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The search for genetic markers has established that idiopathic diabetes mellitus is a genetically
heterogeneous group of disorders that have glucose intolerance in common. The types of genetic
markers—subclinical, linkage, and association—and how they are utilized to delineate the genetic basis
of the diabetic syndrome are discussed. The use of such markers as insulin levels, pancreatic islet cell
antibodies, and HLA antigens has permitted the separation of insulin-dependent (juvenile) and not
insulin-dependent (maturity) diabetes. Such studies have also started to reveal heterogeneity within these
broad groups of insulin-dependent and not insulin-dependent types. This extensive heterogeneity has
major implications for understanding the pathogenesis and genetics of diabetic mellitus and is of
potentially great clinical significance, since the natural history and complications may well differ between
these different disorders, DIABETES CARE 2.- 215-226, MARCH-APRIL 1979.

WHAT CONSTITUTES A GENETIC MARKER?

There are three major categories of genetic
markers—subclinical, linkage, and association.
Subclinical markers (predictors) are parameters
used to detect the abnormal genotype in the

absence of the full phenotype, e.g. abnormal glucose
tolerance in diabetes, serum pepsinogen I in duodenal ulcer,
and serum calcitonin levels in multiple endocrine adenoma-
tosis II.1 These markers represent abnormalities in the direct
pathogenesis of the disease and are most useful in genetic
studies, since in many disorders not all individuals with the
mutant genotype may manifest the disorder (reduced
penetrance), the variability of the phenotype may be so great
that the clinical features may be too mild to be readily
apparent (variable expressivity), or there may be a delayed age
of onset of the disease, such that the younger genetically
predisposed individuals would be clinically normal. Thus, in
genetic studies, subclinical markers are of a great use in maxi-
mizing the number of affected individuals that can be
detected. The lack of appropriate subclinical markers in
diabetes mellitus has resulted in the inability to detect
prediabetes, except retrospectively, and, thus, not all
individuals with a diabetic genotype in any given family can
be identified. Subclinical markers can also be of great use in

detecting the heterogeneity within a clinical syndrome.
Simply because a given potential marker does not occur in all
individuals with a disorder does not mean that it is
unimportant in a subgroup of these individuals who may have
a distinct, but previously unrecognized disease. For example,
sickling of the red cells can be an excellent subclinical marker
in some patients with anemia, whereas G6PD levels would be
a subclinical marker in another group of individuals. If all
cases of anemia were considered as a single disease, then both
sickling and G6PD levels would be rejected as good
subclinical markers, since they did not occur in all affected
individuals. Numerous potential markers have been described
in diabetes that have been rejected because of their lack of
uniformity, e.g. serum insulin, serum glucagon, and basement
membrane thickening. Perhaps, if each of the groups who had
one of the individual markers were examined separately,
distinct diabetic syndromes would become apparent. Thus,
such subclinical predictors can serve several important
purposes in genetic studies: (1) The study of subclinical
markers may demonstrate heterogeneity within what appears
clinically to be one disorder. They have been extremely useful
in this regard for the hyperlipidemias, peptic ulcer, and, as we
shall see, in diabetes mellitus.1"3 (2) The study of such
subclinical predictors may help elucidate the pattern of
inheritance of the disorder under study.1)2'4*5 (3) Finally,
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linkage and association studies may be done not only with the
clinical phenotype but with the subclinical predictors as well.

ASSOCIATION VERSUS LINKAGE

Two concepts that are often confused in human genetics
are association and linkage (see Table 1). The principal goal
of disease association studies is to study the prevalence of a
disorder among individuals with different well-defined genetic
traits, such as blood groups or serum enzyme polymorphisms.

TABLE 1
Association vs. 1

Definition

Relationship

Interaction

linkage

Association

Two items are found to-
gether with greater
frequency than expected
by chance alone

Between alleles or
between an allele and a
disease

Often implies a casual
relationship

How determined Association is found
across populations
(horizontal)

Association
(example)

Linkage

The loci for two genes
are close to one another
on the same chromosome
(any allele can occupy
the locus)

Between loci

Does not imply any
interaction

Linkage is found by
studying families
(vertical)

Blood group O and duodenal ulcer are associated with a relative risk of 1.3.
That is, an individual with blood group O has a 30% increased frequency
of duodenal ulcer than a non-0 individual.

Note: 1. The relationship is between a disease and the
specific allele, O, not with the ABO locus.

2. A causal relationship is usually inferred.

Linkage
(example)

The ABO locus and the nail patella locus (a rare autosomal dominant)
are linked. This means they are close together on chromosome 9. •

nl

B

NP

ABO locus In a given family with the arrangement shown,
an affected individual has the abnormal allele for

nail patella NP on the same chromosome that he has a B
locus allele at the ABO locus. In this family, the

B allele and the NP allele are associated. But because the relationship is
between loci and not alleles, different associations are found in other families,
and no association is found across the entire population. (The population is
said to be in linkage equilibrium.)

If the given disease occurs more commonly with a particular
allele of a well defined genetic locus, e.g. increased duodenal
ulcer among blood group O individuals, there is a positive
association. The genetically determined trait is then usually
considered to be of importance in the pathogenesis of the
disorder in question.6 In the 1950s, numerous studies were
done to look for associations between various diseases and red
blood cell antigens; the results revealed only low order of
magnitude disease associations with such diseases as duodenal
ulcer and gastric cancer.7'8

In most instances, linkage is an entirely different
phenomenon from association. Linkage refers to the position
(or address) for the gene locus on the chromosome map. If two
genes are linked, they tend to accompany one another
through meiosis and, therefore, vertically down a pedigree.
But because of crossing over or recombination, specific alleles
at the linked loci are not associated throughout a population.
For example, the ABO gene locus is linked to the nail patella
locus on chromosome 99: a given individual with the nail
patella syndrome who is blood type AB might have the gene
for A on the same chromosome as the nail patella gene and the
gene for B on the same chromosome as the normal gene at the
nail patella locus. This individual would, therefore, tend to
pass either the nail patella gene as well as the blood group A
gene together to his offspring or the normal gene and the
blood group B gene together. Since it would be just as likely
for an AB individual in the general population to carry the
nail patella gene on the same chromosome as his B blood
gene, the simultaneous occurrence of A and nail patella would
be simply the product of their respective frequencies, and they
would not be found together any more than expected. Thus,
they would be linked but not associated. Association usually
implies there is some relationship between the two factors that
are associated and does not imply linkage. For example, the
association between blood group O and duodenal ulcer does
not imply any linkage between the ABO locus and a duodenal
ulcer gene. Thus, linkage is usually a phenomenon within
families and not across populations, whereas association is a
phenomenon in the population and not necessarily in
families. This separation between linkage and association has
been part of the geneticists' dogma for several decades. Most
mathematical techniques for linkage detection include a
necessary assumption that there is no population association
between the disease (phenotype) under study and the genetic
marker alleles.

Regardless of the type of marker being used, genetic
heterogeneity must not be forgotten, for, if the disorder in
question consists of more than one disease entity, the specific
marker will be useful for only one of the component diseases;
disregard of the heterogeneity will mask the potential useful-
ness of the marker. Furthermore, each of these categories of
markers can be of great use in detecting previously unrecog-
nized heterogeneity.
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DIABETES MELLITUS—A GENETICALLY HETEROGENEOUS
GROUP OF DISORDERS

It has been clearly established in recent years that diabetes
mellitus is a genetically heterogeneous group of disorders that
shares glucose intolerance in common.1'10*11 Heterogeneity
implies that different genetic and/or environmental etiologic
factors can result in similar phenotypes. It is now apparent
that diabetes and glucose intolerance are not diagnostic
terms, but, like anemia, are simply symptom complexes or
laboratory abnormalities, respectively, that can result from a
number of distinct etiologic factors. This heterogeneity has
important implications. If what is termed a disease is, in
reality, many disorders that are grouped together because of
some common clinical feature, these distinct disorders may
differ markedly in genetics, pathogenesis, natural history, and
response to therapy or to prophylactic measures. This hetero-
geneity must be considered, therefore, in our genetic and
epidemiologic studies; furthermore, these studies must be
designed to uncover the as yet unrecognized heterogeneity.

The evidence marshaled in favor of the heterogeneity of
diabetes is now overwhelming.1'10'12'100 It ranges from (1) the
existence of over 30 distinct, mostly rare, disorders in which
glucose intolerance is a feature;12"15 (2) ethnic variability in
prevalence and clinical features;12'16'17 (3) genetic heteroge-
neity in diabetic animal models;18'19 (4) clinical variability be-
tween thin, ketosis-prone, insulin-dependent, juvenile-onset
diabetes and obese, nonketotic, insulin-resistant, adult-onset
diabetes; and (5) genetic studies, which showed that juvenile
and adult-onset diabetes were distinct entities (reviewed in
references 1 and 20).

Further heterogeneity was demonstrated by Tattersall and
Fajans who described a distinct form of diabetes that they call
maturity-onset diabetes of the young (MODY).21'22 These
patients have an early age of onset, but few symptoms, no
ketonuria, and can be controlled without insulin, with little
progression in severity of carbohydrate intolerance over 20 yr.
This maturity-onset diabetes of young people (MODY) is
clearly phenotypically different from classic juvenile-onset
diabetes (JOD). Physiologic studies of these patients support
this phenotypic differentiation, as they have an insulin
response to glucose loads much more characteristic of
maturity-onset diabetes.23'24 Genetic studies provide further
evidence that they are separate entities. Of the MODY
propositi, 85% had a diabetic parent, usually with a similar
phenotype, 53% of siblings tested had diabetes, and 46% of
the families showed three generations of direct vertical
transmission of the trait, suggesting autosomal dominant
inheritance. In contrast, only 11% of JOD parents had
diabetes, 8 of 74 siblings had diabetes (six with similar JOD
phenotypes), and only 6% of the families showed three-
generation transmission. This study most clearly demon-
strates the need to carefully dissect out the phenotypic

differences in diabetes before genetic analysis is possible. If
these MODY patients had been classified by either age of
onset or diabetic phenotype (insulin independence) alone,
they would have been lumped together with classic JODs or
the not-insulin-dependent type of the current NIH classifica-
tion,29'117 respectively, and their distinctive pattern of
inheritance would have been obscured. Thus, the delineation
of this entity adds to the evidence for heterogeneity within
idiopathic diabetes.

INSULIN-DEPENDENT VS. NOT-INSULIN-DEPENDENT DIABETES

Heterogeneity within the more common forms
of diabetes, unassociated with complex genetic
syndromes, has been considered for years
because of the clear clinical and physiologic

distinction between thin, ketosis-prone, insulin-dependent,
juvenile-onset diabetes and obese, nonketotic, insulin-
independent, adult-onset diabetes. In addition, numerous
other lines of evidence suggesting genetic, clinical, and
metabolic variability in diabetes have emerged recently. A
number of family studies clearly indicated that juvenile- and
adult-onset diabetes appear to be separate disorders
genetically.1'20 This distinction remains when the diabetes is
categorized as to insulin dependence, i.e. the insulin-
dependent and not-insulin-dependent types also segregate
independently.25'26 The extensive monozygotic twin studies
by Pyke et al. strongly support this separation.27'28 In contrast
to the usual twin studies, in which concordance rates between
monozygotic and dizygotic twin pairs are compared, Pyke
examined only monozygotic twins, looking for differences be-
tween the concordant and discordant pairs. When the pairs
were classified according to age of onset, however, only 50%
of the pairs in whom the age of onset of diabetes in the index
twin was below 40 were concordant as opposed to 100% of
those in whom the index twin developed diabetes after age 50.
Of the discordant pairs, most have remained so for more than
10 yr and show no trend toward an increased concordance
with time. This would suggest that there is a large group of
individuals with juvenile-onset diabetes in whom, although
the predisposition to diabetes may be determined genetically,
nongenetic factors are of major importance.

Further support for separation of these two groups of
disorders comes from the study of subclinical markers
associated with the diabetic state, whether they be
physiologic, immunologic, or genetic. All of these can serve
as genetic markers in appropriate studies. Thus, the study of
insulin response to a glucose load provided early physiologic
evidence for heterogeneity in diabetes. The absolute
insulinopenic response of juvenile-onset diabetes and the
relative hyperinsulinemic response of maturity-onset diabetes
parallels therapeutic observations of the absolute insulin
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requirement of the juveniles (insulin dependent) in contrast
to the ability to manage most adult cases with oral
hypoglycemic agents and/or diet (not insulin dependent).
This, plus the immunologic and HLA observations
mentioned below, led the NIH work group to use insulin
dependence, rather than age of onset, as a basis of
classification.29'117

Immunologic studies also support this separation into
insulin-dependent and not-insulin-dependent types of
diabetes. The first evidence was indirect, in that it was insulin-
dependent diabetes alone that was associated clinically with
Addison's disease, certain thyroid disorders, and pernicious
anemia and with increased antibodies to the thyroid, gastric
mucosa, intrinsic factor, and the adrenal gland.30'31 Direct
evidence for an autoimmune role in the pathogenesis of
insulin-dependent diabetes came from the discovery of organ-
specific cell-mediated immunity to pancreatic islets and,
then, the eventual successful demonstration of antibodies to
the islet cells of the pancreas.32'33 While these antibodies were
first detected only in insulin-dependent diabetes with
coexistent autoimmune endocrine disease, it soon became
clear that they were common (60 to 80%) in newly diagnosed
juvenile diabetes.34"37 Islet cell antibody studies supported the
differentiation of insulin-dependent from not-insulin-depend-
ent diabetes, as antibodies were present in 30 to 40% of the
former group as opposed to 5 to 8% of the latter. Of interest,
the majority of the not-insulin-dependent, yet antibody-
positive, patients appeared to become insulin dependent with
time. They also have flat insulin responses to a glucose load.38

This suggested that etiologically they belong in the insulin-
dependent category, i.e. they are just in an intermediate state
in the development of insulin dependence.39 These
immunologic studies have caused some disorders to be
separated (juvenile and adult) and others to be combined
insulin dependent and not insulin dependent yet antibody
positive).

Other methods of searching for genetic markers included
looking for disease associations, as mentioned above. Early
studies in the 1950s and '60s were done with well-defined red
cell antigens of the ABO, MN, and RH systems and other
such inherited traits as blood group secretor status,
phenylthiocarbamide tasting, and haptoglobin variants. Of
these, diabetes was found to be associated with blood group A
(with a relative risk of 1.07), with ABH secretion (relative
risk 1.23) and PTC nontasting (relative risk, 1.29).40 For the
most part, these associations have not led to any increased
understanding of the diabetic diathesis, probably because (1)
the magnitude of the association is so weak, (2) there is no
known pathogenetic relationship that would explain the
association, and (3) as a consequence of (1) and (2), there is
the question to many observers whether these associations are
real and not secondary to some sampling artifact. It is
interesting, however, that when the studies are divided into
juvenile and adult onset, the association with blood group A

applies only to the adult type (relative risk, 1.12), further
supporting the differentiation of these two disorders.40

New enthusiasm for gene marker-disease association
studies was generated by the results of studies with antigens
found on human leukocytes, i.e. HLA antigens. Many
associations have been found with diseases of unknown or
presumed autoimmune etiology,41"43 ranging from strong
associations, such as that between HLA B27 and ankylosing
spondylitis,44'45 to weak associations for such diseases as
diabetes mellitus. HLA-B antigens B8 and B15 and HLA-D
antigens Dw3 and Dw4 have been reported to be increased
only in those individuals with juvenile or insulin-dependent
diabetes46"48 (reviewed in references 1, 49, and 50),
supporting the separation between insulin-dependent and
not-insulin-dependent diabetes.

HLA AND DIABETES—ASSOCIATION AND LINKAGE

One of the major questions dealing with these HLA
associations, however, is their low order of magnitude, e.g.
the increased risk for juvenile diabetes in an individual who is
B15 or B8 is about 2.5 times greater than that for an individual
who does not have these antigens. The popular explanation
for these associations and their low order of magnitude is that
of linkage disequilibrium.41'42'50 That is, the B8 and B15
antigens are felt not to be directly responsible for juvenile
insulin-dependent diabetes, but are thought to be linked in
disequilibrium to other genes of the HLA loci, such as
immune response genes, which may be directly responsible for
the individual's susceptibility to the disease. Linkage
disequilibrium is an unusual phenomenon that occurs at the
HLA locus (major histocompatibility complex or MHC)
(reviewed in references 42 and 51).

As discussed above association and linkage are, classically,
entirely distinct phenomena. The genetics of the HLA
region, however, seems to violate this cardinal rule of
separation between linkage and association because of its
linkage disequilibrium. The HLA region has at least four well-
defined loci—three serologically defined (now known as loci
A, B, and C) and one defined by the mixed lymphocyte
reaction (MLC) (locus D).118 A fifth locus, called the B
lymphocyte alloantigen locus, la or Dr locus, which is also
serologically defined, is currently being characterized.119 Each
of these loci has several alleles or antigens. Certain pairs of
HLA antigens are found in the population together in greater
frequency than would be expected from multiplying their
individual frequencies together; thus the HLA region is in
linkage disequilibrium. One example is antigen Al at the A
locus and B8 at the B locus in Caucasians. Antigen Al is
found in about 16% of the white population and antigen B8 in
about 13%. Therefore, they would be expected to be found
together in about 2% of the population, but instead they are
found together 10% of the time.42'51
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Linkage disequilibrium occurs when a new gene, that is an
allele, first appears in a given population. In the first few
generations, the population is not in equilibrium, because the
new gene is associated with a particular allele of a particular
linkage group. It is only after there has been time for sufficient
meiotic events and recombinations that the new gene comes
into equilibrium with adjacent ones. At that point, the initial
population association disappears. That this phenomenon
should occur in a free-breeding species such as man is indeed
curious. Two major explanations have been proposed—new
mutation and drift vs. selection.41'50 The assumption of new
mutation and drift is that the genes of the HLA locus have
appeared only recently in evolution. Some support for the
view might come from the different frequencies of the HLA
antigens among different racial groups.42'52'53 Against this
theory, however, is that the HLA region is obviously similar,
at least in function, to the H2 locus in the mouse,42 and this
type of gene extends far back in evolution. The other
explanation for linkage disequilibrium is that selective forces
exist that tend to select for certain advantageous combina-
tions of antigens. These could operate on either individuals
themselves, for example, in response to infectious agents or
their germ cell lines. It is now known that HLA antigens are
expressed in haploid spermatozoa.54 One of the major
speculations regarding the etiology of autoimmune disease is
that we are seeing today the residual of the selective advantage
of these antigen associations against the infectious diseases
that our species was exposed to in the past.50'51

Many groups of investigators have reported increases in
HLA antigens B8 and B15 in juvenile or insulin-dependent
diabetes. The Danish and Liverpool groups studied the largest
sample, now exceeding 200 patients with insulin-dependent
diabetes (reviewed in references 1, 49, and 55). Studies from
England and France also reported B18 to be increased in
juvenile diabetes.56'57 A decreased frequency of an antigen, as
opposed to an increase, requires a much larger sample size to
become evident.50 Combining data from several centers,
Ludwig et al.58 pointed out that B7 is decreased in juvenile
insulin-dependent diabetes. Initial family studies also seem to
confirm the protective effect of the B7 allele.59

Because of this linkage disequilibrium, if alleles at other loci
within the major histocompatibility complex can be typed, it
is important to study their association with insulin-dependent
diabetes mellitus, since they may actually be closer to the
diabetes genes. Only a few studies have been done on the
other HLA loci. A small, increased risk for antigen Al of the
A series (relative risk, 1.65) has been reported, but the
investigators attribute this to the known linkage disequilibrium
between Al of the A locus and B8 of the B locus.49'56 The
Danish group reported an increased risk for diabetes with
alleles Dw3 and Dw4 of the D locus. In their first report (42
patients), they suggested that the risk for juvenile diabetes was
stronger with the D locus allele Dw3 (relative risk, 4-5) than

that for the B locus allele B8 (relative risk, 2.5).50 The Dw4-
B15 comparison was inconclusive. They have since increased
the number of patients studied at the D locus; they think that
Dw3 is more strongly associated than B8 and Dw4 more
strongly associated than B15.49 Moller et al. also found an
increase of Dw3 and Dw4.115 On the other hand, Scherthaner
et al.61 reported that Cw3 of the C locus is more strongly
associated with diabetes than is B15 of the B locus. Since the
C and D loci are on opposite sides of the B locus, this question
requires resolution. More recently, the latter group reported
an increase of Dr locus antigens Drw3 and Drw4, with relative
risk of 4.5 and 2.6, respectively, in a sample of about 50
individuals.62 Investigators who reported a decreased
frequency of allele Dw2 of the D locus in insulin-dependent
diabetes claim that the B7 decrease is secondary to its link-
age disequilibrium with Dw2 and Dw2 is absolutely
protective.55'63'64

There are also racial differences in the HLA-diabetes
association to account for some of the ethnic variability in this
disease. Initial reports on the Japanese indicated that antigens
B54 (previously known as B22J) and B12 are increased in
insulin-dependent but not in not-insulin-dependent diabetes
and that antigen B5 is decreased in this group.65"67'121 HLA
DYT (a Japanese D-locus antigen in linkage disequilibrium
with Bw54) also was reported to be increased in insulin-
dependent diabetes.68'121 These results parallel the B8, B15
increase and B7 decrease in the Caucasian group (northern
European and North American) but with different antigens.
This finding provides evidence for linkage disequilibrium as a
basis for the HLA diabetes association. An important
consequence of the linkage disequilibrium theory is that,
since the association between HLA antigens themselves differ
among racial groups,42'52*53 one would expect that the
association between the antigens and the disease should also
differ from one race to another.42'50 If different antigens are in
linkage disequilibrium with the particular immune response
genes in different races and if these immune response genes are
responsible for the predisposition to a given disease, then the
association of different antigens in different races with the
same disease is expected. On the other hand, if the disease is
associated with the antigen itself, and not merely as a marker
for another part of the major histocompatibility complex
genome, then the same antigen would be expected to be
associated with the disease in different races, as seems to be
the case for B27 and ankylosing spondylitis.42*50 These
different associations might herald phenotypic differences in
the disease that have not been clearly defined; thus, detailed
studies are required for each racial group. There has been only
one report to associate HLA and diabetes in blacks and
Mexican-Americans,69 suggesting that B8 and B15 were
increased, just in the Caucasian population; the differences
fell short of statistical significance when corrections were
made for the number of antigens tested.
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HETEROGENEITY WITHIN INSULIN-DEPENDENT DIABETES

Therefore, the use of the various genetic markers
(metabolic, immunologic, HLA, and ABO) indi-
cates clearly that insulin-dependent diabetes
mellitus and maturity-onset, not-insulin-depend-

ent diabetes mellitus are separate genetic disorders. Moreover
it is likely that extensive heterogeneity exists within these
broad groups of disorders. As an example, on the basis of an
analysis of recently published immunologic and metabolic
studies serving as genetic markers, we were able to uncover
further heterogeneity among the juvenile, insulin-dependent
forms of diabetes and postulated that the HLA B8-Dw3- and
B15-Dw4-associated forms of diabetes are distinct diseases,
B8-Dw3 being an autoimmune form, and B14-Dw4, an insulin
antibody responder type (Table 2).70

This further heterogeneity was first suggested by reports
that the relative risks for HLA antigens B8 (Dw3) and B15
(Dw4) were additive, i.e. the risk for individuals with both B8
(Dw3) and B15 (Dw4) was greater than for individuals with
only one of these antigens.50'56'71'72 In contrast, the relative
risk for diabetes was not increased by homozygosity for either
B8 or B15; that is, it made no difference whether an individual
had one or two B8 genes or one or two B15 genes.73 Similarly,
in the British twin studies, there was an increased prevalence
of both B8 and B15 in the insulin-dependent twin pairs who
were concordant but only B15 in the discordant pairs. In
addition, there is a high frequency of B8-B15 (Dw3-Dw4)
individuals among the probands of multiplex insulin-
dependent diabetic sibships,26'27 and the siblings of these
individuals are at an increased risk for diabetes.74 Ludvigsson

TABLE 2
Heterogeneity within insulin-dependent diabetes mellitus*

et al. also reported that B8-B15 diabetes has a younger age of
onset and a decreased frequency of detectable C-peptide than
do individuals who have only one of these antigens.75

Direct evidence for heterogeneity comes from studies of the
anti-insulin antibody response to exogenous insulin treatment,
which appears to differ between the B8- and B15-associated
juvenile-onset diabetes.76'77 Individuals who did not develop
insulin antibodies had an increased frequency of B8 and a
normal frequency of B15, whereas those individuals who did
form medium or high titers of insulin antibodies had a normal
frequency of B8 and an increased frequency of B15.

The frequency and severity of diabetic complications may
also differ between the B8 and the B15 forms of juvenile-onset
diabetes: those with the B8 antigen perhaps having an
increased predilection to diabetic microangiopathy and
vascular complications.78"80

The presence or absence of pancreatic islet cell antibodies
also appears to distinguish between the B8 and B15 forms of
juvenile-onset diabetes, the frequency of islet cell antibodies
being significantly more common in B8 diabetes than in
diabetes with other HLA types.74'81 In addition, individuals
with B8 juvenile-onset diabetes have evidence of cell-
mediated immunity against the pancreatic islets.74 Thus, the
B8 form of juvenile-onset diabetes appears to be associated
with islet cell autoimmune disease. This observation is in
agreement with previous findings, which suggest that other
autoimmune endocrine disorders, such as Graves's and
Addison's diseases, are also associated with B8 and not with
other HLA types.57'60'82 Also supporting this conclusion is the
observation that individuals with both insulin-dependent
diabetes and thyroid disease or other autoimmune disease

Evidence

Relative risk for diabetes

Linkage disequilibrium

Insulin antibodies

Diabetic complications

Islet cell antibodies

Antipancreatic cell-mediated
immunity

Associated with other autoimmune
endocrine diseases

Isolated pedigrees

Age of onset

* Table modified from Rotter and Rimoin.70

220

B8 B15

-Additive-

Dw3, Drw3, Al

Nonresponder
(no antibodies)

| microangiopathy

persistent

increased

yes

Cw3, Dw4, Drw4

High responder
(produce antibodies)

not increased

transient

not increased

no

autoimmune disorder defect in insulin release

any age younger age
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have an even higher association with B8.83'84 This islet cell
antibody-positive B8 type also appears to have immune
complexes in the early phase of the disease.85

Studies of two large families also suggested marked
differences between the B8 and B15 forms of diabetes. One
family consisted of 21 individuals, seven of whom had
diabetes.60'74 AH affected members of the pedigree who were
typed shared a common HLA A2, B15, and Cw3 haplotype.
All family members who were not B15 positive were found not
to have diabetes, whereas those B15-positive relatives who
did not have clinical diabetes showed a decreased early insulin
response to intravenous glucose. In another family, an
apparent autoimmune genetic disorder associated with B8
juvenile-onset diabetes has been described.86 This family
had a syndrome consisting of diabetes mellitus, immuno-
globulin-A deficiency, malabsorption, and a common HLA
haplotype. All affected individuals shared a haplotype
consisting of HLA A2, B8, and Dw3. Other members of the
family who had the same haplotype but did not have diabetes
had evidence of other autoimmune disorders, such as vitiligo
and Graves's disease. Other autoimmune families were
associated with B8, and healthy siblings of these families had
persistent autoimmune antibodies.79'80 These family studies
are another example of the blur between association and
linkage that occurs in this group of disorders.

This accumulated evidence strongly suggests that genetic
heterogeneity exists even within the typical insulin-
dependent juvenile-onset type of diabetes. We conclude that
there are at least two distinct forms of juvenile-onset diabetes,
one of which is associated with HLA B8 and the other with
B15 (Table 2).70 B8 could be replaced by Dw3 and B15 by Dw4
without any change in concept or conclusion. The HLA-B8
form of the disease (autoimmune form) is characterized by an in-
creased prevalence of the Dw3 allele of the HLA D locus, an
increased prevalence of pancreatic islet cell antibodies and
antipancreatic cell-mediated immunity, a lack of antibody
response to exogenous insulin, and possibly an increased
susceptibility to rriicroangiopathy. A second form of juvenile-
onset insulin-dependent diabetes is associated with HLA B15
and is less well characterized. It appears to be associated with
the Cw3 allele of the HLA C locus and Dw4 of the D locus, it
is not associated with autoimmune disease or islet cell
antibodies, and it is accompanied by an increased antibody
response to exogenous insulin. This disorder also appears to
have an earlier age of onset than the B8-Dw3 type.55'72 There
also exists a third type, the compound B8-Dw3/B15-Dw4
heterozygote. This form is characterized by an increased
relative risk, an increased prevalence among concordant
twins, an increased prevalence among familial cases, and an
increased risk to siblings for diabetes.26'72"74 Other
classifications of insulin-dependent diabetes have been
proposed. On the basis of the additive risk of B8 and B15, the
Danish group proposed that more than one gene in the HLA
complex may affect the susceptibility to insulin-dependent

diabetes.50 Also, both Bottazo and Doniach27 and Irvine30

proposed that insulin-dependent diabetes can be subdivided
into autoimmune and viral-induced types.

The discussion thus far has focused primarily on association
studies. What do linkage studies reveal? Since linkage
analyses are done within families, these analyses have been
done for the most part on families with multiply affected
siblings, known as multiplex sibships. Formal segregation and
linkage analysis has been attempted by several groups, leading
to a variety of conflicting claims. Thus, Thomson and
Bodmer,88 analyzing the data of Cudworth and Woodrow,89

concluded that the susceptibility to juvenile diabetes was
inherited in recessive fashion tightly linked to HLA, thus
requiring two diabetogenic genes for any susceptibility to
diabetes; Rubinstein et al. made a similar claim.90 Segregation
analysis of the Barbosa et al.91 pedigrees by Suarez et al.92 was
also claimed to be consistent with autosomal recessive inherit-
ance. However, formal linkage analysis of the families studied
by Barbosa et al.,91 assuming genetic homogeneity and
autosomal recessive inheritance, was found to be consistent
only with loose linkage to HLA (recombination fraction of 15
to 20%).93'94 This contrasts with the usual explanation for
HLA-disease associations, which hypothesizes disease-predis-
posing genes within (in tight linkage to) the HLA
complex.41'42 Spielman et al.95 find the data most consistent
with autosomal dominant inheritance of a tightly linked
diabetic susceptibility gene. All these analyses must be re-
garded with skepticism, since none of them take into account
the heterogeneity within juvenile diabetes that has been
discussed above. Models that take this heterogeneity into
account are being developed; they suggest, as expected, that
the situation is considerably more complex.96""98

As regards the MODY phenotype, while there is no
evidence of any HLA association, there are tentative reports
that this disorder may be linked to the HLA complex."There
are other disorders, e.g. 21-hydroxylase deficiency, that are
linked to the HLA complex but not associated with any
particular HLA alleles.101'102

HETEROGENEITY WITHIN NOT-INSULIN-DEPENDENT DIABETES

What is the evidence for heterogeneity within the not-
insulin-dependent type of diabetes? The delineation of the
MODY disorder has already been described. Fajans et al. have
recently reviewed the clinical evidence that there may be
more than one disorder in the MODY category.122 Most re-
cently Leslie and Pyke reported that chlorpropamide-induced
flushing may be a subclinical marker of this form of diabetes, as
well as of some adult, not-insulin-dependent forms.120

Additional clinical genetic studies also suggested heteroge-
neity within the adult-onset type. Thus, both Kobberling103'104

and Irvine et al.25 provided evidence that obese and nonobese
diabetic patients differ genetically both in the risk to siblings
and in the clinical range of diabetes found in their relatives.
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TABLE 3
Classes of genetic markers in diabetes mellitus

Physiologic-:—biochemical

Insulin levels
Insulin response to a glucose load

Immunologic

Pancreatic islet cell antibodies
Other endocrine antibodies
Insulin antibodies
Immune complexes
Cell-mediated immunity to the pancreas

Polymorphic genetic markers

ABO
PTC
ABH secretion
HLA
Acetylator phenotype

The use of metabolic subclinical markers also suggested
heterogeneity within this group of disorders. Fajans et al.
demonstrated metabolic heterogeneity in nonobese latent
diabetic patients.24'105 They were able to divide their patients
with latent diabetes into two broad groups—ones who had an
insulinopenic form of glucose intolerance and others who had
high levels of plasma immunoreactive insulin. The high
responders and low responders remained consistent and
distinct after many years of follow-up, suggesting that they
represented different metabolic disorders. Fajans suggests
that, in the low response category, the lack of insulin is one of
the principal determinants of abnormal glucose tolerance. On
the other hand, he suggests that, in the high response
category, the hyperinsulinemia is secondary to other factors
that cause glucose intolerance. Whether this abnormality will
serve as a genetic marker remains to be determined, since no
family studies have been reported. These studies may not
always result in distinct genetic entities, as studies of two
MODY families have revealed both hypoinsulinemic and
hyperinsulinemic affected individuals.106

CLINICAL IMPLICATIONS OF HETEROGENEITY

Thus the search for genetic markers, whether they be
immunologic, biochemical, physiologic, or genetic poly-
morphisms, has been increasingly successful in delineating
the heterogeneity within the diabetic syndrome (Table 3). A
classification of this heterogeneity is given in Table 4.

The heterogeneity, which has so far been discovered to be a
feature of typical diabetes mellitus, probably represents just
the "tip of the iceberg." But even this currently demonstrable
heterogeneity has immediate relevance to current research
efforts into the pathogenesis and therapy of the diabetic state.
Various agents, e.g. viruses, are implicated as the inciting or
promoting factors for diabetes in individuals with the

appropriate genetic predisposition.30'36'107'108 The suscepti-
bility to a given agent may very well depend on the
heterogeneity elucidated by these studies. The long-standing
debate on the efficacy of tight vs. loose control in preventing
vascular complications109'110 might very well be answered
when this heterogeneity is taken into account in appropriately
designed studies, i.e. there may be forms of diabetes whose
control is vital and others it is less so, subgroups with
inexorable complications and others complication free. There
is already tentative evidence that the search for genetic
markers may identify groups at increased risk for vascular
complications. In the British monozygotic twin study, the
concordant pairs were said to develop complications of
diabetes more frequently and severely than the discordant
pairs111'112 and it was only the concordant pairs that had an

TABLE 4
Heterogeneity within primary diabetes mellitus

Insulin-dependent Type
Overlapping features that may yield separate classifications

By HLA association
HLA associated

B8-Dw3-autoimmune type-? f complications
Bwl5-Dw4, Cw3-insuliri antibody responder
? B18
? other HLA associations
e.g. Oriental-TB12, |B5, |Bw54

?Non HLA associated
By islet cell antibodies

Positive
Transient
Persistent

Negative
Proposed pathogenesis

Autoimmune—clinical and serologic associations
Viral — mumps, rubella, Coxsackie, animal models
Mixed
Other mechanisms

Not-insulin-dependent Type
By obesity

Nonobese

By therapeutic requirements
Insulin required
Insulin not required

By insulin responses
Decreased insulin response
Supernormal insulin response

Obese
Insulin required
Insulin not required

By age of onset
MODY — ? HLA linked
MOD

By complications
Complications present—normal frequency of rapid acetylator
Complications absent—| frequency of rapid acetylator
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increased frequency of B8. Barbosa et al. studied HLA
antigens in 110 patients with juvenile-onset diabetes and
terminal glomerulonephritis and retinopathy, who required
kidney transplantation.78'7851 They found a significant increase
in the frequency of B8 among those patients with severe
microangiopathy, but the frequency of B15 was similar to that
of the controls. Other family studies have supported this
observation.79'80 This suggests that the B8-Dw3 group and not
the B15-Dw4 group may be associated with an increased
predilection to diabetic microangiopathy. In regards to
retinopathy, conflicting results have been reported. Bertrams
et al.113 reported a correlation of B8 with retinopathy,
whereas this observation was not confirmed in two other
groups with different methods of patient selection.n4'115 Also,
in treated diabetes of long duration, immune complexes have
been reported to correlate with high titers of insulin
antibodies, early age of onset of the disease, and the presence
of late diabetic complications.85 Another genetic trait that
may play a role in the development of complications is that of
rapid acetylation, an inherited ability to metabolize certain
drugs more rapidly. One report indicates that this trait may
protect against diabetic complications. McLaren et al.116

found a frequency of 64% of rapid acetylators in diabetic
patients who were free of complications after 10 yr of disease as
compared to an incidence of 42% in a diabetic group with
complications and 39% in controls.

Thus the search for genetic markers should have profound
implications not only for the understanding of diabetes but
also of its vascular complications. Only when each of the
many disorders resulting in diabetes mellitus and/or glucose
intolerance are delineated will specific genetic counseling,
prognostication, and therapy be possible for all diabetic
patients.
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