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ORIGINAL ARTICLE

The pattern of inflammatory/anti-inflammatory cytokines
and chemokines in type 1 diabetic patients over time
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VASSILIS AIDINIS? & ELLI KAMPER!

1 Department of Experimental Physiology, Medical School, National and Kapodistrian University of Athens, 75 Mikras
Asias Str., GR-11527, Athens, Greece, *Institute of Immunology, Biomedical Sciences Research Center ‘Alexander
Fleming’, 34 Fleming Str., GR-16672, Vari, Athens, Greece, and 3Second Department of Pediatrics, Panagiotis and Aglaia
Kyriakou Pediarric Hospital, Medical School, National and Kapodistrian University of Athens, GR-11527, Athens, Greece

Abstract

Aims. To evaluate the profile of pro- and anti-inflammatory cytokines in type 1 diabetes mellitus (T1DM) and the way
they are connected in co-regulated networks and determine whether disease duration influences their pattern.

Methods. Plasma levels of 20 cytokines and soluble CD40 (sCD40) from 44 uncomplicated patients and 22 healthy con-
trols (HCs) were measured using enzyme-linked immunosorbent assay (ELISA) and protein array technology.

Results. Patients showed significantly higher levels of sCD40, IL-1a, I1.-2, IT.-4, IL-5, IL.-10, granulocyte-macrophage colony-
stimulating factor (GM-CSF), macrophage inflammatory protein (MIP)-1a, MIP-1b, regulated on activation normal T cell
expressed and secreted (RANTES), matrix metalloproteinase (MMP)-9, and a trend to higher IL-6 than did HCs. RANTES
and sCD40 discriminated significantly between diabetics and HCs. In patients with disease duration >6 months, cytokines
were organized in two clusters mainly regulated by Th17 and Th1/Th2 cells respectively, while in those with disease duration
=6 months a set of Thl-cytokines was separated apart from the second cluster. Monocyte chemotactic protein (MCP)-1 was
revealed as the most discriminant factor between patients with disease duration of more than and less than 6 months.
Conclusions. A parallel elevation of both inflammatory and anti-inflammatory cytokines was observed in patients compared
with HCs. In T1DM patients with disease duration =6 months, Thl-cytokines were organized on a separate cluster,
suggesting a possible role of Th1 cells in the progress of beta-cell destruction during the first period of the disease.

Key words: Beta-cell destruction, CD40, chemokines, cytokines, hierarchical clustering, MCP-1, protein arrays, RANTES,
type 1 diabetes mellitus (T1DM)

Introduction progression of diabetic complications, and thus inten-

Type 1 diabetes mellitus is an autoimmune disease
characterized by T-cell-mediated destruction of the
pancreatic beta-cells, which results in insulin deficiency,
ascertained by high glucose levels in blood (1,2). How-
ever, at the time of diagnosis, 5%—-20% of beta-cells are
still present and, thus, patients usually experience a
period of remission, which takes place at about 2—4
months after diagnosis and is featured by comparatively
lower glycated hemoglobin (HbAlc) levels (3).
Generally, poor glycemic control of type 1 diabetic
patients affects negatively the development and

sive insulin therapy is of great importance (4,5). It has
also been found that the disease is characterized by
hyperglycemia-related low-grade chronic inflamma-
tion, confirmed by high levels of inflammatory mark-
ers, such as monocyte interleukin (IL))-6 and C-reactive
protein (6,7). Therefore, this low-grade diabetic inflam-
mation, which is probably cytokine-mediated, may be
the pathway by which hyperglycemia leads to the com-
plications, since markers of inflammation are strongly
associated with microvascular complications, cardio-
vascular disease (8,9), and diabetic nephropathy (10).
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Key messages

o Type 1 diabetes mellitus is characterized by
a parallel elevation of both inflammatory
and anti-inflammatory cytokines.

e Thl-cytokines are probably implicated in
the progress of beta-cell destruction during
the first period of the disease.

e Monocyte chemotactic protein (MCP)-1
is the most discriminant factor between
diabetic patients with disease duration of
more than and less than 6 months.

Inflammatory mediators, such as cytokines and
chemokines, are implicated in the pathogenesis of many
autoimmune diseases, including multiple sclerosis,
rheumatoid arthritis, and type 1 diabetes mellitus
(T1DM) (11,12). In autoimmune diabetes, although
both T helper type 1 (e.g. interferon (IFN)-y, IL-2) and
type 2 (e.g. IL-4, IL-10)-associated cytokines have
been observed in insulitis lesions, the former seem to
promote and the latter to regulate beta-cell destruction
(13,14). Besides, elevated levels of inflammatory cytok-
ines have been observed in type 1 diabetic patients and
associated with the development of vascular complica-
tions (7,9,15,16), though hyperglycemia up-regulates
their expression even in a non-diabetic background
(17,18). Hence, an imbalance between inflammatory
and anti-inflammatory cytokines may play a significant
role both in autoimmunity and chronic inflammation
that probably leads to complications in TIDM (19).

CDA40, a transmembrane receptor of the tumor
necrosis factor (TNF) gene superfamily, is expressed
on a variety of cells, such as monocytes, B-cells, anti-
gen-presenting cells, endothelial, smooth muscle cells
and fibroblasts, and implicated in chronic inflamma-
tory and autoimmune diseases (20-23). The interac-
tion between CD40 and CD40 ligand (CD40L)
enhances the expression of cytokines, chemokines,
matrix metalloproteinases, growth factors, and adhe-
sion molecules, mainly through stimulation of nuclear
factor kappa B (NF-xB) (24). CD40 has been
observed to be expressed on T-cells and pancreatic
cells and implicated in the activation of pro-inflam-
matory pathways that may have a significant role in
beta-cell destruction and islet graft rejection (25-27).
We have previously shown that CD40 possibly con-
tributes in the low-grade inflammatory process in type
1 diabetic patients (28), whereas little research has
focused on the determination of CD40 circulating
levels (29) and their correlation with the systemic lev-
els of other cytokines in type 1 diabetes. Moreover,
CDA40L has been shown to be elevated both in type
1 and type 2 diabetic patients and associated with the
development of diabetic complications (7,29,30).

Abbreviations

CPCC cophenetic correlation coefficient

CRG cytokine responsive gene

CRP C-reactive protein

DCs dendritic cells

DFA discriminant function analysis

ELISA enzyme-linked immunosorbent assay
GM-CSF granulocyte-macrophage colony-stimu-

lating factor

GRO growth-regulated oncogene
HbAlc hemoglobin Alc or glycated hemoglobin
HCA hierarchical clustering algorithms
HCs healthy controls

HDL high-density lipoprotein

IFN interferon

IL interleukin

LDL low density lipoprotein

MCP-1 monocyte chemotactic protein-1
MIP macrophage inflammatory protein
MMP-9 matrix metalloproteinase-9

RANTES regulated on activation normal T-cell
expressed and secreted

SSDifN normalized sum of squared differences

T1DM type 1 diabetes mellitus

TNF tumor necrosis factor

UPGMA unweighted pair-group method arithmetic
average

VEGF vascular endothelial growth factor

Broad-based proteomic screening methods allow
the simultaneous study of a large number of cytok-
ines and chemokines, offering the opportunity 1) to
enhance our understanding of the complex regula-
tory networks of these analytes, 2) to fill the gaps
concerning their role in the pathogenesis of autoim-
mune diabetes, and 3) to add novel markers to fol-
low up disease progress. Therefore, taking into
consideration that only few studies provide exten-
sive knowledge on the pro- and anti-inflammatory
mediators’ profile in type 1 diabetic patients (31),
the aim of this study was to explore a broad panel
of inflammatory and anti-inflammatory cytokines,
in order to evaluate whether they could effectively
mirror the inflammatory status of TIDM patients
or mark some of its features. We also aimed to inves-
tigate possible differences in cytokine levels or in the
way they are connected into distinct networks
between patients with disease duration of less than
or more than 6 months, so as to pin-point the poten-
tial factors that mediate the destruction of the
remaining beta-cells, which still exist at the time of
diagnosis.

Materials and methods
Patients

The present study was approved by the Ethics Com-
mittee of Athens University Medical School, and
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informed consent was given from the parents of both
diabetic and healthy subjects, in accordance with the
principles expressed in the Helsinki Declaration. A
total of 44 type 1 diabetic patients and 22 healthy
controls (HCs) participated in this study. The
patients were chosen, so as to create two arithmeti-
cally equal and age-matched groups, which differed
in their subjects’ duration of diabetes. In the first
group, patients had diabetes duration =6 months
after diagnosis, while in the second group patients
had disease duration of more than 6 months. As we
have mentioned in the introduction, according to
Chase et al., the maximum remission period in all
age groups of type 1 diabetic patients is reached at
about 2-4 months after diagnosis (3). In order to
include this period in our first group (group of remis-
sion period), we decided that this group would
embody patients with diabetes duration of less than
6 months but more than 5 days after diagnosis and
treatment initiation, due to the bad glycemic control
of these patients at the time of diagnosis. The control
group was selected to match type 1 diabetic patients
for age, sex, and body mass index (*1 kg/m?),
considering that they had not received any medica-
tion in the previous 3 months. In the group of
patients, 26 were treated conventionally (two doses
daily of rapid or short and intermediate-acting insu-
lin, mean dose 0.7 IU/kg/day), and 18 were under
intensive treatment (long-acting insulin injection at
bedtime and three pre-meal injections of rapid-act-
ing insulin, mean dose 0.8 IU/kg/day). Patients had
no other disease apart from type 1 diabetes and were
not taking any medications other than insulin. On
the day of testing, all patients were free of any clini-
cal or biological signs of infection. Moreover, they
had no clinically defined complications such as retin-
opathy (excluded by fundoscopy) or nephropathy
(excluded by urine albumin excretion <30 mg/day).
Blood from HCs was collected from children who
reported to the clinic for routine check-up.

Common laboratory procedures

Blood samples were collected under fasting con-
ditions and immediately centrifuged at 4°C (32).
Serum and plasma samples were stored at —80°C
until analysis. Biochemical blood measurements
were determined by standard laboratory procedures.
C-reactive protein (CRP) levels were measured
by nephelometry (Dade Behring, Marburg, Ger-
many), and the intra- and inter-assay coefficients of
variation (CV) were 2.4% and 4.4%, respectively.
HbA1c was measured by a high-performance liquid
chromatography analysis (HPLC) (33). The nor-
mal range was 4.2%-6.0%, with an inter-assay CV
of 3%.

Detection of plasma CD40, MCP-1, and IFN- Yy
by ELISA

Commercially available enzyme-linked immunosor-
bent assay (ELISA) kits were used to determine
plasma levels of CD40 (Bender Medsystems, Vienna,
Austria), monocyte chemotactic protein (MCP)-1,
and IFN-y (RayBiotech, Georgia, USA) according
to the manufacturer’s instructions. The inter- and
intra-assay coefficients of variation (CV) for CD40
were =7% and =4%, respectively, and for both
MCP-1 and IFN-y =12% and =10%, respectively.

Protein micro-array

Plasma levels of 18 inflammatory and anti-inflamma-
tory cytokines and chemokines (IL-1a, -1b, -2, -4,
-5, -6, -8, -10, -12, -13, granulocyte-macrophage
colony-stimulating factor (GM-CSF), growth-regu-
lated oncogene (GRO), macrophage inflammatory
protein (MIP)-1a, MIP-1b, RANTES (regulated on
activation normal T-cell expressed and secreted),
TNF-0, matrix metalloproteinase (MMP)-9, and
vascular endothelial growth factor (VEGF)) were
measured using a commercially available protein
array slide kit according to the manufacturer’s instruc-
tions (RayBiotech, Georgia, USA). Slides were
scanned with the confocal scanner ArrayScanner
Express (Packard Biosciences, Meriden, CT, USA)
equipped with a laser that measures Cy3 wavelength
(excitation wavelength of 554 nm and the emission
of 565 nm). Images were generated using a resolution
of 10 um and pmt value of 60 to 80 depending on
the chip. The obtained image of each array was ana-
lyzed for the identification of the arrayed spots and
the measure of the fluorescence intensities for each
element. For this purpose the instrument utilizes its
own software that handles image processing (Sca-
nArray, Packard Biosciences). Quantification of data
was performed with the respective software QuantAr-
ray (Packard Biosciences) using the histogram
method (signal 80%—-95% of the light intensity, back-
ground 5%-20% of the light intensity). Intensity val-
ues for each element were then loaded to Human
CYT-1 Q-Analyzer v3.5 software (RayBiotech, Geor-
gia, USA), based on Excel, for their transformation
to concentration (pg/mL).

Statistical analysis

In this study we determined the levels of CD40 and
20 inflammatory and anti-inflammatory cytokines
and chemokines in type 1 diabetic patients. Data
analysis was performed with the Statistical Package
for Social Sciences (SPSS) for Windows (version
16.0). Parametric variables were expressed as means
* standard error of mean. A Student’s ¢ test was



used to compare the mean values of the examined
parameters between patient and control groups
(Table I, Table II). For subgroup analysis, firstly,
one-way ANOVA test was used to determine whether
significant differences in the tested parameters
between groups existed or not and if a significant
overall F-test was obtained, Tukey’s honestly signifi-
cant difference (HSD) test was used for post
hoc comparison to analyze differences among
groups (Table IIT). The Pearson rank correlation
test was performed to examine the associations
between parameters tested. Confidence interval and
significance levels were chosen as 95% and <0.05,
respectively.

Cluster analysis

Hierarchical clustering was performed to identify the
homogeneous subgroups of cytokines in the exam-
ined diabetic and healthy subjects.

Hierarchical cluster analyses are generally sensi-
tive to the input order of the data (34), thus we used
the Statistical Package for Social Sciences (SPSS,
version 11.03) add-on PermuCLUSTER (35) in
order to compare the cluster solutions obtained from
100 random permutations of the input order. The
cluster solutions were identical for all permutations
performed, indicating that no cluster ties were pres-
ent and that the input order of the data did not affect
the clustering procedure (34). As grouping algo-
rithms were tested the UPGMA (unweighted pair-
group method arithmetic average), single linkage,
and complete linkage. The distance measure used to
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quantify the distance between the values of two
cytokines was Pearson’s correlation coefficient, and
the between-groups linkage was used as the linking
method to determine the clusters that were best
suited to the found cytokines values. The cophenetic
correlation coefficient (CPCC) (36) for each of the
grouping algorithms was computed to compare
the similarity matrix. The clustering method with
the lower normalized sum of squared differences
(SSDifN) and the higher CPCC was chosen. The
cytokines were sorted according to the series obtained
by the chosen hierarchical cluster analysis, and then
the re-sorted distance matrix was plotted using the
filled contour plot graph type (SigmaPlot 11.0), with
colors corresponding to the coefficients’ values of
cytokines pair in the form of a heat map.

Moreover, we used stepwise discriminant func-
tion analysis (DFA) with stepwise selection to reveal
which of the variables best discriminated among the
examined between T1DM patients and healthy con-
trols and T1DM patients with disease duration of
less than or more than 6 months from the diagnosis.
We used Wilks’ lambda to calculate the usefulness of
a given variable and F-ratio that defines quantum of
variation between the examined groups and the sig-
nificant level of the variance (F = 3.84 to enter, and
F = 2.71 to remove).

Results
Subjects’ characteristics

Demographic, biochemical, and metabolic charac-
teristics of both patients and healthy controls are

Table I. Characteristics of the healthy subjects and type 1 diabetic patients.

Healthy subjects (n = 22) T1DM patients (n = 44) P
Gender (M/F) 9/13 17/27
Age (years) 10.7 = 0.78 11.47 = 0.66 NS
Body mass index (kg/m?) 21.15 = 1.17 20.48 * 1.03 NS
Diabetes duration (months) — 50.76 = 11.61 (0-184)
Total cholesterol (mg/dL) 153.25 = 9.79 165.22 = 7.14 NS
HDL (mg/dL) 64.57 = 2.80 58.14 = 1.81 NS
LDL (mg/dL) 80.12 = 4.02 91.14 + 4.28 NS
Total triglycerides (mg/dL) 50.86 = 4.14 82.08 = 6.58 <0.001
Lipoprotein (a) (mg/dL) 12.42 + 0.98 19.58 = 1.09 NS
Apolipoprotein A (mg/dL) 146.23 = 6.04 131.19 = 5.47 NS
Apolipoprotein B (mg/dL) 77.52 + 4.49 84.04 = 3.71 NS
Fibrinogen g/L. 3.18 = 0.23 3.35 + 0.68 NS
Urine microalbumin (mg/L) 4.18 = 0.97 6.10 = 0.99 NS
Serum creatinine (mg/dL) 0.72 = 0.06 0.78 = 0.05 NS
Serum urea (mg/dL) 28.52 + 2.69 32.86 = 2.88 NS
CRP (mg/dL) 0.88 = 0.06 6.22 *+ 0.25 <0.001
HbAlc (%) 4.20 = 0.42 8.45 = 0.43 <0.001

The results are expressed as mean * standard error of mean, while disease duration is expressed as mean * standard error of mean

(min—max).

T1DM = type 1 diabetes mellitus; HDL = high-density lipoprotein; LDL = low density lipoprotein; CRP = C-reactive protein;
IL-6 = interleukin-6; MMP-9 = matrix metalloproteinase-9; n = number of subjects; NS = non-significant; P = 0.05 was considered

significant (Student’s ¢ test.).
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Table II. Plasma levels of inflammatory and anti-inflammatory cytokines and chemokines.

Healthy subjects (n = 22) T1DM patients (n = 44) P
CD40 (pg/mL) 54.92 = 3.09 109.98 = 17.39 0.003
IL-1a (pg/mL) 384.98 = 200.52 1370.41 = 422.64 0.041
IL-1b (pg/mL) 523.81 = 293.68 1207.59 = 525.13 NS
IL-2 (pg/mL) 91.23 = 20.06 283.23 *+ 66.12 0.009
1L.-4 (pg/mL) 465.11 = 137.90 1368.29 * 386.44 0.034
IL-5 (pg/mL) 24.24 = 4.72 133.46 = 39.29 0.01
IL-6 (pg/mL) 77.20 = 21.30 262.67 = 91.81 0.057%
IL-8 (pg/mL) 158.67 = 62.97 229.11 *+ 48.77 NS
IL-10 (pg/mL) 118.59 = 39.00 344.11 =£101.62 0.045
IL-12 (pg/mL) 222.48 * 95.98 286.49 * 66.14 NS
IL-13 (pg/mL) 29.00 = 11.65 81.34 = 29.86 NS
GM-CSF (pg/mL) 42.54 * 10.90 108.55 + 24.26 0.017
GRO (pg/mL) 5412.61 *= 1920.58 9630.00 = 1799.01 NS
IFN-y (pg/mL) 205.85 = 58.72 767.38 = 542.81 NS
MCP-1 (pg/mL) 73.39 * 8.51 69.67 = 5.95 NS
MIP-1a (pg/mL) 405.19 *= 149.35 988.51 *= 236.80 0.042
MIP-1b (pg/mL) 126.29 = 21.41 432.37 = 80.86 0.001
RANTES (pg/mL) 11293.77 = 2476.74 23514.13 £ 2174.60 0.001
TNF-o (pg/mL) 476.79 = 171.30 1022.79 = 348.20 NS
MMP-9 (pg/mL) 6121.63 = 1415.73 12556.80 * 1653.92 0.005
VEGF (pg/mL) 1076.13 = 710.04 546.55 = 117.25 NS

The values are in pg/mL, and data are expressed as mean * standard error of mean.

¥T1DM patients showed a trend to higher IL-6 (P = 0.057).

NS = non significant, P = 0.05 was considered significant (Student’s z test.)

presented in Table I. Diabetic patients presented
significantly elevated triglycerides, HbAlc, and CRP
levels than did healthy controls.

Mean values of CD40 and cytokines are shown
in Table II, while percentage alterations of CD40 and
significantly elevated cytokines in diabetics are pre-
sented in Figure 1. Plasma CD40 was significantly
higher in diabetic patients than in healthy controls
(109.98 * 17.39 pg/mL versus 54.92 = 3.09 pg/mL,
respectively, P = 0.003) (Figure 2) and correlated
positively with HbAlc (r, = 0.435, P = 0.01).
In addition, patients showed significantly elevated
levels of IL-1a (P = 0.041), IL-2 (P = 0.009), IL-4
(P = 0.034), IL-5 (P = 0.01), IL-10 (P = 0.045),
GM-CSF (P = 0.017), MIP-1a (P = 0.042), MIP-1b
(P = 0.001), RANTES (P = 0.001), and MMP-9
(P = 0.005) than did healthy controls, and a trend to
higher IL-6 (P = 0.057), whereas IL-1b, IL-8, IL-12,
1L-13, GRO, TNF-q, IFN-y, MCP-1, and VEGF
showed no difference between the two groups.

By running a stepwise DFA to 21 variables of 66
subjects (44 patients and 22 controls) RANTES and
sCD40 were identified as the significant contributors
to the discrimination between diabetic and healthy
subjects. The model presented a good fit for the data,
with RANTES as the predictor (F = 8.702, P =
0.006) or with both RANTES and sCD40 as the only
significant predictors (F = 11.395, P < 0.001), and
constitutes the best predictive model (Wilks’ lambda
= 0.54, chi-square = 16.523, df = 2, P < 0.001).
This discriminant function correctly classified 75.5%

of the subjects (73% of diabetics, 81.2% of healthy
subjects).

Comparison of cytokine levels among diabetic patients
with variation n disease duration

Patients (n = 44) were divided into two groups based
on disease duration, taking diabetes duration of 6
months (after diagnosis) as cut-off, as follows: group
1(n = 22, diabetes duration =6 months), and group 2
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Figure 1. Percentage alteration of cytokine levels in type 1 diabetic
patients compared to healthy controls. The figure includes only
cytokines that significantly differ between diabetic patients and
healthy controls, where P = 0.05 was considered significant.
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Figure 2. Plasma soluble CD40 (sCD40) and RANTES in healthy
controls (HCs) and type 1 diabetes mellitus (T1DM) patients.
Soluble CD40 and RANTES were identified as the significant
contributors to the discrimination between diabetic and healthy
subjects. Data are presented as bars, where bar length represents
mean value for each group, with error bars depicting standard
error of mean. P = 0.05 was considered significant. “P = 0.003
versus HCs. **P = 0.001 versus HCs.

(n = 22, diabetes duration > 6 months). Group 1
patients showed significantly higher MCP-1 (90.31 *
8.76 pg/mL versus 49.16 = 5.14 pg/mL, P < 0.001)
and a trend (P = 0.071) to higher TNF-a levels than
those of group 2 (Figure 3). No significant alterations
were observed in the rest of the cytokines and chemo-
kines between the two patients’ groups. By running a
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Figure 3. Plasma MCP-1 levels between diabetic patients with
disease duration of more than and less than 6 months. MCP-1
was found as the most discriminant factor between patients with
disease duration of more than and less than 6 months. Data are
presented as bars, where bar length represents mean value for
each group, with error bars depicting standard error of mean.
P = 0.05 was considered significant. “P < 0.001 versus patients
with disease duration of more than 6 months.

stepwise DFA to the 22 variables of both patients
groups differing in disease duration, MCP-1 (F =
5.054, P = 0.038) was identified as the significant con-
tributor to the discrimination between groups and con-
stitutes the best predictive model (Wilks’ lambda =
0.798, chi-square = 4.394, df = 1, P = 0.036). This
discriminant function correctly classified 82.1% of the
diabetic subjects (77.3% of diabetic patients of group
1 and 88.2% of diabetic patients of group 2).

Moreover, when we subdivided group 1 (patients
with disease duration 0-6 months) to subgroup la
(n = T7) with disease duration <1 month and sub-
group 1b (z = 15) with disease duration 1-6 months,
we found that the levels of sCD40, MCP-1, TNF-a,
and RANTES showed a biphasic pattern of altera-
tion with a peak during the period of the first 6
months. The levels of sCD40, MCP-1, and TNF-a
tended to be higher while the levels of RANTES
lower in patients of subgroup 1b when compared
with those of subgroup la as well as of group 2
(patients with disease duration of more than 6
months) (Table III).

Hierarchical cluster analysis of cytokines profile

To resolve the 21 differentially expressed cytokines
into sets based on the alterations among individuals
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Table III. Effects of time passed from the diagnosis of type 1 diabetes on the levels of soluble CD40, MCP-1, TNF-o, and RANTES.

Group 1 (Diabetes duration =6 months)

P (SbG-1a versus P (SbG-la versus P (SbG-1b versus

Group 2 (Diabetes
duration >6 months)

Subgroup 1b (Diabetes

Subgroup la (Diabetes

Group 2) Group 2)

SbG-1b)

duration 1-6 months)

duration <1 month)

P

F (2,44)

Parameter tested

0.036
<0.001

NS

0.050
NS (0.076)

87.62 = 14.45
49.16 * 5.148

25417.60 * 2891.94

189.96 = 51.35

75.10 = 17.30
72.27 *= 10.88

34014.92 = 1965.48

0.024
<0.001

4.199
11.197

CD40 (pg/mL)

NS

103.43 = 11.74
12451.01 * 4201.30

2604.13 = 1028.97

MCP-1 (pg/mL)

0.019

NS

0.001

0.001

8.497

RANTES (pg/mL)

0.016

NS

0.039

385.89 *= 143.33

366.00 = 125.31

0.012

5.152

TNF-o (pg/mL)

The values are in pg/mL, and data are expressed as mean * standard error of mean (one-way ANOVA, Tukey’s s post hoc test).

SbG = subgroup.

within a population in a correlated manner, we used
unsupervised hierarchical clustering algorithm, using
Pearson’s correlation coefficient as the distance
matrix. Three clustering algorithms, namely UPGMA,
single linkage, and complete linkage, were used to
generate the dendrograms. The cophenetic correla-
tion and SSDifN were calculated to test the goodness
of fit of the different clustering algorithms (Supple-
mentary Table). UPGMA was chosen as the cluster-
ing method since this method presented the lower
normalized sum of squared differences (SSDifN) and
the higher CPCC for all the examined groups and
subgroups (Supplementary Table), indicating the
best fit between the dendrogram and the original dis-
tance matrix. The resulting distance matrix of each
of the examined groups, where cytokines were pre-
sented in the order found by the specific hierarchical
clustering algorithms (HCA) of each group, was plot-
ted in contour plots in the form of heat maps utilizing
color mapping of correlation coefficients in order to
offer visual representation of the correlated values.
Cytokines with positive correlations are represented
in graded shades of red and negative correlations in
graded shades of blue, while absence of correlation
or non-significant correlations are represented in
graded shades of green (Figure 4 and Figure 5).

Besides the significant differences that were
found for most of the examined cytokines between
diabetic patients and healthy subjects, the use of
hierarchical clustering and color mapping could
reveal which of them were additionally connected to
clusters, suggesting the possible co-regulated sets of
cytokines. The heat maps of diabetic patients and
healthy subjects showed different patterns. In dia-
betic patients, cytokines and chemokines were reor-
ganized into three sufficiently distinct clusters that
are co-expressed and could therefore have a possible
regulatory link among them. The first cluster con-
sisted of cytokines IL-6, IL.-13, IL-5, IL-8, and
IL-1b, as well as MIP-1a, MIP-1b, and GM-CSF;
the second consisted of IL-1a, IL-2, IL-4, IL-10,
IL-12, IFN-y, GRO, and VEGF; and the third small
cluster consisted of sCD40, TNF-a, MCP-1, and
RANTES.

Moreover, differences in cytokines’ heat maps
were revealed between diabetic patients differing in
disease duration. Diabetic patients of group 1
revealed three distinct clusters of cytokines with high
positive correlation: first cluster containing MCP-1,
RANTES, CD40, IFN-y, IL-2, TNF-q, and IL-8;
the second containing IL-12, IL-10, GRO, IL-4,
VEGTF, and IL-1a; and the third with MIP-1a, MIP-
1b, IL-5, GM-CSF, IL-13, IL-1b, and IL-6. Diabetic
patients of group 2 revealed two distinct clusters of
cytokines with high positive correlation, the first
containing TNF-o, MIP-1a, MIP-1b, GM-CSF,



Reacaled Distance Cluster Coxbine
0 5 10 1s 20 25

GRO
IL-12
GMCSF
IL-8
IFN-g
CD40
IL-10
IL-4

=
=
__{E e

VEGF
IL-1a
MMP-9
TNF-a
MCP-1
IL-5

IL-2
MIP-1b
RANTES
— MIP-1a

IL-13
—E IL-1b

A

Rescaled Distance Cluster Combine
0 5 10 15 20 25

MCP-1
RANTES

[
|—| ———— T\Fa
CD40
IL-12
VEGF

GRO
- IL-10
IL-1a

IFN-g
S L2

MMP-9 -

MIP-1b |
IL-1b
MIP-1a
IL-5 5
-8 |
GMCSF
IL-13
- IL-6

IL-6
IL-13

GMCSF

Cytokines and TIDM 433

Healthy controls

Il 06
Bl 04
B 02
I 00
Il 02
[T 04
o8
[ 08

| EX
I 0.2
B 00
. 02
Tjos
—_108
o8
1o

own ooon mwﬁ-oo&ngmm‘,—q‘!
JAT NN Az AT EOT L oo
2=d AdTFa72ow285E8E

=" = - = l-éis

Figure 4. Hierarchical clustering comparing T1DM patients and healthy controls. A heat map representation of the correlational coefficients
is graphed. Cytokines with positive correlations are represented in graded shades of red and negative correlations in graded shades of
blue. Representation of the level of correlations is listed on the side of the graph. The dendrograms on the left are presented as the result
of hierarchical cluster analysis with the use of Pearson’s correlation coefficients, using the UPGMA method (unweighted pair-group
method arithmetic average). The actual distances between clusters are rescaled to numbers between 0 and 25.

IL-8, IL.-13, IL-5, and IL-6, and the other contain-
ing IL-12, IL-10, IL-1a, IL-4, IL-2, IFN-y, IL-1b,
VEGTF, and GRO.

Discussion

Recent advances in TIDM suggested that the pro-
cess of inflammation might play an essential role
during all the stages of type 1 diabetes, from its
induction to the later stages of disease. Inflammatory
processes might contribute to beta-cells’ destruction,

while inflammatory mediators contribute to insulitis
amplification, prolonged suppression and death of
beta-cells, modulation of beta-cell regeneration, and
insulin resistance (37) and are also implicated in the
development of the various forms of diabetic com-
plications (7,37). The mechanism of action as well
as the pattern through which various cytokines are
linked to sets to control inflammation at every phase
of diabetes is only partially understood. Most of the
available studies report changes in the circulating
concentrations of a small number of cytokines in
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type 1 diabetic patients (15,18,38,39) or provide
cell-based approaches of cytokines’ production
(40-43). In this study we examined the differences
in the pattern of a broad spectrum of the circulating
levels of 20 inflammatory and anti-inflammatory
interleukins and chemokines and of sCD40, between
healthy individuals and diabetic juveniles, pin-pointing
also the clusters of special cytokines that characterize
T1DM patients in the early phase of the disease
compared with those of patients with long-lasting
disease.

Thl-type lymphocytes through their cytokines
such as IL.-2, IFN-y, IL-12, and TNF-o. orchestrate
the destruction of beta-cells in T1DM, while Th2-
type lymphocytes with the help of their cytokines such
as IL-4, IL-5,I1.-6, I1.-10, and IL.-13 counteract Th1-
cell function, offering protection to pancreatic beta-
cells (43-45). Recently, the extent of beta-cell
destruction has been assumed to be dependent on the
shift of the balance between autoreactive Thl and
anti-inflammatory T-regulatory (Treg) cells towards
Thl-autoreactive cells (46). Moreover, according to



Fisman et al., IL-1, IL-2, and IL-6 play a noxious,
IL-4 and IL-10 a protective, and IL-5 a neutral role
in the development of diabetic cardiovascular compli-
cations (47). Among the examined cytokines of this
study, IL-1a, IL-2, IL-4, IL-5, and IL-10 were sig-
nificantly elevated and IL-6 showed a trend to higher
levels in the diabetic patients, compared with healthy
controls, indicating the parallel elevation of both
inflammatory and anti-inflammatory cytokines.

As happens with interleukins, previous studies
indicate a Thl versus Th2 cells polarization both in
the expression of chemokines and also in the respon-
siveness to different chemokines probably due to the
differential expression of their receptors (48). Accord-
ing to Bradley et al., lymphotactin, MCP-1, MIP-1a,
RANTES, and cytokine responsive gene (CRG)-2/
IP-10 were produced by Th1, while MIP-1b was pro-
duced by both Thl and Th2 CD4" subsets (48). In
this study we found elevated levels of chemokines
MMP-9, MIP-1a, MIP-1b, RANTES, and GM-CSF
in TIDM patients compared with healthy subjects.
Increased levels of MMP-9 in type 1 diabetes have
been previously observed even in patients without
obvious signs of complications and were associated
with an increased risk of these patients to develop
micro-and macro-angiopathy, since this proteolytic
enzyme is involved in the remodeling of the extracel-
lular matrix, cell migration, and alteration of the bio-
logical activities of many mediators such as cytokines
and chemokines (49-51). Additionally, GM-CSF
was considered as a cytokine that expands a popula-
tion of tolerogenic dendritic cells (DCs) and
CD4"CD25"% Tregs in wvivo which produce high
amounts of IL-10 (52), providing significant protec-
tion against autoimmune diseases like autoimmune
thyroiditis or diabetes (53,54). Furthermore, MIP-1a
and MIP-1b, mainly produced by macrophages and
lymphocytes, have the capacity to attract a plethora
of white cells, fostering thus a variety of pro-inflam-
matory procedures (55). The results of this study are
consistent with previous findings in diabetic patients
and diabetic animal models, associating the elevated
levels of MIP-1a, MIP-1b (56,57), and RANTES
(57) with immune-mediated diabetes. Besides,
RANTES, a known chemotactic factor, together with
soluble CD40, a mediator member of TNF receptor
family with a critical role in immunoregulation and
the pathophysiology of inflammation (28), were
defined in this study as the key molecules that dis-
criminate diabetic from healthy subjects. Moreover,
soluble CD40, which is generated either through
alternative splicing or through proteolytic cleavage of
membrane CD40 (58), can inhibit CD40/CD40L
signaling either acting as a CD40 antagonist (59-62)
or by binding to the membrane receptor, thus forming
a non-functional dimer, which is afterwards degraded
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intracellularly (63). Thus, increased levels of sCD40
could be used as a way to estimate the homeostatic
response of the body to autoimmune and inflamma-
tory signals.

T1DM is characterized by a first period known
as honeymoon phase in which, through a poorly
understood underlying mechanism, a partial or com-
plete remission of the disease is usually observed
with maximum remission rates usually achieved in
the first 1-4 months after diagnosis (64,65). Accord-
ing to the opinion of von Herrath et al., T1DM could
be thought as a relapsing-remitting disease due to
spreading of antigenic determinants, or beta-cell
proliferation, or the actions of regulatory T-cells
which cause the increase in the immunological sever-
ity of the disease over time with the emergence of
more targeting of beta-cells (66). In our study,
MCP-1 levels were obviously higher in the group of
patients with diabetes duration of less than 6 months,
and MCP-1 was revealed as the most discriminant
factor between groups differing in disease duration,
suggesting a potential role of this cytokine in the
destruction of the remaining beta-cells in the newly
diagnosed T1DM patients. In other studies, an
increase in the circulating MIP-1a and MIP-1b lev-
els and a decrease in RANTES levels in the newly
diagnosed patients have been reported (56), while
MIP-1b has been found to be associated with the
decrease in beta-cell stress in remitters (57). In an
additional analysis of our results, patients with dis-
ease duration of less than 1 month were excluded
from the group of the newly diagnosed patients (dis-
ease duration =6 months), in order to make our
patient group comparable with that of Pfleger et al.
We found then that the levels of RANTES were lower
in patients with disease duration of 1-6 months, when
compared with those of disease duration of less than
1 month or more than 6 months (? < 0.001, respec-
tively; P = 0.05, respectively). On the other hand,
sCD40 was higher in patients with disease
duration 1-6 months compared both with that of
patients with disease duration <1 month (P = 0.05)
or >6 months (P = 0.026). The higher sCD40 levels
could be thought of as a successful compensatory
effect to autoimmune and inflammatory signals, sug-
gesting that TIDM patients in the first 6 months of
the disease (after treatment initiation) enter a period
characterized by lower inflammation confirmed by the
lower RANTES. Further studies of a larger sample
size are needed to confirm the existence of such a
biphasic behavior of these cytokines.

The observed parallel elevation of anti-inflamma-
tory cytokines and chemokines, which accompanies
the increase in inflammatory and cytotoxic ones,
consist probably of an homeostatic but unsuccessful
effort of the organism to fight the inflammatory state
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that characterizes type 1 diabetes. Thus, mapping
both cytotoxic and cytoprotective chemokines and
cytokines into sets of co-associated ones could better
specify the way these cytokines were co-regulated
into sets in TIDM patients compared with healthy
subjects. The multivariate hierarchical clustering
analysis validated by permutation showed that in
T1DM patients with disease duration of more than
6 months, the cytokines and chemokines were orga-
nized into two distinct co-regulated sets of analytes.
The first set consisted of the well correlated among
the cytokines, I1.-12,11.-10, IL.-1a, IT.-4, IL-2, IFN-y,
IL-1b, VEGF, and GRO, and the second set con-
sisted of IL-6, IL-5, IL-8, GM-CSF, MIP-1b,
MIP-1a, and TNF-o. However, in the newly diag-
nosed T1DM patients with duration of up to 6
months, cytokines and chemokines were organized
into two clusters of cytokines with the exception of
sCD40, and the Thl-related TNF-o, IFN-y, IL-2,
IL-8, MCP-1, and RANTES, which were separated
and co-regulated in a distinct cluster of cytokines
apart from the others, suggesting an essential role of
these molecules in the destruction of the remaining
beta-cells during the first period of the disease. Spe-
cifically for MCP-1, the most discriminant factor
between patients differing in disease duration in our
study, data from NOD mice suggest that at diabetes
onset, it is associated more closely with the early
non-destructive than with destructive insulitis
(56,67). However, evidence which strengthens the
hypothesis of MCP-1-mediated beta-cell destruction
is that levels of MCP-1 showed strong positive cor-
relation with those of IL-2, which has a key role in
the destruction of beta-cells (68), and MIP-1b,
which is a chemoattractant of multiple pro-inflam-
matory cells (55). More targeted studies are needed
to evaluate the role of MCP-1 in the destruction of
beta-cells and the ability of its inhibition in newly
diagnosed patients, in order to prevent the destruction
of the remaining beta-cells.

In addition to the implication of Thl and Th2
effector cells in autoimmunity, T helper cells differ-
entiate also to Th17 cells which secrete inflammatory
cytokines (TNF-o, IL-6), chemokines (IL-8, MCP-1,
GM-CSF), and metalloproteinases and are promi-
nently involved in both inflammation and autoimmu-
nity. On the other hand, Treg cells regulate the
activity of the effector T-cells and play a central role
in immune regulation and tolerance (69,70). Taking
into account which cytokines and chemokines we
found to be elevated in T1DM patients and the way
they were organized in distinct clusters, we could
suggest that cytokines and chemokines were co-
regulated into mainly two sets: 1) a cluster consisting
of a set of cytokines mainly under the supervision of
Th17 that had escaped from the immunosuppressive

effect of Treg cells, as evidenced by the elevation
in MIP-1a, MIP-1b, IL.-5, and GM-CSF, and 2) a
cluster consisting of Th1/Th2 cytokines which
escaped Treg cells’ suppressive effect, as evidenced
by the elevation of IL-1a, IL-2, IL-4, and IL-10. In
the newly diagnosed patients sCD40 and Th1-related
cytokines and chemokines (TNF-a, IFN-y, IL-2,
IL-8, MCP-1, and RANTES) were connected into
a third distinct cluster.

Taken together, the results of this study suggest
that Thl-related cytokines together with Thl
chemokine, MCP-1, play the pivotal role in the first
period of the disease and are associated to the con-
tinued beta-cell destruction in the first months after
diabetes diagnosis. The inability of Treg cells’ cytok-
ines to compensate for Th17, Thl, and Th2-related
cytokines and chemokines, and of sCD40 to com-
pensate for CD40/CD40L signaling in combination
with RANTES inflammatory function, drives TIDM
patients to the chronic subclinical inflammation that
characterizes the disease. In conclusion, the measure-
ment of both inflammatory and anti-inflammatory
molecules using protein array technology gives us the
opportunity to estimate the dynamic balance between
pro- and anti-inflammatory components in the
T1DM patients as well as to distinguish the repre-
sentative ones that could be targeted for therapeutic
interventions in both the newly diagnosed and those
with longer disease duration. Long-term studies of a
larger sample size are needed to define the therapeu-
tic value of the possible anti-inflammatory therapy
which must be specific for each stage of TIDM,
aimed to inhibit or delay disease establishment at the
early stage or to inhibit or delay disease complications
at the later stage.
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