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Abstract This essay provides an analysis of the inade-
quacy of the current view of restrictive recognition of
peptide by the T-cell antigen receptor. A competing model
is developed, and the experimental evidence for the pre-
vailing model is reinterpreted in the new framework. The
goal is to contrast the two models with respect to their
consistency, coverage of the data, explanatory power, and
predictability.
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Introduction

Given the sharp differences in how the data are viewed, an
effort to analyze restrictive recognition of peptide by the
TCR that is based on the general principles of genetics and
structure might prove to be of value. The Tritope Model
derived from these considerations will be compared with
the Standard Model, and illustrative crucial experiments
will be reinterpreted in the alternative framework.

The phenomenon

The descendent from the original observation of Zinker-
nagel and Doherty [1] is “restrictive recognition of
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peptide.” This means the allele-specific and peptide-spe-
cific interaction of the TCR with the MHC-encoded
restricting element (R) that presents peptide (P) (i.e., a
[PR]-complex). A model of TCR function is one that
explains how these two interactions, one specific for the
allelic determinant expressed on R and the other, for
peptide (P) bound to it, are integrated to signal the cell.
The site on the TCR that engages the allele-specific
determinant will be referred to as “anti-R.” The site on
the TCR that specifically engages the peptide will be
referred to as “anti-P.”

The focus on a requirement for recognition of a poly-
morphic allele-specific determinant by the TCR has all but
disappeared from the literature. In its place are metaphors
that obscure the logic of the phenomenon and the inevita-
bility of the conclusions to be derived from it. For this
reason, I cannot use the standard nomenclature.

Major histocompatibility complex (MHC) is a region
of the chromosome that encodes among other things, the
restricting elements (R) recognized in large measure via
their allele-specific determinants by the TCR. We need
the term MHC or its equivalent if one wishes to refer to
this region. The use of MHC as an abbreviation for a
restriction element (R) has led to lapses in clarity as
we will see when considering “alloreactivity” versus
“allorestriction” or when we wish to deal with the
genetics of the haplotype.

An account of the standard model
All of the models of TCR signaling prior to the discovery
that its ligand was a [PR]-complex were disproven because

they tried to explain the recognition of cell-bound antigen,
when, in fact, the preoccupation of the TCR was with
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intracellular antigen [2]. Had this been appreciated the role
of peptide as a specificity element might well have been
predicted. In any case, the rationale that surrounded these
early models was tacitly carried over to yield what I will
refer to as the Standard Model [3] of today.

Initially the TCR was modeled after the BCR and pic-
tured as having a single combining site that recognized an
interaction determinant or new antigenic determinant
(NAD) formed as a meld between the antigen and the
restricting element [4]. When it was shown that the
“antigen” was a peptide, it was not viewed as a challenge
to this model. The NAD was simply considered to be a
derivative of the [PR]-complex. The Standard Model of
today is a Gaussian distribution of thinking around this
concept that remains based on the BCR role model. The
clearest statement of this dominant position is owed to
Collins and Riddle [5] who make the prediction “that the
BCR genes would function as TCR if expressed on thy-
mocytes and subjected to the mechanisms of thymic
selection [5].”

Under the Standard Model, the repertoire of the TCR is
hesitantly treated as being random, from which positive
selection and negative selection extract peptide- and allele-
specific recognition of the NAD. The individual TCRs in
the repertoire are viewed as having specificities referred to
as ranging from peptide-centric to MHC-centric (initially
dubbed “slip-and-slide[3]”), and metaphors (bias, obses-
sion, predilection, etc. for MHC) are used to explain the
necessity to account for the germline-selection for allele-
specific recognition of R. The Standard Model requires that
specific recognition of peptide be obligatory for all TCR
signaling interactions whether it be positive selection,
alloreactivity, effector function or negative selection. As
this leads to contradictions, the specific recognition of
peptide at low affinity is assumed to signal via the TCR-
positive selection and at high affinity, negative selection.
This assumption as we will see has powered a good deal of
crucial experimental work, the interpretation of which is
dependent on the implications of the terms “low and high
affinity.” To be meaningful, “low affinity” must imply a
signal via the TCR to the T-cell that results from a specific
recognitive interaction with the NAD and is unique to
positive selection. This is to be distinguished from another
distinctly different signal via the TCR initiated by a “high
affinity” interaction with the NAD unique to negative
selection. Two distinct signals via the TCR, one for each
affinity range, are implied under the Standard Model.
Alloreactivity becomes a violation of the law of restrictive
reactivity [6] and is assumed to be due to degeneracy of
recognition of the NAD that in some unexplained way
maintains specificity for and defines the same alleles of R
that restrict host reactivity.
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The theoretical framework
Some basic concepts

How is the recognition of allele-specificity determined?

There is no way that a somatic selection process can
preferentially extract from a random repertoire those TCRs
that recognize the allele-specific determinants on R. The
allele-specific recognition of R by the TCR must be
germline-selected. The anti-R repertoire of the TCR must
be nonrandom, anti-the-allele-specific-determinants of the
species. The alleles of R that are defined by the TCR are
the same whether they are mapped by restrictive reactivity
or alloreactivity. Germline-selection for allele-specific
recognition must have a target site on the TCR upon which
it operates, termed here, anti-R. All that experiment can do
is define the precise germline-selected allele-specific
structures on R and on the anti-R site of the TCR that
interact to determine allele-specificity (see “Reinterpreting
illustrative data”).

How is the recognition of peptide determined?

The recognition of peptide must be determined by a
somatically generated random repertoire. In order to select
for and maintain germline-encoded specificities, the
selecting epitope would have to remain essentially invari-
ant. This is not the case for protein epitopes involved in the
interactive selection between hosts and pathogens. In the
case of the BCR repertoire which has a germline-selected
component that is diversified somatically, its specificity is
largely anti-carbohydrate [7, 8]. Carbohydrate is a much
more stable epitope over evolutionary time than protein
because, in order to change its structure, the specificity of a
synthesizing enzyme must be changed and that is suffi-
ciently rare. Consequently, the TCR anti-P repertoire is
entirely somatically generated and random with respect to
the recognition of self and nonself. As the only parts of the
TCR that are varied somatically are the junctional regions,
(NDN); of the f-subunit and N, of the a-subunit, it can be
logically concluded that the anti-P site is determined by
complementation between them. Needless to say, deletions
and insertions in the bordering V and J of the junction must
also have an effect on the anti-P site.

Thus, two targets of evolutionary selection on the TCR
are defined, germline-selected anti-R and the mechanism
for somatically generating anti-P. This conclusion is logi-
cally derived from the observation of “restrictive recog-
nition of peptide” and the pattern of variation of the TCR.

The consequences for a TCR—PR interaction

How are allele-specific determinants distributed on

R-elements?



Immunol Res (2011) 50:49-68

51

Molecular morphology presented us with a structure of
[PR] in which the peptide (P) is anchored in a groove
formed between two o-helical domains of the restricting
element (R) (reviewed in [9]). For Class I restricting ele-
ments (RI), the two domains are referred to as o; and oy,
for Class II restricting elements (RII), the two domains are
f1 and a;. For simplicity of nomenclature, I will refer to
Rlo, and RIIB; as the West (W) domains and Rlo; and
RIlz; as the East domains. It was further observed for
several cases that Vo docks on the West domain and Vff on
the East domain (reviewed in [9]). This was anticipated and
can be generalized. If the pool of Vo and Vf gene seg-
ments encoded random docking then half of the naive
TCRs would be nonfunctional because they docked on the
same domain. More important is an unappreciated conse-
quence of the docking relationships. The allele-specific
determinants must be expressed one per domain, West and
East, potentially two per R-element. The anti-R sites on the
Vas of the TCR recognize the family of allele-specific
determinants on the West domains of R, whereas the anti-R
sites on the Vfis recognize the allele-specific determinants
on the East domains of R. The key here is that the V-gene
segment pool, Va plus Vf3, acts as a single family recog-
nizing the allele-specific determinants of the species [3, 10,
11]. Each functionally distinct V-gene segment in the pool
of Va plus Vf encodes recognition of an allele-specific
determinant on R.

The consequence of this is that the total number of
functionally distinct allele-specific determinants associated
with the West domains of R is less than the number of Va-
gene segments, and with the East domains of R is less than
the number of Vf-gene segments. In mouse, this number is
<80 allelic determinants for West domains and <20 for
East domains. It is likely that a sizable proportion of the
V-gene segments are nonfunctional or redundant in rec-
ognition. How these determinants are distributed among
the MHC-haplotypes is an important overlooked question
as we will see when we discuss alloreactivity versus al-
lorestriction. In the present context, the revealing of over
10° alleles of R based on amino acid sequence [5, 12] is an
aside. The functional allele-specific determinants are
defined by restrictive and allo-recognition (reactivity). The
functional allele-specific determinants are polymorphic and
comprise a subset of the total amino acid sequence
differences.

How does the TCR police the [PR]-complexes of the
host?

T-cells via their TCRs are constantly surveilling the
cells of the host looking for peptides derived from intra-
cellular foreigners. They do this by docking on the allele-
specific determinant which exposes the TCR anti-P site to
react with the bound P. If P is recognized, the T-cell is
signaled (Signal[1]); if not, the T-cell disengages from the

target and looks elsewhere. The mechanism regulating this
on—off process is an important yet to be solved problem.
What is the role of thymic selection?

The function of positive selection is to sort the anti-R
repertoire so that all of the functional T-cells of the indi-
vidual restrictively recognize appropriate host alleles. The
function of negative selection is to sort the anti-P repertoire
by purging anti-self P recognition leaving the residue, anti-
nonself P, to protect the host from infection.

Negative selection per force operates via restrictive
recognition of peptide. Peptide is acting as a specificity
element, the recognition of which is required to deliver a
signal via the TCR to the T-cell (Signal[1]). The sorting of
the anti-P repertoire requires that its level of discrimination
be sufficient to distinguish self-P from nonself-P.

There is a negative selection process that operates on
anti-R to cull inappropriate specificities as will be dis-
cussed later. This should not create confusion with the
negative selection process that sorts the anti-P repertoire as
part of the self-nonself discrimination and requires
restrictive recognition of self-peptide. Both pathways result
in delivery of the same Signal[1] to the T-cell.

Positive selection, on a priori grounds, only requires
recognition of the host allele-specific determinant. Peptide
in this context is acting as a structural (not specificity)
element of the [PR]-complex necessary for its stability
and conformation, in particular the expression of the allele-
specific determinant. No requirement for specific recogni-
tion of peptide as a concomitant of the selection for
recognition of host alleles is implied. The interaction of the
anti-R site with the allele-specific determinant on R is
necessary and sufficient to initiate positive selection [13,
14]. The so-called low affinity at which positive selection
operates is a characteristic of the germline-selected R—anti-
R interaction. The TCR delivers restrictively only one
P-anti-P-dependent signal (Signal[1]) to the T-cell.

The two corollaries to this framework

1. Assingle V-domains, Vo or Vf3, are positively selected
to recognize host R-elements, each entrains a com-
plementing subunit, Vf or Va, which recognizes the
nonhost or allo-alleles. The consequence is a TCR that
has three specific combining sites (Tritope), anti-P,
anti-host-R, anti-allo-R. Two of the sites, anti-host-R
and anti-P, are required to be engaged for restrictive
recognition of peptide. Engagement of the third site,
anti-allo-R, is responsible for alloreactivity, which,
like positive selection, is peptide unspecific [15, 16].

2. The existence of two distinct interactions, one for
restrictive and the other for allogeneic reactivity, that
result in the same signal via the TCR to the T-cell
(Signal[1]) necessitates two ligand-binding orientations
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(restrictive and allogeneic) that initiate the same
Signal[1]. These two signaling orientations occur
within a fixed TCR-[PR] docking, Va on the West,
Vf on the East.

Thus, we arrive at a three site TCR Model (Tritope) that
delivers a single Signal [1] initiated from either of two
orientations. This framework derived almost entirely
deductively leaves us with a paradoxical question. The
individual never encounters allo-alleles, so what problems
did evolutionary selection solve by having a TCR with a
second signaling orientation that is P-unspecific and tol-
erigenic (Signal[1])?
There are two related problems:

1. Under the Tritope Model, each V-domain is expressed
in two orientations in the unselected thymic popula-
tion. One orientation is functional in restrictive reac-
tivity, and the other manifests itself in alloreactivity. If
the V-domain in the allo-orientation is specific for a
host allele, then that TCR must be ridded by negative
selection. The restrictive orientation is positively
selected as functional. One would expect to find in
the unselected CD4"CD8"thymic population, two
TCRs that share in common a V-domain, one TCR
positively selected by a host allele, the other TCR
negatively selected by the same host allele. Such a
finding would make the Tritope Model inevitable. I
will analyze potential examples that suggest this
prediction in the section Alloreactivity reflects a
functional role.

2. Roughly 10-20% of positively selected TCRs entrain a
subunit that is also specific for a host allele. This
would result in a large population of mixed reactivity,
T-helpers, and cytotoxic T-cells that recognize both RI
and RII elements of the host, as well as T-cells reactive
with combinations of two different host RI and RII-
elements. These TCRs that could well be debilitating
are ridded by deletional interactions in the entrained or
unselected allo-orientation, which is peptide unspecific
(discussed in [2], page 1434).

Alloreactivity indirectly reveals a normal critical func-
tion. This represents a change in my thinking from
alloreactivity being of no functional significance to the
individual [2, 17] and therefore unselectable, to its
reflecting an important role in sorting the anti-R repertoire
(see “The experimental input”, “Alloreactivity reflects a
functional role”).

A closer look at signaling

It is generally observed that ligand-receptor signaling
interactions function in an affinity threshold-dependent

@ Springer

manner. In the case of the TCR, the affinity threshold for
negative selection is quite sharp as has been shown by
Palmer and associates in a series of elegant experiments
[18, 19]. Negative selection is dependent on the delivery of
Signal[1] via the TCR that is tolerigenic. When above the
Palmer affinity threshold, Signal[l] is delivered via the
TCR to the T-cell and requires that both anti-R and anti-P
be engaged. At below this threshold, when positive selec-
tion operates, only anti-R needs be engaged and no signal
via the TCR to the T-cell need be envisaged. The signal for
positive selection is initiated by R, as the TCR has no way
of knowing whether its restriction specificity is for RI or
RIL. Only R has that information. At an occupancy level
below the threshold for positive selection, where neither
anti-R nor anti-P is productively engaged, the T-cells die-
by-neglect. In essence, if anti-R is engaged, negative or
positive selection occurs dependent on whether anti-P is
engaged. If anti-R is not engaged, the thymic T-cells
simply turn over (death-by-neglect). These two interactions
P-anti-P plus R-anti-R and R-anti-R alone are separated
by a sharp threshold distinguishing negative from positive
selection. The sharp threshold for negative selection orig-
inates from the cooperative binding of R and P to their
respective sites on the TCR to restrictively deliver
Signal[1].

This raises the question as to the origin of the signal for
positive selection which is postulated to require that only
R-anti-R be engaged. Lineage commitment involves two
pathways. A thymic precursor marked by expression of
CD478" has the potential to differentiate into either the
478~ T-helper lineage or the 4~ 8" cytotoxic lineage. The
decision between two pathways requires two signals. These
two signals can be arranged in one of two ways.

If no signal is delivered to the T-cell via the TCR on
binding to the allele-specific determinant on R, then the
two signals must be initiated by R. TCR binding to RI
triggers the 4 8% cytotoxic T-cell pathway, whereas
binding to RII triggers the 478~ T-helper pathway.

If a signal to the T-cell passes via the TCR upon
interaction with R, this must trigger a default pathway,
either 478~ or 478", In this case, binding to the appro-
priate R would initiate a signal that diverts this default
pathway to the other one. The revealing studies from
Singer’s laboratory [20] favor this second model. The
binding of the TCR to RI or RII initiates a signal via the
TCR that results in the expression of the IL-7R receptor by
the T-cell. This is a default pathway to the 48~ T-helper
lineage. Upon interaction with IL-7, this default pathway is
diverted to the 4~ 8" cytotoxic lineage.

In both models, a signal via R is required. If signaling
via the TCR to the T-cell is insufficient to distinguish the
choice of pathways by the 478 *thymic precursor, then the
TCR and R must switch roles. The TCR must be acting as
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the ligand for R acting as a receptor on the thymic posi-
tively selecting cell to deliver a discriminatory signal via a
pathway independent of the TCR [14].

At the experimental level, it is ill-defined how an IL-7
signal distinguishes the cells interacting with RI versus RII.
However, extrapolating from the study of Alves et al. [21],
consider a T-cell expressing both IL-7R and an
RI-restricted TCR that is on a default pathway to becoming
a CD4™" helper. A thymic selecting cell that expresses RI
only and upon interaction with this TCR secretes IL-7
active over a short range would divert the T-cell to the
correct CD8™ cytotoxic lineage with acceptable discrimi-
nation of class.

The TCR is now viewed as capable of transmitting two
distinct signals to the T-cell. The signal for negative
selection (Signal[l]) is allele- and peptide-specific. The
discriminatory signal for positive selection is allele-specific
but peptide-unspecific. This latter signal is also required for
survival in the periphery and for homeostatic proliferation
[22].

In sum then, given a germline-selected affinity of R—
anti-R, the cooperative affinity of the TCR-[PR] interaction
depends on the P-anti-P interaction. This has a threshold
above which the TCR acting as a receptor delivers Sig-
nal[1] to the T-cell and below which the TCR acting as a
ligand in the R—anti-R interaction triggers the positively
selecting thymic cell to signal the differentiation of the
precursor CD4"CD8" T-cells to CD4*Rll-restricted
T-helpers and CD8" Rl-restricted T-killers. Postulated is
that the peptide is not functioning as a specificity element
during positive selection and that the discriminatory signal
for the determination of effector class is initiated by R
acting as a receptor upon binding its ligand, the TCR.

What can one anticipate from a system of germline-
selection involving a set of V,- and Vg-gene segments
encoding recognition of a set of R-elements?

The pool of V,- and Vs-gene segments is being selected
upon to recognize R-elements. This informs the T-cell that
it is dealing with intracellularly derived peptide. The
R-elements are selected upon to present peptide. This
presentation requires anchoring via recognition by R of
several of the amino acid side chains of P.

Why wasn’t the recognition of R by the TCR an
invariant in which a common determinant was seen by a
single VaVf pair? Why high polymorphism and low
polygeneism of R?

This is a complex question having diverse conse-
quences, but for our purpose here, it might be assumed that
pathogen mimicry of the postulated unique site on R rec-
ognized by the TCR would inactivate the immune system.
Whatever the interactive selection pressure driving allele-
specific recognition of R [17], several consequences of the
process are to be anticipated.

1. As V-gene segments evolve by duplication, mutation
and selection, a proportion of them will be nonfunc-
tional or redundant. In mouse, the functionally distinct
V-gene segments in the V,-locus is <80 and in the Vg-
locus, <20.

2. The recognition of an allele-specific determinant by a
given V will range from specific for a given R-element
(defined by sequence) to “crossreactive” (sequence
distinguishable R-elements sharing an allele-specific
determinant). In mouse, each MHC-haplotype
expresses roughly 10 allele-specific determinants, 2
per R (K,D,L, A, E). Clearly, different MHC-haplo-
types can share to varying extents allele-specific
determinants. It would be expected that Class I R
and Class II R which are associated with different
effector functions will not share allele-specific deter-
minants (see, “The experimental input”). Within a
given RI or RII class and between MHC-haplotypes, a
range of distributions of shared allele-specific deter-
minants is expected.

3. In mouse, the West domains seen by Vo will express
many more polymorphic alleles than the East domains
seen by Vp.

What is the relationship between the alleles of R defined by
specificity of R for anchor residues on the bound peptide
and by allele-specific TCR recognition of R?

Given that the selection pressure on R-elements is to
bind distinct families of peptides and on pathogens to
escape recognition of their peptides, a family of alleles of R
is defined by the specificity of anchoring pockets. Given
that the selection pressure on the TCR is to recognize
determinants on R that are unique (restrictive), a relation-
ship between the two interactions is to be anticipated,
namely that the allele-specific determinant seen by the
TCR is derived as a consequence of the binding of peptide
anchor residues by the recognitive pockets in the peptide-
binding groove of the R-element. Therefore, sequence
variation in the pocket or in the bound peptide would be
expected to affect the expression of the allele-specific
determinant seen by the TCR. The interpretation of the data
is critically dependent on this point as changes in peptide
sequence affecting anchoring can result in changes in
expression of the allele-specific determinant and, conse-
quently, the binding of a given [PR]-complex to the TCR.
There is recent evidence for this prediction [3, 17]. Bow-
erman et al. [23] studying the K -restricted 2C TCR point
out that a substitution in a peptide anchor residue “may
affect TCR binding indirectly, since Tyr3 is embedded in
pocket D of K through numerous interactions. Argl55 of
Kb, one of the residues that contacts Tyr3, also interacts
Tyr31 of the 2C TCR, a residue that contributes significant
binding free energy to the interaction with SIY/K". Thus,
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we propose that this network of interactions is disrupted by
the Y3A substitution” in an anchor residue. In other words,
recognition of the allele-specific determinant by the TCR
can be affected by interactions of the anchors with the
R-element. This has important consequences for the
interpretation of replacement data.

A pinch of history and to what it has led

The Kappler/Marrack team [9, 24] as do many immunol-
ogists [5] like to cite Jerne [25] for the hypothesis that
“TCR genes have evolved to encode proteins that are
inherently MHC specific” [26]. They contrast this
assumption with one in which the “initial TCR repertoire
may be random, and positive selection may pick out the
rare TCRs with appropriate MHC specificity and affinity
[26].”

Jerne was trying to explain the origin of the adaptive
repertoire of the BCR which he reasonably assumed was
also the antigen receptor of the T-cell. He based his theory
solely on the intuition that the germline-selected combining
site specificities were anti-self, an a priori questionable
assumption that he never abandoned, in fact reemphasized
during the idiotype network era. These anti-self specifici-
ties would be somatically selected against by “tolerance”
leaving their mutants that had lost recognition of self to
function as the anti-nonself repertoire. He then searched the
literature for an example and his friend Simonsen pointed
him toward MHC, but this was not essential to his argu-
ment as he, himself, pointed out [27, p. 349]. Any set of
self-components would have satisfied his assumption. It is
not my intention to deal with this a priori untenable pro-
posal. Rather, I wish to stress that the reasons for arriving
at a conclusion are as important as the conclusion itself
because the fortuitous right conclusion for a wrong or
irrational reason misguides the interpretation of data and
the design of experiments.

The phrases “inherently MHC specific” or “appropriate
MHC specificity” do not imply allele-specific recognition,
although I will treat them as doing so. The competing
hypothesis as stated by Dai et al. [26] is ruled out on logical
grounds. There is no way that an individual can know what
the alleles of the species are. Therefore, positive selection
cannot extract from a random TCR repertoire a unique
subset displaying allele-specific restrictive and allo-recog-
nition. The only way to give meaning to that competing
assumption is to challenge the observation that the TCR
recognizes the alleles of R. The Standard Model is based
on such a challenge, which is difficult to rationalize as the
alleles of R that we are discussing are defined by the TCR.

A group acting as a workshop [28] came to two con-
clusions based on the Standard Model that challenge this
conclusion.
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...negative selection functions to eliminate T-cells
that have the highest degree of MHC(R) and peptide
(P) degeneracy and this biases the repertoire toward
recognition of peptide side chains.

...in the absence of negative selection, TCRs can
react with MHC proteins in a class and allele-inde-
pendent fashion.

These two conclusions are derived from an interpreta-
tion of the studies of the Kappler/Marrack group who raise
the question:

How could evolution select for TCR segments with
affinity for generic features of MHC proteins if all the
TCRs that illustrate this point disappear in the thymus
before they could be of use for the survival of their
host [12]?

As they view the system in the Standard framework,
“thymocytes bearing TCRs with strongest MHC reactivity
are lost by negative selection; only TCRs with attenuated
ability to react with MHC appear on mature T-cells [9].”

With this in mind they answer their own question:

The TCRs that survive positive and negative selec-
tion may display just portions of the conserved
interactions, sufficient to allow them to have the
ability to engage self-MHC but not enough to allow
them to be negatively selected. Thus, the selected,
useful repertoire of TCRs in any given animal is
stamped with a faint imprint of what has been
selected over time in the species [12].

While it would not be unreasonable to ask, how does
germline-selection operate to recognize an allele-specific
determinant that is only expressed as a “faint imprint,”
their question and their answer illustrate a basic ambiguity
that illustratively, is derivative of the Jerne paradox, how
does evolution select for either a silent or a debilitating
recognition of self? The problem is with the concept of a
TCR repertoire that is random with respect to the recog-
nition of NADs (even when modulated by some degree of
bias, predisposition, obsession, predilection, partiality,
preoccupation, etc., for/with MHC). Given the Standard
Model with its anti-NAD repertoire, logic renders it inev-
itable that negative selection operating on peptide-centric
recognition of the NAD would affect the R-centric recog-
nition of the allele-specific determinant because the peptide
and the allele-specific determinant are visualized as a meld
epitope. There are four conceptual arguments to face.

First, allele-specific and common determinants on thy-
mic-R are both self to the individual, not distinguishable by
negative selection. Allele-specific or restrictive recognition
requires positive selection involving two germline-selected
elements, the allele-specific determinant on R and the



Immunol Res (2011) 50:49-68

55

anti-R site on the TCR. Allele-specific recognition derived
from a random or even biased repertoire needs rationali-
zation, if it is to be treated as “a faint imprint of what has
been selected over time in the species.”

Second, when thymic-R (R) functions in the host, it is
not acting as a self-antigen. Rather, the Rr-element is
playing a role as a component in the physiology of the host,
in this case as a platform presenting intracellularly derived
peptides to the TCR [29]. Negative selection does not
delete allele-specific or restrictive recognition of host-R. It
deletes recognition of self-P. There are no “generic fea-
tures of MHC proteins” the recognition of which by the
“TCR disappears in the thymus.”

Third, does negative selection cull the positively selec-
ted broadly MHC reactive and peptide promiscuous pop-
ulation to produce a T-cell repertoire specific both for
peptide and host MHC alleles [12]?

While their findings can be safely interpreted as negative
selection playing a role in contributing to the determination
of the “specificity” of the anti-P site, its role in deter-
mining allele-specific recognition can only be indirect (if it
plays any role). The conceptual argument that allele-spe-
cific recognition is germline-selected is as strong as the
present day experimental argument that it is not. Negative
selection is the somatic process determining the self-non-
self discrimination and operates on anti-P, whereas positive
selection sorts the germline-selected anti-R repertoire to
determine restrictive recognition.

Fourth, can the absence of negative selection be
responsible for a population of TCRs that see “MHC
proteins (R-elements) in a class and allele-independent
fashion?”

As negative selection cannot distinguish allele-specific
from common determinants on MHC (R) because both are
self, it is not likely to be a factor that plays a role in
determining the class of R recognized or allele-specific
recognition. These coupled properties are determined by
germline-selected sites (anti-R) not influenced by a
somatic process like negative selection. Besides, negative
selection is a somatic process that is peptide-specific and
except for the situation discussed earlier (see “The two
corollaries to this framework™) is not concerned with the
discrimination of determinants on R. Negative selection
does not operate to delete recognition of host R by pos-
itively selected V-domains; it operates to delete recogni-
tion of self-P.

In sum, self-tolerance cannot bias the positively selected
TCR repertoire away from promiscuous recognition of
MHC (i.e., recognition of epitopes common to many
R-alleles) to one that is allele and class specific [12].

We will consider the data that led to the conclusion that
negative selection affects allele-specific recognition of R in
the section “Reinterpreting illustrative data.”

The nature of the anti-P site

The probing studies both by Bevan and coworkers [30,
31] and by the Kappler/Marrack [12, 32-35] team to be
discussed later necessitate a more detailed look at the
anti-P site. It is reasonably assumed to be generated
somatically at the junctions of V-N-D and D-N-J of the
f-subunit in complementation with V-N-J at the o sub-
unit. The potential amino acid variability of this com-
plementarity-determining region 3 (CDR3) is quite large
(>10'%). The anti-P repertoire determined by this region is
viewed as random with respect to the recognition of self
or nonself peptide. By contrast, the P-repertoire is small.
If peptides of roughly 10 amino acids are presented by
R-elements, 5 of which are available for interaction with
the TCR, then the P-epitopic repertoire is capped at
20%(3.2 x 10%). The anti-P repertoire has the potential to
recognize this capped P-repertoire. The anti-P site is
visualized as being able to bind n random peptides. The
term proposed to describe this anti-P site that can bind
n random peptides is “polyspecificity” [28]. Several
theoretical analyses [36, 37] have shown that the optimal
value of n (nyp) occurs when there is an average of one
Pself bound per anti-P site. If the probability of being a
self-peptide is SI (the specificity index) and each TCR
binds at the optimum, n,, random peptides, then the
probability, that a given TCR will be negatively selected
occurs at 1—e ', At Nopt, 63% of TCRs will be deleted.
At small values of SI, ngp = 1/SL.

The analysis of the relationship between the P and anti-P
repertoires requires a separate discussion. There are two
models that deal with this question, the black and white
model and the grey model. The black and white model as I
originally proposed it was based on a precise testable
reformulation of the classical lock and key analogy [38,
39]. The findings of Huseby et al. [12, 32, 34] rule it out for
the TCR. The grey model is a precise formulation of what
is now generally accepted to be the behavior of the TCR
anti-P site described under the phrase “polyspecificity
[28]” (Clark and Cohn, in preparation). In that paper, we
will quantitate the analyses of the data of Huseby et al. with
respect to the effect of negative selection on the “speci-
ficity” of the anti-P site. In general, we are in agreement
with them. Here, I would like to concentrate on the claimed
effect of negative selection on the allele-specific recogni-
tion of the R-element because that strikes at the heart of the
Standard NAD model. While the Standard Model predicts
that negative selection would affect (or even determine)
allele-specific recognition of the R-element, the Tritope
Model would be disproven by such a demonstration.
Huseby et al. feel that they have provided such evidence
and, therefore, their experiments must be reinterpreted if
the Tritope Model is to have any validity (see discussion

@ Springer



56

Immunol Res (2011) 50:49-68

III. “The experimental input”, Reinterpreting illustrative
data, “The contribution of negative selection to the rec-
ognition of the R-element”).

Alloreactivity

The McCluskey team also operates in the Standard
framework to analyze alloreactivity [6]. They stress that
“the MHC is the most polymorphic region of the genome.”
A polymorphic allele is one that has been germline-selec-
ted such that its frequency in the population is much higher
than would be expected from mutation alone (i.e., > 1% by
convention). As the selection pressure establishing this
polymorphism is the necessity for restrictive recognition of
peptide, germline-selection for allele-specific recognition is
an unavoidable, indeed singular postulate.

The Kappler/Marrack [9] and McCluskey teams [6]
view negative and positive selection similarly. Starting
with a random TCR repertoire, selection for “modest self-
reactivity” operates. This leads to the argument that the
immune system’s “use of self-selected T-cells to recognize
foreign peptide antigens exploits the natural crossreactive
potential of TCRs”. As “not all T-cells are restricted to
recognizing self-MHC molecules” alloreactivity is a
“violation of the ‘law’ of MHC restriction” [6]. To view
alloreactivity as a denial of restrictive reactivity, the phe-
nomenon we are trying to explain is admittedly quixotic.

As alloreactivity and restrictive reactivity define the
same alleles, it should be clear that the recognition of these
alleles involves a unique germline-selected family of anti-
R sites used for both reactivities. Alloreactivity cannot be
accounted for by the degeneracy of recognition of a [PR]-
derived NAD by a BCR-like single combining site.
Alloreactivity is of high frequency compared to restrictive
reactivity, a fact that McCluskey et al. view as largely
unexplained in the Standard framework. Alloreactivity
should not be treated as a case of “mistaken identity” or
“molecular mimicry.” Restrictive and allo-reactivity define
the same set of allele-specific polymorphic determinants
because they are recognized by the same set of V-domains,
Vo or Vf.

Restrictive recognition is dependent on the positively
selected V-domain, whereas alloreactivity is dependent on
the entrained V-domain. Peptide acts as a specificity ele-
ment for restrictive recognition when presented on host
thymic-R, whereas it acts as a structural element for allo-
recognition that behaves peptide-unspecific when presented
on allo-R [2, 11].

The high frequency of TCRs in an individual that rec-
ognize a given allo-allele is due to its being germline-
selected and peptide-unspecific. The comparatively low
frequency of restrictive recognition is due to the specificity
of anti-P for peptide. In addition, a given TCR that is
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restricted to R* and alloreactive to R® is positively selected
in the restricting host (R") and is negatively selected in the
allo-host (Rb) [40-42]; see discussion in Ref. [2, p. 1434].
Under the Standard Model, this could only be a fortuity,
not a general rule. Taken as a general rule, it implies that
both positive selection and alloreactivity are peptide-
unspecific.

The experimental input
Reinterpreting illustrative data

Single V-gene segments encode recognition of the alleles
of R

The experiment of Hong et al. [43] demonstrates that single
V-domains recognize the allele-specific determinants on R
during either restrictive or alloreactivity. The D10 TCR is
specific for a conalbumin peptide, Pcon, restricted to the
Class I R, AX. It is alloreactive to A® (see Table 1). Line 1
illustrates normal restrictive reactivity to [A];AZ-Pcon].
Pcon is required for a response. Line 2 demonstrates that
the alloreactivity is due to recognition of A'; by Vo2 and
that it is peptide unspecific. Line 3 shows that the allore-
activity to A'/’), by Va2 is not restricted by the recognition of

AI; by V8.2 and confirms that alloreactivity is peptide-

unspecific as well as unrestricted. Lines 4,5 are controls
d

o

showing that A9, A? and A'g are not recognized. A¢ and A®

are not recognized as restricting elements by V8.2 which

is specific for Al;, and A‘fg is not recognized by Va2 which is

specific for A'l’i and alloreactive to it. There is a caveat in

the case of restrictive recognition by V8.2 as the failure to
respond could be due to inability of the test R-element to
present Pcon (Lines 4,5). The independent assorting of

Table 1 Response of D10 TCR to various alleleic complements of
Class II element, A

Line Allele of Response of D10

Aa(Vp 8.2) AP(Va2) Pcon present Pcon absent
1 k k + -
2 k b + +
3 b b + +
4 d k — —
5 b k — —

Data taken from [43, 79]

Pcon, conalbumin peptide; Aa, o subunit of H-2A restricting element;
Ap, p subunit of H-2A-restricting element; (), V-domain recognizing
the subunit of H-2A
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responsiveness to the various complements of the alleles of
the H-2A-locus establishes that single V-domains recog-
nize the allele-specific determinants on R whether restric-
tive or allo-reactivity is involved and that the TCR can
function in two signaling orientations.

A supporting experiment is due to Logunova et al. [44]
although performed in a different context. They analyzed a
mouse that was defective in processing and that expressed
a single Class II molecule, AP covalently attached to a
peptide Ep. In essence, the immune system of the A°Ep
mouse treats as nonself all of the peptides that the wildtype
C57Bl6(H—2b) mouse treats as self.

They compared as hybridomas the induced cells of a
B6(H-2) anti-A"™!? allo-response with an APEp anti-B6
restrictive response. The hybridomas per force restricted to
AP (Class II R) in both groups were analyzed for Class I R
alloreactivity. The frequency of AP-restricted hybridomas
alloreactive to Class I R was an order of magnitude higher
when derived from AEp anti-B6 than from B6 anti-A"™'?,
Why?

The selection for the entrained V-domain of B6 speci-
fying alloreactivity to A®™'? precludes the presence in the
responding-population of V-domains specifying recogni-
tion of other Class I or Class II R alloalleles. By contrast,
the selection for restrictive recognition of A-self peptides
during the response by the A’Ep mouse, entrains randomly
the complementing V-domains that specify allorecognition
of either Class I or Class II R. This reinterpretation of their
finding requires that single V-domains specify recognition
of the allele-specific determinants.

These two experiments [43, 44] support the conclusions
that

1. Each restricting element, Class I or II, has the potential
to express two allele-specific determinants.

2. Each functional V-domain recognizes an allele-spe-
cific determinant, Vf on Rlxl and RIlxl (East
domains), Vo on RIa2 and RIIS1 (West domains).

3. Alloreactivity is due to recognition by the V-domain
that is unselected or entrained during positive
selection.

Alloreactivity is peptide unspecific

Mullbacher et al. [15, 16] using two distinct experimental
systems provide evidence that alloreactivity to Class I
MHC, K¢, is peptide unspecific. We reinterpreted [2] the
data of Hong et al. [43] (Table 1) to show that single
V-domains recognize allele-specific determinants and
restrictive and allo-reactivity are mediated in opposite
signaling orientations, restrictive reactivity being peptide-
specific, alloreactivity being peptide-unspecific.

“Alloreactivity” must be distinguished
from “allorestriction”

I will use the term “alloresponsive” to include both
“alloreactivity” and “allorestriction.” Alloreactivity is
manifested when the TCR restricted to an R-element
encoded by the MHC-haplotype of the host, H-2%, responds
to an allele from another MHC-haplotype, H-2°, as a target
ligand. Allorestriction is normal restrictive recognition of
peptide involving an allele-specific determinant that is
shared by two different MHC-haplotypes.

In order to illustrate the value of this distinction, let us
consider the study of Felix et al. [45] that is in design an
extension of a previous analysis by Health et al. [46]. Felix
et al. [45] studied 182 hybridomas from a B6-H-2° anti-
B6-H-2* MLR. Of these, 60 responded to E* expressed on a
B-cell line, C27-EX. These were subdivided into two groups
based on reactivity to another cell line CHO-EX; 28
responded to CHO-E¥, 32 did not. To explain this, they
assumed that all alloresponses require specific recognition
of peptide. Given this, the CHO-E* line would not be
expected to present relevant peptides to the 32 nonre-
sponders whereas the C27-E* line would present them.
They demonstrated this to be the case for 9 of the 32
nonresponders to CHO-E* by isolating defined peptides
from C27-E* and showing that these peptides conferred
responsiveness to CHO-E*. They generalized their finding
by concluding that alloreactivity is peptide-specific.

The B6-H-2" mouse is so popular that we had better take
a close look at it.

First, the B6-H-2" does not express an E-element. Ex is
defective leaving Etﬂ’ either unexpressed or possibly weakly
complemented with Ao [47-50].

Second, Ex when expressed in the E-elements of the
various MHC-haplotypes is minimally polymorphic [51].

Third, the responding B6-H-2° in the allogeneic mix
with B6-H-2¥ is restricted to Ab, as the E-element is not
expressed in B6-H-2°.

From where do the TCRs specific for C27 peptides and
specific for E* originate? They were, after all, positively
selected to be AP restricted. One testable assumption is that
AP and E* share an allele-specific determinant in which
case what was revealed is both an allorestrictive and allo-
reactive response. That two MHC-haplotypes share an
allele-specific determinant is not unexpected; “allorestric-
tion” is a phenomenon seen from the point of view of the
immunologist, not the TCR for which allorestriction is
normal restrictive reactivity, peptide specific, in another
MHC-haplotype.

This finding [45] can be translated into two families of
responding TCRs. One family VY/*V} is allorestricted to

A%/E; and alloreactive to unrelated MHC-haplotypes
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(H-2%). The other family VZ’V‘; is restricted to Al; and al-

loreactive to EE Restrictive recognition is peptide-specific;

alloreactivity is peptide-unspecific.

Given this reinterpretation of their study of B6-H-2°
anti-B6-H-2%, of the 182 hybridomas anti-H-2*, 60 were
alloresponsive to EX (C27-Ek). These can be divided into
28 alloreactive to E¥, (both C27-E* and CHO-EX reactive)
and 32 allorestricted to EX (C27-Ek reactive, CHO-E¥
unreactive), roughly 1:1. A test of this reinterpretation
would be that the 28 TCR alloreactive to E* will be neg-
atively selected by E*, whereas the 32 allorestricted to E*
will be positively selected by it, provided, of course, that
the thymus doesn’t present them with a recognized self-
peptide. Even if it does, positive selection should be
revealable. Further, the allorestricted clones will be allo-
reactive to other MHC-haplotypes, whereas the alloreactive
clones will not, a result that would extend the Logunova
et al. [44] observation.

These two studies [44, 45] permit us to understand the
earlier finding of Schilham et al. [52] of a cytotoxic T-cell
of H-2¢ origin alloresponsive to D” and E*. It is probably
allorestricted to D® and alloreactive to EX.

An illustrative example of the explicative value
of allorestriction

In a series of papers, Allen and coworkers [53-56] char-
acterize specificity of peptide recognition by the T-cell
clone T2-102. It expresses two Vas, and one Vf display-
ing, therefore, two TCRs, Vo2 V1 and Vad V1. T2-102
is specific for a hemoglobin peptide, restricted to E and
alloresponsive to Ep. When Va2 Vf1 is isolated and sep-
arately analyzed, it is not positively selected on E* and is
alloresponsive to H-29 [53]. This latter activity surprisingly
was not found in the T2-102 itself. [55].

Given these findings, in the Tritope framework there are
two scenarios.

Scenario 1. V1 specifies alloreactivity to an unrevealed
allele, x. Vo4 is allorestricted to E¥/Ep and Vo2 is allore-
stricted (not alloreactive) to H-2¢. Under this interpretation,
the signaling orientation is determined by the f-chain (see
discussion of Ref. [57] Dissecting the anti-P site).

Scenario 2. Va4 is allorestricted to E*/Ep as in Scenario
1. The V1 complemented to it is alloreactive (not allo-
restricted) to H-2¢. The Vo2 is allorestricted to an unre-
vealed allele, x. The Vf1 complemented to it is
alloreactive to H-2Y. As in Scenario 1, the signaling ori-
entation is determined by the f-chain.

Under Scenario 1, the prediction would be that

— Va4 V1 will be positively selected on E¥/Ep, will
show no alloresponsiveness to H-2¢ but will be
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alloreactive to H-2*. As is it allorestricted to E¥/EP, it
will be peptide-specific.

— Va2 V1 will be positively selected on H-29, will be
peptide specific in the context of H-2¢ (allorestriction),
and will be alloreactive to the same haplotype (H-2) as
Va4 Vf1.

Under Scenario 2, the prediction would be that

— Vo4 V1 will be positively selected on EYEP as in
Scenario 1 but will be negatively selected on H-2¢.
Va2 V1 will be allorestricted to H-2* and alloreactive
to H-2%. Tt will, therefore, be negatively selected on
H-2%.

As the parental T2-102 does not display alloreactivity to
H-2¢, which is peptide-unspecific, Scenario 2 appears to be
ruled out because Vf1 is postulated to encode alloreac-
tivity to H-29. Assuming no involvement of experimental
error, one possible reason under Scenario 1 that allore-
sponsiveness to H-2¢ was not revealed is that the specific
peptide needed to permit allorestricted reactivity was not
appropriately presented to T2-102 when it was tested,
whereas it was when Va2 V1 was assayed. Of course, the
density of expression of Va2 Vf1 on the cell surface of
T2-102 could also play a role under Scenario 1 but not
under Scenario 2.

In conclusion, any interpretation of these studies
requires that allorestriction be distinguished from
alloreactivity.

It seems appropriate to point out that the reason for
allelic exclusion being so lax at the Ta-locus is that the
selection pressure for exclusion is very weak. Double
TCRs, 2 Va-1 Vf, pose little threat because positive
selection and restrictive reactivity makes the doubles
function, in large measure, as singles. This interpretation
under the Tritope Model is to be contrasted with that
derived from the Standard Model. Morris and Allen [53]
focus on double producers as the dominant factor driving
Graft-versus-Host (GvH) disease. Their argument is based
on the finding that dual producing T-cells are increased
during a GvH response. However, this is not a telling
argument. More likely, during the abnormal explosive
reaction triggered by a graft-versus-host (GvH) response,
the STOP condition to further rearrangement at the
Ta-locus becomes leaky (a phenomenon referred to as
receptor revision or receptor editing). The increased fre-
quency of T-cells with dual TCRs during a GvH response
is a consequence of the GvH response, not a cause of it.

Alloreactivity defines two signaling orientations of the TCR

The studies of Matis et al. [58] and Nakajima et al. [59]
provide a commanding insight into the origin of
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alloreactivity. Their experiments compare Vo- and
V-gene segment expression in the TCR repertoires of an
E"-restricted anti-cytochrome C (Pcyt c) response and of
alloreactivity to EX by mice that do not express E (i.e., B6/
B10, H-2°). The restricted response to Ek-Pcyt C uses
predominately Vall, which would be expected to be spe-
cific for E]/‘f The alloreactive response to EIB was also
dominated by Vall. The Vf§ usage differed in the two
situations with some overlap allowing selection of clones
with identical VoV pairs, one restricted to Ek—Pcyt c, the
other alloreactive to E¥, Pcyt ¢ independent. These results
provide further evidence that single V-gene segments
encode recognition of the allele-specific determinant and
that restrictive vs alloreactivity depends on whether the
V-domain in the TCR is positively selected or entrained.
The structural element regulating this difference in
behavior would be revealed by sequencing the junctional
regions of TCRs with identical VaVf pairs that are either
restricted or alloreactive to a given R-element [60]. In any
case, two orientations for the delivery of Signal[l] are
dramatically revealed.

An example of one such pair is described by Matis et al.
[58]. Clones 3.3 and 9R.D6 express the same Vo, Jo, and
V3 gene segments differing in No and (NDJ)f. Clone 3.3 is
EX (E5Ef)-restricted and E°(EYE})-alloreactive, whereas
clone 9R.D6 is E’-restricted and EX-alloreactive (see
Table 2). As Vo recognizes E;j and Vf recognizes
E‘;, when Vo provides the functioning positively selected
restricting anti-R site and Vf is entrained, the TCR is
Ez,-restricted, Pcyt c-dependent and Ei-alloreactive, Pcyt
c-independent (clone 9R.D6). When Vf provides the pos-
itively selected restricting anti-R site and Vo is entrained,
the TCR is El;-restricted, Pcyt c-dependent and E;—allore-
active, Pcyt c-independent (clone 3.3).

Table 2 TCRs with identical VaVf domains display reciprocal
behaviors

APC Pigeon cytochrome C Clone 3.3 Clone 9R.D6
(Pcyt ¢)

E‘;El/; Absent - +
Added + +

EtE;; Absent + -
Added + +
Alloreactive to Ej(Vo) E5(V)
Restricted to EX(VR) Ej(Va)

Data taken from Matis et al. [58]

—, no response; +, response; (), V-domain recognizing E-element

Alloreactivity reflects a functional role

We have assumed (see “Two corollaries to this frame-
work”) that alloreactivity reflects the normal process to rid
T-cells that are restricted to two different host thymic
R-elements (Rt). One such example can be found in a
study by Eshima et al. [61]. They describe a T-cell clone
QM11 that was derived from a B10.QBR mouse (Kb, Ab,
DYLY) that was CD8" and specific for allo-A*. Clone
QM11 is positively selected on DYL? and is, therefore, a
DY/LY restricted, CD8" cytotoxic clone. It does not rec-
ognize the H-2" haplotype. However, it is also positively
selected by DYLY and is, therefore, allorestricted to it. The
surprise is that on H-2¢ (K9, A9, DYLY), the transgenic
TCR QM11 gives rise not only to CD8" DYL%restricted
cells but also to CD4" A responsive cells. This clone then
can be characterized as restricted to DY/L9, allorestricted to
DYLY, and alloreactive to AAY which share a determi-
nant. As alloreactive clones are negatively selected in the
allo-host [40-42], it would be expected to be negatively
selected in the presence of AY. Although the data were not
interpreted to show this, it is likely. A transgenic TCR
inundates the thymic selection processes with a unique
TCR expressing T-cell. Using the data in Fig. 8A of ref-
erence [61], the QM11 TCR is expressed in CD4™ cells at a
relative level of 2.5 in a Class I negative (2 M™) H-21
(A% mouse. However, in the wildtype H-29KIAIDILY)
Class I expressing mouse, the CD4™" cells are at a relative
level of 12.5. Eshima et al. describe this, with no expla-
nation, as Class I (DLY) enhancement of positive selection
by Class I AY. This, however, more likely reveals the
predicted negative selection by A which interacts with this
TCR in the allo-orientation. As all cells express Class I
DILY, whereas only a small proportion express Class IT A9,
the DY L9 acts as a decoy in the wildtype mouse decreasing
the probability that the T-cell will encounter and, therefore,
be negatively selected by A9, In the presence of A9 and DY
L9, the level of this TCR in CD4" T-cells is 5-fold higher
than in the absence of D LY. The “inhibition” of negative
selection by the decoy effect of DY L9 reveals, in addition,
the concomitant positive selection by A9 that drives the
CD4" pathway. The fact that the QM11 TCR is negatively
selected on A* [62] confirms this interpretation of the data
because A? and A" share an allele-specific determinant.
The reason that this informative clone QM11 was isolat-
able is due to its derivation from an MHC-haplotype
B10.QBR that does not express A% Predictably, for those
TCRs of the QM11 signaling orientation, alloreactivity to
A¥ would be absent in B10.H-29. What would be isolatable
from H-29 mice are clones restricted to A% and allore-
stricted (not alloreactive) to AX.

Positive selection by A9 illustrates an important corol-
lary of the Tritope Model not sufficiently emphasized,

@ Springer



60

Immunol Res (2011) 50:49-68

namely that any negatively selectable TCR must also be
positively selectable, even if the recognitive interaction is
with the unselected or entrained subunit (i.e., the allore-
active orientation). It is the recognitive interaction with the
allele-specific determinant that is the trigger for positive
selection.

The literature contains many examples of TCRs with the
properties of QMI11. In order to discuss this point, a
nomenclature problem arises. I will use the term “synre-
active” to refer to a TCR that is positively selected to be
restricted to one host allele and entrains a subunit that is
specific for another allele expressed by the host MHC-
haplotype. As pointed out earlier, roughly 10-20% of
unselected TCRs will fall into that category. Under the
Tritope Model, the entrained subunits will specify “al-
loreactivity” to the host allele (synreactivity) because of its
signaling orientation. Normally, synreactive clones would
be negatively selected by the synreactive host allele.

Given this, let us briefly consider two additional clones
OT-1 and 2C [63] which display “synreactivity” as does
the above discussed QM11.

Clone OT-1 (Va2.3-Vf5) is K -restricted and Ab-syn-
reactive. Clone 2C (Va3.1-V8.2) is K®L%-allorestricted
and A’-synreactive. As expected, OT-1 and 2C are posi-
tively selected by K" to yield CD8™ cells. The surprise in
both cases is that in RAG-minus H-2° mice, CD4™" cells are
also present suggesting positive selection by AP, the only
Class II R present. This was indirectly confirmed by Ge
et al. [63]. In the absence of Class I R (Kb) (TAP-minus),
CD4 cells are absent. This was interpreted as requiring both
Class I R and Class II R for positive selection of the 2C
TCR. Alternatively, concomitantly with positive selection
by K®, the 2C TCR is negatively selected by the synreac-
tive A®. In the presence of K®, this latter process is inhib-
ited as discussed earlier for the clone QMI11 [61] and
positively selected CD4 " cells are revealed.

A distinct change in my interpretation of the 2C TCR is
required. Previously I had assumed [2, 17] that 2C was
Kb-restricted, L% alloreactive. This is no longer tenable. The
2C TCR is allorestricted to K”/L® and negative selection in
H-2¢ mice [40] is presumably self-peptide dependent. The
alloreactivity is directed to A® (synreactivity) and is pre-
dicted to be peptide-unspecific. The specificity of recogni-
tion of peptide presented by K or L? deals with allo-
restricted recognition, not alloreactivity which engages A".
This has consequences for the interpretation of experiments
on the peptide specificity of “alloreactivity” and on the
interpretation of structure—function relationships [23].

Because of the complexity of these interactions, a
variety of outcomes is possible but no contradictions are
revealed. By way of illustration, OT-1 behaved somewhat
differently from 2C [63]. In RAG-minus mice expressing
AP, the level of CD4™ OT-1 cells was tenfold higher in the
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absence of K® than in its presence. This is unlike the
findings with QM11 and 2C where the level of CD4 ™ cells
is higher in the presence of Class I R than in its absence.
For OT-1, K is not measurably protective against the
putative negative selection by A®. If we take a Sherlock
Holmes approach (i.e., “if we have eliminated all but one
hypothesis, this latter however improbable must be the
truth”), then OT-1, unlike 2C and QM11, is negatively
selected by a self-peptide presented by K® as well as by
synreactive A", In this situation, positive selection by A®
yielding CD4 ™ cells would be masked by the dual sources
of negative selection, K"-self-P and synreactive A®.

It might be stressed that any interpretation of experi-
ments on the specificity of recognition of peptide during
what, under the Standard Model, is referred to generically
as “alloreactivity” requires that one be dealing with a T-
cell clone that is not allorestricted. The three clones QM11,
OT-1, and 2C analyzed here are good examples. The
studies of Allen’s group [45, 53-56], as well as those of the
Kappler/Marrack team [12, 32-34], as discussed here, are
further illustrations. Under the Tritope Model, restrictive
recognition, whether it be syn or allo, will be peptide-
specific. Alloreactivity is postulated to be mediated pep-
tide-unspecific and triggered in a signaling orientation
opposite to that of restrictive reactivity. This remains to be
disproven.

Dissecting the anti-P site

In order to analyze this site, two approaches have been
tried based on limiting the amino acid sequence diversity
and analyzing its consequences. One is to study the anti-P
repertoire in the absence of N-additions; the other is to
limit the contribution of rearrangements.

What happens when one limits the amino acid diversity
at the TCR CDR3 junctional regions?

Several groups [64-67] have generated terminal
deoxynucleotidyl transferase negative (TDT) mice that fail
to make N-additions in the CDR3 regions. These mutants
lack, therefore, the major source of amino acid diversity
but still retain significant variability due to deletions and P
additions as well as expression of the three D reading
frames. Neonatal mice also lack N-additions.

Gavin and coworkers [30, 31] using such mice analyzed
the range of DP-restricted peptides recognized by inde-
pendently derived polyclonal CTL lines, as well as the
specificity of TCRs induced by a single DP-restricted
peptide. Using peptide libraries with fixed amino acids
corresponding to the anchor residues used by D, they were
able to analyze the effect of the absence of N-additions on
the size of the DP-restricted peptide repertoire that is rec-
ognized. An overall decrease in repertoire diversity was
observed, confirming the role of the junctional region as
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the anti-P site. Concomitant with the decrease in repertoire
size was the appearance of D -restricted clones that respond
to a large number of sequence distinguishable peptides from
the library. These clones become detectable because their
frequency in the selected population is increased due to the
deletion of the highly specific TCRs by the TdT° mutation.
In essence, the repertoire is being squeezed between dele-
tion by negative selection at the highly promiscuous end
and deletion by TdT® at the highly specific end to yield a
population of intermediate promiscuity.

The evolutionary selection pressure driving increase in
specificity of the anti-P site is the necessity to make a self—
nonself discrimination. It operates on the size of the
combining site (i.e., the number of complementarity-
determining residues that must be engaged in order to
signal the T-cell). If the site was so small that it responded
to a single amino acid, the TCR could not make a self-
nonself discrimination; it would be a universal glue or to
use Gavin/Bevan nomenclature it would be highly “pro-
miscuous.” This means that the number of distinguishable
peptides recognized by a single anti-P site (i.e., the value of
n) would be large. As the size of the paratope increases, the
average size of n would fall to some evolutionarily
acceptable value (see Theoretical framework, “The nature
of the anti-P site”).

The absence of TdT catalyzed N-additions in fetal and
neonate immune systems probably reflects the recapitula-
tion of phylogeny during ontogeny. In the ancestral
immune system, the size of the combining site in the
absence of N-additions was minimally capable of a self-
nonself discrimination. However, as the pathogenic load
increased, the breaking of tolerance became a selection
pressure to increase the size of the combining site (i.e., to
increase specificity) by N-additions. This question of the
repertoire size and value of n will be analyzed quantita-
tively elsewhere (Clark and Cohn, in preparation).

Another study [57] starts with the OT-1 TCR which, as
discussed earlier, is KP-restricted and specific for an oval-
bumin peptide (K°-Pova). TCR OT-1 is composed of
Vo2.3-Ja26 and Vf5-J2.6. A mouse was engineered that
limits variation in the CDR3 region to CDR3a by
expressing the intact OT-1 Vf5-J2.6 as a transgene
complemented to Vo2.3 that can rearrange to either Ja26 or
Jo2. The OT-1 fS-subunit is unique and fixed; the «-subunit
is varied somatically at the junction by deletions and
N-additions upon joining to either Ja26 or Jo2.

When analyzed in the presence of the H-2" haplotype,
the limited mouse would be expected to express CD8"
CD4 K’-restricted TCRs. The interesting finding is that
CD4" CD8 T-cells are also present suggesting positive
selection by AP, the only Class II R-element present.

Given this, in the Tritope framework, the limited mouse
can be envisaged to express two categories of TCR.

. VF VA" is CD8" K-restricted and synreactive to A®.

2. V’;b VK is CD4* AP-restricted and synreactive to K°.

The two postulated categories of TCR use the identical
Vo and Vf as discussed earlier [58] (see Table 2) but
would have opposite signaling orientations. The K°-
restricted orientation would be CD8": the AP-restricted
orientation would be CD4™".

Normally, a KP-restricted TCR that expressed A® rec-
ognition in the allo-orientation or vice versa would be
negatively selected. In the absence of a characterization of
the restrictive and allo-specificities expressed by the lim-
ited mouse, an interesting speculation is possible, namely
that the CDR3a contributes to determining the signaling
orientation. Further, some of the CDR3wa sequences could,
in addition, inactivate the allo-signaling potential permit-
ting an A’-restricted, K® recognitive TCR or a KP-restric-
ted, A recognitive TCR to survive “allo” negative
selection and be functional without harm in restrictive
recognition because it is nonsignaling in the allo-orienta-
tion. To date, I have assumed that the Dg-reading frame
was the signaling regulator [68] but the situation could well
be more complicated or the hypothesis could be wrong. If
the Dy-reading frame determines the signaling orientation
then only the first category of TCR (ngV‘;b) cited above
could be present in the limited mouse as the f-subunit of
OT-1 is invariant. Revealing the existence of an A’
restricted, K® synreactive TCR in the limited mouse would
disprove the Dg-reading frame hypothesis.

An important confirmation of these interpretations of the
limited mouse, OT-1, comes from two studies, the one
discussed earlier (“Alloreactivity reflects a functional
role”) by Ge et al. [63] and the other on homeostatic
proliferation by Hao et al. [22]. Homeostatic proliferation
is dependent on recognition of the MHC-allele. The
peripheral survival of OT-1 was shown to be dependent on
either K® or AP. Hao et al. conclude, using the Standard
Framework, that “in contrast to T-cell positive selection in
the thymus that is mainly conditioned by TCR affinity,
peripheral clone size appeared to be determined by TCR
promiscuity [22].” The “promiscuity” that they refer to
can be translated into a K"-restricted, A°-synreactive OT-1
as illustrated above. As Hong et al. [43] have shown the
D10 member of the Vo2 family to be A}}-speciﬁc (see
Table 1), it is a reasonable conjecture that OT-1 is
restricted to K® via V5 and is AP-synreactive via Va2. A
direct demonstration (e.g., an MLR) that OT-1 is synre-
active to A” would substantiate these assumptions.

Although the limited mouse has a unique potential to
permit analysis of both the capacity and specificity ele-
ments that characterize the anti-P site as well as the
structural elements determining the signaling orientation, it
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was not investigated with such questions in mind. It is only
to illustrate its potential, when guided by a theory that it is
discussed here.

The contribution of negative selection to the recognition
of the R-element

Huseby et al. [12] investigated two families of TCRs
reactive with the ligand A"-Psk, one from wildtype H-2"
mice, the other from H-2° mice deficient in negative
selection. They observed that the family of TCRs anti-
AP-Ps¢ from wildtype H-2" mice were, on average, quite
specific for AP-Ps,, whereas the TCRs from H-2° mice with
inoperative negative selection appeared to be less specific
for AP-Py. The hybridomas specific for A°-Py. derived
from wtH-2® mice rarely show alloresponsiveness to the
test panel of H-2 haplotypes compared to the A°-P5; spe-
cific hybridomas derived from H-2° mice deficient in
negative selection. In their language, the latter “have a
florid propensity for allo- and self-MHC reactivity.”

The immature T-cell population that does not recognize
host-R, in this case AP, dies-by-neglect. The positively
selected population has both allorestricted and alloreactive
clones. The positively selected V-domain may recognize an
allele-specific determinant unique to the host MHC-
haplotype or to one that is shared by one or more allo-
MHC-haplotypes. This allorestricted V-domain will be
complemented with one that, if functional, will have
specificity for an allo-allele that may be unique or shared
by several allo-MHC-haplotypes. The question then is how
negative selection might affect the distribution of these
recognitions. In the Tritope framework, an individual that
cannot process and present peptides, self and nonself would
be expected to express a TCR anti-R repertoire that is
normal with respect to both alloreactivity and allorestric-
tion. These recognitions are, after all, germline-selected.
This raises the question of how are the observations of
Huseby et al. [12, 32-35] to be explained.

The “florid propensity for self-MHC reactivity” is
understandable. The mutant deficient in negative selection
is not tolerant to wildtype self-peptide (Ps). It is therefore
restrictively responsive to them. There is no effect on
“self-MHC reactivity.” The “florid” response is to self-
peptide, not to “self-MHC” (defined as expressing the
allele-specific determinant of host thymic-R), which is
acting as a presenting platform for peptide, not as an
antigen subject to a self-nonself discrimination.

What about the “florid propensity for alloreactivity?”

There are two sets of TCR that recognize AP-P;,:

Set l—VB is positively selected by A}} and entrains a
family of Vg that encode various alloreactivities. This
the ngg set.
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Set 2—VZ is positively selected by Ag and entrains a
family of V}, that encode various alloreactivities. This is
the VRV set.

If in Set 1, V§ sees A%/Ej, then the TCR would be

allorestricted to E‘; and alloreactive via its V‘ﬁ to some

member of the allelic family of Class I or I MHC. This
would include Eo which is defective in H-2° and not
expressed. Being minimally polymorphic, some Set 1
TCRs could respond to almost any MHC-haplotype
expressing an Eo-element.

If in Set 2, V% see AP/EX, then the TCR would be al-

lorestricted to E]; and alloreactive via its Vjto some
member of the allelic family of Class I or I MHC. This
includes E}} which, although not defective, is not expressed

in H-2" due to the mutant Eg partner.

If TCRs anti-AP-Ps, were deleted by cross-reactivity
with self-peptides from either Set, then the effect of amino
acid replacements in Ag or A'; would depend on which Set
was being studied. Further, the patterns of alloreactivity of
TCRs anti-AP-Ps, from each Set could be quite different. If
V[ encodes alloreactivity, its response pattern could be
broad, whereas that of Va could be narrow.

In other words, the system studied is too complex and
too statistically limited to make the generalization that
negative selection, which sorts the anti-P repertoire, also
sorts the anti-R (allele-specific) repertoire.

Another experiment of Huseby et al. [32] was designed
to test the effect of negative selection on the anti-P rep-
ertoire. While I would agree on a priori grounds with their
conclusion that negative selection has a direct affect on the
anti-Pnonself repertoire, the experiments purporting to
show this are subject to an illustrative competing inter-
pretation. Their experiment was to compare given TCRs
derived from wildtype mice and from mice defective in
negative selection.

The ligands in this study were a family of peptides
covalently linked to E¥. The TCRs that they analyzed as
hybridomas came from B6(APE™) anti-B10.BR(A*E") or
B10.D2(A’E?) anti-B10.BR(A*E"). The alloresponse to A*
was blocked so that only the response to E* was analyzed.
Using the panel of E*-SP ligands, they could divide the
family of E* responsive TCRs into three groups, Group 1
responsive to EX bound to many different peptides (31%),
Group 2 responsive to E¥ bound to “self-peptides” and
some test ligands (14%), Group 3 responsive only to EX
bound to the immunizing “self-peptides” (55%). As in the
analysis of the study of Allen’s group [45] with an analo-
gous system, roughly 50% of the responding TCRs were
alloreactive and 50% allorestricted. In the Tritope frame-
work, Groups 1 and 2 would be pooled with the result that
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45% would be viewed as alloreactive and predictably
peptide unspecific, and 55% allorestricted and predictably
peptide specific.

Huseby et al. point out that “none of the E* reactive T
cells.....were completely ignorant of bound peptide...
[32].” When peptide is functioning as a specificity element
this is expected; when functioning as a structural element
such effects can only be indirect and difficultly analyzable
in this system. The general conclusion from these studies
[12, 32-34] is that Mullbacher et al. were correct in con-
cluding that alloreactivity is peptide unspecific [15, 16], a
prediction of the Tritope Model. In both cases, TCR
interaction with its ligand is “peptide-dependent,” whether
it is peptide-specific or peptide-unspecific.

The immunization of wt B6 mice with (E*-SP)-DC
favors alloreactivity (peptide unspecific) as those cells are
more frequent than peptide-specific allorestricted cells.
Therefore, as expected they behave peptide-unspecific.
More challenging are the results with mice expressing a
single E*-SP1 ligand in which positive selection would be
expected to be close to normal and negative selection
essentially nonexistent. The T-cells responsive to the
immunizing ligand E*-SP2 were in general specific for this
ligand showing as expected some crossreactivity with self-
peptides to which the animal was not tolerant. In this case,
we are most likely dealing with E-restricted T-cells.

Consider the results with two chimeras, BM H-2° —
H-2° thymus (Chimera 1) and BM H-2"* — H-2" thymus
(Chimera 2). In both cases, positive selection operates on
AP but in Chimera I the E-element is absent, whereas in
Chimera 2 E*-Pself is negatively selecting.

Immunization of BM H-2" — H-2" chimeras with
E*-SP results primarily in an alloreactive response as dis-
cussed above for the immunization of wt B6. In the case of
the F1(bxk) — b chimeras, the animal is tolerant to
EX-Pself. As it is restricted to Ab, but responds to EX-SP
specifically, the response is allorestricted, not alloreactive,
in agreement with the study of Felix et al. [45] as rein-
terpreted here.

Why does a chimera positively selected thymically to be
restricted to A" but tolerant to E*-Pself behave both
restricted to E* and peptide-specific? This is not a violation
of restrictive recognition, rather it illustrates allorestriction.
The TCRs see an allele-specific determinant common to A”
and E*. Allorestriction is normal restrictive recognition in
another MHC-haplotype.

Huseby et al. [32] summarize their findings as follows:

“....mice lacking E*-specific negative selection have E*
peptide-dependent, as well as peptide-independent T-cells
in relatively equivalent numbers........... When the T-cell
repertoire undergoes negative selection on E‘-single pep-
tide, the E peptide-independent T-cells are eliminated
[32].” How might this be explained?

The “E* peptide-independent” (peptide-unspecific)
T-cells are alloreactive and are negatively selected on EF.
That they would be deleted is predictable in the Tritope
framework (see section “The two corollaries to this
framework”).

In the Standard Framework, recognition of the R-ele-
ment alone cannot be negatively selecting and still have
positive selection determining the restriction specificity.
The AP-restricted T-cell population sees EX in one of two
ways, either as an alloreactive target or as an allorestricted
target. Those T-cells that see it as alloreactive are peptide-
unspecific and those that see it as allorestricted are peptide-
specific. The T-cells allorestricted to E* are predictably
alloreactive to one or another of the allo-alleles of the
species. The T-cells alloreactive to EX are specific for it.
Thus, the findings of Felix et al. [45] and Logunova et al.
[44] and Huseby et al. [32] are aspects of the same
observation when analyzed in the framework of the Tritope
Model.

In sum, while their conclusion is likely correct, namely
that negative selection based on Pself recognition affects
the degree of polyspecificity of the recognitive repertoire
for Pnonself, the above-discussed experiments do not deal
directly with that question.

Structure confirms predictions from biology

The translation of “allele-specific determinant” (a) and the
site recognizing it (anti-a) into defined structures on the
R-element and on the TCR requires introducing another
factor. If one V-subunit is positively selected by docking
on a, with what does the entrained V-subunit interact? Our
postulate has been that the entrained V-subunit interacts
with a public determinant common to, shared by, or
invariant on each domain of R. Simply put, if Vu is posi-
tively selected because it recognizes the host a-determinant
on the West domain of R, then the entrained Vf will dock
on a largely invariant determinant, i, on the East domain of
R and vice versa. Consequently, in examining the structural
data, we must ask, are we dealing with an a-anti-a inter-
action or an i-anti-i interaction. Thus far, I have treated the
anti-R site as an g-anti-a-site; now anti-R has two pockets
or subsites, anti-a and anti-i, which are engaged depending
on the V-subunit that was positively selected. It is unlikely
that the TCR docks on the two a-determinants of R. If it did
the TCR recognitive of a given host R would be a unique
VoV f pair (or close to it), and many analyses show this not
to be the case (discussion in Refs. [2, 17]).

If there were one i-site, then the entrained subunit could
dock on either Class I or Class II R-elements as the study
by Logunova et al. [44] indicates. It is unlikely that all
R-elements and all functional V-domains interact at an
invariant i—anti-i-site. The existence of several i-sites could
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have a dramatic effect on the choice of entrained V-
domains expressed with each MHC-haplotype. This is an
important consideration because it bears on the structural
basis for the asymmetry in signaling orientation between
restrictive and alloreactivity.

The i-site is postulated to stabilize the [PR-TCR] com-
plex, not to contribute directly as a signaling interaction.
The a-site is an obligatory component initiating the signal
via the TCR to the cell whether the interaction is one of
restrictive or alloreactivity. The problem that arises is
whether the structural studies reveal interaction with an
a- or an i-site. Additional information is needed to decide
this. It has not escaped my attention that the postulate of more
than one i-site raises questions as to the precise criteria that
distinguish a-sites from i-sites (private versus public), but for
this discussion let’s keep it simple, as described.

The very existence of allele-specific recognition as a
prerequisite for a specific response to peptide [1] required
the postulate of dual recognition by a single receptor [69,
70]. While these two cited dual recognitive, single receptor
models were disproven, the principle of a single receptor
with two sites, anti-R and anti-P, remains inviolate.
Although the principle has been long buried, it is beginning
to resurface as it must and this is reflected in the recent
structural studies. While I will discuss only two examples,
what I wish to emphasize here is not simply the require-
ment for dual recognition but rather that the logical con-
clusions from the structural studies are being overlooked or
contradicted.

The revealing of an “interaction codon” on R seen
by individual V-domains

As discussed earlier, the structural studies revealed a
docking orientation; Vo always docks on the West domain
and Vf on the East domain of the R-element. The peptide
is anchored in the groove between these domains. Garcia’s
team [71, 72] has revealed the existence of what they refer
to as a “structurally encoded recognition motif” seen by
“each TCR variable region gene product.” Thus, we now
seem to be in agreement that single V-domains of the TCR
recognize the allele-specific determinants on R-elements.

According to Garcia et al. [72], “...the germline bias of
the TCR for MHC (i.e., restrictive recognition of peptide)
was...predictable by the first principles of physical chem-
istry.” It is not my intention here to confront this intriguing
claim. Rather, I wish to point out that it was predicted from
the biology [3, 10, 11].

They describe the site on R recognized by the V-domain
as an “interaction codon.” Specifically they show that
V8.2 binds to a unique site on the A-element whether the
V8.2 is in a TCR specific for A*-Pcon or A"-Pmbp. This
finding (discussed in detail in Ref. [73]) of a docking site
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common to AI; and A} favors the assumption that the
“interaction codon” is the structure defining the allele-
specific determinant shared by A]; and A}. The cited study
of Hong et al. [43] (Table 1) supports this assumption that
the interaction codon is an a-site, not an i-site, on A} /Al;

While the realization that “each TCR V-gene product”
engages “recognition motifs” on R-elements represents a
major change in the thinking of Garcia et al. [72], the con-
sequences of their conclusion that single V-genes encode
recognition of the allele-specific determinants on R were not
faced (see “A structuralist looks at alloreactivity”).

The experimental dissection of the anti-R site

The studies of the Kappler/Marrack team [9] give us an
insight into the contribution of the germline-selected
V-domains to the recognition of the allele-specific deter-
minants. Their study is important because they use a
functional criterion to determine signaling, namely trig-
gering of IL-2 production by a [TCR-PR]-interaction.
Clearly, not all interactions of the V-domain with R as
defined by morphology were germline-selected to play a
role in the signaling process Eventually, function must be
assayed. These studies complement those of the Garcia
team [72] who define the structure that appears to be the
allele-specific determinant (i.e., “the interaction codon”).

After carefully weighing whether TCRs were evolu-
tionarily selected to recognize allele-specific determinants
on R-elements, Marrack et al. [9] provide us with a very
clear analysis of the potential residues in the V-domains
that determine this recognition. Not unexpectedly, the
recognition by the V-domain of these allelic determinants
can range from highly to loosely restricted. Further, bulky
peptides can affect the [TCR-PR] interaction but there is no
evidence that this results in the restrictive recognition of an
allele that was not positively selected. The central question
of a relationship between the specificity of binding of
anchor residues and the expression of the allele-specific
determinant is only beginning to be appreciated [23].
However, the conclusion that Va- and Vf-gene segments
were evolutionarily selected to see allele-specific deter-
minants on R-elements seems to be settled by the findings
of these two groups. The two conformational changes in
the TCR consequent to an R—anti-R interaction followed by
a P—anti-P interaction that deliver Signal[1] to the T-cell is
now ready for experimental attack.

A structuralist looks at alloreactivity

Garcia et al. [72] view alloreactivity as follows: “The
TCR...is specific for the MHC but is also ‘crossreactive’
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with many MHC molecules. That is, each «fTCR can in
principle recognize any MHC-allele.”

This is once again no more than a denial of restrictive
reactivity. As the same alleles are defined by restrictive
and alloreactivity, this statement needs examination. If
docking occurs in a fixed orientation (i.e., Vo docks on
RIo2 or RIIS1; VB docks on RIxl or RIlx1), then each of
the cited domains of R has the potential to express an
allele-specific determinant. If Vo is positively selected in
thymus because it recognizes an allele-specific determi-
nant on the host Rlx2 or RIIS1, then it entrains by
complementation a family of Vfs that can recognize allo-
alleles on Rlxl or RIlal. Conversely, if Vf is positively
selected because it recognizes an allele-specific determi-
nant on the host RIxl or RIlal, then it entrains a family
of Vas that can recognize allo-alleles on Rla2 or RIIS1.
Consequently, alloreactivity must be a property of the
unselected or entrained V-domain. A T-cell restricted to
R* and alloreactive to R” will be positively selected in
thymus by R* and negatively selected by R® (discussed in
[2, p. 1434]). What would be the characteristic of a
crossreactive system that would predict this finding as a
general property? In any case, these findings necessitate
two signaling orientations of the TCR.

The TCR, when functioning in an individual, docks on
the allele-specific determinant. This exposes the anti-P site
to recognition of P. If P is not recognized, the TCR dis-
engages and looks elsewhere. If recognized, Signal[l] is
delivered to the cell. There is, therefore, no rationale for the
conclusion that “this crossreactivity is essential in that it
enables the TCR to briefly dock and ‘scan’ the peptide
context of many different MHC molecules.” [72].

What happened to the “structurally coded recognition
motifs” seen specifically by “each TCR V-gene product?”
A given TCR only encounters the R elements of its host.
An individual never encounters allo-R. What would be the
structurally based rationale for postulating that a given
TCR can “‘scan’ the peptide context of many different
MHC molecules (allo-R)” but can only scan the peptide
context of a single R molecule in its host? An H-2* animal
treats H-2" as allogeneic and vice versa. According to
Garcia et al., this is due to a crossreactivity in which
“practically any «ff combination can...recognize most
MHC molecules.” Curiously enough, in the (H-2* x
H-2")F1, those TCRs using the same V-domains treat the
same R-elements as unique, without crossreactivity
(restrictive recognition). How does a recognitive anti-R site
on a given TCR distinguish the products of the gene-loci
(K vs. D, A vs. E), not to mention their alleles, during
restrictive recognition, yet fail to do so during allorecog-
nition? Clearly, their concept of alloreactivity contradicts
their observation of germline-selected “interaction codons”
seen by “each V-gene product.”

Feng et al. [71] tell us that “....in a way similar to
antibodies, germline-encoded TCR CDR loops may have
evolved a chemical and conformational optimum to satisfy
the opposing requirements of specific but cross-reactive
recognition of a diverse spectrum of MHC surfaces.”

The Standard Model of the TCR-PR interaction is driven
by a role model, the BCR. With some previously cited
metaphorical qualifications (“bias” for MHC being the one
preferred by Garcia et al. [72]), the recognitive repertoire
of the unselected «fTCR is viewed as essentially random
recognizing various shape-patches (epitopes) on the surface
of the [PR]-complex. The abbreviation “MHC” is now
clearly ambiguous. Does it symbolize R-element alone or a
[PR]-complex? Assuming the latter, the logic of this pic-
ture requires that TCR recognition be treated as being on a
sliding scale between peptide-centric and restricting ele-
ment-centric (previously referred to and discussed as ‘slip-
and-slide’ [3]). Garcia et al. [72] are unable to decide
whether the role of their “interaction codon” (allele-spe-
cific determinant) or of the slip-and-slide tweak should
guide their thinking. Clearly, either the recognition of the
allele-specific determinant (interaction codon) or the
“crossreactivity with many MHC molecules” (slip-and-
slide) should dominate our thinking about the interaction.
They are, after all, incompatible!

The Standard Model is internally contradictory because
the allele-specific and common (shared) determinants on
thymic-R are not distinguishable by an individual’s
immune system with respect to the property, self, or non-
self. Therefore, they cannot be distinguished by the somatic
process of negative selection. Similarly, positive selection
can only be functional in establishing restrictive recogni-
tion, if the TCR has a germline-selected recognitive site for
the allele-specific determinant. No requirement for specific
recognition of peptide is implied or need be assumed. The
peptide is functioning as a structural, not a specificity
element. Lastly, the properties of the R—anti-R interaction
are not evolutionarily driven by the necessity to make a
self-nonself discrimination. Only those of the P-anti-P
interaction are driven by this discrimination. Therefore, the
question of a self—nonself discrimination does not apply to
the R—anti-R interaction; it only applies to the P—anti-P
interaction.

The take home lesson

The TCR possesses three combining sites (Tritope). One
site is positively selected to specify restrictive recognition.
The second site is entrained by complementation and
specifies allorecognition. The third site recognizes peptide.
As the anti-R site, whether it functions in restrictive rec-
ognition or allorecognition in a given TCR, is the same,
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treating alloreactivity as crossreactivity of R-alleles is
inappropriate.

The investigations of Feng et al. [71] and Hong et al.
[43] showed that each R-domain expresses an allele-spe-
cific determinant seen by a given single V-domain. This
has several consequences.

— There cannot be more polymorphic allele-specific
determinants in the species than there are V-gene
segments to recognize them, in all likelihood signifi-
cantly less. How they might be distributed is discussed
in [17], page 641. The idea that the polymorphism is
vast [5, 12] now has a boundary condition.

— There must be two signaling orientations for each TCR,
one for restrictive reactivity, the other for alloreactivity
[2, 17]. A minimum postulate would be that peptide is
acting as a specificity element for restrictive reactivity
and negative selection. However, for alloreactivity and
positive selection, the assumption that peptide is acting
as a specificity element is gratuitous. Rather, it is
functioning as a structural element. Here, X-ray
crystallography as pointed out earlier is beginning to
be helpful [23] in revealing how changes in the anchor
residues of the peptide affect the expression of the
interaction codon (allele-specific determinant) (see also
discussion in Ref. [17], Page 642.)

It is thanks to the fact that “the molecular basis of TCR
germline bias for MHC” is “so surprisingly simple [72],”
that we were able to derive the conclusion that single
V-domains recognize allele-specific determinants [2, 3, 10,
17]. This means that “the outstanding question” [72] is no
longer what is the structural morphology of the interaction
of R with anti-R, but rather how is the recognition of ligand
by each of the ligand-recognitive sites, anti-R and anti-P,
integrated to signal the cell [2, 3].

It is quite clear that a conformational Signal[1] delivered
via the constant domains, Ca and Cf3, is mandated by the
biology. Most observations of conformational changes
are concerned with recognition of [PR] by a malleable
(“induced fit”) site that does not trigger a signaling con-
formational change (reviewed by Armstrong et al. [74]).
This has now changed thanks to a revealing recent study by
Beddoe et al. [75] who demonstrate the existence of a
[PR]-ligand-driven conformational change in the constant
domain of the «fTCR. This change was observed in Co
only. As a general rule for all ligands, signaling via Co
only, not Cf3, would be surprising, given the evidence for
two signaling orientations, one functional in restrictive
reactivity and the other functional in alloreactivity, and for
the central signaling role played by the asymmetrically
complexed cofactor, CD3. However, the story is far from
complete and one can expect the role for Cf3 in signaling to
emerge when TCRs restricted via Vo or Vf are compared

@ Springer

and when TCRs with restrictive and alloreactivities are
analyzed. After all the TCRs unlike the Cy of the BCR
have two distinct transmembrane components, Co. and Cp.
These points along with well-devised models have been
ably discussed [76-78] and the reader is referred to them.

Lastly, any given functional TCR can undergo three
different interactions resulting in a signal via the TCR to
the T-cell:

1. An R-anti-R interaction during positive selection,
peripheral survival and homeostatic proliferation;

2. An R allo—anti-R allo interaction of alloreactivity that
results in delivery of Signal[1] to the T-cell;

3.  An R-anti-R plus a P-anti-P interaction of restrictive
recognition of peptide resulting in Signal[l] to the
T-cell.

How these three signals are mediated such that they are
distinguished is an open and pressing question.
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