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Levees of immunological tolerance

Diane Mathis & Christophe Benoist

Immunological tolerance guards against spurious immune responses to body constituents. Tolerance encompasses a network of
mechanisms: central and peripheral, cell-autonomous and cell-interactive. Our understanding of these mechanisms has improved
greatly over recent years, often reflecting new insights into the processes underlying particular autoimmune diseases. Yet it is
possible that important tolerance mechanisms remain to be discovered, perhaps an explanation for the so-far disappointing
clinical translation to the prevention and cure of autoimmune diseases.

This Focus issue contains four Reviews and two Perspectives that
discuss the breakdown of immunological tolerance from a variety of
viewpoints. Reading this body of work, we were struck by the many
analogies with Holland’s famous dike system. Just as an elaborate
network of levees was built to repel the waters from the North Sea
and the inland canals, a series of tolerance mechanisms has evolved
to keep autoimmunity in check. In both cases, leaks can spring up,
borders be skirted or saboteurs emerge.

Cracks and side steps

The Dutch levee system is not a monolithic dam. Analogously, sev-
eral successive T and B lymphocyte tolerance mechanisms together
compose a largely watertight system to prevent autoimmune damage.
First, taking T cells, and as reviewed by von Boehmer and Melchers!,
the repertoire of nascent thymocytes is purged of cells displaying T
cell antigen receptors (TCRs) with reactivity to self-peptides pre-
sented in the thymus, reflecting the multicellular thymic proteome,
including ectopically expressed peripheral-tissue antigens. Removal
of self-reactive thymocytes occurs most radically by maturation
blockade or clonal deletion, or more subtly by clonal deviation into
alternative lineages where the TCR’s potentially damaging reactivity
is reused after being defused by alternative co-receptor usage (as in
CD8ow T cells) or alternative cell phenotypes (for example, natu-
ral killer (NK) T or Foxp3* T regulatory (Treg) cells). Second, the
destructive potential of cells that escape this first filter can be dealt
with by cell-autonomous peripheral tolerance mechanisms, reviewed
here by Mueller?. However, the riddle of self-nonself discrimina-
tion is harder to solve in the periphery than in the shielded thymus;
only in the latter case can any encountered element be taken as self.
Persistent recognition of complexes of peptide—major histocompat-
ibility complex (MHC) molecules detected in the absence of infec-
tion may be the common denominator leading to pathways described
operationally as receptor tuning, anergy or exhaustion. Finally,
immunocyte populations with immunoregulatory properties, the
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best characterized of which are the Foxp3*CD4" T, cells reviewed
by Wing and Sakaguchi?, further limit peripheral reactivity to self,
much as they control many immune responses. It is probably fruitless
to argue the relative importance of central versus peripheral toler-
ance, as natural and experimental loss of function have demonstrated
that ultimately each is required. Perhaps the clearest demonstration
of this complementarity was provided by Aire~Foxp3~'~ mice, which
show faster and more extensive disease than either Aire”'~Foxp3*/*
or Airet/*Foxp3~/~ mice®.

Although autoimmune disease has usually been considered to
be the inverse of tolerance, disorders that appear in humans or in
animal models probably only incompletely reflect tolerance mecha-
nisms, much as a few cracks do not inform concerning the entire
dike. Each disease may reflect only one breach or bypass of the edifice
of immune tolerance, and may ultimately represent a rare excep-
tion, considering the number of potentially self-reactive lympho-
cytes generated on a daily basis by mammalian organisms. For the
huge majority of autoreactive cells, the successive levels and multiple
redundancies of tolerance mechanisms perform very well indeed.
In addition, although the above-mentioned tolerance modes are
established textbook material, we may still be missing large facets.
Remember that, although the importance of ectopic thymic antigen
expression had been proposed for some time, only less than 10 years
ago was its role firmly established with the discovery of how AIRE
deficiency promotes autoimmunity in humans with autoimmune
polyendocrinopathy—candidiasis—ectodermal dystrophy (APECED)
and in Aire™'~ mice>®.

It is also important to keep in mind that autoimmune diseases rep-
resent a range of failures, rather than unique entities. Some diseases
result from genetic deficiencies in elements essential for facilitating
major facets of the global tolerance process. For example, APECED
and IPEX (immune deficiency—polyendocrinopathy—X-linked) are
diseases provoked by mutations in AIRE and FOXP3, respectively,
and result in impaired clonal deletion and immunoregulation,
respectively; as might be expected, multiorgan pathology occurs
in these instances. Other disorders, including myasthenia gravis,
Hashimoto’s thyroiditis, and perhaps type 1 diabetes, result from
the failure of tolerance to a very specific antigen. Here the emergence
of autoimmune cells may require a particular combination of events.
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One of the most noteworthy examples is found in the experimental
allergic encephalomyelitis mouse model of human multiple scle-
rosis induced by immunization with proteolipid protein (PLP)”8,
Although both H-2P and H-25-bearing mouse strains can potentially
present PLP peptides, the immunodominant peptide presented by
antigen-presenting cells from H-2* mice happens to map within an
alternatively spliced exon that is missing in thymic PLP1 mRNA tran-
scripts; in contrast, the immunodominant epitope for H-2 mice is
in a constant exon, so T cells reactive to it are properly tolerized.
Such a combination (defective expression in the thymus coincid-
ing with the MHC-preferential epitope) may be required for certain
autoreactive TCRs to sneak through. Indeed, as pointed out by von
Boehmer and Melchers!, autoimmune TCRs and their targets are an
odd lot, as they recognize peptides bound with low affinity by MHC
molecules’, peptides carrying post-translational modifications'?,
antigens poorly processed in the thymus'!, peptides binding in an
unusual register within the MHC molecules’ grooves (B. Stadinski,
personal communication) or TCR-peptide-MHC interactions that
adopt unusual angles'?. Finally, there are likely several inflammatory
diseases masquerading as autoimmune, in that they do not entail
activation of lymphocytes by cognate autoantigen. In some cases,
there may just be a loss of feedback controls on lymphocyte pro-
liferation!?. In other instances, apparent organ-specific manifesta-
tions that evoke a targeted autoimmune process result from local
particularities of nonspecific effector systems!. In this vein, might
the manifestations of systemic lupus erythematosus be explained
by inappropriate interferon responses to immune complexes that
do not have an autoimmune specificity in themselves and would be
ignored in nonsusceptible individuals? Likewise, is there a true ini-
tiating autoantigen in rheumatoid arthritis, or are runaway inflam-
matory cytokine responses primordial?

There are surprisingly few autoimmune diseases

Tolerance systems are also likely to be multiply redundant, which
results in a relative paucity of targets. Even when T, cells are com-
promised owing to FOXP3 mutations in individuals with IPEX, the
disease is relatively slow and progressive!®. Even in Aire”~Foxp3~/~
mice, many organs remain unaffected*. Redundancy is certainly at
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play here: ectopic antigen expression in the
thymus is substantially amplified by Aire but
does exist in its absence, and T, cells are
the best studied but not the only lympho-
cyte population with inhibitory functions.
There are various explanations for the lim-
ited molecular and anatomical scope of any
one disease.

Some limitations reflect the target tis-
sue itself. Anatomical barriers can delay
or restrict lymphocytic infiltration or the
presentation of autoantigens, and refrac-
tory states may even repulse inflammatory
infiltrates. An intriguing but unexplained
phenomenon has been repeatedly observed
in NOD mice: despite circulating pools of
activated autoreactive T cells that overrun
many pancreatic islets, one always observes a
fraction of completely untouched islets, and
it is unclear how these islets escape attack.
Conversely, the general preponderance of
endocrine organs as autoimmune targets
likely results from the local concentrations
of secreted products, which are much higher than in the lymphocyte-
tolerizing compartments.

Other restrictions to autoimmunity are tied to ‘choices’ made by
the immune system. The most obvious of these preferences lies in the
MHC, as the restricted binding of peptides by any one of the hyper-
variable MHC-I or MHC-II molecules clearly helps define the choice
of targets. This selection is reflected in the towering dominance of the
MHC in determining genetic susceptibility to autoimmune disease,
and is experimentally best exemplified by the range of autoimmune
targets seen in MHC-congenic mice on the NOD genetic background,
as different introduced haplotypes sometimes bring distinct auto-
immune targets'®. (However, there is an unsettling element to this
simple explanation: as the range of epitopes bound by any one MHC
allele is fairly extensive, why is the target restriction so tight?) Other
choices may include a time element. For instance, attack of endocrine
islets in NOD mice can be prevented by immunization with an irrel-
evant immunogenic peptide!”, or by the exocrine pancreatitis that
results from Cd28 or Aire deficiencies!'®-2%. Whichever autoimmune
attack comes first seems to win.

It may be that our perception of immunological tolerance is dis-
torted because the tolerance mechanisms we have so far identified are
preferentially those that relatively easily go awry. Certain mechanisms
may break down more readily because of genetic features. For example,
the FOXP3 gene is located on the X chromosome, so any mutation
need only be hemizygous to manifest as IPEX in males. Other tolerance
modes may be fragile because they have one or more nonredundant
elements. Aire may be the only protein that drives expression of certain
peripheral-tissue antigens in the thymus; insulin might well be one
such antigen?!. Still other tolerance mechanisms may break down more
frequently because they protect tissues that are especially at risk owing
to some physiological feature such as frequent exposure to mechanical
stress (such as the joints) or infectious insults (such as the lungs and
skin). It is easy to make the mistake of assuming that the tolerance
modes that are highlighted over and over again are the most important
ones. In fact, one might argue the opposite: we have not yet uncovered
the sturdiest edifices keeping autoimmune disease in check because
they are backed up by a multiplicity of redundancies or because rapid
lethality ensues if they are genetically compromised.

Chris Sharp
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Contributions of the microbiome

If autoimmune diseases represent such diverse breaches of the toler-
ance levees, where does the contribution of the microbiome fit in?
Chervonsky?? reviews the strong arguments for a major influence
of environmental agents, microbial flora in particular, on autoim-
mune deviation: in humans, there are geographic gradients of sus-
ceptibility, autoimmune diseases being far more prevalent at higher
latitudes; in animal models, there are effects of infections or other
manipulations of microbial exposure (for example, germ-free con-
ditions)?3. Appropriately, Chervonsky also refutes the oft-repeated,
but fallacious, notion that incomplete penetrance of autoimmune
disease in monozygotic twins must reflect environmental effects. A
simple genetically imparted probability does not need environmental
triggers, and may merely reflect stochastic elements such as immune
repertoire generation, noisy gene expression or epigenetic fluctua-
tions. Indeed, all biology is probabilistic, being rooted in the mass-
action law of molecular interactions. Chervonsky also distinguishes
autoimmune contexts where the microbiome seems to have no effect
(“pure autoimmunity”) from diseases where microbes have important
potentiating or preventing influences. A range of mechanisms can
subtend the latter cases, as the commensal gut flora is known to gener-
ically influence the development and composition of the immune
system, and microbial infection can reveal loopholes in tolerance by
unmasking, through tissue damage, a previously shielded self antigen
or by amplifying, through molecular mimicry, a minor self-reactive
lymphocyte clone. Infections can also break equilibria that maintain
effective self tolerance, perhaps by activating innate pathogen-sensing
pathways that disrupt tuned signaling pathways, or by compromising
the balance between effector and regulatory cells. These consider-
ations also lead one to question what actually constitutes self. Beyond
our genomic self, should we not include microbes in this definition?
This notion certainly seems appropriate for retroviral elements that
long ago integrated into the human genome, or for the quasi-obligate
symbiotic flora that has also coevolved with humans for thousands of
years and is passed on from mother to child.

Therapeutic implications

Of late, we have been both surprised at and disappointed with the
performance of some of the immunomodulatory strategies tested
in human autoimmune disease settings. An example is recent find-
ings on rituximab, an antibody that recognizes the B lineage—specific
cell-surface molecule CD20 and thereby specifically targets B cells?*.
Surprisingly, rituximab had an impressive beneficial effect in patients
with multiple sclerosis?>?%, a disease not generally thought to have a
critical dependence on B cells. On the other hand, its lack of impact
in patients with systemic lupus erythematosus?>2® was disappoint-
ing, given that this disorder has often been touted as a paradigm
antibody-mediated autoimmune disease. These unexpected out-
comes highlight several issues.

First, we may know a lot less then we think we do. Our view of
human autoimmune disease is heavily colored by results on murine
autoimmune disease models. Obviously, models may not always be
predictive of human disease, and, of course, this is especially true
when the models have been heavily manipulated—whether it be with
drugs (for example, adjuvants) or through genetics (for example,
transgenics). Steinman?” argues that clinical trials themselves are
the best means to evaluate the importance of a particular immune
system cell or molecule in a given disease context. This seems a dan-
gerous thought-mode, however. Palmer and Weaver?? review just
how complex it can be to unravel T helper responses, in particular
Ty-17 responses. Some other factors are almost certainly at play.
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Interventions may be made at variable points in the course of patho-
genesis when different autoimmune diseases are treated with the
same drug (for example, multiple sclerosis was treated with anti—
IL-12p40 at a rather late stage, in the relapsing state). Drug target(s)
can be complex (for example, anti—IL-12p40 recognizes both IL-12
and IL-23, which could have very different influences). Different
therapeutic reagents used to treat the same disorder can have quite
dissimilar pharmacological properties (for example, at least part of
the explanation for the early notion that targeting the tumor necrosis
factor pathway is far superior to targeting the IL-1 pathway might be
the relatively short half-life of the IL-1 receptor antagonist anakinra).
In short, lack of an effect may not tell us much, and comparisons
across drugs or across diseases can be uninterpretable.

Second, “an autoimmune disease is an autoimmune disease is an
autoimmune disease...” does not hold. With variable disease etiolo-
gies and courses of pathogenesis, and, especially, considering the
different modes of tolerance breakdown involved, we cannot expect
that a given therapeutic strategy will successfully intervene in all, or
even most, autoimmune disorders. Worse, given our current state of
ignorance concerning human immune disease mechanisms, we are
even unable to accurately predict, for a drug that is successful in one
autoimmune setting, to which one or two other contexts it might best
be extrapolated. An excellent example of this issue was Steinman’s
citation that drugs targeting the tumor necrosis factor pathway had
an unanticipated exacerbating effect on multiple sclerosis. Taking up
the imagery of the dike system, we should not expect that reinforcing
a dike near The Hague in southwest Holland would save Groningen
in the northeast from inundation through a nearby leak.

It might be instructive to consider the parallels between cancers
and autoimmune diseases, both of which represent a constellation
of related, yet quite distinct, pathologies. Cancers are, at root, dis-
eases of runaway cell division, involving defects in a basic set of
signaling networks; however, precisely which molecules and path-
ways harbor the initiating defect, and which particular tissues are
targeted, differ in different cancers. Early cancer therapies usually
entailed broadly active antiproliferative strategies (for example, che-
motherapy or irradiation), with their potentially widespread side
effects. More recent strategies are much more precise in their tar-
geting. For example, imatinib (Gleevec) is specific for a designated
protein kinase. However, this precision means that, in general, suc-
cessful drugs may be extrapolatable to at most a few other types of
cancer. Similarly, as autoimmune diseases are rooted in inappropri-
ate immune responses that also lead to runaway cell division, early
therapies (for example, cyclosporine) were broadly acting drugs
that aimed to stifle cell proliferation. An important goal has been
to devise more precise reagents, targeting a molecule or cell crucial
to a particular autoimmune disease. But we must not expect, then,
that these more specific reagents will be applicable to any and every
autoimmune pathology.
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