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Death, adaptation and regulation: The three pillars of immune tolerance
restrict the risk of autoimmune disease caused by molecular mimicry
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Abstract

Extensive cross-reactivity in T cell receptor (TCR) recognition of peptide-MHC (pMHC) complexes seems to be essential to give sufficient
immune surveillance against invading pathogens. This carries with it an inherent risk that T cells activated during a response to clear an infection
can, perhaps years later, respond to a self pMHC of sufficient similarity. This lies at the heart of the molecular mimicry theory. Here we discuss
our studies on the disease-causing potential of altered peptide ligands (APL) based on the sequence of a single autoantigenic epitope, the Ac1e9
peptide of myelin basic protein that induces experimental autoimmune encephalomyelitis in mice. These show that the window of similarity to
self for induction of disease by cross-reactive non-self peptides is actually quite restricted. We show that each of the three pillars of immune
tolerance (death, anergy/adaptation and regulation) has a role in limiting the risk of molecular mimicry by maintaining a threshold for harm.
� 2007 Elsevier Ltd. All rights reserved.
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1. The risk of autoaggression provoked by infection

Autoimmune diseases affect around 5% of Western popula-
tions. Why do these diseases develop? Clearly this is a complex
question with the answer most likely lying not with nature or
nurture alone, but with a combination of pre-disposing genes
and environmental triggers. The model for the initial activation
of autoaggressive lymphocytes (either T cells or B cells) that
has found prominence over the last two decades is based
around the molecular mimicry theory proposed by Fujinami
and Oldstone in 1989 [1]. Put simply, this theory proposes
that an initially useful immune response against a particular
epitope derived from an infectious agent can develop into an
autoaggressive response through recognition of a similar
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epitope derived from a self antigen (i.e. the immune response
cross-reacts against the foreign and the self antigen). This is an
appealing model because it allows a separation of the response
against foreign and self in time and space (Fig. 1). Thus the
pathogen does not have to show tropism for the organ that is
ultimately the target of immune attack. Memory lymphocytes
generated in the lymph nodes draining the site of infection
could subsequently (perhaps years later) be re-activated by
the aberrant presentation of the self mimic by activated anti-
gen presenting cells in a lymph node draining the target organ,
or in the organ itself. Although certain infections have been
proposed to drive certain autoimmune diseases, it has been no-
toriously difficult to demonstrate the presence of the infectious
agent in all individuals with the disease in question [2,3]. Thus
molecular mimicry allows for a ‘‘hit and run’’ effect, with the
ultimate disease developing long after the relevant infection
has been cleared.

T cell receptors (TCRs) recognize antigenic peptide-MHC
(pMHC) complexes, therefore it is the shape of this complex
that matters not necessarily the primary sequence, if a particular
T cell is to respond to a particular antigen. As long as the shape
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Fig. 1. Molecular mimicry. First proposed by Fujinami and Oldstone [1], the molecular mimicry theory proposes that T cells initially activated during the response

to infection might bear TCRs capable of cross-reacting with a similar self pMHC complex. Note that the invading pathogen (here depicted as a virus) does not need

to infect the target organ. The cross-reactive T cells could enter the memory pool, being activated subsequently to self presented by activated DC during inflam-

mation of the target organ, possibly during infection with an unrelated virus.
is good enough the TCR can bind. Herein lies the essence of the
adaptive antigen receptor repertoiresdthey have the capacity
for cross-reactivity with different antigenic shapes that are suf-
ficiently similar to allow stable interaction and lymphocyte sig-
nalling leading to activation and effector function. But different
shapes will bind better than others. In this discussion, we shall
focus on how TCR cross-reactivity might influence the devel-
opment of an autoaggressive T cell response, and the processes
in place to limit this risk.

2. Why are we not all sick?

First, why do we need TCR cross-reactivity? The T cell
repertoire is estimated to be of the order of 108 [4]. In contrast
the universe of potential antigenic peptides that the immune
system must at least attempt to deal with has been estimated
to be in the order of 1012e1015, depending on the length of
the peptide [4,5]. Thus the most extreme scenario proposed
that to provide effective immune surveillance, each T cell
should be able to recognize up to 106 different, but similar,
peptides [4]. Thus considerable flexibility in TCR recognition
of peptide-MHC (pMHC) complexes seems to be an impera-
tive. If so, the formation of T cells that can cross-react on for-
eign and self pMHC complexes seems unavoidable. In fact,
positive selection of T cells during thymic development is me-
diated by recognition of self pMHC complexes, so the entire
TCR repertoire shows a degree of self-reactivity. If the other
feature of thymic education, namely negative selection,
worked to delete all developing thymocytes with the potential
to respond to self, the peripheral T cell repertoire that would
emerge would be severely restricted [6]. Thus negative selec-
tion must only be deleting those cells above a particular
threshold for self-reactivity (as yet it is not clearly defined
what this is).

So we are left with a peripheral T cell repertoire that is in-
herently self-reactive. How can we ever mount an immune re-
sponse against an invading pathogen without compromising
ourselves through activation of T cells that can respond to
our own proteins? The challenge for the immune system is
to maintain flexible TCR recognition of antigens without al-
lowing this to happen. So the question is not why do some
people develop autoimmune diseases, but why do we not all
develop them?

3. The three pillars of immune tolerance

The immune system has potent mechanisms in place to pre-
vent unwanted T cell immune responses through the combina-
tion of central and peripheral tolerance. In essence these can
be described as three processes: death, anergy/adaptation and
regulation.

Death of T cells bearing TCRs with high affinity for self
pMHC complexes of course provides the mechanism of nega-
tive selection during T cell development in the thymus [6]. Our
own data suggest that this can also occur in mature peripheral T
cells during an ongoing immune response [6,7]. Another form
of T cell death results from exposure to pMHC complexes pre-
sented in the periphery by steady state dendritic cells (DC) in



264 K.R. Ryan et al. / Journal of Autoimmunity 29 (2007) 262e271
the absence of full costimulation that would be triggered by ex-
posure to pathogen associated molecular patterns during infec-
tion [8]. This most likely occurs through a failure to upregulate
anti-apoptotic proteins such as Bcl-2 and Bcl-xL and also NF-
kB within the T cell [9e11].

Classically, anergy was used to describe in vitro observa-
tions that T cell clones stimulated through the TCR in the
absence of costimulation were subsequently rendered unre-
sponsive when later challenged with antigen in the presence
of costimulation [12]. Such T cells failed to proliferate or to
produce their own IL-2, but anergy could be overcome by
addition of exogenous IL-2 (i.e., IL-2 receptor signalling
was intact). Interestingly, anergic cells retain the capacity to
produce effector cytokines such as IFNg. More recent studies
suggest that this classical anergic state may not satisfactorily
reflect the development of T cell unresponsiveness (tolerance)
in vivo. A new phrase, ‘‘adaptive tolerance’’ has been coined
to describe a state of generalized unresponsiveness (prolifera-
tion, IL-2 production and effector cytokine production all be-
ing impaired) as has been found in various models [12]. The
difference between anergy and adaptive tolerance is more
than mere semantics. Classical anergy is not reversible by re-
moval of antigenic stimulus, i.e. once established it persists
without the need for further antigen exposure. In contrast
adaptive tolerance, as the name suggests, does require persis-
tent antigen. Thus T cells that have been de-sensitized in vivo
by exposure to antigen can regain sensitivity when placed in
a host that lacks the antigen [13,14]. These in vivo observa-
tions strongly support the tuneable activation threshold model,
as proposed by Grossman and Paul, in which a T cell senses
antigenic cues from its environment and adjusts its threshold
for full activation accordingly [15]. Although experiments us-
ing TCR transgenic T cell transfers have clearly highlighted
a role for adaptation in the periphery under steady state condi-
tions, this phenomenon has also been seen under conditions
that mimic infection (immunization with antigen in complete
Freund’s adjuvant) [7]. Furthermore, there is evidence that,
rather than the ultimate sacrifice of apoptosis, developing thy-
mocytes can also desensitize to some extent in response to
a relatively strong antigenic signal [16,17].

The third pillar of immune tolerance is provided by the ac-
tivity of regulatory T cells. Although these cells come in var-
ious guises, depending on the precise experimental approach,
the population that has come to the fore in recent years are the
so-called ‘‘natural’’ CD4þ CD25þ Treg cells that express the
forkhead box P3 (Foxp3) transcription factor [18]. This discus-
sion will focus on these cells because, unlike other regulatory
populations such as Th3 cells or Tr1 cells that can be induced
experimentally [19,20], they appear spontaneously within the
peripheral T cell repertoire and are generated in the thymus
[18]. Mice or humans that lack a functional foxp3 gene suc-
cumb to multi-organ inflammatory diseases indicating that
Tregs have a key function in preventing spontaneous immune
activation [21,22]. The paradigm that has developed is that
those developing thymocytes bearing TCRs with high affinity
for self pMHC complexes, but below the threshold for death
by negative selection, have a propensity to differentiate into
Tregs [23]. Although this is based on only limited experimen-
tal evidence [24] and the mechanisms for this conversion are
not defined, it would make sense in that once in the periphery
those cells with the greatest capacity to respond to self would
be Tregs giving them a selective advantage over their poten-
tially autoaggressive counterparts bearing self-reactive TCRs
of lower affinity. The observation that those CD4þ T cells that
are spontaneously activated (presumably by self antigens) in
foxp3-deficient mice have similar TCR gene-usage to the
foxp3þ cells of normal mice supports this argument [25]. As
well as controlling the spontaneous activation of potentially
autoaggressive T cells under steady state conditions, Tregs can
certainly play a role in limiting immune priming under inflam-
matory conditions and immunopathology in the target organ,
since in either setting priming or pathology is exacerbated in
mice that have been depleted of Tregs [26e28].

Thus the three pillars of immune tolerance can act sepa-
rately or in concert during thymic development and in the pe-
riphery, upon exposure to self pMHC complexes either under
steady-state or inflammatory conditions, to limit the chances
of mounting an autoaggressive T cell response. The fact that
these processes can impose limits on T cell responses during
inflammation is particularly pertinent to a consideration of
molecular mimicry because the initial T cell activation in re-
sponse to viral or bacterial infection would of course be under
such conditions, with presentation of the foreign pMHC com-
plexes by fully activated DC.

4. How strong is the case for molecular mimicry?

Early experiments from the Oldstone lab and from Ohashi
et al. tested the ability of infection with a virus containing a de-
fined T cell epitope to lead to autoimmune disease in an organ
that also expressed the virus-derived antigen [29,30]. Antigens
(glycoprotein or nucleoprotein) from lymphocytic choriome-
ningitis virus (LCMV) were transgenically expressed in pan-
creatic b cells under the control of the rat insulin promoter
(RIP). Oldstone’s group found that infection of these mice
with LCMV led rapidly to islet destruction and autoimmune
diabetes [29]. In Ohashi’s study, the RIP-LCMV mice also ex-
pressed a transgenic TCR that recognized the LCMV antigen.
Even though these mice therefore had a T cell repertoire fo-
cussed on an antigen expressed in the b cells they did not de-
velop spontaneous diabetes (they were functionally tolerant).
Again, infection with LCMV broke this tolerance, precipitat-
ing diabetes [30]. The important feature of these two elegant
studies that should be stressed is that they did not address mo-
lecular mimicry, but molecular identity (the foreign antigen
and the transgenic self antigen were the same).

The likelihood that a T cell will encounter a foreign pMHC
complex that provides precisely the same topography for TCR
recognition as a self pMHC complex is extremely low. Studies
using altered peptide ligands (APL) reveal that although an in-
dividual T cell clone can respond to several APL, even subtle
differences in amino acid side chains at particular residues can
have profound effects on the outcome of the TCRepMHC
interaction, either quantitatively or qualitatively, in terms of
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how the T cell responds [31,32]. It is known that perhaps only
two or three residues of the peptide protrude from the MHC
peptide binding cleft and are available of TCR binding. It is
possible that these key TCR contact residues could be shared
by a foreign and a self antigen, but differences in other resi-
dues of the peptides can subtly modify the conformation of
the peptide MHC complex again providing a different topog-
raphy for TCR interaction.

Thus to really study models of molecular mimicry it is es-
sential that the foreign and self antigens differ in sequence.
Studies using the RIP-LCMV model have revealed that the
ability to induce diabetes is readily lost when infection is
with a variant LCMV that has alterations in the key T cell epi-
tope that lead to a lower affinity of TCRepMHC interaction
[33,34].

5. Modelling molecular mimicry using CNS
autoimmune disease

Molecular mimicry has been proposed to play a role in the
aetiology of multiple sclerosis (MS), with support for this
coming from reports that T cell clones initially derived from
MS patients on their ability to respond to an ‘‘immunodomi-
nant’’ epitope of the CNS autoantigen myelin basic protein
(MBP) could cross-react against peptides derived from various
bacterial and viral species. However, it should be noted that no
microbial peptide could stimulate all clones and that not all
clones showed responsiveness to a microbial peptide [35].
Of course it is impossible to definitively show that molecular
mimicry following infection can account for a human autoim-
mune disease, so in context of MS investigators rely on its
animal model, experimental autoimmune encephalomyelitis
(EAE) [36]. Although an imperfect model of MS, EAE in
mice has some clear advantages in that it can be induced in
various strains by immunization with a variety of well-defined
peptide epitopes in complete Freund’s adjuvant, leading to the
activation of CNS-aggressive CD4þ T cells. For several of
these encephalitogenic peptides, the key amino acids that act
either as TCR contacts or MHC binding residues are clearly
defined.

For information on the ability of cross-reactive antigens
recognized in an infectious setting to cause encephalomyelitis
we direct the reader to a series of elegant studies by Miller
et al. [37,38]. These have used infection with Theiler’s virus
that has been genetically modified to express microbial anti-
gens known to stimulate T cells recognizing myelin proteoli-
pid protein. The EAE model that we have been studying for
several years uses the acetylated N-terminal nonamer of
MBP (Ac1e9) in mice expressing the Au MHC class II mol-
ecule. The influence of various APL with substitutions at ei-
ther MHC or TCR contact residues have been analysed in
terms of T cell activation in vitro and encephalitogenic poten-
tial in vivo. So far these studies have not directly assessed the
influence of microbially derived epitopes (infection models
have not been developed). Nevertheless, our findings do
have relevance for the scope for autoimmune disease provoked
by the initial activation of T cells by peptides that are similar
to the self antigen.

The molecular requirements for the binding of the Ac1e9
peptide to the Au molecule and the subsequent recognition
of this molecule by encephalitogenic T cells have been pro-
vided by a series of experiments by Wraith et al. and are sum-
marized in Fig. 2a. The key residues for binding to MHC are
4Lys and 5Arg, of which position 4 appears most critical [39].
Strikingly, the wild type (WT) peptide has a very low binding
affinity for MHC because the Lys residue normally at position
4 fits poorly into the large hydrophobic P6 pocket of the Au

binding cleft [40,41]. Thus APL with substitutions at position
4 that fit this pocket well show stronger MHC binding [42].
Most notably, the Ac1e9(4Tyr) APL has been found to bind
Au with >100,000-fold higher affinity than WT Ac1e9. In
contrast, the 4Arg APL displays even poorer binding than
the WT peptide [42]. These differences in MHC binding con-
vert directly into antigenic potential in vitro. Thus the WT
peptide will stimulate Ac1e9-reactive T cells in the nanomo-
lar range. The 4Tyr APL is active at very much lower (femto-
molar) concentrations (i.e. has ‘‘superagonist’’ activity) [7],
whereas the 4Arg APL is only stimulatory in the micromolar
range (i.e. is a ‘‘sub-agonist’’) [43].

The key residues for TCR recognition of Ac1e9 are posi-
tions 3Gln and 6Pro. Various analyses using APL with substitu-
tions at either of these residues have been performed using
Ac1e9-reactive T cell clones, polyclonal T cells lines and naive
or activated TCR transgenic T cells. Studies in the Wraith lab-
oratory using the 1934.4 T cell hybridoma [44] and the Tg4
mouse that is transgenic for the 1934.4 TCR [45] have shown
that position 6 is the primary TCR contact residue (no substitu-
tion of the Pro that is normally found at this position is permit-
ted if TCR stimulation is to occur). In contrast, position 3 is the
secondary TCR contact residue with certain APL providing
sub-agonist stimulation. Thus the WT > 3Met > 3Thr w 3-
Phe w 3Tyr hierarchy for T cell stimulation has been estab-
lished [44,46]. It is worth noting that analyses of polyclonal T
cell lines and another transgenic mouse bearing a different
Ac1e9-reactive TCR have revealed that there is some flexibil-
ity possible in recognition of position 6 [46], but because our
studies have predominantly used T cells from the Tg4 TCR
transgenic mouse, the above information is relevant to this
discussion.

Thus the use of these defined APL in the Ac1e9 system
allows us to provide potentially autoaggressive T cells with
different levels of TCR stimulation. So what is the capacity of
these APL to trigger an autoaggressive T cell response leading
to EAE? Clearly immunization with the WT peptide induces
EAE. Based on the in vitro data, the sub-agonist APL should
be less effective whereas the superagonists should give greater
disease. However, from a series of studies, the picture that
emerges is that the sub-agonists are indeed inefficient at induc-
ing EAE but, surprisingly, the superagonists are also poorly
encephalitogenic. This loss of disease-causing capacity in-
creases in-line with the strength of the superagonists, such
that the strongest superagonist (4Tyr) gives the lowest level
of disease (Fig. 2b). So in effect we have a ‘‘Goldilocks’’
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phenomenon: if the strength of antigenic signal received is too
cold (sub-agonists) or too hot (superagonists) the T cells do
not become fully autoaggressive, but when the signal is
‘‘just right’’ (as is provided by the WT peptide) disease de-
velops. So what mechanisms control the potentially autoag-
gressive T cells when the signal is too hot or too cold? Our
recent studies have pointed to roles for each of the three pillars
of immune tolerance.

6. When the signal is too hot, death and adaptation
control autoaggressive potential

The early experiments using superagonist APL (in these ex-
periments the 4Ala APL was used) produced two important
findings: (a) when mice were co-immunized with the WT pep-
tide and the APL, the APL effect (i.e. lack of disease) was
dominant [39]; (b) protection from EAE could not be

Fig. 2. Characteristics of MBP Ac1e9 interactions with the Au class II mole-

cule and the Tg4 T cell receptor. (A) The WT Ac1e9 peptide creates a very

unstable interaction with the Au class II molecule because the Lys at position

4 interacts unfavourably with the large hydrophobic p6 pocket of Au. Alter-

ations at this residue produce APL with greatly increased binding affinities:

4Ala binds 1000-fold better, whereas 4Tyr binds >100,000-fold better. Posi-

tions 3 and 6 interact with the Tg4 TCR. No alterations from the WT 6Pro

are allowed if T cell activation is to occur (i.e. position 6 is the primary

TCR contact residue). Position 3 is the secondary contact residue. The

3Met, 3Thr, 3Phe and 3Tyr APL can all activate Tg4 cells, but higher concen-

trations of peptide are needed than the WT peptide (i.e., these APL are sub-

agonists). (B) Summary of the ability of the various APL to either induce T

cell activation in vitro, or to induce EAE in vivo, relative to the WT peptide.

The WT peptide stimulates T cells that were raised against it at around 1e

10 nM. The 4Ala and 4Tyr APL are superagonists, stimulating in the pM

and fM ranges respectively. 3Met and 4Arg are sub-agonists, needing around

3-fold and 1000-fold higher doses respectively than the WT peptide to activate

Tg4 cells. As the difference in the stimulatory capacity of APL increases (ei-

ther stronger or weaker than the WT peptide), so the ability to induce EAE

upon immunization of non-TCR transgenic mice decreases.
transferred to naive mice using splenocytes from mice that
had been immunized with the APL [47]. One possible expla-
nation was that the APL simply did not activate T cells in
vivo (responses to WT peptide were found to be low or absent
in APL-immunized mice). The fact that giving the APL at the
same time as the WT peptide did have a beneficial effect indi-
cated that the T cells were aware of the APL’s presence The
second finding, that protection was not transferable, argues
against the development of a suppressive/regulatory popula-
tion of cells that controls a distinct autoaggressive cohort.
Rather, it points to an intrinsic effect in the autoaggressive
cells themselves.

We re-addressed the question of whether immunization
with the superagonist APL could effectively prime for a T
cell response. We generated T cell lines (TCL) from APL-im-
munized non-transgenic mice. Importantly, instead of trying to
restimulate the T cells with the WT peptide, we used the same
APL that the mice were originally primed against (i.e. we had
cells that had only ever seen an individual APL). By this ap-
proach we could readily produce TCL (so APL-immunization
did prime for T cell responses) [7]. Analysis of these different
TCL revealed two things. First, each TCL responded to the
APL it was raised against in the nanomolar range (i.e. at the
same dose that TCL raised against WT peptide responded to
WT peptide). Thus there was a selective pressure for CD4þ
T cells to respond to their immunizing antigen at a pre-deter-
mined threshold (the nanomolar range). The second observa-
tion was that there was an increasing loss in the capacity of
APL-induced T cells to respond to the WT Ac1e9 peptide.
Thus TCL raised against the strongest APL (4Tyr) would
only respond in vitro to the WT peptide at concentrations
above 10 mM. Thus we concluded that the reason that immu-
nization with the 4Tyr APL does not induce EAE is not because
it does not prime for T cell responses, but because the T cells it
elicits are so insensitive to the WT Ac1e9 that they cannot
respond to it when presented at physiological levels in the
CNS. Immunization with the 4Ala APL primes T cells that
respond to WT peptide at around 1 mM and can induce modest
levels of EAE. We therefore have proposed a ‘‘threshold for
harm’’ of 1 mM, with only T cells that recognize self antigens
at concentrations below this being autoaggressive [6]. T cells
that respond only to higher concentrations of self antigen are
autoreactive, but not autoaggressive and so can be permitted
[6,48,49].

T cells raised against WT Ac1e9 have the capacity to re-
spond to the 4Tyr in vitro at femtomolar concentrations. These
cells should have a selective advantage upon 4Tyr immunization
in vivo, so why do they not dominate the response to 4Tyr? The
answer is because they are removed from the repertoire. Use of
Ac1e9(4Tyr)-Au multimers allowed us to indirectly assess the
affinity of the TCRs displayed by our different TCL [7]. Those
generated in response to the WT peptide were clearly heteroge-
neous populations of T cells displaying a range of TCR affinities
from low to high. In contrast, TCL raised against the 4Tyr APL
only expressed low affinity TCRs. Importantly, levels of TCR
expression and CD4 expression did not vary between the
TCL, indicating that the loss in sensitivity to the 4Tyr APL
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was due predominantly to a deletion of T cells bearing high and
medium affinity TCRs. The Tg4 TCR transgenic T cells express
a moderate affinity TCR and these cells showed a higher rate of
apoptosis when taken from a host mouse shortly after immuni-
zation with 4Tyr compared with WTAc1e9. Thus superagonist
APL did not induce EAE because Ac1e9-reactive cells bearing
TCRs with sufficient affinity to confer autoaggressive potential
were being deleted by activation induced cell death; in essence,
negative selection was happening during a peripheral immune
response to antigen [7].

The Tg4 TCR transgenic cells express a moderate affinity
TCR, just above the threshold for deletion in response to
4Tyr [7]. This allowed us to assess how T cells with a TCR
of fixed affinity would integrate signals of differing strengths.
In vitro analysis of the response of these cells revealed that
their activation-induced cell death (AICD) in response to
4Tyr required expression of both Fas and FasL by the T cells
themselves [50]. We therefore established an adoptive transfer
system using host mice that would only develop EAE in re-
sponse to immunization with the WT Ac1e9 peptide if they
had first been seeded with naive Tg4 T cells. As expected
these mice did not develop EAE after immunization with the
4Tyr APL. We then refined the model to compare the effects
of transfer of Tg4 cells that either could, or could not express
Fas; the prediction being that Fas-deficient cells would now in-
duce full-blown EAE in response to 4Tyr, because they would
not undergo Fas-dependent AICD. The result was that, under
these conditions, mice could develop more EAE in response
to 4Tyr, but it was still considerably less severe disease than
seen using the WT peptide [50]. This suggested that a further
mechanism was also acting to inhibit disease in response to the
superagonist. A clue to what this was again came from in vitro
analysis of the Tg4 response.

In fact, not all Tg4 cells died immediately in response to
4Tyr. Those that survived showed clear reductions in their sen-
sitivity to both 4Tyr and WT Ac1e9. This seemed to be a com-
pletely quantitative effect in that culture with 3-log lower
doses of 4Tyr produced cells with the ‘‘normal’’ response
patterns. Thus the Tg4 were able to undergo sensory adapta-
tion in vitro that was determined by the strength of signal
received through their TCR. The adaptation was not explained
by changes in expression of TCR or CD4, but did correlate
with increased expression of CD5 in the desensitized cells.
Returning to the in vivo model, adoptive transfer of Tg4 cells
that were traceable due to expression of CD45.1 revealed that
a significant population of cells was maintained after 4Tyr
immunization, but these cells also had elevated levels of
CD5 expression and reduced sensitivity to culture with WT
Ac1e9. Strikingly these adapted cells (from mice that were re-
sistant to EAE) only responded the WT peptide at concentra-
tions of 1 mM and above; thus the ‘‘threshold for harm’’ had
not been breached [50]. At this point we should re-iterate
that, in our hands, the effects of superagonists on Tg4 re-
sponses appear to be totally quantitative in nature. We see
sensory adaptation of proliferation and effector cytokine
(IFNg) production. We do not see a shift to a Th2 phenotype
as has been proposed by others [51].
How do the above observations relate to the risk of autoag-
gression via molecular mimicry as a result of infection? Au-
toaggressive cells would need to respond to self antigen with
sensitivity above the threshold for harm. These cells will be
more sensitive to the foreign antigen encountered during infec-
tion; i.e. the foreign antigen will be a superagonist. The initial
activation of potentially autoaggressive cells with the supera-
gonist will lead to death of autoaggressive cells with high af-
finity TCRs and/or the sensory adaptation (desensitization) of
T cells with moderate affinity TCRs. The net effect, at the pop-
ulation level, will be to shift the self reactive repertoire below
the threshold for harm, so autoimmune disease will not de-
velop. Thus initial exposure would prevent those cells that re-
main from being triggered even by a stimulus equivalent to the
self antigen (because they have adapted). On this point, our
more recent data indicate that immunization with 4Tyr pro-
vides a relatively large antigen experienced cohort, but that
these mice are protected from the EAE that should develop
upon subsequent immunization with WT Ac1e9 (SDP,
unpublished).

7. Treg cells limit the ability of sub-agonist ligands to
provoke disease

Central tolerance should remove those cells that have
TCRs with excessively high affinity for self [52]. This would
then provide the above scenario in which the self-reactive T
cells in question respond better to the superagonist foreign
antigen than they do to the self antigen. What happens if
the reverse is true, i.e. the foreign antigen is a sub-agonist?
Now a weak stimulation upon infection could trigger cells
that subsequently respond better to self. Further, it may be
that adaptation actually allows cells to increase their sensitiv-
ity to the foreign antigen, with the knock-on effect that their
sensitivity to self rises above the threshold for harm. Our
studies of the MBP Ac1e9 model point to a role for Tregs
in limiting the risk of autoimmune disease in such a scenario
[53]. The 3Met APL, with a substitution at the secondary
TCR contact residue for Tg4 cells, is a sub-agonist in vitro,
requiring w3-fold higher concentrations than are needed of
the WT Ac1e9 to stimulate Tg4 cells [44,53]. However,
this relatively slight loss in antigenic potency has a major ef-
fect on the ability of the 3Met APL to induce disease, with
little or no EAE seen in non-transgenic mice [44]. As de-
scribed above, the paradigm has arisen that Tregs are gener-
ated in the thymus from precursors with the highest affinity
self-reactive TCRs that avoid negative selection [23], which
would make sense as our most self-reactive peripheral T
cells would have concentrated regulatory function. The pre-
diction that would account for the failure of 3Met to induce
EAE in a mouse with a complete peripheral T cell repertoire
(i.e. not TCR transgenic) would therefore be that this reper-
toire incorporates Tregs with high affinity TCRs and there-
fore a selective advantage to respond upon immunization
with the sub-agonist, preventing activation of potentially au-
toaggressive T cells. To test this we depleted mice of Tregs
using anti-CD25 shortly before immunization with the 3Met
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APL and found that these mice had significantly increased
EAE [53].

These results verified the concept of Tregs having a major
role in maintaining the threshold for autoaggression. How they
do this is still not fully understood. In our system, the effect
most likely occurs at the point of initial T cell activation in
the lymph node draining the site of immunization. A recent re-
port using two-photon intravital imaging studied the interac-
tion of naive Ac1e9-reactive TCR transgenic cells (note
these were not Tg4 cells) with Ac1e9-loaded DC in lymph
nodes under conditions in which Tregs were present or absent
[54]. These concluded that the responder T cells made more
meaningful interactions with the DC when Tregs were absent,
perhaps allowing for full activation. Notably, polyclonal Treg
populations were used suggesting that there was no necessity
for Ac1e9-reactive Tregs. An alternative interpretation could
be that polyclonal Tregs might include cells bearing higher af-
finity TCRs than used by the TCR transgenic cells.

Thus far our data do not fit a model in which T cells with
moderate affinity TCRs can be fully activated by sub-agonists
when released from Treg control. We failed to detect the acti-
vation of transferred Tg4 cells in draining lymph nodes after
immunization with 3Met in non-transgenic host mice, even
after depletion of Tregs (in contrast, WT Ac1e9 clearly trig-
gered the activation of these transferred cells). Moreover,
Tg4 cells did not accumulate significantly in the CNS of
Treg depleted mice primed with 3Met [53]. An explanation
for this unexpected result may lie in the fact that our initial
studies using the Ac1e9(4Tyr)-Au multimers showed that
Tg4 cells use a moderate affinity TCR, but that there is clearly
a repertoire in WT mice that uses TCRs of higher affinity [7].
Of note, immunization of WT mice with another sub-agonist
APL (4Arg) was found to selectively expand T cells with
high affinity TCRs [43]. These cells were hyper-responsive
to WT Ac1e9. Even so, mice immunized with this peptide
did not develop full-blown EAE. At the time we interpreted
this to be because, although these cells were present, their
numbers were too few to cause sufficient damage in the
CNS. An alternative (which might account for the great diffi-
culty we had in generating in vitro TCL against the 4Arg pep-
tide) would be that these cells with higher affinity TCRs were
already Tregs. With hindsight, it was a significant omission
that we did not assess these cells for foxp3-expression.

In summary our use of the MBP Ac1e9 peptide, and its
well-defined interaction with the Au class II molecule and
the TCR has allowed us to show that all three of the pillars
Fig. 3. The three pillars of immune tolerance maintain the threshold for harm. The sensitivity with which a particular T cell will respond to a self antigen (i.e. the

number of pMHC complexes needed to be displayed in order to fully activate the cell) is determined primarily by the affinity with which the TCR binds the pMHC

complex. Sensitivity is refined by (a) the level of TCR expression, (b) the level of expression of coreceptors (CD4 or CD8) or other surface receptors that enhance

signalling; (c) the level of expression of inhibitory surface receptors (e.g. CD5); (d) the relative incorporation of TCR-proximal signalling molecules that either

enhance or inhibit T cell activation (not shown here). Only those cells whose sensitivity is above the threshold for harm (i.e. those activated by low levels of self

pMHC complexes) are likely to become autoaggressive. Those cells with high affinity TCRs are deleted via negative selection either during thymic maturation, or

in response to superagonist foreign antigens during a peripheral immune response. Those cells with moderate affinity TCRs can adapt in response to superagonist

stimulation to move below the threshold for harm. This may be due to decreased expression of TCR and/or coreceptor, increased expression of inhibitory receptors,

or alterations in their TCR-signalling machinery. Note that cells that are desensitized in this way (as part of a functional anti-pathogen response for example) may

be efficiently expanded and enter the memory pool. There is then potential for these cells to re-sensitize to self over time creating a possible risk of autoaggression.

An alternative fate for developing thymocytes bearing TCRs of relatively high affinity for self pMHC is to differentiate into foxp3þ Tregs. These cells would then

have a selective advantage to respond to foreign sub-agonists during peripheral responses, thereby preventing the activation of their potentially autoaggressive

counterparts of lower sensitivity.
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of immune tolerance can exert their effects to restrict the range
of TCR stimulation that will ultimately lead to autoaggression
(the ‘‘Goldilocks model’’, Fig. 3). Superagonist stimulation
leads to sensory adaptation that expands/maintains an autor-
eactive repertoire with a sensitivity that is set below the thresh-
old for harm. In extreme cases, if the superagonist ‘‘hit’’ is too
strong the T cell has no alternative but to die. If the stimulus is
too cool (sub-agonist), autoaggression will not develop be-
cause of the dominant effects of highly sensitive Tregs. Strong
signals are therefore sensed intrinsically by the potentially au-
toaggressive T cell, whereas weak signals are suppressed by
the action of other cells. This three-edged control serves to
limit the scope for infection leading to autoaggression via
molecular mimicry to situations when the self and cross-
reactive foreign antigens give TCR signals of almost identical
strengths.

8. Final thoughts

Why should the immune system rely on these complex
safety measures to limit autoaggression? As we discussed ear-
lier, the majority if not the entire peripheral T cell repertoire
displays a degree of self-reactivity. If tolerance was absolute,
working through deletion of self reactive cells, we would not
have a T cell repertoire. Therefore the best approach is to
keep the ultimate sanction of death of the T cell (either in
the thymus or in the periphery) to an absolute minimum.
This is why adaptation is such an attractive option as it allows
for the maintenance of the most diverse T cell repertoire, but
one that is kept below the threshold for harm. Although the
adapted phenotype correlates with elevated expression of
CD5, as has been observed in other studies on sensory adapta-
tion [55], we have yet to show a causative effect. Increased
CD5 may simply act as a marker for adapted cells, rather
than being the key driver in adaptation.

The negative side to adaptation is that, by definition, it is
reversible [12, 15] and herein lies an inherent risk. A supera-
gonist foreign antigen could expand a substantial population of
adapted memory T cells (these may have had an important role
of clearance of the infection). If, in the absence of the original
foreign antigen, these cells can regain sensitivity to self over
time and then be stimulated by another foreign antigen that
more closely resembles self (or indeed by the self antigen it-
self) autoaggression could result. Thus a system based on ad-
aptation in response to superagonist infection maintaining the
self-reactive repertoire below the threshold for harm would ac-
tually be reliant on a reasonably constant exposure to infection
to prevent some cells drifting back above the threshold for
harm. We constantly hear of the increase in autoimmune and
allergic diseases in industrialized countries being a conse-
quence of reduced immune regulation because of lower infec-
tion rates (i.e. the hygiene hypothesis) [56]. The model
outlined above could equally account for the observed
correlation.

Finally the model of our most self-reactive T cells exiting
the thymus as pre-formed Tregs is appealing for limiting the
activation of other T cells by ‘‘weakly’’ cross-reactive foreign
antigens. If this is so, there is an imperative that the Treg pro-
gram should be absolutely fixed in these cells. If they possess
the capacity to be converted in the periphery to an aggressive,
pro-inflammatory function, they would be the most dangerous
cells that we would possess. But then again, they should com-
mit suicide in response to any superagonist antigen.

Additional discussion on other aspects of loss of tolerance
are discussed elsewhere in this special issue [57e70].
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[58] Ruiz-Argüelles A, Brito GJ, Reyes-Izquierdo P, Pérez-Romano B, Sán-
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[66] Vollmers P, Brändlein S. Natural antibodies and cancer. J Autoimmun

2007;29:295e302.

[67] Rowley B, Tang L, Shinton S, Hayakawa K, Hardy RR. Autoreactive B-1

B cells: constraints on natural autoantibody B cell antigen receptors. J

Autoimmun 2007;29:236e45.

[68] Avrameas S, Ternynck T, Tsonis IA, Lymperi P. Naturally occurring

B-cell autoreactivity: a critical overview. J Autoimmun 2007;29:213e8.

[69] Milner J, Ward J, Keane-Myers A, Min B, Paul WE. Repertoire-dependent

immunopathology. J Autoimmun 2007;29:257e61.

[70] Lan R, Mackay IR, Gershwin ME. Regulatory T cells in the prevention of

mucosal inflammatory diseases: patrolling the border. J Autoimmun

2007;29:272e80.


	Death, adaptation and regulation: The three pillars of immune tolerance restrict the risk of autoimmune disease caused by molecular mimicry
	The risk of autoaggression provoked by infection
	Why are we not all sick?
	The three pillars of immune tolerance
	How strong is the case for molecular mimicry?
	Modelling molecular mimicry using CNS autoimmune disease
	When the signal is too hot, death and adaptation control autoaggressive potential
	Treg cells limit the ability of sub-agonist ligands to provoke disease
	Final thoughts
	Acknowledgements
	References


