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Abstract
Objective: The relationship between patterns of islet autoantibodies at diagnosis and specificity of the first islet autoantibody at the initiation of autoimmunity was analyzed with the aim of identifying patterns informative of the primary autoantibodies. 
Subjects and Methods: Information about a single first autoantibody at seroconversion and autoantibody data at diagnosis were available for 128 children participating in the follow-up cohort of the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) study. Autoantibody data at diagnosis and genotyping results were also obtained from children in the Finnish Pediatric Diabetes Register (FPDR).
Results: insulin autoantibodies (IAA) were the most common primary antibodies (N=68), followed by those for glutamic acid decarboxylase (GADA; N=38), IA-2 antigen (IA-2A; N=13) and zinc transporter 8 (ZnT8A; N=9), whereas at diagnosis, IA-2A were most frequent (N=103), followed by IAA (N=78), ZnT8A (N=73), and GADA (N=71). Accordingly, the presence of many specific autoantibodies at diagnosis was due to the secondary antibodies appearing after primary antibodies, and in some cases, the primary autoantibody, most often IAA, had already disappeared at the time of diagnosis. Many of the autoantibody combinations present at diagnosis could be assembled into groups associated with either IAA or GADA as first autoantibodies. These combinations, in children diagnosed below the age of 10 years in the FPDR, were found to be strongly associated with risk genotypes in either INS (IAA first) or IKZF4-ERBB3 (GADA first) genes. 
Conclusions: Autoantibody patterns at diagnosis may be informative on primary autoantibodies initiating autoimmunity in young children developing type 1 diabetes. 




Type 1 diabetes (T1D) is associated with the presence of several islet-specific autoantibodies, including autoantibodies to insulin (IAA), glutamic acid decarboxylase 65 (GADA), islet antigen-2 (IA-2A) and zinc transporter 8 (ZnT8A). Autoantibodies with these four specificities are well characterized and common in the sera of subjects with newly diagnosed T1D as well as in samples preceding the clinical disease (1). Although autoantibodies probably do not have any direct pathogenic role, they reflect ongoing islet autoimmunity and can be used to predict development of clinical diabetes (2, 3). The presence of a persistent autoantibody recognizing just one specific antigen is associated with only a slightly increased disease risk, whereas seropositivity for two or more islet autoantibodies confers high risk for developing T1D. Although the time to diagnosis is highly variable, follow-up studies have demonstrated that the overwhelming majority of subjects with multiple autoantibodies develop overt diabetes over time (4).
	Various autoantibody specificities present at diagnosis have been associated with differences in genetic markers and age at diagnosis implicating heterogeneity in the diabetic disease process. These findings include the association of IAA with the HLA DR4-DQ8 haplotype and young age at diagnosis, while GADA appear more often in older children and adolescents and are associated with the HLA DR3-DQ2 haplotype (5-8). Birth cohort studies targeting children with HLA-associated susceptibility to type 1 diabetes have made it possible to identify the first autoantibody to appear as the initial sign of autoimmunity development and have revealed differential age distribution in the appearance of IAA and GADA as the two most common first appearing islet autoantibodies in childhood. These studies also demonstrated strong genetic associations of these primary autoantibodies, which in the case of IAA, in addition to the HLA DR4-DQ8 haplotype, also included the disease-associated SNP genotype in the INS gene. IAA, as the first autoantibody, had a peak in appearance during the second year of life, whereas primary GADA autoantibodies, associated with HLA-DR3-DQ2, usually appeared later and at a more constant rate throughout childhood (9-11). Accordingly, these observations imply different triggers, likely environmental, in islet autoimmunity initiated by either IAA or GADA.
	In the current study, we analyzed the associations between islet autoantibodies present at the diagnosis of T1D and the autoantibodies detectable at the initial seroconversion in children observed in the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) study, with the aim to assess the extent to which autoantibodies detected at diagnosis reflect the scenario at the initiation of islet autoimmunity. No other birth cohorts were available to directly confirm these conclusions. Autoantibody measurements at diabetes onset and genetic data from the Finnish Pediatric Diabetes Register (FPDR) were, however, available to compare whether the autoantibody combinations that were associated with primary IAA or GADA as imputed from DIPP data, would show stronger differential associations with disease-associated genetic markers than seropositivity for each specific autoantibody at diagnosis.
	Thus, we reanalyzed SNP associations detected by autoantibodies present at diagnosis in our earlier study of the Finnish Pediatric Diabetes Register (FPDR)(12). The significant associations detected between confirmed T1D associated SNPs and autoantibodies were found only between IAA and T1D associated risk genotypes of SNPs in the INS gene and the IKZF4-ERBB3 region. The risk genotype of INS was associated with the presence of IAA, whereas the risk genotypes of IKZF-ERBB3 SNPs showed an inverse association with IAA and were increased among subjects testing negative for IAA. We then repeated these analyses by also using the autoantibody combinations at diagnosis associated with either IAA or GADA as the first autoantibody, assuming that this analysis might be more powerful for revealing genetic heterogeneity in disease mechanisms than analyzing just the presence of different autoantibodies at diagnosis.

Materials and methods
Study Subjects 
Primary islet autoantibodies and those present at the diagnosis of type 1 diabetes were analyzed in sera from children taking part in the Finnish DIPP birth cohort, which recruited children carrying HLA-DR/DQ genotype-associated increased susceptibility to T1D. The follow-up includes regular blood sampling at 3-6 month intervals until the age of 12 months and every 6-12 months thereafter (9). The protocol used from 1994 until 2003 involved regular ICA testing and analysis of all serum samples for IAA, GADA and IA-2A in those who tested positive for ICA. In children born since 2003, all serum samples have been analyzed for these three biochemical autoantibodies. Subjects who had only a single biochemical autoantibody detectable at the initial seroconversion and whose sample at the diagnosis was available were also tested for ZnT8A. We identified 128 children (57 females) who had only one islet autoantibody specificity present at the time of persistent seroconversion (at least two consecutive positive samples) that later developed type 1 diabetes and had been tested for all four biochemically defined autoantibodies at the time of seroconversion and at diagnosis. This figure reflects 59.8% of the total number of 214 children with available data, the rest of the children having multiple autoantibodies at detection of the seroconversion. Samples taken at or up to 2 weeks after (n=110) or 2 months before diagnosis (n=18) were considered to represent serostatus at diagnosis. The median age at diagnosis in these children was 5.3 years (interquartile range 3.4-8.6 years).
	In addition to the DIPP study series, the data from the Finnish Pediatric Diabetes Register (13) were used to compare autoantibody patterns at diagnosis and genotypes. A total of 1,028 index cases (454 females) diagnosed before the age of 10 years (median age 5.9 years, interquartile range 3.4-8.1 years) were tested for all four biochemical autoantibodies in sera taken within 2 weeks before or after the diagnosis and were further genotyped for HLA class II haplotypes as well as for INS gene rs689, IKZF4 rs1701704 and ERBB3 rs 2292239 polymorphisms associated with T1D (14). The Ethics Committees of the participating hospitals have approved the protocols of both the DIPP and FPDR studies. 

Islet autoantibody measurements
Specific radio binding assays were used for the analyses of all biochemical islet autoantibodies. These methods have been previously described in detail (12, 15).

Genotyping
INS rs689, IKZF4 rs1701704 and ERBB3 rs 2292239 SNPs were genotyped using the Sequenom (San Diego, CA) platform at the Genome Center of the University of Eastern Finland in Kuopio. HLA-DR/DQ typing was performed using sequence- specific oligonucleotide typing with the lanthanide-labeled oligonucleotide probe- based method, as previously described (16). HLA-DRB1*04:01/2/4/5-DQB1*03:02 was marked as DR4-DQ8 and DQA1*05-DQB1*02 haplotype as DR3-DQ2.

Statistical analyses
IBM SPSS Statistics Version 21.0 was used in the data analyses. The Kruskall-Wallis test was applied to compare the age at seroconversion, age at diagnosis and duration of the preclinical period, defined as the time from initial seroconversion to clinical diagnosis in children with various primary autoantibodies. The Mann-Whitney U-test was used to compare the ages at seroconversion and diagnosis between the two groups of children who had IAA as the primary autoantibody and were either IAA-positive or -negative at diagnosis. The Kaplan-Meier survival analysis with a log-rank test was applied for comparing the progression to clinical diabetes between groups with different primary autoantibodies. The Chi-square test was used to compare the observed and expected values of frequencies of islet autoantibody patterns at diagnosis in children with various first autoantibodies and compare the two observed distributions in the frequency of various SNP genotypes in children with different autoantibody patterns at diagnosis. 

Results
Appearance of the primary autoantibodies, progression to clinical diabetes and autoantibodies present at diagnosis in the DIPP follow-up study
Table 1 shows differences in age at seroconversion and diagnosis of T1D between children participating in the DIPP follow-up study who had different first autoantibodies initiating islet autoimmunity. Children with IAA or ZnT8A as their first antibody were younger at seroconversion than those who initially developed GADA or IA-2A. The progression time from seroconversion to diagnosis was similar between children with either IAA or GADA as their first autoantibody, but the progression to clinical disease was more rapid in children with IA-2A and slower in those children with ZnT8A as the first autoantibody. These differences are similar to the results we reported earlier in a partly overlapping subject series, where the appearance of various primary autoantibodies in children developing advanced autoimmunity was analyzed, although the analyses of ZnT8A were not included in the earlier report (9). 
	Table 2 shows the frequency of various islet autoantibodies detected at diagnosis of T1D in children with different initial autoantibodies. Subjects with GADA, IA-2A or ZnT8A as the initial autoantibody were typically also positive for the same autoantibody at diagnosis (89.5%, 100% and 100%, respectively). In contrast, only 75% of children with IAA as the primary autoantibody tested positive for IAA at diagnosis. The frequency of IAA positivity at diagnosis in the group with IAA as the first autoantibody was dependent on the time between autoantibody seroconversion and diagnosis. Compared to children remaining positive for IAA at diagnosis, children who turned seronegative for IAA had a longer preclinical period duration as measured from seroconversion to diagnosis, with medians of 2.6 years (interquartile range 0.7 – 3.8) and 4.6 years (interquartile range 3.8-6.5), respectively, (P<0.001, Mann-Whitney U-test). In contrast, no differences were detected in age at seroconversion in those with IAA as the primary antibody. This was 1.0 years (1.0-2.0) and 1.1 years (0.7-1.5) among those with and without IAA at diagnosis, respectively.  
	Most of the children with GADA as their first autoantibody also tested positive for GADA at diagnosis, while IAA and ZnT8A were found in about half of these cases. All children with ZnT8A as a primary antibody tested positive for both ZnT8A and IA-2A at diagnosis, but only around half were positive for IAA and/or GADA. In children with IA-2A as the first autoantibody, the prevalence of the other islet autoantibodies at diagnosis was remarkably low. IAA was the other most common autoantibody, at a frequency of 30.8%.
	Table 2 also presents the frequencies of children with different primary islet autoantibodies among children positive for various autoantibodies at diagnosis. All four biochemical islet autoantibodies are common at diagnosis due to antigen spreading in islet autoimmunity, which occurs during the preclinical period. IA-2A was the most common (80%), but IAA, ZnT8A and GADA were also present in 55% - 61% of children at diagnosis. Although first autoantibodies initiating islet autoimmunity are usually also present at diagnosis, it is thus difficult to deduce which of the multiple autoantibodies found at diagnosis in each child were most likely to have appeared first and which were secondary autoantibodies, if follow-up information is not available. However, compared to autoantibodies present at diagnosis, the frequencies of various first appearing autoantibodies are very different and explain why IAA is also the most common first autoantibody in children who at diagnosis are positive for IA-2A or ZnT8A. Only a small fraction of the IA-2A- or ZnT8A-positive children at diagnosis had these autoantibodies as their first autoantibody because IA-2A and ZnT8A were rare as primary autoantibodies. In children testing positive for GADA at diagnosis, GADA was also the most common first autoantibody; nonetheless, IAA as the first autoantibody was almost as common. 

Autoantibody combinations at diagnosis of clinical diabetes and primary antibodies 
The number of children positive for each islet autoantibody combination detected at diagnosis of T1D in the DIPP follow-up study cohort with single first autoantibodies is shown in Table 3 along with the numbers of various first autoantibodies in children with each combination. The first autoantibodies found more often in specific combinations than expected from their distribution in all cases are shown in bold. 
	Some conclusions on the probability of the first autoantibody in each autoantibody combination can be made based on the facts shown in Table 2. We can thus deduce that the most common first autoantibody is IAA in all combinations, where IAA is present without GADA and vice versa, GADA is usually the first autoantibody in combinations where it is present without IAA. This deduction is supported by the data in Table 3, although many of the combinations are found only in small numbers. GADA alone, GADA+IA-2A and GADA+IA-2A+ZnT8A are more often found to be associated with GADA as the first autoantibody than would be randomly expected. Similarly, IAA alone and its combinations with IA-2A and/or ZnT8A without GADA are associated with IAA as the first autoantibody, although only one of the combinations reached significance. IA-2A alone was the most common single autoantibody at diagnosis, and among these cases IA-2A were found more often as the first appearing autoantibodies in this “combination” than would be expected from their frequency at seroconversion within the whole series. ZnT8A as the first autoantibody was also significantly associated with the combination of IA-2A and ZnT8A at diagnosis. 
	It is thus possible to identify the combinations where, with high probability, a specified autoantibody is the primary one: in most cases IAA or GADA. The “GADA group” formed in this way includes those with GADA alone, GADA+IA-2A, GADA+ZnT8A, and GADA+IA-2A+ZnT8A, whereas the “IAA group” includes combinations with IAA alone, IAA+IA-2A, IAA+ZnT8A and IAA+IA-2A+ZnT8A. Combinations where both IAA and GADA are present cannot be combined with either autoantibody as the first one with high probability. The observed dominance of GADA as the first autoantibody in the IAA+GADA+IA-2A combination is most likely just a chance observation. 
	These groups associated with either IAA or GADA as the first autoantibody were then compared among the index children diagnosed in the FPDR before the age of 10 years. Autoantibody, HLA-DR/DQ and SNP genotyping data were available from a total of 1,028 of these children. Only children diagnosed before the age of 10 years were selected because of the finding that IAA positivity in children with IAA as the primary islet autoantibody decreased with the increase in length of the prediabetic seropositive period before diagnosis. The distribution of autoantibodies present at diagnosis was similar to the DIPP follow-up cohort. IA-2A was positive in 806 (78.4%), IAA in 522 (50.8%), GADA in 675 (65.7%) and ZnT8A in 620 (60.3%) children. This distribution did not significantly differ from that of the DIPP follow-up children presented here (P=0.252, df=3). However, the size of groups deduced to be associated with IAA or GADA as the first autoantibody were somewhat different between the series. In the FPDR series, 146 (14.2%) and 299 (29.1%) children were within the IAA and GADA groups, respectively, whereas 583 (56.7%) children remained outside of these groups. The relative size of the IAA group in the DIPP follow-up cohort was larger, N=32/128 (25.0%), and the GADA group was smaller, N=25/128 (19.5%), and this difference was significant (P<0.001, df=1).  
In this FPDR series, these IAA- and GADA-associated AAB combination groups also clearly differed for age at diagnosis, which was lower in the IAA group than the GADA group (Table 4), and for the proportion of DR3-DQ2 and DR4-DQ8 homozygotes (Table 5). 

T1D-associated INS, IKZF4 and ERBB3 gene SNP markers in children are positive for various specific autoantibodies and autoantibody combinations, suggesting IAA or GADA as the primary autoantibodies at diagnosis
The associations of INS rs689, IKZF4 rs1701704 SNP and ERBB3 rs2292239 genotypes in the presence of IAA and GADA, as well as the groups of autoantibody combinations reflecting either IAA or GADA as primary islet autoantibodies, were analyzed in index cases of the FPDR at diagnosis (Table 6). The INS risk genotype AA was significantly associated with the presence of IAA (P=0.019), whereas the IKZF4 risk genotypes AC/CC as well as the ERBB3 risk genotypes AA/AC were decreased among those testing positive for IAA (P=0.002 and P=0.003, respectively). No significant association between INS, IKZF4 or ERBB3 genotypes and GADA positivity at diagnosis was seen. However, when children were divided into the groups with autoantibody combinations indicating the presence of either IAA or GADA as the first autoantibody, a clear association between risk genotype in all SNPs could be found. Table 6 also includes a “neither” group comprised of autoantibody combinations, which with selected criteria could not be categorized into either the IAA or GADA groups. These subjects lie clearly between the IAA and GADA groups in their genotype frequencies, but the GADA group is more clearly separated from them. Although the IAA and GADA groups were significantly associated with age at onset and either DR4-DQ8 or DR3-DQ2 homozygosity, age at onset and HLA homozygosity were not significantly associated with the studied SNP frequencies (data not shown).
 
Discussion 
To define the associations between initially appearing primary islet autoantibodies and those autoantibodies detectable at the diagnosis of clinical type 1 diabetes, we analyzed the islet autoantibodies present at seroconversion and at the time of diagnosis in 128 children participating in the Finnish DIPP birth cohort study. 
	We found that most primary autoantibodies were also present at diagnosis, although IAA had disappeared in a quarter of the cases. Instead, GADA, IA-2A and ZnT8A remained more constantly positive and were mostly still present at the time of diagnosis. The presence of IAA at diagnosis was dependent on the duration of the prediabetic period, which was longer in those children who had turned seronegative. This same phenomenon of association between the length of preclinical time with autoantibody positivity and disappearance of IAA was recently reported in the cluster analysis of autoantibody development in the BABYDIAB study (17). The proportion of reverse seroconversions was also found to be higher for IAA than for other primary islet autoantibodies in the analysis of multiple autoantibody positive children in the TEDDY study (18).
	The observed high frequency of all four major autoantibodies at diagnosis in young children is in accordance with existing information. (19, 20). Autoantibodies at diagnosis include both autoantibody specificities that have initiated the autoimmunity and secondary autoantibodies appearing later on due to the antigen spreading of the autoimmune response. Although rare as first autoantibodies initiating autoimmunity, IA-2A and ZnT8A are common as secondary autoantibodies, whereas IAA or GADA are most often the first autoantibody, as shown by recent follow-up studies, including earlier DIPP study data. Primary IAA and GADA are dominant during the first years of life. IAA has an earlier peak and rapidly disappears thereafter, whereas GADA continues to appear as the primary autoantibody throughout childhood (9-11). In a follow-up series continued for a longer period, which also includes more older-aged participants, the proportion of cases with GADA as the primary autoantibody might thus increase. An important phenomenon at diagnosis is the strong association of IAA positivity with younger age at diagnosis (6, 8, 20, 21), which may also be explained by the more common reverse seroconversion of IAA increasing with the length of the preclinical period, also found in this study. We therefore decided to look at the genetic associations of primary IAA- and primary GADA-associated autoantibody patterns at diagnosis in the Finnish Pediatric Diabetes Register but only in children diagnosed before the age of 10 years. 
	The four major islet autoantibodies can be found in multiple combinations at diabetes diagnosis, and based on follow-up data some may be expected to be informative concerning the first autoantibody. The most common pattern at diagnosis in DIPP follow-up study notably combined all four autoantibodies, and in these children IAA and GADA were the primary autoantibodies in a very similar proportion to the whole follow-up series. In this combination, only one case of primary IA-2A was found, and this result fits well with the low number of various secondary autoantibodies in cases where IA-2A was the first antibody to appear. Those children positive for only one single autoantibody specificity are apparently most informative concerning the primary autoantibody, although the reverse seroconversion of IAA may also affect this status, especially if older children are included. Combinations where either IAA or GADA is present alone can be simply concluded as probably also associated as the first autoantibody because IA-2A and ZnT8A, common at diagnosis, were rare as primary autoantibodies. 
	The autoantibody combinations selected to represent either IAA or GADA as the probable first autoantibody, the IAA group and the GADA group were thus selected from combinations where either IAA or GADA were present but not both. The value of this classification as a tool for identifying additional markers of disease heterogeneity was further studied in the Finnish Pediatric Diabetes Register dataset using genotyping data of three SNPs from major non-HLA loci associated with T1D. In this group of children, the IAA group was strongly associated with younger age at diagnosis and homozygosity for HLA-DR4-DQ8, whereas the GADA group was strongly associated with older age and HLA-DR3-DQ2 homozygosity, characteristics associated with these autoantibodies as primary autoantibodies (9-11). This observation thus supported the selection of grouping criteria. 
	Our earlier work analyzing the relationship between autoantibody specificities at diagnosis and 35 non-HLA SNPs associated with type 1 diabetes in FPDR children showed significant associations between IAA-positivity at diagnosis and the polymorphisms in both the INS and IKZF4-ERBB3 loci. However, the latter association with IKZF4-ERBB3 was inverse, as the genotypes associated with diabetes risk were decreased among children testing positive for IAA and accordingly did not reveal any specific association between an autoantibody and risk-associated alleles (12). In the current analysis, with an overlapping series of newly diagnosed children who were tested for all four islet autoantibodies as well as for three SNPs in these non-HLA loci, we could repeat the earlier positive and negative associations of IAA without observing any positive association with GADA or other autoantibodies. Moreover, we could also demonstrate that by selecting children who in this series could be classified as having IAA or GADA as the most likely primary autoantibody, we could detect an association of IKZF4 and ERBB3 risk genotypes with the GADA group, thus indicating significance of IKZF4-ERBB3 region in a disease pathway characterized by the appearance of GADA as the first autoantibody. Comparison of risk genotype frequencies between the IAA and GADA groups was highly significant as well as comparisons of the GADA group with all others. Although the IAA group clearly differed from the GADA group, it did not differ as clearly from all the others because children who were not included in either of the groups had IAA quite often as the first autoantibody. 
	Accordingly, the analysis of autoantibody patterns at diagnosis seemed to have a strong ability to provide information about the early phases of islet autoimmunity. Polymorphisms in genes affecting the immune response can exert their effect on autoantibody production in every phase of the autoimmune process, but the strong heterogeneity in seroconversion age and the strong genetic associations with the specificities of the first appearing autoantibodies imply their particular value in revealing mechanisms of autoimmunity leading to type 1 diabetes. The association between particular autoantibody patterns at the diagnosis of diabetes and at the initial seroconversion can be used to enhance the value of the information obtained from samples collected at the diagnosis of type 1 diabetes when large sample series can be more easily obtained. Here, we restricted the analyses to comparisons between the two major groups: those with IAA or GADA as the primary autoantibody. Similar analysis could also be applied to IA-2A if a large enough series of subjects positive for IA-2A-alone at diagnosis were available. IA-2A alone-associated gene variants would be specific for IA-2A-initiated autoimmunity if not associated with the IAA group of autoantibody patterns, as IAA turning negative during prediabetes was also common as the first autoantibody in these cases. Thus, comparing children with selected autoantibody patterns at diagnosis provides a new method for analyzing the etiopathogenetic heterogeneity associated with various specific autoantibodies initiating islet autoimmunity.
There are some limitations in our study. The study is based on only 128 children followed from the appearance of the first islet autoantibody to the diagnosis of T1D. As all available children with this information were included, those with a short duration of the preclinical disease were over-represented. Another limitation is the selection of the follow-up population from the DIPP study, although DIPP eligibility criteria still covered approximately 60% of the T1D cases diagnosed under the age of 15 years (9, 22). Those children with the DR3-DQ2 haplotype without DR4-DQ8 are underrepresented in the DIPP series due to the HLA eligibility criteria applied. This difference in HLA selection explains why the “GADA group” is larger in the analysis of the FPDR series than in the DIPP follow-up cohort. This outcome may also be partially due to the age difference between the patient series, but this difference was reduced by selecting only children diagnosed before the age of 10 years in the FPDR analysis. The median diagnosis ages were quite close to each other: 5.3 years in the DIPP cohort and 5.9 years in the FPDR series.
Compared to the whole follow-up cohort, the proportion with ZnT8A may also be underestimated in the present report because all DIPP children have not been screened for ZnT8A on a regular basis. The relatively low proportion of ZnT8A as a primary autoantibody is, however, supported by other available studies (20, 23). We do not think that these limitations affected the major conclusions of the study. The use of various autoantibody combinations at the diagnosis of T1D to reflect the primary islet autoantibodies can undoubtedly be developed to be more informative by using data accumulating from several ongoing follow-up studies and by creating models that take into account variables, such as the age of the study subjects, and effects of known genetic markers such as HLA. 
	 
Conflicts of Interest
No potential conflicts of interest relevant to this article were reported
 
Acknowledgements
The authors thank the dedicated personnel of the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) Study and the Finnish Paediatric Diabetes Register as well as the participating children and their families. The study was supported by the Academy of Finland (Decision No. 250114, Centre of Excellence in Molecular Systems Immunology and Physiology research 2012-2017 and Decision No. 286765), the Sigrid Jusélius Foundation and the Juvenile Diabetes Research Foundation.

References
1.	MICHELS A, ZHANG L, KHADRA A, KUSHNER JA, REDONDO MJ, PIETROPAOLO M. Prediction and prevention of type 1 diabetes: update on success of prediction and struggles at prevention. Pediatr Diabetes. 2015; 16: 465-484.
2.	INSEL RA, DUNNE JL, ATKINSON MA, CHIANG JL, DABELEA D, GOTTLIEB PA, et al. Staging Presymptomatic Type 1 Diabetes: A Scientific Statement of JDRF, the Endocrine Society, and the American Diabetes Association. Diabetes Care. 2015; 38: 1964-1974.
3.	MANNERING SI, PATHIRAJA V, KAY TW. The case for an autoimmune aetiology of type 1 diabetes. Clin Exp Immunol. 2016; 183: 8-15.
4.	ZIEGLER AG, REWERS M, SIMELL O, SIMELL T, LEMPAINEN J, STECK A, et al. Seroconversion to multiple islet autoantibodies and risk of progression to diabetes in children. JAMA. 2013; 309: 2473-2479.
5.	ZIEGLER AG, STANDL E, ALBERT E, MEHNERT H. HLA-associated insulin autoantibody formation in newly diagnosed type I diabetic patients. Diabetes. 1991; 40: 1146-1149.
6.	SABBAH E, SAVOLA K, EBELING T, KULMALA P, VAHASALO P, ILONEN J, et al. Genetic, autoimmune, and clinical characteristics of childhood- and adult-onset type 1 diabetes. Diabetes Care. 2000; 23: 1326-1332.
7.	VANDEWALLE CL, FALORNI A, LERNMARK A, GOUBERT P, DORCHY H, COUCKE W, et al. Associations of GAD65- and IA-2- autoantibodies with genetic risk markers in new-onset IDDM patients and their siblings. The Belgian Diabetes Registry. Diabetes Care. 1997; 20: 1547-1552.
8.	GRAHAM J, HAGOPIAN WA, KOCKUM I, LI LS, SANJEEVI CB, LOWE RM, et al. Genetic effects on age-dependent onset and islet cell autoantibody markers in type 1 diabetes. Diabetes. 2002; 51: 1346-1355.
9.	ILONEN J, HAMMAIS A, LAINE AP, LEMPAINEN J, VAARALA O, VEIJOLA R, et al. Patterns of beta-cell autoantibody appearance and genetic associations during the first years of life. Diabetes. 2013; 62: 3636-3640.
10.	KRISCHER JP, LYNCH KF, SCHATZ DA, ILONEN J, LERNMARK A, HAGOPIAN WA, et al. The 6 year incidence of diabetes-associated autoantibodies in genetically at-risk children: the TEDDY study. Diabetologia. 2015; 58: 980-987.
11.	GIANNOPOULOU EZ, WINKLER C, CHMIEL R, MATZKE C, SCHOLZ M, BEYERLEIN A, et al. Islet autoantibody phenotypes and incidence in children at increased risk for type 1 diabetes. Diabetologia. 2015; 58: 2317-2323.
12.	LEMPAINEN J, HÄRKÖNEN T, LAINE A, KNIP M, ILONEN J. Associations of polymorphisms in non-HLA loci with autoantibodies at the diagnosis of type 1 diabetes: INS and IKZF4 associate with insulin autoantibodies. Pediatr Diabetes. 2013; 14: 490-496.
13.	MÄKINEN A, HÄRKÖNEN T, ILONEN J, KNIP M. Characterization of the humoral immune response to islet antigen 2 in children with newly diagnosed type 1 diabetes. Eur J Endocrinol. 2008; 159: 19-26.
14.	LAINE AP, KNIP M, ILONEN J. Transmission disequilibrium analysis of 31 type 1 diabetes susceptibility loci in Finnish families. Tissue Antigens. 2013; 82: 35-42.
15.	SILJANDER HT, SIMELL S, HEKKALA A, LÄHDE J, SIMELL T, VÄHÄSALO P, et al. Predictive characteristics of diabetes-associated autoantibodies among children with HLA-conferred disease susceptibility in the general population. Diabetes. 2009; 58: 2835-2842.
16.	ILONEN J, KIVINIEMI M, LEMPAINEN J, SIMEL O, TOPPARI J, VEIJOLA R, et al. Genetic susceptibility to type 1 diabetes in childhood - Estimation of HLA class II associated disease risk and class II effect in various phases of islet autoimmunity. Pediatric Diabetes. 2016; 17 (Suppl. 22): 8-16.
17.	ENDESFELDER D, HAGEN M, WINKLER C, HAUPT F, ZILLMER S, KNOPFF A, et al. A novel approach for the analysis of longitudinal profiles reveals delayed progression to type 1 diabetes in a subgroup of multiple-islet-autoantibody-positive children. Diabetologia. 2016; 59: 2172-2180.
18.	VEHIK K, LYNCH KF, SCHATZ DA, AKOLKAR B, HAGOPIAN W, REWERS M, et al. Reversion of beta-Cell Autoimmunity Changes Risk of Type 1 Diabetes: TEDDY Study. Diabetes Care. 2016; 39: 1535-1542.
19.	BINGLEY PJ. Clinical applications of diabetes antibody testing. J Clin Endocrinol Metab. 2010; 95: 25-33.
20.	WENZLAU JM, JUHL K, YU L, MOUA O, SARKAR SA, GOTTLIEB P, et al. The cation efflux transporter ZnT8 (Slc30A8) is a major autoantigen in human type 1 diabetes. Proc Natl Acad Sci U S A. 2007; 104: 17040-17045.
21.	KOCKUM I, LERNMARK A, DAHLQUIST G, FALORNI A, HAGOPIAN WA, LANDIN-OLSSON M, et al. Genetic and immunological findings in patients with newly diagnosed insulin-dependent diabetes mellitus. The Swedish Childhood Diabetes Study Group and The Diabetes Incidence in Sweden Study (DISS) Group. Horm Metab Res. 1996; 28: 344-347.
22.	NEJENTSEV S, SJÖROOS M, SOUKKA T, KNIP M, SIMELL O, LÖVGREN T, et al. Population-based genetic screening for the estimation of Type 1 diabetes mellitus risk in Finland: selective genotyping of markers in the HLA-DQB1, HLA-DQA1 and HLA-DRB1 loci. Diabet Med. 1999; 16: 985-992.
23.	ACHENBACH P, LAMPASONA V, LANDHERR U, KOCZWARA K, KRAUSE S, GRALLERT H, et al. Autoantibodies to zinc transporter 8 and SLC30A8 genotype stratify type 1 diabetes risk. Diabetologia. 2009; 52: 1881-1888.


Appendix 
The Finnish Pediatric Diabetes Register comprises the following investigators. Principal Investigator: Mikael Knip (Children’s Hospital, Helsinki University Central Hospital). Steering Committee: Per-Henrik Groop (Folkhälsan Research Center), Jorma Ilonen (Immunogenetics Laboratory, University of Turku), Timo Otonkoski (Children’s Hospital, Helsinki University Central Hospital), Marja-Terttu Saha (Department of Pediatrics, Tampere University Hospital), 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, Porvoo Hospital), Jonas Bondestam (Department of Pediatrics, Lohja Hospital), Thomas Dahllund (Department of Paediatrics, Västra Nyland Hospital), Johanna Granvik (Department of Pediatrics, Jakobstad Hospital), Maarit Haapalehto-Ikonen (Department of Pediatrics, Rauma Hospital), Hanna Huopio (Department of Pediatrics, Kuopio University Hospital), Christian Johansson (Department of Pediatrics, Åland Central Hospital), Anne Kinnala (Department of Pediatrics, Salo Hospital), Sanne Kiiveri (Department of Pediatrics, Jorvi Hospital), Jussi Korhonen (Department of Pediatrics, South Karelia Central Hospital), Maarit Korteniemi (Department of Pediatrics, Central Hospital of Lapland), Pia Salonen (Department of Pediatrics, Päijät-Häme Central Hospital), Kaija Lindström (Department of Pediatrics, Hyvinkää Hospital), Päivi Miettinen (Children’s Hospital, Helsinki University Central Hospital), Torsten Horn (Department of Pediatrics, Central Hospital of Central Finland), Päivi Nykänen (Department of Pediatrics, Mikkeli Central Hospital), Elina Blanco Sequeiros (Department of Pediatrics, Central Ostrobothnia Central Hospital), Erik Popov (Department of Pediatrics, Vaasa Central Hospital), Anne-Putto-Laurila (Department of Pediatrics, Turku University Central Hospital), Marja-Terttu Saha (Department of Pediatrics, Tampere University Hospital), Juhani Sankala (Department of Pediatrics, Savonlinna Central Hospital), Anne-Maarit Suomi (Department of Pediatrics, South Ostrobothnia Central Hospital), Sirpa Tenhola (Department of Pediatrics, Kymenlaakso Central Hospital), Liisa Kalliokoski (Department of Pediatrics, Kainuu Central Hospital), Riitta Veijola (Department of Pediatrics, Oulu University Hospital), Ivan Arkhipov (Department of Pediatrics, Länsi-Pohja Central Hospital), Samuli Ylitalo (Department of Pediatrics, Satakunta Central Hospital).

Table 1. Age at the appearance of first persistent autoantibody and at diagnosis of T1D, and the duration of time from seroconversion to diagnosis in children with different primary autoantibodies in the DIPP follow-up study. 
	First auto-antibody
	N
	Age at first positive autoantibody
	Age at diagnosis
	Time from sero-
conversion to diagnosis

	IAA 
	68
	1.0 (0.9 – 1.6)
	4.2 (2.4 – 4.2)
	3.2 (1.3 – 4.7)

	GADA
	38
	3.0 (2.0 – 4.7)
	7.2 (4.8 – 9.9)
	3.3 (1.9 – 5.8)

	IA-2A
	13
	3.0 (1.8 – 5.5)
	5.4 (4.0 – 7.5)
	2.2 (1.0 – 3.2)

	ZnT8A
	9
	1.5 (1.0 – 2.8)
	7.2 (4.7 – 13.4)
	5.7 (3.3 – 8.6)

	
	
	P < 0.001
	P < 0.001
	P = 0.04


Median and interquartile range shown for age and time-period (years). Significance for differences between groups was analyzed with the Kruskall-Wallis test.
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Table 2. Relationship between the first autoantibody initializing autoimmunity and autoantibodies present at the diagnosis of T1D in 128 children followed from birth in the DIPP follow-up study.
	
	Autoantibodies present at diagnosis

	First autoantibody to appear
	IAA 
(N=78)
	GADA
(N=71)
	IA-2A
(N=103)
	ZnT8A
(N=73)

	IAA (N=68)
	51 
	75.0%
	31
	45.6%
	52
	76.5%
	41
	60.3%

	
	65.4%
	
	43.7%
	
	50.5%
	
	56.2%
	

	GADA (N=38)
	18
	47.4%
	34
	89.5%
	29
	76.3%
	20
	52.6%

	
	23.1%
	
	47.9%
	
	28.2%
	
	27.4%
	

	IA-2A (N=13)
	4
	30.8%
	2
	15.4%
	13
	100.0%
	3
	23.1%

	
	5.1%
	
	2.8%
	
	12.6%
	
	8.7%
	

	ZnT8A (N=9)
	5
	55.6%
	4
	44.4%
	9
	100.0%
	9
	100.0%

	
	6.4%
	
	5.6%
	
	8.7%
	
	12.3%
	


Proportions of various autoantibodies present at diagnosis calculated for each group with various first autoantibody (right side of the N value) and for first autoantibodies among subjects with various autoantibodies present at diagnosis (below the N value). Most frequent autoantibody specificities in each category are marked in bold. 




Table 3. Various autoantibody combinations detected at diagnosis of T1D and the first persistent autoantibody initiating prediabetes in children from the DIPP follow-up study.
	 
	First autoantibody
	 
	

	
	IAA
	GADA
	IA-2A
	ZNT8A
	Total

	Autoantibodies present
	N 
	%)
	N 
	 %
	N
	% 
	N 
	% 
	N
	 % 

	No antibodies
	2
	100.0
	0
	0.0
	0
	0.0
	0
	0.0
	2
	 100.0

	IAA only
	5
	71.4
	2
	28.6
	0
	0.0
	0
	0.0
	7
	 100.0

	GADA only
	1
	20.0
	4
	80.0*
	0
	0.0
	0
	0.0
	5
	 100.0

	IA-2A only
	6
	40.0
	2
	13.3
	7
	46.7***
	0
	0.0
	15
	 100.0

	IAA+GADA
	6
	85.7
	1
	14.3
	0
	0.0
	0
	0.0
	7
	 100.0

	IAA+IA-2A
	5
	71.4
	0
	0.0
	2
	28.6
	0
	0.0
	7
	 100.0

	IAA+ZnT8A
	2
	100.0
	0
	0.0
	0
	0.0
	0
	0.0
	2
	 100.0

	GADA+IA-2A
	0
	0.0
	4
	80.0*
	1
	20.0
	0
	0.0
	5
	 100.0

	GADA+ZnT8A
	0
	0.0
	1
	100.0
	0
	0.0
	0
	0.0
	1
	 100.0

	IA-2A+ZnT8A
	4
	50.0
	0
	0.0
	1
	12.5
	3
	37.5***
	8
	 100.0

	IAA+GADA+IA-2A
	2
	28.6
	5
	71.4*
	0
	0.0
	0
	0.0
	7
	 100.0

	IAA+GADA+ZnT8A
	0
	0.0
	1
	100.0
	0
	0.0
	0
	0.0
	1
	 100.0

	IAA+IA-2A+ZnT8A
	13
	81.3*
	0
	0.0
	1
	6.3
	2
	12.5
	16
	 100.0

	GADA+IA-2A+ZnT8A
	4
	28.6
	9
	64.3**
	0
	0.0
	1
	7.1
	14
	 100.0

	IAA+GADA+IA-2A+ZnT8A
	18
	58.1
	9
	29.0
	1
	3.2
	3
	9.7
	31
	 100.0

	Total
	68
	53.1
	38
	29.7
	13
	10.2
	9
	7.0
	128
	 100.0


The autoantibodies and combinations significantly associated with specific first autoantibodies more often than expected by their frequency in the whole series are marked in bold;*P<0.05. **P<0.01, ***P<0.001





Table 4. Distribution of age at diagnosis in children from the Finnish Pediatric Diabetes Register who were divided in groups based on AAB combinations indicating either IAA or GADA as primary autoantibodies initiating autoimmunity (IAA group and GADA group).
	
	Age at onset
	
	
	

	
	<5 year
	5-9.99 years
	Total

	AAB group
	N
	%
	N
	%
	N
	%
	

	IAA group
	101
	69.2
	45
	30.8
	146
	100
	

	GADA group
	50
	16.7
	249
	83.3
	299
	100
	

	Neither
	275
	47.2
	308
	52.8
	583
	100
	

	
	426
	
	602
	
	1028
	
	


P<0.001, df=2
IAA group vs GADA group, P<0.001






Table 5. Distribution of HLA DR3-DQ2 and HLA DR4-DQ8 homozygotes found among 1028 HLA typed children from the Finnish Pediatric Diabetes Register who were divided in groups based on AAB combinations indicating either IAA or GADA as primary autoantibodies initiating autoimmunity (IAA group and GADA group). “Neither” means combinations that could not be included in either the IAA or GADA groups.
	
	HLA homozygosity
	
	
	

	
	DR3-DQ2
	DR4-DQ8
	Total

	AAB group
	N
	%
	N
	%
	N
	%
	

	IAA group
	1
	6.7
	14
	93.3
	15
	100
	

	GADA group
	11
	50.0
	11
	50.0
	22
	100
	

	Neither
	7
	15.6
	38
	84.4
	45
	100
	

	
	19
	
	63
	
	82
	
	


P=0.0066, df=2
IAA group vs GADA group, P=0.0057




Table 6. Association analysis in 1,028 children diagnosed with T1D before age 10 years from the Finnish Pediatric Diabetes Register. SNPs in three T1D linked genes (INS, IKZF4 and ERBB3) were compared at diabetes diagnosis with the presence of IAA, GADA and groups of AAB combinations indicating either IAA or GADA as the primary autoantibody at the initiation of autoimmunity (IAA group and GADA group). 

	INS rs689
	
	
	
	
	

	 
	AA
	AT/TT
	Total

	IAA
	N
	%
	N
	%
	N

	Positive
	430
	82.4
	92
	17.6
	522

	Negative
	387
	76.5
	119
	23.5
	506

	Total
	817
	
	211
	
	1028

	P=0.019, OR=1.44 (1-048-1.97)
	
	
	

	GADA
	N
	%
	N
	%
	N

	Positive
	527
	78.1
	148
	21.9
	675

	Negative
	290
	82.2
	63
	17.8
	353

	Total
	817
	
	211
	
	1028

	P=0.12, NS

	AAB group
	N
	%
	N
	%
	N

	IAA 
	124
	84.9
	22
	15.1
	146

	GADA 
	221
	73.9
	78
	26.1
	299

	Neither
	472
	81.0
	111
	37.1
	583

	Total
	817
	
	211
	
	1028

	P=0.01, df=2
	
	
	
	
	

	IAA group vs all others, P=0.078, NS
IAA group vs GADA group, P=0.009 (OR=1.99, 1.15-3.47)
GADA group vs all others, P=0.005 (OR=0.63, 0.45-0.88)


	IKZF4 rs1701704
	
	
	
	

	 
	AA
	AC/CC
	Total

	IAA
	N
	%
	N
	%
	N

	Positive
	236
	45.2
	286
	54.8
	522

	Negative
	180
	35.6
	326
	64.4
	506

	Total
	416
	
	612
	
	1028

	P=0.002, OR=0.67 (0.52-0.87)
	
	
	

	GADA
	N
	%
	N
	%
	N

	Positive
	268
	39.7
	407
	60.3
	675

	Negative
	148
	41.9
	205
	58.1
	353

	Total
	416
	
	612
	
	1028

	P=0.491, NS
	
	
	
	
	

	AAB group
	N
	%
	N
	%
	N

	IAA 
	68
	46.6
	78
	53.4
	146

	GADA 
	100
	33.4
	199
	66.6
	299

	Neither
	248
	42.5
	335
	57.5
	583

	Total
	416
	
	612
	
	1028

	P=0.0090, df=2 
	
	
	
	
	

	GADA group vs all others, P=0.003, OR=1.52 (1.14-2.04) 
GADA group vs IAA group; P=0.007, OR=1.735 (1.135-2.653) 
IAA group vs all others; P=0.10, NS
	ERBB3 rs2292239
	
	
	
	

	 
	AA/AC
	CC
	Total

	IAA
	N
	%
	N
	%
	N

	Positive
	275
	52.7
	247
	47.3
	522

	Negative
	313
	61.9
	193
	38.1
	506

	Total
	588
	
	440
	
	1028

	P=0.003, OR=0.69 (0.53-0.89)
	
	
	

	GADA
	N
	%
	N
	%
	N

	Positive
	394
	58.4
	281
	41.6
	675

	Negative
	194
	55.0
	159
	45.0
	353

	Total
	588
	
	440
	
	1028

	P=0.29, NS
	
	
	
	
	

	AAB group
	N
	%
	N
	%
	N

	IAA 
	74
	50.7
	72
	49.3
	146

	GADA 
	193
	64.5
	106
	35.5
	299

	Neither
	321
	55.1
	262
	44.9
	583

	Total
	588
	
	440
	
	1028

	P=0.0047, df=2
	 
	 
	 
	

	GADA group vs all others; P=0.002, OR =1.54 (1.15-2.05)
GADA group vs IAA group; P=0.005, OR=1.77 (1.16-2.70)     
IAA group vs all others; P=0.086, NS







