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system of the host by metabolic products of
Dirofilaria immitis participate in heartworm
disease endarteritis?
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Abstract

Background: Proliferative endarteritis is one of the key pathological mechanisms of cardiopulmonary dirofilariosis, a
cosmopolitan parasitosis caused by Dirofilaria immitis affecting dogs and cats around the world. It has been shown
that the excretory/secretory antigens from D. immitis adult worms (DIES) bind plasminogen (PLG) and activate
fibrinolysis, which can lead to a survival mechanism for the parasite in its intravascular environment. However,
overproduction of plasmin (final product of the route) has been related to pathological processes similar to those
described in proliferative endarteritis. The aim of this study is to relate the appearance of this pathological condition
with the activation of the PLG/plasmin system of the host by DIES.

Methods: Cell proliferation through the crystal violet technique, cell migration by wound healing assay and
degradation of the extracellular matrix by measuring collagen degradation and levels of matrix metalloproteinases
were studied in an “in vitro” model using canine vascular endothelial and smooth muscle cells. These cells were
treated with a mixture of DIiES + PLG. Untreated cells, cells only stimulated with DiES or with PLG, or with a mixture of
DIES + PLG + eACA (an inhibitor of the PLG-plasmin conversion) were employed as controls. In addition, the effect of
DIES on the expression of the fibrinolytic activators tPA and uPA, the inhibitor PAI-1 and the PLG receptor Annexin
A2 was analyzed in both types of cultures by western blot.

Results: Plasmin generated by DiES + PLG binding produced a significant increase in the cell proliferation and
migration of the endothelial and smooth muscle cells, as well as an increase in the destruction of the extracellular
matrix based on a further degradation of Type | Collagen and an increased level of matrix metalloproteinase-2. DiES
also induce an increase in the expression of tPA and uPA in endothelial cells in culture, as well as a decrease in the
expression of PAI-1 in both types of cells.

Conclusions: Our study reports an interrelationship between plasmin caused by fibrinolysis activation by metabolic
products of D. immitis and the appearance of pathological events similar to those described in the emergence of
proliferative endarteritis in the cardiopulmonary dirofilariosis.
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Background

Dirofilaria immitis is the filaroid nematode that causes
the canine and feline cardiopulmonary dirofilariosis, a
vector-borne parasitosis with cosmopolitan distribution.
D. immitis is also responsible for the human pulmonary
dirofilariosis, a clinical entity characterized by the forma-
tion of benign lung nodules that may be confused with
carcinomas in radiology [1].

The dog acts as definitive host and reservoir of the
parasite. The adult worms lodge in its pulmonary ar-
tery and right ventricle of the heart causing a chronic
inflammatory pathology at vascular level [2]. One of
the key factors of the disease is the appearance of
proliferative endarteritis, which has resulted in the for-
mation of intravascular microvilli. This process has
previously been described as being accompanied by an
increase and migration of the arterial wall cells [3-6],
as well as the destruction of the extracellular matrix
(ECM) [7]. These changes cause disorganization of the
endothelium and reduction of the vascular lumen in
the pulmonary arteries, with the consequent extension
of pathology to the pulmonary parenchyma [8]. On
the other hand, the simultaneous death of groups of
adult worms can trigger an acute disease characterized
by the exacerbation of the inflammatory reactions and
the emergence of serious thromboembolic events threat-
ening the life of the affected hosts [9]. However, D.
immitis possesses the ability to regulate these patho-
logical mechanisms and survive for long periods (over
7 years) in their intravascular environment. Recently, it
has been shown that both excretory/secretory and
surface-associated antigens of D. immitis interact with
the fibrinolytic system of the host binding PLG and
generating plasmin [10,11].

PLG is a glycoprotein predominantly released by the
liver into the blood circulation. After its activation PLG
becomes a serine protease (plasmin), whose main target
are the fibrin clots. Under physiological conditions, this
process is strictly regulated at the vascular level for the
complex formed by receptors that bind PLG through
carboxyterminal lysine residues (Annexin A2, among
others) and activators [tissue plasminogen activator (tPA)
and urokinase-type plasminogen activator (uPA)], whose
activity is inhibited primarily by the plasminogen activa-
tor inhibitor-1 (PAI-1) [12,13].

The activation of the fibrinolytic system by D. immitis
antigens and the consequent maintenance of haemosta-
sis, a priori beneficial for both the parasite and host,
could have pathological consequences. An over-activation
of the PLG/plasmin system has been related to cell inva-
sion and intra-organic migration of different pathogens
[14,15]. In addition, in human cardiovascular research the
overproduction of plasmin has also been linked with the
proliferation and migration of human vascular cells and
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with the degradation of extracitoplasmatic matrices
[16-19]. These mechanisms have similarities with those
that cause the formation of microvilli in the cardiopulmo-
nary dirofilariosis, although their molecular aspects have
not been conveniently studied to date in this parasitosis.

The objective of this work is to demonstrate that
the overproduction of plasmin by the antigens of D.
immitis may relate to the mechanisms described in the
formation of microvilli at the vascular level in cardio-
pulmonary dirofilariosis. For this purpose, cell proli-
feration and migration, degradation of the ECM and
expression of some components of the fibrinolytic sys-
tem were studied in canine vascular endothelial and
smooth muscle cells in culture stimulated with the
parasitic antigens and PLG.

Methods

Cell culture

Canine endothelial cells (CnAOEC) and canine smooth
muscle cells (CnAOSMC) from Cell Applications, INC
were respectively grown in canine endothelial and canine
smooth muscle cell growth mediums (Cell Applications,
INC). CnAOEC plates were precoated with an attach-
ment factor solution (Cell Applications, INC). Cells were
cultured at 37°C in a humidified atmosphere in the
presence of 5% carbon dioxide and 95% air. Medium
was changed every 3 days. Expansion was carried out
by trypsinizing the cells, (Trypsin/EDTA, Cell Applica-
tions, INC), and re-plating them when the proliferating
cells had reached a sufficient density. Passaging was
performed at ratios of 1:6 (CnAOEC) or 1:3 (CnAOSMC).
Cell counts were performed using the equipment Count-
ess” Automated Cell Counter (Invitrogen) following the
manufacturer’s instructions.

Reagents and stimulation of ChnAOEC and ChAOSMC

DiES were prepared as previously described [12] with
minor modifications and stored at —-80°C. In brief, live
worms (25) obtained from a naturally infected dog
were washed in sterile phosphate-buffered saline solu-
tion (PBS) pH 7.2 and incubated for 24 h in 50 ml of
Eagle’s minimum essential medium (EMEM) supple-
mented with 50 U/ml penicillin and 50 pg/ml strepto-
mycin at 37°C. A cocktail of protease inhibitors was
added to the medium following the methodology de-
scribed by Maizels et al. [20]. The medium was dialyzed
against water for 24 h and filtered through an Amicon
YC05 membrane (Millipore). The protein concentration
of DIiES was measured by DC protein assay commercial
kit (Bio-Rad). DiES extract was tested for the presence
of endotoxin contamination using a quantitative Limulus
amebocyte lysate test (BioWhittaker). The endotoxin
quantity was under the sensitivity level of cell stimulation
(<0.4 U/mg protein).
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For stimulations, CnAOEC and CnAOSMC were
grown for 4 days to obtain confluent cultures and were
treated with 1 pg/ml of DIiES [21], 10 pg/ml of PLG
(Acris Antibodies) [17] or with a mixture of both treat-
ments. Untreated cells and cells treated with DiES +
PLG+50 mM of the lysine analogue e-aminocaproic
acid (eACA) as an inhibitor of PLG activation were used
as control cells under the same conditions.

Cell proliferation assay

Cells were plated on 24-well plates to a density of 10*
CnAOEC/well or 1.5 x 10* CnAOSMC/well and allowed
to attach overnight. After stimulation cell proliferation
was analyzed by crystal violet nuclei staining over 10 days
to determine the number of viable cells, as previously
described [22]. Briefly, every two days, cells were rinsed
with PBS, fixed with 4% formaldehyde for 10 min and
stained with 0.2% crystal violet for 30 min at room
temperature. After several rinses with PBS, the cells
were allowed to dry overnight and crystal violet bound
to cells was extracted by incubation with 2 ml/well of
10% acetic acid. The absorbance of the samples was then
measured at 595 nm and transformed to “number of
viable cells” using a curve that correlated absorbance
and number of endothelial or smooth muscle cells previ-
ously determined.

Cell migration assay

Cell migration was assessed by quantifying the percent-
age of wound closure in the wound-healing assay [23].
In brief, CnAOEC and CnAOSMC were cultured in
60 mm plates (3 x 10° cells/plate) and allowed to attach
overnight before wound creation. Confluent monolayers
were wounded using a sterile pipette tip and the medium
was exchanged for fresh medium before cell stimulation
to remove cellular debris. The extent of wound closure of
the treated and control cells was monitored over a time
course by microscopy and determined along 8 hours by
calculating the migrated distance/total wound distance.

Collagen degradation assay

The concentration of collagen in the supernatants was
analyzed by ELISA. Treated and control cells were
cultured with medium for 48 hours. Then the culture
supernatants were collected, filtered and added to multi-
well plates (Costar). After incubation overnight at 4°C,
wells were blocked with 1% BSA in PBS and incubated
with a rabbit anti-Type I Collagen antibody (1:2500)
(Acris Antibodies), followed by a peroxidase-conjugated
goat anti-rabbit IgG (Sigma) at 1:500 dilution. All incuba-
tions were performed for 1 h at 37°C and between each
step washed three times with PBS wash buffer (PBS con-
taining 0.05% Tweeny). Ortho-phenylene-diamine was

Page 3 of 9

used as a chromogen. Optical densities (OD) were mea-
sured at 492 nm in an Easy Reader (Bio-Rad).

Matrix metalloproteinases (MMPs) levels assays

The levels of the MMP-2 and MMP-9 metalloprotein-
ases in the culture media of the different experimental
groups were analyzed by gelatin zymography according
to the methodology described by Marangoni et al. [24].
Media samples employed in the collagen degradation
assays were electrophoresed on a 10% polyacrylamide
gel copolymerized with 1% gelatin (Sigma) together with
a MMP marker (Cosmobio) as a positive control. The
gels were washed for 1 hour in 2.5% Triton X-100 and
incubated for 20 hours at 37°C in agitation in an enzym-
atic activation buffer ph 7.5 (50 mM Tris; 200 mM NaCl;
5 mM CaCl2; 0,2% Brij-35). The gels were finally stained
with Coomassie blue. The positivity was assessed as
appearance of clear bands on a dark background with
molecular weights of 72 kDa (MMP-2) and 92 kDa
(MMP-9). The levels of the MMPs were calculated after
measuring the density of the existing bands, which is
directly proportional to the amount of gelatin degraded
into the gel.

Cell lysates and Western blot analyses

Western blot analyses were performed as previously
described [21] with slight modifications. CnAOEC and
CnAOSMC previously treated with 1 pg/ml of DIiES
for 24 h were lysed in ice-cold lysis buffer (20 mM
Tris—HCl (pH 7.5), 140 mM NaCl, 10 mM ethylendia-
minetetraacetic acid, 10% glycerol, 1% Igepal CA-630,
aprotinin, pepstatin, and leupeptin at 1 pg/ml each,
1 mM phenylmethylsulfonyl fluoride, and 1 mM so-
dium orthovanadate). Non-stimulated cells were used
as controls under the same conditions. Protein samples
(10 pg) were separated by SDS-PAGE under reducing
conditions and blotted onto polyvinylidine difluoride
membranes. Membranes were blocked before incuba-
tion with primary antibodies: anti-tPA, anti-uPA, anti-
Annexin A2 and anti-PAI-1 (Santa Cruz Biotechnology
Inc) according to the manufacturer’s recommendations.
After incubation with HRP-conjugated secondary anti-
bodies, bands were visualized by a luminol-based de-
tection system with p-iodophenol enhancement. Anti-
a-tubulin antibody (Oncogene Research Products) was
used to confirm loading of comparable amount of
protein in each lane. Protein expression was quantified
by densitometry using Scion Image Software (Scion).

Statistical analysis

Cell proliferation and migration, collagen degradation
and MMP levels significance measurements (compari-
sons between groups) were performed by ANOVA and
corrected for repeated measurements when appropriate.
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If ANOVA revealed overall significant differences, indi-
vidual means were evaluated post hoc using Bonferroni’s
procedure. The results from the Western blots for the
tPA, uPA, annexin A2 and PAI-1 expression were ana-
lyzed with the Students f-test. All the results were
expressed as the mean + SD of three experiments per-
formed with duplicates. In all experiments, a significant
difference was defined as a p-value of <0.05 for a confi-
dence level of 95%.

Results

DiES produce proliferation of CnAOEC and CnAOSMC via
PLG/plasmin system

The effect of DiES and PLG on the proliferation of
endothelial and smooth muscle cells was quantified
using the crystal violet technique in a period of 10 days
(Figure 1). Both cultures showed typical curves of cell
growth in all experimental groups with a progressive
growth between days 0 and 8 post-treatment, experien-
cing cell death and an evident decrease of viable cells
between days 8 and 10 post-treatment. Crystal violet
staining showed an increase significantly greater in the
number of viable cells in CnAOEC and CnAOSMC in
culture stimulated with DiES + PLG than that showed
by other experimental groups on day 8 post-treatment
(p <0.05), indicating that this treatment stimulates the
proliferation of CnAOEC and CnAOSMC.

DiES produce migration of CnAOEC and CnAOSMC via
PLG/plasmin system

A Wound Healing assay was performed to assess migra-
tion of endothelial (Figure 2A) and smooth muscle cells
(Figure 2B). The quantification was carried out by
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measuring the distance of migration in comparison with
negative control (untreated cells) up to 8 hours post-
treatment. In both CnAOEC and CnAOSMC cultures a
significant increase of cell migration after stimulation
with DiES + PLG with respect to the other experimental
groups (p <0.05) occurred, this increase was most pro-
nounced in cultured endothelial cells.

DiES produce ECM degradation of ChAOEC and CnAOSMC
via PLG/plasmin system

To examine ECM degradation, Type I Collagen in the
culture supernatant of treated and untreated CnAOEC
and CnAOSMC were measured by ELISA (Figure 3). A
lower concentration of Type I Collagen and therefore a
further degradation of the secreted collagen by the cells
was observed in the CnAOEC and CnAOSMC stimu-
lated with DiES + PLG than that obtained by the control
cells (p < 0.05). In addition, the same culture media from
treated and untreated cells was analyzed with gelatin
zymography for MMP-2 and MMP-9 levels (Figure 4).
Density of the bands was measured by the Quantity One
Software (Bio-Rad). The results show a significantly
higher level of MMP-2 in the CnAOEC and CnAOSMC
treated with DIiES + PLG than that obtained in the con-
trol cells (p<0.05). No significant differences in the
MMP-9 levels were observed (Figure 4).

Effect of DIiES on the fibrinolytic system components (tPA,
uPA, Annexin Il and PAI-1) expression in CnAOEC and
CnAOSMC

To determine the effect of DiES on some of the main
components of the fibrinolytic system, proteins from
DiES-treated or untreated CnAOEC and CnAOSMC
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Figure 1 Cell proliferation assay performed by the crystal violet technique measuring cell viability over a 10 day period. The
experiment was carried out in canine endothelial (A) and smooth muscle cells (B) untreated or treated with 1 ug/ml of DiES + 10 ug/ml of PLG,
1 pg/ml of DIES, 10 pg/ml of PLG, or with 1 pug/ml of DiES + 10 pg/ml of PLG + 50 mM of the eACA. Results are expressed as number of viable
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extracts were separated by SDS-PAGE and analyzed by
Western blotting using anti-tPA, anti-uPA, anti-Annexin
A2 and anti-PAI-1 antibodies. DiES induced a marked
increase in the expression of the main fibrinolytic activa-
tors tPA and uPA in cultured endothelial cells (p<0.05)
(Figure 5A and B), as well as a slight decrease in the
expression of the main fibrinolytic inhibitor PAI-1 in
both types of cultures (p<0.05) (Figure 5D). Significant

differences in the expression of tPA and uPA in
CnAOSMC (Figure 5A and B) and in the expression of
Annexin A2 in both cell types between DiES-treated or
untreated cultures were not found (Figure 5C).

Discussion
Plasmin is the serine protease responsible for initiating
the fibrinolytic process through the lysis of the fibrin
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clots. Apart from its pivotal role in the maintenance of
haemostasis, plasmin possesses exceptionally broad spe-
cificity for target substrates playing important physio-
logical and pathological roles in tissue remodeling, cell
migration, wound healing, angiogenesis, inflammation
and degradation of ECM [25]. In addition, plasmin is
also upregulated in chronic inflammatory diseases, in-
cluding atherosclerosis and arthritis [26]. The cardio-
pulmonary dirofilariosis is a chronic disease with an
important inflammatory component at the vascular level
in which the interaction between the excretory/secretory
and surface antigens of its aetiologic agent (D. immitis)
and the overproduction of plasmin has been recently
shown [10,11]. The objective of this work was to estab-
lish a relationship between this interaction and the

mechanisms responsible for the formation of intravascu-
lar microvilli in the cardiopulmonary dirofilariosis. Simi-
lar lesions have been previously explained through
mechanical damage caused by the sole presence of the
adult worms in the pulmonary arteries [27]. However,
the pathogenic mechanisms causing the proliferative
endarteritis at the molecular level have not been
described in cardiopulmonary dirofilariosis.

Firstly, we have developed an “in vitro” model of
canine endothelial and smooth muscle cells to study the
relationship between the excretory/secretory antigens of
the parasite and the different cell types of the canine
arterial wall. Our data show that stimulation of both
types of cultures with DiES + PLG cause the proliferation
and migration of CnAOEC and CnAOSMC. Cells treated
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separately with DIiES or PLG did not generate growth
curves or migration distances significantly different from
non-treated cells. In this sense, Morchén et al. [22]
observed that the stimulation of human endothelial cells
in culture with somatic antigens of D. immitis (DiSA) did
not alter cell proliferation. Finally, the inhibition of both
effects by including the 50 mM eACA in the stimulations
demonstrates the participation of plasmin generated by
DiES + PLG binding on the proliferation and migration
of CnAOEC and CnAOSMC.

Two facts reveal the involvement of plasmin generated
by DiES + PLG binding in the degradation of the ECM.
First, this treatment for 48 h causes a significant increase
in the degradation of the Type I Collagen in the culture
media of CnAOEC and CnAOSMC. This molecule
represents the main component of the ECM of elastic
arteries. Its alteration has been associated with vascular
disease and its degradation products with the prolifera-
tion and migration of smooth muscle cells in remodel-
ling arteries [28]. These results are consistent with that
observed in vivo by Wang et al. [7] who reported a
significantly lower amount of collagen in heartworm-

infected dogs than in clinically normal dogs. The degrad-
ation of the ECM is also related to the increase in the
levels of MMPs. Our results show a significantly higher
level of MMP-2 or gelatinase A in the culture media of
CnAOEC and CnAOSMC treated with DIiES + PLG for
48 h, than that obtained from the other control groups.
The MMP-2 can digest a large number of the ECM mol-
ecules including Type I, II, III, IV, V and XI collagens,
laminin, aggrecan core protein, etc. [29]. In addition, the
pathophysiological study of the action of gelatinases
shows that an increase in its activity can be responsible
for tissue remodeling, hypertrophy, angiogenesis and
chronic inflammation [30].

All these data are consistent with previous studies,
which relate the over-activation of the PLG/plasmin
system with different processes of cell proliferation
and migration, as well as the degradation of the ECM
[16-19]. However, none of them linked these patho-
genic processes with the plasmin generated through
the interaction of a blood-borne pathogen with its host
fibrinolytic system. To complete the knowledge of this
interaction we analyze the participation of DiES in the
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basal production of the main components of the fi-
brinolytic system secreted by the cells of the arterial
wall. Our results show that DiES increases the expres-
sion of the fibrinolytic activators tPA and uPA in
CnAOEC during the first 24 h of stimulation, an effect
that is not observed in CnAOSMC cultures. These
data are consistent with those obtained previously
where an increase in the basal production of tPA in
human endothelial cells in culture was demonstrated
[10]. In addition, the presence of tPA is required for
the activation of PLG in various parasites, including D.
immitis [31]. The increase in the expression of uPA
could have special significance since, in addition to its
function as an activator of fibrinolysis, it plays a key
role in tissue remodeling inducing cell proliferation
and migration [32], and high levels in its expression
are related to cardiovascular disease [33]. DIiES causes
a significant reduction in the production of PAI-1 in
CnAOEC and CnAOSMC in culture. PAI-1 is a mem-
ber of the serine protease inhibitor (SERPIN) super-
family and is the primary physiological inhibitor of the
tPA and uPA activity [34]. Finally, DiES does not cause
significant changes in the expression of Annexin A2
PLG receptor. However, it has recently been shown
that D. immitis is able to excrete numerous antigens
which can carry out similar functions as PLG-binding
proteins [10].

Conclusions

In conclusion, the data obtained in this study suggest
that metabolic products of D. immitis may tip the
fibrinolytic balance towards the generation of plasmin,
and that this fact is related to the appearance of patho-
logical phenomena similar to those described in the
formation of intravascular microvilli in cardiopulmonary
dirofilariosis.
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