
Abstract

Type 1 diabetes mellitus is a polygenic disease strong-
ly associated with the class II molecules DR3, 4 and
the linked DQ2, 8 alleles. These molecules play an
important role in presentation of peptide antigens after
intracellular processing to CD4 T lymphocytes. A
number of in vitro approaches have been used to elu-
cidate the molecular basis for the association of partic-
ular HLA alleles with susceptibility to or protection
from Type 1 diabetes mellitus. These have focused on
the structure of the antigen-presenting molecules, to-
gether with their peptides. Binding studies, peptide
elution, molecular modelling and crystallisation of the
peptide MHC complex have between them made it
possible to define the peptide-binding regions and to

examine the stability of binding of peptides from puta-
tive autoantigens. It is difficult to study the role of
these molecules in vivo in humans, and HLA trans-
genic mice have been generated to overcome this
problem. Studies of mice expressing the HLA class II
alleles associated with diabetes have shown that the
presence of HLA molecules alone does not cause dis-
ease except in the presence of an islet “insult”, even
when this “insult” would in itself be insufficient to
precipitate disease in the absence of the HLA class II
transgene. HLA transgenic mice offer a way to eluci-
date the in vivo role of these molecules, and could
help the development of targeted immunotherapy.
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influences. Geographical variation in incidence [1]
probably reflects genetic and environmental differ-
ences, but the increasing incidence of Type 1 diabetes
[2] suggests changing environmental influences.

Although many gene regions have been implicated,
few have been confirmed in large family studies [3].
In contrast, the importance of the MHC complex re-
gion on chromosome 6 that encodes HLA has been
confirmed repeatedly. This susceptibility locus is des-
ignated IDDM1 [4]. Different HLA molecules confer
different kinds of susceptibility to autoimmune dis-
ease; some HLA molecules predispose to one disease
but protect against another. The association with Type 1
diabetes is strongest with HLA class II molecules
(DR, DQ and DP), although HLA Class I molecules
also play a role, independently of linkage disequilibri-
um with HLA class II molecules [5]. Since there is
tight linkage disequilibrium within the HLA class II
region, it is often difficult to dissociate the effects of

Introduction

Type 1 diabetes occurs when the insulin-producing
beta cells of the pancreas are destroyed by an immune
response. Genetic susceptibility predisposes to diabe-
tes, but its development is modified by environmental



individual alleles (for example DR) from the effects of
other alleles (for example DQ) that are co-inherited. A
number of haplotypes have been linked to Type 1 dia-
betes [6, 7]. These include DRB1*0401-DQA1*0301/
DQB1*0302 (DR4/DQ8) and DRB1*0301-DQA1*0501/
DQB1*0201 (DR3/DQ2), which are often expressed
together, especially in young patients [8, 9], and will
be discussed further.

The specific biological function of MHC molecules
is to allow products of an invading intracellular micro-
organism to be displayed on the cell surface in such 
a way as to be recognised by the immune system. 
T cells usually recognise antigens only after proteins
have been processed through the antigen-processing
machinery of cells. Although exceptions are increas-
ingly recognised, exogenous proteins are generally
processed through the endosomal pathway in spe-
cialised antigen-presenting cells such as B cells, den-
dritic cells and macrophages. The derived peptides are
then presented on the surface of the cells by MHC
class II molecules to CD4 T cells. Endogenous pro-
teins are processed through the endoplasmic reticu-
lum and presented in the context of MHC class I
molecules, which are expressed on all cells.

A number of autoantigen targets for autoreactive 
T cells have been identified in newly diagnosed pa-
tients with Type 1 diabetes or in their close relatives.
The most important of these include proinsulin (the
precursor of insulin), insulin, the enzyme GAD and
the tyrosine phosphatase, insulinoma-associated anti-
gen 2 (IA-2) [10, 11, 12, 13]. Autoantibodies are im-
portant biological markers of the autoimmune process
and are highly predictive of future disease in relatives
of patients with diabetes [14]. The presence of autoan-
tibodies suggests a pathogenic role for CD4 T cells,
which recognise antigenic peptides presented by spe-
cific HLA class II molecules. CD4 T helper (Th) cells
can be further divided into subpopulations 1 (Th1) and
2 (Th2) based on the cytokines they secrete. Th1 cells
produce proinflammatory cytokines such as IFN-γ and
TNF-α, whereas Th2 cells secrete cytokines that pro-
mote antibody responses, such as IL-4, IL-5, IL-6 and
IL-10.

Although HLA DQ molecules are more strongly
associated with disease, most human T cell clones iso-
lated from diabetic patients and specific for peptides
of GAD [15, 16, 17, 18, 19], insulin [20] or I-A2 [21]
are restricted to DR rather than DQ [22]. This may 
reflect the low level of HLA DQ expression on anti-
gen-presenting cells or the fact that in vitro culture
methods select for DR-restricted T cells. It is also 
possible that the pathogenic and DQ-restricted CD4 
T cells are concentrated in or near the target organ
(i.e. the pancreas) and are therefore not accessible for
study.

The strength of genetic association studies has
prompted considerable effort to investigate how these
molecules predispose to Type 1 diabetes. This has

been approached using peptide/MHC binding experi-
ments [23], peptide elution from MHC molecules
[24], molecular modelling [25] and crystallisation of
the peptide–MHC complex [26]. These methods have
made it possible to define the peptide-binding regions
and to examine the stability of binding of peptides
from putative autoantigens. It is not, however, possi-
ble to study the generation of peptides and the effect
of administering peptides in vivo, nor to directly 
investigate the role of HLA class II on disease in 
humans. Animal models are required to dissect patho-
genic processes and to investigate the effect of various
therapeutic manipulations. This review will focus on
“humanised” animal models, in the form of transgenic
mice that express HLA molecules associated with 
autoimmune diabetes and other autoimmune disorders.

What is a transgenic mouse?

A transgenic mouse is produced by injecting cloned
DNA fragments from the same or different species
into a fertilised egg, which is then implanted into the
uterus of a foster mother. The DNA integrates ran-
domly into the genome, and there is no need for ho-
mology between the injected DNA and the host ge-
nome. Genomic DNA samples from the injected off-
spring of the foster mother are then examined for the
expression of the injected DNA, usually by Southern
blot or PCR. Offspring in which the injected DNA is
stably integrated into the genome are then used as
founders of a transgenic line (colony). Transgenic
mice are often used to study targeted protein expres-
sion in a specific tissue (or cell type) by using a tis-
sue-specific promoter in the cloned DNA fragment.
The transgenic mice can then be used to evaluate the
effect of expression of the protein.

What happens if mice carry HLA genes?

A large group of human diseases, including many 
autoimmune disorders, are associated with specific
HLA genes. In transgenic mice, the expression of hu-
man HLA class II molecules on antigen-presenting
cells in the thymus and periphery has a similar distri-
bution to that of endogenous mouse MHC class II
molecules. These models allow the function of the
HLA molecules to be studied at a more fundamental
level in vitro as well as in vivo. As a general rule,
mice expressing HLA molecules do not develop 
spontaneous autoimmune disease, but in some cases a
disease can be induced by injection of autoantigens.

The earliest autoimmune disease to be studied us-
ing HLA class II transgenic mice was collagen-
induced arthritis, in which collagen II is used to im-
munise mice and stimulate T and B cell responses
[27]. Rheumatoid arthritis in humans is associated
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with HLA-DR1, DR4 and DQ8 and mice expressing
these HLA molecules are susceptible to collagen-
induced arthritis, which shows many similarities with
the human disease [28, 29]. Studies using these HLA
transgenic mice suggest that peptides derived from
collagen II bound by DR molecules are important for
the development of rheumatoid arthritis; these pep-
tides may be important targets for prevention and/or
treatment of the disease. Susceptibility to myasthaenia
gravis in humans is strongly associated with the ex-
pression of HLA-DR3 and DQ8 but negatively linked
to the expression of HLA-DQ6 molecules [30, 31,
32]. In vivo studies demonstrated that mice expressing
transgenes for DR3 and/or DQ8 molecules developed
experimental autoimmune myasthaenia gravis after
immunisation with the human acetylcholine receptor,
whereas DQ6 transgenic mice were resistant to induc-
tion of the disease [33]. Another disease associated
with the expression of certain HLA molecules, partic-
ularly HLA-DR2, is multiple sclerosis. Experimental
allergic encephalomyelitis can be induced in mice car-
rying the disease-susceptible HLA molecules by im-
munising them with myelin basic protein or myelin
oligodendrocyte glycoprotein, autoantigens relevant to
multiple sclerosis [34, 35].

HLA class II transgenic mice have offered good ex-
perimental models for the study of other autoimmune
diseases, such as autoimmune thyroiditis, autoimmune
uveitis and systemic lupus erythematosus [36, 37, 38,
39], and more recently human autoimmune myocardi-
tis [40] and postinflammatory dilated cardiomyopathy
[41]. These approaches have led to the generation of
new animal models that may represent human diseases
more closely than some of the currently existing mod-
els. These mice have also allowed the mapping of
HLA-restricted T cell epitopes and investigation of
the mechanisms underlying these genetic associations.

Do HLA class II transgenic mice develop 
autoimmune diabetes?

The non-obese diabetic (NOD) mouse has given us
many insights into the pathogenesis of autoimmune
diabetes, but the disease in NOD mice still differs in
many respects from the human disease. Most mouse
strains express the MHC class II molecules I-A and 
I-E, which are the human homologues of DQ and DR
respectively. Whilst the only MHC class II molecule
expressed in the NOD mouse (I-Ag7) is very similar to
HLA-DQA1*0301/DQB1*0302 (DQ8), which predis-
poses to diabetes in humans, it is different from other
human MHC class II molecules, e.g. DR3, DR4, DQ2,
that also predispose to diabetes. Similarly, numerous
other gene regions contribute to the development of
diabetes in NOD mice, but do not necessarily corre-
spond to the rest of the predisposing genes found in
humans [42]. HLA transgenic mice allow us to study

the role of the HLA with or without the presence of
other potentially predisposing genes. The various
HLA molecules have therefore been expressed on 
genetic backgrounds not susceptible to diabetes, such
as C57BL/6 or C57BL/10. They have also been
crossed on to an NOD background that does predis-
pose to diabetes.

Although islet beta cell autoantibodies are impor-
tant biological markers, islet-directed T cells are the
primary immune mediators of beta cell destruction,
acting via local release of cytokines, by direct cytoly-
sis, or both. A patient who died soon after the onset of
Type 1 diabetes showed insulitis composed of T cells,
macrophages and B cells [43]. Pancreatic biopsy in
newly diagnosed patients has identified both CD4 and
CD8 T cells [44]. Recurrence of immune-mediated 
lesions in twin-to-twin pancreas grafts [45] and sub-
sequent destruction of the graft further supports the
role of T cells in disease development.

Studies from the NOD mouse have provided direct
evidence that T cells play a primary role. These mice
develop insulitis at about 6 weeks of age and develop
a disease similar to human Type 1 diabetes from 12
weeks onwards, with about 90% of females and 70%
of males becoming diabetic by 30 weeks of age (data
from the NOD mouse colony at Yale University). The
central role of T cells in Type 1 diabetes is under-
scored by treatments designed to delete T cells using
antibodies against CD3 that prevent disease in neona-
tal NOD mice [46]. In addition, adoptive transfer of T
cells from diabetic mice into young or irradiated NOD
mice or NOD/SCID mice produces disease [47, 48,
49]. It is now clear, at least in the animal models, that
both CD4 and CD8 T cells play an important role in
the development of disease. Diabetes does not occur
in the absence of CD4 cells, as shown by studies using
anti-CD4 antibodies in vivo [50], nor does it occur in
mice that lack CD4 T cells due to genetic targeting
[51]. NOD mice are also diabetes-free if they are 
deficient in CD8 T cells, either as a result of anti-CD8
antibody treatment in vivo [52] or as a result of ge-
netic targeting [53, 54]. These data indicate that both
CD4 and CD8 T cells are necessary for the disease to
develop.

T cells develop in the thymus and the expression of
MHC class I and II molecules on thymic epithelial
cells facilitates development of CD8 and CD4 T cells
respectively. CD4 T cells require self-peptide present-
ed by MHC class II molecules for their selection. If
the appropriate MHC class II peptide complex is not
available, the cells will die. If, however, the MHC
class II peptide complex stimulates developing T cells
too strongly, they then undergo negative selection.
This process is important for production of the great
diversity of T cells needed to recognise foreign anti-
gens, whilst protecting against release of T cells that
recognise self-antigens with high affinity (autoreac-
tive).
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The transgenic MHC class II molecules are ex-
pressed in the thymus as well as the periphery. This is
important for selection of CD4 T cells that recognise
peptides together with the human transgenic HLA
molecules. In addition, the CD4 molecule increases
the strength of the interaction between the T cell and
the antigen-presenting cell in both the thymus and the
periphery.

In HLA transgenic mice the MHC molecule is hu-
man but the other components, such as CD4, are of
mouse origin. It has been argued that the interaction of
the mouse CD4 molecule with the HLA–peptide–TCR
complex may not be as strong as human CD4, poten-
tially creating a problem in selection of CD4 T cells in
the thymus of some HLA transgenic mice. It is there-
fore important that a sufficient number of CD4 T cells
are selected by the human HLA molecules expressed
in the mice, and some investigators have suggested
that human CD4 molecules, expressed as transgenes,
may be required in HLA transgenic mice [55, 56]. It
has, however, been shown that sufficient CD4 T cells
can be selected in the thymus without human CD4, 
although the numbers may be lower than in in conven-
tional mice. These T cells selected on human HLA
molecules are functional in the presence of mouse
CD4 and in the absence of human CD4 molecules [57,
58, 59, 60]. Altmann and co-workers [61] directly
compared immune responses in HLA transgenic mice
with or without a human CD4 transgene and found
that the immune responses were not significantly dif-
ferent in these mice. Similarly, the expression of 
human CD4 in HLA-DQ8 mice on the NOD genetic
background did not result in more effective auto-
immunity to islet beta cells [62]. Table 1 summarises
some of the studies.

The other potential confounding factor encountered
in the study of human HLA transgenic mice is the pres-

ence of endogenous mouse MHC class II molecules. If
the HLA transgenes are expressed in addition to the en-
dogenous mouse MHC class II molecules, these could
interfere with and predominate over interactions with
the transgenic HLA molecules. This pitfall can be over-
come by breeding HLA transgenic mice together with
mice that are deficient for mouse MHC class II (desig-
nated I-Ab−/− or mII−). This mutation in the mouse
MHC class II molecule was originally specifically tar-
geted to the I-Ab molecule on the B6 genetic back-
ground [63]. For this knock-out mutation to be ex-
pressed in other genetic backgrounds, mII- mice must
be backcrossed on to other strains.

Although HLA class II molecules play a key role in
susceptibility to disease, other factors clearly play a
role. It is therefore not surprising that the HLA trans-
genic animals that have been studied either in the
presence or absence of endogenous mouse MHC class
II do not spontaneously develop the HLA-associated
diseases [58, 60]. This is also true when the HLA
transgene is expressed on the NOD background [62]
in the absence of the predisposing I-Ag7. Importantly,
however, both MHC class I and class II molecules are
essential in determining susceptibility to disease;
genes encoding class I and II molecules are often in-
herited together due to linkage disequilibrium. In mice
deficient for endogenous MHC class II I-Ag7 on the
NOD genetic background, the mouse class II has been
removed, but the MHC class I is also different due to
linkage disequilibrium with the mutated MHC class II
region. In this example, removal of the NOD I-Ag7

also results in a change of the NOD MHC class I
molecules (KdDb to KbDb expressed in the original B6
strain of mII-). Removal of I-Ag7 in NOD mice thus
also removes an important predisposing factor, MHC
class I, Kd, and this may contribute to the disease re-
sistance found in HLA transgenic NOD mice.

Table 1. The selection of murine CD4+ T cells in the presence or absence of human CD4 molecules

Genotype CD4+ T cells (%) Background Reference

C57BL/6 56±8 C57BL/6 [58]
DQ8+/mII−/mCD4+/huCD4− 15±5 C57BL/6 [58]
DR4+/mII−/mCD4+/huCD4− 25±7 C57BL/6 [79]
DQ8+DR4+/mII−/mCD4+/huCD4− 42±8 C57BL/6 [79]
DR3+/mII−/mCD4+/huCD4− 28±6 C57BL/6 Wen, unpublished data
DQ8+DR3+/mII−/mCD4+/huCD4− 48±8 C57BL/6 Wen, unpublished data
DQ8+/mII−/mCD4+/huCD4− 13.1±6.1 N2 NOD [60]
DR3+/mII−/mCD4+/huCD4− 15.1±3.6 N2 NOD [59]
DQ8+DR3+/mII−/mCD4+/huCD4− 14±1.5 N2 NOD [60]
DR4−/mII+/ mCD4+/huCD4− 27 Mixed [55]
DR4+/mII−/mCD4+/huCD4− 3.8 Mixed [55]
DR4+/mII−/mCD4+/huCD4+ 13.3 Mixed [55]
DR4+*/mII−/mCD4+/huCD4+* 31.1 Mixed [55]
DQ8+/ mII−/mCD4+/huCD4+ 21 NOD [97]

This table only summarises the references that showed the 
actual number of CD4+ T cells in their system. Studies that did
not publish the actual numbers are not included in the table.

Abbreviations: mII−, mouse MHC class II deficiency; mCD4+,
mouse CD4; huCD4+, human CD4; huCD4−, no human CD4.
* Homozygous for the indicated transgenes
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Despite the lack of spontaneous disease, these HLA
transgenic models have proved very useful for the
study of peptide binding to the HLA molecules, 
providing information about generation of immune 
responses to particular autoantigens in vivo and the
binding of those autoantigenic peptides in vitro. These
mice can generate efficient islet autoantigen-specific
immune responses after immunisation with GAD and
proinsulin, or peptides derived from these molecules.
This has facilitated mapping of the peptide epitopes of
GAD65 for HLA DR4 [64, 65], HLA DQ8 [62, 66,
67] and HLA DR3 [68, 69]. Although different studies
do not necessarily identify the same epitopes, it is im-
portant to note that the genetic background (whether
NOD or B6, B10) may also play a role in the outcome
of immune responses [69, 70]. DQ8 transgenic mice
also recognise epitopes of proinsulin [71, 72] and 
I-A2 [73]. Table 2 summarises the epitopes identified
in these studies.

Despite the fact that HLA transgenic mice do not
develop diabetes spontaneously, both DR3 and DQ8
transgenic mice have insulitis. When both of these

predisposing molecules are present together in a
mixed genetic background, insulitis increases [60].
There may, however, also be an environmental effect
or an effect of the genetic composition, since DQ8
transgenic mice studied by different groups do not all
have spontaneous insulitis [58]. Abraham and co-
workers also demonstrated spontaneous GAD reac-
tivity in DR3/DQ8 transgenic mice, although the 
autoreactive responses in DR3 or DQ8 transgenic
mice alone are very low (all in mixed genetic back-
ground) [60]. In addition to the spontaneous or immu-
nised responses seen to GAD, T cell lines have been
generated that recognise GAD peptides 247-266 and
509-528 and are restricted by HLA DQ8 [58].

Can an altered islet beta cell microenvironment 
promote spontaneous diabetes in HLA class II
transgenic mice?

Although the presence of MHC class II molecules
may stimulate insulitis, it is not in itself sufficient to

Table 2. Islet-beta-cell-associated antigenic peptides identified in HLA transgenic mice

Peptides Peptide sequence HLA Restriction Reference

GAD
21–40 ENPGTARAWCQVAQKFTGGI DQ8 and DR3 [69]
61–80 SVTSRAATGKVACTCDQKPC DQ8 and DR3 [69]

101–115 CDGERPTLAFLQDVM DQ8 [67]
115–127 MNILLQYVVKSFD DR4 [64]
121–140 YVVKSFDRSTKVIDFHYPNE DQ8 [62]
126–140 FDRSTKVIDFHYPNE DQ8 [67]
201–220 NTNMFTYEIAPVFVLLEYVT DQ8 [62]
207–220 YEIAPVFVLLEYVT DQ8 [67]
231–250 PGGSGDGIFSPGGAISNMYA DQ8 [62]
248–267 AMMIARFKMFPEVKEKGMAA DQ8 [58]
261–280 VKEKGMAAVLPRLIAFTSEH DQ8 [64, 69]
274–286 IAFTSEHSHFSLK DR4 [64]
281–300 SHFSLKKGAAALGIGTDSVI DQ8 [69]
471–490 VDKCLELAEYLYTIIKNREG DQ8 [62]
505–519 CFWYIPPSLRTLEDN DQ8 [66]
509–528 IPPSLRTLEDNEERMSRLSK DQ8 [58]
521–535 ERMSRLSKVAPVIKA DQ8 [66]
536–550 RMMEYGTTMVSYQPL DQ8 [67]

Preproinsulin
1–24 MALWMRLLPLLALLALWGPDPAAA DQ8 [71]

11–26 LALLALWGPDPAAAFV DR4 [72]
20–36 PAAAFVNQHLCGSHLV DR4 [72]
44–63 GERGFFYTPKTRREAEDLQV DQ8 [71]
73–90 GAGSLQPLALEGSLQKRG DR4 [72]
85–101 SLQKRGIVEQCCTSICS DR4 [72]

IA2
601–618 RQHARQQDKERLAALGPE DQ8 [73]
616–633 GPEGAHGDTTFEYQDLCR DQ8 [73]
661–678 FSDAAQASPSSHSSTPSW DQ8 [73]
721–738 AEPNTCATAQGEGNIKKN DQ8 [73]
826–843 DEGSALYHVYEVNLVSEH DQ8 [73]
961–979 FALTAVAEEVNAILKALPQ DQ8 [73]



precipitate diabetes [60]. The presence of autoreactive
T cells alone is also insufficient for disease develop-
ment. DQ8-restricted Th1 CD4+ T cell lines, gener-
ated in DQ8 transgenic mice and specific for GAD
peptides 247-266 and 509-528, failed to induce de-
tectable islet pathology when adoptively transferred
into DQ8 transgenic mice. This is not surprising con-
sidering that GAD65 is present at low levels in mouse
islets, and that islet inflammation does not normally
occur in HLA-transgenic mice.

Streptozotocin is a glucose analogue that is toxic to
islet beta cells and can, in high doses, cause diabetes.
Low-dose streptozotocin treatment has been used to
cause damage to islets without precipitating insulitis
or diabetes [58, 74], with a view to stimulating apop-
tosis of islets and increasing expression of islet anti-
gens. GAD peptide-reactive cells generated in DQ8
transgenic mice induced severe insulitis after adoptive
transfer if the recipients were treated with a very low
dose of streptozotocin. They did not, however, precip-
itate diabetes [58]. In this situation, streptozotocin
promoted the up-regulation of mouse MHC class I
molecules (Kb and Db) and human MHC class II
molecules (DQ8) on splenocytes. Expression of the
CD3 component of the T cell receptor and of the CD8
(but not CD4) co-receptor on T cells, and expression
of the adhesion molecules ICAM-1 and VCAM-1 on
the endothelial cells of the pancreas and epithelial
cells of kidney tubules were all increased by strepto-
zotocin [58]. These changes—particularly the up-
regulation of MHC class I, of T cell markers (CD3
and CD8) on lymphocytes, and of adhesion molecules
on endothelial or epithelial cells in the pancreatic 
islets—indicated that streptozotocin could facilitate
the homing of GAD peptide-reactive T cells to their
target tissue. CD8 T cells are very likely to be in-
volved in this process. In contrast, neither the expres-
sion of costimulatory molecules (B7.1 and B7.2) nor
of adhesion molecules (LFA-1, ICAM-1 and LPAM)
on splenocytes was significantly affected by strepto-
zotocin treatment [58].

HLA class II transgenic RIP-B7.1 mice

In the NOD mouse model (reviewed in [75]), CD4 
T cells alone do not cause disease; CD8 T cells are
also required. Similarly, there is evidence for CD8 in-
volvement in human Type 1 diabetes, as discussed
above. It is therefore possible that stimulation of the
activity of CD8 T cells will also be needed to examine
the effect of human HLA class II molecules in dia-
betes.

Experiments using streptozotocin indicate that a
small amount of islet damage will induce severe insu-
litis but not diabetes in the presence of disease-predis-
posing MHC class II molecules. Full T cell activation
is a multicomponent process that requires both stimu-

lation through the T cell receptor and also a second
signal. The second signal needed for full activation of
naïve T cells results from the interaction of costimula-
tory molecules, such as B7.1 or B7.2, with CD28 on 
T cells. To investigate whether activating islet-specific
CD8 T cells would facilitate the development of 
diabetes, we generated DQ8+, mouse MHC class II−
(mII−) mice expressing the costimulator B7.1 mole-
cule under the rat insulin promoter (RIP). These mice
were designated DQ8+/RIP-B7.1 mice. RIP-B7-1
mice, which were originally generated on the B6 ge-
netic background and carry mouse endogenous MHC
class II I-Ab molecules, rarely develop diabetes [76].
Similarly, low rates of diabetes are seen in RIP.B7-1
mice in the absence of mouse MHC class II [77, 78].
In striking contrast to these RIP-B7.1 B6 mice, substi-
tution of human DQ8 molecules for the murine MHC
class II caused RIP-B7.1 mice to develop spontaneous
insulitis and a high incidence of diabetes, which ap-
peared equally in both sexes, similar to humans [77,
79]. Spontaneous diabetes was also seen when murine
MHC class II I-Ab molecules were replaced by human
DR4 molecules in the presence of the RIP-B7.1 trans-
gene, but no diabetes occurred when non-diabetes-
susceptible human MHC class II molecules were sub-
stituted: DQ6+/RIP-B7.1 mice do not develop diabetes
(Fig. 1) [77]. Thus, in this HLA transgenic model sys-
tem, the spontaneous development of diabetes specifi-
cally requires the expression of HLA alleles encoding
molecules that impart susceptibility to diabetes, such
as DQ8 or DR4. Interestingly, the site of DQ8 expres-
sion strongly influences the incidence of diabetes on-
set. Lipes, using the same RIP-B7.1 system, reported
that high expression of DQ8 in the thymus resulted 
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Fig. 1. Incidence of spontaneous diabetes development in
HLA/RIP-B7.1 mice [77]. Four groups of mice were used in
the study. Orange circles: DQ8/RIP.B7; turqoise circles: DR4/
RIP.B7; white circles: DQ8DR4/RIP.B7; black triangles: DQ6/
RIP.B7. Number of mice per group: 12 to 27. The mice were
housed in specific pathogen-free conditions and spontaneous
diabetes development was monitored weekly by urine glucose
and confirmed by blood glucose (>13.9 mmol/l). The experi-
ments ended when the mice were over 9 months old
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in early onset and 100% incidence of diabetes in
DQ8+/RIP-B7.1 mice [80]. In summary, expression of
the RIP-B7-1 molecule is likely to have an effect on
CD8 T cells. This effect, together with an appropriate
stimulus for autoreactive CD4 T cells selected on dia-
betes-susceptible MHC class II molecules, is sufficient
to facilitate the development of diabetes.

HLA class II transgenic RIP-cytokine mice

Costimulatory molecules (B7.1 and B7.2) are normal-
ly expressed on professional antigen-presenting cells,
such as dendritic cells, B cells and macrophages, but
not on pancreatic beta cells, even in the presence of
inflammation [81]. In contrast, pro-inflammatory 
cytokines, such as TNF-α or IFN-α, that can act as a
local stimulus to both CD4 and CD8 T cells can be
expressed in the islet upon exposure to infection or in-
flammatory stimuli. To test whether the local expres-
sion of cytokines, such as TNF-α or IFN-α, could also
precipitate diabetes, we expressed these molecules as
transgenes in the islets. We replaced the B7.1 mole-
cule on the islet beta cells with RIP-TNF-α [76] or
IFN-α [82] using the same insulin promoter. This gen-
erated mice that expressed the HLA transgene, lacked
mouse MHC class II molecules and expressed either
TNF-α or INF-α in the islets, thus mimicking islet 
inflammation. Neither RIP-TNF-α nor RIP-IFN-α
alone, expressed on a B6 background, caused sponta-
neous diabetes, but 60% (10/17) of DQ8+/RIP-TNF-α
and 30% (6/20) of DQ8+/RIP-IFN-α mice developed
diabetes in the presence of the DQ8 transgene (previ-

ously unpublished data, Fig. 2). As with the DQ8+/
RIP-B7.1 mice, the development of spontaneous dia-
betes was dependent on the presence of DQ8, since
neither TNF-α nor IFN-α induced diabetes on this ge-
netic background when expressed alone. These data
also confirm that the presence of the HLA molecule
alone is not sufficient for diabetes to develop sponta-
neously, and that an environmental stimulus is neces-
sary to precipitate the disease. This is also true for 
the induced models of other human diseases such as
collagen-induced arthritis and myelin basic protein-
induced experimental allergic encephalomyelitis in
HLA transgenic mice.

Can the disease be transferred 
to normal syngeneic recipients?

One of the definitions of a cell-mediated autoimmune
disease is that the disease can be adoptively trans-
ferred by lymphocytes. To ascertain whether the spon-
taneous diabetes in HLA transgenic model systems is
mediated by T cells, we performed a series of adop-
tive transfer experiments, which showed that diabetes
in these model systems is indeed cell-mediated. Inter-
estingly, in the HLA/RIP-B7.1 system diabetes could
only be transferred to recipients that also express B7.1
on islet beta cells [77, 79, 80]. This is in contrast to
the HLA/RIP-cytokine system, in which diabetes
could be transferred to the recipients regardless of
whether the cytokine is expressed on islet beta cells
(previously unpublished data, Table 3).

What is the individual and combinatorial role of DQ
and DR molecules in predisposition to diabetes?

HLA-DR4 (0401)/DQ8 and -DR3/DQ2 are common
haplotypes in Type 1 diabetes, but it is difficult to
study their individual roles in disease development be-
cause of linkage disequilibrium within the MHC, such
as DQ8 with DR4 or DQ2 with DR3. Transracial stud-
ies have shown that particular DQ molecules may not
necessarily be associated with the same DR molecules
as found in Caucasoid populations [83]. It is therefore

Fig. 2. Incidence of spontaneous diabetes development in
DQ8/RIP-cytokine (TNF-α and IFN-α) mice. The groups of
mice used were (a) DQ8+ mII−/TNF-α+ (filled circles); DQ8+
mII−/TNF-α− (filled triangles); DQ8− mII−/TNF-α+ (open cir-
cles); and (b) DQ8+ mII−/INF-α+ (filled circles); DQ8+ mII−/
INF-α− (filled triangles); DQ8− mII−/INF-α+ (open circles).
Number of mice per group: 15 to 20. The mice were housed in
specific pathogen-free conditions and spontaneous diabetes 
development was monitored weekly by urine glucose and con-
firmed by blood glucose (>13.9 mmol/l). The experiments 
ended when the mice were over 8 months old
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interesting that the combination of the DR3-DQ2 and
DR4-DQ8 heterozygous genotype promotes diabetes
more strongly than the DR4-DQ8 homozygous 
genotype. This phenomenon has been attributed 
to transcomplementation of the class II molecules 
such that, for instance, the α chain encoded by
DQA1*0301 (DQ8 α chain) may pair with the β chain
encoded by DQB1*0201 (DQ2 β chain) and the 
α chain of DQA1*0501 (DQ2 α chain) pairs with the
β chain encoded by DQB1*0302 (DQ8 β chain) [84,
85]. It is possible to study transgenic mice carrying
one or multiple HLA gene(s) individually or in 
combination. Using this approach, one study [60] 
showed that DQ8/DR3 double transgenic mice (on
B6/129/B10 mixed genetic background) developed
more insulitis than either DQ8 or DR3 single trans-
genic mice. Conversely, another study [79], using
RIP.B7.1 mice (on B6 genetic background) coexpress-
ing DQ8 and DR4, found functional evidence for a
primary role of DQ8 and a possible regulatory role of
DR4 in the pathogenesis of autoimmune diabetes.
Kudva and co-workers [86] have also demonstrated
more insulitis in DQ8/NOD mice than in DR3/NOD
mice. In this instance the frequency and severity of 
insulitis in DQ8/DR3 double transgenic NOD mice
were similar to that seen in DR3/NOD mice. It thus
appeared that DR3 transgene expression decreased the
frequency/severity of insulitis found in DQ8/NOD
mice, as in the DR4/RIP-B7.1 system on the B6 ge-
netic background [79]. This phenomenon has also
been suggested in humans [87]. Genetic studies of pa-
tients with diabetes show that DR4 subtypes confer
varying degrees of protection that modify the risk me-
diated by DQ8 [88, 89]. HLA transgenic mice thus
provide insight into the way in which some HLA
genes may regulate the effects of others.

Are HLA class I transgenic mice useful in the study
of human disease?

The two most studied HLA class I transgenic mice are
HLA-A2.1 and HLA-B27 mice. These have been used
in studies of CD8 cytolytic T cells in response to viral
infection, such as HIV [90, 91], HCV [92, 93] or in-
fluenza virus [94], and to tumour invasion [95, 96]. As
with HLA class II transgenic mice, HLA-A2.1 and

B27 mice are important tools for identification and
characterisation of viral or tumour antigenic epitopes
for CD8 T cells, and for preclinical evaluation of vac-
cines against viruses and for cancer immunotherapy.
HLA-B27 transgenic mice have been used as a good
animal model for human spondyloarthropathies. These
mice develop spontaneous inflammatory disease re-
sembling human arthropathies, and disease develop-
ment is under the influence of the gut bacterial flora,
as in humans [97, 98].

Although there has been a much greater focus on
MHC class II in susceptibility to Type 1 diabetes, it
has in recent years become clear that CD8 T cells 
restricted by MHC class I also play an important role
in pathogenesis of disease. Whilst the HLA class I 
genetic association with diabetes is not as strong as
with MHC class II, a number of alleles are commonly
expressed in patients with diabetes [5, 99]. The only
in vivo study in diabetes to date has been the investi-
gation of the effect of HLA-A2.1 as a transgene
crossed on to the NOD background [100]. This HLA
transgene was coexpressed with mouse MHC class I
(KdDb) and II (I-Ag7) molecules, and an acceleration
of diabetes was shown in the presence of the trans-
gene. This is clearly an area of importance and the 
effect of such transgenes should be examined in the
absence of mouse MHC class I molecules (particularly
Kd) known to predispose to diabetes.

Concluding remarks

HLA transgenic mice have provided new models of
immune-mediated diabetes to complement studies in
the NOD mouse. They are useful for mapping epi-
topes of putative autoantigens. The fact that they do
not develop spontaneous diabetes limits their capacity
for use in testing of interventions to prevent diabetes,
but combined transgenic models such as the HLA
transgenic mice that coexpress cytokines or costimu-
latory molecules on the pancreatic beta cells do de-
velop spontaneous disease. This makes it clear that
both autoreactive T cells and islet-related factors are
important, as summarised in Figure 3. These mice
also show that, in the presence of islet-related factors,
the predisposing HLA molecule determines whether
the disease develops, which accords well with the

Table 3. Adoptive transfer diabetes from diabetic donors to non-diabetic recipients

Irradiated recipients Diabetic donors Diabetes development

DQ8+mII−/RIP-TNF-α+ DQ8+mII−/RIP-TNF-α+ 100% (n=8)
DQ8+mII−/RIP-TNF-α− DQ8+mII−/RIP-TNF-α+ 100% (n=8)
DQ8−mII−/RIP-TNF-α− DQ8+mII−/RIP-TNF-α+ 0% (n=6)

Splenocytes were prepared from diabetic mice and transferred
intravenously into irradiated non-diabetic recipients (10×107/
recipient). Diabetes development in the recipients was moni-

tored and determined by urinary glucose and confirmed by
blood glucose (>13.9 mmol/l)
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view that islet abnormalities contribute to autoim-
mune diabetes [101]. Suitably modified HLA trans-
genic mice could therefore be used in studies of dia-
betes prevention. Since patients may not express
some of the molecules used as transgenes in the pan-
creatic beta cells, it might be argued that these are 
artificial models, which do not relate to the human
disease. This argument, however, applies to all ani-
mal models, which inevitably differ from humans in
some respects. Nevertheless, one very important fu-
ture use of these HLA transgenic mice will be in the
study of agents such as tolerising peptides; if such an
immunological intervention is effective, this would
greatly strengthen the rationale for its use in the hu-
man disease.

As the development of immunotherapy to treat and
prevent Type 1 diabetes proceeds, putative therapies
will need to be tested in more than one model, espe-
cially as so many manipulations influence the devel-
opment of diabetes in the frequently studied NOD
mouse [102]. The challenge will be to translate find-
ings in animal models to human disease.

Fig. 3. Hypothetical scheme representing development of
Type 1 diabetes and incorporating factors that play a role 
in disease development. APC, antigen-presenting cells
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