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Summary

Background Diabetes in childhood and adolescence includes autoimmune and non-autoimmune forms with het-
erogeneity in clinical and biochemical presentations. An unresolved question is whether there are subtypes, endo-
types, or theratypes within these forms of diabetes.

Methods The multivariable classification and regression tree (CART) analysis method was used to identify sub-
groups of diabetes with differing residual C-peptide levels in patients with newly diagnosed diabetes before 20 years
of age (n=1192). The robustness of the model was assessed in a confirmation and prognosis cohort (n=2722).

Findings The analysis selected age, haemoglobin Aic (HbA1c), and body mass index (BMI) as split parameters that
classified patients into seven islet autoantibody-positive and three autoantibody-negative groups. There were sub-
stantial differences in genetics, inflammatory markers, diabetes family history, lipids, 25-OH-Vitamin D3, insulin
treatment, insulin sensitivity and insulin autoimmunity among the groups, and the method stratified patients with
potentially different pathogeneses and prognoses. Interferon-y and/or tumour necrosis factor inflammatory signa-
tures were enriched in the youngest islet autoantibody-positive groups and in patients with the lowest C-peptide val-
ues, while higher BMI and type 2 diabetes characteristics were found in older patients. The prognostic relevance
was demonstrated by persistent differences in HbAic at 7 years median follow-up.

Interpretation This multivariable analysis revealed subgroups of young patients with diabetes that have potential
pathogenetic and therapeutic relevance.
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Research in context

Evidence before this study

We searched PubMed up to Dec 31, 2021, using terms
“type 1 diabetes”, “endotype”, “subtype”, “phenotype”,
“heterogeneity”, “childhood”, and “intervention”. In chil-
dren and adolescents, at the time of clinical manifesta-
tion of type 1 diabetes, there are marked differences in
the amount of insulin secretion still maintained, which
can be determined by measuring C-peptide in the
blood. There is an inverse relationship between disease
severity and prognosis and the amount of remaining
B-cell function. Age is an important factor influencing
residual B-cell function with lower C-peptide concentra-
tions in younger patients. Age-related heterogeneity
has also been described in islet infiltrates of patients
with type 1 diabetes with an inflammatory high/C-pep-
tide low phenotype in young age and an inflammatory
low/C-peptide intermediate phenotype in older age.
Finally, there are variations documented for insulin sen-
sitivity, BMI, and genetics in patients with and without
islet autoantibodies and in relation to age of onset.
Overall, the published data indicate that type 1 diabetes
in children is not a uniform disease and therefore
classifiers for subtyping patients and subtype-specific
treatment options are needed to achieve improved
therapeutic outcomes.

Added value of this study

A multivariable CART approach in a large representative
cohort of children and adolescents with newly diag-
nosed diabetes identified subgroups of type 1 diabetes
that differed in C-peptide and age and had substantially
heterogeneous characteristics. Subgroups of young
patients (age <8 years) with islet autoantibodies and
low C-peptide had features of inflammation (TNF or
IFNy signatures) and insulin autoimmunity. These were
contrasted by subgroups of older patients with islet
autoantibodies and higher C-peptide who had features
usually associated with type 2 diabetes, including insu-
lin insensitivity, or high BMI. Among the islet autoanti-
body-negative patients, the CART identified a further
subgroup with distinct features of type 1 diabetes along
with subgroups enriched for monogenic diabetes or
type 2 diabetes. The robustness of the CART approach
was confirmed in a second cohort of patients who were
followed for a median of 7 years, and showed that the
CART-defined subgroups had prognostic relevance.

Implications of all the available evidence

Childhood and adolescent type 1 diabetes can be classi-
fied into prognostically relevant subgroups with distinct

features such as inflammation or insulin insensitivity.
Subgroup-specific application of therapies that target
such features should be considered.

Introduction

Diabetes is one of the most common chronic diseases in
childhood. According to recent estimates, more than
1.1 million children and adolescents worldwide are liv-
ing with diabetes.” Diabetes in childhood and adoles-
cence is classified into type 1,> which is the most
frequent form and is caused by autoimmune-mediated
destruction of the insulin-producing pancreatic islet
B-cells; type 2, which is caused by inadequate insulin
secretion in a background of insulin resistance and obe-
sity; and specific types of diabetes with other causes
(e.g- monogenic diabetes syndromes).> The classifica-
tion is a basis for assigning therapy. However, there is
considerable variability in the clinical presentation and
severity that can cause uncertainty surrounding the type
of diabetes and appropriate therapy at the time of diag-
nosis. This has led to the suggestion that additional
parameters such as S-cell function and insulin sensitiv-
ity may help discriminate between autoimmune and
non-autoimmune forms of diabetes,* and the use of
type 1 diabetes genetic risk scores and the combination
of clinical characteristics could predict monogenic
diabetes.”®

An unresolved question is whether there are sub-
types, endotypes, or theratypes within young-onset type
1 diabetes, as reported for type 2 diabetes in adults,” and
for allergy in childhood.® Age-related endotypes of type
1 diabetes were recently proposed based on the T and B
cell responses to autoantigens and the predominant
types of cells that infiltrate the islets of patients.” "> The
genetic load and functional B-cell reserve also vary with
age at diabetes onset.”'# Finally, there are age-related
differences in the responses to immune therapy,”
further suggesting the possibility of endotypes of type 1
diabetes with distinct pathogenetic features and thera-
peutic responsiveness.

The objective of this study was to distinguish clini-
cally relevant subgroups of patients with type 1 diabetes
diagnosed before 20 years of age using a supervised
multivariable approach. C-peptide, as an indicator of
residual B-cell function, was chosen as the outcome
measure because it is associated with mid- to long-term
disease severity and prognosis,”® '® and is often used as
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an eligibility criterion in clinical trials of patients with
new-onset type 1 diabetes.'”*° We used the classifica-
tion and regression tree (CART) analysis method to
search for algorithms that associate with C-peptide con-
centrations in 1192 patients with new-onset diabetes
enrolled in the German DiMelli cohort study.>" The
validity and prognostic relevance of the models were
assessed in a large second cohort and additional bio-
chemical measurements were used to search for poten-
tial pathogenetic and/or therapeutic heterogeneity
among the identified groups. The validated algorithm
defined diverse subgroups with prognostic and potential
therapeutic relevance.

Methods

Patient cohort

DiMelli is a cohort and biobank study in Bavaria, Ger-
many of incident cases of diabetes who are diagnosed
before 20 years of age and enrolled within 6 months of
diagnosis. DiMelli started recruitment in April 2009
and ended in December 2018. The study design has
been described previously.*" At the time of enrolment, a
fasting blood sample was collected and a structured
questionnaire was completed by the local physician at
the hospital or primary care centre. The blood sample
was used to determine C-peptide, HbA1c, islet autoanti-
bodies, thyroid peroxidase autoantibodies (TPOA), and
transglutaminase autoantibodies (TGA), and samples of
DNA, plasma, serum, and peripheral blood mononu-
clear cells were stored. Blood samples were sent to the
Institute of Diabetes Research, Helmholtz Zentrum
Miinchen, by overnight express courier where all
parameters were measured centrally. The questionnaire
included sex, the date of diagnosis of diabetes, first-
degree family history, and current antidiabetic medica-
tions. Weight and height were measured by trained
nurses or physicians. The main analysis was planned
for participants enrolled by December 2016 (n=1192).
Participants enrolled after this time (n=308) were
included in a validation cohort.

Ethics. Each patient and/or parent provided written
informed consent to participate in DiMelli. The DiMelli
cohort study was approved by the medical ethics com-
mittee of Bavaria, Germany (Bayerische Landesaerzte-
kammer, #08043).

Outcome and predictor variables. C-peptide concentra-
tions, the outcome variable in the CART analysis, were
measured using fasting, aprotinin-stabilized EDTA
plasma samples on an automated immunoassay analy-
ser (AIA 360; Tosoh, San Francisco, CA).

Sex, age at diagnosis, diabetes duration, BMI SDS,
haemoglobin A1c (HbA1c), first-degree family history of
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type I (yes/no), type 2 (yes/no) or any other form of dia-
betes (yes/no) were considered as predictor variables.
Additionally, the number of positive islet autoantibod-
ies, TPOA or TGA (yes/no), islet autoantibody type,
HLA-DR/DQ genotype or genetic risk score were used
as predictor variables in a sensitivity analysis. Sex- and
age-specific BMI percentiles were based on the national
reference values,”” and were also categorized as over-
weight (>+1SD) and obese (>+2SD).*> HbA1c concen-
trations were measured in EDTA samples using a
glycohaemoglobin analyser (TOSOH-723 Gv; Tosoh).
TGA and TPOA were measured using radiobinding
assays (RBAs) as previously described.*#*> Autoantibod-
ies to the islet antigens insulin (IAA), GADGs5 (GADA),
IA-2 (IA-2A), and zinc transporter 8 (ZnT8A) were mea-
sured using RBAs as previously described.® 29 T1AA
were determined by a protein A/G-based RBA using
recombinant human insulin labelled at amino acid (aa)
14 with ["*’I]tyrosine. GADA, [1A-2A, and ZnT8A were
determined by protein A-based RBAs using [**S]methio-
nine-labelled in vitro transcribed/translated recombi-
nant human GADG5 (aa 1—585), the intracellular
portion of A2 (aa 605—979), and COOH-terminal (aa
268—369) constructs of the ZnT8 R325 and W325 var-
iants, respectively. Samples were considered positive for
ZnT8A if autoantibodies to at least one of the ZnT8 var-
iants (ZnT8RA and/or ZnT8WA) were found. The
upper limit of normal for each assay was determined
using Q—Q plots, as previously described,*® that corre-
sponded to the 99 percentile of nondiabetic control
children. The autoantibody assays were evaluated by the
Diabetes Antibody Standardization Program,’’ ** Their
performances are shown as those of laboratory 121 in
published reports and for GADA, 1A-2A and ZnT8A are
highly comparable to commercial tests such as the Kro-
nus ELISA method. The number of positive islet auto-
antibodies was categorized as one, two, three, or four,
and as yes/no for each of the four autoantibodies. IAA
positivity was not included in the categorization of posi-
tive/negative autoantibody status if the sample was
obtained >14 days after diagnosis. Samples negative for
IAA, GADA, TA-2A, and ZnT8A in the RBAs were also
tested by luciferase immunoprecipitation assays for
autoantibodies to insulin, GADG3, IA-2, ZnT8, and tet-
raspanin 7,4 and confirmed as negative in these assays.

Additional variables. The following variables were
assessed to characterize the subgroups of diabetes
obtained by the CART analysis, or to perform cluster
analyses for identification of the immune response and
genetic phenotypes: ketonuria (yes/no), insulin treat-
ment (yes/no), serum triglyceride concentrations,
serum 25-OH-Vitamin D3 (vitamin D3) concentrations,
insulin sensitivity, serum cytokine concentrations,
inflammatory markers, and type 1 diabetes-associated
genes (HLA-DR/DQ and genetic risk score).
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Triglyceride and vitamin D3 concentrations were mea-
sured using an enzymatic colorimetric test on a cobas
8000® analyser with a c502 module (Roche Diagnos-
tics, Basel, Switzerland). Cytokines were measured by
an electrochemiluminescent proinflammatory cytokine
kit (Mesoscale Discovery, Rockville, MD). Inflammatory
markers were measured using the OLINK inflamma-
tion panel (OLINK, Uppsala, Sweden) in islet autoanti-
body-positive patients. Insulin sensitivity was calculated
using the formula: exp(4.64725 — 0.02032 x waistcir-
cumference [cm] — 0.09779 x HbAIc [%] — 0.00235
xtriglycerides [mg/dL]) as previously described.”®> HLA
genotyping was performed by high-resolution sequenc-
ing-based typing of exons 2 and 3 of HLA-DRB1

and HLA-DQBI, including heterozygous ambiguity
resolution (Conexio Genomics, Fremantle, Western
Australia, Australia). The HLA genotype was catego-
rized into six groups based on their association with
type 1 diabetes (Table S1), as previously defined.*® SNP
analysis was performed using the Illumina Immuno-
chip and the genetic risk score was calculated as the
sum of HLA DR/DQ genotype-weighted values and
allele-weighted values from an additional 41 SNPs as
previously defined.’”?® Exome sequencing was per-
formed to identify mutations associated with monoge-
netic diabetes using SureSelect XT2 chemistry Vy
Human All Exon (Agilent Technologies, Santa Clara,
CA) as 2 x 101 bp paired-end on a NovaSeq St flowcell
resulting in approximately 35 mio reads per sample.
The reads were mapped with Burrows-Wheeler Align-
ment tool to human genome hgig using default param-
eters.”® SNV analysis was done according to
GenomeAnalysisToolkit best practices.*>*' Variants
were annotated to the ClinVar database,** and
filtered by clinical condition or gene name and clinical
significance.

Independent second cohort. The German Diabetes
Prospective Follow-up Registry (DPV) collects data from
children and adolescents who are diagnosed with diabe-
tes at diabetes centres (hospitals and medical practices)
throughout Germany via a centralized data manage-
ment unit at the Institute of Epidemiology and Medical
Biometry at Ulm University, Germany. The registry
includes >90% of paediatric patients with diabetes
nationwide.*>** Between May 2008 and February 2013,
patients diagnosed with diabetes <6 months earlier and
before 20 years of age were asked to enrol in a central
islet autoantibody testing program at the Institute of
Diabetes Research, Helmholtz Zentrum Miinchen, Ger-
many. Each patient and/or parent provided written
informed consent to participate in the DPV central anti-
body testing (Bayerische Landesaerztekammer,
#08043). HbA1c and random C-peptide concentrations
were measured locally, and the results, together with
the patient’s BMI, were entered in the DPV database.

DPV participants were followed longitudinally and data
from the registry and the central islet autoantibody
measurements were merged for analysis on 2414 partic-
ipants. For the present analyses, data were retrieved
from the DPV database in February 2021. In addition,
308 participants who were enrolled in the DiMelli study
between January 201y and December 2018 were used
for data confirmation and were combined with the DPV
patient cohort (Figure S1).

Statistical analysis

The CART analyses were performed in participants pre-
stratified as islet autoantibody-positive or autoantibody-
negative.*> The fasting C-peptide concentration, as a
measure of endogenous insulin secretion, was used as
the outcome variable. The maximum tree depth was set
to 3. The robustness of the CART model was ensured by
25-fold cross-validation, with splits of 775/25% for train-
ing/validation sets. OLINK inflammatory marker data
were normalized by calculating the difference from the
median, categorized according to the 50, 75", 9o,
92.5", 95, and 97.5" percentiles, and subsequently
scaled per analyte. Analytes with low variation were
identified if their 97.5™ centile was less than 1.5 CT val-
ues above the median value and were not included in
the analysis. Clustering of the categorized OLINK data
was then performed using the Euclidean distance and
the ward.D2 method. Between-group comparisons were
performed using the Kruskal—Wallis test for continu-
ous variables and the x* test for categorical variables. To
account for multiple comparisons of variables in the
main cohort analyses, two-tailed P-values of <o.005
were considered significant. All statistical analyses were
performed using R version 4.0.3 (http://cran.r-project.
org) with the childsds, train, NbClust, and party
packages.

Role of funders. The funders had no role in study
design, data collection, data analysis, interpretation, or
writing of report.

Results

The main analysis was performed on 1192 participants
(665 males, 55.9%), who were enrolled in the DiMelli
study between April 2009 and December 2016 (Figure
S1). All of the subjects were diagnosed with diabetes
before 20 years of age (median age at diagnosis:
10.4 years, interquartile range [IQR] 7.1—13.5). The par-
ticipants were enrolled at a median of g days after diag-
nosis (IQR 6-—13). Participants were classified as islet
autoantibody-positive (n=1088, 91.3%) if they had one
(n=103), two (n=2065), three (n=360), or four (n=360)
islet autoantibodies and as islet autoantibody-negative
(n=104, 8.7%) (Table Sz, Figure S1).
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For confirmation and prognosis, a second cohort was
included, which comprised 308 participants who were
enrolled in the DiMelli study from January 2017, and
2414 participants who were enrolled - using similar eli-
gibility criteria - in DPV, between May 2008 and Febru-
ary 2013 (Table S3, Figure S1).

CART analysis of patients with islet autoantibodies

The fasting C-peptide concentrations in islet autoanti-
body-positive patients ranged from undetectable (<o.07
nmol/L) to 1.26 nmol/L. We searched for heterogeneity
within these patients using the multivariable CART
analysis method to identify groups based on fasting C-
peptide concentrations. The CART analysis selected age
as the first level predictor of the fasting C-peptide con-
centration, and discrimination was further improved by

identified seven groups of 47 (P1, 4.3%), 22 (P2, 2.0%),
315 (P3, 29.0%), 212 (P4, 19.5%) patients <10.7 years of
age, and 56 (Ps, 5.1%), 389 (PG, 35.7%), and 47 (P7,
4.3%) patients >10.7 years of age (Figure S2a). The
median (IQR) C-peptide concentration was lowest in
the P3 group patients (0.07 [<0.07—0.13] nmol/L),
characterized by young age (<8 years) and HbAic
>7.9% (Table 1, Figure 1a, c). The median (IQR) C-pep-
tide concentration was highest in the older (>10.7 years)
P5 group patients (0.38 [0.26—0.54] nmol/L) with
HbA1c <8.3 and Py group patients (0.30 [0.20—0.40]
nmol/L) with HbA1c >8.3% and BMI SDS >0.8%, as
well as the P2 group patients (0.33 [0.21—0.46] nmol/L)
aged 7.2—10.7 years with HbA1c <7.9%. For sensitivity
analyses, we included HLA genotype, genetic risk score,
or the islet autoantibody phenotype, and observed only

HbA1ic, and BMI SDS (Figure 1a). The analysis = minor changes in the selected predictor variables with
a Age [years] b BMI SDS
<10.7 >10.7
HbA1c [%] HbA1c [%] <16 >1.6
<79 >7.9 <8.3 >8.3 HbA1c [%]
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o
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»
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Figure 1. Multivariable CART model for classifying DiMelli participants with new-onset diabetes into subgroups. The model was
applied to 1088 islet autoantibody-positive patients (a) and 104 islet autoantibody-negative patients (b) separately, using fasting C-
peptide concentrations (c) as the outcome marker. Sex, age at diagnosis, days since diagnosis, HoA1c, BMI SDS, first-degree family
history of type 1 diabetes, and first-degree family history of any other form of diabetes were included as possible predictor variables
in the model. Of these variables, the CART model selected age, HbA1c, and BMI for the autoantibody-positive patients, and BMI and
HbA1c for the autoantibody-negative patients. P values were <0.001 [CART] for each of the splits selected by the models. The red
line displays the median. The numbers of patients are shown in parentheses. BMI, body mass index; HbA1c, haemoglobin A1c; SDS,

standard deviation score.
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P1 P2 P3 P4 P5 P6 P7
Variable N median [IQR] n median [IQR] n median [IQR] n median [IQR] n median [IQR] n median [IQR] n median [IQR] p-value
or n(%) or n(%) or n(%) or n(%) or n(%) or n(%) or n(%)
Fasting C-peptide [nmol/I] 47  0.13[0.00;0.20] 22 0.33[0.21;0.46] 315 0.07 [0.00;0.13] 212 0.13 [0.07;0.17] 56 0.38 [0.26;0.54] 389 0.17 [0.10;0.23] 47 0.30 [0.20;0.40] <0.001
Sex: Male 47 26 (55.3%) 22 13(59.1%) 315 158 (50.2%) 212 104 (49.06%) 56 36 (64.3%) 389 235 (60.4%) 47 35 (74.5%) 0.003
Age [years] 47  5.02[3.05;6.08] 22 9.13[8.14;10.18] 315 5.42 [3.26;7.02] 212 9.44 [8.89;10.16] 56 14.09[12.62;15.95] 389 13.54[12.07;,14.87] 47 13.18[11.87;15.74] <0.001
BMI SDS® 47  -0.66 [-1.35;0.13] 22 -0.49[-0.79;0.53] 315 -0.65 [-1.54;0.13] 212 -0.61 [-1.34;0.36] 56 0.01 [-0.54;1.23] 389 -0.74 [-1.48;-0.11] 47 1.42[1.18;1.88] <0.001
HbA1c [%] 47  7.20 [6.40;7.65] 22 7.10 [6.45;7.60] 315 10.50 [9.30;11.70] 212 11.30[10.20;12.80] 56 7.30 [6.30;7.93] 389 11.90[10.50;13.50] 47 10.80 [10.00;12.10] <0.001
Family History T1D 47  6(12.8%) 22 3(13.6%) 315 22 (7.0%) 212 10 (4.7%) 56 7 (12.5%) 389 26 (6.7%) 47 4 (8.5%) 0.16
Family History T2D 47  0(0.0%) 22 0(0.0%) 315 2 (0.6%) 212 3(1.4%) 56 7 (12.5%) 389 12 (3.7%) 47 1(2.1%) 0.001
Other autoimmunityb 47  8(17.0%) 22 2(9.1%) 315 50 (15.9%) 212 35 (16.5%) 56 8(14.3%) 389 75 (19.3%) 47 7 (14.9%) 0.85
Treatment: Insulin 47 43 (91.5%) 22 19 (86.4%) 315 313 (99.4%) 212 210 (99.1%) 56 50 (89.3%) 389 385 (99.0%) 47 45 (95.7%) <0.001
Insulin dose [U/day/kg]® 34 0.52[0.15;0.83] 14 0.46 [0.33;0.63] 275 0.87 [0.63;1.18] 189 0.99 [0.69;1.23] 45 0.46 [0.31;0.64] 338 0.98 [0.75;1.26] 37 0.87 [0.60;1.09] <0.001
Ketonuria 40 22 (55.0%) 18 12 (66.7%) 301 269 (89.4%) 202 191 (94.5%) 45 31 (68.9%) 365 337 (92.3%) 45 41 (91.1%) <0.001
Insulin sensitivityd 27 15.82[14.59,17.07] 11 1247[11.51;13.70] 163 10.46 [8.74,12.34] 128 7.99 [6.61;9.45] 27 9.97 [7.14;11.05] 199 6.28 [5.06;7.69] 24 4.71[3.76;5.38] <0.001
Triglycerides [mg/dl] 41  64.0[53.0;81.0] 19 62.0[55.5;78.5] 243 72.0 [57.5;92.5] 171 75.0 [57.0;99.5] 45 74.0 [57.0;106.0] 291 85.0[67.0;108.5] 37 120.0 [83.0;157.0] <0.001
Vitamin D3 [ng/ml] 42 27.6[18.2;35.0] 21 28.8[20.6;37.3] 292 27.1[19.5;36.0] 198 24.8[15.6;33.2] 51 20.3[13.0;32.1] 357 24.1[15.0;32.6] 45 22.2[14.4;30.0] 0.005
Vitamin D3 deficiency® 42 24 (57.1%) 21 12(57.1%) 292 166 (56.8%) 198 126 (63.6%) 51 37 (72.5%) 357 244 (68.3%) 45 34 (75.6%) 0.02
IFNy [pg/ml] 23 103[6.521.2] 15 6.3[4.7,10.2] 170 7.7[5.0,13.7] 133 5.8 [4.0;10.1] 24 4.6[3.2,87] 217 4.7[3.57.3] 21 49[3.36.2] <0.001
IL-10 [pg/ml] 23 1.0[0.6;1.4] 15 0.8[0.5;1.3] 170 1.2[0.7;2.5] 133 0.7 [0.5;1.2] 24 0.81[0.5;1.3] 217 0.6 [0.5;1.2] 21 0.6 [0.4;1.0] <0.001
IL-12p70 [pg/ml] 23 0.3[0.2,0.6] 15 0.3[0.2,0.7] 170 0.3[0.2;,0.8] 133 0.3[0.1;0.6] 24 0.3[0.1;0.4] 217 0.3[0.1;0.6] 21 0.3[0.1;0.5] 0.10
IL-1beta [pg/ml] 23 1.0[03;23] 15 0.3[0.2,5.1] 170 1.2[0.5;4.7] 133 0.5[0.2;2.5] 24 0.6 [0.3;2.6] 217 0.8[0.3;2.9] 21 0.8 [0.3;2.0] 0.05
IL-2 [pg/ml] 23 03[0.1;09] 15 0.4[0.1;0.8] 170 0.41[0.1;1.1] 133 0.2[0.1;1.0] 24 0.1 [0.0;0.8] 217 0.2[0.1;0.7] 21 0.2 [0.0;0.5] 0.14
IL-6 [pg/ml] 23 19[0.7;35] 15 1.7[0.59.3] 170 2.3[0.9;8.8] 133 1.1 [0.6;4.6] 24 1.3[0.6;8.5] 217 1.3[0.6;4.8] 21 1.41[0.7;3.7] 0.09
IL-8 [pg/ml] 23 70.3[15.9;1393.3] 15 98.1[16.8;1973.6] 170 524.5[95.8,2618.1] 133 147.1 [31.6;1303.9] 24 146.5 [63.7,925.2] 217 2429(53.9;1628.9] 21 470.3[112.5;1235.3] 0.06
TNF [pg/ml] 23 46[2.98.0] 15 3.9[2.06.9] 170 431[2.9;7.9] 133 3.0[1.9;4.8] 24 3.1[1.9,5.8] 217 3.0[1.7,54] 21 3.4[1.8;4.6] <0.001
HLA' - high risk 36 12(33.3%) 18  7(38.9%) 270 89 (33.0%) 181 50 (27.6%) 45 12 (26.7%) 347 99 (28.5%) 39 7 (17.9%) 0.78
- moderate risk 36 12(33.3%) 18 4(22.2%) 270 67 (24.8%) 181 53 (29.3%) 45 9 (20.0%) 347 89 (25.6%) 39 11 (28.2%)
- neutral genotypes 36 9(25.0%) 18 6(33.3%) 270 100 (37.0%) 181 65 (35.9%) 45 21 (46.7%) 347 136 (39.2%) 39 20 (51.3%)
- protective genotypes 36 3(83%) 18 1(5.6%) 270 14 (5.2%) 181 13 (7.2%) 45 3(6.7%) 347 23 (6.6%) 39 1(2.6%)
Genetic Risk Score? 34 10.93[10.20;,11.57] 18 11.22[9.97;11.61] 258 10.73[10.22;11.29] 178 10.80[10.13;11.20] 42 10.52[9.96;10.91] 337 10.71[10.15;11.19] 35 10.76 [10.20;11.42] 0.331
N autoantibodies - 1 47  6(12.8%) 22 4(18.2%) 315 26 (8.2%) 212 28(13.2%) 56 7 (12.5%) 389 28 (7.2%) 47 4 (8.5%) 0.17
-2 47  9(19.1%) 22 4(18.2%) 315 80 (25.4%) 212 48 (22.6%) 56 12 (21.4%) 389 104 (26.7%) 47 8(17.0%)
-3 47  12(25.5%) 22 5(22.7%) 315 106 (33.6%) 212 62 (29.2%) 56 26 (46.4%) 389 133 (34.2%) 47 16 (34.0%)
-4 47 20 (42.5%) 22 9(40.9%) 315 103 (32.7%) 212 74 (34.9%) 56 11 (19.6%) 389 124 (31.9%) 47 19 (40.4%)
IAA positiveh 44 37 (84.1%) 18 12 (66.7%) 313 254 (81.1%) 209 136 (65.1%) 49 36 (73.5%) 385 231 (60.0%) 45 32(71.1%) <0.001
GADA positive 47 36 (76.6%) 22 14 (63.6%) 315 201 (63.8%) 212 141 (66.5%) 56 37 (66.1%) 389 290 (74.5%) 47 36 (76.6%) 0.04
IA-2A positive 47 36 (76.6%) 22 17(77.3%) 315 237 (75.2%) 212 165 (77.8%) 56 40 (71.4%) 389 311 (79.9%) 47 37 (78.7%) 0.74
ZnT8A positive 47 31 (66.0%) 22 20(90.9%) 315 224 (71.1%) 212 164 (77.4%) 56 40 (71.4%) 389 299 (76.9%) 47 39 (83.0%) 0.09

Table 1: Characteristics of the CART-defined groups of islet autoantibody-positive patients in the DiMelli cohort included in the main analysis.
@ SDS: age- and sex-adjusted standard deviation score.
b Positive for either thyroid peroxidase or tissue transglutaminase autoantibodies.

The insulin dose was calculated for insulin-treated patients.

Insulin sensitivity score.

Defined as <30 ng/ml.

High-risk (DR3/4-DQ8 or DR4-DQ8/DR4-DQ8), moderate, neutral, and protective HLA genotypes, as defined by Walter et al.*° (Table Sr).

Remaining genetic risk score calculated without the HLA-DR/DQ genotype.

TAA positive status was only assigned to samples collected <14 days after starting insulin.

n

- 0

5 @

IQR, interquartile range; BMI, body mass index; HbA1c, haemoglobin Arc; T1D, type 1 diabetes; T2D, type 2 diabetes; IFNy, interferon-y; IL, interleukin; TNF, tumour necrosis factor; HLA, human leukocyte antigen; IAA, insulin

autoantibodies; IA-2A, insulinoma-associated antigen-2 autoantibodies; GADA, glutamate decarboxylase (65-kDa isoform) autoantibodies; ZnT8A, zinc transporter-8 autoantibodies.




Articles

a
P1 P2 P3 P4
Family History Family History Family History Family History
Insulin Insulin Insulin Insulin
Triglycerides insensitive Triglycerides insensitive Triglycerides insensitive Triglycerides insensitive
Ketonuria Sex: Ketonuria Sex: Ketonuria Sex: Ketonuria Sex:
Male Male Male Male
Vitamin D3 IAA Vitamin D3 IAA Vitamin D3 1AA Vitamin D3 IAA
deficient deficient deficient deficient
IFNy TNF IFNy TNF IFNy TNF IFNy TNE
P5 P6 P7
Family History Family History Family History
T2D Insulin T2D Insulin T2D Insulin
Triglycerides insensitive Triglycerides insensitive Triglycerides insensitive
Ketonuria Sex: Ketonuria Sex: Ketonuria Sex:
Male Male Male
Vitamin D3 IAA Vitamin D3 IAA Vitamin D3 IAA
deficient deficient deficient
IFNy TNF IFNy TNF IFNy TNF
b N1 N2 N3
Family History Family History Family History
Family History ~ T2D Family History ~ T2D . Family History ~ T2D .
Other HLA protective Other HLA protective Other HLA protective
Insulin Insulin Insulin
insensitive HLA insensitive HLA insensitive HLA
high risk high risk high risk
Insulin Insulin Insulin
therapy IL-2 therapy IL-2 therapy IL-2
Ketonuria IL-10 Ketonuria 1L-10 Ketonuria IL-10
Triglycerides IFNy Triglycerides IFNy Triglycerides IFNy
Vitamin D3 Vitamin D3 Vitamin D3
deficient deficient deficient

Figure 2. Features of the CART-defined subgroups derived from DiMelli participants included in the main analysis. The radar plots
show the CART groups for 1088 islet autoantibody-positive patients (a) and 104 islet autoantibody-negative patients (b) at diagnosis.
The indicated variables were highly significant between the groups, as shown in Tables 1 and 2. The radar plots convert the differen-
ces observed between the groups to the full scale of the plot for each variable. HLA, human leukocyte antigen; IFNy, interferon-y; IL,

interleukin; T2D, type 2 diabetes; TNF, tumour necrosis factor.

HLA genotype and genetic risk scores, and no selection
of the added variables (Table S4).

The seven groups differed in terms of vitamin D3
(P=0.005 [Kruskal-Wallis]), interferon-y (IFNy;
P<o.0o01 [Kruskal-Wallis]), IL-to (P<o.oo1 [Krus-
kal-Wallis]), and tumour necrosis factor (TNF;
P<o.o0o01 [Kruskal—Wallis]) concentrations, the family
history of type 2 diabetes (P=o0.001 [x?]), insulin sensi-
tivity (P<o.oor [Kruskal-Wallis]), insulin demand
(P<o.001 [Kruskal—Wallis]), ketonuria (P<o.0o1), tri-
glyceride concentrations (P<o.oor [Kruskal—Wallis]),
and frequency of I[AA (P<o.cor [x’]) (Table 1,
Figure 2a).

The robustness of the CART categories to distin-
guish groups with different C-peptide concentrations
was tested in 2536 islet autoantibody-positive patients,
including 968 with an available C-peptide concentra-
tion in the second cohort. The proportion of patients in
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each subgroup was comparable to the distribution in
the main analysis (Figure S2a). Similar to the main
analysis, the median (IQR) C-peptide concentration was
lowest in group p3 (0.10 [0.07-0.17] nmol/L), and high-
est in group p5 (0.50 [0.23—0.84] nmol/L), followed by
group p7 (0.20 [0.11—0.33] nmol/L), and group p2 (0.19
[0.12—0.34] nmol/L; Figure S3; Table Ss).

CART analysis of islet autoantibody-negative patients

The CART analysis of the autoantibody-negative
patients selected BMI SDS as the first level predictor of
the fasting C-peptide concentration, and discrimination
was further improved by HbA1c in patients in the low
BMI SDS category (Figure 1b). The analysis identified
three groups of 15 (N1, 14.4%), 65 (N2, 62.5%), and 24
(N3, 23.1%) patients. The median (IQR) C-peptide con-
centration was lowest in the N2 patients (o.17
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[0.10—0.26] nmol/L), characterized by a BMI SDS of
<1.6 and HbAI1c >7.8, and highest in the N3 patients
(0.86 [0.55—1.35] nmol/L) with a BMI SDS >1.6
(Figure 1c). There were substantial differences among
the three groups in terms of IL-2 concentrations
(P=0.001  [Kruskal-Wallis]), insulin treatment
(P<o.001 [x?]), HLA genotype (P<o.0o0r1 [x?*]), family
history of type 2 diabetes (P=0.002 [x?]), triglyceride
concentrations (P=o.oo1 [Kruskal—Wallis]), and vita-
min D3 concentrations (P<o.oo1 [Kruskal—Wallis])
(Table 2, Figure 2b). In sensitivity analyses, the

inclusion of HLA genotype, genetic risk score, or other
autoimmunity in the model did not alter the CART
stratification (Table S6).

The CART categories were examined in 186 islet
autoantibody-negative patients, including 8o with avail-
able C-peptide from the second cohort. As in the main
analysis, the median (IQR) C-peptide concentration was
lowest in the n2 patients (0.13 [0.07—0.24] nmol/L) and
was highest in the n3 patients (0.60 [0.39—0.93] nmol/
L; P<o.oo1 [Kruskal-Wallis]) (Figure S3, Table Sy).
The proportion of patients in each subgroup (n1, 12.9%;

N1 N2 N3

Variable n median [IQR] or n(%) n median [IQR] or n(%) n median [IQR] or n(%) p-value

Fasting C-peptide [nmol/I] 15 0.50 [0.45;0.66] 65 0.17 [0.10;0.26] 24 0.86 [0.55;1.35] <0.001

Sex: Male 15 5(33.3%) 65 41 (63.1%) 24 12 (50.0%) 0.09

Age [years] 15 11.27[10.23;15.82] 65 12.55[8.11;15.32] 24 14.29 [13.43;15.63] 0.09

BMI SDS? 15 0.34[-0.47;0.81] 65 -0.29 [-1.28;0.50] 24 2.29[1.79;2.84] <0.001

HbA1c [%] 15 6.60 [6.10;6.95] 65 10.80 [9.30;13.00] 24 10.05 [7.90;10.90] <0.001

Family History T1D 15 3 (20.0%) 65 8(12.3%) 24 1 (4.2%) 0.33

Family History T2D 15 1 (6.7%) 65 6 (9.2%) 24 10 (41.7%) 0.002

Family History other 15 3(20.0%) 65 1(1.5%) 24 1(4.2%) 0.02

Other autoimmunity® 15 0 (0.0%) 65 10 (15.4%) 24 1 (4.2%) 0.18

Treatment: Insulin® 15 5(33.3%) 65 64 (98.5%) 24 17 (70.8%) <0.001

Ketonuria 12 3 (25.0%) 57 47 (82.5%) 19 10 (52.6%) <0.001

Insulin sensitivityd 9 9.68 [9.19;15.50] 44 6.73 [5.30;8.97] 19 3.33[2.32;3.99] <0.001

Systolic blood pressure SDS* 14 0.34[-0.31;1.22] 62 0.76 [-0.48;1.76] 24 1.44 [0.45;2.22] 0.14

Diastolic blood pressure SDS® 14 -0.14 [-0.62;0.72] 62 0.15 [-0.57;1.26] 24 0.88 [-0.77;2.08] 0.40

Triglycerides [mg/dl] 13 120.0 [65.0;150.0] 58 92.5[70.2;129.0] 23 156.0 [106.0;277.5] 0.001

Vitamin D3 [ng/ml] 15 37.8[27.0;49.0] 63 22.5[15.9;35.3] 23 10.9[7.7;25.8] <0.001

Vitamin D3 deficiency® 15 5(33.3%) 63 40 (63.5%) 23 19 (82.6%) 0.009

IFNy [pg/ml] 13 4.1 [3.4;8.0] 37 6.1[3.8;,10.2] 13 4.1 [3.0;5.0] 0.04

IL-10 [pg/ml] 13 0.5 [0.4;0.6] 37 0.9 [0.5;1.6] 13 0.4 [0.3;0.6] 0.02

IL-12p70 [pg/ml] 13 0.2 [0.1;0.8] 37 0.4[0.2;1.0] 13 0.3[0.2,0.4] 037

IL-1beta [pg/ml] 13 0.4 [0.3;3.6] 37 1.1 [0.4;6.3] 13 0.6 [0.2;1.0] 0.23

IL-2 [pg/ml] 13 0.0[0.0;0.4] 37 0.3[0.1;1.1] 13 0.0 [0.0;0.1] 0.001

IL-6 [pg/ml] 13 0.9[0.5;1.5] 37 3.0[0.7;,10.3] 13 1.0[0.9,1.7] 042

IL-8 [pg/ml] 13 94.9 [12.4,258.8] 37 374.2[19.6;3871.3] 13 17.3[8.2;438.3] 0.09

TNF [pg/ml] 13 3.2[2.44.5] 37 4.0 [3.0;7.8] 13 2.9[2.2;4.1] 0.08

HLA' - high risk 12 0 (0.0%) 58 11 (19.0%) 21 0 (0.0%) <0.001

- moderate risk 12 1 (8.3%) 58 18 (31.0%) 21 1 (4.7%)

- neutral genotypes 12 4 (33.3%) 58 17 (29.3%) 21 6 (28.6%)

- protective genotypes 12 7 (58.3%) 58 12 (20.7%) 21 14 (66.7%)

Genetic Risk Score? 13 10.10 [9.78;10.69] 55 10.30 [9.80;11.09] 19 10.28 [9.72;10.76] 0.95
Table 2: Characteristics of CART-defined groups of islet autoantibody-negative patients in the DiMelli cohort included in the main
analysis.

¢ SDS: age- and sex-adjusted standard deviation score.

® Positive for either thyroid peroxidase or tissue transglutaminase autoantibodies.

€ Two of the insulin-treated patients were also treated with metformin.

4" Insulin sensitivity score.

¢ Defined as <30 ng/ml.

f High-risk (DR3/4-DQ8 or DR4-DQ8/DR4-DQ8), moderate, neutral, and protective HLA genotypes, as defined by Walter et al.>® (Table St).

& Remaining genetic risk score calculated without the HLA-DR/DQ genotype.
IQR, interquartile range; BMI, body mass index; HbA1c, haemoglobin Aic; T1D, type 1 diabetes; T2D, type 2 diabetes; IFNy, interferon-y; IL, interleukin; TNF,
tumour necrosis factor; HLA, human leukocyte antigen.
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n2, 60.2%; n3, 26.9%) was comparable to the distribu-
tion in the main analysis (Figure S2b).

Features of the CART subgroups

The CART groups were examined for evidence of sub-
types. Characteristic features were observed in most
islet autoantibody-positive groups (Figure 2a, Table 1).
Inflammatory signatures and insulin autoimmunity
were dominant features in subgroups of children aged
<8 years at type 1 diabetes diagnosis. Group P1 was dis-
tinguished from group P3 in terms of lower frequencies
of ketonuria and higher IFNy concentrations. In con-
trast, higher BMI and characteristics associated with
type 2 diabetes were frequent in children diagnosed at
older ages (groups P5, PG, and Py). P5 had the highest
frequency of patients with a family history of type 2 dia-
betes and vitamin D3 deficiency; PG had a high propor-
tion of insulin insensitivity, and group P7, had the
highest triglyceride concentration, highest frequency of
patients with insulin insensitivity and vitamin D3 defi-
ciency, and a higher frequency of male patients.

The three islet autoantibody-negative groups also
had characteristic features (Figure 2b). Group N2 dis-
played characteristics of type 1 diabetes, which included
a predominance of patients with susceptible HLA geno-
types, high proportions of patients with ketonuria and
on insulin therapy, higher concentrations of IFNy, IL-
10, and IL-2, and low vitamin D3 concentrations. Typical
of patients with monogenic forms of diabetes, group N1
was characterized by a relatively high prevalence of a
first-degree family history of diabetes other than type 1
or type 2, low HLA-associated genetic risk with a high
proportion of patients who had protective HLA geno-
types, a low proportion of patients on insulin therapy,
and relatively few patients with vitamin D3 deficiency.
Group N3 had features of type 2 diabetes, including the
highest proportion of patients with a first-degree family
history of type 2 diabetes, low insulin sensitivity, high
triglyceride concentrations, and the highest proportion
of patients with vitamin D3 deficiency. Whole-exome
sequencing or maturity-onset diabetes of the young
(MODY) typing was performed in 93 islet autoantibody-
negative patients and identified 11 (11.8%) patients who
were carrying variants of recognized forms of mono-
genic diabetes, including 5 of 13 (38.5%) patients in
group N1, 3 of 57 (5.3%) in group N2, and 3 of 21 (14.3%)
in group N3 (Table S8).

Inflammatory markers

The cytokine concentrations differed among the islet
autoantibody-positive groups. Therefore, we measured
an expanded panel of inflammatory markers in 805 islet
autoantibody-positive patients from groups P1, P2, P3,
P4, PG, and Py where a suitable sample was available.
Unsupervised clustering identified four clusters of
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patients (Figure 3a). Cluster 1 (58 patients) was charac-
terized by an IFNy signature with increased concentra-
tions of IFNy, IL-to, and the IFNy-inducible
chemokines CXCLg, CXCLro, CXCL11, and CCLig.
Cluster 2 (116 patients) had increased concentrations of
TNF, proteins that may be inducible by TNF such as
CCL2o, proteins that may be associated with T cell acti-
vation such as CDG, and moderate concentrations of
IFNy and IFNy-inducible chemokines. Cluster 3 (275
patients) was an intermediate, heterogeneous group
with elevated concentrations of some inflammatory pro-
teins such as fibroblast growth factor 21, but without a
consistent pattern. Cluster 4 (356 patients) generally
had low concentrations of the inflammatory proteins.
The patients in clusters 1 and 2 were younger (P<0.001
[Kruskal—Wallis]) and had lower median C-peptide con-
centrations (P<o.oo1r [Kruskal-Wallis]) than the
patients in clusters 3 and 4 (Table So).

The IFNy inflammatory cluster 1 was most prevalent
in group P1 (21.4% of patients versus 5.5% in the
remaining groups; range o% in P7 to 9.8% in P3;
P<o0.001 [x?*]), and the TNF inflammatory cluster 2 was
most prevalent in groups P3 and P1 (27.9% and 21.4%
of patients, respectively, versus 7.2% in the remaining
groups; range 4.8% in P2 to 14.8% in P4; P<o.001 [x*];
Figure 3b). The C-peptide concentration at diagnosis
was associated with age (P<o.oo1) and was inversely
correlated with the serum TNF concentration (P=0.003)
in a multivariable linear regression model. Moreover,
within groups P1 and P3, the C-peptide concentrations
were lower in patients with the TNF cluster 2 profile
than in patients in the intermediate (cluster 3) and low
(cluster 4) inflammatory profiles (median, <o.07 nmol/L
vs 0.10 nmol/L; P=o.oor1 [Kruskal—Wallis]; Figure 3c).

Genetic and autoimmune features fail to stratify
autoantibody-positive patients
We observed no additional contributions of genetics or
autoantibodies to the CART analysis, as well as very
similar genetic and autoimmune features among the
islet autoantibody-positive CART groups (Table 1). To
exclude the possibility that important genetic- or autoan-
tibody-based subgroups were missed by the CART anal-
ysis, we re-examined the patients and classified them
using genetics (Table S1o) or autoantibodies. An inverse
relationship between the hierarchy of genetic risk and
C-peptide was observed in the islet autoantibody-nega-
tive patients (Table Si1, Figure S4b), However, the
genetic risk was not associated with the C-peptide con-
centrations within CART subgroups of islet autoanti-
body-negative patients, and also not in the islet
autoantibody-positive patients (Table S1o & Si2, Figure
S4a).

Endotypes based on differences in the first-appearing
islet autoantibodies (IAA versus GADA) or rates of dis-
ease progression have been proposed.?”#*4” Therefore,
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Figure 3. Inflammatory markers (OLINK inflammation panel) at diagnosis of diabetes in 805 islet autoantibody-positive patients in
DiMelli. (a) The data were used to generate heatmaps and identify four clusters of patients. The most informative proteins in these
clusters are indicated in the heatmap. Fasting C-peptide is shown on the right. (b) Frequency distribution of the four clusters within
the CART-defined patient groups. (c) Fasting C-peptide concentrations in the group P1 and P3 patients stratified by inflammatory
cluster. ADA, adenosine deaminase; CASP-8, caspase-8; FGF, fibroblast growth factor; IFNy, interferon-y; IL, interleukin; MCP, mono-
cyte chemoattractant protein; MMP, matrix metalloproteinase; TGF, transforming growth factor; TNF, tumour necrosis factor.
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we categorized the participants into four groups with
and without IAA and/or GADA (Table S13). As
expected, the patients in the IAA without GADA group
were youngest and had a higher frequency of the DR4-
DQ8 haplotype than the other groups. Patients in the
GADA without IAA group were older and had a higher
frequency of the DR3-DQ2 haplotype than the other
groups. The median HbA1c was lower in patients with
IAA  than in patients without IAA (10.60%
[9.10%—12.20%] Vs 11.50% [9.83%—13.10%]; P=0.001
[Kruskal—Wallis]). There were no differences in C-peptide
concentrations among the four groups. The associations
of the autoantibody pattern with age and HbA1c, and the
lack of an association with the C-peptide concentration
was confirmed in the second cohort (Table S14).

Prognostic relevance of CART subgroups

The mid- to longer-term outcomes of the subgroups
were analysed in 2196 participants from the DPV
cohort. These patients were followed longitudinally
(total follow-up 16,460 years) for documentation of met-
abolic parameters and thereby provided an opportunity
to assess the prognostic relevance of each subgroup.
There was substantial variability in HbA1c at a median
follow-up of 7.0 years (IQR 4—8) after the diagnosis of
diabetes (Figure 4). Within the islet autoantibody-posi-
tive subgroups, the median HbA1c values were 7.37% in
group p2, 8.32% in group py (P<o.oo1 vs other sub-
groups [Kruskal—Wallis]), and ranged from 7.68% to
8.01% in the other groups (Figure 4, Table St5). Simi-
larly, the proportion of patients with an HbA1c <8%
was highest in group p2 (26 of 34; 76.5%) and lowest in
group p7 (61 of 153; 39.9%). The majority (116 of 154;
75.3%) of patients in group py were overweight or obese
at follow-up visits (Table S15). Only minor differences in
the frequency of insulin treated patient or insulin dose
at follow-up were observed between the islet autoanti-
body-positive groups. Within the autoantibody-negative
subgroups, 84 of 86 (98%) patients in group nz
required insulin supporting the diagnosis of
‘autoantibody-negative type 1 diabetes’ (Figure 4, Table
S16). The n1 group showed the best long-term metabolic
control (HbArc 6.36% [6.26—6.57]), had a normal
weight (BMI SDS —0.08 [—0.46 to 0.60]), and only
seven of 17 (41%) patients required insulin therapy.
Patients in group n3 remained overweight (BMI SDS
2.47 [1.74; 2.90]) and seven of 30 (23%) received treat-
ments other than insulin, including five (17%) treated
with oral antidiabetic therapies.

Discussion

A clinically relevant classifier of subtypes that was based
on islet autoantibodies, age, HbA1c, and BMI defined
10 subgroups of diabetes among children and adoles-
cents with new-onset diabetes. These included seven
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groups in islet autoantibody-positive patients and one
group within the islet autoantibody-negative patients
that had features consistent with type 1 diabetes. The
subgroups differed in terms of their residual C-peptide
concentrations, inflammatory markers, insulin sensitiv-
ity and other type 2 diabetes associated characteristics,
and genetics, as well as their long-term metabolic con-
trol. The approach provides a first step to address the
heterogeneity of young-onset diabetes with high resolu-
tion and prognostic relevance.

For subgroup classification, we used the CART anal-
ysis approach, which has been successfully applied in
cancer research,** and other autoimmune diseases.*”
Previous approaches to the classification of diabetes in
children and adolescents, such as those used in the
SEARCH for Diabetes in Youth (SEARCH) study,*>°"'
mainly aimed at distinguishing type 1 and type 2 diabe-
tes and were based on predetermined variables and
thresholds. The CART analysis is a supervised multivar-
iable approach that is used to discriminate a target out-
come measure. We chose the fasting C-peptide
concentration because of its prognostic value.>'® ' The
classification based on CART was robust, as demon-
strated by its consistent selection of the group defining
parameters in 25-fold cross validation or the inclusion
of additional patient characteristics and confirmation in
a second cohort of patients. It uses parameters readily
available to clinicians soon after onset and, therefore,
can be easily applied in the clinic. An important consid-
eration is that the CART analysis was successful when
patients were first classified as islet autoantibody-posi-
tive or autoantibody-negative. It is also notable that,
although the islet autoantibody status, age, BMI and
HbA1c are known to be associated with C-peptide,*°*
the CART multivariable analysis yielded a decision tree
from these variables that was remarkably associated
with C-peptide concentration and defined clinically rele-
vant subgroups.

The CART analysis subgrouping of cases will be
valuable in the future if it helps to define different dis-
ease forms, disease endotypes, or theratypes,® or to
identify patients with particularly poor prognosis. In
islet autoantibody-positive patients, the CART analysis
could identify subgroups of young patients (<& years)
with insulin autoimmunity and increased prevalences
of TNF and IFNy inflammatory profiles (P1 and P3),
and subgroups of older children (>10.7 years) with
features of insulin insensitivity and type 2 diabetes char-
acteristics (P53, PG, Py). The CART analysis also distin-
guished a group of islet autoantibody-negative patients
who were more likely to have type 1 diabetes (N2), and
who may be subjected to further tests, such as evalua-
tion of the type 1 diabetes genetic risk score or autoanti-
body testing on follow-up. Although the scope of our
study was not to diagnose monogenic diabetes, the
CART analysis could identify a subgroup of islet autoan-
tibody-negative patients (NI, 14.4%), where screening
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Figure 4. HbA1c (a) and BMI (b) at a median follow-up of 7.0 years after the diagnosis of diabetes in the second cohort. The patients
were classified according to their islet autoantibody status and the CART group from the parameters recorded at disease onset (islet
autoantibody-positive groups: p1—p7; islet autoantibody-negative groups: n1, n2, and n3). HbA1c (a) and BMI expressed as the age-
and sex-adjusted SDS (b) at follow-up are shown in each of the subgroups. The red line displays the median. The numbers of

patients are shown in parentheses.

for monogenic diabetes was most effective. None of the
patients in group N1 had high-risk HLA genotypes or
elevated genetic risk scores, and around one-third of
patients in this group had monogenic forms of diabetes.
The CART grouping may, therefore, supplement exist-
ing MODY probability calculators.”

The inflammatory markers were particularly infor-
mative. Group P1 included the highest proportion of

patients with an I[FNy inflammatory cluster profile, and
over 20% of patients in groups P1 and P3 had a TNF
inflammatory profile, which was associated with the
lowest C-peptide concentrations in these groups. This
may suggest an aggressive phenotype of early-onset
type 1 diabetes characterized by inflammatory autoim-
munity that defines a portion of patients with young
onset. The groups with inflammatory features have
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similarities to a young-onset endotype suggested by his-
tological examination of the pancreas of patients and
characterized by young age (<7 years), a predominance
and higher number of B lymphocytes in and around
pancreatic islets and low B-cell function.”” The same
study described a second endotype characterized by an
older age (>13 years) and a paucity of B lymphocytes in
the infiltrate, which may correspond to groups P35, PG
and Py. Although the more extensive inflammatory
panel was not applied to the islet autoantibody-negative
patients, it is notable that IFNy concentration was
slightly elevated in group N2 patients as compared to
concentration in the N1 and N3 groups. A potential limi-
tation of these data is that the values for some of the
measured markers may have been affected by overnight
shipping of samples at room temperature.

Age remained a dominant determinant of the hetero-
geneity of islet autoantibody-positive patients, including
the inflammatory markers. This finding could be rele-
vant to the recent success of anti-TNF therapy in
patients with type 1 diabetes,’* and this may indicate
that patients in group P3 or patients with a TNF inflam-
matory profile may benefit most from such therapy if
applied early enough. Similarly, patients from the rela-
tively small group P1 (<5% of patients) may benefit
from therapies that interfere with IFNy signalling such
as JAK/STAT inhibitors and/or anti-TNF therapies.
Despite relatively high C-peptide concentration at diabe-
tes onset, patients in the older group Py experienced the
worst metabolic outcomes in the follow-up. This group
represented around 5% of patients who were defined by
islet autoantibody positivity and high BMI. These
patients had high triglyceride concentrations and were
relatively insulin insensitive, but had clear genetic and
antibody features of type 1 diabetes and, apart from their
increased BMI and low insulin sensitivity, had no distin-
guishing features of type 2 diabetes. Nevertheless, their
poor prognosis suggests they may be particularly suited
for additional therapies for reducing lipid concentra-
tions or obesity and/or increasing insulin sensitivity.
Feature of type 2 diabetes such as BMI, glycaemic index,
and obesity have been previously associated with pro-
gression to type 1 diabetes in people with islet
autoantibodies.’*® Finally, patients in the N3 subgroup
may also benefit from therapies for type 2 diabetes such
as metformin, glucagon-like peptide-1 receptor ana-
logues, and sodium-glucose cotransporter-2 inhibitors
rather than insulin.

Our findings are also relevant to the selection of
patients for clinical trials. Recent trials of patients with
type 1 diabetes have often excluded islet autoantibody-
negative patients and patients with very low C-peptide
concentrations. Our CART analysis suggests that many
of the islet autoantibody-negative patients in the N2 sub-
group should be considered for such trials and could be
selected by genetic typing for high-risk type 1 diabetes
genotypes. Genetic risk scores have been shown to be
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valuable for classification of islet autoantibody-negative
patients in the SEARCH study.”” The CART analysis
also showed how patient selection will be biased if based
on the C-peptide concentrations. The inclusion of
patients with higher residual C-peptide concentrations
will show bias towards overweight or obese patients,
older patients, and patients with the lowest HbA1c. This
bias may exclude potentially important effects in, for
example, the large P3 group where almost one-third of
patients have a TNF inflammatory profile and who may
benefit most from combination therapies that target
immune and B-cell recovery.

In addition to CART, we also classified patients by
their genetic susceptibility for type 1 diabetes, and by
the islet autoantibody type. However, none of these pro-
vided additional value. Type 1 diabetes genetic suscepti-
bility was inversely correlated with the fasting C-peptide
concentration in islet autoantibody-negative patients.
The lack of association of autoantibody and genetic risk
profiles with fasting C-peptide in the islet autoantibody-
positive patients is consistent with previous work from
SEARCH.**° It is likely, however, that type 1 diabetes or
type 2 diabetes genetic risk profiles may provide dis-
crimination well after diabetes onset when autoantibod-
ies may no longer be detected or in single islet
autoantibody cases with features of type 2 diabetes as
previously reported.’®

A strength of the study is the relatively large number
of participants representing one geographical region in
the main analysis and the large number of participants
in the confirmation and prognosis cohort. A limitation
of our study is that C-peptide concentration was only
measured soon after onset. Residual B-cell function
may be impaired in the presence of DKA and that onset
C-peptide values or factors associated with onset values
may not be predictive of C-peptide trajectories after
onset.* Another important limitation is that results are
representative of a Western European population.
Therefore, the findings may not be representative of
childhood and adolescent diabetes in other populations,
especially where the prevalence of other forms of diabe-
tes or obesity differ. The US-based SEARCH study, for
example, where 35% of cases are from other ethnic
groups, described a larger proportion (26.1%) of
patients without islet autoantibodies and 35%—50%
(depending on ethnicity) who are overweight or
obese.’®" C-peptide trajectories after onset were
unavailable in the patients and it is possible that the
fasting values soon after diabetes onset may not accu-
rately reflect true residual B-cell functional capacity.
Moreover, the CART predictors age, HbA1c, and BMI
change in the disease course and CART subgroup classi-
fication may, therefore, vary depending upon when it is
applied. Further limitations include an insufficient fol-
low-up duration of the second cohort to allow the assess-
ment of diabetes complications within the different
subgroups, and the lack of a comparative control

13



Articles

14

population for inflammatory markers. The study has
not addressed heterogeneity of type 1 diabetes in adults.

In conclusion, this supervised multivariable analysis
of patients with youth-onset diabetes has demonstrated
clear disease type-related heterogeneity within islet auto-
antibody-negative patients and less, but nevertheless
potential, pathogenetic and therapeutic heterogeneity
within islet autoantibody-positive patients.
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