Chapter 1

WhatIsa T Cell?

A T cell is best understood as an adaptive immune “decision-and-action” cell built around a single core
technology: a somatically rearranged antigen receptor (the T cell receptor, or TCR) coupled to a dedicated
signaling apparatus (the CD3 complex). This pairing lets T cells do two things that most other cells cannot:
(i) recognize molecular patterns with extremely high specificity (down to individual peptide fragments), and
(ii) convert that recognition into regulated programs of proliferation, differentiation, killing, and immune
coordination. 1

In major immunology textbooks such as Oentity(["book","Janeway’s Immunobiology","textbook 10th ed
2022"]0 and Centity(["book","Cellular and Molecular Immunology","Abbas textbook 10th ed"]0, T cells are
presented less as a single “cell type” and more as a family of related cell states sharing this TCR/CD3-
centered identity: they start naive, become effector cells when triggered by antigen, and persist as memory
or enter dysfunctional/tolerant states depending on context and history. The chapter below develops a
working definition using that organizing principle. 2

Working definition. A T cell is a lymphocyte whose lineage identity is defined by surface expression of a
TCR that provides antigen specificity and a CD3 signaling module that transduces that antigen recognition
into intracellular signaling. Most T cells recognize antigen presented on major histocompatibility complex
(MHC) molecules—peptide-MHC (pMHC)—via a3 TCRs, and develop in the thymus, where selection shapes
a repertoire that is broadly self-tolerant yet responsive to foreign antigens. After antigen-specific activation,
a T cell clonally expands and differentiates into effector, memory, regulatory, or dysfunctional/tolerant
states that collectively drive protection, pathology, and the therapeutic leverage points of modern
immunology. 3

A working definition rooted in the TCR/CD3 complex

The most practical “working definition” of a T cell—especially in clinical immunology and pathology—is a
CD3* lymphocyte with a rearranged TCR. CD3 is not merely a convenient marker; it is functionally
inseparable from what makes a T cell a T cell, because the antigen-binding TCR itself has little intracellular
signaling capacity and must couple to CD3 chains to transmit signals. In other words, antigen recognition
(TCR) and signal transduction (CD3) are a single integrated system. 4

Structurally, the canonical af TCR-CD3 complex is assembled from a clonotypic TCRap heterodimer (the
part that “reads” antigen) plus invariant CD3 subunits that “write” the signal into the cell. A widely supported
stoichiometry places one TCRaf3 with three signaling dimers: CD3yg, CD36¢, and a {{ homodimer. This multi-
chain architecture is unusually elaborate compared with many other immune receptors, and its biology is
deeply tied to its construction: unassembled components are not stably expressed on the cell surface, and
full receptor assembly is required for normal surface expression and signaling. 5

A key reason CD3 is central is that the CD3 cytoplasmic tails carry immunoreceptor tyrosine-based
activation motifs (ITAMs)—short sequence motifs whose phosphorylation acts like a molecular “ignition
switch” for receptor signaling. In the a8 TCR complex, CD3y, CD36, and CD3¢ each carry one ITAM, and each
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C chain carries three ITAMs, yielding a total of ten ITAMs per TCR-CD3 complex. This multiplicity is thought
to increase sensitivity, tune discrimination, and enable graded signaling outputs, rather than functioning
only as redundant “wiring.” 6

T cells also rely on spatial organization at the cell surface to make signaling both efficient and controlled.
When a T cell contacts an antigen-presenting cell (APC), the interface can form an immunological synapse
—a structured contact zone in which receptors, adhesion molecules, and signaling proteins segregate into
regions such as a central supramolecular activation cluster (cSMAC) and peripheral rings (pSMAC). This is
not mere geometry: synapse structure affects how long receptor microclusters persist, how costimulatory
molecules such as CD28 are recruited, and how cytotoxic granules are delivered to targets. 7
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At the biochemical level, early TCR signaling follows a conserved logic. Ligand engagement leads to
phosphorylation of CD3 ITAM tyrosines by Src-family kinases, prominently Lck (lymphocyte-specific protein
tyrosine kinase). Phosphorylated ITAMs recruit ZAP-70, which is activated and then phosphorylates adaptor
proteins such as LAT, building signaling hubs (“signalosomes”) that couple receptor engagement to
transcription factors and cell fate programs. Multiple reviews emphasize that this early signaling cassette is
both essential and highly regulated; dysregulation can produce immunodeficiency, autoimmunity, or
transformation. 8

Because most T cells recognize peptide antigens bound to MHC molecules, coreceptors are central to the
working definition as well—especially CD4 and CD8. These molecules help stabilize the TCR-pMHC
interaction and, crucially, recruit Lck into proximity of the TCR-CD3 complex, effectively lowering the
activation threshold for productive signaling. This coupling helps explain both why T cells are exquisitely
sensitive to low antigen densities and why subtle changes in interaction strength can produce distinct
biological outcomes. 9

Finally, while “T cell” often means conventional af T cells, a complete working definition includes
“unconventional” T cells that still fit the TCR/CD3 identity but recognize non-peptide ligands presented by
monomorphic antigen-presenting molecules. For example, MAIT cells recognize vitamin B-related microbial
metabolites presented by MR1, and invariant NKT (iNKT) cells recognize lipid antigens presented by CD1d.
These lineages underscore that T cells are defined by the TCR/CD3 recognition-and-signaling platform,
not solely by classical peptide-MHC restriction. 10

How a T cell gets its specificity: clonal selection and repertoire
shaping

A T cell's defining feature—its antigen specificity—comes from somatic gene rearrangement, not from
inheriting a complete receptor gene. During development, T cell receptor loci are assembled from gene
segments (V, D, and J) in a process called V(D)] recombination. This process is initiated by recombination-
activating gene products RAG1 and RAG2, which together form a nuclease that introduces DNA breaks at
recombination signal sequences, enabling gene segment joining. The net effect is a vast receptor repertoire
produced from limited germline genomic material. 11
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This diversity-creation step sets up the central logic of adaptive immunity, often summarized as “one clone =
one specificity.” In its strongest form, this is implemented by allelic exclusion, the principle that (for a given
receptor chain) one functional rearrangement is expressed while further rearrangements are prevented,
ensuring each lymphocyte expresses a single predominant antigen receptor. In T cells, allelic exclusion is
particularly robust at the TCRP locus, whereas TCRa rearrangement can be less strictly excluded, allowing a
minority of “dual TCR" cells—an important nuance that preserves the working definition while reminding us
it is a simplifying approximation. 12

The concept of clonal selection as an explanatory framework is historically associated with
Oentity["people","Sir Frank Macfarlane Burnet","immunologist clonal selection"]0 and his book
Oentity["book","The Clonal Selection Theory of Acquired Immunity","Burnet 1959 immunology theory"][,
which formalized how antigen would “select” pre-existing specific lymphocyte clones for expansion and
differentiation rather than instructing specificity de novo. In modern terms, clonal selection means: a pre-
immune repertoire of unique TCRs exists; antigen engagement under the right context triggers
proliferation of the matching clone; and the resulting expanded population preserves the original specificity
while diversifying function (effector vs memory vs regulatory outcomes). 13

However, a random receptor-generating machine would be catastrophically dangerous without stringent
quality control, because many randomly generated receptors will bind self. That control is imposed in the
thymus, the organ where T cell development and selection occur. Developing thymocytes undergo both
positive and negative selection, processes that evaluate TCR function and self-reactivity. Positive selection
favors cells whose TCRs can recognize self MHC molecules (establishing MHC restriction and basic
functionality), whereas negative selection deletes or diverts cells whose TCRs bind self antigens too
strongly, forming a key component of central tolerance. 14

This “selection window” can be viewed as a first-principles compromise between two competing
requirements: the immune system must be able to recognize foreign peptides presented on self MHC (so
some self-recognition is necessary), but it must avoid destructive recognition of self tissues (so excessive
self-reactivity must be eliminated or repurposed). Reviews of thymic selection emphasize that many
developing T cells die by neglect because their TCRs fail to generate adequate signals, while others are
deleted or undergo agonist selection into specialized lineages such as regulatory T cells. 15

The discovery that T cells recognize antigen as “peptide + self” (peptide presented by self MHC) is classically
associated  with Oentity[["people","Peter ~ Doherty","immunologist =~ mhc  restriction"]d  and
Oentity["people","Rolf Zinkernagel","immunologist mhc restriction"]; modern reviews summarize how this
MHC restriction shapes not only antigen recognition but also T cell development, selection, and function.
Mechanistically, MHC class I typically presents peptides from intracellular proteins to CD8 T cells, while MHC
class II presents peptides from extracellular/endosomal sources to CD4 T cells—framing the “kill infected
cells” versus “coordinate responses” division of labor. 16

The jobs of T cells: helping, killing, and regulating

The immune system is often explained as having two broad “arms”: humoral immunity (antibodies) and
cellular immunity (cell-mediated responses). T cells sit at the decision points connecting these arms because
they specialize in interpreting antigen recognition events and converting them into coordinated
actions—through cytokine secretion, cell-cell contact signals, and direct cytotoxic killing. In this sense,
calling T cells “helper,” “killer,” or “regulatory” is less a taxonomy of cell shapes than a description of
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dominant functional programs that can be turned on by the same underlying TCR/CD3 recognition
machine. 17

Helping. CD4 T cells are classically described as “helpers” because they do not usually kill targets directly;
instead they coordinate other cells. After TCR activation in a particular cytokine milieu (the local “signal
environment”), naive CD4 T cells differentiate into specialized helper lineages with distinct transcriptional
programs and “signature cytokines.” Large reviews converge on a core set that includes Th1, Th2, Th17, T

follicular helper (Tfh), and regulatory T (Treg) cells, while emphasizing that plasticity and hybrid states exist.
18

The helper concept becomes concrete when linked to specific immunologic tasks. Tfh cells provide essential
“cognate help” to B cells in secondary lymphoid tissues, guiding affinity maturation and class switching—
processes required for high-quality antibody responses. Mechanistically, Tfh differentiation depends on
transcriptional control (for example, by Bcl-6 in classic studies), and functionally Tfh cells operate by
delivering both cytokines and cell-contact signals to antigen-primed B cells. 19

Helper subsets also shape inflammation and immunopathology. Th2 programs are central to type 2
inflammation in asthma and many allergic conditions, in part through cytokines such as IL-4, IL-5, and IL-13
that promote IgE biology, eosinophilia, mucus production, and airway hyperreactivity. Th1 and Th17
programs, conversely, are often implicated in autoimmune and inflammatory diseases through cytokine-
driven recruitment and activation of other immune cells, though the precise mapping between subset
labels and pathology is neither exclusive nor universal. 20

Killing. CD8 T cells are the prototypical “killers,” often called cytotoxic T lymphocytes (CTLs). Their defining
job is to recognize antigen on target cells—typically viral or tumor peptides presented on MHC class I—and
eliminate those targets with high specificity. In cancer biology and immunotherapy, cytotoxic CD8 T cells are
repeatedly described as central effectors of tumor control and the backbone of several successful therapies,
including immune checkpoint blockade and adoptive cell therapy. 21

Mechanistically, CTLs kill through two major, conserved pathways. The first is granule exocytosis, in which
perforin and granzymes induce apoptosis in the target cell; the second is death receptor signaling,
classically via Fas-FasL interactions. Foundational reviews and experimental work emphasize perforin/
granzyme-mediated apoptosis as a dominant cytotoxic pathway for eliminating virus-infected and
transformed cells, while also documenting functional roles for Fas-based killing depending on context. 22

A subtle but clinically important point is that “killing” is not merely brute-force destruction; it is a controlled
effector program meant to minimize collateral damage. Cytotoxicity is delivered directionally at cell-cell
interfaces, often organized by immune synapse structures, and can be coupled to cytokine secretion (e.qg.,
IFN-y) that reshapes local immunity. This coupling helps explain why excessive or misdirected cytotoxic T
cell activity can drive tissue injury and autoimmune pathology. 23

Regulating. Regulatory T cells (Tregs), defined in large part by FOXP3 expression, are specialized to
suppress immune responses and maintain immune homeostasis. Reviews describe Tregs as essential for
controlling responses to self and non-self, limiting immunopathology, and shaping immune tolerance. They
are also biologically and clinically “double-edged”: suppressing harmful autoimmunity, yet potentially
suppressing beneficial anti-tumor immunity when enriched in tumors. 24
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Treg suppression is not a single mechanism but a toolbox. Broadly, it includes suppressive cytokines,
competition for growth factors (notably IL-2 consumption), cytolysis in some contexts, modulation of
antigen-presenting cells, and costimulation control. A recurring theme is the centrality of CTLA-4-dependent
pathways that can reduce APC costimulatory capacity (including by removal of CD80/CD86 from APCs via
transendocytosis in some models) and thereby indirectly limit activation of conventional T cells. 25

Canonical T cell states across a lifetime: naive, effector, memory,
dysfunctional

Although “T cell” is often spoken as a noun, in biology it is more accurate to treat “T cell-ness” as a platform
that supports a series of canonical operational states. These states are not merely labels; they correspond
to distinct patterns of migration, metabolism, gene expression, epigenetic organization, and immune
function. 26

Naive state. A naive T cell is one that has successfully developed and exited the thymus but has not yet
encountered its cognate antigen in an activating context. Naive T cells are built for surveillance: they
recirculate through secondary lymphoid organs, sampling antigen presented by professional APCs.
Phenotypically, human naive T cells are often distinguished from memory subsets using marker
combinations such as CCR7 and CD45RA, reflecting their homing patterns and differentiation history. 27

Effector state. When a naive T cell encounters its cognate antigen presented appropriately (including
costimulation and inflammatory context), it undergoes clonal expansion and differentiates into effector
cells. Effector CD8 T cells deploy cytotoxic programs (perforin, granzymes) and inflammatory cytokines;
effector CD4 T cells deploy lineage-specific cytokines and helper functions tailored to the immune
challenge. Reviews of TCR signaling and T cell differentiation emphasize that the magnitude and duration of
TCR and costimulatory signaling—integrated with cytokine signals—help determine effector fate. 28

Memory state. Memory T cells are antigen-experienced T cells that persist long-term and respond more
rapidly or effectively upon re-encounter with antigen. This definition is simple but powerful, and modern
work emphasizes memory heterogeneity rather than a single “memory phenotype.” A widely used
framework divides recirculating memory into central memory (T_CM; often CCR7*) and effector memory
(T_EM; often CCR77), with additional subsets such as terminally differentiated effector-memory re-
expressing CD45RA (T_EMRA) and tissue-resident memory (T_RM) cells that remain lodged in non-lymphoid
tissues. 29

Tissue-resident memory T cells deserve special emphasis because they highlight how “memory” is not only
faster recall but also changed geography. T_RM cells persist in tissues without recirculating and can serve as
frontline defenders at common portals of reinfection. Their existence also underscores a practical clinical
point: blood measurements can miss important tissue-localized T cell biology, which matters in infection,
autoimmunity, and cancer. 30

Dysfunctional and tolerant states. Not every antigen encounter produces protective effector and
memory. Canonical non-productive states include anergy and exhaustion, and many authors also discuss
senescence as an age- and stress-associated dysfunctional mode. Anergy is generally defined as an
intrinsic hyporesponsive state in which T cells remain alive but fail to proliferate or produce key cytokines
after stimulation, often arising from antigen recognition without adequate costimulation. Exhaustion is a
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distinct dysfunctional program that emerges under chronic antigen stimulation (common in chronic
infections and cancer) and is characterized by impaired effector function and elevated inhibitory receptor
expression, with epigenetic features that can stabilize the exhausted state. Senescence is discussed as a
stress/aging-associated program that can be harder to reverse than exhaustion. 31

A modern refinement is that “exhaustion” is not monolithic. Studies in chronic infection and tumors describe
hierarchical exhausted-state subsets, including “stem-like” progenitor exhausted cells (often associated with
TCF1) that can self-renew and give rise to more terminally exhausted populations. This hierarchy helps
explain why checkpoint blockade therapy can restore function in some settings (by expanding
reinvigoratable subsets) yet fails in others (when the pool is terminally fixed). 32
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Decision logic inside a T cell: activation thresholds, context, and
tolerance

From first principles, a T cell faces a hard computational problem: it must detect rare, meaningful signals
(foreign peptides) amid a vast background of self, respond strongly enough to clear threats, and yet avoid
runaway activation that damages host tissues. The TCR/CD3 receptor solves the “recognition” half (specific
binding), but the rest of the solution is decision logic implemented by signaling thresholds, costimulation,
cytokine context, and inhibitory feedback. 33

A widely used conceptual model is the three-signal framework. Signal 1 is antigen recognition: TCR
binding to peptide-MHC. Signal 2 is costimulation, classically CD28 on T cells binding CD80/86 on APCs.
Signal 3 is inflammatory cytokine input that supports robust expansion, effector differentiation, and
avoidance of tolerance pathways. Experimental and review literature emphasizes that, particularly for CD8 T
cells, signal 3 cytokines such as IL-12 and type I interferons can determine whether antigen encounter
produces productive immunity versus tolerance-like outcomes. 34

The synapse provides the physical substrate for implementing these signals with spatial precision. By
organizing TCR microclusters, costimulatory receptors, and adhesion molecules (such as LFA-1) into
patterned zones, the immunological synapse influences dwell time, signal integration, and effector delivery.
A key implication is that T cell activation is not only “how strongly does TCR bind,” but also “how long and
where are signals sustained,” which can be modulated by cytoskeletal dynamics and membrane
organization. 35

Coreceptors CD4 and CD8 contribute to decision logic by shaping both binding and signaling. Their binding
to MHC helps stabilize weak interactions, but their association with Lck is arguably the more decisive
feature: it controls how efficiently ITAM phosphorylation begins and thus how quickly downstream signaling
cascades build. This helps account for the sharp discrimination of small affinity differences (often discussed
under “kinetic proofreading” and related models) and for why coreceptor biology impacts selection in the
thymus as well as activation in the periphery. 36

(&)}


https://pubmed.ncbi.nlm.nih.gov/12471050/?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S152500162400220X?utm_source=chatgpt.com
https://www.nature.com/articles/s12276-020-0435-8?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2891062/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2944359/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2947881/?utm_source=chatgpt.com

Tolerance and dysfunction emerge when this decision logic is biased away from productive effector
programs. Anergy is a classic tolerance mechanism where antigen encounter leads to durable
hyporesponsiveness—often linked to insufficient costimulation or altered signaling that fails to engage full
transcriptional programs. Reviews emphasize that anergy is not cell death; it is a living state with specific

molecular maintenance mechanisms, which matters for chronic disease where anergic pools can persist.
37

Exhaustion is best understood as an adaptive tradeoff that becomes pathogenic in modern disease
contexts. In persistent infections and tumors, continuous antigen stimulation in an immunosuppressive
environment drives T cells into a dysfunctional state characterized by inhibitory receptor upregulation,
altered transcription factor networks (including factors such as TOX in many models), and epigenetic
remodeling that can lock in reduced responsiveness. Some exhausted functions can be partially restored—
most famously by PD-1 pathway blockade—but epigenetic studies suggest that full reversal may be limited,
especially in terminally exhausted states. 38

Immune checkpoints such as CTLA-4 and PD-1 are central to the “safe operating envelope” of T cell logic.
Reviews describe these pathways as downregulating T cell activation to maintain peripheral tolerance, while
also being exploitable by tumors to suppress anti-tumor immunity. Pharmacologic blockade can restore
anti-tumor responses, but because these pathways are also tolerance mechanisms, blockade can promote
immune-related adverse events that resemble autoimmune tissue injury. 39

Why T cells dominate disease mechanisms and modern therapy

T cells dominate many diseases for a simple reason: they sit at the intersection of specificity,
amplification, and durable memory. Specificity means a small number of antigen-specific clones can
target a particular pathogen, tumor antigen, or (in autoimmunity) self epitope. Amplification means those
few cells can proliferate to large armies and recruit other immune cells via cytokines and cell-contact
signals. Memory means the system can “remember” and thus remain active, protective, or pathogenic for
years. These same properties explain both powerful protection and powerful pathology. 40

In infectious disease, T cells are essential for controlling intracellular pathogens, but persistent infections
also reveal their vulnerabilities. DOentity[["organization","Human Immunodeficiency Virus","retrovirus
causing aids"]0 is a canonical example because it targets CD4 T cells and causes progressive immune
dysfunction; large reviews describe how CD4 depletion and dysfunction are central hallmarks of HIV
pathogenesis and how both direct infection and indirect mechanisms contribute. Chronic antigen exposure
in many infections can also drive T cell exhaustion, illustrating how the same regulatory programs that limit
immunopathology can be exploited by pathogens to persist. 4!

In cancer, T cells dominate both mechanism and therapy because antigen-specific killing can, in principle,
precisely eliminate malignant cells. Reviews describe cytotoxic CD8 T cells as key effectors of anti-tumor
immunity and place T cell dysfunction/exhaustion at the center of why tumors often evade immune
clearance. The clinical impact of immune checkpoint inhibitors (targeting CTLA-4 and PD-1/PD-L1 pathways)
is best interpreted as therapeutic rewiring of T cell decision logic, restoring function in subsets of patients
while risking autoimmunity-like toxicities due to tolerance disruption. 42

Adoptive T cell therapies make T cell centrality even more explicit. CAR-T therapy engineers a patient’s own T
cells to recognize tumor antigens through synthetic receptors, leading to dramatic remissions in certain
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hematologic malignancies in clinical studies and reviews. At the same time, CAR-T limitations—such as
dysfunction/exhaustion in hostile tumor microenvironments and therapy-specific toxicities—highlight that
“having specificity” is not enough; the engineered cell must also maintain an effective state under chronic
stimulation. 43

Autoimmune and inflammatory diseases are dominated by T cells because misdirected specificity plus
amplification produces focused tissue injury. Large reviews highlight roles for autoreactive CD8 and CD4 T
cells across autoimmune diseases, and multiple lines of evidence connect genetic risk (especially HLA
variation), antigen presentation, and pathogenic T cell effector programs. In type 1 diabetes, for example,
reviews emphasize B-cell stress and increased HLA class I expression as factors that can enhance
presentation of autoantigens to CD8 T cells, while other studies discuss phenotypic states (including
exhaustion-like features) in autoreactive CD8 cells that may relate to progression. 44

Transplantation provides a particularly clear demonstration that T cells can be the proximal drivers of
pathology when “non-self” is present but infection is absent. Reviews describe acute cellular rejection as
primarily T cell mediated (involving both CD4 and CD8 compartments) and analyze how allorecognition
pathways, memory T cells, and costimulation shape graft outcomes. The fact that many cornerstone
transplant drugs target T cell signaling (e.g., calcineurin/NFAT pathways) or costimulatory pathways (e.g.,

CTLA-4-Ig agents such as belatacept) is itself evidence of T cell dominance in transplant immunopathology.
45

Allergic disease further illustrates how “help” programs can drive pathology. In asthma, for instance, Th2-
associated cytokines (IL-4, IL-5, IL-13) are repeatedly highlighted as key drivers of eosinophilic
inflammation, IgE-associated mechanisms, mucus remodeling, and airway hyperresponsiveness. This is why
therapies that target type 2 pathways can be effective in defined asthma endotypes, and why
understanding aberrant T helper differentiation is directly clinically relevant. 46

Taken together, “T cell dominance” across disease is not an accident of scientific fashion; it follows from the
platform’s design. T cells are the immune system'’s high-specificity, high-gain, long-memory actuators. That
makes them indispensable for defense, but it also makes them prime culprits in autoimmunity and
transplant rejection, prime targets in immune evasion by cancers and chronic infections, and prime
therapeutic leverage points—whether by dampening their activation (calcineurin inhibition, costimulation
blockade), redirecting their specificity (CAR-T), or releasing inhibitory brakes (checkpoint blockade). 47
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Chapter 2

A Brief History of T Cells

The history of T cells is not a sequence of “discoveries” in the abstract; it is the story of how immunologists
gradually learned the rules of a biological system that behaves less like a simple detector and more like a
disciplined decision-maker. The immune response needed to explain transplantation rejection, virus control,
long-lived protection after infection, and catastrophic autoimmunity turned out to be organized around
lymphocytes whose specificity is individually hard-wired yet collectively vast. That organizing principle—
unique receptors on individual clones, selected and instructed by the body's own tissues—was not obvious
at the outset and could only be forced into view by experiments that broke prevailing assumptions. 1

A “non-dusty” way to view this history is as a chain of conceptual bottlenecks. Each bottleneck was exposed
by a paradox—an observation that could not be explained by existing models—and resolved by a new
mechanism, typically made visible by a new experimental trick (organ ablation, radiation chimeras, gene
cloning, structural biology, or clinical perturbation). The core breakthroughs you asked for—the thymus, the
T cell receptor, and MHC restriction—are best understood as three such bottleneck-resolutions, after which
modern immunotherapy becomes less of a miracle and more of a logical sequel. 2

The thymus: from anatomical curiosity to the source of cellular
immunity

In the mid-20th century, the thymus was widely treated as biologically obscure, even dispensable, largely
because it involutes with age and did not have an obvious adult function. That view became untenable after
a set of deceptively simple experiments led by Oentity(]"people","Jacques Miller","immunologist thymus
1960s"10 showed that removing the thymus at the right developmental time produced profound, durable
immune defects. In a short but famous 1961 paper in Oentity(["organization","The Lancet","medical journal
uk"]0, Miller pointed directly to an “immunological function” of the thymus, reframing the organ as a

generator of immune competence rather than a developmental bystander. 3

The experimental heart of the thymus story is neonatal thymectomy in mice—surgical removal of the
thymus immediately after birth—followed by measurements of immune function weeks later. In a 1962
paper in the Oentity[["organization","Proceedings of the Royal Society B","journal uk"l0, neonatal
thymectomy caused severe lymphocyte depletion and serious impairment of immune responsiveness,
including weakened rejection of skin grafts and reduced responses to antigen. The conceptual punchline
was that whatever the thymus makes early in life is required for building the peripheral immune system; it
is not merely a passive “training ground” for cells made elsewhere. 4

The thymus discovery did not yet define “T cells,” but it made it necessary to postulate a thymus-derived
cellular lineage dedicated to immune function. A second line of experiments in birds supplied the missing
symmetry. In 1956, [Oentity[["people","Bruce  Glick","immunologist poultry science"]0 and
Oentity["people","Timothy Chang","researcher antibody production"]0 showed that removing the bursa of
Fabricius—a lymphoid organ unique to birds—suppressed antibody production. This finding introduced the
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idea that one lymphoid organ could be dedicated to antibody (humoral immunity), implying that the
thymus might be dedicated to non-antibody (cell-mediated) immunity. 5

That symmetry crystallized into the two-lineage model through work associated with Centity(["people","Max
Cooper","immunologist b and t cells"]0 and Oentity(["people","Robert Good","pediatrician immunologist"]C,
who used organ removal in chickens (thymus vs bursa) to show that the thymus system and bursa system
support different immune functions. The intellectual payoff was organizational: adaptive immunity is not a
single “lymphocyte response” but a division of labor between two lineages, later named T and B cells.
Modern historical accounts and award citations emphasize this as the organizing principle that made later
mechanistic details interpretable rather than a pile of disconnected phenomena. 6

At the same time, immunology was developing a theoretical framework to explain specificity and memory
without violating biology’s constraints. Oentity[["people","Frank Macfarlane Burnet","immunologist clonal
selection"]0 formalized clonal selection: individual lymphocytes carry distinct antigen receptors; antigen
“selects” matching clones for expansion; and the system'’s apparent intelligence emerges from selection, not
instruction. Burnet's 1959 book made this logic explicit, and it later connected naturally to T cells once their
receptor and selection mechanisms became known. 7

MHC restriction: the “altered self” revolution that rewired antigen
recognition

Before MHC restriction, it was reasonable to imagine that immune cells recognized pathogens directly, in a
way conceptually similar to antibodies. The paradox is that T cells often behaved as though they were
“blind” to antigen unless it appeared on the right kind of host cell. The solution required understanding the
major histocompatibility complex (MHC), which initially entered immunology through transplantation, not
infection.

The genetic basis of tissue compatibility emerged from mouse transplantation and tumor work that
mapped histocompatibility genes, culminating in the recognition of a complex genetic region that
determines graft rejection. The Oentity[["organization","Nobel Prize in Physiology or Medicine","award
sweden"]l0 in 1980 honored UOentity["people","George  Snell","geneticist  transplantation"][,
Oentity(["people","Jean  Dausset","immunologist hla discovery"]], and [Oentity(["people","Baruj
Benacerraf","immunologist immune response genes"]d for discoveries underpinning MHC biology in mice
and humans (H-2 and HLA) and for linking these genes to immune recognition and transplantation
outcomes. This matters historically because it shows that the “self” side of T cell recognition was first

defined genetically, then mechanistically. 8

The conceptual breakthrough of MHC restriction is most closely associated with Oentity(["people","Rolf

Zinkernagel","immunologist mhc restriction"]0 and Oentity(["people","Peter Doherty","immunologist mhc
restriction"]0. In 1974, they reported in [Oentity(J"organization","Nature","science journal"]0 that virus-
specific cytotoxic T cells kill infected target cells only when the target shares the appropriate MHC (H-2) type
—an observation that transformed antigen recognition from “antigen alone” to “antigen plus self.” Their
experimental design—infecting mice, generating cytotoxic cells, and testing killing against targets with

different MHC types—forced a binary conclusion: the T cell response is “restricted” by host MHC. 9
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This discovery came with an immediate interpretive challenge: what exactly is the T cell “seeing”? The early
phrase “altered self” captured a workable intuition: infected (or transformed) cells present a modified
version of self that becomes visible to T cells only in the context of self MHC. Later work refined that
intuition into a physical mechanism: T cells recognize short peptide fragments bound within MHC molecules
on cell surfaces, a form of recognition fundamentally different from antibodies. The history here is not one
paper but a convergence of evidence—biochemical, genetic, and structural. 10

Two pivotal experimental steps made peptide-MHC recognition concrete. First, the structure of an MHC
class I molecule revealed an antigen-binding groove. In 1987, [entity(["people","Pamela
Bjorkman","structural biologist mhc"]0 and colleagues reported that human HLA-A2 has a large groove
consistent with binding processed antigens, and they observed electron-dense material in that groove—an
early structural hint of bound peptide. This turned “restriction” into a geometry problem: MHC presents,
TCRreads. 1

Second, peptide mapping experiments showed that short synthetic peptides could define T cell epitopes. In
1986, UOentity["people","Alain  Townsend","immunologist antigen processing"]l0 and colleagues
demonstrated that cytotoxic T lymphocyte epitopes from influenza nucleoprotein could be defined with
short synthetic peptides. This compressed antigen recognition from whole proteins to short fragments,
aligning perfectly with the idea of peptide binding in an MHC groove. 12

A final unifying step was direct structural visualization of a TCR bound to peptide-MHC. In 1996,
Oentity["people","Don Wiley","structural biologist immunology"]0’s group (among others active in this era)
reported structures of TCR-peptide-MHC complexes, showing the TCR docked diagonally across the MHC
peptide-binding platform. This supplied a molecular explanation for a decades-old functional observation:
TCR recognition is simultaneously peptide-specific and MHC-constrained because the receptor physically
contacts both peptide and MHC. 13

Oimage_groupl{"layout":"carousel","aspect_ratio":"16:9","query":["Jacques Miller neonatal thymectomy
thymus experiment","Zinkernagel Doherty 1974 MHC restriction experiment","T cell receptor cloning 1984
Mark Davis Tak Mak","CAR T cell therapy schematic illustration"],"num_per_query":1}0

The TCR era: cloning the receptor, decoding its genes, and learning
its “switch”

Once MHC restriction implied a specialized recognition system, the next bottleneck was identity: what
receptor do T cells use to recognize peptide-MHC? In retrospect this looks inevitable—of course there must
be a receptor—but experimentally it was a major leap. Unlike antibodies, which can be found soluble in
serum, the T cell receptor was elusive: it is membrane-bound, clonally variable, and intimately associated
with signaling subunits rather than being a standalone binding protein. 14

The breakthrough period is centered on 1984-1985, when independent groups cloned and characterized T
cell-specific receptor genes and showed their immunoglobulin-like nature. A notable 1984 paper in Nature
by Oentity[["people","Stephen Hedrick","immunologist tcr cloning"]0 and colleagues (with Mark Davis as a
central figure in this scientific push) connected putative TCR polypeptides to immunoglobulin sequence
themes, making it plausible that the TCR was generated by somatic recombination. Later retrospectives
emphasize that papers from the laboratories of Oentity(["people","Tak Wah Mak","immunologist tcr
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cloning"]0 and Mark Davis appeared in close succession and collectively established the molecular identity
of the TCR. 15

This molecular identity only made full sense when placed against the genetic principle of receptor diversity,
for which Oentity[["people","Susumu Tonegawa","immunologist vdj recombination"]0 received the 1987
Nobel Prize. Tonegawa's work showed that antibody genes are assembled by somatic recombination,
resolving how a finite genome can produce enormous receptor diversity. Although awarded for
immunoglobulins, this principle provided a ready-made explanatory engine for TCR diversity once TCR gene
organization and rearrangement were demonstrated. In historical terms, immunology reused a proven
genetic trick: build diversity by rearranging gene segments rather than encoding every receptor in the
germline. 16

With receptor identity established, the next question was how engagement becomes action—how binding a
peptide-MHC complex triggers intracellular signaling. The TCR is not a single-chain switch; it is a multi-
subunit complex whose antigen-binding chains are coupled to signaling chains containing ITAM motifs (a
specific signaling sequence that becomes phosphorylated to initiate cascades). Classic summaries of TCR
biology emphasize that TCR engagement is known in atomic detail, yet the earliest triggering events—how
binding at the surface changes the phosphorylation balance inside—have long been debated and remain
an active area of research. 17

Historically, this “trigger” problem motivated models that blend chemistry and physics: kinetic proofreading
(signal discrimination by requiring time-dependent sequential steps) and kinetic segregation (triggering by
spatial exclusion of large phosphatases such as CD45 from close-contact zones). A key point for a history
chapter is that these are not armchair conjectures; they arose because the TCR simultaneously displays
extreme sensitivity (responding to very few ligands) and remarkable specificity (discriminating near-
identical peptides), a performance that simple occupancy models cannot explain. Modern reviews still treat
signal initiation as a live conceptual problem rather than a closed book, highlighting the continuity between
past paradox and present uncertainty. 18

Experiments that shaped these models were not limited to genetics and biochemistry. Imaging introduced
another conceptual upgrade: the immunological synapse. In 1999, [Oentity(["people","Michael
Dustin","immunologist synapse"]d and colleagues described ordered molecular patterns at the T cell-APC
interface, framing activation as an organized physical process rather than a diffuse chemical event. The
synapse became a platform concept: it explained how T cells integrate antigen recognition, adhesion, and

costimulation in a structured contact zone, and it gave researchers a way to unify cell biology and signaling.
19

Paradoxes that forced new models

The history of T cells is unusually rich in paradoxes because T cells sit at the intersection of evolution,
development, and self-tolerance. A paradox, in this scientific sense, is not a mystery for its own sake; it is an
observation that makes current models logically inconsistent. Several T cell paradoxes became famous
precisely because they were forced by clean experiments and could not be “explained away.”

One foundational paradox is: if TCRs are generated randomly, why are mature T cells MHC-restricted
rather than recognizing anything? The resolution emerged as the thymic selection model: developing T
cells are “filtered” by interaction with self peptide-MHC, preserving cells that can recognize self MHC weakly
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(positive selection) and eliminating cells that recognize self too strongly (negative selection). The key shift is
that MHC restriction is not primarily “built into” the receptor’s design; it is enforced by developmental
selection pressures. 20

Seminal experiments showed that thymic MHC environment shapes what mature T cells can recognize. In
1977, [Centity(["people","Michael Bevan","immunologist thymic selection"]0 used radiation chimera
approaches to show that host H-2 antigens determine the immune responsiveness of donor cytotoxic cells.
That is a historically important result because it is not merely correlational; it uses chimeric animals to
demonstrate causality: the MHC environment during development imprints the repertoire’s restriction. 2

The second paradox is: how does the immune system avoid self-destruction if it must recognize self
MHC? Here, negative selection became the decisive concept. In 1987, Uentity[["people","John
Kappler","immunologist thymic deletion"]0 and colleagues provided striking evidence for clonal elimination
(deletion) in the thymus: particular TCR V[B-expressing populations were selectively absent in mice
expressing specific MHC class II elements, consistent with deletion of high-affinity self-reactive clones. This
shifted tolerance debates away from “suppression-only” explanations toward developmental deletion as a

central tolerance mechanism. 22

A third paradox is the paradox of alloreactivity: T cells are “self-MHC restricted,” yet a surprisingly large
fraction of T cells can respond vigorously to foreign (allogeneic) MHC molecules, a phenomenon central to
transplant rejection and graft-versus-host disease. The tension is conceptual: how can a repertoire trained
on self MHC contain so many cells that react to non-self MHC? Theoretical and experimental treatments
emphasize that alloreactivity can be understood as a consequence of cross-reactivity and the geometry of
TCR recognition—many TCRs can bind multiple peptide-MHC surfaces, and allogeneic MHC molecules
present different landscapes that can accidentally fit many receptors. The paradox persists in detail (the
exact frequency and determinants vary), but the broad contradiction between restriction and alloreactivity
is now anchored in structural and repertoire-level thinking rather than treated as an anomaly. 23

Another paradox that forced new ideas is superantigen biology. Classical clonal selection implies that only
rare clones should respond strongly to any given antigen. Superantigens—bacterial toxins—break this
expectation by activating large fractions of T cells based on TCR V[ usage rather than peptide specificity,
producing massive cytokine release and systemic illness (e.g., toxic shock). Structural work has shown how
superantigens can bridge MHC class II and the TCR outside the conventional peptide-binding mode,
explaining why they drive broad, non-physiologic activation. Historically, superantigens were proof that the
immune system’s “normal” specificity rules have exploitable loopholes, and that the receptor's geometry
matters as much as its sequence. 24

Cross-reactivity itself became a major conceptual pivot. For decades, immunology often spoke as if one T
cell clone corresponds to one unique specificity. The paradox is numerical: the universe of possible peptides
is astronomically larger than the number of T cells a human can physically maintain, so rigid one-to-one
specificity would leave overwhelming blind spots. Reviews and experiments argue that TCRs must be cross-
reactive (degenerate) to provide adequate coverage, and modern measurements suggest that a single TCR
can recognize very large numbers of peptides under some conditions. This re-frames specificity as a
probabilistic and context-dependent property rather than a perfect lock-and-key. It also helps explain both
beneficial flexibility (pathogen coverage) and dangerous side effects (autoimmunity and off-target toxicity in
engineered T cell therapies). 25
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A further paradox concerns activation context: why doesn't antigen recognition automatically trigger a
response? If the immune system attacked every time a TCR bound peptide-MHC, it would be chronically
inflamed, because self peptide-MHC is everywhere and low-level recognition is built into positive selection.
The resolution became the two-signal (and later multi-signal) model: T cell activation requires antigen-
specific signaling plus a “second signal” (costimulation) provided by antigen-presenting cells, with additional
modulation by cytokines and inhibitory receptors. Historical analyses trace “signal 2" concepts to
transplantation and lymphocyte activation theory and show how they shaped modern models of tolerance,
anergy, and immune regulation. 26

This context requirement was molecularly grounded when CD28/B7 and CTLA-4 biology emerged. In the
early 1990s, work by [Oentity(["people","Peter Linsley","immunologist costimulation"]0 and colleagues
identified CTLA-4 as a second receptor for B7, and other studies showed CD28 signaling synergizes with TCR
signaling to induce proliferation and cytokine production. The discovery of B7-2 (CD86) as a counter-
receptor for CD28 and CTLA-4 further clarified that costimulation is not an abstract “permission” but a set of

ligand-receptor interactions with distinct kinetics and biological timing. 27

Finally, chronic infection introduced a paradox that directly provided a blueprint for modern
immunotherapy: why do antigen-specific T cells persist yet stop functioning? In chronic lymphocytic
choriomeningitis virus infection models, studies showed that virus-specific CD8 T cells could persist in a
dysfunctional state or be selectively deleted depending on epitope context, introducing the idea of
progressive functional exhaustion rather than simple failure or absence. Gene-expression profiling later
showed exhaustion has a distinct molecular signature, supporting the idea that it is a differentiated state
rather than mere “tiredness.” These findings created a mechanistic target: if exhaustion is regulated, it
might be reversible. 28

The PD-1 pathway became the most influential example of that reversibility. Oentity["people","Yasutoshi
Agata","immunologist pd-1 discovery"]d and colleagues first reported PD-1 as an inducible gene associated
with programmed cell death-related contexts in 1992, and later work showed exhausted T cells upregulate
PD-1 and can be functionally improved by blocking PD-1/PD-L1 interactions. In 2006, antibody blockade of
PD-1 pathway interactions enhanced T cell responses in chronic infection models, an experimental hinge
that bridged basic T cell biology to a druggable concept. 29

From mechanism to modern immunotherapy: perturb T cells, and
disease trajectories change

Translation into immunotherapy is easiest to understand as a sequence of interventions that each
correspond to a historical concept. Once you know what the TCR is and how activation is gated,
immunotherapy becomes the art of changing the gates, changing the target, or changing the cell itself. The
impressive part is not that these interventions exist, but that they map so cleanly onto conceptual
breakthroughs that originally arose from mouse surgery, genetics, and in vitro killing assays. 30

Adoptive cell therapy (ACT) is conceptually simple: transfer tumor-reactive lymphocytes into a patient, often
after preparative regimens, to boost anti-tumor immunity. In 1988, [Oentity[["people","Steven
Rosenberg","physician scientist adoptive cell therapy"]d and colleagues reported treatment of metastatic
melanoma using tumor-infiltrating lymphocytes (TILs) expanded ex vivo combined with interleukin-2. This

clinical work operationalized a decades-old idea implied by thymus biology and MHC restriction: T cells can
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recognize and selectively attack abnormal self (tumor), but they may need amplification and supportive
signals to do it effectively in vivo. 31

Checkpoint blockade is the medical descendant of costimulation and inhibitory signaling models. CTLA-4's
inhibitory function was dramatically clarified by knockout mouse phenotypes: animals lacking CTLA-4
developed explosive lymphoproliferation and fatal tissue destruction within weeks, proving CTLA-4 is not a
redundant receptor but a critical brake on T cell activation. This made CTLA-4 an obvious lever—dangerous

if released indiscriminately, but potentially transformative in cancer where stronger immunity is desired.
32

In 1996, a now-classic Science paper showed that antibody blockade of CTLA-4 can enhance antitumor
immunity in mice, supporting “release the brakes” as a therapeutic principle rather than merely a metaphor.
Years later, CTLA-4 blockade entered clinical oncology with ipilimumab, which the
Oentity[["organization","Food and Drug Administration","us regulator"]0 approved for unresectable or
metastatic melanoma on March 25, 2011. The key historical lesson is that this therapy is not an isolated
invention; it is a clinical instantiation of the two-signal/inhibitory-receptor framework that emerged from
basic T cell activation puzzles. 33

PD-1 pathway blockade—conceptually rooted in exhaustion biology—rapidly followed. Clinical trials in the
early 2010s showed objective responses in multiple cancers with anti-PD-1 therapy, demonstrating that
“reinvigorating” T cells can be clinically meaningful even in advanced disease. The FDA approved
pembrolizumab for melanoma with disease progression on September 4, 2014, marking a major milestone
in bringing mechanistic T cell regulation into routine oncology. 34

Engineering T cells for new specificities is the most literal translation of the receptor concept. Chimeric
antigen receptors (CARs) replace native peptide-MHC recognition with antibody-like recognition of surface
antigens while retaining T cell signaling machinery. In 1993, Oentity[["people","Zelig Eshhar","immunologist
car t pioneer"]0 and colleagues described chimeric receptors combining antibody-binding domains with
signaling subunits, demonstrating a programmable recognition-and-kill system. This paper is historically
important because it fuses the antibody and T cell paradigms in a way that only made sense after both
lineages and their receptor logics were defined. 35

CAR-T therapy then became a modern clinical revolution. The FDA granted regular approval to
tisagenlecleucel (Kymriah) on August 30, 2017 for B-cell precursor acute lymphoblastic leukemia in young
patients, and to axicabtagene ciloleucel (Yescarta) on October 18, 2017 for relapsed or refractory large B-cell
lymphoma. These approvals are best seen as proof that the T cell receptor is not merely something we
study—it is something we can redesign, manufacture, and deploy as a living drug, with all the power and
risk that implies. 36

Recent approvals show the immunotherapy landscape continuing to diversify beyond “checkpoint
antibodies” and “CARs.” In 2024, the FDA granted accelerated approval to lifileucel (Amtagvi), a tumor-
derived autologous T cell immunotherapy (TIL-based), for unresectable or metastatic melanoma after prior
PD-1 therapy (and targeted therapy when applicable). In the same year, the FDA approved afamitresgene
autoleucel (Tecelra), a genetically modified autologous T cell therapy directed against MAGE-A4 for selected
synovial sarcoma patients with specific HLA-A*02 alleles, representing a landmark for engineered TCR-
based strategies in solid tumors. These developments underscore that once you understand MHC

17


https://pubmed.ncbi.nlm.nih.gov/3264384/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/7481803/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/8596936/?utm_source=chatgpt.com
https://www.nejm.org/doi/full/10.1056/NEJMoa1200690?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/8421711/?utm_source=chatgpt.com
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-tisagenlecleucel-b-cell-all-and-tocilizumab-cytokine-release-syndrome?utm_source=chatgpt.com

restriction and TCR specificity, you can exploit that biology therapeutically—either by expanding naturally
selected tumor-reactive cells or by engineering new antigen recognition modules. 37

What we still don’t know: the live frontiers behind a “mature” field

Despite the maturity of T cell immunology, several foundational questions remain unresolved in ways that
matter clinically. One of the deepest is still: how does the TCR actually initiate signaling at the molecular
level? We can map downstream phosphorylation and transcriptional cascades extensively, but the initiating
step—how binding energy and geometry at the membrane translate into ITAM phosphorylation dominance
over phosphatase activity—remains contested across mechanistic models (including kinetic segregation,
mechanotransduction, and related frameworks). A 2026 review explicitly frames this as an “immunoreceptor
signal initiation problem,” signaling that the field still treats early triggering as an active frontier rather than
settled doctrine. 38

A second unresolved domain is predicting TCR specificity and cross-reactivity at useful precision. Cross-
reactivity is not just a theoretical necessity; it is a practical barrier to safe therapy. If one engineered TCR or
CAR-T cell recognizes unintended targets, toxicity can be severe. Experimental estimates and reviews
emphasize that TCR cross-reactivity is substantial and can involve recognition of very large peptide sets,
while also noting that the true extent of cross-reactivity is hard to measure comprehensively because it
depends on peptide-MHC binding, presentation context, and T cell activation thresholds. The field is
progressing (e.g., by high-throughput pMHC libraries and deep sequencing), but a fully predictive “TCR-to-
target” map remains out of reach. 39

Third, we still lack complete control over T cell fate choices: why some activated cells become durable
memory, others become tissue-resident, others become regulatory, and others become exhausted or
senescent. This is not merely academic; durable clinical responses to checkpoint blockade and engineered
cell therapy likely depend on generating the right mixture of states and preserving them under pressure
from chronic antigen, inflammation, and suppressive microenvironments. Both experimental and modeling
work continues to refine how transcription factors, epigenetic constraints, antigen dynamics, tissue signals,
and aging interact to shape trajectories, but there is no single deterministic rulebook yet. 40

Fourth, solid tumors remain a harder engineering and biology problem than blood cancers, and this
difficulty is not mysterious if you view it through T cell history. CAR-T therapies excel when targets are
distinct and accessible (as in many B-cell malignancies), but solid tumors pose antigen heterogeneity,
physical trafficking barriers, suppressive cytokines and metabolites, and inhibitory ligand landscapes that
drive dysfunction. Contemporary reviews emphasize failure modes such as insufficient infiltration, limited
persistence, antigen escape, and immunosuppressive tumor microenvironments—essentially, modern
manifestations of the same context-and-exhaustion constraints that immunologists learned from anergy
and chronic infection. 41

Fifth, the field still debates the best “big model” of immune activation—what the immune system
fundamentally responds to. Costimulation-based frameworks and later theories such as the danger model
emerged because self/nonself language alone could not explain phenomena like sterile inflammation,
some chronic infections, and tumor immunity. Oentity["people","Polly Matzinger","immunologist danger
model"]0s danger model argues that immune responses are organized around damage signals rather than
foreignness per se, a view supported by many observations yet still debated in scope and precision. In

practice, modern immunotherapy demonstrates that you can induce potent anti-tumor responses without
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introducing “foreign” antigens, provided you rewire context and inhibition—suggesting that activation rules
are not a single switch but an emergent property of tissue state, innate sensing, antigen presentation, and
regulatory circuits. 42

The broad historical lesson is that T cell immunology advances when paradoxes are treated as guides rather
than embarrassments. The thymus paradox (“vestigial organ” vs immune catastrophe when removed), the
MHC restriction paradox (“antigen” vs “antigen plus self”), the alloreactivity paradox (“restriction” vs
“transplant rejection”), the context paradox (“recognition” vs “non-response”), and the exhaustion paradox
(“persistence” vs “dysfunction”) each forced a more structured view of what a T cell is and what it can
become. Modern immunotherapy is the continuation of that logic: by deliberately perturbing the same
decision points that biology uses to maintain control, we can redirect T cells from tolerance to attack—or,
when necessary, from attack to restraint. 43
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Chapter 3

The T Cell Life Cycle as a Story Arc

A conventional “life cycle” is a repeated sequence of states that a system reliably passes through. In T cells,
the cycle is real but conditional: a T cell may die before maturity, may never see its cognate antigen (the
specific peptide-MHC complex its receptor recognizes), may become functionally silenced rather than
activated, or may be driven into chronic dysfunction. What makes the T cell life cycle especially instructive is
that its biology is written by constraints: hard limits on space (where the cell is allowed to go), information
(what antigens it is allowed to see and how strongly), energy (metabolism), and time (how long a cell can
persist without dividing). The “story arc” framing is therefore not decoration—it is an accurate map of how
successive bottlenecks shape identity, function, and fate. 1

Throughout this chapter, “naive” means a mature T cell that has not yet been primed by its cognate antigen;
“activation” means the transition from quiescence to proliferation and effector programming after antigen
recognition in an immunogenic context; “differentiation” means branching into specialized functional states
(helper subsets, cytotoxic effectors, tissue residents, regulators); “contraction” is the post-response
reduction in clone size via apoptosis and withdrawal of growth/survival cues; and “memory” is the long-lived
set of antigen-experienced descendants that are numerically expanded and qualitatively poised for faster,
stronger secondary responses. 2

The life cycle can be told as six acts: (i) birth and selection in the thymus, (ii) first deployment as a naive
scout circulating through secondary lymphoid organs, (iii) activation and clonal expansion, (iv)
differentiation and tissue deployment, (v) contraction and survival of a chosen few, and (vi) persistence as
memory (or drift into failure modes such as anergy, exhaustion, and senescence). Each act leaves molecular
“scars” that can often be read later using phenotype (surface markers and intracellular proteins),
transcriptional programs, and epigenetic state (heritable chromatin patterns that keep genes accessible or
locked away). 3

Birth in the thymus

T cells begin as hematopoietic precursors generated in bone marrow and seeded to the thymus, where
development proceeds through ordered stages that assemble a functional T cell receptor (TCR) and enforce
self-tolerance. The thymus is not simply a “factory”; it is a testing ground where most candidates fail,
because the organism prioritizes preventing autoimmunity while still producing a repertoire that can
recognize a vast space of foreign peptides. 4

The key invention of ap T cells is composite recognition: the af TCR does not bind intact antigen. Instead, it
recognizes short peptides bound to major histocompatibility complex (MHC) molecules on antigen-
presenting cells—"peptide-MHC.” This requirement immediately sets up the central thymic problem: a
nascent TCR must be able to recognize self MHC (so it can later recognize foreign peptides presented by self
MHC) but must not bind self peptides too strongly (or it will attack the body). 5

Positive selection is the “license to exist.” Developing thymocytes that can productively engage self peptide-
MHC with sufficient affinity receive survival signals; those that cannot die by neglect. In classical models,
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positive selection occurs predominantly in cortical thymic microenvironments, and it is central for enforcing
MHC restriction—ensuring that mature T cells are tuned to recognize antigen only when presented by self
MHC. 6

Negative selection is the “license to not harm.” Thymocytes whose TCRs bind self peptide-MHC too strongly
are eliminated or diverted into regulatory lineages. A major reason negative selection is possible is that
thymic antigen-presenting cells can display a surprisingly broad sampling of self—the thymus expresses
and/or imports tissue-restricted antigens (proteins normally expressed in only particular organs). A central
driver of this “thymic self-representation” is the transcription factor AIRE (autoimmune regulator), which
promotes expression of many tissue-specific genes in medullary thymic epithelial cells and supports central
tolerance. Defects in AIRE are strongly associated with breakdowns of tolerance and multi-organ
autoimmunity. 7

Not all high-affinity self-reactive cells are deleted; some are rerouted into suppression. Thymus-derived
regulatory T cells (often called “natural” Tregs) are a specialized CD4 lineage defined by the transcription
factor FOXP3, and a widely used conceptual model is that relatively strong self-reactivity in the thymus can,
in appropriate contexts, favor Treg differentiation instead of deletion—producing cells whose job is to
restrain immune responses and prevent autoimmune pathology in the periphery. 8

A final step of “birth” is thymic exit. Mature single-positive thymocytes must leave the thymus and join the
circulation, a process tightly controlled by gradients of sphingosine-1-phosphate (S1P) and the receptor
S1PR1, which is required for lymphocyte egress from thymus and lymph nodes. Pharmacologic
downregulation/functional antagonism of S1PR1 can sequester lymphocytes in lymphoid organs,
underscoring that egress is an actively regulated gate rather than passive drift. ¢

One of the most practically useful “birthmarks” is the ability to identify cells that have only recently exited
the thymus—recent thymic emigrants (RTEs). As T cells leave the thymus, they carry T cell receptor excision
circles (TRECs), a byproduct of TCR gene rearrangement that does not replicate during cell division and is
therefore diluted with proliferation. In humans, subsets of naive CD4 T cells enriched for high TREC content
can be identified using surface markers such as CD31 on naive CD4 T cells, and additional markers such as
PTK7 have also been described for human CD4 RTEs. These markers are not perfect “clocks,” but they

provide a workable, phenotype-accessible window into thymic output and post-thymic proliferative history.
10
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First deployment as naive circulation

Once exported, a naive T cell enters a phase that is best understood as continuous reconnaissance. The
cell's job is to physically search for the rare event it was built for: encounter with a dendritic cell (or other
antigen-presenting cell) displaying its cognate peptide-MHC within the right inflammatory context. Because
any one naive TCR specificity is extremely rare in the full repertoire, probability dominates strategy: the
immune system increases the odds of productive encounters by forcing naive T cells to recirculate through
secondary lymphoid organs (lymph nodes, spleen, and mucosal lymphoid tissues), which function as
meeting points where antigen-bearing dendritic cells and circulating naive lymphocytes converge.
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The trafficking program of naive T cells is therefore not incidental—it is their defining phenotype. Naive T
cells enter lymph nodes from the blood through high endothelial venules (HEVs), specialized post-capillary
venules adapted for high-throughput lymphocyte entry. Homing depends on adhesion and chemokine
cues, including L-selectin (CD62L) binding to addressins such as PNAd on HEVs and the chemokine receptor
CCR7 responding to its ligands (including CCL19 and CCL21) to guide positioning in the T cell zone. This
“lymph node homing module” is a key reason CCR7 and CD62L are canonical naive/central-memory
markers: they are literally the receptors that implement the surveillance route. 12

Exit from lymph nodes is also actively regulated. After spending time scanning dendritic cells, naive T cells
leave via efferent lymphatics, ultimately returning to blood. S1P gradients and S1PR1 again play a central
role in this egress, and the balance between retention signals (for example, CCR7-mediated responses
within the node) and egress signals (S1PR1-mediated responses to S1P) determines dwell time. This balance
is not static; inflammation can remodel entry and retention programs of lymphoid tissues, changing the
kinetics of surveillance. 13

Survival in the naive state is a stringent constraint problem: the system needs a large and diverse
repertoire, but it cannot afford to keep every clone alive without regulation. Classic work shows naive T cells
depend on at least two recurring inputs for maintenance: (i) tonic (low-level) signals from interactions with
self peptide-MHC, and (ii) cytokine survival signals, especially interleukin-7 (IL-7). These inputs are not mere
“fuel”; they tune responsiveness and maintain the resting state. In lymphopenic conditions—when “space”
opens because T cell numbers are low—these same homeostatic signals can drive naive T cells into
homeostatic proliferation, partially converting them toward memory-like phenotypes even without overt
infection. 14

A subtle but crucial aspect of naive life is quiescence: naive T cells are metabolically restrained, dividing
rarely, and maintaining readiness without triggering harmful activation. This restraint is enforced by
transcriptional and metabolic programs that keep biosynthesis low while supporting migration, which itself
is energetically demanding. The metabolic posture of resting T cells contrasts sharply with activated T cells
(which strongly upregulate biosynthesis and glycolysis), making metabolism part of the story arc rather
than a background detail. 15

Failure modes already exist in “deployment.” If thymic output is reduced (as occurs with age-related thymic
involution), the naive pool is maintained more by peripheral proliferation, which can preserve numbers but
may distort repertoire diversity and function. Broadly, thymic involution is associated with decreased
production of new naive T cells and downstream changes in immune competence. Importantly, human and
mouse differ in the quantitative relationships between thymic output, peripheral proliferation, and diversity,
so extrapolations must be made carefully. 16

Activation as a commitment decision

Activation is the inflection point where the protagonist stops wandering and commits to a particular battle.
At the simplest textbook level, productive activation requires at least two categories of input: a TCR signal
("signal 1") generated by recognition of peptide-MHC, and a costimulatory signal (“signal 2"), classically
through CD28 engagement by B7 family ligands (CD80/CD86) on antigen-presenting cells. Innate immune
sensing of pathogens induces antigen-presenting cells—especially dendritic cells—to upregulate
costimulatory molecules and cytokines, thereby ensuring that naive T cells are preferentially activated when
antigen appears in a context that suggests danger. 17
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CD28 costimulation is not merely a “booster.” Mechanistically, CD28 signaling integrates with TCR signaling
to support cytoskeletal changes, transcriptional activation, cytokine production (notably IL-2), survival, and
differentiation. Experimentally and clinically, the centrality of CD28 is underscored by the observation that
interrupting CD28-B7 interactions can suppress immune responses and, in some contexts, promote
antigen-specific tolerance rather than activation. 18

A useful way to understand activation is as a commitment decision under uncertainty. The T cell must decide
whether the encountered antigen is a meaningful threat, because the costs of committing are enormous:
rapid proliferation, acquisition of cytotoxic or inflammatory function, and potential tissue damage. When
signal 1 occurs without adequate costimulation, T cells can enter anergy, a durable hyporesponsive state
characterized by reduced proliferation and cytokine production upon restimulation. At the molecular level,
anergy is supported by regulatory programs including E3 ubiquitin ligases such as Cbl-b and GRAIL that
dampen signaling pathways and stabilize the unresponsive state. 19

Activation leaves a time-stamped phenotypic trail that immunologists routinely use to infer recency and
intensity. Very early after stimulation, markers like CD69 can be induced; as cells commit and expand, IL-2
receptor components (including CD25), nutrient uptake and biosynthetic markers (for example CD71),
proliferation markers (Ki-67), and broader activation panels (often including HLA-DR and CD38 in human
studies) change in patterned kinetics. No single marker is definitive across all contexts, but the coordinated
expression of these markers provides a practical “activation clock” over hours to days. 20

A core reason activation is so dramatic is metabolic rewiring. Activated T cells shift from a restrained,
oxidative program toward anabolic metabolism, increasing glycolysis and lipid synthesis to support rapid
growth and division. Signaling nodes such as mTOR and transcription factors such as c-Myc coordinate this
reprogramming, and the “Warburg-like” use of aerobic glycolysis (high glycolysis even with oxygen present)
is interpreted as a strategy to rapidly generate building blocks for nucleic acids, proteins, and membranes,
not only ATP. This metabolic shift is so integral that inhibitory pathways (including checkpoint signaling like
PD-1 in chronic settings) can suppress effector function in part by reshaping metabolic programs. 2

Differentiation as branching paths

Once activated, T cells rarely remain a single homogeneous population. Instead, clonal expansion is
coupled to differentiation into functionally distinct states that match the type of threat, the tissue context,
and the cytokine environment. Differentiation is best understood as a multi-layer decision system: antigen
strength and duration (TCR signaling), costimulation, and cytokines converge on transcription-factor
networks and epigenetic remodeling that stabilize lineage-associated gene expression programs. 22

For CD4 T cells, differentiation produces helper lineages that specialize in “orchestrating” immunity.
Canonical examples include Th1, Th2, and Th17 subsets, as well as T follicular helper (Tfh) cells that support
germinal center reactions and high-affinity antibody responses, and regulatory T cells that suppress
excessive or self-reactive responses. These subsets are associated with characteristic transcription factors
(for example, T-bet and GATA3 in Th1/Th2 fate control, Bcl-6 in Tfh biology, and FOXP3 in Treg identity), but
modern views emphasize networks rather than single “master regulators,” because subsets can share
transcription factors, exhibit plasticity, and occupy intermediate states depending on context. 23

For CD8 T cells, differentiation emphasizes cytotoxic effector function: the acquisition of machinery to kill
infected or malignant cells and to produce antiviral cytokines. Yet even within CD8 responses, there is
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structured heterogeneity, including short-lived effector cells and populations with greater memory
potential. Review frameworks for CD8 memory ontogeny emphasize that signals received during priming
and early expansion shape whether descendants preferentially become long-lived memory versus terminal
effectors, and survival cytokines such as IL-7 and IL-15 become especially important during and after the
contraction phase for preserving subsets of antigen-experienced cells. 24

Differentiation is inseparable from migration. Activation induces new “homing receptors”—surface
molecules that route cells to particular tissues by matching ligands on vascular endothelium—thereby
converting a lymph-node scout into a tissue-deployed effector. This reprogramming helps explain why
phenotype often encodes geography: naive and central memory cells tend to preserve lymphoid-homing
receptors (CCR7, CD62L), whereas effector memory and terminally differentiated effector populations often
downregulate these and instead express receptors enabling entry into inflamed peripheral tissues. 25

A major modern branch in the arc is tissue-resident memory (Trm). Trm cells are memory T cells that persist
in non-lymphoid tissues without recirculating, acting as localized sentinels. Across many tissues, Trm are
commonly associated with markers such as CD69 (which can antagonize egress programs and is also an
early activation marker, requiring contextual interpretation) and, in many epithelial sites, CD103 (aEB7
integrin). Tissue-derived signals—especially TGF-B in several contexts—promote aspects of Trm
differentiation, including induction of CD103 and related residency programs, while tissue niches impose
distinct maintenance requirements and functional tuning. 26

Memory itself is not one thing. A widely used organizing scheme divides circulating memory into central
memory (Tcm; lymphoid-homing, high proliferative potential) and effector memory (Tem; more poised for
immediate effector function in peripheral tissues), with additional categories such as TEMRA (effector
memory cells re-expressing CD45RA) and stem-cell-like memory (Tscm), which retain a naive-like surface
phenotype while possessing enhanced self-renewal and multipotency. The biological point of these
categories is not semantics; it is that different memory subsets embody different compromises among
rapid function, longevity, self-renewal, and anatomical distribution. 27
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Contraction, memory maintenance, and the price of survival

After pathogen clearance or removal of the priming antigen, most of the expanded effector population dies
—this is contraction. Contraction is not simply “cells running out of steam”; it is actively regulated by
apoptosis pathways and withdrawal of survival signals. The organism must reduce effector numbers to limit
immunopathology and return to homeostasis, while preserving a strategically selected subset of cells as
memory. 28

Two broad apoptosis control systems are repeatedly implicated in T cell homeostasis and shutdown of
responses: intrinsic (mitochondrial) apoptosis controlled by BCL-2 family proteins such as the pro-apoptotic
factor BIM, and extrinsic apoptosis mediated by death receptors such as Fas (CD95). These pathways can
act concurrently to control contraction and to prevent autoimmunity, and the relative contribution of each
can vary with context, subset, and the chronicity of stimulation. In addition, activation-induced cell death
(AICD) is often discussed as a peripheral tolerance mechanism in which repeated activation increases
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susceptibility to Fas/FasL-mediated apoptosis, with IL-2 playing complex roles in sensitization in some
settings. 29

The cells that survive contraction do not do so accidentally; they occupy survival niches defined by cytokines
and tissue environments. IL-7 and IL-15 are among the most studied cytokines supporting antigen-
experienced CD8 T cell survival and memory maintenance, and IL-15 is notable for being delivered by
“transpresentation,” where IL-15 bound to IL-15Ra on one cell is presented to neighboring lymphocytes.
These homeostatic cytokines support low-level renewal (homeostatic proliferation) that can maintain
memory numbers over long periods even in the absence of re-encountering antigen. 30

Metabolism again becomes a fate constraint. Effector T cells are energetically expensive; long-lived memory
requires a more economical, resilient state that still preserves the capacity for rapid recall. Reviews of
immunometabolism emphasize that naive cells are metabolically quiescent, effector cells ramp up glycolysis
and biosynthesis, and memory cells adopt a comparatively quiescent but “primed” metabolic state that
relies more on oxidative phosphorylation and catabolic programs (including fatty acid metabolism) to
support longevity and rapid secondary responses. Importantly, details and dependencies can differ by
subset, tissue, and experimental system, but the architectural principle—metabolism as an encoded
survival strategy—holds across many contexts. 31

Trm maintenance adds another layer: residency is beneficial for rapid local defense but imposes unique
environmental pressures (limited nutrients, local cytokine milieus, tissue-specific signals). TGF-3 is
repeatedly implicated as a key tissue-derived factor shaping Trm differentiation and maintenance—
particularly for CD103+ Trm—while CD69 and other adhesion/migration-related programs help enforce
retention. Because CD69 can also reflect recent activation, interpreting Trm phenotypes requires integrating
additional activation markers (such as CD25, CD38, HLA-DR) and tissue localization. 32

Common failure modes and how phenotype reveals a T cell’s past

A T cell's phenotype is less like a single label and more like a layered manuscript: some features encode
what the cell is doing now (activation state), others encode where it can go (trafficking), others encode what
it has done (antigen experience, proliferation history), and still others encode what it can no longer do
(dysfunction states). The interpretive art is to separate “state” (reversible, acute) from “fate” (stabilized by
transcriptional and epigenetic remodeling). 33

One foundational failure mode is breakdown of tolerance. At the thymic stage, insufficient negative
selection or defective thymic self-representation predisposes to autoimmunity, and AIRE-linked pathology
provides a mechanistic illustration: impaired expression of tissue-restricted antigens in thymic stroma
undermines central tolerance and correlates with multi-organ autoimmune syndromes. In the periphery,
failures in regulatory networks and deletional mechanisms (including Fas-mediated homeostasis in relevant
contexts) can further enable autoreactive clones to persist or expand. 34

A second major failure mode is “false activation” and silencing—especially anergy. When antigen is
encountered without adequate costimulation, T cells can become hyporesponsive, a state stabilized by
molecular brakes including E3 ubiquitin ligases such as Cbl-b and GRAIL. Phenotypically, anergy is
challenging to diagnose from a single snapshot because it is defined by functional behavior upon
restimulation, but the presence of these negative regulatory pathways and the context of absent
costimulation are central to mechanistic understanding. 35
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A third failure mode is exhaustion, which arises during chronic antigen exposure (for example chronic
infection or cancer) and is characterized by diminished effector function plus sustained expression of
inhibitory receptors such as PD-1 and TIM-3, along with distinct transcriptional and epigenetic programs.
Modern work emphasizes that exhausted T cells are heterogeneous and can follow a developmental
hierarchy that includes “progenitor exhausted” or “stem-like” exhausted subsets (often associated with TCF1
and intermediate PD-1 expression) and more terminally exhausted states with deeper dysfunction, with
transcription factors such as TOX participating in establishment and maintenance of exhaustion programs.
Critically, exhaustion is not merely “tiredness”; epigenetic remodeling can lock in aspects of the state,
helping explain why checkpoint blockade can reinvigorate function yet not fully reset identity in many
settings. 36

A fourth failure mode is senescence-like terminal differentiation, often discussed in aging and in responses
to persistent viruses. Markers such as KLRG1 and CD57 are frequently used to identify populations
described as senescent or highly differentiated, although reviews emphasize ongoing debate about what
“senescence” should mean in T cells (because classic cellular senescence hallmarks do not map perfectly
onto lymphocyte biology). In practice, CD57 and KLRG1, especially combined with loss of lymphoid-homing
markers and altered proliferative capacity, can support an inference of extensive proliferative history and
terminal differentiation pressure. 37

A fifth failure mode is loss of repertoire renewal. Age-related thymic involution reduces export of new naive
T cells, pushing the system toward maintaining numbers by peripheral proliferation. This can preserve
counts but reshape diversity and may contribute to altered immune responsiveness with age. Because
humans and mice differ in thymic dynamics and in how repertoire diversity is maintained, reading “age
history” from phenotype requires both biological context and cautious inference. 38

Phenotypic “reading” works best when approached as a structured inference problem: ask sequentially
what stage of the arc the cell most resembles; then refine by adding clocks (recency markers), geography
markers, and dysfunction markers. The following interpretive layers are widely used in research and clinical
immunology, and each corresponds to a real mechanistic constraint discussed earlier.

First, infer whether the cell is newly made, naive, or antigen-experienced. Markers enriching for human
RTEs (for example CD31 on naive CD4 T cells, and PTK7 in described RTE identification strategies) help
estimate thymic recency and post-thymic proliferation via TREC dilution logic. In contrast, the naive versus
memory distinction in humans is often organized around isoforms such as CD45RA/CD45R0 together with
homing receptors CCR7 and CD62L, which separate naive and central memory (CCR7+CD62L+) from effector
memory (CCR7-CD62L-) and related states, recognizing that any single marker may vary by tissue and
activation. 39

Second, infer where the cell is programmed to go—or whether it is programmed to stay. High CCR7 and
CD62L suggest lymphoid recirculation via HEVs, consistent with naive or central memory programs, while
loss of these and gain of tissue-homing programs suggest effector/effector-memory deployment. Trm
inference requires integrating surface residency markers (commonly CD69 and often CD103) with low
expression of acute activation markers and, ideally, direct tissue localization, because CD69 alone can mark
either residency or recent activation depending on context. 40

Third, infer what the cell is doing right now. Combinatorial activation panels—CD69 (early), CD25 (high-
affinity IL-2 receptor component), Ki-67 (cell cycle), and in many human contexts CD38 and HLA-DR—

28


https://pmc.ncbi.nlm.nih.gov/articles/PMC11528687/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2813054/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC9381902/?utm_source=chatgpt.com
https://ashpublications.org/blood/article/113/4/769/25008/Life-after-the-thymus-CD31-and-CD31-human-naive?utm_source=chatgpt.com
https://link.springer.com/article/10.1007/s00018-016-2211-4?utm_source=chatgpt.com

provide a practical window into recent activation and expansion. Because marker kinetics are time-ordered
after stimulation, co-expression patterns can be more informative than single markers, especially when
distinguishing “recently activated” from “resident but resting.” 41

Fourth, infer whether the cell has been forced into chronic adaptation or shutdown. Exhaustion is
suggested by sustained inhibitory receptor programs and lineage-associated factors such as TOX with
patterns that match known exhausted subset hierarchies, while anergy is suggested more by mechanistic
context (signal 1 without signal 2) and regulatory pathway activation (Cbl-b, GRAIL) than by a universally
agreed surface phenotype. Senescence-like terminal differentiation is suggested by markers such as CD57
and KLRG1 in the appropriate context, often alongside reduced proliferative potential and a history of
repeated stimulation. 42

Finally, recognize what phenotype cannot tell you alone. Many “past” events are best read using additional
modalities: TCR sequencing (to detect clonal expansion and shared ancestry), transcriptomics (to measure
active gene programs), and chromatin accessibility or DNA methylation profiling (to detect epigenetic
locking, which can preserve a record of differentiation and dysfunction history). Exhaustion is a canonical
example where transcriptional and epigenetic profiles are central to the definition, not optional
embellishments, because chromatin structure can constrain reversibility even when function is transiently
improved. 43
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Chapter 4

Where T Cells Live and Move

The spatial logic of T cell immunity

T cells are built for a difficult search problem: each naive T cell clone recognizes (at most) a tiny slice of the
universe of possible peptide-MHC (major histocompatibility complex) complexes, so any given antigen-
specific clone is rare, yet it must reliably meet antigen-bearing antigen-presenting cells (APCs) somewhere
in the body. Immunological “geography” solves that problem by concentrating immune cells into organized
meeting places (secondary lymphoid organs) while constantly circulating cells and information between
tissues and those meeting places. In that sense, anatomy is not a backdrop to immunity; it is one of the
main control knobs that determines which encounters are even possible and how quickly they occur. 1

A first, clarifying distinction is between primary lymphoid organs and secondary lymphoid organs.
Primary lymphoid organs are where lymphocytes develop and are selected into a functional repertoire (for T
cells, the thymus is the key primary organ). Secondary lymphoid organs are where mature naive
lymphocytes are most likely to meet antigen, become activated, and differentiate (classically lymph nodes
and spleen; mucosal lymphoid tissues are also secondary lymphoid sites, though this chapter emphasizes
lymph nodes and spleen). This division of labor—the thymus creates a safe, useful repertoire; lymph nodes
and spleen stage the “first contact” between that repertoire and the outside world—already hints at why
“where” matters as much as “what.” 2

A second, often underappreciated point is that blood is not where most lymphocytes are. Peripheral
blood is more like a fast-moving sampling stream than the main residence of the adaptive immune system.
Multiple analyses converge on the idea that only a small fraction of the total lymphocyte pool is present in
peripheral blood at any one time (commonly cited around a few percent), with large fractions residing in
lymphoid tissues such as lymph nodes and spleen. This matters practically: blood draws are invaluable, but
they provide a biased snapshot of a much larger, spatially structured system. 3

The core circulation loop that turns sparse antigen-specific clones into a functioning surveillance system
was established experimentally in classic work by [Oentity(["people","James Gowans","immunologist
lymphocyte recirculation"]0 and colleagues, showing that small lymphocytes continuously recirculate
between blood and lymph, with major traffic flowing from blood into lymphoid tissues and then back to
blood through the thoracic duct. Modern imaging and quantitative modeling have refined the numbers (for
example, estimating characteristic residence times in lymph nodes on the order of many hours and shorter
average times in spleen), but the organizing principle remains: recirculation turns a “needle-in-a-haystack”

recognition problem into a repeated, parallel search across many organs. 4

Finally, this chapter's theme—why anatomy is destiny for T cell encounters—can be stated as a simple
probability argument. The chance that a T cell meets its cognate antigen depends on (a) where antigen and
APCs arrive (lymph vs blood, and which draining territory), (b) whether the relevant T cell subsets can
physically enter that compartment, and (c) how long and how efficiently they scan within it. Lymph nodes
are optimized to filter lymph draining tissues; the spleen is optimized to filter blood; and tissues themselves
impose additional “rules of entry,” including specialized vascular beds, adhesion molecules, and chemokine
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gradients. Those spatial constraints shape immune outcomes as surely as cytokines or transcription factors
do. 5

Thymus as the primary site that “licenses” T cells

The thymus is the primary lymphoid organ responsible for producing mature T cells that are both (i) MHC-
restricted (able to recognize antigen only when presented by self MHC) and (ii) self-tolerant (unlikely to
cause damaging autoimmunity). These two properties are not add-ons; they are imposed by selection
processes that depend on thymic microanatomy, cell types, and directed migration through distinct thymic
regions. ¢

A key spatial idea is that the thymus is compartmentalized into cortex and medulla, and developing
thymocytes move through these compartments as they mature. In broad terms, cortical thymic epithelial
cells support thymocyte differentiation and are central to positive selection, while the medulla provides
specialized environments for negative selection and regulatory T cell (Treg) development. Although the
molecular details are complex, the architectural message is simple: selection is not a single “test,” but a
sequence of tests distributed across spaces that thymocytes must physically traverse. 7

During positive selection, thymocytes that can productively interact with self MHC (presenting self
peptides) receive survival signals; those that cannot are eliminated. This process biases the repertoire
toward TCRs that can “see” self MHC, which is necessary because foreign peptides will later be presented on
those same self MHC molecules in peripheral lymphoid organs. The restriction that enables immunity is
therefore literally built into thymic cortex architecture and the presentation landscape provided there. 8

After positive selection and lineage commitment, thymocytes migrate into the medulla, where central
tolerance is imposed. Here, thymocytes encounter a broader and more heterogeneous set of self antigens
—presented by medullary thymic epithelial cells (mTECs) and dendritic cells—so that strongly self-reactive
clones can be deleted or diverted toward the Treg lineage. The medulla is not just “more thymus”; it is an
essential, specialized microenvironment whose topology and cellular networks are tuned for tolerance. °

One of the most famous molecular links between thymic architecture and tolerance is AIRE (autoimmune
regulator), a transcriptional regulator expressed by subsets of mTECs that promotes expression of many
tissue-restricted antigens in the thymus. Conceptually, AIRE helps the thymus mimic “peripheral self” inside
a central organ, increasing the chance that potentially dangerous self-reactive clones are identified before
they exit. The deeper point for this chapter is anatomical: tolerance depends on a location (the medulla)
that concentrates specialized stromal cells and APCs, and on thymocyte migration patterns that bring
developing cells into contact with that location. 10

Thymocyte movement within the thymus is itself part of selection. Imaging-informed models and reviews
describe how positively selected thymocytes relocate into the medulla and then continue exploratory
migration, scanning resident and migratory APC populations (including dendritic cells and mTECs). This
scanning is not aimless; it is constrained by thymic microenvironments and adhesion/chemokine signals
that promote the right contacts at the right developmental stage. In other words, “education” is inseparable
from “where the student is allowed to walk.” 11
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Once appropriately selected, mature thymocytes must exit the thymus (thymic egress) to populate
peripheral lymphoid organs and tissues. Egress is regulated rather than automatic, helping ensure that only
sufficiently mature, self-tolerant cells enter circulation. Multiple pathways contribute, including roles for
sphingosine-1-phosphate receptor 1 (S1PR1) and CCR7, with evidence that these cues can differ in
emphasis across developmental windows (for example, neonatal versus adult contexts). Again, the core idea
is spatial: leaving the thymus requires reading chemotactic gradients and navigating to exit structures, not
merely “finishing differentiation.” 12

A clinically and physiologically important feature of the thymus is age-related thymic involution—a
progressive decline in thymic cellularity and functional output with age, coupled to remodeling of thymic
stromal compartments. In humans and model organisms, this decline is associated with reduced
generation of new naive T cells and is widely discussed as a contributor to immunosenescence (age-
associated changes in immune competence). The mechanistic literature increasingly emphasizes not only
loss of thymocytes but also age-related alterations in thymic epithelial and stromal microenvironments that
limit regeneration. 13

Lymph nodes as tissue-draining “meeting places” for naive T cells
and APCs

If the thymus is where T cells are made safe and usable, lymph nodes are where most naive T cells first
become activated. Lymph nodes sit along lymphatic vessels and receive afferent lymph draining defined
tissue territories. This draining arrangement means that a skin infection in one region, or inflammation in a
particular organ, preferentially delivers antigen and migratory APCs to a predictable set of “draining lymph
nodes,” concentrating relevant information and relevant lymphocytes into the same space. 14

The lymph node’s internal organization is highly structured. Classical histology distinguishes cortex,
paracortex, and medulla, with B cell follicles largely in cortical regions and the paracortex serving as the
canonical T cell zone. This compartmentalization is not decorative: it positions T cells, B cells, dendritic cells,
and stromal networks so that antigen-specific interactions can occur efficiently while limiting unproductive
collisions. 15

Oimage_group{"layout":"carousel","aspect_ratio":"16:9","query":["lymph node anatomy diagram cortex
paracortex medulla high endothelial venule","lymph node histology paracortex T cell zone high endothelial
venules","lymph node subcapsular sinus macrophages diagram"],"num_per_query":1}0

How naive T cells enter lymph nodes from blood

Most naive T cells access lymph nodes from the bloodstream through specialized vessels called high
endothelial venules (HEVs). HEVs are postcapillary venules with distinctive endothelial morphology and
molecular “address labels” that support high rates of lymphocyte extravasation into lymphoid tissues. By
selectively recruiting lymphocytes, HEVs act as gates that regulate which circulating cells can enter the
lymph node under homeostatic conditions. 16

Entry through HEVs follows a multistep adhesion and signaling cascade (often described in leukocyte
homing more broadly): transient tethering/rolling, chemokine-triggered activation, firm adhesion, and
diapedesis (transmigration) into tissue. In lymph nodes, one central “passport control” interaction is L-
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selectin (CD62L) on naive and central memory T cells binding to HEV-expressed ligands collectively known
as PNAd (peripheral node addressin), coupled to chemokine signaling (notably via CCR7) that activates
integrins for firm arrest. This is a molecular implementation of anatomical destiny: without the right
addressins and chemokines displayed on HEVs, the lymph node would be physically unreachable for many
naive T cells. 17

CCR7's ligands—CCL19 and CCL21—are not only “guidance cues” inside the node; they also help control
entry. Experiments show that CCR7 ligands can be presented by HEVs in ways that promote lymphocyte
arrest, linking stromal chemokine production to vascular recruitment. The geography here is layered:
chemokines generated in the node’s stromal environment can be translocated and displayed at the luminal
surface of HEVs, so the “inside” of the lymph node helps shape who makes it in from the blood. 18

How T cells move once inside: stromal scaffolds and guided randomness

Once across the HEV barrier, T cells do not simply diffuse in empty space. The paracortex contains a dense
stromal infrastructure, including fibroblastic reticular cells (FRCs) that form an interconnected network.
Two-photon microscopy and quantitative analyses describe T cell motility in lymph nodes as largely
exploratory and often well approximated as a random walk, but importantly, that “randomness” is
constrained by the physical scaffold of the FRC network and associated structures. The result is an efficient
search strategy: T cells roam widely enough to sample many APCs, yet remain within the T cell zone where
relevant APCs are concentrated. 19

Chemokines shape this movement and positioning. CCR7 signaling driven by CCL19/CCL21 contributes to
basal motility and helps keep T cells in the deep paracortex, promoting colocalization with dendritic cells
during early immune responses. In practical terms, CCR7 is a “stay and search here” receptor for naive T
cells: it helps them remain in T cell zones long enough to sample resident and migratory APCs rather than
drifting into less relevant regions. 20

How antigen reaches the T cell zone: size-sorting and multiple delivery routes

Lymph nodes filter lymph-borne material that arrives through afferent lymphatics into the subcapsular
sinus (SCS). The SCS is lined by specialized macrophages—often called subcapsular sinus macrophages—
strategically positioned to capture pathogens and particulate antigens arriving with lymph. This frontline
layer helps prevent uncontrolled spread of microbes deeper into the node while also participating in
antigen relay to downstream immune compartments. 2

Antigen delivery is size- and form-dependent. A major theme from work on lymph node “conduit systems”
is that small soluble molecules can enter specialized extracellular matrix-based conduits associated with
FRC networks, allowing rapid distribution toward T cell zone-resident dendritic cells. In contrast, larger
particles and many pathogens are more likely to be captured by sinus-lining cells (including macrophages)
and handled through cellular transport or relay mechanisms. This architectural sorting helps match antigen
type to the cell biology best suited for it, while still funneling “actionable information” toward T cell scanning
zones. 22

Dendritic cells connect peripheral tissues to lymph nodes through active migration. Upon antigen uptake
and activation in tissues, many dendritic cells increase CCR7 expression and migrate toward lymphatic
vessels, responding to lymphatic endothelial CCL21 cues, then travel through afferent lymphatics to the

35


https://pmc.ncbi.nlm.nih.gov/articles/PMC7863135/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2193428/?utm_source=chatgpt.com
https://academic.oup.com/jimmunol/article-abstract/178/9/5505/8022651?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC4639456/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6413714/?utm_source=chatgpt.com
https://www.cell.com/immunity/fulltext/S1074-7613%2804%2900375-9?code=cell-site&script=true&utm_source=chatgpt.com

draining lymph node. This migration couples tissue events (like infection or sterile inflammation) to lymph
node events (like T cell priming), and it is anatomically constrained: migrating APCs enter the node through
specific portals and then navigate to defined intranodal regions. 23

How T cells leave: S1P gradients, egress gates, and time budgets

If a naive T cell does not encounter cognate antigen, it typically exits the lymph node through efferent
lymphatics, eventually returning to the blood via major lymphatic ducts. Egress is regulated by
sphingosine-1-phosphate (S1P) gradients sensed through S1PR1 on lymphocytes; S1P-S1PR1 signaling
promotes exit, while CCR7-driven retention signals within the node can oppose exit. This antagonistic
balance—"stay and search” versus “leave and sample elsewhere”"—is a spatial control system that tunes how
long a T cell invests in scanning a given node. 24

Quantitatively, lymph node dwell times are long enough to permit extensive scanning but short enough to
allow broad coverage across nodes over time. For example, experimental and modeling work has estimated
mean residence times in mouse lymph nodes for naive T cells on the order of ~12-21 hours (with
differences between CD4 and CD8 populations reported), and other modeling approaches yield
characteristic times on the scale of ~10 hours under certain assumptions and datasets. The key takeaway is
not a single number but the existence of a tunable “time budget” that is itself an anatomical consequence
of entry and exit gate design. 25

A vivid demonstration that trafficking gates are pharmacologically “real” comes from S1PR modulators
such as fingolimod (FTY720), which functionally disrupt S1P-S1PR1 signaling to prevent lymphocytes from
leaving lymph nodes and related lymphoid tissues, thereby lowering lymphocyte counts in blood. Even
without focusing on any specific disease indication, the mechanistic lesson is central to this chapter:
changing an anatomical transition (lymph node egress) can reshape the apparent immune system (for
example, what is seen in peripheral blood) and alter where immune cells can operate. 26

Spleen as the blood-filtering lymphoid organ for systemic
surveillance

Where lymph nodes filter lymph, the spleen filters blood. This is not a metaphor but a defining anatomical
constraint: unlike lymph nodes, the spleen lacks afferent lymphatic vessels, so antigens and cells primarily
enter the spleen from the bloodstream. As a result, the spleen is a major staging site for immune responses
to blood-borne pathogens and circulating antigens. 27

The spleen’s architecture is commonly described in terms of red pulp and white pulp. Red pulp is
associated with blood filtration and the handling of erythrocytes, while white pulp contains organized
lymphoid structures that resemble (in functional intent) lymph node compartments, including distinct T and
B cell areas. The boundary region between white and red pulp—the marginal zone—is strategically
positioned to intercept incoming blood and to coordinate innate-like capture with adaptive responses. 28

A useful anatomical-to-functional mapping is that the spleen’s T cell zone is called the periarteriolar
lymphoid sheath (PALS): a cuff-like region surrounding central arterioles within the white pulp. B cell
follicles are positioned adjacent to these T cell zones, enabling coordinated T-B interactions when
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appropriate. This arrangement parallels lymph node logic (separate but adjacent zones) while adapting it to
a blood-entry rather than lymph-entry context. 2°
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marginal zone PALS","periarteriolar lymphoid sheath PALS spleen immunohistochemistry CD3","spleen
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How blood-borne antigen is routed to splenic immune zones

Incoming arterial blood traverses regions that expose it to capture and screening mechanisms
concentrated in the marginal zone. Reviews emphasize that the marginal zone is positioned between the
lymphoid white pulp and the scavenging red pulp, and that much of the arterial blood runs through the
marginal zone where macrophage subsets and marginal zone B cells can intercept pathogens. This is
“immunological customs control” optimized for blood entry: capture first at the border, then route antigen
and APCs inward to the adaptive compartments. 30

Just as lymph nodes have conduit systems and size-selective transport paths, the spleen also has conduit-
like stromal networks that can distribute smaller molecules and chemokines within white pulp while
restricting access of larger molecules. Experimental work has described a splenic conduit system that
disperses small blood-borne molecules along a stromal network, suggesting that the spleen—like lymph

nodes—uses physical channels and stromal presentation to control what reaches lymphocytes and how.
31

How T cells enter and find the PALS

T cells do not wander into splenic white pulp at arbitrary sites. Imaging and mechanistic studies indicate
that T cells traffic from entry regions (including marginal zone areas) into the PALS using defined pathways
enriched for stromal networks, with fibroblastic reticular cells providing a substrate that guides T cell
movement into and within the T cell zone. Functionally, this guidance increases the probability that T cells

remain within the splenic region where dendritic cells and relevant antigen presentation are concentrated.
32

Clinical relevance: what splenic anatomy “buys,” and what is lost without it

Because the spleen is specialized for blood surveillance and for organizing rapid responses to blood-borne
threats, loss of splenic function (anatomic asplenia or functional hyposplenia) is associated with increased
risk of severe infection, particularly with encapsulated organisms classically including Streptococcus
pneumoniae, Haemophilus influenzae, and Neisseria meningitidis. Reviews of overwhelming post-splenectomy
infection (OPSI) emphasize this specific vulnerability and its clinical seriousness. The clinical lesson fits this
chapter’s theme: removing an anatomical module removes the encounter opportunities and filtering
functions it uniquely enables. 33
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Blood and lymph as complementary “highways” that set encounter
probabilities

To understand where T cells live and move, it helps to treat blood circulation and lymphatic circulation as
two interlocked transport systems with different engineering goals. Blood is a high-flow, closed loop
optimized for rapid delivery of oxygen, nutrients, and cells across the body. The lymphatic system is a lower-
pressure, one-way drainage and transport network that returns interstitial fluid to the bloodstream while
routing that fluid through lymph nodes for immune filtering. These differences in flow, pressure, and
connectivity create distinct “highways” with distinct encounter landscapes for immune cells. 34

Anatomically, lymph begins as interstitial fluid that enters lymphatic capillaries, then travels through
progressively larger lymphatic vessels and trunks, passing through lymph nodes along the way. Ultimately,
lymph returns to venous blood through major ducts—most notably the thoracic duct (draining much of the
body) and the right lymphatic duct (draining the upper right quadrant)—which empty into venous
circulation near the subclavian veins. This plumbing diagram matters immunologically because it defines
how tissue-derived antigens and cells are delivered to lymph nodes and how lymph node-egressed
lymphocytes return to blood. 35

A canonical recirculation loop for naive T cells can therefore be described as: blood = HEV — lymph node
paracortex (search) — efferent lymph — thoracic duct — blood. The loop's biological purpose is
repeated sampling: each pass gives the T cell another chance to meet the rare APC showing its cognate
antigen. Classic recirculation studies established the existence and scale of this traffic, and modern reviews
integrate HEVs, stromal organization, and lymphatic exit mechanisms into a unified framework for how
surveillance is achieved at organism scale. 36

The same circulation logic also explains why lymph nodes and spleen “hold” so many lymphocytes
relative to blood. Blood is a conduit; lymphoid organs are search spaces. Large-scale quantitative estimates
of immune cell distribution in humans conclude that lymphocytes are mainly located in lymph nodes and
spleen, reinforcing the idea that the immune system invests biomass where encounters and activation are
most likely to occur. 37

Residence-time estimates add a time dimension to the highway metaphor. Modeling work indicates that
lymphocytes spend very short times in fast-flow vascular compartments (seconds to minutes) compared
with substantially longer times in secondary lymphoid organs (hours), consistent with the idea that blood
flow is engineered for transport while lymphoid tissues are engineered for interaction. Even when specific
numbers vary by method and species, the directional inequality—short in transit, long in search spaces—is
robust and is exactly what an efficient surveillance design would predict. 38

Importantly, lymphatic highways are not used only by antigens and dendritic cells. Reviews emphasize that
antigen-experienced T cells can also access afferent lymphatic routes from tissues, contributing to
immune surveillance and communication between peripheral sites and draining lymph nodes. This adds a
second directional information flow beyond “tissue DCs carry antigen”: T cells themselves can return from
tissues to nodes in ways that reshape downstream responses. 39
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Tissue surveillance beyond lymphoid organs

Secondary lymphoid organs are central meeting points, but many immune decisions happen in non-
lymphoid tissues, especially barrier sites (skin, gut, lung) and inflamed organs. To reason about tissue
surveillance, it is helpful to distinguish major functional T cell states, because “where a T cell can go”
depends strongly on its differentiation and its surface trafficking machinery. Reviews of T cell trafficking
emphasize dynamic, activation-coupled changes in homing molecules: naive cells are configured to enter
lymph nodes efficiently, while effector cells are configured to reach inflamed tissues, and memory cells
occupy multiple niches, including long-lived tissue residence. 40

Naive T cells typically express molecules such as CD62L (L-selectin) and CCR7, enabling efficient entry into
lymph nodes via HEVs and positioning within T cell zones. Upon activation, many effector T cells
downregulate CD62L and CCR7, limiting their ability to re-enter lymph nodes through HEVs, and instead
upregulate combinations of selectin ligands, integrins, and inflammatory chemokine receptors (for
example, receptors such as CXCR3 or CCR5 are commonly discussed in this context) that support
recruitment into inflamed tissues. This is a trafficking “mode switch” that reallocates newly generated
effectors away from search in lymph nodes and toward action at peripheral sites. 4

Memory T cells are not a single migratory program. The central-memory versus effector-memory
distinction is often framed in terms of lymphoid homing (CCR7/CD62L-positive central memory tending to
access lymph nodes more readily; CCR7/CD62L-negative effector memory tending to patrol non-lymphoid
tissues). While real systems show mixtures and continua rather than rigid bins, the broad principle is
reliable: memory compartments are partially defined by anatomy—where the cells preferentially recirculate
and where they are poised to respond. 42

Tissue-specific “zip codes”: how priming location imprints later destinations

A striking mechanism connecting lymphoid anatomy to tissue surveillance is tissue-specific imprinting:
signals present during priming in particular lymphoid environments can induce homing receptors that bias
where effector and memory T cells later traffic. The gut is the classic example. Seminal work showed that
retinoic acid (a vitamin A metabolite) can enhance expression of the integrin a4p7 and chemokine receptor
CCR9 on activated T cells, imprinting gut-homing specificity. This creates a mechanistic bridge between
where priming occurs (often gut-associated lymphoid environments) and where the resulting effectors
preferentially return (intestinal tissues). 43

The gut-homing program also depends on matching endothelial ligands in the target tissue. A foundational
discovery for mucosal trafficking is that MAdCAM-1 (mucosal addressin cell adhesion molecule 1) is a ligand
for a47 and is expressed on mucosal venules/HEV-like vessels in gut-associated sites, supporting selective
recruitment of a4f7-expressing lymphocytes. In systems terms, a4f37 is a “vehicle feature” and MAdCAM-1
is the “road infrastructure” that makes that feature useful; tissue selectivity requires both sides. 44

Skin homing provides another instructive example. The cutaneous lymphocyte-associated antigen (CLA)
marks populations of memory/effector T cells associated with skin tropism, and classic work links skin-
homing behavior to interactions with E-selectin-binding activity and chemokine responsiveness in the
context of cutaneous inflammation. While chemokine receptor usage can be context-dependent and not
reducible to a single receptor, the broader point stands: skin-draining lymphoid contexts can generate T
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cells with a “skin-competent” trafficking phenotype that supports recirculation between blood and skin
during inflammation. 45

Tissue-resident memory: surveillance by staying put

Not all memory is built on recirculation. Tissue-resident memory T cells (T_RM) are memory subsets that
persist long-term within non-lymphoid tissues (and in some contexts within draining lymph nodes) without
continuously recirculating through blood. They are widely described as sentinels that provide rapid,
localized responses where pathogens commonly enter or where tumors arise, making them central to
modern concepts of barrier immunity and tissue immunosurveillance. 46

T_RM cells are often characterized by marker patterns consistent with tissue retention, commonly including
CD69 (which can antagonize S1PR1-driven egress cues) and CD103 in many epithelial contexts (supporting
adhesion to epithelial structures through E-cadherin interactions). The mechanistic logic ties directly back to
earlier sections: if STP-S1PR1 promotes exit from lymphoid tissues, then suppressing that axis (directly or
indirectly) is a plausible way to enforce residence. Tissue residency is, in this view, an engineered refusal to
re-enter the blood/lymph highway loop. 47

Why anatomy is destiny for T cell encounters in health, vaccination,
and disease

A practical way to synthesize this chapter is to track how “information” and “searchers” co-localize.
Information includes antigen, inflammatory signals, and APCs. Searchers include naive T cells (broad
search, high specificity), effector T cells (focused action), and memory/T_RM (accelerated local response).
Anatomy determines how information is routed (lymph to lymph nodes; blood to spleen; local tissue niches
for T_RM) and which searchers can access each compartment (HEV gates for naive cells; inflamed
endothelium gates for effectors; retention programs for residents). 48

This is why the route and site of antigen exposure so strongly shape immune responses. Draining lymph
nodes downstream of a pathogen or vaccine exposure are key early sites of antigen delivery and immune
organization, and a growing vaccine-design literature explicitly treats lymphatic trafficking and drainage
patterns as controllable variables. When antigen is efficiently delivered to the correct draining node regions
and retained/presented with appropriate kinetics, the chance that rare antigen-specific T cells are recruited
rises substantially. 49

Direct experimental evidence shows that route of vaccine administration alters antigen trafficking to
anatomically distinct lymph nodes, changing where antigens accumulate early after administration. This
provides a concrete mechanistic bridge between something that looks like a “delivery detail” (intramuscular
vs subcutaneous, etc.) and downstream immunity: changing which lymph node becomes the dominant
early meeting place changes which microenvironments provide priming signals and can reshape the
resulting immune response. 50

The same anatomical principles explain why lymph-node targeting is an active area in immunotherapy and
vaccinology. If priming and early expansion are concentrated in specific draining nodes, then strategies that
manipulate antigen size, formulation, or delivery route to favor lymphatic uptake can modulate the tempo
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and quality of T cell responses. Conceptually, this is “engineering the highway on-ramp” so that antigen
arrives in the venue where naive T cell traffic is densest. 49

Anatomy also explains emergent, disease-relevant structures. In chronic inflammation and many tumors,
tertiary lymphoid structures (TLSs) can form: ectopic lymphoid aggregates that resemble secondary
lymphoid organs and can include B cell follicles, T cell zones, dendritic cells, and HEV-like vasculature. The
presence of HEV-like vessels and lymphoid chemokines in these sites can enable lymphocyte recruitment
patterns more typical of lymph nodes, effectively creating new “meeting places” inside non-lymphoid
tissues. This is anatomy reshaping itself in response to persistent immune stimulation—and it changes
where T cells can be primed or restimulated. 51

Because these systems are gate-driven, altering gates can produce large system-level effects.
Pharmacologically blocking lymph node egress (S1PR modulation) changes where lymphocytes are
physically available to act; removing the spleen removes a unique blood-filtering immune organ; disrupting
HEV function or addressin expression changes which cells can enter lymph nodes and thus who gets to
participate in antigen screening. Many immunological pathologies and therapies can therefore be
reinterpreted as misrouting problems—either the wrong cells are in the wrong place, or the right cells cannot
reach the right place at the right time. 52

To summarize the core comparison that underlies much of T cell geography, the table below treats lymph
nodes and spleen as two engineered encounter systems, optimized for different input streams:

Feature Lymph nodes Spleen

Main “input stream” Lymph draining tissues Blood circulation

Primary antigen types  Tissue-derived, lymph-borne

Blood-borne pathogens/antigens
emphasized antigens; migratory tissue DCs P g g

Major naive T cell From blood into splenic white pulp

HEVs from blood

entry route regions

Canonical T cell zone Paracortex (T cell zone) PALS (periarteriolar lymphoid sheath)

Key anatomical A given tissue drains to specific Systemic blood exposure routes to spleen
“destiny” nodes — localizes priming — supports systemic surveillance

This contrast is not merely descriptive; it is predictive. If antigen stays localized and drains via lymphatics,
expect lymph node-centered priming. If antigen is predominantly blood-borne (or disseminates
systemically), expect a stronger role for splenic organization. 53
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Chapter 5

T Cell Nomenclature and Phenotyping: How Not to
Get Lost

Why T cell nomenclature gets confusing so quickly

T cells sit at the center of adaptive immunity, but the language we use to describe them often mixes three
different things: (i) what a cell is (lineage identity), (ii) where it is in a differentiation trajectory (for
example, naive = memory — effector-leaning), and (iii) what it is doing right now (activation, proliferation,
exhaustion, tissue residency, and so on). Modern assays—especially multiparameter flow cytometry—make
this tension worse in a productive way: they reveal real biological heterogeneity, but they also tempt us to
assign crisp labels to what is frequently continuous biology. 1

A second source of confusion is that most commonly used T cell “subset” labels (for example, “central
memory” or “effector memory”) were born as functional hypotheses tied to trafficking and recall
behavior, then became marker-defined quadrants that are easy to gate. Over time, many papers treat the
marker quadrant as if it were the function, even though the original mapping is context-dependent (species,
tissue, infection history, vaccination timing, stimulation conditions, and assay design). This drift—label —
gate — inferred function—is a major reason two labs can use the same words while describing different
cells. 2

Finally, the symbols themselves carry hidden assumptions. “CD” numbers are not “gene families” or
“pathways”; they are a standardized naming system for cell-surface molecules and the antibodies that
recognize them, developed through international antibody characterization workshops and carried
forward by Human Cell Differentiation Molecules 3 under sanction from International Union of
Immunological Societies 4 . In other words, CD nomenclature is a communication layer—useful and
essential—but it does not guarantee biological uniqueness of a marker or stability of marker expression
across states. >

What the canonical markers are and what they actually mean

The markers below (CD3, CD4, CD8, CD45RA/RO, CCR7) are popular because they compress complex biology
into a handful of measurable surface proteins. The safest way to interpret them is to treat each marker as
reporting a biological module (signaling apparatus, co-receptor logic, RNA-splicing program, or trafficking
preference), not as an immutable membership card for a named subset. 6

CD3: “This is a T cell” (usually), but biologically it means “this cell carries the TCR signaling module.”
CD3 refers to the invariant signaling subunits (y, &, €, and ¢ chains) that assemble with the antigen-binding T
cell receptor (TCR). Their cytoplasmic tails contain ITAMs (immunoreceptor tyrosine-based activation
motifs), which are phosphorylated early during activation and recruit downstream kinases such as ZAP-70.
In practical immunophenotyping, surface CD3 is used as a robust lineage gate for conventional TCRaf3 and
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many TCRy& T cells. Mechanistically, however, CD3 is best thought of as the cell's “wired connector” to
convert TCR engagement into intracellular signaling. 7

A crucial pitfall is that TCR/CD3 surface levels can change during activation, not because the cell stopped
being a T cell, but because receptor complexes are internalized, retained, recycled, and/or degraded as part
of signaling regulation (often discussed as TCR “downmodulation”). This creates a recurring experimental
failure mode: activated antigen-specific T cells can appear “CD3-low,” and if your gate was tuned on resting
blood, you may undercount the very response you induced. 8

CD4: common shorthand for “helper T cell,” but mechanistically it is an MHC class II co-receptor and
an Lck delivery device. CD4 binds non-polymorphic regions of MHC class II and, importantly, carries the
tyrosine kinase Lck in its cytoplasmic tail association, helping deliver Lck to the engaged TCR/CD3 complex.
A deep reason CD4 matters is not just “lineage,” but signal initiation efficiency—coreceptors raise the
probability of productive early phosphorylation events. Functionally, CD4 expression is enriched on helper T
cells and many regulatory T cells, but CD4 is not a functional guarantee (a CD4" cell can be cytotoxic; a CD4"

cell can provide help via cytokines in some contexts), and CD4 levels can change with stimulation history.
9

A particularly important “how not to get lost” point: CD4 can be downregulated after repeated or chronic
stimulation, yielding CD3*CD4" populations that are not contaminants but stimulation-shaped T cells. If
you equate “CD4 negativity” with “not a helper lineage,” you may misinterpret activated or chronically
stimulated cultures, certain tissue infiltrates, or disease contexts. 10

CD8: common shorthand for “cytotoxic T cell,” but mechanistically it is an MHC class I co-receptor
with important isoform complexity. Like CD4, CD8 primarily matters in signaling because it associates
with Lck and binds MHC class I, facilitating efficient TCR triggering under physiological conditions. In
standard blood immunophenotyping, CD8 is used to define the major “CD8 T cell” compartment, which is
often enriched for cytotoxic effector programs—but cytotoxicity is not guaranteed, and helper-like or
regulatory-like programs can exist within CD8* compartments depending on context. 11

CD8 also has a “marker meaning” trap: CD8 can be expressed as CD8af} heterodimers or CD8aa
homodimers, and these forms are not interchangeable in biology or interpretation. CD8aa expression is
especially relevant in intestinal and tissue-associated lymphocytes and may reflect distinct differentiation
constraints or regulatory logic rather than “canonical CD8 cytotoxic lineage.” This matters whenever you
move beyond peripheral blood—particularly in epithelial tissues—because “CD8 positivity” can mean
different molecular assemblies with different implications. 12

CD45RA and CD45RO0: often treated as “naive versus memory,” but biologically they are readouts of
an alternative splicing program in PTPRC (CD45). CD45 is a receptor-like tyrosine phosphatase that sets
signaling thresholds in lymphocytes in part through regulation of Src-family kinases (including Lck). The
isoforms detected as “RA,” “RB,” “RC,” and “RO" emerge from alternative inclusion/exclusion of specific exons
(classically exons 4-6 mapped to A-C segments), making CD45RA/RO a surface proxy for a broader
transcriptional/splicing state associated with naive-to-activated transitions. The widely taught rule of thumb
—naive T cells are CD45RA* and memory/activated are CD45RO*—is directionally useful, but incomplete
because isoform usage can be dynamic and can reconfigure with antigen exposure and time. 13
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Two practical consequences follow. First, CD45RA and CD45RO are not simply “opposites”; they are
antibody-detected epitopes that reflect a family of isoforms, and biology can drive returns to RA expression
after an effector phase. Second, “RA positivity” is not synonymous with “antigen inexperienced.” In human
virus-specific CD8 T cells followed longitudinally, antigen clearance and subsequent rest can be associated
with a shift from RO* effector phenotypes back toward RA* phenotypes, with additional complexity including
trajectories that pass through CCR7-defined states. This is not a rare corner case; it is exactly the kind of
timing-dependent behavior that breaks naive memory gating when you sample at different timepoints after
vaccination or infection. 14

CCR7: widely used as “lymph-node homing / central memory,” and mechanistically it is a trafficking
receptor with strong context dependence. CCR7 is a chemokine receptor that guides lymphocytes into
and within secondary lymphoid organs (for example, lymph nodes and spleen), classically via
responsiveness to CCL19/CCL21. In the landmark human memory T cell framework, CCR7 expression
distinguished memory populations with lymphoid-homing potential (CCR7*) from those biased toward
peripheral tissue trafficking (CCR77), motivating the central memory (T_CM) versus effector memory (T_EM)
distinction. Genetic and mechanistic work (including in CCR7-deficient mice) reinforces that CCR7 is not
merely a label; it helps establish functional immune microenvironments and efficient primary responses
through trafficking organization. 15

CCR7, however, is also prone to state-dependent modulation: activation, inflammatory cytokines, and
differentiation pressures can reduce CCR7 expression, and tissue residence programs often involve CCR7-
negativity simply because a resident cell is no longer routing through lymph nodes. Thus, CCR7 should be
interpreted primarily as a routing preference (where the cell is equipped to go), not a complete summary
of what it can do. 16

To anchor these marker meanings in a compact, usable way, the table below summarizes the safest “you
may say” versus “do not infer” statements. The goal is not to discourage marker usage, but to prevent
accidental overclaiming.

Marker What it most directly You should not
You can usually say ) ,
(surface) reports automatically infer
Presence of the TCR- “This cell is in the T cell “This cell is resting,” or
CD3 associated signaling lineage gate” (with context- “CD3-low meansnota T
complex dependent caveats) cell”

MHC II co-receptor and — , “This cell provides helper
This cell is CD4-gated (often .
CD4 coreceptor-bound Lck . function,” or “CD4-neg
) helper/regulatory-enriched)” ;
delivery means never helper-like”

MHC I co-receptor with — . “This cell is cytotoxic,” or
L . This cell is CD8-gated (often L
CDS8 Lck association; isoform . . “CD8 positivity means af3
) cytotoxic-enriched)” . "
complexity (a3 vs aa) co-receptor biology
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Marker What it most directly You should not
You can usually say . .
(surface) reports automatically infer

“This phenotype is consistent
Alternative splicing state P P

; with naive-like or memory/ “RA* equals antigen-
CD45RA/ of CD45 (PTPRC) tied to . , , . e
. . L activated-like states inexperienced,” or “RO
RO activation/differentiation .
histor depending on the full panel equals durable memory”
y and timing”
“This cell is equipped for “CCR7* equals central
Chemokine receptor . q, PP 9 .
. ) lymphoid routing (CCR7*) or memory function,” or
CCR7 supporting lymphoid . . . R . .
i S is less lymphoid-homing “CCR7" equals immediate
homing/navigation i i} .
biased (CCR77)" effector capacity”

This summary reflects both mechanistic literature on receptor signaling and trafficking and multiple
“markers play tricks” analyses emphasizing context, timing, and assay dependence. 17

“Subset” versus “state”: the conceptual distinction that prevents
category errors

A subset (in the most useful textbook sense) is a category intended to capture a relatively stable biological
program: a differentiation position, lineage choice, or long-lived trafficking niche. A state is a more
transient and often reversible condition layered on top of a subset: activation, proliferation, cytokine
exposure imprinting, exhaustion from chronic stimulation, or tissue residency cues. In practice, the same
markers are often (mis)used to denote both—CD45RA/RO and CCR7 are used as “subset markers,” but they
are also demonstrably shaped by stimulation history and antigen presence, which are state-defining
features. 18

A clean way to see the difference is to ask: Would this label still hold if I re-stimulated the cell, rested it,
or moved it to a different tissue environment? If the answer is “likely yes,” you are closer to a subset-level
description. If the answer is “no, it will probably change in hours to days,” you are describing state. TCR/CD3
surface density can shift rapidly with activation signaling; CCR7 can fall as cells adopt peripheral-tissue
routing; CD45 isoforms can switch with antigen exposure and rest. These are classic state-sensitive
behaviors that are nonetheless often used as subset gates. 19

This distinction becomes essential when you compare data across experiments. For example,
“CCR7-CD45RA™ (T_EM)" in resting blood is frequently interpreted as an effector-leaning memory subset. But
in a short-term in vitro stimulation assay, CCR7 negativity could instead reflect “recently activated,” and
CD45R0O positivity could reflect a splicing program induced by stimulation rather than a stable
differentiation endpoint. Similarly, “CCR7*CD45RA* is often called “naive,” but it can hide stem-like memory
populations that share that surface phenotype yet differ by other markers, epigenetic features, and
response potential. 20

A modern consensus view is therefore shifting away from forcing antigen-experienced T cells into a small
set of idealized bins and toward property-based descriptions that explicitly say what biological features
are present (for example, “lymphoid-homing,” “resident,” “chronically stimulated,” “cycling,” “cytotoxic-
program high”). A recent consensus statement on T cell nomenclature explicitly promotes this kind of
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“modular” thinking to make papers more transparent about how populations were defined and what
properties were actually measured. 21

Gating logic that stays stable across labs and projects

Gating is often taught as a sequence of familiar plots, but the durable way to design gates is to start from
measurement physics and biology: What events are even eligible to be my cells? What artifacts could
masquerade as them? Which markers best define lineage vs function vs state for my question?
Standards initiatives in flow cytometry reporting exist largely because many published disagreements are
not biological—they are differences in sample handling, instrument setup, compensation/unmixing, gating
boundaries, and reporting completeness. 22

A canonical “do not get lost” gating logic for human peripheral blood T cell phenotyping (adjust as needed
for tissue and panel) is:

First, gate on acquisition quality (stable flow rate and signal over time, if available) and exclude obvious
anomalies, because unstable acquisition can create population warping that later looks like “biology.”
Reporting frameworks emphasize recording these acquisition details precisely so that downstream claims
can be evaluated and reproduced. 23

Second, identify the cell size/granularity region consistent with your target (often “lymphocyte region” in
FSC/SSC) while remembering that activated lymphocytes can shift in scatter. Overly tight “lymphocyte gates”
can therefore bias against activated or blasting T cells, which is a frequent failure mode in stimulation
experiments. General standardization reviews repeatedly highlight sample- and state-dependent shifts as a
core reason harmonization is difficult. 24

Third, exclude doublets and aggregates (for example with FSC-A vs FSC-H or FSC-W vs FSC-H), because a
doublet of a marker-positive cell and a marker-negative cell can produce a false “intermediate” or false
“double-positive” signal. Doublet discrimination is not optional when your interpretation depends on
quadrant boundaries (like CCR7 x CD45RA), because doublets inflate exactly those boundary regions. 25

Fourth, exclude dead cells, because dead/dying cells tend to show increased nonspecific binding, altered
autofluorescence, and permeability-related artifacts that can masquerade as real marker expression. Many
practical guides and reporting standards emphasize using viability dyes and documenting them as part of
interpretable gating. 26

Fifth, define your lineage gate, commonly CD3* for T cells, optionally combined with a “dump channel” to
exclude non-T lineages if your panel supports it. When the goal is to quantify antigen-induced activation, it
is often wise to inspect whether activated cells are becoming CD3-low and to use gating that captures the
full CD3* distribution rather than a narrow “CD3-bright” gate tuned on resting blood. 27

Sixth, subdivide CD3* T cells into CD4-gated and CD8-gated compartments, but treat “CD4°CD8™" and
“CD4*CD8™ events as potentially meaningful rather than automatically as errors—especially in thymic
contexts, some tissue contexts, and chronic stimulation settings (where marker downregulation or
intermediate expression states can generate these regions). 28
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Seventh, within each compartment, apply your differentiation/trafficking readouts (for example CCR7 x
CD45RA), then layer state markers (activation, exhaustion, cycling) only after you are confident your lineage
and major differentiation gates are not being distorted by technical artifacts. This “modules first” approach
aligns well with modular nomenclature recommendations and with minimum-information reporting
standards that prioritize clarity on what was gated, how boundaries were set, and which controls justify
them. 29

Gate placement is where many labs unknowingly diverge. For multicolor panels, FMO (fluorescence minus
one) controls provide an empirically grounded way to set positivity thresholds in the presence of
fluorescence spread caused by compensation or cross-laser effects. The core idea is simple: stain with
everything except the marker you are gating, then use that distribution to decide where “negative” ends
under your exact panel conditions. This is especially important for dim markers and for quadrant gates like
CCR7 x CD45RA where the interpretation hinges on boundary events. 30

A practical reminder that prevents downstream naming chaos: many commercial templates (for example
from BD Biosciences 37 ) implement “classic” CD45RA/RO and CCR7 gating approaches that work well in
typical blood samples, but even these templates explicitly depend on how the CD3 gate is drawn, which
controls were used, and whether the sample is resting vs stimulated. Treat templates as starting points, not
ground truth. 32

The major pitfalls that make people mislabel T cells

The most common mistake in T cell phenotyping is to treat markers as if they were intrinsic identity labels
rather than regulated biological outputs. A “marker trick” happens when the same marker value can arise
from different causes—lineage, differentiation, activation, tissue environment, or technical artifact—so that
a gate becomes ambiguous without additional context. This problem is now well documented in analyses
focused specifically on human CD8" T cell subset definitions and in broader nomenclature guidance that
argues for more explicit, method-anchored labels. 33

A central pitfall for the markers in this report is activation-driven remodeling. The TCR/CD3 complex is not
static on the surface; engagement can drive downmodulation through altered recycling/retention and
degradation, which can make activated antigen-specific T cells appear CD3-low. Similarly, chronic or
repetitive stimulation can reduce CD4 surface levels, creating CD3*CD4~ populations that are easy to
misinterpret as “non-helper contaminants” if one expects CD4 to be immutable. These are not esoteric
molecular quirks—they are common ways the immune system regulates signaling sensitivity and prevents
runaway activation. 34

The CD45RA/RO axis is particularly prone to misinterpretation because it looks deceptively binary in many
panels (“RA vs RO"), yet it reports a regulated splicing program that can change with activation and antigen
presence. Mechanistic work has shown that the naive-to-activated transition is accompanied by alternative
splicing shifts in CD45, with inducible regulators (such as hnRNPLL) contributing to reciprocal RA/RO
expression changes. If you phenotype at a single timepoint, RA=RO may look like “naive became memory”;
if you phenotype longitudinally, RO—RA can occur after antigen clearance, meaning “RA positivity” can
describe an antigen-experienced, functional memory population. 35
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This timing dependence is not just theoretical. Longitudinal tracking of virus-specific human CD8 T cells
after vaccination has documented trajectories in which cells move from naive-like (CD45RA*CCR7*) to
effector/effector-memory-like (CD45RO*CCR7"), then become CD45RA* again after clearance and can remain
RA-positive for years, with additional antigen encounters (for example boosters) inducing repeated RA<*RO
transitions. These findings were explicitly argued to have implications for T cell nomenclature, because
“canonical” subsetting assumptions (for example that long-lived memory must pass through a stable
CD45RO*CCR7* central-memory gate) did not hold for the antigen-specific populations studied. 36

CCR7 adds a complementary pitfall: because it is a trafficking receptor, changes in CCR7 can reflect changes
in routing preference rather than “loss of memory.” The original central-memory versus effector-memory
framework tied CCR7 expression to lymphoid homing versus peripheral routing and immediate effector
potential. In real datasets, CCR7 can be modulated by activation and differentiation pressures, and CCR7-
negativity can also be a signature of tissue-resident programs or peripheral effector routing rather than a
single named subset. This is exactly why CCR7 should be interpreted as a property (lymphoid-homing
potential), not a complete identity statement. 37

A second broad family of pitfalls is sample processing and tissue context. Peripheral blood is
comparatively forgiving: many markers behave in familiar, textbook-aligned ways. Tissue samples (tumors,
gut, lung, skin) introduce digestion, stress, and residency programs that can alter surface expression, enrich
unusual isoforms (for example CD8aa-associated populations), or skew scatter properties. In these
contexts, “blood-trained gates” are a major source of false differences between studies. The safest discipline
is to explicitly state the sample type, processing method, and whether “canonical blood phenotypes” are
expected or are being used only as an approximate coordinate system. 38

Finally, there are analytical pitfalls that masquerade as immunology. Doublets inflate boundary
populations and false double-positives; compensation/spread without FMOs shifts gate placement; and
inconsistent reporting makes it impossible to know whether differences are biological or procedural. This is
the motivation behind minimume-information standards for flow cytometry experiments: without
transparent annotation of samples, reagents, instrument configuration, and gating/processing, even
competent readers cannot interpret or reproduce published phenotypes reliably. 39

Building a consistent naming scheme that does not collapse under
activation, tissue, or time

A robust naming scheme has one job: when someone reads your label, they should be able to reconstruct
(a) what was actually measured and (b) what biological properties you are claiming—without silently
importing assumptions from another lab’s gating conventions. The fastest path to this robustness is to
avoid using a single word (“naive,” “effector memory,” “terminal effector”) to carry both subset and state
information. Instead, treat your label as a structured statement with separable modules. 40

" .

A widely applicable minimal framework is:

Lineage module (what it is): start with CD3-gated T cells and specify TCR type if known (a3 vs y6) or
relevant. Even if you do not have TCR antibodies in the panel, stating that “CD3 was used as the lineage
gate” prevents readers from assuming you used an alternative (for example CD2 or CD5) that might behave
differently under activation. 41
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Coreceptor module (how it couples to antigen presentation): CD4-gated vs CD8-gated, with an explicit
note if CD4°CD8" or CD4*CD8"* regions were excluded or analyzed. This module is about co-receptor biology

(MHC class II vs class I coupling and Lck recruitment), not a guarantee of “helper” or “cytotoxic” function.
42

Differentiation/trafficking module (where it is positioned and where it is equipped to go): CCR7 and
CD45RA/RO (and optionally CD62L) are useful coordinates, but they must be described as marker-defined
phenotypes first, with subset names second. For instance, “CCR7*CD45RA™ phenotype (often called T_CM)" is
more honest and more portable than “central memory” alone, because it keeps the gate definition attached
to the word. 43

State module (what it is doing now): activation, cycling, exhaustion, and residency should be stated as
separate properties, not baked into the memory subset label. This matters because many “states” partially
overwrite your canonical markers (for example CD3 downmodulation, CCR7 loss, CD45 splicing shifts).
Exhaustion in particular is defined as a response to chronic antigen stimulation and is not a synonym for
“effector memory” or “terminal differentiation,” even if phenotypes often overlap. 44

This modular logic is explicitly aligned with recent nomenclature guidance proposing a “modular
nomenclature paradigm” that encourages papers to define subsets by the experimental basis used,
standardize definitions where possible, and move away from assuming that all antigen-experienced T cells
belong to a few idealized bins. 21

Practically, you can implement this as a two-part label in papers and datasets:

1) a human-readable name (for example, “CCR7*CD45RA™ phenotype (T_CM-like)"); and
2) a machine-readable marker definition (for example, “CD3*CD4*CCR7*CD45RA™ with gating notes).

The goal is not verbosity for its own sake; it is to prevent label drift across manuscripts, labs, and timepoints
—especially when the underlying markers can be remodeled by antigen exposure, rest, and stimulation
conditions. 45

Worked examples of not getting lost

Consider a common study: PBMCs are collected before vaccination, then again at day ~14 (peak effector
expansion) and weeks later (memory). If you use a static rule that “CD45RA'CCR7* = naive” and
“CD45RO*CCR7" = effector memory,” you might conclude that antigen-specific cells disappear from memory
if they become CD45RA* again. Longitudinal antigen-specific tracking shows why this is wrong: RO—RA
transitions can occur after antigen clearance, and repeated antigen encounters (boosting) can drive RA©RO
cycling. Under a modular naming scheme, you would report the kinetic phenotype changes explicitly rather
than forcing each timepoint into one fixed subset label. 46

Now consider an in vitro stimulation assay (anti-CD3/CD28, peptide pools, or antigen-presenting co-culture)
where you want to quantify activated CD4 and CD8 T cells. A classic misstep is to set a narrow CD3 gate on
unstimulated controls and then apply it unchanged to stimulated samples. Because the TCR/CD3 complex
can downmodulate with activation signaling, you may preferentially exclude the activated events. A “not
getting lost” workflow is to predefine the lineage module carefully (including CD3-low tail inspection) and
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then define activation state using separate markers (or functional readouts such as cytokines), rather than
treating small shifts in CD3 as loss of lineage. 47

Finally, consider tissue samples, especially barrier tissues like gut or tumor infiltrates. If you carry over
blood-centric assumptions (“CD8* means conventional cytotoxic CD8ap T cells; CCR7- means effector
memory; CD69 means activation”), you can misclassify resident or tissue-adapted populations. Tissue
resident memory T cells, for example, are often characterized by CD69 and/or CD103 in human tissues, and
CCR7-negativity is expected as part of a residency/retention program rather than a simple “memory subset.”
Meanwhile, CD8 expression in tissues can reflect distinct isoform usage (including CD8aa-associated
programs), so “CD8 positivity” is less specific than it appears from blood alone. The stable way to name
these populations is to keep the lineage and differentiation modules explicit and then add a residency
property module, rather than mapping them onto blood memory bins by default. 48
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Chapter 6

The TCR Repertoire: Diversity as a Survival
Strategy

Conceptual overview of the TCR repertoire

The T cell receptor (TCR) repertoire is the total collection of distinct TCRs expressed by all T cells in an
individual at a given time, across tissues and developmental states. In practical terms, immunologists often
describe the repertoire at one or more levels: (i) the naive repertoire (T cells that have not yet encountered
their cognate antigen), (ii) the memory/effector repertoire (T cells expanded and differentiated after
antigen exposure), and (iii) antigen-specific subrepertoires (T cells responding to a particular peptide-
MHC target). This “repertoire” framing matters because T cells defend against an open-ended and evolving
set of pathogens; the immune system cannot pre-encode receptors for all future threats, so it "hedges” with
diversity. 1

Most conventional T cells express an af TCR, a heterodimer of one a chain and one B chain, each with a
variable region (for antigen recognition) and a constant region (for structural and signaling integration with
the CD3 complex). A smaller lineage expresses y& TCRs, which are generated by analogous recombination
logic but have different antigen-recognition behaviors and tissue distributions; these are important in some
contexts but the remainder of this chapter focuses mainly on af3 TCR repertoires because they are the
dominant adaptive-recognition system in humans. 2

A central distinction between TCRs and antibodies is that TCRs are selected to recognize antigens as
peptides bound to major histocompatibility complex (MHC) molecules (or related antigen-presenting
systems), rather than free antigen. Structural work over decades shows that many TCRs dock onto peptide-
MHC (pMHC) with a broadly conserved geometry (“diagonal” orientation), in which germline-encoded TCR
features frequently engage conserved MHC surfaces while the hypervariable center focuses on the peptide.
This recognition mode lets the immune system couple two kinds of diversity: the extraordinary population
diversity of MHC alleles and the within-individual diversity of TCRs. 3

When immunologists say “diversity is a survival strategy,” they mean something more specific than “many
different sequences exist.” The repertoire is shaped by a pipeline with three stages: generation
(randomized assembly of TCR genes), selection (survival of receptors that can productively engage self-
MHC but are not dangerously self-reactive), and deployment (expansion and persistence based on
infections, vaccines, commensals, and inflammation). Each stage imposes biases. The result is not a uniform
random set of receptors, but a structured distribution that simultaneously supports (i) broad coverage of

possible pathogens, (ii) robustness to viral immune escape, and (iii) tolerable levels of autoimmunity risk.
4
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Mechanisms that generate diversity from genes to clonotypes

Gene-segment architecture and combinatorial diversity

TCR diversity begins in the genome. TCR loci contain multiple V (variable), D (diversity) (B chain only), and ]
(joining) gene segments. During T-cell development, a single V (and D, where applicable) and a single | are
brought together by DNA recombination to form a complete variable-region exon. This creates
combinatorial diversity, meaning diversity created by choosing among many discrete building blocks. The
curated gene catalogs in IMGT 5 summarize that, per haploid human genome, there are on the order of
dozens of functional V and J gene segments for a and 8 chains (with 8 also using D segments), yielding
thousands of possible V-J (a) and V-D-J (B) combinations even before additional diversification steps are
considered. 6

Combinatorial diversity is substantial but not sufficient by itself. For example, IMGT's summary table
explicitly lists a range of combinatorial possibilities derived from functional gene counts (e.g., thousands of
possible a-chain V-] combinations and up to a few thousand B-chain V-D-J combinations depending on
haplotype definitions and gene functionality), illustrating that simple segment choice produces a repertoire
that is large but still far smaller than the antigenic universe T cells must cover. This is why later steps—
especially junctional diversification and chain pairing—are central to the “survival strategy” logic. 7

V(D)) recombination and junctional diversity

The core diversification process is V(D)] recombination, initiated by the lymphocyte-specific RAG1/2
endonuclease complex, which recognizes recombination signal sequences (RSSs), cleaves DNA, and hands
off the broken ends to general DNA repair machinery (predominantly non-homologous end joining) to
complete the rearrangement. A crucial point for repertoire biology is that the joining process is intentionally
imprecise: nucleotides are deleted from gene ends, and new nucleotides can be added, producing
additional variability focused in the CDR3 (complementarity-determining region 3) loops that often
dominate peptide contacts. 8

Two kinds of non-germline additions are commonly discussed. P nucleotides arise from hairpin opening
and fill-in synthesis during joining, a mechanism recognized early in studies of TCR gene rearrangements. N
nucleotides are non-templated additions catalyzed by terminal deoxynucleotidyl transferase (TdT).
Empirically and mechanistically, TdT-mediated N addition is a dominant driver of a8 TCR sequence diversity
because it explosively expands the number of possible junction sequences beyond what segment choice
alone can generate. 9

A highly instructive experimental line comes from TdT-deficient systems. In mice lacking TdT, the repertoire
still functions in many contexts, but the junctions show markedly reduced N-addition-driven variability,
demonstrating that a large fraction of normal repertoire diversity originates specifically from TdT's
stochastic nucleotide insertion. This result is conceptually important: the immune system’s “random number
generator” is not only which segments are chosen but also how their boundaries are rewritten. 10

Chain pairing and allelic rules

A third major diversity multiplier is a-B chain pairing. Even if one fixes a B-chain sequence, many different
a chains can pair with it (and vice versa), and different a3 pairings can produce distinct binding properties.
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This pairing effect is often underappreciated when repertoires are profiled by single-chain sequencing
(commonly TCRPB only) because one loses information about which a chain is paired in the same cell.
Methodologically, the modern rise of single-cell paired a3 sequencing has made it increasingly clear that
paired-chain information is often necessary to reason about specificity. 1

The repertoire is also shaped by allelic exclusion/inclusion rules. For TCRp, allelic exclusion is relatively
stringent—most a T cells express one productive 3 chain—while TCRa can show more allelic inclusion
(some cells can express two a chains), creating “dual TCR” cells with the potential for dual specificity. This
matters for both repertoire measurement (because a “cell” may carry more than one potentially functional
receptor) and tolerance (because one receptor can help a thymocyte pass selection while the other carries
risk). Foundational experiments and subsequent reviews discuss the prevalence and implications of dual a-
chain expression. 12

Selection as a diversity filter, not merely a deletion step

After generation, thymic selection converts “possible receptors” into a “usable repertoire.” Positive
selection preferentially preserves thymocytes whose receptors can engage self-MHC presenting self
peptides with sufficient (typically low) affinity to support survival, thereby enforcing MHC restriction.
Negative selection deletes thymocytes with high-affinity engagement of self antigens to reduce
autoimmunity risk. Importantly, selection does not act uniformly across sequence space; it amplifies some
recombination biases, suppresses others, and can create reproducible patterns that later appear as “public”
motifs. In modern modeling and empirical studies, thymic selection is understood as a probabilistic filter
that reshapes, rather than simply “shrinks,” diversity. 13

Public versus private clonotypes and the forces that shape sharing

What is a clonotype and why definitions matter

A clonotype is a definition for “one TCR identity,” but the exact definition is not fixed across the literature.
Many studies define a clonotype by (i) V gene, (ii) ] gene, and (iii) CDR3 amino-acid sequence for a given
chain (often TCRP), while others require paired aff information, nucleotide identity, or additional features.
This definitional variability directly affects how much receptor “sharing” is observed between people: stricter
definitions reduce apparent sharing; looser definitions increase it. Modern repertoire reviews emphasize

that consistent clonotype definitions are essential for meaningful comparisons across cohorts and studies.
14

Public and private clonotypes: operational definitions

With clonotypes defined, public clonotypes are those found in multiple individuals, whereas private
clonotypes are those observed only in a single individual (or appear to be unique given sampling limits).
Operational definitions vary: some papers define “public” as present in a majority of individuals within a
cohort for a given antigen response, while others treat any cross-individual recurrence as public. The key
biological question is not the label itself but why recurrence occurs despite astronomical theoretical
diversity. 15
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Convergent recombination and generation probability

A major mechanistic explanation for publicness is convergent recombination: many distinct nucleotide
rearrangements can encode the same amino-acid CDR3 sequence (due to codon degeneracy and multiple
ways of deleting/adding nucleotides while arriving at the same translated output). If a particular amino-acid
sequence can be generated by many different DNA rearrangements, it has a higher generation
probability, and thus is more likely to appear independently in multiple individuals. This principle has been
repeatedly invoked to explain shared TCRs in both naive and antigen-experienced compartments and has
been formalized in probabilistic models of repertoire generation. 16

Beyond pure generation, selection can promote publicness. If certain structural solutions fit common pMHC
targets particularly well, thymic selection and peripheral expansion can preferentially amplify those
solutions. Thus, the observed “public repertoire” emerges from the interaction of (i) biased generation
probabilities and (ii) biased survival/expansion probabilities. Reviews on determinants of public responses
highlight this two-factor logic, and modern analyses increasingly treat publicness as a quantitative trait
rather than a binary category. 17

Antigen exposure, HLA context, and reproducible motifs

Public clonotypes are often discussed in the context of antigen-specific responses, where certain TCR
motifs recur in people sharing relevant HLA alleles and exposure histories. For example, gluten-specific CD4
T cell responses in celiac disease show biased V-gene usage and shared CDR3 motif patterns across
individuals, reflecting both antigenic constraint (a limited set of immunodominant gluten peptides
presented by specific HLA class II molecules) and convergent recombination/selection processes. This
illustrates an important conceptual point: publicness is not merely a curiosity—it can be a signature of
strong constraints in antigen recognition. 18

At the whole-repertoire level (not restricted to one antigen), large-scale datasets reveal that sharing is
nonzero but still limited, with most clonotypes remaining private under typical definitions and sampling
depths. Nonetheless, the amount of sharing can be higher than one might naively expect if one assumes
fully random generation and ignores convergent recombination. Work quantifying TCR sharing in large
cohorts provides empirical grounding for what “publicness” means in practice. 19

Why cross-reactivity is unavoidable

The coverage problem in first-principles terms

The core first-principles argument is a numbers mismatch. The space of possible peptide antigens is
enormous: for a 9-mer peptide, there are 2079 possible sequences, and for longer peptides the
combinatorics expand further. By contrast, each human maintains a finite number of T cells and a finite
number of distinct clonotypes, with modern estimates of distinct TCRB sequences in the naive repertoire
reaching on the order of 10A8 under some study designs and statistical lower-bound approaches. Even if
one argues about the precise magnitudes (and those magnitudes do vary by method and definition), the
qualitative gap is overwhelming: it is impossible for the immune system to allocate a unique TCR to every
possible antigen. 20
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Therefore, the immune system must rely on cross-reactivity (also called degeneracy or polyspecificity),
meaning a given TCR can respond to more than one pMHC ligand. This is not a flaw; it is the only feasible
way to cover an open-ended antigen universe with finite cellular resources while keeping search time
reasonable (i.e., allowing T cells to find infected cells without needing astronomically many distinct clones).
Comprehensive reviews argue that extensive cross-reactivity is not optional—it is enforced by geometry and
by the probabilistic structure of antigen space. 21

Structural and biophysical bases of degeneracy

Cross-reactivity arises because TCR recognition is a shape-and-chemistry problem rather than a strict
sequence-matching problem. Structural studies show that TCRs can accommodate different peptides
through combinations of: (i) flexible CDR loop conformations, (ii) altered docking footprints, (iii) reliance on
a subset of “hotspot” contacts, and (iv) the fact that peptides bound to MHC present a limited topography (a
constrained surface) even when sequences vary. The repeated observation of broadly conserved docking
geometry across many solved complexes coexists with enough local flexibility to permit multiple ligands per
receptor. 22

Biophysically, typical native TCR-pMHC affinities often fall in the micromolar range, and T cell activation
depends not only on affinity but also on kinetic parameters, co-receptor involvement (CD4/CD8), and
signaling thresholds. This matters because a TCR can be “functionally cross-reactive” to many peptides at
physiologic sensitivity, even if only a subset bind strongly in classic biochemical assays. Reviews of TCR
affinity/avidity and studies manipulating co-receptor interactions emphasize that cross-reactivity is tuned by
developmental and contextual parameters rather than being a fixed intrinsic constant of the receptor
sequence alone. 23

Empirical measurements of extreme cross-reactivity

While the argument for cross-reactivity is logically compelling, it is strengthened by direct measurement. A
striking example is an experimental and mathematical analysis showing that a single patient-derived
autoimmune CD8 T cell clone (in a type 1 diabetes context) could recognize more than a million distinct
decamer peptides presented by a single MHC class I molecule under the tested conditions. This does not
imply that every TCR is equally promiscuous, or that all recognized peptides exist naturally at sufficient
abundance in vivo; rather, it demonstrates that the “recognition neighborhood” in peptide space can be
extremely large for at least some receptors. 24

Other high-throughput ligand-discovery approaches reinforce the principle from a different angle. Methods
that screen highly diverse peptide-MHC libraries against a defined TCR can map sets of tolerated peptide
variants and quantify the extent of the receptor’'s permissiveness. These tools reveal that cross-reactivity
often depends on chemical similarity and structural constraints rather than simple linear sequence

homology; peptides that look dissimilar in sequence can still present similar recognition surfaces to a TCR.
25

The upside and downside of unavoidable cross-reactivity

Cross-reactivity has clear defensive benefits. First, it improves antigenic coverage. Second, it makes immune
escape harder: if any given pMHC is recognized by multiple distinct TCRs (a polyclonal response), then a
pathogen mutation that disrupts recognition by one clone may still be recognized by others. Third, cross-
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reactivity enables forms of heterologous immunity, where memory T cells elicited by one pathogen can
accelerate responses to another. These benefits are discussed explicitly in integrative reviews of why cross-
reactivity is required. 26

The downside is that cross-reactivity creates an ever-present route to autoimmunity. Thymic negative
selection eliminates strongly self-reactive clones, but the system cannot delete every clone that might
weakly recognize some self peptide, because weak self recognition often supports survival (and may be
entangled with MHC restriction). If an infection provides a foreign peptide that sufficiently activates a
weakly self-cross-reactive clone, that clone can expand and cause pathology—one framework for molecular
mimicry. This mechanism is a recurring theme in cross-reactivity literature and is central to why “diversity
as survival strategy” must be balanced against tolerance. 27

Measuring and comparing repertoire diversity

What “diversity” means in repertoire science

In repertoire analysis, “diversity” is multi-dimensional and borrowing language from ecology is not an
accident. Diversity can refer to: richness (how many distinct clonotypes exist), evenness (how evenly
distributed clone sizes are), and clonality/inequality (the degree to which a few clones dominate). Crucially,
two repertoires can have identical richness but very different evenness, leading to different biological
interpretations—for example, a repertoire with extreme clonal dominance may reflect recent antigen-driven
expansion, while a more even repertoire may reflect a broad naive pool or a polyclonal immune history.
Contemporary reviews emphasize these distinctions and caution against treating any single metric as a
universal “diversity score.” 28

A second dimension is functional diversity, meaning diversity in what antigens can actually be recognized,
which is not perfectly captured by sequence diversity. Two different TCR sequences might recognize highly
overlapping sets of pMHC targets; conversely, small sequence changes can shift specificity drastically.
Newer work increasingly incorporates similarity networks or structural predictions to estimate diversity in
“recognition space,” not just “sequence space,” but these approaches remain an active research frontier
rather than a settled standard. 29

Experimental measurement: from bulk TCR-seq to paired single-cell repertoires

Most repertoire studies rely on high-throughput sequencing of rearranged TCR transcripts or genomic DNA
in a sample. Bulk TCR-seq typically amplifies and sequences one chain (often TCRB) from many cells,
producing a list of clonotypes and their relative abundances. Single-cell TCR sequencing can capture
paired aff chains and, when combined with transcriptomics, can connect receptor identity to cell phenotype
(activation, exhaustion, tissue residency signatures, cytokine programs). Reviews highlight that each
approach has tradeoffs among cost, depth, quantitative accuracy, and biological interpretability. 30

Diversity estimates depend strongly on technical details: sampling depth (how many cells and reads), PCR
amplification bias, choice of primers, error correction, and whether unique molecular identifiers (UMIs) are
used. Benchmarking studies show that different computational pipelines can produce differences in
recovered clonotypes and in diversity estimates, especially when rare clones are important. Thus, “how
diversity is measured” includes both the biological definition and the experimental measurement chain that
produces the data. 31
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Core diversity indices and what they capture

A useful way to organize diversity metrics is by what they emphasize:

Richness-focused measures attempt to estimate the number of distinct clonotypes (observed and
unobserved). Because many repertoires contain vast numbers of low-frequency clones, estimating the
unseen tail is an “unseen species” problem; classical estimators can underestimate true richness, and
specialized methods (including DivE-style approaches) have been proposed. The point is not that one
estimator is “correct” universally, but that richness estimation is fundamentally limited by sampling, making
it essential to report uncertainty and to interpret estimates as bounds or model-dependent inferences. 32

Evenness- and dominance-sensitive measures include the Shannon entropy (sensitive to both richness and
evenness) and the Simpson index (more sensitive to dominance by large clones). Immunology studies
often transform or normalize these quantities into “clonality” metrics (where higher clonality indicates a
more focused repertoire dominated by fewer clones). Recent comparative analyses of many indices
highlight that different metrics respond differently to sequencing depth and clone-size distribution, which is
why reporting multiple complementary indices is often more informative than reporting one number. 33

Another family of measures addresses overlap between repertoires, such as Jaccard-type overlap
(presence/absence), Morisita-Horn (abundance-weighted overlap), or other divergence measures. These
are essential for questions like: How much of the response is shared between twins? How stable is a
person’s repertoire over time? How similar is a tissue repertoire to blood? Studies of public/private sharing
and longitudinal dynamics often rely on such overlap measures combined with models of generation
probability and selection. 34

Convergence, motif clustering, and “recognition-space” approaches

Sequence-level diversity metrics treat clonotypes as discrete species, but TCRs form neighborhoods in
sequence space where related receptors may share specificity. Methods that detect clusters of similar TCRs
enriched in a condition (e.g., during vaccination or disease) attempt to infer antigen-driven structure in the
repertoire from bulk sequencing alone. Framework papers outline how to detect such clusters while
accounting for generation biases and background similarity. A key idea is that antigen exposure may create
“islands” of expanded, sequence-related receptors that are not easily described by simple diversity indices
alone. 35

A related concept is TCR convergence, often defined as multiple distinct nucleotide rearrangements
producing the same amino-acid clonotype (or multiple closely related amino-acid clonotypes) and
interpreted as evidence of antigen-driven selection because selection can amplify receptors that are easier
to generate (high probability) and effective against a given antigen. Work connecting convergence metrics
to antigen specificity illustrates how publicness, convergent recombination, and antigen-driven expansion
are interlinked. 36
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Implications for vaccines

Why vaccine success depends on repertoire structure

Vaccines aim to elicit immune memory that protects against future infection (or disease). For T cell
immunity, protection can depend on generating (i) sufficient numbers of antigen-specific T cells, (ii) durable
memory phenotypes, and (iii) a repertoire that is broad enough to recognize diverse pathogen variants and
to reduce the probability of immune escape. Because pathogens mutate, a vaccine-elicited response
concentrated into a narrow set of clonotypes or a narrow epitope can be more fragile than a polyclonal
response distributed across multiple clonotypes and epitopes. Theoretical and review arguments about
polyclonal recognition and escape resistance are explicitly tied to TCR cross-reactivity and repertoire
breadth. 37

Modern vaccine immunology increasingly uses repertoire sequencing to quantify response architecture
using concepts like clonal breadth (how many distinct responding clonotypes are present) and clonal
depth (how strongly those clonotypes expand). These quantities help separate two different “good
outcomes”: a vaccine might induce a broad but shallow response (many clones, modest expansion) or a
narrow but deep response (few clones, large expansion), and these may differ in durability and variant
coverage. Work applying breadth/depth logic to vaccination contexts shows the utility of treating the
response as a distribution rather than a binary “responder/non-responder” outcome. 38

Empirical case studies: yellow fever and varicella zoster vaccination

The live-attenuated yellow fever vaccine YF-17D has served as a model system for studying human T cell
dynamics because it induces strong, measurable responses. High-throughput sequencing studies have
tracked clonal expansion and contraction over time at the level of individual TCR lineages, providing direct
evidence that vaccination drives large-scale repertoire remodeling and enabling statistical frameworks to
identify responding clones. Importantly for public/private distinctions, these studies report that many
responding clones are private, even in genetically identical twins, though twins can show elevated overlap
relative to unrelated individuals—consistent with shared genetics shaping generation/selection biases while
exposure and stochasticity preserve individuality. 39

Varicella zoster vaccination provides a complementary view, especially in older adults where immune
memory and repertoire aging intersect. Studies analyzing VZV-reactive CD4 T cells before and after
vaccination have reported that individuals often have a small number of dominant clones but differ
markedly in overall antigen-specific repertoire breadth, and that vaccination can expand infrequent antigen-
reactive clones (including those plausibly recruited from the naive pool) rather than simply amplifying pre-
existing dominant clones. This supports a mechanistic picture where vaccines can reshape not only the
magnitude but also the diversity profile of the antigen-specific repertoire. 40

Population-level consequences: public TCRs as shared immune signatures

Public clonotypes and reproducible sequence motifs can act as population-level “signatures” of immune
exposure. This is attractive for vaccine monitoring because it suggests that some aspects of vaccine-
induced immunity might be detected using shared sequence patterns rather than needing to know each
person’s private clonotypes. However, empirical work indicates that vaccine responses generally contain a
mixture: a core of more frequently generated/selected “public-like” receptors plus a long tail of private
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responders. The balance depends on the antigenic system, the presenting HLA alleles, and the clonotype
definition used. 4

This mixed public/private structure implies two complementary strategies for repertoire-based vaccine
assessment. One strategy looks for known public motifs or previously annotated antigen-associated
sequences. Another strategy looks for within-individual changes (expansion/contraction patterns or
enriched similarity clusters) without requiring that the exact sequences be shared across people. Statistical
frameworks for tracking responding clones and clustering expanded motifs have been proposed precisely
because purely public-sequence approaches miss much of the individualized response. 42

Vaccine design and the cross-reactivity trade space

Cross-reactivity is beneficial for variant coverage but can be risky when designing T cell-oriented vaccines or
TCR-based immunotherapies because off-target recognition can occur. Reviews of cross-reactivity
emphasize that predicting off-targets is difficult because sequence dissimilarity does not reliably imply
recognition dissimilarity, and because the list of potential peptides is vast. This is why modern efforts
increasingly combine structural modeling, machine learning, and experimental high-throughput screening
to map recognition landscapes—an approach relevant both for improved vaccine antigen selection and for
safety assessment of T cell-targeted interventions. 43

Implications for autoimmunity

Repertoire diversity and the logic of autoimmune risk

Autoimmunity emerges when immune recognition and effector function target self tissues. From a
repertoire perspective, two ideas coexist. First, maintaining high diversity is protective because it helps
ensure effective pathogen defense without relying on any single risky specificity. Second, the same
processes that maximize defensive coverage—junctional diversification and cross-reactivity—inevitably
generate receptors with some probability of self recognition. Thymic selection reduces but does not
eliminate this risk, because eliminating every potentially self-reactive TCR would punch “holes” in antigen
coverage and may be incompatible with the low-level self interactions that support positive selection and
peripheral survival. Reviews framing cross-reactivity as unavoidable explicitly connect this to autoimmune
plausibility. 44

A useful conceptual refinement is to distinguish sequence diversity from autoreactive potential. A
repertoire can be highly diverse yet still biased toward certain structural solutions that, under specific HLA
contexts, are more likely to engage self antigens. Conversely, a less diverse repertoire (for example,
dominated by large clones) may or may not be autoimmune; dominance can reflect benign past infections.
Therefore, repertoire findings in autoimmunity must be interpreted in the context of antigen specificity, HLA
genotype, tissue localization, and longitudinal dynamics rather than as a simple “high diversity = good / low
diversity = bad” rule. 45

Molecular mimicry and cross-reactive activation

Molecular mimicry refers to the idea that a foreign antigen can activate T cells that also recognize a self
antigen because the pMHC surfaces are sufficiently similar. Cross-reactivity provides the mechanistic
substrate for mimicry. Comprehensive immunology reviews of cross-reactivity discuss multiple documented
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examples and outline how infection can break tolerance by expanding weakly self-reactive clones that
escaped negative selection. This framework does not claim that mimicry explains all autoimmunity, but it
supplies a coherent route from infection to autoreactivity that aligns with what is known about TCR
degeneracy. 46

Work linking Epstein-Barr virus (EBV) immunity to multiple sclerosis (MS) has reinvigorated interest in
mimicry-like models, including both antibody and T cell cross-reactivity. Reviews and primary studies
discuss cross-reactivities between EBV antigens (notably EBNAT) and central nervous system proteins, and
newer work continues to probe how EBV-reactive T cells might also target self antigens. While the causal
chain in MS is complex and includes genetics and other immunological processes, these studies provide
concrete examples of how pathogen-specific immunity can intersect with autoreactivity. 47

Public clonotypes and biased repertoires in autoimmune disease

Autoimmune responses can show biased TCR usage, including recurrence of particular V genes or CDR3
motifs, and in some settings the presence of public or semi-public clonotypes. In celiac disease, gluten-
specific CD4 TCR repertoires display biased V-gene usage and public motifs across multiple individuals,
consistent with strong constraints imposed by immunodominant gluten peptides presented by disease-
associated HLA alleles. This is an example where “publicness” is not merely technical sharing but reflects
reproducible solutions to a constrained antigen problem. 18

In other autoimmune contexts, public features have been proposed as predisposing factors. For example,
experimental studies in model systems have suggested that public TCRB chains can contribute
disproportionately within autoimmune responses compared with private sequences, raising the hypothesis
that easily generated receptors may be preferentially available for autoreactive deployment when the right
activation context occurs. This fits the broader logic that high-probability generation plus cross-reactivity
can create “soft spots” in the repertoire. 48

Type 1 diabetes (T1D) offers multiple repertoire-relevant insights: autoreactive T cells can be rare in blood
yet enriched in target tissues; antigen-specific repertoires can be oligoclonal; and, as noted earlier,
experimentally tested receptors can show extreme cross-reactivity. Reviews focusing on using TCRs as
biomarkers in T1D emphasize both the promise of sequence-based monitoring and the challenges of low
precursor frequency, tissue access, and specificity mapping. 49

Practical consequences: biomarkers, stratification, and therapeutic caution

TCR repertoire sequencing in autoimmunity is increasingly used for (i) identifying expanded clones in blood
or tissue, (ii) tracking clonal persistence over time, and (iii) linking receptor identity to antigen specificity
through computational clustering or experimental mapping. Reviews stress that repertoire sequencing
alone rarely proves antigen specificity, but it can generate strong hypotheses and enable longitudinal
tracking once clones of interest are identified. This positions repertoire analysis as a bridge between
descriptive immunology and mechanism-driven, target-specific investigation. 50

Finally, the same repertoire principles that enable protective immunity complicate therapeutic
manipulation. Strategies that amplify T cells (vaccines, checkpoint blockade) or introduce engineered
receptors (TCR therapies) must contend with cross-reactivity and off-target recognition. The research
frontier is therefore not to eliminate cross-reactivity—an impossible goal given the coverage problem—but
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to characterize and manage it: designing interventions that preserve the protective advantages of a
diverse, flexible repertoire while minimizing the probability of harmful self targeting. 5
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Chapter 7

T Cells as Information-Processing Systems

Why Treat T Cells as Information-Processing Systems

AT cell's core job is to make high-stakes decisions under severe uncertainty: detect a threat-derived peptide
among a vast background of self peptides, act fast enough to matter, and remain quiet enough to avoid
autoimmunity. The biological challenge looks like a classic sensing-and-decision problem: a noisy input
stream (ligand encounters, mechanical forces, fluctuating receptor states) must be transformed into reliable
categorical outputs (activate vs. ignore; proliferate vs. arrest; differentiate into distinct effector or memory
programs). Modern immunology increasingly frames these tasks in the language of information processing
because it forces explicit thinking about (i) what the “inputs” really are, (ii) what computations must occur to
meet competing design goals (sensitivity, specificity, speed, and robustness), and (iii) how the cell's signaling
network implements those computations through dynamics, feedback, and stochasticity. 1

This framing is not a metaphor that replaces biochemistry; it is a disciplined way to keep track of function
while staying honest about mechanism. In engineered systems, information processing is usually
accomplished by modular components connected by well-defined wires. In T cells, the “hardware” is a
dense, spatially organized, time-varying biochemical network: receptors cluster, enzymes are recruited and
excluded, scaffolds form transient microdomains, transcription factors integrate signals over minutes to
hours, and cell states feed back onto upstream signaling (for example through receptor expression or
metabolic capacity). These complications are precisely why a circuit perspective is valuable—if it is used with
care. 2

A practical definition helps: in this chapter, a T cell is an information-processing system if (1) it receives
measurable inputs (antigen quality/quantity, costimulatory and inhibitory cues, cytokines, physical context),
(2) it transforms those inputs through an internal dynamical system (signaling networks and gene
regulation), and (3) it emits outputs that can be viewed as decisions or control actions (cytokine secretion,
cytotoxicity, proliferation, migration, differentiation, tolerance). That definition lets us discuss “thresholds,”
“feedback,” “analog vs. digital,” and “stochasticity” as properties of mappings from inputs to outputs, rather
than as vague analogies. 3

A second motivation is measurement. Many key “computations” by T cells only become visible at single-cell
resolution: population averages can hide switch-like behavior, rare subsets, and heterogeneous timing.
Conversely, some apparently digital single-cell behaviors become graded, “analog” outputs at the
population level because stimulus strength changes how many cells respond or for how long rather than
changing the amplitude of response per cell. This multi-scale relationship between single-cell and
population-level computation is not a minor detail; it is one of the central ways immunity achieves both
precision and flexibility. 4
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Inputs, Representations, and Signal Integration Across Scales

At the front end of the system is the T cell receptor (TCR), which recognizes peptides displayed by major
histocompatibility complex proteins (peptide-MHC, often abbreviated pMHC) on antigen-presenting cells.
“Recognition,” however, is not a single event; it is a stream of binding interactions occurring while both cells
move, exert forces, and reorganize their membranes. This matters because what the T cell must infer is not
simply “is the ligand present?” but “is the ligand sufficiently foreign-like (quality) and presented in a context
that warrants action (context and costimulation)?” Mechanistic proposals for how binding becomes
signaling include receptor clustering, ligand-induced conformational changes, and spatial segregation of
kinases and phosphatases; evidence suggests that multiple mechanisms may contribute, and different
experimental platforms can emphasize different aspects. 5

A crucial idea from the “kinetic segregation” family of models is that signaling depends on spatial geometry
at the cell-cell interface: close contacts formed by TCR-pMHC binding can preferentially exclude large
phosphatases (such as CD45) while allowing kinases to act, shifting the local phosphorylation balance
toward activation. This is already an information-processing statement: the cell uses spatial filtering to bias
a chemical reaction network. Importantly, spatial organization also means that what counts as an “input” is
partly geometric (contact size, dwell time in close contacts, molecular crowding), not just chemical. 6

The immunological synapse is the archetypal structure for such spatial computation. It is not merely a static
“junction,” but a dynamic interface that organizes antigen receptors, adhesion molecules, and
costimulatory/checkpoint receptors into patterns that shape signaling and directed secretion. The synapse
can also exist in motile forms (“kinapses”), emphasizing that signal integration can occur while T cells
migrate rather than only during stable arrest. From an information viewpoint, the synapse is part sensor,
part pre-processor: it controls which molecular interactions are allowed, for how long, and in what spatial
relations—thereby shaping the internal signaling trajectories that the T cell can realize. 7

A recurring observation is that early TCR signaling is concentrated in microclusters—small, transient
assemblies where engaged receptors and signaling molecules colocalize. Microclusters can sustain
proximal signaling, whereas central regions enriched in TCR (classically the central supramolecular
activation cluster, cSMAC) can be associated with signal termination and receptor sorting/degradation,
illustrating a form of “spatiotemporal programming”: the same receptor can be in a signaling-competent
state in one spatial compartment and signaling-attenuated in another. This is a reminder that wires in
biochemical circuits are not literal; “connectivity” can be implemented by colocalization, exclusion, or
trafficking. 8

Physical forces add another layer. TCR-pMHC interactions occur under mechanical load generated by cell
motion and cytoskeletal activity. A striking set of findings is that agonist ligands can form “catch bonds,”
where bond lifetimes increase with applied force up to a regime, whereas weaker or antagonistic ligands
show different force-lifetime relationships. In an information-processing interpretation, the T cell is not just
measuring affinity in a passive way; it is actively probing the ligand with force, converting mechanical work
into improved discrimination. This makes the TCR a mechanosensor in addition to a chemical sensor, and it
ties recognition to the physical microenvironment. 9

Signal integration in T cells is therefore inherently multi-input. Alongside antigen recognition, costimulatory
receptors (classically CD28) promote productive activation, while inhibitory receptors (such as PD-1 and
CTLA-4) tune or suppress responses. These receptors do not simply add or subtract a scalar “activation
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score”; they can target distinct intracellular pathways, alter metabolism, reshape synapse organization, and
effectively re-parameterize the TCR signaling network. A key mechanistic result is that PD-1 signaling can
preferentially suppress CD28 signaling, emphasizing that “inhibition” is not uniformly applied to all
branches of the activation network. 10

Finally, cytokines allow T cells to compute collectively. Activated T cells can secrete cytokines such as IL-2,
while regulatory T cells can compete for IL-2 and thereby shape population-level outcomes. Experiments
and models show that local antigen cues and more global cytokine fields integrate to determine
proliferation and cell-cycle entry, meaning the “circuit” is not confined to a single cell: it spans multiple cells
coupled by diffusing signals and competition. This is computation distributed across a tissue, with feedback
between single-cell states and the population environment. 11

Thresholds, Feedback, and Network Motifs That Create Decisions

A threshold is a rule of the form “below X, do nothing; above X, commit.” In biochemistry, thresholds
emerge when reaction networks contain nonlinearities—cooperativity, saturation, ultrasensitive
phosphorylation cycles, or positive feedback loops that amplify small differences into large output changes.
In T cells, thresholds are not optional: to avoid responding to self, the cell must impose sharp decision
boundaries, despite the fact that self-derived and foreign-derived ligands can differ only modestly in
binding lifetimes or kinetic parameters. Reviews of “signaling thresholds” emphasize that static pathway
cartoons miss the dynamical reality: discrimination depends on timing, feedback, and cellular state, not
solely on whether a given molecule can be phosphorylated. 12

Kinetic proofreading is one of the most influential mechanistic motifs proposed to explain high-fidelity
discrimination. The basic idea is a temporal filter: ligand binding initiates a sequence of biochemical steps
(often idealized as phosphorylation events), and productive signaling requires completion of enough steps
before the ligand unbinds. Short-lived interactions are reset before they pass the threshold, whereas
longer-lived agonist interactions progress further and can trigger downstream signaling. This converts
small differences in binding lifetime into large differences in activation probability. Importantly, kinetic
proofreading is an out-of-equilibrium strategy that can consume energy (through ATP-dependent steps) to
buy improved accuracy beyond passive binding discrimination. 13

Modern work refines kinetic proofreading by embedding it in realistic T cell biochemistry and spatial
biology. For example, multi-step activation of proximal kinases (such as ZAP70) and progressive
enforcement of proofreading steps are consistent with the view that early discrimination is distributed
across multiple transitions rather than residing in a single “magic” step. This matters for information
processing because distributed filters can be tuned: early steps can prioritize speed, later steps can enforce
specificity, and branching can allow different outputs to have different effective thresholds. 14

Feedback control is the second major route to thresholds. A classic example is the competing positive and
negative feedback architecture involving ERK activation and phosphatase-mediated inhibition. Experiments
show that ERK activation in T cells can be highly amplified and digital at the single-cell level, and modeling
indicates that a positive feedback (reinforcement of signaling once ERK is engaged) combined with a
negative feedback (for example via SHP-1) can generate sharp discrimination: weak ligands fail to tip the
balance, while strong ligands cross a point of no return. Conceptually, this resembles an engineered
comparator with gain and stabilization, but implemented via enzymatic loops rather than resistors and
op-amps. 15
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At the molecular level, positive feedback can arise from Ras-ERK pathway architecture. SOS, a Ras guanine
nucleotide exchange factor, can be allosterically activated by Ras-GTP, creating a feedback loop that
supports switch-like (“digital”) Ras activation and hysteresis (history dependence). Hysteresis is an
information-processing feature: it allows a system to “remember” that it was activated, resisting small
fluctuations that would otherwise cause rapid toggling. In T cells, such bistable or near-bistable modules
can stabilize commitment once antigen quality crosses a threshold, while still allowing reversibility when
upstream input truly ends. 16

Negative feedback, conversely, can provide adaptation, prevent runaway activation, and set dynamic
ranges. A concrete immunological example is IL-2 production: IL-2 is essential for multiple T cell functions,
yet IL-2 secretion by helper T cells is often transient. Mechanistic studies show that IL-2 signaling can
participate in negative feedback loops (including STAT-dependent signals) that limit continued IL-2
production, illustrating how the system can use its own output to constrain itself. This resembles a control
system that emits a pulse rather than a sustained signal unless conditions persist. 17

Inhibitory receptors introduce additional feedback and gating motifs. PD-1 can form microclusters with TCR
complexes and recruit phosphatases such as SHP2, directly dampening signaling at the synapse. Structural
and biochemical analyses show that PD-1 phosphorylation motifs can activate SHP2 through multivalent
interactions, clarifying how an inhibitory receptor can efficiently recruit and activate an enzyme that then
reshapes phosphorylation landscapes. Crucially, PD-1's preferential targeting of CD28 signaling implies that
inhibition is often a strategic bottleneck rather than a uniform “volume knob.” 18

CTLA-4 illustrates yet another kind of “circuit element”: rather than only sending an intracellular inhibitory
signal, it can remove costimulatory ligands (CD80/CD86) from antigen-presenting cells via transendocytosis,
thereby decreasing the availability of costimulation in the local environment. In systems terms, CTLA-4 can
implement a form of input depletion or resource sequestration, changing the effective input seen by
surrounding T cells (and doing so in a ligand-dependent trafficking context). This is a reminder that
biological circuits can implement control not just by altering internal transfer functions, but by rewriting the
input distribution itself. 19

The net result is that T cell “decision points” are rarely single thresholds at a single molecule. Instead, they
emerge from layered motifs: temporal filtering (proofreading), spatial filtering (synapse organization,
segregation), amplification (positive feedback), stabilization (hysteresis), and constraint (negative feedback
and inhibitory gating). Multi-output systems can share early layers yet diverge downstream, producing a
hierarchy in which some outputs have lower thresholds (early gene induction) while others require stronger
or more sustained signaling. Experiments mapping downstream pathways show such threshold hierarchies,

reinforcing that “activation” is not one binary variable but a structured set of partially coupled decisions.
20

Analog, Digital, and Hybrid Computation in T Cell Signaling

In engineering language, an analog output varies continuously with input, while a digital output is
effectively all-or-none (a switch). In T cell biology, both behaviors appear—often in the same pathway,
depending on how and where you measure. This is not confusion; it is evidence that the system is hybrid,
combining switch-like modules with graded modules to achieve discrimination plus proportional control.
Reviews of TCR signaling explicitly emphasize this mixture and argue that accurate models must
incorporate both digital decisions and analog tuning, often mediated by feedback and dynamics. 21
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Single-cell imaging and signaling studies provide canonical examples of digital behavior. ERK activation
downstream of the TCR can be digital, with individual cells either strongly activating ERK or not, even as
stimulus strength changes. Similarly, cytokine secretion can appear digital at the single-cell level:
remarkably, experiments measuring cytokine output versus the number of agonist pMHC molecules at a
synapse found that as few as a single pMHC can trigger cytokine secretion, and that increasing pMHC
primarily changes the fraction of responding cells rather than the amount of cytokine secreted per
responding cell. This is a prototypical quantal-to-graded transformation: single cells behave digitally, while
populations behave analog because recruitment probability varies with input. 22

Other measurements reveal analog components. When comparing across ligand doses and affinities,
activated cells can show graded expression of activation markers and transcriptional programs proportional
to signal strength, even if the overall population response remains bimodal. One way to reconcile this is to
treat “digital vs analog” not as a yes/no label for a pathway, but as a statement about which variable is
graded. Often, the probability of entering an activated state is graded (more ligand recruits more cells), while
the amplitude of certain downstream modules is digital once a cell commits. In addition, some outputs
remain graded even after commitment, allowing fine control over differentiation programs. 23

The time dimension is equally important. T cells can maintain contact with dendritic cells for many hours,
and over these long timescales cells may distinguish ligands through different signaling dynamics than
those observed in the first minutes. Recent work tracking ERK and NFAT activity over extended periods
supports the idea that early signaling can be digital, but longer-term dynamics (such as persistence,
oscillations, or integrated activity over time) can encode additional information about ligand affinity and
dose. From a computation standpoint, this means T cells may use both instantaneous thresholding and
time-integrated features (like total ERK “activity area” over hours) as decision variables. 24

Calcium signaling and NFAT illustrate how a pathway can implement a form of biochemical memory. NFAT is
regulated by calcium-dependent phosphatase activity (notably calcineurin), and NFAT's nuclear translocation
depends on the temporal pattern of calcium signals, including oscillation frequency. Modeling and
experiments show that NFAT can behave like a “working memory” of calcium spikes: if calcium spikes arrive
sufficiently frequently, NFAT remains in a dephosphorylated, activation-competent pool that supports
sustained nuclear localization. In circuit terms, the NFAT module is not a simple threshold detector; it is a
leaky integrator with frequency sensitivity—more comparable to a filter bank than a binary switch. 25

Hybrid computation becomes especially clear when considering how T cells scale collective outputs. IL-2 is a
useful example because it is both a product of activation and a regulator that feeds back on proliferation
and differentiation. Studies combining experiments and modeling demonstrate that individual quantal
activation events can be integrated via time-dependent feedbacks to produce collective cytokine outputs
that scale with total antigen input over a wide dynamic range, relatively independent of population size.
This is a distributed analog computation built atop digital choices at the single-cell level, and it highlights
that “the circuit” often includes feedback through secreted signals rather than only intracellular loops. 26

An underappreciated point is that “digital” modules can still encode analog information through timing. If
amplitude is stereotyped, then stimulus strength can control response latency (how quickly the cell crosses
the threshold), duration (how long the module stays on), or the number of pulses (in oscillatory regimes).
Such timing-based codes are common in signaling networks more broadly, and T cell pathways show
evidence for duration- and persistence-based encoding in multiple branches. In immunology-specific
models, these timing degrees of freedom help explain how the system maintains both rapid responses and
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robust discrimination: the cell can respond quickly to strong ligands while delaying or filtering weaker
inputs. 27

Digital/analog language should therefore be used as a guide to measurement strategy rather than as a
label for a cell. If you measure a population average, you often see analog-looking curves that combine
responder fraction and responder amplitude. If you measure single cells, you often see bimodality,
heterogeneity in timing, and pathway-specific thresholds. And if you measure trajectories over time, you
often find that what is “digital” at one moment becomes “analog” when integrated over hours. A careful
circuit-level interpretation always asks: what variable is being encoded (probability, amplitude, duration,
frequency), at what timescale, and in what compartment? 28

Stochasticity and Heterogeneity as Design Features

Stochasticity (randomness) in biology has two roots. First, it is unavoidable: many molecular events occur
with small numbers of molecules, so random timing of binding, phosphorylation, transcription, and
translation generates cell-to-cell variability even in genetically identical cells under the same conditions.
Second, it can be functional: variability can improve population survival in uncertain environments, enable
flexible fate choices, and help convert digital single-cell decisions into graded population-level responses.
Modern quantitative biology distinguishes intrinsic noise (randomness in the biochemical process itself)
from extrinsic noise (cell-to-cell differences in upstream factors such as enzyme abundance, cell cycle state,
or metabolic resources). 29

In T cells, stochasticity appears immediately at the recognition step. A naive T cell scanning an
antigen-presenting cell encounters low numbers of relevant pMHC ligands, and binding events occur as
discrete, random encounters in space and time. When a single pMHC can sometimes trigger a response, as
observed in single-cell cytokine secretion experiments, the system necessarily operates in a regime where
fluctuations dominate: the difference between “no response” and “response” can hinge on the timing of a
few molecular events that either complete a proofreading sequence or fail to do so. This does not imply
unreliability at the organism level; it implies that reliability is achieved by population statistics, feedback,
and additional contextual gating. 30

A striking and immunologically central example of functional heterogeneity is IL-2 signaling. IL-2 receptor
expression levels can vary substantially across cells, which creates large differences in how individual cells
consume, respond to, and contribute to IL-2 fields. Modeling and single-cell measurements support a
picture in which effector and regulatory T cells engage in a dynamic competition (“tug-of-war”) for IL-2, and
this competition shapes whether responses amplify or are suppressed. From an information-processing
perspective, the population is implementing a feedback-controlled resource allocation scheme: access to
IL-2 acts like a shared resource that can shift fates and functions across interacting cells. 31

Stochasticity also shapes differentiation and fate decisions. For CD8 T cells, outcomes such as effector
versus memory differentiation can reflect both instructive signals (antigen, costimulation, cytokines) and
probabilistic elements. Studies and models emphasize that early after activation, subpopulations can
diverge in cytokine production patterns (for example IL-2 and IFN-y), and these early differences can bias
later fate trajectories. The fact that divergence can appear within ~24 hours underscores that stochastic
gene expression and variable signal integration can rapidly create heterogeneity that is later stabilized by
feedback and epigenetic remodeling. 32
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Cell proliferation provides another quantitative window into randomness. Classical experiments and models
show that cytokines such as IL-2 can strongly affect the proportion of cells that enter division, survival rates,
and later division times—often more than they affect the timing of the first division in responders. More
recent modeling frameworks describe division and death times as stochastic variables that can be partially
inherited across generations, producing population dynamics that match single-cell observations. In circuit
language, proliferation is governed by competing timers and thresholds rather than a single “proliferate”
switch, and randomness in these timers is part of what makes clonal expansion a graded, controllable
process rather than an all-or-nothing explosion. 33

Why would biology “use” stochasticity rather than eliminate it? One answer is that eliminating noise is costly
or impossible without sacrificing sensitivity; another is that noise can be beneficial in at least three ways.
First, it can implement bet-hedging: a clonal population can explore multiple states so that at least some
cells match future conditions (for example varying degrees of effector differentiation). Second, it can
linearize population outputs: if single cells have fixed thresholds, then modulating the fraction of cells that
cross threshold can produce a graded response—an idea explicitly compared to “dithering” in signal
processing. Third, noise can help systems escape from suboptimal states or explore rare trajectories that
become advantageous under stress, with selection acting on circuit architectures that harness rather than
merely suffer from fluctuations. 34

Importantly, not all stochasticity is “good”; T cells also invest heavily in mechanisms that constrain variance
where it would be dangerous. Negative feedback loops (such as cytokine-mediated suppression of IL-2
production) can reduce runaway variability, and inhibitory receptors can raise activation thresholds in
contexts where noise might otherwise generate inappropriate activation. Meanwhile, stable dysfunctional
states such as exhaustion can be reinforced by broad epigenetic remodeling, making the state resistant to
transient perturbations—effectively reducing stochastic transitions back to full effector function, which has
major implications for immunotherapy and chronic infection. 35

Stochasticity is therefore best viewed neither as an accident nor as a universal feature to celebrate. It is a
parameter in the design space. T cells tolerate and sometimes exploit randomness at early sensing and
fate-choice stages, then progressively constrain it as decisions become committed and high-cost. This
pattern—exploration early, stabilization late—resembles strategies used in many biological decision
systems and helps reconcile robust organism-level behavior with noisy molecular parts. 36

Thinking in Circuits Without Oversimplifying

Circuit thinking becomes powerful in T cell biology when it is grounded in explicit mappings between
biochemical mechanisms and computational roles. A useful starting move is to define the “input space” and
“output space” clearly. Inputs might include ligand binding lifetimes and densities, costimulatory ligand
densities, inhibitory ligand densities, cytokine concentrations, and mechanical context. Outputs might
include early transcription factor activation, cytokine secretion, cell-cycle entry, cytotoxic granule release,
migration arrest, and differentiation markers. The point is not to reduce everything to one number, but to
treat T cell activation as a transformation from a multidimensional input stream to a multidimensional
output trajectory. 37

The next move is to identify motifs that are plausibly conserved “computational primitives” across many
contexts. In T cells, the best-supported primitives include: temporal filtering via kinetic proofreading; spatial
filtering via synapse geometry and segregation; switch-like amplification via positive feedback (ERK/Ras
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modules); stabilization and noise control via negative feedback (phosphatases, cytokine feedback); and
gating via costimulatory/inhibitory checkpoints that target specific bottlenecks (notably CD28 under PD-1
control). Each primitive corresponds to a known biochemical or biophysical mechanism, which is critical:
without mechanistic anchoring, “AND gates” and “OR gates” become just stories. 38

A key pitfall is assuming modularity where it does not exist. Signaling pathways are densely coupled: the
same kinase can participate in multiple branches; spatial reorganization changes which reactions can occur;
metabolic state changes enzyme activity; gene regulation alters receptor abundance and thus rewires
upstream signaling. Reviews of the immunological synapse emphasize that function cannot be predicted
from receptor identities alone without spatial and temporal organization, and reviews of TCR triggering
emphasize that multiple mechanisms can operate in parallel. Therefore, “circuit diagrams” should be treated
as hypotheses about dominant interactions in a given regime, not as universal wiring diagrams. 39

A second pitfall is oversimplified time. Many models that look plausible in steady state fail when asked to
match the timing constraints of real T cell decisions. Discrimination often must occur quickly, yet some
outputs require sustained integration. Phenotypic modeling approaches explicitly compare different
mechanistic proposals by the input-output behaviors (“phenotypes”) they can reproduce—such as
sensitivity, discrimination, speed, and dose-response shape—often revealing that additional assumptions
(like limited signaling, adaptation, or feedback) are needed beyond basic proofreading. This approach is
valuable because it respects the circuit goal (function) while acknowledging that multiple
micro-mechanisms can implement similar phenotypes. 40

Information theory provides a complementary discipline for “circuits without cartoons.” Instead of arguing
qualitatively that a pathway “encodes” antigen quality, one can quantify how well outputs distinguish input
classes. Concepts such as mutual information and channel capacity measure, in bits, how much information
about inputs can be recovered from noisy outputs; they can be applied to signaling pathways to compare
architectures, evaluate trade-offs, and diagnose how noise limits discrimination. Work explicitly applying
channel-capacity ideas to T cell discrimination illustrates how kinetic proofreading topology and rates shape
discriminatory power, while broader reviews discuss how to apply information-theoretic tools to cellular
communication at single-cell resolution. 41

To keep circuit thinking honest, it helps to adopt a “three-layer” modeling habit. The first layer is
mechanistic: explicit molecules, reactions, localization, and sometimes force dependence. The second layer
is phenomenological: reduced models that preserve measured input-output behaviors (for example,
effective thresholds, response times, or dose-response curves) without claiming every intermediate is
accurate. The third layer is statistical: measurement models that account for noise, cell-to-cell variability,
and limited observability. T cell research increasingly uses combinations of these layers (for example hybrid
deterministic/stochastic models for cytokine-driven proliferation), reflecting the reality that no single layer
answers all questions. 42

Finally, “thinking in circuits” should expand—not shrink—your appreciation of biological nuance. The most
faithful circuit perspective in T cell biology is one that treats spatial organization as rewiring, time as
computation, feedback as design, and stochasticity as both constraint and resource. This perspective can
unify seemingly disparate observations—single-molecule antigen sensitivity, digital ERK activation,
cytokine-mediated population scaling, inhibitory checkpoint control of costimulation, and epigenetically
stabilized dysfunction—within a coherent vocabulary of filters, comparators, integrators, feedback
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controllers, and state machines, without pretending that biology is literally built from idealized logic gates.
43
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Chapter 8

Experimental Models for T Cell Biology

Introduction

T cells are adaptive immune cells whose core job is to detect “meaning” in molecular patterns: they interpret
antigen (a peptide fragment displayed on a major histocompatibility complex, MHC) and decide whether to
proliferate, kill, help other immune cells, tolerate, or become dysfunctional. A central reason T cell biology
can be difficult to reproduce experimentally is that T cells do not respond to antigen in isolation: their
response depends on context—the cell type presenting antigen, the spatial and mechanical environment,
inflammatory cues, nutrient and oxygen availability, competing lymphocytes, tissue architecture, and the
host's microbial exposure history. Classic “three-signal” logic captures part of this: T cells integrate antigen
receptor engagement (“signal 1"), costimulation (“signal 2"), and inflammatory cytokines (“signal 3”), and the
presence or absence of these signals can shift outcomes from productive immunity to deletion, anergy, or
poor memory formation. !

Because T cell decisions are context-dependent, experimental models should be thought of as controlled
distortions of reality. The “best” model is not a universal choice; it is the one whose distortions are smallest
for the specific biological question being asked. Mouse systems deliver tight genetic control and in vivo
anatomy but differ from humans in many immune features that can matter for translation. 2 Human
systems offer species-matched molecules and clinical relevance but often sacrifice tissue-level organization
and long-timescale immune history. 3 Organoids and microphysiological systems can reintroduce
architecture and (in some cases) flow or compartmentalization, but they typically represent partial tissues
and may miss systemic immune regulation. 4 Humanized mice attempt to combine “human cells” with “in
vivo context,” yet they remain hybrids whose stromal, cytokine, and developmental environments are
partially murine. 5

This chapter surveys four major experimental pillars for T cell biology—mouse models (TCR transgenics and
knockouts), human primary T cells, organoids and microphysiological systems, and humanized mice—then
develops practical principles for translating across systems and designing experiments that respect T cell
context. 6

Mouse models for T cell biology

Mice remain foundational for mechanistic T cell biology because they provide (i) intact lymphoid and non-
lymphoid anatomy, (ii) controllable genetics, and (iii) tractable experimental perturbations such as defined
pathogens, vaccines, tumors, or tissue-specific antigen expression. Yet mice are not “small humans,” and

their immune system differences must be treated as model assumptions rather than background noise.
2

TCR transgenic mice as tools for tracking antigen-specific responses. T cell receptor (TCR) transgenic
mice are engineered so that many—or most—T cells express the same TCR specificity. The immediate
advantage is experimental visibility: one can track “rare-event” processes (priming, fate decisions, migration,
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memory, tolerance) with high signal-to-noise. Iconic examples include OVA-specific CD8 TCR transgenics
(OT-I) used to study MHC-I-restricted recognition of the OVA 257-264 epitope, and OVA-specific CD4 TCR
transgenics (OT-II) used for the OVA 323-339 epitope. 7 Virus-specific transgenics such as P14 (LCMV
GP33-41; CD8) and SMARTA (LCMV GP61-80; CD4) enable reproducible antiviral T cell kinetics and memory
studies. 8

Why precursor frequency is the critical “hidden variable.” TCR transgenics simplify biology by
dramatically increasing the frequency of antigen-specific cells. But precursor frequency itself changes T cell
behavior through competition for antigen-presenting cells, cytokines, space, and costimulation. A key
implication is that transferring large numbers of TCR-transgenic cells—a common historical practice—can
distort expansion kinetics, effector differentiation, and memory formation compared with endogenous, low-
frequency responses. 9 This is not a subtle effect: a careful analysis showed that “standard” high input
numbers (~1076) can fail to mimic endogenous CD8 responses, and even much smaller transfers can still be
abnormal depending on the TCR system and infection context. 1°© Complementary work shows how
changing precursor frequency can systematically reshape division, multifunctionality, and the need for
costimulation, demonstrating that precursor frequency is a causal experimental parameter rather than a
mere convenience. 11

A context-respecting use of TCR transgenics therefore treats precursor frequency as an element of
experimental design. In practical terms, this means either (i) using extremely low adoptive transfers
(sometimes tens to thousands of cells depending on system and readout), or (ii) avoiding transfers and
instead tracking endogenous precursors via enrichment technologies when feasible. 12 The latter matters
because endogenous antigen-specific precursors are often very rare, and quantitation techniques coupling
tetramer staining with magnetic enrichment were developed specifically to measure these low baseline
frequencies and their early dynamics. 13

TCR transgenics and altered development. Another distortion arises during thymic selection: when a
single TCR (or a dominant chain) is expressed early and highly, it can reshape positive/negative selection
and the balance of naive versus “memory-phenotype” cells even before any experimental challenge. 14
These distortions can be amplified by lymphopenic backgrounds (e.g., RAG-deficient recipients) which drive
homeostatic or microbiota-influenced proliferation that can cause naive T cells to acquire memory-like
phenotypes (“lymphopenia-induced proliferation” or “spontaneous proliferation,” depending on
mechanism). 15

Knockout mice and what “absence” really means. Knockout models remove genes to test necessity and
to build mechanistic pathways. In T cell biology, two of the most widely used immunodeficient backbones
are RAG-1-deficient and RAG-2-deficient mice, which lack mature B and T cells because they cannot initiate
V(D)) recombination. 16 These mice are powerful recipients for adoptive transfer, but they are also deeply
non-physiologic: the absence of competing lymphocytes and the altered cytokine milieu can fundamentally
change activation thresholds, proliferation modes, and differentiation trajectories of transferred T cells. 17
In other words, “gene knockout” often implies “system knockout,” especially for genes at the core of
lymphoid development.

Conditional knockout and temporal control. Many T cell-relevant genes also function in other tissues or
in earlier development, so deleting them globally can yield lethality or indirect phenotypes. Conditional
knockout systems—most commonly Cre-loxP—solve this by deleting a gene only in chosen lineages or time
windows. Mechanistically, Cre recombinase recognizes loxP sites and excises the DNA between them; by
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placing Cre under a lineage-specific promoter (e.g., T cell lineage drivers), deletion can be targeted to
defined stages of thymocyte development or peripheral T cells. 18 Conditional systems, however, have
their own context pitfalls: incomplete recombination, ectopic Cre expression, and reporter artifacts can
mislead unless recombination efficiency and specificity are validated in the exact experimental setting. 19

Reporter mice as “biological sensors.” Reporter strains convert a biological process into a measurable
signal (fluorescence, luminescence, cell fate marks). For T cell biology, reporters can estimate TCR signal
strength in vivo, which is otherwise hard to infer. For example, Nur77-GFP (Nr4a1-based) reporter mice
show GFP induction by antigen receptor stimulation and can reflect TCR stimulation intensity more
specifically than activation markers that respond to general inflammation. 20 Such reporters help
disentangle “TCR-driven” from “cytokine-driven” activation states, and can be used to study tonic (basal)
signaling from self-peptide-MHC that shapes naive T cell responsiveness. 21

Strengths of mouse models. The central strength of mouse models is integrated physiology: T cells traffic
through lymphoid organs; priming occurs in anatomically correct niches; and effector and memory T cells
interact with real vasculature, innervation, stromal networks, and tissue-resident cell types. This enables
questions about migration, tissue residency, tolerance, and systemic regulation that are often inaccessible
in vitro. 22 Mice also permit causal genetic tests—global knockouts, conditional deletions, fate mapping,
and controlled antigen expression—that are far harder and slower in human systems. 18

Limitations that matter for translation. The most important limitation is not that mice differ from
humans (that is unavoidable), but that the differences are often immunologically directional. Differences exist
in leukocyte subset balance, cytokine pathways, receptor families, and many other immune system
components, and these can change what the “dominant mechanism” is in a given experiment. 23
Additionally, laboratory mice are often maintained under specific pathogen-free (SPF) conditions that
produce immune systems biased toward naive phenotypes compared with environmentally exposed
humans; microbial exposure history can be a major determinant of baseline immune activation and
responsiveness. 24

Human primary T cells and engineered in vitro systems

Human primary T cells—typically derived from peripheral blood—offer species-matched receptors,
cytokines, and HLA biology. They enable direct relevance to human immunotherapy, infection,
autoimmunity, and vaccine responses, but they are removed from native tissue architecture and from the
long-term ecological history that shapes human immunity. 25

What “primary T cells” means and why it matters. “Primary” means cells freshly isolated from an
organism rather than immortalized lines. Primary human T cells preserve a physiologic genome and
epigenome shaped by donor age, infection exposure (including latent viruses), and inflammatory history.
This is a strength for clinical relevance, but it introduces profound biological heterogeneity across donors
that must be treated as signal rather than nuisance—especially when the goal is translation rather than
pure mechanism. 26

Activation models and the danger of over-simplifying signal delivery. A dominant in vitro activation
strategy uses anti-CD3 plus anti-CD28 stimulation (often via coated beads), intended to mimic antigen
recognition (via CD3/TCR complex engagement) and costimulation (via CD28). These approaches are
effective at inducing proliferation and enabling downstream assays such as cytokine production,

78


https://pmc.ncbi.nlm.nih.gov/articles/PMC6333611/?utm_source=chatgpt.com
https://academic.oup.com/immunohorizons/article/9/12/vlaf066/8341602?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC3173240/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6660790/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/28696328/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6333611/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/14978070/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/28696328/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC10530048/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC10530048/?utm_source=chatgpt.com

differentiation, and genetic manipulation. 27 Yet the physical format matters: surface-bound versus
soluble stimulation can yield different synapse dynamics and different outcomes, reflecting the principle
that T cells are sensitive not only to biochemical signals but also to the spatial organization of ligands. 28
This is one way in which “T cell context” reappears even in vitro: a model may deliver the right molecules but
in the wrong geometry.

Antigen-specific assays and the missing antigen-processing layer. In vivo, T cells see peptides generated
by antigen processing and displayed by MHC/HLA on professional antigen-presenting cells (APCs) and, in
inflamed settings, sometimes on non-professional APCs. Many in vitro systems shortcut this by stimulating
with antibodies or by loading peptides directly onto APCs. While powerful, these shortcuts remove antigen
processing constraints, can distort peptide density, and may not capture the difference between
“recognition of a peptide” and “recognition of a naturally processed antigen.” 29 A practical implication is
that in vitro antigen-specific findings should be validated in at least one setting where antigen processing
and presentation are endogenous to the biological system under study (e.g., infected cells, tumor cells
expressing antigen, or organoid systems that retain antigen processing). 30

Gene editing and functional genomics in primary human T cells. A major modern advantage of human
primary T cell systems is the ability to perform direct causal perturbations using CRISPR-based editing.
Efficient genome engineering in primary human T cells has been demonstrated using Cas9
ribonucleoproteins, enabling knockouts and targeted modifications. 3! Non-viral targeted insertion
approaches can introduce large DNA sequences at specific loci while preserving viability and function,
shifting primary T cells from a difficult cell type to a genetically controllable system. 32 Genome-wide
CRISPR screens have also been performed in primary human T cells to map regulators of activation and
other functions, turning human T cells into a discovery platform rather than only a validation platform. 33

High-dimensional readouts and what they do not replace. Single-cell RNA sequencing and related
profiling can map activation trajectories in vitro with exquisite resolution, including anti-CD3/CD28
stimulation time courses. 34 However, high-dimensional measurement does not automatically create
physiological relevance. If the activation stimulus is non-physiologic, single-cell “precision” can yield
exquisitely detailed maps of an artificial trajectory. A context-respecting strategy uses these tools to
compare trajectories across models—e.g., does an in vitro activation program match an in vivo antigen-
experienced program in infection, tumor, or vaccination?—rather than to replace in vivo experiments. 35

Donor-to-donor variability as a biological variable. Human T cell repertoires and phenotypes differ
across individuals due to age, chronic infections, and environment. Age-related attrition and subset-specific
changes in TCR repertoire have been documented, including evidence that repertoire attrition can be more
profound in certain compartments and that repertoire richness differs across subsets. 36 Latent
cytomegalovirus (CMV) infection can further shape T cell differentiation and repertoire structure; studies
show that age and CMV infection can jointly affect antigen-specific repertoire diversity and phenotypes. 37
These are not mere confounders: they can reverse conclusions if an experiment unknowingly compares
“young CMV- donors” to “older CMV+ donors,” for example.

Strengths of human primary T cells. The central strengths are molecular fidelity (human cytokine and
receptor networks) and direct linkage to clinically relevant phenotypes, including patient-specific variation.

38 They allow testing of therapeutically relevant manipulations (checkpoint pathways, engineered
receptors, gene corrections) in the correct species context. 39
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Limitations and common failure modes. The primary limitations are loss of tissue architecture, unnatural
stimulation formats, and short experimental time windows relative to immune memory timescales. 40
Another recurring failure mode is over-interpreting in vitro “activation” as a proxy for in vivo immunity
without validating antigen processing, trafficking, and competition. 41

Organoids and microphysiological models

Organoids and microphysiological systems are attempts to reintroduce key aspects of tissue context—3D
architecture, multicellular composition, localized signaling, and sometimes perfusion or
compartmentalization—while retaining the controllability of in vitro experiments. In T cell biology, these
models are especially valuable where tissue context is itself the mechanism: thymic selection, tumor-
immune interactions, and lymphoid tissue organization. 42

Thymic organoids and artificial thymic organoids. Because T cell development and selection occur in the
thymus, in vitro models that emulate thymic niches address a core bottleneck: how to study human
thymopoiesis and selection without relying on scarce or inaccessible tissue. Artificial thymic organoid (ATO)
platforms can generate T cells from human hematopoietic stem and progenitor cells using defined stromal
support and Notch signaling components, and ATO systems have been used to analyze developmental
blocks in human immunodeficiency states. 43 Protocol-oriented work emphasizes that ATO systems can
be technically simpler and more reproducible than earlier approaches, although they still represent
engineered niches rather than complete thymus tissue. 44 Beyond ATOs, thymic organoids derived from
human pluripotent stem cells have been reported to support thymic and T cell development in vitro,
suggesting a path toward scalable models of thymic microenvironments. 45

Why thymic models matter for “context.” Thymic selection is not merely “TCR meets peptide.” It is an
anatomical process involving spatially organized stromal compartments and a sequence of developmental
checkpoints. If a model captures only Notch signaling and TCR rearrangement but not the spatial or
temporal cues that define positive and negative selection, it may generate T cells that look mature by
marker expression but differ functionally or repertoire-wise. Reviews emphasize that new technologies—
including organoids—are reshaping understanding of human thymus biology by enabling study of stromal
heterogeneity and developmental dynamics. 46

Tumor organoid-immune co-cultures. In cancer immunology, a central context problem is that T cells
respond to tumors within a complex microenvironment shaped by tumor-intrinsic programs, stromal
barriers, antigen presentation variability, and immunosuppressive signaling. Patient-derived tumor
organoids can preserve aspects of tumor architecture and genetics, and co-culture with autologous
lymphocytes can be used to enrich tumor-reactive T cells and test killing of matched tumor organoids. 47
This approach has been demonstrated for generating tumor-reactive T cells from peripheral blood using
autologous organoid co-culture and for assessing cytotoxicity against matched targets, illustrating how
organoids can act as a bridge between patient specificity and experimental control. 47 Reviews now treat
organoid-immune co-cultures as a growing ecosystem of models for interrogating tumor-immune
interactions and immunotherapy response, while also emphasizing remaining challenges such as
incomplete immune composition and limited representation of vasculature or long-range immune
trafficking. 48

Lymphoid tissue mimics and “immune system on a chip.” Many T cell fate decisions depend on lymph
node architecture: APC-T cell encounter rates, chemokine-guided zoning, and dynamic flow of lymph and
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blood. Microfluidic “lymph node-on-chip” platforms aim to reproduce aspects of lymph node structure,
permitting controlled observation of immune cell motility, interactions, and responses to perturbations
under defined fluidic conditions. 49 More broadly, “immunity-on-a-chip” reviews describe the integration
of immune components into engineered systems and highlight both application areas (vaccines, cancer,

drug testing) and engineering challenges (cell source, extracellular matrix realism, and structural fidelity).
50

Strengths of organoids and microphysiological systems. Their primary strength is mesoscale context:
they can capture cell-cell interactions within a spatial structure and can preserve some tissue-specific
programs that are lost in 2D culture. 5" For tumor immunology, they uniquely enable patient-specific T
cell-tumor testing without requiring whole-animal models, and can be used for expanding and
characterizing tumor-reactive T cells in vitro. 47 For thymus biology, they provide access to human
developmental processes that are ethically and practically challenging to study in vivo. 52

Limitations and required humility. Organoids are not organs; they are partial reconstructions. Many lack
vasculature, innervation, endocrine inputs, full immune diversity, and the systemic feedback loops that
shape T cell memory and tolerance in living organisms. 53 Even when immune cells are added, their
recruitment, retention, and spatial patterning may be artificial. This makes it essential to define explicitly
which aspects of “context” the organoid is intended to represent and which it cannot. 4

Humanized mouse models

Humanized mice are immunodeficient mice engrafted with human cells or tissues, intended to enable in
vivo-like studies of human immune biology without direct experimentation in humans. Conceptually, they
are hybrid ecosystems: human immune cells develop and act within a largely murine physiological scaffold. A
key consequence is that the model's usefulness depends on which parts of the ecosystem are human versus
murine and how these parts communicate. 54

Canonical categories: hu-PBL, hu-HSC, and BLT. One widely used class is hu-PBL (“human peripheral
blood leukocyte”) mice, created by transferring human peripheral blood mononuclear cells into
immunodeficient recipients. These models can yield rapid human T cell engraftment but are often limited
by xenogeneic graft-versus-host disease (GVHD), where human T cells attack murine tissues, compressing
the experimental window and complicating interpretation. 55

A second category is hu-HSC models, where human hematopoietic stem/progenitor cells engraft and
generate multiple human immune lineages. Such models have been enabled and strengthened by highly
immunodeficient recipient strains, including IL2Ry-null backgrounds that reduce murine NK-cell-mediated
rejection and allow more durable human hematopoiesis. 56

A third category is BLT (bone marrow-liver-thymus) models, which incorporate transplantation of human
thymic (and often liver) tissue to support more human-like T cell development and selection. BLT models
can provide broader immune reconstitution but are more complex to generate and, in some settings,
develop GVHD-like disease that constrains longitudinal studies. 57

Host strain engineering and cytokine mismatch. A defining limitation of many humanized mouse models
is that mouse cytokines and growth factors do not always act efficiently on human receptors, and vice
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versa. This creates lineage-skewed reconstitution (often weak myeloid development and altered innate
compartments) and can distort T cell priming quality because innate cells shape antigen presentation and
“signal 3" cytokines. 58 To address this, “next-generation” humanized strains have been engineered with
human cytokines knocked into mouse loci. For example, MITRG/MISTRG strains include knock-in human
versions of cytokines important for innate immune development and can support improved human myeloid
and NK cell development compared with earlier models. 39 These advances exemplify a general principle:
improving humanized mice often requires humanizing the communication channels (cytokines, costimulatory
interactions, HLA) not only transplanting human immune cells. €0

HLA restriction and thymic education. Human T cells are educated on human leukocyte antigen (HLA)
molecules during thymic selection; if the thymic environment does not supply appropriate HLA, T cells may
be selected on murine MHC or develop with altered specificity constraints. Reviews emphasize that lack of
HLA molecules and limited lymphoid architecture can constrain the ability of humanized mice to generate
robust antigen-specific immune responses, including antibody responses and germinal center reactions.

617 This is why BLT approaches and HLA-transgenic strategies are often pursued when antigen-specific
human T cell responses are central to the question. 62

Strengths of humanized mice. When appropriately selected, humanized models allow interrogation of
human immune cells experiencing in vivo-like pharmacokinetics, tissue distribution, and multi-organ
physiology. Reviews highlight their value as a “preclinical bridge” for evaluating human therapies and
modeling human diseases, especially when direct study in humans is impossible. 6 In immuno-oncology,
humanized systems can support evaluation of human immune interactions with tumors and can be used to
assess both efficacy and some categories of toxicity, though interpretation must remain model-specific. 64

Limitations that must be designed around. The dominant limitations include GVHD (especially in hu-PBL
systems), incomplete lymphoid structures, imperfect humoral immunity, species-specific cytokine gaps, and
persistence of murine stromal and vascular biology that shapes trafficking and tissue cues. 6 These
limitations should not be treated as generic caveats; they should be translated into concrete experimental

constraints (shorter timelines, specific endpoints, reliance on relative comparisons, and careful controls).
66

Translating across species and experimental systems

Translation is not a single jump (mouse — human). It is a process of building confidence that a mechanism
or principle is robust to changes in species, environment, and experimental distortion. The key is to treat
each model as a structured approximation with known failure modes—and to triangulate rather than to
extrapolate. 6

Where mouse-human differences are most consequential. A widely cited synthesis catalogs
discrepancies between mouse and human immunity (innate and adaptive), including differences in
leukocyte subset balance, cytokine pathways, receptor families, and signaling components. 23 These
differences can matter directly for T cell biology because they change antigen presentation, costimulation,
inflammatory cytokine availability, and tissue homing programs. 67 An additional layer is ecological:
laboratory mice often have different microbial exposure histories than humans, and this influences baseline
immune activation and the distribution of naive versus antigen-experienced states. 24
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Lesson from debated translational failures: focus on context matching. Work comparing genomic
responses between human inflammatory conditions and mouse models has argued that some mouse
models correlate poorly with human transcriptional patterns. 6 Other analyses have argued for stronger
correspondence when different methods or datasets are used, illustrating that “translation quality” can be
method-dependent and context-dependent. 6 The practical takeaway for T cell biology is not to adopt a
blanket pessimism or optimism, but to define what “match” means for the question: Is the goal to match a
gene expression signature, a cellular phenotype, a therapeutic response, a toxicity profile, or a causal
pathway? Different models may align on some of these and diverge on others. 70

Bridging strategies that treat translation as an experiment. A context-respecting translational workflow
usually contains at least three layers:

First, establish a mechanism in a high-control system where causality can be tested cleanly—often mouse
genetics or engineered human T cell perturbations. 71

Second, test whether the same mechanism operates when key contextual elements are restored—e.g.,
antigen processing, tissue architecture, or multi-lineage immune composition—using organoid co-cultures,
microphysiological systems, or in vivo infections/tumors. 72

Third, validate in a species-matched human system that contains the relevant heterogeneity (donor
variation, age, infection exposure) and ask whether biological variability changes the mechanism or only the
effect size. 26

Translation failures often come from mismatched “starting states.” T cells are history-dependent: a
naive, antigen-inexperienced T cell behaves differently from a memory, exhausted, or chronically stimulated
T cell. If a mouse experiment starts with largely naive SPF mice and a human experiment starts with mixed
memory phenotypes shaped by age and chronic viral exposures, the two systems are not testing the same
biology. 73 Similarly, adoptive transfer into lymphopenic mice introduces homeostatic proliferation
processes that can create memory-like cells without infection, which can be mistaken for “true memory” if
context is ignored. 74

A practical definition of translational robustness. For T cell biology, a finding is often more likely to
translate if it satisfies three criteria: (i) it is observable at physiological precursor frequencies (to avoid
competition artifacts), (ii) it is stable to changes in antigen-presenting context (professional APC vs target
tissue; processed antigen vs peptide loading), and (iii) it persists across at least two orthogonal model
classes (e.g., mouse genetics plus primary human T cell perturbation, or humanized mice plus tumor
organoid co-culture). 75

Designing experiments that respect T cell context

Designing “context-respecting” experiments means treating context not as an uncontrolled variable but as
part of the hypothesis. A good design makes the contextual assumptions explicit, measures whether they
hold, and builds controls that detect when the model has drifted away from the intended biological
scenario. 6
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Start with a context map, not with a technique. Before choosing mouse, human cells, organoids, or
humanized mice, define the minimal contextual features required for the biological question. In practice, a
context map usually specifies: (i) the relevant T cell state (naive, effector, memory, exhausted, regulatory), (ii)
the relevant antigen source (pathogen, tumor neoantigen, self-antigen), (iii) the presenting cell type and
presentation pathway (endogenous processing vs peptide loading), (iv) the tissue site and trafficking
requirement, and (v) inflammatory milieu (which cytokines and innate pathways supply “signal 3”). 76 Any
model choice that removes one of these elements should trigger a compensatory strategy (a second model,
a targeted control, or a narrower claim).

Treat precursor frequency as an experimental variable. For TCR transgenic or adoptive transfer
experiments, define and justify the precursor frequency regime. Evidence shows that high input numbers
can distort kinetics and fate decisions; therefore, if the goal is to model endogenous physiology, designs
should favor very low numbers or endogenous tracking approaches. 77 If high numbers are used
intentionally (e.g., to test competition or to model therapeutic T cell infusion), then the claim should be
framed accordingly and controls should include multiple doses to characterize the dose-phenotype
relationship. 78

Avoid “lymphopenic shortcuts” unless lymphopenia is the biology. RAG-deficient recipients and other
lymphopenic hosts are convenient because they allow robust engraftment and easy tracking, but they
impose strong homeostatic and microbiota-dependent proliferative programs that can change T cell
phenotype. 17 If lymphopenia is not intrinsic to the biological question, context-respecting alternatives
include using lymphoreplete congenic hosts with low transfer numbers, transient depletion strategies

calibrated to minimize homeostatic artifacts, or in vitro systems that avoid prolonged culture-induced drift.
79

Match antigen presentation to the question being asked. Many T cell experiments unintentionally test
“response to peptide density” rather than “response to antigen.” Where possible, incorporate conditions in
which antigen is processed and presented endogenously (infected cells, tumor cells expressing antigen, or
organoids retaining processing machinery) and use peptide-pulsed controls to understand how much the
system depends on processing constraints. 8 In humanized mice, explicitly consider whether T cells are
HLA-restricted in a biologically meaningful way; if not, restrict claims to HLA-independent phenomena or
use models engineered to better support HLA-restricted selection and responses. 8!

Engineer context back in, selectively. When a model removes context, the most efficient strategy is often
not to “fully replicate reality,” but to add back the most causal missing parts. Examples include: using
stromal and Notch-supporting thymic organoids to study developmental checkpoints rather than
attempting full organismal development; using tumor organoid co-cultures to restore tumor architecture
while keeping immune composition controlled; or using cytokine-humanized mouse strains to restore key
cross-species communication channels for innate-adaptive coupling. 82

Use reporting standards as experimental infrastructure. Context-respecting science is not only a
conceptual goal; it is also a documentation discipline. For animal studies, ARRIVE 2.0 provides an evidence-
informed checklist for transparent reporting, including experimental unit definition, sample size rationale,
inclusion/exclusion criteria, randomization, and blinding—the kinds of details that determine whether
results can be interpreted and reproduced. 83 For T cell assays, MIATA was proposed to define minimal
reporting requirements so that assay results can be interpreted and compared across studies and
laboratories. 8 For flow cytometry, MIFlowCyt specifies minimal information on samples, instruments,
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and data analysis needed for independent validation and interpretation—crucial because flow cytometry is
one of the dominant measurement modalities in T cell biology. 8

Design replication at the correct level. In T cell experiments, the true biological replicate is often the
organism (mouse) or the donor (human), not the number of wells. Overstating “n” by counting technical
replicates as biological replicates is a common way context is accidentally ignored. ARRIVE 2.0 explicitly
emphasizes the experimental unit and the reporting of exact n per analysis. 8 In human primary cell
work, donor heterogeneity is frequently the key determinant; therefore, experimental designs should plan
for multiple donors and treat donor identity as a biological factor rather than an afterthought. 26

Interpretation discipline: align claims with model scope. A context-respecting conclusion is one that
matches the context actually present. If the model lacks trafficking, do not claim a trafficking mechanism. If
antigen processing is bypassed, do not claim an antigen-processing-dependent mechanism. If the system is
lymphopenic, do not claim steady-state physiology without testing lymphoreplete conditions. The literature
on precursor frequency artifacts and homeostatic proliferation provides concrete examples of how easy it is
to draw the wrong generalization when these alignments are not enforced. 87

A concise model-selection heuristic. When choosing among mouse, human cells, organoids, and
humanized mice, an experimentally useful rule is to prioritize the model that contains the causal bottleneck
for the hypothesis. If the bottleneck is genetic causality in a defined lineage, mouse conditional genetics or
CRISPR perturbation may dominate. 88 If the bottleneck is tumor architecture and patient specificity,
tumor organoid co-culture may dominate. 8 If the bottleneck is in vivo pharmacokinetics and
multicompartment physiology of human immune cells, humanized mice may dominate. 9 If the
bottleneck is HLA-matched biology and clinical heterogeneity, primary human T cell systems (with careful
donor design) may dominate. 91

Closing synthesis. Experimental models for T cell biology are not competitors; they are complementary
lenses. Mouse models excel at integrated physiology and genetic causality but require explicit translation
checks because mouse and human immune systems differ and because laboratory ecology can distort
baseline immune states. 9 Human primary T cells provide species fidelity and clinical relevance but
require careful handling of stimulation geometry, antigen presentation realism, and donor variability. 93
Organoids and microphysiological systems reintroduce architecture and compartmental cues, creating a
bridge between reductionist culture and organismal biology, but they must be framed as partial
reconstructions with defined scope. 9 Humanized mice add in vivo physiology for human cells, yet their
hybrid nature demands explicit attention to cytokine compatibility, HLA restriction, lymphoid architecture,
and GVHD risk. 9

The deepest practical principle is simple: in T cell biology, “context” is rarely a detail—it is often the
mechanism. The highest-quality experimental programs therefore treat context as a first-class design
variable and use triangulation across model classes to convert model-specific observations into species-
robust understanding. 9
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Chapter 9

Clinical Panorama of T Cell-Dominated Biology

Why T cells dominate many clinical phenotypes

T cells (T lymphocytes) are a core arm of adaptive immunity, specialized for antigen-specific recognition and
programmed effector functions that can be precisely targeted—yet exceptionally destructive when
misdirected or poorly regulated. The same fundamental capabilities that let T cells clear intracellular
pathogens and suppress malignant clones can also drive organ-specific inflammation, systemic
hyperinflammation, tissue fibrosis, and long-lived immune dysfunction. This “double-edged sword” theme is
captured across multiple frameworks in immunology, including (i) the balance between resistance
(reducing pathogen burden) and tolerance (reducing tissue damage and fitness cost without necessarily
changing pathogen burden), and (ii) the idea that immunity can both eliminate and sculpt disease
processes over time.

At first principles level, T cell-dominated disease emerges when three ingredients coincide: recognition,
amplification, and execution. Recognition begins when a T cell receptor (TCR) binds a peptide antigen
presented by major histocompatibility complex (MHC) molecules on an antigen-presenting cell (APC).
Amplification occurs through costimulatory signals (classically CD28 engagement) and cytokines that drive
clonal expansion and differentiation. Execution is the deployment of context-specific effector programs—
cytotoxic killing (especially by CD8" T cells), macrophage-activating cytokines (often Th1-skewed CD4* T
cells), type 2 cytokines (Th2 programs), IL-17-dominated inflammatory circuits (Th17 programs), and—
critically—counter-regulation by regulatory T cells (Tregs) and inhibitory checkpoint receptors that act as
brakes. 2

A clinically useful way to classify T cell programs is by “helper” polarization and regulatory state. CD4* T cells
can differentiate into subsets that are often summarized as Th1, Th2, Th17, and T follicular helper (Tfh) cells;
each subset is defined by transcriptional programming and signature cytokines that recruit and instruct
other immune and tissue cells. Importantly, these subsets are not merely academic—each aligns with
recognizable clinical patterns: Th1-biased immunity often tracks with intracellular pathogens and
granulomatous inflammation; Th2-biased immunity with allergic disease and eosinophilic pathology; Th17-
biased immunity with barrier-tissue inflammation and multiple autoimmune syndromes; and Tfh programs
with antibody class switching and germinal center biology (which can be beneficial in vaccination, but
pathogenic in autoantibody disease or allergy-associated IgE responses). 3

When, then, do T cells protect versus harm? Protective outcomes are most likely when (i) antigen is truly
“non-self” or malignant, (ii) effector intensity matches the biological problem (enough to clear infected or
transformed cells, not so much as to shred tissue architecture), (iii) responses are time-limited (rapid
expansion followed by contraction and memory), and (iv) tissue repair and homeostatic circuits keep pace
with damage. Harmful outcomes rise when antigen is self (autoimmunity), harmless environmental material
(allergy), or alloantigen (transplant) or when the immune response is excessive, prolonged, spatially
mislocalized, or poorly regulated—leading to immune-mediated injury that can exceed the damage created
by the initiating insult. 4
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This brings us to immune pathology (often called immunopathology): tissue damage caused by immune
responses themselves. The classic example is type IV (delayed-type) hypersensitivity, a T cell-mediated
reaction that typically evolves over ~48-72 hours after antigen exposure and is driven by antigen-specific T
cells and downstream recruitment/activation of macrophages and other leukocytes. Clinically, type IV
hypersensitivity includes phenomena such as tuberculin-type skin responses and allergic contact dermatitis,
and it can also manifest as granulomatous inflammation with necrosis and tissue remodeling. 5

Infection control and immune-mediated tissue injury

In infection, T cells are often indispensable because many pathogens exploit intracellular niches where
antibodies alone cannot reach. CD8" cytotoxic T lymphocytes (CTLs) detect infected cells presenting
pathogen-derived peptides on MHC class I and can eliminate those cells via perforin/granzyme-mediated
cytotoxicity and death receptor pathways, limiting pathogen replication. CD4* T cells orchestrate responses
by licensing APCs and producing cytokines that activate macrophages, support CD8* memory formation,
and provide help for antibody responses (notably via Tfh programs in germinal centers). These principles
are central to antiviral defense and to control of intracellular bacteria that require activated macrophages
for containment. ¢

A major clinical inflection point is the difference between sterilizing clearance and functional control. In many
real infections, the host cannot eliminate every infected cell or organism rapidly; instead, the immune
system aims to reduce pathogen burden to a controllable level while minimizing collateral damage. This is
where the resistance-tolerance framing becomes clinically powerful: disease severity is not determined
solely by pathogen load, but also by how effectively tissues limit and repair damage arising from both
pathogen and immune response. Therapeutically, this implies that, in some syndromes, reducing
inflammatory injury (improving tolerance) can be as life-saving as directly attacking the pathogen
(improving resistance). 7

One concrete illustration is severe respiratory viral infection. T cell responses—especially CTLs—are
essential for viral clearance, but exuberant CTL activity can amplify lung injury through cytokines and
chemokine-driven recruitment of secondary inflammatory infiltrates. Experimental and translational work in
influenza models highlights how CTL-derived inflammatory mediators (including IFN-y in specific settings)
can contribute meaningfully to acute lung injury, even when effects on viral clearance are separated from
tissue damage. More broadly, reviews of influenza-specific CTLs emphasize that protective immunity and
immunopathology are intertwined outcomes of the same effector mechanisms, with disease severity
shaped by response magnitude, kinetics, and anatomical compartmentalization. 8

A parallel but more systemic form of immune pathology is the cytokine storm (also called cytokine release
syndrome in some contexts): a life-threatening hyperinflammatory state characterized by markedly elevated
cytokines, immune cell activation, shock physiology, and multi-organ dysfunction. While cytokine storms
can occur in infections and sepsis, they are also seen in iatrogenic settings such as CAR T cell therapy (a
striking example of how T cell activation can become systemically toxic). Contemporary clinical reviews
emphasize cytokine storm as a major driver of organ failure across infectious and immune effector
scenarios, reinforcing that immune-mediated injury can dominate the clinical picture even when the
initiating trigger differs. 9

Anatomical localization of T cell memory adds another layer to infection biology. Tissue-resident memory
T cells (T_RM) persist in non-lymphoid tissues (such as lung mucosa) and enable rapid on-site responses to
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reinfection—often providing superior early protection compared with circulating memory alone. However,
this same property can predispose to chronic or post-infectious inflammatory sequelae if tissue-resident
responses become excessive, persistent, or repeatedly triggered. Reviews focusing on respiratory T_RM
highlight this duality: a tissue-adapted defense mechanism that can tilt toward chronic immunopathology in
susceptible settings. 10

Granulomatous infection control provides a second archetype of “protective but hazardous” T cell biology. In
tuberculosis, Th1-associated cytokines (notably IFN-y) coordinate macrophage activation and are strongly
linked to control of Mycobacterium tuberculosis in humans and models. Yet granulomas also represent a
potent inflammatory microenvironment; when the balance fails, granuloma necrosis, tissue destruction,
and remodeling can facilitate disease progression and transmission. Multiple reviews emphasize that
tuberculosis granulomas must balance immune activation sufficient to restrain bacterial replication while
modulating inflammation to prevent pathology—an explicit restatement of the resistance-tolerance
problem in a tissue-structured form. 1

Clinically, these infection examples converge on a practical rule: T cells protect when their effector functions
are proportional and appropriately localized to infected targets, and when regulatory and tissue-repair
programs constrain bystander injury. They harm when effector functions overshoot (excess cytokines,
excessive cytolysis, sustained recruitment loops), when memory becomes maladaptively persistent in a
tissue, or when systemic amplification produces shock-like physiology. This is why modern infectious
disease management often pairs pathogen-directed therapy (antivirals/antibiotics) with carefully timed
immune modulation in select syndromes—attempting to restore the balance between microbial control and
tissue survival rather than maximizing inflammation indiscriminately. 12

Cancer surveillance, immunoediting, and immunotherapy

Cancer is, in many respects, a “stress test” of T cell biology. The immune system must detect and eliminate
transformed cells that are genetically abnormal yet derived from self tissues and therefore partially
protected by tolerance mechanisms. The influential cancer immunoediting framework integrates
immunity’s dual roles: immune responses can eliminate nascent tumors (immunosurveillance), can restrain
tumors in equilibrium states, and can also shape tumor evolution by selecting for immune-evasive variants
(escape). This framework is supported by extensive experimental and conceptual work and has become a
cornerstone of modern tumor immunology and therapy design. 13

At the mechanistic level, anti-tumor T cell immunity depends on multiple linked steps: tumor antigen
generation, antigen presentation (often by dendritic cells), T cell priming with costimulation, trafficking into
the tumor microenvironment, and preservation of effector function under chronic antigen exposure and
immunosuppressive conditions. When these steps succeed, CD8* T cells can directly kill tumor cells and
secrete cytokines that remodel the tumor microenvironment toward immune dominance. When they fail,
tumors can persist despite immune recognition. 14

A defining feature of many cancers is T cell dysfunction under chronic stimulation, frequently discussed
as T cell exhaustion. Exhaustion is not simply “tiredness”; it is a durable differentiation state characterized
by reduced effector capacity, sustained expression of inhibitory receptors (e.g., PD-1), and distinct
transcriptional/epigenetic programs that can preserve cell survival while limiting immunopathology from
unchecked activation. In cancer, exhaustion can be maladaptive because it limits tumor clearance, but it
also reflects a physiologic braking system that reduces damage from chronic immune activation. Reviews
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that define exhaustion emphasize both its protective logic (preventing terminal overactivation and death)
and its therapeutic importance as a target for reinvigoration. 15

The most clinically transformative strategy to restore anti-tumor T cell function has been immune
checkpoint blockade, especially targeting CTLA-4 and PD-1 pathways. Although both are “brakes,” they
operate at different stages and contexts of T cell responses, and blockade produces distinct patterns of
immune activation. Mechanistic syntheses in the cancer immunotherapy literature detail how checkpoint
blockade can restore T cell activity and reshape tumor-immune dynamics, providing the rationale for
monotherapy and combination regimens. 16

However, the same logic that makes checkpoint blockade effective against tumors explains its signature
toxicity: immune-related adverse events (irAEs). Many irAEs resemble autoimmunity because checkpoint
pathways are central to self-tolerance and immune homeostasis. Large clinical and mechanistic reviews
describe irAEs across organ systems and discuss candidate mechanisms—Iloss of peripheral tolerance,
expansion/activation of autoreactive T cell clones, inflammatory cytokine loops, and interactions with
genetic susceptibility (including HLA-linked risk signals in some analyses). The clinical lesson is again dual-
use biology: removing inhibitory circuits strengthens anti-tumor immunity but increases the probability of
immune pathology. 17

A second revolution in cancer therapy has been adoptive cellular therapy, particularly CAR T cells (chimeric
antigen receptor T cells). CAR T therapy demonstrates how “engineered” T cell recognition and activation
can produce dramatic clinical responses, but it also makes immune pathology highly visible in predictable
forms: cytokine release syndrome and immune effector cell-associated neurotoxicity (ICANS). The American
Society for Transplantation and Cellular Therapy 18 consensus grading system was created to standardize
CRS and neurotoxicity definitions and grading across trials and real-world care, reflecting how central these
toxicities are to the clinical deployment of potent T cell therapies. 19

From a “protect versus harm” perspective, cancer offers three particularly instructive contrasts. First, T cell
activity can be protective against malignant clones yet simultaneously promote immune selection for
escape variants—immunity shapes tumor evolution as well as tumor elimination. Second, physiologic
brakes (checkpoints, exhaustion programs) can be harmful for anti-tumor control but protective against
runaway inflammation; therapeutic blockade uncovers both faces. Third, engineered T cell therapies can
outperform natural immunity in potency, but they require sophisticated clinical frameworks to manage
predictable immune pathology. 20

Autoimmunity and breakdown of T cell tolerance

Autoimmunity is, conceptually, a failure of the immune system to maintain the critical distinction between
self and dangerous non-self. Because T cells are centrally involved in antigen discrimination and effector
orchestration, breakdowns in T cell tolerance—whether due to genetics, inflammatory context, or
regulatory failure—can produce highly diverse clinical syndromes. Importantly, autoimmunity is not a single
mechanism: it is a family of failures that can occur at multiple checkpoints of immune education and
regulation. 21

Central tolerance occurs largely in the thymus and includes deletion (negative selection) of strongly self-
reactive T cells. A key molecular contributor is AIRE (autoimmune regulator), expressed in medullary thymic
epithelial cells, which promotes expression of many tissue-specific antigens and thereby enhances deletion
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of self-reactive thymocytes. Reviews of AIRE biology emphasize that absent or defective AIRE-mediated
antigen display permits escape of self-reactive thymocytes into the periphery, increasing autoimmune risk
—an explicit demonstration that T cell repertoire shaping is a primary determinant of autoimmune
potential. 22

Peripheral tolerance restrains self-reactive cells that either escaped central deletion or arise through other
processes. Peripheral tolerance includes multiple nonredundant strategies: functional inactivation (anergy),
deletion, checkpoint inhibition, and suppression by FOXP3* regulatory T cells (Tregs). Reviews
emphasizing Treg biology highlight that impairments in Treg number and/or function are repeatedly
observed across human autoimmune diseases, and that Treg heterogeneity and context-dependence
matter—Tregs must be appropriately programmed for the local inflammatory environment to suppress
relevant effector subsets. 23

The importance of Tregs is further underscored by monogenic syndromes: mutations affecting FOXP3 lead
to severe immune dysregulation syndromes (classically IPEX), illustrating that the immune system requires
active suppression—not just deletion—to prevent runaway self-reactivity. Clinical reviews of IPEX emphasize
FOXP3 as essential for thymus-derived Treg maintenance and for preventing early-onset, multi-organ

autoimmunity and allergic phenotypes, linking tolerance failure to both autoimmune and atopic pathology.
24

A second axis of autoimmune risk is the balance of effector differentiation programs. Th17 biology has
become particularly prominent because IL-17/IL-23-linked pathways are implicated in a wide range of
inflammatory autoimmune diseases, and clinical benefits from targeting these cytokines reinforce their
pathogenic potential in specific contexts. Recent reviews describe Th17 development, effector function, and
clinical translation, emphasizing that Th17-driven inflammation can be a dominant driver in diseases such
as psoriasis, inflammatory bowel disease, and multiple sclerosis-related inflammatory circuits, even though
multiple immune compartments collaborate in disease expression. 25

Costimulatory and coinhibitory pathways can also be reframed as “tolerance valves.” Excess costimulation
or insufficient coinhibition can amplify autoreactive T cell activation, whereas therapeutic blockade of
costimulation can restrain autoimmune activation but may carry tradeoffs if reqgulatory compartments rely
on similar signals. Reviews focused on costimulation and autoimmunity emphasize that dysregulation of
these pathways can contribute to loss of self-tolerance and that targeting them is a rational therapeutic
approach—again highlighting the shared molecular logic between protective immunity and autoimmune
pathology. 26

Clinically, autoimmune tissue injury often resembles controlled versions of the same tools used in infection
control: cytokine-driven recruitment, macrophage activation, cytotoxicity, and chronic remodeling. This
overlaps mechanistically with classic delayed-type hypersensitivity patterns (Th1-macrophage axes) and
extends to long-term fibrotic outcomes when inflammation becomes self-sustaining. The central “protect
versus harm” inversion in autoimmunity is that effective effector programs are now targeted at self
structures, so the immune system becomes the primary driver of persistent tissue injury. 27

Allergy and type 2 T cell biology

Allergic disease illustrates a different miscalibration: the immune system responds vigorously to antigens
that are not intrinsically dangerous, producing symptoms and tissue remodeling that can be severe even
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when the triggering exposures are benign. Although allergy involves multiple effector cells (mast cells,
basophils, eosinophils), the “decision” to mount type 2 immunity is strongly shaped by CD4* T cell programs
—particularly Th2 and related Tfh subsets that support IgE class switching and memory. 28

In asthma and many allergic syndromes, Th2 cytokines (classically IL-4, IL-5, IL-13) align with hallmark
clinical features: IL-5 supports eosinophil production and survival; IL-4 and IL-13 promote IgE class
switching and contribute to eosinophil trafficking; IL-13 contributes to mucus production and airway
hyperresponsiveness. Comprehensive reviews of asthma immunology emphasize that type 2 cytokines
drive much of the recognizable pathology—airway eosinophilia, mucus hypersecretion, and bronchial
hyperresponsiveness—while also noting that not all asthma is type 2-high, underscoring that “T cell
dominance” is phenotype-specific rather than universal across all patients with a diagnostic label. 29

A clinically crucial point is that allergy is not simply “too much immunity,” but a particular quality of immunity.
Type 2 pathways likely evolved to address multicellular parasites and tissue repair demands, yet in modern
environments these circuits can be triggered by aeroallergens, foods, and contact haptens. Recent broad
reviews of type 2 immunity in allergic disease emphasize the upstream conditions that favor Th2
differentiation and the downstream consequences for B cell class switching, including the roles of IL-4 and
IL-13 in promoting IgE and specialized helper subsets that support allergic responses. 30

Tolerance in allergy is also a T cell story, largely mediated by regulatory networks that restrain Th2
activation and promote nonpathogenic immune deviation. Tregs—especially IL-10-producing regulatory
phenotypes (including Tr1-like programs)—can suppress allergen-specific effector T cells and reshape B cell
responses away from IgE and toward noninflammatory antibody profiles. Mechanistic and clinical syntheses
of allergen tolerance emphasize IL-10 and TGF-3 as key suppressive mediators and position regulatory
induction as a central mechanism of successful allergen immunotherapy. 31

From a therapeutic standpoint, allergic disease is one of the most visible examples of “reprogram vs
suppress.” Traditional anti-inflammatory approaches reduce downstream inflammation, but allergen
immunotherapy attempts to modify the upstream T cell decision-making landscape by inducing allergen-
specific tolerance and regulatory circuits. High-level reviews of allergen immunotherapy highlight
immunologic shifts consistent with increased regulation and altered cytokine patterns, aligning clinical
benefit with durable immunologic remodeling rather than transient blockade of symptoms. 32

Allergy also overlaps with T cell-mediated immunopathology through type IV hypersensitivity (notably
allergic contact dermatitis), where antigen-specific T cells drive delayed inflammation following hapten
exposure. Clinical reviews emphasize that contact dermatitis is a prototypic type IV process mediated by T
cells upon re-exposure, providing a clean, clinically accessible example of T cell-driven pathology at
epithelial barriers. 33

Transplant rejection, tolerance, and graft-versus-host disease

Transplantation creates perhaps the most direct, clinically consequential test of T cell self/non-self
discrimination: the host immune system encounters tissues expressing non-self (allogeneic) HLA/MHC
molecules. T cell-mediated rejection remains central in solid organ transplantation, with mechanistic
roots in how recipient T cells recognize donor antigens and in how memory and costimulation requirements
differ between naive and experienced T cell compartments. Comprehensive reviews emphasize that T
lymphocytes sit at the core of acute and chronic graft injury and that advances in understanding
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allorecognition pathways and trafficking have shaped modern immunosuppression and tolerance
strategies. 34

A pivotal concept is that recipient T cells can recognize donor antigens through multiple pathways: direct
allorecognition (recipient T cells recognize intact donor MHC on donor APCs), indirect allorecognition
(recipient APCs present processed donor peptides), and semidirect mechanisms (recipient APCs acquire
donor MHC molecules). Reviews integrating these pathways emphasize that they may contribute differently
across time—direct pathways often dominate early T cell-mediated acute rejection, whereas indirect
pathways contribute to longer-term processes and chronic remodeling—though modern analyses also
stress that the biology is more integrated than a simple early/late dichotomy. 35

Clinically, transplant rejection is classified by both mechanism and histopathology. In kidney
transplantation, the Banff classification has become the standard framework for biopsy interpretation and
defines T cell-mediated rejection (TCMR) using lesion patterns such as interstitial inflammation and
tubulitis (mononuclear cells infiltrating the tubular epithelium), with evolving criteria for chronic active
TCMR and inflammation in fibrotic areas. Banff consensus publications and reference guides underscore
the importance of standardized lesion scoring for clinical decisions and trial endpoints, reflecting how T cell
biology becomes visible at the tissue level. 36

The clinical question “when do T cells protect vs harm?” becomes unusually explicit in hematopoietic
transplantation, where donor immune cells can provide a graft-versus-tumor (GVT) effect (beneficial anti-
malignancy immunity) while also causing graft-versus-host disease (GVHD) (pathogenic attack on
recipient tissues). Reviews of GVHD pathogenesis emphasize that donor T cells are indispensable mediators
(GVHD is rare after syngeneic or T cell-depleted grafts) and that tissue damage from conditioning regimens
and inflammatory priming sets the stage for donor T cell activation, trafficking, and organ injury—especially
in skin, gut, and liver. 37

In terms of frequency and clinical impact, GVHD remains a major source of nonrelapse morbidity and
mortality in allogeneic hematopoietic transplant settings; concise clinical reviews report substantial
incidence ranges for acute GVHD and emphasize its contribution to post-transplant mortality. These
epidemiologic realities are not simply clinical facts—they reflect the fundamental potency of T cell
recognition of alloantigen in an inflamed, damaged host environment. 38

Therapeutic manipulation of transplantation immunity highlights a central tradeoff: preventing rejection
and GVHD requires restraining T cell activation and proliferation, but broad immunosuppression increases
susceptibility to infection and malignancy, and can impair protective vaccine responses. Mechanistic reviews
of common immunosuppressants show how many standard agents converge on blocking T cell activation
pathways (e.g., calcineurin-NFAT signaling and IL-2 transcription), cytokine-driven proliferation (mTOR
signaling), or nucleotide synthesis required for Ilymphocyte expansion (IMPDH inhibition via
mycophenolate). In this domain, “T cell-dominated biology” is not only pathogenesis—it is also the
pharmacologic target. 39

Finally, transplant immunology illustrates that not all immune suppression is equal. For example, agents
that block IL-2 receptor signaling can reduce acute cellular rejection but may also affect regulatory
compartments that depend on IL-2 signaling for survival and function, raising sophisticated questions
about whether a given intervention preferentially restrains effectors, regulators, or both. Research and
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reviews discussing CD25 blockade and Treg dependence on IL-2 highlight this tension, which sits at the
heart of attempts to achieve tolerance rather than blanket immunosuppression. 40

Therapeutic map across T cell-dominated disease

A high-level therapeutic map becomes clearer when organized by the lever you are pulling in the T cell
system. Across infection, cancer, autoimmunity, allergy, and transplantation, clinicians and drug developers
repeatedly use four strategic families: augment, inhibit, reprogram, and separate benefit from toxicity.

Augmenting T cell function is most prominent in infections and cancer—contexts where insufficient T cell
activity can be lethal. Vaccination strategies aim to build durable memory (including tissue-resident
immunity in some approaches), while cancer immunotherapy seeks to overcome tumor-induced
suppression and chronic dysfunction. Checkpoint blockade (PD-1/CTLA-4 directed), adoptive cellular
therapies (CAR T), and combination strategies to reinvigorate exhausted T cells represent canonical
augmentation approaches, with mechanistic reviews emphasizing both their ability to restore cytotoxic and
helper programs and their predictable inflammatory toxicities. 41

Inhibiting T cell activation and expansion is central in autoimmunity, allergy (when severe), and
transplantation. A mechanistic way to understand classic immunosuppressants is to map them onto the T
cell activation sequence: signal reception and transcriptional activation (calcineurin inhibitors suppress
calcineurin-NFAT signaling and thereby reduce IL-2 production), cytokine-driven proliferation and
metabolism (mTOR inhibitors), and nucleotide synthesis required for clonal expansion (IMPDH inhibition by
mycophenolate). Contemporary reviews emphasize these mechanisms and also document long-term
tradeoffs, including infection risk, metabolic effects, organ toxicity, and altered vaccine responsiveness for
certain drug classes. 42

Reprogramming immunity toward tolerance is arguably the most conceptually “T cell-native” strategy,
because it attempts to restore the immune system'’s internal decision rules rather than merely suppressing
downstream inflammation. In allergy, allergen immunotherapy aims to induce regulatory circuits (often
IL-10 and TGF-B-linked) and durable clinical tolerance. In autoimmunity and transplantation, costimulation
blockade (e.g., CTLA4-Ig approaches) is framed as a path toward dampening activation signals, though
nuanced work emphasizes potential impacts on regulatory homeostasis because some regulatory
populations also rely on shared signaling pathways. The idea of tolerance as a defense strategy is also
mirrored in infectious disease biology, where “disease tolerance” mechanisms reduce tissue damage
without necessarily reducing pathogen load—suggesting future therapies may increasingly target host
damage-control pathways alongside pathogen clearance. 43

Separating benefit from toxicity is the frontier problem across the chapter’s domains. In cancer, the goal
is to maintain anti-tumor immunity while reducing irAEs; mechanistic reviews propose biomarkers and
pathway-specific interventions to reduce immune pathology without abolishing tumor control. In CAR T
therapy, standardized grading and evidence-based management algorithms for CRS and neurotoxicity—
supported by consensus frameworks and clinical guidance—represent an institutionalized form of “toxicity
separation,” acknowledging that maximal T cell potency requires equally advanced approaches to manage
predictable immune injury. In transplantation, the analog goal is graft-specific tolerance (protect graft
without generalized immunodeficiency), pursued through pathway-selective agents and cellular strategies
involving regulatory populations. 44
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A compact “therapeutic map” can be summarized as follows (examples are illustrative rather than
exhaustive, and mechanisms overlap):

Therapeutic

Where it dominates

Core T cell lever

Typical immune-pathology risk

intention clinically to watch
Increase Remove inhibitory Autoimmunity-like organ
antigen-specific Cancer, some chronic brakes; provide inflammation (irAEs); systemic
killing and infections engineered cytokine toxicity (CRS/ICANS)
surveillance recognition 45
Reduce Autoimmunity, Block activation Infections, impaired vaccine
, transplant rejection, signals, responses, malignancy risk
destructive T cell . . . .
. severe inflammatory proliferation, or with prolonged

effector activity . . .

allergy trafficking immunosuppression 46

Induce or support

Restore , . R Under-suppression (disease
Allergy, autoimmunity, regulatory circuits; . .

tolerance/ , persists) vs overcorrection
. transplantation reshape helper ] -

regulation (immune deficiency) 47

balance

Shift from . . Limit collateral

L ., Severeinfections, . .

resistance-only ) ) damage; support Pathogen persistence if

. hyperinflammation ) . . L

to “damage tissue survival resistance is inadequate
" syndromes

control programs

Three cross-cutting clinical competencies emerge from this map. First is phenotyping: determining
whether a patient's syndrome reflects insufficient T cell function, misdirected specificity, excessive
magnitude, regulatory failure, or maladaptive tissue localization. Second is timing: many interventions are
profoundly stage-dependent (early activation vs established tissue injury vs chronic remodeling). Third is
risk accounting: every push or pull on the T cell system shifts the balance among infection control, tumor
surveillance, tissue integrity, and immune tolerance. These are not abstract tradeoffs—they are the practical
consequences of the same molecular circuits (costimulation, checkpoints, cytokine programming, and
regulatory suppression) operating across different antigenic contexts. 48

One final unifying perspective is that T cell-dominated biology is rarely “T cells alone.” T cells are best
understood as decision-making and execution nodes embedded in multicellular circuits: antigen presentation
by APCs, amplification by cytokine networks, tissue responses and repair, and regulatory suppression all co-
determine outcome. The clinical panorama across infection, cancer, autoimmunity, allergy, and
transplantation is therefore a panorama of circuit behavior: the same T cell effector modules can be life-
saving or life-threatening depending on antigen identity, anatomical site, regulatory context, and the
degree to which tissue damage-control programs keep pace with immune force. 49

1 4 7 12 Disease Tolerance as a Defense Strategy - PMC

https://pmc.ncbi.nlm.nih.gov/articles/PMC3564547/?utm_source=chatgpt.com

2 48 T-cell regulation by CD28 and CTLA-4
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Chapter 10

Safety, Ethics, and Dual-Use Boundaries in
Engineered T Cell Therapies

Scope and core concepts

Engineered T cell therapies are clinical interventions in which lymphocytes (a class of white blood cell
central to adaptive immunity) are modified to recognize and eliminate diseased cells. The most widely used
platforms include chimeric antigen receptor (CAR) T cells (where a synthetic receptor is added to T cells to
recognize a surface target) and T cell receptor (TCR)-engineered T cells (where a TCR is introduced or
altered to recognize peptide-HLA complexes). In both cases, the therapy is often “personalized” because the
starting material commonly comes from the patient and is processed, genetically modified, and expanded
ex vivo before re-infusion. 1

Safety, ethics, and dual-use considerations in this field are unusually intertwined because the intervention is
a living, proliferative medicine: engineered T cells can expand rapidly in vivo, traffic across organ systems,
persist long after infusion, and create downstream immunologic “cascades” that are hard to predict from
first principles alone. Regulatory agencies in the United States 2 and elsewhere explicitly describe
currently approved autologous CAR-T cancer immunotherapies as gene therapies, reflecting that risks
include both immunologic toxicity and potential delayed genetic harms. 3

Several key terms organize textbook-level thinking about hazards and responsibilities in engineered T cell
work:

Cytokine storm / cytokine release syndrome (CRS) refers to a systemic inflammatory state driven by immune
activation and high levels of soluble immune mediators (cytokines). In CAR-T and related immune effector
cell therapies, CRS is common and can range from fever to life-threatening shock and multi-organ
dysfunction. 4

Immune effector cell-associated neurotoxicity syndrome (ICANS) is a neuroinflammatory toxicity observed after
immune effector cell therapies, clinically manifesting as confusion, impaired attention, aphasia, seizures,
and, rarely, cerebral edema. Consensus definitions and grading systems were established to standardize
recognition, reporting, and management. 5

On-target, off-tumor toxicity means the engineered T cells correctly recognize their chosen target, but the
target is also present (even at low levels) on normal tissues, causing damage. Off-target toxicity means the
cells recognize something unintended—often due to cross-reactivity—leading to unanticipated tissue injury.
Both have occurred clinically, and both are central to ethical target selection. 6

Safe translation in this context means moving from laboratory concept to routine clinical care while
maintaining a continuously justified benefit-risk balance, using evidence, manufacturing controls, clinical
monitoring, and post-treatment follow-up to manage uncertainty and detect harms that may emerge only
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with scale or time. This conception is reflected in guidance on early-phase trial design and long-term
follow-up for products with persistent genetic effects. 7

Ethical boundaries are not “add-ons” to the science; they determine (i) who bears risk, (ii) who benefits, (iii)
how uncertainty is communicated, and (iv) how society protects itself from misuse. Foundational human
research ethics documents emphasize respect for persons (autonomy), beneficence (maximize benefit/
minimize harm), and justice (fair distribution of burdens and benefits), while also recognizing that medical
research occurs amid structural inequities that affect who is asked to participate and who can access
resulting therapies. 8

Patient risk profile

The safety profile of engineered T cell therapies is best understood by separating hazards into (a) acute
immune activation toxicities, (b) target- and specificity-related organ toxicities, (c) immunosuppression/
infection syndromes, and (d) delayed genetic or malignant complications. The same category can manifest
differently across products, diseases, conditioning regimens (e.g., lymphodepleting chemotherapy), and
clinical settings, which is one reason standardized grading and reporting systems became essential in this
field. ©

Cytokine release syndrome is the prototypical “cytokine storm” in CAR-T care. Mechanistically, activated
immune effector cells trigger an amplification loop in which cytokines and chemokines recruit and activate
additional immune cells (including myeloid cells), raising inflammatory mediators (such as IL-6) that can
induce fever, capillary leak, hypotension, hypoxemia, and organ dysfunction. Clinically, CRS is the most
common toxicity and can be fatal without timely recognition and escalation of supportive and
immunomodulatory therapy. 10

A major advance in practical safety was the development of consensus grading for CRS and ICANS by
American Society for Transplantation and Cellular Therapy 11, enabling consistent severity categorization
across trials and routine care. Standardized grading matters ethically because it operationalizes what
counts as “acceptable” toxicity, triggers predefined interventions, and supports comparability across
products and centers—reducing the chance that vulnerable patients receive systematically different care
because of institutional inconsistency. 12

ICANS illustrates how engineered immune activation can harm organs distant from the tumor. Symptoms
range from mild inattention and word-finding difficulty to seizures and, rarely, severe cerebral edema.
Importantly, neurotoxicity is not always responsive to anti-IL-6 receptor blockade, which is consistent with
its partially distinct pathophysiology compared with CRS and reinforces why separate grading and
management strategies are used. 13

Beyond CRS and ICANS, additional acute and subacute toxicities include severe infections (from
lymphodepletion, prolonged cytopenias, and immune dysregulation), coagulopathy, and syndromes
resembling hemophagocytic lymphohistiocytosis/macrophage activation (hyperinflammation with organ
dysfunction). These risks make the clinical setting—ICU capacity, rapid laboratory turnaround, and
experienced teams—part of the safety profile, not merely logistics. 14
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Target biology can produce catastrophic harm when “tumor specificity” assumptions fail. A widely cited
example is a clinical case report of severe, rapidly fatal toxicity after infusion of T cells expressing a CAR
recognizing ERBB2/HER2, attributed to recognition of low-level target expression in normal tissues with
massive cytokine release and multi-organ injury. This case is ethically pivotal because it exposed the
limitations of then-standard preclinical testing in predicting rare but severe human toxicities, especially
when antigen expression is heterogeneous or below detection thresholds in model systems. 15

Off-target cross-reactivity is even harder to anticipate because it can arise from molecular mimicry (an
unintended peptide or protein resembling the intended target sufficiently to be recognized). A landmark
report described severe cardiac toxicity after infusion of autologous T cells engineered with an
affinity-enhanced TCR intended to recognize a cancer antigen (MAGE-A3), later traced to cross-reactivity
with a peptide from the muscle protein titin. This illustrates a core safety-ethics lesson: engineering
receptors for higher affinity can narrow the therapeutic window by increasing recognition of low-affinity
off-targets that are invisible in limited screening. 16

Delayed harms are central to “safe translation” because they can emerge long after the therapeutic
decision, outside the original treating center, and sometimes after consent documents have been forgotten.
In April 2024, the U.S. Food and Drug Administration 7 required boxed warnings regarding T-cell
malignancies following BCMA- or CD19-directed genetically modified autologous CAR-T products, indicating
that mature T-cell malignancies (including CAR-positive tumors) may occur and can be fatal. This regulatory
action reframes monitoring as a lifelong responsibility and makes secondary cancer risk a consent-critical
fact rather than a theoretical possibility. 18

European regulators reached parallel conclusions. In June 2024, the European Medicines Agency 19
Pharmacovigilance Risk Assessment Committee concluded that secondary malignancies of T-cell origin may
occur after CAR-T therapy, reported within weeks up to several years after administration, and
recommended lifelong monitoring. The committee also noted evidence of the CAR construct in a subset of
tested cases, supporting potential causal involvement in at least some patients. 20

Delayed genetic risk is not limited to CAR-T labeling signals; it is a general property of gene therapy
products that can persist or integrate. In its long-term follow-up guidance, FDA emphasizes that
genome-modifying activity, insertional mutagenesis, latency/reactivation potential, and prolonged
expression of biologically active transgenes can create delayed adverse event risk profiles that demand
systematic surveillance beyond the active trial period. 21

Safety engineering and clinical risk mitigation

Mitigating patient risk in engineered T cell work is a layered strategy: each layer reduces risk but rarely
eliminates it, and safety depends on how layers interact. A useful first-principles framing is to treat
engineered T cells as a high-gain control system: (1) a target-recognition “sensor” (2) an activation
“controller,” and (3) an effector “actuator” (killing and cytokine secretion). Toxicities occur when gain is too
high, sensing is too broad, or feedback is destabilizing; accordingly, safety engineering focuses on
specificity, controllability, and fail-safes. 22

Specificity begins with target selection and verification, which is as much an ethical act as a technical one.
For on-target, off-tumor risk, the ethical burden is to demonstrate that normal-tissue expression (including
low-level or inducible expression) is unlikely to produce unacceptable harm, and that the anticipated benefit
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justifies residual uncertainty. Literature on off-tumor toxicity and clinical case experience support designing
target-selection workflows that incorporate broad normal-tissue expression assessment and stress-testing
for low-abundance recognition. 23

Controllability is addressed by pharmacologic and genetic safety mechanisms. Clinically, CRS is often
managed using IL-6 pathway blockade (e.g., tocilizumab) with or without corticosteroids, while ICANS
management frequently relies more on corticosteroids and supportive neurocritical care—reflecting distinct
biology and drug penetration constraints. The existence of consensus grading is critical here because it ties
a severity level to a management algorithm, decreasing variance across centers and improving the
detect-and-treat timeline that determines whether toxicity remains reversible. 24

At the engineering level, “safety switches” (also called suicide switches) operationalize the ethical principle
of reversibility: if an intervention becomes harmful, clinicians can inactivate or eliminate infused cells. One
clinically explored approach is inducible caspase-9, in which a small molecule can trigger apoptosis in
engineered cells, offering a mechanism to terminate activity in severe toxicity scenarios. While such
switches do not prevent initial toxicity and introduce their own risks (e.g., incomplete activation or loss of
efficacy), they represent a concrete, testable embodiment of responsible design. 25

More recent “synthetic immunology” approaches aim to prevent toxicity upstream by placing logical
constraints on activation (for example, requiring multiple signals or limiting activation to specific
microenvironments), or by tuning activation strength. From a safety perspective, these strategies try to
reshape the cytokine and cytotoxicity profile—reducing systemic spillover while retaining tumor killing. The
field is active and heterogeneous, and while engineering sophistication is increasing, the ethical
requirement remains the same: claims of improved safety must be validated with appropriate preclinical
and clinical evidence rather than inferred from design elegance. 26

Infection risk mitigation is a major but sometimes underemphasized safety domain. CAR-T recipients often
experience prolonged cytopenias and immune perturbations that increase susceptibility to bacterial, viral,
and fungal infections; accordingly, best-practice guidance emphasizes risk stratification, prophylaxis in
selected scenarios, vaccination planning, and post-treatment surveillance. These measures embody “safe
translation” because they transform an immunotherapy (tumor-directed) into a system-level care pathway
(host-protection), reducing avoidable morbidity that would otherwise be incorrectly attributed to
unavoidable “treatment intensity.” 14

Clinical risk mitigation also requires institutional readiness, not just clinician knowledge. Historically, risk
programs required certified centers to have rapid access to critical rescue medications and protocols for
severe toxicities; even as formal requirements change, the underlying safety logic remains that a
high-acuity intervention demands (i) trained staff, (ii) escalation pathways, and (iii) dependable supply
chains. The evolution of risk programs in the CAR-T space highlights that regulatory infrastructure can shift
over time, but the ethical obligation to provide adequately resourced care for foreseeable emergencies
does not. 27

Governance and regulation for safe translation

Safe translation is inseparable from governance because many risks are system risks—they emerge from
how research is organized, regulated, manufactured, and monitored. Regulatory science in engineered T
cells is explicitly built around uncertainty management: early-phase trials prioritize initial safety assessment
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and feasibility, while long-term follow-up and post-authorization surveillance address delayed risks that
cannot be fully characterized before approval. 28

FDA guidance on early-phase cellular and gene therapy trials emphasizes that initial clinical studies
frequently focus on safety and tolerability, and it frames trial design elements (dose exploration, monitoring
intensity, stopping rules, and product characterization) as core risk controls rather than administrative
details. Conceptually, this is an institutionalization of the precautionary principle applied to first-in-human
biologic systems: when the system is potent and partially unpredictable, trial design becomes a primary
safety instrument. 29

Manufacturing governance is a safety domain because product variability can be clinical variability. FDA's
chemistry, manufacturing, and control (CMC) guidance for human gene therapy INDs frames product safety
and identity as dependent on demonstrating quality, purity, and potency—terms that, in cell therapy, refer
to complex biological attributes rather than single-molecule specifications. This matters ethically: if potency
assays are weak or identity controls fail, patients may receive either ineffective or dangerously overactive
products, and the risk is borne by individuals who cannot personally verify manufacturing quality. 30

Long-term follow-up is a defining regulatory feature of gene-modified cell therapies. FDA's guidance
describes historical recommendations to observe participants for delayed adverse events for as long as 15
years after exposure to certain investigational gene therapy products, specifying a structure that includes
years of examinations followed by longer periods of annual queries. This guidance also provides a
framework linking the need for long-term surveillance to whether vectors integrate or genomes are
permanently altered, underscoring that “delayed risk” is not a vague worry but a mechanistically grounded
governance problem. 31

Within the European Union 32, CAR-T products are regulated within the advanced therapy medicinal
product (ATMP) framework and treated as gene therapy medicinal products, reflecting similar concerns
about long-term safety, traceability, and risk management. The existence of a distinct regulatory category
for genetically modified cells is itself an ethical signal: these products are viewed as requiring additional
safeguards because they combine complex manufacturing, persistent biological activity, and uncertain
long-term effects. 33

A notable governance shift occurred in 2025 when the FDA eliminated Risk Evaluation and Mitigation
Strategies (REMS) requirements for approved BCMA- and CD19-directed autologous CAR-T products, stating
that safety and effectiveness can be assured without a REMS and that risks can be communicated through
labeling and medication guides. A related approval letter indicates that prior REMS goals included ensuring
certified dispensing sites and immediate on-site access to tocilizumab, and that elimination was justified by
extensive community experience and established management guidelines. Ethically, this illustrates a
learned-system phenomenon: as clinical communities gain competence, certain mandated structures may
be reduced, but the underlying duty to maintain competence and readiness persists. 34

Governance also extends upstream to research oversight of recombinant and synthetic nucleic acid work.
The National Institutes of Health 35 guidelines for recombinant or synthetic nucleic acid research place
substantial responsibility at the institutional level through Institutional Biosafety Committees (IBCs),
including requirements that human gene transfer experiments not be initiated until IBC approval and other
applicable authorizations are in place. In practice, this means biosafety and ethical review are designed to
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be parallel safeguards: one focuses on containment and biological risk, the other on human subject
protection and consent. 36

Finally, safe translation increasingly relies on real-world data and post-authorization follow-up, especially for
therapies with long-lasting effects and evolving indications. Analyses of long-term follow-up for gene
therapies emphasize that post-authorization surveillance can require registries and real-world evidence
approaches because randomized trials are rarely powered or long enough to detect rare delayed harms.
This reinforces a key ethical claim: “approval” is not the end of evidence generation but the transition to a
new evidence regime in which patients become part of a long-term learning system. 37

Consent, privacy, and biobanking in T cell research

Informed consent in engineered T cell work is ethically demanding because the decision often occurs under
clinical urgency (e.g., relapsed/refractory cancer), with high stakes and limited alternatives, creating
conditions for therapeutic misconception (believing research is guaranteed individualized therapy). Ethical
frameworks emphasize respect for persons (autonomy), beneficence, and justice as foundational principles,
with informed consent as a primary application of respect for persons. 8

The regulatory baseline in the United States for human subject protection is the Common Rule (45 CFR 46),
which establishes informed consent requirements, additional protections for vulnerable populations, and
institutional review board structures. Importantly for biobanking and secondary research, the revised
Common Rule also authorizes “broad consent,” a pathway for prospective consent to storage and future
research uses of identifiable data or biospecimens when specific future studies are not yet known. Broad
consent is ethically attractive for enabling research while maintaining autonomy, but it is operationally
complex because it requires tracking who declined and managing downstream access decisions. 38

Engineered T cell trials often involve multiple consent layers that should be ethically separated even if
presented in a unified workflow: (1) consent for the investigational therapy and its acute risks (CRS,
neurotoxicity), (2) consent for long-term monitoring and recontact, (3) consent for biobanking of specimens
(apheresis leftovers, tumor biopsies, serial blood draws), and (4) consent for genomic and other data
sharing. Conflating these layers can undermine voluntariness—for example, a patient might feel forced to
agree to biobanking to receive treatment—so consent design should preserve meaningful choice where
possible. 39

Consent content in this domain must reflect evolving knowledge about delayed harms. After FDA required
boxed warnings for T-cell malignancies, the ethical floor for disclosure shifted: a non-trivial, class-wide risk
signal now exists, and regulators recommend lifelong monitoring and reporting pathways when secondary
malignancies occur. Similarly, European regulators concluded that secondary malignancies of T-cell origin
may occur and recommended lifelong monitoring; these conclusions should be incorporated into consent
discussions, especially in jurisdictions where products are authorized and in multinational trials. 40

Biobanking introduces its own ethical and legal risks because biospecimens are inherently information-rich
and increasingly linkable. Best-practice resources emphasize governance structures addressing consent,
privacy/confidentiality, access policies, sustainability, and conflict of interest, reflecting the reality that
biobanks are socio-technical institutions rather than freezers. The National Cancer Institute 4 Best
Practices explicitly frame biobanking as involving operational, technical, ethical, legal, and policy domains,
reinforcing that specimen quality and ethical quality are co-requirements for trustworthy science. 42
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Independent biobanking standards also stress quality management, security, tracking, and ethical/legal
issues in repository operations. The International Society for Biological and Environmental Repositories 43
Best Practices (as summarized in peer-reviewed literature) cover governance, quality systems, security,
shipping/handling, and legal-ethical issues related to biospecimens and data sharing. In engineered T cell
work, such standards matter because manufacturing and translational research frequently rely on
biobanked materials to develop, validate, and monitor therapies over long time horizons. 44

Privacy and data governance are particularly salient because engineered T cell programs often generate
genomic data (tumor sequencing, HLA typing, integration site analysis, vector persistence assays). In the
United States, the HIPAA Privacy Rule governs when protected health information can be used or disclosed
for research and outlines pathways such as authorization or IRB/Privacy Board waivers under defined
circumstances. Separately, NIH policies emphasize responsible data management and sharing, highlighting
that broad sharing accelerates research but must account for legal and ethical constraints. 45

Internationally, cross-border collaboration frequently implicates the General Data Protection Regulation
(GDPR), which establishes principles for processing personal data and includes research-relevant provisions
and safeguards. Ethically, GDPR's emphasis on lawful basis, data minimization, and security aligns with a
key reality in engineered T cell work: long-term follow-up and safety monitoring require durable data
infrastructures, but durable infrastructures also increase the importance of robust privacy protections and
transparent governance. 46

A final consent-related issue is equitable and respectful stewardship of participant contributions. Because
engineered T cell therapies can become extraordinarily expensive and geographically constrained,
participants may reasonably ask whether their participation advances a system that will later exclude
people like them. Ethical guidance increasingly emphasizes transparency about how benefits, risks, and
burdens are distributed and encourages attention to structural inequities in research settings. This is not
merely philosophical: mistrust and underrepresentation in trials can degrade scientific validity and
perpetuate disparities in outcomes. 47

Equity, access, and justice in engineered T cell therapies

Justice in T cell therapy is a concrete systems question: who can receive the therapy, who can travel to a
center, who can take time off work, who can be monitored safely, and who can pay or be reimbursed.
Because CAR-T and related therapies require specialized facilities (apheresis capability, cell processing
coordination, intensive monitoring, and rapid escalation pathways), access is often concentrated in
well-resourced centers, creating geographic and socioeconomic barriers. 48

Empirical studies demonstrate measurable access inequities. A SEER-Medicare analysis of diffuse large
B-cell lymphoma reported that CAR-T receipt was associated with higher area-level income and that greater
distance from authorized treatment centers reduced the probability of receiving CAR-T, quantifying
geography as a barrier rather than a vague anecdote. The analysis also modeled that reducing average
distance to centers in poorer-access states could substantially increase uptake, suggesting that “access” is,
in part, a distributable infrastructure variable. 49

Racial and socioeconomic inequities have also been documented in clinical trial participation and in care
delivery. Reviews focused on underserved populations report underrepresentation of Black and Hispanic
patients in pivotal CAR-T trials and describe structural factors—center location, insurance barriers, caregiver
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requirements, and travel/lodging costs—that disproportionately affect minority and low-income
communities. These disparities violate the justice principle not only because of unfairness but because they
can lead to evidence that is less generalizable to the populations most burdened by disease. 50

Economic barriers are substantial. Even when payers cover much of the acquisition cost, CAR-T therapy
creates additional costs: hospitalization, ICU care for severe toxicities, management of infections, and
indirect costs such as travel, temporary housing, caregiver time, and lost income. A systematic review of
cost-effectiveness literature reports that product price represents a large fraction of total costs and that
cost-per-QALY estimates vary widely across indications and assumptions, underscoring that affordability is
not a single number but a function of health system design. 51

Reimbursement policy directly shapes access. The Oentity["organization","Centers for Medicare & Medicaid
Services","public payer agency, us"]0 issued a national coverage determination (NCD) covering autologous
CAR-T therapy under defined conditions, initially linking coverage to administration at facilities enrolled in
the FDA's REMS programs. After FDA eliminated REMS requirements, CMS issued updates stating that, for
services after the relevant date, coverage could proceed without requiring administration at REMS-enrolled
facilities. This illustrates how “safety infrastructure” can become an access gate—and how changes in safety

policy can propagate into reimbursement and center participation. 52

Global equity challenges are even more pronounced. Reviews of CAR-T implementation note that major
barriers in low- and middle-income countries include manufacturing cost, infrastructure demands
(apheresis, ICU, trained teams), regulatory complexity, and constrained reimbursement capacity. These
barriers motivate alternative models: point-of-care manufacturing, regional manufacturing hubs, allogeneic
“off-the-shelf” approaches, and partnerships to build local regulatory and clinical capacity—each of which
raises its own ethical and quality-assurance questions. 53

Equitable access is also affected by time. Manufacturing and logistics can take weeks from leukapheresis to
infusion, and patients with aggressive disease may deteriorate and become ineligible during the waiting
period. Industry and health systems have sought to shorten turnaround times, explicitly framing speed as
an access factor and not merely a competitive advantage. Ethically, this reframes some “eligibility failures”
as failures of system responsiveness rather than patient biology alone. 54

Justice-oriented solutions should be evaluated with the same rigor as biologic innovations. Expanding
center networks can reduce travel burdens but may create safety risks if expertise is diluted; conversely,
concentrating care can optimize safety while exacerbating inequity. The ethical target is not maximal
decentralization or maximal centralization, but an evidence-guided configuration that (i) preserves the
capacity to manage CRS/ICANS/infections, (ii) reduces structural exclusion, and (iii) creates feedback loops
(registries, shared protocols, telemedicine co-management) that allow safe scaling. 55

Dual-use boundaries and responsible innovation

Dual-use in life sciences refers to legitimate research that can generate knowledge, tools, or products that
might be misapplied to cause harm. The Office of Science and Technology Policy 56 defines dual-use
research as work that can be utilized for benevolent or harmful purposes and defines dual-use research of
concern (DURC) as research that can be reasonably anticipated to provide knowledge or technologies that
could be misapplied to pose significant threats. Dual-use governance is therefore about risk-aware
stewardship of capability—not about labeling a field as “good” or “bad.” 57
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Although much formal DURC policy historically centers on pathogens and toxins, the conceptual framework
is relevant to engineered T cell work because immunoengineering can, in principle, alter immune function,
targeting, and persistence in ways that could be misused. The most responsible approach in a textbook
context is to discuss dual-use at the level of governance principles (risk assessment, oversight, access
control, responsible communication) rather than providing operational details that could enable harm. 58

Global guidance aligns with this governance-first view. The World Health Organization 59 published a
global guidance framework for responsible use of life sciences aimed at mitigating biorisks and governing
dual-use research, emphasizing that biosafety (preventing accidental harm), biosecurity (preventing
intentional misuse), and dual-use oversight should be treated as integrated pillars of biorisk governance.
This is highly relevant to engineered T cell work because laboratories and manufacturing sites handle
vectors, modified cells, and sensitive datasets whose misuse could harm individuals or public trust even
without a classic “pathogen” scenario. €0

Legal and normative constraints also matter. The United Nations 6! describes the Biological Weapons
Convention as prohibiting development, production, acquisition, transfer, stockpiling, and use of biological
and toxin weapons—establishing a global norm against hostile use of biology. While engineered T cell
therapies are designed for peaceful medical purposes, this broader legal environment clarifies why
dual-use awareness is not optional: biomedical capability exists within a framework that rejects hostile
applications. 62

Responsible innovation in engineered T cells can be operationalized as a set of institutional behaviors that
reduce both patient harm and misuse risk:

First, anticipatory governance: routinely asking, at proposal and publication stages, what could go wrong
medically and socially, and whether the work could be repurposed in harmful ways. The OSTP policy
stresses life-cycle oversight and the shared responsibility of investigators, institutions, and funders to
identify and mitigate biosafety and biosecurity risks, reinforcing that responsibility is distributed rather than
concentrated in a single compliance office. 63

Second, proportionate information control: ensuring that transparency (critical for reproducibility and trust) is
balanced with safeguards when dissemination might predictably increase misuse risk. The OSTP policy
explicitly recognizes that open science goals should be pursued “in concert” with security and public welfare
concerns—an approach that fits engineered T cell work, where methods can be technically demanding but
still sensitive in aggregate. 64

Third, institutional biorisk infrastructure: ensuring that oversight bodies exist and have expertise. NIH
recombinant/synthetic nucleic acid guidelines require institutional biosafety committee involvement and
emphasize that institutions must ensure compliance and appropriate expertise when human participants
are involved. In a dual-use framing, such committees are not merely about containment; they are

governance hubs for risk-aware practice that can incorporate security considerations in addition to safety.
36

Fourth, trust-preserving ethics: dual-use governance depends on public legitimacy. Ethics failures—
nontransparent consent, exploitative biobanking, inequitable access—can degrade trust and create
backlash that harms patients by slowing beneficial innovation. Ethical frameworks such as the Belmont
principles and the Declaration of Helsinki explicitly connect ethical conduct with protection of participants
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and fair distribution of burdens and benefits, offering a moral rationale for governance that goes beyond
legal compliance. 65

In practice, “dual-use boundaries” for T cell work are best understood not as a single red line but as a set of
decision points: project selection, target choice, engineering design, data handling, publication detail, and
access to materials. Responsible innovation means (i) being explicit about these decision points, (ii)
documenting the reasoning, and (iii) ensuring that oversight, consent, and access policies evolve with
technical capability and emerging evidence—exactly the pattern seen in the evolving regulatory landscape
for CAR-T safety (e.g., boxed warnings for secondary malignancies and subsequent adjustments to REMS
requirements). ¢é
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Chapter 11

From Stem Cell to Thymus-Seeding Progenitor

Thymus seeding as a design problem in immunity

T lymphocytes (“T cells”) are a central arm of adaptive immunity, but they are unusual among blood cells
because they do not complete their development in the bone marrow. Instead, they mature in a separate
organ, the thymus, whose specialized microenvironment enforces a particular developmental program—T-
lineage differentiation—and imposes stringent quality control on antigen receptor specificity. This division
of labor is not just anatomical; it is a biological strategy. The thymus provides signals that are difficult to
reproduce in the marrow and that are specifically suited to push incoming blood-forming precursors into
the T-cell fate while simultaneously blocking inappropriate alternatives. 1

A second defining feature of thymopoiesis (T-cell production) is that the thymus is not normally a long-term
“reservoir” of self-renewing hematopoietic stem cells. Multiple lines of evidence summarized in the thymus-
homing literature indicate that hematopoietic stem cells with long-term self-renewal capacity are not
present in the thymus under steady-state conditions; therefore, T-cell production depends on continuous
import of marrow-derived progenitors through the bloodstream. In plain terms, the thymus is more like a
highly specialized training academy than a permanent stem-cell home: it needs a steady stream of new
trainees arriving from elsewhere. 2

This chapter traces the biological pipeline from hematopoietic stem cell to thymus-seeding progenitor (TSP):
how blood-forming lineages are organized, how a subset of progenitors becomes competent to home to
the thymus, how thymic entry is gated, and how early intrathymic cells transition from “still has options” to
“committed T cell.” A recurring theme is that thymus seeding is not only a differentiation problem (what
genes to turn on) but also a logistics-and-capacity problem (how to move rare cells to the thymus and
allocate scarce niches). 3

Stem cells, progenitors, specification, and commitment

Stem cell vs progenitor (plain-language meaning). In hematopoiesis (blood formation), a hematopoietic
stem cell (HSC) is defined by two properties: (1) multipotency (it can generate all major blood lineages) and
(2) self-renewal (it can make at least one daughter that remains an HSC, sustaining the stem-cell pool over
time). Self-renewal is the “indefinite continuity” feature that distinguishes true stem cells from downstream
precursors. Reviews of HSC biology emphasize these criteria and their importance for lifelong blood
production. 4

A progenitor is a descendant of an HSC that is on the path toward differentiation and typically has reduced
or absent long-term self-renewal. Importantly, progenitors can still divide and expand numbers, and
many retain developmental choice among multiple fates; they simply do not maintain themselves
indefinitely like stem cells do. In everyday terms, if an HSC is like a perpetually renewable “seed source,” a
progenitor is more like a batch of seeds already allocated toward becoming certain kinds of plants—often
still able to choose among a few related plant types, but no longer an endlessly replenishing source. 5

112


https://chatgpt.com/?utm_src=deep-research-pdf
https://chatgpt.com/?utm_src=deep-research-pdf
https://www.annualreviews.org/doi/pdf/10.1146/annurev.cellbio.23.090506.123547
https://pmc.ncbi.nlm.nih.gov/articles/PMC3076003/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3076003/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2950323/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC3076003/

Specification vs commitment (why “can still choose among fates” matters). Developmental biologists
often separate two concepts:

« Specification: a cell is biased toward a fate under “normal” supportive conditions, but if you change
the environment, it can still switch and become something else.

« Commitment: a cell has crossed a threshold where it will proceed toward its fate even if the
environment changes; alternative options are no longer realistically available.

Early T-cell development provides a well-studied example of this distinction. Multiple reviews (including
recent ones that synthesize single-cell and perturbation data) describe early thymic stages as a gradual,
multi-step gene regulatory process in which cells progressively lose alternative lineage options; a key
molecular landmark for commitment is activation of the transcription factor BCL11B. 6

What “thymus-seeding progenitor” means. The term thymus-seeding progenitor (TSP) is functional and
logistical: it refers to hematopoietic progenitor cells that (i) exist outside the thymus (classically in bone
marrow and blood), (ii) can enter the thymus through the circulation, and (iii) can initiate thymopoiesis once
inside. TSPs are considered among the most developmentally primitive thymic immigrants—often not yet
irreversibly committed to the T lineage—but they possess the homing machinery and responsiveness to
thymic cues that make thymus entry and early T development possible. Modern reviews emphasize that
“TSP” likely denotes a heterogeneous set of progenitors rather than a single perfectly defined cell type. 7

Hematopoietic origins across development

Embryonic foundations: where definitive HSCs come from. In mammals, the capacity for lifelong,
definitive hematopoiesis depends on the emergence of definitive HSCs during embryogenesis. Classic work
identified the aorta-gonad-mesonephros (AGM) region—particularly major embryonic arteries—as a key
site where definitive HSCs first appear, establishing the seed population for the adult hematopoietic system.
These embryonic HSCs subsequently colonize the fetal liver, which becomes a major expansion and
production site before hematopoiesis transitions toward the bone marrow around birth. 8

Multiple developmental “waves” and what they imply for early thymus seeding. Contemporary
developmental hematology strongly supports the idea that fetal blood and immune production occurs in
overlapping waves, including progenitor waves that precede or complement long-term HSC output. Reviews
of fetal hematopoiesis emphasize that distinct progenitor populations circulate and seed fetal organs,
including the fetal liver, before (and while) adult-type HSC-driven hematopoiesis becomes dominant. This
matters for the thymus because the embryonic thymic anlage (the early thymus primordium) is colonized

during development, and early thymus seeding may involve progenitors that are not identical to adult TSPs.
9

Human developmental mapping adds resolution. Single-cell transcriptomic studies of human embryonic
and fetal tissues have begun to map pre-thymic lymphoid progenitors and thymus organogenesis across
early human development, identifying candidate pre-thymic progenitor states in hematopoietic sites
(including the AGM and fetal liver) and relating them to early thymic progenitors. These data support the
broader principle that thymus-seeding competence emerges through developmental trajectories that can
be traced across sites and timepoints, even if exact marker definitions differ by species and study. 10
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Adult baseline: bone marrow as the main source of TSPs. In postnatal life, most hematopoietic lineages
develop in the bone marrow. For T cells, the marrow provides the upstream progenitors, while the thymus
provides the inductive environment that converts those progenitors into T-lineage cells. Reviews of
progenitor migration emphasize that TSPs are rare in the blood, that thymic entry is selective, and that the
identity of the exact thymus-settling cell(s) remains an active area of research—suggesting that adult
thymopoiesis relies on a tightly regulated supply chain rather than a simple passive flow of cells. 11

Aging and lineage bias shift the supply line. Adult HSC and multipotent progenitor (MPP) compartments
are heterogeneous and can display lineage biases that change with age, including increases in platelet/
myeloid-biased HSC behavior and shifts in progenitor composition. These changes help explain, at least in
part, why thymopoiesis often declines with age: the thymus itself changes (involution), but the quality and
composition of incoming progenitors and their developmental “starting states” also evolve over time. 12

Pre-thymic differentiation toward thymus-seeding competence

The classical hierarchy as a useful map, not a rigid railroad. Hematopoiesis has historically been drawn
as a branching tree: HSCs at the root, with progressively restricted progenitors downstream. Modern
reviews refine this with two important cautions. First, MPPs are not a single uniform population; multiple
MPP subsets exist with different functional potentials and lineage biases. Second, differentiation can
resemble a continuum of transcriptional states rather than discrete “jumps,” even though experimental
immunophenotypes remain useful handles for isolation. These conceptual updates are widely discussed in
stem/progenitor reviews and are particularly relevant when trying to pinpoint the exact source of thymus-
seeding cells. 13

HSC to MPP: loss of long-term self-renewal as the first major constraint. Immediately downstream of
HSCs are multipotent progenitors (MPPs). MPPs can still generate multiple lineages but typically lack
durable long-term reconstitution capacity compared with bona fide HSCs; they are “high-output, limited-
duration” producers rather than lifelong maintainers. Early work defining MPPs in mice and later synthesis
papers frame MPPs as an essential intermediate that amplifies hematopoietic output while stepping away
from stemness. 14

Lymphoid priming: when “T potential” begins to appear without T commitment. Several populations
downstream of HSC/MPP show “lymphoid priming,” meaning they begin expressing lymphoid-associated
genes while still retaining non-lymphoid potential. In mice, a widely used example is the lymphoid-primed
multipotent progenitor (LMPP), often characterized within the Lin"Sca-1*c-Kit*hi (LSK) compartment by high
expression of FLT3 (also called FIk2/CD135). LMPPs are described as having reduced erythroid/
megakaryocyte potential while retaining lymphoid and certain myeloid potentials, making them plausible
upstream contributors to thymus seeding. 15

A key point for thymus seeding is that “lymphoid priming” is not the same as “T-lineage commitment.” Many
progenitors that can become T cells in the thymus are not irreversibly committed to becoming T cells while
still in the marrow. Instead, they carry a capacity—sometimes a bias—plus the right migration/adhesion
toolkit to reach the thymus, where T-lineage-inducing signals become dominant. 16

Transcription factors that shape the pre-thymic landscape. The generation and stabilization of
lymphoid-primed states depend on transcription factors (proteins that bind DNA and regulate gene
expression). For example, E-proteins such as E2A (encoded by TCF3) have been shown to support lymphoid
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specification upstream by enabling proper development of LMPPs; loss of E2A leads to marked lymphocyte
deficiencies linked to impaired generation of these lymphoid-primed intermediates. Likewise, “foundation”
hematopoietic regulators such as Ikaros and PU.1 participate in establishing lineage priming and
constraining self-renewal programs as cells move downstream from HSCs. 17

FLT3 signaling as a growth-and-fate axis. FLT3 ligand (FLT3L) and its receptor FLT3 are widely discussed as
regulators of early progenitors, including LMPPs and CLPs (common lymphoid progenitors), and
perturbations in this axis influence early lymphoid development and, in some contexts, early thymic
progenitors. Reviews and experimental papers emphasize that FLT3 is highly expressed on lymphoid-
primed progenitors and that genetic or signaling disruptions can skew lineage output and impair early T
lymphopoiesis. 18

CLP and CLP-like populations: a debated “branch point” for thymus seeding. Common lymphoid
progenitors (CLPs) were initially described as lymphoid-restricted intermediates, but subsequent studies
and reviews highlight heterogeneity and occasional residual myeloid potential depending on assay
conditions and CLP subset definitions. Importantly, some thymopoiesis can occur through CLP-independent
routes, and multiple candidate progenitor populations—some more lymphoid-restricted, some more
multipotent—have been proposed as contributors to thymus seeding. This pluralism is a core reason why
the term “TSP” remains functional rather than purely phenotypic. 19

A practical definition of “thymus-seeding competence.” Across mouse and human work, thymus-
seeding competence can be decomposed into three requirements. First, the cell must have lost long-term
self-renewal (to avoid exporting true HSCs into the thymus) and entered a differentiating progenitor state.
Second, it must express or be able to induce a set of homing and adhesion molecules that allow thymic
entry. Third, it must be capable of responding to thymic inductive signals—especially Notch signaling—once
it arrives. Reviews of thymic migration and thymic microenvironment repeatedly emphasize these
principles. 20

Getting to the thymus

The journey has stages, and each stage is regulated. The migration pathway from marrow progenitor to
thymic resident precursor can be framed as a sequence: (1) mobilization/egress from bone marrow niches,
(2) circulation in blood, (3) adhesion to specialized thymic endothelium, (4) chemokine-guided
transendothelial migration into perivascular and then thymic regions, and (5) early intrathymic positioning
within supportive stromal microenvironments. Reviews of thymic homing treat this as an active, multi-
molecule process rather than passive drift. 21

Leaving the bone marrow: gradients and gatekeepers. Bone marrow retention and release of
hematopoietic progenitors are strongly influenced by chemokine gradients, notably the CXCL12-CXCR4 axis
(CXCL12 is also known as SDF-1a). Disrupting CXCR4 signaling (for example, pharmacologic antagonism) can
rapidly mobilize progenitors into blood. Thymic homing reviews highlight this axis as a general mobilization
mechanism, underscoring that thymus-seeding begins with the rare event of progenitors entering
circulation. 22

Why “true HSCs” do not normally home to thymus. Thymus entry appears designed to exclude bona fide
long-term HSCs, which would be inappropriate passengers for a transient differentiation niche. One
proposed mechanism is that regulated expression of key chemokine receptors (including CCR7 and CCR9,
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discussed below) prevents long-term HSCs from migrating to the thymus, thereby restricting thymic
immigration to cells that have already entered differentiation and lost self-renewal. 23

Where thymic entry occurs: the corticomedullary junction and perivascular spaces. The
corticomedullary junction (CM)) is the anatomical interface between the thymic cortex (outer, densely
cellular region where early T-cell stages and positive selection are emphasized) and the medulla (inner
region enriched for later maturation and negative selection). Multiple anatomical reviews identify the CMJ
as a major hub for both entry and exit of thymocytes, with perivascular spaces (PVS) around large vessels
functioning as transit/exchange zones between blood and thymic tissue. Thymus-seeding progenitors enter
through venules in this region, and PVS contain recently infiltrated early thymic progenitors among other
populations. 24

Adhesion molecules: slowing down to dock. Entry from the bloodstream requires that circulating
progenitors interact with endothelial cells lining thymic vessels. Selectins (notably P-selectin on endothelial
cells) and their ligands (such as PSGL-1 on progenitors) contribute to the initial “tethering and rolling”
interactions, reducing velocity so cells can sample local chemokine cues and proceed toward firm adhesion
and transmigration. Reviews of thymic homing and thymocyte migration discuss this selectin-based braking
mechanism as part of a coordinated adhesion/chemokine program. 25

Chemokines as GPS signals: CCR7, CCR9, and CXCR4. Chemokines are small secreted proteins that
function like location cues; their receptors on migrating cells interpret these cues. Substantial experimental
literature supports roles for CCR7 and CCR9 in recruiting progenitors to the adult thymus, with combined
CCR7/CCR9 deficiency producing a strong reduction in early thymic progenitors (ETPs) in mice. The idea is
not that a single receptor is a perfect “thymus homing switch,” but rather that multiple chemokine axes
provide overlapping guidance and robustness. 26

A defining concept: thymic homing is gated and periodic. The thymus is not continuously receptive to
immigration at a constant rate. Instead, studies have shown periodic expression of key homing molecules
such as P-selectin and CCL25 (a CCR9 ligand) in thymic tissue, consistent with a “gatekeeping” mechanism
that opens and closes windows of receptivity. This gating correlates with niche occupancy dynamics and can
be influenced by systemic signals, including sphingosine-1-phosphate (S1P)-related feedback connecting
peripheral lymphocyte states to thymic receptivity. 27

Specialized endothelium: portal endothelial cells and LTBR control. Work on thymic stromal
specialization has identified endothelial subsets associated with perivascular spaces and thymic homing,
including P-selectin-expressing endothelial populations. Signaling through lymphotoxin B receptor (LTBR)
has been implicated in controlling differentiation of specialized thymic endothelial cells that participate in
progenitor homing and regeneration, reinforcing the principle that thymic entry is governed by specialized
“ports of entry,” not generic vasculature. 28

The intrathymic commitment program

TSP becomes ETP: the first intrathymic stage. Once thymus-seeding progenitors cross the thymic
endothelium and enter the organ, they rapidly transition into defined early intrathymic precursor
populations. The earliest commonly defined intrathymic T-cell precursors are early thymic progenitors
(ETPs), which then progress through sequential double-negative (DN) stages (cells lacking CD4 and CD8
surface expression) before reaching later developmental checkpoints. Reviews of progenitor migration
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frame TSP — ETP as a critical boundary where migration ends and thymus-instructed differentiation begins.
29

Notch as the core inductive signal. Notch signaling is a cell-cell communication pathway in which a Notch
receptor on one cell binds a Notch ligand on a neighboring cell, triggering regulated cleavage and
transcriptional changes in the receiving cell. In the thymus, Notch signaling is widely regarded as the initial
trigger that constrains non-T fates and promotes the T program in incoming progenitors. A crucial
experimental finding is that expression of the Notch ligand DLL4 by thymic epithelial cells is indispensable
and nonredundant for establishing the thymus-specific environment that induces T-cell development;
removing DLL4 from thymic epithelial cells cripples T development, and enforced Notch activation can
rescue aspects of the defect. 30

Phase concept: early “program start” vs later “point of no return.” Recent syntheses describe early T
development as a multistep gene regulatory network with stereotyped ordering but variable transition
kinetics between steps. Before full commitment, progenitor-associated transcription factors can delay
aspects of the T program even while Notch-induced factors push forward; progress depends on cross-
repression, chromatin barriers, and changing collaborations between stably expressed and stage-specific
factors. This perspective is important because it explains why “T potential” and “T commitment” are
separated by multiple intermediate states rather than a single switch. 31

BCL11B as a molecular hallmark of commitment. Among many regulators, BCL11B stands out as a
sharp-onset factor whose activation corresponds closely to the transition into committed T-lineage behavior.
Functional experiments show that BCL11B is necessary for T-lineage commitment and contributes to
repression of stem/progenitor genes and alternative lineage programs, including NK-associated programs.
In single-cell reporter studies, BCL11B activation coincides with commitment at the single-cell level,
underscoring its value as more than a marker—it is part of the commitment machinery. 32

How BCL11B gets turned on: combinatorial control and timing. Commitment is not typically driven by a
single regulator acting alone. Detailed mechanistic work indicates that multiple transcription factors—
including Notch pathway effectors and lineage regulators such as GATA3, TCF-1, and Runx factors—bind cis-
regulatory elements at the Bcl11b locus and collaborate in staged, sometimes transient ways to activate
Bcl11b. This illustrates a general principle of fate commitment: it often requires a coordinated convergence
of several regulators plus the right chromatin context, not merely the presence of one “master gene.” 33

Notch-induced T-lineage drivers: TCF-1 and GATA3. TCF-1 (encoded by TCF7) is widely described as one of
the earliest T-lineage-associated transcription factors induced by Notch signals, functioning as a gatekeeper
for T-lineage specification. GATA3 is also critical early; experimental work in both mouse and human
contexts emphasizes roles for GATA3 in promoting progression toward T fate and restraining alternative
options (notably NK-like programs). Together, these factors illustrate how Notch signaling is translated into
a T-lineage regulatory state rather than simply “turning on T cells” in one step. 34

The role of PU.1 and “progenitor-associated factors”: delaying and shaping the program. A striking
aspect of early T development is that factors associated with multipotent or myeloid-capable progenitors
(such as PU.1) can persist for a time and influence both proliferation and fate options. Experimental
perturbation of PU.1 in early thymocytes shows that it can regulate timing of developmental progression
and access to non-T programs; its downregulation is closely linked to progression toward commitment. This
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supports a nuanced view: early “progenitor-like” factors are not merely obstacles but can be functional
components of the early expansion and staging process—until they must be silenced for commitment. 35

Alternative lineage potentials in early thymic stages: what is retained, and when it is lost. A long-
running question is how much non-T potential ETPs retain. Multiple studies and reviews support that early T
progenitors can retain some degree of myeloid, dendritic, and/or NK potential, with loss of multipotentiality
occurring as cells advance through DN stages toward commitment. However, results vary with
developmental stage (fetal vs adult), assay context (in vivo vs in vitro), and how strictly “earliest progenitors”
are defined—one reason the field emphasizes careful interpretation of “potential” assays. 36

Thymic stromal support beyond Notch: IL-7, SCF, and chemokines. Notch is necessary but not sufficient
for robust thymopoiesis. The thymic cortex, particularly cortical thymic epithelial cells (cTECs), provides
additional signals—cytokines such as IL-7 and stem cell factor (SCF/KIT ligand), and chemokines such as
CCL25 and CXCL12—that support survival, proliferation, and localization of early thymocytes. Work that
functionally “engineers” thymic environments has shown that combinations of chemokines, cytokines, and
DLL4 can recreate supportive niches with lineage-selective properties, highlighting how the thymus
integrates multiple signals to guide development. 37

Bottlenecks and regulation

Bottleneck: rarity of successful immigrants. Thymus seeding is constrained by extreme scarcity. Reviews
of progenitor migration note that the thymic settling progenitors are presumed to be rare—on the order of
very small numbers entering per day in adult mice—making thymic colonization a quantitatively tight
process. This rarity is not a minor footnote; it shapes everything downstream. If only a handful of cells
arrive, early intrathymic expansion and survival signals become essential just to maintain throughput. 38

Bottleneck: limited niche capacity. The thymus has a finite number of microenvironmental “slots” that can
support productive seeding and early development. Quantitative fate-mapping and modeling work has
estimated on the order of ~160-200 dedicated thymus-seeding progenitor niches in the adult thymus, with
only a small subset open for recolonization at steady state. These numbers make a key conceptual point:
thymus seeding is limited not merely by the availability of progenitors but also by the availability of
receptive niches, and niche occupancy duration can directly restrict new seeding events. 39

Bottleneck: gatekeeping by the thymic endothelium and stromal state. Even if progenitors circulate,
entry depends on endothelial expression of homing ligands and chemokines. The periodic expression of
thymic P-selectin and CCL25 described above supports a model in which thymic receptivity fluctuates,
potentially responding to internal niche occupancy and external systemic cues. This provides a mechanism
to prevent overfilling, coordinate turnover, and match thymic output with immune system needs. 40

Regulation as “signal integration,” not single-molecule control. A robust conceptual lesson from
thymocyte migration work is that cell trafficking is governed by integration of adhesion, chemokine, and
receptor signaling pathways. Redundancy (multiple chemokine receptors contributing), cooperativity
(selectin-mediated slowing enabling chemokine sensing), and context dependence (homeostasis vs
inflammation vs post-irradiation) make thymic homing reliable across perturbations but also complicate
attempts to name a single indispensable migration molecule. 41
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Commitment as a regulated “one-way door.” Entry into the thymus does not immediately equal
commitment. Early thymic progenitors must traverse a multi-step gene regulatory network with variable
timing. Commitment involves coordinated repression of progenitor/stemness programs and alternative
lineage programs, with BCL11B acting as a key driver of this “one-way” transition. Because progress
depends on chromatin and combinatorial factor action, commitment is naturally subject to kinetic
bottlenecks—some cells may linger longer in early phases, and some may deviate under altered signaling
conditions. 42

Aging and atrophy reshape both capacity and navigation. The thymus undergoes structural and
functional changes over the lifespan (often termed thymic involution), which can alter stromal composition,
vascular organization, and microenvironmental signal distribution. Reviews that integrate thymic anatomy,
migration, and atrophy emphasize that thymic architecture (including cortex, medulla, CMJ, and
vasculature) is directly tied to developmental staging and trafficking routes; therefore, architectural
remodeling is expected to impact throughput even if progenitor supply were unchanged. 43

Stress contexts reveal hidden constraints. After irradiation or hematopoietic cell transplantation, the
thymus must be recolonized and rebuilt functionally. Work on thymic portal endothelium and on niche
numbers indicates that “making space” and restoring appropriate endothelial/stromal states can be decisive
constraints on T-cell reconstitution. A recent example from transplantation models suggests that distinct
HSC subsets (for instance, phenotypically defined variants such as Kit*lo HSCs) can differ in thymic recovery
and T-cell reconstitution capacity—highlighting that upstream stem/progenitor composition can affect
downstream thymic outcomes. 44

Experimental logic and translational perspective

How the field infers lineage potential vs actual fate. Much of what we know about TSPs and early thymic
progenitors comes from a combination of (i) immunophenotypic identification (surface markers used to
isolate candidate populations), (ii) transplantation and colonization assays (testing what cells can do in vivo),
(iii) in vitro differentiation systems (testing potential under controlled signals), and (iv) lineage tracing and
fate mapping (tracking what cells actually become in physiological settings). A central methodological
warning—explicit in the thymus-seeding literature—is that “potential” depends on conditions: a cell that
can generate multiple lineages in vitro may not do so in vivo, and vice versa. This is why modern reviews
often emphasize multiple converging assay types and increasingly rely on single-cell multi-omics to relate
phenotype, transcriptional state, and inferred trajectory. 45

Single-cell atlases resolve heterogeneity in humans and refine “TSP” as a set. In humans, identifying
TSPs has been historically difficult because early thymic progenitors are rare and sample access is limited.
Recent single-cell studies have expanded the evidence base by identifying thymus-seeding progenitor
populations with counterparts in bone marrow and by mapping regulatory dynamics of early thymocyte
differentiation. For example, deep immune profiling and single-cell approaches have reported multiple
thymus-seeding progenitor populations in humans, while integrated single-cell transcriptomics of postnatal
human thymus has characterized thymus-seeding progenitors and early differentiation trajectories. These
results strengthen the concept that “TSP” is not necessarily one phenotype but a functional category
spanning multiple related progenitor states. 46

Engineering thymic instruction highlights the minimal “recipe.” Experimental work that manipulates
thymic stromal environments supports an instructive model: combinatorial presentation of a Notch ligand
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(DLL4), chemokines (such as CCL25 and CXCL12), and growth factors (such as SCF and IL-7) can be sufficient
to create environments that support specific hematopoietic precursor types and early T development. This
reinforces a first-principles picture of thymus seeding and commitment: the thymus works because it
concentrates (a) homing signals to pull in the right precursors, (b) survival/expansion signals to amplify rare
immigrants, and (c) an inductive fate signal (Notch) to push cells across the commitment threshold. 47

Clinical relevance: why the supply chain matters. Many clinically important states—aging, HIV infection,
chemotherapy, irradiation, bone marrow transplantation, congenital thymic defects—are characterized by
impaired T-cell numbers or function. Because the thymus depends on continual progenitor import and on
functioning stromal/vascular niches, defects can arise from either side of the interface: insufficient or
altered progenitors, impaired homing and entry, disrupted stromal signals, or reduced niche availability.
Reviews of thymic progenitor migration emphasize that improving knowledge of mobilization, homing, and
early intrathymic regulation could accelerate therapeutic strategies for immune reconstitution. 48

A compact synthesis. Putting the evidence together yields a coherent, textbook-style model. Definitive
HSCs—generated during embryogenesis and maintained in adult marrow—produce heterogeneous MPPs
and lymphoid-primed progenitors. A subset of these progenitors acquires thymus-seeding competence by
combining (i) a differentiating state without long-term self-renewal, (ii) expression of homing and adhesion
machinery (including selectin ligands and chemokine receptors such as CCR7/CCR9), and (iii) the ability to
respond to thymic inductive signaling. Thymic entry is anatomically localized (CMJ/PVS), temporally gated
(periodic receptivity), and capacity-limited (finite niches). Once inside, thymic stromal cues—especially DLL4-
driven Notch signaling, supported by IL-7/SCF/chemokine environments—drive a multi-step gene
regulatory program in which cells progress from specification (still-flexible progenitor state) to commitment
(BCL11B-centered one-way transition), thereby transforming a migratory progenitor into a T-lineage
precursor and setting the stage for later TCR rearrangement and selection. 49
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Chapter 12

The Thymic Microenvironment as a Teaching
Machine

Teaching machines in biology: what the thymus is optimizing

A “teaching machine” is a system that repeatedly exposes a learner to curated examples, applies graded
tests, and then either supplies survival support (reinforcement) or removes the learner from the system
(elimination). The thymus fits this description precisely: developing T cells (thymocytes) are the learners,
and the stromal microenvironment delivers both the curriculum (self-peptide-MHC ligands, chemokine-
guided routes, and co-stimulatory contexts) and the grading rubric (signal-strength and signal-duration
thresholds that determine whether a thymocyte survives, differentiates, or dies). This framing emphasizes
that the thymus is not merely a container where T cells mature; rather, it is an actively structured tissue
whose microanatomy and instructional cues are the core reason a diverse yet self-tolerant T-cell repertoire
can emerge from essentially random receptor gene rearrangement.

The central problem the thymus solves is a first-principles mismatch between (i) the enormous randomness
needed to generate antigen-receptor diversity and (ii) the strict self-restraint required to avoid
autoimmunity. T-cell receptors (TCRs) are created by somatic recombination, which inevitably generates
some receptors that fail to recognize self-major histocompatibility complex (MHC) at all and others that
recognize self too strongly. The thymus therefore must enforce at least two broad selection filters. Positive
selection rescues thymocytes whose TCRs can productively recognize self-MHC plus peptide at low-to-
moderate strength (a prerequisite for later recognizing pathogen-derived peptides presented on self-MHC).
Negative selection removes (or diverts) thymocytes whose receptors respond too strongly to self-antigen,
establishing “central tolerance” (tolerance enforced during development, before cells enter the body's
periphery). 2

This chapter treats thymic epithelial cells (TECs) and thymic niches as instructors rather than protagonists.
Instructors are defined here by function: they (i) present ligands that elicit instructive TCR signals, (ii)
provide timed survival and differentiation cues, and (iii) position thymocytes in space so the right tests occur
in the right order. TECs do all three, but they do not act alone. Dendritic cells (DCs), macrophages,
fibroblasts, endothelial cells, and the extracellular matrix (ECM) collaborate to create a multi-layered
educational environment, with each cell type contributing particular teaching materials (antigens),

classroom rules (co-stimulation and cytokines), and hallways (chemokine gradients and tissue architecture).
3

One immediate prediction of the “teaching machine” framing is that tissue architecture is not decorative: it
is part of the algorithm. In educational terms, the thymus uses “curriculum sequencing.” Early
developmental steps occur in localized cortical niches; later tolerance-enforcing steps occur after migration
into medullary niches; and final export competence is acquired near vascular exit sites. Disrupting
migration circuits (for example, forcing thymocytes into the medulla too early or preventing cortex-to-
medulla relocation) predictably disrupts development—an experimental observation that has been borne
out genetically by perturbing key chemokine receptors such as CCR7. 4
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Architecture as algorithm: the thymus is a spatially compiled
curriculum

The thymus is organized into lobules separated by septa and surrounded by a capsule. Within each lobule,
the key functional partition is the cortex (outer) and medulla (inner), with a boundary region often referred
to as the cortico-medullary junction (CMJ). These compartments are not arbitrary histological features:
they correspond to different phases of thymocyte education and to distinct stromal “classrooms” defined by
unique epithelial and mesenchymal networks. 5

limage_group{"layout":"carousel","aspect_ratio":"16:9","query":["thymus histology cortex medulla Hassall
corpuscles H&E","thymus corticomedullary junction immunofluorescence keratin 5 keratin 8","thymic
medulla  epithelial network 3D immunofluorescence","human thymus Hassall corpuscles
microscopy"],"num_per_query™:1}0

A useful first-principles way to understand why a cortex-medulla split helps is to treat selection as a
problem of controlled exposure. If every developing thymocyte immediately encountered the full diversity of
self-antigens presented with high co-stimulation, two failures would become likely: (i) excessive deletion
(overly stringent negative selection) and (ii) impaired maturation because early thymocytes are not yet in
the correct signaling state to interpret strong signals productively. The cortex instead focuses on generating
a baseline capability—self-MHC restriction and lineage commitment—while the medulla focuses on more

stringent tolerance tests using broader antigen diversity and specialized antigen-presentation programs.
6

The thymic epithelium forms a three-dimensional reticular network rather than a simple sheet. In the
cortex, this network supports rapid motility and serial scanning—many transient contacts between double-
positive (DP; CD4*CD8*) thymocytes and cortical thymic epithelial cells (cTECs), consistent with an
environment that must test huge numbers of cells efficiently. In the medulla, the epithelial network and
associated hematopoietic antigen-presenting cells create a different contact geometry, enabling repeated
encounters with diverse self-antigens and stronger co-stimulatory contexts that are needed to delete or
divert self-reactive clones. 7

Entry and exit routes further embed “timing gates” into the architecture. Thymus-seeding progenitors enter
from blood near the CM) through specialized vascular sites, and mature thymocytes later leave through
vascular structures associated with perivascular spaces. This creates a tissue-level conveyor belt: earliest
immigrants are routed into cortical programs; later-stage cells return toward medullary and perivascular
exit programs, where egress-related chemotactic cues (notably sphingosine-1-phosphate, S1P, gradients
regulated locally by STP metabolism) instruct export competence. 8

The newest spatial “omics” (single-cell atlases integrated with spatial transcriptomics and multiplex imaging)
reinforce the idea that thymic compartments are defined by co-localization logic: thymocyte states and
stromal subsets occupy predictable tissue zones, and their adjacency relationships help explain
developmental transitions. Human thymus atlases that reconstruct a continuous tissue axis show organized
trajectories aligned with microanatomy, and they report lineage-associated differences in the timing of
medullary entry—an example of how timing is built into spatial organization rather than being purely cell-
intrinsic. 9
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Cortical classrooms: commitment, expansion, and positive
selection

Early thymocyte development begins when blood-borne progenitors enter thymic tissue and commit to the
T-cell lineage. “Commitment” here means irreversible adoption of the T-cell developmental program,
including activation of T-lineage transcriptional networks and suppression of alternate lineages (such as B-
cell potential). A decisive instructor cue for this commitment is Notch signaling, specifically through Notch1
on thymocytes engaged by Delta-like ligand 4 (DLL4) expressed in the thymic stromal environment. Genetic
deletion of DLL4 in thymic epithelium abrogates normal thymic T-cell development, and enforced activation
of Notch1 can bypass the requirement, establishing DLL4-Notch as an instructive, thymus-defining signal
rather than a mere growth aid. 10

Cytokines in the cortex act like survival scholarships that keep appropriate learners in the program long
enough to be tested. Two classically emphasized stromal cytokines are IL-7 (interleukin-7) and stem cell
factor (SCF; also called Kit ligand). IL-7 is essential for survival and expansion at specific early stages, and
IL-7-producing stromal niches can be mapped to defined TEC subsets. A landmark in vivo niche-mapping
study identified “IL-77hi” TECs that arise early in development, persist, and co-express homeostatic
chemokines (including CCL19, CCL25, CXCL12) and cytokines such as IL-15—suggesting that cytokine
support and chemokine-guided positioning are co-packaged into stromal niche identity. 11

Positive selection occurs mainly at the DP stage, after thymocytes rearrange and express a functional af8
TCR. DP thymocytes are generated in enormous numbers; most die by neglect (failure to receive sufficient
TCR signaling), reflecting how stringent the requirement for productive but not excessive self-recognition is.
In the teaching-machine metaphor, the cortex is a high-throughput exam hall: DP cells rapidly sample many
CTECs; only a minority receives survival-permitting signals in the correct intensity range. Quantitative
reviews emphasize that thymocyte development is a highly dynamic process with large-scale proliferation
and death and that only a small fraction of thymocytes ultimately mature, underscoring why the
instructional environment must be both efficient and precise. 12

A key point—often underappreciated until fairly recently—is that cTECs do not present a generic set of self-
peptides. Instead, they use unique antigen-processing machinery that generates a distinctive peptide-
MHC “ligandome” specialized for positive selection. This includes the thymoproteasome, a proteasome
variant containing the 35t subunit (encoded by PSMB11) that biases peptide generation and shapes CD8* T-
cell selection. Experimental work supports the notion that B5t-derived peptides promote positive selection
by generating peptide-MHC complexes optimized for selecting functional CD8 lineages, and human genetic
variation affecting PSMB11 expression has been associated with altered thymoproteasome biology and
reduced CD8* T-cell production in vivo—evidence that a cTEC-specific peptide curriculum has measurable
consequences in humans. 13

For MHC class II-restricted selection (CD4 lineage), cTECs also employ specialized endosomal proteolysis
pathways. One example is thymus-specific serine protease (TSSP; PRSS16), which is expressed in cTECs
and influences the positive selection of subsets of CD4* thymocytes, consistent with the idea that the exact
protease “recipe” inside cTECs alters which peptides are displayed and therefore which TCRs are
preferentially rescued. In content terms, the cortex is not merely teaching “recognize MHC"; it is teaching

with a curated, cell-type-specific set of peptides that may be particularly suited to calibrating TCR sensitivity.
14
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Cortical instruction is not only about survival; it is also about lineage choice—whether a positively selected
thymocyte becomes CD4* helper-lineage or CD8* cytotoxic-lineage. While the full mechanistic story includes
signal strength, signal duration, and co-receptor dynamics, the portion most relevant to the
microenvironment is that cTECs (through what they present and how they present it) influence the initial
direction of lineage commitment and the tuning of thymocyte responsiveness. Recent synthesis emphasizes
that thymocytes actively “adjust to self” during selection, suggesting that the cortex provides not only the
test stimuli but also a training regimen that recalibrates signaling thresholds so that emergent T cells will be
responsive to foreign antigens without being self-destructive. 15

A final cortical niche that highlights the “instructor” role of epithelium is the microenvironment supporting
continued TCRa rearrangement (secondary rearrangement) in some thymocytes, a process that can rescue
cells whose initial receptor fails selection. Specialized multicellular complexes called thymic nurse cells—a
subset of cTECs associated with thymoproteasome expression—have been described as microenvironments
enriched for long-lived DP thymocytes undergoing secondary TCRa rearrangements. Regardless of ongoing
debate about the in vivo prevalence of classic “nurse cell” structures across contexts, the key instructional
principle stands: the cortex can provide protected subniches that extend the time window for receptor

editing, thereby increasing the chance a thymocyte finds a receptor that fits the positive-selection niche.
16

Medullary classrooms: central tolerance, agonist selection, and
self-antigen breadth

After positive selection, thymocytes undergo a coordinated relocation from cortex to medulla. This
transition is not merely geographic; it is a handoff from an environment tuned for survival calibration to one
tuned for tolerance enforcement. A central migration switch involves induction of CCR7 on positively
selected thymocytes and expression of CCR7 ligands (such as CCL19 and CCL21) in medullary regions.
Genetic perturbations show that CCR7-dependent positioning matters: forcing premature CCR7 expression
can mislocalize DP cells into the medulla and impair development, and CCR7 or ligand deficiency arrests
mature single-positive thymocytes in the cortex, disrupting medullary maturation and selection. These
findings demonstrate that thymocyte positioning is a causal variable in selection efficiency. 17

The medulla’s defining teaching feature is its unusually broad self-antigen repertoire. Medullary thymic
epithelial cells (MTECs) express and present a wide array of tissue-restricted antigens (TRAs)—proteins
normally expressed only in specific peripheral tissues. This “promiscuous gene expression” creates a library
of self-antigens that developing thymocytes would otherwise never see before leaving the thymus. The
transcription factor AIRE (autoimmune regulator) is a central driver of this program in subsets of mTECs,
and loss of AIRE function disrupts TRA expression and compromises central tolerance, providing a
mechanistic bridge between thymic instruction and systemic autoimmunity. 18

AIRE is not the only TRA instructor. The transcription factor FEZF2 regulates an additional program of TRA
expression in mTECs that is at least partly independent of AIRE. Conceptually, AIRE and FEZF2 expand the
antigenic “curriculum” in partially overlapping but distinct ways, improving coverage of the body’s self
landscape and thereby reducing the risk that dangerous self-reactive receptors graduate. Primary work
identifying FEZF2's role and subsequent reviews comparing AIRE and FEZF2 support a model in which
multiple transcriptional programs cooperate to ensure that medullary antigens are sufficiently diverse for
robust tolerance. 19
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Medullary instruction is not purely deletional. Strong self-reactivity can also drive agonist selection—
diversion into specialized lineages such as thymic regulatory T cells (tTregs; FOXP3*) or other “agonist-
selected” populations that use self-recognition constructively to maintain immune homeostasis. Human
multimodal thymus profiling that integrates spatial transcriptomics with immune phenotyping reports
microenvironmental influences on agonist-selected lineages, reinforcing that these outcomes are spatially
embedded and niche-dependent rather than being purely cell-autonomous decisions. 20

The medullary epithelium is more heterogeneous than the simple label “mTEC” suggests. Single-cell
mapping of thymic stroma has revealed multiple TEC states, including tuft-like epithelial populations that
produce cytokines such as IL-25 and contribute to shaping local immune niches. Human mTEC studies
similarly highlight transcriptomic diversity and multilayered regulation of gene expression within medullary
epithelium. This diversity implies that the medulla is not a single classroom but a campus of specialized
rooms, each with different antigen displays, cytokine profiles, and interaction rules. 21

Medullary architecture also contains distinctive epithelial structures such as Hassall's corpuscles
(prominent in humans). These structures have been implicated in instructing dendritic cells via epithelial
production of thymic stromal lymphopoietin (TSLP), which conditions DCs to promote differentiation of CD4*
thymocytes into FOXP3* regulatory T cells. From a teaching-machine perspective, Hassall's corpuscles act
like a “teacher-training” module: they shape the behavior of professional antigen-presenting cells so that
some self-reactive thymocytes are not eliminated but instead converted into a lineage whose job is to
suppress autoimmunity. 22

Finally, the medulla exemplifies an important principle: the teaching machine does not rely on one
instructor or one mechanism. Even for TRA-driven tolerance, both direct antigen presentation by mTECs
and indirect presentation by dendritic cells contribute. Live imaging approaches have been developed to
observe interactions between thymocytes and intact antigen-presenting subsets in situ, and reviews on
medullary antigen presentation emphasize that mTECs and DCs can each present TRA-derived ligands, with

their relative contributions depending on antigen source, transfer mechanisms, and cellular distribution.
23

Non-epithelial instructors: dendritic cells, macrophages,
endothelium, fibroblasts, and matrix

Although TECs define much of thymic compartment identity, the thymic teaching machine depends on non-
epithelial instructors that provide complementary functions. Thymic dendritic cells are central among
these because they are highly effective at presenting antigen and can enforce deletional tolerance as well
as support Treg induction. Modern reviews emphasize that thymic DCs comprise multiple subsets with
distinct ontogeny, localization, and division of labor in tolerance, and that their intrathymic maturation and
positioning are regulated by stromal cues and thymocyte-derived signals. 24

A crucial concept linking epithelial and DC instruction is cooperative antigen transfer (CAT). In CAT, DCs
acquire antigens produced by mTECs and then present these antigens indirectly to thymocytes, expanding
the effective reach of rare mTECs and increasing the probability that any given thymocyte will encounter
relevant self-antigens. Reviews detailing mechanisms of direct versus indirect self-antigen presentation
position CAT as a major layer of robustness in central tolerance, and experimental work has implicated
regulatory pathways (including AIRE-associated effects) in controlling aspects of antigen transfer. 25
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Thymic macrophages contribute both as sanitation workers and as instructors. The cortex is a site of
massive cell death (death by neglect and selection-induced apoptosis), requiring efficient efferocytosis
(clearance of apoptotic cells) to prevent inflammatory responses and to maintain tissue homeostasis.
Recent single-cell and spatial characterization indicates at least two thymic macrophage populations
distinguished by markers and localization, including subsets concentrated in the cortex versus medulla/CM),
consistent with specialized roles aligned to where apoptosis and selection pressures are highest. Moreover,
macrophage engulfment of apoptotic thymocytes can generate bioactive metabolites (for example,
retinoids) that may feed back on thymocyte turnover and differentiation, suggesting that cleanup is also a
form of microenvironmental instruction that shapes the pace and quality of selection. 26

The vascular system is not only plumbing; it is part of the teaching machine’s gating logic. Endothelial cells
at entry sites help regulate thymus seeding by progenitors and can express adhesion molecules (such as P-
selectin) and chemokines that enable progenitor capture and tissue entry. Similarly, vascular and
perivascular stromal elements help create the microenvironment for thymocyte egress by controlling local
S1P availability through enzymes such as S1P lyase, enabling mature thymocytes to sense blood-tissue
gradients via S1P receptor 1 (S1PR1), whose expression is induced during late maturation (in part under
transcriptional control of KLF2). 27

Fibroblasts and the extracellular matrix provide structural constraints and biochemical signals that shape
cell movement, contact probability, and mechanotransduction (how cells interpret physical forces).
Contemporary work emphasizes that thymic fibroblasts are not uniform; capsular and medullary fibroblast
programs differ, and fibroblast states can influence chemokine landscapes and epithelial organization.
Reviews focused on the ECM in thymopoiesis further support the idea that matrix composition and
remodeling can modulate thymocyte migration and differentiation, making connective tissue a quiet but
critical instructor by controlling the “geometry of encounters.” 28

Finally, non-epithelial immune cells beyond DCs and macrophages—including thymic B cells and innate
lymphoid populations—can influence antigen display and cytokine availability. For the purposes of
architectural reasoning, their most important role is that they add additional instructor types and thus
additional modes of antigen presentation and co-stimulation, increasing the diversity of contexts in which
self-reactive TCRs are tested and either eliminated or diverted. 29

Cytokines, chemokines, and survival cues: the thymus as a local
signaling economy

Cytokines are short-range protein signals that alter cell survival, proliferation, and differentiation;
chemokines are a specialized subset of cytokines whose primary function is to guide cell migration by
forming spatial gradients. The thymus uses both classes as a local signaling economy: stromal cells produce
ligands that thymocytes interpret according to the receptors they express at each developmental stage. A
central theme across modern reviews is that stromal cytokines often act at short distances (paracrine
signaling, meaning “to a nearby cell”) and that the biological outcome is determined by the match between

stromal production and thymocyte receptor expression, which changes predictably as thymocytes mature.
30

IL-7 is a canonical thymic survival factor, particularly important in early thymocyte stages and for overall
thymopoiesis (T-cell generation). IL-7 niche mapping demonstrates that IL-7 expression is concentrated in

127


https://pmc.ncbi.nlm.nih.gov/articles/PMC9754631/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2715120/?utm_source=chatgpt.com
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2021.634367/full?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6910132/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC9280625/?utm_source=chatgpt.com

definable TEC subsets rather than being uniformly distributed, and that IL-7~hi TECs co-express chemokines
and other cytokines important for sustaining thymocyte development. This tight coupling of survival cues
and positioning cues illustrates a design principle: the thymus does not simply supply IL-7 everywhere; it
supplies IL-7 in places that correspond to the intended residence of the thymocytes that need it, thereby
linking survival to correct localization. 31

SCF (Kit ligand) and Notch ligands work together particularly early, when thymic immigrants must expand
and commit. In mechanistic terms, Notch drives lineage choice and transcriptional program activation,
while growth and survival cues such as SCF support the necessary proliferation to build a sufficiently large
pool of thymocytes for later stringent selection, which will eliminate most cells. This division of labor—fate
instruction plus expansion support—illustrates why the thymic microenvironment contains both “identity
signals” and “population maintenance signals.” 32

Chemokines provide the means for spatial sequencing. Early thymocytes respond to chemokines that guide
entry and cortical localization (for example CCL25 acting through CCR9, and CXCL12 acting through CXCR4),
while positively selected thymocytes upregulate chemokine receptors that facilitate medullary entry
(notably CCR7). Reviews of intrathymic migration emphasize that thymocyte movement is not a simple
random walk; it is guided by changing receptor expression programs aligned with developmental stage,
ensuring that the cell experiences signals in a staged order (commitment and positive selection first, broad
tolerance testing second, exit competence last). 33

Survival cues are tightly interwoven with selection thresholds. In the simplest model, a thymocyte that
receives too little TCR signaling cannot induce the survival program needed to avoid apoptosis (“death by
neglect”). A thymocyte that receives signals that are too strong triggers apoptotic or diversion programs
associated with negative selection or agonist selection. Cytokines such as IL-2 and IL-15 can act as second-
step differentiation signals for thymic requlatory T-cell development, consistent with two-step models in
which TCR/CD28 interactions generate a precursor state whose completion into FOXP3* lineage depends on
cytokine signaling. In this way, cytokines serve as developmental “certification signals” that are only
available in the correct niche and at the correct time. 34

Timing and movement: how the thymus schedules encounters and
sets decision thresholds

Timing in thymocyte development is not simply the number of days a cell spends in the thymus; it is the
structured sequence of microenvironmental exposures and the duration of discrete interaction events. Two-
photon imaging and “living thymic slice” approaches have enabled direct visualization of thymocyte motility
and interaction dynamics within intact microenvironments, supporting the view that thymocytes alternate
between phases of rapid migration and phases of more stable contact, and that these dynamics correlate
with signaling states relevant to selection. A spatial-and-temporal synthesis of thymic selection emphasizes
that the field’s understanding of “where” selection occurs has matured in parallel with a growing
appreciation of “when” signals occur and how long signaling must persist to trigger survival, deletion, or
diversion. 35

A major timing gate occurs even before thymocytes begin canonical DN—DP development: thymus
seeding is periodic and competitive. Work on thymic progenitor homing describes a “gatekeeping”
mechanism in which the thymus' receptivity to incoming progenitors varies over time and correlates with
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expression of endothelial adhesion and chemokine molecules such as P-selectin and CCL25. The implication
is that early thymic niches are of limited size and that occupancy can regulate new entry, an architectural
way to control input flow so that stromal teaching capacity is not overwhelmed. 36

Once inside, thymocytes follow a choreography that can be summarized as outward migration followed by
inward migration. Early stages occupy regions that include the CMJ and then more cortical zones, including
subcapsular regions where proliferative expansion and developmental transitions occur. Later, after positive
selection, thymocytes increase CCR7 and migrate toward medullary chemokine fields. The strength of
evidence that this movement is not optional comes from genetic experiments: altering CCR7 signaling or its
ligands perturbs medullary accumulation and impairs development, while premature CCR7 expression
misroutes thymocytes and disrupts maturation. In other words, developmental stage is partly encoded in
tissue address. 4

Timing influences what a given signal means. The same TCR signal strength can produce different outcomes
depending on the thymocyte's developmental state and the co-signals available in that compartment. For
example, DP thymocytes in the cortex primarily interpret moderate TCR signals as survival cues (positive
selection), while more mature thymocytes encountering strong signals in medullary contexts, enriched for
broad self-antigen presentation and co-stimulation, are more likely to undergo deletion or diversion. This
context dependence is one reason a compartmentalized architecture can outperform a uniform tissue in
producing a repertoire that is both functional and self-tolerant. 2

Medullary timing is also constrained by epithelial development and “thymic crosstalk.” Developing
thymocytes do not merely receive instructions; they feed back on the instructors, shaping mTEC
differentiation and medullary organization through signals such as RANKL and CD40L. Experimental work
supports a sequential model in which positive selection and maturation of CD4" thymocytes enable RANKL-
and then CD40L-mediated signaling to the epithelium, promoting mTEC maturation, including the induction
of AIRE and TRA programs. This is a powerful example of a learning system that is partially self-
constructing: the learners help build the classrooms that will test subsequent cohorts. 37

New human spatial atlases add another layer: they suggest divergence in the timing of medullary entry
between CD4 and CD8 lineages, implying that lineage choice and timing are intertwined at the tissue level.
Such findings encourage a refined view in which the thymus does not implement one universal clock but
rather multiple lineage-biased schedules that still obey the overarching architecture-driven sequence. 38

Why architecture matters: evidence, design principles, and
biomedical implications

The most direct evidence that thymic architecture is functionally essential comes from perturbations that
leave thymocytes genetically capable of development but disrupt their spatial routing. CCR7 pathway
manipulations are exemplary: when thymocytes fail to migrate appropriately into the medulla, they fail to
complete late maturation and tolerance processes, demonstrating that correct positioning is required for
the normal sequence of instructional encounters. Similar logic applies to abnormalities that blur cortical
and medullary boundaries or disrupt epithelial networks, which can alter the probability distribution of
thymocyte-APC contacts and thereby shift selection outcomes. 4
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A second design principle is that the thymus optimizes selection not only through antigen display but
through division of labor among instructors. The medulla contains both epithelial APCs and multiple DC
subsets; antigen transfer extends epithelial antigen influence; macrophages maintain tissue homeostasis
while potentially shaping local differentiation via metabolites; and fibroblasts and ECM shape the contact
network by controlling tissue geometry. This division of labor increases robustness: if any single instructor
type were solely responsible for tolerance, the system would be fragile. Instead, central tolerance is
distributed across overlapping mechanisms and cell types, with architecture ensuring that these instructors
meet thymocytes in the correct order and context. 39

A third principle is modularity and feedback. The thymic medulla is not merely generated once; it is
continuously shaped by crosstalk signals. RANK-RANKL and CD40 pathways, as well as lymphotoxin-related
signaling, contribute to medullary development and functional specialization, including the regulation of
mTEC programs and intrathymic DC pools. Work redefining medulla specialization argues that tolerance-
relevant specialization can segregate from simple medulla organogenesis and depends on signaling
pathways that control DC composition, highlighting that “having a medulla” is not equivalent to “having a
tolerogenic medulla.” 40

The thymus’ architectural dependence has clear translational implications. With age, the thymus undergoes
involution, including epithelial and stromal remodeling that reduces thymopoietic output and changes
niche availability. Recent work points to age-related epithelial defects and stromal changes (including
fibroblast-associated programs linked to chronic inflammation) as factors limiting thymic function and
regenerative capacity after injury. In teaching-machine terms, aging degrades classrooms and hallways: the
curriculum may be intact in principle, but the infrastructure that delivers it becomes less capable of
sustaining high-throughput, high-fidelity education. 41

These insights motivate efforts to engineer or restore thymic function. Experimental systems that construct
artificial thymopoietic environments illustrate that thymus function can, to some extent, be modularly
reconstituted by assembling essential niche components. Reviews on TEC generation and repair emphasize
that stromal microenvironments emerge during organogenesis, are maintained throughout life, and can be
therapeutically targeted or supported to improve T-cell reconstitution after insults such as chemotherapy,
radiation, or transplantation. The core lesson is architectural: successful thymic regeneration is not just
about expanding “T cells” or “TECs” in bulk; it is about restoring spatially organized niches that correctly
sequence Notch-driven commitment, IL-7-supported survival, cTEC-mediated positive selection, and
medulla-driven tolerance. 42

In sum, the thymus functions as a teaching machine because it compiles immunological education into
tissue structure. Its epithelium and associated stromal networks are instructors that (i) generate specialized
self-peptide curricula, (ii) place thymocytes into staged migration routes that enforce curriculum order, and
(iii) integrate cytokines, co-stimulation, and antigen transfer into a robust, redundant tolerance system.
When architecture is disrupted—genetically, by aging, or by injury—selection becomes less efficient or less
safe, and the consequences manifest as impaired immune competence, altered repertoire quality, or
increased autoimmunity risk. 43
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Chapter 13

T Lineage Commitment: Notch and the
Gatekeeping Circuit

Conceptual foundations of lineage commitment in the T-cell
system

Lineage commitment is the developmental transition in which a progenitor (an immature cell with multiple
fate options) becomes restricted to one lineage and progressively loses the ability to adopt alternatives. In
immunology, the T-cell system is among the clearest natural models for commitment because incoming
hematopoietic progenitors enter a specialized organ—the thymus—where they are exposed to a dominant
cell-cell signaling cue and then traverse well-mapped developmental stages with measurable “branch
points” to alternative lineages (B cell, natural killer (NK) cell, dendritic cell, and myeloid fates). In this
context, commitment is not a single instantaneous “decision,” but a temporally extended conversion that
combines transcriptional reprogramming (changing which genes are active), changes in receptor/adhesion
expression (changing which signals the cell can sense), and progressive chromatin remodeling (changing
how accessible gene regulatory DNA is). 1

A central organizing idea for early T-cell development is that the thymus must solve a “selection and
exclusion” problem. It must (i) reliably bias thymus-seeding progenitors toward a T-cell program, and (ii)
actively prevent those same progenitors from taking alternative developmental routes—even though the
progenitors often retain latent potential for such alternatives well into early thymic development. This dual
requirement motivates the notion of a gatekeeping circuit: a regulatory circuit in which an inductive signal
(Notch) is coupled to a multicomponent transcription-factor network that both builds T-cell identity and
blocks competing identities. In other words, the “gate” is not only opened toward the T-cell pathway;
competing exits are progressively shut. 2

Notch signaling is uniquely suited to play this role because it is a contact-dependent pathway: activation
requires direct engagement of a Notch receptor on one cell by a membrane-tethered ligand on a
neighboring cell. This makes the pathway an intrinsic “niche sensor” enabling spatially restricted and
continuously renewable signaling in the thymic microenvironment. In early thymopoiesis (T-cell
development in the thymus), thymic epithelial cells provide key Notch ligands, and disrupting this ligand
supply collapses T-cell development while permitting aberrant development of alternative lineages within
the thymus. 3

Commitment must also be distinguished from specification. Specification refers to an early bias in gene
expression and behavior toward a lineage while alternative fates may still be accessible under changed
conditions. Commitment implies that alternative fates are no longer available, even if conditions change.
In T-cell development, specification begins early after thymic entry under strong Notch influence, while
commitment is most closely associated with the induction of a specific transcription factor program (notably

BCL11B) during the DN2 stage transition and with the accompanying loss of alternative lineage potentials.
4
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The Notch signaling module as a gene-expression switch

Notch signaling is a conserved pathway that converts a short-range cell-cell interaction into a change in
gene expression. Canonically, ligand binding to a Notch receptor initiates a regulated proteolytic cascade
that releases the Notch intracellular domain (NICD). NICD enters the nucleus and forms a transcriptional
activation complex with the DNA-binding factor CSL (called RBPJ in mammals) and coactivators of the
Mastermind-like family (MAML), thereby converting CSL/RBPJ from a repressor-associated state to an
activator-associated state at Notch-responsive regulatory DNA elements. This is the core mechanism by
which the pathway commits cells by changing gene expression. 5

A distinctive feature of Notch signaling is that it does not rely on classic cytoplasmic second-messenger
amplification; instead, each receptor activation event can be viewed as producing a nuclear NICD “pulse”
whose magnitude and duration depend on ligand engagement, receptor processing, and NICD turnover.
Despite this, Notch outputs are robust because the pathway couples tightly to transcriptional and
chromatin regulators and because signaling can be continuously renewed by repeated ligand contacts in an
appropriate niche. This becomes highly relevant in the thymus, where developing thymocytes migrate
through ligand-presenting microenvironments and can require recurrent Notch receptor-ligand
interactions to sustain correct developmental progression. 6

Notch is also a paradigmatic example of context dependence—the same pathway can support different
fate outcomes in different cellular environments, in part because the set of accessible DNA regulatory
elements (chromatin state) and the available cooperating transcription factors differ across cell types. For
hematopoietic progenitors, strong Notch1 activation can impose a T-cell-like program and suppress B-cell
development, but Notch outputs can be altered by the transcription-factor landscape and cytokine
environment, emphasizing that Notch is best understood as an input into a gene regulatory network rather
than as a single-instruction “T-cell command.” 7

Signal dynamics can matter. Experimental work in other Notch-dependent systems shows that different
ligands can drive different activation dynamics (e.g., more sustained vs more pulsatile signaling), and these
dynamics can be “decoded” into different gene-expression outputs. In the thymus, this is plausible in part
because DLL4 is the physiologic dominant ligand for early T-cell specification, and biochemical studies
indicate that Notch1 has a substantially higher binding affinity for DLL4 than for DLL1, supporting the idea
that the thymus may be tuned for a particular quality and strength of signaling. 8

Thymic entry, developmental staging, and where Notch acts as the
dominant niche cue

T cells originate from hematopoietic stem and progenitor cells in the bone marrow, but canonical T-cell
development occurs in the thymus after progenitors seed the organ. Once inside the thymus, developing
thymocytes are commonly staged by surface expression of CD4 and CD8: the earliest thymocytes are
CD4-CD8- (“double negative,” DN), then become CD4+CD8+ (“double positive,” DP), and eventually mature
as CD4 single-positive or CD8 single-positive T cells. The early DN compartment is further subdivided
(classically DN1-DN4 or, in more refined schemes, ETP/DN2a/DN2b/DN3a/DN3b) based on markers such as
Kit (c-Kit), CD44, and CD25, capturing a progression from multipotent or partially specified states to
committed pro-T states that begin T-cell receptor (TCR) gene rearrangement. 9
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A defining physiological finding is that thymus-specific Notch ligand presentation is essential for early T-cell
development. Genetic deletion of DLL4 specifically in thymic epithelial cells causes a near-complete block of
thymic T-cell development and is accompanied by ectopic accumulation of immature B cells in the thymus.
This phenotype closely mirrors the consequences of deleting Notch1 signaling capacity in hematopoietic
progenitors, supporting a ligand-receptor pairing (DLL4—Notch1) as the core physiological axis for T-
lineage induction in the thymic environment. 10

Classical inducible inactivation of Notch1 in vivo showed that Notch1 function is required at very early
stages for thymocyte development, with severe deficiencies in thymocytes following induced loss of Notch1
activity. Subsequent work sharpened the interpretation: without Notch1 signaling, thymus-seeding
precursors can adopt a B-cell fate within the thymus, yielding immature B cells of donor origin in the
thymus after Notch1 deletion. A key conceptual implication is that the thymus is not merely a “T-cell
maturation site,” but an active instructive environment that uses Notch to prevent default or competing
lymphoid programs from manifesting in thymic immigrants. 1

Gain-of-function experiments complement this necessity evidence. Expression of activated Notch1 (NICD) in
hematopoietic progenitors can drive ectopic T-lineage development outside the thymus (notably in the
bone marrow) while suppressing B-cell development, indicating that Notch1 signaling can be sufficient to
impose key aspects of the T-lineage program when delivered strongly and persistently. However, related
work also indicates that Notch-driven expansion and transformation can be separable from simple lineage
redirection, underscoring why “Notch sufficiency” must be interpreted in the context of signal strength,
developmental timing, and cooperating pathways. 12

A subtle but essential point for the gatekeeping model is that Notch acts across a window rather than a
single instant. In vitro and in vivo evidence indicates that early thymocytes can retain alternative lineage
potentials even after the first stage at which Notch is required, motivating the idea that Notch signaling
must recur and that downstream transcriptional network state must evolve over time. This sets the stage
for separating (i) early Notch-dependent priming/specification and (ii) later Notch-enabled consolidation of
commitment. 13

The gatekeeping circuit: transcription-factor logic that builds T
identity while excluding competitors

A transcription factor is a protein that binds specific DNA sequences and helps regulate whether nearby
genes are turned on or off. In lineage decisions, transcription factors rarely act alone; instead, they form
networks with feedback and cross-inhibition. In the early T-lineage system, the gene regulatory network has
been described as having phased organization: an initial “phase 1” program in early thymocytes retains
progenitor-associated factors and proliferative capacity, while a later “phase 2" program consolidates T
identity, opens TCR loci for rearrangement, and represses progenitor programs. Notch intersects with both
phases: it helps induce early T-lineage-associated regulators and simultaneously modulates or antagonizes
progenitor-associated regulators, enabling the network to move from a permissive, multipotent-like state
toward a committed T state. 14

The gatekeeping circuit can be understood through two complementary mechanisms. First, Notch activates
(directly or indirectly) transcriptional regulators that are characteristic of early T development, including
TCF-1 (encoded by TCF7) and GATA3, and contributes to the activation of BCL11B at the commitment

135


https://pmc.ncbi.nlm.nih.gov/articles/PMC2571927/?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/10367900/?utm_source=chatgpt.com
https://www.cell.com/immunity/fulltext/S1074-7613%2800%2980105-3?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC2211933/?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC4153685/?utm_source=chatgpt.com

transition. Second, Notch induces repressors (such as HES1) and other network components that suppress
alternative lineage transcriptional drivers, thereby blocking myeloid/dendritic programs, NK programs, and
B-cell programs that would otherwise remain accessible. In this framing, Notch is not merely “pro-T,” but
actively “anti-not-T.” 15

One of the clearest demonstrations of transcriptional gatekeeping downstream of Notch involves the Notch
target gene HES1. HES1 is a transcriptional repressor that can directly constrain competing lineage
programs. In a key mechanistic study, loss of Hes1 caused severe early T-cell developmental defects;
importantly, deleting the myeloid regulator C/EBP-a (encoded by CEBPA) rescued T-cell development from
Hes1-deficient progenitors. This provides unusually direct causal evidence for a gatekeeping logic: a Notch-
induced repressor (HES1) preserves T-cell developmental competence by preventing expression of a
myeloid fate driver (C/EBP-a) that would otherwise derail T development even under Notch-inductive
conditions. 16

A second layer of gatekeeping focuses on B-lineage exclusion. When Notch1 signaling is removed, ectopic
immature B cells appear in the thymus, and detailed analyses support the interpretation that these B cells
arise from Notch1-deficient progenitors rather than from simple migration of peripheral B cells. Conversely,
activated Notch1 signaling in early hematopoiesis can suppress early B lymphopoiesis and promote ectopic
T-lineage development, consistent with Notch as a regulator of the T-versus-B lineage branch. While the
precise molecular steps of B-lineage suppression can involve multiple mechanisms (including repression of
B-lineage transcriptional regulators), the developmental genetics establish that intact Notch1 signaling is
required to prevent B-lineage outcomes in the thymic context. 17

A third layer is the control of NK and other innate-like alternatives. One instructive perspective is that early
thymocytes pass through a period where NK potential is present and must be progressively silenced.
Experimental work in vitro and in vivo places BCL11B as a central factor in this suppression: Bcl11b
becomes expressed around the DN2 transition, and Bcl11b loss prevents normal T-lineage commitment and
permits derepression of NK-associated genes. Furthermore, deleting Bcl11b can cause T cells to adopt NK-
like properties, demonstrating that the T program can be actively maintained by continuous transcription-
factor-based repression of alternate identities. 18

TCF-1 can be viewed as another “gatekeeper,” but at a different level of the circuit. Evidence indicates that
TCF-1 is induced in response to Notch signaling and is necessary for early T-lineage specification. In mouse
models, loss of TCF-1 compromises initiation of the T program and alters developmental progression,
supporting the idea that Notch—TCF-1 is one of the earliest transcriptional arms of T specification.
Separately, epigenomic evidence suggests that TCF-1 can pioneer or establish accessibility at regulatory
elements needed for T-cell identity, making it not only a “marker” but an active driver of the chromatin state
that enables T-lineage transcriptional programs. 19

GATA3 plays a dual role in this circuit: it is critical for early T development, but its dosage and timing must be
controlled to avoid diversion into non-T fates. Work in human and mouse systems indicates that GATA3
contributes to the commitment process in part by restraining NK fate and by regulatory interactions that
can include negative feedback onto the Notch pathway (for example through repression of certain Notch
pathway components), illustrating that “gatekeeping” is not a one-way street but can involve feedback
stabilization that locks the network into a committed regime. 20
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The network also depends on combinatorial cooperation among multiple transcription factors and signaling
pathways. For example, experimental evidence shows cooperation between E proteins (e.g., E47) and Notch
signaling to promote T-lineage specification and commitment while restraining NK and myeloid outcomes,
and inhibition of Notch cleavage (e.g., with y-secretase inhibitors in vitro) disrupts this progression. This
type of synergy supports a “circuit” view: Notch provides a necessary input, but the fate outcome is
computed by the joint state of multiple regulators and by whether the chromatin landscape can support the
downstream program. 21

Irreversibility versus plasticity: what “commitment” means
mechanistically

A long-standing tension in developmental biology is whether commitment is truly irreversible. In practice,
“irreversible” means that within physiological conditions, cells no longer switch fates when signals change;
it does not mean that fate cannot be manipulated by strong experimental perturbations. Early T-cell
development exhibits substantial plasticity (capacity to adopt an alternative fate) that diminishes with time.
Experiments using controlled Notch/Delta signaling in vitro revealed that early hematolymphoid
progenitors and early thymocyte stages can show delayed, asynchronous, and in some windows reversible
patterns of T-lineage gene activation, consistent with commitment being a process rather than a switch
flipped at a single moment. 22

Plasticity is especially evident before full commitment. In vitro coculture systems that deliver Notch ligands
via engineered stromal cells (such as OP9 cells expressing Delta-like ligands) can drive progenitors into T-
lineage progression, and these systems also reveal that withdrawal or reduction of Notch signaling can
permit alternative lineage outputs (notably NK and myeloid/dendritic fates) from early DN populations.
Importantly, the requirement for Notch can be stage-specific: recurrent Notch-ligand interactions help
sustain correct T specification, and loss of Notch inputs can expose latent alternative potentials that were
never fully eliminated at earlier stages. 23

In the commitment transition itself, BCL11B has emerged as an unusually sharp functional marker and
driver. Bcl11b expression begins in the DN2 compartment (often described around the DN2a—DN2b
transition), and multiple lines of evidence support it as a commitment-associated factor: it is required for
repression of NK-associated genes and for shutdown of progenitor-associated transcriptional programs,
and its activation correlates with loss of alternative fate potentials. Reporter-based systems have been used
to track Bcl11b activation and link it to commitment status at the single-cell level, reinforcing the idea that
Bcl11b activation is a milestone where plasticity sharply decreases. 24

Mechanistically, commitment is increasingly understood to involve epigenetic constraints. Epigenetics
refers to heritable changes in gene regulation that do not require changes in DNA sequence, often
mediated by chromatin accessibility, DNA methylation, and histone modifications. A striking example comes
from quantitative and single-cell analyses of Bcl11b activation: Bcl11b induction and the associated
commitment transition can require a slow, stochastic (probabilistic) cis-acting epigenetic step at the Bcl11b
locus, occurring over multiple days and cell cycles, alongside a trans-acting input controlled by Notch
signaling. This implies that even when the upstream transcriptional “drivers” are present, commitment may
be delayed by locus-level chromatin constraints, providing a concrete molecular basis for delayed and
asynchronous commitment timing. 25
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The irreversibility of commitment is also relative because strong perturbations can overwrite identity.
Bcl11b deletion provides dramatic evidence: removing Bcl11b can reprogram developing T cells, and even
more differentiated T cells, toward an NK-like identity with changes in gene expression and functional
properties. These experiments demonstrate that (i) lineage identity is actively maintained by transcriptional
repression of alternative programs, and (ii) some aspects of “irreversibility” are enforced by continuous
regulatory input rather than by a one-time developmental lock. At the same time, such reprogramming
requires genetic intervention and does not imply that physiological cells routinely drift across lineages. 26

A complementary view is that different “layers” of the T identity have different degrees of stability. Early
stages can lose T-like features and adopt innate or myeloid programs when Notch and/or key
transcriptional repressors are removed, whereas later stages (after successful TCR rearrangement and
selection) have additional stabilizing circuits and are less dependent on Notch for survival and lineage
fidelity under normal conditions. This layered-stability concept is consistent with stage-specific Notch
dependency measurements and with the observation that Notch requirements can diminish after key
developmental checkpoints (while aberrant Notch reactivation later can be oncogenic). 27

Experimental evidence: how the field established Notch as an
instructive and gatekeeping signal

The evidence base for Notch as a T-lineage inductive and gatekeeping signal is unusually strong because it
comes from convergent experimental classes: loss-of-function genetics, gain-of-function genetics, in vitro
reconstitution systems, antibody-based perturbation of ligand supply, organ culture, and (more recently)
single-cell transcriptomics and epigenomics.

Loss-of-function genetics in hematopoietic cells established that Notch1 is required early for T-cell
development. Inducible inactivation of Notch1 causes severe defects in thymocyte development, and
detailed analyses of Notch1-deficient progenitors showed that immature B cells can arise in the thymus
when Notch1 is deleted in precursors. Together, these findings support Notch1 as essential for T-versus-B
lineage choice in the thymic context and rule out simple explanations based only on thymic degeneration or
altered cell migration. 28

Loss-of-function genetics in thymic stromal ligands sharpened the physiological ligand-receptor pairing.
Conditional deletion of DLL4 in thymic epithelial cells produces a complete block in T-cell development
accompanied by ectopic thymic B-cell development, phenocopying Notch1 loss in hematopoietic
precursors. This identifies DLL4 as the key nonredundant thymic ligand driving Notch-dependent T-lineage
specification and reinforces the niche-based model in which epithelial ligand presentation is the proximate
instructive cue. 29

Core pathway disruption via RBP) provides pathway-level confirmation because RBPJ is required for
canonical Notch-mediated transcription. Experimental systems that enable temporal control over Rbpj-
dependent Notch responsiveness in hematopoietic cells have been used to test when Notch competence is
needed for T program initiation and how thymus-seeding progenitors rely on canonical Notch transcription
machinery. These studies reinforce that canonical, RBPJ-dependent transcription is central to the Notch

contribution to early T-cell program initiation rather than being merely an accessory or noncanonical effect.
30
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Gain-of-function experiments demonstrated sufficiency under strong signaling. Activated Notch1
expressed in early hematopoietic progenitors can drive ectopic T-lineage development in the bone marrow
and simultaneously block B-cell development, indicating that Notch signaling can impose key parts of the T-
lineage program when delivered in a sustained manner. Additional studies emphasized that lineage
redirection is separable from proliferative expansion and transformation, clarifying how Notch can be both
a developmental signal and (when dysregulated) an oncogenic driver. 12

In vitro reconstitution systems made Notch experimentally tractable at high temporal resolution. The
OP9-DL1 stromal coculture system showed that expression of a Delta-like ligand on stromal cells can induce
T-lineage commitment and differentiation from hematopoietic progenitors, including enabling TCR gene
rearrangement and formation of functional T cells in vitro. Subsequent work showed that recurrent Notch
receptor-ligand interactions are required to maintain T specification and to regulate stage-dependent
lineage potentials, providing mechanistic support for the idea that the thymus supplies a continuous, not
merely transient, instruction. 31

Perturbation of ligand supply in adult systems added an important physiological nuance: Notch inputs
act not only in embryonic or neonatal development but can be required for thymic homeostasis in adults.
Antibody-mediated blockade of DLL4 reduces thymic cellularity and perturbs early thymocyte maturation,
and can promote B-cell expansion in the thymus. Importantly, pharmacologic studies also reported that
thymic phenotypes induced by DLL4 blockade can be reversible after stopping treatment, emphasizing that
some Notch-dependent states (especially at early stages) are maintained by ongoing signaling rather than
fixed permanently. 32

Diversion experiments reveal latent alternative potentials, strengthening the gatekeeping
interpretation. For example, Notch1 deletion in pro-T cells can reveal potential to become dendritic cell
subsets as well as promote thymic B cell accumulation, indicating that early “pro-T" stages can harbor
alternative fates that are normally suppressed by Notch signals in vivo. This reinforces that Notch does not
only “activate T genes” but suppresses non-T lineage programs that are developmentally accessible at that
time. 33

Single-cell functional genomics refined timing and circuit logic. Single-cell transcriptomic analyses have
reconstructed trajectories from early thymus-seeding progenitors to committed pro-T cells and have
identified combinations of regulatory gene expression that correlate with developmental progression and
loss of alternative potentials. These data support a multistep sequence in which progenitor genes are
progressively silenced while T-lineage regulators rise, consistent with phased network models and with
locus-specific constraints (such as the delayed activation of Bcl11b). 34

Synthesis: a mechanistic model for Notch-driven gatekeeping and
the remaining open problems

A textbook-level synthesis of current evidence supports the following mechanistic picture. Thymus-seeding
progenitors enter a DLL4-rich epithelial environment and receive Notch signals that initiate a T-
differentiation trajectory while keeping proliferative and progenitor-associated programs compatible with
survival and expansion. During this early phase, Notch activates and cooperates with lineage regulators
such as TCF-1 and GATA3, and induces repressors such as HES1 that constrain alternative lineage drivers
(for example by repressing myeloid fate regulators like C/EBP-a). This is the first layer of gatekeeping:

139


https://www.cell.com/immunity/fulltext/S1074-7613%2800%2980105-3?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S1074761302004740?utm_source=chatgpt.com
https://pubmed.ncbi.nlm.nih.gov/21598246/?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S1074761308005426?utm_source=chatgpt.com
https://pmc.ncbi.nlm.nih.gov/articles/PMC6932747/?utm_source=chatgpt.com

maintaining a permissive window for T specification by actively blocking short-circuit exits into myeloid/
dendritic programs. 35

As development proceeds, a second layer of gatekeeping consolidates lineage commitment via induction of
BCL11B and broader restructuring of the gene regulatory network and chromatin landscape. BCL11B helps
extinguish NK-associated and progenitor-associated gene programs and enforces T-lineage-specific
expression states. Importantly, Bcl11b activation is not merely a passive response to upstream factors: it
can be delayed by cis-acting epigenetic constraints and requires appropriate trans-acting inputs including
Notch signaling, providing a direct molecular explanation for why commitment can be delayed,
asynchronous, and yet ultimately switch-like at the single-cell level. 36

In this framework, irreversibility is best treated as an emergent property of coupled positive enforcement
and negative exclusion mechanisms. Commitment is stabilized by (i) the buildup of T-lineage transcription
factors that reinforce each other and establish permissive chromatin for T genes, and (ii) active repression
of alternative lineage determinants. Removing central repressors (such as Bcl11b) can re-open alternative
fates even in committed or mature T cells, demonstrating that identity maintenance is an active process.
Conversely, removing Notch signals early can allow alternative outcomes or developmental arrest,
indicating that Notch continuously tunes the circuit during the specification-to-commitment transition. 37

Several open problems remain scientifically active. One is the precise “division of labor” among Notch family
receptors (Notch1, Notch2, and Notch3) at different stages and how receptor usage impacts stage-specific
target selection; recent work supports complementarity and stage specificity rather than a single-receptor
monopoly. Another is how spatial niches within the thymus deliver quantitatively and temporally distinct
Notch signals and how these signals integrate with cytokines and pre-TCR signaling at different
checkpoints. A third is how chromatin constraints at key loci (especially Bcl11b) are set and whether they
can be predictably manipulated to accelerate or control commitment timing for therapeutic T-cell
production. 38

Finally, the gatekeeping concept has direct translational relevance because Notch is also a major oncogenic
pathway in T-cell acute lymphoblastic leukemia (T-ALL), where activating NOTCH1 mutations are common
and where aberrant, sustained Notch signaling can uncouple developmental programs from normal timing
and checkpoints. This clinical linkage underscores a general principle highlighted throughout this chapter:
the same circuitry that enables robust commitment under physiological signaling can drive pathological
states when signal magnitude, duration, or context is distorted. 39
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Chapter 14

TCR Gene Rearrangement: How T Cells Generate
Specificity

Why T cells need gene rearrangement to achieve specificity

Adaptive immunity requires T cells to recognize an essentially unbounded variety of molecular “signatures”
from pathogens while avoiding destructive responses to the body’s own molecules. The recognition device
used by most T cells is the T cell receptor (TCR), a cell-surface protein that binds peptide-MHC (a short
peptide fragment displayed by a major histocompatibility complex molecule). This “two-part” target—
peptide plus MHC—helps explain why TCR recognition is both highly specific (for particular peptides) and
simultaneously constrained (by the requirement to engage MHC). Structural analyses across many TCR-
peptide-MHC complexes show a recurring organization of the binding site: CDR1 and CDR2 loops
(complementarity-determining regions) tend to contribute substantial contacts with the MHC helices,
whereas the CDR3 loops—the most sequence-variable parts of the receptor—are frequently central to
peptide discrimination. 1

From a genetic perspective, the central problem is that a finite genome cannot encode a separate pre-made
receptor gene for every possible antigenic peptide. Vertebrates solve this by encoding TCR variable regions
as arrays of gene segments and then assembling them during T cell development using V(D))
recombination, a process in which DNA is cut and rejoined to build a functional receptor gene exon. In
other words, T cells create receptor diversity somatically (within the body’s cells) rather than inheriting one
receptor per specificity. 2

Historically, the conceptual foundation for somatic rearrangement of antigen receptor genes emerged from
immunoglobulin gene studies and was then extended to TCR genes as rearranging loci were cloned and
characterized in the mid-1980s. Work from this era established that rearrangement and transcription of TCR
B-chain genes differs across T cell subsets and that the TCR loci behave like somatically recombining gene
systems rather than static germline-encoded single-copy genes. 3

A key implication follows: because the recombination machinery must deliberately introduce DNA double-
strand breaks (DSBs)—a particularly hazardous form of DNA damage—antigen receptor diversification
must be paired with stringent quality control, repair pathway control, and developmental selection to keep
the organism alive. 4

TCR locus organization and the developmental choreography of
rearrangement

TCR specificity is generated through rearrangement at four main loci (a, B, y, 6) that encode the chains used
to build either ap TCRs (the majority of T cells) or y& TCRs (a distinct lineage with different antigen-
recognition tendencies). The loci differ in their gene-segment architecture: TCRP and TCRéS variable exons
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are assembled from V, D, and ] segments (two-step assembly), whereas TCRa and TCRy use V and )
segments only (one-step assembly). 5

Development imposes a structured timing on when each locus rearranges. In mouse thymocyte
development (and broadly conserved in principle), Terd, Terg, and Terb rearrangement occurs primarily
during early double-negative (DN) stages when thymocytes lack CD4 and CD8 surface expression,
particularly DN2 and DN3, during an initial window of recombinase expression. Lineage commitment
toward af3 versus ybé fates occurs concurrently with, and is thought to be influenced by, these early
rearrangements. 6

A classic feature of TCRB assembly is ordered rearrangement: DB-to-Jp joining occurs first, followed by VB-
to-DBJB rearrangement. This ordering matters for allelic exclusion, the phenomenon in which a
developing lymphocyte expresses (with high probability) a single receptor specificity for a given chain,
supporting clonal antigen specificity. Models and experimental data support the idea that ordering and
feedback inhibition are integral to achieving functional allelic exclusion at the TCRB locus. 7

Once a productive (in-frame) TCRB chain is generated, it pairs with an invariant surrogate chain (pre-Ta) to
form the pre-TCR, triggering a checkpoint called B-selection. Pre-TCR signaling promotes proliferation and
differentiation and contributes to shutting down further VB-to-DBJB rearrangement (maintenance of allelic
exclusion) through changes that include downregulation of recombination gene expression and
developmental progression. 8

In contrast, the Tera/Terd locus has a distinctive genomic arrangement: the & locus sits within the a locus.
As a consequence, when Va-to-Ja recombination begins later (typically at the double-positive (DP) stage,
when thymocytes express both CD4 and CD8), it can physically delete all or part of the & locus DNA on that
allele. This arrangement couples lineage progression, locus activation, and irreversible genomic changes (6
deletion) into a tightly choreographed developmental program. 9

A crucial "escape hatch” for randomness exists at TCRa: DP thymocytes can undergo multiple successive
rounds of Va-to-Ja recombination, progressively using different V and | segments. Estimates suggest that
several rounds (on the order of multiple attempts per allele) are common, and the process can terminate
either when a thymocyte receives appropriate selection signals (which downregulate recombinase activity)
or when it dies. This iterative remodeling is one reason the a chain shows different allelic behavior from 3:
TCRa is not subject to strict allelic exclusion in the same way as TCRpB, and repeated rearrangements provide
multiple chances to generate a selectable receptor. 10

The V(D)) recombination reaction: sequence recognition, DNA
cleavage, and end joining

At its core, V(D)] recombination is a specialized DNA cut-and-paste process that joins two selected coding
segments (e.g., V and J, or V and DJ) while deleting or inverting the intervening genomic DNA depending on
segment orientation. The reaction is initiated by the RAG1 and RAG2 proteins, encoded by the
recombination activating genes discovered through functional assays showing they can activate
recombination when introduced into non-lymphoid cells. Early work isolated RAG1 and then identified RAG2

as a synergizing adjacent gene with a developmental expression pattern matching recombinase activity.
11
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Recombination signal sequences and the 12/23 rule

RAG proteins do not cut DNA arbitrarily. They recognize recombination signal sequences (RSSs),
conserved DNA motifs adjacent to each V, D, or ] segment. An RSS contains a heptamer and a nonamer
separated by a spacer of either 12 or 23 base pairs, creating 12-RSS and 23-RSS types. A core targeting
constraint, the 12/23 rule, favors recombination between a 12-RSS and a 23-RSS, reducing the chance of
improper segment joining. 12

Although “canonical” RSS motifs are often depicted as consensus sequences, it is important to recognize
that real RSSs vary in quality across loci and across individual segments. A high-quality RSS better recruits
and activates RAG, while weaker RSSs may rearrange less often unless chromatin context and locus
organization enhance their accessibility. Updated discussions emphasize that recombination outcomes
depend on both the RSS sequence features and its chromosomal context rather than on a simple binary
“RSS versus not-RSS” classification. 13

Synapsis and cleavage chemistry: nicking and hairpin formation

Mechanistically, RAG-mediated cleavage proceeds in two conceptual steps: first, nicking occurs at the
border between the coding segment and the RSS, and then a transesterification reaction converts the
nick into a DSB, producing two distinct DNA end types. The RSS ends are typically blunt “signal ends,” while
the coding ends are sealed into hairpin structures (a covalently closed loop) that must be opened before
joining can occur. This chemistry resembles transpositional mechanisms in that it uses direct
transesterification to form hairpins, supporting the deep evolutionary connection between V(D))
recombination and mobile DNA elements. 14

A key regulatory insight is that enforcing the 12/23 rule occurs at least in part at the cleavage step, not only
at joining. Experiments that reconstituted cleavage requirements showed conditions where coupled cutting
requires both a 12- and a 23-RSS, demonstrating that RAG proteins can implement the 12/23 restriction at
initiation. 15

Repair and joining: classical non-homologous end joining as the default pathway

After cleavage, the cell must repair RAG-generated DSBs. The predominant pathway used is classical non-
homologous end joining (C-NHEJ), a DNA repair mechanism that directly rejoins broken DNA ends without
requiring extensive sequence homology. In the V(D)) setting, C-NHE] creates two products: a precise signal
joint (joining RSS ends) and a coding joint (joining coding ends) that often contains small insertions and
deletions. 16

Key NHE] proteins include Ku70/Ku80 (end-binding proteins), DNA-PKcs (a kinase that collaborates with
Ku), and the ligation complex XRCC4-DNA ligase IV, with accessory factors such as XLF participating in
efficient end joining. Importantly, genetic and mechanistic studies distinguish between components
required for signal versus coding joints: Ku70/Ku80 are essential for both, whereas DNA-PKcs is particularly
critical for coding joint formation because of its role in activating the hairpin-opening nuclease Artemis. 17

The requirement to coordinate cleavage and repair is not simply a biochemical convenience; it is a survival
necessity. A system that repeatedly introduces DSBs across millions of developing lymphocytes over an
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organism’s lifetime must enforce high fidelity and channel ends toward correct joining to prevent
catastrophic genome rearrangements. 18

Junctional diversity: how variability is amplified at the segment
boundaries

The diversity of TCR specificity comes from multiple layers that multiply together. First, combinatorial
diversity arises from choosing one V, one (optional) D, and one ] segment out of many. Second, pairing
diversity arises because a productive a chain can pair with a productive (3 chain (or y with §), embedding an
additional combinatorial layer. Third—and often the most powerful multiplier—junctional diversity arises
at the boundaries where segments are joined, producing highly variable CDR3 sequences. 19

P nucleotides: palindromic sequence created by asymmetric hairpin opening

Hairpin coding ends must be “opened” to generate ligatable DNA ends. Opening is frequently asymmetric,
meaning the cut is not exactly at the hairpin tip; this can create short overhangs that, when filled in,
generate palindromic (P) nucleotides—small inverted-repeat sequences at the junction. Artemis (activated
by DNA-PKcs) is strongly implicated in hairpin opening during V(D) recombination, and mechanistic
descriptions of coding end processing place P nucleotide generation at this stage. 17

N nucleotides: TdT-driven random addition and its biases

A distinctive enzyme, terminal deoxynucleotidyl transferase (TdT), adds nucleotides to the 3’ ends of
coding segments without using a template, creating non-templated (N) nucleotides. This is correct
randomness: the bases are not encoded in germline DNA and are not dictated by a complementary strand
at the moment of addition. TdT activity therefore injects enormous diversity specifically into the CDR3
region, which sits at the V-(D)-J junction and frequently dominates antigen-contact variability. 20

Even “random” biological processes often show biases. Biochemical and repertoire analyses report that in
vivo N-region composition can show nucleotide-frequency skews (for example toward G/C enrichment) and
that typical N additions at a coding joint may be on the order of only a few base pairs on average—small in
length but huge in combinatorial consequence because each added position can be one of four bases and
can shift reading frame. 21

Functional experiments illustrate TdT's disproportionate contribution: in TdT-deficient animals, a8 TCR
repertoire size and B-chain diversity are markedly reduced (reported as about an order-of-magnitude
reduction in B-chain diversity in one classic analysis), indicating that a large fraction of achievable diversity
is attributable to TdT-mediated N addition rather than to germline segment choice alone. 22

Deletions, microhomology, and the “editing” of junctions

Junctional diversity is not only about adding sequence; it also involves deleting nucleotides from the ends
of coding segments before joining. End-processing enzymes can trim overhangs, and the final join may
exploit brief microhomologies—short matching sequences that align two ends—to stabilize pairing prior
to fill-in and ligation. In practical terms, the recombination junction is an edited product: some germline-
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encoded bases are lost, some palindromic bases appear due to hairpin mechanics, and some bases are
newly added by TdT and then potentially trimmed again before ligation. 23

Because the CDR3 loop is encoded by these junctions, junctional processing directly shapes the antigen-
recognition surface. Reviews integrating structural and immunogenetic perspectives emphasize that CDR3
variability is created by V/J choice (and D in /8) plus nucleotide addition/removal at junctions, and that this
region frequently plays an outsized role in determining what a receptor can bind. 24

Orders of magnitude: theoretical versus realized diversity

If one counts possible segment combinations, junctional edits, and a- pairing, the theoretical number of
distinct af receptors that could be generated is astronomically large. A commonly cited order-of-magnitude
estimate for overall theoretical TCR diversity is around 10215 unique receptors, reflecting how junctional
randomness amplifies diversity far beyond what segment choice alone could generate. 25

Yet realized repertoire size in an individual is constrained by biology: only so many T cells exist, and thymic
selection removes many clones. Reviews that estimate the lower bound of human repertoire richness place it
in the hundreds of millions of distinct clonotypes, far below theoretical maxima but still large enough to
cover an immense antigenic space. 26

The cost of randomness: nonproductive receptors, self-reactivity,
and developmental attrition

Randomness is powerful, but it is not free. Three main costs dominate: (1) a large fraction of
rearrangements are nonproductive (do not encode a functional receptor chain), (2) many productive
receptors are dangerous because they recognize self and must be eliminated or diverted, and (3) the act of
making rearrangements introduces genomic risk because it requires DSBs.

Nonproductive rearrangements: frameshifts, stop codons, and the arithmetic of
reading frames

V(D)) recombination operates at the DNA sequence level, but it must ultimately produce a protein coding
sequence. Because nucleotides are read in triplets (codons), random insertion and deletion at junctions
frequently shifts the reading frame. A useful rule-of-thumb supported by repertoire analyses is that random
junctional processing would yield roughly one-third in-frame and two-thirds out-of-frame
rearrangements before selection. This is simple arithmetic: there are three possible frames, and only one
preserves the correct frame across a junction. 27

Out-of-frame rearrangements often encode premature termination codons (PTCs), which can create
truncated proteins. Cells reduce the accumulation of such aberrant products through nonsense-mediated
mRNA decay (NMD), an mRNA surveillance pathway that detects premature translation termination and
targets the mRNA for degradation. In the TCR context, experimental work at the endogenous Tcrb locus
shows that effective clearance of PTC-containing transcripts depends on features such as downstream
introns, illustrating how gene expression quality-control intersects with rearrangement outcomes. 28
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However, NMD does not “solve” nonproductivity—it only limits toxic expression. Development still needs to
decide whether a thymocyte will be allowed further attempts (for example, rearranging the second allele or
moving on to another locus) or whether the cell will die.

Developmental triage: death by neglect and elimination of harmful specificity

Thymocyte development is characterized by massive attrition. Cells that fail to generate a functional
receptor or fail to receive appropriate survival signals undergo apoptosis (programmed cell death).
Quantitative and modeling studies, along with experimental measurements, emphasize that a large fraction
of thymocytes die at distinct stages: many fail to be positively selected (often termed “death by neglect”),
while many others are deleted because their TCR signals indicate potentially harmful self-reactivity
(negative selection). 29

In modern views of thymic selection, negative selection is not confined to a rare medullary event; data
suggest that cortical negative selection can remove large numbers of cells and can be comparable to—or
even exceed—the number rescued through positive selection under some conditions. This reframes the
“cost of randomness” as dominated not only by failed receptors but also by the need to actively purge self-
reactive specificities. 30

Cross-reactivity as a necessary consequence of limited T cell numbers

Even with huge potential diversity, the body cannot maintain 10715 distinct receptors as actual cells; it
maintains far fewer. Therefore, each TCR must be cross-reactive to some degree (able to recognize more
than one peptide-MHC), or else immune coverage would be too sparse. Cross-reactivity is thus not merely
an accident; it is partly an emergent solution to the combinatorial mismatch between the potential peptide
universe and the limited size of the T cell population. Structural and conceptual discussions of T cell
specificity emphasize that TCRs invariably contact both peptide and MHC and that the immune system must
balance specificity with functional breadth. 31

Cross-reactivity increases efficacy but also increases risk: a receptor selected to be useful against pathogens
might still recognize a self-peptide under some contexts, contributing to autoimmunity if peripheral
tolerance does not compensate. Moreover, when receptors are engineered for therapy, unexpected off-
target recognition can have dangerous consequences, underscoring that “good-enough specificity” in
natural immune systems is achieved through layered safeguards rather than by perfect molecular
exclusivity. 32

Quality control: how the immune system makes randomness
survivable
Quality control in TCR generation occurs at two interacting levels: genome-level control (ensuring DNA

breaks are made at the right places and repaired correctly) and repertoire-level control (ensuring the
produced receptors yield a useful, self-tolerant T cell population).
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Targeting the recombinase to the right chromatin: accessibility, histone marks, and
RAG regulation

A central concept in recombination regulation is chromatin accessibility—the idea that DNA is packaged in
chromatin and is not equally available to enzymes across the genome. Accessibility is influenced by
transcription, enhancer-promoter activity, histone modifications, and higher-order chromatin organization.
In TCR loci, enhancer activity and germline transcription correlate with developmental-stage-specific
rearrangement, and locus-specific regulatory elements help focus recombination to the appropriate regions
at the correct time. 33

A mechanistic bridge between chromatin state and recombinase targeting is provided by RAG2's plant
homeodomain (PHD) finger, which binds H3K4me3 (histone H3 trimethylated at lysine 4), a modification
typically associated with active promoters and transcriptionally engaged chromatin. Structural and
functional work shows that disrupting RAG2's ability to recognize H3K4me3 dramatically impairs
recombination in vivo, establishing histone “reading” as a direct regulatory input into V(D)] recombination
rather than a mere correlation. 34

This chromatin coupling is a form of quality control: it biases RAG activity toward gene segments in the right
developmental context and away from silent chromatin, helping to reduce off-target cleavage.

Locus organization and nuclear positioning: controlling probability, not just possibility

Beyond local chromatin marks, large-scale locus architecture influences recombination by shaping which
gene segments can physically meet. In the Tcrb locus, experimental evidence supports developmental shifts
in locus conformation (contraction in DN stages and “decontraction” in DP stages) that can modulate V-to-DJ
synapsis. Such conformational changes can contribute to enforcing stage-specific recombination and
maintaining allelic exclusion. 35

Quiality control also includes probabilistic strategies. For example, the “initiation” phase of allelic exclusion
requires that it be unlikely for both alleles to initiate V[B-to-DBJB recombination simultaneously.
Observations of stochastic allele associations with repressive nuclear compartments (such as the nuclear
lamina or pericentromeric heterochromatin) support models in which nuclear positioning reduces the
chance of simultaneous activation, thereby reducing the probability of dual-allele productive
rearrangement. 36

Checkpoints at the receptor-protein level: B-selection and iterative a rearrangement

A productive rearrangement must do more than encode an in-frame protein; the receptor chain must fold,
assemble with partner chains and CD3 signaling components, and generate an appropriate developmental
signal. B-selection via pre-TCR signaling constitutes a major checkpoint: successful TCRB chains promote
progression and proliferation, while failure leads to arrest and death. Pre-TCR signaling is also central to
feedback that downregulates recombinase expression transiently and suppresses further rearrangement at
the (8 locus, reinforcing clonal specificity. 8

The a locus uses a different logic: repeated Va-to-Ja rearrangements provide multiple attempts to generate
a TCRa chain that supports positive selection. This creates a built-in quality-control mechanism that
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tolerates initial failure and leverages the large Ja array to continue searching for a functional, selectable
receptor configuration. 10

Central tolerance: selection on self-peptide-MHC and the Aire system

Even perfectly assembled receptors can be harmful. Central tolerance is the thymus-based process that
shapes the repertoire so that exported T cells are both MHC-restricted (able to recognize peptide
presented on self MHC) and self-tolerant (unlikely to attack self tissues). This is achieved by positive
selection (survival of cells with appropriate, typically moderate, interactions with self peptide-MHC) and
negative selection (deletion or diversion of cells whose receptors interact too strongly with self peptide-
MHC). Thymic antigen-presenting cell subsets distributed across cortical and medullary regions orchestrate
this process and collectively “show” thymocytes a sampling of self. 37

A central molecular player in broadening the self-antigen display is the Autoimmune Regulator (Aire),
which promotes expression of many tissue-restricted antigens in medullary thymic epithelial cells. Loss of
Aire reduces thymic display of such antigens and allows self-reactive T cells to escape, contributing to
organ-specific autoimmunity. This illustrates a conceptual point: because recombination is intentionally
random, tolerance must be intentionally broad. 38

Genomic risk and disease: when programmed DNA breaks go
wrong

V(D)) recombination is sometimes described as “regulated genomic instability.” That phrase is not rhetorical:
the system depends on repeated DSB formation, and DSBs are among the most potent drivers of
chromosomal rearrangements if misrepaired. The genome-level risks of TCR rearrangement can be
grouped into (1) off-target cleavage, (2) aberrant joining, (3) failure of checkpoint coupling (cell cycle and
DNA damage response), and (4) inherited defects in recombination/repair genes.

Off-target RAG activity: cryptic RSSs, simple motifs, and loop-domain confinement

Although bona fide RSSs reside in antigen receptor loci, RSS-like sequences (often called cryptic RSSs) are
scattered through the genome. RAG can, under some circumstances, cut at these sites, creating off-target
DSBs that can become substrates for deletions or translocations. A key modern insight is that off-target
activity is not uniformly distributed: chromatin loop domains bounded by convergent CTCF-binding
elements can confine the range of RAG activity and shape the landscape of both on-target and off-target
breaks. 39

In a striking mechanistic description from genome-wide break mapping, abundant RAG off-target breaks
were found to occur at a minimal CAC motif that defines the RSS cleavage-site boundary, and these off-
targets were largely confined within specific loop domains containing paired bona fide RSSs. The work
proposes a model involving orientation-dependent tracking within loops and boundary-imposed limits that
help explain why off-target activity clusters within defined chromosomal neighborhoods. 40

This is quality control and risk at the same time: loop architecture helps focus productive rearrangement,
but it also creates “local arenas” where off-target cleavage and misjoining can occur if safeguards fail.
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Aberrant joining and “end donation”: mixing RAG breaks with other DNA breaks

Even if cleavage occurs at correct sites, joining can go wrong. Reviews of V(D)] fidelity highlight classes of
errors where a RAG-generated DSB is joined to a DNA end generated by another mechanism, producing
complex rearrangements. These “three-break” events (often discussed under terms such as end donation or
type 2 events) illustrate that oncogenic rearrangements can arise not only from RAG cutting the wrong
place, but also from broken-end mismanagement in the broader nuclear environment. 41

RAG’s transposase potential and reinsertion events

RAG enzymology has transposase-like properties in vitro. The evolutionary connection is not merely
historical: RAG has been shown to mediate transposition of RSS-flanked DNA in biochemical settings, and
experimental observations in developing lymphocytes have detected RSS end insertions that appear to
involve recombination-like interactions with cryptic RSS-like elements rather than classical transposition
signatures (such as target-site duplications). Importantly, these insertion events increase in frequency when
regulatory domains of RAG2 are altered (e.g., “core-RAG2” contexts), implicating non-core regions as
safeguards that reduce genome threat from mistargeting. 42

On evolutionary timescales, the “RAG transposon hypothesis” gained strong support from discovery of
ProtoRAG, a DNA transposon family in lancelets that encodes RAG1-like and RAG2-like genes flanked by
terminal inverted repeats and 5-bp target-site duplications. ProtoRAG proteins can mediate transposon
excision and recombination by mechanisms similar to vertebrate RAG, providing a plausible living relative of
the ancestral element from which RAG-based recombination evolved. 43

Cell cycle coupling as genome protection: keeping breaks in G1

A critical, sometimes underappreciated safety feature is the coupling of V(D)J cleavage to the cell cycle.
RAG2 protein levels are regulated so that recombination activity is largely restricted to GO/G1, in part
through phosphorylation-linked degradation at the G1-to-S transition (classically associated with a critical
residue at threonine 490). This restriction is protective because DNA repair pathway choice differs across
the cell cycle, and DSBs carried into S/G2 increase the risk of aberrant repair outcomes. Genetic
perturbations that uncouple this timing increase aberrant recombination and genomic instability,
supporting the principle that “when” a break occurs is as important as “where.” 44

DNA damage response and repair pathway integrity: from immunodeficiency to
cancer

Because C-NHE] is essential for repairing RAG DSBs, inherited or acquired defects in repair factors often
produce immunodeficiency. Mechanistic reviews of RAG-mediated DSB repair emphasize that Ku70/Ku80,
DNA-PKcs, Artemis, Ligase IV, XRCC4, and related factors are integral to normal coding and signal joint
formation, and that defects can produce severe blocks in lymphocyte development and radiosensitivity. 45

Clinically, mutations in RAG1/2 can cause severe combined immunodeficiency (SCID) when recombination
activity is absent, while hypomorphic mutations (partial activity) can permit limited T cell development but
yield restricted repertoires that predispose to inflammation, granulomatous disease, and autoimmunity.
Reviews and clinical series describe a broad spectrum that includes leaky/atypical SCID and phenotypes
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with prominent immune dysregulation, reflecting how partial recombination can paradoxically increase
autoreactivity by creating a narrow, poorly selected repertoire. 46

Defects in Artemis (DCLRE1C) and other NHE] factors can yield radiosensitive SCID and related phenotypes,
and broader DNA damage response defects can also increase cancer susceptibility while complicating
therapy because genotoxic treatments (radiation, many chemotherapies) can be disproportionately harmful
in patients with underlying repair defects. 47

TCR loci and oncogenic translocations: why T-ALL is a canonical V(D)J-risk disease

Chromosomal translocations involving antigen receptor loci are common in lymphoid malignancies: they
can juxtapose strong TCR regulatory elements (enhancers/promoters) next to proto-oncogenes,
deregulating expression. Mechanistic frameworks emphasize that translocations require DSBs at two sites,
physical proximity, and end-joining, and that programmed DSBs from V(D)) recombination are therefore a
potent risk factor if DNA damage response safeguards fail. 48

In human T cell acute lymphoblastic leukemia (T-ALL), breakpoint mapping shows that TCR-associated
translocations disproportionately involve certain loci and developmental timing windows. In one detailed
analysis, the majority of TCR translocations involved the TCRD locus, and a large fraction of translocations
involving major oncogenic partners occurred during attempted TCRD rearrangements. This aligns with the
concept that the developmental stage and locus accessibility program shape which genomic regions are at
risk at any given time. 49

The overarching lesson is that TCR gene rearrangement is a carefully engineered compromise: it generates
specificity by embracing controlled randomness, but it must continuously suppress the inherent dangers of
that randomness through layered safeguards—chromatin targeting, locus architecture, cell cycle gating,
DNA repair channeling, and thymic selection.

Selected further reading

A deep mechanistic overview of V(D)) recombination emphasizing normal steps, error modes, and fidelity
mechanisms is provided in Roth's comprehensive review, which links molecular mechanism to cancer-
associated rearrangements and highlights modern genome-wide insights into aberrant events. 50

For a TCR-locus-centered treatment of developmental regulation—especially allelic exclusion at Tcrb and
processive recombination at Tcra/Tcrd—Krangel's review remains a foundational resource that integrates
chromatin accessibility, locus conformation, and thymocyte stage specificity. 36

For modern understanding of how 3D genome organization constrains both on-target recombination and
off-target risk, Hu and colleagues’ loop-domain study provides empirical and conceptual frameworks
connecting CTCF/cohesin loop boundaries with RAG activity distributions. 40

For central tolerance and the cellular choreography of positive and negative selection, Klein and colleagues’
review offers a detailed picture of thymic antigen-presenting cell subsets and what developing thymocytes
“see,” while Anderson and colleagues synthesize the role of Aire in presenting tissue-restricted antigens to
enforce tolerance. 51
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Chapter 15

B-Selection and the Pre-TCR Checkpoint

The problem B-selection solves

Adaptive immunity needs a large supply of T cells whose T cell receptors (TCRs) can recognize many
possible pathogens while still being safe (not dangerously self-reactive) and workable (able to signal). The
B-selection checkpoint is the first major quality-control gate in thymocyte development that connects
successful gene rearrangement to survival, proliferation, and forward differentiation. In simplest terms, it
asks: Did this developing T cell successfully build a functional TCRB chain that can form and signal
through the pre-TCR complex? If yes, the cell is allowed to expand and move on; if no, it is usually
eliminated. 1

To understand why the B checkpoint exists, it helps to restate the “first principles” constraint faced by
lymphocytes. The antigen-binding portion of the TCR is not encoded as a single continuous gene in the
germline. Instead, it is assembled by V(D)] recombination, a somatic DNA editing process that joins
Variable (V), Diversity (D), and Joining (J) gene segments. This is inherently stochastic: many joins are
nonproductive (for example, they shift the reading frame and create premature stop codons). Therefore,
development needs a “test” that couples productive gene assembly to continued differentiation, otherwise the
thymus would waste resources generating nonfunctional cells. 2

B-selection is the T cell version of a wider biological pattern: build a key subunit, test it in a partially
assembled receptor, then expand that successful clone before investing in additional diversification steps.
The thymus does this at the B stage because the TCR[ chain is rearranged and expressed before TCRq, so 3
can be tested using a surrogate a-like component (pTa) in a pre-TCR complex. This logic is described in
classic immunology framing in Immunobiology 3 and reinforced by modern mechanistic reviews. 4

Two additional “system-level” goals explain why B-selection is not just a yes/no test for protein expression.
First, the thymus must generate very large numbers of double-positive (CD4*CD8*) precursors from a small
number of incoming progenitors; this requires a burst of proliferation triggered by successful pre-TCR
signaling. Second, the thymus must enforce clonality—the principle that each T cell lineage should usually
carry one dominant TCRpB specificity—so that later antigen recognition and selection operate on coherent
clones rather than mosaics. B-selection tightly couples these goals: a functional B chain “earns” the right
to drive a proliferative expansion, and that same signaling enforces allelic exclusion of further
rearrangements. >

Developmental geography and chronology of the pre-TCR
checkpoint

The pre-TCR checkpoint occurs during the early “double negative” (DN) phases of thymocyte development—
so called because these cells do not yet express the CD4 or CD8 co-receptors on the surface. In the common

murine staging system, DN cells are subdivided by CD44 and CD25 expression into DN1-DN4. The
B-selection transition is centered on DN3 cells and then proceeds into DN4, an immature single-positive
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(ISP) stage in some schemes, and finally the large pool of CD4*CD8" double-positive (DP) thymocytes where
TCRa rearrangement occurs. ©

B-selection is also spatially organized within the thymus. DN thymocytes migrate through distinct
microenvironments, and the DN3/pre-TCR stage is strongly associated with the outer cortical/subcapsular
regions, where stromal cues (including Notch ligands and chemokines) support survival, proliferation, and
differentiation. This is not merely “scenery”: positioning affects which stromal ligands and cytokines a
thymocyte can access at this decision point. 7

A key chronological fact is the order of rearrangements. During early thymocyte development, TCRp, y, and
6 loci begin rearrangement in DN stages, but productive B rearrangement (DB—JB, then V—DJB) enables
formation of the pre-TCR and typically drives commitment down the af3 lineage path, while productive y and
6 rearrangements can support y& lineage development. The precise lineage decision is influenced by signal
strength and timing, but the pre-TCR is a central node because it delivers the “go forward as ap” program
when a usable B chain appears in time. 8

Species comparisons clarify what is essential versus what is “implementation detail.” In mice, B is first
expressed and tested at DN3. In humans, several studies place the earliest robust pre-TCR-signaled
proliferative stage closer to a CD4 immature single-positive (CD4ISP) stage, which then transitions into
metabolically active DP blasts. The underlying logic remains conserved—test 3 before a, expand successful
precursors, then rearrange a in DP cells—but the phenotypic staging differs between organisms. 9

The proliferative output of passing B-selection is unusually large. Post-B-selection expansion occurs across
DN4, ISP, and early DP “blast” populations, and estimates commonly fall in the range of roughly 100-
200-fold expansion. This burst is not a cosmetic amplification; it is functionally required for efficient
differentiation to later stages and for generating the large substrate pool for TCRa rearrangements. 10

Molecular composition and assembly of the pre-TCR

The pre-T cell receptor (pre-TCR) is a multi-subunit signaling complex that allows a newly generated TCR[3
chain to be tested before a TCRa chain exists. At its core, it contains (i) the rearranged TCRB polypeptide, (ii)
an invariant surrogate partner called pre-TCRa (pTa), and (iii) the CD3 signaling subunits (y, §, €, and ()
that carry the immunoreceptor tyrosine-based activation motifs (ITAMs) needed to initiate intracellular
signaling. This composition is repeatedly supported by genetic and biochemical work and is summarized in
focused reviews of pre-TCR transcriptional control and signaling. 11

Historically and conceptually, cloning and characterization of the pTa gene was a turning point because it
provided a concrete molecular definition of “the surrogate a chain” that permits B testing. A key feature
noted early is that pTa is a type I transmembrane protein with a cytoplasmic tail that includes
signaling-relevant motifs (for example, proline-rich regions that can bind SH3-domain-containing proteins),
suggesting that pTa could shape signaling quality even if most signal transduction flows through CD3
ITAMs and Src-family kinases. 12

Genetic experiments show that pre-TCR assembly is functionally central to B-selection. When pTa is absent,
thymocyte development is severely compromised around the 3-selection stage, with poor generation of DP
thymocytes—consistent with failure to form a signaling-competent pre-TCR. Conversely, experimentally
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enforced downstream signaling can bypass parts of the block: CD3e-directed stimulation or forced
activation of the Src-family kinase Lck can restore DP numbers in settings where the normal pre-TCR
pathway is impaired. These “bypass” results are important mechanistically because they separate the need
for signals from the precise molecular trigger, showing that the checkpoint’s essential currency is intracellular
signaling competence. 13

A subtler but highly instructive set of findings concerns which parts of the pre-TCR are essential. Work on
pre-TCR structure-function has shown that robust passage through B-selection can occur even when
extracellular immunoglobulin-like domains of the pre-TCR are missing, supporting the classical idea that
pre-TCR signaling can be ligand-independent (or at least not strictly dependent on a canonical extracellular
ligand in the way the mature a3TCR is). In parallel, targeted mutations in the pTa cytoplasmic tail suggest
that specific tail motifs can substantially affect pre-TCR signaling and development, though some rescue
experiments indicate that truncated pTa can still support major developmental progression under certain
conditions. Taken together, these results indicate that pre-TCR signaling is robust and redundantly
implementable: it can be driven largely through CD3/Lck signaling modules, while pTa structural features
tune the efficiency, intensity, or organization of signaling. 14

How does the pre-TCR trigger signaling without a foreign antigen? Two non-exclusive models have been
developed. The first is an autonomous signaling model, in which the pre-TCR has an intrinsic tendency to
cluster or dimerize at the membrane, producing tonic activation of CD3 ITAM phosphorylation even in the
absence of an external ligand. This view is supported by reviews emphasizing autonomous initiation, by
structural work showing feasible dimerization arrangements, and by early functional data consistent with
signaling in the absence of classical ligand engagement. 15

The second is a self-ligand sampling model, in which pre-TCR signaling is not purely autonomous but is
modulated—sometimes meaningfully—by interactions between the pre-TCR 3 variable domain and self
peptide-MHC (pMHC) ligands on thymic stromal cells. In this view, pre-TCR engages self-pMHC with lower
affinity and different geometry than a mature a3TCR, but the interaction can bias which 3 chains receive
stronger developmental signals. Structural and functional studies have provided evidence that pre-TCR can
contact pMHC and that such interactions can influence developmental outcomes, even if they are not
always strictly required in every experimental context. Importantly, newer work links these interactions to
the formation of an “immunological synapse-like” signaling platform at the B checkpoint, suggesting that
cell-cell contact organization could compensate for weak affinity by stabilizing signaling interfaces. 16

Signaling logic and checkpoint outcomes

The pre-TCR checkpoint can be usefully understood as a signal-to-fate transducer. The input is a newly
rearranged B chain that can assemble into a surface-expressed pre-TCR; the output is a coordinated
program with three dominant fates: (i) survival and rescue from apoptosis, (ii) several rounds of
proliferation, and (iii) differentiation to the DP stage with shutdown of further B rearrangement and
initiation of the a-rearrangement phase. A central point is that the pre-TCR signals without the mature
antigen recognition module (no rearranged a chain), yet it uses much of the same intracellular machinery
as mature TCR signaling, thereby “training” the cell in how to interpret receptor-proximal signals. 17

At the proximal signaling level, pre-TCR signals through the CD3 ITAM-containing subunits, which are
phosphorylated by Src-family kinases such as Lck. This initiates recruitment and activation of downstream
kinases and adaptor scaffolds (classically including ZAP-70/Syk family functions and the LAT signalosome in

157


https://pubmed.ncbi.nlm.nih.gov/9208843/
https://pubmed.ncbi.nlm.nih.gov/9572735/
https://pubmed.ncbi.nlm.nih.gov/17126602/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8011828/
https://pubmed.ncbi.nlm.nih.gov/12220932/?utm_source=chatgpt.com

TCR biology). Experimental observations in DN3 thymocytes show expression of key signaling components
(including LCK and LAT) and detectable phosphorylation signatures consistent with active pre-TCR signaling;
moreover, spatial polarization of signaling molecules at stromal contact sites underscores that pre-TCR
signaling is not merely “on/off” but is topologically organized. 18

A major conceptual leap in recent years is that B-selection is not orchestrated by pre-TCR alone, but by a
network of cooperating pathways supplied by thymic stromal microenvironments. Among the
best-supported co-requirements are Notch signaling (via Notch receptors engaging Delta-like ligands) and
chemokine signaling (notably CXCR4 responding to CXCL12 in several models), both of which influence
proliferation, survival, and the ability to transition past DN3. Some studies emphasize an absolute Notch
requirement in vivo at the 3 checkpoint that is not rescued by providing pre-assembled TCR chains, while
complementary work shows Notch and pre-TCR pathways acting in concert to regulate metabolism and the
cell cycle machinery that enables clonal expansion. The reconciliatory view is that pre-TCR provides a
lineage-specific “receptor success” signal, while Notch provides essential permissive signals—particularly
metabolic fitness and transcriptional programs—that allow that success signal to be converted into
sustained proliferation and differentiation. 19

The survival arm of B-selection is not passive; it is driven by defined transcriptional programs downstream
of signaling. A particularly well-studied axis is activation of NF-kB, a family of transcription factors that
regulate survival, stress responses, and differentiation. Inhibition of NF-kB signaling compromises survival
of B-selected thymocytes, while forced activation of NF-kB can partially substitute for missing upstream
pre-TCR assembly signals in experimental settings, indicating that NF-kB is one of the critical “currencies”
into which pre-TCR signals are converted. 20

The proliferation arm of B-selection is both large and mechanistically revealing because it shows how the
pre-TCR checkpoint is a true amplification gate rather than a mere pass/fail test. B-selection-induced
proliferation has been shown to be required for efficient differentiation to the DP stage: only precursors
that undergo multiple divisions progress effectively, and pharmacologic interruptions of the cell cycle block
DN3—DP progression in vivo and in vitro. Importantly, ectopic activation of proliferation can rescue
differentiation defects in the absence of Notch signaling to a significant degree, but it cannot compensate
for absence of pre-TCR signaling, underscoring a hierarchy in which pre-TCR provides an instructive
developmental trigger while Notch strongly supports the proliferative competence required to execute the
program. 21

At a finer molecular level, cooperative Notch and pre-TCR signaling converge on the regulation of cell cycle
inhibitors and ubiquitin-mediated proteolysis. For example, coordinated induction of distinct ubiquitin
ligase subunits downstream of Notch and pre-TCR can promote degradation of the cyclin-dependent kinase
inhibitor Cdkn1b (p272Kip1), helping DN thymocytes enter and proceed through cell cycle during the
B-selection proliferative burst. This illustrates a broader rule: at B-selection, “developmental fate” signals are
implemented through direct control of metabolism and the cell cycle engine. 22

Differentiation downstream of B-selection includes a coordinated set of surface phenotype changes and
transcription factor dynamics. Modern single-cell and high-resolution staging work suggests that passage
through B-selection can be tracked by sequential induction of co-receptors and signaling calibrators (for
example CD28, CD5, and CD2 in certain murine staging frameworks), with transcriptional regulators such as
Lef1 rising in association with pre-TCR signaling and proliferative readiness. These “phenotypic stairs” are
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not merely markers; they reflect changing signal thresholds and changing dependence on stromal cues as
thymocytes exit the B checkpoint and enter the DP pool. 23

Interleukin-7 (IL-7) provides an additional layer of control with nuanced stage specificity. IL-7 receptor
signaling is essential for thymopoiesis and is particularly critical around DN stages; blockade or genetic loss
of IL-7 signaling produces profound reductions in thymocyte numbers and blocks development around
DN3. Moreover, IL-7 responsiveness must be developmentally regulated: IL-7 promotes survival and
supports proliferation and metabolic programs in early thymocytes, but indiscriminate IL-7 signaling at
later stages could rescue nonfunctional cells and distort selection. Evidence also indicates that pre-TCR
signaling can maintain IL-7 receptor a expression during transitions, illustrating reciprocal wiring between
cytokine survival programs and pre-TCR checkpoint progression. 24

Finally, B-selection is increasingly understood as a spatially organized signaling event rather than a purely
cell-intrinsic “autonomous” switch. Developing thymocytes at the 8 checkpoint can form an immunological
synapse-like structure when contacting supportive stromal cells, polarizing pre-TCR components and
downstream signaling intermediates. Notch and CXCR4 signaling contribute to synapse formation and
checkpoint passage, providing a mechanistic bridge between the thymic microenvironment and the
intracellular signaling thresholds that decide survival and proliferation. 25

Allelic exclusion at the TCRp locus

Allelic exclusion refers to the phenomenon that an individual lymphocyte typically expresses antigen
receptor chains from only one of its two parental alleles, supporting near-monospecific receptor expression
at the single-cell level. In T cells, allelic exclusion is strongest and most consequential at the TCR locus (and
less strict or mechanistically different at the TCRa locus, where multiple rearrangements and even dual a
expression can occur). While the “one lymphocyte-one receptor” slogan is an oversimplification, the 8 chain
remains a paradigmatic case where allelic exclusion is both biologically influential and mechanistically
multi-layered. 26

The “one B chain wins” intuition arises from the ordered logic of rearrangement and feedback. Because
V(D)] recombination is probabilistic,c a thymocyte often attempts rearrangement on one allele and, if
nonproductive, can attempt on the other. The TCRPB locus architecture (including multiple D-J clusters)
increases the probability that a productive rearrangement will be achieved compared with some other loci.
Once a productive in-frame 3 rearrangement is made and a functional pre-TCR is expressed, the resulting
signals suppress additional VB—DJB rearrangements, thereby stabilizing a single B chain identity for the
expanding clone. 27

Mechanistically, allelic exclusion at TCRB is not enforced by a single “master switch.” Instead, evidence
supports a two-phase framework: an initiation phase that biases rearrangement so that both alleles are
not productively rearranged at the same time, and a maintenance phase in which feedback from a
successful receptor inhibits further rearrangement. Multiple redundant mechanisms can contribute at each
phase, which is important because redundancy makes the system robust: if one layer is leaky, others can
limit the frequency of dual-3 expressing cells. 28

A central maintenance mechanism is feedback inhibition of recombination, which is intimately linked to
both (i) regulation of the recombination machinery and (ii) regulation of locus accessibility. At the
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recombination machinery level, pre-TCR signaling drives entry into cell cycle and is associated with
downregulation of RAG gene expression and with regulated degradation of RAG2 as cells transition through
the cell cycle. A conserved CDK-dependent degradation motif causes RAG2 protein to accumulate in G1 and
be lost in S/G2/M, functionally linking V(D)) recombination to the non-replicative phase of the cell cycle. This
creates a mechanistic window in which proliferating B-selected thymocytes are intrinsically less capable of
initiating new recombination events. 29

At the locus level, the TCRB V region is regulated through changes in chromatin accessibility and
3-dimensional conformation. “Accessibility” here means that the DNA around V gene segments becomes
permissive for RAG binding and cleavage, often correlating with transcription, histone acetylation, and
activating histone marks such as H3K4me3. “Conformation” refers to long-range folding (contraction) that
brings distant V segments into proximity with D-J regions to make rearrangement physically feasible. Work
directly testing feedback inhibition at the TCRB locus shows that reduced V[ accessibility and increased
distance between VB and DJB segments can both enforce the post-rearrangement shutdown of further
VB—DJB recombination, demonstrating that both epigenetic state and locus geometry contribute to allelic
exclusion. 30

This is an important place to clarify a frequent misconception. Allelic exclusion is not simply “RAG turns off.”
First, RAG expression is not a binary switch and can re-emerge later to enable a rearrangement. Second,
some accessibility can persist even when recombination is suppressed, implying additional constraints
beyond transcription-linked openness. The best current models therefore integrate: (i) cell-cycle-coupled
RAG2 availability, (ii) locus decontraction that reduces V-DJ synapsis probability, and (iii) local chromatin
remodeling that reduces effective RAG engagement with V3 RSSs. 31

Another practical nuance is that allelic exclusion at TCRB is highly effective but not absolute.
Measurements in mice suggest a small but non-zero fraction of T cells show allelic inclusion at the (3 locus at
the protein level (on the order of a few percent in some assays), and sequence-level analyses can detect two
in-frame rearrangements more frequently than dual surface expression—implying additional “downstream”
layers such as pairing constraints, transcriptional silencing, or post-transcriptional control that reduce dual
expression even when dual rearrangements exist. This reframes “one B chain wins” as a strong bias
produced by layered safeguards rather than a mathematically perfect exclusion rule. 32

Finally, allelic exclusion at TCRp is inseparable from the checkpoint's role as a developmental amplifier. The
thymus does not merely select a single allele; it selects a cell that has achieved productive B assembly and
then expands that cell. Expansion amplifies the “winning” B chain into a clone that can later generate many
distinct af receptors through independent a rearrangements in each daughter cell. In this sense, allelic
exclusion is not only a gene-regulatory phenomenon but also a population-level strategy for maximizing
useful diversity per successful B event. 33

Antigen-independent signaling as a training phase for later T cell
Competence

The most conceptually rich feature of the pre-TCR checkpoint is that it is signaling-driven development
without foreign antigen. “Without antigen” here means without the canonical mature apTCR recognition

of a specific peptide antigen presented by MHC. Yet the thymocyte must still learn to operate the TCR
signaling machinery: it must assemble receptor modules, route them to the membrane, form productive
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signaling microclusters or synapses, interpret signal strength and duration, and couple those signals to
gene regulation, metabolism, and fate. B-selection can therefore be viewed as a systems integration
rehearsal for later antigen-dependent competence. 34

One way to see this is to compare “what is being selected.” At positive selection (later, DP stage), thymocytes
are selected based on how their mature afTCR binds self-pMHC with the right intermediate affinity,
ensuring MHC restriction and self-tolerance. At B-selection, by contrast, the thymocyte cannot yet test
a-dependent specificity, so selection focuses on structural and signaling competence of the  chain in a
pre-TCR context. Even if pre-TCR signaling were purely autonomous, it would still select for B chains that
fold correctly, assemble with pTa/CD3, traffic efficiently, and generate appropriate tonic signaling. This is a
different axis of “fitness” than antigen specificity, but it is foundational: a receptor that cannot signal
properly cannot later become a functional T cell regardless of specificity. 35

Repertoire consequences follow directly. Because [-selection triggers robust proliferation before a
rearrangement, a single productive 3 rearrangement gives rise to many DP progeny, and each progeny
cell can independently rearrange TCRa, producing multiple distinct a3 clonotypes that share the same 3
chain. This clonal expansion is therefore a multiplicative diversity strategy: it maximizes the number of a
“draws"” that are paired with each successful B, increasing the probability that at least some members of the
clone will later pass positive selection. Textbook accounts explicitly emphasize this logic, and experimental
work shows that proliferation is not merely helpful but required for efficient DP generation. 36

At the same time, the pre-TCR checkpoint may do more than “folding QC.” Evidence supporting pre-TCR
interactions with self-pMHC suggests a mechanism by which the thymus can begin biasing the B repertoire
toward chains that can productively engage self-ligand topologies, potentially smoothing the path for later
MHC-restricted recognition when a is added. Structural work shows how a pre-TCR can contact an MHC
helix using conserved surfaces of the VB domain, and developmental studies argue that the presence or
absence of pMHC on supporting stroma can alter transcriptional programming and developmental
robustness, even when af differentiation can proceed in reduced-ligand contexts. The emerging,
synthesis-friendly interpretation is that pre-TCR signaling has a strong autonomous component but can be
modulated by self-ligand sampling and by synapse architecture, thereby introducing an early, coarse
“self-compatibility” filter on the (3 repertoire. 37

A second “competence shaping” mechanism is signal calibration—the idea that early receptor-proximal
signals set thresholds and feedback regulators that later determine how a T cell responds to stimulation. In
mature T cells, low-level “tonic signaling” (constitutive basal signaling generated by transient
self-interactions and receptor organization) is a recognized phenomenon that influences survival and
responsiveness, even though its precise pathway wiring remains an active area of research. Tools such as
CD5 expression and Nur77 reporters have been used as readouts of self-reactivity and tonic signaling in
later stages. When these ideas are mapped backward, B-selection appears as the developmental moment
when tonic-like signaling first becomes fate-determinative: the pre-TCR generates basal signals that must
be “just right” to induce survival and proliferation while driving appropriate shutdown of recombination and
proper differentiation timing. 38

Phenotypically, this calibration shows up in staged induction of signaling regulators and co-receptors. For
instance, CD5—well known as a modulator and reporter of TCR signal strength later in thymocyte
development—has been linked in refined staging studies to pre-TCR signaling progression and proliferation
at the B checkpoint. CD2 and CD28 dynamics have likewise been used to demarcate transitions through the
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B-selection process in high-resolution analyses, consistent with the idea that the checkpoint is implemented
as a progressive calibration of signal handling rather than a single instantaneous switch. 39

The microenvironmental wiring of B-selection also plausibly imprints later competence. When DN3
thymocytes form synapse-like structures integrating Notch, CXCR4, and pre-TCR components, they are not
only receiving receptor signals; they are learning a physical and biochemical mode of signal integration that
resembles how mature T cells later integrate antigen recognition with co-stimulation and chemokine cues.
Even if the molecular actors differ (pre-TCR instead of aBTCR), the developmental rehearsal trains the
cytoskeletal polarization, clustering logic, and downstream transcriptional coupling that underlie effective
immune responses. 40

Finally, the B-selection checkpoint's “competence shaping” role is clinically relevant because it sits at the
intersection of proliferation, recombination, and strong developmental signaling—exactly the combination
of processes that, when dysregulated, can predispose to transformation. Multiple sources emphasize that
failures in coordinating recombination with proliferation and survival can have implications for malignancy,
and Notch-pre-TCR cooperation is a recurring theme in mechanistic links between normal thymocyte
expansion and leukemogenic pathways. While a full oncology chapter would go beyond the scope here, it is
worth noting that B-selection is not only a developmental checkpoint but also a natural stress test of
genome integrity and signaling restraint. 41
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