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Abstract

Based on the Tritope model of the TCR (Cohn, 2005¢), a set of functional and evolutionary problems
surrounding restrictive recognition of antigen are discussed. These include the origin of allele-
specific recognition, the selection pressures for polygeneism and polymorphism, the TCR signaling
interactions, the centrality of effector T-helper (eTh)-dependence for activation, the role of haplotype
exclusion, “nonclassical” MHC-elements, alloreactivity versus xenoreactivity, etc. Further, a set of
observations believed to support the Standard Model are reinterpreted.

A previous paper (Cohn, 2005c¢) detailed a new model (referred to as the Tritope Model) of
the T-cell antigen-receptor (TCR) and analyzed its effectiveness in dealing with three basic
phenomena, restrictive recognition, positive selection and allorecognition. The reasons for
developing a model competing with the Standard Model have been discussed (Cohn, 2003;
Cohn, 2004a; Cohn, 2004b; Cohn, 2006a; Langman and Cohn, 1999). Here we will extend the
analysis of the Tritope Model by considering a set of phenomena related to the genetics,
ontogeny and evolution of the TCR-MHC system. Further, the steps in the Self (S)-Nonself
(NS) discrimination that are affected by the Tritope Model will be analyzed.

Recalling the Tritope Model (Cohn, 2005c)

The TCR encodes two distinctly different repertoires. One is germline-selected to recognize
the allele-specific determinants (a) on the MHC-encoded restricting elements (R) of the
species; the other is a somatically generated random repertoire that recognizes peptide (P)
bound to the restricting element (R) as [PR].

In order to map the two repertoires onto the TCR structure it was argued that (see List of
Abbreviations):

1. Single V-gene segments, Vo or VB, encode recognition of the allele-specific
determinants (a).

2. Each domain (RI) or subunit (RII) of the R-element expresses an allele-specific
determinant (a) (i.e., 2a per R).

3. Peptide (P) is recognized by an anti-P site on the TCR formed by complementation
of the CDR3 junctional regions of the o and f subunits.
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4. The restricting specificity and its relationship to function is positively selected by the
“self” or thymic-R (Rt) dependent on recognition of one VV-domain (Va or V) (Cohn,
2004a; Cohn, 2005c; Cohn, 20063).

5. The unselected or entrained V-domain encodes recognition of allo-R (Rp).

The Tritope Model (Cohn, 2003; Cohn, 20044a; Cohn, 2004b; Cohn, 2005c; Langman and Cohn,
1999) is so named because it describes a TCR with three paratopes anti-Rt, anti-Rp and anti-
P. The TCR docks on the [PRy]-complex via two combining sites (c), one (c-a) allele-specific
and the other (c-i) specific for an invariant site together referred to as “anti-R.” These two
combining sites (c) are distributed on the subunits of the TCR, Va and V, such that one V-
subunit engages the a determinant and the other engages the i determinant in trans on R when
the TCR docks. The reader is referred to the detailed description of the TCR-[PR] interaction
(see Figures 1 and 2 in (Cohn, 2005c)).

The peptide binding groove on R is formed between the two domains of Class | R (RI) or the
two subunits of Class Il R (RII). We refer to these domains (or subunits) as East (E) and West
(W) (Table 1). The peptide is bound in the groove, N—C, such that the West domain (or
subunit) anchors the N terminal portion and the East domain (or subunit), anchors the C
terminal portion of the peptide. The E and W domains of R have their TCR docking
determinants distributed in a geometry discussed previously (Cohn, 2003;Cohn,
2005¢;Langman and Cohn, 1999).

The Va has two combining sites (c), c-aW and c-iW, whereas V3 has two sites, c-aE and c-
iE. The docking of a VoV pair engages in trans one a site and one i site on R. The TCR binds
in a “fixed” docking mode, Va always docks on the West domain (a2 of Rl or f1 of RII) and
VB always docks on the East domain (al of RI or al of RII). Within this fixed docking mode
the TCR can function in one of two positively selected signaling orientations, aW—iE or
aE—iW. This docking geometry allows the anti-P site to straddle P and, if complementary,
engage it in a stable conformationally driven signaling interaction (referred to as Signal[1]). If
not complementary, the TCR disengages.

Each VaVp pair has its restricted or functional signaling orientation positively selected in the
thymus (i.e., aW—iE or aE—iW) and an opposite unselected orientation (i.e., respectively,
aE—iW or aW—iE) responsible for alloreactivity. Initiating a signal via the TCR resulting
from the positively selected orientation (restrictive reactivity) requires an interaction between
P and anti-P. Initiating a signal via the same TCR interacting in the unselected orientation
(alloreactivity) does not require an interaction between P and anti-P. The change in geometry
of the interactions with a and i from the positively selected to the unselected orientation initiates
signaling by allo-R (Ra). Under this model, alloreactivity is a byproduct of evolutionary
selection for restrictive reactivity; it is not directly selectable.

The existence of two signaling orientations (aW—iE or aE—iW) of the TCR—[PR] interaction
requires that anti-P be born in one of two conformations, referred to as fllp and flOp, each of
which upon interaction with P can initiate a signal to the T-cell. The two anti-P conformations
are structurally determined prior to positive selection, one simple assumption being that the
conformation, flip or flOp, is determined by the Dg-reading frame. Positive selection
determines which conformation will be functional during restrictive recognition of antigen.
The interaction of P with anti-P results in a change of conformation to an intermediate conform,
@, that initiates signaling from either orientation, flOp or fllp. The symbol ® is derived as a
composite of the 1 and O in fllp and flOp. These conformational transitions are schematized
in Figure 1.
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In order to make the triggering of restricted effector function, both P- and R-dependent, two
events are required. One reasonable mechanism would be that the interaction of the TCR c-a
site with a and the c-i site with i induces a concerted conformational change in both [PR] to
reveal P (and permit coreceptor binding), and in the TCR to expose the anti-P site, which, upon
interaction with P, delivers Signal[1] to the T-cell. This signal is initiated consequent to a
sequence of interactions between the TCR and [PR], first [a+c-a], then [i+c-i], and last [P
+anti-P]. If anti-P is not engaged by P in a signaling interaction the TCR disengages from the
[PR] complex. This a priori view of T-cell scanning (Cohn, 2003; Cohn, 2005c¢; Langman and
Cohn, 1999) has experimental support (Wu et al., 2002).

The relationship between the anti-R repertoire and R-alleles

We assume that the sites on a given R-element to which the anchor residues of the peptide are
bound, determine the allele-specific determinants (a) recognized by the TCR. Further, we
assume that the peptide is anchored in sites on R determined uniquely by one or the other
domains (RI) or subunits (RII). This means that each evolutionarily selected peptide anchoring
site on R is determined by a single domain or subunit; it is not determined by complementation
of domains or subunits. The simplest picture would be that the peptide is bound to R largely
as a property of anchor amino acid residues at or close to the N- and C-terminal ends, thus
orienting the peptide in the groove, North to South with the N-proximal residue anchored West
and the C-proximal residue anchored East. As different R-alleles recognize peptides via
different anchor residues, the question arises, how does evolution keep the definition of
different alleles of R-elements based on the TCR recognition of allele-specific determinants
acceptably concordant with the definition of different alleles of R-elements based on the sites
to which anchor residues of the peptides bind? One answer would be that the site where anchor
residues of the peptide are complexed to R generates the allele-specific determinant. Thus
mutations in R that change which anchor residues are bound, also change which allele-specific
determinants are selected to be seen by the TCR. A given peptide might, by chance, contact
(bind to) R at several points; however, only those anchoring sites that are evolutionarily
selected and contribute to allele-specificity, are of relevance here. The above assumption
implies that there are, on average, 2 allele-specific determinants per R, one per domain or
subunit of R (i.e., aW and aE).

It might be useful to comment on a possible evolutionary selection pressure to keep acceptably
concordant recognition of bound peptide by the sites on R used to anchor the amino acid
residues.

If there were only one VoV pair recognizing invariant determinants on R an adequate
signaling mechanism could, in principle, be envisaged. However, viruses that mimicked the
invariant determinants would escape and be lethal for the species. This drives the need to
recognize distinguishing determinants that create the alleles of R. Since alleles of R are under
strong germline selection to pick up peptides defined by different anchor residues, the sites
involved in peptide binding are ready made to be at the origin of the allele-specific determinants
that the TCR tracks.

The principle is that anti-R is selected to track alleles defined by peptide binding to R. The
peptide anchoring sites and the allele-specific determinants are associated but not overlapping.
The selection pressure is to maintain functionally acceptable concordance between the two
sites on R, one, the allele-specific determinant (a) that is recognized by the TCR and, the other,
the allele-specific peptide anchoring site.

In sum, we postulate that allele-specific determinants (a) are properties of single domains or
subunits of R derived from the sites on R that anchor amino acid residues of the peptide. The
West (W) domain (a2 of Rl and 1 of RII) of R is selected upon in the germline to bind anchor
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residues at the N-terminal region of the peptide and the East (E) domain (a1 of Rl and a1l of
RII) of R is selected upon to bind anchor residues at the C-terminal region of the peptide.

Consider the case for mouse. Given a pool of ~102 Vt-gene segments that specify recognition
of the total pool of allele-specific determinants on species-R elements, the question arises as
to how these determinants are distributed. It is assumed that the ~80Va recognize the W domain
(or subunit) and ~20Vp recognize the E domain (or subunit); consequently ~80 allele-specific
determinants (aW) are generated by peptide anchoring sites on the W domain or subunit and
~20 are generated by peptide anchoring sites on the E domain or subunit. The c-a and c-i
combining sites are encoded on each Vt-gene segment; both c-a and c-i can reasonably be
treated as class of R specific. As an illustration, if on average, there are 40 allele-specific aW
determinants and 10 allele-specific aE determinants per class of R, then the maximum number
of functional complements in the species per class of R would be 400. A given Va or VB will
be positively selected for its recognition of a given class of R, Rl or RII, via engagement of its
c-a site.

The 40 allele-specific determinants (aW) per class of R recognized by Va could be generated
from anchoring sites in the W domain or subunit of R. The 10 allele-specific determinants (aE)
per class of R recognized by Vj are derived from the anchoring site on the E domain or subunit
of R (Cohn, 2005¢; Langman and Cohn, 1999).

Given that the relationship between a determinants and class of R is strict then the probability
of a crossreaction between two R elements within a class is 1/40 at the N-terminal and 1/10 at
the C-terminal or 0.125 total.

There is a conundrum to consider. If allele-specific determinants derive from selection for
peptide anchoring residues and there are only 20 amino acid residues, how do we arrive at 40
allele-specific determinants (aW) per class of R recognized by the Vo pool. There are several
possibilities:

1. Two distinct anchoring sites in the West domain (or subunit) could contribute to the
determination of alleles, only one of which functions as an anchoring site for a given
peptide. Less likely is that two amino acid residues must be anchored to create an aW
determinant [see discussion of Table 5 in (Cohn, 2005c)]. Conversely, one anchoring
site interacting with a given peptide residue could generate two allele-specific
determinants, only one of which is used by a given V.

2. The estimated 80 Va—gene segments each recognizing an aW determinant may be too
high because either a proportion of them are nonfunctional or there might be
significant redundancy in the recognition of aW. If the number of functionally distinct
Va-gene segments were actually =40 then the contradiction could be resolved.

3. Agiven anchoring residue might be seen by different anchoring sites on different
alleles resulting in distinguishable aW determinants. This possibility may well be not
selectable.

Whatever the way in which the conundrum is resolved, a relationship between the evolutionary
selection for recognition of anchor residues by R and expression of allele-specific determinants
defined by the TCR, must be considered.

Ridding of deleterious and functionless TCRs during positive selection

For this analysis we assume that VoV complementation is random (80Va x 20V = 1600
VaVp complements). There are two situations to consider once the TCRs that lack recognition
of thymic-R (Ry) are ridded by death-by-neglect.

Mol Immunol. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cohn

Page 5

1. Roughly half of the oT-cells (CD4*CD8") will be in the wrong conformation for
restrictive recognition (i.e., discongruous). These cells will be deleted during positive
selection because they will treat the normally selecting Rt-element as allo-R(Ra)
(Cohn, 2005c) thereby receiving Signal [1].

2. Positive selection operates obligatorily on allele-specific recognition by the c-a site.
With respect to this site, the numbers of the various categories of TCR that undergo
positive selection, are shown in Table 2. Noteworthy is the category restricted to two
different Rr-elements. Those cells restricted to two different Rl or Rl are less of
a problem than those of mixed restriction to Rlt and Rlly, which could well become
lethal. If we assume that the [i+c-i]-interaction is class of R specific then the cells of
mixed class of R specificity would die-by-neglect as they would be unable to dock
on Rt and, therefore, not be positively selectable. However, whether or not the [i
+ci]-interaction is class of R specific, cells of mixed restriction to Rlt and/or Rll+
would be ridded because in one signaling orientation they would be positively
selected, whereas in the opposite signaling orientation they would treat Rt as Ra and
be deleted. It is quite possible that the selection pressure maintaining alloreactivity as
a byproduct of selection for restrictive recognition is the role that the discongruous
conformation plays in positive selection.

These assumptions give us the following picture (Table 3). Of the total of 1600 VaVp
complements, 224 VoV pairs will appear in the functional iT-population of a homozygous
mouse. Of the oT-cell population only 3.5% will be selected as functional.

The relationship between the anti-P and anti-R repertoires

We have discussed the assumption of a strictly limited functionally distinct peptide (P)
repertoire of ~10° with matching functionally distinct anti-P repertoire. Using this postulate as
our starting point we now deal with the distribution of the anti-P repertoire (Cohn, 2003; Cohn,
2005¢; Langman and Cohn, 1999) relative to the anti-R repertoire.

The MHC haplotype of mouse contains 3 Rl genes (K,D,L) and 2 RIl (A,E) genes. Roughly
then, a heterozygous individual (the most frequent case) will express 6 RI gene products and
4 RII gene products (ignoring for the moment any cross complementation between RIIA and
RIIE subunits). We will refer to a TCR family as one restricted to a given R-element even
though each family consists of more than one VaVp pair binding in opposite signaling
orientations. Consequently each family expressing anti-R recognition of a given Rt could
express a potential anti-P repertoire of size 10, identical for each of the 10 families. This does
not mean that a given P epitope (sequence) complexed with two different R-alleles will be
necessarily seen by the same anti-P. The position of the allele-specific determinant on R could
affect which set of residues on P will be recognized by anti-P.

In order to discuss the functional repertoire, we introduce the concept of a T-Protecton,
analogous to our previous postulate for the B-Protecton (Cohn and Langman, 1990). Effective
protection against a pathogen requires a threshold concentration (number per ml) of antigen-
responsive or initial state iT-cells. The concentration determines the time it takes to induce an
effectively functional effector population; the minimum size of the potentially responsive
population (the T-Protecton) is determined by the repertoire size necessary for protection
against the diverse pathogenic universe. The T-Protecton defines a minimum iterated unit that
has all of the protective properties of the whole animal. We estimate the T-Protecton to have
a cell density of 107 T-cells/ml of animal and to be of an iterated size of 107 total T-cells. This
estimate based on comparative zoology does not have the solidity of that used for the B-
Protecton. The smallest known mammal is a pygmy shrew of 1 ml. As all mammals studied
contain roughly 107 T-cells per ml, the pygmy shrew would have roughly 107 total T-cells at
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a concentration of 107 T-cells per ml. As individual pygmy shrews can be guessed to be
protected against the pathogenic universe as well as is a mouse (10 grams) or a human (10°
grams), the T-Protection can be guessed to be an iterated unit of 107 T-cells, 1 T-Protecton per
pygmy shrew, 10 per mouse and 10° per human. We will use a Protecton of size 107 cells in
our below calculations, the principle of which is more important than the actual number.

Each R-element can be restrictively recognized in two orientations aW—iE and aE—iW. We
will define these two sets of T-cells as one family recognizing a given R. In a heterozygous
mouse with 10 families of T-cells, 6 are restricted to Rl and 4 are restricted to RI11. If the number
of T-cells in a family is the same for each R, then a given anti-P per anti-Rt will be in 10
copies per Protecton (107+10 families each with an anti-P repertoire of 10°). If the number of
different RI- plus RIl-elements per heterozygote were 20 (10 per haplotype), then a given anti-
P per Ry would be in 5 copies (107+20 families). Clearly there must be a minimum average
copy number of a given anti-P per anti-R for the T-Protecton to respond in a short enough
time to be effective. The threshold copy number for an effective response is probably around
10 for a given anti-P per anti-R. If the virally infected cell displays 5 or so peptides on RI-
elements or Rll-elements, then, on average, 50 iT-cells per 107 T-cells or per ml of animal will
respond to a given virus.

Polygeneism of R must be limited because the higher the polygeneism the lower the anti-P
copy number per family and the longer the time to mount an effective response. Analogously,
this is why vast random anti-P repertoires (Davis et al., 1998) would be nonfunctional and are,
therefore, unselectable (Cohn, 2006b). We will return to the problem of high polymorphism
versus low polygeneism later on.

What is Self?

This is a key question in understanding the nature of the repertoire. A repertoire capped at
10° that is estimated to contain 103 anti-Self specificities (Cohn, 1997a; Cohn and Langman,
1990; Langman, 2000) appears as a surprising conclusion (Cohn, 2005¢). A mammalian
genome that expresses 2x10* functional and different proteins does not define as Self most of
them. On average, only 1 in 20 host components is defined by the immune system as Self.
Many autogenously expressed components are hidden behind barriers like the blood-brain or
blood-eye, or in the case of pregnancy behind the placenta. Further, the three classes of i-cell,
iTc, iTh and iB have different ligands and should be considered separately. The cytotoxic iTc
recognizes [P-RI], the helper iTh, [P-RII], and the iB, a shape-patch. As all cells express RI it
is likely that most host encoded proteins are expressed as [P-RI] and the iTc repertoire is purged
of recognition of them. Only a few cell types express RIl, APC, iB and endothelial cells as
examples, which means that a large proportion of host components are not expressed as ligand
for helper iTh. Therefore, the helper iTh repertoire is not purged of recognition of them. Any
component not processed to [P-RI1] would behave as Nonself to the helper iTh were it to be
processed to [P-RI1]. The humoral iB repertoire sees only surface and secreted host components
and, therefore, is purged of recognition of them. The intracellular components are Nonself to
iB-cells. This is important as it permits the humoral system to carry out a housekeeping function
that rids products of necrosing and senescing cells as well as effete protein, without induction
of cytotoxicity.

Inaddition to the question of distribution of ligands, there is a threshold density or concentration
for inactivation. Any Self-component expressed at a concentration below threshold would be
ignored. Given these considerations, the conclusion that only 1 in 20 germline-encoded proteins
are defined by the immune system as Self, might not be so shocking.
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Why are Class Il restricting elements (RIl) composed of subunits and how
does the TCR deal with complementation between them?

RI is concerned with the lytic activity of effector cytotoxic T-cells (eTc). A virally infected
cell processes of the order of 3000 amino acids in viral protein to yield of the order of 10
peptides per virus complexed to Rl (Cohn, 2005c). As one [PR] per “pathogen” is sufficient
for function, there is no selection pressure for Class | complementation. This is not the case
for RII [Table 5 in (Cohn, 2005c¢)].

The complementation of subunits of RIl increases the probability of finding a presentable
peptide in a protein. This is critical because the regulatory function of helpers is dependent on
being able to operate reliably in a response to monomeric proteins presenting as few as 100
amino acids. Response to monomers is the limiting factor in the evolutionary selection pressure
for immune responsiveness (Cohn, 2006b).

We recall that two assumptions have been made:

— the TCR Va or VP domains are germline-selected to recognize allele-specific
determinants on R-elements, and

— the site on R anchoring the bound peptide is at the origin of the allele-specific
determinant.

This raises the problem of the consequences of complementation between the subunits of the
[P-RII] targets. The complements between parental RII subunits increase the number of RII
elements expressed per heterozygote from 2 to 4, 2 parental plus 2 complements per locus, A
or E in mouse. For simplicity, possible cross-complementation between A and E is ignored.

If the evolutionary selection pressure for R-polymorphs is to fix different anchor residues, then
this must be the property of asingle R1I-subunit, not of a complemented pair. Complementation
then only results in the reassortment of the sites of binding of anchor residues. Two parental
RII elements, one fixing anchor residues Q and M and the other U and W, would produce two
complements, one fixing Q and W, the other U and M anchor residues. The potential repertoire
of epitopes between the anchors would be the same as would the anti-P repertoire of the
restricted T-cell population that recognized the four categories of peptide, Q-----M, U-----W,
Q-----W, and U-----M. This doubling of the potential number of peptides that can be presented
to the effector T-helper (eTh) is key because Rll-restricted eTh regulate B-cells and B-cells
must be able to respond to monomers. To do this the probability of finding a presentable 9-
mer peptide in a protein of 100-300 amino acids must be high. This is less of a problem for
RI-restricted eTc because viruses express several proteins and the probability of finding a
presentable 9-mer peptide out of 3000 amino acids (10 viral proteins) is sufficiently high.
Therefore, RI elements, which have a peptide binding groove made up from two domains, do
not require that the domains randomly assort as complementing subunits.

In sum, the probability of finding a presentable peptide in a pathogen is significantly increased
if the R-element is composed of complementing subunits. As an illustration of this, assuming
one amino acid anchor at each end of the peptide, the probability that a given RII element will
miss finding a peptide in a protein of 100 amino acids is 0.47 (see Table 5 in (Cohn, 2005c)).
If 2 Rll-alleles are present in a heterozygote and these randomly assort to create 4 R1l elements,
then the probability of missing a peptide in a protein of 100 amino acids is (0.47)#=0.05. Given
two RII loci, A and E, in a heterozygote this probability would fall to (0.47)8=0.002.

The requirement for TCR recognition of complementing RI1 subunits is that recognition of the
allele-specific determinant be independent of subunit reassortment. The TCR restricted to R-
alleles binding Q or M on a parental RI1I will function restricted by allele-specific determinants
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due to Q or M binding on a complemented RII derivative expressing Q+W, or U+M allele-
specific determinants.

It might be well to stress once again that were new allele-specific determinants to be created
by complementation of RII subunits, then germline selection for the recognition of allele-
specific determinants by the TCR would be impossible. There would be no way for the TCR
gene-loci to track in the germline new allele-specific determinants derived by complementation
of RII subunits, as too many would be created simultaneously by each relevant mutation. This
is why it is assumed that the VVt-gene segments, Vo + VB, act as a single pool encoding the
recognition of the allele-specific determinants expressed on each domain or subunit of the R-
elements of the species.

Why assume that the TCR tracks the [PR] complex in two signaling
orientations?

The evolutionary selection pressures to track in two signaling orientations are severalfold.

1. The system probably originated with the TCR interacting in only one signaling
orientation. Given that the interaction between the peptide anchor and the binding site
on R creates the allele-specific determinant, then a mutation in the R-gene that
changed the anchor binding site would result in a [PR] complex not recognizable by
the TCR and, therefore, functionless. Recognition in two signaling orientations would
maintain the mutated R-element functional, albeit not optimally utilized until a
corresponding mutation in the TCR restored the two orientation recognition of the
new R-element. Recognition of [PR] in two orientations by the TCR pool permits
stepwise interactive sequential evolution of the TCR-loci and the MHC under the
selection pressure of the pathogenic load operating on the anchor site on R.

2. RIllelements can reassort randomly by complementation and yet be tracked efficiently
by the TCR.

3. The copy number of the TCRs that recognize a given [PR]-complex, is doubled.

4. Alloreactivity which has no effector function in an individual may be evolutionarily
selectable because of the indirect role that its existence plays in thymic sorting (Cohn,
2005c).

PR-TCR specific signaling interactions

Here we would like to consider the role of the number of [PR]-TCR interactions required to
signal an iT-cell. The response must be sharply threshold dependent to explain the S-NS
discrimination as discussed previously (Cohn, 2005c).

The number of [PR]-TCR interactions per i-cell (referred to as occupancy) is dependent on the
surface densities of both the TCR and [PR] as well as the affinity of the TCR for the given
[PR]. Assuming that the affinity of normally functional TCR is in a limited range (being in
part germline encoded as anti-R) and that the TCR density is also fixed in ontogeny, we need
only discuss the density of the ligand, [PR], to illustrate and deal with this problem.

For purposes of discussion, a possible relationship of density of [PR] to the response is outlined
in Figure 2. We illustrate two thresholds of density. At a [PR]-density below Threshold | no
signal is delivered to the i-cell. Above Threshold | and below Threshold 11, deletional Signal
[1], is delivered. In order to activate the i-cell receiving Signal[1], a second signal delivered
by an eTh (Signal[2]) is required. Activation of iT-cells interacting with [PR] in this Signal [1]
delivering density range, is eTh-dependent. It is possible to envisage that when the [PR] density
becomes very high at Threshold 11, there is a qualitative change in signaling. The activation
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becomes eTh-independent, which implies that the high density signal (Signal[3]) is uniquely
activating. Under high density conditions the i-cell cannot be inactivated (“tolerized”). An
analogous situation has been discussed for iB-cells (Cohn, 1997b).

We have reviewed (Lin et al., 1992) the findings that certain antigens induce effector cytotoxic
T-cells (eTc) with no apparent requirement for help (eTh) whereas others are critically
dependent on helper activity. For example, allochimeras will respond, as do untreated animals,
to allo-R and certain viruses (Zinkernagel et al., 1988) but will not respond to minor
histocompatibility antigens (minors) unless a high effective level of help is provided (Lin et
al., 1992).

There are two classes of explanation. First, all treatments to rid helper activity (e.g.,
allochimeras or anti-CD4 administration) can be argued to reduce the effective level but never
low enough. Most minors are expressed on non-RII expressing cells and, therefore, must be
cross-processed by APC expressing the restricting allele of RII. These are either host APC or
APC from the immunizing spleen cells with a host matched MHC. Given low levels of both
help and cross-processed antigen from minors, the response is not detectable. If an effective
level of help is provided the low level of cross presentation is sufficient to induce a response.
However, in the case of certain viruses and allogeneic cells, the immunogen is presented at
high levels on RII expressing APC and the low level of residual help becomes detectable. This
class of explanation makes activation of all cytotoxic T-cells (iTc) strictly help (eTh)-
dependent. The difference, under this explanation, between help-dependent and help-
independent responses is quantitative, not qualitative.

Second, it can be argued that there is a class of antigen that can activate iTc without any
requirement for helper activity. This would make the difference between help-dependent and
help-independent responses, qualitative, and require a model such as that described in Figure
2. Antigens presented at densities above Threshold 11 activate iTc, eTh-independently. The
response to allo-R and certain viruses might fall into this category. As the recognition of such
antigens cannot result in inactivation (“tolerance”), no Self-component can be an eTh-
independent inducer. For intracellular Nonself-antigens that share no determinants with Self,
it is possible to envisage an inducible-only eTh-independent Threshold I1 for activation under
either the Tritope or the Standard Model. However, for alloreactivity the Standard Model is
inadequate. In order to account for eTh-independent induction of alloreactivity under the
Standard Model each [PsRa]-complex would have to be at Threshold 1. In order to explain
high frequency of responders, most unique [PsRa]-complexes would have to be at Threshold
I1. If such complexes are inducible-only, all individuals would die of autoimmunity as what is
R for one individual is Ry for another. Under the Tritope Model when R is engaged in
restrictive recognition, it is not functioning as an antigen; rather it is functioning as a marker
of intracellularly derived peptide. When Ry is engaged in alloreactivity it is functioning as an
antigen and does not engage anti-P. Therefore, it is possible to envisage eTh-independent,
Threshold I1 activation. Clearly then an experimental resolution as to whether induction of
alloreactivity is eTh-dependent or eTh-independent is crucial.

The iTh-APC-eTh signaling interaction

Both the tolerogenic and triggering interactions of the iT and eT cells respectively have been
described above. Now we put them together as an iT-APC-eTh interaction of Associative
Recognition of Antigen (ARA).

The concept of an Eliminon

Before continuing it would be useful to introduce the concept of an Eliminon. The response
to a given pathogen must be coherent and independent, which means that there must be a way
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to link what is to be ridded or eliminated with what is to be induced for each pathogen. The
regulation of T- and B-cell responses can be tied together by introducing the Eliminon, which
is the smallest functional unit of elimination. For a coherent response the regulatory signals
must be delivered by recognition of epitopes linked on an Eliminon, be it a single molecule
like diphtheria toxin, a viral particle, a bacterium, a fungus, or a protozoan.

The assumption of a signaling patch

The antigen-presenting cell (APC) is assumed to process a given “Eliminon” and display the
derived peptides on R-elements that are kept together or associated in a signaling patch on the
surface. The eTh and iT cells recognizing [PR] complexes in the patch engage in a signaling
interaction in which the eTh delivers Signal[2] to the iT-cell. Signal[2] must be delivered via
the signaling patch given that a direct T-T interaction of restrictive recognition is ruled out.

Three points need highlighting.

First, the assumption of a signaling patch is required to keep the peptides derived from a given
Eliminon (toxin, virus, bacterium, etc.) associated or linked for the inductive interaction, iT-
APC-eTh (Cohn, 2005a; Langman and Cohn, 1996). Associative Recognition of Antigen
(ARA) must be preserved as a requirement of both an adequate Self-Nonself discrimination
and effector class regulation.

Second, the density of [Pns-Rt] complexes in the signaling patch must exceed Threshold |
(Figure 2) required to deliver Signal[1] to the iT-cell (Cohn, 2005c;Langman and Cohn,
1999). We recall that the inductive signal is Signals([1]+[2]). Signal[2] alone has no
consequence for an i-cell.

Third, the iTh-APC-eTh interaction, unlike an iB-eTh interaction, cannot involve a direct iT-
eTh interaction of restrictive recognition of antigen. This raises questions concerning the
response of allochimeras as discussed above and to which we add the following:

Allochimeras of the type, H-22 bone marrow into lightly irradiated H-2° SCID mice, have
APCs of both types, H-22 and H-2P. The iT-cells after positive selection are H-22iT restricted
to H-2P. “Help” or Signal[2] delivered by an eTh to an i T-cell must occur in the signaling patch
on an H-2P APC, eTh—H-2P APC—iT. This means that allochimeras should be normally
responsive in the cell-mediated class and unresponsive in the humoral class. This essentially
is what has been observed (Zinkernagel et al., 1988). Also implied is that allochimeras should,
in principle, be able to mount normal levels of ‘help’ and that their apparent requirement for
‘help’ compared to normals when responding to minors is due to the very low frequency of
iT-"anti-a-given minor’ possibly due to the irradiation, conditions of restoration and the
protocol of immunization.

How do we account for “nonclassical” RIl-elements

The MHC encodes a set of “nonclassical” RI-elements (e.g., Qal). It is not clear why they are
referred to as “nonclassical” because like the “classical” RI-elements, K, D, L, they bind
peptides. Further, they may function as restricting elements, albeit in a limited capacity
(Bouwer et al., 1997). They are usually studied as allo-targets under which conditions the TCR
does not recognize the bound peptides in a specific and restricted manner. When nonclassical
RI-elements are studied as allo-R, they are recognized by the TCR and responded to [P+anti-
P]-independently. Unlike allo-H-2K, D or L, the cytotoxic response to Qal, as an example, is
clearly eTh-dependent and not restricted by the classical Class | R-elements (K, D, L). This
implies that Qa-1 does not have to be processed to be recognized; it is recognized as is any
allo-R.
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If Qal acts as a restricting element, then allele-specific recognition of it is expected to be
germline encoded as would also be the recognition of the i-site. Unique Vy-gene segments
would be expected to encode a subunit of all TCRs recognizing a Qal allele.

As pointed out in the discussion of alloreactivity (Cohn, 2005c; Langman and Cohn, 1999), as
Rl cannot be recognized by helpers, then, a response to Qal, which does not behave eTh-
independently, requires that it be linked to a carrier like H-Y that is associatively recognized
by helpers (Bouwer et al., 1997; Keene and Forman, 1982).

Given the ease with which the cytotoxic response to allo-Qal can be shown to be eTh-
dependent and the difficulty encountered when trying to demonstrate eTh-dependence for the
alloresponse to H-2K, D or L (interpreted as eTh-independence), to what might the difference
be attributed? One explanation that appears reasonable is that Qal is expressed at density levels
around Threshold I, whereas H-2K, D or L are expressed at levels around Threshold Il (Figure
2). Whether the difference is quantitative (Signals[1]+[2]), or qualitative (Signal[3]) remains
to be resolved experimentally.

Why haplotype exclusion?

In the absence of haplotype exclusion, the cell could express four TCRs. However, analysis of
this case is unrealistic as a failure to stop rearrangement (i.e., rearrangement to exhaustion)
would leave most of the genome unexpressed. In any case, for purposes of illustration, under
conditions where four TCRs are expressed, two factors would provide a selection pressure for
haplotype exclusion (1 TCR per cell):

1) The decreased responsiveness of iT-cells due to the decreased density of a functional TCR
on the surface is an important factor.

The reduction by a factor of 4 in the density of a functional TCR on the surface could well
make the cell inadequately responsive. Sharp thresholds of responsiveness are key to T-cell
function.

2) An increased difficulty in making a Self-Nonself discrimination becomes a factor.

If the probability of being anti-S is 0.01, then 0.039 of cells expressing 4 TCRs would be
deleted, compared to 0.01, if haplotype exclusion operated. This 3.9 fold increase in anti-S
expressing cells could well pose a selection pressure because, essentially, they are all coupled
to the simultaneous expression of anti-NS and this raises the problem of the induction of anti-
S activity via recognition of NS.

The problem created by the expression of four receptors restricted to a mixture of class I and
class Il Rt-elements is solved by their deletion during positive selection (Cohn, 2005c;
Langman and Cohn, 1999). TCRs of double restriction are equivalent to cells of double
restriction due to the expression of multiple receptors.

In order to establish haplotype exclusion there must be as a minimum:
1. anorder of expression, TP then Ta
2. afusion efficiency determining the probability of an in-frame joint, and
3. a STOP condition to further rearrangement.

The order of rearrangement T then Ta puts the burden of reducing the doubles on the T
locus. An estimated fusion efficiency of 0.2 would result in 11% of cells expressing 2 TCRs
composed of 1a and 2 B chains. This level of doubles is considered to be too high, and leaves
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us with the popular assumption that there is a 3-STOP-f signal (i.e., the formation of an intact
{3 subunit results in cessation of rearrangement specifically at the T locus). The expression of
an o chain resulting in an of3 pair provides a second STOP signal, ap—STOP-all, that turns off
all further rearrangement. While this ap—STOP-all appears to be more leaky then the putative
B-STOP-B, there is a clear indication of a STOP mechanism operating on the Ta-locus.

The a priori problem with a B-STOP-B proposal for haplotype exclusion at the Tg-locus is the
lack of a plausible mechanism. A B-STOP-B mechanism of exclusion requires that the time to
complete a rearrangement be long compared to the time to STOP B-rearrangement by the
translated p-chain. The first locus to successfully rearrange to a transcription unit must
transcribe, process and export MRNA from the nucleus that is picked up and translated by
ribosomes, then incorporated as pre-TCR into the membrane as an initiator of a STOP signal
for the B-locus. That this process would be short compared to rearrangement does not appear
likely, albeit possible.

In the absence of a B-STOP-B mechanism, a problem with functional double TCR expressing
cells, 1Va+2VB, arises only if Va is positively selected. In this case, both V must express the
functional flOp configuration, reducing the functional doubles to 0.11x0.25=0.0275. Given
this, the assumption of an evolutionarily selected B-STOP-f mechanism seems gratuitous.
However, the assumption B-STOP-B can be tested by determining the proportion of B/~ in i T-
cells. If B*/~/[p*~+p**] is <0.5, B-STOP-P remains viable; if >0.5, it is ruled out.

The reason that the of3-STOP-all signal is leaky is that the selection pressure operating on it is
weak. Consider a cell expressing 1p and 2a after it has passed through positive selection. If
the VB is anti-Rt then both Va must be anti-Rp for the two TCR to be functional. The
expression in an individual cell of two different alloreactivities has no debilitating
consequence. If the Vp is anti-R then at least one of the two Vo must be anti-R; if the other
Va is anti-Rp, it would be of no consequence. If the other Va is anti-Rt of the same class of
R but specific for another R gene product (e.g. K or D or L) then a cell thus doubly restricted
would survive positive selection (Cohn, 2005¢; Langman and Cohn, 1999) but have no
deleterious consequence. If the other Va were anti-Rt of a different class of R, this could be
deleterious if both TCRs functioned, but given the CD4/CD8 requirement or if the i site is
class-of-R specific, the cell could not function in the unselected class. If both TCRs were
functional, the only remaining problem would be that one might be anti-Ps and the other anti-
Pns. If the probability of being anti-Ps is 0.01, then two percent of cells with doubly functional
TCRs would express one TCR anti-Ps and the other TCR anti-Pns. Consequently, both the S-
NS discrimination and the need to maintain a density of TCR sufficient to permit adequate
signaling appear to operate as weak selection pressures on the mechanism of haplotype
exclusion.

In sum, there appears to be no selection on anti-R for haplotype exclusion; the selection (albeit
weak) is on anti-P based on the necessity to either make a S-NS discrimination or to respond
with sufficient sensitivity to Pns or both.

Why high polymorphism, low polygeneism?

It might be well to remind the reader that hemoglobin has as many alleles as any R-element
but hemoglobin is of low polymorphism whereas R is highly polymorphic. The polymorphs
of R cannot be defined by the number of amino acid differences between alleles. A polymorph
must be present in the population at a frequency (e.g.>1%) that is too high to be accounted for
by unselected mutation. The polymorph must be evolutionarily selected to reach this high
frequency. The total number of polymorph-specific determinants (a) on MHC-encoded R-
elements cannot be greater than the number of functional (positively selectable) V-regions (i.e.,
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~102) because polymorph-specific determinants (a) are defined by restrictive and/or allo-
reactivity.

In mouse there are 3 Rl and 2 RIl per MHC haplotype and, roughly, 10 polymorphic alleles
per domain or subunit of the R-element (Table 4). This poses several questions.

What limits the polygeneism of the MHC?

In the choice of two pathways of evolution of the R-elements, polygeneism or polymorphism,
the limit to the selection for polygeneism becomes apparent early on and the evolutionary
pathway favored polymorphism. There are two reasons for this.

First, the rate at which pathogens can escape recognition is much faster than the evolution of
the genome can track by increasing the number of matching R-genes per haplotype. Under the
selective pressure of the viral load, the rate at which a population can evolve via polygeneism
is much slower than via polymorphism. Polygeneism requires in sequence, a gene duplication
to create a new locus, a mutation at that locus to resistance and the spreading of the resistance
locus through the entire population. Polymorphism requires a mutation to resistance creating
an allele and the spreading of the resistance allele to a limited extent in the population under
viral selection.

Second, as discussed earlier, the higher the polygeneism the lower the number of cells (the
copy number) per T-Protecton responding to a given [PRy] complex. Much below a copy
number of 10 the response becomes too slow to be effective in protection against fast growing
pathogens.

What drives the polymorphism of the MHC?

Wills and Green (Wills and Green, 1995) have given us a reasonable framework for thinking
about the problem of the selection pressures driving MHC polymorphism. If the genes encoding
susceptibility to a given pathogen are expressed rarely as phenotypes in the population, then
the pathogen can only spread to a limited extent. Thus the population would be resistant
although a minority of different individuals would succumb to various members of the
pathogenic load. Under these conditions a state of high polymorphism would be maintained.
Using the Wills-Green proposal as a base, we will recast in another framework the scenario of
what they refer to as herd immunity.

There is no way that a pathogen can escape recognition at the level of the TCR because the
anti-P repertoire is capped and all presented peptides would be recognizable. A pathogen can
escape, however, by changing an anchor to a non-anchor residue, that is, by not providing a
peptide to be recognized. This is an oversimplified statement of this assumption [see discussion
of Table 5 in (Cohn, 2005c¢)] but adequate in the present context. The escape of the pathogen
by switching anchors leaves the R-allele susceptible and under selection to mutate to recognize
another anchor which renders the new allele resistant to that pathogen. The resistance allele
would spread in the population under interactive selection by that pathogen until the pathogen
escapes again to repeat the process. The new resistance allele would be dominant and selected
to become a polymorph.

Now let us consider a more complex situation. A given allele of R defined eventually by the
anchor residues it recognizes confers resistance to a proportion of the members of the
pathogenic load. Other R-alleles confer resistance to another proportion of the pathogenic load.
Each allele both overlaps and is unique in the family of pathogens it presents to the immune
system. Under constant pressure from the pathogenic pool, the polymorphism is maintained.
However, how did it arise? In part, this was answered above. Nevertheless, it is worth stressing
that each polymorph must be established sequentially. This means that the existing family of
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polymorphs that determine herd immunity must be subjected to a new pathogen to which the
herd is susceptible because it provides no peptide at a concentration detectable by their immune
systems. The selection pressure is for one of the R-alleles in the species to mutate its anchor
sites to present the new pathogen. The new resistance allele now spreads to become a
polymorph and the pathogen is added as a steady state member of the load with which the herd
can deal. Of course, it must be kept in mind that the TCR gene loci must keep track of each
new resistance R-allele.

How might the relationship between anchors and allele-specific determinants be

maintained?

In the present framework this problem is best answered by considering how viruses (the main
target of CMI) might escape immune destruction. We will not deal with escape routes that do
not involve specific recognition.

Let us start with a primordial system with 1 Rl and 1 RII recognized by 2 Vo and 2 Vj that
yield 4 VaVp pairs only two of which are functional. Each of these two, VaV pairs has the
potential to express the total anti-P repertoire of 10°. There are no allelic variants of R, each
of which binds a large enough family of peptides to be adequately protective. The system
requires a somatic S-NS discrimination that operates above a threshold density of expression
of the [PR]-complex (Cohn, 2005c; Langman and Cohn, 1999). For any [PR]-complex to
become the target of a response by the immune system, tolerance or induction, it must exceed
the threshold density.

Consider a viral pathogen of roughly 3000 amino acids under selection to escape immune
attack. The infected cell would express ~10 peptides, recognition of any one peptide being
sufficient to rid it. The only escape for the virus would be to produce such a variety of peptides
with the same anchors that the density of each [PR] complex would be too low (i.e. below
threshold). The only way to counter this scattershot escape move by the virus would be to
mutate R so that it selects another set of peptides using different anchors, thereby making the
expression of the new [PR] complex exceed the threshold. If this results in a new allele-specific
determinant, it must be recognized by the TCR (Va or V) and thus the question is posed, how
can the mutations that affect peptide binding be revealed simultaneously as mutations that
affect allele-specific recognition by the TCR?

This rough one-to-one relationship would be maintained if the site on R responsible for
anchoring the peptide contributes to form the allele-specific determinant. The anti-R site on
the TCR sees an allele-specific determinant (a) on [PR] that is on one or the other domain or
subunit of R (i.e., 2a per R). If, in large measure, peptides are bound to R-elements by anchor
residues interacting with opposite domains or subunits, then, the “in between” or exposed
sequence can be seen by the anti-P paratopic repertoire of any positively selected TCR family
because the P repertoire expressed between the anchors plateaus at ~10° (Cohn, 2005c;
Langman and Cohn, 1999).

If now one considers a universe of intracellular pathogens escaping by the scattershot route,
the host species is driven to diversify R to select a sampling of peptides defined by the anchoring
ends independent of the requirement that the sequences between them be recognized by anti-
P. Changes in anchor selection by R must be tracked by the TCR c-a site, which looks at the
allele-specific determinants on the [PR]-complex.

Once the recognitive system is in place in which the TCR recognizes one allele-specific
determinant (a) and one invariant determinant (i) on R, the virus cannot escape either by the
scattershot route or by mimicry of either the a or i determinants. It might be well to recall that
each Ry-element is recognized by the TCR in one of two signaling orientations Va(aW)Vp
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(iE) or VB(aE)Va(iW). An effective escape requires that the virus subvert recognition in both
orientations (i.e., not very likely). The dispersion of R-polymorphs in the population leaves
the virus with limited access to spread in the species. In order to escape, it must upset processing
or the normal induction mechanism. This is a tricky problem for the evolution of a pathogen
because wiping out the entire immune system puts it in competition with every other pathogen
and this could well be worse than limited survival in the species.

In mouse, given a total of 102 VV1-gene segments, only 102 allele-specific determinants defined
by the anti-R repertoire can exist.

Why do the TCR loci, Va and VB, express high polygeneism and low polymorphism, while
the MHC, in contrast, expresses low polygeneism and high polymorphism?

We have discussed above why the MHC expresses low polygeneism and high polymorphism.
By contrast, the TCR-loci that recognize the polymorphism of the MHC are highly polygeneic.
The reason seems obvious as each individual in the mating pool must express a TCR that can
be positively selected no matter what polymorph of MHC it expresses. The recognitive
repertoire of the TCR with respect to the allele-specific determinants of the species must be
complete. Any individual that could not recognize its thymic R-allele would have a defective
immune system and be eliminated. This drives polygeneism at the TCR-loci.

In sum, the R-elements are being selected upon for the anchor residues they recognize. This
creates allele-specific determinants. The pool of Va and V3 gene segments is selected upon to
recognize the allele-specific determinants of the species. As the rate of divergence of the MHC
and of the TCR are comparable (both being germline encoded by the host species), the TCR
can track the R-element. Paradoxically, the pathogenic load selects directly on the MHC for
high polymorphism and indirectly on the TCR-loci for high polygeneism.

How might these allele-specific determinants be distributed on restricting elements?

An allele-specific determinant is defined by its being recognized by a VVt-gene product. There
are at maximum ~102 V/1-gene segments, ~80Vo. and ~20Vp. Assuming all to be functional
and unique and that the TCR-loci are the same for all individuals of the species, then ~102
allele-specific determinants function in the species. These are partitioned between RI and RIl,
and between West and East.

In order to deal with this question, a set of ball park guesses as to their partitioning must be
made. Consequently the data in Table 4 only show that a reasonable description of the system
based on the Tritope Model can be derived. If each domain of RI or subunits of RII expresses
1 allele-specific determinant (a) and if the V-gene pool encodes recognition of 100a, then equal
partitioning would result in aWl = 40, awll = 40, aEl = 10, aEll = 10. A domain or subunit of
R not recognized by a Vo or VB domain cannot participate in restrictive recognition.

Within a given class of R, there is some crossreactivity between the products of different loci
with respect to allele-specific recognition. However, the general case is that allele-specific
recognition is also locus specific (~10% crossreactivity). In order to distinguish the loci
encoding a given class of R (in mouse Rl = K,L,D and RII=A, E), the allele-specific
determinants must, in large measure, be class-specific (i.e., Rl loci (K,L,D) and RII loci (A,E)
carry essentially non-overlapping families of allele-specific determinants). The important
principle is that mutations of R selected because they affect the binding of peptide must with
sufficient probability also create a new allele-specific determinants that can be tracked by the
TCR, if the two properties are to be kept concordant.
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An individual expressing R-elements that cannot be recognized by the products of the V1-gene
pool would be disadvantaged. Any mutation in V1 or in R that resulted in mutual recognition
would be rapidly selected, hence the polymorphism of R.

Once a set of R polymorphs recognized by a pool of Vt-encoded anti-R is established, the
system becomes fixed and this raises the next question.

Distribution of allorecognitive TCRs in the cell population of mice

While restrictive reactivity to a given peptide is low frequency (~1 in 10° cells respond to a
given [P-Rt] complex) alloreactivity is high frequency (~1 in 102 cells respond to a given
Rp). In Table 5 the distribution of alloreactive cells is calculated based on the assumption of
random complementation of VaVf and that all V-gene segments are functionally distinct. The
percent of cells that would recognize a given allo-R is ~0.8.

It might be recalled that in the case where the i-site is class of R specific (more likely), all
positively selected cells are potentially alloreactive (Table 5). However, in the case where the
i-sites are common to RI and RII (less likely), a proportion of the allorecognitive cells will be
non-functional as they will be mismatched for CD4/CD8 and RIa/RI1A. The frequency of cells
potentially responsive to a given allo-R would be halved.

In other words, high frequency recognition is a reflection of the assumption that recognition
of allele-specific determinants on R is germline-encoded. Key here is that there would be no
way to account for the high frequency of alloreactivity if it were P-specific (i.e., [P+anti-P]-
dependent). If each R presented 10 Ps out of a total P repertoire of 10° and if alloreactivity
were [P+anti-P]-dependent, then the frequency of alloreactive cells per Ra would fall 102-fold
from ~1% to 0.01%.

What is the origin of xenoreactivity?

Contrary to the rule of foreigness, the frequency of alloreactive cells is higher than xenoreactive
cells but even so, xenoreactivity clearly engages a much higher proportion of cells than
restrictive recognition of any given antigen. Murine T-cells will respond to human targets,
seeing them in as allele-specific a manner as would human T-cells. Given that allele-specific
recognition of R is germline encoded and that the large set of R polymorphs are tracked by a
large polygenic pool of V1-gene segments encoding anti-R, the system of interacting elements
becomes largely locked into place over evolutionary time. Consequently, even during
speciation the system is largely conserved, revealing itself as xenoreactivity between quite
distant species. The existence of xenoreactivity is one of the best experimental arguments for
the correctness of the assumption that recognition of allele-specific epitopes is germline
encoded in the V1-loci. As is the case of alloreactivity, xenoreactivity is predictably [P+anti-
P]-independent (i.e., P-unspecific).

There is an unsolved paradox concerning the pathway of speciation that retains xenoreactivity.
One might picture the process of speciation to have occurred in an individual as a major
genomic event that incorporated the polygenic TCR-loci and one or two MHC-loci. However
in order to gather the polymorphic MHC-loci of the original species into the new species
multiple rounds of mating, new with old, and with selection must operate. Therefore the more
likely alternative would be that speciation occurred stepwise with selection at each step, rather
than “big bang.” This would permit the gathering of the family of polymorphic MHC-loci into
one new species.

In any case, a few good ideas and a quantitative model would be welcome here.
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A donkey with two pinnable tails: structure and function

Thus far, in large measure, we have tried to derive the structure of the TCR from a consideration
of function. The TCR must have an anti-P site and an anti-R site (c-a+c-i). The c-a site on one
subunit is positively selected to recognize a on Rt and, on the other subunit, c-a recognizing
allo-R is unselected. The c-i site on each TCR subunit has a special relationship to the c-a, in
that it functions in trans relative to the c-a site. The c-a site cannot function in cis with c-i
(Cohn, 2005c; Langman and Cohn, 1999).

The morphology of the TCR-[PR] interaction as depicted by X-ray crystallography (Garboczi
et al., 1996; Garcia et al., 1996) is consistent with this picture. Anti-P appears to involve the
complemented (NJ),—~(NDNJ)g region. It is likely that N-sequences are the major determinant
of most anti-P specificities. The positions of the a and i determinants on R, as well as the c-a
and c-i sites on Va and/or V3 are open to experimentation as is, for that matter, whether the
observed interactions between TCR and R itself are mappable onto defined regions designated
c-a and c-i based on functional considerations. Thus far these relationships remain just
predictions of the Tritope Model.

There is an obvious temptation to assign roles to the so-called CDR1 and CDR2 regions, like
CDR1 specifies c-a and CDR2 specifies c-i or vice versa dependent on whether Vo or V3 are
being considered. The problem is that the definition of CDR1 and CDR2 based on
hypervariability plots or on analogy with the BCR is of marginal value. The TCR has a notably
different structure and behavior from the BCR. The relevant similarities and differences are
listed in Table 6 and are self-explanatory. In any case, it would be expected that:

1. recognition of invariant or i-sites on R would divide Va into two classes, one
recognizing iWI and the other iWII. Similarly for /B, one class would recognize iEl,
the other, iEIl. Only four combining sites (c-i) are required, two per Va and two per
VB. Hypervariability is a useless determinant of these sites. However, careful analysis
of class I or class Il restricted Vo domains might reveal a region of difference between
the two classes that is a commonality within the class. Similarly for V.

2. the combining sites (c-a) responsible for recognition of allele-specific determinants
will display sequence variability that could occupy a very large region of the V-
domain because a-determinants could be expressed in different places on the surface
of R available to TCR recognition. Further, as recognition of a by c-a is germline-
selected, the entrained unselected neutral mutations in V1 blur the hypervariability
analysis.

Most demonstrations of a conformational change in the TCR on binding of its [PR]-ligand are
interpreted under the Standard Model to play a role in adapting to recognize a “composite
epitope” or “interaction antigen”. This fluidity or malleability of structure is viewed as a
mechanism for the recognition of a family of [PR]-complexes, a phenomenon referred to as
“degeneracy of recognition” (Cohn, 2005b), often mislabeled “induced fit.” This is not what
we are discussing here. Under the Tritope Model, Signal [1] must be conformationally driven.
This requires that we distinguish between malleability changes used in recognition and
conformational changes used in signaling (i.e., induced fit). It is likely that they would overlap.
As the TCR has no cytoplasmic tail of note, the conformational signal must pass via CD3,
which in turn undergoes a conformational change that initiates the signaling cascade.

The interaction of the TCR with ligand initiates conformational signal ® which is triggered
from either of two orientations. It is expected then that this signal would be deliverable via
C, or Cg. Consequently, the CD3 modules must be coupled asymmetrically in such a way that
they can deliver by multimerization the same unique signal independent of the orientation from
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which it originates. The present status of our understanding of the structure of the TCR-CD3
complex that enables this signaling function has been reviewed (Kuhns et al., 2006).

The D-reading frame is postulated to play a similar role in TCR and BCR. In the BCR, the D-
gene segment is expressed in functional molecules in a unique preferred frame. In the TCR, D
is expressed in functional molecules in all three available frames. What is this difference
postulated to reflect?

For the BCR only the preferred frame permits transmission of a conformational signal to the
cell upon interaction with ligand. For the TCR, the D-reading frame determines the initial
conformation of anti-P, fllp or flOp, operative in one or the other orientation. The D-reading
frame tells us the signaling orientation, aE—iW or aW—iE, of the TCR-[PR] complex that
can be positively selected. All D-reading frames can be functional, dependent on the signaling
orientation of interaction with [PR]. For a given signaling orientation only one or the other D-
reading frame is functional. It is the dual recognitive property and dual potential signaling
orientations of the TCR contrasted to the BCR that requires this difference in the expression
of the D-gene segment reading frames (Table 4 in (Cohn, 2005c)).

Reinterpreting data and proposing crucial experiments

1. A Confirmation of the assumption that positive selection and alloreactivity are “peptide-
independent”

Rohrlich et al (Rohrlich et al., 2005) analyze the response to a murine Class Ib restricting
element referred to as mHfe. This Class Ib molecule cannot present peptide because its binding
groove is ill-suited. In mHfe-KO mice the V-regions and DR reading frames of the TCRs used
in the response to mHfe are shown in Table 7. Of the 8 clones studied, 5 use Va6 associated
with 4Vps. This led Rohrlich et al to compare the Va6 levels in CD8™ splenic T-cells from
H-24 wildtype (wt) mHfe and mHfe-KO mice. The Va6 expression in wt mHfe is 3-4x higher
than in mHfe-KO mice. They reasonably conclude that the Class Ib mHfe positively selects
V6. Therefore in mHfe-KO mice which cannot positively select Va6, the TCR response to
mHfe that uses Va6 must be due to its being entrained as “allorecognitive.” This study can be
viewed as an extension of findings seen with TCRs restricted to a given Class la allele and
alloreactive to another. In the presence of the restrictive allele, the TCR is positively selected,;
in the presence of the allo-allele it is negatively selected (Capone et al., 1995; Sha et al.,
1988), discussed in (Cohn, 2005c¢). As mHfe presents no peptide, the Rohrlich et al findings
are an example of positive selection and alloreactivity that is peptide-independent (i.e., anti-P
independent), a Tritope prediction. Further, this interpretation of the role of Va6 requires that
single V domains specify recognition of MHC-encoded restricting elements, another Tritope
prediction. Lastly, and strikingly, in the mHfe-KO mouse, VB would have to be positively
selected in the 5 TCRs using Va6 to recognize mHfe. This would imply that these TCRs are
in the fllp conformation postulated to be determined by the DBRF2,3; of the 5Va6Vp1, 4, 5,
13.2, all express Dp in RF2,3. As Va docks on the West (a2) and VB on the East (al) of RI,
the determinant seen by Va6 on mHfe is on its a2 domain.

The remaining 3 clones use Va2Vp4 DBRF1, Val4.1VB13.2 DBRF 2/3(?) and Va8.8Vp13.2
DBRF2. The implication is that the H-29 Class la haplotype is recognized by Vp13.2 and
Va2, while VB4 and Val4.1, 8.8 recognize mHfe. As the response of mice to human Hfe is
uniquely Val14Vp2 with DBRF3, the Val4 can be surmised to recognize an allele-specific
determinant common to mHfe and hHfe (worth testing).
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2. The Kappler-Marrack complementation experiment

Some modern textbooks cite the Kappler-Marrack complementation experiment (Kappler et
al., 1981) as disproof of Dual Recognitive-Single Receptor Models of the TCR. This is not
justified, as this experiment is no longer interpretable given a TCR composed of subunits and
a ligand that is uniquely [PR]. Kappler and Marrack had no way to assay for the new anti-P
specificity created by cross complementation of the subunits. However, the principle of this
experiment remains important.

The extension of the Kappler-Marrack experiment to a study of alloreactivity in cross-
complemented subunits would provide a stringent test of the Tritope Model. While, in most
cases of complementation between randomly chosen TCRs, a given alloreactivity will simply
be associated with the partner subunit in the complements, one situation would be particularly
informative.

Consider 2 TCRs from which the complementary pairs are isolated. The parents ValVf1 and
Va2VB2 have the below specificities:

RT ¢
RA
Vol Vo2
ValVpl flop and Vo2VP2 fllp
d
VBl RR VB2 Rt

ValVp1 s restricted to H-22 (RT) and alloreactive to H-20 ( Ri). Va2Vp2 is restricted to

H-24 ( Rch) and alloreactive to H-2° (R, ). The postulated relationship to the V-domains is
illustrated above. The two complements are:

a
Ra c
Val Va2 RT
ValVp2 fllp and VoVf1 flOp
d V1 b
\[ STH p RS

a
Val: Rr—p Ry Vo2: RA—p RT
.RD b d d
VBLRA—pRp VB2: Rr—— Rt

While Val converts from a restricting specificity to an allospecificity, Va2 converts in the
opposite direction. V1 or 2 remain unchanged. This result would formally establish the Tritope
Model, particularly the existence of two initial conformations, fllp and flOp.

Extending this experiment to Class of R disparate TCRs would determine whether i-sites are
class of R specific. A TCR restricted to RI2 and alloreactive to RIP cannot produce functional
complements with a TCR restricted to RI1¢ and alloreactive to RI19, if the i-sites are class of

R specific.

3. A severe test of the hypothesized role of the DB reading frame (RF)

Consider the outcome of a complementation experiment with an a-chain known to have been
positively selected to encode recognition of a given R-allele. Va2 which appears to encode
recognition of DP, might be an example ((Brandle et al., 1995), see discussion (Cohn,
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2005c¢)). If so, Va2 complemented with a family of Vs that express Df in the three reading
frames will either be non-functional (i-sites do not match), restrictively reactive (not assayable)
or alloreactive to DP. The non-functional and restrictively reactive complements will be
indistinguishable. The alloreactive complements in the fllp conformation should express a
consistent one or two DBRFs. The DBRFs that do not permit alloreactivity will contain the
missing DPRF but not be easily revealable due to the difficulty in to distinguishing non-
functional from restrictively reactive. The DBRFs that permit alloreactivity define fllp which
is surmised from limited data to be determined by DBRF2,3, whereas the DBRF that does not
permit alloreactivity (but is presumably restrictively reactive) defines flOp and appears to be
DBRF1. A symmetrical experiment using aV of known functional restriction specificity (i.e.,
in fllp conformation) would convert every Va (of matching i-site) complemented to it to
express its corresponding specificity as alloreactivity. Such a paired result would, in addition,
demonstrate that single V-regions specify allele-specific recognition, a direct confirmation of
the Tritope Model.

4. Do Fq-specific allele-specific determinants exist?

RII is composed of two subunits, a(E) and B(W), which have been postulated to express two
allele-specific determinants, aW and aE. If these determinants are generated by interaction
between the anchor residues of the peptide and a specific combining site on the RII subunit,
then complementation between alleles will result in different peptides being bound but no new
allele-specific determinants (Langman and Cohn, 1999).

The data comparing F1(P1%P») and (P1+P>) allochimeras have been interpreted as showing
that allele-specific determinants are created in the F; by complementation of subunits (Beck
and Fathman, 1982). However, these studies do not distinguish restrictive recognition from
allorecognition of the complemented F structure. If this Fq structure is recognized by
restrictive antigen recognition then all that is being measured is that the complemented F4
structure binds different peptides as predicted by the Tritope Model. Its allele-specific
determinants could be entirely parental. If it is recognized by allorecognition as unique, then,
the Tritope Model is either ruled out or in need of serious tweaking.

The experiment worth analyzing would be the response to F1(P1xP5) RIl antigens by an
allochimera P;1—P5. These mice respond normally to allo-R but are tolerant of P; and P».
Predictably, they would be unresponsive to the F1(P1%P,) RIl antigens, but a response would
be a severe test of the Tritope Model.

5. Is alloreactivity [P+anti-P]-independent (i.e., peptide-unspecific)?

The assumption that alloreactivity is simply another case of restrictive reactivity to many
different [Ps-Ra] dominates even today as an explanation of high frequency responsiveness to
allo-R (Matzinger and Bevan, 1977). The data are interpreted in a contradictory manner. It is
important to settle the question as to whether high frequency alloreactivity sums P-specific
responses (Wang et al., 1998) or is in fact P-unspecific and due to the germline-encoding of
allo-R recognition. We consider as decisive the studies of Mullbacher et al. (Millbacher et al.,
1991; Miillbacher et al., 1999) showing that alloreactivity is P-unspecific or, rather, [P+anti-
P]-independent. This conclusion is supported by the observations of Rohrlich et al (2005) which
were discussed above.

6. A paradoxical result that has been interpreted as a challenge to the [P+anti-P]-
independence of alloreactivity

Allen and coworkers (Daniel et al., 1998a; Daniel et al., 1998b; Felix et al., 2006) have been
analyzing a TCR 2.102 (V44 V1) with specificity for a hemoglobin peptide (HbBy 64-76)
restricted to the Class 11 element EX. This TCR 2.102 was also found to be alloreactive to the
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allele EP. The two alleles EX and EP share an identical E,, subunit (referred to here as E?I) but

differ in their Eg subunits, Eg and Eg. Asthe TCR docks in a fixed mode, V, engages Eg (West)
and V engages E, (East). Allorecognition then is encoded by V4 and restrictive recognition

by V1. TCR 2.102 was positively selected by E?l via recognition of its allelic determinant by

V1, and V4 was entrained that recognizes the allo-allele on Eg. As discussed earlier, the

Dg2 reading frame 2 used by the TCR 2.102 V4 is postulated to determine its signaling
orientation, aE—iW (the fllp conformation).

Felix et al (Felix et al., 2006) note that there is an increase in frequency of EP-specific
alloreactive T-cells in B6.H-2K when compared with B6.H-2P mice. As the latter have an
inactivated E,, they lack expression of Class Il E. Therefore, positive selection for E-restricted
T-cells is inoperative. Of course, for B6.H-2K, positive selection raises the frequency of EK-

restricted ( Eg-restricted) T-helper cells. As Eg-alloreactivity can only be expressed by E-

restricted cells (Eg only complements effectively with E,), its frequency in B6-H-2K is
understandably higher than in B6.H-2P which has no E-restricted T-cells.

Alloreactivity of TCR 2.102 is revealed by the replacement of the Eg subunit in EK by EZ,
keeping Eg constant. This is evidence that the V 4 of TCR 2.102 specifies recognition of the
allo-allele-specific determinant on Eg. This interpretation is further supported by substituting

six residues in the alpha helix of EI’B‘ by those present in Eg to produce EI’BYA6 which is an allo-
target for TCR 2.102. The allele-specific determinant seen by V4 is defined by residues in the
alpha helix of Eg (Daniel et al., 1998b; Felix et al., 2006).

It is established that TCRs with known restrictive and alloreactivities are positively selected
by the restrictive allele and negatively selected by the allo-allele ( discussion in (Cohn,
2005c)). This predicts then that the TCR 2.102 would be positively selected in B6.H-2X and
negatively selected in B6.H-2 P, an experiment worth doing. Even with an allo-E-element,

E P, that would support both negative and positive selection of TCR 2.102 simultaneously,
negative selection would be expected to dominate. This TCR 2.102 would also be negatively

selected by a construct E"(EgEZ) (see below). It will be positively selected by EX only, not be
EPor EX.

Felix et al (Felix et al., 2006) postulate a critical role of specific involvement of self-peptides
in alloreactivity. Under the Tritope Model, specific recognition of peptide by the anti-P site is
not involved in alloreactivity. However, these workers were studying a unique target not

ordinarily seen. Usually alloreactivity is investigated with a target that does not share allele-
specific determinants with the restrictive allele. In this case, however, alloreactivity and

restrictive reactivity are being studied with a single target EP(EEE?I). When substitution of
residues in the EP-bound peptide are shown to affect responsiveness, no discrimination between
restrictive and alloreactivity is possible. These two activities are separated in Ek(EgEg) which

supports restrictive reactivity only and in an EX(EgE;() which supports alloreactivity only,

because E7; (an unrelated allele) cannot be recognized restrictively. An EP-bound peptide not

recognized by anti-P would trigger alloreactivity and one that is recognized by anti-P would
trigger restrictive reactivity. This would misleadingly appear to broaden recognition by TCR
2.102 for peptide presented by the allo-R (Daniel et al., 1998b) when, in the Tritope framework,
anti-P would not be engaged.
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These studies (Daniel et al., 1998a; Daniel et al., 1998b; Felix et al., 2006) are one of many
examples of the need to distinguish alloreactivity from allorestriction. Under the Tritope
Model, alloreactivity is [P+anti-P]-independent whereas allorestriction is [P+anti-P]-
dependent. Neither, allorestriction nor alloreactivity are normally functional. Allorestriction
would be normally positively selected by the corresponding allo-R, whereas alloreactivity is
unselected. Alloreactivity is negatively selected by the allo-R allele (discussed in (Cohn,
2005c)). Allorestriction, as distinct from restrictive reactivity, is defined by the immunologist,
not by the immune system, whereas, alloreactivity, as distinct from restrictive reactivity, is
defined by the immune system. For the case of TCR 2.102, EP is both a restricting element and
an allo-target given the Tritope framework because it is constructed of independently
recognized subunits, one recognized by V4 (alloreactivity, [P+anti-P]-independent) the other
by Vg1 (restrictive reactivity, [P+anti-P]-dependent).

The studies of Felix et al suggest a difficult, albeit crucial experiment that would challenge the
Tritope model. Consider three E-elements, EgEg(Ek), EgEg(Ep) and EgEf(EX). The TCR2.102

is restricted to E?l, is alloreactive to Eg and does not recognize the allele-specific determinants

of El]g and E7,. EX will be seen purely by restrictive recognition, EX purely by allorecognition,

and EP will be of mixed recognition. Consider now the response of TCR 2.102 to a family of
peptides of varying affinity for the anti-P site presented at constant occupancy of each of the
E-elements. Three distinctive response behaviors are expected when restrictive (EX) and allo-
reactivity (EX) are separated and compared when mixed (E P). Restrictive reactivity to [P-EK]
will decrease with affinity; alloreactivity to [P-EX] will be independent of affinity; and a
bimodal behavior is expected with [P-EP] targets.

7. Is positive selection [P+anti-P]-independent (i.e., peptide-unspecific)?

There are data that have been differentially interpreted to show that positive selection is either
peptide specific (Ashton-Rickardt, 1993; Ashton-Rickardt and Tonegawa, 1994; Ashton-
Rickardtetal., 1993; Goldrath and Bevan, 1999; Hogquist et al., 1994; Hsu et al., 1995; Nakano
etal., 1997; Nikolic-Zugic and Bevan, 1990) or peptide-unspecific (Bachmann et al., 1993;
Barnden et al., 1994; Berg et al., 1999; Ernst et al., 1999; Ignatowicz et al., 1996; Kisielow et
al., 1988; Lee etal., 1999; Schumacher and Ploegh, 1994; VVon Boehmer, 1994). The ambiguity
of interpretation arises because peptide plays a role in the stability of R, in the expression of
the allele-specific determinant, as well as in the specific signaling interaction with anti-P. It is
only the role of this latter [P+anti-P]-interaction that is in question here. The Tritope Model
requires that positive selection be [P+anti-P]-independent or P-unspecific. What the data do
show is that a [PR]-complex plays a role in positive selection but they do not show that the
process is P-specific (i.e., [P+anti-P]-dependent).

However, there is a literature interpreted as showing that one can select eT-cells specific for
[P+Ra]. This is referred to as “Self+X=Allo+Y,” which if taken at face value would be a
limitation to the strictness of restrictive recognition. Under the Standard Model, this was
viewed as a crossreaction between determinants created by the interaction between P and R.
How might this be explained under the Tritope Model?

As the eT-cells have been derived from positively selected cells, then under the Tritope Model,
“Allo+Y” would be peptide-unspecific. Assuming that is not the case, there are two ways that
specificity of P recognition could arise.

1. There is a non-thymic or fossil pathway to generating iT-cells without positive
selection. In this case, sufficient experimental selection could reveal “allo-restricted”
cells (i.e., cells that in another animal would be self- or Rt-restricted).
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2. Apparentallorestriction could arise between R-alleles that share an a determinant (see
discussion Table 4).

“Self+X = Allo+Y™ or allorestriction would be a rare event revealed by a strong experimental
selection. As a general case, “Self+X=Allo+Y” would be a denial of restrictive recognition,
the phenomenon we are trying to explain.

In one of the earliest and still one of the best studied cases (Bevan, 1977), it was shown that a
population of cytotoxic T-cells restrictively recognizing minor histocompatibility antigens was
also alloreactive. This study suggested that all eTc-cells were both restrictively recognitive for
peptide and alloreactive. However, no hint of peptide specificity when an allo-R was the target
emerged (i.e., no evidence for “Allo+Y” was presented). In accord with the Tritope Model, if
the i-site isthe same for Rl and R11, then roughly 50% of functionally restricted peptide-specific
eT-cells would also be demonstrably alloreactive, P-unspecific. If the i-site is class of R
specific, then 100% of the functionally restricted cells will be alloreactive (Cohn, 2005c).

8. What predictions can be made concerning the behavior of TCR a and B chain transgenics?

Here we consider a situation in which endogenous expression of TCR is either subtracted out
or prevented. For example, only iT-cells expressing one TCR that is the transgene, will be
considered. This can be accomplished by selection of cells or by disruption of rearrangement
at the appropriate gene locus.

Consider a transgene derived from a given restricted TCR from an H-22 animal. It is not known
which subunit encodes recognition of the a-site and which the i-site. The a.and f chains of this
TCR are used to create transgenics.

Suppose that the B-chain had been positively selected in the H-22 mouse. This means that the
original TCR docked in the aE—iW orientation with anti-P in the fllp configuration. If this p-
chain is put into an H-22 animal that has its endogenous Tp-locus disrupted, then it will be
expressed with ~75Va; the ~5Va that carry recognition sites for the a-sites of H-22 will be
deleted. The animal would have one restriction specificity and be deficient in either Tc or Th.
It will express all alloreactivities.

If this B-chain is put into an H-2° mouse that has its Tg-locus disrupted, it will be deleted
because positive selection on Vo requires Vp to be in the flOp conformation; the TCRs
expressing this B-chain in flIp and specifying anti-H-22 would be eliminated (death-by-neglect)
and the animal would have no T-cells.

Now consider the case where the a-chain had been positively selected in the H-22 mouse. The
B-chain would be in the flOp configuration. In this case the transgenic p in an H-22 or H-2°
animal would be expressed solely with the ~5Va that are positively selected. If this a-chain
transgene were put into an H-22 animal with a disrupted Ta-locus, it would be expressed with
~15VB all in the flOp configuration. No positively selected VB could be expressed with this
V. It, therefore, would be the sole restricting specificity. In an H-2P animal, where this a-
chain cannot be positively selected, it will be expressed with ~5V that are positively selected,
all in the fllp configuration.

Thus it is possible to test the positive selection rules, as well as define in terms of Df reading
frame, the two hypothesized conforms, fllp and flOp.

Failure to get this predicted result disproves the Tritope Model.
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9. How does the model deal with peptide antagonists?

As a general comment most experiments with antagonists cannot distinguish effects at the level
of the restricting element (MHC) from effects at the level of the TCR because they are not
performed by adding agonist and antagonist simultaneously to the system, APC plus eT-cell.
Assuming for the moment that the “competition” is at the level of the TCR, the Tritope Model
would suggest an interpretation of the agonist/antagonist relationship as follows:

Most studied peptide antagonists are weak agonists. This is the trivial case. The more
informative case would be antagonists that bind specifically to anti-P but cannot trigger a
conformational change. It is not clear that this category exists or for that matter could exist.
This would contrast with peptide agonists which are specific ligands that trigger the
conformational change.

Given a TCR that docks on R, peptides bound to R that cannot interact with anti-P have, as a
consequence, the disengagement of the TCR from [PR]. These are “non-specific blockers”
physiologically indistinguishable from unreactive peptides. The demonstration of a peptide
agonist is straightforward as it triggers a signal to which the cell responds. The assumption that
antagonists deliver negative signals via the TCR to the iT-cell under conditions where agonists
deliver positive (activating) signals is sufficiently improbable to warrant some kind of
functional justification. Under the Tritope Model, inactivation versus activation of the iT-cell
requires two distinct signals via independent pathways.

10. An important investigation reinterpreted

In a tour de force set of experiments, Huseby et al (Huseby et al., 2005) analyze the question,
“How does the T-cell repertoire become peptide and MHC-specific?” Using the Standard
Model as a guide, they conclude that positive selection operates to capture from a repertoire
skewed toward recognition of MHC, a segment of it that recognizes both common
(“conserved™) and allele-specific determinants on the Rt-elements. Their view is that negative
selection then “biases the repertoire away from conserved interactions” to those that are allele-
and class-specific. The specificity of negative selection is described as being dependent on
interactions with unique side chains of the peptide as well as the a-helices of the Rt-element
(i.e., the interaction epitope or “peptide-MHC interface” somehow selects a TCR repertoire
that is allele and class-specific). This interpretation of the data in the Standard Model
framework is in a sense only a description of the observations in that it has no predictability,
disprovability or generalizability. All this having been said, does the Tritope Model fare any
better in dealing with their data?

Their experiment is based on a comparison of the properties of two families of TCRs that
recognize AP ligated to a peptide 3K (AP-P3), one derived from wild type Ab (wtAP) mice
and the other from AP-SP mice expressing a single peptide derived from Ec. Not surprisingly
they are different as would be the TCR families from C57BI/6, Balb.B and C3H.SW. It is not
that there are differences but how the differences are interpreted that is key here.

In order to deal with this comparison in the Tritope framework it would be important to know
which Va-and VVB-gene segments are used by each hybridoma and what is the Df reading frame
(DBRF) of each. In the wild type AP (wtAP) expressing mouse, the simplest scenario would be

that a unique Vl; would be positively selected to recognize aW ( Az) and a unique Vz would
be positively selected to recognize aE ( AZ). In order to be functional in restrictive recognition,
selection for Vg would require the TCR to be in flOp (e.g., Dg in RF1), whereas selection for

Vz would require the TCR to be in fllp (e.g., Dg in RF3) [see discussion of Table 4 in (Cohn,
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B

V, that encode allorecognition. The net result would be that each ngﬂl‘lo would be present

2005c¢)]. Vg would be complemented with ~10 Vg and V ; would be complemented with ~40

in 5% and each VZVal“*O would be present in 1.25% of the AP-restricted population, assuming

that Vfl and Vz are equally positively selected. A more complex picture would arise if more

than one V-gene segment encoded a given allele-specific recognition (redundancy), or if the
surviving E,ll)f subunit in H-2° mice complemented to a significant extent with Al; to produce a

; brb
functional RIl-element ( AaEﬁ).

In the AP-SP mouse expressing a single peptide, positive selection would be expected to be
essentially unaffected but negative selection would be limited. However, at best this would
affect only a small percentage of the anti-P repertoire. The difference between wtAP and AP-
SP would be that a small part of the potential repertoire would be absent in wtAP compared to
AP-SP. In both cases death-by-neglect would be unaffected. Complications would arise if the
Ea Self-peptide bound to AP-SP affected the expression of an allele-specific determinant due
to an indirect effect via the anchor sites or if the peptide sterically blocked recognition of R by
a subset of TCRs.

In the framework of the Tritope Model, allele-specific recognition of R is germline-encoded.
No somatic process can reveal which determinants on R are common to its alleles and which
are unique because both are Self to the individual. Further, the specificity of the TCR for peptide
is defined by the probability (Specificity Index) that an unselected TCR will be anti-Self-P (Ps)
(Cohn, 1997a; Cohn, 2002; Langman, 2000). The ability to distinguish a Self-P from a Nonself-
P is equivalent to distinguishing two Nonself-Ps. Negative selection, which is a somatic
process, cannot refine or define allele-specific recognition, which is per force germline-
selected.

In a population from AP-SP mice that are unselected by Self-P, the TCR response to AP-Pi
can be divided into two categories. There are those TCRs which recognize AP-Pzy and AP-
Self-P (Ps), and those TCRs that recognize AP-P3y but not AP-Ps. In order to discuss this, a
distinction must be made between degeneracy and specificity (Cohn, 2005b).

The paratope that recognizes an array of mimotopes that includes both AP-P5x and AP-Ps, is
an anti-Self paratope. The paratope that recognizes an array of mimotopes that includes AP-
Psk but excludes AP-Ps is an anti-Nonself paratope. The two arrays may appear to be
differentially degenerate but the two paratopes remain equally specific, as defined by the
Specificity Index (Cohn, 1997a; Cohn, 2002; Cohn, 2006b; Cohn and Langman, 1990;
Langman, 2000).

The study of the amino acid substitutions in Pz tell us what it takes to be or not to be in a
given mimotopic array (degeneracy), not what it takes to distinguish anti-Self from anti-
Nonself (Specificity Index). In essence the degree of specificity of paratopes is an average
property, germline-selected by the necessity to make a Self-Nonself discrimination. Specificity
is the ability to distinguish between mimotopic arrays. Degeneracy is the inability to distinguish
between members of the array.

An epitope that is seen by a family of distinguishable paratopes defines a “paratopic clan.” A
paratope that recognizes a family of distinguishable epitopes defines a “mimotopic array.” If
a given mimotopic array contains one Self-peptide then every member of the array is defined
as a Self-peptide and the paratope that delineated the array is anti-Self. If a given paratopic
clan contains one paratope that is anti-Self then every member of the clan is defined as anti-
Self and the epitope that delineated the clan is a Self-epitope (Cohn, 2005b).
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Huseby et al (Huseby et al., 2005) analyze the differences between the mimotopic arrays seen
by TCRs derived from wtAP and AP-SP mice and show that negative selection by a Ps can
reclassify the mimotopic arrays. Consider now the two paratopes described earlier, one of
which sees Pk and a Ps and the other sees P3k to the exclusion of that Ps. Although both
paratopes see P3k the first paratope is anti-Self and the second is anti-Nonself. Essentially the
P3k is being recognized in two such different ways that it is defined as two different epitopes
by the paratopic repertoire. It takes negative selection by a single Self-peptide (Ps) to reveal
this difference. This Self-peptide (Ps) is expressed in wtAP but not in AP-SP mice. One might
see such a difference between C57BI/6, Balb.B and C3H.SW. Further, in one signaling
orientation (aW — iE), P3k and a given Ps might be recognized while in the other signaling
orientation (aE — iW) P3k, not the given Ps, might be recognized.

In sum, if one could sort the data into recognition of P3x when viewed in the aW — iE or aE
— W signaling orientations, then a bimodal picture might emerge. The paratopic clan that
recognizes an epitope common to P3i and Ps might do so only in one orientation while the
paratopic clan that recognizes an epitope common to P3x and Pns might do so in the other
orientation, but both clans would be equally specific. The paratopic clans, anti-P3k, of the two
mice, wtAb and AP-SP might view P3x in opposite signaling orientations.

The findings on the restrictive recognition of AP appear to show that the TCRs from wtAP mice

are quite specific for both the Al; and Ag subunits of AP, whereas the TCRs from AP-SP mice

behave bimodally. Some behave like the TCRs from wtAP mice, while others show preferential
specific recognition of A]; or AZ. Huseby et al. keep stressing a correlation between the

specificity for AP and for Pgk. In the framework of the Standard Model this would be the
expected behavior of an interaction epitope recognized by a BCR-like TCR. In the framework
of the Tritope Model no correlation is expected as it would be meaningless. Unfortunately the
data are not sufficiently extensive to establish whether such a correlation exists.

Any analysis of restrictive recognition requires that we know the signaling orientation of the

TCRs interacting with AP. As Va docks on AZ and VP docks on Afl, an interpretation of the

amino acid replacements in AP requires that we know which VV-subunit is recognizing the allele-
specific and which the invariant determinant. The data will only be rationalizable when sorted
based on signaling orientation.

Their findings of an effect of negative selection on alloreactivity are not easily explained under
the Tritope Model or for that matter under the Standard Model. Most workers appreciate that
the Standard Model cannot deal with allele-specific recognition. So the Model is usually
tweaked (Garcia and Adams, 2005; Huseby et al., 2005) by describing the TCR as being
“intrinsically biased” or “skewed” towards recognition of MHC, or as having a “predilection,”
“affinity,” “preference,” “bias,” or “obsession” for MHC. This is the little-bit-pregnant solution
to allele-specific recognition. Either the TCR is germline-selected to recognize allele-specific
determinants on R or itis not. Either restrictive recognition exists or it does not. If allele-specific
recognition exists then it must be germline-selected and the Tritope Model is one possible
logical construct. Allele-specific recognition cannot be derived by negative selection (itself
allele-specific) or, for that matter, by any somatic process even one operating on a Standard
Model biased repertoire. All this having been said how can we account for the (Huseby et al.,
2005) findings?

They observe that hybridomas that are anti-AP-Psx specific derived from wtAP mice rarely

show alloreactivity to a broad panel of MHC alleles, whereas anti-AP-P3 specific hybridomas
from AP-SP mice “have a florid propensity for allo- and self-MHC reactivity.”
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The recognition of “self-MHC” is due to restrictive recognition of self-peptide. In the AP-SP
mouse because it fails to present self-peptides, the TCR repertoire includes their recognition.
This is expected under any model. However, the difficulty in detecting alloreactivity in the T-
cell hybridomas from wtAP that are specific for AP-P5y is surprising because alloreactivity to
all of the H-2 haplotypes studied would be high frequency in the population unselected by
Ab-po, . The question then becomes, how might selection for anti-AP-P3K affect this? Why
doesn’t the same selection in the case of AP-SP mice show a similar finding?

While we agree that the difference is most reasonably attributed to an effect of negative
selection, in the Tritope framework, this must be indirect. The choice of the entrained subunit
in the TCRs anti-AP-P5 from wtAP mice must be very limited compared to those from AP-SP
mice. This would be revealed by comparing the \V-gene usage by the anti-AP-P5x hybridomas
from wtAP and AP-SP mice. Such a situation could arise due to a convergence of several factors
but, whatever the reason, this could not be an observation generalizable to all peptides. Normal
WtAP behavior as regards alloreactivity is not being reflected in the cells with anti-AP-Pgx
specificity. The alloreactive behavior of the cell populations unselected by AP-Pgx from wtAb
and AP-SP mice are predictably on average the same.

One factor that could bias the entrained V-gene usage in the hybridomas that were selected in
WtAP mice to be uniquely anti-AP-P3x specific might be the D reading frame (RF). For
example, if DBRF3 were by chance incompatible with the recognition of P3y, then in the
orientation aW — iE all of the alloreactivity would be determined both by the handful of
entrained Vs and the degree of Ao polymorphism, which might be low in the panoply of H-2
haplotypes studied. Ao would be expected to have fewer functional alleles as it is recognized
by the small VB-locus compared to the large Va-locus that recognizes AB. Selection for anti-
P3k specificity in wtAP might favor one signaling orientation while in AP-SP it might behave
non-partisan.

To summarize, in the Tritope framework the degree of specificity for peptide and for allele-
specific determinants is determined by germline-selection. The degree of specificity for peptide
is evolutionarily selected by the necessity to make a Self-Nonself discrimination. The structure
selected upon is the average size of the anti-P combining site or more precisely the number of
complementarity determining interactions required to trigger a signal (i.e., flOp or flip to ®).
The degree of specificity for allele-specific determinants is driven by the need to distinguish
changes in anchoring sites on R. Both are germline-selected properties. No somatic process
like negative selection can, therefore, alter the degree of specificity either for the allele-specific
determinant on R or for its bound P. Negative selection affects degeneracy by defining which
paratopic clans will survive (i.e., the residue constituting the anti-P nonself repertoire).

The question of the origin of T-cells with restriction specificities for both Rl and RIl might be
addressed. If half of the V-gene segments encode recognition of RI and half RII, then of the
1600 (20VpB x 80Va) complements, 800 will be of mixed restriction specificity. These have
been treated as non-functional by assuming that the i-sites are class-specific making it
impossible to dock on either RI or RII. If i-sites are not class-specific (or if they do not exist),
then the normal low frequency of mixed reactors both in alloreactivity and in restrictive
reactivity must depend on other elements such as CD4/CD8. Revealing mixed reactivities
under extreme experimental selection becomes an assay of the leakiness of the sorting factors,
i-sites or coreceptors. Of course, there remains the possibility that allele-specific determinants
may be shared, albeit rarely, by RI and RII. In any case, we do not wish to downplay the
importance of these observations, as their elucidation could well be a disproof of the Tritope
Model.

Finally, Huseby et al ask the following question surprising in the Tritope framework:
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“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?”

This question and their answer would be viewed as a misconception under the Tritope
framework. First, there is no way that a somatic process because it operates in an individual
can determine what are the allele-specific determinants of the species. Allele-specific and
common determinants on Rt are both Self to the individual. Therefore, restrictive (allele-
specific) recognition must require positive selection involving two germline-selected elements,
the allele-specific determinant (a) on R and anti-a on the TCR. Second, when the MHC-
encoded R-element is functioning in positive selection it is not acting as a Self-antigen. Rather
the R-element is playing a role as a component in the physiology of the host. The TCR is
constantly surveilling the peptide pool being presented on R. It does this by docking on R which
exposes both anti-P and P to interaction. If there is no recognition of P, the TCR disengages.
If P is recognized then deletional Signal[1] is delivered to the iT-cell. The Rt element has a
special relationship to the immune system. It is not recognized as a signaling ligand (antigen)
by iT-cells. Only in the case of allo-R is its role as an antigen in question. Negative selection
does not delete recognition of R. It deletes recognition of Self-P. There are no “generic
features of MHC-proteins,” the recognition of which by the “TCR disappears in the
thymus.” This point has been discussed elsewhere (see page 332 in (Cohn, 1992)).

In the framework of the Tritope Model, the studies of Huseby et al (Huseby et al., 2005) have
opened a new avenue that would be revealed by determining the V-gene usage and DBRF of
the families of hybridomas analyzed by them. Their data would then become easier to
conceptualize because they could be partitioned dependent on the two signaling orientations.
Lastly, these studies would have a better chance of revealing the a and i sites on R.

A closing commentary

We have pushed the conceptualization of the Tritope Model to its limit; we have reanalyzed
key data in the Tritope framework both here and previously (Cohn, 2005c). We have proposed
decisive experiments to distinguish the Standard from the Tritope Model and in a future paper
we will provide a computer simulation that will enable an analysis of the parameters of the
Tritope Model that are amenable to experimentation.

While there are many questions that should be addressed in the Tritope framework, they are
best left to another discussion. Among these questions are:

1. How does the Tritope Model deal with MHC-linked unresponsiveness to specific
antigens?

2. Can the model explain the association between R-allele and autoimmunity/
immunopathology (i.e., MHC-associated disease)?

3. What would be the origin and predicted behavior of monomorphic MHC species?

4. How might the structures, interactions, and conformations postulated here be mapped
onto the molecular morphology of the TCR-[PR] complex?

To what end?

This essay has stressed the questions that we feel must be addressed by any model of restrictive
recognition of antigen. In considering the Tritope Model, it is important to distinguish the
principles of the model from the extrapolations to mechanism. The correctness or incorrectness
of a given proposed mechanism may or may not test the model. The extrapolations to
mechanism were introduced to show that the model is compatible with the “molecular” on the
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one hand and the “biology” on the other. The extrapolations to a given mechanism, molecular
or biological, simply show plausibility of the principle, although, it is a safe guess that if the
model proves correct, so will many of the suggested mechanisms. Admittedly we have tried
to push the extrapolations as far as possible. Obviously there are “back off” positions we could
take without weakening the backbone of the Tritope Model but, for the moment, it is better to
be all encompassing and hopefully clear, than right. Validly competing theories are precious
and should be respected.
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List of abbreviations

MHC

major histocompatibility complex
R

MHC-encoded restricting element
P

peptide
Ps

self-peptide
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Pns
nonself-peptide
Rt
the restricting element mediating positive selection in thymus
TCR
T-cell antigen-receptor
Ig
immunoglobulin
Ra
allo-R, nonself alleles of R
RI
class I restricting element
RII
class Il restricting element
VT
variable region of the TCR
Cr
constant region of the TCR
S
Self
NS
Non-Self
a
allele-specific epitope on R
i
invariant epitope on R
c-a
combining site (c) on V1 for a
C-i
combining site (c) on VT for i
Va
the variable domain encoded in the Ta-locus
VP
the variable domain encoded in the Tg-locus
oT
T-cell prior to positive selection (CD8*CD4*)
iT
T-cell after positive selection
eT

effector T-cell
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eTc

cytotoxic effector T-cell
eTh

effector helper T-cell
anti-R

c-a plus c-i recognition of R
d

number of allele-specific determinants (a) per R
Ta

the gene locus encoding the a-subunit of the TCR
B

the gene locus encoding the B-subunit of the TCR
CMI

cell mediated immunity
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Restrictive Reactivity
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Figure 1. Schematic of the conformational changes in the TCR postulated to signal restrictive and
alloreactivity

The parallelogram to rectangle conversion represents the conformational change from flip or
flOp to @ driven by the [P+anti-P] interaction during restrictive recognition. The two signaling
orientations, aW—iE and aE—iW are represented as are the opposite orientations that drive
alloreactivity, which is anti-P independent. Detailed discussion is to be found in (Cohn,
2005c).
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Figure 2. An analysis of the response of iT-cells as a function of the density of a given [PR]
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The cartographic description of R-elements
Domain RI RII
West a2 p1
East al al
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Table 2

Categories of VaV pairs that undergo Positive Selection
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Specificity of anti-R sites Homozygote Heterozygote
VaVp combinations prior to positive selection
R-Rp 450 800
Ra-Rp 1125 700
Rr-Ry 25 100
1600 1600
VaVB combinations successfully selected
RI+-Rlg 132 228
RIIT-RI, 92 168
224 396
VaVp combinations deleted during positive selection
RI+-RI; 9 36
RIlt-Rll; 4 16
13 52
VaVp combinations that die-by-neglect
Rit-RIl; 12 48
RI+-Rl4 138 252
RII+-RI5 88 152
RIA-RIl, 562 348
Rip-RIy 259 136
RIIA-RI5 304 216
1363 1152

The calculations are based on a haplotype expressing 3RIT and 2RIIT. The number of allele-specific determinants per R equals 2. All V-gene segments

are functional and of unique specificity and i-sites are class of R specific.

RT = selecting or thymic-R

RA = allogeneic R

Va = 80 V-gene segments, 40 anti-RI, 40 anti-RII
VB = 20 V-gene segments, 10 anti-RI, 10 anti-RII

Total VaVp pairs = 1600 (80Va 20Vp)
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Table 4
HOW MIGHT ALLELE-SPECIFIC DETERMINANTS ( a) BE DISTRIBUTED ON R-ELEMENTS?
(ILLUSTRATION OF PRINCIPLE)

100V 1=100a
80V, 20V
aWw aE
RI RII RI RII
40V ¢, 40Vg, 1OV 10V
K D L A E K D L A E
18 18 4 20 20 4 4 2 55
aW x aEl="“Rl-alleles” aWII x aEII=“RIl-alleles”
K=18 x 4 =72 A=20 x5 = 100
D=18 x 4 =72 E=20 x5 = 100

L= 4 xa= § Max RII “alleles” = 200

Max RI “alleles” =152

PROBABILITY THAT TWO ALLELES WILL SHARE AN ALLELE-
SPECIFIC DETERMINANT ( a)

aW akl
RIKLD)  0.056(1/18) 0.25(1/4)
RI(L) 0.25(1/4) 0.5(1/2)
RII(AE)  0.05(1/20) 0.2(1/5)
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Table 5
A possible distribution of alloreactive cells in mice
Homozygote Heterozygote
Rl - restricted VaVp 228
RI5-specific 1 32
aWl aEl
34Va 4VB
Rl -restricted VaVp 92 168
RI15-specific / \
aWIl  aEIl aWIl aEll
36V 6V
38Va 8V ® B
% RI-restricted 59 58
% RIl-restricted 41 42
Percent of VaVp specific
for a given:
Allo-al 0.44 0.38
Allo-all 0.46 0.42
Allo-RI 0.88 0.76
Allo-RII 0.92 0.84
Allo-RI-haplotype 2.6 2.3
Allo-RII-haplotype 18 1.7

The numbers of VaVB pairs positively selected are taken from Table 2, as are the assumptions for this calculation.
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Table 6
A comparison of the antigen-receptors, BCR and TCR
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PROPERTY BCR TCR

Structure Homodimer (LH), Heterodimer (af)

Combining sites Two identical Three different

Transmembrane H-chain only Both a and B subunits

Functionally expressed D-RF One preferred RF All three RF

REPERTOIRE

Germline-encoded—Germline-selected ~40V, V pairs anti-"CHO” ~10% (Va+VB) anti-R (MHC)
Germline-encoded—Somatically selected ~1600 (40%)V, V,, random repertoire None

Somatically encoded— Somatically selected ~5x10* anti-Epitope ~5x10* anti-Peptide

Selected role of junctional sequences (NDNJ) Largely framework Largely complementarity-determining

RF = reading frame
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