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The T cell receptor (TCR) is a key component of the adaptive immune system, recognizing foreign antigens
(ligands) and triggering an immune response. To explain the high sensitivity and selectivity of the TCR in
discriminating “self” from “non-self” ligands, most models evoke kinetic proofreading (KP) schemes, however
it is unclear how competing models used for TCR triggering, such as the kinetic segregation (KS) model,
influence KP performance. In this paper, we consider two different TCR triggering models and their influence on
subsequent KP-based ligand discrimination by the TCR: a classic conformational change model (CC-KP), where
ligand-TCR binding is strictly required for activation, and the kinetic segregation model (KS-KP), where only
residence of the TCR within a close contact devoid of kinases is required for its activation. Building on previous
work, our computational model permits a head-to-head comparison of these models in silico. While we find
that both models can be used to explain the probability of TCR activation across much of the parameter space,
we find biologically important regions in the parameter space where significant differences in performance can
be expected. Furthermore, we show that the available experimental evidence may favor the KS-KP model over
CC-KP. Our results may be used to motivate and guide future experiments to determine accurate mathematical

models of TCR function.

DOI: 10.1103/PhysRevResearch.7.023003

I. INTRODUCTION

In the immune system, the T cell receptor (TCR) is at the
heart of T cell function, allowing these cells to discriminate
foe from self. TCR signaling is activated when TCRs interact
with peptide antigens derived from pathogens or self proteins
that are presented on peptide-major histo-compatibility com-
plexes (pMHCs) on the membrane of an antigen-presenting
cell (APC). Activation then triggers a bespoke immune re-
sponse to the invading pathogen. However, MHCs also present
peptides derived from self proteins, so to allow robust pro-
tection from pathogens while minimizing false activation, i.e.,
auto-immunity, the TCR has to discriminate rare foreign, non-
self peptides (as few as 1-10 [1,2]; hereafter referred to as
“activating ligands”) from a sea of self ligands ( 10°-10° [3];
hereafter referred to as “nonactivating ligands”). The TCR
therefore operates in a challenging regime, combining high
sensitivity with high specificity [4,5].
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The mechanism that enables T cells to process signals
so remarkably well has remained elusive—partially because
equilibrium thermodynamic processes are insufficient to
explain ligand discrimination [4,6,7]. To address the discrep-
ancy, it was suggested that the TCR uses kinetic proofreading
(KP) [8] to discriminate binding events of different duration
[9]. Briefly, KP occurs when ligand binding to a receptor trig-
gers a series of irreversible, energy-consuming biochemical
modifications of the receptor until a final, signaling-competent
state is reached, while intermediate states do not relay the
signal. If ligand unbinding results in modifications being re-
moved, this means that only long binding lifetimes result in
receptor signaling. Applied to TCR activation through multi-
site phosphorylation, KP can account for TCR discrimination;
KP models have been found to fit experimental TCR acti-
vation data better than models without proofreading steps
[5,10,11]. For a discussion of the “lifetime dogma” of TCR
activation, see Ref. [12].

Independently of the physical basis assumed for KP-aided
ligand discrimination, all KP steps are downstream of initial
ligand binding to the TCR. In other words, the TCR must
first sense that ligand binding has occurred before KP-based
ligand discrimination may occur, even if the modifications
underlying KP can be made to unbound TCRs. Despite much
research, the mechanism of TCR triggering is also still an
unresolved question. Proposed models have either evoked
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conformational change or aggregation of TCRs to explain
the ligand-induced shift in TCR phosphorylation or a mech-
anism referred to as kinetic segregation (KS) model of TCR
triggering [4,7]. The KS model proposes that TCR phospho-
rylation and activation is determined by the TCR’s residence
time in so-called close contacts between T cells and APCs,
when these cells bring their membranes into close proximity
to allow for TCR-pMHC binding [13,14]. Due to the tight
intermembrane spacing, these close contacts are depleted of
deactivating phosphatases with large extracellular domains,
such as CD45, but retain the TCR kinase Lck needed for TCR
phosphorylation and activation [15-17]. TCRs will activate if
they remain in a close contact for a sufficiently long time so
that they are fully phosphorylated, with ligand binding only
serving to enhance residence times by preventing TCRs from
diffusing out of the close contact. Among other work support-
ing the KS model, TCR elongation was shown to prevent TCR
signaling [18], while TCRs were observed to activate ligand
independently within sufficiently large close contacts with a
decreased CD45-to-Lck ratio [17].

Importantly, the two questions of how TCRs are triggered
and how they discriminate between ligands are connected
to each other: the assumptions made in any TCR triggering
model will impact how KP could be physically implemented
in TCR triggering. Yet, there is little literature over how a
particular triggering model, e.g., TCR triggering modeled by
KS, will affect KP-based ligand discrimination by the TCR.
Classic formulations of KP in TCR signaling models usually
assume that the TCR is “reset” to its initial, unphosphorylated
state by ligand unbinding. When incorporating the KS model
of TCR triggering, one needs to assume that phosphorylation
can occur as long as the TCR is in the close contact, whether
ligand bound or not, and that TCR dephosphorylation and
thus resetting only occurs when a TCR leaves the close con-
tact. The mathematical implementation of KP is thus directly
linked to the triggering model assumed and may affect over-
all model performance. Moreover, modeling KS-driven TCR
triggering also requires explicit modeling of kinase-enriched
membrane areas, close contacts, and TCR diffusion (see also,
e.g., Ref. [19]), which makes it hard to directly compare
models of KS-based TCR triggering to other models that often
do not model TCR diffusion and, if they do, not in the context
of close contacts.

Here, we address this knowledge gap by developing a
computational framework for describing a combined model
for TCR triggering and ligand discrimination: a classic, multi-
step downstream signaling model implementing KP combined
with an explicit model for TCR triggering inside the close
contacts postulated by the KS triggering model. While this
framework is tailored to the KS model of TCR triggering (our
KS-KP model), we can easily modify the model to assume that
instead of by KS, the TCR is strictly triggered by ligand bind-
ing only, e.g., based on conformational change of the TCR
(our CC-KP model). Our new approach therefore allows us to
directly compare CC-KP and KS-KP models of TCR activa-
tion and test how performance differs for those two models.
We find that while both models predict similar trends of TCR
activation for a wide range of parameters, the KS-KP model
predicts a much higher “background” probability of activation
than the CC-KP model in the absence of any activating ligands

for realistic TCR phosphorylation rates. While both CC-KP
and KS-KP predict similar patterns of TCR activation, we also
find differences in several biologically important situations,
such as when small numbers of activating ligands are present
or for ligands with comparatively larger off rates. To reach
similar discrimination than CC-KP, KS-KP needs a large num-
ber of KP steps; moreover, when looking at the trade-offs
between discrimination and sensitivity, CC-KP outperforms
KS-KP with the notable exception of slower phosphorylation
rates. While we discuss some experimental evidence to sup-
port KS-KP over CC-KP, we also conclude that CC-KP and
KS-KP models are difficult to distinguish through the mere
comparison of downstream metrics of T cell activation in the
absence of further biochemical data on signal transduction.

II. RESULTS
A. Computational modeling of KS-KP and CC-KP

To allow a direct comparison between a conformational
change-kinetic proofreading KP (CC-KP) and a kinetic
segregation-kinetic proofreading (KS-KP) model (Fig. 1),
we developed a mathematical framework and computational
model that is described in detail in the Materials and Methods
section. In this framework, we explicitly consider the close
contacts formed between T cells and APCs. We allow in-
dividual TCRs to diffuse into and out of the close contact
by Brownian motion, binding to and unbinding from both
activating and nonactivating ligands while being in the close
contact. (While this terminology is often used in the literature,
it is possible that a nonactivating ligand can activate a TCR,
although at a much lower rate than an activating ligand.) We
assume that ligand bound TCRs are unable to leave the close
contact, since we define the close contact as the region in
which the cell membranes of the two contacting cells are in
sufficiently close apposition to allow a pMHC-TCR complex
to form across the two contacting cells.

In our model, we consider a T cell to be activated once
all n proofreading steps are completed for at least one TCR.
Consistent with recent work, we consider small values of n,
which are known to be consistent with ligand discrimination
[5,20]. Moreover, while we model these proofreading steps
as phosphorylation reactions, we note that these steps are not
intended to directly correspond to specific TCR phosphory-
lation sites but could also include phosphorylation sites on
Zap70 or LAT [21], in line with recent literature suggesting
that the number of proofreading step may not directly corre-
spond to all steps in the biochemical network [5,22]. In the
CC-KP model, ligand unbinding results in immediate reset
of the proofreading cascade (full dephosphorylation of all
sites) whereas in the KS-KP model, ligand unbinding resets
proofreading if and only if the TCR has subsequently also
diffused out of the close contact.

Unlike earlier related models [19,23], we modify the
(de)phosphorylation rates depending on whether the ligand
is bound or unbound and depending on which version of KP
we use. In CC-KP, the phosphorylation rate of unbound TCR
is zero, and the dephosphorylation of unbound TCR rate is
effectively infinite, resulting in an immediate reset after ligand
unbinding. Meanwhile, in KS-KP, the (de)phosphorylation
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FIG. 1. Overview of our computational models of T cell receptor (TCR) activation in close contacts. (top row) The conformational change—
kinetic proofreading (CC-KP) model is depicted with three phosphorylation sites (z = 3) in the example. A TCR can be phosphorylated when
bound to nonactivating or activating ligands and is rapidly dephosphorylated upon ligand unbinding (scheme, left). The signaling active state
(all three sites phosphorylated) is highlighted in blue. (middle and right columns) An unproductive trajectory (on which the TCR does not reach
the active state before leaving the close contact) and productive trajectory, respectively. Note that in the unproductive trajectory, the TCR only
binds to nonactivating ligands, with a rapid off rate preventing TCR phosphorylation. In the productive trajectory, a long period of time where
the TCR is ligand bound results in all three sites being phosphorylated while the TCR is immediately fully dephosphorylated upon ligand
unbinding. (bottom row) The kinetic segregation—kinetic proofreading (KS-KP) model is shown in the bottom half of the figure. The diagram
on the left shows how, with the KS-KP model, phosphorylation can take place whether a ligand is bound or not and can only be reversed
when the TCR leaves the close contact (depicted with dashed arrows). Accordingly, in both the unproductive and productive trajectories
shown for KS-KP, phosphorylation events occur for both bound and unbound TCRs. KS-KP is still sensitive to ligand concentrations because
ligand binding influences the time that a TCR spends in the close contact before leaving. In this figure, M, and M, represent concentrations
of nonactivating and activating ligands, respectively; k" and k" represent the corresponding on-rates of ligand binding (with &, and k
representing the off-rates); and k, represents the phosphorylation rate.
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FIG. 2. Activation probability as predicted by KS-KP is much more strongly dependent on number of phosphorylation steps n than CC-KP.
Activation probability is plotted against the fraction of activating ligand G for n = 2 (a), n = 3 (b), and n = 2 (c). As the number of steps
increases, activation probability decreases, as it is less likely for the TCR to remain in the close contact (in KS-KP) or bound to the ligand (in
CC-KP) until complete phosphorylation. Phosphorylation rate is set to k, = 1 s™!; examples for other values of k, are found in SI, Fig. S4.
Inset in (c): KS-KP and CC-KP yield similar results when compared at slightly different values of n. The KS-KP n = 4 line is superimposed on
the CC-KP n = 3 line; the responses are similar, suggesting that solutions for both KS-KP and CC-KP can be readily found. Further examples
are provided in SI, Fig. S3. Error bars are standard deviations, calculated as described in the Materials and Methods. See Table S1 for the

parameters used in this figure.

rate is independent of the binding state in the close contact,
and the timescale for reset depends on binding only insofar
as binding increases the TCR’s residence time in the close
contact, as effective dephosphorylation only occurs once a
TCR has diffused out of the close contact. (As a check of the
accuracy of our diffusive model, in the SI we show that the
residence time in the close contact is dependent on the off rate
of the activating ligand, indicating that the binding dynamics
of the ligand modify its diffusion, as expected; see Fig. S1 of
the Supplemental Material [24].

As we model only the very first steps of TCR activation,
we assume that TCRs do not interact with each other. While
formation of TCR clusters is known to play an important
role in TCR signal integration [25,26], experimental data also
suggest that triggering a single TCR is sufficient to activate
a T cell [1,2], consistent with our assumption that the T
cell is activated once TCR phosphorylation exceeds a certain
threshold.

Finally, as a check for consistency of our framework with
previous models, we calculated the probability of a single
TCR remaining in the close contact as a function of time;
we then compare it with the same quantity calculated from
a partial differential equation (PDE) model adapted from
Fernandes et al. [23]. The simulation results match reason-
ably well with those from the PDE model (Fig. S2 of the
Supplemental Material [24]). We may therefore assume that
the results we obtain are comparable with results obtained
from earlier related models.

B. CC-KP and KS-KP models predict highly similar T cell
activation but for different numbers of proofreading steps

We first investigated how the number n of proofreading
steps affects the activation probability for different activat-
ing or nonactivating (activating or self) ligand ratios in both
CC-KP and KS-KP models at a fixed phosphorylation rate
(k, =1 s7H[5]), using values for n in the range of 2—4 (Fig. 2).

We note that we use values of n in the range that was previ-
ously found to well explain T cell activation data [5] and that
are optimal for ligand resolution in the presence of molecular
noise [22].

Generally, the activation probability predicted by KS-KP
was much more strongly dependent on n as that predicted
by the CC-KP model. We can rationalize these findings in
the light of the overall increased activation probability seen
for the KS-KP model. This “background activation” stems
from ligand-independent triggering of TCRs that, even in
the absence of a ligand, show a close-contact residence time
sufficient to complete all KP steps. Thus, it is logical that for
KS-KP and a small number of KP steps, we observed higher
levels of background activation than for the CC-KP model.
Interestingly, however, very small changes to n (1 step)
and/or k, (factor of two or less) were sufficient for KS-KP
and CC-KP to yield highly similar results (inset to the n = 4
panel of Fig. 2 and Fig. S3 of the Supplemental Material
[24]). Taken together, these results suggest that CC-KP and
KS-KP may be difficult to distinguish through downstream
metrics of T cell activation, such as, e.g., in Ref. [5]. In
contrast, quantification of the ligand-independent contribution
to TCR triggering would allow us to further test our KS-
KP model and to discriminate between CC-KP and KS-KP
models.

When we varied the phosphorylation rate k, more
broadly, we found that for a lower phosphorylation rate
(k, = 0.5 s71), KS-KP was able to distinguish low and high
G values better than CC-KP for n =3 and n = 4 (Fig. S4
of the Supplemental Material [24]). Meanwhile, at a higher
phosphorylation rate (k,, = 2 s~1), KS-KP was entirely unable
to distinguish between different activating fractions at n = 2.
This is again in line with the expectation that in KS-KP,
ligand-independent phosphorylation of the TCR contributes
to a higher sensitivities at slow rates for the KP steps, helping
to “push” TCR across the signaling threshold. Conversely, for
fast KP rates this ligand-independent phosphorylation results
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FIG. 3. CC-KP is able to mount more distinct responses than KS-KP to activating ligands with different off rates, especially at higher
close contact lifetimes. (a)-(c) Activation probability for TCRs with the KS-KP and CC-KP models with k; = 0.1s7!, 157!, and 1057,
respectively, as a function of activating fraction G at the indicated close contact lifetime. Examples for additional values of 7. are provided in
the SM, Fig. S7 [24]. Error bars are standard deviations, calculated as described in the Materials and Methods. See Table S1 for parameters

used in this figure [24].

in all TCR being immediately phosphorylated and hence loss
of discrimination.

Finally, we note that in our model, TCR phosphorylation
times (for each step) are exponentially distributed (we assume
first-order kinetics). As we assume that each of the n steps
occurs at a similar rate, it is reasonable to approximate the
total time (i.e., the time until full phosphorylation or activation
time) as an Erlang-n distribution [see Materials and Methods;
Eq. (25)]. We note that earlier work by Fernandes et al. [23]
used a simplified model for TCR activation, in which any
TCR that remained in the close contact for at least 2 s was
immediately and fully activated, i.e., the effective probability
density function for the activation time has a Dirac § function
att = 2s. In such a simplified model, activation probabilities
for KS-KP are markedly underestimated at low fractions G
of activating ligand, implying better discrimination by KS-KP
than are likely realistic. Further information on this point is
found in the Supplemental Material (SM) (Fig. S9 and SM
text section S1 [24]).

C. KS-KP and CC-KP predict distinct responses
to different off rates of activating ligands

Activating ligand off rates have been shown to correlate
with TCR activation [7,27,28], a fact that has been used as evi-
dence of KP. We therefore wanted to test how activating ligand
off rates influence the performance of our models. We used ac-
tivating ligand off rates of k; € {0.1s7!, 1s7!,10s7'}, and
we use a nonactivating (self) ligand off rate of k, = 50 s™! for
all simulations; that is, the weakest binding activating ligand
we examine (k, = 10 s~1) has a fivefold smaller dissociation
constant than the nonactivating ligand [23]. We first tested
how activation probability changed as a function of activating
fraction G for different close contact lifetime ¢, and different
k, . For a small 7., activation probability always varies with
k, , with smaller k" giving rise to more activation as expected,
but there is little difference between the activation predicted

by either KS-KP or CC-KP models (Fig. 3(a), . = 55s). At
larger values of 7. [Figs. 3(b) and 3(¢c), 7. = 30, 120], KS-KP
and CC-KP predict significantly different activation for large
k, , with KS-KP predicting a higher activation probability.
As before, these findings can be rationalized by consider-
ing the contribution from ligand-independent triggering to
the activation probability, only present in the KS-KP model
and significant for close contact lifetimes substantially longer
(t. = 30, 120 s) than the time taken to activate (Erlang distri-
bution around 2 s). For none of the close contact lifetimes
t, tested, KS-KP or CC-KP can reliably discriminate ligands
with the lowest k; = 10 s~! or a fivefold smaller dissociation
constant than the nonactivating ligand for the ligand frac-
tions tested (G < 0.1). The ligand-independent contribution
to activation is also readily visible when plotting activation
probability as a function of close contact lifetime 7. (Fig. 4): in
contrast with CC-KP, KS-KP predicts nonzero TCR activation
even in the absence of activating ligand (G = 0) that increases
as t, increases, as expected independently of ligand off rate k
[Fig. 4(a)]. Interestingly, the extent of this ligand-independent
activation seen in the KS-KP model is similar to the level of
activation predicted for a ligand of k; = 1! at G = 0.01 in
the CC-KP model [4(b)]. For larger G (e.g., G = 0.1) and slow
k, , predictions by CC-KP and KS-KP differ little but they
remain marked for faster values of k, [Fig. 4(c)], consistent
with the previous results.

In summary, while we find similar overall behavior be-
tween the two models as we change the activating ligand off
rate (k, ), it is noteworthy that the KS-KP model predicts
close contact lifetime-dependent ligand-independent activa-
tion probabilities (Fig. 4) in contrast with the CC-KP model.

While ligand-independent activation is qualitatively con-
sistent with experimental observations of activation in the
absence of activating ligands [17,18], we expect it to neg-
atively affect ligand discrimination (by adding spurious
activation in the absence of ligand) while sensitivity could be
positively affected (increasing background phosphorylation of
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FIG. 4. Activation probability for TCRs with the KS-KP and CC-KP models with k; = 0.1 s7!, 1 s7!, and 10 s7! as a function of close
contract lifetime at the indicated activating fraction G. (a), (b) At low activating fraction G, the activation probability for KS-KP (blue lines)
at all values of k; is significantly greater than that for CC-KP (orange lines). (c) At high activating fraction, a strong difference only exists for
large k, ; cf. Fig. 3. Examples for additional values of G are provided in the SM, Fig. S8 [24]. Error bars are standard deviations, calculated as
described in the Materials and Methods. See Table S1 for parameters used in this figure [24].

the TCR can lower the threshold for its activation). Thus,
we tested the trade-offs made between discrimination and
sensitivity by KS-KP and CC-KP models.

We define sensitivity as the derivative of P, with respect to
GatG=0

S= %E;(G, te)|G=0- ey
We make the dependence of P, on G explicit here, although
in general we do not write out this dependence for the sake
of simplifying notation. This quantity can be interpreted as
the ability of the T cell to respond to introduced activating
ligands. We define discrimination as

a=1-P,(G=0,1), 2

describing how well the T cell can discriminate between high
and low activating ligand concentrations. If « is close to zero
then the T cell will likely activate even at low activating ligand
concentrations, while if « is close to one the T cell will not
activate at low concentrations but will activate at high enough
G values. See the Methods section for more detail.

We investigated for both models how sensitivity and dis-
crimination change as a function of KP steps (Fig. 5). As
to be expected, increasing the number of KP steps n from
one (i.e., no KP) to two always increases both sensitivity
and discrimination. After this, discrimination keeps increasing
further with every added KP step, but the trade-off between
sensitivity and discrimination is different for KS-KP and CC-
KP. At some point, for CC-KP, increasing n results in marginal
improvements in already high discrimination for large losses
in sensitivity. In contrast, the trade-offs for KS-KP contin-
ues to involve large gains in discrimination for small losses
in sensitivity before nearing perfect discrimination and low
sensitivity at larger n. KS-KP only outperforms CC-KP in
sensitivity for slower k), rates: for k, = 0.5 and n = 3, KS-KP
is more sensitive with moderate discrimination loss [Fig. 5(a),
bottom row]. For k,, > 0.5, CC-KP is both more sensitive and

discriminate than KS-KP at equal n and hence equal energetic
cost (Fig. 5).

D. KS-KP and CC-KP models both distinguish between
experimentally characterized activating
and nonactivating ligands

To compare our theoretical results for the CC-KP and
KS-KP models to experimental data, we used published ECy4q
and ECsy values for several ligands with known on and off
TCR binding rates [27,28] (see Table S2 [24]). In aggregate,
these experiments provide information about the overall T cell
activation probability for three nonactivating ligands and four
activating ligands each in the absence of any other ligand. To
compare the CC-KP and KS-KP models to these results, we
ran simulations and calculated activation probabilities as be-
fore, using the corresponding experimental on and off binding
rates for each ligand. For nonactivating ligands we used G = 0
and for activating ligands (weakly activating or otherwise) we
used G = 1, while varying the overall ligand concentration,
M. We estimated EC4y and ECsq values (according to the
quantity available for each ligand, from here on referred to as
ECyo/50) by finding the value of M for which the activation
probability was 40% or 50% maximal, respectively. While
we do not expect our proxy for T cell activation (P,) to
quantitatively predict experimental ECyg/50 values, it should
be possible to qualitatively predict the correct order of the
ligands. Both the CC-KP and KS-KP models were able to
distinguish activating from nonactivating ligands, with lower
theoretic EC49/50 values predicted for all activating ligands
(Fig. 6). However, remarkably, there is a difference between
KS-KP and CC-KP in ordering of the ligands, and particularly,
the KS-KP model differentiates between the activating and
weakly activating ligands better than the CC-KP model. The
ordering of, e.g., T72 and OVA is also more accurate by
the KS-KP model. These differences can be rationalized by
KS-KP results being dependent on the dissociation constant,
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FIG. 5. Trade-offs between discrimination and sensitivity in the number of proofreading steps are more pronounced for KS-KP than for
CC-KP. Sensitivity and discrimination are defined in the Methods section, equations (37)—(39). Blue points are for CC-KP while orange points
are for KS-KP. The leftmost points of the KS-KP and CC-KP points with the lowest discrimination are for n = 1 proofreading steps (i.e., no

proofreading), while the rightmost points with the highest discrimination are for n = 8. For each column, with (a) k, = 0.5s7!, (b) k, = 1571,

—1

and (c) k, = 2 s7!, the plot in the bottom row shows the trade-off region highlighted in the box within the top row. In the bottom row, the
lowest and highest number of steps shown in the trade-off region are indicated. Below the smallest n in the trade-off region, increasing n results

in both higher discrimination and sensitivity. For all three values of k),

shown, the trade-offs for CC-KP in n involve marginal improvements

in high discrimination for large losses in sensitivity. In contrast, trade-offs for KS-KP involve large gains in discrimination for small losses
in sensitivity at lower n before nearing perfect discrimination and low sensitivity at large n. See Table S1 for the parameters used in this

figure [24].

while CC-KP is more sensitive to the off rate. In other words:
the duration of an active period for KS-KP only depends on
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FIG. 6. Comparison of experimental EC4 and ECs, values for
ten ligands with theoretical predictions from the CC-KP and KS-KP
models. The model EC4y and ECsy values are the ligand concen-
trations at which activation probability is equal to 0.4 and 0.5,
respectively, with G = 0 for nonactivating ligands and G =1 for
(weakly) activating ligands to match experimental conditions where
a single ligand type is present. Both the CC-KP and KS-KP models
differentiate nonactivating from activating ligands, separating them
into two clear clusters along the y axis. The KS-KP half-maximal
activation probability ligand concentrations are lower than the
CC-KP predictions, consistent with the results in previous sections.
The ten ligands considered, along with the corresponding binding
and unbinding rates, are listed in Table S2 [24]. See Table S1 for the
parameters used in this figure [24].

how long a TCR stays in the close contact, which correlates
to how often it is bound. CC-KP, however, solely depends on
the duration of binding, which is controlled by the off rate.

III. DISCUSSION

While both CC-KP and KS-KP predict similar patterns of
TCR activation, we also find differences in several biologi-
cally important situations, such as when small numbers of
activating ligands are present or for ligands with compara-
tively larger off rates. To reach similar discrimination than
CC-KP, KS-KP needs a large number of KP steps and when
looking at the trade-offs between discrimination and sensitiv-
ity, CC-KP outperforms KS-KP with the notable exception of
slower phosphorylation rates. We also conclude that CC-KP
and KS-KP models are difficult to distinguish through the
mere comparison of downstream metrics of T cell activation
in the absence of further biochemical data on signal transduc-
tion. For example, recently published experimental work that
has been interpreted as evidence for CC-KP [10,11] would
also be consistent with KS-KP if, under the conditions used
for these studies, phosphatases are excluded from regions of
TCR-ligand interactions. Other experimental evidence indi-
cates that TCRs may activate even with no activating ligands
present [17,18], which is more likely under KS-KP than CC-
KP, but the high specificity seen in Refs. [1,2] is more readily
explained by CC-KP. An advantage of our computational
approach is that both KS-KP and CC-KP might be viewed
as extreme points on a spectrum of possible behaviors: for
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example if ligand binding changes k), but is not essential for
it, such a model would exist between KS-KP and CC-KP, and
could be evaluated in our framework in future studies.

In this work, we have developed a computational frame-
work for describing a combined model for TCR triggering
and ligand discrimination: a classic, multistep downstream
signaling model implementing KP combined with explicitly
modeling TCR triggering inside the close contacts postulated
by the KS triggering model. We have used this to compare
the KS model of TCR triggering (our KS-KP model) to one
where the TCR is strictly triggered by ligand binding only
(our CC-KP model). Considering existing models in the litera-
ture, our KS-KP model is generalized so that phosphorylation
rates while bound can be different from those while unbound
(compared with Ref. [19]), and has a more accurate model
of activation time (compared with Ref. [23]), while applying
a diffusion framework to allow direct comparison between
CC-KP and KS-KP. Integrating diffusion with conformational
change-based KP in the CC-KP model captures aspects of T
cell activation not found in KP models ignoring diffusion. If
TCR complexes cannot leave the close contact when bound
to a ligand, trajectories that happen to spend more time in
a bound state will be more likely to remain in the close
contact longer than trajectories that are in the bound state less
often. This has a selective effect where trajectories with higher
individual activation probabilities, P(¢), are more likely to
remain in the close contact longer (Fig. S10 [24]). However,
because most TCR complexes rapidly exit the close contact,
the overall probability of a single TCR complex activating
is greatly reduced in the CC-KP model with diffusion, as
compared with a model ignoring diffusion. This complex cou-
pling between diffusion and activation necessitates a model
explicitly including both aspects.

Over a wide parameter range, CC-KP and KS-KP models
make similar predictions. This is due to the fact that the kinetic
segregation mechanism in KS-KP also implements a form of
kinetic proofreading, where a reset to the fully dephosphory-
lated state occurs upon the TCR complex diffusing out of the
close contact (instead of upon ligand dissociation, as in CC-
KP). Our modeling of CC-KP and KS-KP in a close-contact
zone context suggest that all else being equal, KS-KP leads to
higher activation probabilities than CC-KP along with sizable,
nonzero activation probabilities without activating ligands
present. This positive minimal activation probability results
from any TCR increasing the activation probability as long as
k, is sufficiently large to drive TCR phosphorylation while in
a close contact, and it results in worse differentiation between
activating ligands with varied off rates in the KS-KP than CC-
KP model. However, we note that for lower phosphorylation
rates (k, = 0.5 s~!) KS-KP performed better than CC-KP in
terms of sensitivity. For k, = 0.5 s~!, both sensitivity and
discrimination were better for KS-KP, as for this rate, full
phosphorylation of the TCR (and hence activation) cannot be
reached before ligand dissociation in CC-KP. Conversely, at
fast phosphorylation rates (k, = 10 s!), KS-KP was entirely
unable to distinguish between different activating fractions for
all n tested as at this rate all TCRs are fully phosphorylated
before they leave close contacts, even for residence times
expected for free TCRs. For other parameters, KS-KP and
CC-KP are generally similar at low 7., low-to-moderate &,

or moderate-to-high G, while significant differences are seen
at high k; and low G, with these differences being largely
due to ligand-independent activation present in the KS-KP
model.

In this light, contemporary experimental evidence ob-
served for different TCR signaling models is hard to interpret
unambiguously but points in favor of KS-KP. For example, re-
cently published experimental work that has been interpreted
as evidence for CC-KP [10,11] would also be consistent
with KS-KP if, under the conditions used for these studies,
phosphatases are excluded from regions of TCR-ligand in-
teractions. Other experimental evidence indicates that TCRs
may activate even with no activating ligands present [17,18],
which is more likely under KS-KP than CC-KP, but the high
specificity seen in Refs. [1,2] is more readily explained by
CC-KP. An advantage of our computational approach is that
both KS-KP and CC-KP might be viewed as extreme points on
a spectrum of possible behaviors: for example if ligand bind-
ing changes k,, but is not essential for it, such a model would
exist between KS-KP and CC-KP, and could be evaluated in
our framework in future studies.

Throughout our modeling, we assume that the timescale of
immune synapse rearrangement (minutes) is different to the
dynamics in the KS model that result in initial TCR triggering
(milliseconds to seconds). Close contacts, i.e., the region of
phosphatase exclusion, are expected to grow on the timescale
of TCR triggering and diffusion, and the effects of modeling
this growth similar to Ref. [23] on CC-KP and KS-KP predic-
tions could thus be explored in future work.

In conclusion, our results may partly explain the ambiguity
surrounding the models for TCR activation, as without direct
evidence for the number of phosphorylation steps and the rate
of phosphorylation and without experiments that recreate the
close contact context in which TCRs are activated, our results
suggest that distinguishing between the KS-KP and CC-KP
models through downstream measures of TCR activation may
be difficult. On the other hand, our results point to clear differ-
ences that carefully designed experiments could measure. For
example, if TCR activation and discrimination was measured
for different phosphorylation rates, e.g., making use of kinetic
mutants of Lck [29,30], ligand discrimination should be much
more affected for CC-KP than KS-KP. These promising po-
tential directions of future experimentation, combined with
consistency between our model and experimental findings on
TCR activation, is encouraging to future experimental work.
We hope that our results will facilitate further investigation
into TCR signaling mechanisms, perhaps leading to a synthe-
sis of two views of T cell activation (KS-KP and CC-KP) that
are often viewed as being mutually exclusive.

IV. MATERIALS AND METHODS

A. Overview of our approach to modeling TCR activation

Our goal is compare the consequences of conformational
change and kinetic segregation TCR triggering mechanisms.
We are able to directly compare the two mechanisms by si-
multaneously modeling TCR diffusion in a disk, representing
a close contact between a T cell and an APC, and TCR
activation. For both triggering mechanisms, we assume that
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TCRs can only trigger when inside the close contact and
that they cannot leave the close contact while bound to a
ligand. Ultimately, we wish to calculate the probability that
at least one TCR will trigger, given the lifetime of the close
contact, the TCR concentration, the ligand concentration, and
the phosphorylation and binding rates.

We accomplish this task by first simulating TCR diffu-
sion and ligand binding-unbinding. The diffusion-binding-
unbinding dynamics are identical for both triggering mecha-
nisms, so we can use the same simulations for both. Although
many TCRs can enter and leave a close contact through
diffusion, we assume that TCRs diffuse independently be-
fore activation, allowing us to combine the results of single
TCR simulations. We initialize a diffusion-binding-unbinding
simulation with an unbound TCR close to the close contact
boundary. Using a fixed time step, we choose the next lo-
cation of the TCR according to a normal distribution and
the binding state of the TCR according to a Markov chain
determined by nonactivating and activating binding and un-
binding rates. If the TCR is in a bound state at a time step, we
disallow it from leaving the close contact by diffusion in the
next time step. This coupling between diffusion and binding
complicates modeling the conformational change mechanism
using partial differential equations. For KS-KP, the total time
a TCR spends in the close contact determines the proba-
bility of triggering, while for CC-KP the history of ligand
binding times is needed to calculate triggering probability.
The diffusion-binding coupling prevents simple calculation of
the binding time distribution from PDE calculations, which
we instead use to check that the stochastic simulations are
correct.

We can numerically calculate the KS-KP and CC-KP trig-
gering probabilities for each simulation replicate and average
over all replicates to find the probability that a single TCR
will trigger. We can then calculate the probability that at least
one TCR will activate in the close contact lifetime, given TCR
concentration and the size of the close contact.

B. Stochastic simulation of TCR diffusion in a close contact

We wish to directly compare the behavior of a typical
KS-KP kinetic segregation model with that of a CC-KP model
in the context of a T cell-APC close contact. In KS-KP
models, a single TCR can be phosphorylated as long as it
is in the close contact, regardless of whether it is bound
to a ligand or not, and dephosphorylation occurs only upon
leaving the close contact. In CC-KP models, TCRs can be
phosphorylated only when bound to a ligand and are rapidly
dephosphorylated upon ligand unbinding. To capture the be-
havior of both KS-KP and CC-KP models, we used stochastic
simulations of a TCR in a close contact. We simultaneously
modeled Brownian motion of the TCR and its ligand binding
dynamics, where interaction between the two processes has
significant effects on activation probability for CC-KP and no
effect on KS-KP activation beyond extending close contact
lifetimes. We explain this point further below. The output
of each simulation described in this section is a trajectory
of the two TCR spatial coordinates and the binding state,
stored in a 3 X Ny matrix, where Nr is the number of sampled
times.

Within the close contact, we model TCR motion

according to
X(t + At) = x(t) + p(At), 3)

where x(¢) is the two-dimensional Cartesian coordinates of
the TCR at time ¢, At is the time step used, and n(Ar) is total
random motion undergone by the TCR over At. The random
motion n(At) is independent between successive time steps
and between dimensions and is normally distributed with

(ni(Ar)) =0, (€]
and
(ni(At)n;(At)) = 2DAt§;; %)

for dimensions i, j € {1, 2}, where D is the diffusion coeffi-
cient and §;; is the Kronecker § function.
We write the biochemical state of the TCR at time ¢ as

b(t) € {bu, bn, ba}, (6)

where b, is the unbound state, b, is the nonactivating bound
state, and b, is the activating bound state. Using the same
time step Af, we concurrently simulated binding dynamics
according to the transition-probability matrix among b, b,,
and b,, given by

T = *, @)

using a Monte Carlo simulation. We obtained the transition-
probability matrix from the rate matrix

_(Mnk: + Mak;) Mnk: Mak;
R = k, —k, 0 |, (8)
k; 0  —k;

where the entries in the matrix are in the order given by (6).
The concentrations of nonactivating and activating ligand are
written as M,, and M,, where the overall ligand concentration
is set as M and M,, and M,, are determined by the activating
fraction G

M,=(0-GM, ©)

M, = GM. (10)

We modeled the close contact as a two-dimensional disk
with radius R = 220 nm [23,31] centered at the origin,

Q= {x e R?*\/x} +x3 <R}. (11)

In keeping with previous KS models of TCR dynamics, we
assume that the TCR can only leave the close contact when
in the unbound state, so that when the TCR was in the b,, or
b, biochemical states, the Brownian motion step was repeated
until the TCR remained within €2 at the next time. When in the
b, state, a Brownian motion step that led to the TCR leaving
2 ended the simulation run.

We initialized all simulations with x(0) = [0 nm, 210 nm]
and b(0) = b, in the unbound state. We chose the initial TCR
position to be close to the edge of the close contact to reflect
recent entry into the close contact, as starting simulations in
the unbound state on the close contact boundary would result
in the TCR immediately leaving the close contact. We ran
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each simulation until either the TCR left the close contact or
until 10 s of model time had elapsed. The 10 s maximum simu-
lation time is justified by the convergence of P(¢) well before
10 s for even the slowest activating parameter set (Fig. S11
[24]). In calculating P,(z.), any value of P(¢) fort > 10s was
set to P;(10). We repeated each simulation 10000 times. We
performed these simulations using random sampling with the
Numpy package in Python [32].

C. PDE model of TCR diffusion in a close contact

We independently calculated the probability of a TCR re-
maining in a close contact after time ¢ by adapting a previously
published model of TCR diffusion, employing a coupled sys-
tem of partial differential equations (PDEs) [23].

As with the stochastic simulations, we model the close
contact as a disk of fixed radius R = 220 nm [23,31] [as in
Eq. (11)], which individual TCRs can diffuse in and out of.
First, we consider the diffusion of an individual TCR from
the instant it has entered the close contact. Starting at this
instant, we are interested in calculating the probability that
the TCR then exits the close contact after a given amount of
time has passed. We write locations within the close contact
as X = [x1, x2] under the constraint (x> +x3)"/? < R.

A TCR in the close contact can exist in unbound,
nonactivating bound, and activating bound form. The two-
dimensional diffusion coefficients can in principle differ
between unbound (D7) and bound (D¢) TCRs but here are
identical. Once a TCR reaches the boundary of the close
contact, it is absorbed (leaves the close contact) if unbound to
a ligand or is reflected if ligand bound. We write the boundary

as
9Q = {x e R?|,/x? + x3 = R}. (12)

Our goal is to find the probability distributions of unbound,
nonactivating bound, and activating bound TCRs over 2 as a
function of time since TCR entry to the close contact.

We can find these distributions by solving a coupled sys-
tem of PDEs for the probability density of unbound, T (x, t),
nonactivating bound, C,(X, t), and activating bound, C,(x, 1),
TCR at x at time ¢

oT (x,t
% =Dy VT(x,t) — (k M, + k M)T(x,1)
AC,(x, t _
% = DcV2Co(x,1) — k;, Cu(X, 1) + kM, T (x, 1),
(14)
AC,(x,t _
%) = DcV?Co(x, 1) — k; Co(X, 1) + k M, T (x, 1).

as)

Here, ¢ is the time elapsed from the entry of the TCR to the
close contact and k;r (k,,) are the on/off rates for nonactivat-
ing (activating) ligands binding to TCR.

The initial conditions for this system of PDEs for are

14(x) + (1/2)[1g.4,(x) + Lya,(x)]
Jo La®) + (1/2)[15.4,(x) + Lya,(x)]dx
forallx € €, (16)

T(x,0) =

C,(x,0)=0 forallx € €2, 17

C,(x,0)=0 forallx € 2, (18)

where 1s(x) is the indicator function of the specified set S.
The set A is defined as

A:{X€Q|l’i<m<’b}, 19)

with inner radius r; and outer radius r, such that r; < r, < R.
The sets 3.4; and 3.4, are the inner and outer boundaries of A

defined as
0A; = {x e Q|\/ + 2 =r), (20)
A, = {x € Q|\/x? +x% =r,}. 1)

The boundary conditions are

T(x,t)=0 forallx €9 and ¢ € [0,¢.], 22)

nx)-VC,(x,t) =0 forallx € 9Q and ¢ € [0,1z.],
(23)

n(x)-VC,(x,t) =0 forallx € 9Q and ¢ € [0,1.],
(24)

where fi(x) is the outward-facing unit normal vector at x €
0%2. These boundary conditions represent the ability of un-
bound TCRs to leave the close contact and the inability of
bound TCRs to leave the close contact.

We used the py-pde Python package [33] to numerically
solve the system of PDEs in Eqs. (13)—(15) using finite differ-
ence methods.

D. TCR activation model

From a set of replicate trajectories generated from stochas-
tic simulations, we can calculate the probability that over
the lifetime of the close contact at least one TCR will reach
the fully phosphorylated state. We perform this calculation
after the simulations described in Sec. IV B are completed,
using the trajectories produced from those simulations. While
a TCR is in the close contact, the functional TCR complex
can assemble and be phosphorylated. In our model, we ig-
nore complex assembly and only focus on phosphorylation.
If the phosphatase concentration is low enough in the close
contact, we can assume that phosphorylation occurs through
n irreversible steps. Then, the probability that a single TCR
complex is fully phosphorylated by time ¢ in n irreversible
steps, each with the same rate k,, follows the Erlang distribu-
tion

(t;n, ky) = LV (25)

P Y '

If we were to allow for dephosphorylation, we could write
the model as a linear system of ordinary differential equa-
tions where the fully phosphorylated state is absorbing.
However, in this work we assume that dephosphorylation in
the close contact occurs at a slow enough rate to be ignored.
In Fig. S9 [24], we also calculate activation probabilities for

q(t) =8t —25), (26)
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as was used in Fernandes et al. [23]. This approach approxi-
mates the case of large k, and n in Eq. (25), chosen so that the
mean of the distribution is 2 s.

To calculate the probability of a single TCR complex
reaching the fully phosphorylated state before leaving the
close contact for KS-KP, given the fraction of ligands that are
activating, we calculate

1 N
PO=33 /0
i=1

7;(t)
q(s)ds, 27

with

t fort; >t

t; fort <t, (28)

7,(t) = {
where 71; is the close contact residence time of the TCR
in trajectory i. Equation (27) is the probability of a single
TCR complex reaching the fully phosphorylated state before
leaving the close contact, averaged over all trajectories. We
calculated the standard deviation of Py(¢) for KS-KP accord-
ing to
o (J5" a(s)ds)

VN
given the independence of t; between different trajectories.
To calculate the probability of a TCR complex reaching

the fully phosphorylated state with CC-KP, we use the same
trajectories but instead calculate

1 N m; 0]
P =+ > [1 -T1 (1 —/0 q(s)ds>:|, (30)

j=1 i=1

o(P(1)) = (29)

where the product is over m; bound periods, indexed by i, for a
single trajectory indexed by j. Each term of the product is the
probability that in trajectory j during the ith bound period the
TCR did not reach the fully phosphorylated state. The length
of the ith bound period of trajectory j is

T for > w; <t
- : -
i) =yt =3y for 3oy mi>t>30 T
0 for Z;;i T >,

(€29

which allows us to consider arbitrary times, including those
which fall in the middle of bound period for some trajec-
tory. The product is the probability that none of the bound
periods in trajectory j resulted in the TCR reaching the fully
phosphorylated state, so that one minus this quantity is the
probability that at least one of the bound periods resulted in
full phosphorylation. This quantity is then averaged over all
N trajectories. As with Py(t) for KS-KP, we calculated the
standard deviation of Py(¢) for CC-KP according to

(=TI (1 - Or”(t) q(s)ds))
N )

Equations (27) and (30) provide the probability of a single
TCR complex reaching the fully phosphorylated state by time
t. However, in an actual T cell multiple TCRs can enter and
leave a close contact, and we are interested in the probability

o(B(1) = 2 (32)

that any one of those TCRs become fully phosphorylated in

the lifetime of the close contact. We can write the probability

that no TCR will enter the close contact and become fully

phosphorylated over the close contact lifetime by assuming

a constant rate of TCR entry into the close contact and by

considering m — 1 time intervals of length 7./m, for positive

integer m. The entry rate of TCR entry into the close contact
is [23]

4n DT,

K= ———o—,

In(A/(zR?) — 1)

where T, is the bulk membrane TCR density far from the

close contact, A is the cell surface area, and R is the radius

of the close contact. Using Eq. (33) and discretizing time into

intervals of length #./m, the probability that a TCR will not
activate is

Poa(te;m) = 1_[

1€{0,1,....m—1}

(33)

[1— Py(tc — Ito/m)]"/™. (34)

Taking the limit of P,,(¢.;m) as m — oo, corresponding to
continuous time, we have the geometric integral [34]

Ie
lim P,,(t;;m) = exp </</ In[1 — P(t, — t)]dt). 35)
m—00 0

Because Eq. (35) provides the probability that no TCR will
activate in 7., we can then easily find the probability that at
least one TCR will activate in ¢, as

Pu(t.) = 1 —exp (x/ In[l — Pt —t)]dt). (36)
0

We again note that for # > 10s in calculation of P,(t.), we set
P(t) to Py(10) as justified by convergence of Py(t) with time
(Fig. S11 [24]).

Equation (36) is the activation probability shown in
Figs. 2—4. While the notation of our model obscures the
dependence of P,(z.) on G, we emphasize that with a fixed
value of M, G fully determines the nonactivating and acti-
vating concentrations M,, and M, and through the stochastic
simulations influences P,(t.). To find the standard deviation of
P,(t.), we used linear error propagation theory implemented
in the Uncertainties Python package [35] using Egs. (32) and
(29) for the standard deviation of Py(t) for CC-KP and KS-KP,
respectively.

E. Parameters

Parameters and parameter ranges for our models were
taken from the literature [5,23,27,28,31,36]. See Tables S1-S3
for parameter values and sources for specific values [24].

F. Quantifying sensitivity and discrimination

For activation probability P, as a function of G, we define
sensitivity as

S = %Pa(G’ te)|G=0- (37

In practice, we calculate sensitivity as
__ P4(0.005) — P,(0)

T 0.005-0

(38)
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We define discrimination as
a=1-P,(G=0,t.) (39)

so that if « = 0 the TCR cannot discriminate nonactivating
ligands from activating ligands, while if « = 1 the TCR does
not activate without activating ligands.

Our definitions of sensitivity and discrimination are related
to previous definitions but differ in several ways. To make
these differences explicit, we contrast our definitions to those
in Pettmann et al. [5], who use P;5(Kp), the concentration of
ligand leading to activation of 15% of T cells as a function of
ligand dissociation constant in their definitions of discrimina-
tion and sensitivity. By fitting a power law to P;s,

Pis(Kp) = 10° + K3, (40)

sensitivity is defined as
C =log,, Pi15(1), 41)

while discrimination is
g e

A smaller value of C means higher sensitivity, as 15% acti-
vation at lower concentrations means that the TCR is more
sensitive to the introduction of small amounts of ligand.
Larger o means more discrimination, since @ measures how

much an increase in log,, Kp will change log;, P;5. Note that
if P;5(Kp) is smaller, sensitivity as we have defined it (S) will
be larger.

Our definition of sensitivity is similar to that of Pettmann
et al., although it is not defined with a specific Kp. Rather
than measuring how well the TCR can discriminate between
ligands with arbitrary Kp values as in Eq. (42), our definition
measures the extent to which a TCR can mistake a specific
nonactivating ligand for a specific activating one.

ACKNOWLEDGMENTS

ASM. and AW.E. were partially supported by the
United States Defense Advanced Research Projects Agency
[37] RadioBio program under Grant No. HR001117C0125,
and by Discovery grant RGPIN-2016-05288 from the
Natural Sciences and Engineering Research Council of
Canada [38]. This publication is part of Project No.
VIL.Vidi.203.037 of the Talent Programme which is fi-
nanced by the Dutch Research Council (NWO) to K.A.G.
K.A.G. also acknowledges support by the WISE pro-
gram of NWO and a donation to her research group by
Mr. H.J.M. Roels through Oncode Institute.

The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the paper.

[1] D. J. Irvine, M. a Purbhoo, M. Krogsgaard, and M. M. Davis,
Direct observation of ligand recognition by T cells, Nature
(London) 419, 845 (2002).

[2] J. Huang, M. Brameshuber, X. Zeng, J. Xie, Q. Li, Y. Chien, S.
Valitutti, and M. M. Davis, A single peptide-major histocom-
patibility complex ligand triggers digital cytokine secretion in
CD4+T cells, Immunity 39, 846 (2013).

[3] J. G. Abelin, D. B. Keskin, S. Sarkizova, C. R. Hartigan,
W. Zhang, J. Sidney, J. Stevens, W. Lane, G. L. Zhang,
T. M. Eisenhaure, K. R. Clauser, N. Hacohen, M. S. Rooney,
S. A. Carr, and C. J. Wu, Mass spectrometry profiling of
HLA-associated peptidomes in mono-allelic cells enables more
accurate epitope prediction, Immunity 46, 315 (2017).

[4] P. A. Van Der Merwe and O. Dushek, Mechanisms for T cell
receptor triggering, Nat. Rev. Immunol. 11, 47 (2011).

[5] J. Pettmann, A. Huhn, E. A. Shah, M. A. Kutuzov, D. B.
Wilson, M. L. Dustin, S. J. Davis, P. A. van der Merwe, and O.
Dushek, The discriminatory power of the T cell receptor, eLife
10, 67092 (2021).

[6] R.J. Brownlie and R. Zamoyska, T cell receptor signalling net-
works: branched, diversified and bounded, Nat. Rev. Immunol.
13, 257 (2013).

[7]1 J. A. Siller-Farfan and O. Dushek, Molecular mechanisms of T
cell sensitivity to antigen, Immunol. Rev. 285, 194 (2018).

[8] J. J. Hopfield, Kinetic proofreading: A new mechanism for
reducing errors in biosynthetic processes requiring high speci-
ficity, Proc. Natl. Acad. Sci. USA 71, 4135 (1974).

[9] T. W. McKeithan, Kinetic proofreading in T-cell receptor
signal transduction, Proc. Natl. Acad. Sci. USA 92, 5042
(1995).

[10] D. K. Tischer and O. D. Weiner, Light-based tuning of ligand
half-life supports kinetic proofreading model of T cell signal-
ing, eLife 8, e42498 (2019).

[11] O. S. Yousefi, M. Giinther, M. Horner, J. Chalupsky, M.
Wess, S. M. Brandl, R. W. Smith, C. Fleck, T. Kunkel, M. D.
Zurbriggen et al., Optogenetic control shows that kinetic proof-
reading regulates the activity of the T cell receptor, eLife 8,
e42475 (2019).

[12] P. Frangois and G. Altan-Bonnet, The case for absolute ligand
discrimination: Modeling information processing and decision
by immune T cells, J. Stat. Phys. 162, 1130 (2016).

[13] S. J. Davis and P. A. Van Der Merwe, The kinetic-segregation
model: TCR triggering and beyond, Nat. Immunol. 7, 803
(2006).

[14] S. J. Davis and P. A. van der Merwe, Lck and the nature of the
T cell receptor trigger, Trends Immunol. 32, 1 (2011).

[15] N. J. Burroughs, K. Kohler, V. Miloserdov, M. L. Dustin, P. A.
van der Merwe, and D. M. Davis, Boltzmann energy-based
image analysis demonstrates that extracellular domain size dif-
ferences explain protein segregation at immune synapses, PLoS
Comput. Biol. 7, €1002076 (2011).

[16] S. Cordoba, K. Choudhuri, H. Zhang, M. Bridge, A. B. Basat,
M. L. Dustin, P. A. V. D. Merwe, and P. A. van der Merwe, The
large ectodomains of CD45 and CD148 regulate their segrega-
tion from and inhibition of ligated T-cell receptor, Blood 121,
4295 (2013).

[17] V. T. Chang, R. A. Fernandes, K. A. Ganzinger, S. F. Lee, C.
Siebold, J. McColl, P. Jonsson, M. Palayret, K. Harlos, C. H.
Coles et al., Initiation of T cell signaling by CD45 segregation
at ‘close contacts’, Nat. Immunol. 17, 574 (2016).

023003-12


https://doi.org/10.1038/nature01076
https://doi.org/10.1016/j.immuni.2013.08.036
https://doi.org/10.1016/j.immuni.2017.02.007
https://doi.org/10.1038/nri2887
https://doi.org/10.7554/eLife.67092
https://doi.org/10.1038/nri3403
https://doi.org/10.1111/imr.12690
https://doi.org/10.1073/pnas.71.10.4135
https://doi.org/10.1073/pnas.92.11.5042
https://doi.org/10.7554/eLife.42498
https://doi.org/10.7554/eLife.42475
https://doi.org/10.1007/s10955-015-1444-1
https://doi.org/10.1038/ni1369
https://doi.org/10.1016/j.it.2010.11.003
https://doi.org/10.1371/journal.pcbi.1002076
https://doi.org/10.1182/blood-2012-07-442251
https://doi.org/10.1038/ni.3392

COMPARING KINETIC PROOFREADING AND KINETIC ...

PHYSICAL REVIEW RESEARCH 7, 023003 (2025)

[18] K. Choudhuri, D. Wiseman, M. H. Brown, K. Gould, and P. A.
van der Merwe, T-cell receptor triggering is critically dependent
on the dimensions of its peptide-MHC ligand, Nature (London)
436, 578 (2005).

[19] N. J. Burroughs, Z. Lazic, and P. A. van der Merwe, Ligand
detection and discrimination by spatial relocalization: A kinase-
phosphatase segregation model of TCR activation, Biophys. J.
91, 1619 (2006).

[20] J. Morgan and A. E. Lindsay, Modulation of antigen dis-
crimination by duration of immune contacts in a kinetic
proofreading model of T cell activation with extreme statistics,
PLoS Comput. Biol. 19, e1011216 (2023).

[21] R. S. Ganti, W.-L. Lo, D. B. McAffee, J. T. Groves, A. Weiss,
and A. K. Chakraborty, How the T cell signaling network
processes information to discriminate between self and agonist
ligands, Proc. Natl. Acad. Sci. USA 117, 26020 (2020).

[22] D. Kirby and A. Zilman, Proofreading does not result in
more reliable ligand discrimination in receptor signaling due
to its inherent stochasticity, Proc. Natl. Acad. Sci. USA 120,
€2212795120 (2023).

[23] R. A. Fernandes, K. A. Ganzinger, J. C. Tzou, P. Jonsson, S. F.
Lee, M. Palayret, A. M. Santos, A. R. Carr, A. Ponjavic, V. T.
Chang et al., A cell topography-based mechanism for ligand
discrimination by the T cell receptor, Proc. Natl. Acad. Sci.
USA 116, 14002 (2019).

[24] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.7.023003 for Tables S1-S3, Figs.
S1-S11, and text Sec. S1.

[25] M. F. Krummel, M. D. Sjaastad, C. Wiilfing, and M. M. Davis,
Differential clustering of CD4 and CD3zeta during T cell recog-
nition, Science 289, 1349 (2000).

[26] G. Campi, R. Varma, and M. L. Dustin, Actin and agonist
MHC-peptide complex-dependent T cell receptor microclusters
as scaffolds for signaling, J. Exp. Med. 202, 1031 (2005).

[27] J. Huang, V. I. Zarnitsyna, B. Liu, L. J. Edwards, N. Jiang,
B. D. Evavold, and C. Zhu, The kinetics of two-dimensional

TCR and pMHC interactions determine T-cell responsiveness,
Nature (London) 464, 932 (2010).

[28] J. Hong, S. P. Persaud, S. Horvath, P. M. Allen, B. D. Evavold,
and C. Zhu, Force-regulated in situ TCR—peptide-bound MHC
class II kinetics determine functions of CD4 + T cells,
J. Immunol. 195, 3557 (2015).

[29] F. G. Gervais, L. M. Chow, J. M. Lee, P. E. Branton, and A.
Veillette, The SH2 domain is required for stable phosphoryla-
tion of pS6lck at tyrosine 505, the negative regulatory site, Mol.
Cell. Biol. 13, 7112 (1993).

[30] K. Nika, L. Tautz, Y. Arimura, T. Vang, S. Williams, and T.
Mustelin, A weak Lck tail bite is necessary for Lck function
in T cell antigen receptor signaling, J. Biol. Chem. 282, 36000
(2007).

[31] E. Cai, K. Marchuk, P. Beemiller, C. Beppler, M. G. Rubashkin,
V. M. Weaver, A. Gérard, T.-L. Liu, B.-C. Chen, E. Betzig
et al., Visualizing dynamic microvillar search and stabiliza-
tion during ligand detection by T cells, Science 356, eaal3118
(2017).

[32] C. R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers, P.
Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg, N. J.
Smith, R. Kern, M. Picus, S. Hoyer, M. H. van Kerkwijk,
M. Brett, A. Haldane, J. F. del Rio, M. Wiebe, P. Peterson,
P. Gérard-Marchant et al., Array programming with NumPy,
Nature (London) 585, 357 (2020).

[33] D. Zwicker, py-pde: A Python package for solving partial dif-
ferential equations, J. Open Source Softw. 5, 2158 (2020).

[34] A.E. Bashirov, E. M. Kurpinar, and A. Ozyapici, Multiplicative
calculus and its applications, J. Math. Anal. Appl. 337, 36
(2008).

[35] E. O. Le Bigot, Uncertainties: A Python package for calcula-
tions with uncertainties.

[36] D. L. Weaver, Diffusion-mediated localization on membrane
surfaces, Biophys. J. 41, 81 (1983).

[37] http://www.darpa.mil/.

[38] http://www.nserc.ca/.

023003-13


https://doi.org/10.1038/nature03843
https://doi.org/10.1529/biophysj.105.080044
https://doi.org/10.1371/journal.pcbi.1011216
https://doi.org/10.1073/pnas.2008303117
https://doi.org/10.1073/pnas.2212795120
https://doi.org/10.1073/pnas.1817255116
http://link.aps.org/supplemental/10.1103/PhysRevResearch.7.023003
https://doi.org/10.1126/science.289.5483.1349
https://doi.org/10.1084/jem.20051182
https://doi.org/10.1038/nature08944
https://doi.org/10.4049/jimmunol.1501407
https://doi.org/10.1128/mcb.13.11.7112-7121.1993
https://doi.org/10.1074/jbc.M702779200
https://doi.org/10.1126/science.aal3118
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.21105/joss.02158
https://doi.org/10.1016/j.jmaa.2007.03.081
https://doi.org/10.1016/S0006-3495(83)84407-5
http://www.darpa.mil/
http://www.nserc.ca/

