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Short Communication

Monocyte attachment to laminin in diabetes mellitus

The role of ATP
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Monocyte-extracellular matrix interactions have been impli-
cated in atherosclerosis pathophysiology. Laminin, the main
basement membrane protein contains cell binding domains that
can be cryptic, presented only after protein modification. In the
present study we evaluated monocyte attachment to laminin-1 in
the presence of ATP. Monocytes were derived from either healthy
volunteers or patients with diabetes mellitus type II. For the esti-
mation of monocyte attachment to laminin the myeloperoxidase
assay was used. Monocytes derived from diabetic patients, showed
an increased ability to attach to laminin (p = 0.0055). The pres-
ence of ATP increased the attachment of control monocytes to
laminin (p = 0.0022). On the contrary, the presence of ATP did not
affect the attachment of monocytes derived from diabetic patients
to laminin. Our results indicate a modified interaction between
monocytes and laminin-1 in diabetes mellitus

Introduction

Atherosclerosis is a chronic inflammatory disease of the inner
tunic of the arteries that is characterized from the formation of the
atheromatic lesion. Monocytes play a central role in the pathogenesis
of atheromatosis, a common disease in diabetic patients.! After their
attachment to the vascular endothelium, monocytes migrate through
the endothelial cells to the sub-endothelial space, triggered by specific
surface factors which are present to the endothelial cells after a local
dysfunction. In the sub-endothelial space monocytes attach to base-
ment membrane proteins, such as laminin.

Laminins are multidomain and multifunctional cross-shaped
glycoproteins that consist of three distinct disulfide linked polypep-
tide chains (0, B and y). Laminins are structural components of the
basement membrane and play a key role in cell adhesion, migration,
differentiation and proliferation of many cell types.>

*Correspondence to: George G. Koliakos; PO Box 17034 54210; Thessaloniki,
Greece; Tel.: +302310999123; Fax: +302310999004; Email: koliakos@med.
auth.gr

Submitted: 08/30/08; Accepted: 02/17/09
Previously published online as a Cell Adhesion & Migration E-publication:

http://www.landesbioscience.com/journals/celladhesion/article /8207

www.landesbioscience.com

Protein phosphorylation by protein kinases regulates many cellular
processes and is mediated by the presence of ATP. Phosphorylation
mediated by ectokinases could represent a novel mechanism for the
communication and interaction between the cells and the environ-
ment. The data of a previous study conducted in our laboratory
indicated that laminin-1 is phosphorylated by the ecto-protein
kinases of monocytes on serine residues of the § and/or y chains.
Furthermore, recent studies indicated that post-translational modi-
fications of the laminin molecule, such as phosphorylation and
carbonylation strongly influence its biological properties.”

Monocyte attachment and migration have been associated with
the formation of the atheromatic lesion, which is a frequent compli-
cation of diabetes mellitus.? In an attempt to investigate the
biological significance of laminin phosphorylation in the initiation
of the atherosclerotic process, we studied monocyte attachment to
laminin-1 using monocytes derived from healthy volunteers and
diabetic patients.

Results

Monocyte attachment to laminin in the presence of ATP
According to our results, healthy volunteers showed an increased
attachment to laminin in the presence of ATP (83.2%) (p =
0.0022), as compared to the absence of ATD, while the protein kinase
inhibitor, K252b abolished the above effect of ATP (Fig. 1). On
the contrary, the presence of ATP did not seem to affect the attach-
ment of diabetic monocytes (Fig. 1). Moreover, all control samples
(in the absence of ATP) were treated with the inhibitor K252b and
according to our results, K252b didn’t affect monocyte attachment
to laminin. Our results also indicate that monocyte attachment to
laminin was associated with the presence or absence of atheromatic
lesions. More precisely, monocytes derived from diabetic patients
with atherosclerosis showed a decreased monocyte attachment to
laminin in the presence of ATD as compared to those without
atherosclerosis (p = 0.002) and as compared to the absence of ATP
(p < 0.0001) (Fig. 2). It is also worth to mention that in some cases,
where diabetic monocytes attached to laminin at a higher degree as
compared to the absence of ATP (6 from 45 patients), the patients
had short duration of diabetes and no apparent atheromatic lesions.
Moreover, it should be pointed out that monocyte attachment in the
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absence of ATP was the same for the three groups studied 140
(all diabetics, diabetics with atherosclerosis and diabetics 130 %
without atherosclerosis). I
Anti-casein kinase I antibody had a similar effect with | bl
K252b. More precisely, monocytes derived from healthy g 109
volunteers that preincubated with the anti-casein kinase | 2 108 4
IT antibody showed a decreased attachment to laminin in : 0 *%
the presence of ATT, as compared to those incubated in the T I
absence of the antibody (Fig. 3). 01
Furthermore, the above differences in the presence of 0+ T T
ATP weren’t observed in the case that laminin was oxidized Contrd ATP ATP +K252h

(data not shown).

Monocyte attachment to pre-phosphorylated by casein
kinase II laminin. In an attempt to elucidate whether
the increased monocyte attachment could be attrib-
uted to laminin phosphorylation, monocyte attachment
to pre-phosphorylated by casein kinase II laminin was
then estimated. Our results showed that control mono-
cytes attached to pre-phosphorylated laminin at a higher
degree as compared to the non-phosphorylated molecule
(p = 0.0284). On the other hand, diabetic monocytes attached at
a lower degree to pre-phosphorylated laminin as compared to the
non-phosphorylated molecule (p = 0.0063), while no differences
between control and diabetic monocyte in relation to attachment
to pre-phosphorylated laminin were observed in these experiments
(Fig. 4). Furthermore, according to our results, monocyte attachment
to pre-phosphorylated laminin was lower than monocyte attachment
to laminin in the presence of ATP (p = 0.05).

value.

Discussion

Previous studies performed in our laboratory showed that
laminin-1 is phosphorylated by the protein kinase A (PKA) and the
protein kinase C (PKC).%!0 The scope of the present study was to
investigate the role of extracellular ATP in monocyte attachment to
laminin and find possible differences between healthy volunteers
and diabetic patients. Laminin is phosphorylated by PKC and this
phosphorylation could affect cell binding to the molecule,® while
laminin can be also phosphorylated by the monocyte casein kinase
IT type ectokinase, affecting functions, including cell binding and
proliferation.5 Furthermore, a previous study performed in our labo-
ratory, showed that diabetic monocytes attach at a higher degree to
laminin as compared to those from healthy volunteers.” The data of
the present study indicate for the first time that monocyte attach-
ment to laminin is influenced by ATP in control but not in diabetic
monocytes.

Laminin-1 has been widely used for the study of laminin interac-
tions with blood cells.>”>11:12 It is largely limited to the epithelial
basement membranes, while is not found in bone marrow and the
majority of vessels.!>!4 The vascular-specific laminin isoforms that
encounter with monocytes during extravasation are laminin-8 and
laminin-10."5 Previous studies performed in our laboratory showed
that monocytes phosphorylate laminin on its -1 and/or y-1 chains.?
Interestingly, although laminin-1, laminin-8 and laminin-10 have
different o chains, they share the same beta and gamma isoforms
(B1-c1).'® Moreover, a major advantage of laminin-1 is that it can
be easily isolated from the Engelbreth-Holm-Swarm (EHS) tumor.!”
Therefore, in the present study laminin-1 instead of either laminin-8
or laminin-10 was used.
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Figure 1. Monocyte attachment to laminin-1 in the presence of ATP. According to our
results monocytes derived from healthy volunteers attach to laminin at a higher degree
in the presence of ATP as compared to the absence of ATP. Moreover, the inhibitor
K252b abolished the above effect of ATP. The results are expressed as % of control.
Bars represent mean value + standard deviations. *indicates significant difference with
the control value.

**indicates significant difference with both the control and the ATP

Our results showed that control monocytes attach at a higher
degree to laminin in the presence of ATP while the ecto-protein
kinase inhibitor, K252b abolished the above effect of ATP. Monocytes
interact with extracellular matrix (ECM) components promoting
their biological properties. Reversible attachment of monocytes to
ECM promotes their migration from the vascular sheet to regions,
where they are differentiated into macrophages.'® It could be
assumed, that the mechanism of reversible attachment is connected
with the reversible mechanism of phosphorylation (phosphorylation
<> de-phosphorylation). The presence of ATP decreased monocyte
attachment after ectokinase inhibition. Accordingly, it could be
conjectured that ATP might inhibit monocyte attachment through
its negative charge. The same mechanism could also explain the low
diabetic monocyte attachment to laminin in the presence of ATP.

In an attempt to elucidate whether the increased monocyte attach-
ment could be attributed to laminin phosphorylation, monocyte
attachment to pre-phosphorylated laminin was also estimated. Our
results showed that control monocytes attached to pre-phosphorylated
laminin at a higher degree as compared to the non-phosphorylated
molecule. Monocyte attachment to pre-phosphorylated laminin was
lower than monocyte attachment to laminin in the presence of ATP.
Based on the above, it is suggested that normal monocytes may first
phosphorylate and then attach to laminin, however an additional
direct effect of ATP to monocytes cannot be excluded. On the other
hand, diabetic monocytes attached at a lower degree to pre-phospho-
rylated laminin as compared to the non-phosphorylated molecule.
Moreover, no differences between control and diabetic monocyte in
relation to attachment to pre-phosphorylated laminin were observed
in these experiments. These results indicate a different behaviour of
diabetic monocytes considering attachment to laminin.

Previous studies performed in our laboratory showed that mono-
cytes seem first to oxidize and then to attach to laminin.” Moreover,
according to previous experiments performed by our research group,
ATP does not significantly influence monocyte attachment to the
oxidized laminin. Therefore, the sensitivity of monocytes to ATP
at the early stages of diabetes could be attributed to differences in
their oxidation capacity. However, previous data of our group’ did
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Figure 2. Diabetic monocyte attachment to laminin in the presence of ATP. Our results indicate that monocytes derived from diabetic patients with athero-
sclerosis showed a decreased monocyte attachment to laminin in the presence of ATP, as compared to those without atherosclerosis and as compared to
the absence of ATP. Bars represent mean value + standard deviations. *indicates significant difference with the control value (absence of ATP). #indicates
significant difference with the value obtained in monocytes derived from diabetic patients without atherosclerosis.

not establish a difference between

S . . 0,37
diabetic monocytes with and without
atherosclerosis  considering their 0,36 -
ability to oxidize laminin. Another
explanation may be the inhibition 0,35 1
of ectoprotein l'iinase in monocytes £ 0,34 - I
with advanced diabetes, as mentioned | 10
above. A third explanation may 3 0,33 ~ 1
include differences on the expression
of monocyte integrin receptors as has 0.32 1
been previously reported.” 031 -

Monocyte attachment to laminin I

is mainly mediated through integrin 03
receptors. Integrins that recognise Cortrol

ATP ATP+anti-caseinkinase Il

laminin and are present on mono-
cytes are: a2b1, albl, a6bl, al.b2 and
aMb2. Previous studies performed
in our laboratory showed that the
integrin a2P1 plays a significant role
in the increased diabetic monocyte
attachment to laminin-1 as compared
to that of healthy volunteers. Moreover, our results showed that
diabetic monocytes contain higher levels of the alpha2 integrin
subunit as compared to monocytes derived from healthy volunteers.”
An increased level of alpha2 integrin subunit expression was also
found in tissues with the presence or risk of developing diabetic neph-
ropathy as compared to the control tissue, while alpha2 is also known
to be involved in atherosclerosis.!”?! The role of other integrin
molecules in the above phenomena cannot be excluded. The aMb2
integrin levels are also increased in patients with diabetes mellitus
and are related to ROS production after monocyte attachment to
oxidized lipoproteins.?? It is also suggested that phosphorylation
could modify apart from laminin, the integrin structure, promoting
increased attachment to phosphorylated or non-phosphorylated
laminin. Thus, the elucidation of the involvement of other integrin
and non integrin cell surface molecules remains within the scope of
our future studies.
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Figure 3. Monocyte attachment to laminin-1 in the presence of ATP after their pre-incubation with the anti-casein
kinase Il antibody or not. Monocytes derived from healthy volunteers that preincubated with the anti-casein
kinase Il antibody showed a decreased attachment to laminin in the presence of ATP, as compared to those
incubated in the absence of the antibody. Bars represent mean value + standard deviations. *indicates signifi-
cant difference with the control value (absence of ATP). **indicates significant difference with the ATP value.

Other data suggest that extracellular phosphorylation promotes
cellular attachment. This mechanism could be supported by the
fact that the protein kinase inhibitor K252b abolished the increased
monocyte attachment to laminin observed in the presence of ATT.
When monocytes differentiate into macrophages the activity of their
surface ectokinases is increased.?> Moreover, during inflammation,
endothelial cells, T-helpers and T-cytotoxic cells, release increased
amounts of ATD, which are necessary for the activation of ectoki-
nases.>4 On the other hand, direct action of ATP through adenosine
receptors cannot be excluded.

Monocyte-laminin interactions are crucial, not only under
physiological, but also under pathological conditions and specifi-
cally, during atherogenesis, which is a frequent complication of
diabetes mellitus.1:%?5 Therefore, in the present study, monocyte
samples derived from diabetic patients with macro or microvascular
complications were also included. Our data indicate that monocytes
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Figure 4. Monocyte attachment to pre-phosphorylated by casein kinase Il laminin. Control monocytes attached to pre-phosphorylated laminin at a higher
degree as compared to the non-phosphorylated molecule, while diabetic monocytes attached at a lower degree to pre-phosphorylated laminin as compared
to the non-phosphorylated molecule. Bars represent mean value + standard deviations. *indicates significant difference with the control value. **indicates

significant difference with both the control and the diabetic value.

Table 1 Clinical parameters of healthy and diabetic participants

Age (years) BMI Glucose levels (mg/dl) Glycated haemoglobin Prevalence of atherosclerosis ~ Medication
Healthy volunteers 469 +10.89 2298 x2.11 89 + 6* 4.9 £ 0.3%* -
Diabetic patients 4713 £ 12.65 23.4 +1.53 149 + 12 7.7 +0.8% 25 from 56 patients

*indicates statistically significant difference to the respective diabetic value.

derived from patients with diabetes mellitus showed an increased
attachment to laminin as compared to controls. Moreover, the pres-
ence of ATP did not influence monocyte binding to LMN in most
diabetic patients. This phenomenon was not observed in diabetic
patients with short duration of diabetes and without atheromatic
lesions.

It is possible that in diabetes mellitus are activated different
mechanisms of monocyte attachment to laminin, in relation to physi-
ological circumstances. Those mechanisms are probably independent
from the presence of ATP and result to a wider affinity of monocytes
to laminin. The lower ATP synthesis found in type II diabetes could
also support the above hypothesis.2® The data of the present study
document for the first time that the presence of ATP affects laminin-
monocyte interactions and suggest that laminin phosphorylation by
activated monocytes may be an additional puzzle piece towards the
solution of atherosclerosis pathophysiology.

Materials and Methods

Materials. Laminin-1 was purchased from Invitrogen. Percoll
and RPMI-1640 were from Biochrom. ATP, hexadecyltrimethylam-
monium bromide and dianisidinedihydrochloride tablets were from
Sigma. K252b was from Calbiochem and mouse anti-human casein
kinase 2a monoclonal antibody was from Chemicon international
MAB 8695.

Participating subjects. Monocytes were prepared by differential
centrifugation and solid face attachment from 90 blood samples
taken either from 45 patients with diabetes mellitus II or from

34 age matched healthy volunteers (46.9 + 10.89 years) (Table 1).
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The average diabetes duration of the patients was 15 + 3 years. The
presence of atherosclerotic plaques was ascertained by an ultrasonic
examination in 23 diabetic patients. The presence of atheroscle-
rotic plaques wasn't ascertained in any of the 34 healthy volunteers
studied. Moreover, neither the healthy donors nor the diabetic
patients participated in our study took any specific medication such
as aspirin or statins, which are known to affect monocyte adhesion.
All participants were informed about the aims of the study. The
reported investigations have been carried out in accordance with the
principles of the Declaration of Helsinki as revised in 2000.

Monocyte preparation. Monocytes were prepared by differential
centrifugation and solid face attachment.

Twenty ml of blood were placed in a 50 ml falcon that contained
1 ml 200 mM ethylenodiaminotetracetic acid (EDTA) in normal
saline. An equal quantity of cell culture medium RPMI 1640
containing 1% of L-gloutamine, 1% penicillin/streptomycin, 1%
IM  N-(2-hydroxymethyl) piperazine-N’-(2-ethanesulfonicacid)
(HEPES) and 10% fetal calf serum. The blood was then layered
over 6 ml Percoll in two falcon tubes and centrifuged for 30 min at
1,500 rpm and room temperature in a swinging head centrifuge with
minimum acceleration and no brake. The leukocyte layer formed
between the Percoll and serum layer was then carefully aspirated by
a Pasteur pipette and placed in a separate tube. The leukocytes were
then centrifuged and washed three times with cell culture medium
(1,500 rpm for 10 min). The cell suspension was then placed in
a cell culture flask and incubated for 1 h at 37°C. After incuba-
tion, the culture medium was removed and the monocytes were
washed for two times with 10 ml of cell culture medium. After the
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addition of 10 ml of cell culture medium, the cells were incubated
at 37°C overnight. The cell medium was then removed and attached
cells were washed twice with culture medium. Monocytes were then
obtained using a cell scraper. Monocytes were washed once and
re-suspended in 2 ml of culture medium without serum. The number
of monocytes isolated was estimated by measurement on a Neubauer
plate. A total of 1-2 million cells were isolated each time with a
viability of at least 98%.

Monocyte adhesion assays. For the evaluation of monocyte
attachment to laminin-1 two different assays were used.

Two hundred microliters of cell suspension that contained
80,000 cells were placed in each well of polystyrene plates that have
been precoated with 37.5 pg/ml laminin-1. Cell suspension (cell
culture in RPMI 1640, 10% FCS) contained 200 uM Na,,MoO,,
200 uM No,,VO, and 1 mM Mn*". 5 uM ATP and 3.6 ug/ml
K252b an ectokinase inhibitor, were also added when necessary.
Control samples contained K252b in all the experiments performed
in order to exclude any possible toxic effects of the inhibitor. In
some experiments monocytes were pre-incubated with 2 pug/ml of a
specific mouse anti-human casein kinase 2a monoclonal antibody or
with 20 wl of 250 pg/ml anti-human IgG in order to block nonspe-
cific binding, for 10 min in eppendorf tubes at 37°C. Cells were then
incubated for 30 min at 37°C. After incubation, non-adherent cells
were discarded by aspiration and the wells were rinsed three times
with 100 ul sterile phosphate buffered saline (PBS).

Monocyte attachment to laminin was quantified using the
myeloperoxidase (MPO) assay. In brief, the cells were lysed using
0.5% (w/v) hexadecyltrimethylammonium bromide in PBS (pH 6.0)
for 30 min/37°C. After lysis, the substrates of the MPO enzyme (50
ul 0.2 mg/ml dianisidinedihydrochloride in PBS (pH 6.0) that also
contained 0.4 mM H,O,) were added and the cells were then incu-
bated under gentle stirring for 15 min at 37°C. The MPO activity
of the lysate was measured spectrophotometrically at 405 nm, using
an ELISA reader.

In the above described conditions monocytes are known to phos-
phorylate laminin. In particular, previous studies performed in our
laboratory showed that incubation of monocytes with laminin in the
presence of ATP for 10 min at 37°C resulted to the phosphorylation
of the molecule.’ In the present study monocytes were incubated
with laminin in the presence of ATP for more than 10 min (30 min)
in order to be able not only to phosphorylate laminin, but also to
attach to the protein.

Monocyte attachment to pre-phosphorylated laminin was also
estimated using the above described adhesion assay. Laminin-1 was
phosphorylated with non-radioactive ATP. The phosphorylation
mixture contained 20 mM Tris pH 7.5, 16 mM NaCl, 0.57 mM
CaCl,, 5 mM Magnesium acetate, 8 ug/ml phosphatidylserine, 0.8
ug/ml diacylglycerol, 330 pg/ml laminin-1, 9 uM ATP and 2.5 mU
protein kinase C in a total volume of 100 ul (in pilot experiments
5 ul endoplasmic reticulum preparation was used instead of protein
kinase C). Phosphorylation was performed by incubation at 37°C
for 10 min and the reaction was stopped by chilling in ice.® In some
experiments monocyte attachment to oxidized laminin in the pres-
ence of ATP was also estimated. Laminin-1 was oxidized using 1 nM
2.2'methylpropionamidine-dihydrochloride (ABAP).

Statistical analysis. For the statistical evaluation, the statis-
tical software GraphPad InStat version 3.00 for Windows was
used (GraphPad Software Inc., San Diego, CA, USA). Values are
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expressed as means + standard error of means (S.E.M). The statistical
significance of the differences between the sets of data was estimated
by the Student’s t-test (paired or un-paired). The two-tailed p < 0.05
was used as the significance level.
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