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αβ T cells are critical components of the adaptive immune system; they maintain tissue and immune homeostasis during
health, provide sterilizing immunity after pathogen infection, and are capable of eliminating transformed tumor cells.
Fundamental to these distinct functions is the ligand specificity of the unique antigen receptor expressed on each mature
T cell (TCR), which endows lymphocytes with the ability to behave in a cell-autonomous, disease context–specific manner.
Clone-specific behavioral properties are initially established during T cell development when thymocytes use TCR recognition
of major histocompatibility complex (MHC) and MHC-like ligands to instruct survival versus death and to differentiate into a
plethora of inflammatory and regulatory T cell lineages. Here, we review the ligand specificity of the preselection thymocyte
repertoire and argue that developmental stage–specific alterations in TCR signaling control cross-reactivity and foreign versus
self-specificity of T cell sublineages.

Introduction
T cells circulate throughout the body, alert for signs of pathogen
infection or tumorigenesis. The ability of T cells to distinguish
healthy and diseased cells arises from their expression of an
antigen receptor (TCR) that recognizes specific ligands pre-
sented by classical major histocompatibility complex (MHC)
molecules, non-classical MHC molecules, and MHC-like pro-
teins. For αβ T cells, these MHC-bound ligands typically consist
of peptides ranging from 8 to 15 amino acids in length (Fig. 1 A).
Additionally, certain specialized subsets of T cells can interact
with presented lipids and small metabolites. Given that classical
MHC molecules are the most polymorphic human genes
(Trowsdale and Knight, 2013), individual T cell repertoires
must undergo a “learning” process during T cell development to
discern self from non-self, involving the recognition of both
MHC molecules and their bound peptides.

Reflecting their functional diversity, αβ T cells departing the
thymus can be loosely categorized into three groups (Fig. 1 B):
naive αβ T cells, which exhibit effector functions and tissue-
specific localization upon encountering their cognate antigens;
regulatory T (Treg) cells, including Foxp3+ Treg cells, that play
roles in anti-inflammatory processes and the maintenance of
homeostasis; and “innate-like” T cells, such as CD8αα intraepi-
thelial lymphocytes (IELs), which are attuned to barrier stress
and dysbiosis. Within these subsets, naive αβ conventional

T cells (Tconv) typically derive homeostatic signals from weak
affinity interactions with antigen-presenting cells (APCs) that
display self-peptides on MHC molecules (self-pMHC). In con-
trast, regulatory and innate-like clones exhibit higher levels of
self-reactivity. Here, we discuss the ligand specificity of the
preselection thymocyte repertoire and how subsequent thymic
selection processes sculpt TCR features in T cell sublineages
and microrepertoires according to their antigen recognition
capabilities.

T cell tolerance: Historical perspective
Historical studies have revealed that immune tolerance within
the T cell compartment, which is essential to limit autoimmune
disease, operates through host MHC restriction and TCR clo-
notype diversity and specificity (Burnet, 1976; Lederberg, 1959;
Sell and Gell, 1965; Talmage, 1957; Zinkernagel and Doherty,
1974). The diversity of MHC alleles within a population serves
as a barrier to pathogen evasion of immune responses (Kosmrlj
et al., 2010; Messaoudi et al., 2002). In addition, individual T cell
repertoires are trained to differentiate self from non-self during
the process of thymic selection (Berg et al., 1989; Bevan, 1977;
Kappler et al., 1987). Successful selection renders mice capable of
receiving tissue grafts from syngeneic donors while rejecting
those from donors with significantly different major or minor
alloantigens. Major alloantigens are attributable to variations in
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Figure 1. Post-selection T cell subsets and their TCR ligand specificity patterns. (A and B) An overview of the four distinct patterns of TCR–pMHC ligand
interactions (A) and the categorization of post-selection αβ T cells into three groups (B). (A) The ligand interactions are classified as non-reactive (Type I),
weakly self-reactive (Type II), and strongly self-reactive (Type III and IV). The illustration highlights the interactions between MHC and TCR molecules (top
panels), where blue lines indicate the common amino acid–mediated interactions (specific to MHC), and red lines represent the peptide-mediated interaction
(peptide specific). These interactions together determine the overall TCR–pMHC interaction strength. Importantly, Type IV interactions are often characterized
by their potential to crossreact with multiple MHC alleles (poly MHC-I/II). (B) The three subsets of αβ T cells comprise: (1) naive CD4 or CD8 T cells (Type II
ligand specificity pattern), each distinguished by their unique functional roles; (2) Treg cells (Type III pattern), which play a crucial role in initiating and
sustaining immune tolerance; and (3) CD8αα IEL precursors (Type III or IV patterns; IELp), characterized by their ability to respond rapidly without the need for
TCR activation. It is important to also note that CD8αα IELp typically lack CD8α expression initially but will re-express the CD8αα co-receptor in the peripheral
tissues. ETP: early thymic precursor cells.
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MHC alleles, and minor alloantigens arise from differences in
sex-specific proteins and non-MHC protein sequence poly-
morphisms (Billingham et al., 1953; Cudkowicz and Rossi, 1972;
Owen, 1945).

In a theoretical model, Niels Jerne rationalized this phe-
nomenon by proposing that T cells (or TCRs) are genetically
predisposed to recognize MHC molecules (Huseby et al., 2004;
Jerne, 1971). Drawing parallels with bacterial genetics, he pro-
posed that the error-prone nature of DNA replication during
vigorous cell proliferation in the thymus might introduce mu-
tations in the TCR, potentially curtailing undue reactivity to host
MHC molecules. While not all of Jerne’s mechanisms have been
directly proven, the idea that TCRs are innately biased to in-
teract with MHC ligands persists (Marrack et al., 2008). His
theory accounts for why 10–20% of preselection thymocytes
respond to host MHC ligands, with about half of these clones
integrating into the mature T cell repertoire and the rest being
eliminated by negative selection in the thymus (Huseby and
Teixeiro, 2022). Our current knowledge of T cell development
and how it confers the ability to distinguish self from non-self
was greatly molded by this early perspective.

The evolution of the T cell repertoire, driven by the random
generation of TCR sequences and filtered by selection rather
than deliberate design, prompts a hypothetical question: Does
incomplete negative selection offer an immunological benefit?
This question dovetails with the motivation behind numerous
studies that have shown negative selection to be imperfect and
not wholly exhaustive. The formation of the TCR repertoire,
which utilizes the randomness of somatic TCR gene segment
recombination, must prepare the immune system for a broad
spectrum of potential pathogen encounters over an individual’s
lifetime. This approach evolved to build a large anticipatory
T cell repertoire while minimizing the risk of autoimmune
diseases. Therefore, each individual must develop and maintain
a T cell repertoire, which balances “tolerance to self” and “ef-
fective discrimination of self from non-self.” Indeed, early re-
search utilizing superantigen models and TCR transgenic mice
yielded significant findings: the former studies showcased effi-
cient deletion of thymocytes expressing specific Vβ chains
in mouse strains harboring corresponding endogenous super-
antigens (Blackman et al., 1990; Kappler et al., 1987), and the
latter illustrated antigen-specific clonal deletion occurring dur-
ing the double-positive (DP) stage of thymocyte development
(Kisielow et al., 1988; Sha et al., 1988). As a result, the concept of
tolerance to self has long been intertwined with the “near per-
fect” effectiveness of thymic negative selection (Burnet, 1961,
1991; Hogquist et al., 1994). However, eliminating all self-
reactive TCR clones could inadvertently produce gaps in
foreign antigen specificity and preclude the creation of im-
munomodulatory regulatory and innate-like T cells, under-
scoring the complex task of immune system optimization
(Davis, 2015; Vrisekoop et al., 2014).

All TCRs are not created equal
Initially, stem cells populate the thymus and start differentiating
into T cell lineage precursors, a process initiated by Notch sig-
naling and characterized by the restructuring of transcriptional

gene networks (Hosokawa and Rothenberg, 2020; Shin et al.,
2024). This differentiation includes the induced expression
and usage of key signaling enzymes and scaffolds, as well as
RAG-mediated TCRβ recombination and β-selection events.
These steps, followed by TCRα rearrangement, lead to the gen-
eration of preselection thymocytes, which depend on TCR sig-
nals for their survival and further differentiation (Davis and
Bjorkman, 1988; Oettinger et al., 1990; Schatz et al., 1989; von
Boehmer and Fehling, 1997). Each thymocyte expresses thou-
sands of TCRs carrying an identical sequence on its surface,
contributing to a preselection thymocyte repertoire that in-
cludes several million unique clonotypes (Arstila et al., 1999;
Bradley and Thomas, 2019; Robins et al., 2010). Despite the
complexities of early T cell development, αβ TCR+ preselection
CD4+CD8+ DP thymocytes show uniform transcriptional and
epigenetic characteristics (Chopp et al., 2020). This stage-
specific consistency allows the specificity of the randomly
generated TCR to dictate whether individual clones advance
through the processes of positive selection and co-receptor
choice or are eliminated (Itano and Robey, 2000).

T cell development encounters multiple conundrums while
generating host MHC-restricted mature T cell repertoires. Re-
arrangement must yield a diverse set of TCRs capable of rec-
ognizing ligands presented by the myriad of MHC class and
allele combinations in a species. While certain TCR variable (V)
genes are predominantly expressed in either CD4 or CD8 T cells
(Sim et al., 1996), no V gene segment is entirely excluded from
forming receptors that can engage with structurally diverse
MHC class I (MHC-I) or II (MHC-II) molecules (Garman et al.,
1986). Consequently, individual TCRα or TCRβ chains can form
parts of receptors that interact with a broad spectrum of poly-
morphic MHC ligands. However, αβ TCR pairs found on post-
selection T cells are typically restricted to specific MHC alleles.
Moreover, despite the millions of TCR sequences present in
mature T cell repertoires, this clonal complexity cannot ensure
comprehensive pathogen recognition if each T cell is confined to
recognizing just one pMHC combination.

In other terms, there exist ∼5 × 1011 potential combinations
for a nine-amino-acid peptide, alongside thousands of MHC-I
and MHC-II alleles. Thus, TCR rearrangement and subsequent
thymic selection of Tconv cells need to equip thymocytes with
TCRs that can recognize various unique, foreign-derived pep-
tides presented by host MHC molecules, thereby eliminating
voids in the repertoire (Morris and Allen, 2012; Vrisekoop et al.,
2014). To achieve “universal recognition” of peptides and MHC
alleles, preselection thymocytes generate TCRs with diverse
specificities for MHC and peptide residues through somatic re-
combination of V(D)J gene segments, nucleotide additions and
deletions, and the pairing of randomly generated TCRα and
TCRβ chains (Davis and Bjorkman, 1988; Lefranc, 2011). This
process introduces randomness into the TCR antigen-binding
site: a mosaic of V(D)J junctional amino acids (CDR3 segment)
at its core, encircled by germline-encoded (CDR1 and CDR2)
residues. This construct, together with the semiconserved di-
agonal TCR–pMHC binding orientation, favors engagement of
CDR1 and CDR2 residues with MHCmolecules and interaction of
CDR3 residues with peptide residues (Garcia et al., 1996;
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Rossjohn et al., 2015). The incorporation of specific amino acids
in the CDR3 and the effect of TCRα/TCRβ pairings enrich TCRs
with a vast range of binding proficiencies to diverse foreign
and self-pMHC ligands, often with relatively strong affinity
(Chakraborty and Weiss, 2014; Huseby and Teixeiro, 2022).

At one end of the cross-reactivity spectrum, a TCR may
recognize a wide array of distinct peptides presented bymultiple
MHC-I and MHC-II molecules. This broad recognition can occur
when TCR residues are particularly responsive to the invariant
features of MHC ligands, including the peptide backbone and
conserved MHC residues, and show minimal interaction with
the side chains of the amino acids of the bound peptide (Dai
et al., 2008; Huseby et al., 2005; Stadinski et al., 2011). At the
other extreme, there are TCRs generated that bind very few, if
any, pMHC molecules, a likelihood that increases when the
central CDR3 residues include specific amino acids like lysine
and glutamic acid. In a more moderate scenario, TCRs can form
high-affinity bonds with a select group of foreign or self-pMHC
molecules, a capacity that correlates with the hydrophobic na-
ture of the central CDR3 residues (Stadinski et al., 2016). For
simplicity, TCRs can be grouped into four ligand specificity
patterns (Fig. 1 A): (1) type I: non-pMHC reactive, (2) type II:
weakly self-reactive with significant affinity for certain foreign
pMHC ligands, (3) type III: strongly self-reactive, recognizing
particular self-peptides presented by host MHC molecules, and
(4) type IV: strongly self-reactive, capable of recognizing mul-
tiple self-pMHC ligands. Ultimately, thymic selection processes
are essential to eliminate non-reactive and overly self-reactive
TCRs, while effectively organizing those from categories 2, 3,
and 4 into specialized microrepertoires, each tailored with dis-
tinct functionality.

Thymocyte auditioning for selection
Requirement for productive TCR signaling
Positive selection and T cell homeostasis together address the
challenge of building the T cell repertoire. Beginning with pre-
selection thymocytes in the thymic cortex, clones lacking
appreciable reactivity to self-pMHC molecules fail to elicit
substantial TCR signals and consequently undergo apoptosis due
to neglect (Berg et al., 1989). This self-referential requirement
persists throughout subsequent phases of thymic development
and extends to peripheral T cells (Liu et al., 2003; Saini et al.,
2010; Surh and Sprent, 2008). Theoretically, if a TCR can suf-
ficiently recognize self-pMHCmolecules above a specific affinity
threshold, it implies a potential to also recognize a fraction of the
vast array of possible foreign peptides—approximately 5 ×
1011—bound to self-MHC molecules. Nevertheless, to mitigate
the risk of autoimmunity, mature thymocytes and peripheral
T cells implement strategies to fine-tune TCR signaling. Such
regulation allows DP thymocytes to leverage weak self-pMHC
interactions to induce their differentiation, while mature Tconv
cells depend on these same interactions for survival signals
(Hogquist and Jameson, 2014; Huseby and Teixeiro, 2022; Surh
and Sprent, 2008; Yagi and Janeway, 1990).

The ability of thymocytes to navigate positive and negative
selection processes based on the strength of TCR signaling
against self-pMHC ligands is a hallmark of TCR signaling

scalability. Thymocytes can be positively selected through weak
affinity interactions with self-pMHC ligands, whereas more
potent ligands trigger negative selection. This process is nu-
anced and includes developmental stage-specific responses: at
the immature DP stage, cells that recognize self-antigens can
undergo apoptosis (stage 1 negative selection) or develop into
innate-like T cells (e.g., CD8αα IELs). In contrast, recognition at
later developmental stages can result in apoptosis (stage 2 neg-
ative selection) or the emergence of Treg cell populations (e.g.,
Foxp3+ Treg cells), illustrating the dynamic nature of T cell de-
velopment and the critical role of TCR signaling intensity and
timing in determining cell fate (Cheroutre et al., 2011; Daley
et al., 2017; Hogquist and Jameson, 2014; Huseby and Teixeiro,
2022; Josefowicz et al., 2012; Sprent and Kishimoto, 2002; von
Boehmer and Kisielow, 2006) (Fig. 2).

For thymocytes that do not generate productive TCR signals,
their fate hinges on a balance between proapoptotic and anti-
apoptotic proteins, primarily via the caspase-dependent, Bcl2-
regulated pathway (Daley et al., 2017) (Fig. 3). The majority of
thymocyte apoptosis occurs in the cortex (Surh and Sprent,
1994), influenced by a sequence of apoptotic regulators (Fig. 3
A). The initial key regulator is the prosurvival protein BclxL,
which, upon upregulation by RORγ and RORγt during the
transition from CD4−CD8− double-negative (DN) to DP thymo-
cytes, starts a 3-day timer for preselection DP thymocytes (Guo
et al., 2002; Kurebayashi et al., 2000; Ma et al., 1995; Sun et al.,
2000). Within this timeframe, thymocytes must acquire enough
positively selecting signals to advance through the thymic se-
lection checkpoints. Failure to do so results in cell death by
neglect (Egerton et al., 1990); however, if this period is extended,
DP thymocytes may utilize more distal Jα clusters for CDR3 re-
arrangement, which directly affects the formation of the TCR
repertoire (Guo et al., 2002). During this period, weak positive
selection signals may induce the upregulation of other pro-
survival proteins (e.g., Bcl2 and Mcl1) to substitute for BclxL
in counteracting Bim-triggered caspase 3 activation (Alam et al.,
1997; Bouillet et al., 1999, 2002; Daley et al., 2017).

Transmission and enhancement of TCR signals
The 10–20% of preselection thymocytes capable of generating
TCR signals, known as signaled DP thymocytes, face the rigorous
processes of positive and negative selection and the possibility of
being diverted into regulatory and innate-like sublineages.
These fate choices aremediated by the TCR signalingmachinery,
which possesses the capacity to discern subtle variations in self-
pMHC ligand interactions, thereby guiding diverse cellular
destinies. Engagement of self-pMHC by thymocytes recruits the
CD4 or CD8 co-receptor to the TCR complex (Chakraborty and
Weiss, 2014; Stepanek et al., 2014; Van Laethem et al., 2013) and
triggers the activation of two major non-receptor tyrosine
kinases: Lck and Zap70. One feature that can ensure TCR ligand
discrimination capacity is the strict hierarchy of the sequential
activation of Lck and Zap70. Lck is activated first, initiating the
signaling process by phosphorylating the tyrosine residues in
CD3 and the ζ-chain. This modification creates docking sites for
the kinase Zap70, thereby releasing Zap70 from its auto-
inhibitory state. Once activated, Zap70 targets two scaffold
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proteins, LAT and SLP76, which subsequently branch out and
amplify TCR signaling via downstream events including the
activation of the enzyme PLCγ1 and the Ras-activating protein
SOS. This process is highly coordinated: Lck is specialized for the
activation of Zap70 and incapable of directly phosphorylating
LAT and SLP76. On the other hand, Zap70 is adept at phos-
phorylating LAT and SLP76, but it cannot phosphorylate im-
munoreceptor tyrosine-based activation motifs or autoactivate
itself. This sequential kinase signaling downstream of the
TCR—along with the use of analog rheostats, to modulate in-
cremental gradations of pathway usage, and digital switches,
which activate specific signaling pathways only when stimula-
tion exceeds a theshold—provides potential signaling

checkpoints to fine-tune and calibrate sensitivity to self-pMHC
molecules (Chakraborty and Weiss, 2014; Huseby and Teixeiro,
2022).

Various molecular signaling mechanisms have been identi-
fied that elucidate how DP thymocytes enhance their ability to
use very-weak-affinity self-pMHC interactions to drive cellular
differentiation (Fig. 4). The expression of the voltage-gated so-
dium channel SCN5a–SCN4b and LAT signalosome regulator
Tespa1 in DP thymocytes aids intracellular calcium flux follow-
ing weak self-pMHC interactions (Liang et al., 2017; Lo et al.,
2012; Lutes et al., 2021). Meanwhile, Themis expression inhibits
the phosphatase activity of Shp-1 (Choi et al., 2023a, 2023b).
Additionally, the binding affinity of the CD8αβ co-receptor for

Figure 2. Two-stage negative selection process and diverse outcomes. The illustration outlines the two-stage negative selection process during thymic
development. Initially, CD4−CD8− DN thymocytes expressing pre-TCRα (pTα) and TCRβ undergo β-selection; successful thymocytes then progress to ex-
pressing the co-receptors CD4 and CD8, becoming DP thymocytes, and initiate TCRα rearrangement. The rearranged TCRα and TCRβ are subjected to thymic
selection in the cortex and medulla, each stage serving a distinct purpose to filter and permit only appropriate TCRs to pass the selection checkpoints, depicted
as two filter symbols (1 and 2). The initial screening in the cortex allows preselection TCRs to interact with ubiquitous self-peptides presented by cortical
thymic epithelial cells. Only those TCRs demonstrating moderate affinity are allowed to pass the selection checkpoint, subsequently upregulating the che-
mokine receptor CCR7, and migrating to the medulla for the subsequent stage of thymic selection. Thymocytes with insufficient binding undergo death by
neglect, whereas those with excessively strong binding are eliminated through negative selection (stage 1) or are redirected to become CD8αα IEL precursors
(IELp). Cells signaling with excessive potency may also be expelled from the thymus and become evictees. Overall, the objective of stage 1 negative selection is
to eliminate TCRs that exhibit broad cross-reactivity with multiple MHC molecules. Similarly, CD8αα IEL precursors, which are salvaged from this phase of
negative selection, frequently demonstrate cross-reactivity toward various MHC molecules. Next, in the medulla, the ongoing selection process screens TCRs
against tissue-specific antigens. Only those with moderate affinity are allowed to mature into CD4 or CD8 cells and egress to the periphery. On the other hand,
TCRs with excessively strong binding undergo negative selection (stage 2) or are alternatively selected to become Treg cells. The aim of stage 2 negative
selection is to eliminate TCRs that demonstrate overly strong reactivity toward tissue-specific self-peptides. Correspondingly, Treg cells, spared from this stage
of negative selection, exhibit a higher degree of self-reactivity compared with conventional CD4 and CD8 T cells, often characterized by elevated expression
levels of CD5 and Nur77.
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MHC molecules is increased in DP thymocytes owing to the lack
of specific sialylation patterns (Daniels et al., 2001; Moody et al.,
2001). Further, DP thymocytes, unlike their mature counter-
parts, form a decentralized synapse with multiple, smaller foci
accumulating MHC molecules and they do not exhibit actin-
mediated TCR movement (Hailman et al., 2002). These unique
membrane behaviors allow DP thymocytes to sustain tyrosine
phosphorylation events at the APC interface longer than mature
T cells, and to migrate effectively from the cortex to the medulla
by following chemokine gradients. Reciprocally, en bloc tran-
scriptional changes occur following thymocyte maturation me-
diated by the downregulation of the microRNA miR181a (Ebert
et al., 2009; Li et al., 2007), including the increased expression of
the phosphatase CD45, which dephosphorylate TCR complex
signaling proteins, inhibitory CD5 signalosomes, and the E3 li-
gase Cbl-b, which targets signaling molecules for degradation
(Azzam et al., 1998; McNeill et al., 2007; Naramura et al., 1998;
Tarakhovsky et al., 1995).

In summary, TCR signaling during thymic selection is
deemed productive when a thymocyte generates an adequate
level of signaling to trigger essential gene regulation for ad-
vancement through the developmental stages yet remains
moderate enough to not induce apoptosis. A recent study that
utilizes single-cell RNA sequencing and single-cell assay for
transposase-accessible chromatin with sequencing to delineate
signaling attributes across developmental stages provides high-
definition insights into the productive signaling traits that are
characteristic of each developmental phase (Chopp et al., 2020).

Thymocyte advancement and lineage branching
Regardless of MHC class restriction, signaled DP thymocytes
embark on a common trajectory characterized by the increased
expression of essential signaling proteins, including TCR, CD3,
Zap70, CD69, and CD5. However, within this group of signaled
DP thymocytes, the selectionmechanisms forMHC-I– andMHC-
II–restricted thymocytes start to diverge from the moment DP

Figure 3. Differential signaling in agonist selection versus negative selection. (A and B) This illustration delineates the differential signaling pathways
that guide thymocytes undergoing selection thymocytes toward apoptosis or toward agonist selection into CD8αα IEL precursors (IELp; A) or Treg cells (B).
(A) MHC-I–restricted DP thymocytes receiving moderate TCR signaling can upregulate pro-survival proteins Bcl2 and Mcl1, which take over the survival
signaling role from the degrading BclxL. Thymocytes that fail to sufficiently engage TCR signaling to upregulate Bcl2 or Mcl1 will succumb to apoptosis due to
BclxL degradation. Conversely, excessively strong TCR signaling leads to thymocyte apoptosis through a mechanism involving NF-κB and pro-apoptotic Bim.
Intriguingly, in the absence of NF-κB involvement, MHC-I–restricted thymocytes receiving strong signals may differentiate into CD8αα IEL precursors. This
process is facilitated by strong Erk signaling and the upregulation of transcription factor Bcl6, marking an alternative agonist-selection pathway exclusive to
MHC-I–restricted thymocytes in the cortex. (B) Conversely, MHC-II–restricted thymocytes have an alternative agonist selection pathway leading to Treg cell
development in the medulla. Here, moderate TCR signaling is again pivotal for upregulating pro-survival Bcl2 and Mcl1, aiding in the maturation of CD4 T cells.
However, overly strong signaling triggers apoptosis. Unlike for CD8αα IEL precursors, co-stimulatory signaling and IL-2 signaling in this context do not induce
apoptosis but rather support development of Treg cells.
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thymocytes encounter self-pMHC molecules. For MHC-
II–restricted thymocytes, indicators of a CD4 T cell gene signa-
ture emerge in DP thymocytes before the downregulation of the
Cd8a and Cd8b genes. In contrast, gene signatures indicative of
the CD8 T cell lineage emerge during the early CD8 single-
positive (CD8SP) stage (Chopp et al., 2020; Steier et al., 2023).
Intriguingly, exchanging the gene locations for Cd4 or Cd8, while
keeping their cis-regulatory elements intact, does not affect
lineage dedication or MHC recognition specificity despite the
reversed expression of the CD8 and CD4 proteins. This obser-
vation indicates that the level and nature of co-receptor signaling
cannot surpass the importance of the divergent transcriptional
landscapes in directing the choice between Tconv CD4 and
CD8 co-receptors (Shinzawa et al., 2022). It does, however, raise
the question of whether the transcriptional divergence of DP
signaled thymocytes influences other aspects of thymocyte dif-
ferentiation, such as the diversion CD8αα IELp. This selection
step leads to three principal outcomes: (1) conventional positive
selection, wherein thymocytes elevate CCR7 expression, facilitat-
ing their entry into the medulla where they undergo co-receptor
lineage commitment and continue with further maturation
(Takahama, 2006; Lancaster et al., 2018; Baldwin and Robey, 2024;
Steier et al., 2024); (2) rerouting into innate-like T cell pop-
ulations, includingMHC-I–restricted CD8αα IEL precursors; or (3)

triggering of TCR-mediated apoptosis (stage 1 negative selec-
tion) (Fig. 5).

Fate of DPs with strong self-reactivity: Diversion
When exposed to strong “agonist-selecting” TCR signals, MHC-
I– and MHC-II–restricted DP thymocytes have distinct destinies.
For MHC-I–restricted DP thymocytes, in addition to negative
selection, two unique pathways exist: progression into CD8αα
IEL precursors (Gangadharan et al., 2006; Rocha et al., 1991;
Yamagata et al., 2004) or exclusion from the thymus via clonal
eviction (Badr et al., 2023)—the full significance and limitations
of which remain to be fully elucidated. The most self-reactive
CD8αα IELs develop within the neonate, a stage of development
at which apoptosis is less pronounced (Cheroutre and Lambolez,
2008; Finkel et al., 1992; Huseby et al., 2001). Therefore, there
may be an age-dependent switch in the development of MHC-
I–signaled DP thymocytes, shifting from innate-like cell devel-
opment (favored during neonatal stages) toward clonal eviction
and/or apoptosis (favored in adult stages) (Fig. 5). Conversely,
MHC-II–restricted DP thymocytes generally do not follow the
pathway leading to the IEL precursor state nor do they undergo
clonal eviction. However, similar “agonist-selecting” TCR signal
intensities encountered at the CD4SP stage can lead MHC-
II–restricted cells to either negative selection or differentiation

Figure 4. Regulatory mechanisms for enhanced sensitivity in preselection DP thymocytes. This illustration depicts the three key molecular mechanisms
that confer augmented sensitivity in immature DP thymocytes, enabling their activation by weak positively selecting signals that normally cannot activate
mature T cells. First, the sialylation pattern on CD8β determines its binding strength to MHC-I molecules, with the lack of sialylation in DP thymocytes in-
creasing their binding affinity. Second, immature DP thymocytes express stage-specific regulatory proteins that lower response thresholds, augmenting
calcium influx. For example, the expression of voltage-gated sodium channels (VGSC) promotes sustained calcium responses through calcium release-activated
channels (CRAC) in response to weak ligand stimulation. Additionally, the regulatory protein Tespa1 directly interacts with IP3R1 to enhance calcium release
from the endoplasmic reticulum. Lastly, elevated expression of negative signal inhibitors, such as Themis and miR-181a, inhibits phosphatase activity, allowing
immature DP thymocytes to be activated by weaker TCR stimuli. The illustrations in the green frames highlight the differential mechanisms in mature T cells,
emphasizing the unique features of immature DP thymocytes in the middle.

Lo and Huseby Journal of Experimental Medicine 7 of 15

Negative selection and T cell repertoire formation https://doi.org/10.1084/jem.20230897

https://doi.org/10.1084/jem.20230897


into Treg cells, a route less accessible to their MHC-I–restricted
counterparts (Fig. 2). CD8αα IEL precursor commitment in the
thymic cortex is marked by their high expression of TCR and
PD-1—indicators of recent TCR signaling activation—and the
absence of CCR7, which usually guides thymocytes to the me-
dulla. This suggests that CD8αα IEL precursors, unlike Treg cells,

are selected in the cortex (Ruscher et al., 2017). These findings,
alongside related studies, highlight that thymocytes with
high affinity for self-ligands are either deleted or differentiate
into specific agonist-selected lineages: Treg cells for MHC-
II–restricted thymocytes and CD8αα IEL precursors for MHC-
I–restricted ones.

Figure 5. TCR microrepertoires emerge after thymic checkpoints. This illustration depicts the formation of TCR microrepertoires emerging after thymic
selection in the cortex (left) and medulla (right). Initially, preselection TCRs exhibit a broad range of reactivity toward peptide and MHC molecules. The first
stage of selection is mediated by cortical thymic epithelial cells (cTECs), which present ubiquitous self-antigens (Ag). The varying shades of blue represent the
strength of TCR–pMHC binding. Following selection, TCRs that bind self-pMHC either too weakly (indicated by white shades) or too strongly are eliminated
owing to insufficient TCR–pMHC binding or excessive cross-reactivity. Only TCRs with moderate pMHC binding advance to the medulla for further checkpoint
screening (indicated by light blue shades). Sky blue shades denote the TCR signaling strength that guides thymocytes to become IEL precursors (IELp). Notably,
a distinct subset of CD8αα IEL precursors (type A) emerges, characterized by an age-dependent selection that is predominant during neonatal stages (rep-
resented by the baby icon). In addition, although not shown in the figure, hematopoietic antigen-presenting cells are also key mediators of deletion and CD8αα
IEL precursor generation at this checkpoint. In the medulla, remaining thymocytes are screened against tissue-specific antigens, often presented by mTECs
(light green cells), dendritic cells (DCs; dark green cells), or mimetic cells (moderate green cells). Mimetic cells mimic tissues through the expression of tissue-
specific transcription factors. Examples include muscle mimetic cells (second from the top), ciliated mimetic cells (second from the bottom), or secretory/
neuroendocrine mimetic cells (at the bottom). The shades of green indicate the TCR signaling strength during interaction with pMHC. Moderate binding
facilitates the development of Tconv cells (light green path), while strong binding leads to the development of Treg cells (moderate green path). Thymocytes
experiencing even stronger TCR signaling can differentiate into neonatal Treg cells (the dark green path), a process also bound by a specific temporal selection
window limited to a narrow age range in the host (represented by the baby icon).
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Understanding how CD8αα IEL precursor development co-
ordinates with the usual patterns of co-receptor expression has
garnered significant interest (Issuree et al., 2017). Investigating
this relationship could provide insights into why MHC-
II–restricted thymocytes seldom choose this developmental
path. It is well established that one significant phenotypic
change in immature DP thymocytes upon receiving selecting
TCR signals is the transition to a “dulled” state (Kersh and
Hedrick, 1995; McGargill and Hogquist, 1999), characterized
by the downregulation of both CD4 and CD8 co-receptors.
These TCR-signaled DP thymocytes are yet to commit to a
specific lineage and to accurately determine their MHC rec-
ognition specificity and co-receptor selection. The kinetic sig-
naling model posits that DP thymocytes initially cease Cd8 gene
transcription and then assess the impact of CD8’s absence on
TCR signaling (Singer et al., 2008). If TCR-mediated positive
selection signals persist without Cd8 transcription, thymocytes
mature into CD4 T cells. If, however, TCR-mediated positive
selection signals cease in the absence of Cd8 transcription, the
thymocytes develop into CD8 T cells. This framework, which
categorizes signaling as either continued or halted, underscores
the significance of stage-specific regulation of CD8 expression
through cis-regulatory elements in determining thymic selec-
tion outcomes.

On a molecular level, at the immature DP thymocyte stage,
CD8 expression is primarily driven by enhancers E8II and E8III.
In contrast, enhancer E8IV is responsible for driving CD8αα
expression on CD8SP thymocytes and mature T cells, whereas
the constitutive expression of CD8αα on IELs is regulated by
enhancer E8I (Cheroutre and Lambolez, 2008). The unique us-
age of CD8αα, instead of CD8αβ, as a co-receptor may contribute
to the survival and function of highly self-reactive clones as it
dampens TCR signaling by redirecting key signaling molecules,
such as Lck, away from the TCR, consequently diminishing the
sensitivity of the TCR to pMHC (Cheroutre and Lambolez,
2008). The differential use of various cis-regulatory elements
to coordinate CD8α and CD8β expression enables distinct tran-
scription factors to regulate the expression of these co-receptors
at specific developmental stages (Issuree et al., 2017). In addi-
tion, these MHC-I–restricted dulled DP thymocytes, when sub-
jected to agonist-selecting signals, may tip the balance from
apoptosis toward survival through the Ras activator RasGRP1
and the transcription factor Bcl6 (Golec et al., 2017; Xing et al.,
2024). Specifically, Bcl6 expression is upregulated by TCR sig-
naling, particularly through the Erk pathway (Xing et al., 2024),
facilitating the maturation of innate-like thymocytes during
agonist selection.

In sharp contrast, DP thymocytes restricted to MHC-II are
generally not incorporated into the IEL lineage. Weak TCR sig-
nals, derived from “non-cognate” self-pMHC-II ligands, inter-
actions too weak to induce mature CD4 T cell proliferation, can
nonetheless initiate negative selection in vivo (Sant’Angelo and
Janeway, 2002; Stadinski et al., 2023). This suggests that the
threshold for negative selection may be differentially regulated
for ligands bound to MHC-I versus MHC-II molecules. Indeed,
studies examining the survival rates of autoreactive thymocytes
post-negative selection have indicated that in response to a

comparable level of TCR stimulation—enough to induce upre-
gulation of the activation marker PD-1 and expression of
TCRβ—a significantly higher frequency of MHC-I–specific au-
toreactive thymocytes manages to evade negative selection
compared with their MHC-II–specific counterparts (Badr et al.,
2023). This observation then raises the question of whether the
initial discrepancies observed in cortical thymocytes signaled by
MHC-I versus MHC-II result from direct interactions between
TCR–pMHC complexes or if they are due to variations in the
strength of MHC binding and the signals transmitted through
the co-receptors (Cheroutre and Lambolez, 2008; Moody et al.,
2001; Stepanek et al., 2014). A deeper investigation is needed to
understand how these discrepancies influence the thymocyte
decision-making process in the cortex, and whether a parallel
lineage to CD8αα IEL precursors exists for MHC-II–restricted,
signaled DP thymocytes. The detailed interactions between TCR,
pMHC, and co-receptors, which shape the journey of DP thy-
mocytes, underscore the elaborate molecular blueprint that as-
sembles each TCR microrepertoire. Unraveling this complexity
demands comprehensive research to decode the specific func-
tions and influences of each component involved in thymic se-
lection. It is also imperative to examine if early signaling
experiences in the cortex imprint functional specializations on
mature TCR microrepertoires, potentially affecting the broader
dynamics of immune responses and tolerance.

Fate of DPs with strong self-reactivity: Death
The precise mechanisms through which thymocytes undergo
TCR-induced clonal elimination, and whether recognition of
cognate and non-cognate self-pMHC activate the same cell death
pathways during negative selection, remain active areas of
study. The proapoptotic effects of Bim and Puma are gene dose
dependent (Bouillet et al., 1999; Gray et al., 2012) and correlate
with the strength of TCR signaling (Hojo et al., 2019), mirroring
the induction of Nur77—a protein considered crucial for central
tolerance (Hiwa et al., 2021, 2022). Both proteins, while not
strictly necessary for negative selection in the cortex, are pivotal
for stage 2 negative selection in the medulla (Fig. 3 B) (Hiwa
et al., 2021; Hu and Baldwin, 2015). Bim deficiency can salvage
the Nur77hi population (Stritesky et al., 2013), and evidence in-
dicates Bim could be regulated by Nur77 at the transcriptional
level (Bouillet et al., 2002; Fassett et al., 2012), suggesting a
possible dynamic interplay between the two. Interestingly,
Nur77 can also move to the mitochondria to trigger apoptosis in
a Bim/caspase-independent manner, converting Bcl2 into a
proapoptotic agent (Fig. 3 B) (Fassett et al., 2012; Rajpal et al.,
2003; Thompson and Winoto, 2008; Wang et al., 2009)—a
process significantly hampered by TCR signaling activation
during the selection process (Hu and Baldwin, 2015). This ob-
servation suggests a molecular dialogue in which Nur77 helps
decide between clonal deletion and tolerance induction. A key
hint may be gleaned from a study that explored the impact of
Nur77 and Nor1 deficiency in DP thymocytes through competi-
tive bone marrow chimeras. This study revealed that even the
presence of Treg cells restored by wild-type bone marrow fails
to halt autoimmune tendencies in T cells devoid of both Nur77
and Nor1 (Hiwa et al., 2021). This implies that Nur77 plays a
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critical role beyond clonal deletion and Treg development, spe-
cifically in initiating signaling adaptations that mitigate self-
reactivity in T cells escaping negative selection. The roles of
cytokines and glucocorticoids, and their influence on thymocyte
signaling will need to be incorporated into our overall under-
standing of the death pathway activation (Burger et al., 2014;
McCarron et al., 2019; Taves and Ashwell, 2021).

Medullary thymocyte branching
Following the initial stages of positive selection, thymocytes that
are neither diverted nor deleted begin to downregulate the
CD8 co-receptor and commit to either the CD4 or CD8 lineage,
followed bymigration to the thymicmedulla (Steier et al., 2024).
During their journey through the thymus, thymocytes encoun-
ter self-pMHC molecules presented by a network of thymic
dendritic cells at the cortico-medullary junction and by medul-
lary thymic epithelial cells (mTECs) at various stages of their
differentiation (Fig. 5). These interactions between thymocytes
and APCs in the thymic medulla initiate a second wave of se-
lection (Figs. 2 and 5). This phase allows thymocytes to either
progress in the Tconv differentiation pathway or be eliminated
through negative selection. For CD4SP thymocytes, and to a
lesser extent CD8SP thymocytes, interactions with self-pMHC
complexes of moderately high affinity can trigger a rescue from
apoptosis and redirection into the Treg cell lineage (Figs. 2 and
5). This rescue is facilitated when NF-κB–mediated signaling
counteracts the proapoptotic function of Bim, thereby protecting
developing thymocytes from being deleted (Li and Rudensky,
2016; Klein et al., 2019; Baldwin and Robey, 2024) (Fig. 3 B).
Cytokine signaling, especially via IL-2, can further inhibit
proapoptotic signals, supporting the development of Treg cells
(Hemmers et al., 2019; Hu et al., 2017; Klein et al., 2019) (Fig. 3
B). After this second selection phase, thymocytes complete their
maturation and join the mature T cell pool. Recent reviews have
extensively covered the diversion of thymocytes into Treg cells
in the thymus (Dikiy and Rudensky, 2023; Sakaguchi et al.,
2020; Savage et al., 2020); therefore, we will focus on how the
developmental stage of thymocyte selection or diversion and
the presentation of self-antigens influence the specificities of the
TCRs expressed on different T cell subsets.

The specificities of TCRs expressed on T cell subsets
Why are thymocytes subject to two stages of negative selection
and diversion? One potential answer to this question lies in the
inherent difference in the quality of the self-antigens present in
the cortex as compared with those in the medulla; each region is
characterized by semi-distinct immunopeptidomes created via
the expression of unique, region-specific proteosomes and pro-
teases (Klein et al., 2019; Murata et al., 2007). The exclusive
expression of Aire—a transcription factor critical for the regu-
lation of tissue-specific antigen expression—in mTEC signifies
the compartmentalization of distinct immunopeptidomes in the
cortex versus the medulla (Mathis and Benoist, 2009). Recent
studies indicate that apart from Aire inducing tissue-specific
gene expression by repurposing general transcriptional mech-
anisms, subsets of Aire+ mTECs may also express lineage-
defining transcription factors that allow for their further

differentiation into “mimetic cells”—mTECs that express tran-
scription factors and carry tissue-specific chromatin landscapes,
which mimic peripheral cells and allow for tissue-specific an-
tigen expression and presentation within the medulla (Farr and
Rudensky, 1998; Michelson et al., 2022, 2023; Sin et al., 2023).
Thus, within the thymic realm, the thymic cortex and medulla
present markedly disparate immunopeptidomes: while the
cortex showcases a repertoire of ubiquitous self-antigens, the
medulla serves as a theater for the exhibition of tissue-specific
counterparts. These distinct self-antigen profiles orchestrate a
nuanced journey for developing thymocytes, imbuing them
with distinct signaling capacities (Fig. 5).

One distinguishing factor between the early/cortical and
late/medullary stages of thymocyte diversion and negative se-
lection is the primary objective of the former to eliminate Tconv
cells from expressing TCR clonotypes that display extensive
affinity for or cross-reactivity to pMHC ligands (Fig. 5). The
initial branching may also be biased toward the development of
neonatal-derived innate-like T cells with TCRs that are broadly
self-reactive and thus focused on reading out changes in the
expression levels of MHC molecules rather than the presence or
absence of a foreign ligand (Cheroutre et al., 2011). This initial
stage sets the foundation for the latter stage to focus on
screening TCR clones based on their capacity to recognize par-
ticular self-peptide antigens (Fig. 5). In essence, the two stages of
negative selection may pertain to the two anatomical settings of
negative selection and T cell diversion. Yet, the outstanding
question is whether these stages have unique functions in the
formation of TCR microrepertoires.

One approach to test this theoretical framework is to scru-
tinize the resultant TCR microrepertoires, examining the clones
that are eliminated or persist through each phase of thymic
selection. Notably, when preselection TCR clones were assessed
in vivo, DP thymocytes that expressed TCRs reactive to multiple
self-pMHCs underwent negative selection (Huseby et al., 2005;
Stadinski et al., 2011), or, when rescued from negative selection,
could be diverted into CD8αα IEL precursors (McDonald et al.,
2015). This hypothesis has been further validated by charac-
terizing the biochemical properties of TCRs that target thymo-
cytes for negative selection and those of cells that matured into
CD8αα IEL precursors (Stadinski et al., 2016; Wirasinha et al.,
2018). The lack of CCR7 expression indicated that these cells
were receiving negative selection and diversion signals in the
thymic cortex (McDonald et al., 2015).

In contrast, self-antigens critical to medullary negative se-
lection and Foxp3+ Treg diversion primarily consist of tissue-
specific peptides, age-dependent antigens, and self-epitopes that
are upregulated by inflammation (Hassler et al., 2019; Kieback
et al., 2016; Leonard et al., 2017; Stadinski et al., 2019). Similar to
their innate-like T cell counterparts, neonatal Treg cells appear
to carry unique, highly self-reactive clones and possess unique
anti-inflammatory characteristics (Stadinski et al., 2019; Yang
et al., 2015) (Fig. 5). Whether age-dependent alterations in Treg
repertoires derive from alterations in antigen presentation,
susceptibility to apoptosis, or TCR signaling has not been fully
elucidated. However, unlike their poly-pMHC-reactive CD8αα
IEL precursor counterparts, Treg cells appear to express TCRs
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that have high affinity and high specificity for particular self-
antigens. Indeed, tetramer staining and surface plasmon reso-
nance studies indicated thymic Foxp3+ Treg cells have high
affinity for their targets as compared with CD4 Tconv cells that
recognize the same antigen and require expression of the target
antigen for development (Hassler et al., 2019; Kalekar et al.,
2016; Kieback et al., 2016; Legoux et al., 2015; Leonard et al.,
2017; Stadinski et al., 2019). Exquisite Treg cell specificity
likely endows individual clones with the ability to function in a
spatially segregated, cell-autonomous manner during health and
disease (Kaminski et al., 2023; Muñoz-Rojas and Mathis, 2021).

Final thoughts and key takeaways
The publication of Burnet’s groundbreaking “The Clonal Selec-
tion Theory of Acquired Immunity,” subsequent to his Nobel
Prize recognition, firmly established the critical role of immune
tolerance in immunology. The foundational status of self-
tolerance, both within the thymus and in the periphery, is
widely accepted even as our understanding of the principles
continued to be refined by ongoing research. The concept of
clonal diversion highlights the functional specialization of T cell
microrepertoires and the crucial role of “thymic imprinting” as a
potential basis for such specialization. Anatomically, the thymus
is divided into two essential areas—the cortex and the medulla.
It is well documented that thymocyte development and matu-
ration proceed along a predetermined path, involving interac-
tions with specialized epithelial cells and APCs to fulfill
developmental milestones. This review aims to integrate recent
advancements in the field into a broader framework to dem-
onstrate how the development of each individual microrepertoire
and the balance between selection and elimination are intimately
connected with the migratory pathways of thymocytes. A core
element of T cell selection is the differing quality of selecting
ligands in the cortex and medulla, which in turn influences the
quality of post-selection TCRs. These distinctive ligand panels
create TCRmicrorepertoires at the different anatomical locations
within the thymus, better equipping various sublineages of
T cells—be they Tconv, Treg, or innate-like cells—for their
specific functional roles.

Drawing on a cultural reference, the ancient Chinese tale of
“Mencius’s mother, three moves” serves as an illustrative anal-
ogy. This story, which recounts how the mother of famed Con-
fucian philosopher Mencius moved their home three times to
secure a conducive environment for her son’s education,
stresses the importance of setting for developmental growth.
Similarly, during thymic selection, thymocytes undergo several
“moves,” resulting in the selection of TCRs belonging to three
major groups along the way (Fig. 1). In the first move, immature
thymocytes temporarily reside in and explore the cortex. During
this phase, the presence of ubiquitous self-antigens emphasizes
thymic education aimed at reducing overreactivity toward MHC
molecules, thereby ensuring self-restriction (Figs. 2 and 5). In
the second move, the remaining thymocytes migrate to the
medulla, where they undergo education on tissue-specific anti-
gens. This stage involves the presentation of a plethora of tissue-
specific antigens via Aire-dependent or mimetic cell–mediated
mechanisms (Figs. 2 and 5). This step not only eliminates

thymocytes that are overly reactive to self-antigens but also
tunes the thymocytes’ reactivity thresholds to prevent reaction
with tissue-specific antigens. Importantly, during both educa-
tional moves, alternative pathways, apart from cell death, be-
come available, including commitment to CD8αα IEL precursor
fate in the cortex and Treg cell fate in the medulla. Although the
association of MHC-I versus MHC-II restriction with these an-
atomically specific alternative lineages remains to be fully un-
derstood, these alternative fates demonstrate the fundamental
distinction in pMHC recognition between Tconv, Treg cells, and
IEL precursors. The selection of T cell microrepertoires high-
lights the intricate, complex interplay between selection and
elimination at the signaling level, while also revealing the ele-
gant allocation and partitioning of TCR microrepertoires for
their most effective uses.
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