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Two genes, /dd-3 and /dd-4, that influence the onset
of autoimmune type 1 diabetes in the nonobese
diabetic mouse have been located on chromo-
somes 3 and 11, outside the chromosome 17 major
histocompatibility complex. A genetic map of the
mouse genome, analysed using the polymerase
chain reaction, has been assembled specifically for
the study. On the basis of comparative maps of
the mouse and human genomes, the homologue
of /dd-3 may reside on human chromosomes 1 or
4 and /dd-4 on chromosome 17.

ONE route to understanding the aetiology and pathogenesis of
disorders such as hypertension, schizophrenia and diabetes,
which are caused both by genetic and by environmental factors,
is to identify genes that predispose individuals to these diseases.
Disease-associated genetic markers can be used to identify high-
risk individuals and therapeutic strategies may be developed on
the basis of the biochemical functions of the disease gene prod-
ucts. Human type 1 diabetes is an organ-specific autoimmune
disease of the pancreas affecting 0.2-0.3% of populations of
European descent that causes tissue damage, leading to blind-
ness and kidney failure, and reduces life expectancy' . Affected
individuals require daily injections of insulin. Over a long and
variable period, cells of the immune system infiltrate the pan-
creas, invade the islets of Langerhans—a process called
insulitis—and selectively destroy the insulin-producing B
cells®>.

Identical twins of affected individuals have a 36% risk of
developing type 1 diabetes* compared with an average 6% risk
for other siblings®. Certain alleles of at least three major his-
tocompatibility complex (MHC) class II genes, HLA-DQAI,
-DQBI1 and -DRB1 on chromosome 6, correlate with predisposi-
tion to type 1 diabetes®. The insulin gene region on human
chromosome 11p is also associated with disease susceptibility’.
But there is no reliable estimate of the number of genes involved
or how many different genotypic combinations give rise to the
same clinical diabetic phenotype (referred to as genetic or locus
heterogeneity)®.

The nonobese diabetic (NOD) mouse spontaneously develops
insulin-dependent, type 1 diabetes with remarkable similarities
to the human disorder’. Autoimmune islet-cell destruction is a
shared characteristic™>®, as are the appearance of autoan-
tibodies to B-cell components>?, defects in T-cell activity'®'?,
sensitivity of the disease to immunosuppression®'> and the
presence of susceptibility genes in the MHC*''7. One
difference is that NOD females have approximately twice the
frequency of disease compared to males whereas in humans
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males and females are equally affected. The environment also
plays an important part in onset of diabetes in the NOD mouse®.
The frequency of diabetes can be increased to 100% in germ-free
conditions'®. Conversely, viral infection of NOD mice reduces
disease frequency'®?°. )

A susceptibility gene, Idd-1, has been located in the murine
MHC on chromosome 17 (refs 14-17, 21-23). Idd-1 could be a
gene complex with at least two susceptibility loci, that is, the
class II genes I-AB and I-Ea. Transgenic mouse experiments
suggest that the I- A2’ molecule (formerly known as I-A™"),
which is homologous to the human type 1 diabetes-associated
allele HLA-DQB1*0302, influences disease development®'-,
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FIG. 1 The cumulative frequency distributions of diabetes in the parental
NOD strain and combined data from the two backcrosses (B10.H-2€7 x
NOD)F, XxNOD and NOD X (B10.H-257 xNOD)F,. A cohort of female BC1
mice (n=382) were aged to 330 days and the cumulative frequency of
diabetes compared to a cohort of NOD female mice (n=50) aged to 330
days. Most male progeny were sacrificed at weaning. To develop the B10.H-
257 strain, B10 mice were outcrossed to NOD mice and resulting F, progeny
were backcrossed to B10 as reported previously2°?*, Mice were intercrossed
at the N6 generation to fix the NOD MHC on the B10 background. Three
B10.H-28" females from the same litter were mated to NOD males and
resulting F, mice were used to set up the backcrosses. All mice were bred
and housed under specific pathogen-free conditions at Merck Sharp & Dohme,
Rahway, New Jersey. Animals were monitored for elevations in urinary
glucose using Tes-Tape (Eli Lilly, Indianapolis) and were classified as diabetic
after producing consistent Tes-tape values of greater than 2*. Diagnosis
of type 1 diabetes was confirmed by histology of the pancreas. Tissues
were taken from mice classified as diabetic and also 97 non-diabetics (aged
to at least 330 days) for histologic processing®24-2%, Pancreata were fixed
in neutral buffered formalin and processed for paraffin embedding. Tissue
sections (4 um) were stained with haematoxylin and eosin. Histology of
mice classified as diabetic with high levels of glucose in the urine showed
massive destruction of islets. The vertical lines that intersect the BC1
cumulative frequency distribution result from division of the diabetics into
thirds as described in Table 2. NOD, O; BC1, A.
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TABLE 1 A linkage map of the mouse genome and associations of markers with type 1 diabetes
Non- Non- Non- Non-
Chromosome Diabetics Diabetics diabetics diabetics Chromosome Diabetics Diabetics diabetics diabetics
(location, cM)  Locus He Ho He Ho x2>4 (location, cM)  Locus He Ho He Ho x>>4

1(3) D1Nds4 38 58 57 37 84 9(24) Thy-1 41 56 49 47
1(41) Bel-2 45 52 49 a7 9(29) Neam 39 58 48 49
1(42) D1Nds2 44 49 50 47 9(33) Cypla2 39 58 49 48
1(48) D1Nds1 50 a7 49 46 9(44) D9Nds2 44 53 45 52
1(73) Crp 57 40 45 51 9(46) D9Nds1 44 52 46 48
2(35) D2Nds1 40 46 18 31 10(29) D10Nds1 47 50 49 46
2(46) B2m 39 44 19 29 11 (10) Gins 46 51 51 46

11 (42) Acrb 31 66 51 46 84
3(32) -2 33 64 49 48 54 11(47) D11Nds1 30 67 51 46 93
3(53) D3Nds1 17 80 54 43 30.4 11(52) Mpo 36 61 53 44 6.0
3(67) Tshb 24 73 50 47 148 11(68) Gfap 36 61 51 46 47
3(86) Adh-1 28 69 49 48 95 11(71) Myla 36 61 50 47 41
4(18)  D4Nds3 44 40 9 10 b 825) ey e P pyd >
4(29) Mup-1 43 43 21 28
4(30) Orm-1 44 42 21 28 13(20) Hist1 42 32 14 21
4(62) D4Nds2 40 56 55 40 13(39)  D13Nds1 58 39 36 60 9.6
4(69) Lek 44 53 52 41 13(68) P198-13 45 27 ? ?
45 Pnd 1 20 % 15 14(8) Plau 68 20 43 54 132

14 (27) Tera 61 36 42 52 6.4
5(10) D5Nds1 50 47 51 45 14 (38) i 52 45 45 47
5(30) D5Nds2 51 43 53 43 14 (42) Hog 55 42 47 49
5(46) Afp 49 37 22 27
5(94) 2Zp-3 41 36 28 20 15(18) Myc 38 59 48 46

' 15(24)  D15Nds1 37 60 50 45 41

6(32) Ly-3 38 48 22 27 15(27) Ly-6C 38 59 51 45
6(68) Prp 36 60 30 24 46 15 (49) Gde-1 32 48 23 19

15(53) Hox-3 40 57 52 44
7(6) Ckmm 64 33 4 55 105  16(42) DI6Nds2 26 31 16 18
7(27) Ngfg 53 44 37 54
7(48) D7Nds2 42 53 38 58 18(24) Fim-2 37 40 21 17
7(64) Hpb 39 55 44 50 18(29) i 38 46 20 18

19(35) Cyp2c 43 37 17 21
8(0) Polb 43 43 21 28 X (23) Hprt 29 28 25 14
8(35) mt-2 37 49 26 23 X(39) DXNds3 28 29 27 16

Markers were ordered by minimizing double recombinants in the BC1 typing data with the aid of the program, GENELINK (X. Montagutelli, personal
communication), by analysis of the strain distribution patterns of markers in recombinant inbred strain panels, using the program RIManager (K. Manly,
personal communication) and by comparison with the published genetic map from the Jackson Iaboratory“. Gene orders were confirmed by maximum
likelihood analysis with the GMS program?®. The details of the linkage data will be published elsewhere. Map distances were calculated from recombination
frequencies using Kosambi's formula, based on scoring of at least 70 animals from the backcrosses (both diabetics and non-diabetics). The most centromeric
marker was used as an anchor locus if the microsatellite corresponded to a previously mapped gene. For chromosomes 1, 2, 3, 4 and 5, respectively, anchor
markers were Bcl-2, B2m, Tshb, Mup-1 and Afp. All markers except B2m, Lck, Mtv-9, Hist1, P198, Ly-6, Fim-2 and Cyp2c (P450.2C)%" are PCR-analysed
microsatellites®®-3%, The sequences of PCR primers and methods have been described: Bcl-2, Mup-1, Ly-3, Prp, Ngfg, Mt-2, Ncam, Cyp1a2, Gins, Acrb, Gfap,
Myla, Plau, Tcra, Nfl, Myc, Gdc-1, Hox-3, Hprt and DXNds3 are dinucleotide repeat microsatellites®3; Tshb, Afp, Thy-1, Odc and Zp-3 are mononucleotide
repeats®® Crp, Adh-1, Orm-1, Pnd, Ckmm, Hbb, Polb, D9Nds1, Mpo, Hpg and Ii are other microsatellites®®; DINds1, DINds2, D2Nds1, D3Nds1, D4Nds2,
D5Nds1, D5Nds2, D7Nds2, D9Nds2, D10Nds1, D11Nds1, D13Nds1, D15Nds1 and D16Nds2 are dinucleotide repeat microsatellites randomly cloned from
total NOD genomic DNA3®; /-2 is a further dinucleotide repeat microsatellite®>. DINds4 is a dinucleotide repeat microsatellite with PCR primers,
5'-CTACATTTATCTACCTCTCTAATC-3' and 5'-ATACTGTTGATACAGTCTGTAATG-3'. Allelic variations at B2m (ref. 47) and Lck (ref. 48) were detected by
restriction enzyme digestion of PCR products and agarose gel electrophoresis: B2m PCR primers, 5'-CCGGAGAATGGGAAGCCGAACATACTGAAC-3' and
5'-AGTTTTAAGTCCACACAGATGGAGCGTCCA-3', product size 301 base pairs (bp), cut with Bg/1 give fragments of 217 and 84 bp with B10 amplified DNA
and a 301-bp product with NOD and Lck primers, 5-GCAGATGGAATTCCTGTGCCA-3’ and 5'-ACACACAGAGACATGAGATTGGAT-3', product size 340 bp, cut
with Haelll give informative bands of 260 bp and 200 bp with B10- and NOD-amplified DNA, respectively. Three oligonucleotide primers were designed and
used together in the PCR for Ly-6C: Ly-6.1, 5-CAACCCATACCTTCTATTTAG-3', Ly-6.2, 5'-GAACTAACCAGTACCCACAG-3' and Ly-6.6, 5'-TTGTTTTTGTTTCTT-
TTTGAGACA-3'. Standard RFLVs for Mtv-9, Hist1, P198, Fim-2 and Cyp2c (P450.2C) were described previously®” and we acknowledge G. Peters, W. F.
Marzluff, E. DePlaen, S. Gisselbrecht and T. Friedberg, respectively, for probes. Because the congenic B10.H-2%7 females were used at the fifth backcross,
it is expected that 3% of markers in the N6 breeders will be NOD type in addition to H-2. Two markers, Pnd and D16Nds2 were thus affected in two and
one, respectively, of the three breeders and this is the explanation for the reduction in numbers of animals scored for these two markers. He, heterozygous;
Ho, NOD homozygous.
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The relative contributions of the MHC and non-MHC genes
to susceptibility to type 1 diabetes have been analysed by the
use of experimental crosses and congenic mouse strains'*-'724-2¢,
A congenic strain NOD.B10-H-2°(NOD.H-2%), in which the
H-2%7 of the NOD has been replaced with the H-2 region
from the diabetes-resistant C57BL/10SnJ (B10) strain, does not
develop insulitis or diabetes demonstrating that the NOD MHC
is essential for B-cell destruction (refs 24, 25). But neither
destructive insulitis nor diabetes are observed in a reciprocal
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congenic strain, B10.NOD- H-28” (N6F2), referred to as B10. H-
2%7_ showing that non-MHC genes are also required. These
non-MHC genes appear to be phenotypically recessive because
(B10.H-2%" x NOD)F, hybrids are also resistant to insulitis and
diabetes®*?°,

In outcross-backcross studies of NOD with the diabetes-
resistant strains C3H (ref. 14), NON (ref. 15), B10 (ref. 16) and
SWR (ref. 17), the frequency of diabetes has been found to be
about 5-15 times less than that for the parental NOD strain.
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TABLE 2 Evidence for an association of chromosome 11 with diabetes
Diabetics
Age-of-onset (days) Non-
Locus 94-143 144-175 177-420 diabetics
He:Ho X2 He:Ho  x? He:Ho X He:Ho
1(3) D1Nds4 11:21 6.6 14:18 13:19 57:37
3(32) -2 6:26 9.9 9:23 49 18:15 49:48
3(53) D3Nds1 4:28 181 7:25 110 6:27 139 54:43
3(67) Tshb 9:23 53 9:23 53 6:27 11.2 50:47
3(86) Adh-1 9:23 49 11:21 8:25 6.9 49:48
6(68) Prp 15:17 11:21 10:22 48 30:24
7(6) Ckmm 23:9 8.2 23:9 8.2 18:15 41:55
7(27) Ngfg 20:12 45 17:15 16:17 37:54
9(24) Thy-1 9:23 51 13:19 19:14 49:47
9(29) Neam 8:24 59 12:20 19:14 48:49
11 (42) Acrb 6:26 11.2 11:21 14:19 51:46
11(47) D11Nds1 4:28 158 11:21 15:18 51:46
11 (52) Mpo 5:27 148 13:19 18:15 53:44
11 (68) Gfap 7:25 9.2 13:19 16:17 51:46
11(71) Myla 7:25 86 13:19 16:17 50:47
12(4) Odc 25:7 86 16:16 13:20 47:50
13(39) D13Nds1 17:15 22:10 95 19:14 40 36:60
14(8) Plau 20:12 26:6 13.2 22:11 49 43:54
14(27) Tera 19:13 21:11 4.2 21:12 42:52
15(49) Gde-1 14:16 8:21 51 10:11 23:19
15(53) Hox-3 16:16 9:23 65 15:18 52:44

Diabetic animals, arranged according to age-of-onset, were divided into thirds: 32 animals with age-of-onset between 94 and 143 days, 32 animals at
144-175 days and 33 animals at 177-420 days. This division of the diabetics is shown graphically in Fig. 1 by vertical lines. Genotype frequency differences
in each group compared to the non-diabetics were evaluated by x? tests in 2 x2 contingency tables. Only x> 4 values are shown. Note the significant
associations of D11Nds1 and Mpo. The markers and their locations are as described in Table 1. He, heterozygous; Ho, homozygous.

These data suggest that at least two phenotypically recessive
genes unlinked to Idd-1 are necessary for disease onset. One of
these non-MHC genes may control the frequency and severity
of insulitis and a second might influence the progression from
insulitis to clinical onset of diabetes'®. A non-MHC gene, desig-
nated Idd-2 has been tentatively assigned to mouse chromosome
9 (ref. 15).

To map genes that influence multifactorial traits systemati-
cally, two main reagents are required: a linkage map covering
most of the genome of the relevant species®”?® and large numbers
of both affected and unaffected progeny, generated by the cross-
ing of susceptible and nonsusceptible individuals?’~*°. Neither
of these criteria have been comprehensively fulfilled in the study
of diabetes. We have thus assembled a genetic map of the mouse
genome with newly characterized DNA markers, called micro-
satellites’*3¢, By analysis of the associations of these markers
with disease in a large backcross to NOD with the diabetes-
resistant (B10.H-22” x NOD)F, , we have mapped susceptibility
genes for type 1 diabetes to chromosomes 3 and 11. Histopatho-
logical examination of islets from non-diabetic backcross mice
indicates that the chromosome 3 gene contributes to the
frequency and severity of insulitis. We have also found that the
age at which diabetes is diagnosed has a substantial effect on
the ability to detect the chromosome 11 association.

Murine type 1 diabetes is caused by alleles of at least three
unlinked genes, one of which has variable, age-dependent
penetrance. The human homologues of these genes may
influence susceptibility to human type 1 diabetes.

Backcrosses

An important design feature of our study was the elimination
of Idd-1 as a variable in the backcross progeny by using the
congenic B10. H-2%7 strain. Two reciprocal first backcross gener-
ations (BC1) were produced. (B10.H-22” x NOD)F, x NOD,
generated 59/430 (13.7%) female and 4/142 (2.8%) male diabetic
mice and NOD x (B10.H-22” x NOD)F, generated 42/282
(14.9%) female and 2/66 (3.0%) male diabetic mice. There was
no significant difference in the frequency of type 1 diabetes
between the two backcrosses indicating that the NOD X chromo-
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some does not carry a major, recessive susceptibility gene.
Ninety seven out of 101 female diabetic BC1 progeny were
analysed. Data from male diabetics are not included in this
study. Figure 1 shows the cumulative frequency distribution of
diabetes up to 330 days of the female parental NOD strain and
of the female first backcross generations. The cumulative
frequencies of diabetes at 330 days were 90% and 13% in the
NOD parental and BC1 female mice, respectively. The frequency
of diabetes in males in the BC1 generations was low at 3%
(6/208) compared with the parental male NOD strain at 50%
(data not shown).

Microsatellite genetic map

We developed 53 variant, locus-specific microsatellites®*-> that
give, in combination with eight restriction fragment length
variants (RFLV)*’, at least one marker per chromosome. Micro-
satellite markers on chromosome 17 (ref. 33) were not informa-
tive in the backcrosses because the MHC region was fixed. The
Y chromosome could not be followed because only females
were analysed and all male BC1 mice carry the NOD Y chromo-
some. Microsatellites contain tandem repeats of simple sequen-
ces such as the dinucleotides (CA), and (GA), (n>10). These
are highly variable between inbred strains of mice, and size
differences between alleles are conveniently determined using
the polymerase chain reaction (PCR) and gel electro-
phoresis®>-*, The chromosomal locations and names of the
markers are listed in Table 1. The map distances and order of
the markers are consistent with the published genetic map of
the mouse genome*®,

Chromosome 3

The associations of alleles of markers and type 1 diabetes were
evaluated by a x? test of gene frequencies in diabetic and
non-diabetic animals (Table 1). By this test, only two markers
have significant associations with diabetes: D3Nds1 (x> = 30.4)
and Tshb (x*=14.8) on chromosome 3. The segregation of the
markers in the non-diabetics did not differ significantly from
random expectations. Therefore the associations are diabetes-
specific. Associations were judged to be significant when the x?
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exceeded 13.8. This critical value was chosen because it is
numerically the same value as 3 on the logarithm of the odds
(lod) scale®®, and exceeds the value necessary to assure that the
proportion of true linkages among significant linkage is greater
than 95% when testing randomly chosen genetic loci in the
mouse genome (Neumann, personal communication). Of 97
diabetics, 80 (82%) are NOD homozygous for D3Ndsl com-
pared with 43/97 (43%) for non-diabetics (Table 1), implying
that the NOD allele of the chromosome 3 disease-associated
gene (Idd-3) is a positive susceptibility determinant. The
chromosome 3x? values in Table 1 indicate that a susceptibility
gene (or genes) probably lies between II-2 (x*=5.4; about 32
centimorgans (cM) from the centromere) and Tshb (x2=14.8;
about 67 cM from the centromere). Nine out of 97 diabetics are
heterozygous at II-2, D3Nds1 and Tshb. Because the possibility
of all nine of these mice having double recombination events
between Il-2 and D3Ndsl or Tshb and D3Ndsl is very small,
it is unlikely that any of the nine heterozygotes are actually
NOD homozygous at the disease locus. This indicates that
diabetes in this cross cannot be viewed as a simple recessive trait.

Chromosome 11

To evaluate the possibility of an influence of age on genetic
susceptibility, the diabetic animals were ordered according to
ascending age-of-onset and then divided into thirds so that there
were roughly equal numbers in each group (Fig. 1 and Table
2). This division was not based on any particular choice of
age-of-onset or genotype. Two adjacent loci on chromosome
11, D11Nds1 (x*=15.8) and Mpo (x> = 14.8), were significantly
associated with diabetes only when the group of diabetics with
the youngest age-of-onset (94-143 days) was compared with the
non-diabetics (Table 2). The NOD allele of this gene, designated
Idd-4, is associated with diabetes. As was found for Idd-3 (this
study) and Idd-1'%'"2% at least 4/32 early-onset diabetics were
likely to be heterozygous at Idd-4 (data not shown and Fig. 3),
indicating that the penetrance of the NOD allele of Idd-4 is
influenced by other genetic and environmental factors.

Location analysis

Estimates for the locations of Idd-3 and Idd-4 on chromosomes
3 and 11 were determined by multilocus linkage analysis, incor-
porating possible age-of-onset effects (see legend to Fig. 2). The
one-, two- and three-lod-unit support intervals shown in Fig. 2
represent regions within which there is a different likelihood of

FIG. 2 Maximum likelihood position estimates and support intervals for the
locations of /dd-3 and /dd-4 on chromosomes 3 and 11, respectively. The
location of the susceptibility gene is shown as the chromosome region
within which there is at least a 1 in 10, 1 in 100 and 1 in 1,000 likelihood
of finding the gene by maximum likelihood estimate.

METHODS. Support was evaluated under a genetic model which assumed a
single susceptibility gene with unknown penetrance on the chromosome
containing the markers linked to diabetes. Only diabetic animals were
included in the location analysis. Conditional probabilities for a diabetic
animal to be homozygous (NN) or heterozygous (NB) were estimated
for each location or interval examined. The age of animals at diabetes
onset was incorporated as a phenotype under the assumption of a
logistic*® age-of-onset function of the form, P(NN|d)=exp (a + B * a)/
(1 +exp (a + B * a)) where P(NN|d) is the conditional probability of NN given
diabetes (d), a is the age at onset of diabetes, and « and B are unknown
parameters. The hypothesis a =B =0 corresponds to P(NN|d)=P(NB|d)=
0.5, or to the absence of linkage, and B =0 corresponds to the absence of
an age effect. Likelihood ratio statistics were calculated for the evaluation
of different placements of the susceptibility loci. Two approaches were
used. First, we used a modification of the location score method™, in which
the recombination frequencies between the markers were fixed at the values
calculated during the construction of the map, and the placement of the
susceptibility locus was varied throughout the chromosome. New estimates
for a and B were obtained for each map location that was examined. Second,
we estimated the recombination rates, and the parameters a and B8 with
the susceptibility gene placed in each interval of the map. The two
approaches led to identical conclusions regarding the relative likelihoods

NATURE - VOL 351 - 13 JUNE 1991

TABLE 3 /dd-3 influences the frequency and severity of insulitis

Insulitis
Moderate
Genotype None Mild or severe
D3Nds1 Ho (n=43)  13(30%) 5(12%) 25 (58%)
D3Nds1 He (n=54)  37(68%) 4(7%) 13 (24%)
x3>4 140 117
P value <0.001 <0.001

Histological analysis was done on pancreata from 210-330-day-old non-
diabetic backcross mice described in the legend to Fig. 1. Histology was
scored in the following categories'®24-2%: 0, no evidence of lymphocytes in
pancreas; 1, some periductal lymphocyte infiltration; 2, periislet infiltration,
no insulitis; 3, very mild insulitis in some islets with no reduction in islet
mass; 3b, extensive insulitis with significant islet mass remaining; 3b*,
extensive insulitis with significant reduction in islet mass; 4*, as 3b*, but
only residual islets remaining. For comparative analysis, these categories
were combined as follows: 0, 1, 2, no insulitis; 3, mild insulitis; 3b, moderate
insulitis; 30™ +4*, severe insulitis. Differences in the frequencies of animals
which were NOD homozygous (Ho) and heterozygous (He) at D3Nds1 in the
insulitis categories were evaluated by x> testsin 2x2 contingency tables.

the gene being located, as determined by the maximum likeli-
hood estimates.

Idd-3 is localized to an interval on chromosome 3, flanked
by Il-2 and Tshb and containing D3Ndsl. Alternatives with
Idd-3 placed outside this interval were rejected if the relative
likelihood ratios were greater than 1,000:1. Although the
maximum likelihood estimate for the location of Idd-4 is
between Acrb and Mpo, near D11Ndsl, alternative placements
in other intervals on chromosome 11 are possible with relative
likelihood ratios between 3:1 and 1,000: 1 (data not shown and
Fig. 2). The inclusion of data on the age-of-onset of diabetes
narrows the support intervals for both Idd-3 and Idd-4 (Fig. 2).

Genetic control of insulitis

As we have shown that Idd-3 and Idd-4 are associated with
type 1 diabetes their effects may be evident in the development
of insulitis, which is an essential stage in the onset of overt
disease>®. Histological analysis'®?*-2® of the pancreata from all
97 non-diabetic mice at an age of 210-330 days showed that
38/97 (39%) had moderate to severe insulitis, 9/97 (9%) had
mild insulitis and 50/97 (51%) had no insulitis (Table 3). Sig-
nificantly more insulitis-free animals were heterozygous than

Chromosoma 3 Chromosome 11
No Age Effect Age Effect No Age Effect Age Effect
q q
Gina(10) t
1n-2(32)
Acrb(42) T
D11Nds1(47) T
D3Nde1(53) ! Mpo(52) T
Tehb(87) Gtap(68) |
Myle(71) T
Suppont intervals of:
Adh-1(86) at least 1:10 mm
at least 1:100 —
at least 1:1000 —

for placements of the susceptibility loci in different intervals of the map.
Support intervals are shown as calculated from the modified location score
method. Each marker was scored on all the available diabetic (n=97) and
non-diabetic (n=97) female BC1 progeny. The numbers in parentheses are
the distances in cM from the centromere (Table 1), which is shown as a
circle on the top of the chromosome stick diagram.
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homozygous at D3Ndsl (compared to animals with insulitis
x*>=14.0; P<0.001). Animals with moderate to severe insulitis
were more often homozygous at D3NdsI than heterozygous
compared to animals with mild or no insulitis (?=11.7; P<
0.001; Table 3). These data demonstrate that the NOD allele of
Idd-3 may contribute to the development and severity of
insulitis. No other marker or genotype, including those on
chromosome 11, correlated significantly with insulitis in these
animals (P> 0.001; data not shown).

Discussion

Idd-3, which is near the chromosome 3 marker D3Nds1 (Fig.
2), affects both insulitis (Table 3) and diabetes (Table 1). This
may be the susceptibility gene (or gene complex) that was
proposed previously to be essential for the development of
insulitis'®>. Evidence from an F, cross of (B10.H-28"x
NOD)F, x (B10.H-2% x NOD)F, also indicates that Idd-3 is
an important factor for insulitis. Only 1/24 F, progeny with
insulitis was B10 homozygous at D3Nds! and this animal was
heterozygous at Il-2 suggesting that it may also be heterozygous
at Idd-3 (data not shown). Idd-1 influences diabetes susceptibil-
ity in all crosses with NOD so far reported'*'”. To test the
possibility that Idd-3 is generally important in susceptibility to
diabetes, a second BC1 to NOD with the diabetes-resistant
strain, B6.PL-Thy-1°/Cy was analysed. Idd-3 also appears to
influence diabetes onset in this cross because only 1/13 diabetic
(NODx B6.PL)F, x NOD progeny was heterozygous at II-2,
D3Ndsl and Tshb (unpublished data).

A second non-MHC gene, Idd-4 maps close to DI11Ndsl
(Tables 1 and 2, Fig. 2). Although Idd-4 shows no association
with insulitis in the non-diabetic progeny (data not shown),
Idd-4 may influence the frequency of insulitis. This association
may be apparent in animals scored for insulitis at an age less
than 144 days because the association of Idd-4 with diabetes
depends on the age of the animal (Table 2 and Fig. 2). Another
function for Idd-4 in this genetic background may be to control
the progression of severe insulitis to overt diabetes'®. If similar
genetic heterogeneity related to age-of-onset is found in human
type 1 diabetes, then this will have implications for the design
of linkage studies of the human disease. For an immunological
disease, age-dependent effects might be predicted because the
immune system changes over time. For example, in mice deletion
of T cells bearing VB14 and VB11 antigen receptors takes up
to 150 days*°, which corresponds to the age-of-onset of diabetes
at which we can no longer detect the association of Idd-4.

Diabetic BC1 progeny that were heterozygous at Idd-1 have
been observed'”*®. Consequently, it was proposed that the NOD

Chromosome 3 Chromosome 11
1dd-3 1dd-4

FIG. 3 Genotypes at the most likely
locations for /dd-3 and /dd-4. Each row
is a particular genotype. Heterozygous,
1; NOD homozygous, 0.
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allele of Idd-1 is dominant with incomplete penetrance'®724-26,
Similarly, we have found diabetic BC1 progeny which are likely
to be heterozygotes at Idd-3 (rows 2-5 of Fig. 3) or Idd-4 (rows
6-8 of Fig. 3) but none is heterozygous at both loci (first row
of Fig. 3). The proposed interaction between Idd-3 and Idd-4
is not statistically significant but the analysis raises the possibility
that the influence of a predisposing allele of one gene may
depend on alleles of one or more unlinked genes. Furthermore,
in a case of locus heterogeneity where two (or more) susceptibil-
ity genes have the same effect, it may be possible to detect
significant associations of either gene with disease only when
the genotypes at both loci are analysed simultaneously. An
example of locus heterogeneity has been described for the
human disease, tuberous sclerosis®*'.

Investigation of the relative contributions of Idd-3 and Idd-4
to the pathogenesis of diabetes and their role in autoimmunity
awaits development of NOD and B10 congenic strains. Congenic
strains will allow analysis of the specific role of the Idd-3 and
Idd-4 genes in insulitis and diabetes and fine mapping of the
diabetogenic mutations.

A locus, designated Idd-2, near Thy-1 on chromosome 9 may
influence diabetes in a (NOD x NON)F, x NOD backcross'.
Statistical analysis of these previous data'® shows that the associ-
ation of Thy-1 with diabetes in 19 diabetic BC1 progeny has a
x°=4.4. Similarly, we found no significant association of any
marker on chromosome 9 with diabetes (Tables 1 and 2) or
insulitis (data not shown). If we assume that the genotype
frequencies for Ncam (Table 1) represent a true association
with diabetes, about 600 diabetic and 1,000 non-diabetic BC1
progeny would have to be scored to obtain significant evidence
for an association (y2> 13.8). Alternatively, analysis of an F,
cross may be a more efficient method of detecting dominant
genes with variable penetrance. The effects of Idd-1, -2, -3 and
-4 may differ depending on the diabetes-resistant strain used.

Because diabetes is not inherited in a simple recessive manner
in this backcross, standard calculations to estimate the propor-
tion of the genome covered by the markers in Table 1 are
inappropriate*”. Empirically, we can estimate from Table 1 that
a marker should be within 20 cM of a locus which influences
susceptibility with equivalent effects to those of Idd-3 and Idd-4,
to give a x>>4. A x*>4 can be considered as a starting point
for further experimentation, such as the generation of more
markers, affected progeny and/or congenic strains. Using this
20 cM guideline, about 70% of the genome is covered here in
terms of detecting genes with effects equivalent to Idd-4. If the
frequency of diabetes in mice homozygous for the NOD alleles
of Idd-1, -3 and -4 is 90%, as in NOD females, then the expected
frequency of diabetes in our female BC1 progeny is 22.5%. We
observed 13%, which suggests that at least one other gene is
also involved. These genes may lie in the 30% of the genome
that remains to be analysed and/or they may not be detectable
using the numbers of BC1 progeny analysed in this study. For
example, the association of the chromosome 1 marker, D1 Nds4
merits further analysis.

The T-cell activation gene, Ly-6C, is a candidate susceptibility
locus for autoimmunity because it is mutated in NOD and NZB,
which is a model for the autoimmune disease systemic lupus
erythematosus*>*. Ly-6C was not significantly associated with
diabetes (Tables 1 and 2). Although the chromosome 14, 13 and
7 associations did not reach statistical significance (because of
the stringent critical value for association that has been adopted
in our study; Table 1) the results suggest that genes on these
chromosomes could be involved in diabetes susceptibility. These
associations were unexpected because homozygosity for NOD
alleles is associated with resistance to diabetes relative to
heterozygosity (Table 1) and imply that the B10 parent may
contribute not only diabetes resistance but also susceptibility
alleles.

Comparative mapping of the mouse and human genomes has
revealed extensive regions of homology****. For example, for
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every gene that has been mapped to human chromosome 17,
the homologue has been located on mouse chromosome 11.
Predictions of the locations of disease loci in one species given
their locations in the other species is an increasingly powerful

application of the mouse-human comparative maps. The
homologues of Idd-3 and Idd-4 may therefore reside on human
chromosomes 1 or 4, and 17, respectively, and are candidate
susceptibility genes for human type 1 diabetes. O
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