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A B S T RA C T We have histocompatibility (HLA)
genotyped 28 families with insulin-dependent dia-
betics in two or more consecutive generations, usually
parent and child. This strategy of ascertainment was
used to maximize the likelihood of obtaining a
homogeneous type of disease within a family, and an
autosomal dominant mode of inheritance. 76 diabetics
and 169 nondiabetics were studied in these families.

The frequencies of the antigens Dw3 and Dw4, and
the genotype Dw3/Dw4 among the diabetics are 59,68,
and 30%, respectively, as compared with 15, 12, and
2% in normal controls, and 43, 41, and 10% in the
nondiabetic relatives of the diabetics. Dw2 is present
in only one diabetic (4%), as compared with 18% in
normal controls and 17% in nondiabetic relatives.

HLA haplotype concordance was analyzed for sib
pairs in relation to the haplotype shared by the affected
parent/child pair, and for the diabetic sib pairs within
each sibship. The results failed to reveal deviations
in the expected HLA haplotype assortment. Assuming
an autosomal dominant mode and several penetrance
levels, linkage analysis between the HLA and
diabetes was performed. The total lod score is 0.37
for a recombination fraction of 0.29 at 50%penetrance.
Although the linkage and concordance analysis results
are inconclusive, they seem to be different from
those reported by us for families with normal parents
and two or more diabetic sibs. Because ascertainment
biases may have influenced these results in an
unquantifiable manner, it is not certain whether the
two types of families are genetically different. How-
ever, the marked difference in the lod scores for the

Received for publication 11 May 1979 and in revised form
2 October 1979.

592

50%penetrant autosomal recessive model between the
two types of families is compatible with a genetic
dissimilarity between them. The high frequency of the
Dw3 and Dw4 antigens, the Dw3/Dw4 genotype, and
the decreased frequency of Dw2, however, indicate
the existence of two or more important diabetic
genetic factors associated with the D region of the
HLA in these families.

INTRODUCTION

One of the few seemingly well-established facts about
the etiology of insulin-dependent diabetes mellitus
(IDDM)l is that extensive heterogeneity is present
(1-8). Thus, several genetic mechanisms are likely to
be involved. These may possibly range from multigenic
(with each locus contributing only a small effect) to the
major genetic effect of Mendelian modes of inheritance.
The recent reports of association between the his-
tocompatibility system (HLA) and IDDM (5,6) indicate
a direct and important effect of the HLA antigens on
the risk of the disease. One possible explanation
of this association is linkage between the two traits;
we have conducted a series of linkage analysis studies
to examine these possibilities. Genetic studies of
IDDM must be designed to answer a specific re-
search question under circumstances that minimize
the "noise" of heterogeneity. We have, therefore,
sampled multiplex families (i.e., those families with

' Abbreviations used in this paper: HLA, histocompatibility
system; IDDM, insulin-dependent diabetes mellitus; MG
families, fainilies with diabetics in multiple consecutive
generations; MSfamilies, families with multiple (two or more)
diabetic sibs in one sibship of normal parents; 6, recombina-
tion fraction.
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two or more IDDM members). Wefirst analyzed those
IDDM multiplex families with normal parents and two
or more affected children, i.e., multiple sib-affected or
families with multiple (two or more) diabetic sibs in
one sibship of normal parents (MS families). These
families were selected to maximize the proportion of
cases with an autosomial recessive mode of inheritance.
Assuming this genetic mode, when using the lod (the
logarithm of odds) score method for linkage analysis,
we found the highest total lod score of 3.98 at a re-
combination fraction of 13%, suggesting the existence
of a diabetic locus loosely linked to the HLA in these
families; however, these results may have been in-
fluenced by the association between the HLA and
IDDM (2,9), as discussed below. Conversely, the same
method applied to the families published by Rubin-
stein et al. (10), reportedly ascertained at random,
showed a lod score of 0.88, thus failing to indicate
linkage between the HLA and IDDM (9). This sug-
gests that our findings of linkage imay be specific for
the specially selected families studied by Us (1, 9),
and may not be applicable to famnilies ascertained at
randomn or according to other criteria. Furthermnore, it
does not confirmi the claim of Rubenstein et al.
(10) that all IDDM cases are autosomal recessive.

In this paper we report the results of studies on
those multiplex families with cases in two consecutive
generations, designated the multiple generational
(MG) families. We test the hypothesis that the re-
sponsible diabetic gene in such famiilies, selected to
maximize an autosomal dominant mode of inheritance,
is in linkage with the HLA region. Other genetic
mechanisms (autosomal recessive or multigenic) could
yield such pedigrees, and the results of our analysis
must be examined in light of these possibilities. The
possible effects of association on the interpretations
of the linkage analysis results are also considered.
A total of 28 MG families were studied for HLA
antigens A, B, C, D, and glyoxalase, and analyzed for
concordance and linkage analysis.

METHODS
Clinical material. A total of 28 families with two or imore

insulin-dependent diabetics in two or imore consecutive
generations were studied. Families 201, 224, and 230 have
been partially reported before (1, 2). These were A.P.,
M.R., and S.Ros., respectively, (1). All family memnbers
filled out questionnaires that included the following informa-
tion: age and month of onset of diabetes, history of in-
fections during the 3 mo precediing the onset of the
diabetes, ethnic background, family history of diabetes,
and personal and family history of other diseases. All
diabetics are insulin dependent and the great majority
have a history of ketonuria unrelated to acute disease
or fasting, which is the best available indicator of insulin
dependency. Only three diabetics have onset of disease
above age 40 but all three are ketosis prone.

Ininunogenetic studies. 44 HLA antigens (A, B, C, and
D) were determined in 15 families. These were the last
famiilies studied and were ascertained in exactly the same
way as the first 13 families typed for only antigens A, B,
and C. The serological specificities (A, B, and C) were
studied by a standard two-stage dye exclusion microcytotoxic-
ity test (1 1) by using a panel of 90 well-characterized
antisera capable of detecting all defined HLA and most w
specificities. HLA D typing for the specificities Dwl,
2, 3, 4, 7, 10, and 11 was performied according to a metlhod
described (12). Four lines of homozygous typing cells
were used for each of the specificities. Double-normalized
relative responses of 35 or less to at least three of the four
homozygous typing cells were considered typing responses.
Responders generating more borderline responses (35-50
double-normalized relative responses) were repeated to con-
firm the specificity. HLA Dw5, 6, and 8 were tested by using
two homnozygous typing cells per specificity. Because these
specificities are less well defined and were typed by only
two cell lines, the results have not been included in this
study. HLA Dw9 homozygous typing cells were not used.
The high number of blanks or nontyping responses (31%)
in the diabetic families is probably due to the fact that typings
for the HLA Dw75, 6, 8, and 9 specificities were not docu-
mnented. There is no evidence from the literature that these
specificities are associated with diabetes. There were no A/B
or B/D recomnbinants. 400 Caucasian controls were used for
D typing, and 897 for A and B typing. All controls were
blood donors from the Minnesota area.

HLA antigens were assigned without knowledge of the
imedical history. In families in which the parents of a sib-
ship were uniavailable, one or both paternal or maternal
haplotypes were deduced from those found in the rest of the
family.

Glyoxalase was determined according to published methods
(13). Nine recombinants between the glyoxalase and the
HLA loci were found (9.5% of the informative meiosis); three
of these were diabetic children.

Statistical studies. A preliminary examnination of the
data for evidence of linkage between HLA and IDDM in the
28 MGfamnilies was performed by analyzing the degree of
HLA concordance in the affected and normal sibs. As an in-
dication of linkage, one expects to observe a high proportion
of concordance in diabetic/diabetic sib pairs, and low propor-
tion of concordance in diabetic/normial pairs. To test linkage
under the autosomiial dominant mode assumned in this study,
only those nuclear families with an affected parent and at
least one affected offspring were analyzed by this method.
Thus, families 205 and 209 were excluded, and family 230
contributed two of these nuclei. To identify the shared
haplotype, the HLA haplotype of the affected parent is com-
pared with those of the affected child. Then the other sibs
in the sibship are separated according to whether they dis-
play the IDDNI trait and the common HLA shared in the
affected parent/child pair. For the normal sibs, age at the
timie of study is also considered and so the normal sibs are
grouped into two age classes (s15 and 16-40 yr). This pro-
vides a crude correction for delayed onset of disease. In
12 families with two or more affected sibs per sibship
all possible diabetic/diabetic sib pairs were counted for
HLA concordance.

The linkage analysis was performed with the aid of the
computer program LIPED (14), using the lod score method.
This method is the one most often used to study linkage in
human pedigrees. It involves the calculation of the ratio of two
values of the likelihood of obtaining a given pedigree; the
numerator of that ratio is calculated at selected recombina-
tion values, and the denominator at a recombination value
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of 50%, i.e., no linkage. A positive lod score indicates that
the probability of linkage is higher than that of no linkage
for the pedigrees under analysis. Data from different pedigrees
can be combined by adding the lod scores of all pedigrees at
each recoinbination fraction. The recombination fraction with
the maximumn total lod score is the most probable value
of the distance between the loci. A total lod score >3 is con-
sidered statistically significant. The autosomal dominant
inode of inheritance was assumed for IDDM in the MG
families. The level of penetrance varied froimn 100 to
10%, but only the results for 50% or higher are reported in
detail. The frequency of the dominant gene was estimated
by the quantity (1-N'1)-AI), where A = 0.00189 for the as-
sumed population prevalence (15), and C is the penetrance.
In order to compare with the studies of the MS families
linkage analysis was also performed on the MGfamilies as-
suming the autosomal recessive mode. In this case the
frequency of the recessive gene was estimated by x/C. It
should be noted, however, that association between the
traits under consideration, such as that between the HLA
and diabetes, may confound positive results of linkage
analysis.

RESULTS

Fig. 1 and Tables I-III show, respectively, the
pedigrees of the 28 MG families studied, the in-
dividual haplotypes in each family, including those
of the subjects married into the families, and the ages
of the family members. All families are Caucasian and
96% are of Northern European ethnic background
(Scandinavia, Finland, Great Britain, Holland, and
Northern Germany). Several families were ascertained
for the presence of cases in two generations and do
not have a proband. In the following families a
proband is identifiable and shown in parentheses:
219(3), 210(4), 204(3), 217(7), 228(3), 222(7), 225(8),
227(3), 231(3), 213(5), 223(12), 205(8), 212(5), 209(4),
and 214(5). 26 families have a diabetic parent and at
least a diabetic child; 5 have two or three diabetic
children. In six families there is also one or more
diabetic sibs of the diabetic parent. In two families
(205 and 209), instead of parent/child affected, there is
an aunt or uncle/niece or nephew pair affected by
diabetes. In three families (218, 226, and 230) there
are diabetics in three consecutive generations, al-
though only the two youngest were tissue typed in
families 226 and 230. In two cases (202[3] and
205[5]), the spouses (who married into the families
and were parents of diabetics) had first-degree relatives
with IDDM. There are 83 known diabetics in these
families (46% females); 76 have been tissue typed
(92%). Seven diabetics were unavailable; in only one
of these could the HLA type be deduced. 219 non-
diabetic family members, blood relatives of the
diabetics, were ascertained. 169 (77%) have been
tissue typed, 22 (10%) have deduced haplotypes, and
28 (13%) are not deducible. For the 25 families with
two generations affected, the age of the diabetics at
interview is 46±+ 10 (mean±SD) in the first genera-

tion, and 18±8 in the second. The age of the non-
diabetics is 50±14 in the first generation, and 20±7
in the second. The age at onset of diabetes is 24±14
(#36) in the first generations, and 9±6 (#35) in the
second; this difference in age at onset is statistically
significant (t = 3.8, P < 0.01). In the three families with
three affected generations, the age of the diabetics is
65+13, 44±12, and 21+12, and nondiabetics 62+8,
28±9, and 9±4 in the first, second, and third genera-
tions, respectively. The age at onset of diabetes is
29±9 31+6, and 15±9 for the first, second, and third
generations, respectively.

There are 11 haplotypes with A or B antigen blanks
(2.5%) and 56 with D blanks (31%). Among the dia-
betics there are 12 homozygotes for locus A (15.6%),
and 9 for locus B (11.7%), and for the nondiabetics,
12.2 and 11.6%, respectively. There are 3% (1/37)
Dw3 homozygotes among the diabetics, and 6%
(4/63) among the nondiabetics. For Dw4homozygotes,
the percents are 5%(2/37) and 2% (1/63), respectively.
These differences are not statistically significant. Table
IV shows the frequency of several HLA antigens,
including those that have been associated with IDDM
in previous studies (1, 5, 6). Antigens Al, B8, B18, and,
most clearly, Dw3 and Dw4 show an upward trend
among diabetics. The genotypes B8/B15 and, es-
pecially, Dw3/Dw4 are also more frequent for the
diabetics than for normal controls or the nondiabetic
relatives. 92% of the diabetics, 78% of the non-
diabetic relatives, and 26%of the normal controls type
for Dw3 and/or Dw4. Antigens B7, Bw44 (previously
B12), and Dw2 are decreased. Dw2 was found in only
1 of 26 diabetics (family 208, subject 2). Because of
biases both from larger families and from ascertain-
ment methods, traditional statistical analysis would
not be appropriate and, therefore, was not performed.

In the 26 nuclear MGfamilies examined for HLA
concordance, families 202,204, 224, 229, and 230 have
multiple sibs affected. Family 224 has three affected
sibs and the other families two. Family 230 has two
nuclear families with two affected sibs from three
generations. Although the affected father in the first
generation has not been typed, the two affected
daughters are HLA concordant. The chance of both
parents also having the same haplotypes is very small;
this would be the only circumstance negating full
HLA concordance by descent. Thus, this pair of
diabetic sibs was scored as concordant. In the
families with two affected sibs, we would expect
them to share one of the haplotypes of the affected
parent 50% of the time, assuming HLA genes are
independently assorted in relation to the presumed
IDDM gene. Weobserved four cases of concordance
in the five families. This observation has a 16%chance
of occurring under the no-linkage assumption, and
thus is not a statistically significant deviation from
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FIGURE 1 Pedigrees of 28 diabetic families with cases in two or more consecutive generations.
The maternal HLA haplotypes are designated by the latters A and B, and the paternal by C and D.
When more than two generations are tissue typed, the letters U, V, etc., are used to designate
additional haplotypes. The number assigned to each subject within a family appears inside
the symbols. The ages of the subjects are shown in Table III.

random sampling fluctuation under the null hy-
pothesis. In families with three affected sibs, we

expect complete concordance for one parental haplotype
25% of the time; in 75% of the cases one would expect
a 2:1 separation. The latter outcome is seen in
family 224.

The normal sibs are analyzed by age (. 15 and
16-40 yr) and each one is compared with his/her
affected siblings in the same family for concordance
of a haplotype from the affected parent. The matching
process is repeated as many times as there are affected
sibs. The results are shown in Table V. The HLA
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TABLE I
Parental HLA Haplotypes in 28 Diabetic Multiplex Families*

Mother Father

Families A B C D

216t (A2, Bw44) (A1, B40) (A2, Bw5l)
201t Al, Bw39 A3, B15 (Al, Bw35) (A2, X)
226t A2, Bw5l Al, B8, Dw3 (Al, B8) (A2, B8)
220 Al, Bw35, Cw4, F§ A3, B7, F Al, Bw35, DwlO, F A29, Bw44, F
219t All, Bw35, Cw4 A26, B15, Cw3 (Aw3l, B18) (A2, B27)
210 A3, B40, Dw4, F Aw23, Bw44, Dw7, S A2, B7, F A3, B8, Dw3, S
208 A3, B7, Cw4, Dw3, S§ Aw23, Bw44, Dw7, S Al, B8, Dw3, F A2, B15, Cw4, Dw2, F
202t A2, Bw44, F Aw32, Bw44, Dwl, F (A3, B15, Cw3, Dw4, S) (A3, Bw22, Dw4, S)
203 Al, B8, Dw3 Aw23, Bw44, Dw7 A3, B7, Dw4 Aw24, Bw44
204 Al, Bw44, Dwl, F A2, Bw39, S Al, B8, Dw3, S A2, B13, Dw7, S
217 Aw23, Bw44, Dw2, F A2, B15, Cw3, Dw4, S Aw24, B27, Cw2, Dw4, S A2, B7, S
228 A3, B7, F Al, B7, S Aw23, Bw35, F A3, Bw35, Cw4, S
231 Aw24, B15, Cw3, S A28, B7, Dw5, F Al, B8, Dw3, F Al, B17, Dw4, S
222 Aw24, B14, F A3, B7, Dwl A2, B7, F Aw24, B18, F
229 All, Bw22, Cwl, F Aw24, B18, S A2, B15, Cw3, Dw4, F A2, B27, Cw2, S
225t (A3, B7, S) (Aw24, Bw35, S) Aw32, B40, Cw2, S (A2, B40, Cw3)
218 A3, B18, S X, Bw35, Cw4, Dwl, S All, Bw44, Dw4, F Aw3O, B18, S
2274 (A3, B27) ? A25, B18, Dw4, S A2, B8, Dw3
213t A25, B18, Dw4, F Al, B27, Cw2, S (Aw24, B15, Dw7, S) (Aw3O, B13, Dwll, S)
223t (A29, B8, Dw3, S) (All, B8, F) (A3, B8, S) ?
206 Aw24, Bw5l, F Al, B8, Dw3, F Al, B8, Dw3, F A29, Bw44, Dw7, S
2054 A3, Bw35, Cw4 A2, B27, Cw2 (Al, B8) ?
224 A3, B7 Aw24, B18 A2, B40 A3, B7
207 A2, B15, Cw3, Dw4, S A3, B7, F Aw24, Bw44, F All, Bw35, S
230'
212 Aw32, Bw44, Dwl, S Aw3l, B7, Dw5, S A2, Bw39, Dw5, F Al, B8, F
209t Al, B8, F Aw24, Bw35, Cw4, F (A3, B7, F) (A2, Bw44, F)
214t (Aw32, Bw39, Dw4) (A28, B40, Dw2) (A3, B8, Dw3) (Aw3O, B8, Dw3)

* See Fig. 1 for pedigrees.
4 Deduiced haplotypes, parenit(s) unavailable or deceased.
§ F, f:ast glyoxalase; S, slow glyoxalase.
The haplotypes knowni in this kindred couild not he assigned to the deceased meml)ers of the first genieraltion (see Fig. 1).

discordanee rate is 44% (8/18) aimiong the younger sibs,
and 51% (26/51) in the older sibs. Overall, 34 (49%)
of the total 69 are HLA discordant. The various rates
of discordance in affected and normal pairs are undis-
tinguishable from the randomi concordance rate of 50%.
The nonisigniificant higher proportion of HLA con-
cordance in the affected sil) pairs, and the lack of a
higher proportion of HLA discordance in the normal
sibs, is nonconclusive regarding linkage between
IDDM and the HLA in the MGfamnilies. This method,
however, can-not be generalized readily to inelude the
redtuced penetrance factor, the multiple generation
structure of the pedigree, and the existence of second-
order affected relatives, HLA typed or not.

Although a less efficient method to detect linkage in
the MG f:amilies, the affected sib/sib pair con-
cordance analysis was also performed to compare the
results with those obtained by similar analysis in the
MS fainilies. Table VI shows this ainalysis for affected

sib/sib pairs in 12 MGfamnilies, ineludinig 14 different
sibships. The HLA haplotypes seemii to assort as
expected under the no-linkage situation. Also shown
are the results of simiilar concordance analysis done
for the MS famuilies that show anl liLA haplotype
assortmnent significanitly different fiomn that expected
(1). The percentages shown for the MS famiilies are
different fromn those reported before (1), because famiiily
224, previously MS, has become MG, i.e., the mnother
developed IDDM. This was the famnily that contributed
the only two HLA-discordant sib pairs amiong the MS
famnilies. There is a marked differenice between the
MGand MS families in this analysis. This divergence,
however, mnust be interpreted cauitiotisly because the
different aseertainmiient of these famllilies could have
influienced the restults.

A imore generalized linkage anialysis betweeni the
HLA aind a hypothetical diabetic locus using the
LIPEI) programln (14) was appliecl to the 28 MG
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TABLE II
HLA Haplotypes of Individuals Alarried into the 28

Diabetic Multiplex Families*

Sub-
Families jects Haplotypes

216 4 A2, B40 / X, B7, Cw2
5 A2, B17, Dw4 / Aw32, Bw51, Cw2, Dwll
7 Aw24, Bw38 / Al, Bw22, Cw3

10 (Aw24, B18 / ?)
12 A2, B18 / A3, Bw49
13 A2, Bw39, Dwl, F / X, B12, Dw4, S
22 Aw32, B18, Cw4 / A3, B15

201 8 Aw32, B15 / A25, Bw44, Dwv7
10 A2, B8, Dw3 / A2, B15, Dw4
13 A2, B8 / Aw24, B7
17 (All, B15, Cw3 / ?)

226 5 Al, B27, Dwl / A2, B15, Cw3, Dw4
225 6 (A28, Bw44 / ?)
218 3 A2, B15, Dw4 / A26, B15, Dw5+
227 4 Aw24, Bw44, Dw2, S / A10, X, F
213 4 A3, B7, Dw2, F / A3, B7, F
223 4 Al, B8, F / All, B18, Dw5+, F

8 A25, B18, F/A2, B7, S
206 3 Aw24, Bw35, Cw4 / Al, B17
205 5 A2, B15, Cw3, Dw4, F / Aw24, B40, Cw3, S
224 5 Aw24, B18 / A2, Bw5l
207 4 Al, B8, S / Aw24, Bw35, Cw3, S

6 A3, B18, S / A28, B27, Cw2, S
230 3 (A3,B18/?)

6 (? / Aw24, B40)
212 4 A3, Bw35, Cw4, Dwl / Al, B18, Dw5
209 5 A2, B7 / Aw3O, B18, Cw2

6 A2, Bw44, Dw4 / A29, Bw44, Dvv7
214 4 A2, Bw44, Dw4, S / A3, B7, F

6 (x, B14, Dw7, S / A2, B40, Cw3, Dw2, F)

* See Fig. 1 for pedigrees and Table I for explanations.

pedigrees, assumning the autosomnal domninaint mode.
The families with only one diabetic parent and one
diabetic child, however, do not contribute mutch to this
analysis because the diabetic miust share one haplo-
type. The results, as shown in Fig. 2, indicate low
total lod scores across all values of recombination
fractions at 100, 90, 70, and 50% penetrance. The
gene frequencies are 0.00095, 0.00105, 0.00135, anid
0.00189, respectively. The peak of the total lod score
cturve increased and moved toward a smaller re-
combination fraction as the level of penetrance de-
creased. For the 50% penetrance, the maximumn total
lod score is 0.37 at a recomb-ination fraction (6) of 0.29.
Fig. 3 shows the lod scores at 50% penetrance for
each famnily. This penetranice is suggested by the 50%
concordance rate for IDDM reported in identical twinls
(3), although we recognize that it may not be pertinent
to ouir selected sample. Only family 201 has a clearly
positive result with the highest lod score of 1.53 at 0 = 0.

Because the actual penetrance of the diabetic
gene(s) is not known we also studied other penetrance
levels. Linkage analysis results at 40, 30, 20, and 10%
penetrance show a steady increase of the maximnumn
lod scores (0.47, 0.57, 0.68, and 0.78) at smaller 0
values (0.26, 0.23, 0.20, and 0.18), but none of the total
lods approaches statistical significance. Linkage analy-
sis of the MG families, assuming the auitosomial
recessive mode of inheritance, yielded a miaximiumtl
lod score of 0.33 at 6 = 0.27 and 50% pentrance,
which is much lower than what one would expect
had the 28 MGfamilies been selected for the samne
genetic mode as the MS families. Becauise the MG
families with more than one affected sib (MS type
of family), and families with three consecutively
affected generations are more likely to be informnative
for linkage analysis, the total lod score for suich famiiilies
(202, 204, 218, 224, 229, and 230) was separately
calculated. The maximumii score was 0.26 at 0 = 0.25
and penetrance of 50%, not different fromn the score
obtained for all 28 MCIG famiiilies.

The data on glyoxalase did not provide sufficient
informative matings for linkage analysis.

DISCUSSION

The resuilts of concordance and linkage analysis
between the HLA and the IDDM1 trait in our 28 CIG
families, although nonconclusive, are interestinig when
contrasted with those we have obtained for the XIS
famiilies (1, 9). The latter were ascertainied to
maximl-ize the likelihood of dealinig with a genetically
homnogeneous form (or forms) of autosomiial recessive
IDDM. In such a suibset of patienits (about 11% of all
famnilies with one child affected.),2 we presented evi-
dence for the existence of linkage of -13 map Units
between the 1ILA and the assumied diabetic locuis (9).
On the other hanid, the MGfamilies (about 5% of all
families with one child affected)2 ascertainied to imiaxi-
mize the likelihood of a genetically homnogenieouis
formn (or formis) of autosomiial dominiiant IDl)ND, fail to
show linkage with the HLA. Several possibilities miiay
be relevant to these restults.

First, the diabetes in the XIG families miay not
depend oIn an auitosomlal doiiinant genie as we lhad
postulatecl. It is possible that ouir MGsamiiple incltudes
forms of diabetes that are caused by the combined
small effects of a number of genetic anid enlviroin-
mental factors, i.e., imiultifactorial. Linkage analysis
between a miiarker ancd a multifactorial trait is ex-
pected to give noncoineltusive restults.

Second, the diabetes in the SIG families imiay id(lee(d
depenid( on a mcajor autosomniial gene. The imiode of

2 Chermn, MI. MI., E. Andersoni, anid J. Barbosa. NManuiscript
in preparttiomi.
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TABLE III
Ages of the Famlily Members Shown in Fig. 1

Families Subject number (age)*

216 1(96), 2(88), 3(61) 4(61), 5(59), 6(57), 7(55), 8(55), 9(53), 10(53), 11(35), 12(35), 13(31), 14(30), 15(26), 16(24), 17(25),
18(22), 19(17), 20(8), 21(8), 22(32), 23(32), 24(26), 25(24), 26(14), 27(9), 28(5), 29(3), 30(14), and 31(10)

201 1(82), 2(72), 3(64), 4(63), 5(61), 6(57), 7(57), 8(56), 9(55), 10(55), 11(52), 12(44), 13(44), 14(17), 15(13), 16(29), 17(30),
18(26), 19(22), 20(19), 21(16), 22(14), 23(12), 24(11), and 25(3)

226 1(60), 2(60), 3(46), 4(39), 5(40), 6(34), 7(28), 8(27), 9(22), 10(22), 11(15), 12(13), and 13(8)
220 1(36), 2(36), 3(13), 4(12), 5(8), and 6(2)
219 1(55), 2(56), 3(27), 4(26), 5(25), and 6(25)
210 1(35), 2(34), 3(12), 4(11), 5(3), and 6(2)
208 1(48), 2(47), 3(18), and 4(15)
202 1(55), 2(52), 3(49), 4(49), 5(46), 6(44), 7(39), 8(27), 9(24), 10(20), 11(17), and 12(13)
203 1(44), 2(46), 3(17), 4(15), 5(13), and 6(10)
204 1(46), 2(45), 3(21), 4(20), 5(19), 6(18), and 7(17)
217 1(56), 2(56), 3(29), 4(28), 5(26), 6(25), 7(23), and 8(20)
228 1(44), 2(47), 3(22), 4(20), and 5(14)
231 1(52), 2(52), 3(30), 4(28), 5(21), and 6(16)
222 1(56), 2(56), 3(32), 4(29), 5(27), 6(25), 7(23), 8(20), and 9(14)
229 1(40), 2(40), 3(20), 4(18), 5(14), and 6(11)
225 1(92), 2(89), 3(61), 4(59), 5(57), 6(54), 7(54), and 8(25)
218 1(51), 2(55), 3(32), 4(30), 5(29), 6(25), 7(19), 8(10), 9(8), and 10(3)
227 1(57), 2(56), 3(29), 4(30), and 5(3)
213 1(56), 2(64), 3(35), 4(32), 5(32), 6(8), and 7(4)
223 1(66), 2(66), 3(53), 4(52), 5(51), 6(49), 7(47), 8(48), 9(46), 10(42), 11(25), 12(23), 13(21), 14(17), 15(19), and 16(18)
206 1(52), 2(55), 3(30), 4(29), 5(27), 6(26), 7(23), 8(19), 9(11), 10(6), 11(5), and 12(3)
205 1(84), 2(84), 3(61), 4(60), 5(68), 6(57), 7(55), 8(52), 9(42), 10(42), 11(28), 12(24), 13(19), 14(17), and 15(14)
224 1(61), 2(60), 3(30), 4(28), 5(30), 6(24), 7(22), 8(21), 9(5), and 10(4)
207 1(57), 2(58), 3(34), 4(36), 5(31), 6(29), 7(28), 8(25), 9(22), 10(19), 11(11), 12(8), and 13(7)
230 1(77), 2(33), 3(55), 4(55), 5(53), 6(59), 7(50), 8(15), 9(33), and 10(28)
212 1(62), 2(62), 3(32), 4(30), 5(30), 6(28), 7(26), 8(12), 9(11), 10(9), and 11(5)
209 1(74), 2(59), 3(50), 4(48), 5(48), 6(44), 7(44), 8(33), 9(22), 10(20), 11(18), 12(16), and 13(15)
214 1(80), 2(89), 3(50), 4(51), 5(49), 6(48), 7(47), 8(45), 9(40), 10(26), 11(25), 12(23), 13(22), 14(19), 15(9), 16(22), 17(18),

and 18(17)

* Ages in years at time of study or time of death.

inheritance of this gene is more likely to be dominant,
because in 26 of the 28 families we observed parent
to child transmission of the trait. When the likelihood
of each pedigree in the sample is evaluated under the
Mendelian modes of inheritance in a crude manner, i.e.,
without correcting for bias of ascertainment, the odds
favor the autosomal dominant over the autosomal
recessive mode of inheritance (-10:1) in almost all
MGfamilies. The nonconclusive linkage results would
then imply that the dominant IDDM gene is either
on chromosome 6, but too distant from the HLA to
show evidence for linkage, or is on another chro-
mosome. Family 201, with a lod score of 1.53 at
6 = 0, certainly suggests the possibility of a dominant
gene linked to the HLA.

Third, it is possible that the diabetic MGfamilies
are genetically less homogeneous than the MS
families, because several generations are involved, and
individuals marrying into the families may bring in

additional genetic liability for diabetes. In some of
the families studied these spouses had a family history
of IDDM. However, a test of heterogeneity on the
linkage data, using the method reported by Morton
(16), failed to show significant heterogeneity (X2
= 18.55, degrees of freedom = 27, P < 0.75).

Fourth, it may be that the MS and MGfamilies
are not genetically different from each other. How-
ever, the linkage analysis, assuming the autosomal
recessive mode, applied to the MGfamilies yielded a
much weaker evidence for linkage than in the MS
families (MG: total lod = 0.26, 6 = 0.25; MS: total
lod = 3.98, 6 = 13). This seems to indicate genetic
dissimilarity between the two samples although it is
possible that both groups of families are hetero-
geneous. Further detection of genetic differences
between these two samples may have to come from
other sources of information. Indeed, there may be
differences between the MSand MGfamilies for HLA
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TABLE IV
HLA Antigen Frequencies in Diabetic and Nondiabetic

Members of the Diabetic Multiplex Families

Controls Diabetics Nondiabetics
Antigen (897)* (76) (169)

Locus A
1 27 40 37
2 55 44 46
3 28 35 34
11 10 12 5
w24 15 22 27
w30 4 5 4

Locus B
7 26 19 24
8 21 39 32
w44t 30 21 26
15 17 23 16
18 6 17 18
27 5 12 6
40 18 12 13
w35 14 19 20
w39 7 13 10
8/15 1 6 2
8/40 3 3 1

Locus D (400)* (37)* (63)*
w2 18 4 17
w3 15 61 49
w3/w4 2 34 8
w4 12 66 37

* Number of controls or family members.
Known previously as B12.

antigen frequencies. In the MSfamilies, B8 was present
in 31%, and B15 in 36% when all diabetics were con-
sidered. Analysis for only the oldest diabetic sib in each
family yields 33% for B8, 42% for B15, and 9% for
B8/B15. These frequencies seem to be different from
those shown for the MGfamilies (Table IV). When
only analyzing for the diabetic parent in each MG
family, the frequencies are 46% for B8, 21% for B15,
and 4% for B8/B15. These differences, however,

TABLE V
Analysis of HLA Haplotype Concordance for Affected!

Unaffected Sib Pairs in Relation to the Haplotype Shared
by the Affected Parent/Affected Child Pair

Age at onset
(yr)

'15 16-40 Total

Sharing one HLA haplotype 10 25 35
Not sharing one HLA haplotype 8 26 34
Total 18 51 69

TABLE VI
HLA Haplotype Concordance for Diabetic Pairs in Sibships

with Two or More Diabetics in MGand MS* Families

Pairs of diabetic sibs

Concordance found
Number of
concordant MGfamilies MSfamilies Concordance
haplotypes (23)t (35)t expected

2 30 (7)4 57 (20) 25
1 48 (11) 43 (15) 50
0 22 (5) 0 25

* The MS families have been reported (1). Changes in sib
pair concordance reflect the fact that family 224, previously
an MSfamily, has become an MGfamily (mother developed
IDDM).
t Number of pairs in parentheses.

must be interpreted cautiously because ascertainment
biases may have influenced the results.

In spite of the nonconclusive results for linkage and
concordance analysis, the frequencies of the HLA
antigens B8, Dw3, and Dw4 are increased among the
diabetics in the MGfamilies, indicating the existence
of an important HLA-associated genetic factor for dia-
betes in these families. The risk seems to be par-
ticularly high for the genotype Dw3/Dw4. Associations
of IDDM with the genotypes B8/B15 and Dw3/Dw4,
stronger than what would be predictable from the
associations with those antigens separately, have been

w
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FIGURE 2 Total lod scores for linkage between diabetes and
the HLA in 28 families with cases in two or more con-
secutive generations, assuming the dominant mode, pene-
trances of 100, 90, 70, and 50%, and the respective gene
frequencies of 0.00095, 0.00105, 0.00135, and 0.00189. The
total lod score (0.37) is highest for 50% penetrance,
although not significant. Theta, recombination fraction.
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FIGURE 3 Family lod scores for linkage between diabetes
and the HLA in 28 families with cases in two or more
consecutive generations, assuming the dominant mode,
50% penetrance, and gene frequency of 0.00189. The highest
total lod score is 0.37 (NS) at the recombination fraction
of 0.29. Theta, recombination fraction.

described before (5, 6). Recently, Christy et al. (8)
have reported studies of multiplex and simplex
diabetic Danish families typed for HLA A, B, and D.
They also find a high risk for the disease associated
with the genotype Dw3/Dw4, which is especially
striking in the multiplex families. In their data Dw4
is mostly increased in diabetics from the latter families.
It is of interest that in our small population study
of D antigens in IDDM, there were only 20% of
diabetics from multiplex families, and the frequencies

S

of Dw4 and Dw3/Dw4 were normnal (7), which is in
striking contrast to the excess seen in both the Danish
families and those reported here. Furthermore,
Christy -et al. (8) suggest that Dw4 is primarily a
characteristic of IDDM with onset before age 15. In-
deed, in a large population study of HLA A and B
antigens, which we have performied,3 B15 (which is
known to be, in linkage disequilibriumn with Dw4) is
increased in frequency only in patients with onset of
disease below age 10. In the famnilies reported here,
however, Dw4 was not more frequent in the diabetics
with earlier age of onset. Thus, both ours and the
Danish data seem to offer new evidence for extensive
heterogeneity of IDDM. The high risk for the Dw3/
Dw4 heterozygotes has been interpreted as a dem-
onstration of overdominance. Our results for the MG
families are compatible with such an explanation.
Whether this high risk for IDDM in su1jects carrying
the genotype Dw3/Dw4 depends on IDDM alleles in
strong linkage disequilibrium with Dw3and Dw4, or is
due to the D alleles themselves, is not known.

Our ascertainment scheme may also have resulted
in selective sampling of highly susceptible individuals
(with Dw3/Dw4 genotypes), instead of a sample of
families with autosom-al domninant inheritance as we
had assumed. Another methodological problem per-
tains to linkage analysis in the presence of associa-
tion. If the association is due to linkage disequilibriumn
as a result of tight linkage and selection, then a high
lod score for linkage should be obtained for informa-
tive famnilies, regardless of the method of ascertain-
ment and the presence of ascertainment biases. Con-
versely, if the association reflects a pleiotropic effecat
of the involved HLA antigens, the lod score for
linkage could be artifically inflated. Thus, results for
positive linkage between the HLA and IDDM should
be reported with caution. Our earlier results on loose
linkage between the HLA and IDDM in the MS
families are indeed subject to this qualification. Such
a situation, however, does not apply to the MG
families, for whom the linkage is nonconclusive.

The near absence of Dw2 among IDDM patients
has been reported before (5). Wehave typed to date
78 diabetics for D alleles, 37 from this study and 41
from a population study (7). Wehave found only one
diabetic positive for Dw2. Whether this strikingly
decreased risk for Dw2 subjects reflects a genetic
protective factor for IDDM or other mechanism is not
known.

The age at onset of disease in the youngest
generation is significantly lower in the MGfamilies.
This phenomenon (known as anticipation) usually
results from the incomplete life experience in younger

Barbosa, J., R. Ramsay, and M. Chern. Submitted for
publication.
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generations. As the currently unaffected are followed
through time, some will develop diabetes at older ages,
and these cases (when averaged with the others) will
increase the age at onset. Whatever the genetic
mechanism reflected in the high HLA antigen fre-
quencies, it is unlikely to explain the anticipation
effect because Dw3/Dw4 diabetic subjects did not
differ significantly for age at onstit of disease from
their diabetic relatives with other genotypes.

In conclusion, the discrepancy in the linkage and
concordance analysis and in HLA antigen frequencies
between the MS and MG families is comnpatible
with a genetic difference between these two types of
families and seems to confirm the theory of genetic
heterogeneity in IDDM. As stated above, however,
the differences between MS and MGfamilies could
be due to ascertainmnent biases. The high frequency
of Dw3, Dw4, and the genotype Dw3/Dw4 in the MG
families confirms the importance of genetic factors in
the D region of the HLA for the pathogenesis
of IDIOM, and is compatible with the theory of
overdomninance (12, 13). Further progress in ouir
ability to sort out the different pathogenetic types
of I1DDM, including the confirmation of differences
between MS and MGfamilies, may depend on the
availability of additional biochemical and immuno-
logical indicators of the diabetic syndrome.
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