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ABSTRACT

Genetic contribution to type 1 diabetes microvascular complications

Ettie M. Lipner

Type 1 diabetes (T1D) is an autoimmune disease characterized by destruction of beta cells in the
pancreas resulting in insulin deficiency, which leads to hyperglycemia and organ damage. T1D
patients experience an increased risk of morbidity and mortality due to long-term complications,
specifically retinopathy, nephropathy, and neuropathy. Studies demonstrating familial
aggregation support the claim that a genetic contribution may influence the development of
complications. This dissertation aims to identify genes/chromosomal regions that predispose
T1D patients to, or protect them from, the expression of the chronic microvascular

complications: retinopathy, neuropathy and nephropathy.

In my first chapter, I introduce the history of type 1 diabetes and microvascular complications
and their importance as a public health concern. Data show that the prevalence for T1D is
increasing, and thus it is likely that the prevalence for the associated complications will also
increase. Further, a large proportion of T1D patients develop at least one microvascular
complication within 15 years of T1D diagnosis. By identifying risk alleles for the microvascular
complications of T1D, the findings of this study could allow physicians to determine which
patients are at greater/lesser risk for developing complications, help to develop interventions to
delay or protect against the development of complications and thus reduce medical expenditure

and suffering due to diabetes.



In the second chapter, I provide the background for, and review the literature on, the genetics of
T1D and microvascular complications. The genetic risk factors for T1D are well-established, but
there is conflicting research on the question of whether T1D-predisposing HLA alleles may also
be in part responsible for the occurrence of microvascular complications seen in T1D patients.
We also investigate whether T1D HLA risk alleles are associated with all forms of microvascular
complications or whether there are HLA alleles specifically associated with a given
complication. In the work described, I address these questions by examining the relationship of

HLA alleles to the risk for any complication and to the risk for some specific complication.

In the third chapter, I perform case-control analysis and evaluate known type 1 diabetes HLA
susceptibility alleles and their association with microvascular complications. I used data from the
Human Biological Data Interchange (HBDI), which includes 425 Caucasian families (2,506
family members) with cases diagnosed with type 1 diabetes. Using a case-control study design
nested on the cohort of the HBDI type 1 diabetes patients and their families, probands with at
least one microvascular complication were considered cases, and the probands with T1D without
microvascular complications (T1D only) were considered controls. Our findings suggest that the
HLA class I DRB1*03:01 allele is a protective factor for complications, specifically for
retinopathy, as is the DQA1*05:01-DQB1*02:01 haplotype. The DRB1*04:01 allele showed no
evidence of association, except when the carriers of the protective DRB1*03:01 were removed
from the analysis. Findings also showed a strong positive association between the HLA class I

allele B*39:06 and complications.

In the fourth chapter, using the same sample of HBDI type 1 diabetes families that I used in
Chapter 3, I perform linkage analysis and test markers along chromosome 6 for co-segregation

with microvascular complications. Using SNP data that were genotyped by the Center for



Inherited Disease Research (CIDR), I performed linkage analysis examining 1) the phenotype of
T1D itself, 2) the presence of any microvascular complication, 3) retinopathy alone, 4)
nephropathy alone, and 5) neuropathy alone. Initially, we confirmed the linkage of the HLA
locus to T1D. In subsequent analyses, using all complications as well as retinopathy alone as the
phenotypes, we identified two linkage peaks; a linkage peak located at the HLA locus and
another novel locus was telomeric to HLA. We did not find evidence for linkage for nephropathy

alone or neuropathy alone.

Findings from this dissertation show that both HLA and non-HLA regions are involved in the
expression of complications with strong evidence of genetic influences specifically for

retinopathy.
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CHAPTER 1.
1.1 Introduction
Retinopathy, nephropathy, and neuropathy are chronic microvascular complications of type 1
diabetes (T1D) and are responsible for much of the morbidity and mortality in T1D patients.
Familial aggregation studies suggest thategiersusceptibility is a major risk factor for T1D.
Familial aggregation studies, linkage studies and association studies all also support the claim
that a genetic contribution may influence the development of microvascular complications as
well (1-6). Although genetic association studies of microvascular complications have been
conducted to identify specific alleles implicated in the development of complications, few
studies have used linkage analysis to examine the genetics and mueeoitanicrovascular
complications among T1D patients.
In this chapter, provide background and review the literature on the genetics of T1D and
microvascular complications. The overall aim of this work is to identify genes that predispose
T1D patients tpor protect them from, the development of microvascular complications. One
aim is to identify specific HLA DR/DQ alleles that influence the development to microvascular
complications among T1D patients. There is conflicting research on the questiostioémwh
T1D-predisposing HLA alleles may be in part responsible for the differential occurrence of
microvascular complications among T1D patients. Another aim is to identify genetic loci/genes

implicated in microvascular complications using linkage analysis.
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1.2 Type 1 Diabetes A brief history

Diabetes has been described as far back as the first century. An ancient Greek physician,
Aretaeus the Cappadocian, described people as emaciated with an Ounquenchable thirst and
trapped in an endless cycle of Ossive drinking® and Omaking wat@iOBy the 19 century,
asmortality rates due to infectious disease began to decline because of improvements in public
health, disases such as cancer, cardiovascular disease and diabetes began to receive more
attention. In 1889, Mering and Minkowsi at the University of Strasbourg showed that diabetes
was related to the malfunctioning of the pancreas, but they could not explaiomay s

individuals did or did not develop the disease. Beginning in the edflge&t@ury, physicians

attempted to control the disease through dietary management, especially by calorie restriction,
often to the point of starvation.

In 192122, Frederick Baimg and Charles Best discovered insulin. They gave pancreatic extract

to a boy dying of type 1 diabetes. The boyOs extremely high blood sugar declined close to normal
levels and in a matter of 24 hours, his life was saved. The discovery of insulin gpeead |

wildfire across the world and changed a diagnosis of diabetes from being a virtual death sentence
to what was considered a new lease on life.

However, a decade after insulinOs discovery, mortality rates had not declined. Diabetes was
ranked as the nihtleading cause of death in the US during the 1930s. In 1938, a Lancet editorial
questioned, Ols diabetes a public health problem?0O Physicians in both ElitbpdJShagreed

that diabeteshouldno longerbe considerequst an individual disease, bbadbecome a disease
afflicting a population as we(l7). While many diabetics found insulin to be a miracle, they also

dealt with endless struggles to ward off cardiac algen renal failure, blindness, gangrene and



[ $
amputation. Manylown-played the excitement, claiming that insulin was not a cure, but rather a

tool to manage the disease.

Since the description of diabetes two thousand years ago, generations of scientists have
contributed volumes of research to understanding the etiology and pathogenesis of diabetes and
its complications. Now that we have entered théchtury, perhaps the next great step of

discovery lies in studyindiabetesrelaied complications on a getie level.

1.3 Microvascular complications as a Significant Public Health Concern

Preventing the development of complications is one of the main goals of diabetes research.
Retinopathy, nephropathy, and neuropathy are the chronic microvascular comdicatio
associated with T1D and are responsible for much of theaSHociated morbidity and mortality.
The pathophysiologic mechanisms for the development of microvascular complications involve
hyperglycemia and oxidative stress, which result in tissue amh al@mage in patients. The

most frequent of the microvascular complications, retinopathy, is a leading cause of blindness
and occurs in 580% of T1D patient§8). Diabetic nephropathy (DN) occurs in about 40% of
T1D patients and leads to esthge renal failure; DN is the leadicause of mortality among

T1D patients (3). Diabetic neuropathy affects on average030 of T1D patient§8).

Neuropathy causes nervous system damage and presents with diverse clinical manifestations;
lower leg amputation is among the most devastating medical interventsmtsadsd with
neuropathy.

While this dissertation focuses on T1D, research on complications may be relevant to all
individuals with diabetes, regardless of its etiology. Type 2 diabetes is increasing alarmingly in

prevalence and is predicted to continuetwease in the coming decades, in conjunction with



! ty
the increasing prevalence of obesity. Diabetes and diabetic complications take an even heavier

toll on the economically disadvantaged with limited health care. A better understanding of the
genetic riskfactors associated with the risk of developing complications is essential to aid in the
identification of those most vulnerable to the complications of diabetes.

1.3.1 Financial burden due to diabetes and microvascular complications

The risk of death amomgjabetics (type 1 and type 2) is almost twice that fordiabetics of the

same age (http://diabetes.niddk.nih.gov/DM/PUBS/statijtigtddical costs due to diabetes,

disability and work loss result in enormous expenditure. The findings of our stutbadzaio

genetic tests that would allow physicians to determine which patients are at greater/lesser risk for

developing complications.
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CHAPTER 2:
Literature review of type 1 diabetes and the associated microvascular complications

Ettie M. Lipner



2.1 Type 1 Diabetes

2.1.1 Epidemiology of Type 1 Diabetes

Epidemiologic studies have densirated geographic differences in the incidence of T1D. Rates
are generally highest in European Caucasian populations. Finland and Sardinia experience the
highest incidence, >40/100,000/year and 37.8/100,000/year, respectively. Rates in the Baltic
countres are lower than Scandinavian countries. Middle Eastern and as well as North African
countries experience intermediate rates. T1D incidence is very low in Asia and in some Latin
American countries. The lowest incidence rates have been reported in Varemi€lhina,
0.1/100,000/year and 04L5/100,000/year, respectively). These data demonstrate a 40l
geographic variation in T1D incidence across populations worldvitie variation is one of the
largest observed for any noncommunicable disga3eOne explanation for this dramatic

variation may be related to the population frequency distribution of susceptibility alleles for T1D,
particularly in the HLA genes. In section 1.3.6 (Genetic risk factors for T1D), | will discuss this

concept in greater detail.
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(3) Figure 1. Geographical distribution of type 1 diabetes

In the US, T1D incidences considered high (although rates are lower than rates in Scandinavian
countries)4). The incidence of T1D in the US was 18.3/100,000/yeamanchildren less than
10 years of age and 19.7/100,000/year among individual® }@ars of age during 20@003

(http://diabetes.niddk.nih.gov/dm/pubs/statis)icEhere is also considable ethnic variation in

T1D incidence in the US. The estimated incidence for Afrigarericans is approximately
3.3/100,000/year, while for Caucasians, it is approximately 20.6/100,000/year. In San Diego, CA,
ageadjusted incidence rates for whites w&88/100,000/year, while the incidence rates for
African-Americans, Asians, and Hispanics were 3.3/100,000/year, 6.4/100,000/year and
4.1/100,000/year, respectivdl®).

Data on T1D incidence by gender appears inconclusive. According to Laporte and colleagues
(1995), there is a slight male excess of T1D among Caucasians in the US. Betwe&88DBb
Allegheny County, PA e incidence rates for males and females were 18.5/100,000/year and
17.6/100,000/year, respectively. Among f@aucasians, there was a slight female excess of

T1D; male and female incidence rates were 8.6/100,000/year and 11.9/100,000/year, respectively.
However, these gender differences have not been reported in other areas. Jefferson County, AL
showed a female excess of T1D among both Caucasians and Afnuancans2). Kitagawa

and colleagues showed a slight excess of females developing T1D in Japan, while in the US,
Norway and Israel, there were no significant differer{fbgsKitagawa and colleagues also

compared the age of onset of T1D between males and females. Thdyttiat T1D occurs

about a year earlier in females compared with males among US and Japanese children, but this
difference was not seen among Israeli male and female children. These authors also claim that

low-risk populations, such as nevhite Americansand Japanese, have lower T1D incidence in
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children less than 10 years of age compared with Caucasian Americans and Israelis. While

gender data on T1D appears unresolved, differences seen between Asian;Axfrezazan and
Caucasian populatiorigely to relate to the frequency and distribution of higgk susceptibility

genes that vary between ethnic groups. Differences in genetic risk factors across populations will
be discussed in greater detail below.

2.1.2 Pathogenesis of Type 1 Diabetes

T1D is a conplex, autoimmune disease in which dendritic cells, macrophages afica@id4

CDS8' T lymphocytes infiltrate the pancreas and destroy the inputiducing! cells in the islets

of Langerhang6). This destruction results in loss!otell function and insulin deficiency. The

cells sense the amount of glucose in the blood and release insulin to drive glucose into the cells
and produce energy to carry out cellular fundiohen cell function is destroyed, patients

lose the ability to maintain blood glucose concentrations in a physiologic range and this increases
the risk for the development of diabetessociated microvascular complications (eg. retinopathy,
nephropathyneuropathy).

T1D has been shown to aggregate in families but does not follow a Mendelian pattern of
inheritance. Rather, it is considered familial and with a complex genetic component. Disease
initiation and progression are determined by multiple geretd environmental factors. The
development of T1D is believed to begin with a genetic susceptibility, which progresses to
autoimmunity and ultimately to a total loss of insulin secretion. In genetically susceptible people,
the initiating factor(s) promotg! cell destruction are unknown. Some theories include exposure
to environmental toxins, early childhood viral exposure (eg. congenital rubella), or food allergies

(eg. gluten). However, no definitive evidence to support these theories has been obtained
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2.1.3 Clinical diagnosis of Type 1 Diabetes

Early diagnosis and treatment of T1D is crucial so that the development of complications can be
controlled. Classification and diagnostic criteria for diabetes have gone through several iterations
over the pevious decades. In 1979 and 1980, the National Diabetes Data Group (NDDG) in the
US and the WHO Expert Committee classified diabetes into indajpendent diabetes (IDDM),
norrinsulinrdependent diabetes (NIDDM) and other typ8sIn 1997, the American Diabetes
Association (ADA) and the 1990 WHO report proposed a new classification based on etiology
(7,8). Since IDDM and NIDDM patients are classified on the basis of treatment rather than
etiology, these terms were eliminated and were replaced byl@harel Otype 20 diabetes. Type

1 includes cases characterized by an autoimmune process; it does not include cases with non
autoimmune causes. Type 1 diabetes cases are detected by the presence of autoimmune
antibodies, whereas type 2 is defined as a sesistto insulin actio(v).

The presence of autoantibodies is the first sign of beta cell autoimmunity. Four autoantibodies
have been shown to predict T1D: classical islet cell antibodies (I8A)n autoantibodies

(IAA), auto-antibodies to the 65 kD isoform of glutamic acid decarboxylase (GADA) and protein
tyrosine phosphatagelated IA2 molecule (IA2A). Among children, diabetic symptoms
(discussed in section 1.3.4) and the presence o&atilbodies are associated with an increased

risk of developing overt T1D. Whilapositivetestfor a single autoantibody represents
nonprogressive beta cell autoimmunigtection of' 2 autoantibodies indicates a progressive
disease process addtectio of 3-4 autoantibodies is associated with al®0% risk of

developing T1D in the next50 yearg9).



Table 1. Diagnostic criteria for Type 1 Diabetes

1. Symptoms of diabetes plus OcasualO plasma glucose concertdtiorg/dl.
OcCasualO is defined as any time of day without regard to time since last meal
classic symptoms of diates include polyuria, polydipsia, and unexplained weig

loss.

2. Fasting plasma glucose (FPAR6 mg/dl (7.0 mmol/l). Fasting is defined as n

caloric intake for at least 8 h.

3. 2h postload glucose (PGR00 mg/dl during an oral glucose tolerance tes
(OGTT). Epidemiologic studies use diabetes diagnosis based oh E#Gng/dl in

the interest of standardization, when OGTT cannot be performed in the field

(8)
When a diabetes diagnosis is made, the deteofitslet autoantibodies indicates that the
diabetes is of an autoimmune origin. Islet autoantibody positivity is required to establish a T1D

diagnosiq10).

2.1.4 Symptoms of Type 1 Diabetes

The pathology of T1D results in high levels of blood gludd48. Some patients with mild

metabolic abnormality may be asymptomatic. Other patients with hyperglycemia exhibit
symptoms such as excessive thirst (polydipsia), frequent urination (lgnd unexplained

weight loss and in severe cases, ketoacidosis may occur which can lead to unconsciousness and

death. If beta cell destruction occurs rapidly, disease onset may occur within a few months in
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infants and in children younger than 5 yeara@é. In other patients, the process of beta cell

destruction can continue for years before overt disease d&uk®ng term complications
include retinopathy (which can lead to blindness), nephropathy (which can lead to renal failure),

and neuropathy (with risk of foot ulcers and amputat{8))

2.1.5 Risk factors for Type 1 Diabetes

Prenatal and early life risk factors have been associated with the development of T1D. Many
studies, including systematic reviews and raetalyses, have been conducted to explore these
factors, but the findingsave been conflicting.

One metaanalysis found that increasing maternal age increased the risk for T1D. The authors
demonstrated that for eackyBar increase in maternal age, the odds of the child developing T1D
increased 5% (OR=1.0%)2). In these cohort and casentrol studiestesponse ratesere
loweramong younger mothers, which could partially explain significant findings for advanced
maternal ageOther studies have not found an association between maternal age and risk of T1D
in the child. However, confounders such as socioeconomic status and maternal smoking status
were not measured and adjusted(fi8). Another metaanalysis identified higher birth weight as

a small but sigriicant risk factor for the development of T1D. The odds ratio for babies with

birth weight between 3-8 kg and over 4 kg were 1.06 and 1.10, respectively, compared with
babies weighing-3.5 kg(14). Other studies have failed to detect such an assoc{atoho)

Not being breasted and exposure to cowOs milk early in life have been implicated as risk factors
(17); however, a metanalysis suggests that the weak association between infant diet and T1D
may be due to bigd8). Maternal recall of infant diet is one of the largest sources of bias in T1D

studies. Mothers of diabetic children may more critically reconstruatti@Os diet and the
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pediatricianOs recommendations compared with mothers of children without diabetes. This could

result in an overestimate of the prevalence of certain risk factors. There is also accumulating,
though not fully substantiated, evidencaemxning the role of viral infection in the development
of T1D (19,20. Studies examining the association between viral infection and T1D suffer from
study invalidity due to problems with study design such as small sample size or inappropriate
control groups. As a result, the majority of studies do not provide convinaihenee for or

against this relationship.

2.1.6 Genetic risk factors for Type 1 Diabetes

Particular HLADR and-DQ alleles/genotypes confer high risk for disease across ethnic groups.
Linkage studies have demonstrated that the HLA region on chromosothes@p2 major

known genetic determinant of T1D. In Caucasian populations, HLA accounts for up to 50% of
the genetic risk of T1H21,22) The HLA region has shown linkage to T1D, with LOD scores
exceeding 10023,24) Both the DRB1*03:01 and DRB1*04:01 alleles at the HDR locus are
strongly associated with T1D; over 90% of cases have at least 1 of those alleles compared with
approximately 40% of contro(25). These findings have been repeatedly cited in the T1D
literature(26-30). The DQ locus has an equally strong association with (B1 About 50% of
children with T1Ddiagnosed before the age of 5 express the highest risk haplotype,
DRB1*03:01 /04:01, DQA1*03®1-DQB1*03:02, and DRB1*03:01 /04:01, DQA1*QH1-
DQB1*0201. The DR6 allele is the most protective HLA allele; approximately 20% of
Americans and Europeans and/éz than 1% of T1D patients carry this all€32).

Studies have identified néALA T1D risk loci, which contribute smaller effects to susceptibility

than the HLA region. The insulin gene is another adefined susceptibility locus and affects
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selection of autoreactive T tglwhich mediate insulin tolerance. The region surrounding the

insulin gene (INS) on chromosome 11p15 has been linked to T1D for over two decades
(23,33,34) The main association was found around theYNN§'R with a relative risk of
approximately 335). Cytotoxic Tlymphocyte antige (CTLA-4) is expressed on CD4+ and
CD8+ T cells and is critical for regulating sédlerance and prevention of autoimmur(i3g).

CTLA-4 has been linked to T1(23) and a specific allelic polymorphism has been consistently
transmitted from heterozygous parents to affected offspring by TDT in multiple ethnic groups
(37). A metaanalysis demonstrated a moderate effect of GAL#x T1D, with a summary odds
ratio of approximately 1.4(B8). A single base pair polymorphism in the coding region of

protein tyrosine phosphatase a@teptor type 22 (PTPN22) has been shown to be associated
with increased risk for T1I089). It encodes the lymphoispecific phosphatase (Lyp) and

belongs to a family of proteins that are immune response regulators involved in downregulating
T-cell activation. Several polymorphisms in the vitamin D receptor (VDR) have been associated
with the risk for developing T1D, although there have been canfiicesultq40,41) Smyth

and colleagues conducted a GWAS and identified a T1D locus in the IFIH1 gene on

chromosome 2g24.3, which isvmived in the innate immunity against viral RN4R2).

2.1.7 Geographic distribution of HLA and Genetic Susceptibility to Type 1 Diabetes

The worldwide variation of T1D incidence is dramdgti8,44) As noted above, there is a 400

fold worldwide variation in T1D incidence. Scandinavian countries have the highest incidence
(approximately 40/100(D/year); Asian countries have the lowest (reported as low as
0.1/100,000/year). This geographical variation reflects differences in the distribution of major

ethnic populations but, more importantly, it may also reflect a difference in the degree @ genet
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susceptibility due to etleity or genetic background. Omgiestion is do the same HLA

alleles/haplotypes show the same predisposing effects across populations?

As noted above, linkage and association data have established the HLA region as the major
susceptibility locus for T1021,45,46)with the HLA class Il DRB1, DQAL and DQBL1 loci
identified as the major HLA contributors to T1D expresgiih47,48) Subsequently, a

hierarchy of predisposing, neutral and protective DR and DQ alleles and haplotypes that varied
by ethnicity came to light. These differences reflected allelic heterogeneity within the HLA
region(25,49,50)

With the dramatic variation of both T1D risk anteld/haplotype frequency across ethnic
groups, many studies have investigated whether HLA alleles/haplotypes show the same
predisposing effects across different ethnic populai{phs2)

Determining the contribution of individual alleles at the IR and-DQ loci to T1D
susceptibility can be unclear because of the strong linkage disequilibrium (LD) between
alleles/loci. The strong LD between alleles at the HLA loueans it has proven difficult to
determine which allele on a diseass®sociated haplotype is responsible for a genetic
predisposition. One approach is to examine haplotypes in different ethnic groups with different
allele frequencies and LD patterns. Thédwing studies examined haplotypes in an attempt to
identify predisposing genetic factors for T1D within the HLA region.

Asian populations have lower disease prevalence and lower frequencies of thskigtD
haplotypes that are common in Caucasigoufations. Nonetheless, even in Asian populations,
the DR and DQ loci have the highest association with (B}

Thomson and colleagues examined whether theiisghl 1D DR-DQ haplotypes demonstrate

the same predispositional effects across ethnic populdB@hsrhe authors conducted a meta
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analysis to examine the DRHIQB1 haplotype frequencies and T1D across African, Middle

Eastern, Caucasian, Latin American, and East Asian populations. Tioesaiatund that the

highly predisposing DRB1*03:01/DRB1*04:01 heterozygous genotype seen in Caucasians was
was associated with increased riskheir overall metanalysis as well as in the individual
populations. They also demonstrated that DR3 (DRBDBBQB1*02:01) was a T1D
predisposing haplotype worldwide, while the DR9 (DRB1819DQB1*03:03) haplotype is

neutral worldwide. This metanalysis concluded that the DR3 haplotype is rare in Asian
populations compared with Caucasian populations, butvithat) present, it maintains its
predispositional effects. The DR9 haplotype, however, is more common in Asian populations
compared with Caucasian populations, and, unlike its-fel&ted neutrality in much of the

world, is predisposing in Asian populations

Kawabata and colleagues examined the effeED& andBEDQ haplotypes among Japanese and
Korean population§4). In a casecontrol study, the authors identified DR4 (DRB10%
DQB1*04:01) and DR9 (DRB1*091-DQB1*03:03) as higkrisk susceptibility haplotypes in

these Asian populations. In both populations, they found tedDRB haplotype does not confer
susceptibility to T1D in a heterozygous state, but rather a homozygous state is necessary to
confer susceptibility to T1D. The converse was true for DR4. The association with T1D was
stronger in a heterozygous state thaa mbmozygous state for DR4. The authexglainedhis
differential effect of DR4&nd DR9 on T1D susceptibility by postulating tHidhe DR4encoded
molecules have a higher binding affinity to a diabetogenic peptide compared with other
haplotypes, they ay induce autoimmunity even in a heterozygous state, in the presence of other
class Il molecules. In contrast, if DR®icoded molecules have lower binding affinity to peptides,

they may confer strong susceptibility only when they are in a homozygous state.
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Ikegami and colleagud€85) examined the contribution of the HLA locus to T1D risk in a

Japanese population. These authors presented similar findings to the report of Kawabata and

colleagues. They showed a difference in the prevalence of dis

ee@Eated haplotypes between
Japanesema Caucasian populations. They demonstrated that, although the DR3 (DRB1*03
DQB1*0201) and the DR4 (DRB1*081-DQB1*03:02) haplotypes are positively associated
with T1D in Caucasian populations, in the Japanese, it is the DR4 (DRB®D®B1*03.03)

and DR9 (DRB1*0901-DQB1*03:03) haplotypes that confer the strongest susceptibility. In the
Japanese, DR9 in a heterozygous state (DR9/Q) Kas a neutral effect.

In Caucasian populations, DQB1*02 is a strong susceptibility allele, but it is not assec

with disease in Japanese. Kawabata etralwed that the DQB1*03:02 allele is a susceptibility
allele in Japanese populations, when in combination with susceptibility DRB1 alleles (e.g.,
DRB1*04:05, DRB1*0407). The lack of association of this alle@kh T1D in Japanese
populations is explained by its presence in combination with protectiB1fiR alleles (e.g.,
DRB1*04:03, DRB1*04:06). In Asian populations, it is common for the protective DR4
haplotype to cabccur with susceptible DQ haplotypes,ilwmeutral/protective DQ haplotypes
co-occur with the susceptible DR4 haplotypes. This counterbalancing of susceptible and
protective/neutral haplotypes might be an important contributor to the low incidence of T1D in
Asian populationg51).

Park and colleagues (2001) compared susceptibility and transmission patEDRsaidEDQ
haplotypes among Korean and Caucasian T1D patients. These authors showed that DR3 and
DR9 haplotypes had increased prevalence in Korean T1D subjects cdwareontrols.

While haplotype frequencies are quite different in Korean and Caucasian populations, when

comparing the same haplotypes, the odds ratios were nearly identical. These authors concluded
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that the susceptibility effects of the DRBI)B1 haploypes are consistent in Korean and

Caucasian populatior{51).

Population frequencies of DR/DQ alleles and haplotypes vary between ethnic groups, as do the
associations between DR/DQ alleles and T1D risk. It is the presence/abseag®iyples in
populations that may explain why different haplotypes are associated with disease among
different ethnic groups. As noted, the diseassociated DR3 and DR4 haplotypes in Caucasians
are rare in Asian populations and therefore cannot corgrtouhe majority of T1D
susceptibility(but when present, they would be expected to be associdiaagver, the Asian
specific DR4 (DRB1*0405-DQB1*04:01) and DR9 haplotypes common in Asian populations
are almost absent in Caucasian populations, andtoontribute to T1D susceptibility in
Caucasian populations.

In a transracial study, Park and colleag{ts identified that DR and DQ haplotypes transmitted
from nondiabetic parents to diabetic offspring were similar for KorearCandasian families.
These authors make the claim that whilefteguency anéssociation of DR/DQ
alleles/haplotypes and T1D may differ across ethnic groups, the effect of an individual
allele/haplotype on T1D susceptibility is consistent across popudati

These studies, which have investigated HLA frequency distribution and susceptibility among
different ethnic groups, have identified some possible explanations for the differences in
worldwide T1D incidence rates. Aside from factors that may be reggerior producing real
differences in the worldwide incidence of T1D, there may be some methodologic factors that
influence the measurement of these differences. We cannot ignore such factors that may
contribute to these differences such as, small sasigds, the difficulty of finding multiplex

families in low incidence Asian populations, the polygenic nature of T1D which also involves
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nonHLA genes, as well as unknown environmental factors that likely vary between

geographical regions.

2.2 Microvascuar complications

2.2.1 Origin and clinical diagnoses of microvascular complications

A. Retinopathy

Retinopathy, the most frequent of microvascular complicatisrssleading cause of blindness

and occurs in 5@0% of T1D patient§56). The majority of individuals with T1D develop some
degree of retinal damage. A smaller proportion of individuals develop severe retinopathy. Retinal
microvascular signs in diabetic patients include microaneurysms, lipid deposits, intraretinal
microvascular abnormalities, haemorrages. Vision loss resuttsrifracular edema and
neovascularization of the retina includes haemorrhage and retinal detachment. Retinal arteriolar
dilation increases retinal capillary pressure, which leads to capillary wall dilatation
(microaneurysms), leakage and rupture (haemorg)&gé). Chronic exposure to hyperglycemia

is thought to lead to microvascular changes and retinal dafh@ye

B. Nephropathy

Clinically, diabetic nephropathy (DN) is characterized by persistent proteidedeeased

glomerular filtration, and increased blood pressure. The pathophysiology involves renal
extracellular matrix accumulation and thickening of the glomerular basement membrane. Kidney
complications begin with microalbuminuria (small amounts ofimlio leaking into the urine)

and progresses to overt, persistent proteinuria. Both are predictors of renal failure for T1D

patientg58). Treatment of microalbuminuria reduces progression to nephropathy.
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Approximately 3640% of T1D patients are at risk to de@DN (59,60) Endstage renal

failure develops in approximately 20% of T1D patigts). The literature points to familial

clustering of DN, suggesting a genetic effect in the development of kidney compli¢a&yns

C. Neuropathy

Diabetic neuropathies are heterogeneous in symptoms, neurologic involvement, and underlying
mechanismg¢63). Different parts of the nervous system can be affected and may present with
diverse clinical manifestations.nGveragediabetic neuropathy affects &% of type 1

diabetes patient3he most common are chronic sensorimaistal symmetric polyneuropathy
(DPN) and diabetic autonomic neuropathies (DAN). DPN frequently involves burning pain,
electrical sensations, deep aching pain, as well as decreased sensation (loss of vibration,
temperature, or pain perception). Symptomesraost commonly experienced in the feet and

lower limbs. DAN is a disorder of the autonomic nervous system. It can involve cardiovascular,

gastrointestinal, and urogenital systgi®3,64)

2.2.2 Factors implicated in tle development of microvascular complications
A. Risk factors for microvascular complications

i. HbAlc as a risk factor for microvascular complications

The relationship between hyperglycemia and complications has beegstadllished in T1D

and T2D, wheraincontrolled plasmglucose concentrations can lead to serious sequelae. The
Diabetes Control and Complications Trial (DCCT) and the UK Prospective Diabetes Study
(UKPDS) demonstrated a relationship between the rise of blood glucose levels and thedincrease

risk of retinal, renal and neurological complications for type 1 and type 2 di§68166) They
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demonstrated that when people with type 1 or type 2 diabetics reduce blood glucose

concentrations close to normal glycemic ranges, measured as glycosylated hemoglobin Alc
(HbA1c),the incidence of diabetessociated complications was also significantly reduced.
Since publication of the DCCT study, HbAlc has become the gold standard for evaluation for
diabetes treatment. The American Diabetes Association (ADA) recommends measiig H
twice per year for those whose HbA1c level is lower than 7% and more frequently for those
whose levels are higher (http://www.diabetes.org/livivith-diabetes/treatmesaind-care/blood
glucosecontrol/alc/). Glycosyted hemoglobin is a pairiraj henoglobin with glucose inside

the red blood cell. The HbAlc test measures the percentage of glycosylated hemoglobin
(HbAlc) in the blood and provides an overview of the average blood glucose over th& past 2
months. In a nondiabetic person, about 5% dfAathoglobin is glycosylated. In the case of
diabetes, increased concentrations of glucose enter the blood stream, more hemoglobin is
glycosylated, and the resulting HbAlc levels are higher. High HbAlc level is-astatilished
risk factor in the developme of longterm diabetic complications.

While HbAlc measures glycemic control for the previous 2 to 3 months, it does not provide
information regarding glycemic variability in a given day. In the DCCT study, conventionally
treated patients were more lik¢o be exposed to glycemic instability since they had fewer
insulin injections per day compared to the intensively treated patients. Authors of the DCCT
study suggested that complications may be dependent on the degree of glycemic variability.
Kilpatrick (2009) claimed that HbAlc and duration of diabetes explained only 11% of the
variation in the risk of retinopathy in the DCCT study, suggesting that factors independent of
HbAlc must explain 89% of the variati@7). Other studies have shown that normalizing

HbAlc levels does not eliminate the risk of diabetesociated complicatiori€8).
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Overall, why some patients with poor metabolic control do not develop complications, while

other patients with good metabolic control develop complications, remains unresolved and a
source of scientific debate that requires further ing{@8y70) Zhang and colleagues attempted

to delve deeper into this issue. These authors concluded that retinopathy develops in
approximately 10% of patients with good nimilc control and over 40% of patients with poor
metabolic control and they isolated baseline glycemic exposure as a predictor (ObaselineO definec
as a patientOs glycemic exposure at the start of the study). High baseline glycemic values increase
the riskof developing complications despite good metabolic control.

The reduction of blood glucose levels may be causally related to the reduced risk of

complications. However some patients with poor glycemic control do not develop complications,
and some with gabglycemic control do develop complicatiait?,69,71) Hence HbAlc may

not adequately explain risk of complicatiqii®). Studies suggest that HbAlc may be under

genetic control and may influence the development of diabelat®d complicatios(73,74) In

a twin study, Sneler and colleagues (2001) found that MZ twins concordant and discordant for

T1D showed significant correlations of HbAI&5). Paterson and colleagues (2010) identified a

major locus for HbAlc levels in type 1 diabetics by GWAS, indicating that HbAlc may be under
genetic contro(76).

HbA1c values are not available in my dissertation dataset. While it woulchbé&di& to

include these values, it appears from the literature that HbAlc may not be a necessary predictor
of complications. Consequently, the absence of this variable is not an impediment to detecting a

genetic signal for complications, which is of paunt interest.
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ii. Other risk factors for microvascular complications

In addition to HbAlc, other risk factors have been implicated in the development of
microvascular complications.

Risk factors for retinopathy include duration of diabetes, hypengligzencreased blood

pressure, ethnic origin, dyslipidaemia, puberty, pregnancy, duration of diabetes, diet and
smoking(77,78)

The risk factordor nephropathy include hyperglycemia, hypertension, duration of diabetes,
protein overload and smokir{@9).

Risk factors for neuropathy include level of hyperglycemia andiduaraf diabetes. Other risk
factors are unknow(v9).

Ethnicity appears to be an independent predictor for microvascular complications, after
controlling for metabolic contr@nd other retinopathy risk factors, such as age, sex, diabetes
duration and blood pressure. The prevalence and severity of retinopathy is higher in African
Americans, Hispanic and south Asians than in Caucaf&n80) Prevalence of endtage renal
failure appears to be higher among blacks and Latinos compared with whites. Possible
explanations for these differences may include certain behavioral characteristics, for example,
disparities in diabetes knowledge and treattradherence, access to care, physician perceptions
or racial discrimination. Alternatively, unmeasured environmental factors or differences in
genetic susceptibility may contribute to prevalence differences among ethnic (gblps

While ethnicity, age of onset of diabetes, duration of diabetes, blood pressure and lipid control
are some of the known risk factors for the development of complications in g@&teéal,83)
studies have also suggested that genetic predisposition is a risk factor for the development of

complicationg56,84,85)
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B. Genetic risk factors

i. Familiality of microvascular complications

Hyperglycemia and diabetes duoat are important risk factors in the development of
microvascular complications. However even after years of poor glycemic control, some patients
remain free of complications; and conversely, patients with good glycemic control may still
develop complicabns(62,69) Many investigators have hypothesized that genetic susceptibility
is a contributing risk factor that leads to the development of microvascular complications.
Results from family studies of both T1D and T2D support this cl8iodies have demonstrated
familial clustering of DN(84,86) In T1D families, diabetic siblings of patients with diabetic
nephropathy are significantly more likely to develop this disease compared vaigticisiblings

of probands without diabetic nephropa{Bg). A South Indian sib pair analysis demonstrated
strong famiial clustering of diabetic kidney disease among type 2 diabetics. In a twin study,
Leslie and colleagues (1982) demonstrated concordance of retinopathy in 35 of 37 identical type
2 diabetic twins and in 21 of 31 identical type 1 diabetic t{#73 Since this study does not

include dizygotic twins, it iglifficult to interpret these findings as simply genetic, since

monzygotic twins share the same environment as well.

C. Evidence for microvascular complications with specific genes.

In this review, the vast majority of early studies used cases and sdotetamine the

frequency difference of class I/ll HLA alleles among retinopathy or nephropathy cases with T1D
compared with controls (T1D only). The vast majority of later studies used the candidate gene
approach, while only a few used genewiede assodtion or linkage analysis. While the

methods of analysis in these studies were somewhat limited, their methods for sampling controls
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and selecting their study populations were valid. The control subjects used in these studies were

free of complications foat least 15820 years after the onset of T1D, though in one study,
controls were free of complications for at least 10 years. Sampling controls in this manner
ensures that those selected are truly unaffected and one can be reasonably sure that control
patients are unlikely to ever develop complications. The study populations were ethnically
homogeneous in the vast majority of these studies, for example, Caucasian Finnish type 1
diabetics, or Caucasian Danish type 1 diabetics, or in some cases, just @aypasladiabetics
were sampled. Using homogeneous study populations increase the likelihood of sampling
individuals from homogeneous genetic backgrounds and thus minimize the chances of
introducing population stratification, which can lead to increaded faositives and false
negatives.

i. RetinopathyTable 2)

Several early studies and some later studies have reported associations with HLA DR alleles,
particularly the role of HLA DRB1*04:01 and the development of retinopg@&®p1), however

other studies have failed to confirm these associafi#387). Dornan et al (1982) reported that

the presence of retinopathy was significantly associated with DRB1*04:01 (ORERY)

Malone et al. (1984) confirmed the association with DRB1*04:01¢biytif it was in

combination with the DRB1*03:01 alkel Authors reported that these alleles in combination
occurred more frequently among patients with proliferative retinopathy compared with those free
of retinopathy(89). Cruickshanks et al (1992) demonstrated that the DRB1*04:01 allele was a
significant risk factor for retinopathy, but only among individuals who were negative fo

DRB1*03:01 compared with individuals who were negative for both alleles (OR=5.43) (119).
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Other investigations, however, have not reported associations between DR alleles, specifically

DRB1*04:01 and retinopath{®4-99).

Aldose reductase (ALR2) is the gene that encodes the first, aramiitey enzyme in the

polyol pathway of glucose metabolism. Studies have suggested that polymorphisms in and
around this gene are assated with diabetic retinopathy. Demaine and colleagues (2000) found
an association of the-Z allele in the aldose reductase gene with diabetic retinopathy (OR=2.33)
(100,101) In two separate casm®ntrol studies using French Caucasian individuals, Taverna and
colleagues demonstied significant associations between vitamin D receptor (VDR) SNPs and
severe retinopath{d02,103) Al-Kateb and colleagues (2007) found associations of eight
VEGFA SNPs with severe retinopathy in a prospective cohort survival analysis over 15 years
using 1,369 Caucasian individuals with T{ID4). According to Rudofsky and colleagues

(2008), heterozygous or homozygous carriers of the M55V polymorphism in the SUMO4 gene
show a reduced risk of diabetic retinopathy (OR=0.37alpe=0.0@) (105). In a casecontrol

study using 124 Caucasian individuals with T1D, Hovnik and colleagues (2009) found a
significant association betwe®mSODVal/Val genotype and T1D patits with retinopathy

(106). Grassiand colleagues (2011) conducted a genoanue metaanalysis and identified a

signal (rs227455) associated with severe diabetic retinopathy in the intergenic region between
two unnamed genes, LOC728275 and LOC728308). Charles and colleagues (2011)

identified a SNP (rs2236624) in the adenosing r&ceptor that was associated with a decreased
risk of developing proliferative diabetic retinopai(i¥)8). Adenosine is a physiologic mediator

for modulating cellular damage frobmologic stressors.
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ii. NephropathyTable 3)
While some reports have indicated that DRB1*04:01 is a risk allele for retinopathy, other studies
have indicated contrary findings for the relationship between DRB1*04:01 and the development
of nephropathy. Analy study (1986) reported that the DRB1*04:01 allele was protective for
nephropathy in a Danish populati(91). In a more recent study using subjects of European
ancestry (GoKinD study)esearchers examined the relationship between carriers of HLA
DRB1*04:01 and the development of nephropathy. The authors reported that proband carriers of
DRB1*04:01 were 50% less likely to have nephropathy compared with probands who do not
carry any DRB1*@:01 alleleq90). However in two separate studies using Caucasian European
subjects, authors failed to report any association between RB1L and nephropathi®2,93)
These investigators claim that HLA is unlikely to have a major influence in the susceptibility to
nephropathy in Caucasian Europeanarté Two linkage scans for type 1 diabetics were
performed in Caucasian populations (120, 121). Both studies reported evidence for linkage of
diabetic nephropathy on chromosome 3q.
In a study using 275 British Caucasian individuals, Heesom and collesttpiesd a decrease in
the frequency of the Z+2 allele and an increase in tBallele in the aldose reductase gene
among patients with nephropat{09) Vionnet and colleagues (2006) found an increased risk
for nephropathy with a polymorphism in the adiponectin gene by both association and TDT
analyses(110). Al-Kateb and colleagues (2007) found an association between a SNP in the 30
region of the superade dismutase 1 (SOD1) gene and severe nephrofiEthy Osterholm and
colleagues (2006) conducted a genome wide linkage scan for typleeticdnephropathy using
460 families using 83 discordant ghirs from Finland112). They reported suggestive linkage

on locus 3q and followed up the signal with an association study, finding a significant
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association with a SNP rs1866813 at the 3922 1¢rlB3). MSlisten and colleagues performed a

casecontrol study using 755 T1D patients from Denmark. In this study, being a carrier of the V
allele at the V16A polymorphism in the SOD2 gene isificantly associated with increased

risk of diabetic nephropathjt14). In 2009, Pezzolesi and colleagues conducted a genodee
association scan and identified two associations for SNPs near the FRMD3 and CARBenes
In 2011, Kure and colleagues identified a nonsynonymous SNP located in exon 8 of thg2MMP

gene that significantly reduced the rigkdiabetic nephropathfi 15).

iii. NeuropathyTable 4)

The development of diabetic neuropathy may also involve genetic susceptibility. Vague and
colleagues (1997) conducted a candidate geneataed study examining the association of
Na/K ATPase gene with neuropathy in 81 Caucausian individuals with T1D. They found a
significant association between a SNP in the ATP1 Al gene (a Na/K ATPase gene) and
peripheral neuropathj1 16) Decreased Na/K ATPase activity in the nervous tissue has been
implicated in the development of neuropathy. In a candidategg®eontrol study using
Caucasian individuals, Donaghue and colleagues (2005) and Heesom and colleagues (1998)
demonstrated that the aldose reducta2ealiele confers risk for the development of neuropathy
(117,118) Oxidative stress results in high levels of reactive oxygen species (ROS), which in
excess, causes damage to tissues, such as oxidation of lipids, proteins, dd@etioxidants,
enzyme inactivation, DNA breaka@®l9) PARR1 is a nuclear enzyme that is activated in
response to DNA damage. Nikitin analleagues (2008) performed a candidate gene case

control study using 212 unrelated Russian individuals with T1D. They identified two
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polymorphisms in the coding region of PARRvhich are strongly associated with diabetic

polyneuropathy in Russian T1D petts(120).
With the exception of the aldose reductase gene, which has been implicated in all three
microvascular complications, these genetic association studies have implicated genes unique to

eachcomplication.

2.3 Does the risk for one complication increase the risk for a second complication?

There is little published research investigating whether all three microvascular complications
involve similar etiological pathways, and whether the devetag of one complication

predisposes toward the risk of developing a second complication. A review by Girach and
colleagues (2006) identifies interrelationships among all three diabetic microvascular
complications, where the presence of one complicaticneases the risk for developing a second
complication(121). El-Asrar and colleagues (2002) found that T1D with retinopathy were

almost 14 times, and T2D patients retinopathy almost 4 times as likely and to have nephropathy
than those T1D and T2D patits without retinopath{122). Monti and colleagues demonstrated

that a complication in a sibling increased the risk for a complication in the proband (OR=9.9)
(83). The EURODIAB Complications study reported a positive association between the degree
of retinopathy and level of albuminuria. Schmechel & Heinrich (1993) demonstrated that
individuals with retinopathy exhibited proteinuria more often than indalglwithout

retinopathy and that the prevalence of proteinuira increased relative to the increasing severity of
retinopathy(123). Parving and colleagues @®) showed that the prevalence of neuropathy and
retinopathy was higher in patients with microalbuminuria compared with normoalbuminuria

patients(124) These associations indicate interrelationships among microvascular complications,
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but are not very well understood. If teeare similarities in the pathogenesis of each of the

complications, then the presence of one complication may be linked to the presence of another.
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2.4 Summary and Conclusion

In summary, type 1 diabetes is an autoimmune disease characterized byidesifiieta cells

in the pancreas resulting in insulin deficiency, which leads to hyperglycemia and organ damage.
T1D patients experience an increased risk of morbidity and mortality due ttelong

complications, specifically retinopathy, nephropatmd aeuropathy. While glycemic control is

a risk factor for the development of complications, even normalizing HbAl1c does not eliminate
the risk of developing complications. Studies demonstrating familial aggregation support the
claim that a genetic contution may influence the development of complications. Further,
associationeamongcomplications have been noted, where the presence of one complication may
increase the risk for developing a second complication.

To date very little is known about the imhiance of microvascular complications. There have

been a number of association studies implicating specific alleles for microvascular complications.
The vast majority of these studies used the candidate gene approach. Few previous studies have
used linkag analysis to identify genetic loci for diabetic complications. They have not examined
all three microvascular complications as one phenotype, which considers the possibility of a
common genetic susceptibility. In this dissertation, | use statistical deetbodentify genetic

risk factors predisposing T1D individuals to, or protecting from, the development of
microvascular complications (Chapter 3). | use linkage analysis to identify genetic susceptibility
loci to microvascular complications (Chapterldhkage will identify large chromosomal

regions that may contain susceptibility loci with large genetic effects. Finally, | summarize the

results in the concluding chapter (Chapter 5).
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Table 2.Studiesnvestigating predisposing (or protectig®nes/locivith retinopathy

Author / Journal | Gene/ Risk allele / Effect size / p Study Study design
/ Year region SNP value population
Dornan et al HLA DRB1*04:01 | 3.7 127 Caucasian | Casecontrol
Diabetes 1982 T1D patients
Malone et al HLA DRB1*04:01 | P <0.001 74 T1Dpatients| Casecontrol
Pediatrics 1984 DRB1*03:01
Groop et al HLA DRB1*04:01 | NS 99 T1D patients| Casecontrol
Diabetes 1986
Cruickshanks et al HLA DRB1*04:01 |5.43 428 T1D Casecontrol
Diabetes 1992 patients from

WESDR Study
Stewart et al HLA DR alleles NS 102 T1D Casecontrol
Diabetologia 1993 patients
Falck et al HLA Class | ad Il NS 155 T1D Casecontrol
J Diab Comp 1997 alleles patients from

the UK
Wong et al HLA DRB1*04:01 | NS 428 T1D Casecontrol
Ophthalmology DRB1*03:01 patients from
2002 WESDR Study
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Mimura et al HLA Classland Il | NS 80 T1D Casecontrol
Am J Ophthal alleles Japanese
2003 patients
Demaine et al Aldose Z-2 allele Chisg=18.1 229 Caucasian | Casecontrol
Invest Ophthal & | Reductase (0.0001) British T1D
Vis Science 2000 patients
Taverna et al. VDR Fokl OR=0.64 (0.016) | 508 Caucasian | Casecontrol
J Clin Endocrin & polymorphism T1D patients
Metab.2005
Al-Kateb et al VEGFA T/ rs3025021 | HR=1.37 (0.0017) | 1,369 Prospective
Diabetes 2007 T/ rs3025028 | HR=1.24 (0.026) | Caucasian T1D| cohort
T/ rs3025021 | p-value=0.013 patients Family-based
C/rs699947 p-value=0.029
Rudofskyet al. SUMO4 M55V OR=0.37 (0.004) |223T1D Casecontrol
Exp din patients
Endocrinol
Diabetes 2008
Hovnik T et al GSTM1 GSTM1-1 2.63 (0.031) 124 Caucasian | Casecontrol
Diabetes Care MnSOD deletion 2.49 (0.045) T1D patients
2009 V16A
Nakanishi et al VEGF rs833070 HR=1.67 (0.047) | 175 Japanese | Prospective
Clinica Chimica rs2146323 HR=1.67 (0.047) | T1D patients cohort

Acta 2009
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Grassi et al. Hum | Chr 6 Rs227455 p-value=1.6x10 2,829T1D Casecontrol
Mol Genet. 2011 | (intergenic patients

region)
Charles et al Adenosine | rs2236624 OR=0.36 (0.04) 658 T1D Prospective
Ophthalmic Rs. A(2A) rs4822489 OR=0.23 (0.001) | patients cohort

2011

*NS=not significant
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Table 3.Studiesnvestigating predisposing (or protectig®nes/loci witmephropathy

Author / Gene/ Risk allele / | Effect size / pvalue | Study Study design
Journal / Year | region SNP population
Svejgaard et al | HLA DRB1*04:01 | P<0.02 317 T1D Casecontrol
Tissue Antigens Danish patients
1986
Ronningen et al | HLA Class Il NS 114 T1D Casecontol
Diabetes Res alleles patients
1993
Chowdhury et al| HLA Class l and Il | NS 3 Caucasian Casecontrol
Diabetologia alleles cohorts (n=258,
1999 153, 264)
Cordovado et al | HLA DRB1*04:01 | P<0.0001 829 European | Casecontrol
Diabetes 2008 T1D patients
Moczulski et al | 3q AT1 P=7.7x 10° 66 Caucasian | Linkage
Diabetes 1998 sib-pairs
Osterholm et al | 3q P=4.4 x 1¢ 73 Finnish Linkage
Kidney Intl 2006 discordant sib

pairs
Heesom et al Aldose Z-2 allele 32% vs 12.7% 275 British Casecontrol
Diabetes 1997 | Reductase (complicated vs Caucasan T1D

uncomplicated group

patients
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Vionnet et al Adiponectin | rs17300539 | OR=1.46 (0.006) 3,665 Danish, | Casecontrol
Diabetes 2006 Finnish, French

T1D patients
Al-Kateb etal | SOD1 C/ HR=2.62 (5.6x10) | 1,362 Casecontrol
Diabetes 2008 rs17880135 Caucasian T1D

patients
He et al AJHG | 3922 C/ rs1866813 | OR=1.33 (7.07x18) | 3,696 Finnish, | Casecontrol
2009 Icelandic,

British T1D

patients
Mollsten et al SOD2 V16A/ OR=1.5 (0.036) 441 Danish Casecontrol
Diabetologia rs4880 T1D patients
2009
Pezzolesi etal | FRMD3 rs1888746 | OR=1.45 (6.3x10) | 1,879 Casecontrol
Diabete2009 CARS rs451041 OR=1.36 (3.1x196) Caucasian T1D

patients
Kure et al MMP-12 Asn357Ser/ | OR=0.51 (6.2x10) 1,705 T1D Casecontrol
Mol Genet rs652438 patients of
Metab. 2011 European

ancestry

*NS=not significant
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Table 4.Studiesnvestigating predisposing (or protectig®nes/loci witeuropathy

Author / Gene/ Risk allele / | Effect size / pvalue | Study Study design
Journal / Year | region SNP population

Vague et al ATP1 Al Bgl li Chisg=35.6 (0.0001)| 81 Caucasian | Casecontrol
Diabetologia polymorphism T1D patients

1997

Donaghue et al | Aldose Z-2 OR=3.02 363 Australian | Casecontrol
Diabetic Reductase 95% CI (1.14 7.98) | T1D patients

Medicine 2005

Nikitin et al PARP-1 54Phe OR=1.66 (0.023) 212 Caucasian | Casecontrol
Diabetes Res & 762Ala OR=2.88 (0.0023) Russian T1D

Clin Practice patients

2008
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Chapter 3:

HLA Class | and Il Alleles are Associated with Microvascular Complications of Type 1
Diabetes.

Ettie M. Lipner
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3.1ABSTRACT

Although HLA aleles are associated with type 1 diabetes, association with microvascular
complications remains controversial. We tested HLA association with complications in multiplex

type 1 diabetes families.

Probands from 425 type 1 diabetes families from the Humaloddcal Data Interchange
(HBDI) collection were analyzed. The frequencies of specific HLA alleles in patients with
complications were compared with the frequencies in complicatiteagatients. The
complications we examined were: retinopathy, neurgpathd nephropathy. We used logistic

regression models with covariates to estimate odds ratios.

We found that the DRB1*03:01 allele is a protective factor for complications (OR=0.58; p =
0.03), as is the DQA1*05:60QB1*02:01 haplotype (OR= 0.59; p = 3D. The DRB1*04:01

allele showed no evidence of association (OR=1.13; p = 0.624), although DRB1*04:01 showed
suggestive evidence when the carriers of the protective DRB1*03:01 were removed from the
analysis. The class Il DQA1*03:aQB1*03:02 haplotype wsanot associated with

complications but the class | allelB*39:06 (OR=3.27; P = 0.008) and B*44:02 (OR=3.19; P =

0.027) showed strong positive association with complications.

Our results show that in type 1 diabetes patients, specific HLA alleleseriaydived in

susceptibility to, or protection from, microvascular complications.
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3.2Introduction

Type 1 diabetes represents a major health problem, and data show that its prevalencéli rising
By year2030, over 3 million people are predicted to have type 1 diabetes in the U$24jone
(American Diabetes Association). As more people develop type 1 diabetes, the prevalence of the
associated complicationssalincreases. The major pathologies related to type 1 diabetes are the
chronic microvascular complications: retinopathy, nephropathy, and neuropathy. These
complications are responsible for much of the morbidity and mortality in patients, leading to
blindness, end stage renal disease, neuropathy and consequent amputation in many patients.
Previous work has shown that while the type 1 diab&$ssciatedamplications may be the
resultfrom persistent high blood sugar, they are also familial, suggestirexi$tence of a

genetic contribution to these phenotyf@$]. However, the findings from studies of the

genetics of microvascular complications are inconclusidecantroversial (see Discussidid}

22].

Type 1 diabetes is a complex, autoimmune disease in which dendritic cells, macrophages, CD4
and CD8 T lymphocytes infiltrate the pancreas and destroy the inputidicing! cells in the

islets of Langerhan&3]. The Human Leukocyte Antigen (HLA) region chromosome 6p21 is

the major susceptibility locus for type 1 diabetes. The class IIHMAPDRB1,-DQAland-
DQB1,have the strongest effects on type 1 diabetes risk. Specifically, the haplotypes with the
highest risk for type 1 diabetes among Europesae DRB1*03:01DQA1*05:01-DQB1*02:01 /
DRB1*04:0:DQA1*03:01-DQB1*03:02[24,25] The class | HLA genes have also been
implicated in type 1 diabetes risk, but these alleles have smaller effects on type 1 diabetes than

do the class Il HLA alleleg6]. While the influence of HLA on type 1 diabetes is well known
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[27], their role in the development ofierovascular complications is less clearly understood.

Some studies have reported significant associations of retinopathy or nephropathy with HLA

class | or Il allele$7,8,14-22], while other studies have failed to report such associg®ei3].

In this study, we examined the association of HLA alleles with type 1 diatsdéésd

complications ima large Caucasian cohort. We report newly observed associations of

complications with specifically chosen HLA alleles. These hypotiksien statistical

associations may shed light on genetic influences that affect susceptibility to complications.

3.3Materials and methods

3.3.1 Family identification and data collection

Families were ascertained through the presence of at least one family member with type 1
diabetes (the OprobandO); most families were multiplex for type 1 diabetes, i.e., there were a
least two affected offspring per family. HBDI designated probands were used as the proband
cases and controls. Families were invited to be part of the Human Biological Data Interchange
(HBDI) data collection through a series of advertisements sent éntine mailing list of the

Juvenile Diabetes Foundation International (JDFI) during the period1988[28]. All

member families were asked to complete a standardized confidential questionnaire sent by mail
and theresponses were added to the HBDI database. The questionnaire was administered to the
proband (or parents, if the proband was a child) and also to additional family informants.
Inquiries included demographic, medical, genealogical, and familial infornetiaunt

complications. Informed consent was obtained.



3.32 HBDI data

Our dataset included 425 families with cases diagnosed with type 1 diabetes before age 30. There
were 2506 family members included from the HBDI database as of the end of 2004. Families
were selected for inclusion in the HBDI sample based on the presence of at least one type 1
diabetes patient per family. Multiplex ( > 1 case per family) families were preferentially sought.

In this sample, all participants were diagnosed with type 1 @iaball patients in this study

sample are Caucasian. A total of 49% of all subjects were female. We emphasize that, for this

study, only 1 individual (the proband) per family was used in the analyses.

3.3.3 Assessment and definition of diabetes and dmbemplications

We included only patients with type 1 diabetes diagnosed before 30 years of age who required
insulin treatment. The accuracy of the gelborted information with respect to presence/absence
of complications €.g.presence of retinopathyes or no) was evaluated by:

1) Including extra questions about related conditions in the questionnaire. The presence of
macular edema or complete or partial blindness were considered indicators of retinopathy; the
presence of endtage renal failure, &ney failure, or repeated high urinary albumin levels were
considered indicators of nephropathy. In cases of inconsisteaajgsrésence of macular

edema but not retinopathy), further investigations were carried out through phone interviews,
around theime of data collection.

2) Data available from follovap were used to confirm or update the presence/absence and

progression of complications.
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Starting in 2004, followup questionnaires have been periodically sent to a subset of families to

obtain updatedhformation about development of complications, new cases of diabetes, and
related medical history data, with 102000 families targeted each year (for further description,
please see (3)).

3) Collecting medical records. For the subset of patients [rj=ti®® medical records available,

the presence of type 1 diabetes and complications was verified according to American Diabetes
Association guidelineR9-32].

4) Information indicating@bsencef a complication in a subject was considered rediaiily if

the subject was without that complication for at least 15 years after type 1 diabetes onset.

3.34 Type 1 diabetes subjects and complications

Of the 425 probands in the sample, 128 had at least one complication, and 297 were free of
complicatons. The majority of cases that had any complication had retinopathy (93.0%), fewer

cases had nephropathy or neuropathy (Table 1).

3.3.5 Study design

We used a caseontrol study design nested on the cohort of the HBDI type 1 diabetes patients
and, for sme analyses, their affected siblings. The probands with at least one microvascular
complication were considered cases, and the probands without microvascular complications were
considered controls. Every proband, whether case or control, has type 1sdiabete

To identify genetic risk factors for microvascular complications, the presence of an akelic ris
predictor was considered the expostilge outcome variable was defined as the presence of any

microvascular complication(s). Analyses were also donaneedtinopathy, nephropathy and
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neuropathy as separate outcomes. However, results for nephropathy and neuropathy are not

reported due to small sample sizes. We included sex, age at type 1 diabetes diagnosis, and
duration of type 1 diabetes as covariatesdntrol for environmental factors that may influence

the development of microvascular complications.

3.3.6 HLA genotyping

Genotyping of the HBDI cohort was performed by sequapeeific oligonucleotide probe

(SSOP) technology and has been describediqusly[33-36]. Briefly, relevant polymorphic

exons for each locus (exon 2 for class Il alleles and exons 2 and 3 for class | alleles) were
amplified by polymerase chareaction with biotinylated primers, denatured, and hybridized to

an array of unlabeled oligonucleotide probes (corresponding to known polymorphic sequence
motifs) on a backed nylon membrane. Hybridization was visualized with a colorimetric detection
systen, and probe binding patterns were interpreted using Sequence COmpliation and
REarrangement software (SCORE[37]. The HBDI collectbn was included as one of the

extant cohorts in Type 1 Diabetes Genetics Consortium (T1DGC), and the HBDI samples were
re-genotyped at higher resolution, with updated SSOP reagents, to ensure uniformity of

resolution in the HLA genotyping data in the T1D{22,26,38,39]

3.3.7 Statistical analysis

We performed logistic regression among typ#iabetes probands to determine associations with
microvascular complications. We calculated odds ratios (ORs) and 95% confidence intervals
(Cls), adjusting for sex, age of type 1 diabetes diagnosis (usiegrantervals) and duration of

type 1 diabete The duration variable was split into intervals of having type 1 diabetefbr O
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yrs, 2938 yrs, >38 yrs (approximately equal numbers of individuals in each category). As with

an earlier study3], we included sex as a covariate in the logistic regression. Age at type 1
diabetes diagnosis and duration were also included as covariates since these égdbars m
influential for the onset and development of complications. HLA alleles were included in the
regression models as independent predictors for microvascular complications. Each HLA allele
or (in the case of D@ncoding loci) haplotype encoding the meteémeric protein (e.g.,

DRB1*03:01, DRB1*04:01, DQA1*05:0DQB1*02:01, DQA1*03:01DQB1*03:02, B*39:06,
B*44:02) was analyzed in separate regression models. A two tailed test was used and a p < 0.05
was considered statistically significant. All of the lgsas were performed using the statistical

package Stata 10.1 (Stata Corp., College Station, TX, 2003).

3.3.8 Multiple Testing

Correction for multiple tests was not required in our primary analysis of four HLA factors (2
DRB1lalleles and DQA1-DQB1hapldypes): DRB1*03:01 and DRB1*04:01 alleles and the
DQA1*03:01-DQB1*03:02 and DQA1*05:0-DQB1*02:01 haplotypes. These four hypotheses
were chosem priori on the basis of prior knowledge that these four HLA factors are strongly

associated with type 1 diabste

In an exploratory analysis of the HLA class | loci, multiple alleles were tested with the aim of
generating hypotheses that could be tested in a larger fajjostudy. These tests were based
upon either the high prevalence of a particular allelaepbpulation or prior association of type

1 diabetes and a particular allele. Six alleles were tested based on the high prevalence in the
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population (>30%) or because of prior knowledge: A*01:01, A*02:01, B*08:01, B*39:06,

B*44:02, C*07:01.

34 Results

3.4.1 Patient characteristics

The clinical and familial characteristics of our study population are summarized in Table 1.
distribution of each microvascular complication among probands is summarized in Talge 2.
performecdthe# test for gender anSitudentOstest for duration of type 1 diabetes. For the 425
type 1 diabetes probands in the study, the mean durations of type 1 diabetes in complications
cases (n=128) and controls (n=297) were 39.8:80 years and 31.2t9.71 years, respectively.
The difference in the mean duration of diabetes between cases and coadretatistically
significant (p<0.0001). However, according to Studentéx,tage of type 1 diabetes diagnosis

did not show a statistically significant difference, nor did geratssording to thé? test.

3.4.2 MHC Class Il genes analyses

The distribution of HLA DRB1*03:01, DRB1*04:01, DQA1*05:QB1*02:01, and
DQA1*03:01-DQB1*03:02 alleles/haplotypes among the probands is shown in Table 2. Among
the 425 probands, 19% of fands did not express either DRB1*03:01 or DRB1*04:01 alleles
and 14% had neither the DQA1*05:00QB1*02:01 nor DQA1*03:01DQB1*03:02 haplotype

(data not shown). Sixitwo percent of probands had at least one DRB1*03:01 allele, and 49% of
probands had agast one DRB1*04:01 allele. Sixfive percent were positive for at least one

DQA1*03:01-DQB1*03:02 and 58% for at least one DQA1*05D0B1*02:01 haplotype.
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Table 3provides unadjusted and adjusted ORs for the presence of one or more microvascular

complications (e.g., retinopathy, nephropathy, neuropathy) using specific HLA akeles

predictor variables. Tableshows the unadjusted and adjusted ORs for retinopathy alone. The
adjusted estimates are controlled for sex, age at type 1 diabetes diagrobsigration of type 1
diabetes. Using a multivariable logistic regression model, adjusting for covariates, the presence
of a DRB1*03:01 allele was protective both for one or more microvascular complications
(OR=0.58, 95% CI 0.39.95) and for retinopathglone (OR=0.58, 95% CI 0.3%96), which

was the most frequent complication in the dataset. In the multivariable logistic regression model
for DRB1*04:01, no relationship between DRB1*04:01 and microvascular complications was
found for either retinopathglone (OR=1.17, 95% CI 0.7292) or for one or more

microvascular complications (OR=1.13, 95% CI 01781).

Thus, unlike the results for DRB1*03:01, the presence of DRB1*04:01 shows little evidence of
influence on the risk for complications. We oh&el a similar trend (i.e., DRB1*03:01 appears
mildly protective while DRB1*04:01 appears neutral) for nephropathy, but the OR did not reach
statistical significance. Such a trend was not observed for neuropathy, but the sample size

precluded detecting dblut the strongest effects.

We examined the association of DQ haplotypes with the risk for one or more microvascular
complications and the ridkr retinopathy alone (Tables 3 §. DQA1*05:0:DQB1*02:01
(which is in linkage disequilibrium with DRB1*03:9Wvas significantly protective for the
presence of one or more complications (OR=0.59, 95% Ci@3) and for retinopathy (OR=

0.58, 95% CI 0.3®.95). Because every individual with a DQA1*05:D0B1*02:01 haplotype
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also had a DRB1*03:01 allele (excdpt three individuals who were DRB1*03:qibsitive and

DQA1*05:01-DQB1*02:0L1negative), the strong linkage disequilibrium between these two
alleles means it is difficult to determine the origin of the protective effect. There was no

influence of DQA1*0301-DQB1*03:02 on either retinopathy or one or more complications.

3.4.3 MHC Class | genes analyses

To better guide future studies involving the genetics of microvascular complications, we sought
to identify specific HLA class 1 genes that might warfarther consideration. We chose six
independent class | risk alleles based on prior knowledge related to T1D or because of the high
prevalence of these alleles in our study population; only the-Bt39:06 allele demonstrated a
significant influence on saseptibility to complications after gusting for covariates (Tables 3 &

4).

HLA-B*39:06

After adjusting for covariates in multivariable logistic regression models, the B#38:06

allele showed a notable increased risk for one or more complications Z¥YR93% CI 1.36

7.89), and for retinopathy alone (OR=3.34, 95% CI-B30). We also observed elevated risks
for nephropathy alone and neuropathy alone, but these were not statistically significantly (data
not shown).The mean durations of those positinee32) and negative (n=380) for the B*39:06
allelewere 33.98 +/10.27 years and 30.8648.91 years, respectivelyhe difference in the

mean duratioswas not statistically significant (P=0.09YYhen stratifying on duration, the

strongest effect wagen among those who have had T1D fo88%eardOR=6.17) the
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weakest effect was seen among those who have had T1D for over 3@)Rais69)(data not

shown).

HLA-B*44:02

Before adjusting for covariates, the HLA*B44:02 allele showed an increasddrisie or

more complicatins (OR=2.02, 95% CI 1.1266) After adjusting for covariates, this allele did
not retain statistical significance for one or more complications. In multivariable logistic
regression models, neuropathy was highly significaadBociated with the presence of HLA
B*44:02 (OR=3.19, 95% CI 1.18.95, number affected = 9 (25.7%), number unaffected = 29
(9.8%), data not shown). The HEB*44:02 allele did not demonstrate a statistically significant

effect for nephropathy alone.

3.5Discussion
Our results suggest that, in type | diabetes, HDRB1*03:01 or DQA1*05:01DQB1*02:01
(or an allele in linkage disequilibrium with these allel@®itectsagainst the presence of

complications. The evidence is strongest for protection spdbyjifagainst retinopathy.

3.5.1 MHC Class Il genes and complications risk: Current study and past work

In our covariateadjusted models, both DRB1*03:01 and DQA1*05M@B1*02:01 were
significant protective factors for both for the presence of moredhamicovascular

complication (Table 3) and retinopathy alone (Tableathough it is likely that the effect we see
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in our data arises mostly from the retinopathy phenotype. Analyses of the DRB1*04:01 allele, on

the other hand, suggest its presenclei@mices the risk for complications. Cruickshanks et al.
[22] reported an association of retinopathy with HIDRB1*04:01,among those negative for
HLA-DRB1*03:01 (DRB1*04:01/X, X' DRB1*03:01), an observation similar to one seen in
our analyses. Cruickshanks et al. found that type 1 diabetes patients witiDRBA*04:01,

who were negative for HLADRB1*03:01 were significantly more likely to have proliferative
retinopathy (OR=5.43, 95% CI 1.8.30) than those negative for both alleles. However in a
follow-up study, Wong et aJ13] investigated the effect of HLADRB1*03:01 and

DRB1*04.01 on the development of diabetic retinopathy and they failed to observe a
relationship betweeHLA- DRB1*03:01 or DRB1*04:01 and diabetic retinopathy. Dornan et al.
[17] reported that DRB1*04:01 was a risk allele for retinopathy. The Cruickshank$2i]al.
study and our study also found DRB1*04:01 was a risk allele but only in subjects without
DRB1*03:01. Jensen et §lL6] examined the effect of DRB1*03:@QA1*05:01-

DQB1*02:01 and DRB1*04:01DQA1*03:01-DQB1*03:02 haplotypes and the risk of
retinopathy after 15 years of type 1 diabetes duration. Consistent with our findings, they
observed that DRB1*03:0DQA1*05:01-DQB1*02:01 is protective, but their findings were not
statistically significant. They also reported, as we found here, that the DRB1*04:01
DQA1*03:01-DQB1*03:02 haplotype was neither a risk factor nor protective for developing
retinopathy, although they ditbt examine the effect of the DRB1*04:01 allele without the
presence of the DRB1*03:01 allele. Contrary to our findings and to those by Jensen et al.,
Agardh et al[7] reported that the DRB1*03:0LQA1*05:0:DQB1*02:01 haplotype was more
frequent in patients with severe retinopathy. Concerning nephropathy, Svejgaaltig}tzaid

the GoKinD study8] reported that DRB1*04:01 was a protective allele for nephropathy. While
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we did not identify DRB1*04:01 as a protective allele for any of the complications, Svejgaard et

al. and he GoKinD work do support the notion that HLA is involved in the development of
microvascular complications. Other studies, however, failed to report any association of

DRB1*03:01 or DRB1*04:01 with either retinopathy or nephrop4éi$5].

Thus, the earlier literature is somewhat contradictory, although most of the studies report an

association of HLA class Il alleles with some complications.

Among some of the possibleasons for these contradictory results involve differences in
ascertainment. Whether one examines OretinopathyO or Oproliferative retinopathyO, the definition
of which diabetes patients are cases and which are controls, as well as analysis techniques used,
all play a role. For example, in our sample, it is may be that severe retinopathy was more likely

to be noted in a seteport than mild retinopathy. The GoKinD sty@y andRogus et al.(40]

samples defined controls as not having nephropeitly at least 10 years diabetes duration. Our
controls had type 1 diabetes for at least 15 years and 90% had diabetes for more than 20 years.
Heitala et al[41] included patients with type | diabetes onset age greater than 35Qears.

sample is one of theviethat used probands from families multiplex for type | diabetes. The
absence of retinopathy among the controls in these genetically loaded families suggests genetic
factors played a greater role in protection from complications because of the stromgetidé
inherited factors influence risk for complicatid8s6]. Thus, while there can be several

explanations for the contradictory results in the literature, the number of studies finding
associatiorwith HLA class Il alleles and complications strongly suggest that such an effect

exists.



3.5.2 Effect of DRB1*03:01 vs. DRB1*04:01

Since DRB1*03:01 appears to have a protective effect on the risk of complications, we
investigated the effect of DRB1*04:@h its own, in the absence of DRB1*03:01 (i.e.,

excluding individuals who were heterozygous for DRB1*03:01 and DRB1*04:01). In an
adjusted multivariable regression model, we observed a stronger positive association between
DRB1*04:01 and the risk for retopathy (closer to, but not reaching, statistical significance;
OR=1.74, pvalue=0.069; data not shown) compared with a model in which heterozygous
DRB1*03:01/ DRB1*04:01 individuals were included. The failure to reach significance could be
due to decreasesample size, because a quarter of the study population was heterozygous for the
excluded DRB1*03:01/ DRB1*04:01 genotype. In a further examination, when stratifying on
DQA1*03:01-DQB1*03:02, we observed that the DRB1*04:01 allele was associated with an
even greater elevated risk of retinopathy. In the absence of DQA1*08YH1*03:02,

DRB1*04.01 becomes a significant risk factor for the risk of retinopathy with borderline
statistical significance (OR=2.67, 95% CI 0-B40). In the presence of DQA1*03:01
DQB1*03:02, the DRB1*04:01 allele does not influence risk of complications (data not shown).
While the sample size is too small to confidently assert this putative risk effect of DRB1*04:01
(17 DRB1*04:01 individuals in the absence of DQA1*03M@B1*03:02), it is worthy of

conducting further research to investigate whether an increased risk exists.

3.5.3 MHC Class | genes

After covariate adjustment, we found that the presence of theB#38:06 allele was

associated with an elevated risk for both rgiatby alone and for the presence of one or more
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complications. HLAB*39:06 has also been reported to be associated with the risk for type 1

diabetes risk, whether conditioned on the class HDRalleles or nof26,36,42] However, no

previous study has identified this allele as a risk factocdmplicationg14].

Other studies have reported associatlmetsveen different class | alleles and microvascular
complications in the Japanese populafih20,21] In an earlier study, Nakanishi et al. reported
an association between HEA24 and retinopathf20], and in a more recent study, Nakanishi et
al. reported that the HLA24 allele was associated with early beta cell loss and with early
development of diabetic retinopatf81]. Mimura et al. investigated the relationship between
HLA and proliferative diabetic retinopathy (PDR) and reported a higher fnegud the HLA

B62 and Cw4 alleles among type 1 diabetics with PDR compared with tHeDRmroug14].
These findings aside, the relationship between HLA class | alleles and complications has not
been widely explored. Although among studies reporting associations, findings have been

inconclusive11,12,14,20,21]

3.54 Effect of ageof-onset of type | diabetes

Onset of complications is influenced by type 1 diabetes duration,rawigys research suggests

that age at onset and progression to type 1 diabetes are directly linked to the MHC class Il genes
[43]. Early age of type 1 diabetes onset is commonly associated with the high risk haplotypes
HLA DRB1*03:01-DQA1*05:01-DQB1*02:01 and DRB1*04:0-DQA1*03:01-DQB1*03:02,
especially the very high risk heterozygous genotygraprised of these two haplotyddg,45].

This association with early onset suggests a stronger genetic predisposition to disease than other

haplotype445]. The majority of patiesstwho develop some degree of retinopathy do so by 15
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20 years duration of type 1 diabef8%,46] Up to 4050% of patients develop nephropathy or

neuropathy within 120 years of the onset of type 1 diabdgt&. Among probands in the

current study, the average duration of type 1 diabetes was almosir34tipe average age of
diagnosis for type 1 diabetes was approximately 9 years of age. On average, the duration of type
1 diabetes in our sample exceeds the peak risk-@DMears for both case and control probands

and thus variation in duration is ukgily to influence these analyses. In our data, DRB1*G3:01
positive subjects do not have later onset of disease than DRB140&gative subjects, however

we retained the duration variable in the adjusted models because cases had a significantly longer

durdion of disease than controls.

3.6 Advantages and limitations

Our study examinedomplicationsas the phenotype of interest because complications are
ultimately responsible for much of the morbidity and mortality seen with type 1 diabetes. Other
HLA studes that have examined complications suffer from small sample sizes. Our work has the
benefit of using one of the larger type 1 diabetedtiplex familybaseddatasets in the world
(meaning that genetic factors may be more prominent among the subjekcits osestudy), a

dataset that also has information on all three microvascular complications. One limitation in our
study is that we do not have HbAlc measurements or data on other environmental factors such as
smoking status that may influence the depglent of complications, although smoking status is
unlikely to be associated with any particular HLA allele or haplotype. Previous work has
established that reducing blood glucose concentrations close to normal glycemic ranges also
significantly reduces thincidence of diabetesssociated complications (although, in a recent

study of T2D, tight control appears to increase mortfity48]). However, reent reports
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indicate that HbAlc may not adequately explain the risk for complications. Some patients with

poor glycemic control do not develop complications, and some with good glycemic control
develop complicationgt,49,50] The literature indicates that HbAlc may not be a necessary
predictor of complications and consequently it does not impede our ability to deteat gseket
factors for complications. Further, while our data include information on the presence/absence of
complications, we lack information on the age of onset of complications. Information on age of
onset would enable more accurate analyses. Survivigises)dor example, would be more

powerful than a caseontrol design, however we are precluded from doing survival analysis
because we have no data on the timing of complicationsO onset. Nonetheless, our current data
provide a solid indication that genefluence the expression of complications and suggest that

HLA plays a role in risk.

3.7 Conclusion

In conclusion, these data indicate that, in addition to their strong association with disease
susceptibility, HLA alleles and haplotypes are also assakiaith microvascular complications

of type 1 diabetes. The formal possibility exists that the classical HLA loci themselves are not
involved, but that alleles at other loci in linkage disequilibrium with the diabetes risk alleles are
responsible for ourridings. Lastly, further research needs to be conducted in separate study
populations to validate these findings. Confirmation of these results could provide greater
insights into the mechanisms leading to the development of microvascular complications.
Ultimately, the findings of our study could lead to the ability to stratify risk of developing

microvascular complications in type 1 diabetes patients.



TT

3.8 References

10.

11.

12.

Hasham A, Tomer Y. The recemde in the frequency of type 1 diabetes: who pulled the
trigger? J Autoimmun 2011 Aug;3E4.

Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of diabetes: estimates for
the year 2000 and projections for 2030. Diabetes Care 2004 MayZii0% 3.

Monti MC, Lonsdale JT, Montomoli C, Montross R, Schlag E, Greenberg DA. Familial
Risk Factors for Microvascular Complications and Differential Madenale Risk in a
Large Cohort of American Families with Type 1 Diabetes. Journal of Clinical
Endocrinology & Metabolism 2007 Dec 1;92:4@&3®55.

Harjutsalo V, Katoh S, Sarti C, Tajima N, Tuomilehto J. Populdtiased assessment of
familial clustering of diabetic nephropathy in type 1 diabetes. Diabetes 2004
Sep;53:24480454.

Seaquist ER, Gaiz FC, Rich S, Barbosa J. Familial clustering of diabetic kidney disease.
Evidence for genetic susceptibility to diabetic nephropathy. N Engl J Med 1989 May
4;320:116P1165.

Clustering of longterm complications in families with diabetes in the diebetontrol and
complications trial. The Diabetes Control and Complications Trial Research Group.
Diabetes 1997 Nov;46:18P2839.

Agardh D, Gaur LK, Agardh E, Landi@Ilsson M, Agardh CD, Lernmark A: HLRQB1
* 0201/0302 is associated with severe retatbyg in patients with IDDM. Diabetologia
1996 Oct 23;39:13E1317.

Cordovado SK, Zhao Y, Warram JH, Gong H, Anderson KL, Hendrix MM, et al.
Nephropathy in Type 1 Diabetes Is Diminished in Carriers of HiE281*04: The
Genetics of Kidneys in Diabetes (kaD) Study. Diabetes 2007 Oct 1;57:%522.

R¢nningen KS, Bangstad HJ, Undlien DE, Thorsby E. Influence of genetic factors (HLA
class Il genes, insuligene region polymorphisms). Diabetes research. 1993;23{(40.31

Groop LC, Teir H, Koskimies $3roop PH, Matikainen E, Verkkala E, et al. Risk Factors
and Markers Associated With Proliterative Retinopathy in Patients With Iasulin
Dependent Diabetes. Diabetes. 1986Dec.;35(12):4837

Agardh E, Gaur LK, Lernmark A, Agardh CD. HEBRB1,-DQA1, and-DQB1 subtypes
or ACE gene polymorphisms do not seem to be risk markers for severe retinopathy in
younger Type 1 diabetic patients. Journal of Diabetes and its Complications 2004
Jan;18:3286.

Chowdhury TA, Dyer PH, Mijovic CH, Dunger DB. Human é®gyte antigen and insulin
gene regions and nephropathy in type | diab&edbetologia. 199&ug.;42(8):101720.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

TN

Wong TY, Cruickshanks KJ, Klein R, Klein BEK, Moss SE, Palta M, et al. HIR3 and
DR4 and their relation to the incidence and progoessf diabetic retinopathy.
Ophthalmology. 200Eeb;109(2):2751.

Mimura T, Funatsu H, Uchigata Y, Kitano S, Noma H, Shimizu E, et al. Relationship
between human leukocyte antigen status and proliferative diabetic retinopathy in patients
with youngeronset type 1 diabetes mellitus. Am J Ophthalmol 2003 Jun;13¥8884

Falck AAK, Knip JM, llonen JS, Laatikainen LT. Genetic Markers in Early Diabetic
Retinopathy of Adolescents With Type | Diabetes. Journal of Diabetes and its
Complications 1997 Judl;11:20FR07.

Jensen RA, Agardh E, Lernmark A, Gudbjsrnsdottir S, Smith NL, Siscovick DS, et al.
HLA genes, islet autoantibodies and residugleptide at the clinical onset of type 1
diabetes mellitus and the risk of retinopathy 15 years later. PINIS 2011;6:e17569.

Dornan TL, Ting A, McPherson CK, Peckar CO, Mann JI, Turner RC, et al. Genetic
Susceptibility to the Development of Retinopathy in Insdiépendent Diabetics.
Diabetes. 1982Mar.;31(3):224L.

Svejgaard A, Jakobsen BK, PlatzRder LP, Nerup J, Christy M, et al. HLA
associations in insulidependent diabetes: search for heterogeneity in different groups of
patients from a homogeneous population. Tissue Antigens 2008 Dec 11£281237

Malone JI, Grizzard WS, Espinoza LR¢henbach KE, Van Cader TC. Risk Factors for
Diabetic Retinopathy in Youth. Pediatrics 1984 Jun.;73(6)}4h6

Nakanishi K, Kobayashi T, Inoko H, Tsuji K, Murase T, Kosaka K. Residualdadita
function and HLAA24 in IDDM. Markers of glycemic contr@nd subsequent
development of diabetic retinopathy. Diabetes 1995 Nov;44E1339.

Nakanishi K, Watanabe C. Rate of be#dl destruction in type 1 diabetes influences the
development of diabetic retinopathy: protective effect of residualdadtéunction for

more than 10 years. Journal of Clinical Endocrinology & Metabolism 2008 Dec; 984759
4766.

Cruickshanks KJ, Vadheim CM, Moss SE, Roth MP, Riley WJ, Maclaren NK, et al.
Genetic marker associations with proliferative retinopathy in persagaaked with
diabetes before 30 yr of age. Diabetes 1992 Jul;4£888

Rowe PA, CampbelThompson ML, Schatz DA, Atkinson MA. The pancreas in human
type 1 diabetes. Semin Immunopathol 2010 May 22;F&29

Erlich H, Valdes A, Noble J, CarlsoAJVarney M, Concannon P et al. HLA BBRQ
Haplotypes and Genotypes and Type 1 Diabetes Risk. Diabetes 2008 Apr;57(2P1084

Noble JA, Valdes AM. Genetics of the HLA region in the prediction of type 1 diabetes.
Curr Diab Rep. 2011 Dec;11(6):5332.



26.
27.

28.
29.
30.

31.
32.

33.

34.
35.

36.
37.
38.

39.

T]

Noble J, Valdes A, Varney M, Carlson J, Moonsamy P, Fear A, et al. HLA Class | and
Genetic Susceptibility to Type 1 Diabetes. Diabetes 2010 2010Nov;59(11:92972

Nerup J, Platz P, Andersen OO, Christy M, Lyngse J, Poulsen JE, etAlaHtigens
and diabetes mellitud_ancet 1974 Oct;304:86866.

Lernmark A, Ducat L, Eisenbarth G, Ott J, Permutt MA, Rubenstein P, et al. Family cell
lines available for research. American Journal of Human Genetics. 1990Dec.1;47(6):1028
30.

Boulton AJM, VinikAl, Arezzo JC, Bril V, Feldman EL, Freeman R, et al. Diabetic
Neuropathies: A statement by the American Diabetes Association. Diabetes Care 2005
Apr 1;28:95&062.

Expert Committee on the Diagnosis and Classification of Diabetes Mellitus: Report of the
expert committee on the diagnosis and classification of diabetes mellitus. Diabetes Care
2003 Jan;26 Suppl 1:880.

Fong DS, Aiello L, Gardner TW, King GL, Blankenship G, Cavallerano JD, et al.
Diabetic retinopathy. Diabetes Care 2003 Jan;26 SupgIS102.

Molitch ME, DeFronzo RA, Franz MJ, Keane WF, Mogensen CE, Parving HH, et al.
Diabetic nephropathy. Diabetes Care 2003 Jan;26 SupplEBS94

Noble JA, Valdes AM, Cook M, Klitz W, Thomson G, Erlich HA. The role of HLA class
Il genes in isulindependent diabetes mellitus: molecular analysis of 180 Caucasian,
multiplex families. Am J Hum Genet 1996 Nov;59:118248.

Noble J, Valdes A, Thomson G, Erlich HA. The HLA class Il locus DPB1 can influence
susceptibility to type 1 diabetes. Detes 2000 Jan;49(1):1-51

Noble JA, Valdes AM, Bugawan TL, Apple RJ, Thomson G, Erlich HA. The HLA class |
A locus affects susceptibility to type 1 diabetes. Hum Immunol 2002 Aug;&36587

Valdes AM, Erlich HA, Noble JA. Human leukocyte antigdass | B and C loci
contribute to Type 1 Diabetes (T1D) susceptibility and age at T1D onset. Hum Immunol
2005 Mar;66:306813.

Helmberg W, Lanzer G, Zahn R, Weinmayr B, Wagner T, Albert E. Virtual DNA
analysis-a new tool for combination and standiaed evaluation of SSO, SSP and
sequencingbased typing results. Tissue Antigens 1998 Jun;5 PR,

Mychaleckyj JC, Noble JA, Moonsamy PV, Carlson JA, Varney MD, Post J, et al. HLA
genotyping in the international Type 1 Diabetes Genetics ConsodlimTrials 2010
Aug 6;7:S7B587.

Varney M, Valdes A, Carlson J, Noble J, Tait BD, Bonella P et al. HLA DPA1, DPB1
Alleles and Haplotypes Contribute to the Risk Associated With Type 1 Diabetes. Diabetes



40.

41].

42.

43.

44,

45.

46.

47.

48.

49.

50.

TF
2010 Aug:59(8):205%2.

Rogus JJ, Poznik @ Pezzolesi MG, Smiles AM, Dunn J, Walker W, et al.. Hggnsity
Single Nucleotide Polymorphism Genoiiéde Linkage Scan for Susceptibility Genes
for Diabetic Nephropathy in Type 1 Diabetes: Discordant Sibpair Approach. Diabetes
2008 Sep 1;57:2518526.

Hietala K, Forsblom C, Summanen P, Groop PH, on behalf of the FinnDiane Study
Group. Higher age at onset of type 1 diabetes increases risk of macular oedema. Acta
Ophthalmol 2012 Sep 13

Baschal EE, Baker PR, Eyring KR, Siebert JC, Jasinski JMnk#&th GS. The HLA
3906 allele imparts a high risk of diabetes only on specific HIRXDQ haplotypes.
Diabetologia 2011 Jul;54:1782709.

Caillat-Zucman S, Garchon HJ, Timsit J, Assan R, Boitard C, Dfalah I, et al. Age
dependent HLA genetiteterogeneity of type 1 insuttlependent diabetes mellitus. J Clin
Invest. 1992 Dec;90(6):2240.

AmadorPatarroyo MJ, RodrigueRodriguez A, Montoy#&rtiz G. How does age at onset
influence the outcome of autoimmune diseases? Autoimmune Dis 202220730.

Awa WL, Boehm BO, Kapellen T, Rami B, Rupprath P, Marg W, et al. HIIRA
genotypes influence age at disease onset in children and juveniles with type 1 diabetes
mellitus. European Journal of Endocrinology 2010 Jun 23;1688%

Marcovechio ML, Tossavainen PH, Dunger DB. Prevention and treatment of
microvascular disease in childhood type 1 diabetes. Br Med Bull 2010; 818415

Action to Control Cardiovascular Risk in Diabetes Study Group, Gerstein HC, Miller ME,
Byington RP, Goff [T, Bigger JT, et al. Effects of intensive glucose lowering in type 2
diabetes. N Engl J Med 2008 Jun 12;358: F2459.

ACCORD Study Group, Gerstein HC, Miller ME, Genuth S, IsfBailgi F, Buse JB, et
al. Longterm effects of intensive glucose lowegian cardiovascular outcomes. N Engl J
Med 2011 Mar 3;364:8EB28.

Krolewski M, Eggers PW, Warram JH. Magnitude of atage renal disease in IDDM: a
35 year followup study. Kidney Int 1996 Dec;50:2@PD46.

Zhang L, Krzentowski G, Albert A, Lebvre PJ. Factors predictive of nephropathy in
DCCT Type 1 diabetic patients with good or poor metabolic control. Diabet Med 2003
Jul;20:58@5685.



! NN

Table 1. Characteristics of type 1 diabetes by numbers of total proband
cases and controfs

Characteristic Cases Controls
No. of subjects (in 425 families) | 128 297
Females (n, %) 60 (46.9) | 132 (44.4)
Age of type 1 diabetes diagnosig 8.7+ 5.3 9.1+7.1
(yr£SD)

Duration of type 1 diabetes 39.4+£8.9 |31.2+9.7
[yr+SD]°

Retinopathy (n, %) 119 (93.0) N/A
Nephropathy (n, %) 46 (35.9) N/A
Neuropathy (n, %) 35 (27.3) N/A
>1 complication (n, %) 54 (42.2) N/A

a¢Cased refers to a proband with type 1 diabetes and at least 1 microvascular complication.
OControlO refers to a proband with tygiatdetes only and no history of microvascular
complications.

PStatistically significant difference between cases and controls according to StudesttOs t



Table 2.,-+.(-/0.-1)$1'$2-*(134+*054($*1265-*4.-1)+$421)7$6(1/4)8+

P-:$!, %

Proband Proband Proband Proband Proband Proband

cases Wh cases cases with cases cases with cases

retinopathy n(%) nephropathy | n(%) neuropathy | n(%)

Retinopathy | 65 (54.9 Nephropathy | 5 (10.9 Neuropathy |4 (11.9

alone alone

Retinopathy +| 23 (19.3) | Retingathy +| 23 (50 Neuropathy +| 13 (37.2

Nephropathy Nephropathy Retinopathy

Retinopathy +| 13 (10.9 Nephropathy | 0 (0) Neuropathy +| 0 (0)

Neuropathy + Neuropathy Nephropathy

All 3 18 (15.) All 3 18 (39.) All 3 18(51.4)

complications complications complications

Total 119/128 Total 46/128 Total 35/128 (27.3
(93.0 (36.0
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Table 3. Results of logistic regression models for one or more microvascular complications
among probands with T1D.

Allele/haplotype Total Cases Controls | Unadjusted | Adjusted OR°
probands N (%) N (%) OR (95% (95% CI), p-
N (%) Cl), p-value | value
No. of DR-typed 400 120 280
subjects
DRB1*03:0knegative | 151 (37.7) 54 (45.0) | 97 (34.6) | Referent Referent
DRB1*03:0Xpositive | 249 (62.3) 66 (55.0) | 183 0.65 (0.42, 0.58 (0.35, 0.95)
(65.4) 0.030
0.051
DRB1*04:01-negative | 205 (51.3) 57 (47.5) | 148 Referent Referent
(52.9)
DRB1*04:01-positive | 195 (48.8) 63 (52.5) | 132 1.24 (0.81, 1.13(0.70, 1.81)
(47.2) 0.624
0.326
No. of DQ-typed 425 128 297
subjects
DQA1*03:01- 150 (35.3) 47 (36.7) | 103 Referent Referent
DQB1*03:02negaive (34.7)
DQA1*03:01- 275 (64.7) 81 (63.3) | 194 0.92 (0.59, 0.81 (0.49, 1.32)
DQB1*03:02positive (65.3) 0.390
0.687
DQA1*05:01- 179 (42.1) 63 (49.2) | 116 Referent Referent
DQB1*02:01negative (39.1)
DQA1*05:01- 246 (57.9) 65 (50.8) | 181 0.66 (0.44, 0.59 (0.37, 0.95)
DQB1*02:01-positive (60.9) 1.00), 0.031
0.052
No. of HLA-B-typed 425 128 297
subjects
HLA-B*39:06-negative | 393 (92.5) 115 278 Referent Referent
(89.8) (93.6)
HLA-B*39:06-positve | 32 (75) 13 (10.2) | 19 (6.4) | 1.65 (0.79, 3.27 (1.36, 7.89)
0.008
0.182
HLA-B*44:02-negative | 373 (87.8) 105 268 Referent Referent
(82.0) (90.2)
HLA-B*44:02-positve | 52 (12.2) 23(18.0) | 29(9.8) | 2.02 (1.12, 1.85 (0.94, 3.62)
0.074
0.02

‘Adjusted forsex, age at type 1 diabetes diagnosis, duration of type 1a&kabet
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Table 4. Results of logistic regression models for retinopathy among probands with T1D.

Allele/haplotype Total Cases Controls Unadjusted OR | Adjusted OR°
probands N (%) N (%) (95% CI), p- (95% Cl), p-
N (%) value value

No. of DR-typed subjects| 400 111 289

DRB1*03:0Xknegative 151 (37.7) 50 (45.) | 101 (34.9 | Referent Referent

DRB1*03:0Xpositive 249 (62.3) 61 (54.9 | 188 (651) | 0.66 (0.42,1.02)| 0.58 (0.35, 0.96)
0.063 0.031

DRB1*04:01 -negative 205 (51.3) 52 (46.§ | 153 (52.9 | Referent Referent

DRB1*04:01-positive 195 (48.7 59 (532) |136(47.) |1.28(0.82,1.98)|1.17 (0.72, 1.92)
0.275 0.520

No. of DQ-typed 425 119 306

subjects

DQA1*03:01- 150 (35.3) 43 36.1) | 107 (350) | Referent Referent

DQB1*03:02negative

DQA1*03:01- 275 (64.7) 76 (63.9 | 199 (650) | 0.95(0.61, 1.48)| 0.85 (0.51, 1.41)

DQB1*03:02positive 0.821 0.531

DQA1*05:01- 179 (42.1) 59 (49. |120(39.2 | Referent Referent

DQB1*02:0%knegative

DQA1*05:01- 246 (57.9) 60 (50.4 | 186 (60.3 | 0.66 (0.43, 1.00)| 0.58 (0.36, 0.95)

DQB1*02:0%pasitive 0.053 0.029

No. of HLA-B-typed 416 119 297

subjects

HLA-B*39:06-negative | 385(92.5) 107 (89.9 | 278 (93.6) | Referent Referent

HLA-B*39:06-positve 31 (7.5) 12(10.1) | 19 (6.4) 1.64 (0.77, 3.50 | 3.34 (1.34, 8.30)
0.199 0.01

HLA-B*44:02-negative | 366(88.0) 98(82.49 | 268 (90.2) | Referent Referent

HLA-B*44:02-positve 50 (12.9 21(176) |29(9.8) 1.98 (1.08, 3.6¥ | 1.77 (0.89, 3.5p
0.027 0.106

‘Adjusted for sex, age at type 1 lédes diagnosis, duration of type 1 diabetes




Chapter 4:
Linkage Analysis: Genomic Regions Contributing to the Expression of

Type 1 Diabetes Microvascular Complications

Ettie M. Lipner



4.1 ABSTRACT

We conducted linkage analysis aimed at identifyungceptibility loci for microvascular

complications. We used 415 genotyped families with cases diagnosed with type 1 diabetes before
age 30 from the Human Biological Data Interchange (HBOUx. most significant results were

found on chromosome, 60 we reicted ourfurtheranalyses to SNPs on chromosome 6 using
402markers. We performed an analysis of linkage to the phersxyi¢ the presence of any
microvascular complication, 2) the presence of retinopathy alone, 3) the presence of nephropathy
alone,4) the presence of neuropathy alowe also did an analysis with the phenotype of T1D.
Thecontrastbetween the analysis with complications as the phenotype and the analysis with

T1D as the phenotypmsures that the observed linkage peaks using conptisats the

phenotype are, in fact, related to the expression of complications, rather than to the expression of
T1D. Initially, we confirmed the influence of the HLA locus on T1D expressiosubsequent
analyses, using OaogmplicatiorD as the phenotypwe identified two linkage peaks: a linkage

peak located at the HLA locus and another, novel locus telomeric to HLA. These same two peaks
also were evident when retinopathy alone was the phenMygéid not find evidence for

linkage for nephropathy ab@ or neuropathy alon#/e then stratified on families whose

probands were positive for DRB1*03:0L DRB1*04:01. When we only used DRB1*03:01

positive families in the analysis, the HLA peak was observed but there were also two novel loci,
one telomeric asthone centromeric to HLA. When we stratified on DRB1*04p@&itive

families, again the HLA peak appeared, followed by two novel loci, both telomeric to HLA. The
linkage peaks based on the DRB1*03issitive families were only suggestive of linkage

(3>HLOD>2) or were below the suggestive threshold for linkage (1<HLOD<2), wirdef the
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threepeaks based on DRB1*04:qubsitive families either reached or exceeded the significant

threshold for linkage (HLOD>3Based on large differences in the LOD scovnesarguethat

the DRB1*03:01positive and DRB1*04:0positive groups are genetically distinct and have
different genetic influences, a finding in accordance with the observation that DRB1*03:01 is
protective for retinopathy. Our findings showed that batiAtdnd norHLA loci are involved

in the expression of complications, specifically for retinopathy alone. While the HLA region is a
major contributor to the expression of T1D, there may be an interaction between specific HLA

alleles and a region telomer the HLA locus that influences the expression of complications.
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4.2 INTRODUCTION

Retinopathy, nephropathy, and neuropathy are chronic microvascular complications and are
responsible for much of the morbidity and mortalitytype 1 diabetes (T1DDataindicate that

the prevalence of T1D is risir(@) and, thus, the prevalence of the complications associated with
T1D will also increasedentifying fadors that influence the expression of complications is

crucial to determining how to treat and possibly prevent them.

Type 1 diabetes is a complex autoimmune disease in which dendritic cells, macrophades, CD4
and CD8 T lymphocytes infiltrate the panci®and destroy the insufjproducing! cells in the

islets of Langerhan@,3). Previous work has shown that T-H3®ciated complications may
resultfrom persistent high blood sugar. In addition, evidence of the familiality of complications
has also been clearly demonstrated, which suggests a possible genetictmntalibese
phenotypeg4-7). Many genomavide linkage analyses have focused on identifying

susceptibility loci for TD andstudies have consistently found evidence that the Human
Leukocyte Antigen (HLA) region on chromosome 6p21 is the major susceptibility locus for T1D.
However, there have been few studies investigating genetic influences on the expression of

complications.

The class Il lociHLAEDRB1,-DQAl1and-DQB1,have the strongest effects on risk for T1D.
The alleles with the highest risk for type 1 diabetesrapteuropeans are DRB1*03:01 and
DRB1*04:01(8). Of the few linkage analyséscused on identifying susceptibility loci for

T1D-related complications, only nephropathy has been investi@¢@tE?). Despite the strong
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effect of the HLA region on risk for T1D, to our knowledfere have been no linkage studies

aimed at investigating the influence of the HLA locus on the expression of complications.

In this study, we describe linkage analyses aimed at identifying susceptibility loci for
microvascular complications among fardiof patients with T1D. We focus on chromosome 6

to determine whether higiisk susceptibility alleles for T1D contribute to the expression of
complications and, in addition, if there are novel loci that also contribute to the expression of
complicationsFurther, we sought to determingifeviously unknowroci are observed with

specific microvascular complications (e.g. retinopathy alone) and whether these loci interact with

alleles for TID at the HLA locus.

4.3 METHODS

4.3.1Family recruitment and da collection

Families were ascertained through the presence of at least one family member with type 1
diabetes (the Oproband®). Families were invited to be part of the Human Biological Data
Interchange (HBDI) data collection through a series of adveréaes sent to the entire mailing

list of the Juvenile Diabetes Foundation International (JDFI) during the perio@I®RH13).

All member families were asked to complete a standardized confidential questionnaire sent by
mail and the data were added to the HBDI database. The questionnaire was administered to the
proband (or parents ihe proband was a child) and also to additional family informants. The
guestionnaire included demographic, medical, genealogical, and familial information about

complications.
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4.3.2HBDI data

Our dataset included 427 families with cases diagnosed vpg¢hltyliabetes before age 30. There
were 2576 family members in the 427 families included in the HBDI database as of the end of
2004. Families were selected for inclusion in the HBDI sample based on the presence of at least
one type 1 diabetes patient pamily, although multiplex families were preferentially sought. Of

the 427 HBDI ascertained families, twelve families were excluded from the analysis due to
missing genotype information; thus, there were a total of 415 families and a total of 2,544

individuals. Fortynine percent of all subjects were female.

4.3.3 Assessment and definition of diabetes and diabetic complications

For these analyses, we included only patients with type 1 diabetes diagnosed before 30 years of
age who required insulin treatmemhe accuracy of the seléported information with respect to
presence/absence of complicatioag (presence of retinopathy, yes or no) was evaluated by:

1) Including extra questions about related conditions related to these complications in the
guestimnaire.Reports oimacular edema or awplete or partial blindness wetensidered an

indicator of retinopathyteportsof end stage renal failure, kidney failure, or repedtégh

urinary albumin levels wereonsidered an indicator of nephropathy. In sasfeénconsistencies
(e.g.reportof macular edema but not retinopathy), further investigations were carried out
through phone interviews.

2) Data available from follovup were used to confirm or update the presence/absence and
progression of complications

3) Collecting medical records. For the subset of patients (n=179) with medical records available,

the presence of type 1 diabetes and complications was verified according to American Diabetes
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Association guideline€l4-17).

4) Information indicating@bsencef a complication in a subject was considered reliable only if

the subject was without that complication for at leastddsyafter type 1 dialtes onset.

4.3.4 Type 1 diabetes subjects and complications

From the families sent for genotyping, 239 individuals had at least 1 microvascular

complication: 219 individualkad retinopathy, 87 had nephropathy, and 76 had neuropathy.

4.3.5 Genotyping

A total of 5,966 SNP markers were genotyped, with an average eEBLSpacing across the
genome. Genotyping was performed by the Center for Inherited Disease Research (CIDR), a
division of the National Human Genome Research Institute. Our gewateeandysis did not
yield significant results, so we restricted our analyses to SNPs on chromosome49dsing

markers.

4.3.6Phenotype definitions

Separate linkage analyses were performed using the following phenotype definitions: 1) the
presence of any micvascular complication, 2hé presence of retinopathy) the presence of

nephropthy, 4)the presence of neuropathy

We defined OaffectedO as T1D patients with complications and T1D patients without
complications as OunaffectedO (T1D only). Individudlsut T1D were excluded from these

analyses. For linkage analyses, we assumed a penetrance of 50% and a dominant mode of
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inheritanceg(18) .

We also performed an analysis of linkage to the phenotype of T1D. For the T1D analysis, we
defined OaffectedO as individuals with T1D (without complications). The Ounaffeatgoiag

defined as individuals without T1D (clinically normal).

4.3.7 Analysis Overview

In the initial analysis, by excluding T1D patiemtgh complicationsand their familieswe

sought to confirm genomic regions that were linked to irilihis datase The purpose of

analyzing T1D alone as a phenotype was to determine whether genomic regions that were
identified when complications were the phenotype could also be seen with the T1D phenotype.
Subsequently, we conducted a series of analyses to idgatimic regions that were linked to
complicationsyegions that may be the same or different than the loci observed for the presence

of T1D. This contrast ensures that the observed linkage peaks in which complications are used as
the phenotype are, in factlated to the expression of complications, rather than to the

expression of T1D.

Linkage analyses for complications were performed using all families with at least one
OaffectedO family member and one OunaffectedO family member, or families withwad lea
affected members (e.g., there had to be at least two siblings with T1D, at least one of whom had

complications). Individuals without T1D were classified as OunknownO.
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4.3.8Linkage analysis

Linkage analysis was performed using LOD (OlogarithoddsO) score analysis. Multipoint

LOD scores and mulpoint heterogeneity LOD scores (HLOD scores) were calculated using the
Genehunter prograifi9). We assumed both dominant and recessive modes oitamoe(20).

A dominant gene frequency of 0.006 and a recessive gene frequency of 0.1 were used. For all
linkage analyses, we report linkage findings that were maximized over the mode of inheritance
(20,21)and penetrance level. Subsequently, for all reported analyses, we assumed a dominant

mode of inheritance, and 50% penetrance.

4.39 Pedigree stratification for highisk alleles using T1D with complications the phenotype

In previous worl(Lipner et al, in presgfuman Immunology we demonstrated that the
DRB1*03:01 allele provided a significant protective effect on the risk of complications,
specifically on retinopathy alone. Therefore, we explored theente of specific HLA alleles

by performing a linkage analysis in subsets of families that were grouped according to the
presence of either DRB1*03:01 or DRB1*04:01 in the proband. The four phenotypes we
analyzed were: 1) the presence of any complicaBipretinopathy alone, 3) nephropathy alone

and 4) neuropathy alone. Families in which the proband carried a DRB1*03:01 or DRB1*04:01
allele and had a microvascular complication were included in these analyses. Our aim was to
identify genomic regions assated with complications among families that were identified by

the proband@®R status. Figure 1 describes the numbers of families with complications and the

DRB1 status in the stratification sets.
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4.4 RESULTS

4.4.1 Distribution of affecte(l' 1D +comgdications)and unaffectedT 1D only)individuals

within families

Among all families, 5@amilies(12%) had exactly 2 family members with T1D and no
unaffected family membek3d 1D only families), 68 families (16%) had one affected and one
unaffected familymember (mixed families). 210 families (51%) had 2 siblings with TID only
and no family members with microvascular complications. The remainifendiies (21%)
contained either a single individual with complications or more than 2 individuals with various

combinations of complications/no complications s (Table 1).

Of the 415 families and 2,544 total family members, 536 people were not genotyped, and of
these 470 (88%) did not have T1D, leaving a total of 2f@efly members who were available
for linkageanalysis. In the sample population for linkage, family members were classified as
those with or without T1D, and T1D with or without microvascular complications. Among
individuals with genotyping information, 1140 (56.8%) were without T1D, 629 ¢3)Lt&ad

T1D but no complicationsand 239 (11.9%) had T1D and complications. All patients in this
study sample are Caucasiaimong those with at least one complication, the prevalence of
retinopathy was 91.6%, the prevalence of nephropathy was 36.4%, anedvhlemqce of

neuropathy was 31.8% (Table 2).

4.4.2Linkageanalysiswith type 1 diabetes as the phenotype

To locate the linkage signal(s) for the phenotype of T1D, and to determine if that signal

coincides with the signal when the phenotype is Ocomplisfliove performed linkagaalysis
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on chromosome 6 in which the affected phenotype was T1D &g families in which T1D

individuals didnot have complications were classified as Oaffecfedtis T1D phenotype
analysis(n=629). Family members withol 1D were classified as OunaffectedO (n=1140).
Family members with T1[&ndcomplications were classified as unknown (n=239). We observed
a highly significant linkage signal (HLOD=28.5, LOD=28.0) in the HLA region (28 cM)

(Figure 2), which was exptsd and replicates many previous studis?25).

4.4.3Linkage analysis with th@resence of any complicati@as the phenotype

When we analyzed the data for linkage with thenpiygpe Opresence arfy complicationO
defined as affectedve found that, in addition to the single peak centered on the HLA region
(presumably detecting linkaggedominantiyto T1D, although there is evidence that HLA
influences the expression of complions also (see beloythere are indications of two
separate genetic influences for complications, Iyatsidethe HLA region (Tabl8A, Figure

3), one telomeric and one centromeric to the HLA region. The linkage signal(s) for
complications is statigtally significant at the genomaide level (HLOD>3) for two of the three
peaks (HLOD=3.27 for the peak at position 42.85 cM, telomeric to HLA, and HLOD=3.61 for
the peak at HLA itself at position 52.37 cM). A third peak, centromeric to the HLA peak, was
below the threshold for genonvade linkage (HLOD=1.53 at position 61.01 cM). To confirm
whether these linkage signals were due to loci related to complications and not arising from
artifacts of strong linkage between HLA and T1D, we compared the pattiemkagfe peaks

found in the analyses of complications with the linkage pattern for T1D in families with no
complications. When the phenotype was T1D only, we observed only the linkage peak centered

on the HLA region and not the peak at 42.85 cM, telomerkdLA, showing that the peak was
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observed in the presence of complications, not among those with the T1D alone phenotype.

4.4.4Linkage analysis withatinopathyas the phenotype

When OretinopathyO was the phenotype of interest, we observed a paittartoshat found

for the phenotype of Oany complicationO (TahleFigure 4). Although the strength of the

linkage peaks in and outside the HLA region were attenuated compared with analyses using Oany
complicationO as the phenotype, the telomeric (#a®D=2.43) and the HLA peak

(HLOD=2.24) indicate strong linkage evidence. The drop irHib®D score is due to the

smaller sample size, but the location is identical to the location in the analysis with all
complications. The peak centromeric to HLA dat demonstrate statistically significant

evidence for linkage to the Oretinopathy aloneO phenotype (HLOD<1). The telomeric linkage
peak for retinopathy alone was not observed when we performed linkage for OT1DO as the

phenotype (Figure 2).

4.4.5Linkageanalysis with ephropathy alone & europathy alonas the phenotype

For nephropathy alone, the evidence for linkage approached the OsuggestiveO threshold and is
provided as supplemental data (Supplemental Appendix). For neuropathy alone, we observed no

significant or suggestive evidence for linkage (data not shown).

4.4 6 Stratification by HLADRB1 alleles among probands

I. Linkage analysis with the presence of any complication as the phenotype
In analyses using families stratified by the presence of DBRO1 in the proband, we found

the strength of the linkage petdtomeric tothe HLA region to be diminishedhis could
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suggesh protective effect for DRB1*03:01 on risk of complications (66 out of 156 families)

(Table3B, Figure 5A). The signal at HLPor Oany complicati€h phenotypdecreased from an
HLOD score of 3.61unstratified)to 2.33 vhen including only families with DRB1*03:01
positive familie$, with an additional reduction in the H:#&lomeric linkage peak outside the
HLA region (HLOD=3.27or unstratified, HLOD=1.76 for DRB1*03:04tratified). In contrast,
the HLA-centromeric peak increased and reached the threshold for suggestive linkage
(HLOD=1.53 unstratified, HLOD=1.96 DRB1*03:&ratified) with the inclusion of only
DRB1*03:01 positve families.The decrease IHLOD score might be attributed entirely to a
decrease in sgole size when dividing the datet. Arguing against that explanation is a) the
increase in the HLA centromeric peak in the reduced size sample (indicating a decrease i

hetepgeneity) and b) the notall.OD score for the DRB1*04:01 families (see below).

In a parallel analysis, including only DRB1*04:01 familie® observed a different trend than

with the analysis using onfamilieswhose probands carrie&RB1*03:01 allele Using

comparable numbers of families to those used in the DRB1*03:01 stratified analysis (described
above) (63 out of 156 families in DRB1*04:8fratified analysis; 66 out of 156 families in
DRB1*03:0%stratified analysis), we repeated the ligganalysis using families in which the
proband was DRB1*04:01 positive (which include heterozygous DRB1*03:01/DRB1*04:01)
(Table3B, Figure 5B). The linkage peak in the HLA region remained highly significant when
only DRB*04:01 positive proband familiegere included in the analysis (HLOD=4.15), even

given the reduction in the total number of families. There were also two additional peaks outside
of the HLA region at position 32.33M (HLOD=2.43) at position 42.6 cM (HLOD=3.68)he

strength of théinkage peaks at the HLA locus andtla¢ telomeric locuspsition 42.6 cM
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actuallyincreased in comparison with the unstratified analygisch was comprised of a larger

sample of familiesThe HLA-centromeric peak decreased (from HLOD=1.53 unstratified to
HLOD=1.43 DRB1*04:01stratified) in comparison with the peak identified in the DRB1*03:01

stratified analysis (HLOD=1.96).

We then repeated the DRB1*04:Gind DRB1*03:01stratified analyses but excluding families

of probands with the DRB1*03:01/ DRB1*@1L genotype (TabldB, Figure 5C).

With a pool of pure DRB1*03:01 positive families, (that is, with only DRB1*03:01/X proband
families included (X=any allele but *04:01)), the linkage signals for both the HLA region as well

as the peak outside the HLAgien did not exceed 1.

In contrast, when we exclude the heterozygous DRB1*03:01/DRB1*0dabdying individuals
from the analysis of DRB1*081 positive families, the HLOIbr the HLA locus remained
surprisingly highHLOD=2.34), even with the severedaction in total number of families, but
with numbers still comparable to the DRB1*03:01 faesil The peak telomeric to HL&mairs

high with an HLOD=2.47 (Tabl8dB, Figure 5D). Even with smaller sample sizes in this subset
of families (without DRB1*03:0/DRB1*04:01 heterozygotes), the evidence for linkage remains
high and implies an interaction between the HLA DRB1*04:01 allele andrthégiregion

telomeric to HLA. With comparable numbers of families as those in the pure DRB1*03:01
positive families (wihout DRB1*03:01/DRB1*04:01 heterozygotes), we retain HLODs

suggestive of linkage (HLOD>2). Among DRB1*04:pasitive families, these are distinct
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regions that may be involved in expression of complications. These regions are not observed

among DRB1*03:09positive families.

Of note,there areapproximatelyequalproportiors of complicationsamong the DRB1*03:01

positive familieg75%)compared with the DRB1*04:0a0sitive familieq74%)as well aghe
distribution of family structurebeing approximatelgqual béween the group®mong the
DRB1*03:0Xpositive families there are 31 families with 1 affected (T1D+complications)

sibling and 31 families with 2 affected (T1D+complications) siblings. There are Refamith 3
affected siblings, tamily has 4affected siblings and 1 family has 5 affected siblings (66 total
families). Amongthe DRB1*04:01positive families, there are 32 families with 1 affected sibling,
29 families with 2 affected siblings and 2 families with 3 affected siblings (63 totaldajmili

While retinopathy constitutes the majority of complications among affected individuals, there are
also approximately equal numbers of nephropathy patients among the DRB1503it\ie

families (h=43)compared with the DRB1*04:0gositive familiegn=41).

ii. Linkage analysis with retinopathy as the phenotype

To determine if the presence of the DRB1*03:01 and DRB1*04:01 had the same effect on
linkage evidence when the phenotype was Oretinopathy aloné&btas Wany complicationO
phenotype, we strified families with retinopathy on the DRB1*03:01 and DRB1*04:01 status

of the probands.

For DRB1*03:01 positive families with retinopathy alone, we see a pattern of linkage peaks

similar to that of Oany complicationO, with slightly diminished HLOD s¢badde3B, Figure
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6A). The major peak is over the HLA region (HLOD=1.84); the peak centromeric to HLA

remains distinct (HLOD=1.77). When we removed the DRB1*03:01/DRB1*04:01 heterozygotes
so that there are no DRB1*04:01 alleles among probands, we obsealmost identical pattern
to the linkage scan for Oany complicationO (Table 4B, Figure 6C), i.e, the 3 distinct peaks did not

exceed HLODs of 1.

The retinopathy phenotype follows the same pattern of linkage as we observed using the
phenotype Oany congationO, for both the DRB1*03:01 and DRB1*04datified analyses

but with diminished linkage signal§here is a small reduction in the sample size using

retinopathy alone compared with Oany complicationO. It is possible that the reduced sample size

is responsible for the decreased strength of the linkage signal for retinopathy alone.

When we look only at the OretinopathyO phenotype, including only the DRB1*04:01 positive
families, we see a pattern similar to what we observed for the Oany complicatienotype
(Table3B, Figure 6B). The linkage peak at the HLA locus remains significant (HLOB}3.1

but one HLOD unit lower than what we saw for Oany complication® (HLOD=4.15). The second
peak, telomeric to the HLA region, remains a significant sigoraidtinopathy (HLOD=2.97).

The peak most distal (position 32.38 cM) to HLA is close to the threshold for suggestive linkage
(HLOD=1.87). The peak centromeric to the HLA peak is dramatically diminished (HLOD<1).
When we remove the DRB1*03:01/DRB1*04:01 dreizygotes, theelomeric peak closest to the
HLA locusbecomes the most distinct peak and very broad (peak linkage ranging from
approximately 3512 cM), exceeding an HLOD of 2 (Tab88, Figure 6D). This regign

suggestive of linkagendicates that amongRB1*04:01-positive families, there may be a region
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of interest that lies outside of the HLA region involved in the expression of retinopathy. Further,

as we showed in chaptgr DRB1*03:0%carrying patients may be OprotectedO from the

development of ratiopathy. The fact that the linkage sigdatlinesfor retinopathy both in and
near the HLA regionfor families with a DRB1*03:01 positiverobandssupports the finding of
the protective effect and further strengthens the evidence that the loci dintbdisdage peaks

interact in some way with the susceptibility related to DRB1*04:01.

iii. Linkage analysis with @phropathyalone & reuropathy alon@s the phenotypes
For nephropathy alone, stratified analyses approach the suggestive threshold ferdimkalgta

are provided in the supplemental appendix.

For neuropathy alone, we observed no evidence for linkage in either the unstratified or in the
DRB1*03:01 and DRB1*04:01 stratified analyses (data not shown). However, the sample size of

these familiesnay be too small to expect a good signal.

4.5 DISCUSSION

This HBDI dataset constitutes one of the larger collections of multiplex T1D families in the
country and perhaps the largest collection of family data on T1D complications in the world.
Despite nurarous reports of loci linked to T1(8,23,2534), few studies have performed linkage
analysis using microvascular complications of T1D as the phenotype of ifféei€s12,35)
Themajority of studies examining T1D or complications have done so using association analysis
or affectedonly sib-pair analyse$23,25,3639). In this study, we used LOD score linkage

analysis to identify loci that contribute to the expression of microvascular complications, as the
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phenotype of interest. Such linkage analysis has been shown to have the most power to detect

loci important for disese expression and the greatest ability to give us information about the

genetic characteristics of the phenotype and the existence of heterogeneity.

The aim of this linkage analysis wassiarch fogenomic regions that were linked to
microvascular comationsin generaland to each complication separately. Our initial analysis
confirmed the linkage signal for the phenotype of T1D in this datalsebugh we know of no

other analysis that excluded the presence of complications in the fafiileepupose for

analyzing T1D alone as a phenotype was to determine whether genomic regions that were
identified when complications were the phenotype could also be seen with the T1D phenotype
We confirmed the presence of the HLA locus in TfiBure 2) Subsegently, we conducted a
series of analyses to identify genomic regions that were linkeohtplicationsyegions that

may be the same or different than the locus observed for the presence dhicl&nntrast

ensured that angbserved linkage peaks in whicomplications are used as the phenotype are, in
fact, related to the expression of complications, rather than to the expression of T1D. In the
subsequent analyses, using Oany complicationO as the phenotype, we identified three linkage
peaks (Figure 3)lThe major peak was located at the HLA locus (seen with the T1D phenotype)
and another, not previously reported peak, was telomeric to HLA. A third linkage peak was
located centromeric to the HLA region. Though not quite suggestive of linkage (1<HLOD<2), it
remained a distinct peak. We repeated this linkage analysis using T1D with retinopathy as the
phenotype. We identified the same two major linkage peaks, but we found that the telomeric

peak was now higher than the peak at the HLA locus (Figure 4), aakwéthe Oany
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complicationO phenotype analysis. The centromeric peak that we previously observed using Oany

complicationO as the phenotype, disappeared when we used retinopathy as the phenotype.

We did not find suggestive or significant evidence fdkdige when using nephropathy o
neuropathy as the phenotype. HoweMee, sample size of families with these phenotypes may
have been too small to expect a good signal. Retinopathy constituted the majority of
complications in our families, so we had theagest ability to locate linkage signals linked to
retinopathy. It was most notable that in addition to the peak centered on the HLA locus, we
identified two separate genetic influences for complications, lying outside the HLA region, one
telomeric and oneentromeric to the HLA regiomNotably, these linkage signals were not

observed when we used T1D alone as the phenotype.

In a previous paper (Aim 2Lipner et al, in presgjuman Immunology we had identified
DRB1*03:01 as a significant protective factor complications, while DRB1*04:01, in certain
subgroup analyses, demonstrated elevated risk for complications. In order to determine whether
the DRB1*03:01 or DRB1*04:01 allele had differential effects on the expression of
complications, we performedkage on chromosome 6 using subsets of families, stratified

according to the probandOs DRB1*03:01 or DRB1*04:01 status.

When stratifying according to the probandOs DRB1 status, we acknowledge that all family
members may not harbor the same allele aprihigands. Using this stratification scheme
however increases the likelihood ttiag¢ allele will be foundmore frequently in those family

members compared with family membersvhich the proband does not carry that allele. This
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approach has been usedinevious linkage analyses to detect genetic heterogeneity, in which

T1D families were divided based upon genetic marker crit¢dOh A variation of this
stratification approach has also been used in a linkage analysis to identify genetic interactions in

T1D susceptibility(23,41)

Using families whose pbands were positive for DRB13M1, (for both phenotypesany
complicationand retinopathy alone), we identified three linkage peaks. The HLA peak was the
most dominant, followed by two previously unreported loci. We observed a peak telomeric to
HLA, which approached the suggestive threshold for linkage, as well as a peak centromeric to
HLA, which was suggestive of linkage. In the unstratified analyses using the Oany complicationO
phenotype, the centromeric peak did not reach the threshold suggeslinksige. However

using only DRB1*03:01 positive families, the strength of the centromeric peak increased and
was suggestive for linkage. Interestingly, when the phenotype is retinopathy, the centromeric
peak disappeared in the unstratified analysis, betwhe used only the DRB1*03:01 positive
families, the centromeric peak not only appeared, but approached the threshold suggestive for

linkage.

To further explore the effect of DRB1*03:01 on complicationsO expression, we obtained a pure
pool of DRB1*03:01positive families by restricting the analyses to familiesyhich the

probands did not hav@RB1*04:01, excluding DRB1*03:01/ DRB1*04:01 heterozygotes, (that

is, with only DRB1*03:01/X proband families included (X=any allele but *04:01)). For both
phenoypes, the linkage signal for all three peaks either did not reach or did not far exceed

HLODs of 1. These linkage results are consistent with our previous findings (Aim 2) that
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DRB1*03:01 is a protective factor for the development of complications (fgrédsence of at

least one complication and for retinopathy alone). While it is possible that these decreased
linkage peaks are simply the result of decreased power (i.e., fewer individuals among
DRB1*03:0Xpositive families have complications), we canndé rout the possibility that a
higher prevalence of the DRB1*03:01 allele within families confers a decreased risk for

developing complications, as we have seen in our previous analysis.

To explore the influence of the HLA DRB1*04:@llele, we performethe same linkage

analyses using families whose probands were positive for DRB1*04:01. When we stratified on
DRB1*04.0Xpositive families (for both phenotypes), the peak centromeric to HLA disappeared.
Instead, we identified two peaks telomeric to HLA. Peaks that we observed based on the
DRB1*03:0Xpositive families were only suggestive or below the threshold for linkage. However
the peaks based on DRB1*04:pasitive families either reached or exceeded the significant
threshold for linkage. The DRB1*(2t families retain two distinct linkage peaks outside
(telomeric) of HLA. For both phenotypes, the HLA peak, as well as the more prominent
telomeric peak, both exceed the significant threshold for linkage. The more distal telomeric peak
appoaches (for réiopathy) orexceeds (Oany comgltionO) the suggestive threshold for

linkage. Despite a smaller sample size for the DRB1*Q4tfHtified analysis compared with the
unstratified analysis, not only do we still report significant evidence for linkage &tltA locus

and at the region telomeric to HLA, for both phenotypes, but the evidence for linkage in the
DRB1*04:0%stratified analysis exceeds the evidence for linkage in the unstratified analysis with
a larger sample size. When we remove the DRB1*03RB/I304:01 heterozygotes, thus

leaving no families of probands with a DRB1*03:01 allele, this pattern of linkage peaks remains,
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though now the evidence is only suggestive of linkage. These data suggests that among

DRB1*04:0Xpositive individuals, there maye a region of interest that lies outside of the HLA

region involved in the expression of microvascular complications, especially for retinopathy.

After stratifying families by the presence of DRB1*03:01 or DRB1*04:01 in the probands, we
observed greatlgiminished HLOD scores (when excluding DRB1*03:01/DRB1*04:01
heterozygotes) compared with the unsfiedilinkage analyses for any complicatiand for
retinopathy. One explanation for the change in HLOD scores could be attributed to a change in
sample ge. As sample size decreases, so do the HLOD scores, as we would to expect to observe
among the DRB1*03:01 and DRB1*04:@bsitive stratifications. While there was a substantial
decrease in HLOD scores among the DRB1*03:01 positive families (including
DRB1*03:01/DRB1*04:01 heterozygotes), we in fact see an increase in the HLOD scores when
we use the DRB1*04:01 positive families (including DRB1*03:01/DRB1*04:01 heterozygotes).
With comparable numbers of families, we observed dramatically different paitdmmisage

peaks when using the DRB1*03:pbsitive families compared with the DRB1*04:pasitive

families, as well as dramatically different strengths of HLOD scores between these groups. Such
differences would imply that the presence of these allefgesents a genetically distinct subset

of influences on the expression of T1D related complications in general and specifically for

retinopathy.

We intended to test whether our reported LOD scores for DRB1*@3rafified families and
DRB1*04:0%stratified families come from groups that are genetically distinct from each other at

the HLA locus. To do this, we attempted to apply the predivided sample test (PST) to our dataset.
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According to the PST, a statistically significant result would show that tietigecontribution

of the marker locus being tested (in this case, the HLA locus) contributes unequally to the two
groups, i.e., that there is genetic heterogeneity between the groups. Upon further examination of
this test, we learned that the PST wasgte=il specifically for twgpoint linkage analysis, and it
would not be statistically valid to apply the PST to multipoint linkage analysis. Additionally,
while we observe multiple peaks, this test is used to compare only one major peak in the region
((42), S.E. Hodge, personal communicajioho the best of our knowledge, there is catigeno
method to statistically test whether these groups are genetically different from one another.
Ultimately, the LOD score differences between the DRB1*031f4tified and DRB1*04:01

stratified groups can only be assessed in a qualitative manher, ttzin a quantitative one.

Using the Oany complicationO phenotype and only the DRB1#p8sitive families, the LOD

score at the HLA locus is 1.13 (HLOD=2.33). Using only the DRB1*04@ditive families, the

LOD score at the HLA locus for the same pbigpe is 4.14 (HLOD=4.15), and 1.20

(HLOD=3.61) for the unstratified linkage analysis. When the phenotype is retinopathy and we
used the DRB1*03:0%tratified families, the LOD score at the HLA locus is 0.15 (HLOD=1.84).
Using only the DRB1*04:0%tratified families, the LOD score at the HLA locus is 3.16
(HLOD=3.18), and 1.66 (HLOD=2.24) for the unstratified linkage analysis. Even though we are
unable to formally test for genetic heterogeneity between these groups, based on a qualitative
assessment of thescores it appears that these differences are likely large enough to argue that
the genetic contribution to the phenotype is not the same in the two groups. An alternative
explanation may be that the phenotypic information content is different in thggrawps,

yielding different LOD scores. Resolving this issue however is beyond the scope of this
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dissertation. Examining how differing phenotypic information influences the outcome of LOD

scores could be another venue for research.

4.5.1 Other linkage angées

A number of T1D linkage scans have been repd@28(2528), but there have been only a few
scans for complications and it is usefukcontrast the results for T1D with the results for
complications associated with T1D. All T1D linkage studies have reported evidence of linkage
of T1D to the HLA region on chromosome 6p21. Concannon and colleagues reported a LOD
score of 213 using apptimately 2,500 multiplex familie26). Morahan and colleagues

reported a LOD score of 398 using over 4400 affecte@aits(23). These exceedingly strong
LOD scores reinforce the importance of the HLA complex in ttwdogly of T1D. Only a few
linkage analyses aimed at identifying susceptibility to complications, specifically nephropathy,
have been conductéf,10,12,35)Igo and colleagues conducted a genavite linkage analysis
for diabetc nephropathy using Caucasian multiplex fami{ig®). Authors observed evidence
suggestive of linkage (LOD=2.84) on chromosome 6p24.3 (24.9 cM), telomeric to the HLA
region, which was not significant at the genewide level. This study however claimed a mixed
study populatiorof type 1 and type 2 diabetidgengar and colleaguggerformed genomeide
linkage analysis for nephropathy using an affectegbaibanalysis in a mixed study population

of type 1 and type 2 diabetics, but did not report evidence of linkage on clome6635),
consistent with the findings of this study. Arthgenomewide linkage analysis using a
discordant sikpair analysis for nephropathy showed evidence for linkage, but not on
chromosome §9). Moczulski and colleagues performed a linkage study using 66 pairs of

Caucasian T1D siblings who were discordant for nephropathy. This linkage analysis focused on
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chromosomal regions @viously implicated in nephropatli$2). These athors reported a

susceptibility locus fodiabetic nephropathy on chromosome 3q (LOD=3.1), but not on
chromosome 6. Interestingly, all four nephropathy studies did not report linkage to the HLA
region. There is conflicting evidence from casatrol studies regarding the contribution of
HLA, in particular, the DRB1*04:01 allele, to the risk of retinopathy and nephropathy. In a
recent study examining the genetics of kidney disease (GoKinD), authors reported that
DRB1*04:01is a protectivallele for nephropath{43). While this was not a linkage analysis,
but rather a caseontrol study, this finding intersects our results which indicate that
DRB1*04:01 contributes to the expressidrcomplications, in our case, to retinopathy

specifically.

| found no reports of linkage using TABlated retinopathy as the phenotype of interest. While

we found evidence for linkage on chromosome 6 in and outside of the HLA region for
retinopathy, wéhave no literature for comparison. This analysis is the first study to present
strong evidence of a genetic effect for retinopathy. The peak centromeric to HLA may in fact be
influential among T1D patients carrying the DRB1*03:01 allele, but with our sasng#, this

remains an intriguing research question.

Based on our findings as well as on the published literature, HLA may be involved in the

expression of retinopathy, but findings regarding nephropathy appear inconclusive.
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4.6 CONCLUSION

Thisis one of the largest linkage analyses for microvascular complications using multiplex T1D
families conducted to date. Our aim was to identify loci that contribute to the expression of
complications using families with T1D patients. We are confident tivasignals are the result

of complications rather than the known, strong linkage signal for T1D itself. Linkage analysis for
T1D without complications as the phenotype did not reveal peaks outside the HLA region. In
contrast, analyses using complicatioedlee affected phenotype did show evidence for non

HLA loci. However, the stratification results suggest that HLA itself does influence the

expression of retinopathy

We showed that both HLA and n#ilA loci are involved in the expression of complicagpn
specifically for retinopathy. We observed a dramatic alteration in linkage trends by stratifying
according to the probandOs DRBL1 status. Since the HLA locus is the major genetic contributor to
the expression of T1D, it is not surprising to find tha #lso involved in the expression of
T1D-related complications. What is surprising, however, is the differential effect that stratifying
on the presence of HLA DRB1*03:01 and DRB1*04:01 alleles has on complications expression,
as reflected in thelLOD scaes. We observed entirely different linkage trends seen for the
DRB1*03:01 allele compared with the DRB1*04:01 allele. While we were unable to apply the
predivided sample test to detect genetic heterogeneity in our dataset, the dramatic difference in
LOD scores between the families who have probands with the DRB1*03:01 versus the
DRB1*04.01 allele suggest that these sets of families comprise different genetic groups. We can
speculate that while the HLA region is a major contributor to the expression ofier® may

be an interaction between specific HLA alleles and a region telomeric to the HLA locus that
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influences the expression of complications. The next step for this study would be to perform

genome wide linkage analysis, stratified according to thegmdOs DRBL1 status. This approach
may identify interaction between HLA alleles and other genomic regions on different

chromosomes that may influence susceptibility to complications.
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Figure 1. Distribution of DRB1*03:01 and DRB1*04:01 among families whose probands
have at least 1 complication or retinopathy alone.
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Table 1. Number of families with affected (T1D + complicationsunaffected (T1D only)

members.

Affected-unaffected family members

Nfamilies (%)

1 affectedl unaffected 68 (16)

2 affected0 unaffected 50 (12)

0 affected? unaffected 210 (51)
Other 87 (21)
Total 415 (100)

"MT



Table 2. Prevalence of clinical characteristics among 415 T1D fanek.

Clinical characteristic Number (%) of individuals
Total 2,008 (100.0)
T1D + microvascular complicationg 239 (11.9)

T1D + retinopathy 219 (91.6)

T1D + nephropathy 87 (36.4)

T1D + neuropathy 76 (31.8)
T1D only 629 (31.3)
No T1D 1140 (56.8)




Table 3. A. HLOD scores for each phenotype.

“M]

Phenotype Position HLOD at Position HLOD at Position HLOD at
(cM) telomeric (cM) HLA peak (cM) centromeric

peak peak

Presence of any | 42.85 cM 3.27 52.37 cM 3.61 61.01 cM 1.53

complication

Nramilies=156

Retinopathy 41.60 cM 2.43 52.37 cM 2.24 61.01 cM 0.54

alone

Ntamilies=145

Table 3. B. DRB1*03:01 and DRB1*04:01 stratifications for each phenotype and the

associated HLOD scores.

Phenotype HLOD at HLOD at HLOD at centromeric
telomeric HLA peak peak
peak

Presenceof any complication
DRB1*03:01-positive families 1.76 2.33 1.96
Ntamilies=66
Pure DRB1*03:01-positive families 0.48 0.56 0.80
Ntamilies=40
DRB1*04:01-positive families 3.68 4.14 1.43
Ntamilies=63
Pure DRB1*04:01-positive families 247 2.34 0.52
Nramilies=38

Retinopathy alone
DRB1*03:01-positive families 1.41 1.84 1.77
Nfamilies=61
Pure DRB1*03:01-positive families 0.51 0.45 0.59
Nfamilies=3 7
DRB1*04:01-positive families 2.97 3.18 0.56
Nramilies=59
Pure DRB1*04:01-positive families 2.13 1.56 -0.002

Nfamilies=35
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Figure 4. Phenotype: Retinopathy
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Figure 5. DRB1*03:01/DRB1*04:01 stratifications.

Phenotype: Presence of any complication.
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Figure 6. DRB1*03:01/DRB1*04:01 stratifications.
Phenotype: Reinopathy alone

A. Families withDRB1*03:01-positive probands  B. Families withDRB1*04:01-positive probands
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Chapter 5: Summary and Conclusions

Retinopathy, nephropathy, neuropathy are chronic microvascular complicatioreptieaena
major healthburdenassociated with type 1 diabetes. Among indnald with type 1 diabeteS0
90% will develop retinopathy (1), 49 are at risk for deveppng nephropathy and, of those 920
will progress to endtage renal failur€l,2). Another 3650% of patients will develop sonferm
of neuropathy(1). Furtherthe presence aine complication is highly associated wéih
increased risk ofleveloping a second complicatidrhus, determining the causes of these

complications is an importapublic health priority.

The role of genetic risk factors inetlidevelopment of microvascular complications is not clearly
understood. Although the role of HLA in type 1 diabetes susceptibility has been extensively
illuminated, the possible influence of HLA alleles in T1D complications presents a murky
picture. Sometadies have reported significant associations of HLA class | or |l alleths

retinopathy or nephropathy, while other studies have failed to report such associations.

The overall aim of the thesis was to identify genetic factors associated with risk for
microvascular complications in individuals with type 1 diabetes. We hypothesized that known
susceptibility alleles for T1D may also influence the expression and risk fordla@d
microvascular comations. By using thé&ols of both logistic regregs and linkage analysis,

we have shown strong evidence of genetic influences in complications on chromosome 6, and

not only in the HLA region.
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To accomplish this aim | first began by reviewing the literature on type 1 diabetes and

microvascular complicains (retinopathy, nephropathy, and neuropathy) (Chapter 2). | identified
gaps and deficiencies in previous studies and provided the rationale for my analytic aims and
methods. | then investigated genetic risk factors, specifically the HLA DRB1*03:01 and
DRB1*04:01 alleles, associated with type 1 diabetes that may also influence the risk for
complications. Cases were defined as T1D patients with the presence of at least one complication,
while controls consisted of T1D patients who have been free of canptis for at least 15

years. | examined the association between known T1D HLA susceptibility alleles and risk for
any complication, as well as the risks for retinopathy alone, nephropathy alone, and neuropathy
alone and found significant differences iskrior different HLA alleles (Chapter 3). Finally, |
performed linkage analysis to identify chromosomal regions that may contribute to the
expression of complicationsperformed genomwide linkage analysis and tested 5,966

markers for cesegregationvith microvascular complication$he only chromosome that

yielded statistically significant indications of loci related to complications was on chromosome 6.
| used linkage analysis as a way to examine the evidence for several phenotypic classifications:
1) the phenotype of T1D itself) 2he presence of any microvascular complicat8)metinopathy
alone,4) nephropathy alon@nd5) neuropathy alon@Chapter 4). A particular advantage in the
dataset we used was tltlaé long followup periodassuredhat ndividuals who were diagnosed

with type 1 diabetes without complications were, in fact, free of complications and were unlikely

to develop complications, particularly retinopathy, at their advanced ages.
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5.1.Summary of Findings

In Chapter 2, | revieed and evaluated the existing literature on the epidemiology, pathogenesis,
clinical diagnoses, symptoms, risk factors, genetics, and familiality for type 1 diabetes and
microvascular complications. The highly varied geographic distribution of type ételsahbas

been well documented and points to differences in allele and haplotype frequencies in different
ethnic groups. Studies have found that some susceptibility alleles/haplotypes common in
Caucasian populations are less common in Asian populationeudothe effect of individual
alleles/haplotypes is consistent across populations. This suggests that the variation in the
worldwide prevalence of type 1 diabetes is primarily related to differences in the frequency of
the risk alleles in different populahs. As noted above, many studies have focused on genetic
risk factors that contribute to the expression of T1D. However, the findings from studies of
genetic risk factors for complications are inconsistent. Further, there have only been a few
linkage scas performed attempting to identify chromosomal regions thaegoegate with
complications. However, these studies examined either mixed populations of type 1 and type 2
diabetics, or were limited to simair analyses.

To summarize the background chapiéhe influence of genetic risk factors (specifically the

HLA region) on type 1 diabetes is well known, studies have been contradictory about the role
those factors play in the development of microvascular complications. The objective of this

dissertatiorwas to fill these gaps in the type 1 diabetes literature

In Chapter 3, | reported our findings from a series of lagreyression analyses examining
known type 1 diabetes susceptibility alleles and their association with the presence of at least one

microvascular complication, and subsequently with each complication alone. | hypothesized that
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the alleles with the highest risk for type 1 diabetes among Caucasians (DRB1*03:01 and

DRB1*04:01) may also be susceptibility alleles for type 1 diabetiased nicrovascular
complications. After controlling for important type 1 diabetes related covariates, including sex,
age of T1D diagnosis and duration of T1D, we found that DRB1*03:01 was a significant
protective factor for the presence of one or more compitaand more specifically, that this
association was found only for retinopathy. The DRB1*04:01 allele appeared to have no effect
on the risk of any complicatisnHowever, to isolate the effect of DRB1*04:01 by itself, we
removed individuals carrying tH#RB1*03:01, including those who were heterozygous for
DRB1*03:01/DRB1*04:01. When we included only the probands who were positive for at least
one DRB1*04:01 allele, we observed a stronger association for DRB1*04:01 and the risk of
retinopathy. This assttion with DRB1*04:01 and the risk of retinopathy may have emerged in
the DRB1*04:01 carriers who did not have DRB1*03:01 because the protective effect of
DRB1*03:01 masked the weaker positive effect of DRB1*04:01 on retinopathy expression. Our
data alsalemonstrated a strong positive association between the HLA classd,88@:06

and B*44:02and complications. Only the B*39:06 allele showed a dramatic change in the
estimate from the unadjusted model compared with the model adjusted for covahatessults
from this study indicate that the immune system may be involved in the mechanisms leading to,
or protecting individuals with type 1 diabetes from the development of microvascular

complications, and/or for retinopathy specifically.

In Chapted, | used linkage analysis to identify loci on chromosome 6 that may contribute to the
expression of microvascular complications. | found linkage markers tissigregated

specifically with retinopathy, but not with other complications.



First, we confimed that alleles of the HLA regiob.852.3cM) on chromosome 6 €0
segregated with T1D in our dataset. This was an important control that we used to compare with
the results for linkage to complications. It also demonstrated thaestablished markefer

T1D were also a characteristic of our study sample.

We then conducted linkage analysis using Othe presence of any microvascular complicationO as
the phenotype. We identified a linkage peak on chromosomé&x8icM that was at least 5

cM telomericfrom the HLA region and was distinct from it. In analyses examining each
microvascular complication separately, we identified a distinct linkage peak outside (telomeric)
of the HLA region for retinopathy alone that appeared to coincide with the pealk Oatty
complicationsO phenotype. While the linkage peak for retinopathy was slightly narrower than
what we observed for the phenotype Oany complicationQ, it was significant and, again, distinct
from the HLA peak.

For both phenotypes (any complications egtthopathy alone) we also observed a linkage peak
centromeric to the HLA region when we stratified on families positive for the DRB1*03:01

allele. However, this peak was not seen when we used only families positive for DRB1*04:01 in
the analysis. Thereas a marked increase in the strength of the centromeric linkage peak when
we used families positive for DRB1*03:01. However, we also observed further evidence that the
DRB1*03:01 allele was protective. We found that, for both phenotypes, families with a
DRB1*03:01-positive proband demonstrated diminished linkage signals in and outside
(telomeric) of the HLA region, while families with a DRB1*04:ptsitive proband maintained

significant linkage signals in regions both in and outside (telomeric) of the EliAm. This
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observation is compatible with our finding that DRB*03:01 is protective for complications,

specifically for retinopathylt also suggests that there may be an interaction between the region
centromeric to HLA and the HLA DRB1*03:01 allele thafluences protection against the

development of complications.

In summary, we observed significant evidence for linkage at locations in and out of the HLA
region for these phenotypes: T1D alone; the presence of at least one complication; and
retinopathyalone. Since the majority of our cases with complications were retinopathy cases,
our evidence was strongest for retinopathy. The sample size for nephropathy and neuropathy

may have been too small to detect a significant signal.

To my knowledge, thissithe first study to investigate both the association between T1D
susceptibility alleles and microvascular complications and, in same study sample, perform
linkage analyses to identify genomic regions that may contribute to the expression of
complicationsThis study suggests that DRB1*03:01 and DRB1*04:01 may be involved in
mechanisms leading to, or protecting T1D patients from, the development of microvascular
complications. Further functional studies will be needed to elucidate the pathophysiological

pahways that may be involved in the development of complications.

5.2.Strengths and limitations
These findings have multiple strengths as well as several weaknesses that must be considered in

order to draw inferences from the study findings.
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5.3. Strengths of the study

This study used one of the largest databases of multiplex type 1 diabetes families in the country
and is alsdhe first study using one of the larger datasets in the world with multiplex T1D
families that also has information on three miascular complications (retinopathy,

nephropathy and neuropathyyhile most genetic studies obtain clinical and genetic information
for only affected individuals, this study obtained clinical and genetic data from all family
members, even those withoupeyl diabetesThus we were able to use family members with

T1D but without complications as a control grodghis type of study design vastly increases

study power, as well increasing the analytic possibilities.

Among other strengths of this study is theque data set that allowed us to examine
complications as the phenotype of interest. The vast majority of studies have used T1D as the

phenotype of interest, rather than complications.

5.4.Weaknesses of the study

The lack of data on age of onset ofrg@ications was possibly the greatest limitation to the
analyses. Using the presence/absence of complications provided a cruder measure for
complications compared with using age of onset of complications. However our large sample
size increased the powerthe study and provided a solid indication that genes influence the
expression of complications.

These analyses are also limited by the-ssgbrted diagnosis of both T1D and microvascular
complications, although subjects were contacted periodicallyefaith updates. The possibility

exists that some T2D patients may have been misclassified as T1D. To characterize the extent of

the study sample homogeneity, | used a random sample of autoantibody markers from T1D study
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subjects (n=76), since the presentautoantibodies in people with diabetes confirms an

autoimmune response. Only five percent of patients classified as having T1D in this subsample
tested negative for autoantibodies. Five percent misclassification of diabetes diagnoses is not
unusual, ad many studies have reported autoantibody negativity among T1D patients ranging
from 3.5% to 10%3,4).

Lastly, because all patients in this study were Caucasian, findings from this study are
generalizable only to Caucasian populations and are not generalizable to patients of other
ethnicities, such as Africa\mericans, Asians or Latinos who may have different risk alleles for

microvascular complications.

5.5.Future research directions

This dissertation provides a solid first step to illumingtecsic genetic factors and genomic
regions that may be involved in the expression of microvascular complications. Additional
DRB1*03:01 and DRB1*04:01 stratified genomade linkage analyses should be performed to
identify other genomic regions that maydract with HLA to influence the expression of
microvascular complications. Further research also needs to be conducted in separate study
populations to validate our findings. Confirmation of these results could provide greater insights
into the mechanismleading to the development of microvascular complications and point to

targeted interventions to delay or prevent their development.
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Figure 2. DRB1*03:01/DRB1*04:01 stratifications.
Phenotype: Nephopathy alone
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Appendix 2. Genomewide linkage analyses
Phenotype: Retinopathy
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Figure 11. Chromosome 11
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Figure 15. Chromosome 15
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Figure 17. Chromosome 17
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Figure 21. Chromosome 21
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