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Abstract
The immune response by T cells usually discriminates self and non-self antigens, even

though the negative selection of self-reactive T cells is imperfect and a certain fraction of T

cells can respond to self-antigens. In this study, we construct a simple mathematical model

of T cell populations to analyze how such self/non-self discrimination is possible. The

results demonstrate that the control of the immune response by regulatory T cells enables

a robust and accurate discrimination of self and non-self antigens, even when there is a sig-

nificant overlap between the affinity distribution of T cells to self and non-self antigens.

Here, the number of regulatory T cells in the system acts as a global variable controlling the

T cell population dynamics. The present study provides a basis for the development of a

quantitative theory for self and non-self discrimination in the immune system and a possible

strategy for its experimental verification.

Introduction

The problem of self/non-self discrimination is a key issue in immunology. Interactions among
a variety of immune cells enable them to recognize and to attack non-self antigens such as bac-
teria and viruses, whereas they normally remain tolerant to self antigens such as tissues. Self
and non-self antigens are recognized by T cells via antigen presentation. Antigen presenting
cells (APCs) capture antigens, break them into small peptides, and present them on MHC mol-
ecules [1]. T cells interact with the presented antigenic peptides via T cell receptors (TCRs) on
their surface, which have structural diversity generated by gene rearrangement [2]. The affinity
between antigen and TCR depends on their structures, and controls whether a T cell is acti-
vated (i.e., antigen-specific proliferation of T cells) or not [3]. As the number of potential anti-
gens is huge, the number of possible interactions among antigens and TCRs is likewise
enormous. An essential question here is how the immune system recognizes unpredictable
non-self antigens to which it responds and self antigens to which it is tolerant.
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The classical idea of the self/non-self discrimination is that self-reactive T cells, i.e., T cells
having TCRs with high affinity to self antigens, are eliminated in their developmental
process(here, the term “affinity” is used to describe the relative responsiveness of a TCR to an
antigen rather than biophysical properties). The result is that only T cells tolerant to self tis-
sues are allowed to circulate. This assumption is partially true, as T cells that recognize self
antigens undergo clonal deletion in the thymus, which is the so-called negative selection pro-
cess [4]. However, it has been understood that the negative selection is not always complete,
i.e., the negative selection only partially deletes self-reactive T cells. Self-reactive T cells exist
in healthy individuals, and they are non-activated even in the presence of their cognate self
antigens [5]. This fact indicates that the immune response cannot be captured by the reactiv-
ity of a single T cell to self/non-self antigens. Rather, the mechanism of self/non-self discrimi-
nation should be described by behavior at the cell population level, including various
antigens and T cells, activation and suppression of cellular proliferation, and complex cell-
cell interactions.

Regulatory T (Treg) cells play an essential role in suppressing aberrant immune reactions
against self antigens [6]. Treg cells constitute approximately 10% of peripheral T cells, and
depletion of the Treg-fraction from a normal immune system can induce autoimmune diseases
[7, 8]. Genetic defects in Treg development also cause fatal autoimmune diseases [9]. These
facts show that a substantial number of self-reactive T cells are retained among conventional T
(Tconv) cells even after the negative selection in the thymus and further indicate that Treg cells
inhibit the proliferation of these self-reactive Tconv cells. Treg cells have as much variety of
TCRs as Tconv and are suggested to be selected from self-reactive T cells in the thymus [9].
According to the tracking of T cells with a particular TCR and deep sequencing of TCR genes
of T cell subpopulations, TCR repertoires of Treg and Tconv are partially overlapped but not
identical, and TCRs of Treg cells tend to have higher affinity to self-antigens than those of
Tconv cells [10]. Also, stimulated Treg cells, which are exposed to their specific antigen, are
able to suppress proliferation of Tconv with irrelevant antigens [11]. Therefore, despite the
necessity of suppression by Treg to avoid autoimmunity, too much intensification of Treg can
disturb a beneficial immune response to non-self antigens. Adequate control of Treg popula-
tion is important to maintain immune response only for non-self antigens.

Given this background, how does the immune system maintain both tolerance to self tissues
and responses to any non-self antigens? The important condition here is that the selection of T
cells in the thymus is imperfect. Suppose that there is a self antigen and a non-self antigen pre-
sented on MHC, and that we can measure affinities of these antigens to all Tconv cells in a
body, i.e., obtain affinity distributions. Due to the negative selection in the thymus, the peak of
the affinity distribution might be larger for the non-self antigen than for the self antigen, while
incomplete negative selectionmeans these two affinity distributions can have a significant
overlap. Intuitively, the overlap makes it difficult to set a single threshold affinity level beyond
which the Tconv cells are activated only for any non-self antigens. Here, the problem is how
robust discrimination of self and non-self antigen is possible by such imperfect selections,
which generate only biases in the affinity distributions. Although several mathematical models
based on interactions of Tconv, Treg, and APC have been studied [12–15], the variety of anti-
gens and TCRs were not considered in those studies. Thus, the mechanism of immune
response which responds only to non-self antigens remains unclear.

In this study, by using a simple stochastic population model of immune cells, we demon-
strate that robust discrimination of self and non-self antigens is possible based on slight differ-
ences in the affinity distributions to self and non-self antigens, with the aid of suppression by
Treg cells. The results provide a novel mechanism of self/non-self discrimination based on a
global control of T cell immune activity by Treg cells.
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Model

Fig 1a shows a schematic representation of our model. There are N APCs in the environment
(e.g., lymph node) which present a self or non-self antigen chosen from Mself or Mnon−self, self
or non-self antigen repertoires respectively. Here, we assume that each APC presents a single
antigen to simplify the model. This assumption can be relaxed as discussed later. Tconv and
Treg cells are continually supplied to the environment from outside the system, and are ran-
domly discarded from the environment at a constant rate. Each T cell expresses a TCR ran-
domly chosen from KTconv repertoire for Tconv cells and KTreg repertoire for Treg cells.

In this model, the difference in the affinity betweenTCRs and presented antigens is repre-
sented by the difference in dissociation rate constant (koff) in analogy with chemical kinetics,
which represents the probability that a T cell attached to an APC is dissociated per unit time.
For simplification, we assume that each free T cell binds to an antigen on an APC in a stochas-
tic manner with a fixed association rate constant kon, which is independent of presented anti-
gens and TCRs. Thus, the residence time of a T cell on an APC is determined by koff which
depends on the interaction between the presented antigen and the TCR of the T cell. Here, a
smaller koff means a greater affinity between corresponding antigen and TCR. For simplifica-
tion, we assume that each APC can connect to a single T cell, which can be relaxed as discussed
later.

Although there is no quantitative data on association and dissociation of T cells on APC in
vivo at the single cell level, it is known that the affinity significantly changes depending on the
combination of presented antigen and TCR. Thus, we can expect that T cells supplied to the
system show a wide variety of dissociation rates for each presented antigen. Here, we assume
that the distribution of dissociation rates depends only on the cell type (i.e., Tconv or Treg)
and the antigen type (i.e., self or non-self), and are independent of each presented antigen. To
represent a wide variety of dissociation rates, we assume that the dissociation rate koff of sup-
plied T cells follows a log-normal distribution, i.e., log2ðk

TCR;antigen
off Þ obeys NðmTCR;antigen; s2Þ for

TCR = {Tconv, Treg} and antigen = {self, non-self}, respectively, where N(μ, σ2) represents a
normal distribution with mean μ and variance σ2. For example, kTconv;self

off represents the dissoci-
ation rate of Tconv cells from MHC with self antigens. Here, we assume that the variance σ2 is
common for all distributions of koff. Due to negative selection Tconv cells tend to have
greater affinity (smaller koff) for non-self antigens than self antigens, which is represented by
ΔTconv = μTconv,self − μTconv,non−self > 0. At the same time, we assumed that the distributions of
kTconv;self

off and kTconv;non� self
off have a significant overlap after negative selection. To realize this

assumption, we set ΔTconv = 0.75 and σ = 1 (The distributions are shown in Fig 1b). Further-
more, based on the experimental evidencementioned above, we assumed that Treg cells
have greater affinities for self antigens than non-self antigens, as represented by
ΔTreg = μTreg,non − self−μTreg,self > 0. We also assumed the affinity distributions have a signifi-
cant overlap by setting ΔTreg = 0.75 and σ = 1, as shown in Fig 1c.

Tconv and Treg cells divide only when they bind an APC. The division occurs in a stochas-
tic manner, and the probability depends on the number of T cells on the APC. To represent the
suppression of T cell proliferation by APC bound Treg cells, we assume that the division proba-
bility D of both Tconv and Treg cells per unit time decreases by increasing the number of Treg
cells in the environment as follows:

D ¼
a

1þ bNTreg
; ð1Þ

where α and β are constant parameters representing the basal reproduction activity and the
suppression strength by Treg cells, respectively. NTreg indicates the number of Treg cells
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Fig 1. Multicellular model of T cell response. (a) A schematic illustration of the model. Each APC

presents a self or non-self antigen. T cells are associated with APC in a stochastic manner, while the

dissociation rate koff depends on the combination of antigen and TCR expressed on the T cell. These T cells

divide only when they are associated with APC, which is suppressed by Treg cells in the environment. Tconv

and Treg cells are supplied from outside the system constantly, in a ratio of 9:1, which is based on

experimental observation [10]. Simultaneously, T cells which are not attached to APCs are discarded in a
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attached to APCs in the environment. In this model, we assume that growth suppression is
mediated by secretory factors [11], and neglect spatial variation of the suppression. This
assumption can be relaxed, as discussed later. As a result of the cell division, two daughter T
cells appear which express the same TCR as the parent. One daughter cell keeps binding to the
same APC to which the parent was bound while the other daughter cell is released to the envi-
ronment. As the division of a cell occurs in a stochastic manner when it attaches to an APC, a
cell with a smaller dissociation rate has a larger probability of reproducing itself.

Based on the above dynamics of T cell association/dissociationand cell division, the number
of T cells dynamically changes over time. Here, to calculate the dynamics of T cell association/
dissociation, we adopt StochSim method [16], which is a widely used method to simulate sto-
chastic chemical reaction dynamics. Briefly, at each time step we randomly select a pair of APC
and free T cell from the environment. The selectedAPC is either already associated with a T
cell, or has no attached T cell. When the selectedAPC has no attached T cell, the selected free
T cell attaches to the APC with probability kon. Otherwise, the T cell already attached to the
selectedAPC is dissociated with probability koff, which depend on the combination of the pre-
sented antigen on the APC and the TCR of the T cell. In addition to the association/dissocia-
tion dynamics of T cells, each T cell which is attached to an APC stochastically divides with the
division probability D per time step. Furthermore, a constant number of Tconv and Treg cells
with randomly chosen TCRs are supplied to the environment, while each free T cell in the envi-
ronment is randomly discarded with a constant probability (see details of parameters in the
caption of Fig 1). The procedure of the simulation is presented in S1 Text.

Of course, this simple model contains several simplifications and assumptions which are not
validated because of the limited availability of experimental data. For example, we simply
assumed that the division probability depends only on the number of Treg cells in the environ-
ment, although it is known that several other factors as secreted interleukins significantly affect
the growth behavior. Here we adopt a simplifiedmodel, since at present to elucidate detailed
models with realistic parameters is difficult, and the inclusion of such detailed factors can obscure
an understanding of the essence of the model. Rather, in this study we start with a simplified
model containing only the basic features of T cell immune response, and with this we attempt to
capture the essential features of the immune system, which are independent of the details of the
modeling. The generality of the results will be discussed after presenting simulation results.

Results and Discussion

To investigate the mechanism of self/non-self discrimination, we consider the case that one
randomly chosen self or non-self target antigen is presented on a certain fraction of APCs,
while the other APCs present various self antigens selected randomly. Fig 2a shows the average
number of Tconv cells in the system as a function of the fraction of the target antigen denoted
by rt. The number of Tconv cells was obtained after the system falls into a steady state of the
cell number. In the case of non-self antigen presentation, the number of Tconv cells sharply
increases by increasing rt. In contrast, the number of cells is almost unchanged when self target
antigen is presented. In the former case, the actively dividing Tconv cells have significantly
lower koff (higher affinity) for the presented target antigen than Tconv cells supplied from out-
side the system. Fig 2b shows how the distribution of koff of Tconv for the non-self target

constant rate. (b) The distribution of koff for Tconv cells. Two distributions of kTconv;self
off and kTconv;non� self

off of

Tconv cells supplied to the system are plotted. The parameters are μTconv,self = −3, μTconv,non−self = −3.75

(i.e., ΔTconv = 0.75), and σ = 1. (c) The distribution of koff for Treg cells supplied to the system. The

parameters are μTreg,self = −3.75, μTconv,non−self = −3 (i.e., ΔTreg = 0.75), and σ = 1.

doi:10.1371/journal.pone.0163134.g001

Robust and Accurate Self/Non-Self Discrimination by Regulatory T Cell Suppression

PLOS ONE | DOI:10.1371/journal.pone.0163134 September 26, 2016 5 / 13



Fig 2. Response of T cell populations with respect to antigen presentation. (a) The average number of

Tconv cells as a function of the fraction of the target antigen rt. Each dot represents the result obtained by

presentation of different randomly chosen target antigen. The average number of Tconv cells is obtained by

averaging the number over 1000 time units after the system settled down to a steady state. (b) The

distribution of koff of Tconv cells to the non-self target antigens. The distribution is obtained after the system

falls into a steady state. When rt is small (≲ 0.1), the distribution of koff is almost identical to that of supplied

Tconv cells to the environment (the distribution is shown in Fig 1b). In contrast, in the region of rt ≳ 0.1, the

dissociation rate to the target antigen significantly decreases, indicating that T cells having high affinity to the

target are selectively amplified. (c) The average number of Treg cells as a function of the fraction of the target

antigen rt. Each dot represents the result obtained by presentation of a different target antigen. The
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antigens changes by increasing rt. As shown, koff of Tconv cells significantly decreases when rt

exceed a threshold level (*0.1). In this region, Tconv cells which have higher affinities to the
target antigen are selectively amplified. The resulting population is dominated by Tconv cells
which are the offspring of a few such Tconv cells. The threshold level is determined by a bal-
ance between the basal reproduction activity α and the suppression of reproduction by Treg
cells. We confirmed that such amplification of reactive T cells to the non-self target and toler-
ance to the self target are independent of the choice of self and non-self target antigens.

The mechanism for the self and non-self discrimination in Fig 2 is as follows: when the frac-
tion of the non-self target antigen increases, the affinity betweenTregs and antigens on APCs
decreases “on average”, due to the affinity bias ΔTreg. Then, the number of Tregs on APCs
decreases as shown in Fig 2c, resulting in increasing the division probability D. As a result, a
competition betweenT cell populations arises on the APCs, and eventually Tconv cells which
have a relatively higher affinity to the target non-self antigen occupy the APCs. In contrast,
when a self-antigen is presented, the number of Treg cells increases by increasing rt as shown
in Fig 2c. In this case, Treg cells having relatively higher affinities to the presented antigen are
amplified. However, the increase of cell number is limited due to auto-suppression by the divi-
sion probability. Here, the number of Tregs on APCs can be regarded as a macroscopic variable
that controls the immune response, by enabling the threshold response of T cell proliferation
with robust self/non-self discrimination, even though the affinity distributions to self and non-
self antigens have a significant overlap.

It should be stressed that, without the regulation of cell proliferation by Treg cells, the clear
self/non-self discrimination such as in Fig 2 is difficult when the negative selection is imperfect.
To demonstrate this, we simulated the response to self or non-self antigen presentations when
there are no Treg cells and where the affinity distribution of Tconv is identical to that in Fig 1b
(ΔTconv = 0.75 and σ = 1). To evaluate the accuracy of self/non-self discrimination, we define
the discrimination score as follows:

S �
Z 1

2

0

fhNnsðrtÞi � hN
sðrtÞigdrt:

ð2Þ

Here, hNs(rt)i and hNns(rt)i represent the average numbers of Tconv cells when a self or a non-
self target antigen is presented in the ratio rt, respectively, where the average is taken over vari-
ous target antigens. This discrimination score corresponds to the area between the curves of
self and non-self antigen presentations in Fig 2a, which takes a larger value when the system
can discriminate self and non-self antigens accurately. Fig 3a shows the discrimination score S
as a function of the parameter α representing the basal reproduction activity. As shown in the
figure, in the case without Treg cells, the discrimination score S has a peak around α* 0.2.
However, the maximum value of S is significantly smaller than in the case with Treg cells, indi-
cating lower discrimination accuracy in the case without Treg cells. Fig 3b shows the number
of Tconv cells in the case without Treg as a function of rt, where the parameter α is set to 0.1
which is close to that which results in the maximum value of S. As shown, the increase in
Tconv cell number occurs in both cases of self and non-self antigen presentations, and thus the

parameters used in these calculations are N = 1000, Mself = Mnon−self = 5000, KTconv = KTreg = 5000, kon = 0.1,

α = 30, and β = 10. Tconv and Treg cells with randomly chosen TCRs are continuously supplied to the

environment at a ratio of 9:1. The flow rate of T cell supply to the environment is 0.5 cell per unit time, while

cells which are not attached to an APC are randomly discarded from the environment with a probability of

0.05 per unit time.

doi:10.1371/journal.pone.0163134.g002
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clear self/non-self discrimination as in Fig 2a is difficult.We have performed numerical experi-
ments using various different parameter sets and confirmed that as long as the affinity distribu-
tions of TCRs to self and non-self antigens have a significant overlap as in Fig 1b, the
maximum discrimination score is generally smaller in the case without Treg cells than in that
with Treg cells, as shown in S1 Fig. The results suggested that when the affinity bias is small,
clear self/non-self discrimination as in Fig 2 is possible only with the aid of Treg regulation.

Fig 4 shows the maximum value of the discrimination score S as a function of ΔTconv and
ΔTreg obtained with Treg regulation. The maximization of S is taken over the basal reproduc-
tion activity α. As shown, the maximum discrimination score takes larger values in a rela-
tively narrow range of ΔTreg (e.g., 0.25< ΔTreg < 0.75). The maximum discrimination score
becomes small when ΔTreg is large, because in this region the active proliferation of Tconv
cells is suppressed by Treg cells for both self and non-self antigen presentation. In contrast,
the maximum discrimination score monotonically increases with increasing ΔTconv. The
dependency of discrimination performance on the affinity biases ΔTconv and ΔTreg is robust

Fig 3. Self/non-self discrimination accuracy. (a) The discrimination score S as a function of basal

reproduction activity α. (b) The average number of Tconv cells in the case without Treg regulation. The

reproduction activity α is set to 0.1 at which the discrimination score becomes maximum. The parameters are

set to those used in Fig 2, except for α.

doi:10.1371/journal.pone.0163134.g003
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on changing model rules and parameters, suggesting it is a general feature of this Treg-driven
self/non-self discrimination.

Fig 5 presents the dynamic change of T cell number over time in response to antigen presen-
tation. Fig 5(a) shows the response to a non-self antigen presentation at time = 0 (denoted by
arrow), in which time series data obtained by different initial conditions are overlaid. As
shown, the response time to reach the new steady state fluctuates over samples. In contrast,
when the non-self antigen presentation stops and all APCs start to present randomly chosen
self antigens, the number of T cells quickly falls into the original steady state as shown in Fig 5
(b). These results indicated that, in the former case, some time is necessary to find and to
amplify Tconv cells which have high affinity to the presented non-self antigen.

To sum up, in this study we demonstrated that self/non-self discrimination is possible based
on regulation by Treg cells, even when the affinity distributions of TCRs to self and non-self
antigens have a significant overlap. The number of Treg cells on APCs plays the role of a mac-
roscopic variable controlling the activation of T cells responding to presented non-self anti-
gens. We emphasize that the results presented herein are independent of details of the
modeling and valid over a broad class of models, as long as the model includes stochastic
dynamics of T cell populations, the broad affinity distributions, and the suppression of T cell
proliferation on APCs by Treg cells. For example, in the simulations presented in this paper,
we assumed a fixed association rate constant kon which is independent of presented antigens
and TCRs. We confirmed that this assumption can be relaxed, i.e., that similar behavior of self/
non-self discrimination emerges when kon depends on the combination of antigens and TCRs,
as experimental studies demonstrated [17]. Furthermore, we assumed that the affinity distribu-
tion depends only on the cell type (i.e., Tconv or Treg) and antigen type (i.e., self or non-self),
and is independent of each presented antigen. Again, we confirmed that this assumption can
be relaxed, i.e., even when the affinity distributions are different among presented antigens, dis-
crimination is possible within a certain range of affinity biases, as shown in S2 Fig for example.
For another example of the generality of the results, we analyzed a different model in which
each APC presents multiple (e.g., *100) antigens and same number of Tconv or Treg cells can
attach on the APC simultaneously. As shown in S3 Fig, we confirmed that robust self/non-self
discrimination is also possible by this model when Treg cells suppress the proliferation of T

Fig 4. Discrimination score as a function of ΔTconv andΔTreg. The color represents the maximum value

of the discrimination score S. The maximization of S is taken over the basal reproduction activity α. μTconv,self

and μTreg,non−self are set to −3.

doi:10.1371/journal.pone.0163134.g004
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cells which attach on the same APC, i.e., the division probability D of T cells on an APC is a
function of the number of Treg cells on the corresponding APC. In such local suppression
models, self/non-self discriminationwas observed as long as the migration of T cells among
APCs is active enough. Also, we relaxed the assumption that after cell division, one daughter
cell keeps binding to the same APC. We performed the simulation in which both daughter cells
are released into the environment after cell division event, and found that the Treg facilitated
self/non-self discrimination is possible as shown in S4 Fig. However, we also found that the
ranges of parameter values in which the self/non-self discrimination occurs generally shrink in
this model, which might suggest the importance of sequestration of APC by T cells for the self/
non-self discrimination.

There are several previous studies for theoretical analysis of the self/non-self discrimination
[18]. For example, McKeithan [19] discussed that by assuming multiple reaction steps in TCR
and antigen interaction, a small affinity difference between self and non-self antigens to a TCR

Fig 5. The dynamic change of T cell number in response to antigen presentation. (a) Response to a

non-self antigen presentation. At time = 0 (denoted by arrow), an non-self antigen is presented in APCs with

the ratio rt = 0.3. In the figures, time series data obtained by 10 different initial conditions are overlaid. (b)

Response to stopping a non-self antigen presentation. At time = 0, the presented non-self antigen on APCs

is replaced by randomly chosen self antigens. The parameters are set to those used in Fig 2.

doi:10.1371/journal.pone.0163134.g005
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can be amplified in a way analogous to the error reduction in kinetic proofreading [20], which
can bring about an accurate self/non-self discrimination.However, this approach and many
other studies generally rely on the assumption that TCRs have a greater affinity for non-self anti-
gens than for self-antigens. This is not always the case for each combination of TCR and anti-
gens, instead, such affinity differences should rely on the statistical difference of a huge number
of combinations of TCR and antigens, as in the affinity bias shown in Fig 1b. The present study
is the first to demonstrate that a small bias in the affinity distribution can maintain robust and
accurate self/non-self discriminationwith the suppression of T cell activation by Treg cells. Also,
Freitas and colleagues discussedhomeostasis of T cells by quorum-sensingmechanism [21].
Although our model neglected such complicated interactions among Tconv and Treg cells and
included the simplified growth suppression by Treg cells, the inclusion of the quorum-sensing
mechanism into our model might facilitate robustness of the Tconv/Treg population dynamics.

Of course, there is limited experimental support for this mechanism of discrimination. To
verify the Treg-regulation based self/non-self discriminationwe proposed, the most important
experimental data is the affinity distribution betweenTCRs and self/non-self antigens.
Although the affinities betweenTCRs and antigens have been quantified for some specific
combinations, for better modeling to provide quantitative predictions, a larger number of
TCR-antigen combinations should be quantified to clarify the nature of the affinity distribution
and how the affinity affects the proliferation of T cells. Furthermore, the suppression of T cell
proliferation by Treg cells should also be quantified to evaluate the contribution of Treg regula-
tion to accurate self/non-self discrimination. In our model, the suppression of T cell prolifera-
tion by Treg cells was assumed to be global, i.e., the division probability of T cells depends on
the total number of Treg cells attaching to APCs in the system. This is based on the assumption
that secretion factors such as interleukin-10 produced by Treg cells contribute to suppression.
However, in addition to such secretion factors, direct cell-cell interactions might also play a
role in Treg regulation. Quantitative evaluation of the cell-cell interaction is necessary to
develop more precise models describing the immune response. To obtain these quantitative
data, the dynamics of T cell and APC populations should be analyzed at single-cell resolution.
Recent advances in time-lapse single-cell imaging might enable us to obtain a large amount
quantitative data to analyze dynamics of T cell proliferations and interactions in near future.

Supporting Information

S1 Text. Procedure of the simulation.
(PDF)

S1 Fig. The maximumdiscrimination score S with various parameter sets.The maximum
values of the discrimination score S over the basal reproduction activity α were calculated
under presence or absence of Treg cells. The sets of parameter values kon, β, and μTconv,self were
selected from uniform random distributions in [0.01, 0.3], [2, 100], and [-4, -2], respectively.
μTreg,non−self was assumed to be identical to μTconv,self , while we set ΔTconv = ΔTreg = 0.75. Other
parameters were set to those used in Fig 2. Each point represents the maximum scores obtained
by a set of randomly chosen parameters. As shown, the maximum scores generally larger in the
cases with Treg cells, indicating that the accurate self/non-self discrimination can be enhanced
by the suppression of T cell proliferation by Treg cells in the wide range of parameter values.
The solid black line is y = x for reference.
(PDF)

S2 Fig. Response of T cell populations in the case with different affinity distributions
among antigens.As in Fig 2(a), the average number of Tconv cells as a function of the fraction
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of the target antigen rt is plotted. In this simulation, the log2 transformed affinities between
TCRs on Tconv or Treg cells and i-th antigen obeys NðmTconv

i ; s2Þ and NðmTreg
i ; s2Þ, respectively.

Here, mTconv
i and m

Treg
i depend the antigens, and we assumed that they obey NðmTconv ;self ; 0:12Þ

and NðmTreg;self ; 0:12Þ for self antigens, and NðmTconv ;non� self ; 0:12Þ and NðmTreg;non� self ; 0:12Þ for
non-self antigens, respectively. We used mTconv ;self ¼ mTreg;non� self ¼ � 3 and
mTconv ;non� self ¼ mTreg;self ¼ � 3:75, respectively. As shown, even when the affinity distributions
are different among presented antigens, discrimination is possible.
(PDF)

S3 Fig. Response of T cell populations in the case whenmultiple antigens are presented on
eachAPC. In this simulation, 50 antigens are presented on each APC, and the number of
APCs in the environment is fixed on 4. In the figure, the average number of Tconv cells
attached to one APC is plotted as a function of the fraction of the target antigen rt. (a) and (b)
show the average number of Tconv cells in the case with and without Treg regulation, respec-
tively. The T cell division probability on j-th APC follows Dj ¼ a=ð1þ bNj

TregÞ, where Nj
Treg

represents the number of Treg cells attached to j-th APC. The reproduction activity α deter-
mined to those which maximize the discrimination score. Other parameter are set to those
used in Fig 2.
(PDF)

S4 Fig. Response of T cell populations in the case when both daughter cells are released
after cell division. In this simulation, the flow rate of T cell supply to the environment is set to
0.1 cell per unit time, while cells while cells which are not attached to an APC are randomly dis-
carded from the environment with a probability of 0.01 per unit time. The other parameter val-
ues are set to those used in Fig 2.
(PDF)
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