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Insulin-like growth factors (IGFs), specifically IGF1 and
IGF2, promote glucose metabolism, with their availability
regulated by IGF-binding proteins (IGFBPs). We hypoth-
esized that IGF1 and IGF2 levels, or their bioavailability,
are reduced during type 1 diabetes development. Total
serum IGF1, IGF2, and IGFBP1-7 levels were measured in
an age-matched, cross-sectional cohort at varying stages
of progression to type 1 diabetes. IGF1 and IGF2 levels
were significantly lower in autoantibody (AAb)* compared
with AAb™ relatives of subjects with type 1 diabetes. Most
high-affinity IGFBPs were unchanged in individuals with
pre-type 1 diabetes, suggesting that total IGF levels may
reflect bioactivity. We also measured serum IGFs from
a cohort of fasted subjects with type 1 diabetes. IGF1
levels significantly decreased with disease duration, in
parallel with declining B-cell function. Additionally, plasma
IGF levels were assessed in an AAb™ cohort monthly for
ayear. IGF1 and IGF2 showed longitudinal stability in single
AAb* subjects, but IGF1 levels decreased over time in
subjects with multiple AAb and those who progressed to
type 1 diabetes, particularly postdiagnosis. In sum, IGFs
are dysregulated both before and after the clinical di-
agnosis of type 1 diabetes and may serve as novel bio-
markers to improve disease prediction.

Public health care screening for presymptomatic type 1 di-
abetes does not yet exist, but efforts are underway to evaluate
feasibility of population-based genetic testing and screening
for disease-related autoantibodies (AAb) (1-3). A recent

consensus article presented a two-step definition of pre-
type 1 diabetes: the first being seroconversion to two or
more AAb against B-cell antigens (stage 1), with stage
2 occurring when multiple AAb™ subjects demonstrate
dysglycemia following an oral glucose tolerance test (OGTT)
(4). The duration of progression to overt hyperglycemia is
highly variable, ranging from weeks to decades beyond sero-
conversion (5), and OGTTs are time-consuming and require
multiple venous blood sample collections. This exemplifies the
need for minimally invasive biomarkers reflective of metabolic
dysregulation to complement AAb screening in predicting type
1 diabetes prior to clinical manifestation (stage 3).

Type 1 diabetes is thought to result from deficient im-
munoregulation together with impaired B-cell viability and/
or function (6). The insulin-like growth factor (IGF) axis and
particularly IGF1 and IGF2 are candidates for correcting
these deficiencies (7). IGFs are hormones produced primar-
ily by the liver that induce cellular proliferation via the
widely expressed IGF1 receptor (8). IGF1 and IGF2 are
highly homologous to insulin in structure (9,10) and can
mediate similar metabolic effects but are unable to com-
pensate for the loss of insulin production in type 1 diabetes.
IGF production is temporally regulated such that IGF2 is
thought to primarily be important for embryonic and fetal
development, whereas IGF1 is vital for postnatal growth (8).
Possibly impacting type 1 diabetes pathogenesis, IGFs have
been shown to promote the regulation of T cell-mediated
inflammation (11-13). IGFs are also known to support en-
docrine (14,15) and exocrine pancreatic growth (16,17), which,
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if lacking, might contribute to the profound deficiency of
total pancreas mass in subjects with type 1 diabetes (18,19).
However, it remains unclear whether insufficient levels or
bioavailability of IGF-family ligands may directly promote
the pathogenesis of type 1 diabetes and/or serve as reliable
biomarkers of disease staging. Additionally, the regulation
of IGF levels by insulin (20) begs the question of whether
defects in IGF levels may be primary or secondary to the loss
of insulin production known to occur before (21) and after
(22) clinical diagnosis.

A recent report described suppressed levels of IGF1 in
plasma as children seroconvert to AAb positivity (23); yet,
current literature lacks information on the circulating levels
of IGF2 during the progression to type 1 diabetes. Addi-
tionally, circulating IGFs are generally bound to IGF-binding
proteins (IGFBPs) that modulate IGF activity by blocking
binding to their cognate receptors (24). A longitudinal study
suggested that IGFBP3, which is the most prevalent IGFBP
in circulation (25), increases prior to seroconversion to at
least one type 1 diabetes-related AAb (23), potentially mod-
ulating IGF bioavailability. Three out of seven IGFBPs, which
are expressed at differing levels and have varying affinities for
IGF1 and IGF2 (25), are increased in serum of subjects with
established type 1 diabetes (26). However, the majority of
these proteins have not been assessed in pre-type 1 diabetes.
Herein, we test the hypothesis that IGF1 and IGF2 levels or
bioavailability, as inversely related to IGFBPs, are altered
during progression to type 1 diabetes.

RESEARCH DESIGN AND METHODS

Subject Enroliment

All procedures were approved by institutional review boards
at each institution and conducted in accordance with the
Declaration of Helsinki. Informed consent was obtained
from participants (or their legal guardian in the case of
minors) prior to enrollment.

Cross-sectional

Subjects were recruited from clinics at the University of
Florida (UF); Nemours Children’s Hospital (Orlando, FL);
and Emory University. Peripheral blood samples were col-
lected from nonfasted subjects by venipuncture in serum
separator vacutainer tubes (BD Biosciences) and rested over-
night prior to processing to minimize variance due to trans-
port times. Sera were stored in the UF Diabetes Institute
(UEDI) biorepository at —20°C prior to batch processing.
Subjects were selected from the biorepository by age, sex,
ethnicity, and BMI matching to subjects positive for at least
one AAb against GAD65 (GADA), IA-2 (IA-2A), or zinc trans-
porter 8 (ZnT8A).

Subjects with type 1 diabetes were recruited by the Benaroya
Research Institute (BRI) under the BRIDge Study of Type 1 Di-
abetes institutional review board protocol. Peripheral blood sam-
ples were collected from fasted or nonfasted subjects in serum
separator vacutainer tubes (BD Biosciences), processed within
24 h, and stored at —80°C until batch processing. Detailed
subject demographic information is presented in Table 1.
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Longitudinal

Subjects at risk for type 1 diabetes were recruited and enrolled
from 2013 to 2014 in the Type 1 Diabetes Longitudinal
Biomarker Trial (T1DBIT) (ClinicalTrials.gov, clinical trial
reg. no. NCT01846312 [manuscript in preparation]) by the
Pacific Northwest Research Institute and Novo Nordisk
Research Center Seattle, Inc. Subjects were followed for up
to 18 months postenrollment. Individuals included in this
study were positive for at least one islet AAb at the time of
enrollment (GADA, IA-2A, or insulin [IAA]), aged = 4 and <40
years, and nonpregnant and not breast-feeding; had no chronic
disorders; and used no medication that might impact immune
status or progression to type 1 diabetes. Subject demographic
information is included in Table 2. Samples were shipped to
the dinical site at ambient temperature, processed within 24 h
of draw, and stored at —80°C.

AAb Measurement

For UFDI samples, GADA, IA-2A, and ZnT8A were mea-
sured from serum via an Islet Autoantibody Standardiza-
tion Program (IASP)-validated enzyme-linked immunosorbent
assay (ELISA) as previously described (27). For T1DBIT sam-
ples, IAA, GADA, IA-2A, TA-2BA, and ZnT8A were measured
from serum via radioimmunoassay with positivity defined as
the 97.5th percentile of control sera as previously described (28).
After enrollment into T1DBIT, seroconversion was defined as
at least two consecutive time points with AAb positivity.

Glucose Metabolism

For BRI subjects, glucose, C-peptide, and HbA;, from a mixed-
meal tolerance test visit were tested at the University of
Washington’s Northwest Lipid Metabolism and Diabetes Re-
search Laboratories (Seattle, WA). Serum C-peptide was mea-
sured by two-site immunoenzymometric assay on a Tosoh II
600 autoanalyzer, and area under the curve (AUC) C-peptide
calculated as previously described (29). HbA;. was measured
either at or within 3 months of the time of draw.

For T1DBIT subjects, plasma C-peptide was measured
by two-site immunoenzymormetric assay performed on a Tosoh
IT 600 autoanalyzer. HbA;, was measured using a commercial
high-performance liquid chromatography-based assay at each
draw by a Clinical Laboratory Improvement Amendments—
certified clinical laboratory. Subjects were considered to have
prediabetes with HbA;. >5.7% and diagnosed with type 1 di-
abetes at HbA;. >6.4% (30).

IGF1 and IGF2 Quantification

Total IGF1 and IGF2 were measured under blinded conditions
in duplicate from human sera (UFD], BRI) or plasma (T1DBIT)
via commercially available ELISAs (ALPCO), according to the
manufacturer’s instructions. This assay provides more com-
plete recovery of IGFs compared with traditional acid-ethanol
extraction methods (31). Briefly, samples were pretreated with
an acidic buffer to dissociate IGFs from IGFBPs, followed by
sample neutralization immediately prior to plating such that
the high-affinity interaction between IGF and capture antibody
occurs prior to IGF-IGFBP reassodation. Data were collected
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Table 1—Demographic information for UFDI and BRI cross-sectional cohorts

UFDI
AAb™ control subjects AAb™ relatives 1AAb™ 2-3 AAb™ Recent onset Established BRI established
Total subjects, n 69 55 25 27 61 68 50
Sex, n (%)

Male 49 (71) 28 (51) 11 (44) 18 (67) 34 (56) 36 (53) 28 (56)
Female 20 (29) 27 (49) 14 (56) 9 (33) 27 (44) 32 (47) 22 (44)
Age (years) 12.6 + 3.4 12.0 + 34 104 + 4.5 13.1 = 3.9 121 + 3.5 11.6 + 3.6 22.6 + 13.6
Height (m)* 1.5+ 0.2 1.5+ 0.2 14 =03 16 = 0.2 15+ 0.2 15+ 0.2 1.7 = 0.1
Weight (kg)* 48.3 = 242 49.8 = 24.0 41.3 = 19.3 55.4 = 19.3 491 *= 20.6 50.8 + 22.7 76.1 £ 13.5
BMI (kg/m?)* 210+ 7.8 21.7 £ 741 204 = 4.8 21.2 = 3.9 21.7 = 5.1 225+ 59 243 = 4.8
BMI percentile (%)*t 64.1 = 27.3 66.1 = 29.2 75.7 £ 221 65.5 = 24.3 73.5 £24.3 76.3 = 21.0 732 £ 21.7

Ethnicity, n (%)
Caucasian 37 (54) 37 (67) 16 (64) 21 (78) 43 (70) 37 (54) 44 (88)
African-Am 16 (23) 9 (16) 0 (0) 2 (7) 7 (11) 11 (16) 0 (0)
Hispanic 8 (12) 7 (13) 4 (16) 4 (15) 8 (13) 14 (21) 1@
Asian/Pac-Is| 5 (7) 0 (0) 2 (8) 0 (0) 1@ 1) 3 (6)
Native-Am 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (3) 0 (0)
Other 3 @) 2 (4) 3(12) 0 (0) 2(3) 3 4) 2 4)
Disease duration (years) N/A N/A N/A N/A 0.08 + 0.06 4.35 + 3.72 51+ 107
Metabolic status, n (%)
Fasted 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 38 (76)
Random 69 (100) 55 (100) 25 (100) 27 (100) 61 (100) 68 (100) 12 (24)

Data are means = SD unless otherwise indicated. UFDI cross-sectional cohorts include AAb ™ control subjects; AAb™ first-degree relatives of a subject with type 1 diabetes; subjects with one,
two, or three AAD; subjects with recent-onset type 1 diabetes diagnosed within the past 3 months; and subjects with established type 1 diabetes with disease for =3 months. Demographic
information for BRI cross-sectional cohort of subjects with established type 1 diabetes also shown. AAb™ subjects included both relatives of subjects with type 1 diabetes and unrelated
subjects. African-Am, African American; N/A, not applicable; Native-Am, Native American; Pac-Is|, Pacific Islander. *Provision of height and weight was voluntary; thus, these data are
available for some but not all study subjects. TApproximately one-half of the BRI cohort are adults and are excluded from BMI percentile for children and teenagers.
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Table 2—Demographic information for longitudinal cohort
from Pacific Northwest Research Institute and Novo Nordisk
Research Center (T1DBIT)

T1DBIT
2-5 AAb*  Developed
1AAb™ at at T1D during
enrollment enroliment study
Total subjects, n 14 20 6
Number of time
points per
subject, mean
(range) 13 (12-13) 13 (11-13) 13 (12-13)
Time between
draws (months) 11+03 12x04 12=04
Sex, n (%)
Male 1(7) 12 (60) 5 (83)
Female 13 (93) 8 (40) 1(17)
Age at enroliment
(years) 17.0 £ 82 142 6.5 15.0+ 238
Height at
enrollment (m)* 1.6 = 0.1 1.6 02 1.7 =01
Weight at

enroliment (kg)* 59.0 = 18.0 53.9 £ 22.4 58.3 = 16.9

BMI at enrollment

(kg/m?)* 233 59 20.7 +41 20.7 =37
BMI percentile for

children and

teens at

enroliment (%)t 68.4 = 22.3 61.1 = 23.8 52.8 = 32.3
Change in BMI r=0.00; r= -0.08 r= —0.02;

percentile over P=097 P=025 P =086

study*t
Ethnicity, n (%)

Caucasian 10 (72) 15 (75) 4 (67)

Hispanic 1(7) 3 (15) 0 (0)

Asian/Pac-Isl 1(7) 0 (0) 0 (0)

Other 2 (14) 2 (10) 2 (33)
Disease duration

at enrollment

(years) N/A N/A N/A
Metabolic status,

n (%)
Fasted 0 (0) 0 (0) 0 (0)
Random 14 (100) 20 (100) 6 (100)

Data are means * SD unless otherwise indicated. Cohort
includes subjects 1AAb* at enrollment, subjects 2-5 AAb™ at
enrollment, and subjects who developed type 1 diabetes during
the study. Subjects were not selected based on family history.
Participants underwent clinic or in-home visits with blood draw
and questionnaire collection every 4-6 weeks for a total of

13 samples spanning 12-18 months. Participants who devel-
oped T1D during the course of sampling continued on the same
frequent sampling schedule at least until completion of their 13th
sample visit. At each study visit, nonfasted subjects completed
a questionnaire to initiate or update a list of their medical con-
ditions and current medications, if any. Change in BMI reported
as Spearman correlation results. N/A, not applicable. Pac-Isl,
Pacific Islander. *Provision of height and weight was voluntary;
thus, these data are available for some but not all study subjects.
“Two subjects from 1AAb* at enrollment and one subject from
2-5 AAb* at enrollment groups are adults and therefore are
excluded from BMI percentile for children and teenagers.
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with a SpectraMax M5 plate reader (Molecular Devices) and
analyzed with SoftMax Pro, version 4.8. Data were excluded if
the coefficient of variation (CV) between duplicates was >25%.

The mean intra-assay CV for duplicates from an initial
subset of samples showed that IGF1 (5.3% [n = 36]) and
IGF2 (3.5% [n = 32]) measurements were reproducible
and precise. Additionally, IGF1 and IGF2 concentrations
were measured across seven plates using manufacturer-
provided control sera to assess interassay reproducibility
in our hands. Interassay CVs from low or high concentra-
tion control sera were 11.6% or 2.4%, respectively, for
IGF1 and 13.9% or 9.4% for IGF2.

IGFBP Quantification

IGFBP1-7 levels were measured under blinded conditions
using a Luminex assay on a MILLIPLEX platform (Milli-
pore EMD), according to the manufacturer’s instructions.
Data were analyzed with MILLIPLEX Analyst, version 5.1.0.0.
For reported analytes, values outside of the standard curve
were assigned the value of the limit of detection (LOD) in the
five-parameter logistic regression, as determined by Milliplex
Analyst software. Although a variety of methods may be used
to impute values outside of the LOD, selection of “fill in”
values provides a relatively unbiased estimate of data vari-
ance when <<30% of data are outside such limits (32), as seen
in our data set.

Statistical Analysis

BMI percentiles were calculated according to subject age and
sex with available height and weight data using a publicly
available SAS program based on growth charts from the
Centers for Disease Control and Prevention (33). Normal-
ized IGF1 and IGF2 percentiles were determined via curve
fitting of published reference ranges (Supplementary Tables
1 and 2) binned for age and sex (34).

Analyses were performed using GraphPad Prism soft-
ware, version 7.0. Data are presented as means * SD unless
otherwise specified. Cross-sectional IGF and IGFBP levels
across cohorts are shown as violin plots with median and
quartiles overlaid. Multiplicity-adjusted P values <<0.05 were
considered significant.

Data and Resource Availability

The data sets presented are available from the correspond-
ing author upon reasonable request. No applicable resour-
ces were generated or analyzed during the current study.

RESULTS

Total IGF Levels Decrease in Serum of AAb* Subjects at
Risk for Type 1 Diabetes

We investigated the IGF axis in a cross-sectional cohort of
N = 305 pediatric and adolescent subjects with or at varying
degrees of risk for clinical diagnosis of type 1 diabetes. There
were no significant differences in any of the continuous or
categorical demographics between clinical groups (Table 1).
Given that some analytes in the IGF axis are directly mod-
ulated by growth hormone (GH) (35), which peaks during
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puberty, we carefully selected samples from age-matched
subjects (Table 1). IGF1 levels have been shown to peak
around puberty (36), as replicated in our cohort (Fig. 1A), but
IGF2 levels are not regulated by GH (8).

The peak age of type 1 diabetes onset in the UFDI
cohort was ~10-12 years (Table 1 and Fig. 1A). This may
be a critical time period for the maintenance of immune
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tolerance to (-cell antigens, as puberty represents a dy-
namic period of growth and development that includes
metabolic stress (37). Although IGF1 levels peaked around
puberty in all groups (Fig. 14), AAb" subjects showed
significantly lower IGF1 levels for their age compared with
AAb™ control subjects (Fig. 1B). Analyzing IGF levels nor-
malized for age and sex (Fig. 1C and D and Supplementary
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Figure 1—Total IGF1 and IGF2 levels are significantly decreased in serum of AAb™ subjects at high risk for type 1 diabetes onset. Subjects
from UF cross-sectional cohort. A: IGF1 levels correlate with age for males (Spearman correlation: P < 0.0001, r = 0.60) and females (P <
0.0001, r = 0.38), with an earlier peak in females compared with males. Ages at onset of type 1 diabetes in this cohort (includes subjects with
recent onset and established disease) were binned based on frequency and are overlaid in gray. B: Best fit curves were significantly different
for AAb~ control vs. AAb™ subjects (P = 0.0002, extra sum of squares F test). Data are shown as mean (solid line) with 95% Cl (dashed lines).
C: Violin plots showing IGF1 levels normalized for age and sex are decreased in AAb ™" subjects compared with AAb™ control subjects, AAb ™~
relatives, and subjects with recent-onset and established type 1 diabetes. D: IGF2 levels normalized for age and sex decreased in AAb™
subjects and subjects with recent-onset disease compared with AAb™ relatives and those with established type 1 diabetes. E and F: Upon
stratification of the AAb™* group by number of AAb, decreases in IGF1 (E) and IGF2 (F) percentiles remain significant for those with any number
of AAb. Kruskal-Wallis with Dunn multiple comparisons test: *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.
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Table 3) revealed that total serum IGF1 and IGE2 levels were
significantly lower in AAb" subjects compared with AAb~
relatives, and both analytes appeared to recover following
type 1 diabetes diagnosis, although with different kinetics.
Intriguingly, this observation of lower IGF1 and IGF2 levels
not only applied to high-risk subjects with multiple AAb
(=2AAb™) but was also noted in subjects with only a single
type 1 diabetes—related AAb (1AAb™) (Fig. 1E and F and
Supplementary Table 3), which occurs early in the disease
process and prior to detectable loss of (-cell mass or
function (considered pre-stage 1 disease) (4). These find-
ings remained statistically significant in analysis of raw
(Supplementary Fig. 1 and Supplementary Table 4) and
age-normalized IGF1 and IGF2 data (Fig. 1C-F and Sup-
plementary Table 3). The majority of individuals showed
IGF1 and IGF2 levels within normal published reference
ranges (34). However, those <5th percentile, which is tra-
ditionally diagnostic for idiopathic GH deficiency (38), were
enriched in 1AAb™ and =2AAb " subjects compared with all
other groups (Fig. 1E and F and Supplementary Tables 3 and
5), despite a lack of consensus on whether growth is impaired
in pre-type 1 diabetes (39).

For determination of IGF bioavailability, IGFBP levels
were measured in the same cohort. We found that circu-
lating IGFBP1 levels were significantly higher in AAb™
versus control subjects. In addition, this increase remained
statistically significant in subjects with established type 1 di-
abetes (Supplementary Fig. 2A and Supplementary Table 6).
IGFBP1 levels are inversely associated with insulin levels
(40); thus, high IGFBP1 may reflect the initiation of meta-
bolic dysregulation in AAb™ subjects. The major component
of IGFBP in serum, IGFBP3, was detected at comparable
levels across all groups examined (Supplementary Fig. 2B and
Supplementary Table 6). IGFBP2, IGFBP4, and IGFBP5 were
not above the assay LOD in the majority of subjects in this
study. IGFBP6 and IGFBP7 levels were decreased in subjects
with recent-onset type 1 diabetes compared with AAb™
control subjects or relatives, respectively (Supplementary
Fig. 2C and D and Supplementary Table 6), while IGFBP7
levels were also significantly lower in AAb" subjects
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compared with AAb ™~ relatives (Supplementary Fig. 2D and
Supplementary Table 6). Importantly, in contrast to IGF1 and
IGF2, there is not a published reference range for this IGFBP
laboratory assay. Upon stratification of the cohort by number
of AAb, IGFBPs with high affinity for IGFs (i.e., IGFBP1,
IGFBP3, and IGFBP6) were not significantly different between
AAb~, 1AAbT, and =2AAbY subjects (Supplementary Fig.
2E-G and Supplementary Table €). In contrast, the low-
affinity IGFBP7 showed significantly lower concentrations
in =2AAb™ subjects and subjects with recent-onset type
1 diabetes compared with AAb~ subjects (Supplementary
Fig. 2H and Supplementary Table 6). Together, these data
suggest that most high-affinity IGFBPs do not appear to be
modulated in pre-type 1 diabetes and that IGFBP measure-
ments do not improve the capacity of IGF1 and IGF2 levels
to distinguish type 1 diabetes stages (Supplementary Table 7).

IGF1 Decreases With Increased Duration of
Type 1 Diabetes
Since IGF1 and IGF2 percentiles were significantly decreased
during progression to disease, we next asked whether IGF
modulation was associated with type 1 diabetes duration.
We measured serum IGF levels from a cross-sectional BRI
cohort with established type 1 diabetes (N = 50), comprised
primarily of fasted subjects (Table 1), compared with UFDI
subjects with established type 1 diabetes (N = 68), reported
above. Of note, however, disease onset occurred at a signif-
icantly older age for the BRI versus the UFDI cohort (Fig.
2A). IGF1 percentiles appeared to drop with longer type
1 diabetes duration in both the primarily pediatric UFDI
cohort and the BRI cohort comprised of children and adults
(Fig. 2B). Interestingly, the slope of IGF1 loss appeared to be
steeper in the younger-onset UFDI cohort than in the older-
onset BRI cohort (Fig. 2B), mirroring the known faster loss
of C-peptide in younger-onset subjects (41). IGF2 percen-
tiles, on the other hand, were not associated with disease
duration in either cohort (Fig. 2C).

The observation of reduced levels of IGF1 with increas-
ing type 1 diabetes duration suggested a potential associ-
ation between IGF1 levels and remaining (3-cell function.
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Figure 2—IGF1 decreases with increased duration of type 1 diabetes. A: Disease onset for the BRI cohort was at significantly older age than
for the UFDI cohort with established type 1 diabetes (Mann-Whitney U test). B: IGF1 percentile for age and sex decreases with increasing
disease duration in cross-sectional established type 1 diabetes cohorts from UFDI and BRI. C: IGF2 percentile is not associated with disease
duration in either cohort. Data are overlaid with best fit lines (solid) and 95% ClI (dashed lines). Spearman correlation: *P < 0.05, **P < 0.01,

P < 0.001, P < 0.0001.
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Table 3—Within- and between-subject CVs (%) for raw IGF1 and IGF2 measurements
2-5 AAb™ at enrollment

1AAb™ at enrollment
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Developed T1D during study

Intrasubject Intersubject Intrasubject Intersubject Intrasubject Intersubject
IGF1 16.3 = 4.4 38.1 = 4.7 18.6 = 7.1 455 + 4.3 13.7 + 4.3 226 = 5.3
IGF2 11.0 = 3.9 246 + 3.6 13.4 + 4.9 234 = 5.0 143 + 5.6 14.6 + 4.3

Measurements in subjects 1AAb™ at enrollment, with 2-5 AAb™ at enrollment, or who developed type 1 diabetes during the study. CVs

were calculated from 11-13 time points per subject.

In subjects from the BRI cohort, IGF1 showed a trend toward
correlation with mixed-meal tolerance test-stimulated
C-peptide AUC (Supplementary Fig. 34), although HbA;
(Supplementary Fig. 3B) and fasting blood glucose levels
were not associated with IGF1 (Supplementary Fig. 3C).
As expected, C-peptide AUC significantly decreased with
disease duration (Supplementary Fig. 3D). Therefore,
we cannot rule out the possibility that the trending
association between IGF1 and C-peptide may be driven by
other factors related to disease duration. These data supported
the notion that IGF1 levels may be associated with residual
B-cell function and fueled our investigation of whether IGFs
were modulated longitudinally during the development of
type 1 diabetes.

IGF Levels Show Longitudinal Stability in Single AAb™
Subjects

We next assessed the longitudinal stability of IGF1 and
IGF2 from up to 13 time points in the T1DBIT cohort of
N = 40 pediatric and young adult subjects at risk for type
1 diabetes (Table 2). Importantly, the groups were well age
and BMI matched, and subject BMI did not significantly
deviate during the study (Table 2). We hypothesized that
IGF modulation may mirror the loss of insulin preceding
diagnosis and that continued loss of endogenous insulin
postonset may also be associated with a loss of IGF1, in
particular. For subjects who entered the study with 1TAAb™
and did not progress to disease, IGF1 and IGF2 levels were
relatively stable within the individual but variable between
subjects (Table 3 and Supplementary Figs. 4 and 5), as one
would expect given the puberty-adjacent age range of this
cohort (Table 2). There were no significant differences in
intrasubject CVs for IGF1 or IGF2 in comparison of those
1AAb" at enrollment, those =2AAb" at enrollment, and
those who developed type 1 diabetes during the study
(Table 3).

Longitudinal IGF1 Levels Decrease Over Time in
Multiple AAb* Subjects

For assessment of grouped IGF trajectories, IGF levels were
normalized by their baseline values per subject to minimize
the effects of age and sex. Subjects with 1AAb™ at time of
enrollment did not show a significant change in IGF1 or
IGF2 levels over the course of the study (Fig. 3 and
Supplementary Figs. 4 and 5). In contrast, a subset of
subjects with =2AAb" showed a significant decline in
IGF1 levels over time (Fig. 3A and Supplementary Fig. 6).

Indeed, all subjects with longitudinally decreasing IGF1
levels were positive for three or more AAb, although many
subjects with three or more AAb had stable IGF1 levels (Table
4). With regard to AADb specificities, all of the subjects with
decreasing IGF1 levels possessed IA-2A and ZnT8A (Table 4),
which have previously been suggested to serve as an age-
independent means of identifying those progressing quickly
to disease onset (42). One =2AAb™ subject did show a po-
tentially puberty-related increase in IGF1 levels over time
(Fig. 3A and Supplementary Fig. 6); however, we wish to
highlight that this subject lost IAA reactivity during the study
(Table 4) and, therefore, may have a lower risk of developing
disease (43). Additionally, a subset of =2AAb* subjects
showed increased IGF2 levels over time (Fig. 3B and Sup-
plementary Fig. 7), although it is important to note that
a similar trajectory was observed in one of the 1AAb™ subjects
(Fig. 3B and Supplementary Fig. 5). In those who developed
type 1 diabetes during the study, IGF1 levels decreased
significantly over time (Fig. 3A and Supplementary Fig. 8),
and this decrease was seen immediately prior to diagnosis,
with most continuing to slowly decrease (Supplementary
Fig. 8). For IGF2, there was more variability in individual
levels and no consistency in trend over time (Fig. 3B and
Supplementary Fig. 9).
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Figure 3—Longitudinal IGF1 levels were stable in subjects with
1AAb™ at enrollment and decreased over time in those with multiple
AAb™ at enroliment and subjects who progressed to type 1 diabetes.
Subjects from longitudinal TIDBIT cohort. A: IGF1 does not show
any correlation with time of longitudinal follow-up in 1AAb™* subjects,
while a subset of those with multiple AAb* and who developed type
1 diabetes show significantly decreasing IGF1 over time. B: IGF2
does not show any correlation with time of longitudinal follow-up in
1AAb™ subjects, while a subset of those with multiple AAb* show
significantly increasing IGF2 levels and those who developed type
1 diabetes show variable IGF2 levels over time. @, subjects with
significant slopes; O, subjects with nonsignificant slopes in IGF over
the course of the study. N.S., not significant. Kruskal-Wallis with
Dunn multiple comparisons test: *P < 0.05, **P < 0.01.
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Table 4—Trajectory of IGF1 and IGF2 in T1DBIT subjects and analysis of AAb positivity
Subject identification

number Age (years) Sex IGF1 IGF2  Number of AAb GADA IA-2A  |1A-2BA  ZnT8A IAA

6 14 F  Stable Stable 1 N Y N N N

37 6 F  Stable Stable 1 N N N N Y-N
13 10 F  Stable Stable 1 N N N N Y

12 13 F Stable Stable 1 N N N N Y

25 14 F  Stable Stable 1 Y N N N N-Y
19 14 F  Stable Stable 1 N N N N Y

32 14 M  Stable Stable 1 N N N N Y

34 16 F  Stable Stable 1 Y N N N N-Y-N
27 16 F  Stable Stable 1 N N N N Y

5 17 F Stable Stable 1 N N N N Y-N
29 18 F Stable Stable 1 Y N N N N

30 18 F Stable Stable 1 N N N N Y

22 33 F Stable Upt 1 N N N N Y

38 37 F  Stable Stable 1 N N N N Y

36 12 M  Stable Stable 2 Y N N N Y

26 18 M Stable Stable 2 Y N N N Y

3 8 M  Stable Stable 2 Y N N Y-N N

33 6 F  Stable Stable 2 N N N-Y Y-N Y

35 17 F Stable Stable 2 Y N N Y N->Y->N-Y
8 4 M  Stable Stable 3 Y Y Y N N-Y—-N
17 15 F Stable Upt 3 Y N N Y Y-N
31 13 M  Stable Stable 4 Y Y Y Y N

2 15 F Stable Stable 4 Y Y Y Y N

4 18 M Stable Upt 4 Y Y Y Y N

11 35 F Stable Stable 4 Y Y Y Y N

18 17 M  Stable Stable 4 Y Y Y Y N-Y—-N
40 5 M Stable Stable 5 Y Y Y Y Y

23 14 F Downt Upt 3 N-Y-N-Y Y Y Y N

20 14 M  Downt Stable 3 N Y Y Y N-Y
39 14 F  Downt Stable 4 Y Y Y Y N

15 18 F Downt Stable 4 Y Y Y Y N

16 15 M Downt Upt 5 Y Y Y Y Y

10 17 M  Downt Stable 5 Y-N-Y Y Y Y Y

9 11 M Upt  Stable 3 Y N N Y Y-N
1* 10 M Stable Stable 5 Y Y Y Y Y
28* 17 M  Stable Stable 4 Y Y Y Y N-Y
7 14 M  Downt Upt 5 Y Y Y Y Y-N-Y
21* 15 M  Downt Downt & N-Y Y Y Y N-Y
14~ 17 M  Downt Downt 4 Y Y Y Y N-Y
24 17 F Downt Stable 4 Y Y Y Y N

F, female; M, male; N, no; Y, yes. IGF trajectory designated as follows: tlevels significantly decreased or tsignificantly increased during
the study, as determined by Spearman correlation of IGF level vs. time. *These subjects developed type 1 diabetes during the study;
therefore, IAA seroconversion may be a consequence of exogenous insulin therapy.

Longitudinal IGF1 Levels Decrease Over Time of IGFs pre- and postdiagnosis within the same individual.
Following Type 1 Diabetes Diagnosis Here, IGFs were normalized by either baseline values pre-
For those subjects who developed type 1 diabetes within the  diagnosis or values for the sample collected nearest to di-
time frame of the T1DBIT study, we compared the trajectory  agnosis, respectively. IGF1 was shown to remain relatively
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Figure 4—Subjects who progressed to type 1 diabetes showed reduction in IGF1 postdiagnosis. Subjects from longitudinal T1DBIT cohort.
Grouped IGF trajectory data for subjects progressing to type 1 diabetes during the study reveal that IGF1 remains stable prediagnosis and
decreases with time postdiagnosis in the same subjects (A) and that IGF2 levels were not significantly different in comparison of pre- and
postdiagnosis trajectories (B). C: Random C-peptide levels are stable prediagnosis and decrease with time postdiagnosis. Data were
normalized by baseline levels before or immediately after diagnosis. Best fit lines (solid) shown with 95% CI (dashed). Spearman correlation.

stable prediagnosis but to significantly decrease postdiagno-
sis (Fig. 4A and Supplementary Fig. 8). On the other hand,
the pre- and postdiagnosis trajectories for IGF2 were not
significantly different (Fig. 4B and Supplementary Fig. 9). We
also observed that longitudinal C-peptide levels significantly
decreased postdiagnosis (Fig. 4C), suggesting that IGF1 and
C-peptide may be simultaneously modulated.

DISCUSSION

The current dogma surrounding the pathogenesis of type
1 diabetes suggests that disease occurs from inciting auto-
immunity leading to a fundamental metabolic defect. How-
ever, the metabolic and growth factor derangements that
occur prior to overt hyperglycemia remain incompletely char-
acterized during the natural history of the disease. Therefore,
we sought to further characterize the IGF axis in both cross-
sectional and longitudinal cohorts representing the various
stages of type 1 diabetes. Herein, we report that IGF1 and
IGF2 defects exist prior to type 1 diabetes onset. In agreement
with our results, Peet et al. (23) found IGF1 levels to be
significantly lower in AAb™ versus AAb™~ subjects, but in this
previous study, the difference was only apparent at 12 months
of age. IGFBP3 concentrations were not significantly different
when comparing AAb" against AAb~ individuals at all ages
(23), again in agreement with our cross-sectional data. To our
knowledge, our results are the first to report that total IGEF2
levels were also significantly decreased in AAb ™" compared with
AAb"™ relatives, analogous to the observations with IGF1. The
majority of high-affinity IGFBPs, however, were not signifi-
cantly altered in pre-type 1 diabetes, suggesting that total IGF
levels may accurately reflect IGF bioavailability.

As we observed for all three cohorts in this study, others
have previously reported that IGF1 significantly decreases
post-diagnosis of type 1 diabetes (44,45). IGF1 levels have
also been positively correlated with C-peptide as a measure
of residual B-cell function (46). Confirmation of the associ-
ation between IGF1 levels and disease duration/metabolism
provided strong support for evaluating longitudinal
IGF trajectories in subjects with pre-type 1 diabetes. We
noted that IGF1 and IGF2 levels show longitudinal stability

in the T1DBIT cohort, supporting the concept of tracking
these analytes as potential prognostic biomarkers. In fact,
our intraperson CVs for IGF1 in 1AAb™ subjects were re-
markably similar to those previously reported in healthy
adults (47). This report is the first to demonstrate that IGF1
decreased over time in =2AAb " subjects but did not change
over time in 1AAb™" subjects, suggesting that this change was
not related to age or puberty—and, importantly, identifying
a new potential explanation for the differing rates of pro-
gression among 1AAb™" versus =2AAb " subjects. We found
that the subjects with decreasing IGF1 were positive for
[A-2A and ZnT8A, AAb that tend to appear closer to clinical
diagnosis as a consequence of antigenic spreading (48).
These data, in combination with the association between
IGF1 and C-peptide changes, suggest that IGF1 and insulin
may be lost simultaneously, with these analytes potentially
synergizing to dysregulate glucose metabolism prior to
clinical diagnosis.

In terms of potential study limitations, the UF and
T1DBIT samples were drawn from nonfasted subjects, lim-
iting our ability to address the association with glucose levels
in these cohorts. We also found that =2AAb" subjects
trended toward increasing IGF2 levels over time. However,
the levels were variable in the cohort and increasing levels
were also seen in a 1AAb™ subject, which brings this finding
under question as potentially an age-related increase rather
than strictly a consequence of disease pathogenesis. Clearly,
this issue needs to be addressed in future efforts, possibly
within a larger study. An additional and potentially impor-
tant caveat to note is that AAb were measured using different
techniques for the T1DBIT and UFDI cohorts. Specifically,
for the T1DBIT cohort, AAb were measured via radioimmu-
noassay, but the UFDI cohort used ELISA. The IASP has yet
to validate an ELISA with adequate sensitivity and specificity
for IAA (49); therefore, IAA were not measured in the cross-
sectional UFDI subjects. Since IAA and GADA are often the
first AADb to appear in the natural history of T1D (50),
we concede that it is possible that some proportion of
the UFDI 1AAb™ subjects may actually possess multiple
AAD. This discrepancy may explain why we saw low IGF1
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levels cross-sectionally in 1AAb" and =2AAb" UFDI sub-
jects but only noted decreasing IGF1 levels in multiple
AAb™ subjects from the T1DBIT cohort.

While the trajectories of IGF2 were not significantly
different pre- and postdiagnosis for the collective TIDBIT
cohort, IGF1 was shown to decrease over time postdiag-
nosis compared with prediagnosis in the same individual.
Despite the small sample size for the subjects progressing
to type 1 diabetes, using the same subject as a comparison
within a short time frame, before and after diagnosis,
provides more confidence that the effect is not driven
solely by covariates like age and puberty. Our longitudinal
findings mirror those of a recently published study that
reported IGF1 decreased by 2 years postdiagnosis; how-
ever, this study did not have prediabetes time points for
comparison (45). This study noted a temporary increase in
IGF1 immediately after type 1 diabetes onset, which they
ascribe to the impact of exogenous insulin delivery (45).
While we did see this rebound in the cross-sectional UFDI
cohort, the T1DBIT cohort does not appear to show this
effect. It is important to note that in the cited study, the
average HbA;_ at diagnosis was 10.5% (45). Recent-onset
UFDI subjects were identified from presentation in the
clinic, so the average HbA;  upon diagnosis was likely higher
than in our longitudinal cohort wherein HbA;.  was mea-
sured monthly, resulting in prompt diagnoses at HbA; . values
close to 6.5%. Therefore, some endogenous insulin, poten-
tially acting directly on the liver, may have remained in the
T1DBIT cohort with initially lower exogenous insulin dosages
(51), explaining the discrepancy in IGF1 rebound postdiag-
nosis in all of the cohorts described.

The results presented herein suggest that decreased
total IGF levels may occur both before and after the clinical
diagnosis of type 1 diabetes (stage 3 disease). Aberrant
modulation of IGFs prior to disease onset could complement
existing disease staging efforts in combination with AAb
surveillance and glycemic monitoring. Longitudinal studies
of longer duration in fasted subjects are needed to assess
whether decreasing IGF1 levels in multiple AAb™ subjects
would improve disease prediction in place of or in combina-
tion with OGTT. These data additionally support the further
investigation of IGF modulation as potentially contributing
to type 1 diabetes pathogenesis, with IGFs representing
a novel therapeutic target to possibly inhibit autoimmunity
or preserve pancreatic health (7) in AAb™ subjects.
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