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Abstract

Objectives: We aimed to further characterize demography and genetic associations of

type 1 diabetes “endotypes” defined by the first appearing islet specific autoantibodies.

Research Design and Methods: We analyzed 3277 children diagnosed before the age of

10 years from the Finnish Pediatric Diabetes Register. The most likely first autoantibody

could be deduced in 1636 cases (49.9%) based on autoantibody combinations at diagnosis.

Distribution of age, sex, HLA genotypes and allele frequencies of 18 single nucleotide

polymorphisms (SNPs) in non-HLA risk genes were compared between the endotypes.

Results: Two major groups with either glutamic acid decarboxylase (GADA) or insulin

autoantibodies (IAA) as the deduced first autoantibody showed significant differences in

their demographic and genetic features. Boys and children diagnosed at young age had

more often IAA-initiated autoimmunity whereas GADA-initiated autoimmunity was

observed more frequently in girls and in subjects diagnosed at an older age. IAA as the

first autoantibody was also most common in HLA genotype groups conferring high-

disease risk while GADA first was seen more evenly and frequently in HLA groups associ-

ated with lower type 1 diabetes risk. The risk alleles in IKZF4 and ERBB3 genes were

associated with GADA-initiated whereas those in PTPN22, INS and PTPN2 genes were

associated with IAA-initiated autoimmunity.

Conclusions: The results support the assumption that in around half of the young chil-

dren the first autoantibody can be deduced based on islet autoantibody combinations at

disease diagnosis. Strong differences in sex and age distributions as well as in genetic

associations could be observed between GADA- and IAA-initiated autoimmunity.
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1 | INTRODUCTION

Type 1 diabetes is characterized by destruction of insulin producing

beta cells in pancreatic islets due to an autoimmune response. This

response is demonstrated by the appearance of specific autoanti-

bodies and circulating T cells recognizing various protein antigens pre-

sent in endocrine islet cells as well as by insulitis characterized by

infiltration of mononuclear cells, especially CD8+ T cells into pancre-

atic islets.1 The peak incidence of the disease is observed in childhood

decreasing thereafter but it can appear at any age.2 Despite the peak

incidence in childhood the number of patients developing the disease

in adulthood may still be higher because of longer time of case accu-

mulation.3 Differences between the disease contracted by children

and adults are well known. The disease in children is usually develop-

ing more rapidly and also the panel of autoantibodies present is larger.

Particularly insulin autoantibodies (IAA) are more common in children

than in adults whereas antibodies to glutamic acid decarboxylase

65 (GADA) dominate in adult patients. HLA genotypes associated with

the disease are also found in a higher proportion of patients diag-

nosed in childhood than in adulthood.4

There is, however, heterogeneity also within type 1 diabetes diag-

nosed in children. Although differences such as the higher frequency

of IAA most conspicuously among the youngest children have been

known for a long period,5–7 the recent follow-up studies in children

with genetic risk of type 1 diabetes have revealed two major disease

forms, that is, endotypes which may differ in underlying biological

mechanisms.8 These two endotypes are characterized by the specific-

ity of the first autoantibody reflecting the initiation of the autoim-

mune response, most commonly either IAA or GADA is detected first.

As the first autoantibody, IAA appears usually earlier with a peak

before 2 years of age while the peak of GADA as the first autoanti-

body peaks later during childhood, around the age of 4–5 years,

followed by a relatively even appearance continuing throughout

childhood.9–11 These two endotypes have also different associations

with specific HLA alleles and differences in their associations with

non-HLA risk genes.9–13 The two other of the best characterized

autoantibodies, those recognizing insulinoma associated antigen 2 (IA-

2A) or zinc transporter 8 (ZnT8A) are relatively rare as first appearing

autoantibodies but all four major islet autoantibodies also develop as

secondary autoantibodies predicting development of clinical type

1 diabetes and are all common at the diagnosis especially in young

children.14

In the current study, we aimed at further exploring the heterogene-

ity of childhood type 1 diabetes by analyzing demographic and genetic

features of endotypes characterized by various initial autoantibodies.

The Finnish Pediatric Diabetes Register (FPDR) sample collection was

utilized in the analysis.15 Genetic analyses included comparison of

major risk groups defined by various genotypes of HLA class II

(DR/DQ) haplotypes as well as SNPs in non-HLA genes which have

been found most strongly associated with T1D susceptibility in

European populations and FPDR samples.16,17 The two main groups of

children with IAA- or GADA-initiated autoimmunity were the primary

target of the analysis. Observations made in the follow-up program of

the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) study

allowed us to deduce the most likely first autoantibody reflecting the

islet specific autoimmunity in a high proportion of children diagnosed

with type 1 diabetes. This was based on the strong correlation of the

first appearing autoantibody with certain combinations of islet specific

autoantibodies detected at the diagnosis of the disease.14 Our hypoth-

esis is that the large number of children available at diagnosis as well as

inclusion of all HLA genotypes of children with T1D might reveal new

features of the major endotypes compared to follow-up studies with

relatively small numbers of diagnosed children and HLA genotypes lim-

ited to those with high risk of the disease.

2 | METHODS

2.1 | Study population

The study protocol of the FPDR has been approved by the Ethics

Committee of the Hospital District of Helsinki and Uusimaa. All of the

3277 children diagnosed with type 1 diabetes before the age of

10 years in Finnish hospitals with a pediatric unit and participating in

the FPDR were included in the analysis. In 1636 of them (49.9%) the

likely first appearing autoantibody could be deduced. Data on gender

(except one case) and age at diagnosis was available for analysis.

There was no differences between distribution of girls and boys or

HLA risk groups between children whose likely first appearing autoan-

tibody could be deduced and those where it was not possible but a

significant difference in age distribution was detected median age

being 6.4 years among those where first autoantibody could be

deduced and 5.2 years in other children (p < 0.0001, Table S1).

F IGURE 1 Description of various autoantibody combinations
observed among young children diagnosed with T1D in the Finnish
Pediatric Diabetes Register. If IAA without GADA or GADA without
IAA was present at diagnosis these were deduced to be probably also
first autoantibodies to appear like also IA-2A and ZnT8A when these
were the only autoantibodies present
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2.2 | Autoantibody analysis and deduction of the
first appearing autoantibody

Serum samples for measurement of autoantibodies against GAD65,

insulin, the IA-2 antigen and zinc transporter 8 were collected within

2 weeks after the diagnosis of type 1 diagnosis. Radio-binding assays

were used as described earlier.15,18 The first autoantibody reflecting

the initiation of islet specific autoimmunity was deduced according to

the autoantibody patterns at diagnosis as described earlier in a follow-

up analysis of the DIPP study where the identified first autoantibodies

were compared with autoantibody patterns at diagnosis14 (Figure 1).

In short, when IAA but not GADA was present at diagnosis (indepen-

dent of IA-2A and ZnT8A) IAA was in most cases (78%) the first auto-

antibody and GADA only in 6%. Respectively GADA without IAA at

diagnosis was in 72% also the first autoantibody and IAA in 20%.

IA-2A or ZnT8A alone at diagnosis was also deduced to be the initial

autoantibody present. Only children diagnosed before the age of

10 years were included into these analyses as an increasing frequency

of inverse seroconversion for IAA is observed by rising age.14

2.3 | Analysis of HLA DR/DQ genotypes

HLA DR-DQ genotypes were defined using a step-wise procedure

starting from DQB1 genotyping and continuing with DQA1 and DRB1

typing when relevant for distinguishing haplotypes associated with

susceptibility to or protection against type 1 diabetes.19 HLA geno-

types were divided into risk groups based on observed risk levels

when in 2991 Finnish trio families when children diagnosed with type

1 diabetes were compared with affected family based artificial con-

trols formed from non-transmitted haplotypes in trio families com-

posed of the affected child and two healthy parents.19

Children were classified into six different risk groups and the

highest risk was associated with heterozygous combinations of two

different major risk haplotypes: (DR3)-DQA1*05-DQB1*02 and

DRB1*04:01/2/4/5-DQA1*03-DQB1*03:02 where the Odds Ratio

(OR) was 13.2. The moderate risk group (OR 7.2) consisted of homo-

zygotes for either one of these two haplotypes and of genotypes

where DRB1*04:01/2/5-DQA1*03-DQB1*03:02 was associated with

any of the neutral haplotypes: (DR1/10)-DQB1*05:01, (DR4)-

DQA1*03-DQB1*03:01, (DR7)-DQA1*0201-DQB1*02, (DR8)-

DQB1*04, (DR9)-DQA1*03-DQB1*03:03, (DR13)-DQB1*06:04/9,

(DR16)-DQB1*05:02. The slightly increased risk group (OR 1.9) com-

bined either (DR3)-DQA1*05-DQB1*02 or DRB1*04:04-DQA1*

03-DQB1*03:02 haplotype with a neutral haplotype or

DRB1*04:01/2/5-DQA1*03-DQB1*03:02 haplotype with a weak

protective haplotype: DRB1*0403-DQA1*03-DQB1*03:02,

(DR11/12/13)-DQA1*05-DQB1*0:301 or (DR13)-DQB1*06:03. The

neutral risk group (OR = 0.38) included combinations of various neu-

tral haplotypes as well as combinations of DRB1*04:01/2/

5-DQA1*03-DQB1*03:02 with strong protection associated haplo-

types: (DR15)-DQB1*06:01, (DR15)-DQB1*06:02, (DR7)–

DQA1*02:01–DQB1*03:03 and (DR14)-DQB1*05:03. The original

groups associated with slightly (OR = 0.10) and strongly decreased

risk (OR = 0.02) were combined into one decreased risk group

(OR = 0.04) because of the small numbers of these genotypes among

children with T1D.

2.4 | Analysis of non-HLAgene polymorphisms

A panel of 19 SNPs in genes outside the HLA region confirmed to be

associated with type 1 diabetes susceptibility was analyzed.16,17

These included rs12708716 (CLEC16A), rs12722495 (IL2R),

rs1701704 (IKZF4), rs17388568 (ADAD1), rs1990760 (IFIH1),

rs2104286 (IL2R), rs2292239 (ERBB3), rs2476601 (PTPN22),

rs2816316 (RGS1), rs3087243 (CTLA4), rs3184504 (SH2B3),

rs3757247 (BACH2), rs3825932 (CTSH), rs45450798 (PTPN2),

rs601338 (FUT2), rs689 (INS), rs6920220 (TNFAIP3), rs7574865

(STAT4) and rs9976767 (UBASH3A). A part of the study population

was earlier genotyped in our study on the association of these non-

HLA genotypes with type 1 diabetes in trio families of children from

the FPDR17 using the Sequenom (San Diego, CA, USA) platform,

(Genome Center of Eastern Finland, University of Eastern Finland,

Kuopio). The expanded analysis for this study was carried out using

Open Array® technology (Thermo Fisher Scientific, Waltham, MA,

USA) at Turku Bioscience. From 1613 (rs3087243) to 1634

(rs17388568 and rs2476601, respectively) children were successfully

genotyped for the selected SNPs.

2.5 | Statistical analyses

The statistical analysis was started using univariate analysis to

explore relationships between explanatory variables (sex, age, risk

group and SNP) and the response variable, that is, the deduced

first autoantibody group (Tables 1–3). Relationships between age

and AAB group were examined with Kruskal–Wallis test and using

Dwass-Steel method in pairwise multiple comparison. The Chi-

square test was used for categorical variables. The data were pres-

ented as median with quartiles for age and counts with percentage

for categorical variables. p Values were corrected with Benjamin

and Hochberg FDR correction for multiple testing in SNP analysis.

The level of significance was set at a corrected p value <0.05.

The deduced first autoantibody group (IAA vs. GADA) were ana-

lyzed also using logistic regression. Child's sex, age, risk group and

SNP variables (rs1990760, rs2292239, rs2476601, rs45450798,

rs689 and rs1701704) were included in the model as explanatory vari-

ables. The variables rs1701704 and rs2292239 were analyzed in dif-

ferent models due to their high correlation (Cramer's V = 0.88). The

interactions were not statistically significant and were, therefore,

removed from the final models. Univariate analysis and logistic models

were also made separately for different age groups to examine the

effect of age. The level of significance was set at p value <0.05. The

analyses were carried out with the SAS software, version 9.4 for Win-

dows (SAS Institute Inc., Cary, NC USA).

ILONEN ET AL. 3



TABLE 1 Proportion of various deduced first autoantibodies in children diagnosed with type 1 diabetes before the age of 10 years

Total

Deduced first autoantibody

p ValueGADA IAA IA-2A ZnT8A

N 1636 872 (53.3) 534 (32.6) 145 (8.9) 85 (5.2)

Sex

Girls 761 (46.5) 497 (65.3) 181 (23.8) 49 (6.4) 34 (4.5)

Boys 874 (53.5) 375 (42.9) 352 (40.3) 96 (11) 51 (5.8) <0.0001

Age (years) 6.4 (4.2–8.2) 7.2 (5.4–8.7) 4.2 (2.6–6.5) 6.6 (4.7–8.3) 6.5 (5.1–8.3) <0.0001

HLA risk group

Decreased risk 40 (2.4) 26 (65) 7 (17.5) 2 (5) 5 (12.5)

Neutral 231 (14.1) 136 (58.9) 55 (23.8) 22 (9.5) 18 (7.8)

Slightly increased 384 (23.5) 238 (62) 105 (27.3) 23 (6) 18 (4.7)

Moderately increased 630 (38.5) 290 (46) 241 (38.3) 72 (11.4) 27 (4.3)

High risk 351 (21.5) 182 (51.9) 126 (35.9) 26 (7.4) 17 (4.8) <0.0001

Note: Continuous data (age) are expressed as median (quartiles Q1–Q3) and the differences between groups were assessed using Kruskal–Wallis test.

Categorical data are expressed as number (%) and were assessed using the Chi–square test.

TABLE 2 Genotype frequencies of type 1 diabetes associated non-HLA SNPs compared between children diagnosed with type 1 diabetes
who had either GADA or IAA as the deduced first autoantibody

SNP and gene

SNP

genotypes

Total

N

GADA

N (%) IAA N (%) p Value

Corrected

p value

Dominant

p value

Recessive

p value

Risk allele associated with GADA as the deduced first autoantibody

rs1701704 AA 542 311 (36.0) 231 (43.8)

IKZF4 AC 671 427 (49.4) 244 (46.2)

CC 179 126 (14.6) 53 (10.0) 0.004 0.031 0.004 0.014

rs1990760 CC 213 125 (14.5) 88 (16.8)

IFIH1 CT 693 420 (48.6) 273 (52.0)

TT 484 320 (37.0) 164 (31.2) 0.081 0.23 0.25 0.029

rs2292239 AA 163 110 (12.7) 53 (10.0)

ERBB3 AC 659 427 (49.4) 232 (43.9)

CC 572 328 (37.9) 244 (46.1) 0.0085 0.043 0.0025 0.13

Risk allele associated with IAA as the deduced first autoantibody

rs2476601 AA 73 42 (4.8) 31 (5.8)

PTPN22 AG 449 259 (29.7) 190 (35.7)

GG 882 571 (65.5) 311 (58.5) 0.031 0.12 0.0083 0.41

rs45450798 CC 49 24 (2.8) 25 (4.7)

PTPN2 CG 388 221 (25.4) 167 (31.4)

GG 964 624 (71.8) 340 (63.9) 0.0046 0.031 0.002 0.055

rs689 AA 1086 638 (73.3) 448 (84.1)

INS AT 290 209 (24.0) 81 (15.2)

TT 27 23 (2.6) 4 (0.8) <0.0001* 0.0002 <0.0001* 0.015*

Note: Only SNPs where significant differences between these groups were found are presented. Data are expressed as number (%) of each SNP genotype

and were assessed using the Chi–square test. p Values calculated for differences in distribution of three genotypes as well as p values corrected with

Benjamin and Hochberg FDR method. Also uncorrected p values for dominant and recessive model are presented. SNP risk alleles and significant p values

marked in bold.

*Fisher's exact test was used because limited number of subjects.
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3 | RESULTS

3.1 | Age, sex and HLA-DR/DQ associated risk
groups in relation to deduced first autoantibodies

The median age of the 1636 children whose first autoantibody could

be deduced was 6.40 years. There were 761 (46.5%) girls and

874 boys (53.5%), among the 1635 children with available informa-

tion. No significant difference in the age distribution between girls

(median 6.5, interquartile range 4.4–8.2) and boys (median 6.2, inter-

quartile range 4.0–8.1) was detected (Wilcoxon test). Table 1 presents

distribution of sex, age and HLA-DR/DQ risk groups in children with

various deduced first antibodies. Highly significant differences were

observed for each parameter. Boys developed more often IAA, IA-2A,

and ZnT8A as the deduced first autoantibody while GADA was most

often found in girls. Median age at diagnosis in children with IAA as

the deduced first autoantibody was youngest (4.2 years) and those

with GADA oldest (7.2 years). The median age at diagnosis of the

smaller groups with either IA-2A (6.6 years) or ZnT8A (6.5 years) as

the first autoantibody was quite close to those with GADA as the first

autoantibody.

Significant differences were detected when the distribution of

children with various deduced first autoantibodies was compared

between groups based on disease risk conferred by various HLA class

II genotypes. Children with IAA as the first autoantibody were more

often observed in the high and moderately increased HLA risk groups

whereas the highest proportion of children with GADA as the first

autoantibody was seen among children with genotypes conferring

slightly increased, neutral and decreased disease risk. The proportion

of children with IA-2A as the deduced first autoantibody was highest

in the group with moderately increased risk similarly to the children

with IAA as the deduced first autoantibody and they differed signifi-

cantly from those with GADA as the deduced first autoantibody while

children with ZnT8A as the first autoantibody differed from the group

of children with IAA as the first autoantibody resembling more those

with GADA as the deduced first autoantibody. The proportion of chil-

dren with high- and moderate-risk genotypes was 68.7% when IAA

was the deduced first autoantibody compared to 54.1% in those with

GADA as their deduced first autoantibody.

In the group where GADA was deduced to be the first autoanti-

body (DR3)-DQA1*05-DQB1*02, DRB1*04:04-DQA1*03-DQB1*03:02

and (DR1/10)-DQB1*05:01 haplotypes were significantly more frequent

whereas DRB1*04:01-DQA1*03-DQB1*03:02 and (DR8)-DQB1*04

were increased among those with IAA as the first autoantibody

(Table S2). No significant differences between these most common hap-

lotypes were observed when the group where the first autoantibody

was undeducible was compared with the group where the first autoanti-

body could be deduced indicating that the distribution of first autoanti-

bodies was probably quite similar in both groups. The frequencies of

(DR3)-DQA1*05-DQB1*02 and DRB1*04:01-DQA1*03-DQB1*03:02

were similar to the GADA-first group in children positive for ZnT8A only

and similar to the IAA-first group in those with IA-2A only. Because of

the small size of these groups only the difference in (DR3)-

DQA1*05-DQB1*02 remained significant after correction (p = 0.04).

3.2 | Risk alleles in non-HLA risk genes and
deduced first autoantibodies

Differences in the frequency of alleles of SNPs in non-HLA risk genes

were also observed between children with various deduced first auto-

antibodies. Table 2 shows allele frequencies of SNPs which showed

significant differences between children with either IAA or GADA as

the deduced first autoantibody to appear. p Values were calculated

for differences between all three genotypes as well as for the domi-

nant or recessive model of the risk allele.

The risk allele for type 1 diabetes was found to be associated with

GADA as the first autoantibody in the case of rs1701704 and

rs2292239 in the strongly linked IKZF4 and ERBB3 genes, respec-

tively. A marginal association with GADA as the first autoantibody

was also seen for the risk allele rs1990760 in the IFIH1 gene although

this association was no more significant after correction for multiple

testing. IAA was instead more often observed as the deduced first

autoantibody among the carriers of the type 1 diabetes risk alleles of

rs2476601 in PTPN22, rs45450798 in PTPN2 and rs689 in INS genes.

TABLE 3 Odd ratios for the IAA versus GADA from logistic
regression

OR (95% CI)

Overall

p value

Risk group Decreased risk vs. Neutral 0.81 (0.29, 2.27)

Risk group Slightly increased vs.

Neutral

1.10 (0.70, 1.75)

Risk group Moderately increased vs.

Neutral

2.09 (1.36, 3.21)

Risk group high risk vs. neutral 1.57 (0.98, 2.51) 0.0003

Sex female vs. male 0.31 (0.23, 0.40) <0.0001

Age 0.63 (0.59, 0.67) <0.0001

rs1990760 CC vs. TT 1.44 (0.96, 2.15)

rs1990760 CT vs. TT 1.40 (1.05, 1.88) 0.053

rs2292239 AA vs. CC 0.71 (0.45, 1.11)

rs2292239 AC vs. CC 0.68 (0.52, 0.90) 0.022

rs2476601 AA vs. GG 1.14 (0.64, 2.03)

rs2476601 AG vs. GG 1.67 (1.26, 2.23) 0.0021

rs45450798 CC vs. GG 2.00 (0.95, 4.19)

rs45450798 CG vs. GG 1.30 (0.97, 1.73) 0.057

rs689 AA vs. TT 5.49 (1.43, 21.1)

rs689 AT vs. TT 2.46 (0.63, 9.69) <0.0001

Note: The model includes sex, age, HLA risk groups and SNPs rs1990760,

rs2292239, rs2476601, rs45450798 and rs689 as explanatory factors. OR

>1 indicates that deduced first autoantibody is more likely IAA than GADA

compared to the reference category and vice versa for OR <1

(OR = adjusted odds ratio, CI = confidence interval).

ILONEN ET AL. 5



There were no significant differences after FDR correction between

groups where the first autoantibody could be deduced or was

undeducible (data not shown).

The associations of sex, age, HLA risk groups and SNPs with the

deduced major first autoantibody groups, IAA versus GADA, were also

analyzed using logistic regression. In this model sex, age, HLA risk

groups and SNPs from Table 2 were explanatory variables although

rs1701704 was left out as it was too strongly correlated with

rs2292239 which was included in the final model. We first excluded

that there were no significant interactions between the explanatory

factors. The results shown in Table 3 demonstrated that all of them

were differing between deduced IAA-first and GADA-first groups

although the difference in the case of rs1990760 and rs45450798

remained at the borderline level of significance.

The frequency of risk alleles associated with GADA as the

deduced first autoantibody (rs1701704 C in IKZF4 and rs2292239 in

ERBB3) was also higher compared to the frequency seen in the control

population of our earlier study (constructed from family haplotypes

not inherited to children with type 1 diabetes),17 but their frequency

in children with IAA-initiated autoimmunity did not differ from control

values (Table 4). Similarly, in the case of PTPN2 where the

rs45450798 risk allele was associated with IAA as the first autoanti-

body the frequency of the risk allele was higher in children with IAA

as the first autoantibody than in the control population but did not

differ between children with GADA as the first autoantibody and the

control population. However, in two genes, INS and PTPN22, where

IAA as the deduced first autoantibody was significantly associated

with the risk allele also children with GADA as the deduced first auto-

antibody had a strongly increased frequency of the risk alleles rs689

and rs2476601 SNPs when compared to controls.

4 | DISCUSSION

The analyses of demographic and genetic parameters of young Finnish

children who at the diagnosis of type 1 diabetes showed islet autoan-

tibody patterns implying either GADA or IAA as the first autoantibody

revealed some new features of these major endotypes. The high pro-

portion of IAA as the first deduced autoantibody in the youngest

quartile and its rapid decrease thereafter as well as the concomitant

increase of GADA-initiated autoimmunity is in accordance with the

results obtained from follow-up studies starting from birth.9–11 In this

study we now detected a higher proportion of boys in those with

IAA-initiated and of girls in GADA-initiated autoimmunity which paral-

lels the finding of the TEDDY study that boys have higher probability

for developing IAA than girls.11 One has to note that the children

included in this study have all developed type 1 diabetes and it is pos-

sible that the difference between boys and girls is actually in the prob-

ability to progress to clinical disease among those with IAA or GADA

as their first autoantibody. It is well known that the incidence of type

1 diabetes between genders starts to differ more conspicuously in

puberty when the incidence decreases rapidly in girls compared to

boys20,21 but this phenomenon was not yet seen in this study cohort

where all children were younger than 10 years at diagnosis. In an ear-

lier study of pediatric type 1 diabetes in Finland the difference

between boys and girls began to appear just after age of 10 years but

interestingly the incidence curve also suggests higher incidence in

boys up to the age of 4 years after which the curve is very even until

the age of 10 years.22 One could also speculate that the increase in

incidence earlier seen particularly in the youngest age group22 below

the age of 5 is related to the increase of the disease endotype charac-

terized by IAA as the first autoantibody.

TABLE 4 Comparison of allele frequencies of SNPs in T1D associated non-HLA genes in children diagnosed with T1D who had either GADA
or IAA as their deduced first autoantibody and frequencies detected in the Finnish control population

SNP

and gene Allele

Deduced first autoantibody in children with T1D

Controls
GADA IAA

N (%) N (%) OR (95% CI) p Value

Corrected

p value N (%) OR (95% CI) p Value

Corrected

p value

rs1701704 A 2298 (68.8) 1049 (60.7) 1.43 (1.27–1.62) 706 (66.9) 1.1 (0.95–1.27)

IKZF4 C 1040 (31.2) 679 (39.3) <0.0001 <0.0001 350 (33.1) 0.23 0.27

rs1990760 C 1393 (41.4) 670 (38.7) 1.12 (0.99–1.26) 449 (42.8) 0.95 (0.82–1.09)

IFIH1 T 1971 (58.6) 1060 (61.3) 0.065 0.078 601 (57.2) 0.44 0.44

rs2292239 A 888 (29.8) 647 (37.4) 1.41 (1.24–1.6) 338 (31.9) 1.11 (0.95–1.29)

ERBB3 C 2096 (70.2) 1083 (62.6) <0.0001 <0.0001 720 (68.1) 0.18 0.27

rs2476601 A 484 (14.0) 343 (19.7) 1.51 (1.3–1.76) 252 (23.7) 1.91 (1.61–2.27)

PTPN22 G 2980 (86.0) 1401 (80.3) <0.0001 <0.0001 812 (76.3) <0.0001 <0.0001

rs45450798 C 540 (16.1) 269 (15.5) 0.96 (0.82–1.12) 217 (20.4) 1.34 (1.12–1.59)

PTPN2 G 2820 (83.9) 1469 (84.5) 0.58 0.58 847 (79.6) 0.0011 0.0022

rs689 A 2613 (77.6) 1485 (85.3) 1.68 (1.44–1.97) 977 (91.7) 3.17 (2.52–4.00)

INS T 755 (22.4) 255 (14.7) <0.0001 <0.0001 89 (8.3) <0.0001 <0.0001

Note: The statistical difference is calculated using Chi-square test. OR, odds ratio; 95% CI, 95% confidence interval. SNP risk alleles and significant p values

marked in bold.
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Strong differences were observed when children with various

deduced first autoantibodies were compared for the genetic disease

risk defined by HLA class II genotypes. The highest proportion of chil-

dren with IAA as their first autoantibody was found in the moderately

increased risk group followed tightly by the high-risk group decreasing

thereafter concomitantly with the degree of HLA related risk. The

moderately increased risk group consists of children homozygous for

either DR4-DQ8 or DR3-DQ2 and a large group of children with a

combination of the DRB1*04:01 positive (very rarely DRB1*04:02 or

DRB1*04:05) DR4-DQ8 haplotype with “neutral” haplotypes fitting

well with a high proportion of IAA as the first autoantibody. The pro-

portion of children with GADA as the deduced first autoantibody was

in contrast highest among those carrying HLA genotypes conferring

slightly increased, decreased and neutral disease risk. In the

highest risk group GADA-first endotype associated (DR3)-

DQA1*05-DQB1*02 is always present and among DR4-DQ8 haplo-

types in addition to DRB1*04:01-DQA1*03-DQB1*03:02 haplotype

also the DRB1*04:04-DQA1*03-DQB1*03:02 haplotype, which in

addition to (DR3)-DQA1*05-DQB1*02 was found to be associated

more often with the GADA-first than the IAA-first endotype in our

recent analysis of the DIPP study.13

The slightly increased risk group is defined as either DR3-DQ2 or

DRB1*04:04 positive DR4-DQ8 combined with a “neutral” haplotype
which is well in accordance with the association of an autoimmunity

type where GADA is the first autoantibody. GADA-initiated autoim-

munity was also dominating the neutral risk group comprising a mix of

various combinations of neutral haplotypes and combinations of risk

associated and protective haplotypes. Similarly, GADA dominated

groups associated with decreased disease risk consisting mainly of

combinations of neutral and protective haplotypes. Most neutral hap-

lotypes were also observed to associate with GADA-initiated autoim-

munity in our earlier study.13 The clearly higher proportion of children

with IAA as the first autoantibody in the two highest genetic risk

groups, 68.7% compared to 54.1% in the GADA first group, implies

also that a higher proportion of newborn children at particular risk for

the endotype with IAA as the first autoantibody have been eligible for

genetic follow-up in the DIPP study and criteria used in our HLA

based screening more efficiently selected these children.

The distribution of children with IA-2A as the likely first autoanti-

body resembled children with IAA-initiated autoimmunity and those

with ZnT8A children with GADA-initiated autoimmunity. These differ-

ences probably also reflect effects of specific class II HLA haplotypes.

The associations of the DR4-DQ8 haplotype with IAA and the

DR3-DQ2 haplotype with GADA are well known23–26 and follow-up

studies from birth confirmed these associations especially in the case

of the first emerging autoantibody.9–11 More precisely we recently

demonstrated the IAA association to be seen particularly in those car-

rying the DRB1*04:01 allele in the DR4-DQ8 haplotype whereas the

other common DR4 allele in this haplotype in the Northern European

populations, DRB1*04:04, was actually more associated with GADA-

initiated autoimmunity.13 The difference was clear both in the DIPP

follow-up study and in the deduced first autoantibody cohort in the

largely overlapping FPDR series as analyzed here. A strong association

of IA-2A as the only autoantibody with DRB1*04:01 was also impli-

cated in our earlier study.27

The comparison of allele distribution in a panel of known type

1 diabetes associated SNPs in the non-HLA regions confirmed our

earlier findings in both the DIPP and FPDR cohorts that the type 1 dia-

betes risk allele in the INS gene is associated with IAA-initiated and

the risk allele in the IKZF4-ERBB3 region with the GADA-initiated

endotype of type 1 diabetes.14,28 A weak association of IFIH1 gene

risk allele with GADA as the first autoantibody was also detected but

this did not sustain statistical correction and remains waiting for con-

firmation in other studies. The current study also observed that both

the PTPN22 and PTPN2 risk alleles are associated with the IAA-

initiated disease process. The INS gene polymorphism associated with

type 1 diabetes decreases thymic expression of insulin and thus

impairs deletion of autoreactive T cells recognizing (prepro)insulin epi-

topes by their T-cell receptor and these cells remain in the body with

the potential to launch insulin-specific autoimmunity in response to

still poorly defined triggers.29,30 No explanations for the mechanisms

of endotype associations have so far been presented for endotype

specificity of other non-HLA genes.

The specific association of type 1 diabetes risk associated INS

gene polymorphism with the IAA-initiated islet autoimmunity has also

been demonstrated in the TEDDY study when comparing those who

first seroconverted to either IAA or GADA by the age of 6 years but

no significant difference between children with these first autoanti-

bodies and PTPN22, PTPN2 or ERBB3 was detected.12 Instead, a sig-

nificant difference was found in the case of BACH2 which increased

the risk of developing GADA as the first autoantibody and CTLA4

which increased the risk of IAA as the first autoantibody compared to

GADA.12 In our study, we did not detect any significant difference in

the distribution of either BACH2 or CTLA4 SNPs between diabetic

children with IAA or GADA as deduced first autoantibodies. There are

of course differences between this diabetes register based study and

the TEDDY follow-up study where only a few high-risk genotypes

representing about 50% of children with future type 1 diabetes were

eligible for follow-up31 whereas the present study is based on an

unselected group covering most children diagnosed with type 1 diabe-

tes during a relatively long-time period in the Finnish population. Only

a part of TEDDY children with IAA or GADA as their first autoanti-

body will develop multiple autoantibodies and eventually type 1 diabe-

tes. These differences may affect the discrepancies observed like also

population-specific differences in frequency of, for example, the rela-

tively rare PTPN22 risk allele A which is common in Finland compared

to most other European derived and especially non-European

populations.32 In our early analysis of first autoantibody association of

PTPN22 in the DIPP study it was strongly associated with IAA as the

first autoantibody33 and although the association did not reach signifi-

cance in a subsequent study28 the most recent analysis in the DIPP

study suggests again a strong association (Laine et al. manuscript in

preparation).

For most non-HLA genes where either the presence of GADA or

IAA as the first autoantibody was associated with risk alleles the other

major group of children had frequency of the risk allele not different
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from that found in the Finnish background population. However, in

the case of PTPN22 and INS genes also children without a preferen-

tially associated first autoantibody had an increased frequency of the

risk allele compared to the control population. This may indicate that

there are multiple mechanisms mediating the effects of these gene

polymorphisms on disease susceptibility and only part of these are

endotype specific. It is well known that the PTPN22 polymorphism is

associated with multiple autoimmune diseases in addition to type

1 diabetes. It affects lymphocyte development and activation, innate

immunity, establishment of tolerance and immune regulation being

likely involved in multiple stages of disease development.34 The INS

gene polymorphism instead is specific for type 1 diabetes and the

effect is apparently limited to thymic selection. The INS and PTPN22

polymorphisms are among the non-HLA genes those with the stron-

gest effect on the risk of type 1 diabetes, and it may also be that asso-

ciations of the risk alleles with the GADA-initiated autoimmunity are

just due to the inaccuracy of our deduction method of the first spe-

cific autoantibody initiating the autoimmune response. Because IAA

as the first autoantibody is most prone for reverse seroconversion a

proportion of children classified to the group of GADA-initiated auto-

immunity based on autoantibodies present at diagnosis may actually

have had IAA as their first autoantibody. In our earlier follow-up study

we found that 25% of children with IAA as the first autoantibody

were negative for IAA at diagnosis.14

In conclusion, the current study supports the usefulness of our

approach where the autoantibody panel present at diagnosis was used

to deduce the first detectable autoantibody in young children with

type 1 diabetes. We were able to observe significant differences

between these endotypes in sex and age at diagnosis as well as in

HLA risk groups and associations with SNPs in several non-HLA gene

regions. A limitation of the study is of course that a large group of

children with type 1 diabetes could not be included since the pres-

ence of both IAA and GADA at diagnosis prevented the deduction

whether IAA or GADA was the likely first autoantibody. However, the

size of the included group was large enough to detect several differ-

ences between the endotypes with either GADA and IAA as the first

autoantibody.
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APPENDIX A

The Finnish Pediatric Diabetes Register comprises the following

investigators:

Principal Investigator: Mikael Knip (Children's Hospital, Helsinki

University Hospital).

Steering Committee: Per-Henrik Groop (Folkhälsan Research

Center), Jorma Ilonen (Immunogenetics Laboratory, University of

Turku), Timo Otonkoski (Children's Hospital, Helsinki University Hos-

pital), Riitta Veijola (Department of Pediatrics, Oulu University

Hospital).

Locally responsible investigators: Alar Abram (Department of

Pediatrics, Kanta-Häme Central Hospital), Henrikka Aito (Department

of Pediatrics, HUS Porvoo Hospital), Ivan Arkhipov (Department of

Pediatrics, Mehiläinen Länsi-Pohja Central Hospital), Elina Blanco-

Sequeiros (Department of Pediatrics, Central Ostrobothnia Central

Hospital), Jonas Bondestam (Department of Pediatrics, HUS Lohja

Hospital), Markus Granholm (Department of Pediatrics, Jakobstad

Hospital), Maarit Haapalehto-Ikonen (Department of Pediatrics,

Rauma Hospital), Torsten Horn (Department of Pediatrics, Central

Hospital of Central Finland), Hanna Huopio (Department of Pediatrics,

Kuopio University Hospital), Joakim Janer (Department of Pediatrics,

HUS Raasepori Hospital),Christian Johansson (Department of
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Pediatrics, Åland Central Hospital), Liisa Kalliokoski (Department of

Pediatrics, Kainuu Central Hospital), Päivi Keskinen (Department of

Pediatrics, Tampere University Hospital), Anne Kinnala (Department

of Pediatrics, Turku University Hospital), Maarit Korteniemi

(Department of Pediatrics, Central Hospital of Lapland), Hanne

Laakkonen (Department of Pediatrics, HUS Hyvinkää Hospital), Jyrki

Lähde (Department of Pediatrics, Satakunta Central Hospital), Päivi

Miettinen (HUS New Children's Hospital), Päivi Nykänen (Department

of Pediatrics, Mikkeli Central Hospital), Erik Popov (Department of

Pediatrics, Vaasa Central Hospital), Mari Pulkkinen (Department of

Pediatrics, HUS Jorvi Hospital), Maria Salonen (Department of Pediat-

rics, Kymenlaakso Central Hospital), Pia Salonen (Department of Pedi-

atrics, Päijät-Häme Central Hospital), Juhani Sankala (Department of

Pediatrics, Savonlinna Central Hospital), Virpi Sidoroff (Department of

Pediatrics, North Karelia Central Hospital), Anne-Maarit Suomi

(Department of Pediatrics, South Ostrobothnia Central Hospital, Tuula

Tiainen (Department of Pediatrics, South Karelia Central Hospital),

Riitta Veijola (Department of Pediatrics, Oulu University Hospital).
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