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ARTICLE INFO ABSTRACT

Keywords: The incidence of type 1 diabetes (T1D) and some other complex diseases is increasing. The cause has been
Disease association attributed to an undefined changing environment. We examine the role of the environment (or any changing
Epigenetics non-genetic mechanism) in causing the rising incidence, and find much evidence against it: 1) Dizygotic twin
I(_;];;;\etics T1D concordance is the same as siblings of patients in general; 2) If the environment is responsible for both the

discordance among identical twins of patients with T1D and its rising incidence, the twin concordance rate
should be rising, but it is not; 3) Migrants from high-to low-incidence countries continue to have high-incidence
children; 4) TID incidence among the offspring of two T1D parents is identical to the monozygotic twin rate. On
the other hand, genetic association studies of T1D have revealed strong susceptibility in the major histo-
compatibility complex and many optional additive genes of small effect throughout the human genome in-
creasing T1D risk. We have, from an analysis of previously published family studies, developed a stochastic
epigenetic Mendelian oligogenic (SEMO) model consistent with published observations. The model posits a few
required recessive causal genes with incomplete penetrance explaining virtually all of the puzzling features of
T1D, including its rising incidence and the specific low T1D incidence rates among first-degree relatives of
patients. Since historic selection against any causal gene could prevent T1D, we postulate that the rising in-
cidence is because of increasing population mixing of parents from some previously isolated populations that
had selected against different causal genes.

Monozygotic twins
Type 1 diabetes

onset. For simplicity, we call this current paradigm the en-
vironmentally-triggered risk-based polygenic (ERP) model.

1. Introduction

Defining complex genetic disease etiology is currently mostly a task
of determining the optimal mathematical equations that quantify the
relationship between population phenotypic and genotypic variance
and then explaining the relevance of this relationship to causality. As
pointed out recently [1], this search is conducted within a paradigm
assuming “genetic variance in a population [is] due to a large number
of Mendelian factors, each making a small additive contribution to a
particular phenotype, the so-called ‘infinitesimal model”” [2]. This
“genes of small effect” paradigm is now usually assumed for all complex
traits, including both quantitative and binary traits [1,3]. The dominant
viewpoint further assumes environmental inputs modify (or “contribute
to”) the structural relationships and effects (“risk”) of many (dozens to
hundreds) of these genes of small effect. This paradigm assumes there is
no single causal pathway for any complex genetic trait and, indeed,
presumes there might be multiple pathways to complex genetic disease

Type 1 diabetes (T1D) is a complex genetic disease of unclear
etiology despite decades of research. Many features of T1D natural
history are incompatible with or are completely ignored by the ERP
model. From our perspective, which is focused on pedigree-based
genomic structural and genetic linkage and association analyses, we
conclude that ERP is an impediment to understanding T1D etiology and
probably that of some other complex genetic diseases. We support calls
for developing a new approach to unraveling complex genetic disease
[1,4]. We propose an alternative simpler model that fits all observed
data of T1D as a stochastic epigenetically-triggered Mendelian oligo-
genic (SEMO) disease (see Box 1; based on, but modified from, a
summary in reference (ref.) 5). We cite reports that both contradict ERP
and support the SEMO model. While many models are capable of ap-
proximating observed reality, we show that ERP assumptions lead both
to inappropriate methods and to incorrect conclusions regarding T1D
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Box 1

Journal of Autoimmunity 96 (2019) 123-133

SEMO Model Hypotheses, Equations and Conclusions (adapted from Ref. [5])

I. Most models of complex genetic disease assume:

Phenotype = Genotype + Environment

and,

N = fn [Environmental Effect(s) (E) + Stochastic Effect(s) (S)]x:x

D = (pX)*- (pY)*{(pZ)* + [2(p2)-(1 — pZ)]}

status reduces to:

P=N
Therefore:

N = MZT concordance

alone.

N=fnS

and calculate “heritability” (h?) as the ratio of genetic (062 to phenotypic (op?) variances.

II. The SEMO model proposes that, at least for some complex genetic diseases:

Phenotype Frequency (P) = Disease Susceptible Freq. (D) - Non—Genetic Effect Freq. (N)

And, for a disease in which there are a limited number (e.g., 3) of required disease susceptibility genes (X, Y and Z), and, e.g.,
susceptibility at loci X and Y is each Mendelian recessive, and locus Z is Mendelian dominant*, where the frequencies (p) of aggregate
susceptibility alleles at locus X are pX, pY at locus Y and pZ at locus Z, and where alleles sort independently (are unlinked):

III. Monozygotic twin (MZT) pairs are essentially genetically identical. Therefore, all MZTs of patients with the disease are fully ge-
netically susceptible to the disease, and D = 1. Therefore, disease frequency (eqn. (1)) among MZTs of probands ascertained by disease

Likewise, the total population comprising D (eqn. (3)) is, for the purposes of disease susceptibility, genetically identical to MZT pairs
with a disease proband. Therefore, eqn. (5) applies to all individuals who are genetically fully susceptible to the disease.

IV. E (eqn. (2)) might be a component of N, but dizygotic twins (DZTs) of T1D probands have the same disease concordance as all siblings.
Therefore, the more “common” environment shared by twins has no effect on T1D frequency; the only variable “E” possible among twins
is E,, that unique to each individual. For 50 years, within experimental error, T1D MZT concordance has neither changed nor differed
worldwide. Furthermore, the geoethnic and temporal variability of MZT concordance is unrelated to T1D frequency. Therefore, for T1D,
N is constant and geoethnic and temporal differences in incidence are explained by differences in genetic susceptibility (D)

. T1D models assuming N = E, (i.e., stochastic effects do not exist; the non-genetic effect is entirely environmental), must assume E, (for
T1D) is constant temporally, geographically and in different populations. T1D pathogenesis models assuming E, is only part of N and
hypothesize E, varies must explain, based on eqn. (2), how the opposite S has changed such that N is constant. The SEMO model posits
(for simplicity) that, for T1D, E = 0 and eqn. (2) reduces to:

*For T1D, we hypothesize, based on available data, all susceptibility genes are recessive.
**The model posits epigenetic mechanisms could underlie E and S separately.

(€Y

(2)

3)

(C))

(5)

(6)

causality. Table 1 summarizes the conceptual and explanatory differ-
ences between these two models. We make specific predictions and we
suggest different approaches to genetic analyses of T1D pathogenesis.

We begin by discussing the many puzzles of T1D etiology, including
both those for its genetic and non-genetic components. Next, we ex-
amine evidence for and against environmental causes of T1D, especially
because a changing environment is often blamed for the rising in-
cidence of T1D. After concluding that the environment is unlikely to
play any role in T1D pathogenesis, we present evidence that the non-
genetic component of T1D, as defined by concordance for T1D in
monozygotic twin (MZT) pairs, neither differs worldwide nor has re-
cently changed. Then, because the major histocompatibility complex
(MHC) is the region most strongly correlated with T1D susceptibility,
we develop the model's genetic component using the MHC relationship
to T1D. We also consider the findings in families followed for nearly 60
years in which both parents have T1D, and we present the SEMO
model's non-genetic component. Finally, we evaluate the fit of the
SEMO model's consequences to observed facts, and we predict parti-
cular features of T1D genetics.
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2. Puzzling features of T1D

T1D has many puzzling features. First, T1D onset, after a variable
autoimmune prodrome, is usually not until mid-childhood, adolescence
or, rarely, even adulthood. Second, since complex genetic diseases like
T1D are far more common than monogenic diseases, the MHC haplo-
types that mark T1D susceptibility alleles are not rare but are common
variants [6]. We posit there may be several susceptibility alleles of any
causal gene. A third puzzling feature of T1D is the rarity of any family
history — nearly 90% of T1D patients have no affected relative [7]. A
distressing enigma of T1D is its rising incidence of 2%-3% per year
[8-10]. Along with this rise is the changing genetic composition of T1D
patient populations, at least in some countries, with a decrease in the
frequencies of the high-risk T1D susceptibility MHC markers HLA-DR3
and HLA-DR4 (old nomenclature) [10]. The basis for the high T1D
“risk” of HLA-DR3/4 heterozygotes [11] compared with HLA-DR3/3 or
-DR4/4 homozygotes is also puzzling. A final puzzling T1D feature is
that the roughly 50% T1D incidence among the offspring of two parents
who have T1D [12] is the same as the concordance rate of MZTs of
patients with the disease [13].
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Table 1

Comparing and contrasting ERP and SEMO methods and explanations for T1D"
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Component/Question SEMO Method

ERP Method

Genomic architecture
Genetic association to T1D
Identifying T1D genes

Direct pedigree-based haplotype determination
Patient vs FC (not in any patient) haplotype comparison
Recessive alleles at a limited number of chromosome 6
loci with FC frequencies near population frequencies

Genotype or imputation-based haplotype estimation

Patient vs Control genotype, allele or imputed haplotype comparison
Statistically-significant different (and odds ratios > 1) frequencies in
patients vs controls; then, nearby “immune-related” or “likely.” Dozens
identified.

Phenomenon SEMO Explanation

ERP Explanation

Rising incidence
selection

50% of MZTs of patients have T1D

to disease

T1D susceptibility purely genetic

All disease alleles are full susceptibility

DZT rate = sib rate
50% of offspring of two parents with
T1D have T1D (= MZT rate)

Parental subpopulation admixture and selective

Age-related random epigenetics changes susceptibility

Unspecified environmental change
Unspecified environmental factor(s) trigger(s) disease

Not considered (incompatible)
Not considered (incompatible)

Shown are the methods used to study the genetics of T1D and the explanations that the two complex genetic disease models provide for specific known phenomena

associated with T1D.

% Abbreviations: T1D = type 1 diabetes; FC = family control; DZT = dizygotic twin; MZT = monozygotic twin.

No causal gene or molecular mechanism for this disease associated
with autoimmune loss of pancreatic beta cells has been definitively
established. Instead, methods for identifying genes “associated” with
T1D have focused on statistical calculations of risk (e.g., odds ratios).
Such methods do not require the context of a biological model nor any
known (or fixed) genetic architecture. Most recent genetic association
studies do not even use a family-based analysis comparing phased pa-
tient alleles or haplotypes with family controls [14]. Instead, results are
deemed significant if case-control studies are replicated (or p values
lowered) in larger or different populations.

The mode of inheritance of a gene or genetic region for a genetic
trait is a key element necessary to understand the trait's genetic
etiology. For T1D, the mode of inheritance of MHC-related disease
susceptibility alleles or haplotypes was originally determined to be
clearly Mendelian recessive. Later, “complex,” “mixed” or disease
“heterogeneity” models became fashionable. Since 1990, the question
of the MHC-associated mode of inheritance has largely been aban-
doned. For non-MHC genes, the question has rarely been raised. A
strong argument has recently been made [1] for re-examining the many
variable genes of small effect assumptions as originally put forth by Sir
Ronald Fisher a century ago [15]. In this context, it is essential to
distinguish causal genes (with clear modes of inheritance) from sub-
population markers that only correlate with increased T1D risk [16,17]
but are likely irrelevant to T1D pathogenesis.

3. Twin studies in T1D

Approximately 40-50% of MZTs of T1D patients also have T1D [7].
Since these twins carry virtually the same gene variants, the less than
100% concordance has been termed “incomplete penetrance” of genetic
susceptibility. It has been assumed for decades that incomplete pene-
trance reflects some (combination of) triggering causal environmental
factor(s) or event(s). For T1D, the difference in concordance between
MZTs (40-50%) and dizygotic twins (DZTs) (6-10%) has been ascribed
to multiple additive risk-elevating genes that contribute to “herit-
ability” [5]. When applied to T1D [18], this analysis ascribes up to
66%-72% of the risk for T1D to heritability, leaving, presumably,
28%-34% to the environment. However, penetrance is actually the
combination of the genetic contribution and all non-genetic contribu-
tions (whether of environmental origin or not) that convert full genetic
susceptibility (e.g., in the MZT of a patient) to disease. The extent to
which the non-genetic component contributes to disease pathogenesis
must be determined for every complex genetic disease, and one should
never assume the “environment” is synonymous with the non-genetic

component. Indeed, stochastic epigenetic changes to DNA may be more
common than environment-induced changes [19].

3.1. Is there a role for the environment in T1D pathogenesis/penetrance?

The conviction that exposure to (an) environmental factor(s) is
partly responsible for the disease is so strong that it is invoked to ex-
plain the observed rapidly changing MHC allele and haplotype com-
position of T1D patients [20]. Proponents of this view claim [21] this
observed rapid genetic change could not have a genetic basis because a
purely genetic mechanism could not operate so rapidly. Therefore, in
this view, the observed rapid genetic change must represent the chan-
ging genetic response to a postulated but undefined rapidly changing
environment [20]. In contrast, we provided a purely genetic explana-
tion for the rapid genetic change [22,23]. Although there has been a
recent resurgence in suspicion that the microbiome [24] or, more fre-
quently, viral infections [25-28] could play such an environmental
role, “there is still little evidence” [28]. Thus, the ERP model search for
(an) essential environmental trigger(s) of T1D has been unsuccessful,
despite almost a century of intensive investigation. While a full critique
of this common (and usually uncited) assumption would require far
more extensive space than we have here, we propose that the findings
presented below sufficiently argue against any environmental factor as
a causal basis for penetrance of genetic susceptibility to T1D acting in
utero or in childhood within a family or in general. At the very least, the
environment should not be presumed to play any role in this disease.

The seasonal variation in the onset of clinical signs of T1D has been
used to implicate the environment, particularly viral infection, in T1D
pathogenesis. The peak incidence of the initial clinical signs of T1D
occurs in the autumn-winter months in the northern [29] and southern
[30] hemispheres and is coincident with or follows closely epidemics of
mumps, rubella and coxsackie B4 virus [29]. Several observations make
it unlikely that infection with any of these viruses is involved in pe-
netrance in T1D. From studies of the occurrence of autoantibodies and
glucose metabolism in genetically susceptible relatives of patients we
now know that pancreatic 3-cell destruction begins many months or
years before symptoms of T1D appear [31-33]. Overt disease does not
occur until 90% or more of B-cell mass is destroyed. More importantly,
the presence of antibodies to the implicated viruses does not correlate
with T1D in discordant MZTs [34] nor in newly diagnosed T1D patients
in general [35], indicating that infection with those viruses is unrelated
to the presence of T1D. Finally, thanks to vaccines, infections with at
least two of these viruses (mumps and rubella) plummeted during the
last third of the 20th and into the 21st centuries, a period during which
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T1D incidence increased significantly.

If exposure to an environmental factor during intrauterine life or
early childhood causes penetrance (i.e., T1D pathogenesis in genetically
fully susceptible individuals), DZTs of patients should have higher
concordance than siblings of patients in general, despite similar 50%
sharing of variant genes, since DZTs usually share pre- and early post-
natal environments more completely than do sibs in general. The re-
ported sib and DZT rates have varied widely over the years, but the best
T1D twin study to date suggests the DZT rate is quite similar to that
found in all sibs. In a very large study of twins in Finland [36], con-
cordance for T1D was the same in DZTs (7.4%) as in sibs in general
(6.3% up to age 34 and 9.6% up to 60 years of age [37]). Moreover,
antibodies against insulin and other pancreatic 3-cell antigens, which
are signs of impending T1D, were found at the same rate in DZTs as in
sibs in general [38]. These two facts alone are sufficient to challenge the
assumption that the environment plays a significant role in T1D pa-
thogenesis. Furthermore, if the environment were required to cause
T1D, T1D should appear more or less simultaneously in each member of
any pair of affected MZTs (or DZTs or sibs). This is not the case. Several
years commonly separate the onset in affected family members [7].

If the environment is a cause of the high incidence of T1D in certain
countries, families who move from a high incidence to a low incidence
country should, after the move, have children with a lower incidence in
the new environment. On the contrary, children of Sardinian (high
incidence) families who moved to mainland Italy (low incidence) or
Germany (also low) continued to have high incidence [39,40]. A con-
trasting argument is made based on several studies of southern Asian
(low incidence) families who moved to high incidence countries such as
the United Kingdom [41,42] or Sweden [43]. These studies showed a
higher T1D incidence among the children of such immigrants than that
reported for southern Asia. These studies, however, may have two
problems. First, they were registry studies, not interviews, so some
ethnically-mixed parents may have been involved. Second, rigorous
complete studies of T1D incidence in southern Asia, including con-
sidering internal regional and genetic variation, are lacking. Moreover,
other studies (with, admittedly, some of the same analysis issues) of
southern Asian migrants to Sweden [44,45] revealed retained low in-
cidence among their children.

3.2. The non-genetic component is constant and cannot explain variable
T1D incidence

While the above observations provide strong circumstantial evi-
dence against a role for (an) environmental factor(s) in T1D patho-
genesis, the question remains: Does any variable non-genetic effect
correlate with the variable incidence of T1D? The hypothesis that some
non-genetic element influences geographic, demographic or temporal
differences in T1D incidence has rarely been tested directly. Below, we
provide predictions based on a role in T1D pathogenesis for the non-
genetic component (whether or not it includes an environmental sub-
component) and report the findings that belie the predictions.

If the non-genetic component (as represented by the failure of about
half the MZTs of T1D patients to have T1D) plays a role in the rising
incidence of T1D in the general population, then concordance for T1D
in MZTs should also be rising. In fact, there does not appear to be any
increase in MZT (or DZT) concordance over the past five decades
[13,36,46-55], as is evident in Fig. 1, despite wide variations in results.
Fig. 1 displays all of the world's published data from non-overlapping
studies on twin T1D concordance rates using reports cited in the figure
legend. We do not include a theoretical line proposing how the results
would differ if the non-genetic component were variable because no
one has proposed a quantitative formula for such change(s) nor how it/
they might vary worldwide.

If the non-genetic component were responsible for a significant
percentage of the variable incidence of T1D, countries with a low in-
cidence might be expected to have a lower MZT concordance than those
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Fig. 1. MZT and DZT concordance for T1D over the last several decades and in
various parts of the world. TID MZT (+) and DZT (#) pairwise concordance
(calculated as in reference (ref.) 13) and the trends of each as a function of time
(—, MZT; - -, DZT) are shown. Data are from ref. 36 and publications cited in
refs. 13, 36 and 46, except that: a) ref. 36 is a more recent study of the Finnish
T1D twins than the one reported in ref. 46 (and therefore the earlier one is not
included here); and, b) ref. 49 is the corrected reference (although the same
data) as that cited in ref. 46. The Finnish result from ref. 36 is labeled “F” and
the Japanese MZT concordance result from ref. 49 is labeled “J” (both results
displayed as o).

with a high incidence. As can be seen in Fig. 1, MZT concordance in
Japan [49] with a T1D incidence of 1.5-2.5/100,000 is similar to that
in Finland with an incidence over 25 times higher at 42-64,/100,000. In
fact, MZT incomplete penetrance, the supposed consequence of a pu-
tative environmental cause, is the same (within experimental error) in
all countries (each, presumably, with a unique environment). More-
over, there was no increase in the very low incidence in Japan over the
prior decade [49], despite the similar MZT concordance as in Finland.
Taken together, these observations support a purely genetic basis for
T1D susceptibility and its rising incidence, with no evidence for quan-
titative variability in the non-genetic component.

4. The MHC and T1D

The human MHC, a highly polymorphic genomic region of over
3Mb on human chromosome 6p21, shows by far the strongest genetic
linkage to T1D of any genomic region [56,57]. We conclude, therefore,
at least one required (i.e., causal) T1D gene must exist within or near
the MHC. Although the strongest statistical correlation to T1D is the
HLA-DR, DQ block of the class II region [58], the identity of the MHC
T1D susceptibility gene (or genes) remains unknown. This is partly
because all of the MHC genetic markers of susceptibility to or protection
from T1D are parts of conserved extended haplotypes (CEHs)
[14,59,60], and no single locus or combination of loci shows a complete
correlation with T1D. Two other complications have prevented identi-
fication of the MHC susceptibility gene(s): a) at least one other required
T1D gene must exist outside of the MHC region; and, b) T1D exhibits
incomplete penetrance in subjects fully genetically susceptible to the
disease.

The methodology by which the MHC region has been studied has
had profound consequences both for understanding MHC genomic
structure and for localizing the TI1D susceptibility gene(s).
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Technological advances over the past 50 years, from antibody-de-
termined specificities and soluble serum and DNA microsatellite var-
iants to single nucleotide “markers” to full locus and haplotype DNA
sequencing, have played a role. More importantly, although the MHC is
the most intensively studied region of the human genome for genetic
polymorphisms, reports over the past 40 years with respect to T1D have
largely focused on statistical correlation of such variants to identify
both “imputed” haplotypes and genetic “risk.” However, until long-
range sequencing capability (of individual chromosomes—paternal and
maternal variants separately) is optimized, family-deduced haplotype-
based studies are essential for identifying both genomic architecture at
the individual and population levels as well as complex disease sus-
ceptibility genes [14,23,59-67].

For example, MHC CEHs are identified by direct segregation ana-
lysis in families and are defined by their HLA-C, -B, complement gene
(CFB, C2, C4A, C4B) and HLA-DRBI1, -DQBI1 markers [59]. These very
large (1.4-4.5 Mb) stretches of fixed MHC DNA are essentially identical
in many apparently unrelated individuals [60-67]. In European Cau-
casian populations, about 30 CEHs have a frequency =0.5% and ac-
count for nearly half of all MHC haplotypes [66]. Defining individual
haplotype structure is the critical first step. Imputation and statistical
correlation methods have largely been employed to avoid the difficult,
time-consuming and expensive method of collecting and analyzing
pedigrees, but the latter is currently the only method to determine
genomic architecture accurately and precisely.

Recessive
(PpX)2

(p2)2 + 2 (pZ) (1-pZ)

Dominant
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A second critical factor is the variable subpopulation distribution of
such well-defined MHC variants. Evidence that the MHC marks sus-
ceptibility to T1D was first obtained by association studies in which
positivity rates of MHC alleles in patients were compared with those in
an “ethnically-matched” control population [68,69]. Such evidence is,
however, not definitive. Ethnic matching helps to reduce confusing a
purely subpopulation genetic marker with a genetic marker for a causal
gene (which could also be a subpopulation marker, since T1D incidence
differs considerably among various European subpopulations). But the
best way to minimize population stratification in an association study is
family segregation analysis [14] to determine the frequencies of alleles
and haplotypes. This method yields sets of disease haplotypes (occur-
ring in patients) and family control (FC) haplotypes for comparison. FC
haplotypes should be defined as those not found in any patient in a
family [14].

Finally, the mode of inheritance of MHC-related disease suscept-
ibility alleles or haplotypes must be known to identify the TID MHC
susceptibility locus or loci. For T1D, affected sib pair (ASP) sharing of
MHC haplotypes is consistent with recessive inheritance [6,70,71];
dominant inheritance is excluded [6]. In addition, among T1D patients,
the genotype distributions of complement factor B (CFB) [72,73] and
HLA-DR [74] as well as of HLA-DR, DQ haplotypes [75] fit the Hardy-
Weinberg distribution in some populations consistent with recessive
inheritance. However, there is an excess of HLA-DR3/4 heterozygotes
in some Caucasian patient populations [76,77], suggesting a higher

Recessive
(PY)2

Fig. 2. Schematic presentation of the genetic component of the SEMO model for T1D involving three required susceptibility loci, of which two are recessive and one
is dominant. For T1D, all three genes may be recessive. The population frequency (p) of aggregate susceptibility alleles at each of three hypothetical genetic loci (X, Y
and Z) is used to calculate population susceptible frequencies (circles with equations) for each locus. Where the three susceptibility circles overlap (D), individuals are
genetically susceptible to the disease. Thus, the frequency of population susceptibles (D) is the product of the frequencies of potential susceptibility frequencies at

each gene. (Modified version with permission from ref. 22.)
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T1D risk for all such individuals (although the vast majority of such
high-risk individuals in the general population do not have T1D). Since
there are populations without such an excess [74,75], the question
should be why the distortion occurs only in some populations, not
whether MHC recessive inheritance is ruled out, as has been falsely
claimed [78].

5. The genetic component of the SEMO model for T1D

We propose a purely genetic component for susceptibility to T1D
[6,22,23] in which an age-related stochastic (randomly distributed but
invariant) intrinsic process (not a variable environmental process)
causes penetrance of that susceptibility [61,79,80]. Both the difference
in T1D frequency between patients’ sibs in general (around 6-10%) and
MHC-identical sibs (about 16-17%) and the MHC recessive mode of
inheritance strongly suggest the MHC-marked gene(s) is (are) causal,
i.e., required for disease susceptibility. Given the frequency gap of T1D
concordance among MHC-identical sibs (16-17%) and MZTs (40-50%),
and just as the MHC region T1D susceptibility gene is Mendelian re-
cessive, we posit a small number of required Mendelian recessive or (less
likely) dominant non-MHC genes. The term “oligogenic” in the SEMO
model refers to these few (two to four or some other very limited
number of) required genes. Our viewpoint is that, if monogenic traits
and polygenic traits exist, it is highly plausible (particularly for T1D)
that oligogenic traits also exist.

The SEMO model [6,22,23] stipulates a multiplicative (epistatic)
interaction [71,81,82] of the required genes such that the general po-
pulation prevalence of T1D-susceptible individuals is equal to the
multiplication product of the frequencies of susceptible persons at each
locus. That frequency multiplied by 40-50% (MZT concordance) gives
T1D prevalence. Fig. 2 is a schematic of the genetic component of the
SEMO model [22]. Although three genes are shown, the model could
involve any small number of genes (at least two and probably three).

Journal of Autoimmunity 96 (2019) 123-133

The non-MHC gene(s) may be recessive, dominant or a mixture of
dominant and recessive. The evidence we present below strongly sug-
gests only recessive inheritance for each of the required genes.

Fig. 3 shows a hypothetical family based on the SEMO model in
which a single member has a polygenic disease with three required
recessive susceptibility genes, 1, 2 and 3 [6]. Disease susceptibility al-
leles are designated by D (1D, 2D and 3D) and protective or normal or
non-susceptibility alleles by N (1N, 2N, and 3N). Shown here is one of
27 possible mating pairs with the potential to generate offspring
homozygous for D alleles at all three susceptibility loci. The healthy
non-susceptible father I-1 is homozygous for susceptibility alleles at
locus 2 and the healthy non-susceptible mother I-2 is homozygous for
susceptibility alleles at locus 1. Of their eight children, only II-2 and II-7
are genetically susceptible; they have only susceptibility alleles at all
three susceptibility loci. Only II-7 has T1D, however. Although Fig. 3
shows two of eight children with susceptibility for T1D, given the
parental genotypes in this family, only one child in 16 would be ex-
pected, on average, to be susceptible (i.e., homozygous for suscept-
ibility alleles at all three required susceptibility loci). Because of in-
complete penetrance (50%), only one in 32 on average would have
T1D.

Fig. 4 shows the relationship between allele/haplotype sharing by
ASPs and aggregate susceptibility allele frequency at that locus for re-
cessive and dominant MHC inheritance in the SEMO model [6]. It is
clear that, for T1D, the MHC is recessive and dominant inheritance is
excluded. For multiple sclerosis (MS), a complex MHC-associated au-
toimmune disease, either mode of inheritance fits the sharing and no
conclusion can be drawn (Fig. 4).

We previously estimated the aggregate frequency of MHC-linked
susceptibility alleles in the general population [6] using the average
MHC allele/haplotype sharing by ASPs as reported in many studies [71]
of 55% sharing 2, 38% sharing 1 and 7% sharing 0. We used the pos-
sible parental genotypes that could produce susceptible offspring,
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Fig. 3. Postulated disease allele distribution for a recessive 3-locus model in a family with one child with T1D (II-7) (dark square). Susceptibility alleles are “D” and
protective alleles are “N.” We have assumed three required recessive loci for T1D susceptibility, 1, 2 and 3, that interact multiplicatively with each other [6]. Note
that individual II-2 (cross-hatched circle) is also genetically susceptible to T1D but disease susceptibility is not penetrant.
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Fig. 4. Predicted frequencies of 2, 1 and 0 alleles/haplotypes shared for recessive (a) and dominant (b) inheritance of an MHC susceptibility gene at various aggregate
allele frequencies of D. Observed allele/haplotype distributions for MS and T1D are marked. Note that for MS, the distribution fits either form of inheritance. There is
no dominant solution for TID. (Reproduced with permission from refs. 6 and 61.)

assuming Mendelian recessive inheritance and the Hardy-Weinberg
equilibrium, to yield the frequency of MHC T1D-susceptible individuals
in a European population. This frequency is the fraction of ASPs who
share no MHC haplotypes (0.07) multiplied by 4 or 0.28 [6]. In families
where there is no ASP sharing of MHC alleles/haplotypes, all MHC al-
leles/haplotypes mark T1D susceptibility.

Since the MHC-linked gene for T1D is recessive, the square root of
0.28 (0.525) is the aggregate T1D susceptibility allele frequency. From
prevalence estimates of T1D (four per 1000) and an estimate of pene-
trance (for convenience, we used 50%), the total fraction of Caucasians
genetically susceptible to T1D is 0.008. This divided by the frequency of
MHC susceptibles among European Caucasians (0.28) gives the fre-
quency of susceptible individuals at all non-MHC susceptibility loci
(0.029). If there are two unlinked recessive non-MHC susceptibility loci
of equal frequency, each would have an aggregate susceptibility allele
frequency of 0.41 (since (0.41)% x (0.41) = 0.029). If three such genes
exist, their aggregate susceptibility allele frequency would be 0.55
(since (0.55)* x (0.55)* x (0.55)> = 0.029).

A consequence of the SEMO model for T1D is that selection against
any one of the required loci (selective selection) [22] would result in
selection against this previously fatal disease. If today's two parents are
the descendants of different previously isolated European subpopula-
tions in which negative selection against different susceptibility genes
occurred, their children will have a higher risk of T1D because they are
more likely than either parent to carry a complete set of all of the re-
quired susceptibility alleles (Fig. 5a). Thus, specific subpopulation ad-
mixture could result in gene complementation in which a higher fre-
quency of the offspring than either parental population have full
genetic susceptibility at all required genes. While such admixture of
parental populations is likely, given increasing globalization and po-
pulation migration, we stress that not all admixture would result in
increasing incidence. Some subpopulation admixture would not result
in increased incidence overall for two groups (Fig. 5b), but aggregate
admixture of many subpopulations could explain the rising incidence of
T1D.

Four lines of evidence indicate that HLA-DR3 and -DR4 mark two
such previously isolated European subpopulations [23]. Below, we
summarize the results from that publication. First, self-reported ad-
mixture of European subpopulations among parents in control and T1D
families in the Boston area is increasing by 25%-30% per generation.
The parents of T1D patients had twice the self-reported European
subpopulation ethnicity disparity (54%) than that of parents in control
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families (27%) (p < 0.001). Second, parents who transmitted HLA-
DR3 to their T1D children had significantly lower frequencies of HLA-
A2 in their own non-transmitted MHC haplotypes than those who
transmitted HLA-DR4 (p < 0.001). Thus, HLA-DR3-transmitting par-
ents had a different distribution of HLA-A alleles on their FC (non-dis-
ease) haplotypes than HLA-DR4-transmitting parents, indicating the
two parental populations likely had different subpopulation ancestries.
Third, parents who transmitted HLA-DR3 to their children with T1D
also had significantly different insulin gene (INS) allele frequencies as
compared with parents who transmitted HLA-DR4 to their children
with TID (p < 0.05). Fourth, parents of T1D patients were sig-
nificantly deficient in HLA-DR3/4 heterozygotes (p < 0.01), reflecting
their distinct origins. With the current increase in ethnic mixing, in-
cluding from populations with non-DR3 and non-DR4 high-risk mar-
kers, we expect to see dilution of these classical HLA-DR3 and HLA-DR4
high-risk T1D susceptibility markers among European Caucasian pa-
tients and this has been reported [10]. Although underlying differences
exist in autoantibody marker progression between DR3 and DR4 car-
riers [83,84], there are a number of possible explanations for this that
do not require one to hypothesize differential genetic subtypes of T1D.
In any case, DR3 and DR4 variants (and their highly linked HLA-DQ co-
variants) are not different genes but different sets of alleles on the same
genes. These may simply be marking linked allele variants at the causal
MHC susceptibility gene(s).

Although Finland has the highest T1D incidence in the world, there
are marked differences in incidence within the country [85]. The
highest incidence in Finland occurs where two genetically distinct
(southwestern and northern, based on Y chromosome markers) popu-
lations [86] meet. Consistent with this observation is the difference in
HLA-DQBI allele frequencies in patients and newborns in general be-
tween these regions [87]. Similarly, in Great Britain the highest T1D
incidence occurs near Plymouth [88] where Celts (with a high fre-
quency of HLA-DR3) and Anglo-Saxons (with a high frequency of HLA-
DR4) meet [89]. In Hawaii, the incidence of T1D is higher among
people of mixed European-Native Hawaiian background than among
people of either ethnic group alone [90]. Although neither NZB nor
NZW mice have lupus, their offspring have a high incidence [91],
suggesting an animal model for selective selection and parental ad-
mixture. We stress that not all population admixture results in increased
incidence. As shown in Fig. 5b, if two separate populations selected
against the same required T1D susceptibility gene, their admixed T1D
incidence would be the average of the two populations’ prior
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incidences. This is in contrast to the high incidence where different loci
were selected against (Fig. 5a).

5.1. The fit of the genetic component with observed facts

The genetic component of the SEMO model provides estimates of
the fractions of affected sibs, children and parents of T1D patients [6]
that agree closely with observed fractions [7]. The model explains why
susceptibility alleles are common in the general population and yet only
a small percentage of people with high-risk HLA-DR3/4 genotypes have
T1D. It also explains why so few T1D patients have affected relatives.
The aggregate frequency of T1D MHC susceptibility alleles of 0.525 fits
well with the observation that the sum (0.30) of HLA-DR3 (around
0.14) and HLA-DR4, DQ8 (around 0.16) frequencies in a typical
American European population constitutes nearly 70% of T1D sus-
ceptibility alleles. The model also explains why only a few (2%-3%) of
MHC T1D-susceptible persons, who are over 25% of the Caucasian
population, are susceptible to T1D: they lack required non-MHC gene
susceptibility.

The SEMO model, combining historic selective negative selection
against different susceptibility loci and current parental admixture of
previously isolated subpopulations, explains: (a) the rising incidence of
T1D (and, perhaps, other polygenic diseases such as lupus, MS and
Crohn's disease); (b) the “high risk” and excess frequency of HLA-DR3/
4 heterozygotes beyond the Hardy-Weinberg expectation among some
T1D patient populations; (c) the changing MHC haplotype and allele
composition of T1D patient populations; and (d) the declining fre-
quencies of traditional HLA-DR3 and -DR4 susceptibility markers in
some T1D patient populations. The model predicts that the rising in-
cidence of T1D will subside as the mixed populations approach
homogeneity as may already be starting in Sweden [92,93].

The SEMO model also predicts the offspring of two T1D-affected
parents would all be fully T1D genetically susceptible if all causal genes
are recessive. The ERP model would not make this prediction. If the
SEMO model is correct, the offspring incidence would be identical to
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MZT concordance and all offspring would have susceptibility alleles at
all T1D causal genetic loci. The SEMO model also predicts in these fa-
milies that pairs of offspring, whether affected or not, would have
random sharing of all loci on chromosome 6 of two, one or no haplo-
types (25%, 50%, 25%). Families with two T1D parents have been
followed since 1955 in Karlsburg, Germany [12]. The overall incidence
among 58 offspring in 46 families was 43% in 2001, remarkably
identical to MZT concordance and therefore consistent with the SEMO
model. Moreover, the incidences during the first three decades of study
were 54%, 42% and 50%; like MZT concordance, they did not rise.
Since the early environments of the children were obviously more
varied than those among MZTs of T1D patients, and yet the incidence of
T1D was identical to that of MZTs of T1D patients, a randomly-dis-
tributed yet invariant (i.e., stochastic) epigenetic explanation [19] ap-
plicable to all susceptible individuals is far more likely than some
particularly pathogenic environment among these particular German
families.

The fact that the proportion of T1D offspring of two T1D parents is
identical to MZT concordance for T1D suggests (but does not prove)
that the non-MHC causal gene(s) is (are) also recessive. If any causal
gene were dominant and both parents were heterozygotes, a quarter of
their offspring would not be susceptible to T1D. This would result in a
lower incidence of T1D in the children than MZT concordance. Overall,
the findings in the families with both parents affected by T1D are in-
consistent with the ERP model but are completely consistent with the
SEMO model. It is time to abandon the ERP view that T1D is the result
of a strong effect of (a) MHC gene(s), the environment and a variable
number of potential non-required genes of small effect that interact
additively.

6. The non-genetic component of the SEMO model for T1D
The evidence against a variable external trigger (e.g., the “en-

vironment”) converting a fully susceptible person to a T1D patient leads
us to conclude that a randomly distributed (stochastic) event involving
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one of the causal genes is an intrinsic trigger of this process [61,79]. If
an hypothesized external trigger were to be the underlying basis of the
stochastic intrinsic process, it would, presumably, have to be a common
and invariable molecule, pathogen or process worldwide. Although
there may be different biological mechanisms or events that exhibit a
random distribution (e.g., B- or T-cell antigen receptor generation), our
hypothesis is that the stochastic event is most likely epigenetic [19].
This interpretation is supported by the observed divergence of expres-
sion of different individual genes in healthy pairs of MZTs [94] with
increasing age. Therefore, epigenetics could explain the later childhood
onset of T1D.

To understand the non-genetic component fully, one must know the
molecules involved, the cellular/tissue site(s) of expression of the re-
levant genes, and the event timing. There is no information about any
of those elements. Several concepts help to identify elements of the non-
genetic component of T1D. First, we propose T1D concordance among
MZTs of T1D patients not only defines penetrance in the MZTs but also
in all unrelated genetically fully-susceptible persons in the population.
Second, we have postulated [61,79] an age-related stochastic epige-
netic change that alters expression of at least one (or perhaps even all)
of the causal genes for T1D as the underlying mechanism for MZT
discordance. However, it is also possible that such an epigenetic change
is triggered at a non-susceptibility gene (i.e., regardless of that gene's
allele status) by and not upon one of the causal T1D genes. Finally, any
future hypotheses regarding the non-genetic mechanism should be
consistent with the evidence that the non-genetic component frequency
or rate (i.e., MZT concordance (Fig. 1) and the incidence among off-
spring of two parents with T1D) appears to be both constant over time
and similar in different ethnic groups.

7. Future directions and testable predictions of the SEMO model

The SEMO model is consistent with what is currently known re-
garding T1D genetics and onset. We propose several required steps
toward unraveling T1D pathogenesis. Several questions must be ad-
dressed to test the model further. The first and chief task is to identify
the required causal T1D susceptibility genes. Based on linkage results,
we believe this must focus on family-based full sequence searches
within the MHC and surrounding regions of chromosome 6. Since es-
sentially all genetic linkage to T1D is on chromosome 6, we predict the
non-MHC causal genes must also be on chromosome 6. This includes
the entire short arm and the centromeric third of the long arm of
chromosome 6.

Elements of the putative epigenetic effect must be identified next. If
specific causal genes were known, changes in their expression states
could be tested for correlation with T1D in unrelated healthy persons,
T1D patients, concordant and discordant MZTs and autoantibody po-
sitive and negative offspring of parents with T1D. It is critical that the
appropriate tissue and/or cell type(s) be identified and analyzed. It will
be necessary to study expression changes before, during development
and after disease occurs. The SEMO model suggests that gene expres-
sion changes relevant to T1D pathogenesis should be found (at some
critical time point) in all (future) patients with T1D as well as in
40-50% of unaffected individuals (who are not fully genetically sus-
ceptible at all required loci). However, no healthy non-autoantibody
positive MZT of a patient with T1D should show these epigenetic
changes nor should any long-term MZT non-progressor (whether auto-
antibody positive or not). Below, we list several predictions based on
the SEMO model.

1. All causal T1D susceptibility genes are on chromosome 6. Family-
based haplotype analyses [14] of non-MHC genes will contradict
prior reports of association of non-chromosome 6 putative suscept-
ibility genes.
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2. The HLA-DR3/DR4, DQ8 excess among T1D patients is not general
but involves only some specific CEHs and cohorts, reflecting specific
subpopulation stratification and susceptibility gene complementa-
tion (like that shown in Fig. 5).

3. MHC allele/haplotype sharing (and sharing throughout the entirety
of chromosome 6) by ASPs among the children of two T1D parents
will be random, i.e., 25% sharing 2, 50% sharing 1 and 25% sharing
none, since all alleles/haplotypes at susceptibility loci are suscept-
ibility.

4. The rising frequency in T1D incidence will level off as subpopulation
mixing approaches equilibrium.

5. Expression of one of the causal genes (or of (a) gene(s) under the
expression control of one of the causal genes) is different at one time
in one cell type critical for T1D initiation in discordant MZTs and
among the T1D-affected offspring as compared to the unaffected
offspring of two T1D parents.

. Conclusion

No causal gene or genetic model for T1D has been definitively es-
tablished, although the MHC and most of human chromosome 6p are
strongly genetically linked to the disease. The dominant analytical
method of genetic epidemiology, risk analysis, has led to the ERP
model, based on speculation that many non-MHC genes of small effect
and the environment participate, to varying extents, in T1D patho-
genesis. However, non-chromosome 6 genes show little to no genetic
linkage to T1D, and we provide strong evidence that T1D incidence is
not influenced by the environment. We propose a Mendelian-based
SEMO causal model in which a limited number of required recessive
chromosome 6 genes participate in T1D pathogenesis along with a
stochastic (i.e., randomly distributed) but invariable (likely epigenetic)
process that converts a susceptible person into a patient. At the very
least, we hope our perspective and proposed methodologies offer new
avenues to understand hidden trait complexity [95]. The SEMO model
is for T1D specifically. Elements of the model might apply to other
complex genetic diseases, but we are not attempting to explain the basis
for autoimmunity in general-just one specific autoimmune disease:
T1D.
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