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Identification of infants with increased type 1 diabetes genetic risk for enrollment into Primary Prevention Trials – GPPAD-02 study design and first results
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Abstract 
Primary prevention of type 1 diabetes (T1D) requires intervention in genetically at-risk infants. The Global Platform for the Prevention of Autoimmune Diabetes (GPPAD) has established a screening program, GPPAD-02, that identifies infants with a genetic high risk of T1D, enrolls these into primary prevention trials, and follows the children for beta-cell autoantibodies and diabetes. Genetic testing is offered either at delivery, together with the regular newborn testing, or at a newborn health care visits before the age of 5 months in regions of Germany (Bavaria, Saxony, Lower Saxony), UK (Oxford), Poland (Warsaw), Belgium (Leuven) and Sweden (Region Skåne). Seven clinical centers will screen around 330,000 infants. Using a genetic score based on 46 T1D susceptibility SNPs or 3 SNPS and a first degree-family history for T1D, infants with a high (>10%) genetic risk for developing multiple beta-cell autoantibodies by the age of 6 years are identified. Screening from October 2017 to December 2018 was performed in 50,669 infants. The prevalence of high genetic risk for T1D in these infants was 1.1%. Infants with high genetic risk for T1D are followed up and offered to participate in a randomized controlled trial aiming to prevent beta-cell autoimmunity and T1D by tolerance induction with oral insulin. The GPPAD-02 study provides a unique path to primary prevention of beta-cell autoimmunity in the general population. The eventual benefit to the community, if successful, will be a reduction in the number of children developing beta-cell autoimmunity and T1D. 

Background
The primary prevention of common chronic disease is a major public health goal. Type 1 diabetes (T1D) is among the more frequent chronic diseases in childhood, and is increasing in incidence (1). T1D results from an immune-mediated destruction of pancreatic islet beta-cells resulting in insulin deficiency. This process is identified by circulating autoantibodies to beta-cell antigens, indicative of a break in immunological self-tolerance (2,3). Neonates or infants who are at increased genetic risk for multiple beta-cell autoantibodies and T1D can be identified using genetic markers and type 1 diabetes family history (4). Risk stratification by such genetic markers is now sufficiently advanced to bring testing to a population-based level and, thereby, facilitates the primary prevention of beta-cell autoimmunity and T1D (5). 
Primary prevention of T1D has a strong rationale. There is a clear peak incidence period of beta-cell autoantibody seroconversion between age 9 months and 3 years demonstrated in German (6), Finnish (7), and The Environmental Determinants of Diabetes in the young (TEDDY) studies (8). This provides a convenient study follow-up time in order to execute controlled clinical trials. Insulin is a first autoantibody target (6,8,9). It is widely held that if infant tolerance to beta-cell autoantigens could be enhanced, this could prevent or delay the onset of pre- or asymptomatic T1D (defined as loss of tolerance and multiple beta-cell autoantibodies), and hence prevent or delay  the clinical onset of diabetes (10). As a primary prevention, we have laid the foundation for autoantigen-specific tolerance induction initiated prior to an autoimmune memory response. We have identified a dose of insulin that, when administered orally on a daily basis to beta-cell autoantibody negative children at increased genetic risk is safe (neither affecting plasma glucose levels, nor causing an allergic reaction) and appears to engage the immune system in a manner that is consistent with immune-mediated, tolerogenic protection (11). Therefore, the task is now to identify neonates or infants at increased genetic risk for T1D to execute the first insulin-based primary prevention trial. The objective of the Global Platform for Prevention of Autoimmune Diabetes (GPPAD)-02 study protocol is to identify neonates or infants who have a >10% risk for developing multiple beta-cell autoantibodies by the age of 6 years, which is the risk we have defined as the requirement for participation in a primary prevention randomized controlled trial that tests the effects of daily oral insulin versus placebo on the incidence of beta cell autoantibody seroconversion. GPPAD will continue and likely improve screening for future primary prevention clinical trials.
Study Organization
GPPAD is a network of collaborating investigators from seven clinical trial centres located in five European countries: Germany (Bavaria, Saxony, Lower Saxony); UK (Oxford); Poland (Warsaw); Belgium (Leuven) and Sweden (Region Skåne). GPPAD was created to allow a multi-disciplinary approach to prevent T1D and is coordinated by a GPPAD coordinating center in Germany (Munich).

Identification of high genetic risk for T1D 
T1D has a multifactorial etiology, which is determined by genetic and environmental factors (3). Lifetime risk in a European population is around 0.4%. A first degree family history of T1D is associated with a 5% risk for T1D (4). There are at least 50 regions of the genome where genetic variation is associated with T1D risk (12), the most important of these being in the HLA DR-DQ region of chromosome 6. Certain HLA DR-DQ genotypes confer markedly elevated risk for T1D. Notably, infants who are first degree relatives of patients and who have the HLA DR4-DQ8 haplotype, and infants who have either the HLA DR3/DR4-DQ8 or the DR4-DQ8/DR4-DQ8 genotype have a risk of around 5% (4,13). Typing at additional T1D susceptibility regions can identify neonates or infants with risks that are 10% or more (5). We have recently developed a T1D genetic score that identified neonates or infants without family history of T1D who had a greater than 10% risk for pre-symptomatic T1D, and a nearly 2-fold higher risk than children identified by high-risk HLA genotypes alone. Thus, family history and genetic markers can be used to identify neonates or infants with 25-fold increased risk for T1D (5). Genetic risk in GPPAD-02 is based on these newly developed risk scores derived from a total of 46 SNPs including SNPs that define HLA DR3, HLA DR4, and HLA DQ8 alleles as well as SNPs from HLA class I and non-HLA T1D susceptibility genes, and from HLA class II protective alleles (supplemental table 1). 

[bookmark: _Toc476648560]Study Procedures 
[bookmark: _Toc476648561]Testing for T1D risk
Newborn screening for genetic, endocrine, and metabolic disorders is routinely done within the first days after birth at obstetric clinics or pediatrician offices, using a few drops of blood from the heel onto filter paper cards, or venous blood taken from the back of the hand. Testing for T1D risk is offered to families together with the regular newborn screening as a supplemental test with separate consent (Belgium, Germany, Poland, UK). Alternatively, it is offered at delivery using cord blood (Sweden), or at a pediatric visit before the age of 5 months (Sweden, Germany). At least one and a maximum of two blood spots are collected for testing of T1D risk using a separate GPPAD-02 filter paper card (Belgium, Germany, Sweden) or using the newborn screening filter paper card (UK, Poland). The dried blood spot filter paper cards are sent to the specialized newborn screening laboratories or the local clinical study center for subsequent retrieval. The screening target is 330,000 newborns or infants prior to age of 5 months. 
[bookmark: _Toc476648562]
Consent procedure 
Parents or legal guardians of neonates or infants are asked whether they wish to participate in the study. A qualified physician, midwife, or study nurse performs the informed consent in accordance with country-specific guidelines and ethical review board requirements, providing written and verbal information explaining the objectives of the GPPAD-02 study and the opportunities of primary prevention and follow-up for infants with high genetic risk. The families are told that if their child is found to have a high risk for T1D, they will be contacted and offered the possibility of participation in the prevention study with further informed consent. In Sweden, additional information on a clinical trial aiming to prevent celiac disease is given to children with intermediate risk for T1D and risk for celiac disease is also provided. 
Parents or guardians are given sufficient time to read the informed consent material and have any questions answered. It is explained that participation in the project is voluntary and that consent can be withdrawn at any time without providing a reason and without disadvantages by doing so. Confidentiality and protection of the data of every participant is maintained throughout the entire study. Only the local study personnel have access to personal identifiers. The informed consent form must be signed and dated by at least one parent/guardian. The parent or guardian is given a copy of the informed consent. 

[bookmark: _Toc476648563]Demographic data 
Name, contact information of the parents, child’s date of birth, gender, weight, date of blood collection, mother’s date of birth, first-degree family history of T1D are collected either by a separate questionnaire or by extracting the information from the regular newborn screening card. Only pseudonymized data are entered into a central database held at the GPPAD coordinating center, Helmholtz Zentrum Muenchen, Germany. 

[bookmark: _Toc476648564]Genetic testing
DNA is extracted from a 3.2mm punch of one dried blood spot and tested for the 46 SNPs (supplemental table 1). DNA extraction and SNP typing are performed in a central genotyping lab (LGC group, TEDDINGTON, Middlesex, UK (https://www.lgcgroup.com) (figure 1a).
For sites where extra blood spots are collected for the GPPAD study (Germany, Sweden, Belgium), the remainder of the card is kept with the local GPPAD-02 team for at least 3 months in case repeat testing is required. Thereafter, the card is destroyed or, if there is consent for it to be kept for further research, stored at -20°C or -80°C. 
The genetic risk score is calculated as previously described (7), by multiplying the number of risk alleles (i. e. 0, 1 or 2 for each single SNP) with the weight assigned to each SNP (supplemental table 1). The weighted contributions of all SNPs plus an additive constant for each of the two HLA class II categories: 3.15 for infants who have the HLA DR4-DQ8/DR4-DQ8 genotype, 3.98 for infants who have the HLA DR3/DR4-DQ8 genotype, 3.12 for infants who have the HLA DR3/DR3 genotype, 2.08 for infants who have the HLA DR4-DQ8/DRX genotype, 1.55 for infants who have the HLA DR3/DRX genotype are summed.

[bookmark: _Toc476648565]Definition of high genetic risk
For neonates or infants without a first-degree family history of T1D, high genetic risk is defined as a DR3/DR4-DQ8 or DR4-DQ8/DR4-DQ8 genotype, and a high genetic risk score >14.4. For neonates or infants with a first degree family history of T1D, high genetic risk is defined as having HLA DR4 and DQ8, and none of the protective alleles DRB1*1501 (SNP tag rs3129889) or DQB1*0503 (SNP tag rs1794265). Neonates or infants identified with high genetic risk are expected to have >10% risk for developing multiple beta-cell autoantibodies by age 6 years (9). The estimated prevalence of neonates or infants with this high risk for T1D is ~ 1% (figure 1b).

[bookmark: _Toc476648566]Result notification
Families of infants with a high risk for T1D are contacted by phone by an experienced physician/pediatrician or trained nurse from the local GPPAD-02 team. The family is invited to a face-to-face consultation at the clinical study center, or alternatively at the primary care pediatrician’s office. Dependent on the site-specific arrangements, the family may receive a result letter confirming the date of the consultation, and a brochure, which explains the meaning of T1D risk to the family, describes T1D symptoms, and informs about trials to prevent disease initiation and progression. The face-to-face consultation visit is planned to take place before 5 months of age and includes all parents/guardians. The content of the brochure may also be discussed during the consultation (figure 1a). 
Families of children with an estimated risk that is less than 10% are not contacted unless there is a country specific follow-up of children with intermediate risk of T1D or who have a high risk for celiac disease (Sweden), but are provided with a contact phone number if they want to inquire about the result. 

[bookmark: _Toc476648569]Invitation to participate in prevention trial
[bookmark: _Toc476648567]Infants with high genetic risk for T1D are asked to participate in a randomized controlled trial aiming to prevent the initiation of beta-cell autoimmunity and T1D (GPPAD-03 POInT trial; ClinicalTrials.gov Identifier: NCT03364868). Families who decide not to participate in GPPAD-03 (POInT) may be asked to participate in existing natural follow-up studies aiming to prevent metabolic complications such as diabetic ketoacidosis through an early diagnosis of T1D programme, and to investigate immunological alterations in the pathogenesis of the disease (i.e. Fr1da in Bavaria, Fr1dolin in Lower Saxony). Participation in GPPAD-03 (POInT) and Fr1da/Fr1dolin requires a separate consent (figure 1). In Sweden, subjects at intermediate risk for T1D and high risk for celiac disease are asked to participate in a prevention study of celiac disease (ClinicalTrials.gov Identifier: NCT03562221) 

Psychological assessment
The psychological impact of the consultation in which the increased genetic risk for developing T1D is communicated is subsequently monitored using a standardized questionnaire (Patient Health Questionnaire) in Germany and Sweden. The questionnaire looks for evidence of depression, anxiety and burden, and is handed to the parents at the face-to-face consultation visit. A trained and experienced psychologist of the GPPAD-02 team checks the questionnaire within 5 days. Families with elevated anxiety and depression levels (depression score >5) are referred for consultation to a psychologist. In general, the parents are offered to contact the free telephone GPPAD-02-hotline with any questions or concerns.

STatistical Analyses
Analyses that are planned as part of the study will be limited to descriptive statistics. These will include the number of infants consented and tested per month per region and country, the frequency of infants with and without a first degree relative with type 1 diabetes, the proportion of children with high genetic risk, the proportion of families attending the consultation visit, the proportion of families with increased depression or anxiety and the distribution of scores from the Patient Health Questionnaire, and the proportion of families consenting to participate in the GPPAD-03 prevention trial. 
Comparisons of the genetic risk score between the study centers were performed using Kruskal Wallis test one way Anova with p-values corrected by the Bonferroni adjustment and the comparison between boys and girls was performed using the Mann-Whitney-U Test. 

Data Sharing
GPPAD is committed to open data sharing in compliance with all applicable European and GPPAD Consortium Member State, Data Protection and Privacy Protection laws, rules and regulations to facilitate scientific progress and patient benefit. GPPAD makes anonymized data of GPPAD-02 available to the scientific community on a regular basis (https://www.gppad.org/en/data-sharing/). 

Preliminary Results 
From October 2017 to December 2018, 50,669 infants, including 891 (1.76%) with a first-degree family history of T1D (FDR), have been screened for increased genetic risk of T1D (figure 2). The T1D-associated HLA risk genotypes DR3/DR4-DQ8 or DR4-DQ8/DR4-DQ8 were present in 1,263 (2.5%) children from the general population and the HLA DR4-DQ8 haplotype was present in 250 (28.1%) FDR children (table 1). Among the general population children with HLA DR3/DR4-DQ8 or DR4-DQ8/DR4-DQ8 genotypes, 327 (0.7% of all screened) children had a genetic risk score >14.4 which is the threshold above which there is a >10% risk for developing multiple beta-cell autoantibodies by age 6 years. Of the remainder, 631 (1.3% of all screened) children had a genetic risk score between 13.1 and 14.4, and 305 (0.6% or all screened) a genetic risk score below 13.1. In FDR children, 250 (28.1%) of 891 had a HLA DR4-DQ8 haplotype and no protective allele associated with a >10% risk to develop multiple beta-cell autoantibodies by age 6 years (table 1). The minor allele frequency of each SNP and the median genetic risk score are provided in table 2. The median genetic risk score of all children was 10.59 (IQR 9.76 - 11.62) and of the eligible infants was 14.55 (IQR 12.98 - 15.02). The genetic risk score of screened children was higher in Sweden (Region Skåne) (Median: 10.96, IQR9.86-11.99, p<0.01) and lower in Leuven, Belgium ( Median: 10.22, IQR: 9.59-11.18, p<0.01) when compared to the other study centers and was not significantly different between male (Median: 10.59, IQR: 9.76 - 11.64) and females (Median: 10.58, IQR: 9.75 - 11.61; p=0.43).

[bookmark: _Toc476648574]Significance and Novelty
The GPPAD-02 study will provide a unique population-based path to primary prevention of beta-cell autoimmunity. Participation in GPPAD-02 also provides a platform to enable assessment of interventions for secondary prevention of T1D if children develop beta-cell autoantibodies in the course of the prevention or during natural follow-up. GPPAD and the GPPAD-02 study will, therefore, closely collaborate with INNODIA (www.innodia.eu), TrialNet (www.diabetestrialnet.org), and others for such opportunities. The eventual benefit to the community, if successful, will be a reduction in the number of children developing T1D. 
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Figure 1: a) GPPAD-02 study design, b) Definition of increased genetic risk
Figure 2: Cumulative number of newborns/infants screened in the GPPAD-02 study. Numbers are shown from the start of the study in October 2017. The red line represents the expected numbers, the blue line shows the actual numbers of screened infants.
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