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Summary

 

In the early development of type 1 diabetes macrophages and dendritic cells
accumulate around the islets of Langerhans at sites of fibronectin expression.
It is thought that these macrophages and dendritic cells are derived from
blood monocytes. Previously, we showed an increased serum level of MRP8/
14 in type 1 diabetes patients that induced healthy monocytes to adhere more
strongly to fibronectin (FN). Here we show that MRP8/14 is expressed and
produced at a higher level by type 1 diabetes monocytes, particularly after ad-
hesion to FN, creating a positive feedback mechanism for a high fibronectin-
adhesive capacity. Also adhesion to endothelial cells was increased in type 1
diabetes monocytes. Despite this increased adhesion the transendothelial mi-
gration of monocytes of type 1 diabetes patients was decreased towards the
proinflammatory chemokines CCL2 and CCL3. Because non-obese diabetic
(NOD) mouse monocytes show a similar defective proinflammatory migra-
tion, we argue that an impaired monocyte migration towards proinflamma-
tory chemokines might be a hallmark of autoimmune diabetes. This
hampered monocyte response to proinflammatory chemokines questions
whether the early macrophage and dendritic cell accumulation in the diabetic
pancreas originates from an inflammatory-driven influx of monocytes. We
also show that the migration of type 1 diabetes monocytes towards the lym-
phoid tissue-related CCL19 was increased and correlated with an increased
CCR7 surface expression on the monocytes. Because NOD mice show a high
expression of these lymphoid tissue-related chemokines in the early pancreas
it is more likely that the early macrophage and dendritic cell accumulation in
the diabetic pancreas is related to an aberrant high expression of lymphoid
tissue-related chemokines in the pancreas.
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Introduction

 

Macrophages (MØ) and dendritic cells (DC) play an impor-
tant role in the development of type 1 diabetes (DM1). Prior
to the infiltration of autoreactive T cells around and into the
islets, a peri- and para-islet accumulation of MØ and DC can
be detected in animal models of DM1 [1–3]. These MØ and
DC act as antigen-presenting cells (APC), pick up autoanti-
gens and migrate subsequently to the draining lymph nodes,
where they present the autoantigens to naive T cells and B
cells to initiate the specific autoimmunization process. After
autoimmunization, T cells, MØ and DC infiltrate the islets,

and the MØ in particular are capable of assisting the T cells
in the destruction of the 

 

b

 

 cells [1,2].
Monocytes form an important precursor population for

MØ and DC. We have reported previously on a raised serum
level of the myeloid-related protein (MRP)8/14 in the
serum of DM1 patients [4]. MRP8 and MRP14 are calcium-
binding proteins of the S100 family. These proteins form
heterodimeric complexes in a calcium-dependent manner
and are expressed specifically by recently transmigrated
monocytes and granulocytes [5]. MRP8- and MRP14-
expressing cells dominate inflammatory reactions. Stimula-
tion of monocytes with granulocyte-macrophage colony
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stimulating factor, interleukin (IL)-1

 

b

 

 or lipopolysaccharide
(LPS) induces the expression and secretion of the MRP8/14
heterodimer [6]. When monocytes are stimulated with
MRP14 or MRP8/14, a rapid increase in their CD11b surface
expression is observed [4,7]. Although the precise function
of the MRPs is still unclear, they are thought to be involved in
leucocyte extravasation in inflammation [7,8]. Here we have
extended our former studies and aimed, first, to investigate
the actual expression and secretion of MRP8/14 by mono-
cytes of DM1 patients.

In our previous study we also showed that the serum-
borne MRP8/14 in DM1 patients was capable of inducing
monocytes of healthy individuals to adhere more to the
extracellular matrix (ECM) component fibronectin (FN)
[4]. FN is abundantly present at the vasoductular poles of the
islets of Langerhans and is probably of importance in the
early peri- and para-islet localization of the MØ and DC in
DM1 [9]. Besides adhesion to endothelium and to compo-
nents of the ECM, migration also plays an important role in
the accumulation of monocyte-derived cells at specific tissue
sites. Chemokines direct such migration. Chemokines form
a large superfamily of small (8–10 kDa) secreted proteins
[10,11]. About 40–50 members are distributed into four
structural families according to the relative positions of cys-
teine residues. In general, chemokines are divided function-
ally into inflammatory and constitutive chemokines,
although several chemokines show a dual function [10,11].
Chemokines exert their biological functions through inter-
action with seven-transmembrane G protein-coupled spe-
cific receptors that are expressed differentially on leucocyte
populations [12]. The second aim of this study was to inves-
tigate the migratory and chemotactic properties of mono-
cytes of DM1 patients. We report on an increased production
of the proinflammatory chemokines CCL2 and CCL3 by
DM1 monocytes, particularly after FN-adhesion, yet these
monocytes had a poor migratory response to these chemok-
ines. Interestingly, the chemotactic response of the mono-
cytes to CCL19, a chemokine expressed constitutively in
lymphoid tissue, was enhanced.

 

Materials and methods

 

Patients and controls

 

Heparinized blood was drawn from patients with type 1 dia-
betes (DM1 patients) and age- and gender-matched healthy
control subjects. In addition, blood was drawn from type 2
diabetic patients (DM2 patients) as disease controls. Patients
with obvious vascular complications and/or recent surgical
interventions were excluded from this study. Patients’ char-
acteristics are summarized in Table 1. Monocytes were iso-
lated via Ficoll density (Pharmacia, Uppsala, Sweden; density
1·077 g/ml) gradient centrifugation, followed by Percoll den-
sity (Pharmacia; density 1·063 g/ml) gradient centrifugation
and a final purity of 85–95% was reached. This study was
approved by the ethics committee of the Erasmus MC, Uni-
versity Medical Center in Rotterdam and all subjects gave
written informed consent.

 

Chemotaxis

 

The 

 

in vitro

 

 migration towards CCL2, CCL3, CCL4, CCL19,
CXCL12 (all from PeproTech, Rocky Hill, NJ, USA) and
fMLP of monocytes was evaluated using a Boyden chemot-
axis chamber (Neuroprobe, Gaithersburg, MD, USA) and
polycarbonate membranes (5 

 

m

 

m pore size; Whatman, Clif-
ton, NJ, USA), as described previously [13]. Monocyte
(1·5 

 

¥

 

 10

 

6

 

/ml) migration was determined after 90 min and
expressed as a migration index (chemokine-migrated cells
divided by the medium-migrated cells). Each experiment
was performed in triplicate and cells were counted in five
high-power fields (1000

 

¥

 

 magnification).

 

Adhesion

 

Human umbilical vein endothelial cells (HUVEC; kindly
provided by Dr W. Sluiter) were grown to confluence in flat-
bottomed 96-well plates in Ham’s F-12, supplemented with
100 units/ml penicillin, 100 

 

m

 

g/ml streptomycin (Cambrex,

 

Table 1.

 

Patients’ characteristics.

DM1 patients Healthy control subjects DM2 patients 

Male Female Male Female Male Female

Age 41·7 

 

± 

 

2·5 35·0 

 

± 

 

3·1 38·8 

 

± 

 

3·4 41·0 

 

± 

 

4·6 52·9 

 

± 

 

4·0 56·9 

 

± 

 

3·6

HbA1c† 8·59 

 

± 

 

0·4 8·45 

 

± 

 

0·5 n.d.‡ n.d. 7·5 

 

± 

 

0·3 8·0 

 

± 

 

0·4

Duration of diabetes 22·7 

 

± 

 

3·2 15·0 

 

± 

 

2·9 n.a.§ n.a. n.d. n.d.

 

n

 

 %

 

n

 

 %

 

n

 

 %

 

n

 

 %

 

n

 

 %

 

n

 

 %

DRB1*15/DRB1*16 0 (0%) 1 (8%) 4 (36%) 5 (38%) n.d. – n.d. –

DRB1*03/DRB1*04 18 (82%) 10 (77%) 6 (55%) 6 (46%) n.d. – n.d. –

Other DR 4 (18%) 2 (15%) 1 (9%) 2 (15%) n.d. – n.d. –

n.d. 8 9 1 1 8 14

Total 

 

n

 

30 22 12 14 8 14

†% in serum, ‡not determined, §not applicable. DM1, diabetes mellitus type 1; DM2, diabetes mellitus type 2.
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Verviers, Belgium), 20% fetal bovine serum (FBS), 50 

 

m

 

g/ml
endothelial cell growth supplement (ECGS: BD Pharmingen,
Alphen aan den Rijn, the Netherlands) and 100 

 

m

 

g/ml hep-
arin (Sigma, St Louis, MO, USA). Monocytes were labelled
with Na

 

2
51

 

CrO

 

4

 

 (Amersham BioSciences, Uppsala, Sweden)
and co-incubated with the endothelial monolayer for 60 min
at 37

 

∞

 

C. Non-adherent cells were washed away and adherent
cells were lysed with 0·1 ml of 1% sodium dodecyl sulphate
(SDS), 0·05% NaOH. Radioactivity of non-adherent and
adherent cells was measured and results are expressed as the
percentage of adherent cells.

 

Transmigration

 

HUVEC were grown to confluence on Transwell filters (5-

 

m

 

m pore; Costar, Acton, MA, USA) that were precoated with
10 

 

m

 

g/ml fibronectin (Sigma) and stimulated for 24 h with
or without IL-1

 

b

 

 (R&D Systems, Minneapolis, MN, USA).
In the lower compartment, the chemokines CCL2, CCL3
(both of PeproTech) or medium were added. In the upper
compartment, a total of 1 

 

¥

 

 10

 

5 51

 

Cr-labelled monocytes was
seeded and co-incubated with HUVEC monolayers for 1 h at
37

 

∞

 

C. The upper compartment was gently washed and
together with the filter and the lower compartment mea-
sured for radioactivity. Transmigration was calculated as the
radioactivity measured in the lower compartment and the
downside of the filter, divided by the total radioactivity.
Transmigration is shown relative to the migration towards
medium.

 

Flow cytometry

 

The expression of chemokines receptors on monocytes was
studied using the following antibodies PE-CCR1, PE-CCR2,
CyChrome-CCR5, FITC-CCR6, PE-CCR7 and FITC-
CXCR4 (all from R&D Systems except for CyChrome-CCR5,
obtained from BD Pharmingen). MRP8/14 on monocytes
was studied using a biotinylated antibody against MRP8/14
(27E10, BMA Biomedicals, Augst, Switzerland) followed by
APC–streptavidin (BD Pharmingen). Monocytes were typi-
fied by flow cytometry using CD14 [fluorescein isothiocyan-
ate (FITC) or APC labelled] and CD16 (FITC or PE labelled;
both CD14 and CD16 antibodies were obtained from BD
Pharmingen) as CD14

 

++

 

CD16

 

–

 

 and CD14

 

+

 

CD16

 

+

 

 cells,
within a peripheral blood mononuclear cell (PBMC) frac-
tion obtained after Ficoll density gradient purification. All
flow cytometric analysis was performed using a FACSCalibur
(Becton Dickinson, San Jose, CA, USA) and CellQuest soft-
ware (BD Pharmingen).

 

Calcium mobilization

 

The mobilization of intracellular calcium upon receptor
activation was determined by flow cytometric measurement

of calcium-bound Indo1-AM (Molecular Probes, Eugene,
OR, USA). Briefly, PBMC were labelled with Indo1-AM in
calcium-free medium, followed by washing and incubation
with APC-labelled CD14 and phycoerythrin (PE)-labelled
CD16 (BD Pharmingen) in calcium-containing medium.
After equilibrating to 37

 

∞

 

C, the cells were analysed on a
FACSDiva (Becton Dickinson) and during measurement dif-
ferent stimuli were added.

 

Enzyme-linked immunosorbent assay (ELISA)

 

The production of MRP8/14 (Bachem, Heidelberg, Ger-
many), CCL2, CCL3 and CCL19 (R&D Systems) by mono-
cytes (1 

 

¥

 

 10

 

5

 

), on fibronectin or unstimulated, was
measured in the supernatant after 24 h by commercially
available ELISA according to the manufacturer’s protocol.

 

HLA-DRB1 typing

 

Genomic DNA was extracted from PBMC using a commer-
cially available kit (QIAamp DNA blood isolation kit;
Qiagen, Hilden, Germany). Subsequently, HLA-DRB1
typing was performed at the two-digit level using a commer-
cially available typing system in which exon 2 of the HLA-
DRB1 gene is amplified and analysed with allele-specific
probes in a line probe assay (INNO-LiPA, Innogenetics,
Ghent, Belgium), as described previously [14].

 

Statistical analyses

 

Data were analysed using Student’s 

 

t

 

-test. All data were tested
for two-tailed significance. A 

 

P

 

-value below 0·05 was consid-
ered to be statistically significant.

 

Results

 

MRP8/14 expression and adhesion to fibronectin

 

We studied the surface expression of MRP8/14 on circulating
monocytes in DM1. As shown in Fig. 1a, the expression of
MRP8/14 on monocytes was slightly but significantly
increased in DM1 patients in comparison to healthy controls
and DM2 patients: healthy controls 7·57 

 

±

 

 1·14 [median flu-
orescence intensity (MFI) 

 

±

 

 s.d.], DM1 patients 9·14 

 

±

 

 1·31
and DM2 patients 6·28 

 

±

 

 0·81 (control IgG typically 

 

<

 

 5 in all
groups). We also determined the production of MRP8/14 by
monocytes of DM1 patients and healthy control subjects. As
shown in Fig. 1b, monocytes of DM1 patients produced
increased amounts of MRP8/14 in comparison to healthy
control monocytes. MRP8/14 induces monocytes to adhere
to fibronectin (FN) [4,11] and monocytes of DM1 patients
indeed showed an increased adhesion to FN (Fig. 1c) [4,15].
When the monocytes were allowed to adhere to FN, a stim-
ulus that is known to induce MRP8/14 monocyte surface
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expression [16], the monocytes of DM1 patients showed
increased MRP8/14 production (Fig. 1b) compared to
healthy control monocytes.

 

Production of proinflammatory CCL2 and CCL3

 

Apart from MRP8/14, a molecule instrumental in the adhe-
sion of monocytes to endothelium and extracellular matrix
components, we also studied the production of the proin-
flammatory chemokines CCL2 (MCP-1) and CCL3 (MIP-
1

 

a

 

) by DM1 monocytes, as these chemokines are thought to
play an important role in the inflammatory accumulation of
monocytes and monocyte-derived cells in tissues. The pro-
duction of CCL2 and CCL3 by monocytes of DM1 patients
was slightly, but not significantly, increased compared to
monocytes of healthy control subjects (Fig. 2a,b). Exposure
to FN increased the production of CCL2 and CCL3 and

monocytes of DM1 patients showed a significantly increased
production of these chemokines in comparison to mono-
cytes of healthy controls (Fig. 2a,b).

 

Chemokine-directed migratory responses

 

Previously we have demonstrated that an increased level of
MRP8/14 in the serum of DM1 patients was able to induce
increased adhesion of monocytes to FN and increased
CD11b/CD18 expression [4]. This increased adhesion and
expression of CD11b/CD18 is also involved in inflammation
by participating in the transendothelial migration (TEM) of
monocytes [5,7]. Therefore, we studied the adhesive and
migratory capacity of monocytes of DM1 patients in further
detail. We allowed radiolabelled monocytes to adhere to a
monolayer of HUVEC). Monocytes of DM1 patients showed
an increased potential to adhere to the endothelial mono-

 

Fig. 1.

 

Adhesion and MRP8/14 expression of monocytes in diabetes mellitus type 1  (DM1). (a) Monocytes of DM1 patients (

 

n

 

 

 

=

 

 12) showed increased 

surface expression of MRP8/14 compared to healthy controls (

 

n

 

 

 

=

 

 13) and DM2 patients (

 

n

 

 

 

=

 

 3). The MRP8/14 expression is shown relative to that 

observed in healthy control subjects. The inlay shows representative histograms of monocytes of a DM1 patient and a healthy control; IgG controls 

and a DM2 patient are not shown to avoid overcrowding the figure. (b) The production of MRP8/14 by monocytes after 24 h was increased in DM1 

patients (

 

n

 

 

 

=

 

 9) in comparison to healthy controls (

 

n

 

 

 

=

 

 9), both with and without fibronectin (FN) stimulation. (c) Monocytes of DM1 patients showed 

increased adhesion to FN in comparison to monocytes of healthy control subjects. Adhesion after 24 h is shown of nine DM1 patients and nine healthy 

control subjects. Data are presented as average 

 

±

 

 s.e.m., *

 

P

 

 

 

<

 

 0·05 as determined with unpaired two-tailed Students’ 

 

t

 

-test.
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Fig. 2.

 

Expression of proinflammatory cytokines 

by monocytes under fibronectin (FN)-adherent 

condition. (a) When stimulated with fibronectin, 

monocytes of diabetes mellitus type 1  (DM1) 

patients showed an increased production of 

CCL2 compared to monocytes of healthy control 

subjects. (b) The production of CCL3 was also 

increased by monocytes of DM1 patients after 

FN stimulation. Data are presented as average 

 

±

 

 

s.e.m., 

 

n

 

 

 

=

 

 9, *

 

P

 

 

 

<

 

 0·05, **

 

P

 

 

 

<

 

 0·01 as determined 

with unpaired two-tailed Students’ 
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layer compared to healthy control subjects and DM2 patients
(Fig. 3a).

To study the actual TEM, transwell membranes were
coated with HUVEC and the migration of radiolabelled
monocytes towards the proinflammatory chemokines CCL2
and CCL3 studied. As shown in Fig. 3b, monocytes of DM1
patients showed a decreased TEM towards CCL2 and hardly
any transmigration in response to CCL3 in comparison to
monocytes of healthy control subjects. When the HUVEC
were stimulated for 24 h with IL-1

 

b

 

, which induces an up-
regulation of adhesion molecules, the transmigration of
monocytes to these chemokines remained decreased in DM1
patients in comparison to healthy controls (data not shown).

Because the transwell assay is a laborious process chemo-
taxis was also studied using the classical Boyden chamber,
allowing us to test a larger array of monocyte-attracting
chemokines. The proinflammatory chemokines CCL2,
CCL3 and CCL4 (MIP-1

 

b

 

) and fMLP were used as chemoat-
tractants in this assay, as were the constitutive chemokines
CXCL12 (SDF-1) and CCL19 (MIP-3

 

b

 

). Migration of
monocytes towards CCL3, CCL4 and CXCL12 proved to be
of similar magnitude in DM1 patients and healthy control
subjects, but the response to fMLP, CCL2 and CCL19 was
not (Fig. 4 and data not shown). Monocytes of DM1 patients
showed a decreased chemotactic response towards the proin-
flammatory compounds fMLP and to CCL2 but 

 

-

 

surprisingly 

 

-

 

 the migratory response of DM1 monocytes to
the constitutive chemokine CCL19 was increased in compar-
ison to monocytes of healthy control subjects (Fig. 4). In this
respect it is of interest to note that we could not detect a sig-
nificant production of the lymphoid tissue-related CCL19
either by monocytes of DM 1 patients or of healthy controls
(data not shown). To exclude the possibility that the mono-
cytes of DM1 patients showed altered chemotaxis due to
alterations of the cells by exposure to high glucose levels in
the blood, we performed a chemotaxis assay of healthy con-
trol monocytes towards CCL2 in the presence of increasing
glucose levels. No significant effects of glucose were observed

on the chemotactic response towards CCL2 of healthy con-
trol monocytes (data not shown).

 

Chemokine receptor expression

 

To relate the decreased chemotactic response of the mono-
cytes to proinflammatory chemokines to a lower expression
level of receptors for such chemokines, we studied the surface
expression of the chemokine receptors CCR2 (for CCL2) and
CCR1 (for CCL3) on DM1 monocytes using flow cytometry.
As shown in Fig. 5 and summarized in Table 2, reduced
expression of CCR2 could not be detected on DM1 mono-
cytes compared to DM2 and healthy control monocytes. The
surface expression of CCR1 was even increased. Because we
observed decreased TEM and chemotaxis of the monocytes of
DM1 patients towards CCL2, but no differences in the expres-

 

Fig. 3. Monocyte adhesion and transmigration 

across human umbilical vein endothelial cells 

(HUVEC). (a) Monocytes of type 1 diabetic 

patients (n = 7) showed increased adhesion to 

HUVEC compared to monocytes of healthy sub-

jects (n = 7) and type 2 diabetes patients (n = 4). 

(b) Transmigration in response to CCL2 and 

CCL3 of type 1 diabetes monocytes (n = 12) was 

strongly decreased compared to healthy control 

monocytes (n = 12). Adhesion is shown relative 

to that observed with monocytes of healthy con-

trol subjects. Data are presented as average ± 

s.e.m., *P < 0·05, **P < 0·01 as determined with 

unpaired two-tailed Students’ t-test. controls DM1 DM2
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patients. Monocytes of type 1 diabetes patients displayed a decreased 

chemotactic response to fMLP and CCL2, while in contrast the response 
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sion of CCR2, we studied the ability of the CCR2 to mobilize
intracellular calcium upon CCL2 stimulation as a different
functionality. No differences in the ability to mobilize calcium
upon stimulation with CCL2 could be found between DM1
patients and healthy controls (data not shown).

Because we found an increased responsiveness of the DM1
monocytes to the constitutive chemokine CCL19, we also
studied the surface expression of receptors for constitutive
chemokines on DM1 monocytes and found CCR7 (for
CCL19 and CCL21) and CXCR4 (for SDF-1) increased on
monocytes of DM1 patients in comparison to healthy con-
trols and DM2 patients (Fig. 5 and Table 2).

As it is known that the CD14+CD16+ subpopulation of
monocytes shows a different expression of chemokine recep-
tors [17], we also determined the chemokine receptor
expression on the CD14+CD16+ monocytes. No significant
differences in chemokine receptor expression were observed
on the CD14+CD16+ monocyte populations between DM1,
DM2 patients and healthy controls, nor did we find differ-
ences in the percentage of CD14+CD16+ monocytes (data not
shown).

Association with HLA-DRB1 genotype

To investigate whether the aberrant adhesion to FN and the
aberrant chemotactic migratory capacity of the circulating
DM1 monocytes were associated with the HLA-DRB1 gen-
otype of the patients (see Table 1), we searched for possible
associations between HLA-DRB1 genotypes and the out-
come of the different experiments. We were unable to find
any statistically significant correlations.

Discussion

MRP8/14, a product secreted by infiltrating monocytes, is
known to increase the number of monocytes adhering to FN

[4]. Increased levels of MRP14 and MRP8/14 are present in
the circulation of DM1 patients and indeed circulating
monocytes show an increased adhesion to FN [4,15]. In this
report we show that ex vivo circulating monocytes of DM1
patients express and secrete more of MRP8/14 compared to
monocytes of healthy control subjects, particularly after
adhesion to a coating of FN. Our finding thus provides evi-
dence for an enhanced positive feed-back mechanism in type
1 diabetes regarding the adhesion of monocytes to FN: type
1 diabetic monocytes are able to express and secrete more
MRP8/14 as compared to healthy control monocytes induc-
ing the cells to adhere more vigorously to FN compared to
healthy monocytes, which leads to an even larger expression
and secretion of MRP8/14 compared to healthy monocytes.

In non-obese diabetic (NOD) mice extensive deposits of
FN are present at the vasoductular pole of the islets, the loca-
tion of the MØ and DC accumulating prior to the extensive
para- and peri-lymphocytic infiltration. Especially at
preweaning age these deposits are larger compared to control
mice [9]. Also NOD monocytes [18] and NOD DC (Bouma
et al. submitted) show an increased adhesion to FN -
analogous to human monocytes - yet whether MRP8/14 is
involved in this increased adhesion has not been studied.
Nevertheless, the parallel between NOD mice and humans
regarding this enhanced FN adhesive capability of mono-
cytes points to an important mechanism most probably
involved in the (early) accumulation of monocyte-derived
cells, i.e. MØ and DC in the ductovascular poles in the
pancreas.

The actual importance of such enhanced adhesive capa-
bility of monocytes to FN at such para-islet location for the
development of islet autoimmunity remains to be identified.
Homeostatic trafficking of DC is thought to be important for
the maintenance of peripheral tolerance [19–21]. However,
little is known about the kinetics of trafficking of monocytes,
MØ and DC in the prediabetic pancreas. When APC are
retained in the tissue by either increased adhesion, decreased
emigration to the draining lymph node or both, they may
acquire an immunocompetent rather than a tolerogenic phe-
notype. Indeed, contact of DC with ECM induces matura-
tion of the cells [22,23]. Therefore a prolonged contact with
ECM may induce complete maturation of the DC in NOD
mice resulting in the induction of an immune response in

Fig. 5. Chemokine receptor expression on monocytes. Representative 

histograms of CCR1, CCR2, CXCR4 and CCR7 expression of 16 type 1 

diabetes patients, nine type 2 diabetes patients and 11 healthy control 

subjects show that the expression of CCR1, CXCR4 and CCR7 was 

increased in type 1 diabetes patients.

100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104

CCR1 CCR2

CXCR4 CCR7

lgG control
healthy control
DM2 patient
DM1 patient

Table 2. Surface expression of chemokine receptors on monocytes.

Healthy controls

(n = 11)

DM1 patients

(n = 16)

DM2 patients 

(n = 9)

CCR1 10·53 ± 0·65 12·90 ± 0·65†‡ 10·06 ± 1·31

CCR2 17·79 ± 1·13 17·96 ± 0·80 18·46 ± 2·06

CCR7 50·38 ± 7·04 65·16 ± 2·87†‡ 52·85 ± 3·72

CXCR4 27·49 ± 3·77 39·20 ± 1·94†‡ 31·58 ± 2·81

†P < 0·05 to healthy control monocytes, ‡P < 0·05 to DM2 patients’

monocytes as determined with Student’s t-test. Mean fluorescent inten-

sities are shown ± s.e.m. DM1: diabetes mellitus type 1.
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the draining lymph node rather than the induction or
maintenance of tolerance.

The found enhanced adhesive phenotype of the circulat-
ing DM1 monocytes to FN suggested to us that the cells
would also adhere more strongly to endothelial cells, result-
ing in an increased TEM [7,8]. We show here that monocytes
of DM1 patients did exhibit a stronger adhesion to HUVEC,
but when we studied the migratory response of monocytes
towards proinflammatory chemokines CCL2 and CCL3
(both important in the pathogenic process of autoimmune
insulitis [24,25]), monocytes of DM1 patients showed a
decreased TEM towards these chemokines as well as a
decreased migration in the classical Boyden chamber assay
towards CCL2. Interestingly, comparable defects in mono-
cyte migration to CCL2 have been described in a mouse
model of autoimmune insulitis [24]. In this mouse model
CCL2 was transgenically expressed in islets and did attract
monocytes to the islets. However, when CCL2 is additionally
expressed systemically, such islet infiltration is disrupted and
the investigators explained the phenomenon by assuming
that such high systemic levels of CCL2 physically disrupted
the chemoattractant gradient of CCL2 originating from the
CCL2-expressing islets [24]. Could it be that the raised
production of CCL2 and CCL3 by circulating monocytes
(particularly after adhesion) and the consequent high level of
CCL2 and CCL3 around DM1 monocytes under such cir-
cumstances desensitizes the receptors [26] and prevents the
cells from responding to the CCL2 and CCL3 gradient in the
in vitro assays?

Further, it is important to note that the impaired chemo-
tactic response of DM1 monocytes appeared to be selective
for the proinflammatory chemokines: we observed an
increased migration of monocytes of DM1 patients towards
the constitutively expressed chemokine CCL19 that was par-
alleled by an increased expression on DM1 monocytes of the
receptor for CCL19, i.e. CCR7.

As is the case for the aberrant FN adhesion, there also
exists an interesting parallel between the DM1 patient and
the NOD mouse regarding the aberrant migratory response
of monocytes to inflammatory and constitutive chemokines.
Also in the NOD mouse the chemotactic response of mono-
cytes and DC towards proinflammatory chemokines is
strongly reduced both in vitro and in vivo (questioning
whether the early MØ and DC accumulation in the diabetic
pancreas originates from an inflammatory-driven influx of
monocytes), while there are signs of a role for constitutive
chemokines in the diabetic process ([13] and Bouma et al.
submitted). At the time of the early MØ and DC accumula-
tion close to and around the islets of Langerhans and prior
to the lymphocyte infiltration, CCL19 and CCL21 are
expressed at a higher level in the NOD pancreas compared
to control mice, while proinflammatory chemokines only
came to a noteworthy expression later in the process
(Bouma et al. submitted). We therefore assume that the
early increased expression of CCL19 and CCL21 in the NOD

pancreas plays a role in the early peri- and para-islet MØ
and DC accumulation and perhaps disease induction.
Indeed, transgenic expression of CCL21 in mouse islets is
sufficient to attract large numbers of immune cells to the
islets and to induce the proliferation of islet-specific T cells,
which in lymphopenic hosts led to the development of
autoimmune diabetes [27].

Because the high adhesive potential of monocytes to FN
and the poor chemotactic properties to proinflammatory
chemokines are present in the NOD mouse prior to the MØ
and DC accumulation (5–7 weeks of age) and as the patients
studied here all had longstanding type 1 diabetes (hence the
acute islet inflammation must have been subsided), we
assume that the here-described aberrant adhesive and
migratory properties of the monocytes are intrinsic to cells
of individuals prone to develop autoimmune insulitis and
not the result of the inflammatory process. A decreased
migration of T1D monocytes to proinflammatory stimuli
has been described previously using zymosan-activated cul-
ture fluid [28] and C5a [29]. Moreover, in other autoim-
mune diseases such as rheumatoid arthritis [30] and
systemic lupus erythematosus [31] an impaired monocyte
migration has been observed and patients with the Wiskott–
Aldrich syndrome (WAS) show a defective monocyte migra-
tion due to an inherited defect in the cytoskeletal-associated
WAS protein [32] and are prone to develop autoimmune
disorders [33]. These findings suggest a possible relation
between migratory potential of monocytes and the prone-
ness to develop autoimmunity, such as autoimmune diabe-
tes. However, to be sure of that, the migratory properties of
monocytes of autoantibody-positive non-diabetic (predia-
betic) individuals should be studied. Unfortunately, we did
not have access to such individuals and their cells. Interest-
ingly, monocytes of autoantibody-positive non-diabetic
individuals (and of recent-onset DM1 patients) show a high
prostaglandin synthase 2 (PGS2) expression [34,35]. This
aberrance can be linked theoretically to the decreased
migration towards proinflammatory chemokines. High
activity of PGS2 results in abundant expression of pro-
staglandins, including prostaglandin E2 (PGE2) [36]. In
monocytes, PGE2 induces a down-regulation of the
proinflammatory chemokine receptor CCR5 [37]. Further-
more, PGE2 is involved in migration of DC towards CCL19
and CCL21 [38,39]. It is possible that the constitutive active
PGS2 in monocytes of DM1 patients yields high PGE2 levels
that down-regulate the responsiveness of monocytes to
proinflammatory chemokines and up-regulate CCR7
expression and responsiveness.

Apart from being an intrinsic abnormality of DM1 mono-
cytes, high glucose levels might have played a role in the
aberrant chemotactic responses. It has been reported that
high glucose can induce the expression of CCL2 by and of
CCR2 on monocytes [40]. From monocytes of patients that
may have episodes of hypoglycaemia, an aberrant migration
towards CCL2 might be expected. However, we observed a
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decreased response to CCL2. Monocytes of recent onset
hyperglycaemic DM1 patients before and after adequate
insulin treatment should be studied to rule out clearly an
effect of hyperglycaemia on the here-described aberrant
chemotaxis. However, it must be noted that with regard to
the CCR2 expression, we controlled our experiments with
monocytes of DM2 patients (with similarly slightly raised
HbA1c levels) and we observed neither altered expression of
CCR2 on monocytes of DM1 nor on those of DM2 patients.

In conclusion, we show here increased expression and
secretion of MRP8/14 of DM1 monocytes that is linked
closely to their enhanced adhesive capability to FN. In addi-
tion, monocytes of DM1 patients exhibited a decreased
migration towards proinflammatory chemokines, but an
increased migration to the constitutively expressed chemok-
ine CCL19 in lymphoid tissue. Given the fact that similar
aberrances have been found in the NOD mouse prior to dis-
ease development, it is likely that these aberrations are asso-
ciated with the development of islet autoimmunity.
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