
T-cell receptor affinity in thymic development

Introduction

The ability of antigen receptors to engage self-ligands with

varying affinity is crucial for lymphocyte maturation at

multiple stages of development. In the absence of sensitiv-

ity to strong or weak antigen receptor signals, the homeo-

stasis of the immune system is compromised and the risk

of autoimmunity and/or infection ensues. T-cell receptor

(TCR) recognition of ‘self’ ligands is required for T-cell

development and survival (a process known as positive

selection) but also poses the possibility of inducing cell

death (negative selection) or regulatory T-cell develop-

ment (agonist selection). Therefore, the affinity of the

receptor–ligand interaction is crucial for determining

lymphocyte fate.

Our understanding of the role of TCR affinity has

relied largely on antigen receptor transgenic models that

assume that monoclonal populations of cells behave in

analogous ways to polyclonal populations. However, there

is mounting evidence to suggest that this is not the case.

Moreover, over the past 20 years we have come to appre-

ciate that T-lymphocyte development generates a numeri-

cally small but functionally important population of cells

with regulatory or suppressive functions via a process

known as agonist selection. The strength of signal

perceived by this population of cells during development

is proposed by transgenic models but remains a contro-

versial topic within the field. Although the role of TCR

signal strength in cd T-cell development is of great inter-

est,1–3 the focus of this review will be ab T cells. This

review summarizes recent work supporting the role of

TCR signal strength in positive, negative and agonist

selection.

Thymic anatomy and lymphocyte development

Establishment of a functionally competent immune

system that can respond to pathogens yet tolerate self-

antigens happens during lymphocyte development. In the

case of T cells, the thymus serves this specialized func-

tion. In the thymus, progenitor survival and lineage

commitment require the TCR to interact with self-pep-

tide MHC ligands on epithelial cells in the thymic cor-

tex. These receptor–ligand interactions occur over a great

range of affinities both because of the diversity of the

TCR combining site amino acids, and because of the

diversity of self-peptides displayed by each MHC allele.

Quantifiable differences in TCR affinity for peptide–

MHC (pMHC) complexes result in diametrically differ-

ent selection outcomes, establishing the basis for positive

and negative selection.4 Weak TCR signals support posi-

tive selection whereas strong, agonist, signals support the
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Summary

Understanding the thymic processes that support the generation of func-

tionally competent and self-tolerant lymphocytes requires dissection of

the T-cell receptor (TCR) response to ligands of different affinities. In

spatially segregated regions of the thymus, with unique expression of pro-

teases and cytokines, TCR affinity guides a number of cell fate decisions.

Yet affinity alone does not explain the selection paradox. Increasing evi-

dence suggests that the ‘altered peptide’ model of the 1980s together with

the affinity model might best explain how the thymus supports conven-

tional and regulatory T-cell development. Development of new tools to

study the strength of TCR signals perceived by T cells, novel regulatory

T-cell transgenic mice, and tetramer enrichment strategies have provided

an insight into the nature of TCR signals perceived during thymocyte

development. These topics are discussed and support for the prevailing

hypotheses is presented.
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removal of a potentially self-reactive TCR through nega-

tive selection.

The thymus can be divided into two main compart-

ments, the cortex, where immature thymocytes reside

until they undergo positive selection, and the medulla,

where negative selection occurs and where thymocytes

undergo functional maturation before they exit from the

thymus. Each region is composed of specialized epithelial

cells named for the region in which they reside; cortical

thymic epithelial cells (cTECs) or medullary thymic epi-

thelial cells (mTECs). Each subset of epithelial cells is

tasked with specific roles in establishing a competent

T-cell repertoire. This is most evident by the differences

in antigen-processing and presentation machinery in

cTECs compared with mTECs or other antigen-present-

ing cells.5 For example, CD8 T-cell-positive selection

requires MHC Class I and peptide processing by protea-

somes. Interestingly, cTECs express a unique catalytic

subunit of the proteosome, b5t.6 In mice deficient for

this protein, CD8 T cells fail to develop.6 The cTECs

also express unique proteases required for Class II anti-

gen presentation, cathepsin L7 and thymus-specific serine

protease.8 Analogous to b5t, the absence of cathepsin L

or thymus-specific serine protease from the cortex results

in a loss of CD4 T cells. Together, these data illustrate

the distinctive function of cTECs in presenting pMHC

complexes that support the positive selection of lympho-

cytes.

Interestingly, evolution also generated a system to

allow thymocytes to ‘see’ a large array of self-peptides

during development. This snapshot of ‘self’ happens in

the medulla of the thymus via a specialized population

of epithelial cells, mTECs. These cells express a gene

know as autoimmune regulator (AIRE). AIRE is a tran-

scriptional regulator that permits expression of a diverse

array of strictly tissue-restricted peripheral antigens

within the thymus to eliminate T cells with too strong

an affinity for any of these antigens.9 Hence, thymocytes

must express TCRs with incredible sensitivity to pMHC

signals received during maturation to protect the host

from allowing a self-reactive TCR to survive.10 Moreover,

it is also true that thymocytes must express TCRs with

the ability to transduce signals for very weak, low-affinity

pMHC molecules to support positive selection. If they

fail to recognize self pMHC and provide a TCR-specific

survival signal, they undergo apoptosis via a process

known as death by neglect.4 Therefore, a thymocyte’s

fate is ultimately determined by its specificity and affinity

for self pMHC.

However, this process of segregating weak and strong

signals into life or death fates is not simple. In fact,

there is mounting evidence that strong TCR signals

in developing thymocytes also support positive selection

of some unique T cells – a process termed ‘agonist

selection’.

TCR affinity and altered peptide models: they’re
not mutually exclusive

The basis of positive and negative selection relies on the

premise that weak to moderate TCR signals support

T-cell development whereas strong TCR signals support

the culling of potentially self-reactive lymphocytes.

Although this idea appears straightforward, the field has

been challenged to explain how diametrically different cell

fates could be supported by similar processes and gener-

ate a competent immune repertoire capable of responding

to peripheral pMHC molecules. Nearly 25 years ago, in

1987, the hypothesis was put forward that the thymus

supported positive selection by presenting unique pMHC

molecules that would not be encountered anywhere else

in the body.11 This idea was termed the ‘altered peptide’

model. Although an intriguing idea, when splenic anti-

gen-presenting cells were shown to present many of the

same MHC II peptides as those found on cTECs, the idea

was dismissed.12 Moreover, peripheral ligands were subse-

quently identified that supported positive selection of

thymocytes and homeostasis of peripheral T cells.13–15

Over time, the ‘altered peptide’ model fell out of favour.

An alternative to the altered peptide model is that posi-

tive and negative selection could be explained by differ-

ences in the affinity or avidity of a given pMHC for a

developing thymocyte. Although early evidence showed

that low concentrations of a high-affinity ligand could

support positive selection in thymic organ culture,16,17

further analysis suggested that such cells are not function-

ally normal.18–20 Hence the prevailing model explaining

the selection paradox is that variations in affinity influ-

ence the fate of the developing thymocyte.4,21,22 It was

recently illustrated that this affinity window for positive

versus negative selection is narrow and that remarkably

small changes in the affinity of the TCR signal re-direct

the fate of immature thymocytes.23 Interestingly, thymo-

cytes are far more sensitive to various TCR affinities than

mature T cells,10,24 so even minor changes in affinity can

have a significant influence on the fate of the immature

thymocyte. Analogous work in Class II restricted model

systems has also generally confirmed the affinity

model.14,15,25 Naturally occurring selecting peptides were

ultimately identified for various Class I restricted13,26–28

and Class II restricted TCRs.15 Moreover, the affinity

hypothesis has been validated in the polyclonal endoge-

nous environment using a novel TCR signalling reporter

mouse.29

Data supporting an affinity model of selection were

accumulating in compelling fashion but interesting find-

ings were also emerging that have called for a reconsider-

ation of the prematurely dismissed ‘altered peptide’

model. Indeed, this model together with the affinity

model may ultimately best explain the paradox of how

the thymus supports the selection of a functional T-cell
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repertoire. As previously discussed, the epithelial cells of

the cortex express unique proteases that are not present

in other antigen-presenting cells in the body. For exam-

ple, epithelial cells of the thymic cortex uniquely express

the proteasomal subunit b5t whereas other thymic anti-

gen-presenting cells express b5 or b5i.6 Because the pro-

teasome is responsible for the generation of peptides for

loading into MHC I molecules, it was hypothesized that

inclusion of a different catalytic subunit would alter the

nature of the peptides produced. Indeed, evidence to date

supports this idea.30

What is the role of these unique peptides? Typically,

proteasomes containing either b5 or b5i generate peptides

with hydrophobic C-termini. Proteasomes containing b5t,

on the other hand, did not efficiently cleave substrates after

hydrophobic residues, at least in vitro. This may potentially

be important because C-terminal hydrophobicity allows

for strong binding between the peptide and MHC grooves,

thereby stabilizing the pMHC complex. It is possible that

stable pMHC complexes allow for longer and possibly

stronger interactions with T cells than less stable ones, and

that the specialized role of the b5t-containing proteasome

in cortical epithelial cells is to generate less stable pMHC

complexes.31 Alternatively, all of the unique proteolysis

genes expressed in cortical epithelial cells may simply serve

to create a non-redundant pool of peptides, to maximize

the number of clones that are positively selected, but not

subsequently negatively selected.32 Further work will be

required to distinguish these possibilities.

Differential TCR signals drive positive and
negative selection

Negative selection requires up-regulation of the pro-

apoptotic Bcl-2 family member, Bim. Two recent reports

illustrate the fascinating role of antigen affinity and loca-

tion within the thymus. In the HY TCR model of ubiqui-

tous male antigen presentation, Bim deficiency failed to

rescue cells from negative selection.33,34 However, in a

different TCR model (OT-I/Rip-mOVA) where antigen

presentation was limited to the medulla, T cells deficient

in Bim were rescued from negative selection.29 The rele-

vant difference in outcome is the result of the anatomic

location of negative selection, because even in the same

model system self-reactive T cells could not be rescued if

deletion occurred early (in the cortex), but it was rescued

if deletion occurred later (in the medulla).35 At first

glance, these data appear contradictory. In a simple

threshold model of selection (Fig. 1, left), low-affinity

interactions trigger sufficient intracellular signals to

induce survival and maturation, whereas higher affinity

interactions are required to exceed the threshold for

induction of apoptosis. Bim deficiency should therefore

rescue T cells from deletion, regardless of the anatomic

context. However, multiple studies have suggested that

low-affinity TCR signals are biochemically unique,23,36,37

particularly regarding sustained extracellular signal-regu-

lated kinase activation. High-affinity TCR signals do not

generate a similar signal, possibly because of the induc-

tion of mitogen-activated protein kinase phosphatases,

which shorten the duration of extracellular signal-regu-

lated kinase signals. This suggests a sustained signalling

model of selection (Fig. 1, right) where signal duration is

a crucial factor. Hence, in situations of exposure to high-

affinity ligands in the thymic cortex, even when acute

apoptosis is prevented by Bim deficiency, the cell will fail

positive selection, and ultimately will not mature to the

single-positive (SP) stage, or survive beyond the ordinary

lifespan of a double-positive (DP) thymocyte (which is

not regulated by Bim). In other words, Bim deficiency at
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Figure 1. Threshold versus sustained signalling models of thymic selection. (a) A simplistic model to explain how T-cell receptor (TCR) signal

strength can influence positive/negative selection invokes a higher threshold for negative selection, and a lower threshold for positive selection.

Clones with TCRs that recognize and transduce a signal sufficient to promote survival and differentiation but not strong enough to trigger apop-

tosis are positively selected by the process. Importantly, in this model if apoptosis were prevented, high-affinity interactions would lead to posi-

tive selection. (b) Evidence suggests that stronger proximal TCR signals induce more negative feedback. A sustained signalling model proposes

that low-affinity TCR interactions trigger positive selection because they are sustained over time. High-affinity signals can trigger apoptosis. How-

ever, in this model if apoptosis were prevented, high-affinity interactions would still not lead to positive selection because of the lack of a sus-

tained TCR signal.
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this stage fails to rescue this population of T cells because

they have failed to be positively selected. However, in

models where agonist ligand expression is restricted to

the medulla, thymocytes are first positively selected on

low-affinity ligands in the cortex. After maturing and

migrating to the medulla they encounter high-affinity

ligands and subsequently undergo negative selection in a

Bim-dependent fashion. In this case Bim deficiency can

rescue a mature, self-reactive T-cell population that sub-

sequently populates the peripheral tissues (A. Suen, T.A.

Baldwin, manuscript submitted).29

The affinity of a developing thymocyte’s TCR not only

drives positive or negative selection, but may also influ-

ence the helper/killer lineage choice. There has been much

debate as to how DP thymocytes become either an MHC

class II restricted CD4 single-positive (CD4SP) T cell or

an MHC class I restricted CD8 single-positive (CD8SP) T

cell. Evidence to date suggests that it is determined by the

strength and duration of signals perceived by the TCR, as

reviewed in ref. 38, with CD4 T cells generally experienc-

ing stronger self signals than CD8 T cells.29

Conventional and non-conventional T-cell
selection

It is well established that there are three distinct lineage

‘choices’ for a developing thymocyte: death by neglect

when the progenitor fails to generate a TCR that recog-

nizes self pMHC, positive selection when the TCR has

a low affinity for self pMHC, and negative selection

when the TCR has a high affinity for self pMHC. Each

of these fates reinforces the concept that the TCR is

highly sensitive to affinity and that it is in the best

interest of the organism to eliminate any potentially

self-reactive and high-affinity T cells. However, negative

selection is not perfect and some high affinity TCRs

may replace their TCR a chains to generate a new

lower affinity TCR (a process known as receptor edit-

ing).39 Alternatively, thymocytes expressing high-affinity

TCRs can be rendered functionally inactive, a process

known as anergy.40 Either of these outcomes results in

a cell with a TCR that is no longer self-reactive and

theoretically has undergone an alternative form of nega-

tive selection.4

Nonetheless, there has been a long-standing debate

about the role of TCR signal strength in cd,41 and some

ab T cell subsets: these include CD4+ CD25+ Foxp3+ reg-

ulatory T cells (Treg cells),42 natural killer T cells (NKT

cells),43 CD8aa intestinal intraepithelial lymphocytes,44

and RORct+ natural T helper type 17 cells.45 For ab T

cells, this lineage choice, known as ‘agonist’ selection,

diverts thymocytes with high-affinity TCRs to one of a

number of distinct regulatory-like T-cell subsets. Agonist

selection is based on the idea that the selecting self-pep-

tide is an activating (agonist) ligand found in the

thymus.46 In addition, these populations express elevated

phenotypic markers like CD69 and CD44, which supports

this notion.

The idea that Treg-cell differentiation would be

‘instructed’ by self-reactive TCR specificities seems intui-

tive. Treg cells have an ‘antigen-experienced’ phenotype

in the absence of any intentional exposure to foreign anti-

gens. Furthermore, recombination-activating gene (RAG)

-deficient mice that express transgenes encoding foreign

antigen-specific TCRs generally do not have Foxp3+ Treg

cells. Yet when these mice are crossed with mice express-

ing the cognate foreign antigen, Treg cells do appear,

highlighting a possible role of high-affinity TCR signals in

Treg-cell development.47,48

The important question of the affinity of TCRs in poly-

clonal Treg-cell differentiation has been more controver-

sial. Conceptually, it would seem that the repertoires of the

conventional CD4 population would be distinctly different

from that of the regulatory T-cell population if they were

selected on distinct high-affinity self-ligands. And although

there are robust data to suggest that this is the case,49 it has

also been argued that the repertoires are mostly overlap-

ping50 and that Treg cells may develop independently of

TCR specificity. Recently, however, two groups addressed

this question by creating TCR transgenic mice using TCR

genes cloned from natural Treg cells.51,52

The Treg TCR transgenic mice were generated by clon-

ing the naturally occurring TCR from Treg cells.51,52 The

initial hypothesis suggested that a Treg TCR transgenic

mouse would have dramatically increased numbers of

Foxp3+ Treg cells. Unexpectedly, both groups reported

that very few cells expressed Foxp3 in RAG-deficient mice

expressing a Treg-cell-derived TCR transgene. Yet when

these progenitors were mixed with a polyclonal popula-

tion of T cells, they found a striking inverse correlation

between the precursor frequency of TCR transgenic cells

and the propensity of those cells to give rise to Foxp3+

Treg cells. This result suggests that there is a ‘niche’ that

limits Treg-cell development. Interestingly, in the same

type of mixed bone marrow chimeras created with TCRs

cloned from the non-Treg-cell repertoire, Foxp3+ cells

were not found, even at low frequencies of TCR trans-

genic precursor cells. Overall, these results suggest that

TCR specificity does influence Treg-cell potential but that

Treg cells compete for a limiting niche during develop-

ment, be it ligand or growth factors, or something else.

Moreover, these Treg TCR transgenic T cells were shown

to be more self-reactive than those clones derived from

non-Treg TCRs. These data are consistent with the idea

that Treg cells express higher affinity TCRs for self

pMHC49 than conventional CD4+ T cells. Using a TCR

signalling reporter mouse, it was shown that strong

TCR signalling was only perceived at low precursor fre-

quency, suggesting that competition occurs at the level of

recognition of high-affinity ligands, which are presumably
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not abundant.29 Furthermore, polyclonal Treg cells con-

tinued to perceive higher-affinity TCR signals in the

periphery when compared with CD4+ CD25) conven-

tional T cells.29

In light of these data, we propose a model for Treg-cell

development from thymocyte progenitors with Class II-

restricted TCRs (Fig. 2). In this model, a certain low

threshold of TCR affinity for self pMHC in the cortex is

required for positive selection. Selected cells move to the

medulla, and encounter distinct antigen-presenting cells

including mTEC and dendritic cells. Depending on the

affinity of those interactions, and the availability of cyto-

kines such as interleukin-253 or transforming growth fac-

tor-b,54 the progenitor may differentiate into a mature

naive CD4 T cell or a Foxp3+ regulatory T cell. Stronger

TCR interactions increase the propensity to give rise to

Treg cells, although this probably never reaches 100%, as

the strongest interactions will also cull progenitors from

the repertoire via clonal deletion (Fig. 2).

As with Treg-cell development, the role of TCR signal

strength in NKT-cell lineage commitment is still under

investigation. NKT-cell development is unique in that

rare progenitors with a canonical Va14+ TCR require

encounter with self-lipid–CD1d complexes presented by

other thymocytes.55 Their selection strictly requires

co-stimulation via SLAM (signalling lymphocyte-activa-

tion molecule) family members. Evidence for the hypoth-

esis that NKT cells are selected on high-affinity self-

ligands in the thymus began to accumulate after it was

observed that this population of T cells had an activated

phenotype in the thymus. However, the lack of depen-

dence on CD1d for peripheral maintenance of NKT

cells56 suggested that they might not be overtly self-reac-

tive. Yet, NKT cells can rapidly produce the cytokines

interleukin-4 and interferon-c. The production of these

cytokines within hours after TCR activation suggests pre-

vious ‘priming’ by an agonist ligand and it was proposed

that this ligand was a positively selecting thymic self-lipid

ligand. However, exposure to the very strong NKT cell

agonist a-galactosylceramide led to negative selection,57,58

so any potential agonist ligand must not be as stimulatory

as a-galactosylceramide. The lipid isoglobotrihexosylcera-

mide (iGb3) was identified as a potential selecting

ligand,59 and indeed this lipid can stimulate NKT cells,

although it is currently a matter of debate whether iGb3

is a physiologically relevant or non-redundant selecting

lipid. The earliest NKT cell progenitors, termed ‘stage 0’,

expressed very high levels of green fluorescent protein in

the recently developed TCR signalling reporter mouse,

suggesting that these progenitors experienced high-affinity

TCR signals at the time of selection.29 Interestingly, NKT

cells did not retain high levels of green fluorescent protein

in the periphery, suggesting that stimulatory lipids are

not continuously encountered by NKT cells, as they are

by Treg T cells. This may turn out to be fundamental for

the biology of NKT cells, as current evidence suggests that

infection induces the display of stimulatory self-lipids that

triggers NKT-cell activation and cytokine production.60,61

Conclusion

Until recently, the prevailing hypothesis for thymocyte

development relied exclusively on the role of TCR affinity

in directing T-cell selection and dismissed the role of

altered peptide repertoires. In light of recent data on the

unique expression of proteasomal machinery restricted to

cortical epithelial cells and subsequently unique pMHC

complexes presented in the cortex, the ‘altered peptide’

model, together with the affinity model, may best describe

the general selection paradox. Moreover, as we begin to

appreciate other unique signals provided by distinct thy-

mic microenviroments, such as co-stimulatory molecules,

self-lipids and cytokines, we can begin to piece together

how functionally diverse populations of naive and regula-

tory T cells are all produced by this complex organ. An

important focus for the future will be to confirm and
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Figure 2. T regulatory (Treg) cells integrate cytokine and antigen

receptor signal strength cues during thymic development.

CD4+ CD8+ double-positive (DP) thymocytes undergo positive selec-

tion on cortical thymic epithelial cells (cTECs) presenting low-affin-

ity peptide–MHC complex (pMHC) ligands in the thymic cortex,

then migrate to the medulla where they encounter novel pMHC

ligands on medullary thymic epithelial cells (mTECs) and dendritic

cells. Those clones that encounter high-affinity pMHC ligands will

be triggered to undergo apoptosis. However, clones that coincidently

encounter survival cytokines such as interleukin-2 (IL-2) or trans-

forming growth factor b (TGFb), could be rescued and directed to

become a Treg cell. Such clones would express TCRs unique to the

Treg-cell population. Clones with a slightly lower relative affinity

(medium) could either develop into a conventional CD4+ T cell in

the absence of a cytokine encounter, or into a regulatory T cell with

exposure to IL-2. Hence, some TCRs in the Treg-cell repertoire

would overlap with those of conventional CD4+ T cells.
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extend findings from TCR transgenic models in the poly-

clonal repertoire. New tools, such as tetramer enrich-

ment62,63 and signalling reporters29 will certainly aid this

effort.
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