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Abstract

During its primary encounter with a pathogen, the immune system has to decide which type of
immune response is most appropriate. Based on signals from the innate immune system and the
immunological context in which the pathogen is presented, responding lymphocytes will adopt a
particular phenotype, e.g. secrete a particular profile of cytokines. Once stimulated, lymphocytes
store the appropriate type of response by differentiating from a naive to a memory phenotype. This
allows the appropriate type of immune reaction to be regenerated upon re-stimulation of those
memory clones. We developed a computer simulation model in which cross-reacting effector/
memory clones contribute to the immunological context of pathogens. If a pathogen is recognized
by both naive clones and pre-existing effector/memory clones, the naive lymphocytes adopt the
effector mechanism of the memory clone. The adaptive immune system thereby stores
immunological decisions and somatically learns to induce the right type of immune response to
pathogens sharing epitopes. The influence of effector/memory lymphocytes may be detrimental
when they cross-react to new pathogens that require a different kind of immune response. Here,
we show that the immune system needs to be sufficiently specific to avoid such mistakes and to
profit from the information that is stored in effector/memory lymphocytes. Repertoire diversity is
required to reconcile this specificity with reactivity against many pathogens.

Introduction

The efficient elimination of different types of pathogens
requires qualitatively different immune responses, varying
from cellular to humoral responses, and varying in, for
example, immunoglobulin isotype and cytokine expression
(1,2). During primary pathogen encounter, the innate immune
system plays a key role in determining the nature of the
immune response (3). The type of response that is induced is
determined by the ‘immunological context’ of the pathogen,
including its localization (4), the presence of conserved
bacterial peptides (5-8), and the cytokines and chemokines
that are locally expressed (9-11). Based on these signals,
lymphocytes differentiate to a memory phenotype and attain a
certain effector mechanism. These effector mechanisms are
recalled whenever effector/memory lymphocytes are re-stimu-
lated by their specific epitope (2,12). When lymphocytes
differentiate, their cytokine production is somatically imprinted
by chromatin remodeling and DNA demethylation.
Differentiated lymphocytes thereby epigenetically transfer

their mode of response to their daughter cells (13-15). The
immune system thus learns to associate the antigens it
encounters with the appropriate types of response against
them.

Memory lymphocytes can greatly influence immune re-
sponses against subsequent infections. The ease with which
they are triggered (16-24), even at very low antigen concen-
trations, may explain why immune responses tend to be
dominated by memory lymphocytes from previous infections,
a phenomenon termed ‘original antigenic sin’ (25-27). For
example, it has been shown that the CD8* T cell response
against influenza is dominated by memory cells that cross-
react with previous influenza infections (28,29). Such a bias to
stimulation of previous memory clones has even been
observed for unrelated viruses (30).

Lymphocytes with a differentiated phenotype can also
direct the differentiation of other, naive lymphocytes. CD4+ T
cells from transplantation-tolerant mice, for example, have

Correspondence to: J. Borghans; E-mail: borghans@pasteur.fr

Transmitting editor: D. R. Green

Received 19 November 2001, accepted 19 February 2002



526 Diversity and specificity in the immune system

A >105 peptides

Repertoire

self peptides = &~ _ ~ Repertoire

I~ -

Fig. 1. The lymphocyte repertoire versus the world of antigenic
epitopes. (A) Since the theoretical number of epitopes (~109) is
much larger than the number of clones in any lymphocyte repertoire
(here 108), each clonotype needs to recognize multiple epitopes
(here >10°) (63). Ideally, however, every epitope triggers only a very
small fraction of the lymphocyte repertoire, such that unrelated
epitopes are seldomly recognized by the same lymphocyte clone.
(B) In our simulations we consider pathogens that come from
different structurally related groups. Pathogens from a group all
need to be eliminated by one particular type of immune response
and have an increased chance of sharing epitopes. If clonotypes
recognize self epitopes they become tolerant (with chance f) or
remain ignorant (with chance 1 — f). Clonotypes are not specific for
any pathogen group; they may recognize epitopes from different
pathogen groups. As long as each epitope triggers only a small
fraction of the lymphocyte repertoire, however, the chance that one
clone is stimulated by epitopes from multiple pathogen groups
remains small.

been shown to render naive cells tolerant upon adoptive
transfer. Since the so-induced tolerant cells can in turn tolerize
other naive lymphocytes, this process was called ‘infectious
transplantation tolerance’ (31-33). Infectious suppression can
also take place between lymphocytes of different specificities,
provided that both the suppressive cells and the responder
cells are confined to the same antigen-presenting cell (34,35).
Analogously, memory lymphocytes of a certain responsive
mode may direct the differentiation of new, naive clonotypes,
e.g. via cytokine secretion (9,36,37). It has been proposed that
T cells affect each other’s differentiation via interactions with
dendritic cells, which in turn promote the differentiation of
responding T cells to different cytokine profiles (38-41).
Spreading of an effector/memory phenotype from one (self)
epitope to another has also frequently been observed in
autoimmune diseases (36,42,43).

Although the innate immune system generally manages
to induce the appropriate type of adaptive immune
response against pathogens, pre-existing memory lympho-
cytes can significantly increase the chance to survive
infections. Childhood vaccinations and influenza are clas-
sical examples. Human adults are typically protected from
lethal influenza infection by cross-reactivity to influenza
epitopes from previous infections. Novel strains, carrying
novel epitopes for which there is no pre-existing memory,
can cause incredible mortality, as was the case in the
1918 epidemic (44).

The advantages of memory lymphocytes are several. As
they are not confined to the lymphoid tissue and freely enter
the solid tissue (4,45,46), they can respond anywhere and any
time their specific epitope is encountered. Responses due to
memory cells are typically more prompt than primary immune
responses (16-24,47,48), because memory cells are more
sensitive to low antigen doses, have less stringent require-
ments for co-stimulation and have already been instructed for
the appropriate type of response. Tissue damage by patho-
gens upon re-infection and upon pathogen dissemination to
other organs can thus be prevented. Additionally, if pathogens
mutate their antigenic structure, like influenza does over the
years and HIV within a single host, memory lymphocytes
recognizing epitopes that have remained unaltered may direct
the differentiation of new clonotypes recognizing altered
epitopes of the pathogen.

Immunological memory is not always beneficial, however.
Effector/memory lymphocytes may cause immunopathology
when they coincidentally cross-react to unrelated patho-
gens. Being fairly independent of signals from the innate
immune system and the local tissue environment, they may
induce an inappropriate response and thereby hinder the
efficient elimination of a pathogen. Additionally, pathogens
may stimulate clonotypes that cross-react with self mol-
ecules that fail to induce tolerance. If such clonotypes
attain an effector/memory phenotype they may cause
autoimmunity when recognizing their specific self epitopes
(49-52).

Omitting any protective effects of memory cells, we have
previously shown that the immune system should be
specific to minimize the number of inappropriate immune
responses induced by memory lymphocytes (53,54). Here,
we devise a new model that allows us to incorporate (i) a
protective role of cross-reacting memory lymphocytes in
subsequent related infections and (i) an instructive role of
memory lymphocytes in the differentiation of naive lym-
phocytes. We find that the immune system profits most
from cross-reactions if effector/memory lymphocytes have
a low degree of cross-reactivity. The immune system is
indeed known to be highly specific: although every clone
should recognize many different peptides, only a very
small fraction of the lymphocyte repertoire responds to any
particular epitope (55) (see Fig. 1a). Our analysis
emphasizes that cross-reactivity per se should not be
considered beneficial. It is the combination of specificity
and diversity that enables the immune system to respond
reliably to many antigens, and to profit rather than suffer
from pre-existing memories.



Diversity and specificity in the immune system 527

Clone numbers: 012345678 910111213 ... Ro
Initial modes: 0oo0o00CO0O0O1TO0OO0OO0OO0OO01TO0..0
Pathogen 1, type 7: * * *
7007001700001 0 ..0 Nocontrbution
Pathogen 2, type 5: * * *
750750170005 10 0 No contribution
Pathogen 3, type 5: * * ‘
7557501700051 0 .0 Positive contribution
Pathogen 4, type 9: ‘ * *
755755170055 10 .0 Negativecontribution

Fig. 2. A simple example of a simulation. After self-tolerance induction most clonotypes are naive (i.e. mode 0), except clonotypes 6 and 12
which have been initialized in the tolerant mode (i.e. mode 1). Each pathogen consists of e = 3 different epitopes. The first pathogen has to be
rejected by an immune response of mode 7, and triggers clonotypes 0, 3 and 7. Since these three clonotypes are naive in the primary
response, the type of immune response is determined by the innate immune system and the immunological context of the pathogen.
Clonotypes 0, 3 and 7 differentiate to mode 7, and pathogen 1 is rejected. Similarly, pathogen 2 triggers three naive clonotypes, which
subsequently differentiate to mode 5. Pathogen 3 triggers two effector/memory clones that had been triggered by pathogen 2, i.e. clones 4
and 11, and triggers the naive clone 2. Because the type of immune response that is induced is dictated by clones 4 and 11, a response of
type 5 results. The presence of the two cross-reacting effector/memory clones was beneficial and clone 2 correctly becomes an effector/
memory clone with mode 5. Pathogen 4, requiring an immune response of mode 9, coincidentally triggers an effector/memory clone (2) with
mode 5. This cross-reacting effector/memory clone causes the induction of an inappropriate immune response. Naive clonotypes 5 and 10
incorrectly differentiate to mode 5. In total, the presence of effector/memory cells in this simulation was beneficial in 25% of the infections and
detrimental in another 25%.

The simulation model of N different epitopes, from which pathogens are assembled
by randomly picking e epitopes. The smaller N, the larger the
structural correlation between pathogens in a group.
Pathogens that come from the same group always need to
be eliminated by the same type of immune reaction. Thus,
once the immune system has responded to several pathogens
from, for example, the group of cytopathic viruses, it may
respond more efficiently using its memory clones when a new
cytopathic virus sharing an earlier epitope is encountered. In
our simulations, all pathogens are encountered only once, i.e.
we study a ‘worst case’ scenario, ignoring the conventional
benefits of immunity obtained when the same pathogen re-

Using a computer model, we simulate the storage of
immunological decisions in immune systems consisting of Ry
different lymphocyte clones. Each clonotype is naive, or
tolerant, or has a certain effector/memory phenotype. The
different states that lymphocytes can attain are represented
by integer numbers: naive cells are denoted by 0, tolerant cells
by 1, and 2, ..., m identify the different types of effector
mechanisms (e.g. Tn1, Tn2, IgA, IgE, etc.). Clonotypes
specific for tolerance-inducing self epitopes are initialized in
the tolerant mode; all other clonotypes are initially naive. At
birth the system therefore consists of clonotypes with mode 0 infects the body.

or 1. Self-tolerance induction need not be complete. In our If pre-existing memory clones recognize a subsequent
simulations, a fraction f of all S self epitopes induces self pathogen, they dictate the type of immune response against
tolerance. The other self epitopes fail to induce tolerance (56— that pathogen. The nature of the response that is induced is
58) and may cause autoimmunity when the ignorant lympho-  qetermined by the effector mechanism of the majority of
cytes that recognize them are coincidentally triggered by @ memory clones recognizing the pathogen. (If there is no
pathogen (49-52). After birth the model immune system s ynique majority, the type of response that is induced is chosen
challenged with different pathogens, each represented by e randomly from the different effector mechanisms that occur
different (immunodominant) epitopes. Each naive clonotype  most frequently.) In the absence of cross-reacting effector/
has the same chance p to respond to any epitope. Thus pisa  memory lymphocytes, we assume that the combination of the

cross-reactivity parameter, corresponding to a conventional innate immune response, the context of the antigen and
naive precursor frequency. possibly feedback mechanisms (59,60), ultimately leads to the

Obviously, the information stored in effector/memory lym-  appropriate type of immune response. This need not be
phocytes can only be useful in response to new pathogens if  unreasonable, because the innate immune system has
there are groups of structurally related pathogens. Pathogens learned how to respond to different kinds of pathogens and

could, for instance, come from the same species or family, and antigenic contexts over evolutionary time. Once the system
therefore share epitopes and require similar types of immune has decided which type of response to make to a particular
responses (see Fig. 1b). In our simulations, pathogens come pathogen, all naive clonotypes that recognize the pathogen in
from m different groups; each group is defined by a collection our simulations differentiate to become effector/memory cells
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Fig. 3. The performance of a diverse immune system. The fractions
of different immune responses have been plotted for different
degrees of cross-reactivity (p), after challenge with 108 different
pathogens. The thick curve denotes the fraction of challenges that
induce any immune response at all. The fraction of challenges in
which pre-existing effector/memory clones induce the correct type of
immune response is denoted by the thin curve. The fraction of
challenges in which pre-existing effector/memory clones induce an
inappropriate immune response is denoted by the dashed curve.
The fraction of challenges leading to autoimmunity, caused by
ignorant self-specific clones that are triggered by foreign antigens,
is denoted by the dash-dotted curve. This repertoire is most
functional at a cross-reactivity of p ~ 106, because the chance of
immunity is then close to 1, and the net contribution of pre-existing
effector/memory cells is high. There are e = 6 different epitopes per
pathogen, pathogens come from m — 1 = 8 different groups, each
consisting of N = 103 different epitopes, a fraction f = 0.8 of all S =
104 self epitopes induces tolerance and there are Ry = 10°
clonotypes.

with the corresponding effector mechanism. Even if an
inappropriate type of response is induced, naive lymphocytes
acquire the corresponding (incorrect) effector mechanism.
Memory clonotypes involved in a response to an antigen do
not switch effector type (15,61). Pathogens never kill their
hosts, i.e. the simulations are continued even if an inappro-
priate response is induced.

The performance of the model immune system is followed
by counting the fractions of infections in which the presence of
effector/memory clones helps or hinders the induction of an
appropriate immune response. In the default situation, the
pathogen is only recognized by naive clonotypes, and the
effector type of the responding clonotypes is determined by
the innate immune system and the immunological context of
the pathogen. All cases in which pre-existing effector/memory
clones establish the correct type of response against a
pathogen (without being responsive to any self antigens)
contribute to the protection of the individual. The cases in
which effector/memory clones establish an incorrect type of
response against a pathogen are detrimental. We also count
the number of autoimmune responses, which are induced
when naive clonotypes that are ignorant of their self epitopes
are triggered into one of the responsive modes (49-52). An
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Fig. 4. The performance of a less diverse immune system. The
repertoire consists of Ry = 104 clonotypes; for other parameters and
the interpretation of the different curves, see the legend of Fig. 3.
This repertoire has the largest chance of making an immune
response at p ~ 104 With such a high cross-reactivity, however,
many mistakes are made.

example of a small simulation is given in Fig. 2. The above
gives a full description of our model simulations. The C-code of
our program is available upon request.

Results

Somatic learning requires specificity

We have studied how the performance of an immune system
that is challenged with 103 different pathogens depends on
the cross-reactivity p of its lymphocytes (Fig. 3). The prob-
ability of immunity (i.e. the probability that all 10% pathogens
are recognized by at least one non-tolerant clone, see the thick
line in Fig. 3) is close to 1 in a wide range of intermediate cross-
reactivities. A too cross-reactive immune repertoire fails to
respond to foreign antigens because the majority of lympho-
cytes has been rendered non-functional during self-tolerance
induction (53,54,62). If lymphocytes are too specific, on the
other hand, the immune repertoire frequently fails to recognize
a foreign antigen. Thus, the simulations confirm that sufficient
cross-reactivity is required to ensure an immune response
against any pathogen (63).

Within the range of cross-reactivities yielding a high chance
of immunity, effector/memory clones only tend to make correct
decisions if they are sufficiently specific (see the thin line in
Fig. 3). At a relatively high cross-reactivity, i.e. p ~ 103, the
positive contribution of effector/memory clones is largely
coincidental. Even if there is no structural relationship between
the pathogens, such a protective effect is observed because
of random cross-reactions (not shown). Since there are eight
different responsive modes in our simulations, the probability
with which effector/memory clones coincidentally induce the
right type of immune response is 1/8. If lymphocytes are
sufficiently specific, this randomness disappears and the
fraction of immune responses in which the presence of pre-
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Fig. 5. Immune responses in the elderly. Since the total number of
antigens to which an individual has been exposed increases with
age, the horizontal axis reflects the age of the individual. The
fraction of infections that lead to a naive immune response (thick
bars) decreases with age. With age, the fraction of infections in
which cross-reacting effector/memory cells are involved increases.
Hence the number of efficient immune responses increases (thin
bars), but also the numbers of inappropriate cross-reactive immune
responses (dashed bars) and autoimmune responses (dash-dotted
bars) increase. Parameters are Ry = 105, N= 104 e =6, S= 104 f=
0.8, m-1=8and p=10¢.

existing effector/memory cells is beneficial becomes much
higher (see the thin line in Fig. 3).

If ymphocytes are relatively cross-reactive, i.e. 10° < p <
1073, unrelated pathogens (expressing different epitopes and
requiring different types of immune responses) will often
trigger the same clonotypes. Effector/memory clones that
remain after challenge with one pathogen can thus lead to a
wrong type of immune response against a subsequent,
unrelated pathogen. The dashed line in Fig. 3 illustrates that
the adaptive immune system hence makes many mistakes. At
a relatively high cross-reactivity, the immune system also
makes many autoimmune responses, due to cross-reactions
between foreign antigens and ignored self peptides (see the
dash-dotted line in Fig. 3). Both types of cross-reactions
disappear if the immune repertoire is sufficiently specific.

Summarizing, our simulations illustrate the importance of
specificity in the immune system. In immune systems that
store the appropriate types of immune response against
different antigens in effector/memory lymphocytes, the bene-
fits of immune memory outweigh the accompanying disad-
vantages only if the immune repertoire is sufficiently specific.

Repertoire diversity reconciles specificity with reactivity

Despite the need for lymphocyte specificity, a certain minimal
level of cross-reactivity is required to ensure the recognition of
any pathogen infecting the body (63) (see the thick line in Fig.
3). The cross-reactivity that is minimally required reduces as
the size of the lymphocyte repertoire increases (54). In highly
diverse lymphocyte repertoires, reactivity to many foreign
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antigens can therefore be reconciled with specificity. Indeed,
if the model repertoire consists of Ry = 10° clones with a
recognition probability p ~ 108, the chance to make an
immune response is close to 1, there is a positive contribution
of cross-reacting effector/memory lymphocytes in the majority
of the challenges, and inappropriate cross-reactions hardly
occur (see Fig. 3). If the immune system is less diverse (see
Fig. 4), however, the cross-reactivity that is required to ensure
immunity against many pathogens is so high (i.e. p ~ 10-4) that
the net contribution of cross-reacting effector/memory lym-
phocytes is no longer positive. A highly diverse and specific
immune repertoire is thus superior to a cross-reactive reper-
toire, because the disadvantages of immunological memory
can be avoided, while the protective role of effector/memory
lymphocytes in subsequent immune responses is maintained.
Evolution is therefore expected to select for highly diverse and
specific immune repertoires.

Inappropriate responses to novel pathogens increase with
age

The diversity of the memory repertoire increases with age as
the adaptive immune system learns on a somatic time scale.
One would therefore expect adults to be better protected
against infections than naive individuals. The chance that an
immune response to a novel pathogen develops from scratch,
i.e. in the absence of any effector/memory lymphocytes,
indeed decreases with age (see the thick bars in Fig. 5), and
the chance that a pre-existing effector/memory clone helps the
induction of an effective immune response is considerably
higher in adults compared to naive individuals (see the thin
bars in Fig. 5). For unrelated novel pathogens, however, the
chance that a previous memory clone cross-reacts, and
thereby induces an inappropriate immune response, also
increases with age (see the dashed bars in Fig. 5). Although
the naive repertoire of adults should still be sufficiently diverse
to recognize any new antigen (64), adult immune responses
may therefore be hampered by inappropriate effector mech-
anisms induced by previous memory clones. This could
explain why childhood diseases such as measles and chick-
enpox typically cause more severe problems in adults than in
children (65).

Discussion

We have studied how the immune system can use the
information that is stored in effector/memory lymphocytes
during subsequent immune responses. We propose that, by
being part of the immunological context, cross-reacting
effector/memory lymphocytes influence the choice of immune
response against subsequent pathogens and the differenti-
ation of naive lymphocytes. Since effector/memory lympho-
cytes recall their mode of response whenever they recognize
their specific epitope, they allow the immune system to
respond effectively to pathogens that share structural rela-
tionship with previously encountered pathogens. Structural
similarity may occur within pathogen families, but is even more
prominent for pathogens that alter their genetic make-up, such
as influenza and HIV. Paradoxically, we find that the immune
system profits most from cross-reactions if effector/memory
lymphocytes have a low degree of cross-reactivity. Too much
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cross-reactivity is detrimental because memory lymphocytes
will cross-react with unrelated antigens that require a different
type of response [see also (54)]. The chance of a pre-existing
effector/memory clone helping the induction of a subsequent
immune response also increases at a high degree of
lymphocyte specificity. Evolution is thus expected to select
for a high lymphocyte specificity, thereby ensuring the
reliability of cross-reactions.

The ‘education’ of naive lymphocytes by cross-reacting
effector/memory lymphocytes in our model is reminiscent of
the education of ignorant self-specific lymphocytes by tolerant
clones that was proposed by Modigliani et al. (66). There is
growing evidence that anergic cells are not inert and can
actively regulate responses induced by other lymphocytes
(67,68). The anergic cells can be CD25* (68) and could hence
belong to the well-studied class of CD25+* regulatory T cells
(69,70). This regulatory mechanism may play an important role
in maintenance of tolerance to self antigens. As we do not
study self-tolerance induction here and only challenge our
model immune system with pathogens, we have not included
any instructive role of tolerant clones. Despite their regulatory
function in self tolerance, there is no evidence that tolerant
clones would prevent primary immune responses to patho-
gens in an inflammatory context.

The high demands on lymphocyte specificity that result from
our study seem to conflict with the current trend to stress the
cross-reactivity of lymphocytes (63,71-73). Both points of view
are in fact complementary, however. First of all, we think the
tendency to stress lymphocyte cross-reactivity is partially due
to the fact that considerable cross-reactivity has been
observed during positive selection (74,75) and peripheral
maintenance of lymphocytes (76-78). In contrast, our analysis
deals with lymphocyte specificity during immune responses.
Since the molecular mechanisms involved in lymphocyte
selection, maintenance and stimulation are very different, so
may be the demands on specificity. Secondly, our analysis
confirms that for a given repertoire diversity a minimal degree
of cross-reactivity is required to allow immunity against many
pathogens (63) (see Figs 1, 3 and 4). Our main result is that
cross-reactivity per se should not be considered beneficial,
however. A higher cross-reactivity than is minimally required
hampers the use of effector/memory cells in subsequent
responses and increases the chance of inducing inappropri-
ate immune responses by coincidental cross-reactions. Our
model demonstrates that in order to give good protection
against infections, having a diverse and specific lymphocyte
repertoire is a much better alternative than having cross-
reactive lymphocytes. It is thus not surprising that the adaptive
immune system evolved to be highly diverse and specific.
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