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Evaluation of a type 1 diabetes serum cohort
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Proteomics analysis of serum from patients with type 1 diabetes (T1D) may lead to novel bio-
markers for prediction of disease and for patient monitoring. However, the serum proteome is
highly sensitive to sample processing and before proteomics biomarker research serum cohorts
should preferably be examined for potential bias between sample groups.SELDI-TOF MS protein
profiling was used for preliminary evaluation of a biological-bank with 766 serum samples from
270 patients with T1D, collected at 18 different paediatric centers representing 15 countries in
Europe and Japan over 2 years (2000–2002). Samples collected 1 (n = 270), 6 (n = 248), and 12
(n = 248) months after T1D diagnosis were grouped across centers and compared.The serum
protein profiles varied with collection site and day of analysis; however, markers of sample pro-
cessing were not systematically different between samples collected at different times after
diagnosis. Three members of the apolipoprotein family increased with time in patient serum
collected 1, 6, and 12 months after diagnosis (ANOVA, p,0.001).These results support the use of
this serum cohort for further proteomic studies and illustrate the potential of high-throughput
MALDI/SELDI-TOF MS protein profiling for evaluation of serum cohorts before proteomics
biomarker research.
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1 Introduction

Type 1 diabetes (T1D) is the result of selective destruction of
the insulin-producing b-cells in the pancreatic islets of Lan-
gerhans [1]. T1D is due to a complex interplay between the b-

cell, the immune system, and the environment in genetically
susceptible individuals. The initiating mechanism(s) behind
the development of T1D are largely unknown, and no genes
or proteins are specific for most T1D cases. Today the most
useful serological markers for T1D are several auto-
antibodies, such as Islet cell antibodies (ICA), antibodies to
the 65 kD isoform of glutamic acid decarboxylase (GADA),
antibodies to the protein tyrosine phosphatase (IA-2A) and
insulin antibodies (IA), which are both diagnostic and pre-
dict future diabetes [2]. Additional markers for T1D include
metabolic markers and serum cytokines [2, 3]. Novel clinical
markers for T1D are needed for refining the ability to predict
T1D, as well as for improved monitoring of interventions
aimed at the prevention or reversal of the disorder [2]. In
addition, the number of children and adolescents presenting
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with type 2 diabetes (T2D) is increasing and this adds to the
diagnostic challenge in T1D [2].

Clinical proteomics is the study of proteins involved in
disease and characterization of their function in pathogen-
esis and development of disease [4]. As such, proteomics
investigation of T1D may lead to the discovery of novel
protein biomarkers for T1D and could potentially aid in
unraveling the pathogenesis of T1D [2, 5]. The proteomics
technique SELDI-TOF MS combines protein capture on
chromatographic surfaces (ProteinChips, Ciphergen Bio-
systems) and subsequent protein profiling by MALDI-TOF
MS [6]. The SELDI technique allows for high-throughput
analysis of clinical samples and has become a popular tool
for identification of candidate serum biomarker proteins,
or protein patterns, for a variety of human diseases,
including diabetes [7, 8]. However, serum biomarker re-
search may result in false discoveries caused by minor
systematic differences in processing between sample
groups, such as differences in clotting, centrifugation,
storage and transportation, degree of hemolysis and plate-
let contamination, number of freeze-thaw cycles and con-
tamination from collection tubes. The influence of sample
processing on the serum protein profile has previously
been demonstrated with the SELDI-TOF MS technique
and with similar MALDI protein profiling platforms (see,
for example [9–11]). Here, we use SELDI protein profiling
for evaluation of a serum-bank with 766 serum samples
from 270 T1D patients, collected at 18 different institutions
over a period of two years. In particular, we wanted to
asses the prospect of grouping samples across collection
sites to identify disease-related proteomic differences in
patient samples collected at 1, 6, and 12 months after T1D
diagnosis.

2 Materials and methods

2.1 Serum preparation

Serum samples were stored at 2807C and thawed on ice for
30 min. The samples were vortexed briefly and 20 mL serum
was mixed with 30 mL Urea buffer (9 M urea, 0.2% CHAPS,
50 mM Tris-HCl) in a 96 well plate and left on shaker
(360 rpm) for 20 min at room temperature.

2.2 Serum prefractionation

Prefractionation was done with the “Expression difference
mapping kit”, (Ciphergen Biosystems) using Q HyperD F
beads with anion exchange functionality. The Q HyperD F
beads were first rehydrated by adding 200 mL Rehydration
(R1) buffer (50 mM Tris-HCl, pH 9.0) to each well of the 96-
well filtration plate. The plate was left on shaker (360 rpm)
for 60 min at room temperature. The buffer microliter was
removed by placing the filtration plate in the Vacuum
Manifold (Millipore) and applying a vacuum (220 mm HG)

for ten seconds (Millipore Vacuum pumb). Next, the filtra-
tion plate was washed with 36200 mL R1 and 36200 mL U1
buffer. The 50 mL sample mixture was applied to the wells
of the filtration plate. To collect any remaining sample in
the 96 well plates, each well was added 50 mL U1 buffer,
which was subsequently transferred to the wells in the fil-
tration plate. The filtration plate was left on shaker
(360 rpm) for 1 h at room temperature to allow for serum
proteins to bind to the resin. The serum proteins were
eluted in six fractions (F1-F6), using a stepwise pH gra-
dient. The flow through was collected into the first collec-
tion plate (F1, pH 9.0) by applying a vacuum. The wells
were added an additional 100 mL R1 and left on shaker for
10 min, vacuum was applied and this fraction was collected
into the F1 collection plate. A total of six 200 mL fractions
were collected (F1; pH 9.0, F2; pH 8.0, F3; pH 7.0; F4,
pH 6.0, F5; 5.0, and F6; pH 3.0, and organic), in the same
way. The collection plates were immediately sealed and
stored at 2807C.

2.3 Sample preparation with proteinchips

After overnight storage the sample plates containing F1 and
F6 were thawed on ice for 30 min. Protein chips were placed
in the Bioprocessor (Ciphergen Biosystems) and were equi-
librated with 2 times Binding (B1) buffer (50 mL 100 mM
sodium acetate, pH 4.0) for 5 min on shaker (250 rpm) at
room temperature. 200 mL B1 and 50 mL serum fraction was
added to the wells of the Bioprocessor and was left to bind for
60 min on shaker (200 rpm) at room temperature. The sam-
ple mixture was discarded and the spots were washed twice
with 150 mL B1 and once with 150 mL MQ Water. The protein
chips were left to dry in the dark at room temperature for
10 min. Each spot was manually applied 2 times 0.6 mL
sinapinic acid (SPA) matrix solution. The protein chips were
prepared using dried SPA matrix solution aliquots (Cipher-
gen Biosystems), which were prepared daily by addition of
150 mL acetonitril, 150 mL MQ water, and 1.5 mL TFA, using
fresh TFA solution.

2.4 SELDI-TOF MS protein profiling

The instrument was mass calibrated daily using the Pep-
tide Standard calibration solution (Ciphergen Biosystems).
The CM10 ProteinChips were analyzed with the following
instrument settings: position 20–80, position D 3, with two
initial warming shots (laser intensity 250) at each position,
which were not included in the generation of the profile.
Each position was analyzed with six shots with laser
intensity 200–220 in the m/z range from m/z 0 to 200 000
with optimization range: m/z 2000–30 000, focus at m/z
10 000. To ensure that no mass peaks override the max-
imum detection limit the detector sensitivity was set to
“10” for analysis of fraction 1, and to “8” for analyses of
fraction 6.
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2.5 Data analysis

Protein profiles were normalized using TIC normalization,
baseline was subtracted and mass peaks were assigned using
the Proteinchip Software 3.0 (Ciphergen Biosystems) with
default settings, or as specified. Analytical coefficient of var-
iance (CV) for peak intensity and m/z values were calculated
using the ProteinChip Software 3.0. Comparison of peak
intensities between serum samples collected 1, 6, and
12 months after diagnosis was done with the Biomarker
Wizard (Ciphergen Biosystems) using three-way ANOVA test
for comparisons of mean values.

3 Results

3.1 Collection and storage of serum samples

A total of 766 serum samples were collected from 270 T1D
patients at 1 (n = 270), 6 (n = 248), and 12 (n = 248) months
after diagnosis. The cohort included 139 girls and 131 boys,
84% of whom were white Caucasians. The age at clinical
diagnosis was 9.1 6 3.7 years (mean 6 SD) and BMI was
16.5 6 3.2 kg/m2. The serum was collected in 18 centers
representing 15 countries in Europe and Japan in the period
from year 2000 to 2002. The samples were collected during a
routine clinical workflow and the serum was left to clot for
approximately 60 min at room temperature and centrifuged

for 10 min (20006g) at 57C. The supernatant (,1 mL) was
immediately stored in freezer at 2807C. In 2002, the samples
were transported on dry ice and stored collectively at 2807C
at Glostrup University Hospital (Denmark). The samples
have been thawed on ice and re-frozen a varying number
times for research purposes; we estimate that each sample
have undergone between three and six freeze-thaw cycles.

3.2 Serum protein profiling by prefractionation and

SELDI-TOF MS

For SELDI protein profiling, the serum was thawed on ice,
vortexed briefly and 20 mL aliquots were collected and
immediately mixed with a denaturing solution (9 M Urea).
In an attempt to improve the sensitivity, the samples were
fractionated before SELDI-TOF MS analysis. In a pilot
experiment, one serum sample was prepared by anion
exchange chromatography resin and eluted using a stepwise
pH gradient, with the Expression difference mapping (EDM)
kit (Ciphergen Biosystems). The serum was eluted in six
fractions (pH 9.0, 8.0, 7.0, 6.0, 5.0, 3.0, and organic) (Fig. 1).
The fractions were diluted ten-fold in appropriate binding
buffers and applied to different ProteinChips (Ciphergen
Biosystems), with different chromatographic functionalities.
The ProteinChips were analyzed with the PBSII SELDI-TOF
MS instrument (Ciphergen Biosystems) and mass peaks
were detected in the range from m/z 2000 to 200 000 with the
ProteinChip Software 3.0 (Ciphergen Biosystems). Analysis

Figure 1. Serum protein profiles
by prefractionation and SELDI-
TOF MS with the CM10 pro-
teinchip. Profiles of crude serum
(top) and of serum fractions 1–6
(F1-6) are shown in the range
from m/z 2 000 to 100 000. The
numbers in brackets indicate the
number of reproducibly detect-
ed mass peaks per fraction
(mass peaks detected with
SNR.3 in eight replicate meas-
urements).
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of Fractions 1 (F1; pH 9.0) and 6 (F6; pH 3.0 and organic) on
the CM10 ProteinChip (Ciphergen Biosystems) with cationic
functionality produced a relatively high number of mass
peaks, with relatively little overlap, and these two fractions
were selected for the actual screening (Fig. 2).

To evaluate the chosen strategy, one serum sample was
prefractionated eight times and analyzed. In fraction 1, 51
mass peaks were reproducibly detected in the low mass
range (m/z 2000–20 000) and 45 mass peaks were detected in
the high mass range (m/z 20 000–200 000) (including only
mass peaks detected in all eight replicates with SNR.3.0). In
the eight profiles of fraction 6, 58 mass peaks were repro-
ducibly detected in the low mass range (m/z 2,000–20 000)
and 33 protein peaks were detected in the high mass range
(m/z 20 000–200 000). For comparisons, eight replicate
measurements of unfractionated serum produced 45 repro-
ducible mass peaks in the low mass range (m/z 2,000–
20,000) and 31 mass peaks in the high mass range (m/z
20,000–200 000). Approximately one-third of these reliable
mass peaks were reproducibly detected in both of the frac-
tions and also in unfractionated serum; for example HSA
was detected in all fractions and also in unfractionated
serum (Fig. 1). Overall, prefractionation resulted in few novel
mass peaks; however, several mass peaks that were detected
with low intensity in unfractionated serum were detected
with average or high intensity in fraction 1 and/or 6, thereby
allowing for more reliable detection of these mass peaks.
Further, in this pilot experiment, the average CV was 18.7%
for unfractionated serum (76 mass peaks measured eight
times in the range from m/z 2000 to 200 000); in comparison
the average CV was 25.5% for fraction 1 (96 mass peaks) and
32.5% for fraction 6 (81 mass peaks).

3.3 Large-scale SELDI protein profiling of serum

The 766 samples were prefractionated and analyzed in nine
individual experiments performed over a period of two
months. Each experiment included between 46 and 90
patient serum samples and was carried out over two days
using the EDM kit and the Bioprocesser (Ciphergen Biosys-
tems) that allows for parallel processing of up to 96 samples.
On day one, the serum was divided into six fractions with the

EDM kit and the fractions were immediately placed in
freezer (slow freeze) and stored overnight at 2807C. On day
two, F1 and F6 were thawed on ice and analyzed by SELDI-
TOF MS using the Bioprocessor. Serum samples from the
same patient were thawed together, and fractions from the
same patient were prepared and analyzed next to each other
during prefractionation and SELDI-TOF MS analysis.

To assess the reproducibility of this large-scale workflow,
six aliquots of one standard serum sample were randomly
distributed on each of the nine 96-well format fractionation
plates and analyzed in parallel with the patient samples.
Mass peaks (SNR.3) in the range from m/z 2000–200 000
were assigned in fraction 6 of the standard serum sample
and the average intra-experimental CV of the peak intensity
was 48% (average CVs: 31–55%) for approximately 100 mass
peaks in each of the nine experiments. Next, the 54 profiles
of fraction 6 of the standard serum sample from all nine
experiments were pooled and normalized. Here, the average
CV of the peak intensity was 64% (21–336%) for 109 peaks in
the range from m/z 20 000 to 200 000. With a higher thresh-
old (SNR.5), only 30 mass peaks were detected in the range
from m/z 20 000 to 200 000 and the average inter-experi-
mental CV was 38% (21–87%). The average inter-experi-
mental CV of the m/z value was 0.04% (0.01–0.07%).

3.4 Comparison of protein profiles of serum collected

1, 6, and 12 months after diagnosis

The protein profiles of the patient serum were normalized by
TIC with the ProteinChip Software 3.0 and peaks were
detected in the range from m/z 2000–200 000 using the Bio-
marker Wizard Software (Ciphergen Biosystems) with
default settings. The protein profiles of serum collected at 1
(n = 270), 6 (n = 248), and 12 (n = 248) months after diag-
nosis were compared. A total of 275 protein peaks were
detected in F1, of which 16 (,6%) changed significantly with
time after diagnosis (ANOVA, p,0.001) (Table 1). In the
protein profiles of F6 a total 305 protein peaks were detected
of which 25 (,8%) changed significantly with time after
diagnosis (ANOVA, p,0.001) (Table 1). Several of the
changing mass peaks were minor peaks (average peak
intensity ,1.0) exhibiting only minor change over time. In

Figure 2. Serum protein profiles by prefractionation and SELDI-TOF MS with the CM10 proteinchip. Profiles of serum fraction 1 and 6 are
shown in three selected mass segments.
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Table 1. Significantly different mass peaks between serum samples collected at 1, 6, and 12 months after diag-
nosis of T1D

Fraction m/z p, Mean, 1 SD Mean, 6 SD Mean, 12 SD

1 2832.1 9e–5 0.0 0.2 0.1 0.3 0.2 0.1
1 3228.2 3e–6 1.6 0.6 1.5 0.6 1.4 0.6
1 3537.1 2e–7 1.0 1.2 0.8 0.9 0.7 0.8
1 5454.8 9e–4 2.6 2.3 2.2 2.3 2.0 2.3
1 6009.2 1e–7 1.3 1.0 1.1 0.8 0.9 0.9
1 6202.4 4e–5 0.3 0.4 0.2 0.3 0.2 0.3
1 6363.6 7e–4 0.3 0.3 0.3 0.3 0.2 0.3
1 6397.2 5e–4 0.5 0.4 0.5 0.7 0.4 0.5
1 6456.3 5e–4 13.6 6.6 13.0 6.6 11.4 6.2
1 6489.7 3e–4 3.1 1.5 3.0 1.6 2.7 1.5
1 6538.4 2e–4 1.2 0.5 1.1 0.4 1.0 0.4
1 6736.7 1e–3 3.7 2.0 4.1 2.4 4.6 3.0
1 8299.2 9e–6 4.5 1.6 5.0 1.8 5.3 1.9
1 9305.8 2e–4 4.6 3.2 4.2 3.1 3.5 2.5
1 10071.3 4e–4 1.0 0.6 0.9 0.6 0.8 0.6
1 13581.1 4e–7 0.2 0.1 0.2 0.1 0.1 0.1
6 6440.3 6e–6 2.9 2.1 3.5 2.3 3.8 2.4

6 6471.1 2e–5 1.3 0.7 1.4 0.7 1.6 0.8
6 6474.3 4e–5 1.3 0.7 1.4 0.7 1.5 0.9
6 6566.9 3e–4 0.3 0.2 0.4 0.2 0.4 0.2
6 6621.0 1e–7 0.7 1.1 0.8 0.7 1.2 1.9
6 6623.5 2e–7 0.9 1.4 1.1 0.9 1.3 1.9
6 6626.6 2e–5 1.1 1.6 1.3 1.3 1.7 2.1
6 6629.8 5e–5 1.7 2.1 2.0 2.3 2.5 3.0
6 6637.4 2e–8 3.9 3.2 4.8 3.6 5.6 4.0

6 6654.2 1e–7 3.1 2.2 3.8 2.5 4.3 2.8
6 6662.7 8e–7 2.2 1.4 2.6 1.5 2.9 1.8
6 6668.8 8e–7 1.8 1.1 2.0 1.1 2.3 1.3
6 6674.6 1e–7 1.6 1.1 1.9 1.1 2.2 1.3
6 6685.0 5e–5 2.0 1.9 2.3 1.9 2.6 1.8
6 6805.3 4e–6 0.5 0.4 0.7 0.6 0.7 0.5
6 6845.3 6e–7 0.8 0.5 1.0 0.5 1.1 0.6
6 8794.9 2e–4 1.2 0.4 1.3 0.5 1.4 0.8
6 8823.6 8e–5 4.7 2.8 5.2 2.9 5.9 3.3
6 8886.0 5e–6 1.9 0.9 2.2 0.9 2.3 1.0
6 9019.3 2e–7 1.2 0.4 1.4 0.4 1.4 0.6
6 9152.6 2e–4 1.0 0.4 1.0 0.4 1.1 0.4
6 9443.9 2e–4 1.5 0.9 1.7 0.9 1.8 1.0

6 14400.5 3e–7 0.3 0.2 0.3 0.2 0.3 0.1
6 14546.1 4e–5 0.3 0.1 0.3 0.1 0.3 0.1
6 18671.7 8e–5 0.2 0.1 0.2 0.1 0.2 0.1

Apos are highlighted in bold.

addition, the combined biological and technical variation of
the intensity was substantial for all changing mass peaks
(Table 1). There was no significant difference in mass peaks
between girls (n = 139) and boys (n = 131).

SELDI/MALDI profiles of serum are characterized by
few very prominent mass peaks primarily representing
highly abundant plasma proteins, and fragments hereof, and
these mass peaks can be confidently identified based on
mass matching with literature. In particular, four members
of the apolipoprotein (apo) family produce significant mass

peaks in SELDI protein profiling of human serum (Figs. 3A
and B). The significant serum mass peak with m/z 6637
detected in fraction 6 (Fig. 3A) has been confidently identi-
fied as apo-CI based on several independent studies [9, 12,
13]. Here, apo-CI increased with time after diagnosis in T1D
patients (Fig. 4 and Table 1). The serum mass peak with
m/z 6440 (Fig. 3A) has previously been identified as a
truncated (-thr and pro) form of apo-CI [12] and the serum mass
peak with m/z 9443 (Fig. 3A) has been identified as apo-CIII [7].
These two mass peaks were also detected in fraction 6 and
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Figure 3. Serum protein profiles
by SELDI-TOF MS. Profiles of
serum fraction 6 (F6) are shown
in the range from m/z 5000–
10 000 (A) and 15 000–35 000 (B).
Mass peaks representing apos
CI, -CII, and -AI are indicated.

Figure 4. SELDI-TOF MS peak intensity of apos in serum col-
lected 1, 6, and 12 months after T1D diagnosis. Mean peak inten-
sities for four apos are plotted as function of time after diagnosis.

also increased with time after diagnosis (Fig. 4 and Table 1).
The technical CV of intensity of the m/z 6637, 6440, and 9443
mass peaks was 38, 37, and 35%, respectively, in 54 measure-
ments of fraction 6 of the standard serum sample, analyzed on
nine different days over a period of 2 months. In addition, a
prominent serum mass peak with m/z 28 078 was also detect-
ed in fraction 6 (Fig. 3B) and has been identified as apo-AI
[13–15]; however, this mass peak was not different between
samples collected 1, 6, and 12 months after diagnosis (Fig. 4).

3.5 Examination of potential bias in serum samples

collected 1, 6, and 12 months after diagnosis

The most notable change in patient serum collected 1, 6, and
12 months after T1D diagnosis was a significant increase in

the peak intensity of apo-CI (m/z 6637) (ANOVA, p,2e–8)
(Fig. 4 and Table 1). Several studies have demonstrated that
the serum protein profile change substantially with clotting
time (see, ref. [9, 10]) and we wanted to investigate if the
change in apo-CI could be the result of systematic differ-
ences in clotting time between sample groups. Approxi-
mately 16 mL of blood was collected from one 32 year old
healthy male into 13 serum glass tubes and 3 EDTA-plasma
glass tubes in one tapping. The 13 serum aliquots were left to
clot for increasing lengths of time (15–150 min) at room
temperature (237C). The three EDTA-plasma samples were
left to clot for 15, 85, and 135 min, respectively. After indi-
vidual clotting times, the tubes were centrifuged (20006g)
for 10 min at 57C, the supernatant (500 mL) was collected and
immediately placed in 2807C freezer and stored for 18 h.
After storage, the 16 samples were thawed on ice and ana-
lyzed by SELDI protein profiling with the IMAC30 (Ni) pro-
tein array; as previously described, the apo-CI mass peak (m/
z 6637) is reliably detected on this protein array without pre-
fractionation [10]. The 13 serum- and 3 plasma-protein pro-
files were normalized using TIC and the protein profile was
analyzed using the ProteinChip Software 3.0. In this single
clotting experiment, there was no significant change in the
peak intensity for apo-CI during serum clotting from 15 to
150 min, or in the three plasma samples left to clot for 15, 85,
and 135 min (Fig. 5A). Apo-CI(-thr and pro) (m/z 6440) and
apo-AI (m/z 28 078) was also detected and did not change
with clotting time (data not shown). Apo-CIII (m/z 9443) was
not detected with the IMAC30 (Ni) proteinchip. For compar-
ison, plotting the intensity of a m/z 5905 mass peak as a
function of serum clotting time could be fitted to a parabola
(R2 = 0.88), whereas the same peak only produced a weak
signal in EDTA-plasma left to clot for 15, 85, or 135 min
(peak intensity ,0.3) (Fig. 5B). The m/z 5905 serum mass
peak has previously been identified as a specific fragment
of Fibrinogen-alpha [16–19]. Other unidentified mass
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Figure 5. Influence of clotting
time on serum mass peaks by
SELDI protein profiling with the
IMAC30 proteinchip. The peak
intensity of (A) apo-CI (m/z
6637), (B) fibrinogen-fragment
(m/z 5905), and (C) an uni-
dentified serum mass peak (m/z
4199) in serum (empty circles)
and EDTA-plasma (filled circles)
is plotted as a function of clot-
ting time (15–150 min). Dotted
lines represent fitted curves.

peaks also changed differently during clotting; for example, an
unidentified mass peak of m/z 4199 increased with clotting
time up to 150 min (straight line fit: R2 = 0.84), but was not
detected in EDTA-plasma (Fig. 5C). Together these observa-
tions support that apo-CI (m/z 6637) is relatively stable during
clotting. Biomarker research may also result in false discovery
due to other systematic differences in sample processing;
however, a recent SELDI study of serum have reported that apo-
CI is stable in serum during storage and transport [9].

The prominent peptide fragments of inter-alpha-trypsin
inhibitor heavy chain 4 (ITIH4) of 3157, 3272, 3955, and
4286 Da, respectively, have been identified in several serum
profiling studies [9, 20–22] and have been shown to increase in
serum with extended transport or storage time, potentially due
to ex vivo proteolysis [9]. In agreement with two previous
SELDI studies [9, 22], we find that these four peptide frag-
ments are visible in the profile of F1 (Fig. 6A). As expected, the
four peptide fragments differed significantly in peak intensity
between samples collected at different institutions (data not
shown). For example, the ITIH4 fragment of 3157 Da changed
significantly between several collection sites; however, none of
the four ITIH4 peptides changed significantly in samples col-
lected at 1, 6, and 12 months after diagnosis (ANOVA, p.0.1).

Hemolysis occurring during serum preparation may also
influence the proteomic profile and the two prominent protein
peaks with m/z 15 125, and 15 867, representing hemoglobin
a and b, respectively [15, 23] were occasionally present in the
profiles of F6 (Fig. 6B) suggesting minor hemolysis in these
serum samples. Conversely, absence of haemoglobin a and b
signals may also result from increased proteolysis during
sample handling [9]. In this study, there was no significant
correlation between the hemoglobin signals and time after
diagnosis (ANOVA, p.0.1).

4 Discussion

An important lesson from the first decade of SELDI- and
MALDI-TOF MS serum protein profiling is that explorative
studies may lead to false discoveries caused by even minor
differences in serum handling. This raises the fundamental
question if established serum-banks have been created
according to sufficiently standardized protocols for prote-
omics biomarker research. Here, we use SELDI protein pro-
filing to evaluate a serum-bank with 766 samples from 270
patients with T1D.
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Figure 6. Serum protein profiles
by SELDI-TOF MS. Profile of
serum fraction 1 (F1) is shown in
the range from m/z 3000 to 5000
(A). Profile of serum fraction 6
(F6) is shown in the range from
12 800 to 15 800 (B). Mass peaks
representing iITIH4 peptide
fragments (A) and hemoglobin
(B) are indicated.

The serum was collected during a normal clinical work-
flow at 18 different centers in Europe and Japan. We cannot
exclude minor differences between collection sites with
respect to serum handling, such as differences in room
temperature and time of serum clotting and speed, time and
temperature of serum centrifugation. Further, the samples
were collected over a period of two years and have been
stored for different lengths of time, and in different freezers,
and have been transported on dry-ice for varying lengths of
time. Finally, the samples have undergone a varying number
of freeze/thaw cycles (,three to six). The aim of this study
was to evaluate the prospect of grouping samples across
centers to identify serum proteins that change with time
after T1D diagnosis. Our results suggest that in spite of het-
erogeneity of the sample population caused by differences in
sample processing between collection sites we could identify
proteomic differences that were truly associated with the
underlying disease process. This conclusion is based on
three observations. First, apos-CI and -CIII increased sig-
nificantly with time after diagnosis in the first year after
diagnosis. Several previous studies have shown that apo-C’s
are increased in serum from T1D patients compared to nor-
mal subjects [24–29]. This may result from abnormal levels
of inflammatory cytokines in T1D disease, resulting in
abnormal plasma levels of lipoproteins as part of the unspe-
cific host response (see, ref. [30]). However, apo-C serum
levels have also been implicated in T1D pathogenesis. For
example, increased serum levels of apo-CIII in T1D has been
implicated in b-cell death [31] and susceptibility to T1D has
been associated with apo-CIII gene haplotypes that alters
serum apo-CIII levels [32]. Second, in a single study of serum
clotting kinetics, apo-CI did not change with clotting for up
to 150 min and a recent SELDI study found that apo-CI is
stable in serum during storage and transport [9]. Third,
markers of clotting, storage, transport and hemolysis were
not systematically different in samples collected 1, 6, and

12 months after diagnosis. Together these results support
that the change in apo-CI and CIII in the first year after
diagnosis is truly associated with T1D disease and/or clinical
treatment and not the result of systematic bias in sample
processing and this support further proteomic studies of this
serum-bank. We plan to employ more sensitive proteomic
strategies to investigate the correlation between serum pro-
teins and established clinical parameters, such as insulin
antibody presentation and residual b cell function, which has
been measured for this patient cohort [33].

The present study serves only as a preliminary evaluation
of the serum cohort and future candidate proteomics bio-
markers identified in this cohort must undergo critical
examination with respect to the influence of sample proces-
sing. In particular, our study of serum clotting kinetics by
SELDI-TOF MS raises further thoughts on patterns of serum
peptide fragments (the “serum peptidome”) as a potential
source of biomarkers. For example, our results suggest that a
prominent mass peak with m/z 5905 was produced in the
early phase of serum clotting (and not in EDTA-plasma) and
was rapidly degraded. This prominent serum mass peak has
been confidently identified as a fragment of Fibrinogen-a in
several independent studies [16–19]. In two studies, this fi-
brinogen peptide was upregulated in serum from patients
with colorectal cancer (CRC) [31], and upregulated in serum
from patients with gastric cancer [34]. In another SELDI
study, the peptide was not different when comparing indi-
vidual CRC and normal serum samples, but downregulated
in pooled CRC serum as compared to pooled normal serum
[12]. The 5.9 kDa fibrinogen peptide has also been reported
to be downregulated in breast cancer, but tended to be
upregulated (although not statistically significant) in serum
from patients with CRC [16]. By magnetic beads and MALDI-
TOF MS protein profiling the 5.9 kDa fibrinogen peptide
was downregulated in serum from patients with metastatic
thyroid carcinoma as compared to normal serum [19]. In
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addition, two SELDI studies found that the 5.9 kDa fibrino-
gen peptide was increased in patients with chronic alcho-
holism during abstinence [17], and was downregulated in
serum from patients with severe acute respiratory syndrome
(SARS) as compared to patients with other infectious dis-
eases [18]. In a study of CRC we found that the 5.9 kDa frag-
ment of fibrinogen was upregulated in CRC serum, as com-
pared to control serum (publication in progress). Skepticism
has previously been expressed about the use of serum pep-
tides as diagnostic markers and it has been argued that the
reported diagnostic peptide fragments in serum are mainly
the result of amino- and carboxy-peptidases commonly pres-
ent in blood [35] and/or the result of bias in sample proces-
sing [9, 10]. Peptide fragments may also result from “in
source decay” from the SELDI analysis [36]. Conversely, it
has been argued that the pattern of serum peptides is the
result of the underlying disease mechanism, potentially in-
volving disease-associated proteolytic activity; to the best of
our knowledge, this hypothesis was first introduced by Mar-
shall et al. [14] in a study of myocardial infarction. Recent
studies have shown good reproducibility of disease-asso-
ciated mass peak patterns over time and in blinded samples
from different locations (see ref. [4]), further supporting that
processing of serum peptides is truly associated with disease.
Our study of serum clotting kinetics neither supports nor
opposes the hypothesis that the serum peptidome may con-
stitute a novel and valuable source of biomarkers; however,
our study stresses that serum peptides can respond to
extended clotting time in a highly sensitive as well as indi-
vidual manner. To further evaluate the intriguing hypothesis
of disease-specific proteolytic activity acting on highly abun-
dant plasma proteins, we propose that several serum sam-
ples could be collected from each individual and left to clot
for different times to identify potential abnormalities in the
kinetics of the peptidome during clotting of patient serum.
As a minimum, using the serum peptidome as a source of
protein markers will require very rigorous serum clotting/
handling protocols and we suspect that many established
serum-banks do not meet such stringent criteria. For exam-
ple, in a recent pioneering and large-scale serum profiling
experiment the ability of a decision algorithm to successfully
differentiate between case and control samples was compro-
mised by bias in serum handling [37]. To overcome this
problem, an alternative and pragmatic approach is to use
large numbers of samples taken from many different loca-
tions and sample processing methods to ensure the identifi-
cation of robust biomarkers that can transcend the inherent
collection variability. As such, we propose that disease-asso-
ciated proteomic differences identified in the present serum
cohort are likely to be relatively resistant to sample handling.

We also evaluate the analytical performance of pre-
fractionation and SELDI-TOF MS for high throughput
analysis. We find that prefractionation with the EMD kit
increases the number of reliable serum mass peaks. Our
study suggested that fraction 1 and 6 measured with the
CM10 protein chip produced the highest number of mass

peaks and this observation is in agreement with another
study of serum protein profiling by prefractionation and
SELDI-TOF MS [9]. However, several prominent mass
peaks were detected in several fractions, and with different
proteinchips, and overall there was substantial overlap be-
tween the mass peaks detected in the six fractions. This
suggests that the presented prefractionation strategy does
not effectively separate the serum proteome. Similarly, in a
recent study we found that depletion of serum albumin did
not significantly improve the sensitivity in SELDI serum
protein profiling [10]. Indeed, more extensive prefractiona-
tion strategies must probably be employed to significantly
improve the sensitivity in plasma proteomics [38]. Given the
vast dynamic range of the plasma proteome we speculate
that current MALDI strategies that do not employ up-front
fractionation or enrichment strategies such as immunopre-
cipitation or multidimensional chromatography, may detect
only the most abundant proteins/peptides in serum. So far,
MALDI serum profiling studies that employ unfractionated
serum or plasma have typically detected peptides originat-
ing from highly abundant plasma proteins, but whether or
not the fragment isoforms seen in SELDI or MALDI are of
similar concentration as the parental analyte is unknown.
Moreover, the mass peak intensity (or area) does not directly
translate into the concentration of the individual peptides
and thus further research is needed to determine the actual
concentration of the peptides observed in MALDI/SELDI
serum profiling. A promising strategy is to enrich for albu-
min and subsequently release albumin-binding peptides;
with this approach one study identified peptide fragments
of proteins not previously detected in SELDI/MALDI pro-
tein profiling of human serum [39]. Further, in agreement
with previous SELDI/MALDI protein profiling studies [40],
we conclude that there is significant variation of the peak
intensity, but little variation of the m/z value. In particular,
we find that there is substantial day-to-day variation of the
peak intensity for some mass peaks, while other mass peaks
show relatively low day-to-day variation (CV range: 21–
336%). This may partly result from changes in laboratory
temperature and humidity over the sampling period of
2 months, which may influence the matrix (co)crystalliza-
tion step [41]. Finally, we stress that additional sample
handling may introduce additional technical variation. For
example, we find that the analytical variation was higher in
fraction 6 than in fraction 1 suggesting that the technical
variation for the present method of prefractionation
increases with each elution step.

To conclude, the results support that at least some of the
identified proteomic differences between samples collected
at 1, 6, and 12 months after diagnosis were truly associated
with T1D disease and/or treatment and support the use of
this serum cohort for further proteomic studies. Accordingly,
SELDI/MALDI protein profiling could play an important
role as a high-throughput and user-friendly technique for
evaluation of clinical samples before explorative proteomics
biomarker research.
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