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Summary

Currently, the main forms of diabetes mellitus, type 1 and type 2 diabetes, are defined
by basic pathophysiological differences, which do not address the wide range of clinical
presentations of diabetes. This broad clinical and metabolic heterogeneity along with
the diverse pathophysiological alterations may also require distinct strategies for
prevention and treatment. Therefore, recent studies aimed at identifying simple clinical
tools to allow for a new classification of patients with diabetes and facilitate a more
precise diagnosis and tailored treatment.

The aim of this thesis was to detect subphenotypes of patients with type 1 and type 2
diabetes with distinct metabolic features based on different pathophysiological
mechanisms and to examine possible differences in the risk of or presence of
comorbidities and complications. The studies were based on the prospective
observational German Diabetes Study (GDS), which includes patients with recent-onset
diabetes mellitus. The first study examined the features of autoimmune diabetes and its
formerly proposed subgroup, “latent autoimmune diabetes of the adult (LADA)”, and
revealed new subphenotypes with distinct metabolic profiles. The second study applied
a clustering algorithm based on clinical data on patients with diabetes at diagnosis and
after five years.

These studies show that patients with diabetes can be allocated to specific
subphenotypes (clusters), which exhibit distinct metabolic alterations and different risk
patterns at the time of diagnosis for the development of diabetes-related comorbidities
and complications. Specifically, these studies showed that persons with autoimmune
diabetes may also present with features of insulin resistance, whereas those without
autoimmune diabetes but severe insulin resistance are at higher risk of diabetes-related
nephropathy and non-alcoholic fatty liver disease.

These results will improve the understanding of disease heterogeneity and the
identification of specific groups with distinct risk and progression of diabetes. Thereby,
these studies introduce the concept of precision medicine to diabetes mellitus, which
aims at tailored prevention and treatment of groups of individuals with specific genetic,

molecular or metabolic features.



Zusammenfassung

Gegenwartig sind die Hauptformen von Diabetes mellitus, Typ-1- und Typ-2-Diabetes,
durch grundlegende pathophysiologische Unterschiede definiert, die es nicht ermdglichen,
die grol3e Vielfalt der klinischen Manifestationen von Diabetes zu adressieren. Diese hohe
klinische und metabolische Heterogenitat sowie die vielfaltigen pathophysiologischen
Veranderungen erfordern jedoch unterschiedliche Vorbeugungs- und
Behandlungsstrategien. Aktuelle Studien versuchten deshalb, einfache Kklinische
Instrumente zu identifizieren, die eine Neuklassifizierung von Patienten mit Diabetes
erlaubt, um eine genauere Diagnose und malRgeschneiderte Behandlung zu ermaoglichen.
Ziel dieser Arbeit war es, Subphanotypen von Patienten mit Typ 1- und Typ-2-Diabetes
mit distinkten Stoffwechselmerkmalen basierend auf unterschiedlichen patho-
physiologischen Mechanismen zu identifizieren und mégliche Unterschiede im Risiko oder
der Pravalenz von Komorbiditdten und Komplikationen zu untersuchen. Die Studien
stltzten sich auf die prospektive Beobachtungsstudie Deutsche Diabetes-Studie (GDS),
die Patienten mit neu-manifestiertem Diabetes mellitus einschliet. Die erste Studie
untersuchte die Eigenschaften des Autoimmundiabetes und seiner fraher
vorgeschlagenen Untergruppe ,latenter Autoimmundiabetes bei Erwachsenen (LADA)*
und ergab neue Subphanotypen mit unterschiedlichen Stoffwechselprofilen. In der zweiten
Studie wurde ein Clustering-Algorithmus, der auf einfachen klinischen Daten basiert, auf
Patienten mit Diabetes zum Zeitpunkt der Diagnose und nach funf Jahren angewendet.
Diese Studien zeigen, dass Patienten mit Diabetes bestimmten Subphanotypen (Clustern)
zugeordnet werden konnen. Diese Subphanotypen weisen unterschiedliche metabolische
Veranderungen zum Zeitpunkt der Diagnose und unterschiedliche Risikomuster fur die
Entwicklung von diabetes-assoziierte Komorbiditdten und Komplikationen auf.
Insbesondere konnen Patienten mit Autoimmundiabetes auch Merkmale einer
Insulinresistenz aufweisen, wohingegen Patienten ohne Autoimmundiabetes, aber mit
schwerer Insulinresistenz ein hoheres Risiko fir diabetische Nephropathie und
nichtalkoholische Fettlebererkrankung aufweisen kénnen.

Diese Ergebnisse werden das Verstandnis der Heterogenitadt des Diabetes und die
Identifizierung von Gruppen mit spezifischem Risiko der Diabetesprogression verbessern.
Damit fihren diese Studien das Konzept der Prazisionsmedizin bei Diabetes mellitus ein,
welches auf die malgeschneiderte Pravention und Behandlung von Personengruppen mit

spezifischen genetischen, molekularen oder metabolischen Merkmalen abzielt.
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1. Introduction
1.1. History of diabetes classification

Historically, the diagnosis of diabetes was based on clinical appearance, signs and
symptoms, rather than the underlying pathophysiological mechanism (1). Medical
writings of ancient civilizations describing an ailment of polyuria and painless emaciation
are attributed to diabetes. The term ‘mellitus’ was added in the 18" century to
differentiate from diabetes ‘insipidus’ (1). This contrast in nomenclature was reflecting
the biochemical differences of glucose content in diabetes mellitus as opposed to the
diluted urine in diabetes insipidus. As the cause of diabetes was not known at that point,
the disease was generally attributed to kidney dysfunction.

A set of experiments initiated in the late 18" century deepened the understanding of the
basic metabolic principles of human physiology and had far-reaching consequences for
medicine and for diabetes in particular. The French physicians, Bouchardat and
Lancereaux, were the first to separate ‘diabete gras’ (fat diabetes) from ‘diabete maigre’
(lean diabetes), laying the foundation for the classification in different types of diabetes
(2). It was in the 19" century when the function of glands and hormones was more
accurately identified and the cause of diabetes was linked to pancreatic dysfunction.
However, most publications still considered diabetes only an accompanying
phenomenon of other diseases, such as infections(3), while Naunyn was the only to
suggest ‘true diabetes’ to be an independent entity in 1906 (4). Going forward different
classifications of diabetes were discussed.

At the beginning of the 20" century, Sir Harold Himsworth (5) followed up the work of
Wilhelm Falta in Vienna, who had attempted to correlate glucose tolerance with insulin
sensitivity (6). As a result, a standardized insulin—glucose tolerance test was devised,
which became the forerunner of modern glucose—insulin clamp techniques and was
used to distinguish between ‘“insulin-sensitive” and “insulin-insensitive” types of
diabetes. “Insulin-sensitive” patients did not differ from metabolically healthy controls in
their sensitivity to insulin and were susceptible to develop ketoacidosis, whereas
“insulin-insensitive” patients did not. From this it was inferred that “insulin-sensitive”
patients lacked the capacity to produce insulin while, on the other hand, “insulin-
insensitive” patients could not respond to insulin. This observation established the
scientific basis for the subsequent distinction between type 1 and type 2 diabetes, and

the subsequent hallmark of insulin resistance for type 2 diabetes.



In 1917, Boston scientist Elliott Joslin established himself as one of the world's leading
diabetes experts by his textbook on “The Treatment of Diabetes Mellitus” (7), which
reported that a fasting diet combined with regular exercise could significantly reduce the
risk of death in diabetes patients. In 1949, Priscilla White, a collaborator of Joslin and
founding member of the Joslin Clinic, introduced the White Classification of Diabetic
Pregnancies (8). This pioneering concept classifies pregnant patients with diabetes
according to their level of risk and tailors their treatment protocol accordingly. However,
the term ‘gestational diabetes’ was introduced in 1964 by O’Sullivan (1).

Robert Lawrence, founder of the British Diabetic Association, provided one of the
earliest descriptions and detailed study of the rare condition now known
as lipodystrophic diabetes in 1946 (9). He categorized diabetes in insulin-deficient,
lipoplethoric and lipodystrophic. While the first two groups mimic previous descriptions
of ‘diabete gras’, ‘asthenic diabetes’ or ‘juvenile-onset diabetes’ or ‘diabete maigre’,
‘sthenic diabetes’ or ‘maturity-onset diabetes’, respectively, the third group seemed to
have a different, previously neglected, metabolic background.

The World Health Organization (WHO) published its first classification system for
diabetes in 1965 using four categories based on age of diagnosis: infantile or childhood
(with onset between the ages of 0—14); young (with onset between the ages of 15-24
years); adult (with onset between the ages of 25-64 years); and elderly (with onset at
the age of 65 years or older). In addition to classifying diabetes by age, WHO recognized
other forms of diabetes: juvenile-type; brittle; insulin-resistant; gestational; pancreatic;
endocrine and iatrogenic (10). In 1979, the National Diabetes Data Group produced a
consensus document standardizing the nomenclature and definitions for diabetes
mellitus. This document was endorsed one year later by WHO, who published its first
widely accepted and globally adopted classification of diabetes in 1980 and an updated
version of this in 1985. These classifications included two major classes of diabetes:
insulin dependent diabetes mellitus (IDDM), or type 1; and non-insulin dependent
diabetes mellitus (NIDDM), or type 2. The 1985 report omitted the terms “type 1” and
“type 27, but retained the classes IDDM and NIDDM, and introduced a class of
malnutrition-related diabetes mellitus. Both the 1980 and 1985 reports included two
other classes of diabetes: “other types” and “gestational diabetes mellitus” (10).

In 1997, an international expert committee released a report with new recommendations
for the classification and diagnosis of diabetes mellitus (11). The use of classification

systems and standardized diagnostic criteria facilitates a common language among
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patients, physicians, other health care professionals and scientists. A timeline of the
diabetes classification is presented in Fig. 1.

Figure 1: Timeline of diabetes classification
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1.2. Current diabetes classification

Diabetes mellitus is a prevalent disease characterized by chronic hyperglycemia.
According to ADA guidelines (12) there are four diagnostic criteria for diabetes mellitus:
fasting plasma glucose, 2-hour plasma glucose in 75 g oral glucose tolerance test

(OGTT), HbA1c and random plasma glucose with reference values shown in Table 1.

Table 1: Criteria for diagnosis of diabetes according to the American Diabetes

Association
Diagnostic criteria Diabetes mellitus
HbA1c** > 6.5 % (48 mmol/mol)

or

Fasting plasma glucose*** | 2126 mg/dl (7.0 mmol/l)

or

2-h plasma glucose during || =200 mg/dl (11.1 mmol/l)
an OGTT***#

or

Random plasma glucose = 200 mg/dl (11.1 mmol/l) and classical symptoms

of hyperglycemia

Table 1 legends: * The test should be performed in a laboratory using a method that is certified according
to the National Glycohemoglobin Standardization Program (NGSP) and standardized to the Diabetes
Control and Complications Trial assay (DCCT); ** No caloric intake for at least 8 hours; *** The test
should be performed using a glucose load equivalent of 75 g anhydrous glucose dissolved in water; #In
the absence of hyperglycemia symptoms, the test results should be confirmed by repeated

measurement. OGTT, oral glucose tolerance test; h, hours; HbA1c, glycated hemoglobin A1c.

Based on pathophysiological and clinical criteria, the American Diabetes Association
(ADA) classifies diabetes into the following general categories (12):
e Type 1 diabetes which is considered to be due to autoimmune beta-cell
destruction, usually leading to absolute insulin deficiency
e Type 2 diabetes which is considered to be due to a progressive loss of beta-cell

insulin secretion frequently in the context of insulin resistance



e (Gestational diabetes mellitus characterized by diagnosis in the second or third
trimester of pregnancy with no overt diabetes prior to gestation and which enters
remission after delivery

e Specific types of diabetes due to other causes, e.g., monogenic diabetes
syndromes (such as neonatal diabetes and maturity-onset diabetes of the young
[MODY]), diseases of the exocrine pancreas, and drug- or chemical-induced

diabetes

In contrast, the WHO does not consider HbA1c a suitable diagnostic test for diabetes.
The following Table 2 summarizes the 2006 WHO recommendations (10) for the
diagnostic criteria for diabetes. It should be noted, however, that the cut off levels for

diagnosing diabetes do not differ between the guidelines.

Table 2: Criteria for diagnosis of diabetes according to the World Health

Organization

Diagnostic criteria Diabetes mellitus
Fasting plasma glucose =126 mg/dl (7.0 mmol/l)
or

2-h plasma glucose during || =200 mg/dl (11.1 mmol/l)
an OGTT*

Table 2 legends: * The test should be performed using a glucose load equivalent of 75 g anhydrous
glucose dissolved in water; * If 2—h plasma glucose is not measured, status is uncertain as diabetes or

impaired glucose tolerance cannot be excluded.

The WHO acknowledges the limitations with the data from which the diagnostic criteria
for diabetes are derived. However, the current criteria distinguish a group with
significantly increased premature mortality and increased risk of microvascular and
cardiovascular complications.

Similarly, the European guidelines (13) refer to both ADA and WHO criteria. Although
the WHO and ADA diagnostic criteria are clear, there are practical considerations when
choosing a method to diagnose diabetes. Limitations with HbA1c have to be considered,
such as interference as a result of hemoglobin variants, anemia, and availability. Overall,

European guidelines (13) recommend that diagnosis of diabetes is based on HbA1c or
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fasting plasma glucose, and on OGTT if still in doubt. Repeated testing is advisable to
confirm the diagnosis. In patients with cardiovascular disease, the recommended
methods are essentially the same: glycemic control testing with HbA1c and/or fasting
plasma glucose first, and if inconclusive, an OGTT, which is the employed specifically
as means of diagnosing impaired glucose tolerance.

Furthermore, guidelines consistently refer to type 1 and type 2 diabetes as the main
forms of diabetes, distinct from gestational diabetes, and other specific forms due to
genetic, pancreatic surgery or other causes. Type 1 and type 2 diabetes are therefore
the most prevalent forms of diabetes, but both may be heterogeneous diseases
themselves with considerable variation in clinical presentation and disease progression.
A precise diabetes classification is important for determining the adequate treatment
with primary focus on lowering high blood glucose levels and preventing diabetes-
specific complications. The following section will focus on the main clinical and metabolic
traits described for each of the main diabetes types: type 1 and type 2 diabetes. The
exclusion of other types of diabetes from the following analyses is reinforced by the
already clearly established etiology of the specific types of diabetes, which require

unique treatment or elimination of the underlying cause.
1.3. Clinical and metabolic traits of new-onset type 1 diabetes

Type 1 diabetes is characterized by deficiency of insulin due to destruction of pancreatic
beta-cells, progressing to absolute insulin deficiency (14). This form, previously called
IDDM or “juvenile-onset diabetes,” accounts for 5—-10% of diabetes and is due to cellular-
mediated autoimmune destruction of the pancreatic beta-cells.

Type 1 diabetes is characterized by the presence of one or more beta-cell directed
autoantibodies (15). Autoimmune markers include cytoplasmic islet cell autoantibodies
(ICA) and autoantibodies to glutamic-acid-decarboxylase (GAD or GADA), insulin, the
tyrosine phosphatases IA-2 and IA-2b (IAA), and zinc transporter protein ZnT8. Auto-
antibodies targeting pancreatic beta-cells are the diagnostic markers of type 1 diabetes
(15), although they are not detectable in all patients and decrease with age. The disease
has strong HLA associations, with linkage to the DQA and DQB genes which can be
either predisposing or protective (16). Compared with other ethnicities type 1 diabetes
is more common in Caucasian individuals (17). Studies have shown that Caucasian
individuals were more likely to have multiple positive autoantibodies when compared
with other ethnicities (18). The higher incidence of islet autoimmunity observed in

6



Caucasian individuals could be due to the different distribution of type 1 diabetes-
associated HLA genotypes, with increased frequency of susceptibility and decreased
frequency of protective types when compared with other ethnicities (19). People who
have auto-antibodies to pancreatic beta-cell proteins are likely to develop either acute-
onset or slowly progressive insulin dependence.

Already in 1977, Irvine (20) suggested subtypes of type 1 diabetes depending on their
symptom severity and clinical outcome. The Japan Diabetes Society divides type 1
diabetes into three categories depending on the manner of onset and progression,
namely fulminant, acute-onset, or slowly progressive type 1 diabetes (21). Among the
patients who develop ketosis or diabetic ketoacidosis within 3 months after the onset of
hyperglycemic symptoms and require insulin treatment continuously after the diagnosis
of diabetes, those with anti-islet autoantibodies are considered to have acute-onset
autoimmune type 1 diabetes mellitus. In contrast, those whose endogenous insulin
secretion is depleted (preserved fasting serum C-peptide) without measurable beta-cell
autoantibodies are diagnosed with acute-onset type 1 diabetes mellitus (20; 21).

It is likely that the proposed subgroups, even though described in different populations
and presented by different nomenclature, represent overarching groups with similar
features and can therefore be generalized.

The fundamental model of type 1 diabetes natural disease progression is based on a
1986 article by George Eisenbarth (22). This paper suggested 6 stages of developing
type 1 diabetes starting with genetic susceptibility, which possibly triggered by a
precipitating event leads to overt immunologic abnormalities. This is followed by a
progressive loss of insulin release, which can for a short period of time still be
counteracted through lifestyle changes. Eventually the compensatory mechanisms are
overloaded, the insulin release can no longer fulfil the metabolic needs of the organism,
glucose accumulates in the blood stream and triggers overt diabetes. Ultimately there
will be no detectable C-peptide levels, indicative of beta-cell depletion. Although the
model still holds to a large extent, there are subtleties that suggest it is not as simple as
originally proposed. Itis clear that the rate of decline of beta-cell function and the disease
process evolves at different rates in each patient.

Some forms of type 1 diabetes present with permanent insulinopenia and are prone to
ketoacidosis, but have no evidence of beta-cell autoimmunity. Although only a minority
of patients with type 1 diabetes, the incidence appears to be higher in individuals of

African or Asian ancestry, who display episodic ketoacidosis and exhibit varying degrees
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of insulin deficiency between episodes (19). This form of diabetes is strongly inherited
and is not HLA associated (19). The requirement for insulin replacement in affected
patients may be intermittent, distinguishing them from the typical clinical presentation of
type 1 diabetes.

Typically, type 1 diabetes occurs in younger individuals (23) presenting with polyuria,
polydipsia and weight loss. However, type 1 diabetes may occur at any age, sometimes
with slow progression. Patients with type 1 diabetes may present with ketoacidosis as
the first manifestation of the disease. The rate of beta-cell destruction is quite variable,
being rapid in some individuals and slow in others.

Type 1 diabetes is caused by autoimmune destruction of beta-cells, leading to absolute
insulin deficiency during its natural history. For this reason, type 1 diabetes has been
traditionally associated, with a leaner phenotype and absence of other cardiovascular
risk factors upon diagnosis. However, obesity is often recognized in individuals with type
1 diabetes already at diagnosis, owing partly to its rising incidence in the general
population. Not only is obesity compatible with a type 1 diabetes diagnosis, but it is also
potentially a risk factor for its development. Furthermore, the cardiovascular risk of type
1 diabetes, as often underestimated, leads to numerous untreated patients, which in
turn increases the risk of developing severe cardiac events up to 90-fold in certain
groups (24).

Although impaired insulin action along with inadequate beta-cell function and insulin
secretion are the primordial markers, patients with type 1 diabetes can also exhibit
insulin resistance (25). In particular, insulin resistance has been observed in patients
with poorly controlled and long standing type 1 diabetes (26-28). This has previously
been attributed to glucotoxicity mechanisms (29) and more recent studies revealed a
complex nature of insulin resistance in type 1 diabetes, a condition that has been termed
“double diabetes” (30). Double-diabetes was a term coined to describe individuals with
type 1 diabetes showing clinical features compatible with type 2 diabetes (31). It has
been variably used in literature, to describe both individuals with obesity and other
insulin resistance characteristics since diagnosis and those who have gained weight
during follow-up, becoming obese over time. Predominant metabolic dysregulation and
less dominant autoimmune aberration is seen in these patients, even though they are
autoantibody positive. The definition of an intermediate subtype between both types of
diabetes has been difficult and suggested a broad grey zone reflecting a continuum of

diabetes rather than distinct phenotypes. Genetic factors have been also proposed to
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contribute to insulin resistance as suggested by associations with several genes linked
to high risk of type 2 diabetes (32). Whether insulin sensitivity is principally impaired in

certain subgroups of newly-diagnosed adult type 1 diabetes patients, remains unknown.

1.3.1. The so-called ‘latent autoimmune diabetes of adults’: a controversial

subtype

The presence of a distinct subtype, termed “latent autoimmune diabetes” has been
introduced by Zimmet et al. (33) and is controversially discussed since then (34; 35).
Some patients with adult-onset diabetes mellitus present with positive diabetes-
associated antibodies, mainly antibodies against GAD and ICA (36-38). Autoimmunity
typically defines type 1 diabetes, yet there has been an attempted separation of a
subgroup as latent autoimmune diabetes of the adult (LADA) (39; 40), 1.5 diabetes (34)
or non-insulin requiring autoimmune diabetes (NIRAD) (41), based on the following
criteria: positivity for diabetes-associated autoantibodies, age at diagnosis older than 30
years and no insulin therapy during the first 6—12 months after diagnosis. According to
current estimates, up to 10% of all patients with type 2 diabetes meet the criteria of
LADA (40). European and American guidelines no longer define LADA as an
independent diabetes type, but classify these patients as having type 1 diabetes (14;
42).

Autoantibody positivity in patients with diabetes is associated with younger age at onset,
less secretion of insulin, and faster progression to insulin dependency than for antibody-
negative patients (43). Of note, the metabolic phenotype might be determined by the
antibody titer. LADA patients with high GAD antibody titer are phenotypically closer to
type 1 diabetes showing lower BMI while those with low GAD antibody titer rather
resemble patients with type 2 diabetes (44). There is no distinct appearance for patients
with LADA, reflected by the wide heterogeneity in the clinical presentation at disease
onset. These patients may present with some clinical characteristics of type 2 diabetes
(45) and are preferentially treated with oral glucose-lowering medication or incretins, as
insulin is not required during the first years upon diagnosis (46). Nevertheless, there is
a paucity of data with regard to metabolic characteristics of this specific subgroup of

patients with autoimmune diabetes.



1.4. Clinical and metabolic traits of new-onset type 2 diabetes

Type 2 diabetes is characterized by a combination of insulin resistance and beta-cell
failure, in association with obesity and sedentary lifestyle. Type 2 diabetes, previously
referred to as “noninsulin-dependent diabetes” or “adult-onset diabetes,” accounts for
90-95% of all diabetes. Insulin resistance and an impaired first-phase insulin secretion
causing postprandial hyperglycemia characterize the early stage of type 2 diabetes. This
is followed by a deteriorating second-phase insulin response and persistent
hyperglycemia in the fasting state. This diabetes form encompasses individuals who
have relative (rather than absolute) insulin deficiency and have peripheral insulin
resistance.

Most, but not all, patients with type 2 diabetes are overweight or obese. Excess weight
is associated with insulin resistance. Patients who are not obese or overweight by
traditional weight criteria may have an increased percentage of body fat distributed
predominantly in the abdominal region (47). Based on previous studies, it is safe to
assume that at least part of the differences in insulin sensitivity observed between the
prediabetic and diabetic individuals can be attributed differences in obesity and mainly
abdominal fat (48). Differences in insulin sensitivity between groups were largely
explained by differences in overall and particularly abdominal visceral obesity
indicative of a close link between fat depots in the abdomen and glucose regulation in
the fasting state, potentially mediated by adipokines (49). Furthermore, with increasing
obesity in the young there is a trend towards a decreasing age of onset. The epidemic
of lack of exercise, of obesity together with dietary factors is bound to produce an
insulin-resistant phenotype even in the young, that may accelerate the development of
renal pathology and cardiovascular disease (50).

Various mechanisms have been proposed and discussed to cause type 2 diabetes.
Insulin resistance and impaired insulin secretion remain the core defects in type 2
diabetes, but other pathophysiological abnormalities contribute to the dysregulation of
glucose metabolism. Impaired insulin secretion in type 2 diabetes is caused by
pancreatic beta-cell dysfunction due to lipotoxicity, glucotoxicity and resistance to
incretins. Beta-cell dysfunction occurs following increased FFA levels, obesity, insulin
resistance, and inflammation (51). Initially the beta-cells compensate by increasing the
release of insulin; however, over time this compensatory mechanism fails and leads to

reduction in beta-cell mass. The loss of beta-cell mass occurs from cellular
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degranulation, resulting in an increase in glucagon from a-cells and decreased insulin
secretion. The reduced plasma insulin levels trigger an increase in glucose levels.
Glucose-sensitive tissues, including skeletal muscle and adipocytes, are unable to
accommodate the hyperglycemic milieu. Increased fat accumulation in adipocytes also
leads to an increased release of proinflammatory cytokines and increased lipolysis. A
further release of FFAs stimulates the liver to increase glucose production. Persistent
glucose release preserves the hyperglycemic environment sustaining the vicious cycle.
Ultimately, insulin resistance is the result of impaired insulin receptor signaling. Causes
of the insulin resistance include genetic abnormalities, ectopic lipid accumulation,
mitochondrial dysfunction, inflammation and endoplasmic reticulum stress (52).
Environmental and lifestyle factors such as obesity, an unhealthy diet and physical
inactivity and genetic factors contribute to the multiple pathophysiological disturbances
that are responsible for impaired glucose homeostasis in type 2 diabetes. Furthermore,
studies suggest that type 2 diabetes can be subtly modulated by common variants acting
through any one of several distinct mechanisms by the wide range of therapeutic
interventions that have the proven capacity to ameliorate, to some degree at least, the
diabetic state such as calorie restriction, exercise, and metabolic surgery (53).
Peripheral organs such as the liver, muscle and kidney become insulin resistant, leading
to reduced glucose uptake from blood, excessive renal glucose reabsorption and
increased gluconeogenesis, all of which contribute to hyperglycemia. Individuals with
type 2 diabetes are at high risk for both microvascular complications such as
retinopathy, nephropathy and neuropathy and macrovascular complications such as
cardiovascular disease, associated with hyperglycemia and insulin resistance. The
severity and duration of hyperglycemia determine the risk of microvascular
complications. Macrovascular complications are frequently augmented by dyslipidemia,
hypertension, hyperglycemia and inflammation. There remains, however, a paucity of
data regarding the prevalence or susceptibility to diabetes complications in specific
subgroups of type 2 diabetes patients.

The multiple pathogenic disturbances present in type 2 diabetes are currently not
reflected in the therapeutic guidelines, which propose a first-line treatment with
metformin in patients with type 2 diabetes (54), independent of the underlying metabolic
dysfunction. Until recently, most management algorithms proposed stepwise treatment
escalation upon failure with oral blood glucose-lowering drugs leading to insulin

treatment (55). Patients treated with metformin monotherapy tend to progressively
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deteriorate in their glycemic control over time, requiring further therapeutic steps to
improve the sustainability of glycemic control (56). There are also reports suggesting
that early intensive glycemic control could lead to diabetes remission (57). Given the
plethora of medications, the challenge lies in matching the right drug with the right
patient at the right time to obtain the best clinical outcome (58).

Nevertheless, the complex metabolic interplay dictates that multiple antidiabetic agents,
used in combination, will be required to maintain normoglycemia, especially in patients
who present with severe dysglycemia at diagnosis (59). The treatment must not only be
effective and safe but also improve the quality of life. Several novel medications are in
development, but the greatest need is for agents that enhance insulin sensitivity, halt
the progressive pancreatic beta-cell failure and prevent or reverse the micro- and

macrovascular complications (60).
1.5. New classification of type 2 diabetes

Due to the large heterogeneity in the clinical presentation as well as the complex and
diverse pathophysiological disease mechanism, it does not seem to be accurate to
classify patients with type 2 diabetes as one sole entity, as they present with different
metabolic features and require distinct therapeutic and prevention strategies.
Therefore, recent studies have attempted to restructure the classification of patients
with diabetes and identify novel clinical tools in order to facilitate a more precise clinical
diagnosis and tailored therapy. There are currently many research groups advocating
for individualized therapeutic approach and customized therapy that have identified
specific patient subgroups that require special consideration (61-63). Treatment should
ideally target the underlying pathophysiological defect, and identification of

subphenotypes enables the clinician to choose the most relevant treatment.
1.5.1. Cluster analysis

A recent Swedish cohort study challenged the current paradigm of classifying diabetes
patients by allocating adult-onset diabetes into five clusters on the basis of different
pathophysiological and genetic profiles (12; 64). This analysis was based on an
unbiased cluster allocation using common variables such as autoimmunity, age at
diagnosis, body mass index (BMI), glycemic control, surrogates of beta-cell function,
and insulin resistance using simple homeostasis model estimates (HOMA-B and

HOMA-IR) (65). The k-means clustering via nearest centroid approach (64), assigned
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each patient to a predefined cluster: severe insulin-resistant (SIRD), severe insulin-

deficient diabetes (SIDD), moderate age-related diabetes (MARD) or moderate

obesity-related (MOD). Severe autoimmune diabetes (SAID) encompassed patients

with positive GAD antibodies (64). The centroides were determined from sex-specific

mean values derived from population-based data. Table 3 summarizes the main

anthropometric and clinical characteristics of the clusters as described in the Swedish

population by Ahlqvist et al. (64).

Table 3. Cluster classification

Cluster Name

N (%)

Anthropometric and

metabolic characteristics

Specific susceptibility

to complications

1 |[Severe 6 young age,
autoimmune low BMI,
diabetes (SAID) poor metabolic control,
insulin deficiency,
GAD autoimmunity
2 |(Severe insulin- |18 young age, Retinopathy
deficient diabetes low BMI,
(SIDD) poor metabolic control,
insulin deficiency,
no GAD autoimmunity
3 |Severe insulin- |15 high BMI, Nephropathy
resistant diabetes overt insulin resistance Indirect signs of
(SIRD) susceptibility to NAFLD
(increased
transaminases)
4 |Moderate 22 younger age,
obesity-related obesity,
diabetes (MOD) not insulin resistant
5 |[Moderate age- |39 older age,
related diabetes modest metabolic
(MARD) alterations

Table 3 legends: BMI, body mass index, GAD, glutamic-acid-decarboxylase, NAFLD, non-alcoholic fatty

liver disease.
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While there is already some evidence for an association between cluster assignment
and risk for nephropathy and cardiovascular diseases (64), risk stratification for
diabetic neuropathy and non-alcoholic fatty liver disease (NAFLD) using appropriate
measurements has not been addressed so far. NAFLD is frequently present at or even
before the onset of diabetes and emerged not only as a major risk factor of end-stage
liver disease, but also as a predictor of cardiovascular disease (66; 67). Of note, the
risk for liver-related mortality increases exponentially with increase in fibrosis stage
(68).

This innovative approach aimed at developing stratified customized treatment in line
with the concept of precision medicine (63; 69). Such stratification may have important
implications not only for the diagnosis and management of diabetes but also for
predicting diabetes-related comorbidities and the risk for diabetes complications.
Therefore, we aim to address further implications of risk stratification via clustering
reaching towards less investigated areas of diabetes complications and its application

in the German population.

1.5.2. Stratification based on glycemic control, insulin sensitivity and
insulin secretion

Other research groups have attempted different further classifications of diabetes.
Based on the ADA diagnostic criteria of diabetes (Table 1), a British study subdivided
patients with type 2 diabetes into subgroups (70). Subsequently patients with type 2
diabetes were subdivided into 3 groups: F-DM phenotype for patients fulfilling the
fasting plasma glucose criterion, 2h-DM phenotype for patients with plasma glucose
2hours after OGTT above 200 mg/dl, and F-2h-DM phenotype for patients fulfilling both
criteria simultaneously. The study further assessed metabolic features in this groups
and identified differences in insulin sensitivity and beta-cell function. Diabetic
individuals with isolated elevated 2-hour glucose concentrations had a physiological
level of absolute early insulin release, but significantly lower insulin sensitivity in both
the fasting and glucose-stimulated state. These results suggest that progression from
prediabetes to type 2 diabetes is characterized by development of insulin resistance
and a lack of ability to sufficiently compensate by increasing insulin secretion.
In contrast to the 2h-DM phenotype, F-DM was characterized by significantly reduced

beta-cell function and also had a significant reduction in insulin sensitivity. Longitudinal
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studies (71) showed that a reduction in the insulin secretory capacity can precede the
development of peripheral insulin resistance in individuals with isolated fasting
hyperglycemia. As expected, the F-2h-DM phenotype had the most overt metabolic
impairment, yet the authors suggest that the progression to the F-2h-DM phenotype is
merely an advancement of either of the other phenotypes left untreated. However, this
classification does not account for the underlying pathophysiological defects leading
to diabetes, but only reflects the severity of the disease, depending on how far diabetes
has progressed in an individual.

Using the HbA1c definition of diabetes (12) does not allow further stratification and
does not account for the diversity found within the diabetes subgroups captured by the
glucose criteria. In general, patients with HbA1c-diagnosed diabetes had insulin
resistance and beta-cell dysfunction in the same low range as patients diagnosed by
F-DM and F-2h-DM, suggesting that the cut-off point for HbA1c of 6.5% identifies
individuals in direct need for pharmacological therapies to correct for beta-cell
dysfunction.

Further studies attempted to assess patients stratified by insulin sensitivity and beta-
cell function, as hallmarks of diabetes. The insulin secretion and sensitivity are part of
a dependent continuum, but the extremes will differ greatly. A Danish Study (63) used
the homeostatic assessment model to subphenotype patients with type 2 diabetes into
insulinopenic (high insulin sensitivity and low beta cell function), classical (low insulin
sensitivity and low beta cell function), or hyperinsulinemic (low insulin sensitivity and
high beta cell function) type 2 diabetes. Insulinopenic type 2 diabetes patients had a
nearly normal waist circumference and a lower prevalence of cardiovascular disease,
compared to the two other subphenotypes. In contrast, hyperinsulinemic type 2
diabetes patients had more abdominal obesity and a higher prevalence of
cardiovascular disease. This study further highlights the need of better risk stratification

of patients with type 2 diabetes with regard to cardiovascular disease.
1.6. Precision medicine in diabetes

Precision medicine is a new direction in diabetes therapy which considers a stepwise
approach, incorporating and building the evidence from clinical studies in order to
achieve quantifiable, implementable outcomes based on disease etiology,
pathophysiological traits and risk scores (72). Making the correct diagnosis and using
the correct treatment from diagnosis can be challenging, but it is crucial to prevent long-

15



term morbidity and mortality. While many studies advocate for individualized medicine,
the enormous impact of environment and lifestyle factors make it almost impossible to
carry out personalized management. However, the stratification of diabetes
subphenotypes may allow for stratified management of specific groups with similar
metabolic features and common risk for the development of diabetes-related
complications.

Although the traditional classification into type 1 and type 2 diabetes has proven useful
in differentiating distinct pathophysiological mechanisms with clear therapeutic
implications, it remains insufficient in explaining the wide variety of clinical
manifestations of diabetes (73). Furthermore, algorithms of prediction and prevention of
diabetes complications, the rate of beta-cell failure, the proper methods of weight
management, or medication suitability remain scarce. Precision medicine is the concept
that specific treatments can be targeted to groups of individuals with specific genetic,
cellular, or molecular features, is a key aspect of modern healthcare, and its use is
rapidly expanding also in the field of diabetes (74). While at first, the application of
precision medicine has been demonstrated in monogenic diabetes, which were in many
cases misdiagnosed as either type 1 or type 2 diabetes (75), current research attempts
to expand its applicability to all types of diabetes. Therefore, also the polygenic
subtypes, now bundled together under the broad umbrella of type 2 diabetes can profit
from precision medicine.

New technological developments coupled with improved computational power,
increased statistical sophistication and drug manufacturing advances introduced
diagnostic and therapeutic arrays with comprehensive understanding of the
physiopathology behind type 2 diabetes (73). Thus, it was suggested that patterns of
human genetics variation can also distinguish subgroups of patients and reveal new
treatment targets.

So far, however, the clinical application of genetics in diabetes remains limited to rare,
monogenic subtypes. Models for the management of type 2 diabetes embrace
distinctive subtypes of type 2 diabetes, each of which has the potential to be mapped to
a specific remedial therapy or intervention. In reality, effective strategies in this area
must address the multifactorial etiology of type 2 diabetes and a continuous spectrum
of predisposition mediated by multiple pathways.

One approach describing of the pathophysiological architecture of type 2 diabetes

predisposition focuses on the intermediary processes contributing to type 2 diabetes risk
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(76). The most obvious of these include obesity, fat distribution, islet development and
function, and insulin sensitivity. Each of these processes is itself multifactorial,
influenced by genetic and non-genetic factors, and effects both diabetes risk and the
phenotype of any diabetes that results. Several recent studies have added empirical
support for this approach, developing process-specific risk scores for assessments of
the risk for diabetes complications such as diabetic nephropathy and cardiovascular
disease (77).

Many models capture the range of diabetes subtypes as a continuum consistent with
the genetic architecture of diabetes and real-world clinical observation (42; 64). Overall,
the majority of studies suggest that type 2 diabetes, is the consequence not of a major
defect, but in the confluence of suboptimal performance of different metabolic processes
contributing in parallel.

This model provides a framework for understanding the mechanistic basis of
heterogeneity and its clinical consequences. It also allows for the existence of cases at
the extremes of the distribution for which a targeted intervention might be particularly
effective. Genetic risk scores that capture each of these processes may help to tease
apart heterogeneity in phenotype, progression, and therapeutic response. They may
allow identification, within the overall population, of subsets of selected individuals in
whom the profile of genetic predisposition is dominated by defects in a single pathway,
facilitating personalized, mechanism-specific interventions.

It is yet not fully understood why some patients show rapid progression of microvascular
and/or macrovascular complications or require aggressive escalation of therapy. The
assessment of risk factors and deleterious patterns provides heterogeneous results
when studied in patients with type 2 diabetes, as not all patients with diabetes are
affected equally. Altogether, these results highlight the heterogeneity of type 2 diabetes
and could account for differences in disease progression and response to glucose-
lowering treatment, as seen in clinical practice. However, these findings also suggest
that we might not yet have a reliable way to move forward towards a precision medicine
approach for treatment of type 2 diabetes. An approach only based on commonly

available clinical variables could prove insufficiently precise.
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2. Aims

The aim of this work was to identify subgroups of patients with type 1 and type 2
diabetes with specific metabolic features and thereby contribute to an updated
classification of these patients based on the different mechanisms involved in disease
progression. The multicentric prospective GDS follows patients with diabetes from the
first year after their diagnosis, permitting the monitoring of the natural course of
disease, with a focus on comorbidities and complications (78). The GDS represents
an ideal setting to analyze the link between clinical and metabolic characteristics by
comprehensive phenotyping. In order to facilitate precision medicine in diabetes, my
research is targeting a better understanding of disease heterogeneity and its impact
on potential treatments for specific subtypes.

To this end, the first study focuses on patients with autoimmune diabetes - type 1
diabetes and the subgroup formerly named LADA, while addressing subphenotypes
with distinct metabolic profiles within these patients.

The second study encompasses the application of a soft clustering algorithm based on
clinical data on patients with non-autoimmune diabetes of the GDS. We aimed to
examine whether measurement of insulin sensitivity and secretion by gold standard
methods resembles the proposed diabetes clusters. We hypothesized that different
insulin sensitivity based “subphenotypes” differently correlate with NAFLD and

neuropathy therefore requiring specific risk factor management.

18



3. Study population and methods

GDS is an ongoing prospective observational study that examines patients within the
first 12 months of diabetes diagnosis employing comprehensive metabolic phenotyping.
Patients aged 18-69 years are followed for 20 years including systematical clinical
examinations at 5 year-intervals and annual telephone interviews in between. Informed
consent is obtained from all volunteers prior to inclusion into the trial. The study is
conducted according to the Declaration of Helsinki. The study is registered at
ClinicalTrial.gov (registration no: NCT01055093), and the study design is approved by
the ethics board of Heinrich Heine University Disseldorf (reference number 4508).
The overarching aims of the GDS are: (i) to identify subphenotypes of diabetes mellitus,
(i) to detect predictors of diabetes-associated comorbidities, (iii) to aid with the
development of tailored preventive and therapeutic strategies, (iv) to recognize novel
risk factors of disease progression. The study design (78) offers the unique possibility
to reassess patients after 5 years disease duration using the same setting as for
baseline.

Diabetes diagnosis is based on ADA criteria (12) as summarized in Table 2. Patients
with diabetes of other causes, such as pancreoprive or gestational diabetes are not
included in the study. The main inclusion criterion is diagnosis of diabetes according to
current guidelines (12). Further inclusion and exclusion criteria apply. In brief, the study
excludes patients with poor glycemic control (HbA1c > 9.0 %), hyperlipidemia
(triglycerides and low-density lipoproteins = double upper reference limit), severe heart
failure (New York Heart Association class = Il), severe or acute renal disease (serum
creatinine = 1.6 mg/dl), severe or acute liver disease (liver transaminases = double
upper reference limit), known peripheral artery disease stage IV, known severe or acute
psychiatric disorders, active malignant diseases, previous venous thromboembolic
events, anemia (hemoglobin < 11 mg/dl) or recent blood donation, acute infection
(leukocytes > 20% upper reference limit), immunosuppressive therapy (including in the
context of active autoimmune diseases). Furthermore, the study excludes patients who
have participated in an interventional clinical study within the preceding 3 months.
Patients undergo comprehensive metabolic phenotyping using non-invasive or
minimally invasive techniques in order to assess glucose metabolism, insulin sensitivity,
beta-cell function, and anthropometric and clinical parameters. Blood chemistry is
analyzed in a centralized unit for routine laboratory parameters (78). Adipose-tissue

insulin resistance index is calculated from fasting concentrations of insulin and free fatty
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acids (FFA) (79). Further indices of liver health such as the fatty liver index (FLI) and
AST (aspartate aminotransferase) to Platelet Ratio Index (APRI) are computed from
routine laboratory parameters (80). Antibodies against GAD and ICA are determined by
a radioligand assay and by indirect immunofluorescence, respectively (78; 81). Cutoff
levels for GAD are 2 units/ml and 40 JDF-units for ICA (82).

Further, the glucagon stimulation test is performed by measuring fasting blood glucose,
fasting insulin and C-peptide levels (83). At 0 min, a bolus of 1 mg glucagon (GlucaGen;
Novo Nordisk, Mainz, Germany) was injected intravenously and a second blood sample
was obtained after 6 minutes for measurements of insulin and C-peptide (78). The
difference between C-peptide and insulin concentrations between 0 min and 6 min were
determined to assess glucagon-stimulated C-peptide and insulin secretion capacity
(84). In order to assess insulin sensitivity, the gold standard method of a
hyperinsulinemic-euglycemic clamp test is employed. This modified Botnia clamp
consists of an intravenous glucose tolerance test (IVGTT) followed by a
hyperinsulinemic-eugycemic clamp test with frequent measurements of blood glucose,
C-peptide and insulin (78). The IVGTT is started by administrating a 30% glucose
infusion bolus (1 mg/kg body weight) followed by timed blood sampling for 60 minutes.
A priming insulin dose is then applied (10 mU*kg (body weight)* min-! for 10 minutes)
continued by constant infusion of 1.5 mU*kg (body weight)"*min-! (Insuman Rapid;
Sanofi; Frankfurt, Germany). Blood glucose concentration is maintained at 90 mg/dl by
a variable 20% glucose infusion. Total C-peptide secretion is determined from the
incremental area under the curve for C-peptide levels during the 1-hour IVGTT and
whole body insulin sensitivity is assessed from whole body mean glucose infusion rates
(M-value) with glucose space correction (85).

Patients with no contraindications against magnetic resonance investigation techniques
(e.g. pacemaker, magnet-sensitive implants) undergo magnetic resonance
spectroscopy (MRS) measurements on a 3-T MR scanner (Achieva X-series, Philips
Healthcare). Single voxel stimulated echo acquisition mode 'H-MRS is performed for
quantitative assessment of HCL. Both water suppressed and non-suppressed 'H-MRS
are taken in the identical voxel within the homogeneous part of liver tissue, avoiding
major vessels and gallbladder, with a volume of interest of 25x25x25 mm3. Hepatic yATP
and Pi concentrations are determined by 3'P-MRS using 3D image selected in vivo
spectroscopy with proton decoupling (number of signal averages=128) within a volume

of interest of 60x60x60 mm3. All liver spectra are subsequently processed using jMRUI
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software (12). HCL content (%) is then calculated by the methylene peak at 1.3 ppm in
water-suppressed MRS, relative to the sum of the methylene and water peaks at 4.7
ppm in water non-suppressed MRS (86).

In order to assess diabetic neuropathy, the GDS employs electrophysiological testing,
quantitative sensory testing, and clinical neuropathy score surveys (87; 88). Peroneal,
median, and ulnar motor nerve conduction velocity (NCV) is measured in the peroneal
nerve, sural, median, and ulnar sensory NCV, and sensory nerve action potentials
(SNAPs) are determined in the sural nerve at a skin temperature of 33-34°C using
surface electrodes (Nicolet VikingQuest, Natus Medical, San Carlos, CA, USA).
Vibration perception thresholds (Vibrameter, Somedic, Stockholm, Sweden) and
thermal detection thresholds (TSA-Il NeuroSensory Analyzer, Medoc, Ramat Yishai,
Israel) are measured (87). The neurological examination is quantified using the
Neuropathy Disability Score (88). Neuropathic symptoms are assessed using the
Neuropathy Symptom Score. Diabetic sensorimotor polyneuropathy (DSPN) is defined
according to modified Toronto Consensus criteria (89). Assessment of heart rate
variability (HRV) is performed during the hyperinsulinemic-euglycemic clamp (90). In
brief, R-R intervals are recorded in the supine position using a digital Spider View Holter
recorder with seven electrodes to record three-channel electrocardiogram. HRV is
computed from the Holter monitor recordings with the SyneScope V.3.00 analysis
system (MicroPort CRM, Munich, Germany). Cardiovascular autonomic reflex tests
(CARTSs) including heart rate changes in response to a Valsalva maneuver (Valsalva
ratio) and orthostatic posture (maximum-to-minimum (max/min) 30:15 ratio) are
performed using a VariaCardio TF5 system (MIE Medical Research, Leeds, UK). The
presence of two or three abnormal results (two for borderline, three for definite) among
the seven autonomic cardiovascular indices (including the five standard CARTs and
other time and frequency domain indices of HRV) is considered as a criterion for cardiac
autonomic neuropathy (CAN) diagnosis (91).

Taken together, these methods offer a comprehensive overview of patients’ metabolic
phenotype and characterize even the early stages of diabetes-associated diseases. The
cohort studied is among the largest prospective European cohorts of recent onset
diabetes and most likely the largest with comprehensive phenotyping of both

metabolism and comorbidities.
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Metabolic Characteristics of Recently Diagnosed
Adult-Onset Autoimmune Diabetes Mellitus

Oana P. Zaharia,"? Pavel Bobrov,”? Klaus Strassburger,®? Kalman Badis,'?
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Nanette C. Schloot,” Karsten Mussig,"#* Julia Szendroedi,'?*
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'Institute for Clinical Diabetology, German Diabetes Center, Diisseldorf D-40225, Germany; 2German
Center for Diabetes Research (DZD e V), Munich-Neuherberg 85764, Germany; Institute for Biometrics and
Epidemiology, German Diabetes Center, Disseldorf D-40225, Germany; and “Division of Endocrinology and
Diabetology, Medical Faculty, Heinrich Heine University, Disseldorf D-40225, Germany

Context and Objective: Among patients diagnosed with type 2 diabetes, autoimmune diabetes
often remains undetected. Metabolic features of these patients are insufficiently characterized
at present.

Design, Setting, and Patients: This study compared age- and sex-matched adult (aged 41 to 62 years)
humans with recent-onset diabetes: patients positive for antibodies against glutamic acid
decarboxylase (GAD) andfor cytoplasmic islet-cell antigen with an insulin-free period of >6 months
[antibody positive/insulin negative (ab+/ins—); previously termed latent autoimmune diabetes of
adults], type 1 diabetes [antibody positive/insulin positive (ab+/ins+)], and type 2 diabetes [antibody
negative/insulin negative (ab—/ins—)], as well as glucose-tolerant humans (controls) of the
German Diabetes Study (n = 41/group). g-Cell function was assessed from glucagon tests and
intravenous glucose tolerance tests (IVGTTs), and insulin sensitivity was determined from
hyperinsulinemic-euglycemic clamps.

Results: Of the ab+/ins— patients, 33 (81%) were initially diagnosed as having type 2 diabetes. In
ab+/ins—, body mass index (BMI) was higher than in ab+/ins+(27.8 + 5.3 kg/m? vs 25.0 + 3.5 kg/m?,
P < 0.05), lower than inab—/ins— (31.9 + 5.8 kg/m?, P < 0.05), and similar to controls (29.4 + 6.6 kg/
m?). In ab+fins—, GAD antibody titers correlated negatively with BMI (r= —0.40, P < 0.05) and with
C-peptide secretion in glucagon stimulation tests (r= —0.33, P < 0.05). g-Cell function from IVGTT
was 228% higher in ab+/ins— than in ab+/ins+ but 35% lower than in ab—/ins— and 61% lower
than in controls (all P < 0.05). Insulin sensitivity in ab+/ins— was comparable to ab+/ins+ and
controls but 41% higher than in ab—/ins— (P < 0.05) after adjustment for BMI and fasting blood
glucose or hemoglobin Alc.

Conclusion: Even shortly after diagnosis, ab+/ins— patients feature partly preserved $-cell function
and chronic hyperglycemia, which possibly contributes to the observed impairment of whole-body
insulin sensitivity. (/ Clin Endocrinol Metab 103: 429-437, 2018)

ome patients with adult-onset diabetes mellitus present
with positive diabetes-associated antibodies, mainly
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and cytoplasmic islet-cell antigen (ICA) (1-3). Autoim-
munity typically defines tvpe 1 diabetes, yet there has been
an attempt to identify a subgroup as latent autoimmune

Abbreviations: ab—/ins—, antibody negative/insulin negative; ab+/ins—, antibody posi-
tive/insulin negative; ab+/ins+, antibody positivefinsulin positive; BMI, body mass index;
GAD, glutamic acid decarboxylase; GDS, German Diabetes Study, HbAlc,
hemoglobin Alc; hsCRP, high-sensitivity C-reactive protein; ICA, islet-cell antigen; IVGTT,
intravenous glucose tolerance test; JDRF, Juvenile Diabetes Research Foundation; LADA,
latent autoimmune diabetes of the adult; LDL, low-density lipoprotein
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diabetes of the adult (LADA) (4, 5), 1.5 diabetes (6), or
noninsulin-requiring autoimmune diabetes (7), based on
the following criteria: positivity for diabetes-associated
autoantibodies, age at diagnosis older than 30 years,
and no insulin therapy during the first 6 to 12 months
after diagnosis. According to current estimates, up to
10% of all patients with type 2 diabetes meet the criteria
of LADA (5). These patients may present with some
clinical characteristics of type 2 diabetes (8) and are
preferentially treated with oral glucose-lowering medi-
cation or incretins, as insulin is not required during the
first years after diagnosis (9). Of note, European guidelines
do not define LADA as an independent diabetes type but
classify these patients as having type 1 diabetes (10, 11).

Autoantibody positivity in patients with diabetes is
associated with younger age at onset, less secretion of
insulin, and faster progression to insulin dependency than
for antibody-negative patients (12). Of note, the meta-
bolic phenotype might be determined by the antibody
titer in that patients with a high GAD antibody titer are
phenotypically closer to type 1 diabetes with lower body
mass index (BMI), whereas those with a low GAD an-
tibody titer resemble patients with type 2 diabetes (13).

Regarding B-cell function in patients with LADA, some
but not all studies show an accelerated decline in insulin
secretion compared with type 2 diabetes (14, 15). However,
only few data exist on B-cell function and insulin sensi-
tivity in patients with adult-onser autoimmune diabetes
compared with type 2 diabetes and controls. Moreover,
diabetes-related comorbidities of these patients have been
scarcely reported in the literature (16). Some patients appear
to develop micro- and macrovascular complications despite
improved glycemic control (17) and independently of fea-
tures of the so-called metabolic syndrome (7).

This study aimed to characterize patients with adult-
onset autoimmune diabetes by differentiating between
those on oral glucose-lowering medication [antibody
positive/insulin negative (ab+/ins—); so-called LADA],
those on insulin treatment immediately after diabetes
diagnosis [antibody positive/insulin positive (ab+/ins+);
type 1 diabetes], and those with type 2 diabetes (ab—/
ins—). Insulin secretion and sensitivity were quantified by
employing gold-standard methods (18) in patients and
healthy controls of the prospective observational German
Diabetes Study (GDS), which allows examining patients
with short known diabetes duration of <1 year and
monitoring disease progression.

Subjects and methods

Volunteers
This nested case-control study comprised 41 ab+/ins—
patients, 41 ab+/ins+ patients, 41 ab—/ins— patients, and

Metabolism in Adult-Onset Autoimmune Diabetes
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41 glucose-tolerant healthy humans. Of all patients tested
positive for GAD antibodies and/or ICA, the ab+/ins— patients
were selected by applying the following criteria: age >30 years
at diagnosis and absence of insulin treatment during the first
6 months after diabetes diagnosis (19). Then, volunteers of the
GDS with type 1 diabetes, those with type 2 diabetes, and
healthy humans were subsequently pairwise matched for age
and sex to these patients. Diabetes-related symptoms and their
duration before the diagnosis, family history of diabetes, and
medication as well as manifestation of diabetes-related sequelae
were recorded. All participants were recruited from the GDS,
which follows volunteers with recently diagnosed diabetes
(known disease duration <12 months) and glucose-tolerant
humans, aged 18 to 69 years. The design of the study was
approved by the ethics committee of Heinrich-Heine University
of Diisseldorf (reference number 4508), registered at Clin-
icaltrials.gov (identifier number: NCT01055093), and is per-
formed according to the Declaration of Helsinki as reported
previously (18). Briefly, diagnosis of diabetes is based on
American Diabetes Assoication criteria (19). Exclusion criteria
comprised the following: specific types of diabetes due to other
causes; pregnancy; acute or severe chronic heart, hepatic, renal,
or psychiatric diseases; and immunosuppressive treatment.
Acute inflammatory syndromes were excluded by high-
sensitivity C-reactive protein (hsCRP) >1 mg/dL (20) and im-
paired kidney function by an estimated glomerular filtration
rate <60 mL/min/1.73 m’.

Glucagon stimulation test

The test was performed as described previously (20). Fasting
blood glucose, fasting insulin, and C-peptide levels were de-
termined. At 0 minutes, a bolus of 1 mg glucagon (GlucaGen;
Novo Nordisk, Mainz, Germany) was injected intravenously,
and a second blood sample was obtained after 6 minutes
for measurements of insulin and C-peptide (18). The differ-
ence between C-peptide and insulin concentrations between
0 and 6 minutes was determined to assess glucagon-stimulated
C-peptide and insulin  secretion capacity (AC-peptide,
Ainsulin) (21).

Modified Botnia clamp test

This test consists of an intravenous glucose tolerance test
(IVGTT) followed by a hyperinsulinemic-euglycemic clamp test
with frequent measurements of blood glucose, C-peptide, and
insulin (18). The IVGTT was started by administrating a 30%
glucose infusion bolus (1 mg/kg body weight) followed by timed
blood sampling for 60 minutes. A priming insulin dose was then
applied [10 mU - kg (body weight) ™! - min~! for 10 minutes],
continued by a constant infusion of 1.5 mU - kg (body
weight) ' - min ' (Insuman Rapid; Sanofi, Frankfurt, Ger-
many). Blood glucose concentration was maintained at 90 mg/
dL by a variable 20% glucose infusion. The total clamp du-
ration was 180 minutes. The mean steady-state duration (be-
tween 130 and 180 minutes) was 27 = 1 minutes for ab+/ins—,
26 = 1 minutes for ab—/ins—, 25 = 1 minutes for ab+/ins+, and
26 * 1 minutes for controls (all P > 0.05), with a mean blood
glucose level during the steady state of 90 * 1 mg/dL for patients
with ab+/ins—, 91 * 1 mg/dL for ab—/ins—, 90 *+ 1 mg/dL for
ab+/ins+, and 91 *= 1 mg/dL for controls (all P > 0.05).

Total C-peptide secretion was determined from the in-
cremental area under the curve for C-peptide levels during the
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1-hour IVGTT, and whole-body insulin sensitivity was assessed
from whole-body mean glucose infusion rates (M-value) with
glucose space correction.

Laboratory analyses

Antibodies against GAD and ICA were measured as de-
scribed (22). In brief, autoantibodies to full-length GAD and
ICA were determined by a radioligand assay and by indirect
immunofluorescence, respectively (23, 24). Cutoff levels were
0.9 U/mL for GAD and 5 Juvenile Diabetes Research Foun-
dation (JDRF) units for ICA. Patients were classified as positive
for antibodies against GAD or ICA with levels >0.9 U/mL for
GAD or >20 JDRF units for ICA. All other parameters were
analyzed as described previously (18).

Statistics

Data are presented as mean (standard deviation) or median
(first quartile, third quartile) for continuous variables and
percentages for categorical variables. Skewed data were log-
transformed before analysis (M-value, total C-peptide secretion,
hsCRP, triglycerides). To compare groups, covariance pattern
models were applied, which account for the matched-pair de-
sign by estimating the covariance matrix of the residuals within
matched pairs. Similar procedures were used to analyze binary
data. To account for multiple group comparisons, the Tukey-
Kramer correction was applied. Associations between param-
eters have been evaluated using Spearman and adjusted (partialized)
Spearman correlation coefficients () and corresponding
P values. Regression analyses adjusted for age, sex, and BMI
were performed to exclude these as confounding factors.
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Additional analyses were adjusted for fasting blood glucose and
hemoglobin Alc (HbAlc). P values <5% were considered to
indicate significant differences or correlations. Statistical ana-
lyses were performed with SAS (version 9.3; SAS Institute,
Cary, NC).

Results

Anthropometric and clinical characteristics of the
study population

Anthropometric and clinical data are shown in Table 1.
Patients with ab+/ins+ were slightly younger than partic-
ipants of the other groups. BMI was on average 10%
higher in ab+/ins— patients than in ab+/ins+ patients,
22% lower than in ab—/ins— patients, and intermediary
in controls. The prevalence of a family history of di-
abetes was similar between all groups of patients with
diabetes. hsCRP and HbA1c did not differ between the
diabetes groups but were lower in the control group (all
P < 0.05). Most patients with diabetes had excellent
glycemic control with HbAlc <7% (53 mmol/mol)
according to current guidelines (11) [30 (73%) of ab
+/ins—, 30 (73%) of ab+/ins+, and 33 (81%) of ab—/
ins— patients].

Per definition, only patients with LADA and type 1
diabetes had positive diabetes-associated autoanti-
bodies (ab+). Compared with ab+/ins+ patients, ab+/ins—

Table 1. Characteristics of the Study Population
Characteristic ab+/ins— ab+/ins+ ab—/ins— Controls
Total No. (malefemale) 41 (25/16) 41 (25/16) 41 (25/16) 41 (25/16)
Age, y 50.8 + 9.47 48.0 + 7.05¢¢ 50.8 = 9.3° 51.1 + 9.7%
BMI, kg/m? 27.8 + 53 25.0 = 35904 319 + 584 294 * 6.6
WHR 0.93 = 0.09 0.90 = 0.10 0.96 * 0.07° 0.92 + 0.08°
Known diabetes duration, mo 69+ 34 6.1+26 59 + 31 —_
Duration of diabetes-related symptoms 36 47 24+ 42 40*56 —
prior to diagnosis, mo
Family history of type 1 diabetes, n (%) 2(5) 1(2) 1(2) —
Family history of type 2 diabetes, n (%) 12 (29) 12 (29) 21 (51)

hsCRP, mg/dL
HbA1c, % (mmol/mol)

0.18 (0.09, 0.34)°

eGFR, mU/min/1.73 m? 91.3 + 149
Total cholesterol, mg/dL 193.0 = 33.2°
LDL cholesterol, mg/dL 120.3 + 34.0°
HDL cholesterol, mg/dL 53.0 = 16.7%¢
Triglycerides, mg/dL 128.3 = 89.7
Lipid-lowering therapy, n (%) 4 (10)
Antihypertensive therapy, n (%) 16 (39)
GAD, U/mL 2.2 (0.9, 34.0°
ICA >20 JDRF, n (%) 30(73)

0.13 (0.05, 0.22)°
6.6x1.1(49+12)° 7.0+ 1.5(52+16) 6.3+0.7(45=8)"

0.13 (0.07, 0.23)*5¢

0.37 (0.18, 0.57)°
5.3 = 0.3 (34 = 3?24

89.5 + 12.4 85.4 + 14.8 91.8 + 13.1
206.7 + 40.7¢ 202.0 + 53.3 204.5 = 32.2
127.0 + 39.3¢ 125.3 + 36.5 134.3 = 336
63.7 = 19.7°9 453 = 12.9° 60.3 = 16.5°

92.4 + 495 146.3 = 77.4° 110.3 = 52.8°

1(2) 6(15) 0(0)
5(12)° 20 (49)°° 11 7)°
389 (12.6, 92.4)¢ 0.1(0.1,0.2) 0.1(0.1,0.2)
41 (100) 0(0) 0(0)

Anthropometric and clinical data of the study population are shown as n (%), mean * standard deviation, or median (first quartile, third quartile). Positive
GAD antibodies and/or cytoplasmic ICAs were used as markers for diagnosing autoimmune diabetes (ab+).

Abbreviations: eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; WHR, waist-to-hip ratio.

#P = 0.05 vs type 1 diabetes.
Pp = 0.05 vs type 2 diabetes.
P = 0.05 vs controls.

9P =< 0.05 vs LADA.
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patients had 95% lower GAD titers [2.2 (0.9, 34.0) U/mL
vs 38.9 (12.6, 92.4) U/mL, P < 0.05]. ICA titers >20
JDRF units were found in 30 (73%) ab+/ins— and in 41
(100%) ab+/ins+ patients. BMI negatively correlated
with GAD titers in ab+/ins— patients (r = —0.47,
P < 0.05).

Metabolic syndrome components and
diabetes-related comorbidities

When analyzing further cardiovascular risk factors
comprising the so-called metabolic syndrome (25), we
observed that there was no difference in waist-to-hip ratio
between ab+/ins— patients and patients of the other
groups. The lipid profile as presented in Table 1 shows
similarities in total, low-density lipoprotein (LDL), and
high-density lipoprotein cholesterol and triglyceride
levels between ab+/ins— and ab—/ins—. Of the ab+/ins—
patients, 29 (71%) had fasting triglyceride levels <150
mg/dL (26), and 14 (34%) achieved LDL levels <100 mg/
dL as recommended in the European Society of Cardi-
ology guidelines (11). Hypertension was present in 22
(54%) of the patients with ab+/ins—, 14 (34%) of the
patients with ab+/ins+, 29 (71%) of the patients with
ab—/ins—, and 21 (51%) of the controls. No differences
were evident between ab+/ins— patients and patients
of the other groups with regard to antihypertensive
treatment.

Regarding diabetes-related comorbidities, some pa-
tients had micro- and macrovascular complications al-
ready within the first year after diagnosis: two cases of
diabetic retinopathy, one case of diabetic neuropathy,
and two cases of myocardial infarction in patients with
ab+/ins— (12%); one case of peripheral artery disease
and one case of stroke in patients with ab—/ins— (5%);
one case of peripheral artery disease in glucose-tolerant
controls (2%); and no diagnosed complications in pa-
tients with ab+/ins+ (0%).

Insulin sensitivity and B-cell function

Whole-body insulin sensitivity in ab+/ins— patients
was comparable to that of ab+/ins+ patients but 41%
higher than in ab—/ins— patients and 16% lower than
in controls (Fig. 1A). After further adjustments for
fasting blood glucose and HbAlc, only differences
between ab+/ins— patients and ab—/ins— patients
remained (P < 0.05).

With regard to B-cell function, total C-peptide
secretion during IVGTT (Fig. 1B) was 228% higher
in ab+/ins— patients compared with ab+/ins+ patients,
35% lower compared with ab—/ins— patients, and
61% lower compared with controls (all P < 0.03).
These differences remained after adjustment for age,
sex, and BMI.

Metabolism in Adult-Onset Autoimmune Diabetes
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Similarly, AC-peptide levels following glucagon stim-
ulation (Fig. 1C) were 180% higher in ab+/ins— patients
compared with ab+/ins+ patients, 31% lower than in
ab—/ins— patients, and 53% lower than in controls (all
P < 0.05). Furthermore, in patients with ab+/ins—,
GAD antibody titers inversely correlated with AC-
peptide (r = —0.33, P < 0.05) (Fig. 2). Correspond-
ingly, Ainsulin in ab+/ins— patients was 144 % higher
compared with ab+/ins+ patients, 62% lower than in
ab—/ins— patients, and 138% lower than in controls
(all P < 0.05) (Fig. 1D). Further analyses with ad-
justments for fasting glucose confirmed higher insulin
secretory response in ab+/ins— compared with ab+/ins
+ and controls and similarity between ab+/ins— and
ab—/ins—.

Discussion

The ab+/ins— patients, reflecting the so-called LADA, as
defined by positive diabetes-associated antibodies, age
=30 years at diagnosis, and no insulin treatment during the
first 6 months upon diabetes diagnosis, had higher insulin
sensitivity than matched patients with type 2 diabetes and
presented with better B-cell function parameters than pa-
tients with type 1 diabetes, independent of BML In the
ab+fins— patients, GAD antibody titers were found to in-
versely correlate with both C-peptide release after glucagon
stimulation and BMI. Of note, the high prevalence of diabetes-
related complications is noteworthy, despite the lower prev-
alence of components of the metabolic syndrome in these
newly diagnosed ab+/ins— patients (27).

Although ab+/ins— patients have a lower body weight
and younger age at onset of diabetes than patients with
type 2 diabetes (28), previous studies have attributed
differences in metabolic parameters to BMI (14). Con-
sequently, we adjusted our analyses to account for this
confounding factor. Also, similar to the study by Hawa
et al. (28), we found an inverse association between BMI
and the GAD autoantibody titer, indicating that ab+/ins—
patients with lower B-cell-directed immunoreactivity are
closer to the typical phenotype of type 2 diabetes. Pre-
vious studies revealed contradictory data on the re-
lationship between BMI and GAD autoantibodies, either
in favor (29) or against (30) a role of obesity as an ac-
celerator of insulin resistance, thereby driving the im-
mune response and promoting -cell apoptosis. Although
the cross-sectional design does not allow us to establish
causality, the current study detected an interaction be-
tween BMI, GAD autoantibody titers, and B-cell func-
tion. Adjusting for AC-peptide abolished the correlation
between BMI and GAD autoantibodies, suggesting that
this correlation is mediated by impaired B-cell function.
In line, a direct relationship between BMI and AC-peptide
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Figure 1. Metabolic characteristics of patients with newly diagnosed LADA (ab+/ins—), patients with type 1 diabetes (ab+/ins+), patients with
type 2 diabetes (ab—/ins—), and controls (con) showing (A) insulin sensitivity (M-value), (B) total C-peptide secretion during IVGTT, and (C) C-
peptide and (D) insulin secretion after glucagon stimulation. Box plots show medians and whiskers from minimum to maximum. P values refer to
comparison of data adjusted for age, sex, and BMI. Data were In-transformed where applicable. *P = 0.05, **P = 0.05 after correction for

multiple testing.

has been reported (31). Because of its prospective design
(18), the source study of this analysis, the GDS, should be
able to address at least some aspects of the role of obesity
for diabetes-related autoimmunity and SB-cell function in
the future.

Previous studies implied that the onset of disease in
patients with adult-onset autoimmune diabetes can be
insidious, similar to that observed in patients with type 2
diabetes, which promotes a postponed medical atten-
dance and possibly a delayed initiation of adequate
treatment (5). Nevertheless, we showed that latency of
diagnosis following the first appearance of diabetes-
related symptoms was not different between ab+/ins—
and ab—/ins— patients, and neither were family history of
diabetes nor HbAlc levels. Therefore, the clinical ap-
pearance does not show clear criteria to distinguish latent
autoimmune diabetes from type 2 diabetes.

The methods of achieving glycemic control have been
viewed with controversy in ab+/ins— patients because

there is no consensus on therapeutic strategies (32). Pre-
vious studies have reported insufficient glycemic control in
ab+/ins— patients, endorsing immediate insulin treatment
(9). In contrast, in our cohort, HbAlc levels in ab+/ins—
patients were comparable to those of ab—/ins— patients
and well within the guideline-imposed limits for glycemic
control (11). Furthermore, there was no difference in those
patients incorrectly attributed to type 2 diabetes compared
with those attributed to so-called LADA. Although
guidelines (11) advocate for distinguishing patients pre-
senting with diabetes-associated antibodies from type 2
diabetes, in our cohort, most ab+/ins— patients were
initially diagnosed as having type 2 diabetes. Even
without insulin treatment 6 months from disease onset,
73% of the ab+/ins— patients achieve excellent glycemic
control when treated with biguanides, sulphonylureas,
and/or dipeptidylpeptidase-4 inhibitor (10, 33).
Previous studies on ab+/ins— patients have described
pronounced dyslipidemia (34), which is regarded as an
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Figure 2. Correlation of GAD antibodies with BMI (A, B), with B-cell function expressed as total C-peptide secretion during the IVGTT
(C, D), and with C-peptide secretion upon glucagon stimulation (E, F) in ab+/ins— patients (circles) and ab+/ins+ patients (triangles).

(A, E) BMI and glucagon-stimulated C-peptide secretion inversely correlated with GAD antibody titers in ab+/ins— patients. (D) Glucose-
stimulated total C-peptide secretion inversely correlated with GAD antibody titers in ab+/ins+ patients. Individual data are presented

as scatter plots with linear regression including 95% confidence intervals and with partial Pearson correlations coefficients (r) and

corresponding P values.

important atherogenic risk factor. This, coupled with
reduced insulin sensitivity and hypertension, can con-
tribute to an increased cardiovascular risk (35), in-
creasing the hazard for vascular events. Our findings are
in line with a Spanish study, which showed only satis-
factory lipid control in ab+/ins— patients even after
several years of disease duration (36). Similarly, ab+/ins—
patients of our study had a heterogeneous lipid profile,
with lower LDL levels than ab+/ins+ patients independent
of age, BMI, and waist-to-hip ratio, and presumably
benefited from the lipid-lowering therapy but at the
same time had lower high-density lipoprotein levels than

patients with type 2 diabetes. Our results warrant further
research into the factors influencing the lipid profile of
ab+/ins— patients, as we showed the presence of micro-
and macrovascular complications in 12% of these pa-
tients already within the first year after diagnosis.
However, this study was not powered to compare the
prevalence of diabetes-related complications between
the groups.

Up to now, ab+/ins— patients have been scarcely in-
vestigated with regard to insulin sensitivity. There is
compelling evidence that insulin resistance can be present
in both type 2 diabetes and type 1 diabetes (37), although
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to a lesser degree in the latter. Our results suggest that a
higher BMI is not the main contender in determining
insulin resistance in adult-onset autoimmune diabetes.
Even though ab+/ins— patients had higher whole-body
insulin sensitivity than their type 2 diabetes counterparts
of similar age, they also had a lower insulin sensitivity
than age- and BMI-matched controls. The effect of ele-
vated fasting glucose and glycemic control on the group
comparison analyses indicates that hyperglycemia may at
least contribute to the reduced insulin sensitivity in ab+
patients. Given the short known disease duration of these
patients, these findings suggest an important role of
glucose toxicity even in the early course of disease. There
are contradicting data on describing LADA as a distinct
disease entity with a unique metabolism, as it encom-
passes features that are present in both type 1 and type 2
diabetes. Interestingly, our ab+/ins— patients showed
both better insulin sensitivity and preserved B-cell
function, distinct from patients with type 2 diabetes,
independent of age, sex, or BML

The preserved residual capacity of C-peptide stimu-
lation in ab+/ins— patients reflects a decelerated loss of
B-cell functionality compared with type 1 diabetes.
Nonetheless, patients with autoimmune diabetes who
have a reduced C-peptide secretion will be prone to a
shorter interval of insulin-free therapy than patients with
type 2 diabetes (38). Despite the presence of B-cell-
directed autoimmunity, confirmed by the presence of
diabetes-associated autoantibodies, there seems to be
only a mild autoimmune reactivity. The differences be-
tween ab+/ins— patients and controls were preserved
after adjustments for fasting blood glucose with correc-
tion for multiple analysis, thereby ruling out a relevant
role of the fasting blood glucose level as a confounding
factor for B-cell function.

The strength of our study design relies on the well-
characterized metabolism of ab+/ins— patients in com-
parison with matched patients with type 1 and type 2
diabetes and healthy controls. Patients included in the
study had similar disease duration and had undergone
gold-standard methods following standard operating
procedures to evaluate B-cell function and insulin sen-
sitivity. The specific metabolic features of ab+/ins—
patients should raise clinical awareness. These patients
will not benefit from insulin substitution based on
established dosing algorithms for type 1 diabetes but
will require more individualized treatment, taking into
account their lower insulin sensitivity. Furthermore, in
the presence of diabetes-related autoimmunity, patients
may also need intensive lifestyle modification and
monitoring of both physical fitness and body fat mass to
improve their insulin resistance. Although the 8.3%
prevalence of ab+/ins— in patients with type 2 diabetes
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of the GDC cohort lies in the range of previously de-
scribed studies, the relatively small number of subjects
is a limitation of the study.

In conclusion, adult patients with recently diagnosed
autoimmune diabetes have higher insulin sensitivity than
patients with type 2 diabetes, but specifically, patients
with autoimmune diabetes without initial insulin treat-
ment (previously termed LADA) have a partly preserved
B-cell function at the onset of diabetes. Compared with
healthy humans, these ab+/ins— patients show impaired
whole-body insulin sensitivity possibly due to chronic
hyperglycemia.
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Risk of diabetes-associated diseases in subgroups of patients
with recent-onset diabetes: a 5-year follow-up study

Qana P Zaharia, Klaus Strassburger, Alexander Strom, Gidon ) Bonhof, Yanislava Karusheva, Sofia Antoniou, Kdlmdn Bddis, Daniel F Markgraf,
Volker Burkart, Karsten Mssig, Jong-Hee Hwang, Olof Asplund, Leif Groop, Emma Ahlquist, Jochen Seissler, Peter Nawroth, Stefan Kopf,
Sebastian M Schmid, Michae! Stumvoll, Andreas F H Pfeiffer, Stefan Kabisch, Sergey Tselmin, Hans U Héring, Dan Ziegler, Oliver Kuss,

Julia Szendroedi, Michael Roden, for the German Diabetes Study Group*

Summary

Background Cluster analyses have proposed different diabetes phenotypes using age, BMI, glycaemia, homoeostasis
model estimates, and islet autoantibodies. We tested whether comprehensive phenotyping validates and further
characterises these clusters at diagnosis and whether relevant diabetes-related complications differ among these
clusters, during 5-years of follow-up.

Methods Patients with newly diagnosed type 1 or type 2 diabetes in the German Diabetes Study underwent
comprehensive phenotyping and assessment of laboratory variables. Insulin sensitivity was assessed using
hyperinsulinaemic-euglycaemic clamps, hepatocellular lipid content using magnetic resonance spectroscopy, hepatic
fibrosis using non-invasive scores, and peripheral and autonomic neuropathy using functional and clinical criteria.
Patients were reassessed after 5 years. The German Diabetes Study is registered with ClinicalTrials.gov, number
NCT01055093, and is ongoing.

Findings 1105 patients were classified at baseline into five clusters, with 386 (35%) assigned to mild age-related diabetes
(MARD), 323 (29%) to mild obesity-related diabetes (MOD), 247 (22%) to severe autoimmune diabetes (SAID), 121
(11%) to severe insulin-resistant diabetes (SIRD), and 28 (3%) to severe insulin-deficient diabetes (SIDD). At 5-year
follow-up, 367 patients were reassessed, 128 (35%) with MARD, 106 {29%) with MOD, 88 (24%) with SAID, 35 (10%)
with SIRD, and ten (3%) with SIDD. Whole-body insulin sensitivity was lowest in patients with SIRD at baseline
(mean 4-3 mg/kg per min [SD 2-0]) compared with those with SAID (8-4 mg/kg per min [3-2]; p<0-0001), MARD
(7-5 mg/kg per min [2-5]; p<0-0001), MOD (6- 6 mg/kg per min [2:6]; p=0-0011), and SIDD (5-5 mg/kg per min [2-4];
p=0:0035). The fasting adipose-tissue insulin resistance index at baseline was highest in patients with SIRD
(median 15-6 [IQR 9-3-20-9]) and MOD (11-6 [7-4-17-9]) compared with those with MARD (6-0 [3-9-10-3]; both
p<0-0001) and SAID (6-0 [3-0-9-5]; both p<0-0001). In patients with newly diagnosed diabetes, hepatocellular lipid
content was highest at baseline in patients assigned to the SIRD cluster (median 19% [IQR 11-22]) compared with all
other clusters (7% [2-15] for MOD, p=0-00052; 5% [2-11] for MARD, p<0-0001; 2% [0-13] for SIDD, p=0-0083; and 1%
[0-3] for SAID, p<0-0001), even after adjustments for baseline medication. Accordingly, hepatic fibrosis at 5-year
follow-up was more prevalent in patients with SIRD (n=7 [26%]) than in patients with SAID (n=5 [7%], p=0-0011),
MARD (n=12 [12%], p=0-012), MOD (n=13 [15%)], p=0-050), and SIDD (n=0 [0%], p value not available). Confirmed
diabetic sensorimotor polyneuropathy was more prevalent at baseline in patients with SIDD (n=9 [36%]) compared
with patients with SAID (n=10 [5%], p<0-0001), MARD (n=39 [15%], p=0-00066}, MOD (n=26 [11%], p<0-0001), and
SIRD (n=10 [1794], p<0-0001).

Interpretation Cluster analysis can characterise cohorts with different degrees of whole-body and adipose-tissue
insulin resistance. Specific diabetes clusters show different prevalence of diabetes complications at early stages of
non-alcoholic fatty liver disease and diabetic neuropathy. These findings could help improve targeted prevention and
treatment and enable precision medicine for diabetes and its comorbidities.

Funding German Diabetes Center, German Federal Ministry of Health, Ministry of Culture and Science of the state of
North Rhine-Westphalia, German Federal Ministry of Education and Research, German Diabetes Association,
German Center for Diabetes Research, Research Network SFB 1116 of the German Research Foundation,
and Schmutzler Stiftung.

Copyright © 2019 Elsevier Ltd. All rights reserved.

allocated into five clusters based on different
pathophysiological and genetic profiles.’ This analysis
comprised an unbiased cluster allocation® using common
variables such as autoimmunity, age at diagnosis, BMI,

Introduction

Findings of a Swedish cohort study published in 2018
have challenged the current paradigm of classifying
patients with adult-onset diabetes mellitus;' patients were
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Research in context

Evidence before this study

A study of Swedish and Finnish cohorts published in 2018
challenged the paradigm of classifying patients with diabetes.

In that study, patients with adult-onset diabetes were categorised
into five clusters based on autoimmunity, age at diagnosis, BMI,
glycaemic control, and homoeostasis model assessment of B-cell
function and surrogates of insulin resistance. Patients suggested
to be insulin-resistant were at higher risk of diabetic nephropathy
and—to some extent—cardiovascular diseases.

Added value of this study

In our study, we did comprehensive phenotyping of an
independent cohort of patients at the time of diagnosis,

with reassessment after 5 years. Whole-body and adipose-tissue
insulin resistance distinguished clusters of patients with type 2

glycaemic control, and homoeostasis model estimates of
B-cell function (HOMA-B) and insulin resistance (HOMA-
IR).* This innovative approach was aimed at developing
stratified treatment strategies, in line with the idea of
precision medicine,*” and has important implications for
the diagnosis and management of diabetes and for
predicting diabetes-related comorbidities. Although some
evidence already exists for an association between cluster
assignment and risk for nephropathy and cardiovascular
diseases,' risk stratification for diabetic neuropathy
and non-alcoholic fatty liver disease (NAFLD) using
appropriate measurements has not been addressed so far.

Diabetic neuropathy is a prevalent disabling disorder
with a wide pattern of symptoms, a cause that is subject
to much debate, and a broad spectrum of risk factors.”
However, little is known about the clinical and metabolic
features predicting the development or progression of
diabetic neuropathy. Similarly, NAFLD is frequently
associated with diabetes and has emerged as a major risk
factor for end-stage liver disease and is a predictor of
cardiovascular disease.”” Of note, risk for liver-related
mortality grows exponentially with an increase in fibrosis
stage.”

The prospective multicentre German Diabetes Study
monitors the natural course of disease, from the first year
after diagnosis, with a focus on comorbidities and
complications, using comprehensive phenotyping." Here,
we aimed to examine whether measurements of insulin
sensitivity and secretion by gold standard methods endorse
the diabetes clusters proposed in the Swedish study.!
We postulated that specific cluster-based subphenotypes
differently correlate with diabetes-related complications,
therefore requiring targeted risk factor management.

Methods

Study population

We included in our study patients newly diagnosed with
type 1 or type 2 diabetes who were participants in

diabetes. Cluster analysis identified patients at incipient stages
of diabetic neuropathy and those at increased risk for
progression of non-alcoholic fatty liver disease (NAFLD) within
5 years after diagnosis. Measurement of more than one
islet-directed antibody augmented the detection of patients
with autoimmune diabetes. Cluster allocation changed during
the course of disease in individuals at the periphery of a dluster.

Implications of all the available evidence

Distinct diabetes clusters can show specific risk patterns of
diabetes-related complications. Present evidence advocates
for further studies on these clusters to validate their role for
targeted prevention and treatment of diabetic neuropathy
and NAFLD in clusters at highest risk and their contribution
to precision medicine in diabetes.

the prospective German Diabetes Study.” Study group
members and study centres are listed in the appendix
(p 11). Patients had a known disease duration of less than
12 months, were aged 18-69 years, and underwent
comprehensive phenotyping. Diagnosis of diabetes was
based on American Diabetes Association criteria.?
Specific exclusion criteria were diabetes of other causes
(ie, monogenic diabetes syndromes, diseases of the
exocrine pancreas, and gestational diabetes), pregnancy,
and acute or severe chronic heart, hepatic, renal, or
psychiatric diseases.

The German Diabetes Study is approved by the ethics
boards of Heinrich Heine University, Diisseldorf,
Germany (ref 4508), and of associated centres. The study
was done according to the Declaration of Helsinki.
All participants provided written informed consent.

Procedures

Routine laboratory variables were analysed in a centralised
laboratory  (German Diabetes Center, Diisseldorf,
Germany), as previously described." Patients underwent
an identical protocol for blood sampling, following
standard operating procedures, and diabetes-related auto-
antibodies were measured systematically in every study
participant. In brief, glutamic acid decarboxylase anti-
bodies were measured by a radioligand assay" (cutoff’
2 U/mlL),"” islet-cell autoantibodies were measured by
indirect immunoflucrescence (cutoff 20 JDF [Juvenile
Diabetes Foundation] units), and insulin autoantibodies
were measured by radioimmunoassay (cutoff 0-4 U/mL).”
The estimated glomerular filtration rate (eGFR) was
calculated based on creatinine and cystatin C" and
used to define kidney function as normal (stage 1,
eGFR >90 mL/min per 1-73 m2), mildly impaired (stage 2,
eGFR 60-90 mL/min per 1-73 m?2), or moderately
impaired (stage 3, eGFR <60 mL/min per 1.73 m?2).
Urinary albumin levels of 20-200 mg/L defined micro-
albuminuria and levels greater than 200 mg/L defined
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macroalbuminuria.” The adipose-tissue insulin resistance
index was calculated from fasting concentrations of
insulin and free fatty acids.” The fatty liver index, NAFLD
fibrosis score, and aspartate aminotransferase-to-platelet
ratio index were calculated from routine laboratory
variables.*

To measure insulin secretion and sensitivity, we did
the modified Botnia clamp test, which consists of an
intravenous glucose tolerance test followed by a hyper-
insulinaemic-euglycaemic clamp test, with repeated
measurements of blood glucose, C-peptide, and insulin
concentrations, as previously described." Total C-peptide
secretion was ascertained from the incremental area
under the curve (AUC) during the intravenous glucose
tolerance test. Whole-body insulin sensitivity (M value)
was assessed from mean glucose infusion rates during
the steady state.” To assess hepatocellular lipid content,
we did proton magnetic resonance spectroscopy with a
stimulated echo acquisition mode (STEAM) sequence in
a3 T scanner (Achieva X-series, Philips Healthcare, Best,
Netherlands), as described previously.®

To measure peripheral nerve function, we did electro-
physiological testing, quantitative sensory testing, and
clinical neuropathy score surveys, as described.” Motor
nerve conduction velocity in the peroneal nerve,
sensory nerve conduction velocity, sensory nerve action
potentials in the sural nerve, and vibration and thermal
detection thresholds were measured as described.”
The neurological examination was done using the
Neuropathy Disability Score, and neuropathic symptoms
were assessed with the Neuropathy Symptom Score.”
Diabetic sensorimotor polyneuropathy was defined
according to modified Toronto Consensus criteria.”

To measure autonomic nerve function, we did cardio-
vascular autonomic reflex tests, including heart rate
changes after the Valsalva manoeuvre (Valsalva ratio) and
orthostatic posture (maximum-to-minimum 30:15 ratio),
with findings recorded using a VariaCardio TF5 system
(MIE Medical Research, Leeds, UK). The presence of
three abnormal results among seven autonomic
cardiovascular indices—ie, coefficient of variation, low-
frequency and mid-frequency power spectrum at rest,
mean circular resultant, postural change in systolic
blood pressure, maximum-to-minimum 30:15 ratio, and
Valsalva ratio—confirmed the diagnosis of cardiac
autonomic neuropathy.”*

To examine eye conditions in patients we did fundus
photography. Images were assessed by trained ophthal-
mologists. Retinopathy was diagnosed in accordance
with international guidelines.*

Statistical analysis

Patients with complete datasets at baseline and 5-year
follow-up with respect to age, BMI, glycaemia, homo-
eostasis model estimates calculated using C-peptide
values (HOMA-IR and HOMA-B), and glutamic acid
decarboxylase antibodies were included in the analysis.

At baseline, we applied the sex-specific classification rules
published by Ahlqvist and colleagues' using the nearest
centroid approach, so every patient was assigned to a
predefined cluster—ie, mild age-related diabetes (MARD),
mild obesity-related diabetes (MOD), severe insulin-
resistant diabetes (SIRD), or severe insulin-deficient
diabetes (SIDD). Patients with positive glutamic acid
decarboxylase antibodies were allocated to the severe
autoimmune diabetes (SAID) cluster.! The classification
algorithm was applied again at 5-year follow-up to assess
cluster migration patterns.

Data are presented as mean (SD), median (IQR), or
proportion (%). Further logistic regression analyses were
done to assess the predictive power of clustering and
diabetes-related complications. Data are given as
unadjusted AUCs and corresponding 95% Cls. Skewed
data were log-transformed before analysis. To account for
multiple group comparisons, Tukey-Kramer correction
was applied. We judged p values less than 0- 05 significant.
Statistical analyses were done with SAS version 9.4
(SAS Institute, Cary, NC, USA). Figures were drawn
using GraphPadPrism version 703 (GraphPad Software,
San Diego, CA, USA).

The German Diabetes Study is registered at
ClinicalTrials.gov, number NCT01055093, and is ongoing.

Role of the funding source

The funder had no role in study design, data collection,
data analysis, data interpretation, or writing of the report.
The corresponding author had full access to all data in
the study and had final responsibility for the decision to
submit for publication.

Results

1105 patients with newly diagnosed diabetes in the German
Diabetes Study cohort were included in our study at
baseline. Anthropometric and clinical data for these
patients are shown in table 1, stratified by cluster. 247 (229%)
of 1105 patients were assigned to the SAID cluster. Patients
with SAID had positive glutamic acid decarboxylase
antibodies and were more likely to be of a younger age,
have relatively low BMI, have poor glycaemic control, and
have overt insulin defidency compared with patients
allocated to other clusters. Furthermore, patients with
SAID seemed to have a more favourable lipid profile
compared with those allocated to other clusters. Among
patients with SAID, 158 (67%) received insulin on
diagnosis (appendix p 2). 28 (3%) of 1105 patients were
assigned to the SIDD cluster and showed similarities
with patients with SAID, but none had glutamic acid
decarboxylase antibodies. Among patients with SIDD,
12 (44%) were treated with insulin on diagnosis (appendix
p 2). 121 (11%) of 1105 patients were assigned to the SIRD
cluster. Patients with SIRD were characterised by high
BMI and whole-body and adipose-tissue insulin resistance
compared with patients allocated to other clusters.
323 (29%) of 1105 patients were assigned to the MOD
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SAID (n=247) SIDD (n=28) SIRD (n=121) MOD (n=323) MARD (n=386)
Female 100 (40%) 5(18%) 39 (32%) 148 (46%) 100 (26%)
Male 147 (60%) 23 (82%) 82(68%) 175 (54%) 286 (74%)
Age (years) 37:7 (27-7-505) 438 (33-8-51-0) 586 (52:9-64-1) 457 (393-517) 58-8(53-0-64-2)
BMI (kg/m?) 26.5(5-4) 27.0(37) 342 (45) 347 (64) 27-4(34)
Waist-to-hip ratic 0-90 (0-09) 0:94 (0:06) 1.00 (0-08) 0.96 (0:09) 095 (0-08)
HOMA-B 56-1(36-8-82:1) 39:3(25-2-47-3) 1727 (1477-209-9) 967 (73-7-128°3) 86.0(64-6-109-8)
HOMA-IR 1.1(0-7-1-7) 17(1-2-2:9) 39(32-51) 27 (2:0-3-4) 19(13-2:4)
Fasting blood glucose (mg/dL) 126 (34) 185 (58) 111(29) 128(29) 120(25)
HbA, (%) 6-4% (0-9) 87% (1.3) 6:2% (07) 6:5% (0-9) 63% (07)
HbA, (mmol/mal) 46 (10) 72(14) 44(8) 48(10) 45(8)
hsCRP {mg/dL) 011 (0-06-0-27) 021 (0-08-0-42) 0:30 (0-18-055) 032 (0-16-0-60) 0416 (0-08-0:32)
eGFR (mL/min per 1.73 m?) 98.2(151) 1045 (15-8) 78.2(16:3) 93.1(15-4) 87.9(13-9)
Cystatin € (mgj/L) 0-89 (0:13) 0:84(013) 1.05 (0:19) 092 (016) 092 (0:14)
Total cholesterol (mg/dL) 186 (36) 199 (34) 198 (43) 200 (43) 199 (43)
LDL-cholesterol (mg/dL) 113 (32) 126 (32) 125 (38) 129(36) 127 (36)
HDL-cholesterol (mg/dL) 57 (17) 51(13) 43 (10) 45(13) 50(13)
Triglycerides (mg/dL) 87 (60-128) 148 (68-205) 160 (119-226) 139 (96-189) 120 (86-167)
FFA (umol/L) 616 (252) 687 (279) 611 (203) 671(230) 628 (241)
GADA »2 UfmL 247/247 (100%) 0/28 (0%) 0/121 (0%) 0/323 (0%) 0/386 (0%)
ICA >20JDF 210/247 (85%) 3/28 (11%) 3/118 (3%) 13/312 (4%) 8/378 (2%)
1AA >0-4 U/mL 97/203 (48%) 3117 (18%) 7/98 (7%) 18/250 (7%) 8/286 (3%)
Data are n (%), mean (SD), or median (IQR). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes.
MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. HOMA-B=homoeostatic assessment model for B-cell function. HOMA-IR=homoeostatic
assessment model for insulin resistance. hsCRP=high-sensitivity C-reactive protein. eGFR=estimated glomerular filtration rate. FFA=free fatty acids. GADA=glutamic acid
decarboxylase autoantibodies. ICA=islet-cell autoantibodies. |DF=Juvenile Diabetes Foundation units. IAA=insulin autoantibodies.
Table 1: Patients’ characteristics at baseline, by cluster allocation

cluster. Similar to patients with SIRD, individuals in the
MOD cluster were characterised by obesity and substantial
adipose tissue insulin resistance, but they had moderate
whole-body insulin resistance. 386 (35%) of 1105 patients
were assigned to the MARD cluster. Patients with MARD
were generally older than those in other clusters and
showed only minor metabolic abnormalities. By measuring
islet-cell autoantibodies and insulin autoantibodies,
59 (7%) of 858 patients in clusters other than SAID were
identified as having autoimmune diabetes at baseline.

Of 421 eligible patients, 54 (13%) dropped out during
the period between baseline and the 5-year reassessment.
367 patients with baseline data were reassessed in our
study after 5 years; baseline data for these individuals are
shown in the appendix (p 3). Patients’ characteristics at
the 5-year reassessment are shown in table 2, stratified
by cluster at baseline. Six (2%) of 279 patients in clusters
other than SAID developed glutamic acid decarboxylase
antibodies during this 5-year period.

Drugs taken by the study population at baseline and
follow-up are shown in the appendix (p 2). After 5 years of
disease progression, overall use of glucose-lowering
drugs (p<0-0001), lipid-lowering drugs (p<0-0001), and
blood pressure-lowering drugs (p<0-0001) increased in
all clusters.

The metabolic characteristics of patients with newly
diagnosed diabetes, and the changes in these variables

over 5 years, are shown in figure 1; p values for all
comparisons are shown in the appendix (pp 4-6). Fasting
blood glucose was highest in patients assigned to the
SIDD cluster at baseline compared with all other clusters
(figure 1A). After 5 years of disease progression, patients
in all clusters had achieved similar fasting blood glucose
levels, with decreased levels in patients with SIDD and
increased levels in all other clusters (figure 1A).
At baseline, C-peptide secretory capacity during the intra-
venous glucose tolerance test was lowest in the SAID
cluster (median 29 ng/dL [IQR 13-61]) and SIDD cluster
(38 ng/dL [23-53]) compared with other clusters (SIRD
175 ng/dL [107-235], p<0-0001; MOD 104 ng/dL [71-163],
p<0-0001; and MARD 94 [58-129], p<0-0001; figure 1B).
These results were similar at S-year follow-up, with
patients in the SAID cluster showing lower total C-peptide
secretion (median 5 ng/dL [IQR 0-11]) compared with
those with STRD (124 ng/dL [58-196], p<0-0001), MOD
(71 ngjdL [38-117], p<0-0001), and MARD (94 ng/dL
[58-129], p<0-0001), and similar values in the SIDD
cluster (18 ng/dL [4-37], p=0-80), indicating the
progressive reduction of B-cell reserve in these two
clusters. After 5 years of disease progression, C-peptide
secretion had declined significantly in patients with SAID
and MARD (figure 1B). Whole-body insulin sensitivity
was lowest in patients with SIRD at baseline
(mean 4-3 mg/kg per min [SD 2-0]) compared with those

www.thelancet.com/diabetes-endocrinology Published online July 22, 2019 http://dx.doi.org/10.1016/52213-8587(19)30187-1

36



Articles

SAID (n=88) SIDD (n=10) SIRD (n=35) MOD (n=106) MARD (n=128)
Female 36 (41%) 1(10%) 8(23%) 46 (43%) 31(24%)
Male 52 (59%) 9(90%) 27 (77%) 60(57%) 97 (76%)
Age (years) 39-6 (313-54-6) 43-0(34-4-50-4) 60-7 (56-6-69-8) 50-2(43:3-56-7) 64-4 (57-6-69-5)
BMI (kg/m?) 27.1(55) 27-4(5:9) 35:0(47) 347 (5:9) 283(37)
Waist-to-hip ratio 0-88 (0.08) 093 (0-05) 1.03 (0-06) 0-96 (0:08) 0-96 (0-06)
HOMA-B 32:3(22.4-62:6) 34.5(19-8-493) 109-3(77-3-143-0) 61.5 (42-0-93-8) 726 (50-0-94-4)
HOMA-IR 1-3(0-8-2.0) 11 (0-8-1.5) 4-1(3-4-5-8) 2:7(21-37) 21(17-2-8)
Fasting blood glucose (mg/dL) 156 (55) 140 (45) 149 (42) 169 (59) 140(33)
HbA,. (%) 7-1% (1-0) 7:3% (1-6) 6:7% (0-8) 7:3% (1.4) 6.7% (0-8)
HbA,. (mmol/mol) 54 (11) 56 (17) 49(9) 56 (16) 49(9)
hsCRP (mg/dL) 0-12 (0:06-0-33) 0-18 (0.05-0-23) 0-31 (0-18-0-55) 0-27 (0-13-0-39) 0-15 (0:08-0-29)
eGFR (mL/min per 1.73 m?) 97.8 (16.2) 982 (81) 72.9(17:3) 923 (16.2) 848 (14-3)
Cystatin C(mg/L) 0-90 (0-13) 0-91(0:08) 1.15 (0-21) 0-96 (0-17) 0-96 (0-15)
Total cholesterol (mg/dL) 187 (39) 186 (34) 202 (49) 205(39) 204 (44)
LDL-cholesterol (mg/dL) 114 (34) 121(32) 126 (39) 131(35) 131(40)
HDL-cholesterol (mg/dL) 64 (20) 58(12) 43(11) 45(14) 52(16)
Triglycerides (mg/dL) 76 (61-116) 73 (51-95) 186 (132-298) 161 (102-258) 131(93-194)
FFA (pmol/L) 644 (337) 611(311) 619 (246) 688 (257) 613(234)
GADA =2 U/mL 73/89 (82%) 2/10 (20%) 1/35 (3%) 1/106 (1%) 2/128 (2%)
ICA »20 JDF 68/87 (78%) 4/10 (40%) 2/34 (6%) 7/105 (7%) 4{123 (3%)
IAA =04 U/mL 69/89 (78%) 8/10 (80%) 0/35 (0%) 15/106 (14%) 6/128 (5%)
Data are n (%), mean (SD), or median (IQR). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes,
MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. HOMA-B=homoeostatic assessment model for §-cell function. HOMA-IR=homoeostatic
assessment model for insulin resistance. hsCRP=high-sensitivity C-reactive protein, eGFR=estimated glomerular filtration rate. FFA=free fatty acids. GADA=glutamic acid
decarhoxylase autoantibodies. ICA=islet-cell autoantibodies. JDF=Juvenile Diabetes Foundation units. IAA=insulin autoantibodies.
Table 2: Patients’ characteristics at 5-year follow-up, by cluster allocation

with SAID (8-4 mg/kg per min [3- 2], p<0-0001), MARD
(7-5 mg/kg per min [2-5], p<0-0001), MOD
(6-6 mg/kg per min [2-6], p=0-0011), and SIDD
(5-5 mg/kg per min [2-4]; p=0-0035). Whole-body insulin
sensitivity was similar to HOMA-IR estimates, even after
adjustments for medication at baseline. At S5-year
follow-up, insulin sensitivity was lowest in patients with
SIRD (mean 3-9 mg/kg per min [SD 1-3]) and MOD
(5-2 mg/kg per min [2-3]) compared with the other
clusters, but insulin sensitivity also decreased significantly
from baseline over the 5-year period in patients with
SAID (8-9 mg/kg per min [2-9] vs 6-5 mg/kg per min
[2-5], p=0-0071) and MARD (7-4 mg/kg per min [2-3] vs
6-2 mg/kg per min [2-2], p<0-0001) irrespective of
statistical adjustments for baseline medication (figure 1C).
Patients with MOD and SIRD had the highest levels of
high-sensitivity C-reactive protein at both baseline and
S-year follow-up compared with individuals assigned to
other clusters (figure 1D). Levels of high-sensitivity
C-reactive protein decreased significantly over 5 years in
patients with MOD (figure 1D). Serum triglycerides were
lowest in patients assigned to the SAID cluster compared
with those in other clusters (figure 1E). Amounts of
serum triglycerides increased significantly in patients
with MOD and MARD over 5 years (figure 1E). The
fasting adipose tissue insulin resistance index was
highest in patients with SIRD and MOD at baseline

(respectively, median 15-6 [IQR 9-3-20-9] and 11-6 [7-4-
17-9]) compared with those with MARD (6-0 [3-9-10-3],
both p<0-0001) and SATD (6-0 [3-0-9-5], both p<0-0001),
but not SIDD (9-4 [6-5-14-8]), p=0-096 and p=0-78,
respectively). At 5-year follow-up, adipose tissue insulin
resistance was similar across groups (median 17-3 [IQR
7.4-24.3] for SIRD, 117 [6-8-19-9] for MOD, 6-6 [4-0-
11-1] for MARD, 4.6 [1.8-21-8] for SIDD, and 45
[2-4-20-4] for SAID; differences were only significant for
SIRD vs MARD [p=0-0081] and SAID [p<0-0001]).
Markers of liver steatosis and fibrosis are shown in
figure 2; p values for all comparisons are shown in the
appendix (pp 7, 8). In patients with newly diagnosed
diabetes, hepatocellular lipid content was highest at
baseline in patients assigned to the SIRD cluster (median
19% [IQR 11-22]) compared with all other clusters (7%
[2-15] for MOD, p-0-00052; 5% [2-11] for MARD,
p<0-0001; 2% [0-13] for SIDD, p=0-0083; and 1% [0-3] for
SAID, p<0-0001), even after adjustments for baseline
medication. After 5 years, hepatocellular lipid content was
comparable between patients with SIRD (median 22%
[IQR 8-24]), MOD (12% [6-20]), and MARD (8% [1-14]),
lower in SIDD (1% [0-2]), but remained lowest in patients
with SAID (median 0% [IQR 0-2], p<0-0001 vs SIRD,
p<0-0001 vs MOD, and p=0-028 vs MARD). Clustering
showed a predictive value (AUC) of 0-61 (95% C10- 56-0-66]
for NAFLD, defined as hepatocellular lipid content greater
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Figure 1: Progression of boli iables over 5 years

Metabolic characteristics of patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD were assessed at baseline and after 5 years of disease progression.
Plots show fasting blood glucose (A), total C-peptide secretion during the intravenous glucose tolerance test (B), insulin sensitivity (C), hsCRP levels (D),

and triglycerides (E). The individual time course of each of the parameters is shown for patients who had data available at both baseline (circles) and follow-up
(squares). Data are mean; whiskers show SD. Data were In-transformed when applicable. Exact p values for all comparisons are provided in the appendix (pp 4-6).
SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes.
MARD=moderate age-related diabetes. hsCRP=high-sensitivity C-reactive protein.
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Figure 2: Progression of liver steatosis and liver fibrosis over 5 years

Liver testing was done at baseline and after 5 years of disease progression in patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD. Liver steatosis was
assessed non-invasively using FLI (A), liver fibrosis was measured by calculating APRI (B), and NAFLD was assessed with the NAFLD-FS (C). The individual time course
of each of the variables is shown for patients who had data available at both baseline (circles) and follow-up (squares). Data are mean; whiskers show SD.

Exact p values for all comparisons are provided inthe appendix (pp 7, 8). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe
insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. FLI=fatty liver index. APRI=aspartate
aminotransferase-to-platelet ratio index. NAFLD-FS=non-alcoholic fatty liver disease fibrosis score

than 5%. The fatty liver index was highest at baseline in
patients assigned to the SIRD cluster (mean 88 [SD 13])
compared with all other clusters (80 [25] for MOD,
p=0-0004; 54 [27] for MARD, p<0-0001; 52 [31] for SIDD,
p<0-0001; and 36 [31] for SAID, p<0-0001; figure 2A). At
5 years, patients assigned to the SIRD cluster (mean
91[SD 10]) and MOD cluster (83 [24]) had the highest fatty
liver index values compared with patients in the MARD
cluster (64 [25], both p<0-0001), SIDD cluster (45 [27],
p=0-0016 and p=0-017, respectively), and SAID cluster
(54 [31], p<0-0001 and p=0-00084, respectively). Patients
with MARD showed a significant increase over 5 years in
the fatty liver index (p=0-00079; figure 2A). The fatty liver
index value correlated positively with hepatocellular lipid
content (r=0-69; p<0-0001). Patients with MARD showed
a significant increase over 5 years in the aspartate
aminotransferase-to-platelet ratio index (figure 2B),
whereas the NAFLD fibrosis score increased significantly
in patients with SAID, SIRD, and MARD (figure 2C). Both
the aspartate aminotransferase-to-platelet ratio index

(figure 2B) and NAFLD fibrosis score (figure 2C) showed
highest estimates of hepatic fibrosis at baseline for patients
assigned to SIRD cluster. At S5-year follow-up, the
prevalence of hepatic fibrosis (NAFLD fibrosis score >0-6)
was highest in patients with SIRD (n=7 [26%]) compared
with those with SAID (n=5 [7%]; p=0-0011), MARD (n=12
[12%]; p=0-012), MOD (n=13 [15%]; p=0-050), and SIDD
(n=0 [0%]; p value not available).

The prevalence of nephropathy and neuropathy is
presented for each cluster in figure 3, at baseline and at
5-year follow-up; numbers of patients are shown in the
appendix (pp 9, 10). Patients in the SIRD cluster had
the lowest eGFR at baseline (mean 78-2 mlL/min
per 1:73 m? [SD 16-3]) compared with those with
SAID (98-2 mL/min per 1-73 m? [15- 1], p<0-0001), SIDD
(104-5 mL/min per 1.73 m2 [15-8], p<0-0001),
MOD (93-1 mL/min per 1-73 m2 [15-4], p<0-0001), and
MARD (87-9 mL/min per 1-73 m2 [13-9], p<0-0001;
table 1). Results were similar at 5-year follow-up, with the
lowest eGFR in the SIRD cluster (mean 72-9 mL/min
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Figure 3: Progression of diabetes-associated nephropathy and neuropathy over 5 years

Diabetic nephrapathy (A, B) was assessed non-invasively by eGFR at baseline and after 5 years of disease progression
in patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD. DSPN (C) and CAN (D) were assessed in
patients with newly diagnosed diabetes and after 5 years of disease progression, and these disorders were
categorised according to international criteria.” Numbers of patients (%) are shown in the appendix (pp 9, 10).
eGFR=estimated glomerular filtration rate. SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient
diabetes. SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-
related diabetes. DSPN=diabetic sensorimotor polyneuropathy. CAN=cardiac autonomic neuropathy.

per 1.73 m?2 [SD 17-3)) compared with those with
SAID (97-8 mL/min per 1.73 mz [16- 2], p<0-0001), SIDD
(98-2 mL/min per 1.73 m2 [8-1], p<0-0001), MOD
(923 mL/min per 1.73 m? [16-2], p<0-0001), and
MARD (84-8 mL/min per 1-73 m2 [14-3], p=0-0045;
table 2). This finding is consistent with having the
highest prevalence of stage 2 and stage 3 nephropathy at
baseline in the SIRD cluster (n=86 [77%]) compared with

SAID (n=64 [30%]; p<0-0001), MARD (n=183 [55%];
p=0-0010), SIDD (n=4 [17%]; p<0-0001) and MOD (n=125
[45%]; p<0-0001; figure 3A). Similar results were noted
for urinary albumin excretion in the SIRD cluster at
S-year follow-up (figure 3B). The AUC for diabetic
nephropathy was 0-64 (95% CI 0-61-0-67).

The prevalence of diabetic sensorimotor polyneuropathy
is shown in figure 3C, and the prevalence of cardiac
autonomic neuropathy is shown in figure 3D, both
stratified for confirmed and borderline neuropathy.
At baseline, patients with SIDD showed the highest
prevalence of confirmed diabetic sensorimotor polyneuro-
pathy and cardiac autonomic neuropathy. At base-
line, confirmed diabetic sensorimotor polyneuropathy
(figure 3C) was most prevalent in patients with SIDD (n=9
[36%]) compared with those with SAID (n=10 [5%];
p<0-0001), SIRD (n=10 [17%]; p<0-0001), MOD (n=26
[11%]; p<0-0001), and MARD (n=39 [15%]; p=0-00066).
At 5-year follow-up, patients with SIDD also had the
highest prevalence of confirmed diabetic sensorimotor
polyneuropathy (n=3 [50%]) compared with those with
SAID (n=2 [129], p<0-0001), SIRD (n=3 [1294], p<0- 0001},
MOD (n=14 [17%], p<0-0001), and MARD (n=9 [9%],
p<0-0001). Clustering had a predictive value of 63% for
diabetic ~ sensorimotor ~ polyneuropathy (AUC  0-63,
95% CI 0-59-0-66). At baseline, borderline and confirmed
cardiac autonomic neuropathy (figure 3D) were most
prevalent in patients with SIDD (n=4 [18%]) compared
with those with SAID (n=18 [10%], p=0-0045), MOD (n=26
[10%], p=0-014), and MARD (n=33 [13%)], p=0-029), and
prevalence was similar to SIRD (n=8 [15%]; p=0-11). After
5 years, the prevalence of confirmed cardiac autonomic
neuropathy (figure 3D) was similar in patients with SAID
(n=2 [8%]), SIRD (n=4 [13%]), MOD (n=9 [11%]), and
MARD (n=10 [11%%]), whereas no patients with SIDD had
this disorder, most likely attributable to the low number of
observations in patients with SIDD at the 5-year timepoint.

Because of the few overt cases of diabetic retinopathy in
our study population, this disorder could not be
comparatively assessed.

The pattern of cluster distribution at 5-year follow-up
is shown in a Sankey diagram (figure 4). Overall, of
all patients with available data at both baseline and follow-
up, 85 (23%) switched cluster allocation at 5-year
follow-up. Analysing specific metabolic variables showed
that changes in glycaemia (fasting blood glucose and
HbA,) and fasting serum triglycerides were associated
with migration from the moderate clusters (ie, MOD and
MARD) to SIDD. Furthermore, migration from MARD to
SIDD was linked to increases in fatty liver index value.

Discussion

The findings of our study, which used comprehensive
phenotyping, show four key points. First, patients who
would usually be classified with type 2 diabetes present
in clusters with different whole-body and adipose-
tissue insulin resistance and with distinct patterns of

www.thelancet.com/diabetes-endocrinology Published online July 22, 2019 http://dx.doi.org/10.1016/52213-8587(19)30187-1

40



I 500

SIRD

MARD

Figure 4: Cluster redistribution at 5-year follow-up

SAID

SIDD

SIRD

MARD

The Sankey diagram shows the redistribution and migration pattern of the study population from baseline to 5-year follow-up. Cluster repreducibility at follow-up (ie, the
proportion of patients allocated to the same cluster at baseline and follow up) was 20% SIDD, 82% SAID, 51% SIRD, 79% MOD, and 82% MARD. SAID=severe autoimmune
diabetes. SIDD=severe insulin-deficient diabetes, SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes.

diabetes-related comorbidities early after diagnosis.
Second, patients within these clusters show different
progression of diabetes-related complications within
5 years after diagnosis. Third, cluster membership can
change as the disease progresses. Finally, measurement of
more than one islet-directed antibody can lead to more
patients being classified with autoimmune diabetes.

A major novel finding of our study is that whole-body
insulin resistance endorses the findings of the cluster
algorithm reported in the Swedish study' and these
clusters show differences in the prevalence of NAFLD.
The SIRD cluster presented with striking whole-body

insulin resistance as assessed by the hyperinsulinaemic-
euglycaemic clamp test. Of note, the M value mainly
reflects insulin-stimulated skeletal muscle glucose
uptake,” whereas HOMA-IR (used for the cluster
analysis) serves as an index of fasting hepatic insulin
resistance.’ These data also show that patients with SIRD
are truly insulin-resistant and increased C-peptide and
HOMA-IR are not merely a result of reduced C-peptide
clearance in patients with impaired kidney function. Our
findings further show that fasting adipose-tissue insulin
sensitivity is also lowest in patients with SIRD, indicative
of whole-body insulin resistance under both fasting and
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insulin-stimulated conditions. Patients in the MOD
cluster also showed severe adipose-tissue insulin resis-
tance but only moderate whole-body (muscle) insulin
resistance. This finding underlines the importance of
adipose-tissue function for the development of whole-
body insulin resistance and diabetes in obese people.
Moreover, amounts of fasting serum triglycerides and—
to some extent—high-sensitivity C-reactive protein
were increased in patients with SIRD and MOD,
highlighting increased lipid availability and low-grade
inflammation as key drivers in the pathogenesis of these
specific clusters. Indeed, there is growing evidence from
preclinical studies that supports the idea of a primary
role of the adipose tissue and lipotoxicity” in the
development of insulin resistance. The higher insulin
sensitivity of patients with SAID could also be attributable
to reduction of lipid-induced insulin resistance accredited
to the recorded favourable lipid profile,” which might in
turn be linked to preserved insulin action and signalling.**

Cross-sectional analyses have shown that patients with
type 2 diabetes frequently have increased hepatocellular
lipid content,” which is also associated with increased
insulin resistance. In turn, SIRD is associated with an
increased prevalence of NAFLD and liver fibrosis, even
after adjustments for baseline medication, reinforcing
previous observations. Mechanistically, this finding
could be attributable to impaired mitochondrial bio-
genesis linked to NAFLD progression.” Notably, although
the recorded differences suggest early hepatic alterations,
non-invasive scores such as the fatty liver index are only
moderate estimates,* which are used in the absence of
liver biopsy findings* and do not represent definitive
diagnostic methods.

Insulin resistance has also been associated with
impaired renal function,” and patients with SIRD show
accelerated progression of diabetic kidney disease.! Our
findings confirm this association, in that patients assigned
to the SIRD cluster had decreased eGFR and increased
cystatin-C levels, both at baseline and 5-year follow-up,
despite good metabolic control, suggesting a superior role
of insulin resistance compared with glycaemia for the
onset and early progression of diabetic nephropathy.

Moreover, our findings indicate that insulin deficiency
or hyperglycaemia are important triggers of diabetic
neuropathy, with the highest prevalence recorded in
patients with SIDD. Patients assigned to the SAID and
SIDD clusters had the lowest P-cell reserves and were
treated preferentially with insulin; yet, preserved glucose
homoeostasis in patients with SIDD at 5-year follow-up
did not restore neuronal signalling and nerve function.
Thus, patients in the SIDD cluster would benefit from use
of sensitive diagnostic methods for early detection and
prediction of diabetic neuropathy and prevention of major
clinical outcomes” However, options for preventing
diabetic neuropathy remain scarce and the predictive
value and the possible efficacy of targeted treatment using
the clustering approach will require future controlled

intervention trials. In our study, the predictive value of
diabetes-related complications deriving from cluster
analysis showed only modest results. Of note, applying
the clustering algorithm in patients with 5-year disease
duration yielded a reproducibility of only 77%. This
finding indicates that cluster membership is not an
immutable feature, but could be affected by alterations in
triglycerides, liver steatosis, and glucose homoeostasis
and heterogeneous treatment over time.

In our study, the distribution of clusters differed slightly
from that reported in the population-based Swedish
cohort;' the prevalence of SAID was higher in our study,
whereas the distribution of the other clusters largely
followed the Swedish pattern. This higher prevalence
results from active recruitment of patients with auto-
immune diabetes. In the Swedish study per cluster
definition,' patients with SAID were included based on
positive glutamic acid decarboxylase antibodies alone.
In our study, by using more than one islet-cell directed
autoantibody, another 59 patients (7%) were identified
with autoimmune diabetes. Of note, six (2%) patients with
negative glutamic acid decarboxylase antibodies at baseline
tested positive at 5-year follow-up. Taken together, these
findings support the need for comprehensive islet-cell
autoantibody screening in patients with newly diagnosed
diabetes to ensure a targeted therapeutic approach and to
avoid inadequate treatment of hyperglycaemia.”

Our study benefits from comprehensive neurofunctional
testing and gold standard metabolic phenotyping of
insulin sensitivity and steatosis. Conversely, the recruit-
ment strategy of the German Diabetes Study cohort is not
population-based with distinct inclusion and exclusion
criteria, which probably affects the number of patients
allocated to specific clusters. For example, the lower
prevalence of SIDD could be linked to the exclusion
criterion of HbA, less than 996." Moreover, few patients
have been followed up because the German Diabetes
Study is ongoing. Because the German Diabetes Study is
not representative of the general population,* our results
cannot be generalised to community-based practice.
Furthermore, psychosocial variables—eg, personal motiv-
ation and the varied treatment among participants—could
have affected cluster membership and its change over
time. Despite drug withdrawal before the metabolic tests
and suitable statistical adjustments, glucose-lowering
medication with specific effects on insulin secretion or
action, as well as lipid-lowering and antihypertensive
medication indirectly modulating insulin sensitivity,
might have affected phenotypic measurements.

In conclusion, our study shows that patients with newly
diagnosed diabetes can be allocated to specific clusters that
show distinct metabolic alterations and different risk
patterns for development of diabetes-related comorbidities
and complications. These results underline the need for
comprehensive diabetes-related autoimmunity screening
in all patients with diabetes. In particular, we identified the
highest prevalence of NAFLD in patients with SIRD and
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5. Discussion

In summary, the first study shows that adult patients with recently diagnosed
autoimmune diabetes have normal insulin sensitivity, but specifically a subgroup of
patients who do not require insulin treatment despite presenting diabetes-associated
autoantibodies, present with higher beta-cell function at onset of diabetes. The distinct
metabolic features of these patients warrant appropriate therapeutic strategies aiming
at preserving of beta-cell function and sustaining insulin sensitivity.

The second study supports the evidence for an updated categorization of patients with
diabetes using an established clustering approach. Our results suggest this approach is
successful at identifying patients at increased risk of diabetic complications and
associated diseases. We show that patients of the SIRD cluster present with significant
insulin resistance which associates an increased prevalence of NAFLD and liver fibrosis.
Patients in the SIDD cluster showed increased prevalence of DSPN and CAN, making
this subgroup a target for diabetic neuropathy prevention and therapy strategies.
Collectively, the studies indicate that improved phenotyping would help for a more
precise identification of groups with different pathology and distinct risk of diabetes

progression.

5.1. New avenues for diabetes classification

It has been noted that incidence rates of both type 1 diabetes and type 2 diabetes have
been increasing (92; 93), which can be attributed to increased life expectancy but also
to altered lifestyle. Patients with diabetes generally present with a high heterogeneity of
metabolic features and with large variation in the relative contributions of insulin
resistance and beta-cell dysfunction between subgroups and individuals. Furthermore,
alterations in glucose regulation exist among individuals even in those with comparable
diagnostic glucose levels (94). These features represent primary factors in the
diagnostic and therapeutic decision and differences are reflected in the way patients are
diagnosed and in the choice of medication. Furthermore, advances have been made in
identifying subgroups of patients with specific susceptibility to diabetes complications

which should pave the road for precise, individualized prevention and therapy.
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5.2. Novel subgroups of patients with type 1 diabetes

Type 1 diabetes is a disease characterized by destruction of pancreatic beta-cells, which
leads to absolute deficiency of insulin secretion. The clinical onset and progression, can
be fulminant with acute-onset or slowly progressive. The primordial trigger of the
autoimmune reaction in type 1 diabetes remains unclear and so does the reason for
variation in the severity of the response.

Moreover, it has become apparent, that beta-cell destruction is not the same in all type
1 diabetes patients, as C-peptide is measurable in some individuals throughout the
disease progression. This questions whether the decreased beta-cell function in type 1
diabetes is a result of loss of beta-cell mass or a functional defect reflected by loss of
beta-cell secretory response to glucose or other stimuli (95). Numerous features of
diabetes are constant, including the requirement for exogenous insulin administration,
and the ongoing autoimmunity directed against the islets (96). Yet it should be
emphasized that the rate of diabetes development is heterogeneous, with some
individuals developing diabetes soon after the appearance of two antibodies and others
having the disease evolve more slowly over time.

In our study we identified 42 patients with diabetes that did not require insulin treatment
for at least 6 months after diabetes diagnosis. Despite their positivity for diabetes-related
autoantibodies (GADA and ICA), these patients had still preserved C-peptide secretion
capacity. This patient contingent represented 8.3% of the GDS population and the
prevalence was along the lines previously described in the literature

As the presence of beta-cell-directed autoantibodies is the hallmark of type 1 diabetes,
studies have tried to stratify patients by the rate of immune response of number of
positive diabetes-related autoantibodies (97).

The patients reflecting so-called LADA in our cohort had higher insulin sensitivity than
matched patients with type 2 diabetes and presented with better beta-cell function
parameters than patients with type 1 diabetes, independent of BMI. As the term ‘LADA’
is not used in current guidelines, we point to the characteristics of the population and
refer the so-called LADA patients in our cohort as antibody positive diabetes patients
without insulin treatment (AB+/INS-). In AB+/INS- patients GAD antibody titers were
found to inversely correlate with both C-peptide release after glucagon stimulation and

BMI. Of note, the high prevalence of diabetes-related complications is noteworthy,
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despite the lower prevalence of components of the metabolic syndrome in these newly
diagnosed AB+/INS- patients (98).

While AB+/INS- patients have a lower body weight and younger age at onset of
diabetes than patients with type 2 diabetes (99), previous studies have attributed
differences in metabolic parameters to BMI (100). Also, similar to the study of Hawa et
al. (99), we found an inverse association between BMI and the GAD autoantibody titer,
indicating that AB+/INS- patients with lower beta-cell directed immunoreactivity are
closer to the typical phenotype of type 2 diabetes.

Previous studies implied that the onset of disease in patients with adult-onset
autoimmune diabetes can be insidious, similar as observed in patients with type 2
diabetes, which promotes a postponed medical attendance and possibly a delayed
initiation of adequate treatment (40). Nevertheless, we showed that latency of
diagnosis following the first appearance of diabetes-related symptoms was not
different between diabetes patients. The assessment tool regarding diabetes-related
symptoms in the GDS uses a questionnaire regarding polydipsia, polyuria, nicturia,
weight loss, visual impairment, and fatigue. There was no difference between groups
related to either symptom severity, symptom duration or frequency. Furthermore,
family history of diabetes was not different between groups nor were HbA1c levels.
Therefore, the clinical appearance does not show clear criteria to distinguish latent
autoimmune diabetes from type 2 diabetes.

The methods of achieving glycemic control have been viewed with controversy in
patients with the diabetes form formerly termed LADA, since there is no consensus on
therapeutic strategies (101). Previous studies have reported insufficient glycemic
control in these patients endorsing immediate insulin treatment (46). In contrast, in our
cohort, HbA1c levels in AB+/INS- patients were comparable to those with type 2
diabetes and well within the guideline-imposed limits for glycemic control (14). While
guidelines (14) advocate for distinguishing patients presenting with diabetes-
associated antibodies from type 2 diabetes, in our cohort, the majority of AB+/INS-
patients were initially diagnosed as type 2 diabetes. Even without insulin treatment 6
months from disease onset 73% of AB+/INS- patients achieve excellent glycemic
control being treated with biguanides (Metformin), sulphonylureas and/or
dipeptidylpeptidase-4 inhibitor (42; 102).

Previous studies on patients with so-called LADA have described pronounced

dyslipidemia (103) which is regarded as an important atherogenic risk factor. This,
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coupled with reduced insulin sensitivity and hypertension, can contribute to an
increased cardiovascular risk (104), increasing the hazard for vascular events. Our
findings are in line with a Spanish study, which showed only satisfactory lipid control
(low-density lipoprotein (LDL) levels <100 mg/dl) in patients with diabetes even after
several years of disease duration (105). Similarly, AB+/INS- patients of our study (106)
had a heterogeneous lipid profile, with lower LDL levels than type 1 diabetes patients
independent of age, BMI and waist-to-hip ratio, and presumably benefit from the lipid-
lowering therapy, but at the same time have lower HDL-levels than patients with type
2 diabetes. The prevalence of diabetes-related complications and cardiovascular risk
factors is noteworthy, afflicting as much as 12% of the recently diagnosed AB+/INS-
patients. As cardiovascular disease is the number one cause of morbidity or mortality
in diabetes (107), risk stratification and subsequent targeted management of
cardiovascular complications is highly recommended in patients with autoimmune
diabetes (108; 109).

Up to date, patients with autoimmune diabetes have been scarcely investigated with
regard to insulin sensitivity. There is compelling evidence that insulin resistance can
be present in both type 2 diabetes and type 1 diabetes (25), although to a lesser degree
in the latter. Our results suggest that a higher BMI and insufficient glycemic control are
not the main contenders in determining insulin resistance in adult-onset autoimmune
diabetes. Insulin resistance in different target organs such as skeletal muscle, liver and
adipose tissue is one of the most common metabolic disorders (52). It is associated
with ectopic fat storage and inflammatory events.

Even though AB+/INS- patients had higher whole-body insulin sensitivity than their
type 2 diabetes counterparts of similar age, they also have a lower insulin sensitivity
than age- and BMI-matched controls. There is contradicting data on describing so-
called LADA as a distinct disease entity with unique metabolism, as it encompasses
features that are present in both type 1 and type 2 diabetes. Interestingly, our AB+/INS-
patients showed both better insulin sensitivity and preserved beta-cell function, distinct
from patients with type 2 diabetes, independent of age, sex or BMI. The gold standard
method for detecting insulin sensitivity is the hyperinsulinemic-euglycemic clamp test
(110). The test determines the whole-body glucose uptake at rest under a constant
insulin infusion, from which the M value can be calculated as a measure of insulin
sensitivity. However, the clamp test is a complex examination, which is difficult to

implement in clinical practice. Consequently, there are several indices, such as HOMA-
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B, HOMA-IR, OGIS (oral glucose insulin sensitivity) or PREDIM (predicted M), which
can be used to determine insulin sensitivity and beta cell function in good
approximation (111; 112).

The preserved residual capacity of C-peptide stimulation in AB+/INS- patients reflects
a decelerated loss of beta-cell functionality when compared to type 1 diabetes.
Nonetheless, AB+/INS- patients who have a reduced C-peptide secretion will be prone
to a shorter interval of insulin-free therapy than patients with type 2 diabetes (113).
Despite the presence of beta-cell directed autoimmunity, confirmed by the presence of
diabetes-associated autoantibodies, there seems to be only a mild autoimmune
reactivity.

It is important to identify this risk group, which may develop early insulin resistance as
a result of obesity. In this context, screening strategies could be useful to better identify

at-risk patients and to introduce adequate prevention and therapy (114).
5.3. Diabetes clusters in the population of the German Diabetes Study

Participants of the GDS (78) undergo extensive metabolic and clinical examinations
allowing for an ample evaluation of therapeutic management and of the occurrence of
(pre)clinical diabetes-related complications. The established clustering algorithm (64)
was applied on eligible volunteers of the GDS recruited from all participating German
centers (Dusseldorf, Tubingen, Heidelberg, Dresden, Berlin, Leipzig, Lubeck). The
distribution of patients is shown in Fig. 2 in comparison to the traditional classification

of type 1 and type 2 diabetes.
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Figure 2. Comparison between the traditional taxonomy and the new cluster

classification in the German Diabetes Study
A. Traditional taxonomy

mm Type 1 diabetes
=3 Type 2 diabetes

B. Cluster distribution

Severe autoimmune diabetes (SAID)
Severe insulin deficient diabetes (SIDD)
Severe insulin resistant diabetes (SIRD)
Moderate obesity-related diabetes (MOD)
Moderate age-related diabetes (MARD)

Figure Legends. Pie charts of the different distribution of diabetes types following the tradition type 1 and
type 2 diabetes taxonomy in comparison with the new proposed cluster distribution. Percentages refer to
the frequency of the diagnosis in patients of the German Diabetes Study. Adapted from Zaharia et al.
(116).

We assessed the anthropometric and clinical features of the patients stratified by cluster

and observed differences in key features, reinforcing previous observations. Distribution

of the clustering variables is presented in Fig. 3.
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Figure 3. Distribution of cluster variables in clusters of patients with diabetes

from the German Diabetes Study
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Figure Legends. Violin plots of the distribution of the different variables included in the clustering algorithm
(age at diagnosis (A); BMI (B); glycemic control (C); beta-cell function (D) and insulin sensitivity (E) in
patients of the German Diabetes Study. SAID, severe autoimmune diabetes; SIDD, severe insulin-
deficient diabetes; SIRD, severe insulin-resistant diabetes; MOD, mild obesity-related diabetes; MARD,
mild age-related diabetes; BMI, body mass index; HOMA-IR/-B, homeostatic model assessment of insulin

resistance and beta-cell function. Adapted from Zaharia et al. (116).

5.3.1. Severe autoimmune diabetes cluster

SAID, as identified by the presence of GADA, tended to occur at younger age,
associated with relatively low BMI, poor glycemic control and overt insulin deficiency
(Fig. 4). Patients with SAID correspond to patients with type 1 diabetes. Along these
lines, we observed that patients with SAID had higher insulin sensitivity and lower liver
fat content. The higher insulin sensitivity of patients with SAID compared to other
clusters could also be due to the observed favorable lipid profile with high LDL levels
and low HDL and triglyceride levels (115) and the consequent reduction of lipid-induced
insulin resistance. Of SAID patients, 67% received insulin upon diagnosis. Importantly,
our study (116) shows that measurement of more than one islet-directed antibody

50



increases the percentage of patients usually determined as having type 1 diabetes
(SAID).

5.3.2. Cluster-derived subphenotypes of patients with type 2 diabetes

The clustering algorithm has been validated in different cohorts and populations of
different ethnicities. Figure 4 shows the distribution of the clusters in the Swedish (64),
Chinese and American population (117), and the distribution in the population of the
German Diabetes Study (116). The original algorithm was replicated in two cross-
sectional population-based datasets. 2316 participants newly diagnosed with diabetes
from the 2007—-08 China National Diabetes and Metabolic Disorders Study (CNDMDS)
and 685 participants newly diagnosed with diabetes from the 1988—-94 National Health
and Nutrition Examination Survey (NHANES IIl) were analyzed (117). These studies,
as well as the All New Diabetics In Scania (ANDIS) cohort in which the algorithm was
initialized, are based on data from registries of patients with newly-diagnosed diabetes,
representative of the diseased population. In contrast, the GDS enforces strict
inclusion and exclusion criteria which can moderately preselect the study population.
This is why we observed a reduction in the prevalence of SIDD in the GDS population.
Furthermore, in contrast to the GDS, the data derived from CNDMDS and NHANES Il
cohorts only allowed cross-sectional analyses which do not reflect the impact of
clusters on the development of possible diabetes-related metabolic alteration in the

course of the disease.
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Figure 4. Comparison between the cluster distribution of patients with non-
autoimmune diabetes in the Swedish, Chinese and American population as well

as in the population of the German Diabetes Study

Sweden Germany

== SIDD
mm S|IRD

MOD
== MARD

USA China

Figure Legends. Pie charts of the different distribution of diabetes types following the new proposed

cluster distribution in the Swedish, German, Chinese and American population. Percentages refer to the
frequency of the respective diagnosis in patients with non-autoimmune diabetes. SIDD, severe insulin-
deficient diabetes; SIRD, severe insulin-resistant diabetes; MOD, mild obesity-related diabetes; MARD,
mild age-related diabetes. Adapted from Ahlqvist et al. (64), Zaharia et al. (116) and Zou et al. (117).

In our study, SIDD showed clinical similarities to SAID but encompassed GADA-
negative patients. Due to the overt insulin deficiency, 67% of these patients had insulin
therapy. This cluster represented 3% of the individuals in the study population. Of SIDD
patients 44% were treated with insulin at diabetes diagnosis, straying away from
current guidelines which recommend metformin as first-line therapy. SIRD was
characterized by insulin resistance and high BMI and was present in 11% of the
patients. Patients with SIRD had lowest eGFR compared to other clusters. MOD was
characterized by obesity but not insulin resistance and represented 29% of the cohort

population. MOD and SIRD patients both had increased levels of high sensitivity C-
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reactive protein (hsCRP), indicating subclinical inflammation, compared to the other
groups. MARD encompassed patients that were generally older than those in other
clusters and had only mild problems with glucose control, similar to MOD. This cluster
comprised 35% of the patients.

Using comprehensive phenotyping, our study further shows that whole-body, but also
adipose-tissue insulin resistance identifies clusters of patients in a cohort usually
termed type 2 diabetes early after diagnosis. A major novel finding of this study (116)
is that the SIRD cluster indeed presented with marked whole-body insulin resistance
as assessed from the hyperinsulinemic-euglycemic clamp. Of note, the M-value mainly
reflects insulin-stimulated skeletal muscle glucose uptake (118), while the HOMA-IR,
used for the cluster analysis, serves as index of fasting hepatic insulin resistance (65).
Our study (119) further shows that fasting adipose-tissue insulin sensitivity (79) is also
lowest in SIRD indicating that this cluster indeed exhibits general or whole-body insulin
resistance both under fasting and insulin-stimulated conditions. Interestingly, the MOD
cluster also showed severe adipose-tissue insulin resistance, but only moderate
whole-body (muscle) insulin resistance. This underlines the importance of adipose-
tissue function for the development of whole-body insulin resistance and diabetes in
obese persons. Moreover, fasting serum triglycerides and to a certain extent hsCRP
were increased in SIRD and MOD, highlighting increased lipid availability and low-
grade inflammation as key drivers in the pathogenesis of these specific clusters.
Indeed, there is growing evidence from preclinical studies that supports the concept of
a primary role of the adipose-tissue and lipotoxicity (52) in the development of insulin

resistance.

5.4. Cluster-specific susceptibility to diabetes-related complications and
comorbidities
The clustering algorithm based on simple clinical criteria allows to allocate patients
with type 2 diabetes into clusters with different prevalence of diabetes comorbidities
and has previously shown differences for diabetic nephropathy and cardiovascular
disease (64). We expanded those observations by tackling other so far unexplored

comorbidities such as diabetic neuropathy and non-alcoholic fatty liver disease.
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Figure 5. Prevalence of diabetes-related complications and comorbidities in

clusters of patients with diabetes from the German Diabetes Study
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Figure Legends. Bar graphs of the prevalence of diabetes-related complications in patients with newly

diagnosed diabetes of the German Diabetes Study. SAID, severe autoimmune diabetes; SIDD, severe

insulin-deficient diabetes; SIRD, severe insulin-resistant diabetes; MOD, mild obesity-related diabetes;

MARD, mild age-related diabetes; DSPN, distal-symmetric polyneuropathy; CAN, cardiovascular

autonomous neuropathy; NAFLD, non-alcoholic fatty liver disease. Adapted from Zaharia et al. (116).

The prevalence of diabetes-related complications and comorbidities in the study

population is presented in Fig. 5 stratified by cluster. Liver steatosis was assessed

noninvasively in patients with newly diagnosed patients with diabetes using MRS. The
cut-off for NAFLD was set at 5.5% liver fat content (120; 121). Diabetic nephropathy
was assessed noninvasively using the estimated glomerular filtration rate (eGFR) at

baseline and after 5 years disease progression. Nephropathy was categorized as

stage 1 (normal, eGFR > 90, blue), or impaired (stage 2, or eGFR 60-90 or stage 3

(eGFR < 60). Columns show percentages of the diagnosed patients of the total number

of examined patients. Distal-symmetric polyneuropathy (DSPN) and cardiovascular
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autonomous neuropathy (CAN) were assessed by clinical and functional tests and

classified according to current international guidelines (122).

5.4.1. Non-alcoholic fatty liver disease

Excessive accumulation of hepatic triglycerides >5.5% defines non-alcoholic fatty liver
disease (NAFLD) (120; 121), which is considered as the liver manifestation of the
metabolic syndrome and associates tightly with obesity and type 2 diabetes (67). The
prevalence of NAFLD in type 2 diabetes is estimated to be between 28 and 55% (123).
NAFLD encompasses a spectrum of liver diseases ranging from simple steatosis in
the absence of inflammation to steatohepatitis (NASH), liver cirrhosis and
hepatocellular carcinoma (HCC). The causal relationship between hyperlipidemia,
ectopic lipid storage in the liver and insulin resistance has been studied intensively, but
remains not completely understood. NAFLD has been suggested to ensue in the
setting of or secondary to prevailing insulin resistance (124), but increased lipid
availability achieved by lipid infusion also induces hepatic lipid accumulation and
insulin resistance (125).

The development of NAFLD is significantly determined by disturbances in the energy
metabolism. Adequate mitochondrial function contributes to the regulation of insulin
sensitivity and secretion. Processes impairing mitochondrial function lead to disturbed
energy homeostasis with insulin resistance and deficiency and disrupt the metabolic
function of the liver (126). The metabolic function of the liver is modulated by insulin
and other metabolic factors. In the fasted state, the liver releases glucose through both
glycogenolysis and gluconeogenesis. During pronged fasting, hepatic
gluconeogenesis is the primary source for endogenous glucose production. Fasting
also promotes lipolysis in adipose tissue, resulting in release of FFA. Increased fatty
acid oxidation in cases of lipid overload can lead to reduced glucose transport and
higher intracellular glucose (127). With regard to energy metabolism, previous studies
show that in spite of similar mitochondrial content, obese humans with or without
NAFLD had higher mitochondrial respiration rates than lean persons. NASH patients
featured higher mitochondrial mass, but lower mitochondrial respiration, which
associated with greater hepatic insulin resistance, mitochondrial uncoupling, and
leaking activity. Furthermore, increased hepatic oxidative stress and oxidative DNA
damage were accompanied by reduced anti-oxidant defense capacity and increased

inflammation. These data suggest that at early stages of obesity-related insulin
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resistance there is preserved hepatic mitochondrial plasticity, which is subsequently
lost in NASH. Mitochondrial plasticity refers to the ability of the mitochondria to respond
to altered metabolic conditions by modulating their activity, number or oxidative
phosphorylation capacity (128).

Cross-sectional analyses showed that patients with type 2 diabetes frequently have
increased HCL content (52), which associated also with increased insulin resistance.
The association also showed a possible genetic link, where a TM6SF2 gene
polymorphism (129), usually related to NAFLD, was associated with SIRD (64).
TM6SF2-related NAFLD (130; 131) has not been shown to be associated with insulin
resistance. Recent reviews on the topic did not identify any studies, showing that gene
variants influenced the future risk of type 2 diabetes (132). These variants do predict
NASH, cirrhosis and HCC worldwide, but have not turned out to be significant
predictors of type 2 diabetes in the multiple genome-wide association studies
searching for genetic risk markers for type 2 diabetes (132). Consequently, it is not
surprising that the SIRD cluster associates with an increased prevalence of NAFLD
and liver fibrosis, reinforcing previous observations. Mechanistically this could be due
to impaired mitochondrial biogenesis which was linked to NAFLD progression (133).
NAFLD was associated with type 2 diabetes also in previous studies. The Verona
Diabetes Study, a prospective population-based observational study on type 2
diabetes patients, has reported an increased risk of death from gastrointestinal
diseases, particularly from chronic liver cirrhosis and a higher risk of mortality from
HCC (123). This risk increased significantly in obese patients. However, this study did
not exclude other pathophysiological mechanisms, unrelated to metabolic changes
due to diabetes, i.e. alcohol consumption, hepatitis infections or others.

Although not measured in all participants, the MRS data confirmed the results of the
fatty liver index (FLI), suggesting an acceptable performance of this non-invasive index
as reported for nondiabetic humans (134). In our cohort (119) HCL correlated positively
with FLI (r=0.69, p<0.001). As to fibrosis scores, challenges still remain in using
predictive scores in patients at low risk of NASH/fibrosis. Nevertheless, patients with
diabetes are already at higher risk of progressive NAFLD or may even present with
NASH. The observed differences would point to such early hepatic alterations, but
cannot be proven without the current gold standard, liver biopsy. FLI is one of the best-
validated steatosis scores for the general population and obese persons and

recommended by international guidelines for NAFLD screening (66; 135). Thus, the
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FLI is of clinical and practical relevance. Nevertheless, we are aware that the FLI offers
modest efficacy to detect steatosis and cannot substitute the gold-standard
quantification methods. Our results were in line with previous observations where
AROC of FLI was 0.70 vs. MRS (134); 0.80 vs. ultrasound (136) and 0.83 vs. hepatic
biopsy (135). Thus, FLI can serve as surrogate parameter for liver fat content and
consequently as a modest clinical estimate of abnormal liver fat content, in the absence
of routine MRS or liver biopsy.

Ultrasonography-diagnosed NAFLD predicted type 2 diabetes in a majority of studies
(132), even after adjustment for potential confounders. However, ultrasonography is
unreliable and difficult to use in obese subjects, it is possible that it is more sensitive
to detecting type 2 diabetes risk in lean subjects (137). Ultrasonography is also
inaccurate at quantifying liver fat percentages below 20-30% which may influence
estimation of disease risk. On the other hand, ultrasonography is widely available and
can detect focal lesions in addition to providing a semi-quantitative estimate of

steatosis, which makes it easier to use in clinical practice.

5.4.2. Nephropathy

Diabetic nephropathy refers to the decline of kidney function seen in patients with
diabetes. The progression of the disease is known to occur in a series of stages and
is linked to glycemic and blood pressure control. However, despite aggressive
glycemic control the prevalence of chronic kidney disease in diabetic patients has not
witnessed any decrease over time, which warrants the search of additional associated
factors in its progression (138) and a superior screening for patients at risk.

Development of albuminuria or renal impairment was independently associated with
increased baseline systolic blood pressure, urinary albumin, plasma creatinine, and
Indian-Asian ethnicity. In a prospective cohort of British patients with type 2 diabetes,
nearly 40% developed albuminuria and nearly 30% developed renal impairment (139).
The study revealed distinct sets of risk factors are associated with the development of
albuminuria and renal impairment, consistent with the concept that they are not linked
unalterably in type 2 diabetes (139). Previous studies identified male sex, increased
waist circumference, plasma triglycerides, LDL cholesterol, HbA1c, increased
leucocyte count, smoker status, and previous retinopathy as independent risk factors

for albuminuria. Additional independent risk factors for renal impairment were female
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sex, decreased waist circumference, age, increased insulin sensitivity, and previous
sensory neuropathy.

Insulin resistance has also been associated with impaired renal function (140) and
SIRD patients exhibit an accelerated progression of diabetic kidney disease (64). The
present study confirms this association in that the SIRD cluster had decreased eGFR
and increased cystatin-C levels, both at baseline and follow-up, despite good metabolic
control, suggesting a superior role of insulin resistance compared to glycemia for the
onset and early progression of diabetic nephropathy. Arguably, the Cockroft-Gault
formula is not ideal for overweight and obese patients, possibly overestimating true
glomerular filtration rates (141). Yet, the Cockroft-Gault formula is recommended by
current guidelines for diagnosing nephropathy (142) especially for patients with higher

glomerular filtration rate, as is the case for the patients of the German Diabetes Study.

5.4.3. Neuropathy

Diabetic neuropathy is a prevalent, disabling disorder with a wide pattern of symptoms,
a still controversially discussed cause and a broad spectrum of risk factors (143; 144).
Although subclinical abnormalities, some related to oxidative stress, can be already
present at the onset of diabetes (144), little is known about the clinical and metabolic
features predicting the development or progression of diabetic neuropathy. In our study
we assessed DSPN and CAN.

Experimental studies suggest a multifactorial pathogenesis of DSPN driven by
hyperglycemia, reduced insulin signaling, dyslipidemia and insulin resistance which
can trigger DNA damage, endoplasmic reticulum stress, mitochondrial dysfunction,
cellular injury, and irreversible damage. The relative importance of the pathways in this
network will vary with cell type, disease profile, and time (122). Considering this, a
multifactorial approach targeting glycemia, dyslipidemia and insulin resistance to
prevent cardiovascular autonomic neuropathy, especially in people with type 2
diabetes, is currently recommended by guidelines (122).

Congruently, the present findings implicate that insulin deficiency or hyperglycemia are
important triggers of diabetic neuropathy, both DSPN and CAN, with the highest
prevalence observed in SIDD. It was speculated that impaired insulin signaling
promotes cellular injury by decreasing gene expression of essential proteins, blocking
protein synthesis, and promoting apoptosis (145). Patients of the SAID and SIDD

cohorts had lowest beta-cell reserve and were treated preferentially with insulin.
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Nevertheless, supplementation with insulin and/or glucose lowering medication which
restored glucose homeostasis in SIDD patients at follow-up failed to restore neuronal
signaling and nerve function in these patients. Thus, SIDD patients would benefit from
the use of sensitive diagnostic tools for an early detection and prediction of diabetic
neuropathy and prevention of major clinical sequels such as pain, foot ulcers, and
autonomic dysfunction, which are associated with increased morbidity and mortality
(144). Overall prevention of diabetic neuropathies focuses on glucose control and
lifestyle modifications. Available evidence pertaining to DSPN and CAN, is scarce.
Current guidelines primarily rely on optimizations of glucose control as early as
possible to prevent or delay the development of distal symmetric polyneuropathy and

cardiovascular autonomic neuropathy in people with type 1 and type 2 diabetes (122).

5.5. Reproducibility of the clustering algorithm

The innovative use of cluster assignment may pave the way for a novel diabetes
classification. According to the current recommendations, classification of a patient is
permanent. Thus, the question is, whether this would also hold true also after longer
disease duration for a future new classification according to the clusters. The study
design fortunately allows for clustering both at baseline and follow up and we could
therefore show the differences in cluster allocation and migration pattern. In the GDS,
patients are followed over the course of several years, with regular clinical
assessments every 5 years (78). Of note, applying the clustering algorithm in patients
with 5 years of disease duration, yielded a reproducibility of only 77%. This was in part
related to metabolic parameters independent of the cluster algorithm. We identified
that changes in triglycerides, liver steatosis and glucose homeostasis were associated
with migration from the moderate to severe diabetes clusters. This finding indicates
that cluster membership is not an immutable feature, but may be affected by additional
metabolic alterations and treatment over time. However, when performed in newly-
diagnosed patients it serves as an early indication of disease progression and
development of complications. The lowest reproducibility was in the SIDD cluster, most
likely due to efficient glucose-lowering treatment which decreased the severity of
hyperglycemia and the associated risks.

However, it appears that the original primary cluster membership defines the

progression of diabetes-related complications.
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Several patients changed their titers of diabetes-related autoantibodies and tested
positive/negative at follow up compared to baseline. Following studies will require
longitudinal follow-up of the high-risk group to establish whether the autoimmune
phenotypes are stable over time and indicate a fixed pathway of disease progression,

which would be important as stratification tools in prevention studies.
5.6. Clinical implications of genetic phenotyping in diabetes

Studies have been focused to find a more accurate way of assessing which ranges of
factors are most likely to determine the development of type 2 diabetes. The treatment
options for diabetes have different action mechanisms and represent a challenge for
the physician in order to prescribe the right therapeutic approach to a specific
individual. Therefore, previous studies recommend a more granular approach that
addresses the many different molecular processes leading to hyperglycemia, in order
to link these to the proper treatment. While guidelines are continuously improving
based on newest evidence, further studies are needed in distinguishing groups of
patients that will respond to specific treatments (13).

In contrast to previous cluster analyses based on clinical parameters, which can
change throughout a person's lifetime and as the condition progresses (116), this study
suggests a more reliable way of identifying which relevant factors play a more
important role in disease progression by considering genetic factors. Recent studies
led to the identification of five clusters of genetic variants that may influence distinct
subtypes of type 2 diabetes, grouped based on different diabetes-related mechanisms
(77). Of the five genetic clusters that the team identified, two are linked beta-cell
dysfunction, though each of them impacts proinsulin — the precursor of insulin — to a
different degree. The other clusters are all linked to insulin resistance. However, one
is obesity-mediated, another is mediated by lipodystrophy, and the third is mediated
by the altered hepatic lipid metabolism. Almost a third of all the participants scored
highly for just one cluster, which is suggestive of a single mechanism responsible for
facilitating type 2 diabetes. The study claims to provide the most detailed overview of
the genetic factors that underlie the development of type 2 diabetes in different
individuals (77). The findings were verified by analyzing relevant population-based
registries. It remains to be determined whether these clusters translate to differences

in disease progression, complications, and response to treatment.
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Further studies show a genetic link to response to therapeutic strategies, not limited to
pharmacological treatment but also in response to lifestyle interventions, such as
dietary changes or physical activity.

Physical inactivity, however, is associated with increased mortality rates and elevated
risk for various diseases such as diabetes, obesity and cardiovascular diseases (146;
147). Consequently, international guidelines uniformly recommend regular physical
activity as part of lifestyle modification in the prevention and management of type 2
diabetes (148). Previous studies showed a considerable response variability, with up
to 7-63% non-responders following exercise training interventions for several
endpoints, including glycemic control and insulin sensitivity in individuals with
metabolic diseases (149). An impaired response to exercise training may not only
result from acquired, but also from inherited factors (150; 151). Currently,
polymorphisms of only few genes, i.e. peroxisome proliferator-activated receptor
(PPAR)-y (152), B3-adrenergic receptor (B3AR) (153) as well as PPARd and PPARy
coactivator-1a (PGC1a) (154), have been associated with variable responsiveness to
exercising. Studies showed that a single nucleotide polymorphism (SNP) in the NADH
dehydrogenase (ubiquinone)-113 subcomplex subunit 6 (NDUFB6) of the mitochondrial
complex | relates to impaired muscle mitochondrial plasticity after exercise
interventions (150; 155). Presence of the G/G allele (rs540467) correlated with
exercise-mediated increases in muscle ATP synthase flux (150), in line with previous
observations showing that mitochondrial function can predict insulin resistance (156)
and the response to exercising (157).

Similarly, the response of serum lipids to diet shows large inter-individual variation,
which might be caused by genes whose products affect lipoprotein metabolism such
as apolipoprotein ApoE and ApoA5 (158). Carriers of genetic variants of ApoE is
associated with elevated LDL-cholesterol levels and cardiovascular risk (159).
Increased cardiovascular risk due to increased serum triglyceride concentrations is
also present in distinct genetic variants of ApoA5 (158). Studies show that associations
of dietary patterns with triglycerides and LDL-cholesterol differ by ApoE and ApoA5
haplotype in patients with recently diagnosed type 2 diabetes (160).

Taken together, these results suggest that subdividing patients based on genetic traits
might further improve precision treatment targets and help identify responders and

non-responders not only with regard to pharmacological treatment, but also regarding
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lifestyle interventions. It remains to be investigated if cluster analyses may bring

additional value to targeted lifestyle interventions, improving responsiveness.

6. Strengths and limitations of the novel classification tools

The strength of the study design (106) relies on the well-characterized metabolic
phenotyping and the implementation of gold-standard tools to assess insulin
sensitivity, beta cell function and steatosis.

In the first study, the patients defined as AB+/INS- are phenotyped in comparison with
matched type 1 and type 2 diabetes patients and healthy controls. Patients included in
the study had similar disease duration and have undergone gold-standard methods
following standard operating procedures to evaluate beta-cell function and insulin
sensitivity. While the 8.3% prevalence of so-called LADA in the type 2 diabetes patients
of the GDS cohort, lies in the range of previously described studies, the relatively small
number of subjects is a limitation of the study.

In the second study, the distribution of the clusters slightly differs from that of the
population-based Swedish cohort by a higher prevalence of the severe autoimmune
diabetes, while the distribution of the other clusters largely followed the previously
reported pattern (64). This higher prevalence results from the active recruitment of
patients with autoimmune diabetes and the intensified diagnosis of autoimmune
diabetes by employing more than one islet-cell directed autoantibody. By this
approach, another 59 patients (7%) were identified as suffering from autoimmune
diabetes by measuring islet-cell antibodies and insulin autoantibodies in addition to
GAD autoantibodies. Of note, 6 patients (2%) with negative GAD antibodies at baseline
tested positive for GAD autoantibodies after 5 years of follow-up. The aim of this study
was to employ the identical cluster definition as used by Ahlqvist et al. (64), by which
SAID was categorized by positive GAD antibodies alone. We therefore used the other
islet antibodies not for cluster definition, but only exploratory. Of note, employing more
than one islet-cell directed autoantibody, another 59 patients (7%) were identified as
suffering from autoimmune diabetes by measuring islet-cell antibodies and insulin
autoantibodies in addition to GAD autoantibodies. Thus, these findings represent
another - to our opinion - clinically relevant result of the study supporting the need for
comprehensive islet-cell autoantibody screening in patients with newly diagnosed
diabetes to avoid inadequate treatment of hyperglycemia. Taken together, these

findings support the need for comprehensive islet-cell autoantibody screening in
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patients with newly diagnosed diabetes to ensure a targeted therapeutic approach and
to avoid inadequate treatment of hyperglycemia (161). Further limitation consists in the
uniform presentation of patients with autoimmune diabetes. As previous studies have
shown a high heterogeneity in metabolic features within patients with autoimmune
diabetes, the clustering algorithm lacks the ability to differentiate between these
patients. It appears paradoxical that autoimmune diabetes does not merit the same
clinical-based cluster differentiation as type 2 diabetes. However, it should be noted
that the etiology of type 1 diabetes is still largely considered mono-causal due to
autoimmune destruction of the beta-cells, regardless of the high heterogeneity of
clinical presentation. Nevertheless, it seems probable that future studies for the
prevention of beta-cell destruction are likely to benefit from a greater emphasis on
stratification of patients with autoimmune diabetes and prospective follow up.

As the GDS is an ongoing observational study, there were more data available of
patients at baseline than at follow up. We have performed additional analyses
revealing that from the population eligible for a follow up assessment after 5 years, 367
indeed participated yielding a drop-out rate of 13%, which is rather low compared to
similar cohort studies (162). All other patients had a disease duration of still <5 years
at the time of this analysis or did not meet all criteria for clustering. Therefore, the
limited number of follow-up data does not reflect any selection bias.

Cluster-analyses are generally created for large populations, and should be applied to
population-based patient groups. This way it can be ensured that patients represent
the targeted population and that cluster allocation is not artificially randomized. In the
context of the appropriate sample size for cluster analyses, we would like to refer to a
previous paper (163) reporting that under all simulated circumstances a sample size
of 70-times the number of variables proved adequate for cluster analyses. Therefore,
considering that the current analyses used 5 variables (age, BMI, HbA1c, HOMA-B,
HOMA-IR), we achieved the required sample size at both baseline and follow up
(n=1105 and n=367, respectively). While using cutting-edge techniques to assess the
metabolic subphenotypes makes this research particularly valuable and reliable, this
approach limits the number of patients in selected clusters, e. g. the lower prevalence
of SIDD could be linked to the exclusion criteria for glycemic control (HbA1c < 9%)
(78). Thus, the present results cannot necessarily be generalized to the general

population and community-based practice.
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7. The future of precision medicine in the field of diabetes

With regard to precision medicine in diabetes (72) it is generally accepted that this
approach will improve prevention and treatment of common, multifactorial diseases,
such as type 2 diabetes, but there are few examples to date. The emerging novel risk
variables shown to be associated with type 2 diabetes have modest effect sizes, and
limited predictive value, particularly when compared with the performance of classic
risk factors such as age, BMI, and blood glucose (164). Recently, there has been a
resurgence of interest in the translational potential offered by genetic risk scores (165).
This raises the prospect that the rollout of medical genotyping and sequencing will
provide clinically actionable information on diabetes risk, particularly if genetic
information is combined with other relevant clinical or exposure data. Great advances
have been made in the exploration of the genetic architecture of diabetes and its
complications, which have provided the foundations for the development of genomic
medicine in diabetes (58). Genetic analysis can help discriminate subgroups of
patients with specific molecular defects who otherwise are classified under the broad
umbrella of type 1 diabetes or type 2 diabetes, and provide the basis for optimal
preventive or therapeutic interventions (73). Genetic testing is considered to be
especially effective in increasing the precision of diagnosis and treatment selection in
individuals with known monogenic diabetes including MODY. It further serves as a
promising framework for precision medicine in diabetes.

Adding on to the advances in genotyping, together with increasing sample sizes, new
technologies, such as pharmacogenomics, will likely lead to the discovery of new risk
variants for diabetes and its complications, as well as drug responses.

Questions remain regarding the additional information required to define the clinical
utility of these data, and how best to incorporate them into routine diabetes care. Future
areas of research include defining the functional impact of these identified variants on
gene regulation or expression, further exploration of the extent to which genetic factors
contribute to the observed phenotype, gene—environment interactions and gene—
treatment responses. In addition to advances in genomics, there is also a need to
integrate other types of “omics” (proteomics, metabolomics, lipidomics, transcriptomics
or epigenetic changes) to provide a full landscape of the correlations between disease
pathways, phenotypes and treatment response. Developments in these fields have the
potential to predict individual response to preventive or therapeutic tactics. To this end,

it is required to provide an optimized framework incorporating such —omics,
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biomarkers, and genomic data into clinic records for evaluation of the validity, efficacy
and cost-effectiveness of clinical testing. Most importantly, these initiatives must be
accompanied by ongoing training and education of clinicians on how to use these data
appropriately (166).

Additional research efforts are required to build the clinical evidence and roadmap for
achieving consensus and developing guidelines (167) in the pursuit of precision
medicine for making a precise diagnosis and giving the correct drug for the optimal
outcome. Along these lines, Fitipaldi et al. recently proposed a comprehensive model
for the development of precision medicine in diabetes. This model considers
understanding disease physiopathology and natural disease progression at the basis
of the development of precision medicine in diabetes. Following this, research should
aim at identifying diagnostic and prognostic disease-specific biomarkers and integrate
them in reliable algorithms. These diagnostic and prognostic algorithms should further
be tested and validated in controlled clinical trials. Should the methods prove their
validity, the next step is obtaining regulatory approval. Succeeding this, the approved
algorithms should be implemented in primary and secondary healthcare practice after
rigorous clinical training of the medical personnel.

Precision medicine for type 2 diabetes could require even more accurate profiling of
individuals belonging to a given subphenotype, by integrating genetic and -omics data,
digital or sensor-based behavioral and clinical monitoring, and pharmacodynamics.
Most relevant to current translational objectives in diabetes are the potential
implications of new studies for therapeutic strategies. The described heterogeneity, or
the existence of subphenotypes, defined by distinct pathophysiological mechanisms
with the potential to explain distinct clinical features and response to treatment, could
open up the prospect of personalized medicine, which is an emerging aspiration for

the complex management of diabetes.
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8. Conclusion

In conclusion, adult patients with recently diagnosed autoimmune diabetes have higher
insulin sensitivity than patients with type 2 diabetes but specifically a subgroup of
patients with autoimmune diabetes have uncharacteristically higher beta-cell function
at disease onset. The distinct metabolic features of this subphenotype warrant
appropriate therapeutic strategies aiming at sustaining the remaining beta-cell
function, preserving insulin sensitivity and preventing diabetes-related comorbidities.
Furthermore, our studies show that patients with diabetes can be allocated to specific
clusters, which exhibit distinct metabolic alterations and different risk patterns at the time
of diabetes diagnosis and for the development of diabetes-related comorbidities and
complications. The results also underline the need of comprehensive diabetes-related
autoimmunity screening in all diabetes patients. In particular, we identified the highest
risk of NAFLD progression in patients with severe insulin resistant diabetes and of
diabetic neuropathy in patients with severe insulin deficient diabetes. Our research could
thereby pave the road for precision medicine in diabetes leading to targeted prevention

and early treatment in subgroups of diabetes patients.
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