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Abstract

Within the bar code model of T cell receptor (TCR)
the process of thymic selection was simulated. An
attemp was made to estimate the number of T cell
receptors in ideal immune system as a function of
self-peptides presented in the thymus. For the set
of parameters which correspond to thymic selection
in mouse, it was obtained that the number of T cell
receptors should be larger than 104.

1 Introduction

The adaptive immune system is a system of spe-
cialized cells and processes that protects organism
from diseases. The functions of adaptive immune
system include: recognition of diseases producers
called pathogens, generation of response to elimi-
nate pathogens from organism, and development of
immunological memory. Since the response of im-
mune system involves destruction of pathogens, it
is crucial that immune system should response only
to foreign molecules. Erroneous recognition of self
molecules as foreign molecules and their subsequent
destruction result in autoimmune disease. There-
fore, the fundamental feature of adaptive immune
system is its ability to distinguish host molecules
from foreign molecules. The process of recognition
is carried out by T cells. These cells have a spe-
cial receptor on their surface called the T cell re-
ceptor (TCR) which enables T cells to recognize
pathogens.

Immature T cells, called thymocytes, are gen-
erated in the bone marrow, then thymocytes are
transported to the thymus where they undergo the
process of development and become mature T cells.
Most of the thymocytes die during the develop-
ment, and only a small fraction of them passes
positive and negetive selection to become mature

T cells. To figure out how the process of thymic se-
lection works one should first understand how TCR
is arranged and what exactly T cell recognizes.

Antigen-presenting cells (APC) are another im-
portant part of immune system. These cells cap-
ture pathogens, which are present in a host body,
and digest them into peptides. Peptides are then
bound to major histocompatibility complex (MHC)
proteins and presented on the surface of APC
(Fig.1). APC cells present self-peptides on their
surface as well. The strength of binding of TCR to
peptide-MHC (pMHC) complex is used to deter-
mine whether the peptide comes from self protein
or pathogen. If TCR binds to pMHC complex suf-
ficiently strongly, then it triggers immune system
response. To avoid autoimmune response TCRs
should bind weakly to self-peptides. This prop-
erty of TCRs is called self-tolerance. To ensure
that TCRs are self-tolerant and are able to recog-
nize foreign peptides, T cells undergo selection in
thymus.

The process of selection consists of two stages:
positive and negative selection. During positive
selection T cells which are capable to interact at
least with MHC are selected. Whereas during neg-
ative selection, T cells which bind strongly to self-
peptides are removed. Negative selection allows
immune system to be self tolerant; however, the
process of negative selection is not perfect — some
autoreactive T cells can escape from the thymus.
It should be noted, that negative and positive se-
lection do not necessarily occur in a chronological
order and can occur simultaneously in the thymus.

2 Bar code model

The interaction between TCRs and pMHC com-
plexes can be understood within the “bar code”
model [1], [2]. In this model TCRs and pMHC com-
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plexes are represented as strings of sites of length
N (Fig.1), and the interaction energy is given by

E
(
{pi}, t

)
= Ec +

N∑
i=1

V (pi, i), (1)

where Ec is the interaction energy between MHC
and TCR, and V (pi, i) is the interaction energy
between the i-th site of the TCR and amino-acid
pi of peptide {pi}. In fact, the interaction matrix
V (pi, i) is unknown and to calculate interaction en-
ergy between TCR and pMHC, assumptions about
the form of V (pi, i) should be made. Neverthe-
less, Chakraborty and Košmrlj [1],[2] have shown
that the qualitative results do not depend on the
exact form of interaction matrix V (pi, i), and to
understand the mechanism of thymic selection one
can use columns from Miyazawa and Jernigan (MJ)
matrix as the interaction matrix V (pi, i). Thus,
Chakraborty and Košmrlj have shown that TCR re-
ceptor can be represented as sequences of N amino-
acids.

Figure 1: Interface between TCR and pMHC com-
plex.

Within the “bar code” model of TCR-pMHC in-
teraction the process of thymic selection can be de-
scribed as follows: negative selection is equivalent
to E

(
{pi}, t

)
> En for all M self pMHC complexes

which are presented in the thymus; positive selec-
tion is equivalent to E

(
{pi}, t

)
< Ep for at least

one self pMHC complex, i.e.

En < minp∈S

{
E
(
{p}, t

)}
< Ep (2)

As it was mentioned before, the first criterion en-
sures that T cells are self-tolerant, while the second
criterion ensures that T cell can recognize at least
one self-peptide. Chakraborty and Košmrlj demon-
strated that the process of selection can be treated
as extreme value problem (2). In the limit of
long TCRs (N �1), they obtained an analytic ex-
pression for the amino-acid frequencies in selected
TCRs [2]. Moreover, they have shown that the
results of computer simulation for short peptides
(N ∼ 5–10) are in good agreement with analytical
expression obtained for long peptides. It turned
out that for the mouse relevant parameter values

En − Ep = 2.5kBT, En − Ec = −21kBT,

M = 103, N = 5 (3)

correspond to selection of TCRs which are en-
riched with weak amino-acids. These results were
used to explain the specificity of TCRs. Although
the analytical model of thymic selection developed
by Chakraborty and Košmrlj gives a prediction
of amino-acid composition of selected TCRs, this
model does not answer a number of important ques-
tions such as how thymic selection affects the cross-
reactivity of TCRs, and how effectively M = 103

self-peptides can represent to whole human pro-
teome (about 25,000 proteins).

For this reason, we decided to check if it is pos-
sible to construct an ideal immune system, i.e. the
system which recognizes all foreign peptides and at
the same moment is tolerant to all self-peptides,
and what the parameters of such system would be.

3 Computational model

The process of T cell selection in thymus was nu-
merically simulated within the “bar code” model of
TCR-pMHC interaction. First, the set of M ran-
dom self-peptides of length N was generated. Then
Ntcr T cell receptors, which satisfy selection crite-
ria (2), were created. Finally, the fraction of all
possible peptides of length N that bind strongly to
generated TCRs was calculated using Monte Carlo
method. Figures (3), (4) show the fraction of vol-
ume covered by Ntcr TCRs as a function of binding
energy Eb. For immune system to be self-tolerant,
the energy of binding to foreign peptides Eb should
be less than the negative selection threshold En.
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Therefore, in ideal immune system the fraction of
volume covered by TCRs at energy En should be
close to one (provided that the number of self-
peptides M in thymus is much less than the number
of all possible peptides 20N ).

The results of simulation for N = 5 without se-
lection are shown on (Fig.2). This figure demon-
strates intuitive fact: as the number of TCRs in-
creases the fraction of volume covered by TCRs also
increases. In addition, one can see that for fixed en-
ergy Eb the fraction of covered volume grows slow
with the number of T cell receptors and curves cor-
responding to Ntcr = 104 and Ntcr = 105 are al-
most the same.

Figure 2: The fraction of volume covered by TCRs
before selection.

To understand the effects of thymic selection
on the volume covered by the fixed number of
TCRs, we simulated the process of selection with
parameters (3) for different number of self-peptides
M . As can be seen from (Fig.3), before selection
Ntcr = 104 TRCs cover almost 85% of all possible
peptides. Selection against only one self-peptide re-
duces this fraction almost in three times, whereas
selection against M = 103 leads to zero coverage
at Eb = −21.0kBT. The later fact tells us that se-
lected against M = 103 TCRs are “blind”, i.e. they
cannot bind to any peptide with energy stronger
than Ec. Therefore, immune system constructed
from Ntcr = 104 T cell receptors cannot recognize
foreign peptides.

From (Fig.4) one can see, that the curves for dif-
ferent values M and N can coincide. Thus, for
given selection thresholds Ep and En there might

exist universal dependence between the number of
self-peptides in thymus M and the number of T
cell receptors Ntcr. To find this dependence more
simulations should be done.

Figure 3: Effect of thymic selection on the effective-
ness of immune system. Vertical dashes lines corre-
spond to negative and positive selection thresholds.

Figure 4: Curves with different M and Ntcr

We have found that the process of thymic selec-
tion has a dramatic effect on the number of TCRs
which is necessary to construct an ideal immune
system. For the set of parameters which corre-
spond to thymic selection in mouse, we have ob-
tained that the number of T cell receptors should
be much larger than 104.
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Rev. Phys. Chem. 61, 283-303, (2010).

4


