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Transgenic models of autoimmune disease
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SUMMARY

Transgenic and knockout mouse models have been invaluable for the elucidation of basic mechanisms
in autoimmunity and have contributed new experimental models of human autoimmune diseases.
Transgenic models of self tolerance have helped to change our view of this state from a process medi-
ated purely by thymic deletion to a more complex process encompassing deletion, peripheral anergy,
down-regulation of receptors and modulation by regulatory cells. Experiments in which the genes for
the candidate target antigens in autoimmune disease are over-expressed or under-expressed have
helped to clarify the targets of attack. Several examples of T cell receptor transgenic mice have been
described in which T cells carry the receptor derived from a human or mouse autoimmune T cell clone.
Such mice allow the characterization of T cell specificities contributing to disease and of the additional
factors and checkpoints influencing disease development. In addition, the expression of disease asso-
ciated HLA alleles in ‘humanised’ transgenic lines allows the mapping of HLA-restricted T cell epi-
topes and investigation of the mechanisms underlying these genetic associations. These approaches are
leading to the generation of new disease models, offering hope for the design and testing of novel

immunotherapeutic strategies.
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The field of autoimmune disease has benefited from a long and
profitable interaction between basic science and clinical practice.
Much of the impetus in the field has come from rat and mouse
models. In some cases, this has involved the identification of
autoimmune lesions during the breeding of inbred mouse strains,
such as nonobese diabetic (NOD) mice or lupus-prone MRL,
BXSB, and (NZB x NZW)f1l mice. An alternative approach that
has proved valuable has been the experimental induction of
disease in susceptible strains. These include immunization with
myelin antigens to induce experimental allergic encephalomyelits
(EAE) as a model for multiple sclerosis (MS), with acetylcholine
receptor to model myasthenia, retinal antigens in uveitis and renal
basement membrane antigens for Goodpasture’s disease. From
these basic, disease-induction experiments have come most of our
current concepts and therapeutic hopes for autoimmune disease,
including views on effector mechanisms and modalities for their
inhibition.

With the advent of transgenic mouse technology in the early
1980s came many new opportunities for investigating autoim-
mune mechanisms. These have been used to address questions

Correspondence: Dr D. Altmann Human Disease Immunogenetics
Group, Department of Infectious Diseases, ICSM, Hammersmith
Hospital, Du Cane Road, London W12 ONN, UK.

E-mail: d.altmann@ic.ac.uk

4

transgenic mouse

ranging from basic mechanisms in the maintenance and break-
down of self tolerance to the role of specific molecules implicated
in human autoimmune disease. Some 10 years later came the
impact of many studies looking at the effect of knocking out spe-
cific molecules in gene targeting experiments. The aim of this
review is to highlight briefly some of the key developments in this
field. Transgenic and knockout strains have become major tools
for addressing the central questions in autoimmune disease. What
are the normal mechanisms through which the immune system
can eliminate or control self-reactive T and B cells? Which are
the specific T cells mediating disease and which receptors do
they express? What is the contribution to disease of known or
unknown susceptibility genes, including MHC genes? Which of
the array of candidate target antigens for a given disease, account
for the pattern of pathology? Which cytokines and chemokines
are implicated? Which costimulatory molecules are involved in
the up-regulation or down-regulation of disease? In addition,
experiments in transgenic models can illuminate the mechanisms
underlying clinical observations from autoimmune diseases, for
example, the fact that there is clearly a genetic predisposition,
overlaid with environmental/infectious risk factors. The ultimate
test of these models is whether or not they can offer new insights
into disease aetiology that lead to the design of new therapies,
and whether the models can themselves be valuable in testing
therapies.

© 2002 Blackwell Science



Transgenic models of autoimmune disease 5

Transgenic and knockout models have been used both as
models to test firmly established hypothesese of autoimmunity,
for example, that particular MHC alleles may be protective in
type I diabetes, and as a source of unpredicted phenotypes leading
to new ideas of disease aetiology. An example of the latter type
is the fortuitous development of spontaneous colitis in a number
of immune deficient knockout strains, including TCR¢, IL-2 and
IL-2Ra knockouts [1-3]. These observations have triggered
research into T cell mechanisms in human inflammatory bowel
disease (IBD) as well as offering experimental systems in which
therapies may be tested. Rather than describing and highlighting
the models arranged according to the human diseases they
mimic, models will be discussed according to the types of genes
introduced and the aspect of the immune response influenced.

TRANSGENIC MICE FOR THE ANALYSIS OF
MECHANISMS OF CENTRAL AND PERIPHERAL
SELF-TOLERANCE

It was once believed that all self-reactive T cells must be nega-
tively selected during thymic development, so that any self-
reactivity would be regarded as an aberrant breakdown of this
process. It then became clear that healthy individuals readily show
T cells responses to some self antigens [4], so that the prevention
of disease must also reside at other levels, including the induction
of peripheral anergy and the effect of regulatory cells. Some of
the early transgenic experiments asked how the immune system
of a mouse would cope if all receptors (either B or T cell) were
self reactive for some self antigen which was then also expressed
in the mouse line, potentially creating an entirely autoimmune
immune system. One experiment of this type, conducted in von
Boehmer’s laboratory, asked what would happen if most T cells
express a transgenic, class I restricted TCR specific for the antigen
H-Y and then meet their target antigen, more or less ubiquitously
expressed on tissues of male (but not female) mice [5]. Since these
experiments were reported, the H-Y antigen has been character-
ized as several male cell derived peptides, bound to class I and II
molecules, and originating from the sequences of a number of Y
chromosome encoded genes that have differential sequence from
the X chromosome copy [6]. The initial studies showed that most
of the autoreactive, TCR transgenic T cells engaged H-Y peptides
in the thymus and were deleted at the CD4*CD8" double positive
stage of differentiation [5]. However, many of the transgenic T
cells were able to mature and were exported to the periphery,
where they were found to have much reduced levels of CDS8
or TCR, which rendered them anergic. In another set of experi-
ments, mice were made to carry only the H-Y reactive TCRf
chain. It was found that T cells expressing this chain in the context
of a self-reactive TCR heterodimer were able to mature and leave
the thymus, but their use of the paired o chains had been edited
such that the surviving cells tended to use a subset of o chains
probably associated with much reduced affinity [7]. Thus, despite
carrying an immune system dominated by self-recognizing
cells, no mouse was described to develop any form of disease
pathology.

A related experiment investigated the induction of tolerance
in TCR transgenic mice where a transgenically expressed cognate,
self antigen is directed to be expressed exclusively in the pancreas
through use of an insulin promoter. These mice generally do not
show evidence of deletion; they either show complete ignorance

of the target antigen, or are anergic, the T cells having down-
regulated receptors or accessory molecules, so rendering them
functionally inert in vivo [8]. Since experiments of this type were
first reported from Miller’s laboratory in the late 1980s, there have
been many examples studied. Many different mechanisms have
been described, including down-regulation of receptors, immune
deviation to a Th2 response and control by regulatory cells. In
each case, the lesson is that the immune system is remarkably
resistant to causing autoimmune disease, with many different
safeguards (Fig. 1). In many or most cases, the mere existence
of self-reactive cells is not sufficient to cause disease — some
additional, inflammatory insult is generally required. An example
of this comes from the experiments showing that coexpression
in transgenic mice of an islet cell expressed lymphochoriomenin-
gitis virus (LCMYV) epitope and a corresponding TCR does not
lead to disease, unless the mice are infected with live virus, in
which case the T cells can become activated to cause full blown
diabetes [9]. Experiments of this type are in line with the general
view from clinical studies that humans may harbour autoreactive
cells without developing autoimmune disease, some other
environmental components being required. While the additional
components may come from other susceptibility genes, the factors
clearly cannot be only genetic, since autoimmune diseases show
concordance in monozygotic twins of 35% or less.

TRANSGENIC MICE EXPRESSING T CELL
RECEPTORS DERIVED FROM AUTOIMMUNE
T CELL CLONES

The experiments described above are, on the whole, testament
to how difficult it is to overcome the checks and balances of the
immune system and create an autoimmune mouse. Nevertheless,
several laboratories have been able to generate models of autoim-
munity by making transgenic lines that express TCRs derived
from T cell clones previously proven to transfer autoimmune
disease. In mice expressing a TCR derived from an encephalito-
genic, MBP specific CD4 clone, there is a much enhanced sus-
ceptibility to the induction of CNS disease following injection
of MBP peptide and B. pertussis toxin [10]. The survival of self-
reactive T cell clones in this and similar models is believed to
depend on the very low affinity of the MBP peptide (MBP 1-11)
for MHC and TCR [11]. Interestingly, a proportion of the mice
spontaneously develop CNS disease in early adulthood, but this
is dependent on the microbial status of the mouse facility in which
they are housed [10,12]. Mice maintained under specific pathogen
free conditions rarely develop the disease. In the MBP TCR mice,
as in mice carrying a TCR from a NOD mouse diabetogenic clone
(BDC2-5) specific for a beta cell granule antigen, spontaneous
disease is much enhanced in mice crossed onto a knockout strain
for either recombinase activating gene (RAG) or TCR« [13,14].
The relevance of these experiments is that allelic exclusion at the
TCRe locus is relatively leaky, such that a sizeable proportion of
cells may additionally manage to rearrange and express endoge-
nous TCRe chains, giving rise to additional TCR specificities,
through pairing of the encephalitogenic TCRf chain with the
repertoire of endogenous o chains. Within this population reside
regulatory cells, possibly the CD4*CD25* cells described in other
systems, that have the ability to suppress the response to MBP
1-11, so inhibiting the disease process [15].

In general, the fact that TCR transgenic mice do not develop
autoimmune disease at birth and that, even with the delayed onset
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of disease in adulthood, penetrance can be poor, has provided
many other opportunities for investigating the checkpoints
that may also control the onset of human autoimmune disease.
Work in transgenic models of diabetes, particularly the BDC2-5
diabetogenic TCR transgenic derived in Mathis and Benoist’s
laboratory, have helped to elucidate some of these checkpoints
[16]. The first checkpoint relates to the fact that the TCR trans-
genic mice possess a full repertoire of fully functional, islet
beta cell specific T cells from birth, yet these do not appear as islet
infiltrates until 3weeks or later. T cells in the BDC2-5 TCR
model change their behaviour in early adulthood and start to
migrate to the pancreas generating an insulitis, this correlating
with changes in the expression of addressins and other mediators
involved in lymphocyte homing. In other words, autoreactive
T cells may remain nonpathogenic prior to disease onset because
they lack the necessary signals to home to the tissue involved.
In this and many other NOD transgenic models, there is a second
checkpoint that must be passed, from a peri-islet infiltrate
during which T cells seem to queue up outside the islet waiting to
cause damage, to the full-blown invasion and destruction of beta
cells. Studies in the NOD backcrosses to identify diabetes loci
identified separate genetic controls for the two checkpoints. In
various models, a range of different events may contribute to the
progression from insulitis to diabetes. These may include the
recruitment of other cell types, changes in patterns of Thl and
Th2 cytokine release, and changes in populations of regulatory
cells.

Experiments with murine TCR expression from autoimmune
clones have been used to look at receptors in a number of mouse
models including EAE, type I diabetes and collagen induced
arthritis. It was long appreciated that there would be great advan-
tages in being able to study receptors from human patients’ T cell
clones in vivo using transgenic mouse models. One problem when
studying patients” T cell clones recognizing a particular self
peptide or expressing a particular TCR is that one cannot con-
clude with any certainty that the cells are causally involved in the
disease process. Provided the T cells studied are specific for self
peptides with sequence conservation between mouse and human,
the demonstration that a given human T cell clone can cause
disease when its TCR sequence is transposed into a mouse by
transgenesis, is an important step forward in the argument. This
would also help to jump an important therapeutic hurdle: many
of the treatments that have been successful in the treatment of
murine models are specific to the rat or mouse T cell models from
which they were derived. These include T cell receptor DNA vac-
cinations and TCR-derived peptides. Hu-TCR transgenic models
offer the chance of moving directly to tests of the equivalent
human reagents. These experiments of course also require that
the restricting human HLA molecule is also expressed transgeni-
cally in the model (see below). One group have described induc-
tion of an EAE-like disease in hu-TCR transgenic mice
expressing a TCR directed against an immunodominant epitope
of MBP [17]. We have also generated hu-TCR transgenic mice
and find spontaneous autoimmunity associated with an overtly
Thl response to MBP peptide (manuscript in preparation). One
caveat to these experiments is that the behaviour of the TCR
transgene does not always reiterate faithfully its history in the T
cell clones from which it was derived. One of the most aggressive
spontaneous disease phenotypes so far observed in a TCR trans-
genic model uses a receptor derived from a clone that was origi-
nally nonpathogenic [18].

TRANSGENIC EXPRESSION OF CANDIDATE
AUTOANTIGENS

An enduring problem in the T cell mediated autoimmune diseases
is that, unlike the antibody mediated diseases where characteri-
zation of patient autoantibodies itself provides the means for
purifying the target antigen, there is often little agreement as to
the target recognized by T cells. For each disease, a number of
possible antigens have been cited. In multiple sclerosis the
primary target may be MBP, proteolipoprotein, myelin oligoden-
drocyte glycoprotein or aB-crystallin. In type I diabetes, the can-
didates are glutamic acid decarboxylase 65 (GADG65), insulin, the
IA-2 phosphatase and Hsp60. For rheumatoid arthritis, collagens,
proteoglycans, human cartilage gp39 (HCgp39) and heat shock
proteins have been considered. One possible test of candidacy
would be to look for antigens or peptides that are preferentially
recognized from T cells of patients but not controls. However, as
will be clear from the preceding sections, the existence of cells
that can be activated in vitro to respond to a particular peptide
may be a poor correlate of the induction of autoimmune pathol-
ogy. Spontaneous animal models such as the NOD mouse offer
the chance of studies to determine which of the antiself responses
arises first in the disease process. Another possibility is to induce
tolerance to the candidate self peptide, for example by oral or
intranasal tolerization, and look for disease protection. These
experiments tend to show that several different antigens can
confer protection. Thus, either the path to autoimmune disease
encompasses recognition of several different antigens in the same
target tissue, or tolerance induction to various antigens can each
turn off disease through a form of local, linked suppression.

An alternative approach is to look at the consequence of
hyper-expression of the candidate self-antigen in transgenics
with the aim of driving deletional tolerance of self-reactive cells,
so protecting from disease. The logic for this approach came
from the early transgeic experiments of Skowronski et al. [19],
looking at the effect of simian virus 40 (SV40) large T antigen
expression as a neoantigen, expressed in islet cells by controlling
DNA expression from an insulin promoter. Some transgenic
lines expressed the transgene from birth and showed full immuno-
logical tolerance to the antigen, while others showed delayed
expression, and a failure to develop tolerance, this leading to
insulitis.

We looked in NOD mice at Hsp60, one of the candidate
diabetes autoantigens, generating Hsp60 hyperexpression in the
APC of the thymus by driving expression of the murine Hsp60
cDNA from an H2-E class II promoter [20]. Interestingly, we
found that very high levels of expression were achieved in the
thymus, without producing an absolute loss in responsiveness to
self Hsp60. However, responses to some specific Hsp60 epitopes
were lost and though many mice showed lymphocytic peri-islet
infiltrates, there was protection from full-blown diabetes. A
similar approach has since been attempted for other candidate
antigens in the disease, generally showing protection from
disease. Diabetes was prevented by transgenic expression of
proinsulin [21]. There have been various examples of transgenic
hyperexpression of GADG6S5, some leading to protection and
others to disease exacerbation [22,23]. However, a compelling
argument for the role of GAD®6S5 as a target antigen comes from
the elegant experiments of Yoon et al. [24], who made antisense
transgenics in which GADG65 was ablated to varying degrees in
the pancreas, but not in the CNS. Lines in which GAD65 message
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was reduced to undetectable levels showed protection from
diabetes and were resistant to transfer of disease by pathogenic
cells from diabetic donors. An obvious caveat to the transgenic
over- or under-expression approach is that the target tissue may
be affected by this change in expression for nonimmunological
reasons. For example, we do not know what are the physiological
consequences of GADG65 deletion for the overall function of a
beta cell.

HLA TRANSGENICS MODELS FOR DISEASE
STUDIES AND EPITOPE MAPPING

Another transgene that can be incorporated into the experimen-
tal model is of course the predisposing HLA allele, since, for
many autoimmune diseases, HLA genes are the strongest
markers of genetic susceptibility [25,26]. Although these diseases
clearly involve multiple genes as well as environmental factors,
several groups have taken the view that since the HLA gene prod-
ucts confer a significant component of the genetic risk, one should
express the disease related genes in transgenic mice and thus
investigate mechanisms underlying susceptibility [27,28]. Since
the HLA genes confer enhanced risk rather than acting as disease
genes per se, it would not be anticipated that HLA transgenic
mice would spontaneously develop a disease associated with
that allele. The goal of HLA transgenic experiments is to make
laboratory strains that can better mimic the molecular interaction
giving rise to the human disease and create a mouse showing
enhanced susceptibility to the induction of disease compared
with a nontransgenic or an HLA transgenic carrying an irrelevant
allele. HLA transgenics can be used to map the epitopes of
candidate target antigens from self tissues recognized in the
context of particular HLA alleles. An important, if often over-
looked, starting point for transgenic studies to model the role of
HLA genes in disease is to have a high degree of confidence
as to the identity of the specific, implicated genes whose role is to
be investigated. For some HLA-associated diseases there is
considerable confidence that a gene has been identified which
has a causal role in susceptibility. Examples are DRB1#1501 in
Goodpasture’s disease and DQB1*0302 in type I diabetes. In
some other cases, data point to a number of possible candidates
in the HLA region. Early experiments with HLA class I and
class II transgenic mice aimed to establish their usefulness for
studying ‘humanized’ responses: whether the human molecules
could function to present peptides to murine T cells, whether this
would depend on a species matched interaction with CD4 or
CDS8 and whether the murine TCR repertoire and its plasticity
would allow responses of similar specificity to the human
HLA-restricted responses [29-40]. Where experiment have been
done to investigate whether the specificity of murine, HLA-
restricted responses show similarities to the responses of humans
carrying those HLA alleles, similarities have been found [34-36,
see Table 1].

Responses to peptides spanning the amino acid sequence of
self-antigens have been investigated for antigens including insulin
and GADG6S5, type 1I collagen and human cartilage glycorpotein-
39 (HCgp-39) [41-48, Table 1]. Generally, the mere induction of
these responses is insufficient to induce disease. However, some
groups have achieved disease transfer with HLA-restricted, trans-
genic mouse T cells [49]. Furthermore, evidence for a role
of predisposing alleles comes from experiments where mice
expressing HLA-DQ8 (the allele strongly implicated in diabetes

susceptibility) do not develop spontaneous disease and nor
do mice with transgenic expression of B7-1 targeted to beta
cells. However, when the two lines are crossed, most mice develop
diabetes [50].

Because of the polygenic, complex aetiology of autoimmune
diseases, HLA transgenics are not predicted to develop spon-
taneously autoimmune disease in the absence of other disease
factors. However, when rats carrying a high copy number of
HLA-B27 were generated in an effort to model ankylosing
spondylitis, they were found to develop pathology including
inflammatory peripheral arthritis, inflammatory and fibrotic
spinal lesions and gastrointestinal inflammation [51]. Various
high-copy number B27 transgenics develop disease while
HLA-B7 controls do not [52]. The subsequent application of
the HLA-B27 transgenic rats to investigate the factors contribut-
ing to disease demonstrates some of the potential benefits of a
transgenic approach for elucidating disease mechanisms [53].

CONCLUDING REMARKS

Transgenic mouse models have been invaluable for investigating
many aspects of autoimmune disease, ranging from the mecha-
nisms by which self-tolerance may be maintained or bypassed, to
the nature of the target antigens and the role of HLA genes. In
the postgenomic age, as more is learnt about the relative contri-
butions of genetic and environmental factors to these complex
diseases, it will be possible to build more faithful experimental
models to further elucidate pathogenic mechanisms. This
approach is already leading to the design of new therapeutic
agents, able to target specific disease effector pathways without
the risks associated with blanket immunosuppression.
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