradual increase in basal 

intracellular calcium levels in thymocytes during this period [388], it was hypothesized that 

thymocytes remember individual TCR signals and accumulate signaling intermediates until they 

reach a 'signal threshold'. Evidence of this is further supported by the finding that a dose-dependent 

inhibition of TCR signals during positive selection of a monoclonal thymocyte population leads to 

a decrease in the frequency of cells that pass the positive selection test; however, the mature T 

cells that develop have accumulated similar amounts of signal [387]. This might suggest that 

'signal thresholds' are set for individual TCRs prior to positive selection, and possibly as early as 

the b-selection stage (Figure 1). Differences in the amount of accumulated calcium/signal may 

lead to distinct transcriptional programs and epigenetic imprinting that ultimately impacts the 

functional bias of the T cell in the periphery. 
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Figure 1. Model predicting how cumulative self-signals establish the self-reactivity of individual naive T cells. 
Following TCRb rearrangement (hypothetical b1-4), b-selection may establish initial differences in self-reactivity. 

Subsequent rearrangement of the TCRa chain (hypothetical a1-7) and interactions with self-pMHC (denoted as 

circles) induce Ca2+ fluxes with baseline intracellular Ca2+ levels increasing over time. Inset depicts the Ca2+ signal 

received at each self-pMHC interaction during selection dependent on the strength of interaction. If a thymocyte fails 
to receive self-signals, it dies by neglect (green clone) or if a thymocyte interacts with self too strongly, it will be 

negatively selected from the repertoire (dark red clone). Those clones that complete development then occupy 

distinct niches of self-reactivity that together establish a polyclonal repertoire. Adapted from [4]. 

 

 TCR repertoire selection in the thymus appears to play an important role in establishing 

functional biases in naive T cells across the self-reactivity spectrum that may impact how they 

ultimately respond to pathogens. Functional biases that correlate with self-reactivity are already 

evident in mature thymocytes [2], and it has been suggested that self-pMHC affinity during 

positive selection influences the responsiveness of T cells at least at early time points after thymic 

egress [389]. Despite changes in TCR sensitivity and the self-immunopeptidome from the thymus 

to the periphery, the relative self-reactivity of individual TCRs is generally maintained in both 



 153 

compartments as read out by surrogate markers of TCR signal strength [1]. In Chapter 2, we 

showed that when the ability of naive T cells to engage self-pMHC is removed, many of the 

functionally relevant gene expression differences between T cells with relatively low versus high 

affinity for self are retained [140]. These characteristics are reminiscent of the Treg lineage: while 

continued interactions with self-peptide in the periphery are essential for Treg function, 

interactions with self-pMHC are not required for maintaining the expression of the majority of 

genes contributing to the Treg gene signature which were epigenetically imprinted in the thymus 

during their development [390-392]. Ultimately, however, which functional biases are thymically 

imprinted and which require ongoing interactions with the self-immunopeptidome in the 

periphery, is still unknown.   

Identifying the sources of heterogeneity in the naive T cell population, which functional 

attributes of T cells can be modulated through post-thymic interventions versus those that are fixed 

during thymic development, and what the characteristics of the TCR are that are associated with 

the extent of self-reactivity, could significantly contribute to improving the efficacy of T cell 

therapies – developing or isolating populations with desirable functions in terms of cytokine 

production or persistence. Thus, populations of T cells with relevant traits might be identified and 

isolated based on their self-reactivity or engineered with antigen-specific TCRs known to provide 

relatively lower or higher basal signals. 

 
5.3 Limp handshakes do not always reflect a weak character – low-reactive naive T cells 

generated by N-nucleotide diversity 

 As developing thymocytes rearrange their TCR in the thymus, the combination of V(D)J 

gene segments and non-templated (N)-nucleotide insertions from terminal deoxynucleotidyl 

transferase (TdT) produce an estimated 1020 possible TCRs [113-115]. Without N-nucleotide 

additions, TCR diversity is reduced by over 90% [297, 338, 339]. Even though TdT is conserved 

in jawed vertebrates [337], its evolutionary benefit has remained elusive. The T cell repertoire in 

TdT-KO mice is not impaired during infection [336]; however, the pathogens that have been tested 

all establish acute infections. Several non-mutually exclusive hypotheses may explain the 

evolutionary advantage of why introducing somatic TCRs (containing N-nucleotides) would 

benefit immune responses instead of a repertoire made entirely of germline sequences [138]. First, 

while non-germline TCRs might have a higher probability of not binding pMHC as well, 
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occasionally TdT may produce a TCR that binds pMHC better that provides essential help to a T 

cell response [393]. Second, the TdT-dependent TCRs may be important for controlling pathogens 

that easily mutate and escape the T cell response [394, 395]. Third, having somatic TCRs that may 

have lower pMHC binding strength present within the repertoire might benefit the T cell response 

during chronic infection where T cells that are highly responsive to pMHC are more likely to 

become exhausted and dysfunctional [396]. In Chapter 3 we focus on the third hypothesis, and, for 

the first time, we provide evidence that TdT produces TCRs that have, on average, lower pMHC 

reactivity and that this has consequences for chronic infection control. It should be noted that the 

results outlined in Chapter 3 do not rule out other potential advantages of TCR repertoire 

diversification by TdT in different contexts, but rather suggest the added benefit that TdT-

dependent TCRs possess biases in pMHC binding strength that benefit hosts challenged 

specifically with chronic infection.  

TCRs that are produced independently of TdT, the germline TCRs, have been proposed to 

be of higher reactivity to pMHC [138]. The neonatal TCR repertoire is initially generated without 

the use of TdT and does not have N-nucleotide insertions; consequently, these TCRs have higher 

self-reactivity [296, 361]. Additionally, TdT-KO T cells are more efficiently positively selected 

indicating that TdT-independent TCRs have, on average, higher reactivity to pMHC [144]. We 

found that TdT-KO pathogen-responding (activated) CD4+ and CD8+ T cells express higher levels 

of PD-1 during chronic infection suggesting that TdT-KO T cells receive stronger TCR signals. 

Ultimately, prolonged TCR signals such as chronic antigen stimulation during infection can drive 

T cell exhaustion [397]. It is increasingly appreciated that assessing exhaustion by cell surface 

marker expression alone (like PD-1) is insufficient. Exhaustion is now defined by complex 

epigenetic phenotypes that position T cells on a spectrum of dysfunction [356, 398, 399]. In the 

future, it will be important to investigate the epigenetic changes of TdT-KO T cells in the chronic 

setting. It is possible that TdT-independent TCRs, while on average being of higher pMHC-

reactivity, may also be more prone to exhaustion.  

Our work provides new insight into how T cells with TdT-dependent TCRs, and 

presumably lower pMHC reactivity, contribute to the immune response during chronic infection. 

Chronic infections provide long-term sources of foreign-antigen and inflammation that induce 

exhaustion and dysfunction within the responding and memory T cell populations. However, 

chronic inflammation can arise in sterile or non-sterile conditions. Such examples include 
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microbiota dysbiosis, exposure to xenobiotics, physical inactivity, diet, obesity, social isolation, 

psychological stress, and disrupted sleep [400]. It will be intriguing to investigate how TdT-

dependent TCRs contribute to the immune responses in instances of sterile and other non-sterile 

chronic inflammation, aside from chronic infection.  

Loss of TdT expression within the T cell compartment delayed the control of chronic 

pathogen. When we infected full TdT-KO mice (possessing both TdT-KO T and B cells) there was 

no impact on pathogen control. Much like T cells, B cells also use TdT to diversify the B cell 

receptor (BCR) [354]. In Chapter 3, we did not consider the effect of TdT deficiency in the BCR 

repertoire and have not addressed whether this may similarly impact acute or chronic infection 

dynamics. However, given that BCRs are not constrained by having to recognize antigen in the 

context of MHC, the distance of the BCR from the germline would presumably not have the same 

implication with regard to reducing antigen binding strength. Investigating this question will 

certainly be interesting in the future.  

Our data show that one possible explanation for the evolutionary origin of TdT is to 

produce TCRs with, on average, lower-pMHC reactivity that aid in chronic pathogen control. Of 

note, no people with a loss-of-function in TdT have been identified to date. Whether this is because 

TdT loss-of-function is lethal or that these people live relatively normal lives is not known. 

However, aberrant expression and mutations in TdT are used as key biomarkers in the diagnosis 

of several leukemias [401, 402]. 

 
5.4 When the going gets tough, T cells endure – impact of self-deprivation on the naive T 

cell population 

 The peripatetic nature of naive T cells ensures they cover the largest area possible when 

scanning for foreign antigens [29]. As naive T cells migrate between the secondary lymphoid 

organs they are continuously encountering self-pMHC on antigen presenting cells (APCs) that 

provide them with tonic self-signals [366]. Despite self-signals being important for maintaining 

naive T cell numbers and sensitivity to foreign antigen [221, 223, 248], little is known about what 

happens when naive T cells are deprived of self-pMHC interactions. Notably, when self-signals 

are deprived, naive T cells are surprisingly resilient to attrition and can survive for several weeks. 

In contrast, the absence of IL-7 signals leads to a much more rapid decay in T cell numbers [224]. 

It is not understood how tonic self-signals provide naive T cells with survival cues. In the absence 
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of IL-7 signals, naive T cells have reduced cell size, less expression of the glucose transporter 

GLUT1, reduced mitochondrial function, and lower ATP levels [376], but whether self-

deprivation induces a similar ‘starvation’ phenotype has not been studied. Here, we show that 

naive CD4+ T cells may cope with self-deprivation by upregulating transcriptional networks that 

promote cell survival pathways like autophagy and response to starvation. It will be important to 

investigate if naive CD4+ T cells use these survival pathways to prevent cell death when self-

signals are limiting. Additionally, whether naive CD8+ T cells upregulate similar survival 

pathways upon self-deprivation as naive CD4+ T cells have not been studied.  

In Chapter 2, we show that many of the transcriptional differences present between low 

and high self-reactive naive CD4+ T cells are not dependent on continuous self-pMHC interactions 

in the periphery and may be imprinted in the thymus during development. We and others have also 

shown that the strength of self-pMHC reactivity imparts biases in lineage choices [3, 139, 140, 

183, 255]. It is unclear if some of the pre-disposition in fate decisions are also thymically 

imprinted. It will be interesting to see whether self-deprivation impacts CD4+ T cell effector cell 

differentiation.  

 We also wondered if there were physiological settings where self-deprivation may occur. 

We reasoned that infection, where APCs preferentially present foreign-peptides on MHCs over 

self-peptides [372, 373], may inadvertently deprive pathogen-non-specific naive T cells of the 

tonic self-signals they require for maintenance and sensitivity to cognate antigens. Indeed, we 

found that infection leads to self-deprivation in non-responding naive T cells and that this 

infection-induced self-deprivation (IISD) is dependent on type-I IFN signals. However, whether 

type-I IFN signaling establishes IISD by upregulating the immunoproteosome, thus changing the 

peptide repertoire presented by APCs, or directly acts on naive T cells remains unknown. 

Additionally, at steady-state, IFNb is constitutively expressed at low levels [403], which may 

provide an additional tonic signal to naive T cells. Indeed, there is increasing evidence that 

suggests type-I IFN signals may play a role in naive T cell maintenance [241, 244]. Particularly, 

naive CD8+ T cells with high self-pMHC reactivity are more responsive to tonic type-I IFN signals 

and these IFN signals are crucial for maintaining the Ly6C+ high-self-reactive population [244]. 

For naive CD4+ T cells, single-cell RNA-sequencing has identified a type-I IFN gene signature 

within the population [241]; but, the impact of tonic type-I IFN signaling within the naive CD4+ T 

cell population has yet to be described.  
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5.5 Concluding remarks 

T cells can differentiate into several effector cell populations in response to foreign threats. 

Historically, it has been thought that prior to pathogen encounter, naive T cells represent a 

homogenous population. It is only within the past 10 years that we now understand that the naive 

T cell pool is remarkably diverse. The work presented in this thesis found a previously 

unappreciated level of chromatin and transcriptional heterogeneity within the naive CD4+ T cell 

population that predisposes T cells to certain effector lineage choices based on strength of self-

reactivity. Additionally, we show that a portion of the naive CD4+ T cell transcriptional 

heterogeneity may be thymically imprinted during development. We also show that low self-

reactive T cells are important for chronic pathogen control. Furthermore, we implicate pathways 

that naive CD4+ T cells may use to promote survival upon removal of self-pMHC signals at steady-

state and perhaps during infection. More work is needed to determine exactly how naive T cells 

adapt to self-signal deprivation and the signals that regulate access to self-ligands.
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