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A B S T R A C T

Objective: Biomarkers are needed to characterize heterogeneity within populations at risk for type 1 diabetes. The ratio of proinsulin to C-peptide (PI:C ratio), has been
proposed as a biomarker of beta cell dysfunction and is associated with progression to type 1 diabetes. However, relationships between PI:C ratios and autoantibody
type and number have not been examined. We sought to characterize PI:C ratios in multiple islet autoantibody positive, single autoantibody positive and autoantibody
negative relatives of individuals with type 1 diabetes.
Methods: We measured PI:C ratios and autoantibodies with both electrochemiluminescence (ECL) assays (ECL-IAA, ECL-GADA and ECL-IA2A) and radiobinding (RBA)
assays (mIAA, GADA, IA2A and ZnT8A) in 98 relatives of individuals with type 1 diabetes followed in the TrialNet Pathway to Prevention Study at the Barbara Davis
Center for a mean of 7.4 � 4.1 years. Of these subjects, eight progressed to T1D, 31 were multiple autoantibody (Ab) positive, 37 were single Ab positive and 22 were
Ab negative (by RBA).
Results: In cross-sectional analyses, there were no significant differences in PI:C ratios between type 1 diabetes and/or multiple Ab positive subjects (4.16 � 4.06)
compared to single Ab positive subjects (4.08 � 4.34) and negative Ab subjects (3.72 � 3.78) (p ¼ 0.92) overall or after adjusting for age, sex and BMI. Higher PI:C
ratios were associated with mIAA titers (p ¼ 0.03) and showed an association with ECL-IA2A titers (p ¼ 0.09), but not with ECL-IAA, GADA, ECL-GADA, IA2A nor
ZnT8A titers. In mixed-effects longitudinal models, the trajectories of PI:C ratio over time were significantly different between the Ab negative and multiple Ab
positive/type 1 diabetes groups, after adjusting for sex, age, and BMI (p ¼ 0.04).
Conclusions: PI:C ratio trajectories increase over time in subjects who have multiple Ab or develop type 1 diabetes and may be a helpful biomarker to further
characterize and stratify risk of progression to type 1 diabetes over time.
1. Introduction

Type 1 diabetes is classically thought to be an autoimmune disease
due to infiltration of CD8þ T cells directed against insulin producing beta
cells. It is characterized by the development of islet autoantibodies that
can be present for years before onset of clinical type 1 diabetes [1]. While
the presence of autoantibodies identifies individuals at risk of developing
type 1 diabetes [2–4], progression to clinical diabetes is variable and is
influenced by different factors such as type of autoantibody, titer and age
at seroconversion [5]. Post-mortem studies in patients with type 1 dia-
betes have shown that the degree of immune cell infiltration in islets, and
the composition of insulitis, can be variable among patients [6]. Histo-
logically distinct endotypes of islet infiltration and proinsulin levels
correlate with age at diagnosis [7]. There are four major islet auto-
antigens associated with type 1 diabetes. Insulin autoantibodies (mIAA)
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are typically the first autoantibody to be detected in young children [8]
and correlate with age of diabetes onset [9]. Glutamic acid
decarboxylase-65 autoantibodies (GADA) are antibodies against
GABA-ergic neurons and pancreatic beta cells and are often the first
autoantibody detected in older children [10,11]. Tyrosine phosphatase
islet antigen-2 autoantibodies (IA-2A) are a major autoantigen in type 1
diabetes and an enzymatically inactive member of the tyrosine phos-
phatase family that regulates insulin secretion [12]. Zinc transporter 8
autoantibodies (ZnT8A) [4] can be seen in 60–80% of patients with new
onset type 1 diabetes. Both IA-2A and ZnT8A tend to appear as a sec-
ondary autoantibody and IA2A has been shown to be associated with
progression to diabetes [13,14].

Relatives of individuals are at an increased risk of developing type 1
diabetes [15] and are eligible for autoantibody screening through the
TrialNet Pathway to Prevention study. TrialNet is an international
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consortium of investigators focused on studying the etiology of type 1
diabetes and preventing or reversing progression of disease [16,17].
Subjects are screened by radiobinding assays (RBA) for type 1 diabetes
related autoantibodies. Recently, there has been emerging work in
further refining these autoantibodies assays to improve prediction for
progression to type 1 diabetes. Electrochemiluminescence (ECL) assays
have been shown to be more disease specific and sensitive compared to
RBA [18–20].

Given this heterogeneity within disease, additional biomarkers are
needed to further characterize type 1 diabetes for personalized treat-
ments and prevention trials. Markers of beta cell dysfunction in type 1
diabetes have been explored as a way to further characterize and predict
those who may go on to develop type 1 diabetes. Proinsulin to C-peptide
(PI:C) ratios have emerged as a promising biomarker to characterize
progression to type 1 diabetes [21]. Elevations in PI:C ratios preceded the
diagnosis of type 1 diabetes especially in younger children [22] and
aberrant proinsulin processing correlates with islet infiltration [7].
However, PI:C ratio trajectories over time as well as relationships be-
tween PI:C ratios and autoantibody titers have not been examined.

We sought to characterize PI:C ratios in multiple islet autoantibody
positive, single autoantibody positive and autoantibody negative rela-
tives of individuals with type 1 diabetes in a cohort of patients from the
TrialNet Pathway to Prevention Study followed at the Barbara Davis
Center for Diabetes.

2. Research design and methods

2.1. Study participants

Nondiabetic relatives of patients with type 1 diabetes were recruited
to the TrialNet Pathway to Prevention Study (ClinicalTrials.gov identi-
fier: NCT00097292), as previously described [16]. All TrialNet subjects
followed in the Pathway to Prevention study at the Barbara Davis Center
for Diabetes with available ECL and proinsulin/C-peptide data were
included in this study (N ¼ 98). All study participants gave informed
consent, and the study was approved by the local Ethics Committee. In
the TrialNet Pathway to Prevention Study, subjects who are initially
autoantibody negative are annually retested for islet autoantibodies until
age 18, while autoantibody positive subjects are monitored every 6–12
months with RBA testing, HbA1c and OGTTs. In this study, participants
were classified as autoantibody negative, single antibody positive and
multiple antibody positive according to their RBA status longitudinally
over time. ECL assays are not routinely measured in the TrialNet Pathway
to Prevention Study. For this study, all participants had ECL assays
measured at baseline as we included all TrialNet subjects followed in the
Pathway to Prevention study at the Barbara Davis Center for Diabetes
with available ECL and proinsulin/C-peptide data (N ¼ 98). Since ECL
assays are not measured longitudinally, we analyzed antibody titers for
both RBA and ECL at baseline. Participants were classified as autoanti-
body negative (N ¼ 22), single antibody positive if they were confirmed
single antibody positive (N ¼ 37) and multiple antibody positive if they
were ever multiple antibody positive (N ¼ 31); 8 subjects progressed to
type 1 diabetes. Participants who were single antibody positive but not
confirmed on repeat testing, i.e. transient single antibody positive, were
included in the autoantibody negative group. Individuals with single
confirmed autoantibody positive or multiple islet autoantibodies were
offered baseline assessment of oral glucose tolerance test (OGTT), and
were monitored with autoantibody testing, HbA1c and OGTT at 6- or
12-month intervals depending on estimated risk [16]. In the TrialNet
Pathway to Prevention Study, siblings who are initially autoantibody
negative are annually retested for islet autoantibodies until age 18, while
autoantibody positive subjects are monitored every 6–12 months. Type 1
diabetes was diagnosed according to the TrialNet definitions of devel-
opment of diabetes which include the American Diabetes Association
criteria [23] as well as the following criteria if subjects are not un-
equivocally symptomatic: two diabetic OGTTs, not on the same day;
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diabetic OGTT and FPG � 126 mg/dl, not on the same day; diabetic
OGTT and HbA1c � 6.5% (these may be on the same day); FPG � 126
mg/dl and HbA1c � 6.5% (these may be on the same day). Participants
were followed for a mean � SD of 7.4 � 4.1 years.

2.2. Biochemical testing

All participants were screened for GADA, IA-2A, mIAA and ZnT8A
measured by radioimmunoassay (RBA) in the TrialNet Core Laboratory at
the Barbara Davis Center for Childhood Diabetes, Aurora, Colorado, as
previously described [2,3]. In the 2020 Islet Autoantibody Standardiza-
tion Program Workshop, sensitivities and specificities for the RBA were
62% and 99% respectively for mIAA, 78% and 99% respectively for
GADA, 72% and 100% respectively for IA-2A, and 74% and 100%
respectively for ZnT8A. Electrochemiluminescence assays (ECL) were
performed for ECL-IAA, ECL-GADA, and ECL-IA2A [19,24]. In the 2020
Islet Autoantibody Standardization Program Workshop, sensitivities and
specificities for ECL were 66% and 99% respectively for IAA, 78% and
100% respectively for GADA, and 72% and 100% respectively for IA-2A.

We measured pro-insulin level using an RBA (HPI-15 K; Millipore)
[22]. This assay detects 100% human intact proinsulin, 95% human Des
(31,32) proinsulin, and <0.1% human Des (64,65) proinsulin.
Cross-reactivity for both human C-peptide and human insulin are <0.1%
and has been extensively validated [25]. C-peptide values were measure
using the Tosoh two-site immunoenzymometric assay (Tosoh
Bioscience).

2.3. Statistical analysis

Statistical analyses were performed using PRISM (GraphPad Soft-
ware, Inc., La Jolla, CA) and SAS version 9.4 (SAS Institute, Cary, NC,
USA). ECL and RBA autoantibody titers were converted to SD units away
from threshold (z-scores) for analyses. Interestingly, of the 8 subjects who
progressed to type 1 diabetes, 5 were single confirmed autoantibody
positive and 3 were multiple autoantibody positive prior to diagnosis.
Due to the small number of individuals diagnosed with type 1 diabetes in
this cohort, multiple autoantibody positive subjects and those who
developed type 1 diabetes were combined in this analysis. In cross-
sectional analyses, linear models were used to compare PI:C ratio by
autoantibody status. PI:C ratios were analyzed over time using mixed
effects longitudinal models while adjusting for age, sex and BMI. Of note,
age and BMI were positively correlated (r2¼ 0.51, p< 0.0001). Pearson’s
correlation analyses were used to relate the RBA and ECL antibody titers
to PI:C ratio. Results were considered statistically significant with p-value
< 0.05.

3. Results

Subjects were classified as either autoantibody negative (n ¼ 22),
single confirmed autoantibody positive (n ¼ 37) or multiple autoanti-
body positive/diagnosed with type 1 diabetes (n ¼ 39) based on RBA
testing. Baseline characteristics are shown in Table 1. The multiple
autoantibody and type 1 diabetes cohort were younger (22.6 � 13.0
years) than the single autoantibody positive subjects (31.4 � 13.1 years)
and autoantibody negative subjects (28.1� 14.6 years) (p¼ 0.02). There
was no statistically significant difference for sex or ethnicity between the
populations. Those with multiple autoantibodies and/or type 1 diabetes
had a higher hemoglobin A1c (5.3 � 0.4%) compared to the autoanti-
body negative and single autoantibody positive subjects (5.0 � 0.4%) (p
¼ 0.007). The presence of the high-risk haplotype DR4 was more com-
mon in those with multiple autoantibodies and/or type 1 diabetes (26/
39, 67%) compared to the single autoantibody positive subjects (21/37,
57%) and the autoantibody negative subjects (6/22, 29%) (p ¼ 0.02).
There was no statistically significant difference in the presence of the
high-risk HLA haplotype DR3 between the groups.

There was no statistical difference in cross sectional PI:C ratios
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Table 1
Characteristics of subjects.

All (n
¼ 98)

Negative Ab
(n ¼ 22)

Single Ab
Positive
(n ¼ 37)

Multiple
Positive and
type 1 diabetes
(n ¼ 39)

P
Value

Age at
screening
(years)

27.2 �
13.8

28.1 � 14.6 31.4 �
13.1

22.6 � 13 0.02

Sex (Female) 56
(57%)

9 (41%) 26 (70%) 21 (54%) 0.08

Race
NHW
Hispanic
Other

80
(82%)
16
(16%)
2 (2%)

20 (91%)
2 (9%)
0 (0)%

30 (81%)
7 (19%)
0 (0%)

30 (77%)
7 (18%)
2 (5%)

0.49

BMI (kg/m2) 25.3 �
6.0

26 � 6.1 26.7 � 6.1 23.6 � 5.7 0.10

DR3 Present 35
(36%)

5 (24%) 15 (41%) 15 (38%) 0.41

DR4 Present 53
(55%)

6 (29%) 21 (57%) 26 (67%) 0.02

DR 3/4 13
(13%)

1 (5%) 5 (14%) 7 (18%) 0.39

HbA1c % 5.1 �
0.4

5.0 � 0.4 5.0 � 0.4 5.3 � 0.4 0.007

Follow up
time
(years)

7.4 �
4.1

9.5 � 3.7 6.2 � 4.0 7.3 � 4.0 0.01

Ab: islet autoantibody.
BMI: body mass index.
NHW: Non-Hispanic White.
P values by ANOVA, chi-square test or Fisher’s exact test were used to compare
negative ab, single ab and multiple positive/type 1 diabetes cohorts.

Table 2
Correlation of PI:C ratios with Autoantibody Titers.

Correlation P-Value

GADA 0.17 0.10
IA2A 0.11 0.26
mIAA 0.22 0.03
ZnT8A 0.003 1.0
ECL_GADA 0.03 0.80
ECL_IA2A 0.18 0.09
ECL_IAA 0.04 0.70

ECL: electrochemiluminescence.

Fig. 2. (a)Correlation of mIAA to PI:C. (b): Correlation of ECL- IA2A to PI:C.
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analyses by autoantibody status, both overall or after adjusting for age,
sex and BMI. Subjects with negative autoantibodies had a PI:C ratio of
3.72 � 3.78, those with single autoantibodies had a PI:C ratio of 4.08 �
4.34 and those with multiple autoantibodies and/or type 1 diabetes had a
PI:C ratio of 4.16 � 4.06 (p ¼ 0.92).

Mixed-effects longitudinal models were adjusted for sex, age and BMI.
The trajectories of PI:C ratio over time were significantly different be-
tween the multiple autoantibody positive and/or type 1 diabetes subjects
compared to the subjects who were autoantibody negative (p ¼ 0.04)
(Fig. 1).

Pearson’s correlation analyses were used to relate the titers of auto-
antibodies with PI:C ratios (Table 2). Higher PI:C ratios were correlated
with higher mIAA titers (R2¼ 0.049, p¼ 0.028) and showed a borderline
association with ECL-IA2A titers (R2¼ 0.032, p¼ 0.09) (Fig. 2). All other
autoantibody titers by RBA or ECL did not correlate with PI:C ratio levels.

4. Conclusions/discussion

In this study of 98 relatives of individuals with type 1 diabetes
Fig. 1. Trajectories of PI:C ratio over time.
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followed longitudinally over time for a mean of 7.4 years, PI:C ratio
trajectories increase in subjects who have multiple autoantibodies and/
or develop type 1 diabetes compared to those who are autoantibody
negative. In addition, this is the first study to show that higher PI:C ratios
were associated with mIAA and ECL-IA2A titers. PI:C ratios and espe-
cially their trajectories over time might be a helpful biomarker to further
stratify risk of progression to type 1 diabetes and select potential subjects
for prevention trials.

Type 1 diabetes is a complex, multifactorial disease and current data
suggests the concept of disease endotypes rather than considering type 1
diabetes as a single disease [26]. Distinct diabetes endotypes correlate
with age at diagnosis [27], autoantibody type [28], genetic risk [29] and
potential environmental exposures [30]. Further characterization of
endotypes will help guide intervention and prevention trials as well as
personalized clinical management. While diagnosis of type 1 diabetes has
clear clinical criteria once patients present with symptoms and hyper-
glycemia, the pre-clinical period is variable. Even in genetically at-risk
relatives there is a considerable amount of heterogeneity in those who
progress to type 1 diabetes and in the rate of progression to clinical
disease. Consistent with the findings in this study, higher mIAA and
IA-2A titers were associated with rate of progression to diabetes in
antibody positive subjects followed in The Environmental Determinants
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of Diabetes in the Young study, after adjusted for first-degree relative
status, number of autoantibodies, age at first persistent confirmed auto-
antibodies, and HLA genotypes [31]. This may be clinically relevant to
further understand those at the greatest risk for progressing to type 1
diabetes and to characterize individuals who may benefit from inter-
vention and/or prevention studies. Further characterizing and stratifying
risk of progression is needed and PI:C ratios and ECL assays are emerging
biomarkers that may aid in our understanding of beta cell dysfunction
and progression to clinical diabetes.

Beta cell stress can be evident when insulin demand exceeds the beta
cells’ capacity to secrete insulin. However, timing of beta cell decline
within the first year of diagnosis is highly variable [32]. In this setting of
progressive beta cell death, processing of proinsulin is disrupted and can
be a marker of cell dysfunction. Abnormalities in processing insulin can
be seen in those with longstanding diabetes [33]. Cross-sectional
elevated PI:C ratios were associated with progression to type 1 diabetes
in autoantibody positive relatives 1 year before diagnosis [22] and PI:C
ratios can be significantly elevated at diagnosis of type 1 diabetes and
persist into the honeymoon period [34,35]. Markers of beta cell stress
such as PI:C ratios trajectories over time could be used to further char-
acterize heterogeneity within disease and offer potential personalized
clinical management of patients at early stages of type 1 diabetes.

Limitations of this study include the small sample size as PI:C ratios
and ECL assays have only been measured in a subset of subjects followed
in TrialNet. Strengths of this study include a well characterized cohort of
relatives of individuals with type 1 diabetes followed longitudinally over
a mean period of 7.4 years.

To our knowledge this is the first study to analyze PI:C ratio trajec-
tories over time in subjects at risk for type 1 diabetes. Monitoring of PI:C
ratios longitudinally may be a helpful biomarker to further characterize
and stratify risk of progression to type 1 diabetes. While PI:C ratios were
correlated with mIAA and ECL-IA2A titers, larger studies are needed to
elucidate potential causal relationships between PI:C ratios and autoan-
tibody titers.
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