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Will a three-allele model of inheritance explain the HLA data for Type 1 
(insulin-dependent) diabetes? 

D. A. Greenberg 

Wadswor th  VA Medical  Center,  Neurology Service, Los Angeles,  California,  U S A  

Summary. The HLA data from nine published studies on 
Type I (insulin-dependent) diabetes were examined to see 
whether a three-allele model for the inheritance of Type 1 dia- 
betes at the HLA-associated locus could be rejected. None of 
the data rejected the three-allele model. The data were also ex- 
amined to see whether they would reject a recessive model. 
Out of the nine data sets, five rejected a recessive and four did 
not. The p value for all studies together rejected a recessive. 
Two of the data sets allowed us to test the hypothesis that mul- 
tiplex and simplex families would exhibit different modes of 
inheritance. Multiplex data from both data sets rejected feces- 

sive inheritance while the multiplex data from only one data 
set also rejected three-allele inheritance. The results of assum- 
ing a recessive model and analyzing the data from simplex 
families led to different results from the two data sets. In addi- 
tion, data from a non-European population were examined 
and found to reject both recessive and three-allele inheritance 
for Type 1 diabetes at the HLA-associated locus. 

Key words: Type 1 diabetes, HLA, heterogeneity, genetic mod- 
el, three-allele. 

There has been much discussion recently concerning a 
three-allele model of  inheritance for Type 1 diabetes. 
Hodge et al. [1] were among the first to propose a three- 
allele model. Their rather complex model proposed 
three forms of  Type 1 diabetes, each with an associated 
penetrance. In constructing their model, Hodge et al. 
used relative risks, affected sibling-pair data and 
HLA-B locus data (DR data being rare at the time). Be- 
cause of  its complexity, this model has never been tested 
adequately. Greenberg and Anderson [2] analyzed data 
from five different studies and found that, although all 
studies rejected a dominant  model, some studies reject- 
ed a recessive mode of  inheritance while others did not. 
They also examined whether a three-allele model could 
fit the existing HLA data and, although not statistically 
testing the data, found that a three-allele model could fit 
the HLA data but not the affected sibling pair data. 
Risch [3], using a similar analysis, showed that the 
HLA- D R  locus data of  Barbosa et al. [4] would fit a 
three-allele model but not a dominant,  recessive or in- 
termediate model. 

The purpose of  this study was to test whether the 
three-allele model would fit the HLA-DR locus data. 
The three-allele model we use is restrictive, i.e., only 
those patients with both disease alleles at the HLA-as- 
sociated locus can have the disease. To test the model, 

we examine the distribution of  HLA-DR genotypes 
among the affected population. This method eliminates 
the need to consider simple penetrance or other genetic 
or environmental factors since it deals only with the af- 
fected population [5, 6]. 

Methods 

The three-allele model  that  we used  was the s implest  possible. We as- 
s u m e d  that  there are three different alleles at the HLA-associa ted  dis- 
ease locus, one  normal  allele and  two different disease alleles. Only 
people  who carry the two different disease alleles at the HLA-asso-  
ciated locus can be affected. We examine  only the affected popula-  
tion, as has  been described elsewhere [5, 6]. 

We a s sume  that there are six different haplotypes,  each corre- 
spond ing  to a disease allele - H L A  allele combinat ion.  The  popula-  
t ion frequencies of  these haplotypes  we designate as follows: 
D s l D R 3  = u, Ds2DR3 = v, D s l D R 4  = w, Ds2DR4  = x, D s l D R x  
= y, D s 2 D R x  = z - where D s l  = disease allele 1 and  Ds2 = disease 
allele 2. D R x  is any  H L A  marker  other than  DR3 or DR4. There are 
thus  six parameters  that  describe the frequencies  of  the haplotypes  in 
the  general  populat ion.  

These  haplotypes  were then  combined  to p roduce  the following 
genotypes  which, unde r  the three-allele model,  can occur  in affected 
subjects:  

DslDR3 DslDR3 DslDR3 DslDR4 DslDR4 DslDRx DslDRx DslDR4 DslDRx 
Ds2DR3 Ds2DR4 Ds2DRx Ds2DR4 Ds2DRx Ds2DILx Ds2DR3 Ds2DR3 Ds2DR4 
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Table 1. Comparison of observed and expected distributions of HLA genotypes among probands assuming a three-allele model 
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Study Genotype 

DR3/DR4 DR3/x  DR4/x  DRx/x  DR3/DR3 DR4/DR4 Z 2 

Wolf et al. [18] Expected 62.4 13.5 25.3 3.8 9.7 7.4 
Observed 62 15 27 3 9 6 0.78 

Brautbar et al. [10] Expected 13.7 3.7 15.7 1.8 1.8 13.3 
Observed 14 3 16 2 2 13 0.18 

Anderson et al. [8] Expected 34.3 14.2 24.0 7.1 2.9 14.5 
DR4/?  = DR4/DR4 Observed 34 15 24 7 3 14 (0.06) a 

Anderson et al. [8] Expected 33.8 13.0 34.3 9.3 3.7 2.8 
DR4/?  = DR4/blank Observed 34 15 36 7 3 2 1.32 

Ginsberg et al. [16] Expected 17.5 11.9 15.2 4.4 7.7 7.3 
Observed 18 13 15 4 7 7 0.22 

Christy et al. [11] Expected 13.5 14.6 24.2 12.7 4.2 3.8 
Observed 13 15 24 13 4 4 0.06 

Suciu-Foca et al. [ 1 7 ]  Expected 13.0 14.5 11.6 6.9 7.3 3.6 
Observed 14 10 I1 9 9 4 2.50 

Farid et al. [15] Expected 9.4 8.5 11.2 7.7 1.1 2.1 
Observed 10 8 11 8 1 2 0.09 

Barbosa et al. [4] Expected 33.8 17.8 55.6 7.5 7.7 11.6 
Observed 35 19 55 7 7 11 0.26 

De Jongh et al. [7] Expected 30.7 10.1 18.2 3.8 5.9 6.3 
Observed 32 8 18 5 6 6 0.86 

Each figure in the table represents the number of propositi with the corresponding genotype. 
Overall Z 2 = 6.27 with 9 degrees of freedom (not significant). 
a For the Anderson et al. data, two runs were carried out - one where all patients who typed only for DR4 but whose genotype could not be deter- 
mined were treated as DR4/DR4,  and one where they were treated as DR4/blank. Only the higher Z 2 value was used to compute the overall i '2 

The population frequency of Type 1 diabetes is then: 

f = 2  (uv + u x +  uz+  wv +w x  +wz  + yv + yx +yz) 

The unknown population frequency of the two disease alleles in the 
general population, Dsl  and Ds2, we designate pa and P2. Therefore 

f = 2 pa P2. 

The above statements refer to population frequencies, but we now 
make the restriction that we are looking only at the affected popula- 
tion (including only unrelated people). By the requirements of the 
model, every affected person has both disease alleles at the disease lo- 
cus. Therefore, in the affected population, Pl = P2 = 0.5. Also, we rede- 
fine the haplotype frequencies u, v , . . . ,  z to be the frequencies of the 
haplotypes in the affected population. We can then set up the follow- 
ing equality 

f 2(uv+ ux + u z +  wv+ wx + wz+yz  +yv  + yx) 
1 

2 Pl P2 2(0.5) (0.5) 
Moreover, by the requirement that the frequency of the Dsl  allele be 
0.5, and the same for the Ds2 allele, we can reduce the number of pa- 
rameters by the equalities 

u = 0 .5  - w - y  

v = 0.5-x-z, 

since u + w + y = Pl = x + v + z = P2 = 0.5. There are thus only four pa- 
rameters, given the restrictions of the model and the fact that we ex- 
amine only the affected population. 

The mutually exclusive and exhaustive categories of HLA geno- 
types DR3/DR4, DR3/x, DR4/x, DR3/DR3,  DR4/DR4, and 
DRx/x  constitute five independent observations (since one category 
is fixed once the others are known). We therefore have four indepen- 
dent parameters and five observations, leaving us one degree of free- 
dom for testing. 

The best fit of the parameters to the data was found by going 
through all possible combinations of parameters (in steps of 0.01) to 
compute the theoretical proportions of HLA genotypes in a data set. 
(Again, the parameters are the theoretical proportions of the above- 
listed haplotypes among affected individuals.) The theoretical pro- 
portions of HLA genotypes among affected individuals were comput- 
ed and compared with the observed proportions, using a Z 2 statistic. 
The parameters which are reported were those that led to the best 
agreement between the theoretical proportions and the observed pro- 
portions. The theoretical values for the recessive model were comput- 
ed similarly [2, 5]. 

Data were taken from nine different studies. Anderson et al. [8] 
(updated in [9]) reported that in 12 patients who typed positive for 
DR4 only, it was impossible to determine whether they were 
DR4/DR4 or DR4/blank. Thus, our analysis was done under both 
extreme cases: assuming all 12 patients were DR4/DR4 and assum- 
ing they were all DR4/blank. Brautbar et al. [10] separated their data 
into populations of Ashkenazi and non-Ashkenazi patients. We in- 
cluded only the Ashkenazi data in the main analysis, since the other 
studies report data mostly from populations of European origin. The 
"prospective" data of Christy et al. [11] were used for the main analy- 
ses. By "prospective" is meant "randomly ascertained in a clinic," 
which it is reasonable to assume come mostly from simplex families. 

Results 

The expected and observed numbers of each of the six 
HLA genotypes under the three-allele model are shown 
in Table 1. The fit is good for all of the data sets. When 
all the Z 2 values are added together and the degrees of 
freedom adjusted accordingly (1 degree of freedom 
added for each data set), the total Z 2 value for all obser- 
vations is not significant. 
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Table 2. Comparison of observed and expected distributions of HLA genotypes among probands assuming a recessive model 

Study Genotype 

DR3/DR4 DR3/x  DR4/x  DILx/x DR3/DR3 DR4/DR4 Z 2 

Wolf et al. [18] Expected 40.8 16.7 19.3 4 17.6 23.6 
Observed 62 15 27 3 9 6 31.83 

Brautbar et al. [10] Expected 11.8 4.8 12.9 2.6 2.2 15.7 
Observed 14 3 16 2 2 13 2.51 

Anderson et al. [8] Expected 25.6 15.1 22.2 6.6 8.7 18.8 
D R 4 / ? =  DR4/DR4 Observed 34 15 24 7 3 14 (7.91) ~ 

Anderson et al. [8] Expected 22.0 16.2 25.3 9.3 7.1 17.1 
DR4/?  = DR4/blank Observed 34 15 36 7 3 2 27.47 

Ginsberg et al. [16] Expected 16.6 12.5 13.3 5.0 7.8 8.8 
Observed 18 13 15 4 7 7 1.02 

Christy et al. [111 Expected t 1.2 15.4 20.6 14.1 4.2 7.5 
Observed 13 15 24 13 4 4 2.60 

Suciu-Foca et al. [ 1 7 ]  Expected 11.8 14.8 11.2 7.0 7.8 4.5 
Observed 14 10 11 9 9 4 2.76 

Farid et al. [15] Expected 6.7 8.7 10.8 7.1 2.7 4.1 
Observed 10 8 11 8 1 2 4.02 

Barbosa et al. [4] Expected 27.7 21.2 38.0 14.6 7.7 24.8 
Observed 35 19 55 7 7 11 21.43 

De Jongh et al. [7] Expected 21.9 11.7 14.8 4.0 8.7 13.9 
Observed 32 8 18 5 6 6 12.04 

Overall Z 2 = 105.68 with 9 degrees of freedom, p <  10 -5. Explanation and key as in footnote to Table 1 

Table 3. Analysis by family type from the data of De Jongh et al. [7] 

Family type Genotype 

DR3/DR4 DR3/x  DR4/x  DRx/x  DR3/DR3 DR4/DR4 Z 2 p 

Three-allele model 
All propositi Expected 30.7 10.1 18.2 3.8 5.9 6.3 

Observed 32 8 18 5 6 6 0.86 NS 

Propositi from simplex families Expected 24.1 6.7 12.6 2.5 3.2 3.9 
Observed 23 8 13 2 3 4 0.45 NS 

Propositi from multiplex families Expected 7.4 3.9 5.2 1.6 2.1 1.8 
Observed 9 0 5 3 3 2 5.76 < 0.025 

Recessive model 
All data 

Simplex only 

Multiplex only 

Expected 21.9 11.7 14.8 4 8.7 13.9 
Observed 32 8 18 5 6 6 12.04 <0.0001 

Expected 16 8.2 10 2.6 6.5 9.8 
Observed 23 8 13 2 3 4 9.43 ' < 0.005 

Expected 5.7 4.3 4.6 1.7 2.7 3.0 
Observed 9 0 5 3 3 2 7.59 < 0.01 

Explanation as for Table 1 

For comparison, the expected and observed num- 
bers of each of the HLA genotypes among probands, 
assuming a simple recessive model, are shown in 
Table 2. Here, the Za,~ealues for five of the data sets are 
significant, as is the overall Z 2, indicating a rejection of 
the simple recessive model. Note, however, that the re- 
sults for the recessive model appear to be dichotomous; 
that is, while five data sets clearly reject the recessive 
(those with a Z2> 3.84) the other four do not. This di- 
chotomy has been noted previously [2]. 

Anderson et al. [8] could not determine in all cases 
whether patients who typed for DR4 only were 
DR 4 / DR 4  or DR4/blank. We did the calculations as- 
suming the extremes of counting all patients who typed 
only for DR4 successively as DR 4 / DR 4  and then as 
DR4/blank. Table 1 shows that, for the three-allele 
model, assuming all DR4/?  are DR 4 / DR 4  or assuming 
they are all DR4/blank leads to a non-significant Z 2, al- 
though the Z 2 is higher when all are called DR4/blank. 
For the recessive model, in contrast, both assumptions 
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Table 4. Analysis by family type from the data of Christy et al. [11] 
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Family type Genotype 

DR3/DR4 DR3/x  DR4/x  DRx/x  DR3/DR3 DR4/DR4 Z 2 p 

Three-allele model 
All propositi Expected 23.1 18.4 30.6 15.7 4.7 5.5 

Observed 23 18 31 16 5 5 0.09 NS 

"Prospective" group Expected 13.5 14.6 24.2 12.7 4.2 3.8 
Observed 13 15 24 13 4 4 0.06 NS 

"Familial" group Expected 9 3.9 7.3 2.4 1 1.4 
Observed 10 3 7 3 1 1 0.58 NS 

Recessive model 
All propositi Expected 17.3 20.4 26.7 15.7 6.6 11.3 

Observed 23 18 31 16 5 5 6.79 < 0.01 

"Prospective" group Expected 11.2 15.4 20.6 14.1 4.2 7.5 
Observed 13 15 24 13 4 4 2.60 NS 

"Familial" group Expected 6.2 4.5 5.8 2.1 2.4 4.0 
Observed 10 3 7 3 1 1 6.53 < 0.025 

Table 5. Data from non-Ashkenazi population of Brautbar et al. [10] 

Model Genotype 

DR3/DR4 DR3/x  DR4/x  DRx/x  DR3/DR3 DR4/DR4 Z 2 p 

Three-allele Expected 20.4 4.7 8.5 1.4 2.6 4.5 
Observed 23 1 7 3 3 5 5.34 < 0.025 

Recessive Expected 14.0 5.6 6.8 1.4 5.7 8.5 
Observed 23 1 7 3 3 5 14.32 < 0.0001 

Table 6. Calculated haplotype frequencies among probands 

Study DslDR3 Ds2DR3 DslDR4 Ds2DR4 DslDRx Ds2DRx 

Wolf et al. [18] 0.33 0.06 0.04 0.38 0.13 0.06 
Brautbar et al. [101 0.15 0.06 0.17 0.39 0.18 0.05 
Anderson et al. [8] (? = 4) 0.25 0.03 0.11 0.34 0.14 0.13 
Anderson et al. [8] (? = blank) 0.24 0.04 0.02 0.36 0.24 0.10 
Ginsberg et al. [16] 0.20 0.15 0.11 0.26 0.19 0.09 
Christy et al. [11] 0.16 0.09 0.05 0.26 0.29 0.15 
Suciu-Foca et al. [17] 0.23 0.14 0.08 0.20 0.19 0.16 
Farid et al. [15] 0.22 0.03 0.05 0.26 0.23 0.21 
Barbosa et al. [4] 0.16 0.09 0.06 0.36 0.28 0.05 
De Jongh et al. [7] 0.28 0.07 0.06 0.35 0.16 0.08 

lead to a significant Z 2. In other words, the statistical 
conclusions are the same, independent of how the 
DR4/?  patients are interpreted. 

Discussion 

It appears from our results that a three-allele model can 
adequately account for the observed distribution of 
HLA types among probands in different populations. 
One aspect of the model we use is that it is simple, i.e., 
only people with each of the two disease alleles can be 
affected. The fact that the model is restrictive, yet suc- 
cessfully explains the distribution of HLA types in dif- 
ferent populations, is encouraging. 

Risch [3] published a model similar to the one pre- 
sented previously [2, 5] and to this one. He also found 
that the data of Barbosa et al. [4] fitted the three-allele 
model. One difference between Risch's model and the 
present one is that the latter is more restrictive, having 
only four parameters and one degree of freedom in- 
stead of seven parameters and two degrees of freedom. 
The model appears to provide a good description of the 
data in spite of the additional restrictions. 

We had previously proposed that there may be two 
forms of Type I diabetes, one expressed more (that is, 
less penetrant) in simplex families (with only one affect- 
ed member) and one that showed up more in multiplex 
families (more than one affected member) [2]. We sug- 
gested that the multiplex form was three-allele and the 
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simplex form was recessively inherited. In addition, we 
suggested that there was a form that was not HLA asso- 
ciated. The data of de Jongh et al. [7] gave us an oppor- 
tunity to test further part of  the hypothesis. As can be 
seen from Table 3, both the simplex and multiplex data 
reject a recessive mode of inheritance, which is contrary 
to our hypothesis. But this result is also different from 
the result using the data of Christy et al. [11], where we 
found that the "prospective" data did not reject a reces- 
sive [2]. However, the multiplex data of de Jongh et al. 
also reject a three allele mode of inheritance while none 
of the data-type categories from the data of Christy et 
al. reject a three-allele model (Table 4). In the de Jongh 
et al. multiplex data, the major contribution to the Z 2 
comes from the DR3/x  category. There were no ob- 
served DR3/x  genotypes among the multiplex proposi- 
ti. Interestingly, the data of de Jongh et al. indicate a 
haplotype sharing among affected siblings (i. e., multi- 
plex families) of 0.83:0.17:0 (12 pairs of siblings ob- 
served) which would be in line with a three-allele or a 
recessive model, but which is a higher proportion of  sib- 
lings with two alleles in common than had previously 
been reported [11]. It therefore appears that, while the 
de Jongh et al. and the Christy et al. data sets lead to dif- 
ferent conclusions vis-a-vis the two models we are con- 
sidering, both data sets point to differences between 
data from simplex and from multiplex families. 

The data of Brautbar et al. [10] are broken down into 
Ashkenazi and non-Ashkenazi groups. The analyses re- 
ported in Tables 1 and 2 reflect only the Ashkenazi 
group. If we look at the non-Ashkenazi group (Table 5), 
we see that the data reject both the recessive and three- 
allele models. In fact, the results look similar to those 
found in multiplex families by de Jongh et al. [7] dis- 
cussed above, with the major contribution to the Z 2 
coming from the DR3/x  category, and with fewer 
DR3/x  propositi than predicted by the three-allele 
model. While the data are sparse, this could be constru- 
ed as further evidence for another form of Type 1 diabe- 
tes. 

Some cautions must be raised in any work such as 
this: First, the calculated frequencies of the haplotypes 
carrying the disease alleles vary widely among the data 
sets (Table 6). This most likely reflects the wide varia- 
tion from study to study of  the proportions of the differ- 
ent HLA genotypes among probands and control sub- 
jects. The explanation offered by Risch [12], that such 
variation represents differences in ascertainment 
schemes, is unsatisfactory. The stated ascertainment 
schemes were similar. Had patients been chosen on the 
basis of their HLA type, then there would be a bias in 
the data. None of the studies used such an ascertain- 
ment scheme. [By ascertainment, we do not mean the 
term as it is used in segregation analysis (i. e., correcting 
data for unobserved at-risk matings). Such ascertain- 
ment plays no role in the methods being used here. We 
mean ascertainment in the more general sense of  how 
the patients were brought into the studies.] 

Assuming that the mode of inheritance of Type 1 
diabetes at the HLA-associated locus is three-allele, it 
may not be surprising that some data sets reject the re- 
cessive and some do not. Three-allele inheritance can be 
viewed as a more general case of the recessive. It is pos- 
sible that in some data sets the distribution of HLA 
types among probands would mimic recessive inheri- 
tance. Falk [13] has pointed out that different genotypes 
may exhibit a variety of penetrances depending on the 
environment. Thus, if there were, in fact, two disease 
susceptibility alleles, the penetrance of a homozygote 
for one of the alleles may be greater in one environment 
than in another. Such an hypothesis could explain our 
observations when we attempted to fit the data to a re- 
cessive model; there, some data sets strongly rejected 
the recessive and some did not. Falk points out that the 
three-allele model would be the same as a recessive, for 
example, when the penetrances of all genotypes at the 
disease locus were the same, and more "three-allele- 
like" when the heterozygote was more penetrant than 
the other genotypes. (In our notation, the disease geno- 
types would be Dsl-Dsl ,  Ds2-Ds2, Dsl-Ds2.) Our 
analysis indicated that such a strong dichotomy existed 
between those that accepted and those that rejected, a 
recessive that, taking Falk's approach, we might expect 
there to be only two different environments. 

Secondly, the affected sibling-pair data appear in- 
compatible with a three-allele model [2]. The methods 
used to calculate the expected proportions of affected 
siblings sharing both, one, or neither HLA haplotype 
make assumptions such as no diminished survival or 
reproductive capacity due to disease, and no significant 
recombination between HLA and the disease allele. 
However, Payami et al. [14] have shown that these fac- 
tors may not cause large differences in the results in the 
case of the recessive and, by analogy, this applies to the 
three-allele model. 

Thirdly, it is important to remember that a good sta- 
tistical fit does not prove that a model is correct. We 
have shown that the fit of  the three-allele model to the 
association data is good and that, based on those data, 
this model cannot be rejected. 

Finally, the calculations done here assume a uni- 
form disease population with no heterogeneity. We 
have shown that a three-allele model will explain the 
distribution of  HLA types in most studies, but this does 
not explain the affected-sib-pair rate. In addition, the de 
Jongh et al. [7] multiplex data, the Brautbar et al. [10] 
non-Ashkenazi data and the Christy et al. [11] data hint 
at another form of Type 1 diabetes. 
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