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Abstract

For over three decades now, the T cell receptor (TCR) for antigen has not ceased to challenge the
imaginations of cellular and molecular immunologists alike. T cell antigen recognition transcends
every aspect of adaptive immunity: it shapes the T cell repertoire in the thymus and directs T cell-
mediated effector functions in the periphery, where it is also central to the induction of peripheral
tolerance. Yet, despite its central position, there remain many questions unresolved: how can one
TCR be specific for one particular peptide-major histocompatibility complex (pMHC) ligand
while also binding other pMHC ligands with an immunologically relevant affinity? And how can a
T cell’s extreme specificity (alterations of single methyl groups in their ligand can abrogate a
response) and sensitivity (single agonist ligands on a cell surface are sufficient to trigger a
measurable response) emerge from TCR-ligand interactions that are so low in affinity? Solving
these questions is intimately tied to a fundamental understanding of molecular recognition
dynamics within the many different contexts of various T cell-antigen presenting cell (APC)
contacts: from the thymic APCs that shape the TCR repertoire and guide functional differentiation
of developing T cells to the peripheral APCs that support homeostasis and provoke antigen
responses in naive, effector, memory, and regulatory T cells. Here, we discuss our recent findings
relating to T cell antigen recognition and how this leads to the thymic development of foreign-
antigen-responsive af3T cells.

[. Introduction

With the ongoing identification and characterization of new T cell lineages with distinctive
immunological functions, we increasingly appreciate how diverse and dynamic the T cell
compartment really is. Such attributes are not surprising in view of the daunting task T cells
are entrusted with: to distinguish “self” from “foreign” based on protein composition and
then neutralize “foreign” with little time left before pathogens breach the first lines of innate
defense. To manage this job, education, memory, networking, and fine-tuning capabilities
are of the essence. As we now know, most of these predicates of adaptive immunity depend
perseon T cell antigen recognition. Yet, though considerable strides have been made, many
of the parameters by which antigen recognition operates are not fully understood.
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Here, we principally discuss the mechanisms by which the peripheral T cell receptor (TCR)
repertoire arises, so we must first set the scene. The T cell’s schoolhouse is the thymus, an
organ whose bulk is comprised of the thymocytes that it educates, but whose structure is
imparted by a spider’s web of stromal cells that includes the epithelial cells that act as
teachers. The thymus is separated anatomically into an outer cortex and an inner medulla,
both of which are composed of distinct epithelial cells’ and further populated with bone-
marrow-derived macrophages and dendritic cells (DCs; although these are relatively more
abundant in the medulla).2 T cell precursors are delivered to the junction between these
layers and then migrate outward into the cortex, eventually reaching the outermost
subcapsular zone (SCZ).3 These are double-negative (DN) thymocytes, so called because
they are devoid of the coreceptors CD4 and CD8, and at this stage, they also lack a TCR.

The molecular genetic construction of the TCR is intimately and causally linked with T cell
development. DNs in the outer cortex” initiate recombination of the TCRg locus, and are
allowed to develop further only upon successful generation of TCRp protein,4 as read out by
TCRp’s capacity to generate TCR signals in tandem with an invariant pre-TCRa partner.5
Once past this checkpoint, immature T cells form a TCRa gene and upregulate CD4 and
CD8 to become CD4+CD8+ double-positive (DP) thymocytes. This represents the first T
cell population that can receive signals from pMHC,6 and these cells spend the next several
days navigating the web of cortical and then medullary antigen presenting cells (APCs),
testing their newly minted TCRs against their host’s self-determinants.

Il. TCR Structure and Diversity

TCRs are expressed on the surfaces of thymic and peripheral T cells as a disulfide-linked
heterodimer composed of two glycosylated type | membrane proteins: TCRa (40-45 kDa)
and TCRp (40-50 kDa). Quite similar in structure to a Fab antibody fragment, the
extracellular portion contains two variable (Va, VB) immunoglobulin (1g)-like domains and
then two constant Ig domains (Ca, CB), which are followed by a transmembrane region and
a short cytoplasmic tail. Relatively random VJ (TCRa) and VDJ (TCRp) gene
rearrangement at the DN stage of thymic development allows for a potential diversity on the
order of ~10* TCR combinations,” while N-nucleotide and P-nucleotide additions within the
junctional CDR3 regions of TCRa and TCRp increase the potential diversity enormously. In
theory, roughly 1015 different oS TCR heterodimers could be produced,8 exceeding the
number of T cells in a mouse (~2 x 108) or human (~2 x 1011),

The concentration of diversity in the CDR3s and the relative lack in the germline V-region-
encoded CDR1s and CDR2s seems to be tailor-made for recognizing diverse peptides in
comparatively monomorphic MHC moIecuIes.8 Studies with mutated peptideSQ’10 and
experiments with transplanted CDR3s™ showed a close relationship between CDR3s and
peptide specificity. Structural studies of TCR-pMHC complexes have also generally borne
this out by showing that the CDR3 loops form a large share of contacts with the peptide,
while CDRs1 and 2 more often contact predominantly the helices that comprise the MHC’s
peptide binding cleftlzv13 (though exceptions do exist to this generality).14 This is not to say
that the mode of binding for a particular pair of V regions to a particular MHC is the same
across all TCR—pMHC pairs. Rather, the CDRs1 and 2 appear to adopt one of a handful of
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discrete docking angles over the MHC.™ As another line of evidence, a study of the binding
between the 2B4 TCR and its pMHC ligand showed that mutations in the contact area
between TCR and MHC led primarily to defects in the initial association of the two, while
mutations in the contact area between TCR and peptide led primarily to defects in the
stability of the bound complex. We suggested that this might be by design: that the CDRs1
and 2 might allow the 2B4 TCR to associate readily with pMHCs bearing many different
peptides, but that the more stable association that leads to TCR triggering would be dictated
more by the peptide and CDR3516 (Fig. 1). As no preselection TCR has been examined in
this way, it is impossible to say whether this property is a result of evolutionary pressure on
the germline V regions or is the result of thymic selection.

In reality, many fewer than 1015 distinct functional specificities are apparent in the
peripheral T cell repertoire. Studies in mice have shown that the frequency of naive CD8+ or
CD8+ T cells that are specific for a particular foreign pMHC tetramer lies in the range of
dozens to a few hundred per 108."8 our own studies of naive human CD8+ T cells yield a
very similar answer (Yu and Davis, unpublished data), giving an estimate of functional
ligand diversity that can be distinguished by naive afT cells of 106-107. The relationship of
TCRs with ligands is not remotely one-to-one, as TCRs can exhibit substantial
polyspecificity for pMHCs,20 and distinct TCRs can recognize the same pMHC.21 Rather,
this relationship appears to be many-to-many22 and, as there has not been any estimation of
the clonality of these tetramer-positive populations, it is difficult to estimate the repertoire’s
actual diversity in terms of TCR protein sequences based on this method. Earlier estimates
of the diversity based on TCR gene sequencing arrived at an answer of 10’-108 distinct
TCRs among human peripheral blood T cells.? Taken together, this might lead us to guess,
very roughly, that each T cell in mice has on average ~10 identical twins. This would accord
with still earlier results that found that it was common to observe identical TCRs arising in
clones raised against a particular antigen from immunization of different mice.?* That is,
there is typically a significant TCR overlap between individual mice, so each antigen
reactivity is likely represented by a handful of distinct TCRs in mice, and each of these
TCRs is likely to be represented by multiple naive T cells.

Even though these estimates are imprecise, they leave a substantial gap between the number
of theoretically distinct TCRs and the number that occupy the peripheral lymphatics of mice
and humans. While some of this loss in diversity can be explained by the mechanics of TCR
recombination4 or the inability of particular TCRas to pair with particular TCRps, more than
90% of successfully rearranged TCRs are lost in the thymus along with the T cells that bore
them.”>?® In the following sections we discuss the knowledge we have gained in recent
years regarding which self-pMHCs guide the selection of these TCRs, how immature T cells
access this self-antigenic information, and how a microRNA helps guarantee proper self-
tolerization. And finally, we speculate on which TCRs are selected and why they are chosen.

lll. Thymic Self-Peptides Involved in T Cell Selection

Cognate antigen, that is, the pMHC that acts as an agonist for a particular TCR and activates
mature T cells bearing that TCR, also generally induces apoptosis in immature DP
thymocytes in vitroand in vivo.”" These agonist interactions often occur with affinities in
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the range of 1-40 uM in terms of their dissociation constants (KD’s).ZSv29 For mature T cells,
whether the dissociation constant better predicts the biological potency of the pMHC, as
opposed to the half-life of the TCR—-pMHC interaction or a combination of thermodynamic
parameters, is a topic of contemporary debate and is described elsewhere.29 However, for
immature T cells, across three distinct class I-restricted TCR systems, the threshold
separating positively from negatively selecting pMHC was found to be consistent and very
narrow in terms of the Kp of TCR—pMHC interaction (T1, S14, and OT-I TCRs).30 This
analysis was performed using soluble photo-crosslinkable pMHCs on the surfaces of T cells
and so describes the threshold in terms of apparent Kp (which includes the small
contribution of CD8 to binding),31 but the stronger pMHC ligands examined bound tightly
enough to be measureable in terms of monomeric affinity and could be used for comparison.
The positive/negative selection threshold thus appears to lie very close to the range of
affinities found for agonists. Furthermore, earlier studies had measured the monomeric
affinities of two positively selecting altered peptide ligands, E1 and R4, in the OT-1 system
(i.e., variants of the agonist Ova peptide). At 20 pMZB and 40-57 pM28v32 at 25 °C,
respectively, these measurements also support the idea of a narrow affinity gap between
positive and negative selection.

There is a snare, however. When E1 was coexpressed alongside the OT-1 TCR transgene, in
otherwise peptide-deficient mice, OT-1 T cells were positively selected and exported to the
periphery. But these cells were functionally compromised and hyporesponsive,33 similar to
the way in which the P14 T ceIIs34 selected by very low doses of agonist peptide in fetal
thymic organ cultures (FTOCs) had earlier been found to be compromised.35 Whether E1-
selected cells bearing the OT-1 TCR would contribute to the peripheral repertoire in normal
mice, then, is in question.

Two naturally occurring H-2KP-binding peptides that promote positive selection of OT-I T
cells have also been known for some time. >’ Both these peptides bore structural
similarities to the nominal Ova antigen, prompting the authors to suggest that structural
similarity might underlie the potential of self-peptides to promote selection. Until recently,
however, we did not know the affinity of the OT-1 receptor for these peptide-H-2KP. We have
now determined their affinities and, somewhat surprisingly, they are much weaker than the a
fore measured E1 and R4.38 Indeed, they bound so poorly at 25 °C that they could be
measured only at 10 °C, where their dissociation was sufficiently slow to calculate an
accurate Kp. In order to more accurately compare them, we therefore also measured the Kp
of Ova-H-2KP at this temperature. At a Kp of 136 mM for Catnb-H-2KP (15.6-fold lower
than Ova-H-2KP at 10 °C) and 211 mM for Cappal-H-2KP (24.3-fold lower than Ova-
H-2KP at 10 °C), these endogenous selecting ligands bind OT-1 two- to sixfold more weakly
than R4 (8.8-fold lower than Ova-H-2KP at 25 °C) and E1 (4.4-fold lower than Ova-H-2KP
at 25 °C). These results significantly broaden the spectrum of self-peptides, in terms of
affinity, that are relevant for thymic selection. Also, while the threshold between positive and
negative selection appears quite sharp /n v/tr0,30 for the admittedly few naturally occurring
selecting peptides, it appears much broader. This in turn might also help us understand the
TCR specificity fostered by the thymus: it seems quite a task to accurately distinguish
pMHCs that differ by only twofold in affinity, but if the thymus effectively removes this
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“middle ground” by negative selection or attenualtion,33 or by some other mechanism, then
the task becomes much easier.

With respect to the identification of selecting peptides, the study of class Il-restricted
systems has lagged behind, as no selecting peptides have been described until recently. But
we have now begun to close that gap. Recently, our group39 as well as that of Paul Allen and
coIIeagues40 reported the identification of endogenous I-EX-bound peptides that can drive
the /in vitro selection of functionally mature 5C.C7 or AND TCR transgenic T cells on the
B10.BR background, respectively (Fig. 2). Among the 95 tested, 6 different peptides were
found with this property for 5C.C7, the most potent among them being an endogenous
retroviral Gag-Pol-polyprotein-derived peptide (which we refer to as Gag-Pol or GP),
whereas for AND, 1 peptide, a gp250-derived peptide, was found among the same pool. In
its putative I-EX-binding register, GP harbors four residues that are identical to those in the
agonist Moth Cytochrome C (MCC) and a fifth residue that is a chemically conservative
substitution (the P1 leucine, which is an isoleucine in MCC). These identical and similar
residues occupy the I-EK-contacting positions,42 while the TCR-contacting side chains are
very different. This strengthens the argument that positively selecting ligands for a given
TCR are structurally similar to that of TCR’s nominal antigen37v45 and/or that the selecting
ligand might help to enforce an MHC conformation that is similar to that of the nominal
antigen-MHC.46 The ability of antibodies raised against the complex of nominal antigen-
MHC to block positive selection in two different TCR systems further supported this
case.‘w'48 Again, there is a snare, though: the third data point does not follow this rule. The
gp250 peptide that positively selects AND T cells is structurally very distinct from the
agonist MCC: only the P1 and P9 anchor residues are conserved, while the P4 and P6
anchors are chemically quite distinct (L — T and Q — S, respectively, from MCC to gp250),
and the TCR contacts are likewise quite distinct. Nor does this represent degenerate
recognition of gp250 by AND because single mutations of the gp250 peptide destroy its
ability to select AND T cells. Even a substitution at P2 that restores the “MCC-like” alanine
residue abrogates rather than strengthens AND reactivity. To levy a parting defense of the
role for structural similarity, however, we found that an ATPase 11c-derived peptide could
weakly promote positive selection of 5C.C7 thymocytes and that this peptide could also
negatively select 5C.C7 thymocytes at high doses. The ATPase 11c peptide is highly similar
to the agonist MCC and, unlike GP, it is chemically identical to MCC at known TCR-
contacting residues (P2, P5, and P7).42

Speaking more generally in terms of the thymic peptide repertoire, prior work has shown
that the bulk of the quantity of self-peptides presented in the thymus represents a limited
number of distinct species and these are roughly the same species as those found on splenic
APCs in the periphery.49 It must also be noted, however, that multiple genetic programs that
are unique to thymic APCs and result in alteration of the peptide repertoire presented by
those APCs have been identified, presumably to better select maturing T cells. For example,
the autoimmune regulator, or AIRE, directs the expression of tissue-restricted proteins (e.g.,
pancreatic-, salivary gland-, ovary-specific proteins) in a set of medullary epithelial (:ells,50
which are then presented directly™™ and/or cross-presented by nearby phagocytic APCs52 to
achieve tolerance against those tissues. Lymphotoxin-f3 receptor regulates a similar
expression of tissue-restricted antigens (TRAS) in a distinct subset of medullary thymic
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epithelial cells (mTECs).53 While many thymic DCs, both cortical and medullary, are
autochthonous, DCs also migrate into the thymus from the skin and blood, and potentially
from other sites. These DCs reside primarily at the corticomedullary junction and their role
in promoting central tolerance has also been confirmed.>* with respect to positive selection,
cortical thymic epithelial cells (cTECs) are unique among epithelial cells in that they express
class I, which is obviously an advantage for educating CD4+ T cells. They also have
adaptations in their MHC loading pathways that are thought to facilitate selection. For
example, cTECs express cathepsin L, which diversifies and/or alters the repertoire of self-
peptides presented by class |1 molecules.> In the class | loading pathway, cTECs
constitutively express a thymus-restricted 5t proteasome subunit along with a f5i subunit
that is IFNy-inducible in somatic cells, which similarly results in a more diverse array of
class I-presented peptides.56 Both these adaptations are necessary for a fully diverse T cell
repertoire, although whether their necessity stems simply from the increased peptide
diversity (as suggested by the classic experiments of Hogquist)5 or from the presentation of
uniquely cTEC-restricted peptides remains to be seen.”® In either case, these mechanisms all
illustrate the pains taken by the thymus to broaden the scope of the immunological “self”
presented to developing T cells.

IV. Synaptic and Nonsynaptic Interactions in the Thymus

As discussed above, the thymus contains a wealth of information regarding the host’s
antigenic self. To optimize its education, a thymocyte would be best served by referencing
all of it against its TCRs. But how to accomplish this? The thymus is vast, on a cellular
scale, and the thymocyte’s task is great. Since the APCs cannot go to the thymocytes, the
thymocytes must go to the APCs. And this is what they do, in a manner well suited to their
purpose.

The first clues pointing to a potential mechanism came from the earliest studies of TCR
transgenic mice. Here, it was found that a relatively linear increase in the total number of
selected T cells resulted from an increase in the surface density of MHC on the selecting
epithelium59 (but no increase was observed with increased TCR density on the developing T
cells).60 This contrasted with negative selection, which could be induced by minute amounts
of agonist ligand and which titrated precipitously at these very low doses.35 And, although
this positive selection “niche” can be saturated in mice expressing TCR transgenes, who
therefore have abnormally large numbers of “selectable” immature T cells, it does not
appear to be saturated in normal mice.59v61 The idea of a niche for positive selection was
expanded by Merkenschlager and colleagues,62 who generated reaggregate thymus cultures
in which only some cTECs expressed the selecting ligand. In this case, a dose-dependent and
fairly linear increase in T cell selection could be observed as the proportion of selecting to
nonselecting cTECs increased. Again, negative selection differed, in that only very few
negatively selecting APCs were required to obliterate nearly all autoresponsive DP
thymocytes. A physical niche characterized by a static interaction of thymocytes with
positively selecting cTECs was suggested as the explanation for these damta.63

With the benefit of new studies exploring the migration of maturing T cells within the
thymus, we can reexamine this interpretation. While DN thymocytes arrived at the SCZ by
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virtue of directed migration in response to CXCR4 Iigands,64 DPs do not appear initially to
follow a directed pattern of migration on their journey back through the cortex. Rather, they
adopt a pattern of motility best described as a random Walk,65 where nonresponsiveness to
cues for directed migration is actively maintained by a repressor of chemokine receptor
signaling, the G protein-coupled receptor kinase-interactor 2 (GIT2).66 Upon encountering a
positively selecting cTEC, signaling ensues and the DP arrests its motility.67'68 However,
this arrest is short-lived, on the order of 5-10 min, and the DP does not form a stable contact
or “synapse” with the stimulating cTEC,69 as a mature T cell would in response to a
stimulatory APC in most’ >+ but not all cases.’? After this brief interlude, motility resumes.
But this transient contact alone is insufficient for commitment to positive selection: the DP
must find new selecting cTECs, or return to an old one, in order to maintain active Nuclear
Factor of Activated T cells (NFAT) and other chromosome remodeling machinery long
enough73'74 to continue its maturation.” Thus, it seems more likely that the selecting niche
is actually scattered along the DP’s path and is measured not in terms of cellular space
available to swaddle DPs but in terms of the probability of finding sufficiently many distinct
sources of selecting pMHCs as the DP meanders its way through the cortex. This hypothesis,
which we have described as a “gauntlet” model, can explain how selection could be linear
with both the number of selecting APCs and with the total density of selecting MHC, as both
affect the probability of encountering a selecting cTEC. In further support of this, positive
selection is attenuated in the absence of GIT2 and the random walk behavior that it
promotes.66 The majority of thymocytes likely do not have sufficiently self-peptide-self-
MHC-compatible TCRs, and these fail to survive for want of promaturation TCR signals.

The cortex holds additional perils for developing thymocytes as well.”® We know that
negative selection is brutally efficient both in terms of the number of APCs required to
achieve maximal clonal deletion in thymus cultures (Ref. 62 and our unpublished data) and
the number of agonist pMHC ligands required to achieve deletion /n |/iz‘r0.69v76v77 Cortical
DCs are potent negative selectors2 and, although cTECs generally lack costimulatory
molecules that are required for direct induction of negative selection,7 -80 ot least a subset of
CTECs also can contribute to deletional tolerance.81 It seems likely that, for a thymocyte
burdened with an autoreactive TCR, these APCs will be very hard to avoid. After all, the
thymocyte is already compelled to bounce around the cortex to seek out new brief cTEC
contacts from which to glean positively selecting signals. Upon encounter with a thymic DC
or TEC that presents negatively selecting ligands in reaggregate thymus cultures, rather than
arrest and resume its motility, the thymocyte stops and forms a stable contact, typified by
TCR accumulation at the interface with the APC as in a mature T cell synapse.82'83 In
thymic slices, negatively selecting thymocyte—DC interactions appear less stable, with the
thymocyte restricted in its movements to ~30 uM, but whether synapses form in this
situation could not be addressed.®* /n vitro, this negatively selecting synapse can be formed
in response to as few as two agonist pMHCs, and apoptosis ensues within 90 minutes.69 In
the case of cTEC-mediated negative selection, simultaneous or subsequent interaction with
distinct APCs may also be important,85 but this has not yet been addressed by the
microscopy studies. Finally, we can show that this synapse formation is necessary for
efficient negative selection /n vitro and in thymus cultures, as shown by antibody blockade
of LFA-1 and the ensuing inability of thymocytes to form stable contacts with agonist-
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presenting APCs (Ref. 69 and our unpublished data). This is similar to mature T cells, which
require the prolonged contact with APCs that is afforded by synapse formation to commit to
expansion and effector function.®®

We have likened this process to a gauntlet because to have any chance of survival and to be
initiated into the peripheral repertoire, the developing thymocyte must “run the gauntlet” of
the thymic cortex (Fig. 3). It must continually find suitable low-affinity self-pMHCs to
maintain active NFAT in the nucleus, yet at any moment it may encounter an APC bearing a
number of negatively selecting peptides that is sufficient to induce synapse formation and
apoptosis.

A thymocyte that escapes deletion and receives sufficiently many positively selecting signals
continues its maturation program. This includes upregulation of the chemokine receptor
CCRY7, which prompts migration toward the medullasgv91 in a directed falshion.65 Entry into
the medulla is then further gated by a pertussis-toxin-sensitive mechanism.92 Once migrated
there, the thymocyte is exposed to new APCs with new self-antigens that can delete
autoreactive thymocytes whose cognate self-antigens are not present in the cortex88’93
AIRE-expressing medullary TECs, for example,so'94 and peripherally derived DCs.> The
necessity of this step is evidenced by the failure of central tolerance in CCR7-deficient

mice. % Alternatively, if the thymocyte’s TCR passes this final test, it is fostered and
eventually exported to the periphery as a naive T ceII.90

V. miR-181a, A MicroRNA That Enhances T Cell Sensitivity and Promotes
Tolerance

Another feature of developing thymocytes is their heightened sensitivity toward pMHC
ligands, over and above the already remarkable sensitivity of mature T cells, both in terms of
the quality97 and number’ " of ligands they can recognize. For example, while mature
CD4+98 and CD8+99 T cells require contact with ~3-10 agonist pMHCs to mount a full
effector response, DP thymocytes require only 2 to trigger apoptosis.69 Alternative
sialylation of cell surface molecules could partially explain this heightened sensitivity,100 as
could lower CD5 expression in an independent study™ and more recently high CD45
expression,102 but other factors clearly are at play.

One such factor is miR-181a, a microRNA previously identified as playing a role in
influencing the B/T lineage decision."® microRNASs are ~20-22 nucleotide RNAS in their
mature form and exert their influence in combination with proteins of the RNA-induced
silencing complex (RISC) by targeting mRNAs for degradation or translational
repression.104 We previously showed™™ that miR-181a suppresses multiple phosphatases
that negatively regulate the TCR signaling cascade: Ptpn22, which targets the activating
phosphorylation sites of Ick and ZAP70106v107; Shp2, an effector for inhibitory
transmembrane adapter proteins (TRAPS) such as SIT and TRIM, which have also been
shown to influence thymocyte sensitivity and tolerancelos; DUSP5, which dephosphorylates
activated Erk in the nucleus; and DUSP6, which targets cytosolic Erk.109 While each of
these four targets was repressed only moderately, from two- to fivefold, overexpression of
miR-181a in mature T cells resulted in a dramatic shift in their responsiveness, in the form
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of both higher absolute calcium signals, an ability to respond to fewer agonist pMHCs than
are normally required, and the ability to respond to pMHC ligands that normally are too
weak to stimulate a response.lo5 This resulted from increases in both steady-state and TCR-
signaling-induced levels of activated Ick and Erk. This mirrors the similar and elegantly
delineated mechanism by which the balance of the Ick-activatory phosphatase CD45 and the

Ick-inhibitory kinase Csk modulates TCR sensitivity in developing T cells. %

With regard to thymic selection, we also found that miR-181a was expressed at about four-
to eightfold higher levels in DP thymocytes than in mature T cells. When miR-181a was
inhibited in 5C.C7 transgenic thymus cultures by use of an anti-miR-181a antagomir,110 a
reduction in the number of positively selected T cells could be observed. A similar
diminution of the TCR response could be seen in negatively selecting thymus cultures,
where a relatively high number of 5C.C7 thymocytes survived in the miR-181a-inhibited
thymi. These results led us to suggest that miR-181a was at least in part responsible for
thymocyte hyperreactivity toward pMHC and that the developmentally regulated expression

of miR-181a at the DP stage might represent a mechanism favoring central tolerance.

This presumably would operate by raising the sensitivity of DP cells and allowing the
deletion of thymocytes bearing TCRs with moderate affinity for self-pMHC. As the
remaining T cells mature, they would reduce their miR-181a expression and lose the ability
to respond to these moderate-affinity pMHCs. This might create a buffer zone in terms of
affinity for self, presumably representing Kp’s in the range of ~50-100 uM (Fig. 1). In order
to test whether such a buffer exists and whether it is important for self-tolerance, we
subsequently made use of the various I-EK-bound self-peptides that we had characterized in
the 5C.C7 system.39 First, to test whether miR-181a is important for efficient induction of
central tolerance, we allowed wild type T cells to mature in miR-181a-inhibited thymus
cultures and then challenged these T cells with syngeneic APCs. Compared to the T cells
from unmanipulated thymi, which remained quiescent, miR-181a inhibition resulted in a
small but appreciable population of autoreactive T cells as measured by CD69 upregulation
and the production of inflammatory cytokines. To test whether these autoresponsive T cells
were responding toward particular self-peptides of especially high affinity, we made use of
the two self-peptides that we had previously found to have the highest capacity to stimulate
the 5C.C7 TCR, GP, and ATPase 11c (Fig. 4). By fixing the 5C.C7p chain but allowing the
TCRa chain to vary as normal, we hoped to generate a preselection repertoire that would be
biased toward recognizing these two peptides. We then allowed the 5C.C7-transgenic
thymocytes to mature in thymi in which miR-181a was inhibited. Using GP-I-EX and
ATPase-I-EK tetramers, we could then see that the miR-181a-inhibited thymi had allowed the
maturation of many more GP- and ATPase-reactive T cells, as compared to otherwise
unmanipulated 5C. C7B-transgenic thymi. Taken together, these results strongly support a
role for developmentally regulated miR-181a-dependent hypersensitivity in enforcing central
tolerance. This in turn supports the notion that, in addition to the spectrum of self-
determinants presented by disparate APCs and the affinity of a thymocyte’s TCR for those
self-pMHCs, the sensitivity of a thymocyte’s TCR signaling network is also a critical
parameter determining the outcome of selection.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2016 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ebert et al.

Page 10

How, then, is miR-181a regulated during T cell maturation? miR-181a downregulation
might simply be part and parcel of one of the many known genetic programs that support T
cell maturation.” ™ A more intriguing possibility is that TCR signaling directly regulates
miR-181a expression. Stochastic variation in the expression level of positive and negative
regulators has been shown to lead to differences in the strength of signal transduction among
individual ceIIs,112 and it has been suggested that epigenetic regulation of other negative
regulators might accomplish similar modulation of signal strength in response to thymic
TCR signaling.llg’v114 As preliminary evidence for this possibility, we found that TCR
signaling in response to both agonists and positively selecting ligands could dramatically
downregulate the level of mature miR-181a within 1 hour. ¥ We do not yet know the
mechanism underlying this unusually rapid miRNA downregulation, however, and we do not
know whether it is this direct mechanism or another entirely separate mechanism that results
in the low level of miR-181a in mature T cells. It is tempting to speculate, however, that this
might also explain why T cells selected by high-affinity positively selecting ligands appear
to be attenuated in their responsiveness in the periphery.33 If especially strong TCR signals
in the thymus induce higher than normal miR-181a downregulation and if this low miR-181a
expression is maintained during the remainder of the T cell’s maturation, then this low
miR-181a might render the resulting T cell population hyporesponsive. Also, interestingly,
miR-181a is even more highly expressed in DN T cells than in DPs, and miR-181a enhances
progression of T cells from the DN to the DP stage in OP9-DL1 cocultures.los'115 This even
higher level of miR-181a expression might in turn cause an even higher degree of TCR
hypersensitivity, which might allow DNSs to receive maturation cues from the transient
dimerization of pre—TCR.sv116 Whether the ensuing miR-181a downregulation then results
directly from these pre-TCR signals, or as the indirect result of the DN-to-DP developmental
program, is also unknown.

VI. The Selecting Ligand and the Purpose of Selection

The critical role for self-MHC in the positive selection of developing T cells has been well
accepted,lN‘119 and when mice bearing monoclonal T cell populations became available,
this requirement was also found in most cases to be specific to the particular MHC allele to
which that TCR was restricted, in terms of its ability to respond to foreign-peptide-self-
MHC.21? This dovetailed beautifully with the established phenomenon of self-restriction
of polyclonal T cell populations to thymic MHC, and self-MHC has been credited with self-
restriction ever since.121 More recently, evidence for the importance of self-MHC in
selection has also come from the TCR side of the equation. In the context of a polyclonal
repertoire, mutations of residues within CDR2p that contact invariant portions of I-AP
reduced the number of selected T cells in 1-Ab+ mice."2? While we have been forced to
admit that there is also a requirement for specific self-peptides,37'48'57 this requirement has
been generally characterized as permissive, in that the peptide might allow the invariant
portions of the MHC to adopt a particular conformation that is reminiscent of the agonist-
MHC® or might itself act as a structural mimic of the agonist.37

Self-peptides have taken a back seat to self-MHC in terms of their influence on the
peripheral TCR repertoire, and it is not immediately clear why this should be. A strong case
can be made for the role of self-peptides, based on evidence that is very parallel to the case
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for self-MHC. Absence of class | or class Il molecules results in the near absence of CD8+
or CD4+ T cells, respectively. Mutations in the peptide-binding cleft of I-EK were found to
have a similar effect in mice transgenic for an I-EK-restricted TcrR'? Reducing the
repertoire of self-peptides from its usual diversity to a handful of distinct species also results
in a >95% deficit in T cell numbers in a polyclonal setting: whether by p2m or TAP
mutation in class | systems33v57 or combined invariant chain/HLA-DM mutation in class Il
sys;tems.lmv125 In a beautiful demonstration of the peptide’s importance, the size of the
selected CD8+ T cell repertoire in b2m-deficient thymi could be reconstituted in a dose-
dependent fashion by the addition of increasingly complex mixtures of exogenous peptide.57
Upon later examination of thymi with monoclonal expression of the OT-1 TCR, only 2 out of
27 tested endogenously derived H-2KP-binding peptides were capable of supporting positive
selection.”’ And, in fact, this fraction overestimates the actual proportion of selecting
peptides among the self-peptide repertoire by roughly twofold, as the peptides were split
into two fractions prior to mass spectrometric identification and only the active half was
assayed further. More recently, we>? and Lo et a/* have mirrored this result using the class
II-restricted 5C.C7 and AND TCRs, respectively: 6 of 95 naturally occurring I-EX-bound
peptides could reconstitute positive selection of 5C.C7 (5 of them only very weakly) and 1
of 95 peptides could drive selection of AND T cells. As an additional demonstration of the
critical role for specific peptides in selection, it should be noted that, although 5C.C7 and
AND recognize the same nominal antigen (a pigeon or moth cytochrome c-derived peptide
presented by I-EK), the self-peptides that select these two TCRs are distinct. So, while self-
MHC is necessary for positive selection, it is also clearly not sufficient. These data, both old
and new, are substantial hurdles for the idea that positive selection confers self-MHC-
restriction.

It is certainly a compelling idea that T cells should be self-referential on the level of an
individual animal. But how necessary is it that TCRs reference the invariant portions of self-
MHC in each successive generation? Recently, the possibility that MHC restriction is
encoded at least partially in the germline elements of the TCR’s V regions has received new
attention. If TCRs are predisposed to bind MHC by virtue of their natural history, then the
critical question for self-restriction is whether thymic selection can improve the likelihood
that a selected T cell will be able to recognize a foreign-peptide-self-MHC. Some 90% of
thymocytes are thought to be discarded because they fail positive selection.z‘r"26 The present
model of self-restriction posits that they fail because they could not bind to foreign-peptide-
self-MHC or at least that they are less able to bind foreign-peptide-self-MHC complexes
than those thymocytes that survive. This has been difficult to address directly, as it requires
an extensive evaluation of the preselection TCR repertoire not only in terms of TCR
sequence but also in terms of pMHC binding. But the indirect evidence that is available
points to a different answer. Earlier work had shown that T cells selected by a TCR-
nonspecific stimulus (either anti-TCR antibody126 or Ly6A.2127) were as reactive toward a
third-party MHC as T cells from a normal mouse. But as this third-party MHC was not
“self” (as indeed these T cells had no “self” to speak of), it remained possible that positive
selection would in fact focus the repertoire on the particular MHC allele(s) present in the
thymus. This possibility became less likely, however, in light of more recent results showing
that T cells that arise in negative-selection-deficient mice are cross-reactive toward multiple
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MHC aIIeIes.128 While negative selection presumably reigns in this cross-reactivity in a
normal amimal,20 positive selection appears to generate a repertoire that is not particularly
focused on the selecting MHC allele. Also compelling in terms of the TCR side of the
relationship was the finding that this cross-reactivity depended on conserved residues within
the CDRs1 and 2.129 As another test of the germline compatibility of TCRs with MHC, the
class Il homolog HLA-DM was expressed on the cell surface in MHC-deficient mice, and
this could not restore T cell selection.*® The guestion remains open, however, whether this
failure resulted from the lack of positive evolutionary pressure on the invariant MHC-like
features of HLA-DM or the inability of HLA-DM to present a diverse peptide repertoire
(just as the monolithic class 1l pMHC of li/H2M-deficient mice failed to select T ceIIs).125

To build a parallel TCR-centric argument, one might consider the impact on positive
selection of fixing CDR1 and 2 and allowing only CDR3 to vary. If T cells are selected for
their compatibility with the invariant portions of MHC, then CDR1 and 2 should be
sufficient to drive selection irrespective of the CDR3 sequence. If, on the other hand, they
are selected for their ability to bind specific pPMHC combinations, then the CDR3 should
prove critical. We can find an answer in the classic study of Sant’AngeIo.131 Here, the
authors utilized a transgenic mouse bearing the beta chain of a class Il-restricted TCR and
examined the sequences of TCRa chains from T cells at various stages of development. By
further restricting their analysis to TCRas using Va2.3, they effectively considered a set of
T cells where five of six CDRs were fixed and only CDR3a could be diverse. In this case,
only 6% of DP cells possessed TCRa chains that could be found among peripheral CD4+ T
cells. So fixing favorable CDRs1 and 2 certainly did not give these TCRs a free pass in
terms of selection; in fact, they conferred a selection efficiency that was barely
distinguishable from the selection efficiency we estimate from the proportion of DPs to
CD4+ SPs in a normal mouse. By generating mice that are limited to Va2.3/Vf8.2 but
whose CDR3s are subject to normal diversification, we find a similar inefficiency of positive
selection on an H-2° background, even though both VVa2.3 and V(8.2 are utilized by large
numbers of T cells in b-haplotype mice (and also accounting for the more limited
opportunity for receptor editing due to the Va transgene; Campbell and Davis, unpublished
data). Similarly, several different transgenic mice bearing TCRs with identical Val1/Vp3
usage displayed markedly different efficiencies of positive selection,61 as did TCRs
distinguished by a single mutation in the V-J junction.132 But, remarkably, the Sant’ Angelo
study also showed that the TCRs that they found among CD4+ SP T cells still were
sufficient to very accurately confer appropriate CD4+ lineage choice in the thymus. This
further underscores the point that, rather than being driven by degenerate binding of CDRs1
and 2 with MHC, positive selection relies upon specific interactions of CDR3s with
particular self-pMHC(s).

Rather than foretelling the reactivity with an as-yet-unknown peptide, previous work has
told us that the same self-pMHC that selected a T cell is operative in the periphery, in that it
signals the TCR-dependent homeostasis of naive CD4+133 and CD8+ T ceIIs.lg’A"135 A later
investigation also demonstrated a role for the selecting self-pMHC in potentiating T cell
triggering, in this case by maintaining naive T cells’ CD3 chains in a state of semi-
phosphorylation and thus suspending them in a state of near-activation.136 Lately, we have
presented data that could provide a more causal link between positive selection and
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peripheral activation. It has been known that soluble monomeric agonist pMHC ligands are
generally incapable of initiating signaling events in T cells and that dimeric agonist pMHC
was suf‘ficient.137‘140 In the case of activated 5C.C7 CD4+ T cells, we could show that
heterodimeric engagement of TCRs with a strong agonist pMHC paired with particular self-
pPMHC (in the form of a covalently linked heterodimer of pMHCs) could trigger calcium and
cytokine 'signaling.141 We further hypothesized that those particular self-pMHCs that could
partner with antigenic peptides to support mature 5C.C7 T cell activation would be operative
in positive selection.mz'143

There are now two studies that support this hypothesis, one from our own work with the
5C.C7 TCR39 and another from the work of Lo ef a/.40 with the AND TCR. In the case of
5C.C7, an endogenous retrovirus-derived GP polyprotein peptide was the strongest of 6
positively selecting peptides among the 95 self-peptides tested, and this GP peptide could
enhance naive 5C.C7 T cell activation in response to minute amounts of exogenously added
agonist MCC peptide while other self-peptides could not. In the case of AND, one positively
selecting peptide was found among the same test set of 95 self-peptides, and this peptide
could enhance naive AND T cell activation in the context of platebound agonist MCC-self-
peptide heterodimers, while again other self-peptides could not. Additional studies will
certainly be needed to properly evaluate the model of selection-for-coagonist. Nonetheless,
we feel it better explains the results of recent years. As one particularly striking example,
Chu et a/*** examined the populations of naive T cells that bound to a particular antigen-1-
AP tetramer, in b-haplotype and in d-haplotype mice. Contrary to what one would expect
based on the selection-for-self-restriction model, the two mice harbored very similar
numbers of these cells. However, the tetramer-binding cells from the d-haplotype mouse had
a fivefold reduced capacity for activation. Thus positive selection had seemingly improved
the responsiveness of those T cells without improving their ability to bind agonist peptide-
self-MHC. We would suggest that these cells have instead been educated with respect to
which self-peptide-1-AP could support TCR triggering when paired with the agonist-1-AP. In
this case, the critical feature imparted by thymic selection would not be the TCRs’ affinity
for the agonist pMHC but their fine specificity for much lower affinity self-peptide-MHCs.

There are also hurdles to overcome. One wrinkle in this story is that one of the 5C.C7
“coactivating” self-peptides found in the initial heterodimer study, ER60, was not found to
coactivate naive 5C.C7 T cells when stimulation was done using APCs. This could possibly
be due to the different activation states of the T cells used, as the prior study had utilized
preactivated T cells which have been shown to be more sensitive to restimulation.**®
Alternatively, this might have been due to a difference in the agonist peptides used, as the
2005 study used a stronger K5 variant of the MCC agonist peptide, which might relax the
affinity requirement for the partnering self-peptide. This is plausible, as the later study
showed ER60 to be among the five weakly positively selecting peptides for 5C.C7, and so its
affinity for the 5C.C7 TCR is likely only slightly weaker than GP’s. Finally, this discrepancy
might have resulted from a difference between the covalently linked heterodimeric pMHCs
and cell-surface-bound pMHCs, in terms of how they trigger TCRs. This possibility will be
discussed further in the following section.
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VII. On the Role of Self-Peptides in the Activation of CD4+ Versus CD8+ T

Cells

Another wrinkle is the disparate role of self-pMHC so far observed in the activation of
CDA4+ and CD8+ T cells. One report suggested that self-pMHC did not influence OT-1 T cell
activation, based on the comparison of the ability of RMA versus RMA-S cells to act as
APCs.146 As RMA-S cells lack TAP, they lack the capacity to process their own self-
peptides for presentation by class | molecules. However, they do retain a small but
significant amount of surface class | molecules™’ and so this data could be interpreted as
suggesting only that self-pMHC are not required in large numbers to observe an
enhancement of agonist signaling. A second series of reportsl48'149 also used RMA-S cells,
but in those studies added the various self-peptides known to bind H-2KP exogenously37 in
order to stabilize and increase H-2KP surface expression. In this case, an enhancing effect on
agonist signaling was observed when H-2KP expression was rescued, but the identity of the
self-peptide made no difference in the magnitude of signaling, even though a subset of the
self-peptides tested are known to positively select the OT-I TCR.37 This strongly suggested
that the invariant portions of the self-H-2KP were responsible for the enhancement of TCR
signaling. This could occur through simultaneous binding of TCR to the agonist pMHC and
local enrichment of CD8 by binding to the self-pMHC. And, because we know that CD8
contributes to the stabilization of TCR—pMHCBl'150 while CD4 does not,151 this result
seemed to represent a very plausible explanation for the differential role of specific self-
peptides in activating the two types of T cell. However, it represents a serious blow to the
idea that positive selection selects T cells for their ability to utilize specific self-peptides in
the periphery. This is because regardless of their eventual lineage decision, positive selection
initially operates on the same population of DP T cells, is triggered by the same TCR
signals,152 and depends on very particular and comparably scarce self-pMHCs in the case of
both class % and class 1) 40153 How, then, could their mechanisms of signaling be so
different? And if the identity of the selecting peptide is so important for both types of T cell,
why do CD4+ T cells remember those peptides in the periphery, while CD8+ T cells forsake
them?

To answer these questions, we examined signaling by the OT-1 TCR using the soluble
heterodimer technique that had initially illuminated the role of self-peptides in triggering
CD4+ T cells.”* Our results using Ova-KP-self-peptide-KP heterodimers essentially
recapitulated the results of Yachi et al™*: the agonist Ova-KP could partner with any of the
self-peptide-KP tested to provoke a calcium response in OT-IDP thymocytes or negative
selection in OT-1 H-2K ™/~ FTOCs. This was true irrespective of whether the self-peptide-KP
was a positively selecting peptide or a nonselecting peptide such as Mapk1 or Stat3.
However, a different picture began to emerge in our examination of positive selection. Here,
a calcium response or a positive selection response was observed only when the positively
selecting Catnb-KP was partnered with another Catnb-KP or with the other positively
selecting ligand, Cappal-KP. Catnb-KP could not support signaling when partnered with the
nonselecting Mapk1-KP or Stat3-KP. This suggested that both partners in the pMHC
heterodimer needed to bind TCR in order to cause a signal. And, in fact, we could show
thatMapk1-KP and Stat3-KP do bind to the OT-I1 TCR, albeit very weakly, by measuring the

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2016 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ebert et al.

Page 15

interaction of dimeric Mapk1-KP or Stat3-KP with OT-I. Finally, we could abrogate this OT-I
binding by generating a TCR-contact-mutated version of the Ova antigen, SIAAFASL, or by
sterically blocking Ova’s central TCR-binding residue with a biotin. Heterodimers of these
peptide-KPs paired with Ova-KP were unable to stimulate calcium flux or selection of OT-I
thymocytes even when used at a concentration 100-fold higher than was sufficient to observe
signaling with the Ova-KP-Mapk1-KP or Ova-KP-Stat3-KP. Thus we could show that TCR
engagement by both partners of the heterodimeric ligand was necessary for thymocyte
signaling in this class I-restricted system, as had previously been observed for class I1-
restricted T cells.

These data also allow us to comment on how faithfully soluble heterodimers recapitulate the
natural situation of membrane-bound pMHCs. From our studies of the self-peptide—H-2KPs,
it is clear that the covalently linked heterodimers do increase the operational avidity, or
apparent affinity, of the ligands involved. This might explain why we can observe an
enhancement of 5C.C7 T cell activation by ER60 in the context of the heterodimers,154 but
not in the context of APC-presented Iigands.39 But, critically, the dimers do preserve the
rank order of affinities of the individual component pM HCs™® (Fig. 5). And, further, the
increased avidity is not sufficient to explain why the heterodimeric ligand signals while the
monomeric ligand does not. This is because we now have a direct measurement of the
dimer’s apparent Kp, and so we can directly compare the dimers to monomers in terms of
how many receptors they are binding. For example, we have measured the calcium response
of OT-1 DP T cells when their TCRs are engaged by monomeric Ova/H-2KP at a
concentration above the Kp of this interaction (at concentrations of 17 pM; Kp = 6-10
pM).ZS'38 Remarkably, when more than half of the T cell’s TCRs are bound by the
monomeric agonist pMHC, no signaling whatsoever results. We can then compare this to the
result of engaging TCRs with a soluble homodimeric Cappal-H-2K°-Cappal-H-2KP. OT-
I’s apparent affinity for this dimeric ligand is ~60 UM, yet at concentrations well below this
(e.g., 8.7 uM), the homodimeric Cappal-H-2KP induces robust calcium responses in OT-I
DP T cells. The same picture emerges when the OT-1 DP cells are exposed to the monomeric
or dimeric pMHCs in the context of the whole thymus: agonist monomers are completely
nonstimulatory even at very high concentrations (in terms of positive selection, negative
selection, or upregulation of activation markers such as CD69), while the Cappal-H-2KP
homodimers and Catnb-H-2KP homodimers which have lower apparent affinities, can
mediate positive selection at lower concentrations.

Finally, although we believe that we have provided evidence for a more unified mechanism
of self-peptide-supported TCR triggering in CD4+ and CD8+ T cells, it is harder to make
the connection between positively selecting ligands and peripheral activation for the CD8+ T
cells. Whereas signaling by the mature 5C.C7 and AND CD4+ T cells could only be
enhanced by the selecting peptide, we now have multiple independent sets of data that
suggest that CD8+ T cells overshoot this mark. That is, in the OT-1 system, positive selection
is driven only by a high-affinity subset of the self-peptides that can enhance mature T cell
responses. On the one hand, this observation could still be consistent with our hypothesis
that positive selection produces a repertoire of T cells that can respond to agonist pMHC
paired with self-pMHC. By forcing the OT-ITCR to recognize a ligand with a Kp of 100-
200 pM affinity in order to mature, this would guarantee that the OT-ITCR has coactivating
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peptides available to it in the periphery, even if weaker pMHCs (~300 uM) are also
sufficient. In this case, it seems that thymic selection would waste potentially useful TCRs.
And, as every additional naive CD8+ T cell appears to be useful in combating infection,19
this would seem to be a less than optimal mechanism. On the other hand, we know that naive
CD8+ T cells require self-pMHC for their homeostatic survival, and that this peripheral
maintenance is dependent on the same self-pMHCs that selected those T cells in the
thymus.135 In this case, perhaps the weaker ~300 UM self-pMHCs are insufficient for OT-I’s
peripheral maintenance. None of these speculations is particularly satisfying, and it is clear
that further investigation of other class I-restricted TCRs will be needed to resolve this.

VIIl. Conclusions

The T cell repertoire is molded by a wealth of information about the self. Here we have
briefly summarized recent findings relating to how this information is packaged in the
thymus for developing T cells’ consideration, how thymocytes go about accessing it, and the
nature of the information that gives a developing T cell its imprimatur to join the peripheral
repertoire.

On the first point, we have accumulated an excellent description of the movement of
thymocytes within and between the different anatomic compartments of the thymus,65
and we have begun to understand the molecular queues that underlie this movement, both
developmentally regulatedee'gz'156 and TCR-triggered.68v69'82 We also have excellent
evidence suggesting that the APCs in these distinct physical locations present
nonoverlapping sets of self-peptides, in addition to being phenotypically different in terms of
their ability to promote positive versus negative selection.” This evidence is mostly indirect,
coming from studies of mutations in the MHC loading pathway and their influence on the
efficiency of T cell selection. %2417 158 £ example, we know that positive selection
depends on thymocytes’ ability to “scan” the cortex in a wide-ranging and randomly
directed fashion,%'69 and we know that positive selection depends on self-peptides that are
quite rare.>" %4 While the indirect evidence is compelling, we can only infer the TCR-
pMHC interaction that connects these. We also know that negative selection depends on
APC-specific mechanisms of TRA presentation,SO and that limiting thymocytes’ access to
the medulla results in autoimmunity.95 But did this occur specifically because thymocytes
were denied access to self-peptides, as opposed to another tolerizing property of the
medulla?

155

Clearly these questions would benefit from a more complete identification of the peptides
that actually occupy the MHCs on the surfaces of thymic APCs.58 But making the
connection between these peptides and selection events will be a daunting task. Positive
selection relies on the diversity of the self-peptide repertoire, such that a very small but
especially diverse subset of the total mass of self-pMHC can support positive selection of a
large diversity of T ceIIs.125 We do not know how many peptides this subset might represent:
antibodies that block positive selection bound ~3-5% of self-pMHCs, 748 and this can serve
as a reasonable upper limit, but we have no good sense of the lower limit. In the extreme
case, it is quite possible that two phenotypically indistinguishable APCs might present
nonoverlapping sets of peptides due only to stochastic variation, combined perhaps with
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epigenetic variegation.159 This might offer an explanation for why thymocytes’ cortical
“scanning” motility is beneficial for their selection: perhaps multiple cTECs must be
examined in order to find a selecting interaction.”®® But it would also make it incredibly
difficult to isolate the particular peptides that are relevant for any given TCR. Negatively
selecting self-peptides present a similar conundrum. Thymocytes are capable of responding
toward two high-affinity pMHCs,69 and can seek out such peptides presented by one in 20
APCs.% If we conservatively estimate that the APCs involved express ~25,000-50,000
MHC molecules each, then we are talking about a detection limit of between two and four
parts per million. Only radical improvements in mass spectrometry, or entirely new
technology, will allow us to directly see the peptides that T cells can see.

T cells require only a week to develop a profound understanding of the self, and so we can
continue to learn about the nature of self from the T cells themselves. A renewed interest
and ability to detect very rare pMHC tetramer-binding T cell populations has yielded new
information regarding the diversity of the naive TCR repertoire and by extension has placed
constraints on the number of distinct TCRs that emerge from the thymus.ﬂ'160 Comparing
these results with a similar survey of the preselection repertoire would be very valuable in
assessing how positive and negative selection shape the mature T cell pool in a normal
individual. There are obstacles to overcome here as well, as thymocytes’ low surface
expression of TCR makes tetramer analysis dif‘ficult,161 and multiple genetic programs
conspire to make TCR ligation a lethal proposition.111v162'163 The tetramer approach also a
priori forces us to select peptide targets prior to data collection, and so such an analysis
could not be unbiased without a very large sample size. This is a critical difficulty, as the
affinity model of selection predicts that tetramers made from positively selecting pMHCs
(e.g., Kp > 50 uM) should not detect the T cells they select,38 whereas the altered self model
predicts the opposite.58 Thus a more global analysis may be useful. Advances in high-
throughput DNA sequencing technology could be leveraged here, as they have been in the
study of antibody diversity.164 On a sufficient scale, such studies have the potential not only
to precisely gauge the diversity of pre- and postselection TCR repertoires but also on a
population level to assess the degree of coevolution of TCR and MHC genes.165 But, as
valuable as they are, such techniques will have difficulty connecting what they discover
about TCRs to the self-peptides that are relevant for those TCRs’ selection and survival, '

If we are to understand the mechanics of positive selection without a complete
understanding of the self-peptides involved, then we must answer this critical question: what
is the selecting parameter, and what is the selected property? Does a TCR’s weak affinity for
self-peptide-self-MHC predict high affinity for an as-yet-unknown peptide-self-MHC? We
do not favor this model, because in this case the selecting parameter must be the affinity
afforded by the TCR’s contact with genetically encoded MHC residues. Several lines of
evidence indicate that this property is satisfied prior to selection,m*126 and that peptide-
specific contacts are crucial for selection.”” Perhaps the positive selection parameter is
the breadth of the TCR’s reactivity toward self-pMHC, and the selected property is a high
degree of polyspecificity.ZO'22 This might in turn confer the potential for each selected T cell
to recognize multiple distinct antigens and thereby improve the chance that any one T cell
will be useful in combating infection. We know, however, that positive selection can proceed
when a particular TCR is afforded an abundance of a single pMHC species.37'39'40 Still, we
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can only remark this property in the case of three distinct TCRs among many thousands or
millions, and so this may represent the exception rather than the rule. If these do represent an
exception, then we might also discard the coinciding observation that selection can be driven
by low-affinity peptides presented ubiquitously throughout the thymus. This would allow us
to consider the possibility that thymocytes are selected by high-affinity interactions with a
unique set of “altered self” peptides on cTECs, and that autoimmunity can be averted
because these peptides will never be seen again by mature T cells.58’166 The selecting
parameter might then be a “training set” of agonist cortical peptides, with a completely
distinct “test set” due to peptide-selective differences in the MHC loading pathway among
peripheral and somatic cells. In this case, the selected property is agonist reactivity with
ostensibly “nonself’-peptide-self-MHC and therefore could perfectly predict self-restriction
of the peripheral repertoire. But, as noted earlier, the uniqueness of cTECS’ peptide
repertoire is inferred from mutations of the MHC loading pathway and the ensuing impact
on T cell selection. The extent to which peripheral APCs can successfully hide this very
dangerous “training set” of agonist self-peptides is far from clear. The fidelity required for
this separation of self to be a successful strategy is enormous, because we know that
aIIowinggéI’liglls even the tiniest sniff of those cortical agonist peptides could spell

disaster.”

Finally, we will discuss the possibility that we currently favor. Perhaps the TCR’s weak
affinity for self-peptide-self-MHC predicts improved responsiveness toward as-yet-unknown
peptide-self-MHCs specifically because the self-peptide-self-MHCs participate in the latter
process. We have suggested a mechanism for TCR triggering based on heterodimeric
engagement of TCR with agonist pMHC together with self-pMHC, which could explain the
basis for the selected parameter in this case.143 More recently, we have also shown that this
dimer-based mechanism of TCR triggering can be extended to explain how self-peptide-
MHC:s trigger selection in the thymus;.38 The triggering mechanism can be conserved,
despite the weaker ligands involved, at least in part because developmental regulation of
miR-181a lowers the signaling threshold in DP thymocytes.105 Lastly, there are now two
peptides that can demonstrate that the property of self-pMHC contributing to peripheral
responses is a correlate of the selection process.sgv40 Further studies in additional TCR
systems will certainly be needed to support the universality of this observation, however, and
additional evidence is still required to settle the precise molecular mechanism governing
TCR signaling in the context of cell—cell interactions.167 More advanced molecular imaging
techniques will be invaluable in addressing this last point,151 while cell and tissue imaging
will continue to give us clues as to which APCs are relevant to developing T cells and how
the twain meet.66 And, while significant advances in the detection of macromolecules will
be required to directly assess the self-peptide repertoire, we are hopeful that high-throughput
and systems-level analyses will allow us to test the predictions of the above models against
the actual polyclonal TCR repertoire in healthy individuals.
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Fig. 1.
o analysis of the contribution of MCC—I-EX surface residues to 2B4 TCR—pMHC

association versus stabilization. The peptide-binding pocket of I-EX and the MCC peptide
are shown as white ribbons. Residues studied are shown as space-filling representations and
are color-coded with respect to their effect on stability and association. (A) Contributions of
residues to complex stability (AAG). Residues are shaded white (no effect, AAG = 0 kcal
mol~1) to gray (maximum effect in this study, AAG > 3.14 kcal mol™1). (B) Contributions of
residues to complex association (¢). Residues are shaded white (no interaction, ¢ = 0) to
gray (maximum interaction in this study, ¢ = 0.73). Figure originally from Ref. 16,
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Fig. 2.

Summary of sequence and thermodynamic data for the self-peptides with reactivity toward

the AND, 5C.C7, and OT-I TCRs. (A) Amino acid sequences of a subset of the known I-EX-
bound self-peptides41 and H-2KP-bound self-peptides (Ref. 37; the Cappal peptide was
originally described in Ref. 36). I-EX-binding peptides are shown in their predicted I-EX-
binding register; MHC pocket residues are highlighted.42v43
the indicated TCR was measured by CD69 upregulation of DP thymocytes bearing that TCR

toward the indicated peptide presented by APCs or platebound I—Ek.g’gv40

The peptides’ reactivity toward

For OT-I, reactivity
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was measured in terms of CD4 CD8 coreceptor downregulation, or duIIing.37 The ability of
these peptides to positively select T cells bearing the indicated TCR was assessed: for AND,
in reaggregate thymus cultures with the ANV41.2 cTEC cell line as APCs; for 5C.C7, in
5C.C7 li~/~ fetal thymus organ cultures (FTOCs); and for OT-I, in OT-I TAP~/~ FTOCs. (B)
A summary of affinities of the OT-1 TCR for different peptide—H-2KP and a schematic of the
relation between affinity and selection outcome. Positive selection data for E1 (EIINFEKL)
and R4 (SIIRFEKL) are from Ref. 44 positive selection data for the self-peptides are from
Ref. 37, Affinity measurements are from Ref. 38 except for 3t (Ref. 28), at 25 °C, and t
(Ref. 32), also at 25 °C.
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Fig. 3.

Tr?e gauntlet model of thymic T cell maturation. A Schematic of thymocyte migration in
response to developmental and TCR-triggered cues. (A) A thymocyte whose eventual fate is
positive selection and maturation. Common lymphoid progenitors (CLPs) initially seed the
thymus87 and migrate outward in a directed fashion in response to chemokine signaling,3
while discrete anatomic locations within the cortex support TCR recombination and
maturation to the DP stage. Once these DN cells become DPs at the SCZ, they instead adopt
a random-walk pattern of migration. When a DP encounters positively selecting pMHCs, it
pauses briefly and initiates signaling, which includes NFAT nuclear translocation and
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activation, but does not include synapse formation with the stimulating cTEC. Individually,
these contacts are too brief to support the sustained signaling that is required for maturation
to proceed,73v74 and so reencounter with additional positively selecting cTECs presumably is
required. When sufficient signaling has occurred, the DP transitions to the late DP/semi-
mature SP stage,88 which includes upregulation of CCR789 and downregulation of GIT2,66
allowing directed migration toward the medulla. Additional signals within the medulla
support further maturation,90 while encounters with medullary APCs (which can present
antigens not found in the cortex) run the risk of negative selection.84 (B) A thymocyte whose
eventual fate is negative selection in response to a cortically presented antigen. DPs’ random
walk motility increases the probability that they will encounter fairly sparse cortical DCs
that can present negatively selecting self-antigens. Once encountered, the DP forms an
immunological synapse that prevents it from leaving the APC,82 providing sufficient time to
complete the apoptotic response.69 (C) A thymocyte whose eventual fate is neglect. (D)
Distinct medullary APCs present antigens derived from disparate sources. DCs can migrate
from the blood and skin, or develop intrathymically. Subsets of mMTECs possess genetic
programs that lead to expression of tissue-restricted antigens. These TRAs might be
presented directly by mTECs,51 or cross-presented by other medullary APCs such as DCs.52
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Fig. 4.
miR-181a-mediated hypersensitivity in thymic selection. (A) A schematic of miR-181a’s

targets and their positions in a mature T cell’s TCR signaling cascade. (B) Expression level
of miR-181a in developing T cell populations, as measured by quantitative real-time PCR.
(C) Schematic of the protocol used to test the effect of miR-181a inhibition on T cell
development. E16 FTOC were established and treated with antagomir specific for miR-181a,
or with seed-region-scrambled antagomir which does not reduce miR-181a levels. After 5-6
days, mature T cells were harvested from these FTOCs, washed to remove any residual
antagomirs, and then cocultured with syngeneic (B10.BR) splenic APCs. (D) B10.BR FTOC
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(in which T cells possess a normally diverse TCR repertoire) were treated in this way, and
the resulting mature T cell populations were assayed for expression of the activation marker
CD69 by FACS. Gated CD4+ T cells are shown: miR-181a inhibition in the FTOC resulted
in a small population of autoreactive T cells. (E) 5C.C7p-transgenic B10.BR FTOC were
treated as in part (C), and the resulting T cells were assayed using an ATPase 11c-1-EK
tetramer by FACS. Gated CD4+ T cells are shown: miR-181a inhibition in the FTOC
resulted in an increased proportion of T cells that recognize the ATPase 11c self-peptide.
Parts (A, B) are originally from Ref. 105 parts (C-E) are originally from Ref. 39,
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Fig. 5.

Se%f—peptide—MHC contributes to class I-restricted thymocyte signaling in a peptide-specific
manner. (A) Surface Plasmon Resonance (SPR) measurement of binding of soluble dimeric
complexes of the indicated self-peptide-KPs to immobilized OT-I TCR. The Mapk1 and
Stat3 self-peptide-KPs bound OT-1 with a measurable affinity, while the engineered “null”
SIAAFASL-KP did not. (B) Dimeric but not monomeric Ova-KP drives calcium signaling by
OT-1 DP thymocytes. Thymocytes were taken from OT-1 H-2K ™~ H-2D~/~ mice, loaded
with the ratiometric calcium dye Fura2am, and exposed to high concentrations of soluble
monomeric or dimeric Ova-KP. Fura2 ratios (340/380 nm) are shown in a false-color scale.
(C) Homodimeric or heterodimeric Ova-KP, but not monomeric Ova-KP, drives negative
selection in whole thymi. E16 FTOC were established from OT-1 H-2K ™/~ H-2D~/~ mice,
and the indicated soluble monomeric or dimeric H-2KPs were added at varying
concentrations. After 3—4 days, FTOC were disrupted, and the resulting thymocyte
populations were assayed by FACS: the percentage of surviving DP thymocytes, relative to
untreated control FTOCs, are shown. Ova-KP monomers had no effect on thymocyte
selection, even when added at concentrations above the Kp of the Ova-KP/OT-I interaction,
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where more than 50% of the thymocytes’ TCRs are expected to be bound by the Ova-KP.
Ova-KP homodimers, or Ova-KP—self-peptide-KP heterodimers, could drive negative
selection of the OT-I thymocytes to a similar extent, and at an equally low dose. (D) The
ability of Ova-KP—self-peptide-KP to negatively select depends on the self-peptide-KP’s
affinity for the OT-1 TCR. FTOC were established and assayed as in part (C). Negative
selection did not result from even very high doses of the Ova-KP-SIAAFASL-KP (in which
the peptide’s OT-I-contacting residues are mutated), or the Ova-KP—SIINFEK(BIO)L_-KP (in
which a primary predicted OT-1 contacting residue in the Ova peptide, the p7 K, is modified
with a biotin at the lysine’s free amine group). Data are originally from Ref. 38,
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