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T cells have to detect rare high-affinity ‘foreign’ peptide
MHC (pMHC) ligands among abundant low-affinity ‘self’-
peptide MHC ligands. It remains unclear how this re-
markable discrimination is achieved. Kinetic proofread-
ing mechanisms can provide the required specificity but
only at the expense of much reduced sensitivity. A
number of recent observations suggest that pMHC en-
gagement of T cell receptors (TCRs) induces changes
such as clustering and/or conformational alterations
that enhance subsequent rebinding. We show that in-
clusion of induced rebinding to the same pMHC in kinetic
proofreading models enhances the sensitivity of TCR
recognition while retaining specificity. Moreover, in-
duced rebinding is able to reproduce the striking, and
hitherto unexplained, 2D membrane-binding properties
recently reported for the TCR.

The challenge of antigen discrimination
Activation of the adaptive immune response by T cells
requires high-affinity engagement of T cell antigen receptors
(TCRs) to foreign (e.g., pathogen-derived) peptides bound to
MHCs (pMHCs) on antigen-presenting  or target cells. A
unique feature of TCR recognition is that as a result of positive
selection in the thymus, TCRs already bind with somewhat
lower affinity to self-pMHCs that are present in high abun-
dance on the surface of the same cells [1,2]. The mechanism by
which T cells ignore surfaces expressing only self-pMHC but
are activated in response to these same surfaces when they
also express even minute quantities of foreign pMHC, a
process termed antigen discrimination, remains elusive.

The simplest model relating TCR–pMHC binding to the
T cell response is the occupancy model, which postulates
that it the total number of TCRs that are engaged deter-
mines whether a T cell is activated. This model provides
poor discrimination because high occupancy can be
achieved for a low-affinity pMHC simply by increasing
its concentration. Furthermore, occupancy models have
been definitively ruled out by experiments showing that
increasing pMHC concentration does not compensate for
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low affinity [3,4]. Thus, a high concentration of a low-
affinity pMHC cannot activate T cells, whereas a pMHC
whose affinity is only threefold higher can activate T cells
even when presented at extremely low concentrations [3].

Recent studies suggest that it is the dissociation time for
a TCR–pMHC interaction that is the best predictor of T cell
activation [4–7]. The ideal relationship between specificity
and sensitivity is illustrated in Figure 1A. Triggering
would only be seen in response to a pMHC with a TCR–
pMHC dissociation time longer than a given threshold time
(vertical line), but is observed at a density of as little as one
ligand per cell (horizontal line). Ideally, pMHC ligands
with dissociation times below the threshold should not
induce a response, even when their concentration is dra-
matically increased.

T cells are able to respond rapidly to very low levels of
agonist pMHC, indicating that they are sensitive to a small
number of productive TCR–pMHC interactions. The impli-
cations of this are illustrated in Figure 1B, which plots the
fraction of pMHCs that remain bound to TCR over time for
a wide range of different dissociation times. This reveals
that because of the stochastic nature of biochemical inter-
actions, some pMHCs will remain bound to the TCR for the
required threshold time among all TCR–pMHC interac-
tions, despite the wide range in dissociation times. From
the perspective of the T cell, there will be apparently
identical binding events (i.e., lasting similar durations)
for pMHC ligands that have different dissociation times.
Thus, T cells would be unable to discriminate between
abundant pMHCs with short dissociation times and rare
foreign pMHCs with long dissociation times.

How do T cells discriminate between pMHC ligands
with differences in dissociation time? McKeithan proposed
that TCRs use a kinetic proofreading mechanism [8]. This
model postulates that each TCR needs to interact with
pMHC for a minimum or threshold time, which is longer
than the dissociation time, for signalling to occur. Mecha-
nistically, this is achieved by a requirement for a sequence
of biochemical modifications before the engaged TCR pro-
duces a productive signal, with unbinding of pMHC at any
point reverting the TCR to its basal unmodified state. Why
should an increase in the required engagement time
improve discrimination? This can be appreciated by look-
ing at the fraction of pMHCs that remain bound to the TCR
for pMHCs with different dissociation times (Figure 1B);
the bound fractions rapidly diverge with time. As a result,
an increase in the threshold binding time magnifies small
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Figure 1. Induced rebinding of T cell receptors improves antigen discrimination. (A) Schematic illustrating that T cells need to exhibit a response only to ligands with a

dissociation time (t = 1/koff) above a threshold (vertical line) even when only a single ligand is displayed (horizontal line) while not responding to ligands below the

threshold even when displayed in large numbers. (B) The fraction of pMHCs that remain bound to the TCR over time for six pMHCs for the dissociation times indicated in

units of s (for 3D) or ms (for 2D). Increasing the threshold binding time (vertical line) improves specificity because these lines diverge, but at the cost of sensitivity, because

in all cases the fraction of pMHC that remains bound decreases exponentially. (C) Direct calculation of the response curves (analogous to panel A) for the standard kinetic

proofreading model and kinetic proofreading with constitutive or induced rebinding for the threshold time indicated. (D) Schematic of kinetic proofreading with induced

rebinding. Note that both 3D and reduced 2D dissociation times are shown (top panels). Coloured circles in panels A and C correspond to the six pMHCs indicated in panel

B. Details of the model formulation, calculation, and parameter values can be found in Box 1 and in the supplementary material online.
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differences in dissociation times. For example, the fraction
of pMHC remaining bound for longer than the threshold
(vertical line) is 55-fold greater for a pMHC ligand with a
dissociation time of 5 s than for one with a dissociation time
of 1 s (0.368 vs 0.00674). If the threshold time is increased
just twofold, the fraction of pMHCs remaining bound is
�3000-fold greater for a pMHC with a dissociation time of
5 s than for one with a dissociation time of 1 s (0.14 vs
4.5 � 10�5). Thus, specificity can be dramatically improved
simply by increasing the time that TCRs need to remain
engaged to pMHCs before productive signalling.

However, although the kinetic proofreading mechanism
can greatly increase specificity, it does so at the cost of a
large reduction in sensitivity. This is because as the thresh-
old time increases, the proportion of all pMHCs that remain
bound decreases exponentially (Figure 1B). Direct calcula-
tion of a sensitivity–specificity plot for the kinetic proofread-
ing model illustrates this point (Figure 1C). Increasing the
threshold improves specificity (note how the large threshold
plot is more vertical), but this is at the expense of a large
reduction in sensitivity. For example, a pMHC ligand with a
dissociation time of 10 s requires < 100 ligands with a
smaller threshold, but more than 10 000 ligands with a
larger threshold (Figure 1C). This means that very high
surface densities of pMHCs (or very long contact periods)
are required for productive TCR–pMHC engagement.
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In recognition of these shortcomings, there have been a
number of proposals to modify the basic kinetic proofread-
ing model to improve antigen discrimination, typically by
including feedback processes [3,8–13]. Here we propose a
novel modification, motivated by recent experimental
observations, in which initial pMHC engagement of TCR
induces changes, such as TCR clustering and/or conforma-
tional alterations, that greatly enhance rebinding to the
same pMHC. We show that inclusion of an induced rebind-
ing mechanism in a kinetic proofreading model restores
sensitivity without loss of specificity.

Extending the kinetic proofreading model by induced
rebinding
Several lines of evidence suggest that TCR engagement by
pMHC can enhance subsequent binding to pMHC. Fahmy
et al. observed that activation of T cells enhanced the binding
of soluble pMHC dimers to the activated cells [14]. More
recently, Zarnitsyna et al. demonstrated that pMHC binding
as measured using an adhesion assay was enhanced in
repeat determinations, a phenomenon they referred to as
memory [15]. Finally, TCRs aggregate into nanoscale (10–
100 nm) clusters at the cell surface, and this clustering is
enhanced by TCR triggering [16–21]. This is relevant be-
cause TCR clustering would be expected to enhance pMHC
rebinding by increasing the TCR surface density. There are



Box 2. Mathematical model assumptions

Rate of rebinding. The precise mechanism of induced rebinding is

unknown and therefore the rate of rebinding is not known. Without

this information, we assumed a non-linear 10 000-fold increase in

the rebinding rate from an initial rate of 103 s�1. This initial rate is

approximated based on a single TCR and pMHC confined to an area

of approximately 100 nm2, and the increase reflects TCR clustering,

conformational change, and/or membrane proximity (see the main

text for a discussion of induced rebinding mechanisms). Experi-

mental work is required to directly measure the rebinding rate and

how this rate is modulated on signalling initiated by pMHC binding

to the TCR. As this information becomes available, it can be used to

inform the interplay between rebinding and, for example, clustering

in mathematical models [12,37–40].

Signalling threshold. The threshold time for interaction between a

pMHC and a TCR (or a TCR cluster) before a productive downstream

signal is initiated is unknown at present. Experiments have shown

that tyrosine phosphorylation occurs within a few seconds of pMHC

binding [41] and an increase in the adhesion frequency is observed

in < 1 s [27]. Assuming that the increase in adhesion frequency is
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conflicting data concerning the extent to which TCRs form
nanoclusters in the resting state [22,23]. One attempt to
reconcile these data postulates that TCRs are primarily
monomeric in the resting state but are easily triggered
under the experimental conditions used for imaging [24].

Induced rebinding improves antigen discrimination
To investigate the possible effects of induced rebinding on
antigen discrimination, we modified the standard kinetic
proofreading model to incorporate the formation of a TCR
cluster with enhanced binding to pMHC (Figure 1D). We
describe the model on the basis that induced rebinding is
mediated by TCR clustering for clarity, but emphasise that
the model can represent any mechanism of induced rebind-
ing. In this model, the initial binding of pMHC to TCR
produces a TCR–pMHC complex that begins to undergo a
series of modifications that include TCR clustering. One
consequence of this is that when the pMHC dissociates from
an intermediate state, it is likely to rebind, and the rate of
pMHC rebinding increases as the cluster grows. A produc-
tive signal is only transduced by the final mature TCR
cluster state. Importantly, the time required to induce a
mature cluster is longer than typical pMHC dwell times, but
achievement (and maintenance) of this state is greatly
enhanced if the pMHC is highly likely to rebind to the cluster
each time it dissociates. This model produces a dramatic
improvement in discrimination over the kinetic proofread-
ing model, with enhanced sensitivity and specificity
(Figure 1C and Box 1; see the supplementary material
online for details on model formulation and calculation).

As in the basic kinetic proofreading model, the improve-
ment in specificity is a result of a threshold time that is
greater than the typical pMHC dissociation time. Why then
Box 1. Mathematical model.

To model kinetic proofreading with induced rebinding, we modified

the standard kinetic proofreading model to allow for pMHC

rebinding. To do this, we assume that on pMHC dissociation,

intermediate states are formed in which the pMHC remains in

spatial proximity to TCR(s), whose modification state persists

despite being unbound from pMHC (Figure 1D, bottom row). In

these intermediate states, three possible reactions can take place:

pMHC can immediately rebind, pMHC can diffuse away and/or the

TCR modifications can be reversed, or TCR modifications continue

(Box 2). Induced rebinding is included by increasing the rebinding

rate with each modification (step) in the proofreading scheme.

The biochemical interactions (e.g., TCR–pMHC binding interactions

and TCR modifications or signalling), their mathematical formulation,

and the numerical solutions of the mathematical model are

determined as in previous studies [3,8,12,13] (see the supplementary

information online). As in previous studies, we used deterministic

ordinary differential equations (ODEs) to determine the mean number

of activated TCRs per T cell, and a T cell response is said to have taken

place when this number exceeds one. Alternatives to deterministic

calculations are stochastic simulations in which reactions are based

on probability distributions defined by reactant concentrations and

reaction rate constants. The probabilistic nature of stochastic

simulations means that each simulation typically produces a different

result, such as the number of TCRs activated. The simulation can be

repeated many times to produce the distribution of activated TCRs for

a population of T cells, from which the mean can be calculated. Our

goal is to determine the mean, so we directly calculated this quantity

using ODEs. A recent study by Francois et al. revealed good

correspondence between deterministic and stochastic simulations

of kinetic proofreading [13].
does the model not suffer from reduced sensitivity? The key
to restoring sensitivity without reducing specificity is that
pMHCs that bind for longer selectively increase the rebind-
ing rate. Thus, pMHC unbinding is more likely to be followed
by immediate rebinding, increasing the chances the TCR
complex will reach and maintain the final productive sig-
nalling state. This direct positive feedback helps to restore
the sensitivity lost by increasing the threshold time.

An important feature of this model is that the rebinding
rate is induced (or increased). If the rebinding rate is con-
stitutively large, as may be the case for pre-existing TCR
clusters, it will reduce specificity, because a large rebinding
rate from the outset will allow even pMHC with small
dissociation times to productively signal (Figure 1C). Fur-
ther assumptions of the model are discussed in Box 2.
related to an increase in induced rebinding (as we have argued), this

suggests that the threshold time must be shorter than these time

scales, so we assumed a threshold of 10 ms. The precise value does

not alter our conclusions, but does determine the time scale on

which rebinding is induced and consequently the time scale of

antigen discrimination.

Relationship between 3D and 2D binding parameters. All

mathematical models of TCR–pMHC interactions require 2D binding

parameters. Therefore, we converted 3D binding parameters to 2D

binding parameters using multiplicative constants. The precise values

of these constants are not important for any of our conclusions, but

they do impact on the time scales in our calculations. For example, the

assumption of a threshold time of 10 ms above implies that T cells

discriminate antigens with 2D dissociation times on this scale (or

equivalently with 2D off-rates of �100 s�1). This means that for T cell

discrimination of antigens with a 3D dissociation time of �10 s, the

conversion between 3D and 2D off-rates must rely on a multiplicative

constant of approximately 1000.

The values of these multiplicative constants are unknown and it is

also unknown whether conversion between 2D and 3D binding

parameters requires a single constant value or exhibits a more

complex relationship [42]. Experiments to determine 2D membrane

TCR–pMHC interactions are challenging [27,28] and further work is

required to determine how the fitted 2D rate constants depend on

TCR-induced signalling and ultimately on their 3D counterparts.

Proofreading independent of pMHC binding. We assumed that

TCR modifications (proofreading) continue to occur during brief

periods of pMHC dissociation (Figure 1D, bottom row). This captures

the intuition that during very brief dissociation events, the TCR

remains in a membrane environment that favours phosphorylation

(e.g., segregation of CD45). This is consistent with the kinetic

segregation model of TCR triggering [43]. Our conclusions are

unchanged if proofreading is dependent on pMHC binding.
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Figure 2. Induced rebinding modulates the fitted 2D TCR–pMHC binding

parameters in adhesion frequency assays. In adhesion frequency assays, a T cell

and a pMHC-bearing cell are brought into contact for a specific period of time

before adhesion (i.e., pMHC binding) is measured. We used the induced rebinding

model to simulate the adhesion frequency assay by (A) calculating the

concentration of bound pMHC over time for six pMHC ligands with (B,C) the 3D

solution binding parameters indicated. (D) The adhesion frequency (or probability

of adhesion) is calculated for these six pMHC ligands based on the concentration

of bound pMHC. (E,F) A fitting procedure is implemented to determine the fitted 2D

membrane-binding parameters. Induced rebinding introduces large variance in the

fitted 2D on-rates (despite no difference in the 3D on-rates) and produces negative

correlation between the 3D and fitted 2D off-rates, as experimentally observed. See

the supplementary material online for fitting details.

Opinion Trends in Immunology April 2014, Vol. 35, No. 4
Induced rebinding modulates the 2D membrane TCR–
pMHC binding kinetics
Binding properties between TCRs and pMHCs are typical-
ly measured with at least one protein in solution. It may be
more appropriate to measure TCR–pMHC binding proper-
ties with both TCR and pMHC attached to membranes, as
in their native state. Comparison of 3D solution and 2D
membrane measurements can elucidate the role of factors
such as membrane alignment and mechanical forces in
modulating the TCR–pMHC interaction. However, mea-
surement of 2D membrane binding parameters is techni-
cally challenging and the relationship between 3D and 2D
TCR–pMHC binding parameters remains controversial.

Although there is generally good correlation between 3D
binding parameters and functional T cell responses
[4,7,25,26], there have been reports of unexpectedly poor
correlations between 3D and 2D binding parameters [27–
29]. In work by Zhu and colleagues, micropipettes were
used to manipulate a live T cell and a pMHC-coupled red
blood cell for an adhesion frequency assay [27]. In this
assay, the two cells were brought into contact for a defined
period of time before being pulled apart to determine if
adhesion (and hence pMHC binding) had taken place. This
was repeated many times for different time periods to
produce a plot of the adhesion frequency over time. This
was then used to fit a one-to-one binding model to deter-
mine the 2D on-rate and off-rate. After studying a panel of
six pMHC ligands, the authors reported that the fitted 2D
off-rates correlated inversely with the 3D off-rates. Even
more surprisingly, whereas the 3D on-rates did not vary,
they measured a 1000-fold variation in the fitted 2D on-
rate. This unexpected relationship between 2D and 3D
measurements remains unexplained.

We hypothesised that induced rebinding could account
for these 2D binding parameters. To investigate this we
used the induced rebinding model to calculate the concen-
tration of bound pMHC over time (Figure 2A). We used six
pMHC ligands with identical 3D on-rates and 3D off-rates
that varied 20-fold (Figure 2B,C). Using the concentration
of bound pMHC, we calculated the probability that adhe-
sion would occur if the cells were pulled apart (Figure 2D)
and determined the fitted 2D membrane parameters from
these simulated data according to the procedure used by
Zhu and colleagues [27] (Figure 2E,F; see the supplemen-
tary material online for details). Strikingly, we found that
induced rebinding introduced a very large variance in the
fitted 2D on-rate, even though there was no difference in
the 3D on-rates (Figure 2B,E). Furthermore, the fitted 2D
off-rates were inversely correlated to the 3D off-rates
(Figure 2C,F). Thus, induced rebinding can explain the
unexpected relationship between 3D and 2D binding prop-
erties reported by Zhu and colleagues [27].

The mechanism underlying the relationship between
the 3D and fitted 2D binding parameters predicted by the
model is based on domination of the adhesion frequency by
induced rebinding. The fitted 2D off-rates are determined
by how quickly the adhesion frequency assay reaches a
steady state, and this is reached faster (larger fitted 2D off-
rate) for pMHCs with a smaller 3D off-rate because these
ligands induce maximal rebinding (and hence maximal
adhesion) more quickly. This accounts for the negative
156
correlation between 3D and fitted 2D off-rates. The wide
range for fitted 2D on-rates is explained on the basis of
differentially induced rebinding based on the 3D off-rate
and on differences in the fitted 2D off-rate. This accounts
for the negative correlation between the 3D dissociation
time and the fitted 2D on-rates. Importantly, constitutive
or negligible rebinding could not explain these relation-
ships (data not shown). Thus, our model implies that the
physiological fitted 2D binding parameters determined by
Zhu and colleagues [27] are the result of processes that
induce rebinding, such as TCR clustering, conformational
changes, and/or membrane alignment.

Correlations between the fitted 2D binding kinetics and
functional T cell responses, as measured by T cell prolifera-
tion and TCR downregulation, produced a puzzling result
[27]: although the fitted 2D on-rate showed a positive corre-
lation with pMHC potency, so did the fitted 2D off-rate,
suggesting that pMHC ligands with larger 2D off-rates are
more potent T cell stimulators. The induced rebinding model
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provides a rationale for this observation by suggesting that
the 3D off-rate determines the extent of TCR triggering,
which in turn determines the extent of induced rebinding
and therefore the fitted 2D binding parameters (as described
above). It follows that correlations between the functional T
cell response and the fitted 2D binding properties are a
direct result of the 3D binding parameters. An induced
rebinding mechanism is thus able to reconcile previous
apparently contradictory reports on the dependence of
TCR triggering on 2D and 3D binding properties.

Comparison with other models of antigen
discrimination
Several modifications have been proposed for the basic
kinetic proofreading model to improve the trade-off be-
tween specificity and sensitivity. McKeithan proposed that
the final productive TCR–pMHC complex has a much
longer dissociation time [8]. However, such large changes
in TCR–pMHC dissociation time have not been observed.
Cooperativity between TCRs in the form of negative feed-
back produced by TCRs in intermediate signalling states
improves specificity, but again at a cost to sensitivity
[9,10]. Extending the negative feedback models by includ-
ing a positive feedback partially restores the loss in sensi-
tivity [3,9–11]. A key drawback of these feedback models,
which are mediated by intracellular signalling pathways,
is that feedback effects would be dispersed between TCRs
engaging different pMHCs, perhaps even on different cells.
As a result, T cell responses to specific pMHCs would be
disturbed by cross-talk with other pMHCs. Thus, a re-
sponse to one cell bearing a foreign pMHC could be sup-
pressed by simultaneous interaction with a second cell
bearing only self-pMHC. By contrast, our induced rebind-
ing model is free of such cross-talk. A previous model of
TCR–pMHC rebinding failed to observe improved antigen
discrimination based on the dissociation time, because
individual TCRs in a cluster acted independently in that
model [12].

Mechanism of induced rebinding
Further studies are required to explore the mechanism of
enhanced rebinding (Box 2). As noted above, there is
reasonable evidence of TCR clustering, but the clustering
mechanism is not understood. One possibility is that it is
mediated by proteins recruited to the TCR cytoplasmic
domains following triggering. For example, the CD4 and
CD8 coreceptors are recruited to triggered TCR/CD3 via
Lck and ZAP-70 recruited to the cytoplasmic domains [30].
The large number of TCR/CD3 cytoplasmic domains would
facilitate rapid extensive clustering. Phosphorylation of
TCR/CD3 cytoplasmic domains also leads to their dissoci-
ation from the plasma membrane [31,32], which may
enhance clustering by enhancing mobility and reducing
steric inhibition [33]. Quantitative information about clus-
tering is also lacking. Although it is not known how rapidly
TCRs form nanoclusters, on the basis of reasonable esti-
mates for diffusion coefficients and cluster size, they could
form within 0.01 s (Figure S3 in the supporting material
online). Rebinding could be enhanced by other mecha-
nisms, such as reorientation of the TCR to make it more
accessible to pMHC. Coreceptor recruitment to the
TCR–CD3 complex would be expected to facilitate rebind-
ing, although this appears to be a slower process [34].
Finally, initial signalling could induce cytoskeletally driv-
en processes that improve proximity and alignment be-
tween the membranes [35,36].

Concluding remarks
The basic kinetic proofreading model can provide the
specificity required for TCR recognition, but this is at
the expense of a loss of sensitivity. Modifications of the
model to include a feedback mechanism can enhance spec-
ificity and sensitivity, but this is at the expense of cross-
talk between different pMHCs, which is potentially prob-
lematic. The induced rebinding model described here can
optimise specificity and sensitivity without introducing
cross-talk between pMHCs. The model is supported by
several lines of evidence, including observation of TCR
clusters and enhanced TCR binding, and it provides an
explanation for the intriguing, and hitherto unexplained,
relationship between the 3D and fitted 2D binding param-
eters.

To validate (or refute) the model, experiments are need-
ed to directly observe induced rebinding and to show its
impact on antigen discrimination. Direct observation of
induced rebinding is challenging because it requires moni-
toring of the dissociation time for single TCR–pMHC inter-
actions at 2D interfaces in live cells with high temporal
resolution. Recent studies suggest that this may be feasible
[27,28]. The model predicts that induced rebinding may
depend on active processes, such as signalling-induced
TCR clustering and/or cytoskeleton-induced membrane
alignment, and therefore blocking these should reduce
the effective TCR–pMHC dissociation time. We note that
such experiments need to perturb the induced rebinding
process and therefore cannot be conducted on a steady-
state mature synapse. Once mechanism(s) of induced
rebinding are known, their contribution to antigen discrim-
ination can be determined by examining the T cell response
to panels of pMHC ligands, as in previous work [3,4], in the
presence and absence of induced rebinding. We hope that
future experiments will elucidate the precise mecha-
nism(s) of induced rebinding and their contribution to
antigen discrimination.
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11 Stefanová, I. et al. (2003) TCR ligand discrimination is enforced by
competing ERK positive and SHP-1 negative feedback pathways. Nat.
Immunol. 4, 248–254

12 Dushek, O. et al. (2009) A role for rebinding in rapid and reliable T cell
responses to antigen. PLoS Comput. Biol. 5, e1000578

13 Francois, P. et al. (2013) Phenotypic model for early T-cell activation
displaying sensitivity, specificity, and antagonism. Proc. Natl. Acad.
Sci. U.S.A. 110, E888–E897

14 Fahmy, T.M. et al. (2001) Increased TCR avidity after T cell activation:
a mechanism for sensing low-density antigen. Immunity 14, 135–143

15 Zarnitsyna, V.I. et al. (2007) Memory in receptor–ligand-mediated cell
adhesion. Proc. Natl. Acad. Sci. U.S.A. 104, 18037–18042

16 Schamel, W.W. et al. (2005) Coexistence of multivalent and monovalent
TCRs explains high sensitivity and wide range of response. J. Exp.
Med. 202, 493–503

17 Varma, R. et al. (2006) T cell receptor-proximal signals are sustained in
peripheral microclusters and terminated in the central supramolecular
activation cluster. Immunity 25, 117–127

18 Lillemeier, B.F. et al. (2010) TCR and Lat are expressed on separate
protein islands on T cell membranes and concatenate during
activation. Nat. Immunol. 11, 90–96

19 Sherman, E. et al. (2011) Functional nanoscale organization of
signaling molecules downstream of the T cell antigen receptor.
Immunity 35, 705–720

20 Boyle, S. et al. (2011) Quantum dot fluorescence characterizes the
nanoscale organization of T cell receptors for antigen. Biophys. J.
101, L57–L59

21 Kumar, R. et al. (2011) Increased sensitivity of antigen-experienced T
cells through the enrichment of oligomeric T cell receptor complexes.
Immunity 35, 375–387

22 James, J.R. et al. (2007) Single-molecule level analysis of the subunit
composition of the T cell receptor on live T cells. Proc. Natl. Acad. Sci.
U.S.A. 104, 17662–17667

23 Dunne, P.D. et al. (2009) DySCo: quantitating associations of membrane
proteins using two-color single-molecule tracking. Biophys. J. 97, L5–L7
158
24 van der Merwe, P.A. et al. (2010) Taking T cells beyond the diffraction
limit. Nat. Immunol. 11, 51–52

25 Holler, P.D. and Kranz, D.M. (2003) Quantitative analysis of the
contribution of TCR/pepMHC affinity and CD8 to T cell activation.
Immunity 18, 255–264

26 Chervin, A.S. et al. (2009) The impact of TCR-binding properties and
antigen presentation format on T cell responsiveness. J. Immunol. 183,
1166–1178

27 Huang, J. et al. (2010) The kinetics of two-dimensional TCR and
pMHC interactions determine T-cell responsiveness. Nature 464,
932–936

28 Huppa, J.B. et al. (2010) TCR peptide MHC interactions in situ show
accelerated kinetics and increased affinity. Nature 463, 963–967

29 Robert, P. et al. (2012) Kinetics and mechanics of two-dimensional
interactions between T cell receptors and different activating ligands.
Biophys. J. 102, 248–257

30 van der Merwe, P.A. and Cordoba, S.P. (2011) Late arrival: recruiting
coreceptors to the T cell receptor complex. Immunity 34, 1–3

31 Xu, C. et al. (2008) Regulation of T cell receptor activation by dynamic
membrane binding of the CD3epsilon cytoplasmic tyrosine-based
motif. Cell 135, 702–713

32 Zhang, H. et al. (2011) Basic residues in the T-cell receptor z

cytoplasmic domain mediate membrane association and modulate
signaling. Proc. Natl. Acad. Sci. U.S.A. 108, 19323–19328

33 van der Merwe, P.A. et al. (2012) Why do some T cell receptor
cytoplasmic domains associate with the plasma membrane? Front.
Immunol. 3, 29

34 Jiang, N. et al. (2011) Two-stage cooperative T cell receptor-peptide
major histocompatibility complex–CD8 trimolecular interactions
amplify antigen discrimination. Immunity 34, 13–23

35 Sage, P.T. et al. (2012) Antigen recognition is facilitated by
invadosome-like protrusions formed by memory/effector T cells. J.
Immunol. 188, 3686–3699

36 Kumari, S. et al. (2013) T cell antigen receptor activation and actin
cytoskeleton remodeling. Biochim. Biophys. Acta 1838, 546–556

37 Gopalakrishnan, M. et al. (2005) Effects of receptor clustering on ligand
dissociation kinetics: theory and simulations. Biophys. J. 89, 3686–
3700

38 Andrews, S.S. (2005) Serial rebinding of ligands to clustered receptors
as exemplified by bacterial chemotaxis. Phys. Biol. 2, 111–122

39 Wu, Y. et al. (2011) Transforming binding affinities from three
dimensions to two with application to cadherin clustering. Nature
475, 510–513

40 Mugler, A. et al. (2012) Membrane clustering and the role of rebinding
in biochemical signaling. Biophys. J. 102, 1069–1078

41 Huse, M. et al. (2007) Spatial and temporal dynamics of T cell receptor
signaling with a photoactivatable agonist. Immunity 27, 76–88

42 Allard, J.F. et al. (2012) Mechanical modulation of receptor–ligand
interactions at cell–cell interfaces. Biophys. J. 102, 1265–1273

43 van der Merwe, P.A. and Dushek, O. (2011) Mechanisms for T cell
receptor triggering. Nat. Rev. Immunol. 11, 47–55

http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0020
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0020
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0025
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0025
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0025
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0030
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0030
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0035
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0035
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0040
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0040
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0045
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0045
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0045
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0050
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0050
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0055
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0055
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0055
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0060
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0060
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0065
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0065
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0065
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0070
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0070
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0075
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0075
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0080
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0080
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0080
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0085
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0085
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0085
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0090
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0090
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0090
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0095
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0095
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0095
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0100
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0100
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0100
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0105
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0105
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0105
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0110
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0110
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0110
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0115
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0115
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0120
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0120
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0125
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0125
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0125
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0130
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0130
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0130
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0135
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0135
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0135
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0140
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0140
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0145
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0145
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0145
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0150
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0150
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0155
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0155
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0155
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0160
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0160
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0160
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0165
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0165
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0165
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0170
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0170
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0170
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0175
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0175
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0175
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0180
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0180
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0185
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0185
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0185
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0190
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0190
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0195
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0195
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0195
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0200
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0200
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0205
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0205
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0210
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0210
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0215
http://refhub.elsevier.com/S1471-4906(14)00027-1/sbref0215

	An induced rebinding model of antigen discrimination
	The challenge of antigen discrimination
	Extending the kinetic proofreading model by induced rebinding
	Induced rebinding improves antigen discrimination
	Induced rebinding modulates the 2D membrane TCR-pMHC binding kinetics
	Comparison with other models of antigen discrimination
	Mechanism of induced rebinding
	Concluding remarks
	Acknowledgements
	Supplementary data

	References

