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Abstract

Aims/hypothesis There is a growing need for markers that could help indicate the decline in beta cell function and recognise
the need and efficacy of intervention in type 1 diabetes. Measurements of suitably selected serum markers could potentially
provide a non-invasive and easily applicable solution to this challenge. Accordingly, we evaluated a broad panel of proteins
previously associated with type 1 diabetes in serum from newly diagnosed individuals during the first year from diagnosis.
To uncover associations with beta cell function, comparisons were made between these targeted proteomics measurements
and changes in fasting C-peptide levels. To further distinguish proteins linked with the disease status, comparisons were made
with measurements of the protein targets in age- and sex-matched autoantibody-negative unaffected family members (UFMs).
Methods Selected reaction monitoring (SRM) mass spectrometry analyses of serum, targeting 85 type 1 diabetes-associated proteins,
were made. Sera from individuals diagnosed under 18 years (n=86) were drawn within 6 weeks of diagnosis and at 3, 6 and 12 months
afterwards (288 samples in total). The SRM data were compared with fasting C-peptide/glucose data, which was interpreted as a
measure of beta cell function. The protein data were further compared with cross-sectional SRM measurements from UFMs (n=194).
Results Eleven proteins had statistically significant associations with fasting C-peptide/glucose. Of these, apolipoprotein
L1 and glutathione peroxidase 3 (GPX3) displayed the strongest positive and inverse associations, respectively. Changes in
GPX3 levels during the first year after diagnosis indicated future fasting C-peptide/glucose levels. In addition, differences in
the levels of 13 proteins were observed between the individuals with type 1 diabetes and the matched UFMs. These included
GPX3, transthyretin, prothrombin, apolipoprotein C1 and members of the IGF family.

Concdlusions/interpretation The association of several targeted proteins with fasting C-peptide/glucose levels in the first year after
diagnosis suggests their connection with the underlying changes accompanying alterations in beta cell function in type 1 diabetes.
Moreover, the direction of change in GPX3 during the first year was indicative of subsequent fasting C-peptide/glucose levels, and
supports further investigation of this and other serum protein measurements in future studies of beta cell function in type 1 diabetes.
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proteomics - Type 1 diabetes
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What is already known about this subject?

Differences in protein levels between individuals with type 1 diabetes and matched control participants have been

reported from previous serum proteomics analyses

The overlap and relevance of serum/plasma markers of type 1 diabetes identified by proteomics has been limited
by heterogeneity in study populations and lack of temporal data

The rate of loss of endogenous insulin, as indicated by C-peptide levels, varies between individuals after type 1

diabetes diagnosis

What is the key question?

Are any of the previously reported serum/plasma proteomics markers temporally associated with type 1 diabetes
progression, as signalled by changes in C-peptide levels?

What are the new findings?

Statistically significant associations with changes in fasting C-peptide/glucose were found for several of the

targeted proteins

A serum protein potentially indicative of future beta cell function was uncovered

Statistically significant differences in the levels of several proteins between healthy participants and participants
newly diagnosed with type 1 diabetes were discerned in samples collected during the first year from diagnosis

How might this impact on clinical practice in the foreseeable future?
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The highlighted panel of serum proteins may provide further indications of the changes accompanying type 1
diabetes and could be further evaluated to help stratify at-risk individuals for interventions
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Introduction
Circulating C-peptide levels, derived from sustained endog-
enous insulin secretion, provide an indication of preserved
beta cell mass, and their decline signifies disease progression
in individuals with type 1 diabetes [1]. Changes in other
circulating serum proteins could similarly provide clinically
relevant information on disease pathogenesis and thus poten-
tially be important for stratification for interventions [2].
Differences in protein abundance have been reported from a
range of studies of blood plasma and sera from individuals with
type 1 diabetes, before and after diagnosis [3-9]. However, there
have been only limited details of temporal changes of these post
diagnosis, and with only a small overlap between the different
study results [10]. Nevertheless, re-evaluation of these targets
with longitudinal measurement and harmonised sample collec-
tion might reveal useful associations with changing beta cell func-
tion and C-peptide levels. For example, protein level signatures
accompanying islet cell destruction or ensuing complications
arising from the loss of glycaemic control might be discerned.
To evaluate the utility of type 1 diabetes-associated proteins
as signals of changes in beta cell function, targeted MS was
used to determine their serum levels in newly diagnosed (ND)
youth during the first year from diagnosis. These data were
compared with parallel fasting C-peptide/glucose data, and with
fasting C-peptide/glucose at 24 months. Additional comparison
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was made with targeted protein measurements of serum sam-
ples from age- and sex-matched autoantibody-negative unaf-
fected family members (UFMs, n=194). The measured targets
included 85 with a previous type 1 diabetes association, in addi-
tion to 13 selected for reference or otherwise. These are summa-
rised, together with the studies from which they were reported
and the peptides measured, in electronic supplementary mate-
rial (ESM) section Protein Selection and ESM Tables 1, 2.

Methods
Samples

Serum samples collected between 2018 and 2019 in the pan-
European Innovative approaches to understanding and arrest-
ing type 1 diabetes INNODIA) study [11] were used for these
measurements. They were selected as an early project milestone
to investigate the first 100 ND individuals. Participants between
the ages of 1 and 45 years were consecutively recruited on the
basis of an even sex distribution and positivity for at least one
diabetes-related autoantibody (GADA, IA-2A, ZnT8A). Sex
was based on reporting by the parents or the adult study partici-
pants, with no selection restrictions applied in terms of regional
and socioeconomic factors. The participants were enrolled at
the sites of sample collection, as detailed in the ESM INNO-
DIA Project Overview and ESM Table 3. Accurate data on eth-
nicity were not available, and neither were any specific ethnicity
criteria applied. To limit the influence of age, only individuals
diagnosed under the age of 18 years (n=86, 41 female, 45 male)
were considered in the current analysis. In addition, samples
from age (+1 year)- and sex-matched autoantibody-negative
UFMs (n=194, 91 female, 103 male) were analysed. BMI
was not used in the criteria for matching. Participant samples
were collected within 6 weeks of diagnosis (n=81), then at 3
months (n=82), 6 months (n=80) and 12 months after diagnosis
(n=45), as detailed in Fig. 1 and ESM Table 3. Only one sample
was collected from each UFM

Harmonised protocols for sample collection and storage
were used at the study centres. The study followed the guide-
lines of the Declaration of Helsinki for research on human
participants, and the study protocols were approved by the
ethical committees of the participating hospitals. Either the
parents or participants gave their written informed consent.

Fasting C-peptide and fasting glucose

Fasting C-peptide and fasting serum glucose were meas-
ured at the different visits as previously described [11, 12].
The fasting C-peptide/glucose ratio was used as a surrogate
measurement for beta cell function, with a decrease inter-
preted as an indication of probable disease progression [12].

Sample preparation and targeted LC-MS/MS

Sera were prepared and analysed by selected reaction moni-
toring (SRM) with minor modifications to our previously
described LC-MS protocol, as detailed in the supplementary
information [13]. In brief, serum proteins were alkylated
with iodoacetamide, digested with trypsin and spiked with
heavy isotope-labelled synthetic peptide analogues (PEPotec,
Thermo Fisher Scientific, USA). The samples were prepared
batch-wise in 96-well plates. Three distinct quality control
(QC) serum samples within each plate were periodically ana-
lysed. The plates were designed such that there was no sex
bias, and samples from selected sex- and age-matched UFMs
were prepared simultaneously to those from ND individuals,
in a blinded fashion, and randomised for the order of analysis.

A TSQ Vantage Triple Quadrupole Mass Spectrometer
(Thermo Fisher Scientific), coupled with an Easy-nL.C 1000
liquid chromatograph (Thermo Fisher Scientific), was used.
QC samples were prepared and analysed together with samples
and used to assess the system performance and reproducibility.

Data analysis

Pre-processing, normalisation and false discovery rate calcula-
tions Peptide-wise linear mixed effects models (LMMs) were
used to normalise the log,-transformed data and adjust for batch
effects, with consideration of sample analysis order while allow-
ing an individual baseline for each experimental batch. The over-
all proportion of missing values in the data was low (~0.3%) and
no imputation for the missing values was performed. The gen-
eral technical reproducibility of the normalised and logarithm-
transformed data from the QC samples was good, with a mean
coefficient of variation of ~3% over all the proteins. Similarly,
the Pearson correlation coefficient between the QC samples
ranged from 0.9 to 0.999 (with a mean of 0.98), indicating good
technical reproducibility, and the pooled median absolute devia-
tion over all the proteins within the QC samples varied between
~0.30 and 0.33, corresponding to the variation observed previ-
ously for technical replicate samples in MS experiments [14].
The statistical programming language R version 4.0.0 was
used [15], with the R packages Ime4 version 1.1-27.1 and
ImerTest version 3.1-3 to compose the LMMs [16]. For cal-
culations of peptide intensity differences and associations
with beta cell function, a false discovery rate (FDR) of 0.05
was applied after multiple hypothesis correction using the
Benjamini—Hochberg procedure.

Changing peptide levels and beta cell function The asso-
ciations between peptide levels and the ratio of fasting
C-peptide/glucose during the first 12 months from diagno-
sis were investigated as a measure of disease-related beta
cell function. Natural logarithm transformation of the fast-
ing C-peptide/glucose ratios was performed to facilitate
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Fig.1 Schematic representation of the study design. Serum samples
were collected from ND youth and autoantibody-negative UFMs
in the INNODIA type 1 diabetes study. A consecutive recruitment
approach was used with inclusion on the basis of an even sex distri-
bution, biosample availability and positivity for at least one diabe-
tes-related autoantibody (GADA, IA-2A, ZnT8A). The age and sex
distribution of the cohort is shown in the upper right-hand panel.

regression analysis. The LMMs were adjusted for sex,
height, BMI score (age-based BMI expressed as standard
deviation score [BMI-SDS]), study centre and individual
variation. Sex, height and BMI score were included as fixed
effects, while individual and study centre were included as ran-
dom effects, with individual nested under the study centre. As
fasting C-peptide is strongly related to body size, height and
BMI-SDS were used to control for individual differences in
body size while also controlling for possible age-related effects.

@ Springer

The samples were prepared and analysed by LC-SRM-MS, target-
ing a panel of type 1 diabetes-associated proteins. The peptide lev-
els (normalised log,-transformed intensity) were compared between
ND individuals and UFMs and with fasting C-peptide/glucose
(log,-transformed, pmol/l for fasting C-peptide and mmol/I for fasting
glucose) data. BioRender.com was used in creating this figure. C-pep/
Gluc, C-peptide/glucose

To estimate how the peptide levels during the first 12
months were associated with the fasting C-peptide/glucose
ratio at 24 months, a linear slope for each peptide and each
individual over the first four visits was calculated using linear
regression models. LMMs were used to search for associa-
tions between the slopes and fasting C-peptide/glucose ratios
at 24 months after diagnosis, while adjusting for sex, height,
BMI score and study centre as fixed effects and random effects.
Additionally, associations were searched for between the
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Table 1 Fasting C-peptide/glucose and SRM peptide associations

Gene Protein name Accession number Peptide FDR Effect size®
APOLI Apolipoprotein L1 014791 VTEPISAESGEQVER 0.048 0.51
IGF1 Insulin-like growth factor I P05019 GFYFNKPTGYGSSSR 0.01 0.31
COLIAI Collagen alpha-1(I) chain P02452 ICVCDNGK 0.035 0.22
APOB Apolipoprotein B-100 P04114 EVGTVLSQVYSK 0.045 -0.22
IGFBP2 Insulin-like growth factor-binding protein 2 P18065 LEGEACGVYTPR 0.024 -0.27
IGFBP2 Insulin-like growth factor-binding protein 2 P18065 LIQGAPTIR 0.024 -0.28
MASP2 Mannan-binding lectin serine protease 2 000187 VLATLCGCQESTDTER 0.035 -0.36
HRG Histidine-rich glycoprotein P04196 DGYLFQLLR 0.048 -0.42
C8G Complement component C8 gamma chain P07360 SLPVSDSVLSGFEQR 0.035 -0.53
APOM Apolipoprotein M 095445 AFLLTPR 0.048 —0.52
SERPINGI Plasma protease C1 inhibitor P05155 LLDSLPSDTR 0.024 —0.64
GPX3 Glutathione peroxidase 3 P22352 FLVGPDGIPIMR 0.003 —1.04

Comparison of fasting C-peptide/glucose data with the targeted MS (SRM) measurements from the individuals with type 1 diabetes revealed 12
significant peptide associations, representing 11 proteins. The FDRs and effect sizes are shown together with the associated peptides

Effect size=LMM regression model coefficient for normalised log,-transformed peptide level associations with log,-transformed fasting C-pep-

tide/glucose (pmol/l for fasting C-peptide and mmol/I for fasting glucose)

peptide slopes and the changes between the fasting C-peptide/
glucose ratio at 24 months and the fasting C-peptide/glucose
ratio at 6 weeks (24 months/6 weeks). As a criterion for data
inclusion, for a slope to be calculated for a peptide for an indi-
vidual, at least three non-missing values were required for the
peptide (out of four possible). Otherwise (less than three non-
missing values), the slope for the peptide in question for an
individual was set as missing (not available, NA). Also, only
ND individuals with at least three visits including the first visit
(6 weeks) and a measurement for the fasting C-peptide/glucose
ratio at 24 months (n=33) were included in the analysis.

Differences in the levels of tryptic peptides measured from
sera Peptide-wise LMMs were used to determine significant
differences in the levels of peptides from the comparisons
of the individuals with type 1 diabetes and the UFMs, while
adjusting for age, sex, study centre and individual variation.
Age at baseline and sex were included as fixed effects in
the LMMs and individual and study centre were included
as random effects, with individual nested under the study
centre. BMI was not used in this comparison.

Results

Longitudinal changes in protein levels associate
with changes in fasting C-peptide/glucose

To determine whether longitudinal changes of the selected
proteins were related to beta cell function, the targeted pep-
tide profiles and concurrent fasting C-peptide/glucose ratios
were compared over time. In this way, significant associations

(FDR<0.05) were discovered for 12 peptides from 11 proteins
(as exemplified in Table 1, Fig. 2 and ESM Fig. 1). Nota-
bly, the overall trend in fasting C-peptide/glucose ratios fol-
lowed a hyperbolic profile during the first year after diagnosis,
with only moderate individual variation. Markedly, the most
positively associated peptide, apolipoprotein L1 (ApoL1),
followed a similar overall profile, whereas the peptide with
the strongest inverse association, glutathione peroxidase 3
(GPX3), followed an opposite profile (Table 1, Fig. 2).

To further determine if the early changes in peptide/protein
abundance are related to the change in C-peptide in the longer
term, the trends in peptide levels during the first year were com-
pared with the fasting C-peptide/glucose ratios at 24 months.
Although this comparison was made for all the targets, only
the changes for the GPX3 peptide were indicative of a future
decline in fasting C-peptide levels and thus beta cell function
(FDR<0.05, Fig. 3a—c). This association remained strong even
when comparing trends in peptide levels during the first year
with changes in the fasting C-peptide/glucose ratio between
the baseline 6 week and 24 month measurements (FDR=0.07).
The preservation of C-peptide was favoured in participants with
decreasing GPX3, whereas the loss of C-peptide was more pro-
nounced for those with increasing GPX3 (Fig. 3a—c).

Comparison of the ND individuals and UFMs
demonstrates differences in the peptide levels
during the first year after diagnosis

Since the selected targets were chosen from a range of different
experimental settings, comparisons between these ND youth and
matched UFMs were made to evaluate their status in the pre-
sent cohort. This highlighted significant differences in the

@ Springer
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Fig.2 Comparison of the
targeted proteomics and fasting
C-peptide/glucose data revealed
several significant associations
(FDR<0.05). Examples of these
are shown for proteins from
different classes and processes:
IGF proteins (a, b), coagula-
tion and complement system

(c, d), apolipoproteins (e, f)
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in Table 1. Further representa-
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the individual data points, are
shown in ESM Fig. 1. C-pep/
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levels of 18 peptides, representing 13 proteins (FDR<0.05,
Table 2). Notably, there were consistent and significant dif-
ferences for multiple peptides from transthyretin (TTR)
(Fig. 4c, d), apolipoprotein C1 (ApoC1) (Fig. 4a), comple-
ment 2 and afamin (AFM) (ESM Fig. 2, Table 2). Other
differences included peptides from the IGF family pro-
teins, IGF1 and IGF-binding proteins 1 and 3 (IGFBP1 and
IGFBP3). BMI was not considered for these comparisons.
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Time from diagnosis (months)

s Fasting C-pep/Gluc ratio
——=95% CI

Discussion

Targeted proteomics was used to evaluate potential markers
of type 1 diabetes in youth from the first 100 ND individuals
recruited to the INNODIA study. The data revealed associa-
tions with fasting C-peptide/glucose changes and differences
between the UFMs and ND youth for a panel of these proteins.
The fasting C-peptide/glucose data followed a parabolic profile,
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Fig.3 Changes in GPX3 levels during the first year after diagno-
sis are associated with beta cell function at 24 months. (a) Fasting
C-peptide/glucose ratio at the 24 month visit vs GPX3 slope during
the first 12 months after diagnosis. Individuals with negative or posi-
tive slopes are shown in blue and red dots, respectively. The dashed
grey line indicates the overall negative association. (b) Examples of
GPX3 changes during the first year after disease onset for two indi-
viduals. The solid lines show a negative slope (blue) and a positive
slope (red), with the associated fasting C-peptide/glucose data indi-
cated by the arrows from panel (a). The GPX3 data points are marked
in black. (c) Fasting C-peptide/glucose was better preserved in indi-
viduals whose GPX3 levels decreased in the first year from diagno-

reflective of the so-called honeymoon period that has been
reported in type 1 diabetes [17]. In this way, the concordant
changes in the measured proteins could provide insights into the
disease pathology. For conciseness and clarity of discussion, the
clearest examples of fasting C-peptide/glucose-associated and
differentially abundant proteins are presented and subdivided
by their common biological processes and connecting themes.

Markers of oxidative stress and declining C-peptide
levels

The strongest inverse association with the fasting C-pep-
tide/glucose ratio was observed for the peptide measured
for GPX3. Accordingly, the level of GPX3 declined as the
fasting C-peptide/glucose increased and vice versa. Fur-
thermore, a comparison with 24 month fasting C-peptide/
glucose revealed that the rate of change in GPX3 during
the first year after diagnosis gave an indication of the loss
of C-peptide by 24 months (Fig. 3). Notably, the GPX3
peptide was also significantly more abundant in the type 1
diabetes group (Table 1).

GPX3 is a selenocysteine-containing protein and a
major scavenger of reactive oxygen species (ROS) in
serum [18]. Its expression is directly affected by selenium
(Se) abundance, i.e. sensitive to decreasing Se levels, and
it is transcriptionally regulated by peroxisome prolifer-
ator-activated receptor y (PPARY) [19]. GPX3 protects
cells and enzymes from oxidative damage by catalysing
the glutathione (GSH) reduction of hydroperoxides [18],

sis (FDR=0.07). The 1.5 months (6 weeks) and 24 months fasting
C-peptide/glucose (log,-transformed, pmol/l for fasting C-peptide
and mmol/l for fasting glucose) data are shown for individuals with
increasing and decreasing GPX3 levels (normalised log,-transformed
intensity) in the red and blue boxplots, respectively. The box plots
indicate the first, second and third quartiles, and the whiskers show
the smallest and largest values within 1.5 X the interquartile range,
for the lower and upper limit, respectively. The GPX3 slopes and the
fasting C-peptide/glucose ratio data were adjusted for the potential
confounding factors sex, height, standardised BMI, study centre and
individual variation. The fasting C-peptide/glucose data were natural
log transformed. C-pep/Gluc, C-peptide/glucose

and its activity is thereby limited by the availability of
serum GSH, although not by Se. In keeping with the role
of GPX3 as a stress-responsive antioxidant enzyme, there
are binding sites at its promoter for hypoxia-inducible fac-
tor 1 (HIF-1), specificity protein 1 (Sp1) transcription fac-
tor, a metal response element (MRE) and an antioxidant
response element (ARE) [20].

The observed difference between the individuals with type
1 diabetes and UFMs (Table 1) was in contrast to the cross-
sectional serum proteomics study of Zhang et al, in which the
authors reported downregulation of GPX3 in type 1 diabetes
and type 2 diabetes [4]. There are few other clear human data on
serum GPX3 levels in type 1 diabetes, while there are several
reports on type 2 diabetes with other comorbidities [21-23],
including suggestions that the serum/plasma levels are related
to oxidative stress and dependent on the extent of disease pro-
gression [24]. For example, higher GPX3 and PPARY expres-
sion has been reported during disease onset, with a subsequent
decrease with advancing disease [19, 21]. In addition, positive
and inverse associations have been reported for the activity and
expression of GPX3 in other diseases [24]. In Crohn’s disease,
for example, where oxidative stress leads to mucosal layer
damage, glutathione peroxidase (GPx) activity is increased
during the active phase and returns to normal during remis-
sion [25]. The association observed with GPX3 could similarly
reflect changes in oxidative stress, where the decrease in GPX3
is in parallel with gains in endogenous insulin secretion and
improved glycaemic control. Alternatively, these observations
could be related to an underlying immune response [26].

@ Springer
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Table 2 Peptides differentially abundant in the comparison of ND individuals and UFMs

Gene Protein Accession number  Peptide FDR Effect size®
HBB Haemoglobin subunit beta P68871 SAVTALWGK 47%1072 0.4
IGFBPI Insulin-like growth factor-binding protein 1 ~ P08833 AQETSGEEISK 8.0x 107 0.38
F2 Prothrombin P00734 TATSEYQTFFNPR 85x107° 0.26
HRG Histidine-rich glycoprotein P04196 DGYLFQLLR 1.7x 1072 0.16
HGFAC  Hepatocyte growth factor activator Q04756 LEACESLTR 1.3x 1072 0.14
c2 Complement 2 P06681 AVISPGFDVFAK 12% 1073 0.13
c2 Complement 2 P06681 HAFILQDTK 3.9 x 1072 0.08
GPX3 Glutathione peroxidase 3 P22352 FLVGPDGIPIMR 55%x 107 0.11
IGFBP3  Insulin-like growth factor-binding protein 3 P17936 ETEYGPCR 30x 1072 —0.11
AFM Afamin P43652 DADPDTFFAK 55x107*  -0.13
AFM Afamin P43652 AESPEVCFNEESPK 71x1075  —0.16
AFM Afamin P43652 GQCIINSNK 26x 107 —0.2
TGFBI ~ TGF-p-induced protein ig-h3 Q15582 LTLLAPLNSVFK 40x 107 —0.22
IGF1 Insulin-like growth factor I P05019 APQTGIVDECCFR 38x 1072 -0.35
APOCI  Apolipoprotein C1 P02654 EFGNTLEDK 85x 107 042
APOCI  Apolipoprotein C1 P02654 EWFSETFQK 12x 1077 —0.46
TTR Transthyretin P02766 AADDTWEPFASGK 85x 1070 044
TTR Transthyretin P02766 TSESGELHGLTTEEEFVEGIYK 42x 1077 —0.46

Analysis of the SRM data revealed significant differences for 18 peptides from 13 proteins in the comparison between ND individuals and
UFMs. These results are displayed with the FDRs and effect sizes. The effect sizes were derived from the LMMs with adjustment made for con-

founding effects to detect statistically significant differences

Effect size=LMM regression model coefficient related to the change in normalised log,-transformed peptide intensity level and the condition

status (ND vs UFM)

Histidine-rich glycoprotein (HRG) was also inversely
associated with the fasting C-peptide/glucose ratio and more
abundant in ND individuals compared with UFMs. Notably,
in relation to GPX3, HRG-GPx binding and enhancement of
GPx activity, including GPX3, was recently reported [27].

Also, in the context of oxidative stress, the vitamin E
binding protein AFM was less abundant in the individuals
with type 1 diabetes than in the UFMs. Reduced vitamin E
levels have been reported in studies on individuals affected
by type 1 diabetes, and supplementation of vitamin E has
been used to reduce oxidative stress [28].

Changes in the fasting C-peptide/glucose ratio
and apolipoproteins

The strongest positive association with changes in fasting
C-peptide/glucose was observed for ApoL1. Notably, type
1 diabetes is accompanied by disorders in lipid metabolism,
including alterations in lipoprotein metabolism where insu-
lin plays a central regulatory role [29]. ApoL1 positively
correlates with plasma triacylglycerol levels in both healthy
and diseased conditions [30]. In a study of type 2 diabetic
individuals, low C-peptide levels were associated with
reduced ApoL1, and insulin was shown to increase ApoL1
secretion in hepatic cells [30]. The positive association of
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ApoL1 with the fasting C-peptide/glucose ratio in the cur-
rent study may similarly indicate the effect of changes in
residual insulin secretion and ApoL1 levels.

An inverse association with the fasting C-peptide/glu-
cose ratio was observed for one of the apolipoprotein B-100
(ApoB) peptides. Insulin suppresses hepatic ApoB secretion
and increases the clearance of ApoB-containing lipoprotein
particles, which include VLDLs, intermediate-density lipo-
proteins, LDLs and chylomicrons [31]. Insulin deficiency is
associated with accumulation of VLDL and chylomicrons
leading to hypertriglyceridaemia, which is reversible with
adequate insulin therapy [32]. In this manner, the observed
relationship might reflect how sustained endogenous insu-
lin affects ApoB secretion and/or ApoB-containing particle
clearance.

Lower levels of ApoC1 were detected in the ND indi-
viduals than in the UFMs. ApoCl is exchangeable between
different lipoprotein classes and modulates a range of
enzymes important in lipid metabolism, including choles-
teryl ester transfer protein (CETP), which transfers choles-
teryl esters and triacylglycerols between lipoproteins [33].
Increased CETP activity was noted in individuals with type
1 diabetes, resulting in peripheral hyperinsulinaemia [29].
Although subcutaneous insulin administration could cause
the enhanced CETP activity in the latter example [34],
our results suggest that the lower level of CETP-inhibiting
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Fig.4 Comparison of the
targeted proteomics data from
the age-matched ND individuals
and UFMs revealed significant
differences for a series of pep-
tides (FDR<0.05). Examples
are shown for peptides from
ApoCl (a, b) and TTR (c,

d). The data are shown as the
locally estimated scatterplot
smoothing (LOESS) curves

for the peptide abundances
(normalised log,-transformed
intensity) relative to age and
grouped according to status, i.e.
ND individuals (red) and UFMs
(blue). The LOESS curves are
represented by the solid lines
and their 95% CI by the dashed
lines. The effect sizes and FDRs
for these differences are shown
in Table 1. Further representa-
tions for these data, including
the individual data points, are
shown in ESM Fig. 2
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ApoCl, observed in the ND individuals, may also play a
role. Post-translational modifications of ApoC1 impair its
ability to inhibit CETP [35]. In addition, levels of ApoCl1
are reduced at the onset of type 1 diabetes [3], and further
studies are needed to explore the role of ApoCl in the devel-
opment of type 1 diabetes.

Taken together, these results suggest that the profiles of
these apolipoproteins and their relationships with fasting
C-peptide/glucose ratio should be taken into further consider-
ation for monitoring changes associated with type 1 diabetes.

ND individuals show alterations in serum IGF
proteins

Lower IGF1 and IGFBP3 and elevated IGFBP1 levels
were detected in the sera of ND youth, compared with
UFMs. As noted in the literature when selecting these tar-
gets, reduced levels of IGF1 have been reported in chil-
dren, adolescents and adults who are autoantibody positive
(AAb+) or who have type 1 diabetes [36]. Similarly, the
positive association between IGF1 and the fasting C-pep-
tide/glucose ratio follows reported positive correlations
of C-peptide and IGF1 levels in AAb+ individuals and
in those with type 1 diabetes [36, 37]. In keeping with
this trend, serum IGF1 has been reported to increase in
ND individuals after the initiation of insulin treatment
[38]. Overall, these observations are consistent with the

——=95%ClI

requirement for sufficient insulin to maintain normal
hepatic IGF1 production, and the challenges to maintain
exogenous insulin administration.

Previous studies of individuals affected by type 1 dia-
betes [37, 38] and AAb+ individuals [36] have revealed
increased serum IGFBPI levels. IGFBP1 expression is
dependent on insulin, which downregulates its production.
In keeping with an anticipated challenge to endogenous
insulin secretion, elevated IGFBP1 levels were detected
in the ND group. Further, in relation to the detection of
lower participant levels of IGF1, IGFBP1 modulates IGF1
bioavailability, such that elevated IGFBP1 is limiting [39].

Finally, the two peptides measured for IGF-binding pro-
tein 2 (IGFBP2) were both inversely associated with the
fasting C-peptide/glucose ratio. In human studies, IGFBP2
has been reported to correlate inversely with insulin levels
[40], and in the cross-sectional serum proteomics study by
Zhi and co-workers, elevated IGFBP2 was observed and
validated in individuals with type 1 diabetes [5]. Although
significant differences in protein levels were not found
between the UFMs in the current analyses, the observation
from the larger validation cohort measured by Zhi et al
(1139 type 1 diabetic individuals and 848 control indi-
viduals) may have benefited from the improved statistical
power. In contrast to the ND individuals, in longitudinal
serum and plasma proteomics studies, lower and decreas-
ing levels of IGFBP2 were reported prior to the clinical
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manifestation of type 1 diabetes [6, 8]. The latter differ-
ences are potentially a result of the developing prediabetic
autoimmune condition, rather than directly insulin related.

Increased serum coagulation factors and type 1
diabetes

Prothrombin (F2) was more abundant in the ND individu-
als relative to the UFMs, and was similarly reported in the
serum proteomics study by do Nascimento de Oliveira et al
[9]. F2 is an integral component of the clotting process and
other studies of both type 1 and type 2 diabetic individuals
have reported high coagulation factor levels, including F2
[41]. Consistent with the theme of coagulation, an inverse
association with fasting C-peptide/glucose was observed
for a peptide from plasma protease C1 inhibitor (SERP-
INGI1). SERPINGI is important in blood coagulation and
regulation of complement activation. In the cross-sectional
serum proteomics study by Zhang et al, higher serum levels
of SERPINGI provided excellent sensitivity and specific-
ity, distinguishing type 1 diabetic individuals and matched
control individuals [4]. Although no significant difference
in the SERPINGI1 levels relative to the UFMs was detected
in the current study, its inverse association with fasting
C-peptide/glucose further suggests its relationship with
beta cell function in type 1 diabetes. Hepatocyte growth

factor activator (HGFAC) is activated downstream of the
coagulation cascade and was more abundant in the ND
individuals. Finally, MBL associated serine protease 2
(MASP2) (inversely correlated with fasting C-peptide/
glucose) is involved in activating the complement system,
and its increased abundance was putatively linked to blood
glucose levels in type 1 diabetic individuals [42]. Collec-
tively, this representation of coagulant and complement
proteins could embody the development of an enhanced
thrombotic environment that has been observed with long-
term diabetes [42]. It should be noted that BMI was not
considered for the UFM vs ND comparisons.

Differences in proteins associated with islet survival
and beta cell integrity

In agreement with the observations from the cross-sectional
serum proteomics study of Zhi and co-workers [5], TGF-p-
induced protein ig-h3 (TGFBI) was less abundant in the indi-
viduals with type 1 diabetes. Notably, human genome-wide
association study (GWAS) data have shown that single-nucleo-
tide polymorphisms in the vicinity of the TGFBI gene are asso-
ciated with type 1 diabetes risk, and TGFBI has been shown
to promote islet survival, function and regeneration in mice
[43]. TTR was also detected at lower levels in the individuals
with type 1 diabetes, and, of further relevance to the islet cells,

( )
Affected proteins & processes
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Insulin S .
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Fig.5 Pathways and processes highlighted by targeted serum proteom-
ics analysis of longitudinal serum samples from ND individuals. The
proteins associated with fasting C-peptide/glucose and/or detected at dif-
ferent levels (relative to the UFMs) included a range of apolipoproteins,
coagulants, IGF family members and proteins involved with oxidative

@ Springer

B Positive association with the fasting C-peptide/glucose ratio

[ Negative association with the fasting C-peptide/glucose ratio

stress and beta cell function and integrity. These are represented with the
gene names coloured according to the fasting C-peptide/glucose associa-
tion (mauve and green, positive and inverse, respectively), with upward
and downward coloured arrows to indicate the difference in levels rela-
tive to age- and sex-matched UFMs (red, greater; blue, lower)
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the homo-tetramer of TTR has been reported in relation to the
preservation beta cell integrity and secretion [44]. In the serum
proteomics study of Zhang et al, lower serum levels of TTR
were observed in both type 1 and type 2 diabetic individuals
[4]. These observations for TGFBI and TTR suggest that lower
circulating levels of these islet-associated proteins could reflect
changes in beta cell function accompanying type 1 diabetes.

Strengths and limitations of the study

This study benefited from several strengths in its design and
sample collection. First, the longitudinal data and repeated
samples from the same individuals increased the statistical
power. Similarly, the early collection of samples from ND
individuals enabled analysis of the initial signs of disease
and associated changes in beta cell function. Additionally,
the availability of samples from age-matched UFMs provided
a cross-reference of the healthy state, even though BMI was
not considered for the comparisons. Technically, the use of
a targeted proteomics approach provided higher selectivity
and sensitivity than a discovery proteomics approach. This
also removed the need to deplete high-abundance proteins,
saving time and lessening the influence of technical varia-
tion. Despite these benefits, the targeted approach was lim-
ited by the preselection of expected markers and the num-
bers of their associated peptides. Nevertheless, statistically
significant associations with fasting C-peptide/glucose and
differences between the levels of the targets were detected.
In future studies, however, these findings should be further
validated in independent cohorts and compared with other
existing potential serum protein markers of type 1 diabetes.
Despite the strengths provided through the INNODIA
study design, the representation of different centres, spread
of age, autoantibody combinations and limited number of
individuals with 12 month samples could have masked some
underlying differences. The unbiased, consecutive recruit-
ment may have introduced different disease endotypes or
subtypes. Of note, one ND individual was later identified to
have maturity-onset diabetes of the young; however, this is
unlikely to impact the results of the study. As mixed meal
tolerance tests (MMTTs) were not performed for participants
of 5 years of age or younger or at 6 weeks from diagnosis,
fasting C-peptide/glucose was used rather than MMTT AUC
due to larger coverage of the time series. Overall, fasting
C-peptide/glucose provides a similar representation of beta
cell function to MMTT AUC [12], and, in line with earlier
reports, we detected a very strong concordance between fast-
ing C-peptide/glucose and MMTT AUC (ESM Figs. 3, 4).

Summary

Overall, pathways, processes and protein classes linked to the
pathogenesis of type 1 diabetes were reiterated in the findings

from this study, as summarised in Fig. 5. Examples include
apolipoproteins and insulin-associated IGFs and their bind-
ing proteins. Likewise, the differences observed for GPX3
and HRG could stem from the challenges created by hyper-
glycaemia. Furthermore, the differences in F2 and HGFAC,
together with associations related to MASP2 and SERPINGI,
suggest the hypercoagulative state previously reported in type
1 diabetes [41]. These results suggest that the dysregulation
of proteins and their related pathways is already apparent
in the first year of disease. The relationships between these
changes and different rates of decline of fasting C-peptide/
glucose suggest both a basis for the stratification of individu-
als with type 1 diabetes and a window for intervention.
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