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ORGAN PROCUREMENT

The anti-ischemic drugs defibrotide
and oligotide analogously inhibit
leukocyte-endothelial cell adhesion

in vitro

Abstract Defibrotide (a polydeox-
yribonucleotide) and oligotide (an
oligodeoxyribonucleotide) obtained
from mammalian single-stranded
DNA, have been demonstrated to
have anti-ischemic activity in some
experimental models of ischemia/
reperfusion of kidney in rats. We
hypothesized that their anti-is-
chemic activity could be related to
an inhibition of leukocyte-endothe-
lial cell adhesion and also the con-
sequent generation of oxygen free
radicals by leukocytes. We studied
the in vitro adhesion of neutrophils
to human umbilical vein endothelial
cells under basal conditions and fol-
lowing neutrophil or endothelial cell
activation (using 10”7 fMLP and
500 U/ml TNF-q, respectively). De-

fibrotide and oligotide significantly
inhibited neutrophil adhesion to en-
dothelial cells (after only 1 min of
drug treatment). When the anti-
LFA-1 70H12 F(ab), monoclonal
antibody was used, the drugs ex-
erted only slight additional inhibi-
tion of the adhesion of fMLP-acti-
vated neutrophils to endothelium.
These results, confirmed in NIH/
3T3-ICAM-1-transfected cells, dem-
onstrate that defibrotide and oligo-
tide interfere with leukocyte adhe-
sion to endothelial cells by an LFA-
1-dependent mechanism.
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Introduction

There is substantial evidence that myocardial ischemia
provokes an acute inflammatory response that is aug-
mented by reperfusion [5]. In the inflammatory reac-
tions occurring during the ischemia/reperfusion process,
neutrophils play the major role. Polymorphonuclear
leukocyte intervention contributes to tissue injury [1]
through the release of proteases and leukotrienes. Fur-
thermore, activation of the neutrophil membrane-asso-
ciated NADPH oxidase system by appropriate stimuli
induces a respiratory burst characterized by an increase
in cellular oxygen consumption and production of oxy-
gen free radicals [14], which have cytotoxic properties
[13]. Indeed, the inhibition of neutrophil respiratory
burst activity and the use of antioxidants can limit oxy-
gen free radical-mediated tissue damage [5]. However,

an inhibition of neutrophil extravasation could prevent
the effects due to such cell accumulation and degranula-
tion.

Neutrophil extravasation is mediated by three se-
quential steps: (1) rolling of polymorphonuclear leuko-
cytes along the endothelium, (2) strong adhesion of the
same cells following their activation, and (3) transen-
dothelial migration. Leukocyte rolling is mediated by
the selectin family of adhesion molecules (L-selectin,
constitutively expressed on the surface of leukocytes,
E-selectin, expressed on endothelial cells, and P-selec-
tin, stored in Weibel-Palade bodies of endothelial cells).
Firm attachment of neutrophils to endothelium and sub-
sequent diapedesis are mediated by some integrins
(which are heterodimeric molecules consisting of non-
covalently associated o and § subunits). The integrin
CD11a/CD18 is an adhesion molecule, known as LFA-
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1 (leukocyte function-associated antigen-1), constitu-
tively expressed on neutrophils; it is involved in the
mechanism of strong adhesion of leukocytes to endothe-
lial cells, where its principal ligand ICAM-1 (intercellu-
lar adhesion molecule-1, of the immunoglobulin super-
family) is located. Administration of monoclonal anti-
bodies against CD11b/CD18 before reperfusion has
been shown to induce a reduction in myocardial infarct
size and neutrophil accumulation in a dog model [11].

We have previously been able to limit ischemia/re-
perfusion damage in rat kidney by the use of defibrotide
{(a polydeoxyribonucleotide) and oligotide (an oligo-
deoxyribonucleotide) which are obtained from mamma-
lian single-stranded DNA (Marni et al., submitted for
publication). Defibrotide has been demonstrated by us
to be a useful anti-ischemic drug in many experimental
models in rat heart and kidney [4, 7]. We hypothesized
that the anti-ischemic activity of defibrotide and oligo-
tide could be related to their capacity to inhibit leuko-
cyte-endothelial cell adhesion, and also to the conse-
quent production of oxygen free radicals, proteases and
leukotrienes by leukocytes.

In the present work, we tested such a hypothesis by
studying the in vitro adhesion of neutrophils to endothe-
lial cells, under basal conditions and following neutro-
phil or endothelial cell activation, in the presence of
the two drugs.

Materials and methods

Endothelial cell cultures

Primary cultures of human umbilical vein endothelial cells (HU-
VEC) were derived from umbilical cords and maintained as previ-
ously described [6]. HUVEC were found to express endothelial-re-
lated antigens such as PECAM (platelet endothelial cell adhesion
molecuie, or CD31) and factor VIII.
NIH/3T3-ICAM-1-transfected cells were kindly provided by
Dr. R. Pardi (Human Immunology Unit, Scientific Institute San Ra-
ffaele, Milan, Italy). ICAM-1"*-transfected cells were obtained from
NIH/3T3 murine fibroblasts with ICAM1 and neomycin resistance
on the same plasmid. ICAM-1 subcloned into pcDNA I/Neo (Invi-
trogen, San Diego, Calif.) at the Xbal site was kindly provided by
Dr. R.Pardi. Transfection was performed by calcium phosphate-
DNA coprecipitation. Stable transfectants were selected by the ad-
dition of the neomycin analogue G418 to a final concentration of
0.8 mg/ml. Neomycin-resistant colonies were picked 10 days later,
expanded and tested for ICAM-1 expression by immunofluores-
cence using the 84H10-10154 monoclonal antibody (Immunotech,
Luminy-Marseille, France). For the adhesion assay, endothelial
cells, detached by a brief exposure to 0.25% trypsin and 0.22 %
EDTA, were plated and grown to confluence in 24-well plates.

Preparation of neutrophils

Venous blood from healthy donors who had not received any med-
ication for at least 2 weeks was anticoagulated with 0.065 M citric
acid (Riedel, Hannover, Germany), 0.085 M sodium citrate (Far-

mitalia, Milan, Italy), and 2 % glucose monohydrate (Riedel) in a
blood-anticoagulant ratio of 7: 1. Neutrophils were isolated by dex-
tran (Sigma, Milan, Italy) sedimentation, followed by Lymphoprep
(Nycomed, Oslo, Norway) gradient and hypotonic lysis of erythro-
cytes [3]. Neutrophils were washed with phosphate-buffered saline
without calcium or magnesium (Gibco, Paisley, UK) and resus-
pended in ice-cold HEPES-Tyrode’s buffer (pH 7.4) containing
129 mM NaCl, 9.9 mM NaHCO,, 2.8 mM KCl, 0.8 mM KH,PO,,
0.8 mM MgCl, - 6H,0, 5.6 mM glucose monohydrate, 1 mM
CaC(l,, and 10 mM HEPES. Cell suspensions contained more than
97 % viable neutrophils as evaluated by the Trypan blue dye exclu-
sion test. Neutrophils were used within 2 h of their isolation. Cell
suspensions contained 95 % neutrophils; an average of one platelet
per 10-20 neutrophils was usually observed.

Measurement of neutrophil adhesion to endothelial cells

Neutrophils were radiolabelled for 1 h at room temperature with
Na,*'Cr0, (1 mCi/10° cells, Amersham, Milan, Italy), washed twice,
and resuspended at 5 x 10%ml in HEPES-Tyrode’s buffer. Their vi-
ability was assessed by the Trypan blue dye exclusion test. The ra-
diolabelled neutrophil suspension (100 ul) was layered on endot-
helial cells in the presence or absence of the drugs and was incu-
bated for 15 min at 37°C. In resting conditions, neutrophil adhe-
sion was about 6 % of added neutrophils, and neutrophil radioac-
tivity was about 0.05 cpm/neutrophil. The loss of radioactivity
from neutrophils during the course of the experiment was < 5 %.

Treatments were performed for 1 min before leukocyte addi-
tion to monolayers of endothelial cells. Neutrophils were activated
by preincubation (3 min) with 107 fMLP (formyl-methionyl-leu-
cyl-phenylalanine), and endothelial cells were activated by over-
night treatment with 500 U/ml TNF-a (Endogen, Boston, Mass.).
In adhesion blockage experiments, neutrophils were preincubated
with monoclonal F(ab), antibodies (anti-LFA-1 [70H12] and anti-
CD31 [M89D3], 5 ug/ml for 20 min at 4°C). The anti-LFA-1 a
70H12 monoclonal antibody was kindly provided by Dr. A.Poggi
(Laboratory of Immunopathology, Italian National Institute for
Cancer Research, Genova). The specificity for the o chain was as-
sessed using LFA-1 a-expressing cos-7-transfected cells. The anti-
body was purified by affinity chromatography and the F(ab), frag-
ment prepared by pepsin digestion according to the method of Par-
ham [9]. At the end of the incubation time, the wells were washed
three times to remove nonadherent cells, the remaining bound
cells were lysed with Triton X-100 (1 %; BDH, Poole, UK), and
the individual lysates were counted in a gamma counter (model
500, Packard, Sterling, Va.).

Pharmacological treatment

Defibrotide and oligotide were gifts from Crinos Biological Re-
search Laboratories (Villa Guardia, Como, Ttaly). The drugs are,
respectively, a polydeoxyribonucleotide and an oligodeoxyribonu-
cleotide, and are obtained by controlled hydrolysis of DNA from
mammalian lungs; they have a molecular weight of approximately
20 and 6 kDa, respectively. The drugs were added to endothelial
cells at a dose of 1000 ug/mi medium, which was shown to be the
maximal inhibiting dose for endothelial-neutrophil adhesion.

Statistical analysis
Statistical analyses were performed with the Mann-Whitney and

Wilcoxon tests for nonparametric results, and the data were con-
sidered statistically significant for P < 0.05.
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Fig.1 Effect of defibrotide (1000 pg/ml) on neutrophil adhesion
to HUVEC. The data represent neutrophil adhesion under basal
conditions (white bars), after neutrophil activation by 10~ fMLP
(gray bars), in the presence of monoclonal antibodies anti-CD31
and anti-LFA-1 (F(ab),, 5 ug/ml) (black bars) and in the presence
of the same antibodies after neutrophil activation by fMLP (stip-
pled bars). The data are expressed as the means £ SEM of five ex-
periments, each done in triplicate

Results

We performed preliminary dose-response experiments
using different concentrations of defibrotide and oligo-
tide (100, 250, 500 and 1000 pg/ml medium), and dem-
onstrated (data not shown} that the most efficient con-
centration of the two drugs was 1000 ug/ml. Under basal
conditions, defibrotide and oligotide significantly re-
duced neutrophil adhesion to HUVEC or NIH/3T3-
ICAM-1-transfected cells after only 1 min of treatment
(Figs. 1,2). TNF-a increased neutrophil adhesion to
HUVEC (data not shown). Both defibrotide and oligo-
tide added for 1 min after endothelial cell stimulation
(TNF-0 overnight) significantly inhibited neutrophil ad-
hesion (data not shown).

Using 1077 M fMLP to activate neutrophils, maximal
leukocyte adhesion to HUVEC was obtained after
15 min of neutrophil-endothelial cell incubation (data
not shown). After fMLP stimulation, defibrotide and
oligotide (added 1 min before fMLP) significantly in-
hibited neutrophil adhesion to HUVEC and NIH/3T3-
ICAM-1-transfected cells (Figs.1,2). The efficacy of
the two drugs was found to be similar under our experi-
mental conditions. Indeed, we showed in the adhesion
blockage experiments the efficacy of defibrotide in lim-
iting adhesion of neutrophils to HUVEC and the effi-
cacy of oligotide in limiting neutrophil adhesion to
NIH/3T3-ICAM-1-transfected cells.

Figure 1 shows neutrophil adhesion (expressed as
SICr release) to HUVEC in controls and after 1 min of
defibrotide treatment. Under basal conditions, defibro-
tide significantly inhibited neutrophil adhesion to HU-
VEC, while fMLP significantly increased neutrophil ad-
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Fig.2 Effect of oligotide (1000 pg/ml) on neutrophil adhesion to
NIH/3T3-ICAM-1-transfected cells (white bars control, black bars
oligotide). IMLP (1077 M) was used to activate neutrophils. Mono-
clonal antibodies anti-CD31 and anti-LFA-1 (F(ab),, 5 ug/ml)
were also used. The data are expressed as the means + SEM of
five experiments, each done in triplicate

hesion to HUVEC. Defibrotide treatment significantly
reduced adhesion to HUVEC of activated neutrophils.
In the presence of monoclonal antibodies directed to-
wards CD31 and LFA-1 adhesion molecules used to-
gether, neutrophil adhesion to HUVEC was signifi-
cantly inhibited. Under these conditions, the addition
of defibrotide did not modify inhibition. Similar results
were obtained when neutrophils were activated by the
addition of fMLP.

Figure 2 shows neutrophil adhesion (expressed as
SICr release) to NIH/3T3-ICAM-1-transfected cells in
controls and after 1 min of oligotide treatment. Under
basal conditions, oligotide significantly inhibited neu-
trophil adhesion to transfected cells. In the presence of
fMLP, neutrophil adhesion to transfected cells was sig-
nificantly increased, but oligotide treatment signifi-
cantly reduced adhesion to transfected cells of activated
neutrophils. When anti-CD31 monoclonal antibodies
were used, adhesion of neutrophils was not inhibited un-
der basal conditions and was only slightly inhibited after
fMLP stimulation. Oligotide treatment, in the presence
of anti-CD31 antibodies, exerted its inhibitory action.
When anti-LFA-1 antibodies were used, neutrophil ad-
hesion to transfected cells was highly inhibited, and oli-
gotide did not further exert an inhibitory action under
basal conditions or after fMLP stimulation. When anti-
CD31 and anti-LFA-1 antibodies were used simulta-
neously, the results were the same as when only anti-
LFA-1 was used.
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Discussion

Cellular adhesion molecules mediate the diapedesis of
leukocytes from blood to the subendothelial regions.
Firstly, selectins favor neutrophil rolling along endothe-
lial cells. A rapid mobilization of P-selectin from endot-
helial Weibel-Palade bodies to the cell surface has been
observed following many inflammatory stimuli such as
thrombin, histamine or oxygen free radicals [10]. Simi-
lar translocation of P-selectin to the endothelial cell
membrane has been shown in myocardial microvascula-
ture after heart ischemia and reperfusion [15]. The sub-
sequent firm adhesion of leukocytes to endothelium is
mediated by their integrins such as LFA-1, which binds
to its endothelial cell immunoglobulin-like counter-re-
ceptor ICAM-1. ICAM-1 is upregulated by cytokine
stimulation [2], and it regulates neutrophil adherence
to the endothelium after exposure to oxygen free radi-
cals or after anoxia-reoxygenation [16]. The inhibition
of selectins, integrins or ICAM-1 could reduce leuko-
cyte adhesion to endothelium and thus limit tissue dam-
age due to cell activation and migration. The use of
monoclonal antibodies against LFA-1 and ICAM-1 pro-
longs the survival of cardiac xenografts [8], which rep-
resent the most complex model of ischemia/reperfu-
sion.

We have previously demonstrated the usefulness of
defibrotide treatment, and recently of oligotide treat-
ment, in some experimental models of ischemia/reper-
fusion. We tested and compared the activity of the two
drugs in inhibiting neutrophil-endothelial cell adhesion
in vitro. Our results demonstrated that defibrotide and
oligotide were analogously able to rapidly inhibit neu-
trophil adhesion to HUVEC under basal conditions
and following neutrophil or endothelial cell stimulation

(using fMLP or TNA-a, respectively). In addition, we
showed that the use of anti-LLFA-1 monoclonal antibod-
ies significantly inhibited neutrophil adhesion to endot-
helial cells by demonstrating the efficacy of the adhe-
sion molecule LFA-1 in favoring neutrophil attachment
to the endothelium. The addition to the two drugs in
the presence of anti-LFA-1 antibodies did not further
inhibit leukocyte adhesion to endothelial cells. Such re-
sults indicate that defibrotide and oligotide could act
by inhibiting the adhesion molecule LFA-1.

When we used anti-CD31 monoclonal antibodies
(CD31 amplifies integrin-mediated adhesion of neutro-
phils to endothelium [12]), no inhibitory effect of leuko-
cyte adhesion to endothelial cells was seen under basal
conditions, and only a slight inhibition was seen follow-
ing neutrophil stimulation. In these experiments, defi-
brotide and oligotide produced a slight inhibition of
neutrophil adhesion only after their stimulation.

When we used NIH/3T3-ICAM-1-transfected cells
(in which the only adhesion system involved was
ICAM-1/LFA-1), defibrotide and oligotide inhibited
neutrophil adhesion in a manner similar to that ob-
tained when anti-LFA-1 antibodies were used. The use
of anti-LFA-1 and anti-CD31 antibodies together did
not produce significantly different results. Oligotide
and defibrotide exerted their inhibitory action in a simi-
lar manner. Our results show that the two anti-ischemic
drugs inhibited neutrophil adhesion to endothelial or
other cells by interfering with the adhesion system
ICAM-1/LFA-1. Such properties could explain the
anti-ischemic activity of the two drugs.
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