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■ Abstract 
The nonobese diabetic (NOD) mouse has provided an im-
portant animal model for studying the mechanism and ge-
netics of type 1 diabetes over the past 30 years. Arguably, 
the bio-breeding (BB) rat model may be an even closer phe-
notypic mimic of the typical human disease. A large number 
of distinct genetic traits which influence diabetes develop-
ment have been defined through an extraordinary effort, 
most conspicuously in the mouse model. However, in both 
NOD and BB models the lack of availability of robust means 
for experimental genetic manipulation has restricted our 
understanding of the mechanisms underlying this spontane-

ous autoimmune disease. Recent developments in the deri-
vation of embryonic stem (ES) cells have the potential to 
transform this picture. We argue here that targeting of NOD 
strain ES cells can bring much needed certainty to our pre-
sent understanding of the genetics of type 1 diabetes in the 
NOD mouse. In addition, ES cells can play important roles in 
the future, in both the NOD mouse and BB rat models, 
through the generation of new tools to investigate the 
mechanisms by which genetic variation acts to promote dia-
betes. 
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1. NOD congenic mice 
 

 n the NOD model, a great deal of effort has 
 been invested in the genetic dissection of dis- 
 ease susceptibility. This has resulted in the 

description of more than 35 different chromosomal 
regions, spread over 14 of the 19 mouse autosomes, 
which influence the development of type 1 diabetes 
(T1D) in the mouse [1, 2]. The majority of these 
data have been obtained by painstaking effort to 
produce a large number of congenic mouse strains 
of the type in which all but one segment of a single 
chromosome is derived from the NOD mouse. The 
non-NOD DNA has been introduced by first inter-
crossing NOD with a mouse strain which does not 
spontaneously develop diabetes, and then by serial 
backcrossing selected animals to NOD, normally 
for 12 or more generations. 

The limits of the introgressed interval can be 
defined by typing for markers which vary between 
NOD and the donor strain. Typically, despite the 
heroic efforts of the investigators, these intervals 
are several megabases in size and contain several, 
sometimes dozens, of annotated genes [2]. In many 
cases, the degree of genetic diversity between the 
NOD strain and introgressed donor DNA is not 
fully known. While the C57BL/6 (B6) reference ge-
nome is essentially complete and extensive se-
quence data for NOD exists, annotated sequence 
coverage of the NOD genome in publically avail-
able databases is currently limited. Furthermore, 
B6 is the congenic donor only in certain strains; 
C57BL/10SnJ (B10), nonobese nondiabetic (NON), 
nonobese-resistant (NOR) and, less frequently, 
many other strains have been used to produce 
NOD congenics [1]. While B10 has many fewer dif- 
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ferences with B6 than NOD [3], these are not all 
quantified or mapped. There is considerable varia-
tion in the degree of sequence diversity between 
B6 and NOD, but in some places it is high (~1%) 
[4]. This has helped the precision with which the 
recombination boundaries of the susceptibility in-
tervals can be defined. However, it means that 
even regions of 2 Mb typically contain more than a 
few hundred differences [2] which renders attrib-
uting causation to any individual sequence variant 
impossible. 

With the completion of the mouse genome pro-
ject, it is certainly possible to inspect the suscepti-
bility regions for annotated genes and use knowl-
edge of these genes and their products to make in-
formed guesses about possible candidates. Obvi-
ously, in some cases this is easier than in others, 
but in all cases there must be a degree of uncer-
tainty about the identity of the causative gene and 
even more so about the identity of the variant or 
variants which lead to the susceptibility pheno-
type. It is certainly true that even with a good deal 
of circumstantial evidence in their favor, hypo-
thetical identification of causative genes may fin-
ger the wrong candidate. A good example of this is 
the Idd3 region on chromosome 3 (see next sec-
tion). 

The study of congenic strains selected for re-
duced diabetes incidence has been complemented 
by at least three distinct approaches to probing 
candidate genes. 

2. Correlating genetic, phenotypic, 
and functional variation 

If congenic mouse strains have identified and 
partially localized a susceptibility/resistance poly-
morphic trait, an obvious method to identify can-
didate genes is to examine their known function 
and to look for specific allelic variation correlating 
with some functional phenotype which might plau-
sibly be involved in the development of T1D. While 
the current state of all Idd regions includes multi-
ple genes, some contain deliciously tempting pos-
sibilities whose known biology positively invites 
hypothetical imputation. However, inevitably 
‘cherry picking’ of what appear likely candidates 
suffers from bias imposed by our ignorance and 
limited by our imaginations; there is surely a case 
that imputations have been too immunologically 
focused and that genes affecting beta-cell intrinsic 
functions have been too little considered [5]. 

The first, and still most significant, susceptibil-
ity region described was Idd1. This region contains 
the MHC. It was established early on that the 
MHC of NOD mice contained an haplotype of 
linked MHC alleles, shared only with the closely 
related nonobese-resistant (NOR) strain [6]. 
Within that haplotype was a single functional 
MHC class II gene pair with the H2-Ab1g7 allele 
found only in NOD, NOR, and Biozzi AB/H strains 
[7]. This class II beta chain had two particularly 
distinctive amino acids at positions 56 and 57 
(HisSer) [6]; position 57 was considered especially 
significant since human HLA-DQbeta alleles asso-

Abbreviations: 
 

AB/H - antibody high 
AEC - autoimmune exocrinopathy 
B2ma - gene controlling β2-microglobulin in NOD mouse 
B6 - C57BL/6 
B10 - C57BL/10 
BB - bio-breeding 
C57BL/6 - inbred strain C57 black 6 
C57BL/10 - inbred strain C57 black 10 
CDK1 - cyclin-dependent kinase 1 
DNA - deoxyribonucleic acid 
DsRED - Discosoma (sea anemone) red fluorescent protein 
EAE - autoimmune encephalomyelitis 
ERK - extracellular signal-regulated kinase 
ES - embryonic stem 
FCGR1 - Fc gamma receptor 1 
GSK3 - glycogen synthase kinase 3 
H2-Ea - histocompatibility 2, class II antigen E alpha 
HLA - human leukocyte antigen 
HSV-tk - herpes simplex virus thymidine kinase 
Idd - insulin-dependent diabetes 
IFNGR1 - interferon gamma receptor 1 
IgG - immunoglobulin G 
IL-2 - interleukin 2 
IL-2RA - IL-2 receptor alpha 
iPS cell - induced pluripotent stem cell 
Kb - kilobase 
LIF - leukemia inhibitory factor 
Mb - megabase 
MEK - mitogen-activated protein kinase 
MHC - major histocompability complex 
NON - nonobese nondiabetic 
NOD - nonobese diabetic 
NOR - nonobese-resistant 
NRAMP1 - natural resistance-associated macrophage pro-
tein 1 
PD-1 - programmed death-1 
PTPN22 - protein tyrosine phosphatase non-receptor type 
22 
Ras-GAP - Ras GTPase-activating protein 
RNA - ribonucleic acid 
RNAi - RNA interference 
shRNA - small hairpin RNA 
SLC11 - solute carrier family 11 
SNP - single nucleotide polymorphism 
T1D - type 1 diabetes 
TALEN - transcription activator-like effector nuclease 
TCR - T cell receptor 
ZFN - zinc finger nucleases 
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ciated with T1D also lacked the Asp residue found 
at this position in the majority of alleles associated 
with resistance [8]. Of course, the known function 
of H-2A was also a strongly supportive factor; 
polymorphism at this locus affecting peptide selec-
tion for antigen presentation, shaping the TCR 
repertoire, and thus potentially influencing both 
central and peripheral tolerance. In this case, 
transgenic mice made on the NOD background 
showed that additional expression of H-2Ab1g7 
genes mutated to express the consensus residue at 
either position 56 (Pro) or 57 (Asp), either abol-
ished (Pro56) [9] or significantly reduced (Asp57) 
[10] the incidence of T1D despite the continued ex-
pression of the native H-2Ab1g7 allele. Further-
more, it was shown that diabetes onset was de-
pendent on the lack of a functional H2-Ea gene [9]. 
Even the most cautious commentator would have 
to say that we are as sure as possible that the H-
2Ab1 locus is an important T1D susceptibility lo-
cus, and that the 5 nucleotide polymorphisms re-
sponsible for the double amino acid change are in 
all likelihood, at least in part, causative. We can 
have equal confidence that the 629bp deletion in 
the H2-Ea gene is also a cause of T1D susceptibil-
ity. What we cannot say, however, is that there are 
no other variants within the NOD MHC signifi-
cantly affecting diabetes incidence. 

The attribution of causality to the H-2Ab1 gene 
may be correct, but the identification of causative 
genes and variants within other chromosomal in-
tervals associated with susceptibility or resistance 
to diabetes has proved fraught with difficulty. This 
is well illustrated by the history of the Idd3 region. 
Idd3 was originally described as lying within a 
large segment of chromosome 3 [11]. However, the 
disease-associated variants between B6 and NOD 
on chromosome 3 are now believed to contain no 
less than six traits that contribute to susceptibility 
(renamed Idd3, 17, 10, 18.1, 18.3 and 18.4) in NOD 
mice [2]. Before this dissolution, the gene for the 
high affinity receptor for IgG (Fcgr1) was the first 
to be proposed as responsible for the disease link-
age [12]. There were sound arguments advanced 
for this choice. A functional polymorphism was 
identified, and the minor allele was present in only 
NOD and another autoimmune-prone strain, 
Biozzi AB/H (of 22 strains screened). The polymor-
phism in Fcgr1 was extensive, with 24 nucleotide 
changes, 19 of them non-synonymous, and resulted 
in a severe truncation of the cytoplasmic tail of the 
receptor. The variants affected recycling and/or 
binding of IgG2a molecules to macrophages. 
Macrophages were already known to be important 
in T1D both in NOD and in humans. Nevertheless, 

subsequent work showed that all susceptibility 
traits could be separated from the Fcgr1 locus [13]. 

Following the separation of the chromosome 3 
diabetes susceptibility traits into 3 distinct linkage 
regions, a second plausible candidate was ad-
vanced. The now smaller Idd3 region contained 
the gene for the cytokine IL-2. The size of the po-
tential region was progressively reduced to 780 Kb 
which still contained IL-2 [14]. A number of sig-
nificant polymorphisms between NOD and B6 
mice were found in the Il2 gene; some were up-
stream of the gene, while others altered the N-
terminal sequence and subsequent glycosylation of 
the protein. IL-2 was known to be involved in regu-
lating autoimmunity, and IL2RA was a candidate 
gene in human T1D susceptibility. This led Lyons 
et al. to examine IL-2 expression levels in Idd3 
discordant mice. They found no differences and 
concluded that the protein differences in IL-2 were 
most likely responsible for Idd3 [14]. However, a 
later study by an overlapping group of authors 
concluded that there were transcriptional differ-
ences between strains with Idd3 from different ge-
netic origins, and that the lower level of IL-2 tran-
scription was concordant with susceptibility, 
whereas protein-altering variants did not correlate 
in the same comparison [4]. They went on to show 
that NOD background mice which were heterozy-
gous for an Idd3-containing interval from a 129-
derived Il2 knockout had both altered IL-2 levels 
and disease susceptibility. This later study there-
fore made the opposite conclusion to the 2000 re-
port, namely that differences in IL-2 expression 
and not protein-encoding changes were responsible 
for the Idd3 disease affect. 

Nevertheless, while the Yamanouchi study pre-
sented a strong argument for polymorphisms up-
stream of Il2 being responsible, there remains 
some uncertainty. The discrepancy between the 
Lyons and the Yamanouchi studies regarding the 
correlation of IL-2 levels with disease susceptibil-
ity illustrates the difficulties in being certain what 
cell type and/or activation state is the critical 
population in which to measure expression. The 
Il21 gene lies within about 100 Kb of Il2 and inside 
the Idd3 region. There is also compelling evidence 
that IL-21 to IL-21R interaction is important in 
T1D [15 -18]. The Il2 knockout was made by plac-
ing an active neo gene within the third exon of Il2 
[19]; to our knowledge no studies have been con-
ducted to show that it does not alter IL-21 expres-
sion. Expression of the neo gene is expected to be 
constitutive and strong, driven by a hybrid HSV-tk 
promoter and a tandem repeat of the enhancer re-
gion from the polyoma mutant PYF441 [20]. Ef-
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fects on the transcription of neighboring genes 
have been found in this type of knockout, some at 
quite long range [21]. 

3. Introduction of targeted mutations 
from other genetic backgrounds 

A large number of knockout alleles have been 
backcrossed onto the NOD background; the degree 
to which these NOD knockouts have been shown to 
be genetically identical to parental NOD at 
unlinked loci and the genetic interval to which re-
combination has reduced the introgressed B6 or 
129 DNA is variable. Frequently, up to 12 genera-
tions of backcross have been employed and some-
times microsatellite typing has been used to check 
for adventitious unlinked non-NOD DNA. In many 
cases the knockout reduced or eliminated the inci-
dence of diabetes. However, in a minority of cases 
the knockout (e.g. of PD-1 [22]) has exacerbated 
disease. 

While it is obviously attractive to take advan-
tage of the availability of the rich genetic resource 
of targeted mutations made on the 129 and B6 
backgrounds, the problems of backcrossing require 
patience, thorough characterization and careful 
interpretation. In all cases, there will be a signifi-
cant segment of chromosome surrounding the in-
duced mutation which is derived from the original 
targeted strain even after 12 generations of back-
cross; the extent will depend on the distribution of 
recombination within the relevant genomic region. 
There may also be other adventitious segments of 
chromosome inherited from the ES cells or later 
strains used. Even where the manipulated allele 
does not lie close to any known diabetes suscepti-
bility/resistance allelic variation, but the targeted 
allele derives from 129, there may be confounding 
effects of linked alleles, since most of the known 
Idd regions have been defined only by variation be-
tween NOD and strains other than 129 (mostly 
B10, B6, NON and NOR). An early example of this 
problem was provided by the interferon gamma re-
ceptor, the knockout of which initially appeared to 
prevent diabetes in mouse lines backcrossed 10 or 
11 generations to NOD. In fact, a single line estab-
lished at N14 showed that the resistant phenotype 
was due to a linked gene [23]. No known Idd re-
gions lie on chromosome 10 (where the Ifngr1 gene 
is found), and the 129 allelic variant responsible 
for diabetes resistance has not been identified. It 
should be borne in mind that this problem of con-
founding effects of linked genes is a general one in 
mouse knockout studies where the knockout strain 

has to be backcrossed for functional studies. Stud-
ies have shown that the ES-linked region retained 
is typically 25-40 Mb and that a significant propor-
tion of genes within this congenic segment displays 
altered transcription levels [24, 25]. Furthermore, 
sometimes the ES-cell passenger alleles may ac-
celerate diabetes since resistance variants are also 
present in NOD [26, 27]. 

The use of knockout alleles originally made in 
129 ES cells has, however, been fruitful when 
combined with transgene rescue. This approach 
enabled Slattery and colleagues to provide very 
convincing evidence that beta-2 microglobulin was 
a diabetes susceptibility locus and probably re-
sponsible for the Idd13 resistance region (derived 
from the NOR strain). While backcross of a beta-2 
microglobulin knockout allele from a 129 ES cell 
targeting event blocked diabetes completely, as 
might be expected given the effects on develop-
ment of CD8 T cells, Slattery et al. showed that 
complementation with a cDNA transgene encoding 
the B2ma allotype (identical to the NOD form) re-
stored the disease incidence, whereas the B2mb al-
lele (identical to NOR) did not [28]. Both trans-
genes restored MHC class I protein expression and 
CD8 development, suggesting a subtle effect on the 
interaction of MHC class I molecules with peptide 
and/or their multiple receptors. 

4. RNA interference approaches 
Kissler has pioneered the use of lentiviral 

shRNA transgenics as a strategy to investigate the 
effects of knockdown of specific gene products in 
the NOD background. This approach has some dis-
tinct advantages. First, the transgenic mice can be 
produced by introducing the foreign DNA directly 
into the canonical NOD strain, thus avoiding all 
the problems of inheritance of linked and unlinked 
alleles from other strains inherent in the backcross 
approach. Second, in later versions of the lentiviral 
vector, the expression of the shRNA can be made 
inducible and reversible by means of an H-tetO 
promoter. Drawbacks associated with this ap-
proach are (a) that knockdown of the target is of-
ten incomplete (b) there may be off-target effects of 
the shRNA and (c) there may be position effects 
from the inserted DNA. These disadvantages could 
be mitigated by the use of multiple shRNA se-
quences and independent transgenic lines with dif-
ferent insertion sites. Kissler and collaborators 
used this approach to test the hypothesis that the 
gene Slc11a1 (NRAMP1) is responsible for the sus-
ceptibility associated with the Idd5.2 genetic in-
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terval, a gene-rich region of 1.48 Mb containing 48 
annotated protein encoding genes. Their data 
strongly supported the notion that the B10 allele 
at Slc11a1 is responsible for reduction in diabetes 
incidence in NOD.B10Sn-Idd5.2 congenic mice 
[29]. This conclusion was assisted by the fact that 
the B10 allele is believed to encode a null-function 
protein, despite differing from the functional A/J 
strain allele by a single amino acid only (position 
169), thus rendering the knockdown a near exact 
phenocopy of the B10 allele. Clearly this will not 
be the case with most allelic variants. 

Perhaps because of this limitation, to date no 
other NOD susceptibility candidates have been in-
terrogated using RNAi; instead two candidates for 
human diabetes susceptibility traits have been in-
vestigated in the NOD model, variation in soluble 
CTLA4 expression and an amino acid variant of 
the phosphatase PTPN22. These knockdowns had 
opposite effects on disease; partial silencing of 
sCTLA4 increased disease in NOD.B10Sn-Idd5.1 
congenics, though not the parental NOD back-
ground [30], and a reduction of 80% in PTPN22 
expression reduced diabetes onset in NOD trans-
genics [31]. 

5. The development of ES cells from 
NOD mice 

The development of pluripotent mouse cells ca-
pable of both genetic modification during in vitro 
culture and generating novel ‘designer’ animals 
has revolutionized mouse genetics. Later, it be-
came apparent that there were potent genetic ef-
fects on the ability to isolate such germline-
competent embryonic stem (ES) cells. This means 
that only a few strains of mice could be success-
fully used to produce such cells by the canonical 
culture method; most strains, including NOD, are 
said to be “refractory” with respect to pluripotent 
ES cell derivation. The first description of the iso-
lation of ES cells from NOD mice, indeed from any 
spontaneous autoimmune disease model, was pro-
vided by Nagafuchi and colleagues in 1999 [32]. 
They produced 5 ES cell lines by a classical 
method involving culture of blastocyst-derived 
cells on primary mouse embryonic fibroblast feed-
ers in the presence of leukemia inhibitory factor 
(LIF). Only one of these lines retained both ES-like 
morphology and normal karyotype during serial 
passage. This ES line was injected into C57BL/6 
blastocysts which were reimplanted into pseudo-
pregnant ICR females to produce 22 chimeras 
ranging from 30% to over 80% ES (NOD) contribu-
tion by coat color. However, chimerism, as meas-

ured by peripheral blood lymphocyte H-2 allotype, 
was much lower (<0.2%). Nevertheless, germline 
transmission was obtained, but only at very low 
efficiency (1/97 offspring were NOD ES-derived) 
[32]. 

Arai and colleagues subsequently made signifi-
cant improvements to the effectiveness of this first 
NOD ES line by altering culture conditions. They 
found that NOD ES cells required a 10-times 
higher concentration of LIF to prevent differentia-
tion than did 129 (E14.1 and D3) ES lines, and 
that distinct batches of FCS were optimal for sur-
vival and undifferentiated appearance of NOD ES 
versus 129 ES cells [33]. Most critically, they 
showed that injection into NOD rather than B6 
blastocysts generated chimeras with much higher 
germline transmission (25-60%). Practically how-
ever, making chimeras in NOD blastocysts would 
be a severe limitation since the screening of chi-
merism and transmission can only be done by de-
tecting genetic markers introduced into the ES 
cells. Chen et al. provided a possible solution to 
this problem by deriving a congenic NOD mouse 
with an agouti coat. They also isolated their own 
NOD ES cells. However, while these cells produced 
chimeras with the NOD.CBALs-Tyr+/Lt blasto-
cysts, they did not transmit through the germline 
[34]. We are not aware of any targeted mutant 
NOD mice having been produced by ES cells from 
either of these studies. 

Brook et al. next reported an unsuccessful at-
tempt to derive NOD strain ES cells using micro-
surgery to explant epiblasts of blastocysts which 
had been subjected to implantation delay initiated 
by ovariectomization [35], a technique which they 
had successfully applied to another refractory 
strain, CBA/Ca. In the case of NOD mice, few vi-
able blastocysts were recovered; transfer of NOD 
conceptuses to non-NOD dams produced 9 lines, 
but all differentiated during passage. They were 
similarly unsuccessful with NOD congenics which 
do not develop diabetes. However, when (NOD × 
129)F1 embryos were used, the success rate in ES 
derivation was ~83%, and the derived ES cells 
made germline competent chimeras at high effi-
ciency [35]. Brook et al. also found that novel con-
genic strains, made by backcrossing the (NOD 
×129)F1 to 129 and subsequent intercross, also 
made ES cells (at generation N2F4). In one case, 
these were shown to have good germline compe-
tence. 

After several years of unsuccessful endeavor, 
four breakthrough papers describing NOD ES cells 
appeared in 2009. A critical advance which en-
abled germline-competent NOD background ES 
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cells to be isolated with high efficiency was made 
by the discovery in 2008 that ES cells could be 
maintained in a pluripotent state without LIF or 
serum by culture in “3i medium” containing 3 
small molecule enzyme inhibitors (SU5402 for 
FGFR, PD184352 for ERK, and CHIR99021 for 
GSK3) [36]. Ohta et al. used 3i medium to isolate 
several lines of ES cells from NOD mice [37]. 
These ES cells were only moderately efficient (2.5-
10%) in generating chimeras, but the chimeras 
themselves gave germline transmission at high 
frequency (42-100%). Yang et al. used a different 
inhibitor (SC-1, i.e. pluripotin, which inhibits both 
ERK1 and Ras-GAP) in combination with LIF to 
isolate four ES cell lines from NOD-scid mice [38]. 
It was noticeable that the efficiency with which 
NOD-scid ES lines produced chimeras was signifi-
cantly lower than that of other refractory lines 
(SCID-beige, CD-1). The single successful line gave 
only 1 chimera from 35 pups born. No data were 
provided for germline transmission. 

Two other independent studies derived more ef-
ficient NOD ES cell lines. Hanna et al. used the 
following inhibitors: (i) Kenpaullone alone, (ii) 
Kenpaullone in combination with CHIR99021, or 
(iii) the more typical 2i system (PD184352 + 
CHIR99021) [39]. Kenpaullone inhibits both 
GSK3β and CDK1/cyclin B. All three conditions 
produced NOD ES cells. A single line from each 
condition was shown to give germline chimeras. 
Nichols et al. employed yet another 2i system 
(PD0325901, an MEK inhibitor, and CHIR99021), 
with LIF to derive NOD ES lines with 53% effi-
ciency. This was considerably higher than that 
achieved in the conditions used by Hanna et al.; 
four of these lines were tested by blastocyst injec-
tion, and all gave high rates of chimerism (100-
60%) and germline transmission (100-75%) [40]. 

6. Genetic manipulation of NOD ES 
cells 

Obviously, aside from the intrinsic interest in 
understanding the determinants of embryonic cell 
pluripotency and differentiation, one of the princi-
pal reasons for deriving NOD ES cells is to permit 
genetic manipulation of NOD mice to further our 
understanding of the genetics and mechanism of 
T1D. Thus, it was important to demonstrate that 
NOD ES cells could be modified, and that mice de-
rived from ES cells would develop diabetes at the 
expected rate unless intended modifications al-
tered relevant properties. Nichols et al. showed 
that one NOD ES cell line could be stably trans-

fected with a DsRED expression cassette using 
PiggyBac transposition, selected by culture in hy-
gromycin, and still give efficient germline compe-
tent chimeras [40]. Hanna et al. demonstrated that 
the Nanog gene could be targeted by homologous 
recombination in one NOD ES line, but did not re-
port testing chimeric or germline potential after 
targeting [39]. Nichols et al. also showed that mice 
derived from unmanipulated NOD ES cells have 
the same rate of onset and diabetes incidence as 
‘standard’ NOD mice from the same colony [40]. 
Formally, the incidence cohort of mice, the progeny 
of NOD-ES→C57BL/6 chimeric males mated with 
NOD females, was 50% ES-derived. This latter 
point is of great importance since ES cells in cul-
ture may undergo adventitious genetic and epige-
netic changes which have the potential to alter 
diabetes incidence in addition to restricting their 
germline potential. 

There is one very recent publication, by Morgan 
et al., describing the derivation of genetically tar-
geted NOD mice from pure NOD ES cells [41]. 
This study shows that the targeted disruption of 
the H-2DMa gene in NOD mice prevents diabetes 
onset. Prior to this, there was a report of the deri-
vation of knockin mice from (NOD × 129)F1 ES 
cells [42]. Kamanaka et al. used homologous tar-
geting to replace exons 1 and 2 (plus intron 1 and 
part of intron 2) of the Il2 gene with the equivalent 
B6 genomic DNA. The F1 ES cells were generated 
by classical means and gave high efficiency chi-
merism and germline transmission. Ten targeted 
clones were produced, 3 of which were used to gen-
erate subclones in which the inserted floxed neo 
gene had been removed. All 3 gave rise to germline 
competent chimeras. However, the use of (NOD × 
129)F1 ES cells necessitated two further steps. 
First, it was essential to determine which parental 
chromosome in the ES cells had been targeted. 
This had to be done after breeding the chimeras 
because of the high degree of local homology be-
tween 129 and NOD. A flanking microsatellite 
showed that two clones had targeted the 129 allele 
and one the NOD allele. Second, a laborious back-
cross had to be undertaken to render the genome 
homozygous for NOD DNA with the chromosome 3 
segment containing the targeted Il2 gene. Despite 
the use of a “speed-backcross” approach, selecting 
at each generation for the greatest number of NOD 
alleles at Idd markers, 12 generations were re-
quired. The results confirmed that the sequence 
variation between NOD and B6 at the N-terminus 
of the IL-2 protein does not alter the incidence of 
T1D in NOD background mice and cannot be re-
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sponsible for the B6-Idd3 resistance effect [42], in 
agreement with the earlier proposal by Yama-
nouchi et al. [4]. 

7. The future potential of ES cells and 
alternative targeting approaches in 
type 1 diabetes 

We will ignore here the potentially important 
role that both mouse and human ES and iPS cells 
are likely to play in the development of beta-cell 
replacement therapies since this topic has been re-
viewed elsewhere [43]. Instead, we focus on the po-
tential for the exploration of the genetic and 
mechanistic basis of T1D which is unlocked by tar-
geted germline manipulation. Given the biological 
resources generated by Hanna and Nichols [39, 
40], the NOD mouse field is clearly the most likely 
to benefit. However, the inhibitor culture approach 
has also been shown to work for deriving rat ES 
cells, and it is to be hoped that this will be used on 
the BB rat model of diabetes [39, 44]. In addition, 
there has been significant recent progress in ge-
netic modification of rats (and many other diverse 
organisms) using ‘designer nucleases’ intended to 
cleave at unique sites within the genome [45, 46]. 

Zinc finger nucleases (ZFN) and transcription 
activator-like effector nucleases (TALENs) repre-
sent an alternative approach to gene targeting. 
This approach is not limited to use in cells with in-
trinsically high homologous recombination effi-
ciency such as ES cells and can be deployed by di-
rect microinjection of mRNA and/or DNA into zy-
gotes [47-49]. Such designer nucleases have poten-
tial for modification of ES cells, including NOD ES 
cells, and for directly targeting the genome of BB 
rats and NOD mice. The extent to which this new 
technology replaces ES cells will depend on the 
precise type of modification sought and the extent 
to which problems associated with the use of nu-
clease, particularly the generation of small dele-
tions or insertions at both the targeted site and at 
off-target sites elsewhere in the genome can be 
overcome [50]. 

We would suggest that exploitation of BB rat 
germline modification might focus on three ave-
nues where the rat model offers advantages over 
the mouse: 

 
1. Genetic regions where there may be sus-

ceptibility traits common between rats and 
humans which are absent in mouse (e.g. 
rat Iddm34 [2]) 

2. Putative biological pathways which are 
more experimentally accessible in the lar-
ger rodent 

3. Studies specifically aimed at understand-
ing those complications of diabetes, e.g. 
nephropathy, which are better mirrored in 
the rat model [51]. 

 
Furthermore, both NOD mice and BB rats can 

be used to study other autoimmune pathologies; 
autoimmune thyroid disease (both models) [52, 
53], autoimmune exocrinopathy (AEC; a Sjögren’s 
syndrome-like disease in NOD) [54], and they can 
be induced to develop autoimmune encephalomye-
litis (EAE, NOD) [55] and collagen-induced arthri-
tis (BB rat) [56]. Some genetic susceptibility loci 
are shared by these diseases. However, other 
strains may constitute better models, either NOD-
related e.g. C57BL/6.NOD-Aec1Aec2 [57] for 
Sjögren’s syndrome, or not directly NOD-related, 
e.g. Biozzi AB/H for EAE [58]. The 2i culture 
methodology could be applied to the development 
of ES cell resources from such autoimmune strains 
to enable the dissection of these models. 

For the NOD mouse, there are three rather ob-
vious directions to be followed (summarized in 
Figure 1). The first, quickest, and simplest strate-
gic direction will be to use targeted modification of 
NOD ES cells to confirm or disprove the identity of 
loci for which we already have good evidence. The 
genes Il2 (Idd3), Slc11a1 (Idd5.2), Ctla4 (Idd5.1), 
and Vav3 (Idd18.1) come immediately to mind. In 
these cases, there is strong evidence, but almost 
all of it is circumstantial. We are seriously con-
cerned that some authors have confused pheno-
typic-genotypic correlations, even ones backed up 
by teleological arguments based on known func-
tions, however plausible, with formal direct tests 
of hypothetical attribution of diabetes susceptibil-
ity genes or even of causative variants. As we dis-
cussed above, identification of Idd3 has batted 
backwards and forwards over time, with protein 
sequence and transcription levels of IL-2 both fa-
vored at different times. Currently the data 
strongly favor polymorphic variation upstream of 
the Il2 gene as the causative variants for Idd3. In-
deed, del Rio et al. have shown that 6 of the 7 
SNP/Indel within the first 1015bp upstream inde-
pendently influence transcription levels in a re-
porter assay (albeit one SNP in the opposite direc-
tion, NOD>B6) [59]. However, it is quite clear that 
we cannot say which set of variants between B6 
and NOD are responsible for the apparent differ-
ences in Il2 transcription rates nor, which is 
rather more important, can we say for certain that 
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this phenotype is fully re-
sponsible for the protection 
against diabetes offered by 
B6-Idd3 on the NOD back-
ground. We can determine 
both of these questions 
with one or more novel 
targeted NOD strains from 
NOD ES cells with knock-
in mutations. A similar ar-
gument can be made for all 
the Idd for which there are 
good candidate genes (and 
in the case of Ctla4 and 
Slc11a1, candidate vari-
ants). Circumstantial evi-
dence, however strong, is 
not a substitute for proper 
critical tests. 

The second logical use 
of NOD ES cells will be to 
focus down the susceptibil-
ity/resistance trait in those 
Idd regions which are still 
large and which do not 
have good candidate genes 
(see Figure 1). This will 
require a greater number 
of targeted ES cells with 
larger regions ‘swapped’ 
for test strain homologous 
segments and will be more 
demanding therefore both 
technically and in resource 
terms. Perhaps a sensible 
place to start is to use BAC 
clones and recombineering 
technology [60] to replace 
regions within these large 
Idd with the relevant re-
sistant strain over those 
areas which have human 
orthologous-associated re-
gions (e.g. Idd2). These 
might then provide both 
pinpointing information 
and mechanistic models. 
This brings us to our third potentially valuable use 
for NOD ES cells, which is to probe mechanisms of 
susceptibility/resistance both for mouse-specific-
associated genes and to generate models of human 
disease-associated genes. Even where we have 
faith that we have identified a genuine disease 
susceptibility gene, our current understanding of 
mechanism is weak. If we examine the richness 

that targeted, especially knockin and conditional 
knockout, mice have provided in exploring immu-
nity in the broader context, the value that single 
gene or single causative variant knockin trans-
genic NOD mice could bring to mechanistic studies 
of T1D development must be apparent. Further-
more, there is clearly scope for the use of reporter 
mice on the NOD background, both in mechanistic 

NODNOD NODNOD NODNOD

NOD
ES

A. Target candidate 
gene/variant

B. Large- scale 
region        swap

C. Knockin reporters 
and/or Cre to 
useful genes

YFPYFP

Confirm Disprove Positive Exclude

Mechanistic 
studies

Confirm 
authentic 
expression

New ES cells 
via 2i method

 
 

Figure 1. Suggested fruitful strategies for the use of NOD strain ES cells. Three 
general avenues are indicated in the figure. A. NOD ES cells provide a rapid 
means of confirming or disproving hypothetical candidate genes and causative 
variants altering diabetes onset by ‘knockin’ gene targeting. B. Larger scale gene 
swap technology could be used to refine currently large or unattributed suscepti-
bility regions; the process should be iterative when successful. C. Reporter strains, 
for example enabling in vivo imaging of beta cells or their progenitors should also 
be valuable. Cre-expressing strains for lineage-specific modification may also aid 
mechanistic studies aimed at understanding the biology of diabetes development 
and generating models for testing interventions. Second generation ES cells de-
rived from gene targeted NOD mice might also be valuable. 
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studies and in setting up models for developing 
beta-cell replacement therapies. It is worth re-
membering that the same 2i methodology used to 
derive NOD ES cells with good efficiency can also 
be applied to NOD transgenic mice derived from 
single or multiple targeted ES cells (see Figure 1). 

There are clearly some in the diabetes field who 
question whether any new useful information can 
be obtained from the NOD mouse model. We be-
lieve that there are further valuable lessons to be 
learned from studying T1D in NOD. Detailed stud-
ies aimed at uncovering the exact polymorphisms 
responsible for genetic susceptibility and resis-
tance to T1D can be addressed through targeted 
manipulation and in vivo and ex vivo studies of the 

mouse system. Perhaps more importantly the bio-
logical pathways influenced by the susceptibility 
locus can be investigated and validated in murine 
models in ways which cannot ethically or afforda-
bly be conducted in human subjects. NOD ES cells 
can not only seal the deal on identification of 
causative genetic variants, but also permit the de-
velopment of efficient models for development of 
candidate therapies. 
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