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Elevations in blood glucose before and after
the appearance of islet autoantibodies in children
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The etiology of type 1 diabetes has polygenic and environmental determinants that lead to autoimmune responses against
pancreatic f cells and promote f cell death. The autoimmunity is considered silent without metabolic consequences until
late preclinical stages,and it remains unknown how early in the disease process the pancreatic f cell is compromised. To
address this, we investigated preprandial nonfasting and postprandial blood glucose concentrations and islet autoantibody
development in 1,050 children with high genetic risk of type 1diabetes. Pre- and postprandial blood glucose decreased
between 4 and 18 months of age and gradually increased until the final measurements at 3.6 years of age. Determinants
of blood glucose trajectories in the first year of life included sex, body mass index, glucose-related genetic risk scores,

and the type 1diabetes-susceptible INS gene. Children who developed islet autoantibodies had early elevations in blood
glucose concentrations. A sharp and sustained rise in postprandial blood glucose was observed at around 2 months

prior to autoantibody seroconversion, with further increases in postprandial and, subsequently, preprandial values after
seroconversion. These findings show heterogeneity in blood glucose control in infancy and early childhood and suggest
that islet autoimmunity is concurrent or subsequent to insults on the pancreatic islets.

Introduction

The supply, uptake, and metabolism of glucose are cornerstones of
energy production for cell and organ function and survival. Blood
glucose levels are regulated by a multitude of hormones and factors,
but ultimately by the response of pancreatic islet cells to the glucose
concentration and the abilities of cells and tissues to uptake and use
glucose (1). In adults, genome-wide association studies have iden-
tified numerous SNPs that determine fasting blood glucose levels
and homeostatic model assessment of B cell function (HOMA-B),
indicating genetic variation in glucose homeostasis (2, 3).
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Disrupted glucose homeostasis leads to diabetes, of which
there are multiple forms and etiologies (4). Type 1 diabetes (T1D)
is the most frequent form in children and is characterized by the
appearance of autoimmunity against the pancreatic islets. The
first years of life are a crucial period for the initiation of this auto-
immunity, with a peak incidence occurring at 12 months of age (5,
6). This is also a crucial developmental period for the pancreas
and pancreatic islets as well as organs, such as the brain, that are
strongly dependent upon glucose homeostasis for their function
(1, 7). Despite the potential relevance of early childhood metab-
olism on health, relatively little is known about longitudinal glu-
cose homeostasis in the first years of life and its potential rela-
tionship to T1D development.

The traditional model of T1D pathogenesis proposes that
genetically susceptible individuals develop chronic islet auto-
immunity, which eventually causes abnormal glucose tolerance
and the need for insulin replacement, a process that can take
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years or decades (8, 9). This dogma is based on longitudinal fol-
low-up of islet autoantibody-positive individuals. However, little
or no data on glucose control are available in children around the
initiation of islet autoimmunity, and it remains unknown when
the B cell first becomes affected or whether the f cell is involved
in the etiological causes of the disease. Here, we examined the
glucose concentrations in over 1,000 participants in the Primary
Oral Insulin Trial (POInT) (10), from whom random glucose val-
ues were measured in venous blood samples that were collected
in a prospective manner, starting from 4 to 7 months of age. We
determined the blood glucose trajectories from this early age
and examined the influence of genetics, BMI, demographic fac-
tors, and islet autoimmunity on glucose levels and age-related
glucose trajectories. The findings indicate that metabolic shifts
are present much earlier in the disease process than previously
considered and that they may precede or be concurrent to the
appearance of autoimmunity.

Results

Blood glucose concentrations and age trajectories during early child-
hood. A total of 5,952 preprandial blood glucose concentrations
were measured in 1,050 children (533 males) participating in POInT
between 4 months and 3.6 years of age (Table 1 and Supplemental
Table 1; supplemental material available online with this article;
https://doi.org/10.1172/]JCI162123DS1). Preprandial glucose con-
centrations were measured up to 9 times in each child (median, 6
times; IQR, 4-7 times), assessed at each study visit. Children had
amedian age of 0.51 years (IQR, 0.45-0.54 years) at the first mea-
surement and followed up with preprandial blood glucose measure-
ments for a median of 1.5 years (IQR, 0.9-2.0 years; Table 1 and
Supplemental Table 1). From baseline to 1.35 years of age, postpran-
dial blood glucose measurements (n = 3,068 in 1,045 children) were
also available at 30 and 60 minutes after intake of the POInT inves-
tigational medicinal product (IMP), which was administered with
a small quantity of food. The glucose genetic risk score (GRS) was
calculated in 751 children with available genotyping (Supplemental
Table 2). The median score was 16.8 (IQR, 14.9-18.8; Supplemental
Figure 1), which is similar to the scores reported in adults (2).

Modeling of site-normalized preprandial blood glucose con-
centrations produced a U-shaped curve with a nadir between
1 and 1.5 years of age (Figure 1A). The glucose concentrations
were highest at the baseline measurement and decreased from a
mean of 94.1 mg/dL (5.2 mmol/L) at 4 months of age to a mean of
88.2 mg/dL (4.9 mmol/L) at nadir, and increased thereafter to
a mean of 92.6 mg/dL (5.1 mmol/L) at 3.5 years of age (Supple-
mental Table 1). The postprandial blood glucose values at 30 and
60 minutes were higher than the preprandial value (P < 0.0001;
Supplemental Table 1). Linear regression showed a similar decline
with age until 1.35 years for the preprandial and postprandial mea-
surements (Figure 1B).

Factors associated with blood glucose values. The unexpected
decline in pre- and postprandial blood glucose observed until 1
to 1.5 years of age and the subsequent rise at later ages prompt-
ed us to examine the potential determinants of the blood glucose
values separately for infants (visits 1 to 4; age range 4 months
to 1.35 years) and toddlers (visits 5 to 9; age range 1.39 to 3.5
years; Table 2 and Table 3). Factors influencing blood glucose in
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infants included sex (P < 0.0001), BMI (P < 0.0001), glucose
GRS (P = 0.0031), and the genotype of the T1D susceptibili-
ty gene insulin (INS) (P = 0.00048) for preprandial values and
sex (P < 0.0001) and glucose GRS (P = 0.0088) for postprandi-
al values. The blood glucose in toddlers was associated with the
glucose GRS (P = 0.0011). All factors that were associated with
blood glucose remained significant in the multivariable analysis
(Supplemental Tables 3 and 4). The associations also remained
in a sensitivity analysis after excluding children from Sweden and
the United Kingdom, where blood glucose values were measured
using the HemoCue method (Supplemental Table 5). Sex, BMI,
and the INS genotype were significant determinants of prepran-
dial blood glucose values when only concentrations at the first
study visit were considered (Supplemental Table 6).

At the earliest measurements (4 months of age), the prepran-
dial and postprandial blood glucose concentrations were 2.4 mg/
dL (0.1 mmol/L) and 2.6 mg/dL (0.1 mmol/l) higher, respective-
ly, in boys than in girls (Figure 2, A and E) and preprandial blood
glucose concentrations were 3.3 mg/dL (0.2 mmol/L) higher in
children with a BMI above the median than in children with a BMI
below the median (Figure 2B). Convergence of blood glucose val-
ues was observed with age between boys and girls and between
the high and low BMI groups. Blood glucose concentrations in
children born to mothers with T1D were similar to concentrations
in other children across all ages (Supplemental Figure 2).

Pre- and postprandial concentrations diverged between the
high- and low-glucose GRS groups with increasing age (Figure 2,
C and F, and Supplemental Table 6). Preprandial concentrations
were around 4 mg/dL (0.2 mmol/L) higher in the high GRS group
at age 1.5 years. The glucose GRS was not associated with BMI in
early childhood (r=-0.01, P = 0.24). In addition to the genes pre-
viously reported to be associated with blood glucose concentra-
tions, we examined the INS genotype because this is a risk factor
for T1D (11) and is associated with variations in pancreatic insu-
lin mRNA expression (12, 13). At the earliest measurements, the
blood glucose values were 3 mg/dL (0.2 mmol/L) lower in chil-
dren with the T1D-susceptible INS genotype AA than in children
with nonsusceptible genotypes (Figure 2D). Values in the 2 groups
converged, and no differences were observed after 1 year of age.

Glucose values and islet autoimmunity. The appearance of islet
autoantibodies is associated with a marked increment in T1D risk
and signals a detectable start of disease pathogenesis, after which
abnormal glucose tolerance and clinical disease usually take sever-
al years to develop (14). Surprisingly, very early increases in blood
glucose values were observed in children who developed islet auto-
antibodies during follow-up (Table 2 and Table 3). In particular,
postprandial glucose in the infancy period differed between chil-
dren who developed any (P = 0.00027) or multiple (P = 0.00059)
islet autoantibodies during follow-up and children who remained
islet autoantibody negative, while preprandial blood glucose
during the toddler period was increased in children who developed
any (P =0.00077) or multiple (P = 0.00042) islet autoantibodies.

The linear regression curves showed that children who devel-
oped islet autoantibodies experienced a steep rise in blood glucose
values after the nadir and that the preprandial blood glucose values
were significantly higher in islet autoantibody-positive children
from around 1.8 years of age (Figure 3A). The preprandial blood
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Table 1. Characteristics of the study population

Variable n (%) Median (range, IQR)
Children enrolled 1050
Sex (male) 533 (50.8%)
Sex (female) 517 (49.2%)
Age at enrollment (yr) 0.51(0.33-0.59, 0.45-0.54)
Follow-up after enrollment (yr) 146 (0.07-3.13,0.92-2.01)
First-degree relative with T1D
No 464 (47.0%)
Yes 556 (53.0%)
Mother 235 (22.4%)
Other 321(30.6%)
Father only 247 (23.5%)
Sibling only 63 (6%)
Father and sibling 11 (1.1%)
Glucose SNP data available 751 (71.5%)

Glucose GRS 16.8 (7.5-25.7,14.9-18.8)
Country
Germany 504 (48.0%)

Bavaria 242 (23.0%)

Saxony 151(14.3%)

Lower Saxony 111(10.6%)
Poland 242 (23.0%)
United Kingdom 51(4.9%)
Belgium 80 (7.6%)
Sweden (Skane) 173 (16.5%)

glucose concentrations at 1.8 years were 4 mg/dL (0.2 mmol/L)
higher in children who developed islet autoantibodies than in chil-
dren who were negative. Moreover, the 30-minute postprandial
concentrations were around 6 mg/dL (0.3 mmol/L) higher already
at 9 months of age in children who developed islet autoantibodies
(P < 0.0001; Figure 3B), indicating that there may be a difference
in the ability to sense or dispose of blood glucose very early in life
in children who develop islet autoimmunity and T1D. Differences
were no longer significant at the 60-minute postprandial measure-
ment (Supplemental Figure 3).

The majority (55/77) of islet autoantibody-positive children
developed autoantibodies prior to 1.8 years of age (median age of
first detection, 1.2 years; IQR, 0.8-1.5). Therefore, we examined
the blood glucose values in relation to the time point of detection
of islet autoantibodies (seroconversion) (Figure 3C). To obtain a
measure of glucose values in the autoantibody-positive children
relative to the autoantibody-negative children, the preprandi-
al and 30-minute postprandial glucose values in the positive
children were expressed as the difference relative to autoanti-
body-negative children at the age of measurement as described in
Supplemental Figure 4. The values in the children who developed
islet autoantibodies were not different from those in islet autoanti-
body-negative children 1 year prior to seroconversion (Figure 3C).
However, postprandial blood glucose values started to diverge
in the children who developed islet autoantibodies at around 2
months prior to islet autoantibody seroconversion. Values con-
tinued to rise after seroconversion and were 15.8 mg/dL above
those in the islet autoantibody-negative children at 8 months after
seroconversion. Divergence in preprandial blood glucose values
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was observed in the children who developed islet autoantibodies
at around 9 months after seroconversion. This suggests that the
development of'islet autoimmunity is concurrent and perhaps pre-
ceded by a relative disturbance in the ability to control glucose.

Discussion

Measurement of pre- and postprandial blood glucose concentra-
tions in children at increased risk of developing T1D revealed a
dynamic process of glucose regulation during infancy and early
childhood. The blood glucose values were highest in infancy and
decreased to a nadir at 12 to 18 months of age; trajectories were
influenced by sex, BMI, and genetic factors, including the T1D
susceptibility gene INS. Increased blood glucose concentrations
were observed in children who developed islet autoantibodies. A
rise in the 30-minute postprandial blood glucose occurred short-
ly prior to autoantibody seroconversion, with further increases in
postprandial and subsequent rises in preprandial values shortly
after seroconversion. These findings suggest that the onset of ear-
ly islet autoimmunity is associated with insults or changes to the
pancreatic islets that disturb glucose regulation.

This is the first study, to our knowledge, to longitudinally
monitor and investigate blood glucose levels in a large number of
infants and toddlers at increased genetic risk for T1D. The frequent
measurements of blood glucose concentrations in over 1,000
children from as early as 4 months of age allowed us to identify
small but significant differences in nonfasting pre- and postpran-
dial blood glucose values within the normoglycemic range. The
robustness of the findings is supported by our ability to identify
heterogeneity associated with the glucose GRS, which was previ-
ously established from fasting blood glucose in adults; the results
of the sensitivity analyses in which we excluded measurements
from countries using alternative methods to measure blood glu-
cose; and the relative consistency of the associations observed for
both pre- and postprandial blood glucose values.

An unexpected finding was the decline in pre- and postpran-
dial blood glucose values through to 12 to 18 months of age. It is
widely considered that blood glucose values stabilize within a few
days of life (15). However, our findings indicate that the glucose
sensing and/or uptake machinery undergoes changes throughout
infancy and early childhood, with the steepest changes occurring
in the first year of life. Moreover, factors such as sex, BMI, and the
INS genotype were associated with differences in blood glucose
values in infancy, but not beyond 1 year of age. In rodents, pro-
found changes in pancreatic islets and the pancreas occur in the
first weeks and months after birth (16-18). The limited studies in
humansindicate that some of these changes, including a reduction
inislet f cell turnover and increased f cell maturation and variable
expression of glucokinase, glucose transporters, and K*, , chan-
nels on fetal and neonatal B cells occur during the first year of life
(19, 20). Furthermore, reduced blood glucose levels in this period
were observed in girls and in children with the INS AA genotype,
which is consistent with previous studies showing increased insu-
lin responses in females (21) and increased INS mRNA expression
in the pancreas from donors with the INS AA genotype (13). There-
fore, a greater number of islets with better functional maturity that
are able to produce a greater amount of insulin may represent an
improvement in the ability to control blood glucose and contribute
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Figure 1. Pre- and postprandial blood glucose concentrations in relation
to age. (A) Preprandial nonfasting glucose concentrations (10 minutes
before food intake) modeled using a general additive model with thin-
plate splines. The model was developed using 5,952 measurements in
1,050 children. (B) Glucose concentrations in relation to age by linear
regression before food intake (-10 minutes; red; n = 3,966 measurements
from 1,050 children) and at 30 minutes (green; n = 3,608 measurements
from 1,045 children) and 60 minutes (blue; n = 3,267 measurements from
1,042 children) after food intake.

to the observed decline in blood glucose. It is also possible that,
over the first year of life, there is a decline in the extrinsic glucose
load and/or intrinsic glucose production due to the changes in
diet and the needs of developing organs, such as the brain, which
is dependent on the supply of glucose. Indeed, early studies that
measured glucose production rates in children showed that brain
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size was the most important regulatory factor governing hepatic
glucose production (22, 23). The blood glucose concentration is
also determined by glucose uptake, which is influenced by insulin
sensitivity. Although some studies have linked birth size to insu-
lin sensitivity in childhood (24), relatively little is known about
changes in insulin sensitivity during the first year of life. Greater
BMI is associated with decreased insulin sensitivity (25) and high-
er glycated hemoglobin concentrations (26), which is consistent
with our finding that higher BMI was associated with increased
preprandial blood glucose until 1 year of age. However, BMI
was not associated with postprandial blood glucose or with blood
glucose values in toddlers.

A remarkable finding of our study is that elevated blood glu-
cose values were observed close to islet autoantibody seroconver-
sion. Although it is known that blood glucose and HbAlc rise prior
to the onset of clinical T1D (27, 28), it is not yet understood when
changes may occur in relation to the appearance of islet autoim-
munity. Therefore, it was surprising to observe modest increases
in the postprandial blood glucose values already shortly prior to
seroconversion and further increases in both post- and prepran-
dial values after seroconversion. These increases were unlikely to
result from occasional measurements in samples when children
had dysglycemia or diabetes, as such samples were excluded in
these analyses. The increases are consistent with a direct contri-
bution to the early peak incidence of islet autoimmunity around
1 year of age by events in the pancreas and/or disturbed glucose
metabolism. The increased and rising pre- and postprandial val-
ues observed after seroconversion suggest that there is a sustained
impairment in glucose disposition that exists very early in the
autoimmune process and may be due to reduced islet function.
This finding is consistent with the reduced pancreas volumes
observed in islet autoantibody-positive individuals (29-31). Addi-
tionally, the increased postprandial blood glucose values prior to
seroconversion suggest that there is an insult to the pancreas and/
or an intrinsic deficit in glucose disposition that contributes to the
eventual autoimmunity. Other evidence for an insult includes the
associations with prior virus infection (32-34) and type 1 interfer-
on signatures in children who develop islet autoimmunity (35).
The manifestation of autoantibodies is likely to occur subsequent
to T cell priming to islet B cells. Autoantibodies are likely, but not
necessarily, a true indication of the timing of the autoimmune acti-
vation. We were unable to discern when T cell priming occurred in
children who developed islet autoantibodies in the POInT study,
but have previously shown that CD4* T cell responses to proin-
sulin or GAD65 can be detected around the time of insulin and
GADG65 autoantibody seroconversion, respectively (36).

The temporal relationship between blood glucose alterations
and islet autoantibody seroconversion further fuels the discussion
on the role of autoimmunity versus the pancreas in the pathogene-
sis and clinical manifestation of T1D (37). There is now increasing
evidence for a role of intrinsically or extrinsically derived chang-
es within the pancreas in the initiation of autoimmunity and/
or progression to disease (30, 37-40). Nevertheless, there is also
ample evidence of increased numbers of autoantigen-targeting
CD4* and CD8" T cells within pancreatic islets of patients (41-
43). Importantly, immunological interventions have successfully
delayed disease manifestation (44) or preserved B cell function
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Table 2. Univariate linear regression analyses of preprandial blood glucose values

Varab Visit 1-visit 4 (age 4 months to 1.35 years) Visit 5-visit 9 (age 1.4 to 3.6 years)
anave Observations (1)~ Children (1)  Estimate (35% Cl) Pvalue Observations (n)  Children (1)  Estimate (35% Cl) Pvalue

Sex 3,966 1,050 1,986 796

Female 1,958 517 Reference - 1,028 397 Reference B

Male 2,008 533 1.6(0.9;24) <0.0001 958 399 1.0(-0.2; 21) 0n
First-degree relative with T1D 3,966 1,050 1,986 796

No 1,870 494 Reference - 831 367 Reference -

Mother 892 235 0.5(-0.5;14) 0.34 496 185 11(-04;26) 0.14

Father and/or sibling 1,204 321 04(-0.5;1.2) 0.37 659 244 -04(-1.8;1.0) 0.60
BMI 3,924 1,050 0.5(0.3; 0.8) <0.0001 1,949 788 01(-0.1;0.3) 0.37
Glucose GRS 2,849 751 0.2(0.1;04) 0.0031 1,342 559 04(0.2,0.7) 0.00M
Any islet autoantibodies 3,966 1,050 1,719 796

No 3,670 973 Reference 1,572 729 Reference

Yes 296 77 -0.6(-2.0;0.8) 0.37 147 67 3.9 (1.6;6.1) 0.00077
Multiple islet autoantibodies 3,966 1,050 1,719 796

No 3,748 993 Reference 1,610 748 Reference

Yes 218 57 -04(-2.0;1.3) 0.67 109 48 46(21,72) 0.00042
INS genotype 3,966 1,050 1,986 796

AA 2,224 586 -13(-21;-0.6) 0.00048 1,099 451 04(-0.8;16) 0.56

Other 1,742 464 Reference 887 345 Reference

Shown are site-harmonized glucose concentrations, adjusted for visit age.

(45-47), indicating that autoimmunity is likely to be a significant
contributor to late loss of f cells and /or  cell function.

Our findings are also relevant to early programming of type
2 diabetes. The glucose GRS used in our study is associated with
type 2 diabetes risk (2, 48). The findings that a higher glucose
GRS was associated with higher pre- and postprandial blood glu-
cose in very early childhood and that the greatest effects were at
the age of blood glucose nadir are indicative that pancreatic islet
function in people who develop type 2 diabetes may already be
compromised at 1 year of age. Although childhood BMI and pre-
adolescent weight are also associated with type 2 diabetes risk
(49), we observed no relationship between the glucose GRS and
BMI in early childhood, suggesting that the GRS affects glucose
and type 2 diabetes risk independently of BMI.

The study has some limitations. It is possible that additional
or different findings would be observed if fasting blood glucose
and standardized food intake were used for pre- and postprandi-
al measurements, but these measurements were not considered
feasible in this age group at the time of developing the study pro-
tocol. Although the cohort is relatively large, there were only 77
children with positive islet autoantibody outcomes. Moreover,
the majority of these outcomes occurred during the more intense
period of both pre- and postprandial glucose measurement and
25% occurred after age 1.5 years, when preprandial measure-
ments were performed at 6 monthly intervals and postprandial
glucose values were no longer measured. Therefore, the observed
relationship between blood glucose and islet autoimmunity may
be limited to early onset autoimmunity. The findings were gen-
erated in European children with a greater than 25-fold elevated
risk of developing T1D, and thus the findings may not be repre-
sentative of children without an elevated T1D risk or children
from other ethnic and racial groups and may not be representa-
tive of islet autoimmunity that occurs later in life. An important
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consideration is that the children were randomized 1:1 to receive
placebo or oral insulin at doses that were increased to 67.5 mg
daily before 1 year of age with continuation at this dose until 3
years of age. Previous studies showed no effect on blood glucose
prior to or after the intake of oral insulin at these doses, consistent
with the expectation that the insulin is digested relatively quickly
following ingestion (50-53). Moreover, most associations in the
current study were already seen for the preprandial blood glucose
value measured at the first visit, prior to any administration of
the IMP, and the preprandial measurements at subsequent visits
were performed 1 day after the last administration of the IMP.
Nevertheless, we cannot exclude the possibility that, with larger
numbers of children, such as in this study, the IMP may have a
small effect on blood glucose in some individuals.

This longitudinal study of blood glucose measurements from
infancy has uncovered surprising dynamics and heterogeneity in
blood glucose values in early childhood as well as relationships
between impaired blood glucose control and the onset of islet
autoimmunity. The findings that the metabolic component of T1ID
pathogenesis may be more substantial and earlier than previously
considered portend the intriguing possibility that the pancreatic B
cell is the etiological source of the autoimmunity. They also high-
light the need for a more intensive study of glucose metabolism in
early childhood, for example, using continuous glucose monitor-
ing (54), for the identification of markers of islet health or dam-
age (55), and for investigations of the developing human pancreas
(56), so that strategies can be developed to improve metabolism
and reduce the incidence of childhood T1D.

Methods

Participants. POInT, a randomized controlled trial, has enrolled 1,050
infants aged 4.0 to 7.0 months with elevated genetic risk of develop-
ing T1D (10). Infants were eligible if they had an estimated greater

:
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Table 3. Univariate linear regression analyses of postprandial glucose
values at 30 minutes after food intake

Visit 1-visit 4 (age 4 months-1.35 years)

The Journal of Clinical Investigation

Laboratory measurements. Venous glucose concentra-
tions were measured locally at certified hospital laborato-
ries (enzymatic reference method with hexokinase) or by
HemoCue in the UK and Sweden (HemoCue 201 system).

;

Variable Observations (n)  Children (n)  Estimate (35%0Cl)  Pvalue INS SNP rs689 typing was performed at a central genotyp-
Sex 3,608 1,045 ing laboratory (LGC Group; https://www.lgcgroup.com)
Female 1,765 514 Reference - using DNA extracted from dried blood spots as part of the
Male 1843 531 21(11:3.2) <0.0001 previously described eligibility criteria (58). The glucose
First-degree relative with T1D 3,608 1045 GRS was obtained from SNP data for 16 SNPs previously
No 1,678 491 Reference - . . . .
Mother 813 234 0.8 (-0.5:22) 024 associated with fasting glucose homeostasis in adult non-
Father and /or sibling 117 320 0.8 (-04;21) 018 diabetic people of European ancestry (48) and calculated
BMI 3,576 1,045 0.1(-0.2;0.4) 038 according to Dupuis et al. (2). The 16 SNPs and their relative
Glucose GRS 2,544 747 0.3(0.;0.5) 0.0088 weights are listed in Supplemental Table 2. SNP data were
Any islet autoantibodies 3,608 1,045 generated using the Infinium Global Screening Array (ver-
No 3333 968 Reference sion 3.0, Illumina Inc.) performed on DNA extracted from
Yr?s - — 2 U 37(17,57) DL dried blood spot samples of children for whom consent
Multiple islet autoantibodies 3608 1045 to store and use dried blood spots for additional research
No 3,401 988 Reference ) K
Yes 207 57 40(17:6.2) 0.00059 was provided. Samples were excluded if the genotype
INS genatype 3,608 1,045 call rate wasless than 95%, if there was a mismatch between
AA 2,0M 583 -04(-14;07) 0.52 genotyped sex and reported sex, or if there was an outly-
Other 1,597 462 Reference

Shown are site-harmonized glucose measurements, adjusted for visit age.

ing heterozygosity rate (>3 SD at a minor-allele frequency
[MAF] of <1% or MAF of >=1%). Variants were filtered if

than 10% risk of developing multiple islet autoantibodies by the age
of 6 years (57, 58). High genetic risk for infants without a first-degree
family history of T1D was defined as a DR3/DR4-DQ8 or DR4-DQ8/
DR4-DQ8 genotype and a GRS greater than 14.4. The GRS was cal-
culated as previously described, by multiplying the number of risk
alleles (i.e., 0, 1, or 2 for each SNP) with the weight assigned to each
SNP tag (Supplemental Table 7). The weighted contributions of all
SNPs plus an additive constant of 3.15 for the HLA DR4-DQ8/DR4-
DQ8 genotype or 3.98 for the HLA DR3/DR4-DQ8 genotype were
summed. For infants with a first-degree family history of T1D, high
genetic risk was defined as having HLA DR4 and DQ8 and neither of
the protective alleles DRB1*1501 or DQB1*0503.

The children were randomized to receive either oral insulin pow-
der or oral placebo powder daily until 36 months of age. Random-
ization occurred after the introduction of solid food into the child’s
diet. The trial is being conducted at 7 clinical study sites, including 3
in Germany (Munich, Dresden, Hanover), 1 in Poland (Warsaw), 1 in
Sweden (Malmd), 1in Belgium (Leuven), and 1 in the United Kingdom
(Oxford). Blood samples are collected during study visits at baseline
(4-7 months of age); after 2, 4, and 8 months of the study; at 18 months
of age; and then every 6 months until 7.5 years of age. Blood samples
for random glucose determinations are collected in the morning (fast-
ingis not required) before IMP intake. At visits 1-4, blood glucose sam-
ples are also collected at 30 and 60 minutes after IMP intake and are
available for analysis. IMP powder (placebo or insulin) is given togeth-
er with a small quantity of food, such as breast milk, infant formula or
homogenates, bread, yogurt, or other foods. Previous studies suggest
that oral insulin administration does not affect blood glucose values
or glucose metabolism because insulin is likely to be digested before it
can be absorbed (50-53). POInT is organized through the Global Plat-
form for the Prevention of Autoimmune Diabetes (GPPAD) (59).

the call rate was less than 98% or if the MAF was greater
than 1%. Imputation of additional variants was performed
using the Sanger Imputation Service (https://imputation.
sanger.ac.uk/) andthe Haplotype Reference Consortiumref-
erence panel (http://www.haplotype-reference-consortium.org/)
HRCr1.12016 (GRCh3/hg19).

BMI. The children’s heights and weights were obtained at the
GPPAD sites by trained personnel at each visit. Height was measured
in centimeters as length before 2 years of age and as the standing
height measured to the nearest 0.1 cm from 2 years of age using a
wall-mounted stadiometer. Body weight was measured in kilograms
using regularly calibrated electronic scales.

Islet autoantibodies. Islet autoantibodies were measured cen-
trally at 2 independent GPPAD Core laboratories, located at the
Institute of Diabetes Research, Helmholtz Munich, Germany, and
at the University of Bristol Medical School, Diabetes and Metabo-
lism, Learning and Research, Southmead Hospital, Bristol, United
Kingdom (for confirmation of results). Serum samples from each
visit were measured for autoantibodies against insulin (IAA), gluta-
mate decarboxylase-65 (GADA), insulinoma-associated antigen-2
(IA-2A), and zinc transporter-8 (ZnT8A) at the German laboratory.
IAA were detected using a competitive radiobinding assay (RBA)
with protein A/G immunoprecipitation and '*I-labeled recombinant
human insulin (60). GADA and IA-2A were measured based on the
National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) harmonized assay protocol using **S-methionine-labeled
antigens produced by in vitro transcription and translation of N-ter-
minally truncated GAD65 (amino acids 96-585) or IA-2ic (amino
acids 606-979), encoded in the pTNT plasmid vector (Promega),
as previously described (61). For GADA, ELISA (RSR Ltd.) was used
as the second test if the RBA result was positive. ZnT8A was tested
in separate assays to detect autoantibodies to the arginine 325R and
tryptophan 325W human ZnT8 variants (ZnT8RA and ZnT8WA,
respectively). Assays were performed using 3S-methionine-labeled
in vitro transcribed/translated recombinant ZnT8 (amino acids
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Figure 2. Factors associated with blood glucose concentration in early childhood. Linear regression of preprandial (10 minutes before food intake, A-D)
and postprandial glucose values (30 minutes after intake, E-F) by visit age in the infancy period (visits 1-4; 4 months-1.35 years of age) and the toddler
period (visits 5-9; 1.5-3.6 years of age). Analyses were separated by sex (A and E; boys [blue] vs. girls [red]), BMI (B; above the median [blue] vs. below the
median [red]), glucose GRS (C and F; above the median [blue] vs. below the median [red]), and by INS genotype (D; AA [blue] vs. other [red]). Comparisons
of regression coefficients between groups were performed using Student’s t test.

268-369), as previously described (62). Children were classified as
ZnT8A positive if they were positive for ZnT8RA and/or ZnT8WA
or as ZnT8A negative if the tests were negative for both antibody
specificities. These RBAs had sensitivities and specificities of
54% and 99% for IAA, 66% and 99% for GADA, 76% and 100%
for IA-2A, 56% and 99% for ZnT8RA, and 50% and 99% for ZnT-
8WA according to the Islet Autoantibody Standardization Program
(IASP) 2016 Workshop (63).
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Samples that tested positive for islet autoantibodies at the
Munich laboratory were sent to the second central autoantibody lab-
oratory in Bristol for confirmatory testing. Here, IAA were assayed
using a competition RBA with *I-labeled human insulin, as previ-
ously described (64, 65). GADA and IA-2A were assayed using the
NIDDK harmonized assay protocol using *S-methionine-labeled
in vitro transcribed/translated recombinant full-length GAD65 or
IA-2ic (61). ZnT8RA and ZnT8WA were tested in separate RBAs
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based on the NIDDK harmonized assay protocol (66). These RBAs
had sensitivities and specificities of 54% and 99% for IAA, 74%
and 97% for GADA, 70% and 100% for IA-2A, 60% and 100% for
ZnT8RA, and 46% and 100% for ZnT8WA according to the IASP
2015 Workshop (63).

If a sample tested positive for a specific autoantibody by tests at
both laboratories, a subsequent sample was tested by both laborato-
ries to confirm persistence of the islet autoantibody-positive status
for the detected autoantibody.

Definition of islet autoantibody status. A child was classified asislet
autoantibody positive if 2 consecutive samples tested positive at both
laboratories. A child was classified as being multiple islet autoanti-
body positive if they tested positive for 2 or more autoantibodies in 2
consecutive samples in both laboratories. Maternally transferred islet
autoantibodies were identified if the child was positive at their first
sample and subsequently became islet autoantibody negative and
were not included in the classification of islet autoantibody status of
the child. For children classified as islet autoantibody positive, the
first positive sample was taken as the age at seroconversion.

Data availability. Data will be available with a signed transfer agree-
ment; please email cc@gppad.org and the corresponding author.

Statistics. Data were extracted from the clinical trial database
in October 2021. Glucose measurements were harmonized across
study sites by adjusting concentrations by the respective site estimate

Blood glucose (mg/dl)
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Figure 3. Pre- and postprandial blood glucose concentrations in relation
to age and islet autoantibody development. (A) Linear regression of
preprandial glucose values (10 minutes before food intake) by visit age in
the infancy period (visits 1-4; 4 months-1.35 years of age) and the toddler
period (visits 5-9; 1.5-3.6 years of age) in islet autoantibody-positive
children (blue; n = 443 measurements from 77 children) and autoanti-
body-negative children (red; n = 5,242 measurements from 973 children).
(B) Linear regression of postprandial blood glucose values at 30 minutes
after food intake during the infancy period in islet autoantibody-posi-
tive children (blue) and autoantibody-negative children (red). (C) Locally
weighted scatterplot smoothing (LOESS) of preprandial blood glucose
values (10 minutes before food intake; light blue) and postprandial blood
glucose values (30 minutes after food intake; dark blue) in islet autoan-
tibody-positive children in relation to the timing of islet autoantibody
appearance (seroconversion), where blood glucose is expressed as the
difference from the mean value corrected by age in islet autoantibody-
negative children. The horizontal dotted line indicates no difference (0),
and the vertical dotted line corresponds to the timing of seroconversion.

obtained from a linear regression model. Linear regression models
were used to correlate the site-adjusted pre- and postprandial glu-
cose values to the current age of the children. Additionally, general-
ized additive models (67) were used to display more dynamic effects.
Factors that potentially influence glucose values, such as sex, BMI,
genetic data (genes associated with blood glucose and INS), T1D fam-
ily history, and islet autoantibody status, were included in the mod-
els. Sensitivity analyses were performed by omitting measurements
from the United Kingdom and Sweden because these sites used the
HemoCue method to measure blood glucose. BMI and glucose GRS
were used as continuous variables or expressed as values above or
below the median of all values. Student’s ¢ test was used to determine
whether the regression coefficient was different from zero. For all
comparisons, a 2-tailed P value of 0.05 after Bonferroni’s correction
was considered significant. All data analyses were conducted using R
software (2020, https://www.R-project.org/).

Study approval. POInT was approved by the institutional review
boards and regulatory authorities in each country. In particular, the
study was approved by the local ethical committees and regulatory
authorities of the Technische Universitdt Miinchen, Medical Faculty
(326/17 Af), the Medical University of Warsaw (199/2017), the UK
Health Research Authority (18/SC/0019), Onderzoek UZ/KU Leuven
(S60711), and Regionala Etikprévningsndmnden i Lund (2017/918).
Written, informed consent to participate in the study was obtained
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from all study participants or their legal representatives. A separate
informed consent from the participating families was required to allow
biobank storage of material such as DNA that was used in this study.
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