Chapter 2
A Review of Mathematical Models for T Cell

Receptor Triggering and Antigen Discrimination

Daniel Coombs, Omer Dushek, and P. Anton van der Merwe

Abstract Theoretical studies of T cell receptor signalling and T cell activation have
become a well-known part of immunology and the models described in this chapter
provide a good basis for future studies. Nonetheless it is crucial that, over the next
few years, modelers seek to expand the scope of their efforts and provide a more
comprehensive, predictive and multifaceted approach to T cell receptor signalling.
Currently available models usually provide qualitative results and cannot be confi-
dently parameterized. To obtain more precise and predictive models will be difficult
but is plausible given improvements in quantitative experimental techniques and
their quick adoption by experimentalists.

Introduction

The central event in the generation of adaptive immune responses is the binding
of T cell receptors (TCR) to peptide-major-histocompatibility-complex (pMHC)
molecules at the T cell-antigen-presenting-cell (APC) interface. It is important to
understand how features of the molecular interaction determine the T cell response
(potentially leading to a large-scale immune response in the body). This molecu-
lar recognition event is remarkably sensitive (as few as 5-10 antigenic pMHC can
cause a robust cellular response) but also specific (a single amino-acid change in
the presented peptide can dramatically alter the cellular response). Furthermore, the
sensitivity to very small quantities of antigenic pMHC occurs in the context of a
vast number of chemically similar but functionally irrelevant pMHC. These pMHC
are derived from self proteins and are thought to weakly interact with TCR at the T
cell-APC contact interface. Understanding the specificity and sensitivity of pMHC
recognition in the presence of many self pMHC by T cells is further complicated by
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the fact that we do not understand how pMHC binding to TCR transmits a signal
across the plasma membrane, a process termed TCR triggering. In this chapter we
will review models that attempt to explain the interplay between sensitivity, speci-
ficity and TCR triggering.

In particular, we will focus on the organization of TCR proximal signalling
events, that underlie three major classes of TCR triggering models (conformational
change, aggregation, and segregation) and how the details of the TCR—-pMHC inter-
action can affect signalling. We will begin the chapter with a very brief summary of
the key experimental results that motivated these models.

Sensitivity and Specificity

T cells are challenged to detect the molecular signatures of infection, in the form of
antigenic pMHC, from the background of noise, in the form of endogenous (self)
pMHC. Antigen-presenting-cells express 10°~10° diverse pMHC on their cell sur-
faces, of which relatively few are antigenic, capable of activating a T cell via its
TCR. The key experiments on sensitivity, showing that very low numbers of anti-
genic pMHC can stimulate T cells were by Sykulev et al. (1996) [1] and Irvine
et al. (2002) [2]. In the 2002 experiments, pMHC were individually labelled with
a fluorescent marker, showing that CD4 and CD8 T cells will transiently respond
(flux calcium) in response to a single antigenic pMHC. The level of calcium re-
sponse correlated with the number of presented pMHC up to about 10. After this
many pMHC are detected, a more complete response occurs. A further finding of
this study was that cytotoxic T cells can kill antigen presenting cells after recogniz-
ing as few as three antigenic pMHC. This hair-trigger level of sensitivity is amazing
and perhaps frightening given our knowledge of autoimmune disease. The speci-
ficity of the T cell response has been known for some time by the observation that
a single amino acid substitution in the presented peptide can substantially alter the
T cell response [3, 4]. Taken together, these experiments showed that T cells are
able to respond to a few specific pMHC amidst a background of chemically similar
endogenous pMHC, which when presented in the absence of specific pMHC do not
elicit a T cell response.

Parametric Descriptions of TCR-pMHC Binding

It is natural to ask what quantitatively measurable features of the TCR—pMHC
interaction determine the cellular response. The simplest model of the TCR—pMHC
binding interaction treats it as a simple chemical binding with binding rate k,, and
unbinding rate kof. It is then possible to define the half-life £, = (In2)/ ko and
the dissociation constant Kp = kogr/ kon. It is important to note that ko, is a two-
dimensional rate (units of um2s~!), reflecting the fact that the pMHC and TCR are
restricted to their respective cell membranes.
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Commonly used methods for measuring biochemical rates, such as those using
surface plasmon resonance [5, 6], yield three-dimensional rates which may or may
not correlate well with the actual rates of binding and unbinding within the tight
region of contact between a T cell and an APC. For example, it is possible that
the bond in a physiological situation is stressed and therefore that ko would be
higher than a 3-d measurement would suggest [7]. On the other hand, experiments
that directly measured the two-dimensional rates of CD2-CD58 and CD16-1gG Fc
interactions found a 2-d off-rate that is 100-fold smaller than the 3-d measurement
[8]. This observation may be due to rapid rebinding of the same ligand-receptor pair
in the 2-d environment which is a consequence of diffusion-limited reactions [9, 10].

In any case, 3-d measurements must be converted to two dimensions for use in
mathematical models. The most commonly implemented method is to keep ko the
same, but modify ko, by dividing by an appropriate length scale (typically 5-10nm)
[11]. An additional effect was proposed by Qi et al. [12] based on the work of
Krogsgaard et al. [13], who used thermodynamic methods and a cartoon model of
the TCR to obtain a formula for converting experimentally measured 3-d off-rates to
2-d parameters. This method requires additional measurements of the heat capacity
of the bond to be made. Both of these methods still require experimental validation
or refutation.

Importance of Stable TCR-pMHC Binding

With the caveat that the parameters still need to be measured in a physiological 2-d
situation, the majority of authors have focused on the stability of the TCR—-pMHC
interaction (presumed to be governed by ko from 3-d measurements) as the key de-
terminant of T cell activation. Experimentally, this is supported by a range of studies
showing T cell activation, as measured by cytokine production, is well correlated to
kot (reviewed in [14, 15]) but these results were challenged by others [16, 17] who
did not find such correlations. In terms of signalling, the kinetic proofreading model
(discussed in detail below) gives a rationale for superior signalling by long-lived
complexes in terms of a series of essential signalling steps.

In order to explain experimentally-observed deviations from this rule, more com-
plex models have been devised that take into account additional aspects of the
interaction. For instance, it appears that the TCR coreceptor CD8 stabilizes the
TCR—-pMHC complex by binding in a peptide-independent fashion to MHC and
therefore supports TCR signalling on cytotoxic T cells [18]. An alternative ap-
proach was taken by Krogsgaard et al. [13], who measured the heat capacity of
the TCR-pMHC bond and found that this could be used, along with kg, to provide
an improved fit of T cell activation data. This is consistent with the importance of
effects of molecular reorientation during bond formation [12].

‘We now move on to describe models for TCR signalling following pMHC bind-
ing. In turn, we look at the following:

— Kinetic proofreading models based on a linear sequence of signalling events
proximal to the TCR and dependent on pMHC binding
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— Detailed biochemical models for TCR signalling, involving more complex
reaction networks and feedbacks

— Conformational change of the TCR upon binding

— Models that take special account of TCR aggregation into multimeric complexes

— Segregation-based models

These models should not be viewed as contradictory. TCR signalling is a multi-
faceted process and each class of models takes into account only aspects of the
biological situation. A full model that reconciles all experimental findings is a chal-
lenging task that will build on existing models and will only develop in tandem with
appropriate experimental data.

Kinetic Proofreading Models for Antigen Discrimination

Kinetic proofreading models for TCR signalling are, at their heart, phenomeno-
logical models based on a cartoon version of biochemical signalling initiated upon
TCR/pMHC binding. During signal transduction after receptor ligation, a series of
biochemical events occur at the cytoplasmic tail of the receptor. These events build
a signalling structure of modified components that eventually gives a complete sig-
nal. However if the ligand dissociates from the receptor, the chemical reactions are
aborted and do not go to completion. The essence of the kinetic proofreading model
is therefore to provide a reasonable mechanism for a time lag separating ligand bind-
ing from receptor signalling and hence allowing a receptor to discriminate between
ligands with small differences in off-rate.

As a simple quantitative example, consider a receptor that signals after T = 1's
of engagement, and two potential ligands with k(‘;}f = 1s7! and k(ﬁf = 5571,
The probability of signalling following a single engagement by ligand A is
exp(—kA7r) = e~! while for ligand B it is exp(—kZt) = e™. Ligand A is
thus exp(4) >~ 55 times as likely to signal as ligand B, based on one binding event.
Observe that this mechanism allows discrimination based on half-life (or equiva-
lently, ko) and that small differences in the half-life can be translated into large
differences in signalling. A time-lag model of receptor signalling was considered in
a more general context in [19].

Despite their simple nature, kinetic proofreading models have been extensively
used in a variety of contexts. McKeithan introduced the kinetic proofreading model
for TCR in his seminal paper [20], following on from earlier work in a differ-
ent context [21, 22]. McKeithan’s original scheme is illustrated in Fig.2.1a. In
this model, the TCR begins in an inactive state. Upon binding, it undergoes N
sequential modifications, each representing an intermediary on the path to signal
transduction. Upon completing N modifications, a signal is assumed to have been
completely transduced. Furthermore, McKeithan supposed that if the pMHC un-
binds from the TCR prior to the Nth step being reached, the TCR immediately
reverts back to the inactive state. Mathematically speaking, this model essentially
generates a sigmoidal response to pMHC based on their mean lifetime of binding to
the TCR (1/ ko). We may therefore say that the kinetic proofreading model allows



2 T Cell Receptor Triggering and Antigen Discrimination 29

Fafis
S

g o

TCR Qo —+ __, completed

x1lx

progressive signalling events signal
©
pMHC T T T
Kon Q Q Q Q Q
—_— — > R > c_ompleted
off

*] ik

@ Gy Lok

N

Fig. 2.1 Schematic descriptions of kinetic proofreading and feedback models. (a) We show the
original kinetic proofreading model [20]. Black dots indicate unspecified signalling steps occuring
at the cytosolic tail of the receptor. A full signal is transduced at the end of the signalling sequence.
(b) A positive/negative feedback model of TCR signalling [36—38]. Schematic shown most closely
resembles the feedback model by Lipniacki et al. [38]

the T cell to discriminate pMHC based on their chemical off-rate for the TCR. This
model has been used by many researchers as a simple model of TCR signalling
(e.g. [9,23-27)).

One of McKeithan’s observations about his model was that the specificity of
discrimination grows with N, but at the expense of sensitivity (i.e. as N increases,
the number of signalling events due to pMHC with high off-rates decreases, but
the total number of signalling events from any pMHC also decreases). This point
was examined in more detail in critical reviews of the kinetic proofreading model
[25,28], and shown to be an unavoidable feature of the basic model. It was proposed
that to resolve this issue, fully activated TCR could have a decreased off-rate for the
pMHC - requiring that the signalling machinery be able somehow lock the pMHC
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in place at the TCR [20]. Although we note that there is no experimental evidence
for this effect at present, we can speculate as to how this might be achieved. Possible
non-exclusive mechanisms could include

— A direct mechanical modification of the TCR upon signalling (possibly related to
the piston action or receptor deformation described below). We note that, since
single amino-acid substitutions on the presented peptide can change the cellular
response, it is not inconceivable that small changes in the geometry of the TCR
could have an effect.

— Introduction of additional nonspecific MHC-binding coreceptors CD4 and CD8
to the signalling complex, increasing the effective affinity of the signalling com-
plex for pMHC and fixing the pMHC in place.

— Recruitment of additional TCR to the signalling region. For this idea to make
sense, nearby TCR would need to be able to act effectively to share, or integrate
signals. The pMHC would then serially ligate different TCR within the signalling
cluster, but the kinetic proofreading steps would take place as if via a single
receptor. Experimentally, TCR are known to form clusters in response to cognate
presented pMHC [29, 30].

— By modulating the local geometry of the cell membranes at the signalling re-
ceptor to optimize the intermembrane separation from the point of view of the
TCR—pMHC bond, and reduce the unbinding rate. We note that TCR signalling
is known to be linked to the cortical actin cytoskeleton of the T cell, that could
provide a feasible mechanism for some local control. An alternative or comple-
mentary means of control would be via the removal of cell-surface molecules
with large extracellular domains from the local area.

We note that mechanisms for holding pMHC fixed and bound to a single TCR
contradict the serial engagement hypothesis [31] which argues that the signalling
capacity of rare agonist pMHC multiplies when each pMHC binds to multiple TCR
during the cellular interaction. However, serial engagement of TCR by pMHC could
occur within a TCR microcluster or other localized signalling region [32].

It is also important to note that within the basic model, ligands with lower prob-
abilities of generating a signal can compensate for this weakness by being present
in larger quantities. This is critical for the TCR given the large numbers of irrele-
vant peptides present on the APC. This problem is partially overcome by the strong
nonlinearity in response achieved if there are many proofreading steps (albeit at the
expense of sensitivity) but remains a point to be addressed by more complex models.

The biological basis for the kinetic proofreading model in the case of the TCR
remains unclear. We may, however, draw some inspiration from the signalling path-
way of the high affinity IgE receptor FceRI on mast cells. This receptor, closely
related to the TCR, binds IgE with high affinity and the IgE on different recep-
tors can then be crosslinked by an appropriate ligand. The subsequent signalling
cascade has been studied in great detail, allowing a detailed mathematical model
to be built [33, 34]. Experimental and modelling results reflect many aspects of
kinetic proofreading, but certainly do not allow us to fit the parameters of McKei-
than’s formulation of the model, or obtain a clear biological interpretation of the
parameters (reviewed in [35]).



2 T Cell Receptor Triggering and Antigen Discrimination 31

To summarize our discussion of kinetic proofreading, we observe that a literal
interpretation of McKeithan’s kinetic proofreading model is certainly not correct.
The basic model is unable to reconcile specificity and sensitivity, and the interme-
diate steps have not been found. However, detailed modelling of the FceRI receptor
shows that the basic idea of kinetic proofreading in terms of a set of molecular
events that must happen proximal to the receptor should remain a useful paradigm
for describing TCR signalling. New models can be described in terms of their devi-
ations from the kinetic proofreading model. Additionally, the kinetic proofreading
model is a useful and easily implemented component that can be incorporated into
larger or more complex models of TCR signalling. A good example of this is the
model of Wedagedera and Burroughs (2006) which examines the whole process of
T cell activation from a queuing theory perspective [27]. The kinetic proofreading
component is a simple and natural choice to capture the essence of the signalling
cascade without getting bogged down in the details.

Extensions of Kinetic Proofreading

TCR-pMHC Rebinding

The reactions between many cytosolic proteins are thought to be reaction-limited
because diffusion coefficients in the cytosol are relatively large. In this regime
the dynamics can be accurately captured by simple ordinary-differential-equations
(ODEs) which rely on the so called well-mixed assumption. In contrast, the reac-
tions between many membrane confined proteins are thought to be diffusion-limited,
whereby molecular collisions occur at much lower frequencies but often lead to a
reaction owing to the reaction on-rate being larger than an appropriate measure of
diffusion, see for example Lauffenburger and Linderman [39]. A consequence of
diffusion-limited reactions is that a receptor-ligand complex will break and reform
several times before each binding partner diffuses apart. As discussed above, the 2D
reaction rates between TCR and pMHC are presently unknown but it is reasonable
that their binding rate, like the binding rate for other membrane confined proteins, is
diffusion-limited. Therefore it is expected that a TCR—-pMHC pair will unbind and
rebind many times before the TCR and pMHC move apart. Incorporating this effect
into the canonical kinetic proofreading model proposed by McKeithan [20] it was
found that TCR—-pMHC rebinding has only a small effect on productive signalling,
Fig.2.2a. However, by supposing that the TCR signal is not lost during the brief
interval between rebinding events, pMHC rebinding can have a large effect on pro-
ductive signalling, Fig. 2.2b. In particular, it was found that in addition to ko, the
on-rate can also have a critical role in determining signalling. Therefore this simple
extension to the kinetic proofreading model showed that by explicitly modelling re-
binding and signal persistence at the TCR, T cells are able to discriminate pMHC
based on both kg and k,,. This theoretical work is summarized in Dushek et al. [9].
In support of this model, the potency of pMHC can be well-predicted by an effective
off-rate that accounts for rebinding but not by the off-rate alone [10].
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Fig. 2.2 Incorporating rebinding and signal persistence in kinetic proofreading models allows for
pMHC discrimination based on both k. and k. (a) Schematic of the canonical kinetic proof-
reading model modified to include the possibility of TCR—-pMHC rebinding. In this model pMHC
dissociation from TCR results in state U, which allows the two molecules to rebind or diffuse
away at rate k—. (b) Contours of the probability that at least 1 of 10 presented pMHC will trans-
duce a productive signal (final step in the proofreading scheme) after # = 30 s as a function of
kot and ko, on a log—log plot. As expected, ko is critical in determining productive signalling but
increasing rebinding events, by increasing ko, has little effect on productive signalling. (¢) The
scheme shown in panel (a) is modified to include the possibility that TCR signals persist during
the brief intervals between rebinding events (states U;). This modification is plausible given the
finite time required for phosphatases to revert the phosphosphorylation state of the TCR to basal
levels. (d) In this modified scheme (shown in panel (c)) it is found that k., may also have a critical
role in determining productive signals. For further details see Dushek et al. [9]

Ligand Antagonism

Certain pMHC are known to desensitize T cells to further stimulation. These pMHC
are called antagonists and we should seek to understand how they work in forming a
complete theory of TCR signal transduction. A 1996 study by Rabinowitz et al. [40]
used a modified kinetic proofreading model to allow for partial and incomplete sig-
nals leading to cellular desensitization. They modelled TCR as existing in three
states — inactive, partially modified, and fully modified. A receptor must be fully
modified to generate a positive signal. Partially modified receptors are taken to give
negative signals. The existence of the intermediate state can be motivated by the ob-
servation that ZAP-70 is not activated by antagonist pMHC, indicating that pMHC
discrimination occurs upstream of ZAP-70 activation and so intermediate state(s)
must exist. Further experimental work shows that the membrane phosphatase SHP-1
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is recruited to TCR during pMHC binding, and that this leads to the inactivation of
Lck kinase, but that as binding continues, this process is inhibited by recruitment of
the MAP kinase ERK-1 [36] (discussed further below).

Theoretical modelling of ligand antagonism was also performed by van den
Berg, Burroughs and Rand [23]. This work proposed a method whereby careful
experimentation and data analysis could be used to distinguish between passive an-
tagonism (where antagonist pMHC successfully compete with agonists in terms of
binding TCR) and active antagonism (where the signalling ability of individual TCR
is reduced after antagonist binding). The strength and mode of ligand antagonism
was shown to depend on the density of presented pMHC, also suggesting that T cells
may control their signalling capacity by modulating surface presentation of TCR.

Spatially Extended Models of TCR Activation

The basic ideas described by Rabinowitz et al. [40] were extended in a mathematical
modelling paper by Cliburn Chan et al. [41]. In this model, a spatial Monte Carlo
simulation of pMHC-induced TCR activation was used to examine spatial spread of
activation and inhibition from a ligated TCR to its neighbours. Individual TCR in the
model were supposed to exist in different states — empty, bound, partially activated,
and fully activated. Furthermore, signals were supposed to spread to neighbouring
TCR. These signals could be inhibitory (prohibiting further activation) or protec-
tive (protecting the TCR against inhibition). Biologically, these effects could occur
via recruitment of SHP-1 phosphatase to the signalling region (inhibiting Lck acti-
vation) and ERK-1 activation (which protects Lck from SHP-1). Inhibitory signal
spreading (“receptor crosstalk”) improves the specificity of signalling based on kgt
of the TCR—-pMHC bond, although it decreases sensitivity to low numbers of pre-
sented pMHC. The loss of sensitivity in the model is restored in the full model
by protective signal spreading. Importantly, this model addresses a crucial short-
coming of the basic kinetic proofreading model in that it shows how a low-density,
long-lived (small k) ligand can be discriminated from a very high density, but
short-lived (large ko) ligand.

Detailed Biochemical Models and Feedback Control
of the Signalling Cascade

A development of the kinetic proofreading model based on signalling feedbacks has
been advanced by Germain and coworkers [15, 36, 37]. This model contains four
TCR states — unbound, bound, partially activated and completely activated. Two
feedback loops are proposed: a negative feedback from the partially activated state,
reducing further activation steps, and a positive feedback from the fully activated
state, enhancing further signalling. The model identifies the mediator of negative
feedback as SHP-1, while the positive feedback is mediated by ERK-1. The model
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is described using ordinary differential equations, and broadly represents a spatially
homogenized version of earlier models of Chan et al. [41,42]. However, the focus
here is on short-time (1-3 min) responses to ligand, rather than over 60 min as in
Chan et al. The combination of positive and negative feedback responses in the
model leads to a bistability in the T cell response. The power of this work is in
the integration of modelling and detailed experimental work within a single labora-
tory. The model is shown to make a number of predictions, which are then tested
experimentally, verifying the model. For example, the feedback model shows the
response time decreases sharply as the number of pMHC is reduced. By measuring
the ERK-1 response at different ligand densities, Altan-Bonnet and Germain were
able to verify this behaviour [37]. Wylie et al. (2007) incorporated the same feed-
back mechanisms in another model for the role of CD4 coreceptors (constitutively
associated with Lck) and nonagonist ligands in T cell activation [43]. This latter
paper also emphasizes the importance of considering stochastic fluctuations when
analyzing receptor signalling models.

The basic idea of combining kinetic proofreading with positive and negative
feedbacks received further attention in a modelling paper by Lipniacki et al. [38]. In
this model, TCR can exist in six states: (1) unbound; (2) bound; (3) associated with
unphosphorylated Lck; (4) associated with phosphorylated Lck; (5) with phospho-
rylated Lck and TCR-¢ chain singly phosphorylated; (6) with phosphorylated Lck
and TCR-¢ chain doubly phosphorylated, leading to cellular activation. The model
also incorporates negative feedback via phosphorylated SHP from state (4) onto it-
self, and positive feedback from state (6) via a pathway from the receptor to ZAP-70,
MEK and ultimately doubly phosphorylated ERK onto the negative feedback. The
model, which explicitly contains SHP and ERK, is expressed as a set of ordinary
differential equations which are solved deterministically and also in a stochastic
framework. The results indicate that the T cell will respond, most of the time, to
5-10 agonist pMHC, but that the sensitivity is substantially reduced in the presence
of antagonist pMHC. The modelling indicates a bistability in response (activation or
nonactivation with no intermediate) but that the barrier between the basins of attrac-
tion is low enough that small fluctuations can change the response. It is shown that
the deterministic solution of the system is therefore a poor descriptor of the actual
behaviour in the presence of noise.

To summarize, models based on known biochemical events, and particularly the
SHP-1 / ERK-1 feedback loops, allow experimentally testable predictions to be
made (and tested), and surely represent the future of TCR signalling models. How-
ever, substantial challenges remain:

— The accurate parameterization of the models remains a thorny issue, especially
given the multitude of interacting chemical species. This means that sensitivity
analysis becomes extremely important (discussed in [43]). However, the fact that
we can speak of measuring identifiable parameters at all is a major step forward.

— The models must handle the presence of two kinds of stochastic effects. First,
the obviously stochastic nature of any biochemical reaction network with small
numbers of players. Second, there is substantial variation in expression levels of
signalling components between cells. This second point was examined in detail
in a theoretical-computational study of Feinerman et al. [44].
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— The role of spatial effects such as TCR clustering and segregation of signalling
molecules must be carefully addressed. This requires the intelligent use of mod-
els defined by partial differential equations or (more likely) spatial Monte Carlo
simulations. The development of efficient algorithms is an important ongoing
concern [45-47].

The authors of competing feedback models are sometimes at pains to distinguish
their work from kinetic proofreading. We find this, to some extent, to be a false
dichotomy since in every model we have described, a core pathway can be dis-
tinguished, which is essentially determining a kinetic proofreading process. This
scheme is modified by the presence of feedback loops, of course. As stated above,
the paradigm of kinetic proofreading remains useful in describing the basic features
of these models.

Models of TCR Triggering

The mathematical models described above have assumed that TCR proximal sig-
nalling is initiated upon pMHC binding to the TCR. For example, kinetic proof-
reading models assume that proofreading initiates when pMHC binds TCR and
is terminated when pMHC unbinds. However, the exact mechanism by which the
pMHC signal is communicated across the plasma membrane and initiates signalling
is presently unknown. We now review three broad classes of TCR triggering models
and discuss how kinetic proofreading is modified in these systems.

Models Relying on a Conformational Change

Conformational change models postulate that TCR binding to pMHC somehow
results in a conformational change in the CD3 cytoplasmic portions. Early confor-
mational change models postulated that a conformational change was transmitted
allosterically through the TCRaf subunits. However this is implausible given the
huge semi-random structural diversity of TCR/pMHC interfaces, and structural
studies of the TCR/pMHC complexes have failed to identify any such long-range
conformational change which is common to many TCR upon pMHC binding. More
recent models have postulated that the TCR binding leads to a conformational
change of two TCR/CD3 complexes with respect to each other, the TCRa module
with respect to the CD3 chains or a ‘piston-like’ change in the TCR/CD3 com-
plex with respect to the plasma membrane. How could pMHC binding lead to such
changes? We have noted that pMHC binding will automatically subject the TCR to a
mechanical pulling force [7] and proposed that this pulling could be responsible for
such conformational changes [48,49]. A very similar ‘receptor-deformation’ model
has been proposed more recently by others [50].
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Support for conformational change models has come from the demonstration
that the cytoplasmic portions of the CD3 chains undergo conformational change
[51-53]. In one case the conformational change in a proline-rich motif of the CD3e
was shown to be induced by TCR binding to pMHC [54], although subsequent func-
tional studies indicated that this motif is not required for TCR signalling but is
instead involved in regulation of TCR/CD3 surface density in thymocytes [55]. The
recent evidence that the CD3e¢ chain binds to the membrane, with the two ITAM
tyrosine residues sequestered deep therein, suggests how conformational change
might regulate tyrosine phosphorylation [53]. It is possible, however that phos-
phorylation of CD3e regulates membrane association rather than vice versa, and
it remains to be shown that TCR binding to pMHC can influence this CD3¢ binding
to the membrane.

In this model of TCR triggering, the basic kinetic proofreading scheme does not
need any modification. The binding of pMHC to TCR transduces a conformational
change at the TCR which initiates kinetic proofreading (signalling) while pMHC
unbinding reverses the TCR conformational change which terminates kinetic proof-
reading (signalling). In this way, TCR triggering by a conformational change is the
simplest kinetic proofreading mechanism.

Molecular Aggregation Models

A common mechanism of signal transduction across the plasma membrane is
the dimerization (or oligomerization) of cell surface proteins [56]. For example,
receptor tyrosine kinases (RTKs) are transmembrane receptors composed of an
extracellular ligand binding site and an intracellular tyrosine residue which can
become phosphorylated by a specific kinase domain also located on the RTK. Typi-
cally, a single RTK cannot phosphorylate itself because these intracellular domains
are physically separated. Ligand binding induces RTK dimerization which brings
these domains into close proximity and allows each receptor to phosphorylate the
other, a process known as trans-autophosphorylation. Unlike RTKs, the TCR does
not have intrinsic kinase domains that allow for autophosphorylation. However, ty-
rosine kinases of the Src family (SFKs) (e.g. Lck, Fyn) may associate with the
TCR/CD3 complex even in the basal state such that subsequent dimerization of
TCRs bring SFKSs into close proximity of tyrosine residues on the other TCR. There-
fore it is possible that signal transduction is initiated by TCR aggregation.

Several experimental studies have demonstrated that TCR aggregation is suf-
ficient for TCR triggering. Stern and colleagues [57] have used soluble pMHC
oligomers to demonstrate that homo-dimers, -trimers, and -tetramers are able to
induce T cell activation (by crosslinking TCR) but monomeric pMHC cannot. How-
ever, in a physiological setting agonist pMHC are present at low concentrations
making it improbable to find agonist pMHC homodimers. To address this, a subse-
quent study revealed that even agonist-endogenous pMHC heterodimers can drive
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T cell activation [58]. These studies have convincingly demonstrated that TCR
aggregation via pMHC oligomers can drive TCR triggering.

A key drawback to a model where pMHC oligomers drive TCR triggering by
aggregation is that, to date, there is little evidence that pMHC form oligomers when
presented to T cells on the APC membrane [49]. However, quantitative analysis of
the dependence of TCR internalization rates on TCR surface density suggests that
TCR internalization following exposure to pMHC pulsed APCs is preceded by TCR
dimerization [59,60]. Since only triggered TCR are marked for internalization, these
result imply that TCR triggering is accompanied by TCR dimerization. Although
suggestive, it does not follow that TCR triggering is the result of and follows dimer-
ization/aggregation. Moreover, it is possible that TCR dimerization/aggregation
follows and is the result of TCR triggering.

Assuming that TCR aggregation via pMHC binding is required for TCR trig-
gering, it is natural to ask what are the effects of TCR aggregation on pMHC
discrimination. This question was investigated using a mathematical model by Salz-
mann and Bachmann [61] (reviewed by Bachmann and Ohashi [62]). The model
assumes that two pMHC species, denoted with superscript plus and minus, undergo
reversible reactions with TCR,

CT=KTP'T
C =K PT

where T, P, and C represent the free TCR, free pMHC, and bound TCR—pMHC
concentrations. Assuming that all TCR-pMHC complexes rapidly partition into
dimers they approximate the dimer concentrations as

D+/+ = ,3(C+)2/Ctm
D+/_ = 2,3C+C_/Clot
D—/— = ﬁ(c_)z/ctot-

where Cioy = CT 4+ C~, B is a dimensionless proportionality constant, and the
subscripts indicate the dimer composition. The model next assumes that both TCR
in the newly formed dimer undergo basic kinetic proofreading and that a productive
signal is transduced only if both TCR remain bound to pMHC. They do not model
kinetic proofreading explicitly, but instead assume a simple lag time (r) between
TCR/pMHC binding and full TCR activation. The probability that both TCR in

. . . . L + T
an agonist homodimer remain bound after time ¢ is simply e Xoi’e o’ Signals
generated by each pMHC can be computed as

C+ 2
Ay = ,3( ) eXP_Zk:frft
CIOI
C™)? -
A_/_ — ﬂu exp_Zkofft .

Ctot
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Extending the analysis for an oligomer consisting of # TCR—pMHC complexes the
relative signal obtained from the two pMHC species is then

+ n
j”—+ - [%] exp " Kkor—ka® 2.1)
o

where 7 is the lag phase required for signalling. The equation is further simplified by
assuming 1) both pMHC are present at concentrations that exceed the TCR concen-
tration and 2) both pMHC are present at equal concentrations. The ratio of signals
generated becomes

n
Anv _ | kah/ kgy exp ki)
Ap— kool kg '

Note that molecular concentrations do not appear in the equation. Based on the
form of this equation the authors argue that the discriminatory capacity of T cells
increases more rapidly with the oligomer size n (appearing in both exponents) than
the proofreading lag t. This result is important because increasing t will, in general,
reduce the total signals obtained by the T cells (equivalent to reducing sensitivity by
additional proofreading steps). By requiring both TCR in a dimer to be bound to
pMHC, they propose that a further increase in specificity can be achieved.

There are several shortcomings to the model. The most critical shortcoming is
the omission of kinetic processes, mainly serial binding. We expect that pMHC with
large off-rates will be less likely to transduce productive signals (as predicted by the
model) but in addition, these pMHC will be able to rapidly form and reform many
dimers effectively increasing the probability of transducing productive signals. We
suspect that including this effect will remove the n dependence in the first fraction
above, reducing specificity obtained by oligomers. Additionally, it is unclear how
these results will be altered if the two pMHC species are present in unequal num-
bers (e.g. [PT] < [P™)). In the future, it will be important to extend the model to
the physiological scenario where the agonist pMHC is expressed at low numbers,
possibly revealing the importance of agonist-endogenous pMHC heterodimers. In
addition, any future model should account for the process of aggregation as a kinetic
process that allows for the formation and also disassembly of TCR oligomers.

We briefly mention that models have been proposed based on the aggregation of
T cell coreceptors (CD4/CD8) and TCR [49]. T cell coreceptors are able to bind
pMHC directly at a site that is independent of the TCR binding site and therefore
complexes composed of TCR—-pMHC-coreceptor are expected to form. This core-
ceptor heterodimerization model posits that only once this complex forms can a
productive signal be transduced. This mechanism is possible because Lck, an im-
portant kinase that can phosphorylate the TCR signalling modules, is constitutively
associated with T cell coreceptors. However, many studies have shown that TCR
triggering is possible in the complete absence of the T cell coreceptors, suggest-
ing that coreceptors may enhance triggering by recruiting additional Lck to the
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TCR—pMHC complex [16] or stabilizing the TCR/pMHC interaction [63]. A model
incorporating the effects of agonist-endogenous pMHC heterodimers and corecep-
tors has also been proposed [58]. This pseudodimer model, although plausible in
principle, cannot account for TCR triggering in the complete absence of coreceptors.

In summary, studies have shown that TCR aggregation, by TCR crosslinking with
soluble pMHC oligomers, can activate T cells and therefore trigger TCR. However,
the mechanism of TCR crosslinking at the T cell-APC interface remains elusive
because pMHC do not form oligomers. Under the assumption that TCR-pMHC
complexes aggregate, mathematical modelling has attempted to determine the ef-
fects of oligomerization on T cell specificity. Future experiments and modelling is
required to determine the physiological mechanism of TCR aggregation and the
effects that aggregation may have on pMHC detection and discrimination.

In recent years, experiments have demonstrated that TCR rapidly aggregate into
sub-micron scale clusters when stimulated by pMHC on a supported planar bilayer
[29,30,64]. These studies demonstrated the importance of TCR clusters by showing
that signalling molecules localize to them. However, it is unclear if TCR cluster
formation is required for TCR triggering (via aggregation) or if TCR clusters form
once triggering has already taken place, possibly allowing for signal amplification.
In addition to the aggregation of TCR (and signalling molecules) in clusters, studies
have also revealed that certain molecules (e.g. the membrane phosphatase CD45)
are excluded from clusters [30]. This raises the possibility that TCR clusters may
be important for molecular segregation. The role of molecular segregation in TCR
triggering and pMHC discrimination is the topic of the next section.

Segregation

Given the inability of the conformational change and aggregation mechanisms to
fully account for TCR triggering, a third type of mechanism has been proposed,
namely that triggering is the result of segregation of the engaged TCR/CD3 com-
plex from inhibitory molecules [65-67]. This kinetic-segregation model of TCR
triggering was inspired by two observation. Firstly, exposure of T cells to tyrosine
phosphatase inhibitors stimulates a dramatic increase in tyrosine phosphorylation
on the TCR/CD3 complex and results in full T cell activation. This observation in-
dicates that there is constitutive tyrosine phosphorylation of the TCR/CD3 complex
which is normally balanced by tyrosine phosphatases (reviewed in [66]). Sec-
ondly, the most abundant receptor tyrosine phosphatase, CD45, has a much larger
ectodomain than the TCR and would therefore be expected to segregate from the
engaged TCR at the T cell/APC contact interface [68]. As a result of this local
segregation, the kinase/phosphatase balance is shifted decisively towards phospho-
rylation which triggers a signal cascade.

This model of TCR triggering was explored using stochastic simulations by
Burroughs et al. [69]. The simulation domain was taken to be a square of area
of 1 um? with periodic boundary condition. In the absence of agonist pMHC,
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TCR randomly diffuse on a lattice and are continually phosphorylated (kinases) and
dephosphorylated (phosphatases). Since there are multiple phosphorylation sites on
the TCR they use kinetic proofreading to represent each phosphorylated state of the
TCR but unlike previous schemes, they account for the ability of phosphatases to
reverse individual kinetic proofreading steps. In the basal state, an individual TCR
cannot reach the final step in the kinetic proofreading scheme because phosphatases
rapidly reverse each step. Therefore this study accounts for phosphatase activity by
implementing a dual-track (reversible) kinetic proofreading mechanism.

In the presence of agonist p MHC, TCR/pMHC complexes will form which will
segregate membrane proteins with large ectodomains, such as the membrane phos-
phatase CD45. For simplicity the model does not account for the formation of areas
depleted of CD45, herein referred to as kinase rich domains (KRD), and instead
models nine identical and static KRDs within the simulation domain, Fig.2.3a.
KRDs have two major effects that collectively allow for TCR triggering. First, the
rate to traverse forward steps in the reversible kinetic proofreading scheme is in-
creased while the backward rate decreases, due to the depletion and enrichment
of phosphatases and kinases, respectively. Secondly, TCR that bind pMHC within
KRDs are expected to become trapped for longer periods of time due to mem-
brane deformation. This effect is modelled by assuming that the TCR/pMHC bond
is spring-like, favoring an optimal intermembrane separation. Departing a close-
contact zone will stress the bond and therefore effectively confines complexes to
KRDs. Longer durations in KRDs will increase the probability of TCR triggering.
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Fig. 2.3 T cell receptor triggering via kinetic segregation. (a) Stochastic spatial simulations of
diffusing TCRs (red traces) are performed on a periodic boundary consisting of nine kinase rich
domains (KRDs). (b) The probability of the TCR being in the ith proofreading step is shown with-
out any pMHC (black line), low activity self pMHC with ko = 557! and [pMHC]=300 pm 2
(dark blue), self pMHC with ko = 3s~! and [pMHC] = 50 wm™? (light blue), high density self
PMHC with ko = 3s~! and [pMHC]=300 um~2 (orange), and high density self pMHC with
agonist pMHC having ko = 0.1s~! and [pMHC]=1 um~2 (red). The physiologically relevant
comparisons are the light blue curve (little productive signalling) and red curve, showing substan-
tial productive signalling only when agonist pMHC are present. For further details see Burroughs
et al. [69]
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The critical results from the model are shown in Fig.2.3b, where the kinetic
proofreading steps are plotted against the occupancy probability. First, we see that
TCR are able to reach the final activation state (S) and hence become triggered by
remaining in KRDs for sufficiently long. Second, TCR triggering by self pMHC
is minimal and therefore kinetic-segregation is also able to minimize noise from a
high density of such pMHC. Lastly, small changes in the off-rate of agonist pMHC
alters the number of triggered TCR and therefore allow for pMHC discrimination
(not shown).

The model itself has several shortcomings. For simplicity, forward and re-
verse kinetic proofreading steps are assumed to be first order. However, these
kinase/phosphatase enzymatic interactions are bimolecular two-step reactions. In
the future it will be important to investigate the role of these nonlinearities in pMHC
detection. The model is also sensitive to the size of KRDs, whereby KRDs with a
radius of over 300 nm lead to TCR triggering from self pMHC. It will be important
to determine which factors determine the size of KRDs and whether they reach this
critical size on the T cell surface.

In addition to kinetic-segregation, another class of TCR triggering model based
on segregation invokes lipid rafts, which are lipid microdomains thought to be en-
riched tyrosine kinases such as Lck and deficient in tyrosine phosphatases such as
CD45. These models postulate that TCR engagement of pMHC results in associ-
ation of the TCR/CD3 complex with lipid rafts, resulting in enhances phospho-
rylation because of the altered kinase/phosphatase balance within rafts. The main
drawback of lipid raft models is that they do not provide a plausible molecular
mechanism by which TCR engagement of pMHC drives association with rafts.

Concluding Remarks

Experiments have shown that T cells respond to very few and very specific pMHC
presented on antigen presenting cells. In order to understand these observations var-
ious mathematical models have been formulated based on the known biophysics
and biochemistry of TCR/pMHC interactions and the signalling events that are
triggered within the T cell upon pMHC binding to TCR. The backbone of all math-
ematical models to date is the kinetic proofreading model which is able to explain
pMHC discrimination based on the TCR/pMHC bond off-rate. Over the past decade,
this simple model has been extended and modified to explain various experimental
observations. In parallel to this research aimed at understanding antigen discrimi-
nation, molecular immunologists have been investigating the mechanism by which
pMHC binding to TCR transduces a signal across the plasma membrane that initi-
ates the very first steps intracellular signalling. This process of TCR triggering is
intricately linked to antigen discrimination and we believe that additional insights
can be made by future mathematical modelling that couples the two processes.
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