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Abstract

Type 1 diabetes results from a genetically and immu-
nologically complex autoimmune process that is spe-
cifically directed against the pancreatic beta cells.
Non-obese diabetic mice spontaneously develop a
form of autoimmune diabetes closely resembling the
disease in humans. This happens because, like human
diabetic patients, non-obese diabetic mice have an un-
fortunate combination of apparently normal alleles at
numerous loci associated with Type 1 diabetes. In iso-
lation, each of these allelic variants affords a small de-
gree of susceptibility to diabetes. In combination,
however, they set in motion a series of immunological
events that lead to islet inflammation and overt diabe-
tes. Type 1 diabetes is associated with defects in self-
tolerance and immunoregulation. It involves presenta-
tion of beta cell antigens to autoreactive T lympho-

cytes by professional antigen-presenting cells, the re-
cruitment of antigen-activated T cells into pancreatic
islets, and the differentiation of these antigen-activat-
ed lymphocytes into beta cell killers. Understanding
the precise sequence of events in the pathogenesis of
Type 1 diabetes has been, and remains, a challenging
task. Much of our understanding of the immunology
of the disease stems from studies of genetically engi-
neered, non-obese diabetic mice. These mice provide
reductionist systems, with which the contribution of
individual cellular elements, molecules or genes to the
disease process can be dissected. This review focuses
on the lessons that have been learned through studies
of these mice. [Diabetologia (2003) 46:1447-1464]
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Introduction

In humans and non-obese diabetic (NOD) mice Type
1 diabetes results from a chronic autoimmune process
against the pancreatic beta cells. There is extensive
evidence that for Type 1 diabetes to develop autoreac-
tive CD4+ and CD8* T lymphocytes have to be acti-
vated in the pancreatic lymph nodes (PLNs) and re-
cruited into pancreatic islets. These antigen-activated
T lymphocytes progressively destroy the pancreatic
beta cells, bringing about clinical disease after a long
period of islet inflammation. Macrophages, dendritic
cells (DCs) and B lymphocytes are also key factors in
the disease process, notably as antigen-presenting
cells (APCs). These different types of immune cells
contribute to the development of Type 1 diabetes by
participating in complex multi-cellular interactions,
which are directed by cytokines and chemokines, and
modulated by co-stimulatory factors and adhesion
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Table 1. TCR- and BCR-transgenic NOD mice
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Mouse Gene Cell type MHC Antigen/ligand Effects on References
restriction diabetes
BDC-2.5-NOD TCR CD4 I-A¢7 Decapeptides 1040 series ~ Reduced? [13, 35]
4.1-NOD TCR CD4 I-Ag7 NI4 Accelerated® [12, 15]
G286-NOD TCR CD4 I-Ag7 GAD65 46 300 Inhibitede [17]
8.3-NOD TCR CD8 Kd NRP-A7 Acceleratedb [15, 24, 26]
NRP-V7
IGRP;06 514
Al4 TCR CD8 Kd Id Accelerated® [16]
9.33-NOD TCR CD8 Kd NId Accelerated® [18]
VH125-NOD IegM B None Insulin Accelerated® [55]
VH281-NOD IeM B None NId Inhibitede [55]
NOD.IgHEL IgM-HELe B None HELe® Inhibitedec [56]

a Lower incidence of diabetes than wild-type NOD mice
b Earlier onset of diabetes than in wild-type NOD mice
¢ Lower insulitis scores (or absence of insulitis) and no diabetes

Table 2. Transgenic NOD mice

d NI, not identified
¢ HEL, hen egg lysozyme

Mouse Gene(s) Promoter Effects on Type 1 Diabetes References
NOD.RIP-B7.1 Cd80 Insulin Acceleratede [1]
NOD.CTLA4-Ig Ctla4-Ig Keratin Increased® [62]
NOD.RIP-IL-2 112 Insulin Acceleratede [85, 86]
NOD.RIP-IL-4 114 Insulin Inhibitede [88]
BDC2.5-NOD.RIP-IL-4 114/BDC2.5-TCR Insulin Accelerated® [89]
NOD.RIP-IL-6 116 Insulin Delayedd [96]
NOD.RIP-IL-10 1110 Insulin Acceleratede [1]
NOD.RIP-TGFj Tgfbl Insulin Inhibitede [102]
NOD.Glu-TGFf Tgfbl Glucagon Inhibited® [103]
NOD.RIP-TNF o Tnfa Insulin Accelerated® [44]
NOD.RIP-IFN-YAR InfgAR Insulin None [118]
NOD.RIP-FasL FasL Insulin Accelerated® [145]
NOD.GAD65-Tg GADG6S MHC class | Accelerated® [32]
NOD.AS-GAD Antisense-GAD65 Insulin Inhibitede [29]
NOD.tet-ICA69 ICA69 Tet07 Reduced? [33]
NOD .proinsulin-Tg Proinsulin2 MHC class IT Inhibitede [34]

a Lower incidence of diabetes than in wild-type NOD mice
b Higher incidence of diabetes than in wild-type NOD mice
¢ Earlier onset of diabetes than in wild-type NOD mice

molecules. Defects in self-tolerance and immunoregu-
lation, brought forth by a combination of ill-defined
environmental influences (in humans) and genetic ele-
ments (in humans and mice), set these complex cellu-
lar interactions in motion. The genetic and immuno-
logical complexity of Type 1 diabetes has necessitated
the generation of genetically engineered models of
Type 1 diabetes. This review summarises the contribu-
tions of studies in transgenic, gene-targeted and con-
genic NOD mice to our understanding of how diabetes
develops. The effects of various transgenes, targeted
mutations and gene polymorphisms on the natural his-
tory of diabetes in NOD mice are summarised in Ta-
bles 1, 2,3,41[1,2,3,4,5].

To the best of our knowledge, the reviewed studies
followed the “Principles of laboratory animal care”

d Later onset of diabetes than in wild-type NOD mice
¢ Lower insulitis scores (or absence of insulitis) and no dia-
betes

(NIH, publication no.85-23, 1985; http://www.grants1.
nih.cgov/grants/onlaw/references/phspol.html), com-
plied with specific national laws on animal care, were
approved by the relevant ethics committees, and were
carried out in accordance with the Declaration of Hel-
sinki (http://www.wma.net/e/policy/17cnote.pdf).

Role of T cells in Type 1 diabetes

Early T cell transfer studies revealed that CD4+ and
CD8* T cells are necessary for Type 1 diabetes to de-
velop in NOD mice [6]. However, the relative role of
each T cell subset in the disease process remains un-
clear. Since beta cells do not express MHC class II
molecules, it is generally believed that autoreactive
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Table 3. Congenic gene-targeted NOD mice

Mouse Gene Effects on Type 1 diabetes References
NOD.Igu " Igh-6 Inhibitedd [47, 48]
NOD.Igu - Igh-6 Reduced? [49]
NOD.CD28-- Cd28 Increased® [62, 82]
NOD.CD62L+ Cd62L None [62, 82]
NOD.CD80-- Cd80 Accelerated® [134 ]
NOD.CD86- Cds6 Accelerated® [62, 82]
NOD.CD154+ Cdl54 Inhibitedd [44]
RIP-IL-10-NOD.CD154+- Cdl54 None [2]
RIP-IL-10 transgene
RIP-TNFo-NOD.CD 154+ Cdl54 None [44]
RIP-TNFo transgene
4.1-NOD.CD154+ Cdl54 Inhibitedd [28]
4.1-TCR transgene
NOD.IL-4+ * 114 None [90, 91]
NOD.IL-10"- * 1110 None [91]
NOD.IL-12+ 1112 None [111]
NOD.IFN-y - * Infg None [91, 114]
NOD./FN-yRB * Infgr2 None [115, 116]
NOD.IRF-1+ Irfl Inhibitedd [120]
NOD.TNFR1 Tnfr-1 Inhibitedd [127]
NOD.Pfp~ * Prfl Reduced? [143]
NOD.Fas'pr Fas Inhibitedd [144]
NOD.FasLsld FasL Inhibitedd [146]
NOD.ICAM-1+ Icaml Inhibitedd [133]
RIP-IL-10-NOD.ICAM-1+- Icam-1 Inhibitedd [100]
RIP-IL-10 transgene
NOD.CDI1d" Cdld Accelerated® [72, 73]
NOD.f32m~"- B2m Inhibitedd [7,8,9]
B2mb-NOD.32m B2m Inhibitedd [168]
B2mbP transgene
NOD.CIITA~ Ct2a Inhibitedd [150]
RIP-TNFo-NOD.CIITA-- Ct2a Accelerated® [163]
RIP-TNFo transgene
NOD.CD4+ * Cd4 Inhibitedd [16]
NOD.MIP-1o" Mip-la Reduced? [129]
NOD.ICA69-- Ica-1 None [30]
NOD.Proinsulin2 - Proinsulin2 Acceleratede [31]

* Available from the Type 1 Diabetes Repository (T1DR) at
The Jackson Laboratory <exref type = “URL” >http://www.jax.
org/tldr</exref>

a Lower incidence of diabetes than in wild-type NOD mice

CD4+ T cells need to engage beta cell antigens on lo-
cal APCs to undergo activation. Studies of NOD mice
deficient in CD8+* T cells have suggested that the ini-
tial insult shedding these beta cell autoantigens into
the milieu is mediated by CD8* cytotoxic T lympho-
cytes (CTLs) [7, 8, 9], which invariably infiltrate the
islets of NOD mice (reviewed in [10]). In contrast to
this, another view holds that Type 1 diabetes is initiat-
ed by CD4+ T cells (or other cell types). Thus splenic
CD4+ T cells from NOD mice can transfer islet in-
flammation (insulitis) into immunocompromised
hosts, but splenic CD8* T cells cannot do this [6].
Moreover, beta cells do not express key co-stimulato-
ry molecules, suggesting that naive autoreactive CD8*
T cells also need to engage their target antigens on

b Higher incidence of diabetes than in wild-type NOD mice

¢ Earlier onset of diabetes than in wild-type NOD mice

d Lower insulitis scores (or absence of insulitis) and no dia-
betes

professional APCs to be able to differentiate into
CTLs. Finally, genetic susceptibility and resistance to
Type 1 diabetes are profoundly affected by polymor-
phisms of MHC class II genes (reviewed in [11]),
which specifically control the development and func-
tion of CD4+ T cells.

The low peripheral precursor frequency and reper-
toire heterogeneity of pathogenic autoreactive T cells
in NOD mice precludes detailed studies of their devel-
opmental biology. During the last decade a number of
transgenic NOD mice expressing T cell receptors
(TCRs) that target naturally occurring, non-transgenic
beta cell autoantigens have become available [12, 13,
14, 15, 16, 17, 18]. The rearranged TCR-V(D)J genes
expressed by these mice were isolated from islet-spe-
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Table 4. Non-MHCidd loci and NOD mice congenic for non-MHC idd loci

1dd locus Chromosome Origin Effects on Type 1 diabetes Animal model References
1dd?2 9 NON None Not available [3]
1dd2 9 B10 Reduced? Not available [170]
ldd3* 3 B6 Reduced? NOD.B6Idd3 [176]
ldd4 11 B6 Reduced? NOD.B6ldd4 [4]
ldd5* 1 B10 Reduced? NOD.B10/Idd5 [179, 180]
1dd6 6 PWK Accelerated® Not available [170]
1dd6 6 C3H Reduced? NOD.C3HIdd6 [178]
ldd6 6 B10 Reduced? Not available [170]
1dd7 7 B10 Increased® Not available [170]
1dd8 14 B10 Increased® Not available [170]
1dd9* 4 B10 Reduced? NOD.B10/dd9 [181]
1dd10* 3 B6 Reduced? NOD.B6Idd10 [182]
ldd11# 4 B6 Reduced? NOD.B6Iddl11 [5]
1ddi2 14 B6 Reduced? Not available [170]
ldd13 2 NOR Reduced? NOD.NORIddI3 [167]
ldd14 13 NON Reduced? Not available [171]
1dd14 13 B6 Accelerated® NOD.B6lddi4 [177]
ldd15 5 NON Reduced? Not available [171]
lddi6 17 CTS Reduced? NOD.CTSIdd16 [172]
lddi6 17 B10A Inhibitedd NOD.B10AG3 [173]
1dd17* 3 B6 Reduced? NOD.B6ldd17 [182]
1dd18* 3 B6 Reduced? NOD.B6Idd18 [182]
1dd19 6 C3H Reduced? NOD.C3HIdd61dd19 [178]
1dd20 6 C3H Reduced? NOD.C3HIdd20 [178]

Table does not include sub-congenic lines.

* Available from the Type 1 Diabetes Repository (T1DR) at
The Jackson Laboratory http://www.jax.org/tldr or from Ta-
conic Research Farms http://www.taconic.com/emerging/nod-
models/nodcongenics.htm

cific T cell clones, which had been propagated from
NOD mice, cloned into TCR-expression shuttle vec-
tors and introduced into the mouse germ line. As most
of the lymphocytes that develop in these animals ex-
press a single TCR, it is possible to do detailed inves-
tigations of the mechanisms which control the devel-
opment, regulation, activation, recruitment and effec-
tor function of diabetogenic T cells in genetic back-
grounds prone to and resistant to Type 1 diabetes.

Autoreactive CD8+ T cells

The antigenic specificity or specificities of the CD8*
T cells assumed to be involved in the initiation of
Type 1 diabetes are unknown. Several lines of evi-
dence had previously suggested that the antigenic rep-
ertoire of these T cells is restricted. For example,
many of the CD8* T cells isolated from islets of acute-
ly diabetic NOD mice are cytotoxic to beta cells in the
context of the MHC class I molecule H-2K4d and use
TCRo chains with homologous complementarity-de-
termining region 3 (CDR3) sequences [19]. Moreover,
most CD8* T cells isolated from islets of transgenic
NOD mice expressing the TCRP chain of the CD8+
clone NY8.3 (which uses a representative CDR3a se-

# Overlaps with idd9

a Lower incidence of diabetes than in wild-type NOD mice

b Higher incidence of diabetes than in wild-type NOD mice

¢ Earlier onset of diabetes than in wild-type NOD mice

d Lower insulitis scores (or absence of insulitis) and no diabetes

quence) express endogenous TCRo chains which are
identical to the chain used by the clonotype which do-
nated the TCRP transgene [15]. A considerable per-
centage of CD8* T cells propagated from the earliest
insulitic lesions of NOD mice use this particular
TCRao chain, which employs Vol7 and Jo42 ele-
ments [20]. Studies of 8.3-TCRaf-transgenic NOD
mice (8.3-NOD) have shown that CD8*+ T cells ex-
pressing this particular TCRo chain (along with an
appropriate TCRP chain) are highly diabetogenic [15].

The availability of 8.3-NOD mice afforded a
unique opportunity to search for antigenic ligands of
CD8* CTLs relevant to Type 1 diabetes. It is impor-
tant to note that differentiated CTLs derived from is-
lets of pre-diabetic and acutely diabetic NOD mice are
functionally and phenotypically unstable: they either
do not survive repeated antigenic stimulation in vitro,
or they lose cytotoxic activity within days or weeks in
culture [19]. Repeated antigenic stimulation with anti-
gen-pulsed DCs of 8.3-CTLs differentiated in vivo in-
duces transient re-expression of the recombination-ac-
tivating genes (rag) and TCR revision, leading to loss
of beta cell reactivity [21]. The screening of H-2Kd-
binding combinatorial peptide libraries with short-
term-expanded 8.3-CTL lines led to the identification
of two major peptide ligands for T cells expressing the
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prevalent Vol7-Jo42 TCRo chain: NRP and NRP-
A7, an alanine mutant analogue of NRP with superior
agonistic properties [22]. Subsequent studies con-
firmed that these two peptides were recognised by a
large proportion of islet-associated CD8* T cells from
wild-type NOD mice [22, 23]. Hyper-mutation of the
NRP sequence subsequently led to identification of
NRP-V7, a higher affinity ligand of the 8.3-TCR than
NRP or NRP-A7 [24]. Using fluorescently labelled
peptide/MHC tetramers carrying the NRP-V7 peptide,
we later discovered that progression of insulitis to
overt diabetes in NOD mice is associated with expan-
sion of the circulating pool of NRP-V7-reactive T
cells in peripheral blood [25]. More recently the iden-
tity of the naturally occurring ligand of the NRP-
A7/V7-reactive CD8* T cell subpopulation has been
discovered using 8.3-CTLs as probes. This ligand is a
beta-cell specific protein of unknown function, which
resides in the endoplasmic reticulum [26]. The ques-
tion of whether islet-associated CD8* T cells in NOD
mice target only one or several epitopes from this au-
toantigen and whether this autoantigen is also targeted
by human MHC class I-restricted CD8* T cells is one
of the fundamental issues currently under investiga-
tion.

The fact that the NRP-A7/V7-reactive CD8* T cell
subpopulation is prevalent in T cell infiltrates of islets
from NOD mice does not imply that the CD8* T cell
response in Type 1 diabetes is exclusively directed
against a single autoantigen, let alone a single peptide.
One study, for example, has reported that insulitic
CD8* T cells in young NOD mice recognise an insu-
lin-derived peptide [27]. Although we find that these
cells represent only a very small fraction of all islet-
associated CD8* T cells, even in young animals [23,
25], they could still play an important role in the dis-
ease process. However, there is also evidence, in islets
of NOD mice, for the existence of autoreactive CD8*
T cells which recognise neither insulin nor the anti-
genic target of 8.3-CD8* T cells [23, 25]. Explaining
the repertoire of MHC class I-restricted CD8* T cell
responses in murine Type 1 diabetes has obvious diag-
nostic and therapeutic implications for human Type 1
diabetes.

CD4+ T-cell-assisted recruitment of CD8+ T cells

Comparative studies of 8.3-NOD mice which were
competent or deficient in recombination-activating
gene 2 (rag-2) have shown that efficient accumulation
of 8.3-CD8* T cells into islets requires the assistance
of CD4+ T cells [15, 28]. This, however, is not a uni-
versal phenomenon. Thus Al4 CD8+* T cells are as di-
abetogenic in the absence of CD4+ T cells as they are
in their presence. The reasons for these differences
among strains are unknown, but one possibility is that
the need for help from CD4+ T cells in MHC class I-
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restricted TCR-transgenic animals is a function of the
affinity of the TCRs of CD8+ T cells for pep-
tide/MHC. Whatever the mechanism, it is likely that
the peripheral frequency of T-helper-independent,
high-avidity, autoreactive CD8* T cells in non-TCR-
transgenic mice is too low for these cells to be able to
initiate disease without CD4+ T cells (see below). This
would explain why disease initiation in wild-type
NOD mice requires the coordinated recruitment of
CD4+* and CD8* T cells.

Autoreactive CD4+ T cells

The antigenic specificity or specificities of autoreac-
tive CD4+ T cells contributing to the initiation of
and/or progression to Type 1 diabetes in the NOD
mouse are unknown, but several candidates have been
considered. Autoreactive CD4*+ T cells from NOD
mice recognise a number of islet autoantigens, includ-
ing insulin, GAD65 and GADG7, the tyrosine phos-
phatase-like IA-2, phogrin, ICA69, and heat shock
protein 60. NOD mice overexpressing or lacking some
of these autoantigens, including GADG65, ICA69 and
proinsulin, have been generated [29, 30, 31, 32, 33].
Systemic overexpression of a GADG6S5 transgene has
been found to promote diabetogenesis [32], suggest-
ing that there is a breakdown of tolerance to this auto-
antigen in NOD mice. In contrast, overexpression of
ICA69 or proinsulin 2 transgenes gives variable de-
grees of diabetes resistance [33, 34], possibly by in-
ducing central tolerance of autoreactive lymphocytes.
It should be noted that the results of these studies are
difficult to reconcile with those obtained in NOD mice
lacking these autoantigens (see below).

Islet-specific suppression of GAD65 or GAD67 ex-
pression by a rat insulin promoter (RIP)-driven, anti-
sense GAD transgene inhibited the development of in-
sulitis and Type 1 diabetes [29]. Although this result
was taken to imply that this autoantigen plays a criti-
cal role in the pathogenesis of Type 1 diabetes, the au-
thors didn’t formally exclude the potentially con-
founding contribution of genetic contamination of the
transgenic mice to the study’s outcome [29]. Disrup-
tion of the /CA69 gene in NOD mice did not notice-
ably change the natural history of Type 1 diabetes, in-
dicating that this autoantigen is dispensable [30]. In-
terestingly, disruption of the proinsulin 2 gene in
NOD mice accelerated diabetes, suggesting that proin-
sulin-2-reactive T cells play a regulatory role in this
strain [31]. Studies of transgenic NOD mice express-
ing a GAD65-reactive TCR [17] have also suggested a
regulatory role for GAD65-reactive CD4+ T cells in
NOD mice. Two other MHC class II (I-Ag7)-restricted
TCRs derived from NOD mice have been studied so
far (BDC2.5 and 4.1). Although their natural antigenic
ligands remain unknown [12, 13], there is evidence
that they recognise novel autoantigens. Thus the
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BDC2.5 TCR recognises a mimotope which is homol-
ogous to the 528-539 fragment of GADG65 and was
defined using combinatorial peptide libraries, but it
does not recognise the natural epitope [35]. According
to our unpublished observations, 4.1-CD4+ T cells re-
cognise a beta cell autoantigen other than proinsulin,
phogrin, ICA69, IA-2, GAD65 or GADG67.

T cell priming

It has been recently shown that the PLNs are essential
to the development of Type 1 diabetes [36]. Earlier
experiments had suggested that diabetogenic T cells
first encounter cognate peptide/MHC complexes in
the PLNs [28, 37, 38]. These experiments, which used
T cells labelled with carboxyfluorescein diacetate su-
ccinidimyl ester and expressing MHC class T (K9)- or
class II-restricted (I-Ag7), beta-cell-autoreactive TCRs
(8.3-CD8* and BDC2.5- or 4.1-CD4+), also showed
that priming of these T cells does not occur in neona-
tal mice. This suggests that access of beta cell autoan-
tigens to the cross-presentation pathway is develop-
mentally regulated [37, 38]. In 8.3-CD8+ T cells, for
example, priming in the PLNs is undetectable up to
three weeks after birth. The amount of priming in-
creases with the age of the animal and the extent of
beta cell apoptosis in islets, implicating in situ beta
cell death in the facilitation of this process. Interest-
ingly, priming of 8.3-CD8*, 4.1-CD4+ and BDC2.5-
CD4+ T cells in NOD mice is preceded by a physio-
logical “wave” of beta cell apoptosis, which peaks at
about 2 weeks of age and is independent of T cells
[39]. These observations have led to suggestions that
developmental remodelling of beta-cell mass in the
post-neonatal period promotes access of beta-cell au-
toantigens to the cross-presentation pathway. In fact,
the earliest T cell cross-priming event detectable in
the PLNs of NOD mice is not affected by expression
of a transgene protecting beta cells from cytotoxicity
induced by CD8+ CTLs (Yamanouchi et al., submit-
ted).

T-T collaboration

Productive collaboration between CD4+ T-helper cells
and pre-cytotoxic CD8* T cells requires the presenta-
tion of different epitopes by the same APC, usually a
DC, in a CD40/CD154-dependent manner [40, 41,
42]. CD40 ligation on DCs induces the up-regulation
of T cell co-stimulatory molecules, elicits the produc-
tion of pro-inflammatory cytokines and endows DCs
with the ability to differentiate CD8* T cells. Block-
ade of the CD40-CD154 pathway inhibits the develop-
ment of insulitis and diabetes in NOD mice [43, 44].
Whereas disruption of CD154 also protects monoclo-
nal 4.1-TCR-transgenic NOD mice from diabetes, it
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has no effect on the T-helper-independent diabetogen-
ic activity of 8.3-CD8* T cells [28]. In fact, 8.3-CD8*
T cells do not need CD154 to undergo antigen-driven
activation in vivo [28]. Despite this, the ability of T-
helper cells to enhance the diabetogenic activity of
8.3-CD8* T cells is CD154-dependent, because only
CD154+ CD4+ T cells can have this enhancing effect
[28]. Systemic activation of DCs with an agonistic an-
ti-CD40 monoclonal antibody (mAb) or with CpG
DNA (a ligand of toll-like receptor 9) was found to
bypass the need for CD154+ CD4* T cells in this
system, suggesting that T-helper cells promote the re-
cruitment and activation of autoreactive CD8* T cells
by activating DCs. When expressed locally, TNFo can
also overcome the need for CD154 in a non-TCR-
transgenic model of diabetes induced by CD8+ T cells
[44]. However, CD154 does not simply act by ligating
CD40 on DCs; ligation of CD154 co-stimulates CD4+
T cell responses in vitro [45] and in vivo [28].

B lymphocytes

The activation of CD8* T cells in Type 1 diabetes is
probably driven by DCs, which have the unique abili-
ty to process exogenous antigens via the endogenous
pathway of antigen presentation (called “cross-presen-
tation”). Activation, on the other hand, of autoreactive
CD4+ T cells appears to involve the recruitment of B
cells as APCs, at least in non-TCR-transgenic NOD
mice. People with Type 1 diabetes bear autoreactive B
cells that differentiate into plasma cells capable of se-
creting non-cytopathic autoantibodies against multiple
islet cell antigens. These autoreactive B cells are
thought to contribute to Type 1 diabetes development
by capturing beta cell antigens via surface immuno-
globulins (the B cell receptor) and by presenting epi-
topes derived from these antigens to autoreactive
CD4+ T cells via MHC class II molecules on the cell
surface. Several lines of evidence support the hypoth-
esis that B cells play an important role in Type 1 dia-
betes: (i) maternal autoantibodies influence diabetes
development in the offspring [46]; (ii) Igu-gene-defi-
cient NOD mice and NOD mice bearing B cells defi-
cient in MHC class II molecules do not usually devel-
op diabetes [47, 48, 49, 50, 51, 52, 53]; (iii) certain
autoreactive CD4+ T cells do not proliferate in the
PLNs of B-cell-deficient NOD mice [54]; and (iv) a
reduced peripheral frequency of islet-specific B cells
inhibits diabetogenesis, whereas an increased frequen-
cy accelerates it [55, 56]. The suggested ability of B
cells to act as APCs in Type 1 diabetes could be age-
dependent, because the adoptive transfer of B cells in-
to adult B-cell-deficient NOD mice does not restore T-
cell mediated autoimmunity [51]. In contrast, other
findings suggest that the diabetogenic activity of B
cells in NOD mice is not always necessary, as: (i)
splenic T cells from 5-week-old NOD mice can trans-
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fer diabetes into NOD.scid mice in the absence of B
cells [57]; (ii) fetal thymic transplants can restore dia-
betes susceptibility in NOD.scid mice (that is, in the
absence of B cells) [58]; and (iii) certain autoreactive
CD4+ T cells can efficiently trigger diabetes in B-cell-
deficient TCR-transgenic animals [15, 59]. Although
these experimental systems do not fully repeat the nat-
ural history of Type 1 diabetes in wild-type NOD
mice, they do make the contribution of B cells to Type
1 diabetes seem more complex than currently thought.

Immunoregulation

There is evidence suggesting that the autoimmune
proclivity of NOD mice results from impaired devel-
opment and/or function of regulatory T cells. Howev-
er, other lines of evidence indicate that NOD mice do
have functional regulatory cells. Splenocytes from di-
abetic NOD mice can efficiently transfer diabetes into
young immunocompromised NOD mice. Yet when
splenocytes from diabetic NOD mice are co-injected
with splenocytes from pre-diabetic donors, they lose
some of their diabetogenic potential. This suggests
that the spleens of pre-diabetic animals contain anti-
diabetogenic (regulatory) cells [60]. These putative
regulatory cells probably develop in the post-natal pe-
riod, since splenocytes from diabetic mice can transfer
disease into neonatal, but not into older NOD hosts.
The development of these cells must be thymus-de-
pendent, because thymectomy at three weeks of age
accelerates the onset of Type 1 diabetes in female
NOD mice [61]. Three T cell subsets with regulatory
properties have been identified in NOD mice:
CD4+CD25+, CD4+CD62L+ and NK (natural killer) T
cells [62, 63, 64]. In response to TCR ligation,
CD4+CD25* T cells do not proliferate (they are aner-
gic), but they can efficiently inhibit the proliferation
of naive T cells in vitro [65]. Both CD4+CD25+* and
CD4+CD62L* T cells can delay the onset of diabetes
in recipients of diabetogenic T cells [62, 63, 66, 67].
Recent studies suggest that CD4+CD25+ T cells arise
from high-avidity autoreactive T cells during thymo-
cyte development, i.e. upon engagement of self-pep-
tide/MHC complexes on thymic epithelium [68].

The development of NK T cells in NOD mice is im-
paired, but not completely abrogated [64, 69, 70]. Natu-
ral killer T cells are restricted by CD1d (an MHC class
I-like molecule) and usually express an invariant TCRo.
chain (Val4-Jo281) [71]. The fact that CD1d-deficient
NOD mice develop diabetes earlier and more frequent-
ly than wild-type NOD mice [72, 73] shows that NOD
mice bear functional NK T cells. Similarly, when o-ga-
lactosyl-ceramide, a glycolipid recognised by NK T
cells, was given to NOD mice, this protected them from
diabetes [72, 74, 75, 76]. Studies in BDC2.5 TCR-
transgenic NOD mice provide additional evidence that
NK T cells in NOD mice are functional. Massive insu-
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litis develops at a very young age in BDC2.5-NOD
mice [37, 77], but their intra-islet BDC2.5 CD4+ T cells
do not differentiate into diabetogenic T cells in the
presence of endogenous (non-transgenic) T cells. As a
result, these mice have a very low incidence of diabetes
[59]. Four lines of evidence suggest that diabetes resis-
tance in BDC2.5-NOD mice is mediated by NK T cells.
Firstly, BDC2.5 CD4+ T cells activated in vitro can
readily transfer diabetes into NOD.scid recipients,
which lack B and T cells [59]. Secondly, the BDC2.5-
TCR efficiently triggers diabetes in mice deficient in
TCR-Co or rag and in mice with NOD.scid back-
grounds (all of which lack endogenous T cells) [77].
Thirdly, the introduction of a CDId deficiency into
these mice abrogates their resistance to diabetes [73].
And finally, splenic DX5* NK T cells actively suppress
the development of diabetes in BDC2.5-NOD.RAG-2"
hosts in the presence of CD4+ T cells from young, pre-
diabetic NOD mice [77].

The mechanisms by which NK T cells inhibit dia-
betes have been examined in NOD mice expressing a
Val4-Jo281 TCR transgene. These mice have in-
creased numbers of NK T cells [78]. It has been found
that NK T cells do not inhibit the development of dia-
betes by blocking the activation of autoreactive T
cells, but possibly by inhibiting the differentiation of
antigen-activated T cells into effectors producing in-
terferon-y (IFN-y) [79]. The reconstitution of
NOD.scid mice with thymic pre-T cells from various
strains of mice has shown that defective NK T cell de-
velopment in NOD mice results from defects intrinsic
to T cells, rather than from defects in thymic stromal
cells [80]. Despite these observations, the role played
by impaired NK T cell development in the pathogene-
sis of Type 1 diabetes remains unclear.

Co-stimulation versus autoreactivity
and immunoregulation

Expression of transgenic B7.1 molecules in beta cells
of NOD mice accelerates the onset of Type 1 diabetes,
indicating that this co-stimulatory molecule, when ex-
pressed locally, can amplify the diabetogenic autoim-
mune response. Subsequent gene-targeting experi-
ments, however, showed that the role of co-stimulato-
ry molecules in Type 1 diabetes is more complex.

Although treatment of young NOD mice with
CTLA-4-Ig inhibits the development of diabetes (pre-
sumably by blocking co-stimulatory molecules on
APCs) [81], NOD mice deficient in CD28, as well as
NOD mice deficient in B7.1/B7.2, have a higher inci-
dence and faster onset of diabetes than wild-type
NOD mice [62, 82]. This is because the development
of regulatory CD4+CD25*+ T cells is controlled, at
least in part, by CD28/B7 interactions [62, 82]. So in
the absence of CD28 or B7 molecules, these T cells
do not develop properly.
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Interactions between CD40 and CD154 also help
maintain the balance between effector and regulatory
T cells in immune responses, albeit through a different
mechanism. Whereas CD154 blockade inhibits CD4+
T cell help (see above), it has no effect on the devel-
opment or function of regulatory CD4+CD25* T cells,
at least in NOD mice (Serra et al., submitted). As
helper CD4* T cells oppose the immunosuppressive
activity of regulatory CD4+*CD25+ T cells, we pro-
posed that CD154 blockade inhibits diabetogenesis by
promoting “unopposed” suppression of diabetogenic T
cell responses by these regulatory T cells. TNFo/
TNFR [67] and TRANCE/RANK signals [83] have
also been implicated in the development of
CD4+CD25* T cells. Hence, manipulation of these co-
stimulatory pathways could be important for the thera-
py of Type 1 diabetes.

Cytokines

Cytokines play important roles in the development,
activation, recruitment and function of T cells and
APCs, but can also function as effectors of beta cell
death. Although cytokines are typically classed as pro-
inflammatory and anti-inflammatory, their effects on
the natural history of Type 1 diabetes are more a func-
tion of the location, timing and duration of expression
than a function of the subgroup they belong to.

Anti-inflammatory cytokines

IL-2 is a T cell growth factor. However, IL-2 deficien-
cy causes a multi-organ inflammatory syndrome
which results from impaired development of regulato-
ry CD4+CD25+ T cells [84]. Thus IL-2 can be regard-
ed as an anti-inflammatory cytokine. Expression of a
RIP-driven i/-2 transgene in beta cells of NOD mice
accelerated the development of diabetes, possibly be-
cause it promoted the growth of islet-infiltrating T
cells in situ [85]. This transgene also induced diabetes
in NOD.scid mice [86], suggesting that it promoted
diabetes by impairing beta cell function.

Unlike IL-2, IL-4 is clearly an anti-diabetogenic
cytokine [64, 87, 88]. Expression of a RIP-driven il-4
transgene protected NOD mice from insulitis and dia-
betes by inducing immunoregulatory Th2 cells [89].
Yet when this transgene was expressed in BDC2.5-
NOD mice, it enhanced the pathogenicity of TCR-
transgenic T cells, suggesting that, produced in situ,
IL-4 can potentiate the growth and/or activation of au-
toreactive Thl cells [89]. However, it does not seem
likely that IL-4 plays a role in the natural history of
Type 1 diabetes, as NOD mice deficient in IL-4 have a
normal incidence of diabetes with normal kinetics [90,
91]. An alternative explanation is that the absence of
IL-4 in these mice is compensated by other cytokines,
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e.g. IL-13, which can prevent diabetes in NOD mice
[92] and shares a common receptor subunit with IL.-4
[93]. Studies of NOD mice deficient in IL-4 receptor
o chain may clarify this possibility.

Another anti-inflammatory cytokine initially
thought to have diabetogenic activity is IL-6. The
treatment of NOD mice with an anti-IL-6 antibody in-
hibited the development of Type 1 diabetes [94],
whereas expression of a RIP-i/-6 transgene in non-dia-
betes-prone mice induced islet inflammation [95].
Surprisingly, expression of this transgene in NOD
mice delayed the onset of diabetes [96], possibly by
inducing Th2 cells [97]. Interleukin-10, another Th2-
type cytokine, has been shown to have diabetogenic
and anti-diabetogenic effects. Systemic treatment of
NOD mice with recombinant IL-10 inhibited the de-
velopment of Type 1 diabetes [99]. However, when
this cytokine was expressed locally (in pancreatic is-
lets), it promoted Type 1 diabetes [44, 99, 100]. De-
spite the above, NOD mice deficient in IL-10 develop
diabetes normally, which suggests that IL-10 does not
play a role in spontaneous development of the disease,
or that its role is compensated by other mechanisms
[91]. Expression of TGF-B, a powerful negative regu-
lator of T-cell-mediated immune responses [101], in
NOD islet cells altered APC preference and polarised
islet antigen-specific responses towards a Th2 pheno-
type, inhibiting the development of insulitis and dia-
betes [102, 103].

Pro-inflammatory cytokines

Interleukin-12 is a pro-inflammatory cytokine neces-
sary for the development of IFN-y-producing Thl
cells. Several observations suggest that IL-12 plays an
important role in diabetogenesis. Firstly, the progres-
sion of insulitis to overt diabetes in NOD mice is asso-
ciated with increasing amounts of IL-12 in pancreatic
islets [104]. Secondly, genetic susceptibility to human
Type 1 diabetes is associated with il-12 p40 gene
polymorphism [105]. In addition, the administration
of recombinant IL-12 promotes diabetes, and IL-12
blockade inhibits it [106, 107, 108, 109, 110], al-
though this depends on when the treatment begins
[108, 110]. However, like IL-4- and IL-10-deficient
NOD mice, NOD mice deficient in IL-12 have a nor-
mal incidence of diabetes with normal kinetics [111],
suggesting that the role of IL-12 in the disease process
is compensated by other cytokines, e.g. IL-2 [112].
Interferon-y is another Th1-type cytokine with pro-
and anti-diabetogenic activities. Whereas IFN-y
blockade protects NOD mice from diabetes [113],
NOD mice deficient in IFN-y- and NOD mice defi-
cient in IFN-y receptor beta chain develop diabetes
with normal incidence [92, 114, 115, 116, 117]. Al-
though NOD mice deficient in IFN-y receptor alpha
chain do not develop diabetes [117], there is compel-
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ling evidence that resistance to diabetes in these mice
is not caused by IFN-vy receptor deficiency, but by the
presence of a linked anti-diabetogenic 129 allele [115,
116]. Overexpression of a dominant negative IFN-y
receptor transgene in islet beta cells made them unre-
sponsive to the effects of IFN-y on beta cells, i.e. up-
regulation of MHC class I expression, but did not in-
hibit diabetogenesis [118]. This indicates that IFN-y
receptor signalling in beta cells is not an essential
component of the disease process. Interferon regulato-
ry factor-1, a transcription factor induced by IFN-q,
IFN-B and IFN-y, plays a key role in Thl cell devel-
opment [119]. Unlike NOD mice deficient in IFN-v,
NOD mice which are deficient in interferon regulatory
factor-1 develop neither diabetes nor insulitis [120],
suggesting that lack of IFN-y in IFN-y-deficient NOD
mice is compensated by IFN-o and/or IFN-B. The de-
velopment of diabetes in RIP-IFN-o-transgenic mice
supports this possibility [121].

Another pro-inflammatory cytokine which contrib-
utes to the pathogenesis of Type 1 diabetes in NOD
mice is TNFo.. Given to neonatal NOD mice, TNFa
exacerbates Type 1 diabetes [122]. However, when
given to older animals, it inhibits disease progression
[123]. Studies in RIP-TNFo-transgenic mice [44, 124]
have shown that local production of TNFo promotes
diabetogenesis by enhancing APC function and the
development of T-helper-independent CDS8* effector
cells. In contrast, prolonged treatment of adult NOD
mice with recombinant TNFo attenuates TCR signals
[125], induces T cell tolerance [126] and generates
regulatory CD4+CD25* T cells [67]. Studies in NOD
mice deficient in TNF receptor-1 have also document-
ed a role for TNFo as effector molecule in Type 1 dia-
betes [127, 128].

The pathogenesis of Type 1 diabetes also involves
cytokines not discussed here. To the best of our
knowledge, these cytokines have not been studied in
the context of cytokine-transgenic or gene-targeted
NOD mice and were therefore omitted. It is also likely
that chemokines play essential, non-redundant roles in
the pathogenesis of Type 1 diabetes, but very little is
known about the specific nature of these roles. One
exception is macrophage inflammatory protein lo
(MIP-10v), a member of the CC chemokine family that
is expressed by activated islet-specific CD4*+ Thl
cells. NOD mice deficient in MIP-1a develop a sig-
nificantly reduced incidence of diabetes [129]. (For
detailed reviews on the role of cytokines, chemokines
and their receptors in Type 1 diabetes, please see ref-
erences [130, 131, 132]).

Adhesion molecules

To study the contribution of intercellular adhesion
molecule-1 (ICAM-1) and L-selectin (CD62L) to the
pathogenesis of Type 1 diabetes, NOD mice lacking
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these adhesion molecules have been produced [100,
133, 134]. Expressed on multiple cell types, including
beta cells and vascular endothelial cells, ICAM-1 in-
teracts with leucocyte-function-associated antigen-1
(LFA-1) on T cells and delivers a potent co-stimulato-
ry signal which influences the fate of activated T cells
in inflammatory lesions [135]. NOD mice deficient in
ICAM-1 do not develop insulitis, even in the presence
of a diabetogenic RIP-il-10 transgene [100, 136].
Moreover, short-term treatment of young NOD mice
with an anti-ICAM-1 mAb has been shown to inhibit
the development of Type 1 diabetes [137]. Neverthe-
less, splenocytes from mAb-treated NOD mice did not
transfer diabetes into NOD.scid recipients, suggesting
that ICAM-1 blockade has tolerogenic properties
[137]. Interestingly, transient blockade of the ICAM-
1/LFA-1 interaction in diabetic NOD mice (with re-
combinant soluble ICAM-1) caused a sustained rever-
sal of diabetes in a large number of animals, raising
the possibility that interactions between ICAM-1 and
LFA-1 contribute to diabetogenesis through more than
one mechanism [137]. The other adhesion molecule
for which gene-targeted NOD mice are available is
CD62L. Non-obese diabetic mice given an anti-
CD62L mAb developed neither insulitis nor Type 1
diabetes [138], whereas CD62L-deficient NOD mice
developed diabetes normally [134].

Evolution of insulitis to overt diabetes

Non-obese diabetic mice begin to develop insulitis at
about 3 weeks of age, but do not become diabetic until
at least nine weeks later. Studies of the fate of NRP-
A7/V7-reactive CD8* T cells in wild-type NOD mice
using peptide/MHC tetramers showed that progression
of insulitis to overt diabetes in NOD mice is associat-
ed with “avidity maturation” of this T cell subset [23].
As pre-diabetic NOD mice age, their islet-associated
CD8* T cells contain increasing numbers of NRP-A7-
reactive cells, and these cells bind NRP-A7/Kd tetra-
mers with increasing avidity. Repeated treatment of
pre-diabetic NOD mice with soluble NRP-A7 peptide
blunted the avidity maturation of the NRP-A7-reactive
CD8*+ T cell population by deleting clonotypes ex-
pressing high-affinity TCRs and expanding clonotypes
expressing low-affinity TCRs. This inhibited produc-
tion of CTLs and halted the progression of insulitis to
diabetes. It is likely that avidity maturation is not
unique to NRP-A7/V7-reactive T cells, but rather a
general phenomenon in autoimmune T cell responses.
By comparing the fate of TCR-transgenic CD8+ T
cells expressing high- or low-affinity NRP-A7/NRP-
V7-reactive TCRs in TCR-transgenic NOD mice, we
recently showed that central and peripheral tolerance
selectively decrease the size of the high-avidity T cell
pool. This study also showed that autoimmune inflam-
mation fuels the expansion of this pool (Han et al., un-
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published observations). The results provide a devel-
opmental basis for T cell avidity maturation in the
context of autoimmunity. They also support the idea
that beta cell destruction in Type 1 diabetes is execut-
ed by a progressively expanding, but initially small
population of high-avidity clonotypes that evade pe-
ripheral tolerance by localising into inflamed pancre-
atic islets.

Beta cell destruction

Several lines of evidence indicate that CD8+ CTLs,
along with CD4+ T cells, are major effectors of beta
cell destruction in Type 1 diabetes. The former are
consistently present in islets of NOD mice [10], can
transfer diabetes into NOD.scid mice [139, 140] and
can kill beta cells in vivo of mice resistant to Type 1
diabetes [141]. Studies of NOD mice expressing the
8.3-TCRp transgene provided the first evidence that
CD8* CTLs contribute to beta cell loss in spontaneous
Type 1 diabetes. These mice have a minor (but selec-
tive) increase in the frequency of beta-cell-reactive
CD8* T cells and owing to increased recruitment of
CD8* (but not CD4+) T cells into islets, develop accel-
erated Type 1 diabetes [14]. On the other hand, there
is evidence that beta cell destruction in Type 1 diabe-
tes is also effected by CD4+ T cells. Thus beta-cell-au-
toreactive CD4+ T cell clones can transfer disease into
immunocompromised NOD mice [142], and monoclo-
nal TCR-transgenic NOD mice expressing I-Ag’-re-
stricted TCRs develop accelerated diabetes [15, 59].
However, the results of these studies in TCRaB-trans-
genic NOD mice should be interpreted with caution,
as the unusually high frequencies of autoreactive
CD4+ or CD8* T cells in these animals could over-
whelm the mechanisms which, in non-transgenic
mice, would prevent the relevant T cells from causing
insulitis upon activation.

Various animal models have been developed to test
the role of two major pathways of cell-mediated cyto-
toxicity in Type 1 diabetes, perforin and Fas. Perforin-
deficient NOD mice develop insulitis but rarely be-
come diabetic, implicating perforin-expressing CTLs
as effectors of beta cell destruction in Type 1 diabetes
[143]. In contrast, Fas-deficient NOD.Fas/?" mice do
not develop diabetes or insulitis [144], and transgenic
NOD mice expressing FasL in islet beta cells develop
an accelerated form of Type 1 diabetes (owing to beta
cell fratricide) [145]. NOD mice which are heterozy-
gous for the FasLs!d mutation are also resistant to dia-
betes [146]. Taken together, these results suggest that
the Fas/FasL pathway of cell-mediated cytotoxicity
could, by mediating lysis of beta cells by disease-initi-
ating CTLs, be key to the initiation of Type 1 diabetes.
In support of this hypothesis, 8.3-CD8* CTLs, which
are representative of the earliest CD8+ T cells propa-
gated from islets of wild-type NOD mice, kill beta
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cells exclusively via Fas [147]. However, Fas-defi-
cient islet grafts are readily destroyed in spontaneous-
ly diabetic NOD mice [148], indicating that Fas-medi-
ated beta cell cytotoxicity is not an essential mecha-
nism of beta cell destruction at later stages of the dis-
ease process, where perforin and soluble effectors
such as TNFo possibly play a more important role.
Studies with TCR-transgenic mice have shown that
different T cell clones can kill the same targets (beta
cells) via different mechanisms. So whereas BDC2.5-
CD4+ T cells kill beta cells through a pathway depen-
dent on TNF receptors [128], 4.1-CD4+ CTLs do so
via Fas [149].

Genetics

MHC-linked genes. MHC class Il genes are a major
component of genetic susceptibility and resistance to
many autoimmune disorders, including Type 1 diabe-
tes. NOD mice deficient in MHC class II expression
owing to inactivation of the class Il-transactivator do
not develop diabetes, implying that MHC class II mol-
ecules are essential to the development of diabetes
[150]. In humans MHC-linked susceptibility and re-
sistance to Type 1 diabetes are primarily associated
with the HLA-DQBI locus. Alleles encoding DQJ
chains with Ser, Ala or Val at position 57 generate
risk, whereas alleles encoding DQP chains with Asp at
this position provide different degrees of protection
[11]. The NOD mouse is homozygous for a unique H-
2 haplotype (H-257). This haplotype carries a non-
productive I-Ec gene and encodes an I-Aad/I-ABe7
heterodimer in which the His and Asp found at posi-
tions 56 and 57 in most I-AP chains are replaced by
Pro and Ser respectively. Studies of congenic NOD
mice expressing non-NOD MHC haplotypes, and of
NOD mice expressing I-Ead, I-Eak, modified I-AS¢7,
I-Ao*/I-AB* or I-AB9 transgenes have proven that
class II molecules play a direct role in providing sus-
ceptibility or resistance to Type 1 diabetes (reviewed
in [11]). As MHC molecules play a pivotal role in T
cell development, some authors have hypothesised
that protective MHC molecules provide resistance to
Type 1 diabetes by tolerising autoreactive T cells
[151]. Studies in MHC-congenic NOD mice have not
found evidence for T cell tolerance (the mice were re-
sistant to diabetes despite exporting autoreactive T
cells to the periphery). Consequently it was later pro-
posed that MHC-associated resistance to Type 1 dia-
betes was caused by immunoregulation or immune de-
viation [13, 152, 153, 154]. This, however, assumes
that “tolerance” would target all autoreactive T cells,
regardless of pathogenicity, which means the presence
of circulating autoreactive T cells in the animals
would be taken to imply absence of deletional toler-
ance.
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Evidence, at least in mice, for a relationship be-
tween deletion of certain highly diabetogenic CD4+ T
cells and the MHC-linked resistance to Type 1 diabe-
tes comes from our studies with 4.1-TCR-transgenic
NOD mice [12, 155, 156]. Here thymocytes express-
ing the 4.1-TCR were found to undergo central dele-
tion in H-287?, H-287/k, H-287/4 and H-287/nbI NOD
mice resistant to Type 1 diabetes, a process which
happened by engaging anti-diabetogenic MHC class 11
molecules on bone marrow-derived APCs [12]. Ex-
pression in 4.1-NOD mice of anti-diabetogenic MHC
class II transgenes such as I-Eak, I-A4 and I-As7PD
(mutated I-A¢7 encoding Pro and Asp at positions 56
and 57) also led to various degrees of 4.1-thymocyte
tolerance and resistance to Type 1 diabetes [156]. This
ability of anti-diabetogenic MHC class II molecules to
tolerise autoreactive CD4+ thymocytes is not univer-
sal, as neither I-Eok nor I-Ag7PD molecules tolerised
CD4+ thymocytes expressing the BDC2.5-TCR [157,
158]. Collectively, these data suggest that in non-
TCR-transgenic NOD mice protective MHC class 11
alleles afford resistance to Type 1 diabetes by toleris-
ing a group of highly pathogenic, MHC-promiscuous,
4.1-like CD4+ T cells which play a critical role in di-
abetogenesis. 4.1-CD4+ T cells would be representa-
tive of this T cell subpopulation. Although specula-
tive, this interpretation is consistent with the observa-
tion that the anti-diabetogenic activity of class II mol-
ecules in both wild-type and 4.1-TCR-transgenic
NOD mice maps to residues around I-Af and I-Ef§
chain position 57 [156], which are also implicated in
the DQB1-linked resistance to Type 1 diabetes in hu-
mans and non-TCR-transgenic NOD mice [11].
Whether protective MHC class II molecules also af-
ford resistance to diabetes by selecting regulatory T
cells remains to be determined.

A number of HLAs, including HLA-DR3, HLA-
DR4, HLA-DQG6 and HLA-DQS8, have been expressed
in NOD mice to evaluate the role of these molecules
in the pathogenesis of Type 1 diabetes [150, 160, 161,
162, 163, 164]. The HLA-DQS8 molecule, which im-
parts susceptibility to human Type 1 diabetes, can
present most of the major islet autoantigens to autore-
active CD4+ T cells in NOD mice both in vitro and in
vivo [159, 160]. The fact that HLA-DQS8-transgenic
NOD mice which are deficient in I-Ag7 do not sponta-
neously develop Type 1 diabetes [161] does not imply
that the HLA-DQ8 molecule is not diabetogenic.
Probably resistance to diabetes in these mice results
from the introduction into the NOD genetic back-
ground of non-NOD genetic elements linked to the I-
AP mutation in the 129 background, which was intro-
duced into transgenic mice to ensure that they do not
express murine MHC class II molecules. In general,
these studies of HLA-transgenic mice suggest that
HLA-DQ8 and HLA-DQ3 do impart susceptibility
and that HLA-DR4 and HLA-DQ6 molecules afford
resistance to Type 1 diabetes [161, 164, 165].
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Systemic expression of an H-2L ¢ transgene (a non-
NOD MHC class I gene) in NOD mice reduced the se-
verity of insulitis and inhibited the development of dia-
betes, suggesting that MHC class I genes play a part in
resistance to Type 1 diabetes [166]. It has since been
shown that the Idd13-linked resistance to diabetes maps
to the B2m locus, and that transgenic expression of the
non-NOD allele of f2m in B2m-deficient NOD mice af-
fords resistance to diabetes [167, 168]. Although the
mechanisms by which the 2m dimorphism affords sus-
ceptibility or resistance to diabetes are unclear, these
findings strongly support the idea that MHC class I-re-
stricted T cells are necessary for diabetogenesis to oc-
cur. Importantly, a recent study in HLA-transgenic
NOD mice has suggested that this is not peculiar to mu-
rine MHC class I molecules. When the HLA-A?2 allele,
which is associated with Type 1 diabetes in humans,
was transgenically expressed in NOD mice, it also ac-
celerated the onset of diabetes [169].

Non-MHC-linked genes. Diabetogenesis in NOD mice
results from complex interactions between the MHC
and multiple (i.e. as many as 20) non-MHC-linked ge-
netic elements (Idd) [170, 171, 172, 173, 174, 175,
176, 177, 178]. The diabetogenic and anti-diabetogen-
ic activities of Idd loci have been studied in congenic
NOD mice. In most cases, NOD alleles at Idd loci
confer diabetes susceptibility, whereas non-NOD al-
leles at these loci impart resistance. In other cases, the
non-NOD alleles (e.g. at Idd7 and Idd8) confer sus-
ceptibility [170, 171] or susceptibility and resistance,
depending on the strain of origin. Thus the non-obese
normal allele at IddI4 is protective, whereas the B6
allele is more diabetogenic than its NOD counterpart
[171, 177]. For 1dd6 the B10 and C3H alleles are pro-
tective, whereas the PWK allele confers susceptibility
[170, 178].

Studies of sub-congenic lines have shown that
chromosomal intervals originally thought to contain
single Idd loci, in fact contain several. For example,
the original /dd5 and 1dd9 intervals are now thought
to contain at least three different /dd genes each [179,
180, 181]. Similarly, Idd17 and Iddi8 loci were re-
cently found near the Idd3 and Idd10 loci [177, 183].
Another example of a locus which was missed in ini-
tial mapping studies because of its close linkage to a
previously identified /dd locus on the same chromo-
some is Idd16, which is located on mouse chromo-
some 17, near the MHC (Idd1). There is also evidence
that at least two MHC-linked genes other than I-A,
I-E, K and D contribute to MHC-linked susceptibility
or resistance to diabetes [172, 173, 174, 175].

Most of the aetiological mutations responsible for
Idd-linked susceptibility and/or resistance to diabetes
remain a mystery, but there are some exceptions. As
noted above, the Idd13 chromosomal interval contains
the dimorphic 82m gene, which has been linked con-
clusively to diabetes risk [167, 168]. A polymorphism
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at Ctla4 is an excellent candidate for one /dd5 locus
[179], and there is considerable evidence suggesting
that Idd3 corresponds to il-2 or il21 [183]. Some Idd
loci afford susceptibility or resistance to more than one
autoimmune disease. Thus B6 mice congenic for the
NOD alleles at Idd3 and Idd5 loci develop Sjogren’s
syndrome [184, 185, 186], and NOD mice bearing the
B6 alleles at the Idd3 locus are resistant to experimen-
tal autoimmune encephalomyelitis [187]. A major
challenge facing this field will be to determine the
mechanisms through which individual /dd elements ac-
tually afford diabetes susceptibility or resistance.

Environmental factors

Although Type 1 diabetes is a genetic disease, disease
concordance between monozygotic twins is close to
40 per cent [188], suggesting that environmental fac-
tors help trigger the disease process. About 13 viruses
have been associated with Type 1 diabetes in humans
and animal models [189]. One potential trigger of
Type 1 diabetes in humans is enterovirus infections
during childhood [190], which can induce inflamma-
tory reactions capable of causing beta cell damage
[191]. Another possible factor is molecular mimicry
between viral and beta cell antigens. In this case infec-
tion of the host by the virus induces cross-reactive im-
mune responses against beta cells [192]. The effects of
enterovirus infections on the pathogenesis of Type 1
diabetes have also been explored in NOD mice [193,
194, 195]. Genetic predisposition to Type 1 diabetes
was found to play a major role in the ability of viral
infection to lead to overt disease. So whereas infection
of the diabetes-resistant strain C57BL/10.H2 $7 failed
to trigger insulitis, infection of diabetes-prone NOD
mice accelerated disease progression [195]. In this
model, infection of beta cells by the virus appears to
accelerate disease by enhancing the shedding of “se-
questered” beta cell autoantigens into the milieu
[195]. However, viral infection is not invariably asso-
ciated with disease exacerbation; other studies have
shown that it can also dampen diabetogenic immune
responses [196].

Concluding remarks

Type 1 diabetes results from a chronic, beta-cell-spe-
cific, T-cell-dependent autoimmune process that de-
velops in genetically susceptible individuals. The na-
ture of the immune cell types, genetic elements and
autoantigens involved in this complex autoimmune re-
sponse remains a matter of intense investigation. Fine
dissection of the mechanisms underlying the develop-
ment of spontaneous autoimmune diabetes has bene-
fited tremendously from the availability of numerous
lines of genetically manipulated NOD mice. Studies
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of the natural history of diabetes in NOD mice lacking
or overexpressing molecules thought to play key roles
in the disease process have provided an understanding
of the pathogenesis of Type 1 diabetes in detail that
was unthinkable a few years ago. One of the main de-
velopments has been the creation of transgenic strains
of NOD mice expressing TCRs that target disease-rel-
evant autoantigens. These models provide very useful
tools with which to probe the effects of multiple
genes, gene polymorphisms and certain environmental
factors on the developmental biology and pathogenici-
ty of autoreactive T cells. Nevertheless, it has become
clear that a conclusive understanding of the contribu-
tion of specific genes to the pathogenesis of Type 1 di-
abetes will not be possible without the development of
germ-line-competent embryonic stem cells from NOD
mice. Studies with gene-targeted NOD mice derived
from such lines will put an end to the potentially con-
founding contribution of linked diabetogenic or anti-
diabetogenic alleles to study outcome. Nevertheless
the animal models already available today offer nu-
merous possibilities for creating combinatorial models
of varying complexity.
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