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a  b  s  t  r  a  c  t

Cardiopulmonary  dirofilariosis  is a cosmopolitan  disease  caused  by Dirofilaria  immitis,  a  filaroid  parasite
whose  adult  worms  live  for  years  in the  vascular  system  of  its  host.  Previous  studies  have  shown  that  D.
immitis  can  use  their  excretory/secretory  (ES)  and  surface  antigens  to enhance  fibrinolysis,  which  could
limit  the  formation  of  clots  in  its surrounding  environment.  Moreover,  several  isoforms  of  the  glyceralde-
hyde  3-phosphate  dehydrogenase  (GAPDH)  and  galectin  (GAL)  were  identified  in  both  antigenic  extracts
as plasminogen-binding  proteins.  The  aim of this  work  is to study  the interaction  of  the GAPDH  and  GAL
of  D.  immitis  with  the  fibrinolytic  system  of  the  host.  This  study  includes  the  cloning,  sequencing  and
expression  of  the recombinant  forms  of  the  GAPDH  and  GAL  of  D.  immitis  (rDiGAPDH  and  rDiGAL)  and
the  analysis  of  their  capacity  as plasminogen-binding  proteins.  The  results  indicate  that  rDiGAPDH  and
rDiGAL  are  able  to bind  plasminogen  and  stimulate  plasmin  generation  by  tissue  plasminogen  activator
(tPA).  This  interaction  needs  the involvement  of  lysine  residues,  many  of  which  are  located  externally
in  both  proteins  as have  been  shown  by  the  molecular  modeling  of their  secondary  structures.  In  addi-
tion,  we  show  that rDiGAPDH  and  rDiGAL  enhance  the  expression  of the urokinase-type  plasminogen

activator  (uPA)  on  canine  endothelial  cells in  culture  and  that  both  proteins  are  expressed  on  the  surface
of  D.  immitis  in  close  contact  with  the  blood  of the  host.  These  data  suggest  that  D.  immitis  could  use
the  associated  surface  GAPDH  and  GAL as  physiological  plasminogen  receptors  to  shift  the  fibrinolytic
balance  towards  the  generation  of plasmin,  which  might  constitute  a survival  mechanism  to  avoid  the
clot  formation  in  its intravascular  habitat.
. Introduction

Fibrinolysis is one of the main anticlotting mechanisms of the

emostatic system. Its key molecule is plasminogen, an abun-
ant component of blood and zymogen of serine protease plasmin,
nzyme responsible for degrading fibrin clots. The conversion of

Abbreviations: ES, excretory/secretory; GAPDH, glyceraldehyde 3-phosphate
ehydrogenase; GAL, galectin; rDiGAPDH, recombinant form of the GAPDH of D.

mmitis;  rDiGAL, recombinant form of the GAL of D. immitis; tPA, tissue plasmino-
en activator; uPA, urokinase-type plasminogen activator; OP, optical density; �ACA,
ysine analogue �-aminocaproic acid; CnAOEC, canine aortic endothelial cells; DiES,
xcretory/secretory antigens from D. immitis adult worms.
∗ Corresponding author at: Faculty of Pharmacy, Laboratory of Parasitology, Uni-
ersity of Salamanca, C/del Licenciado Méndez Nieto, s/n, 37007 Salamanca, Spain.
el.: +34 923294535; fax: +34 923294515.

E-mail address: jglez@usal.es (J. González-Miguel).

ttp://dx.doi.org/10.1016/j.actatropica.2015.01.010
001-706X/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

plasminogen into plasmin is regulated by binding to receptors via
its five kringle domains, which have affinity for lysine residues and
plasminogen activators (tPA and uPA) (Cesarman-Maus and Hajjar,
2005).

In order to maintain and propagate in the circulatory system,
many bloodborne pathogens not only require adaptations to evade
the activity of the host immune system, but also need to pre-
vent blood clotting through interaction with the fibrinolytic system
(Mebius et al., 2013). Cardiopulmonary dirofilariosis is a chronic
and potentially fatal parasitic disease that affects dogs and cats
around the world (Genchi et al., 2001). It is characterized by the
presence of D. immitis adult worms in the pulmonary arteries and
right ventricle of the infected hosts, where they can live for years

causing a chronic inflammatory pathology (Venco, 2007). In pre-
vious studies, we have demonstrated the ability of D. immitis to
bind plasminogen, enhancing plasmin generation by tPA by using
two antigenic compartments (ES and surface) in an in vitro system.

dx.doi.org/10.1016/j.actatropica.2015.01.010
http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2015.01.010&domain=pdf
mailto:jglez@usal.es
dx.doi.org/10.1016/j.actatropica.2015.01.010
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e have also observed that the ES antigens are able to induce an
verexpression of the fibrinolytic activator tPA in vascular endothe-

ial cells in culture. Additionally, we have respectively identified a
otal of 10 and 11 plasminogen-binding proteins in the ES and sur-
ace extracts of the parasite, which included different isoforms of
APDH and GAL (González-Miguel et al., 2012, 2013).

GAPDH has historically been regarded as a “housekeeping” pro-
ein. However, its involvement in numerous cellular processes
n addition to glycolysis has been recently demonstrated. These
nclude DNA repair, tRNA export, membrane fusion and transport,
ytoskeletal dynamics and cell death (Tristan et al., 2011). More-
ver its relationship with the fibrinolytic system has been widely
tudied being identified as plasminogen-binding protein in bac-
eria (Bhattacharya et al., 2012), fungi (Crowe et al., 2003) and
arasites (Erttmann et al., 2005; Ramajo-Hernández et al., 2007;
ama et al., 2009). GAPDH is one of the most studied plasmino-
en receptors in parasites together with enolase, which has been
eported as plasminogen-binding protein for the related filaria
nchocerca volvulus (Jolodar et al., 2003) or Schistosoma bovis

Ramajo-Hernández et al., 2007; de la Torre-Escudero et al., 2010)
mong others.

Galectins are �-galactoside-binding proteins characterized by
ts high level of evolutionary conservation, having been identified
n many species from nematodes to mammals. Galectins have a

ide range of biological functions in different processes including
omeostasis, apoptosis, and vascular embryogenesis and in patho-

ogical conditions such as pre-eclampsia, inflammation, diabetes,
therosclerosis and cancer (Astorgues-Xerri et al., 2014). Related
o filarial worms, onchocercal molting L3 strongly express GAL,
eing this protein proposed as good target for protective responses
Joseph et al., 2000). The interaction between this molecule and
lasminogen has not yet demonstrated. However, the link between
AL-1 expression and cancer cell invasion with the demonstra-

ion of a direct interaction between tPA and GAL-1 in pancreatic
ancer cells and stromal fibroblasts surrounding the tumor has
een recently shown. This interaction enhanced tPA proteolytic
ctivity and increased cell migration and invasion (Roda et al.,
009).

The aim of this study was to perform the molecular and func-
ional characterization of the D. immitis GAPDH and GAL showing
heir capabilities as plasminogen-binding proteins, their rela-
ionships with the endothelium-dependent components of the
brinolytic system and confirming their presence on the surface
f the parasite.

. Materials and methods

.1. Parasite material

Adult worms of D. immitis were obtained from hearts of infected
ogs from Gran Canary (Canary Islands, Spain) through the jugular
ein using Flexible Alligator Forceps.

.2. RNA isolation, RT-PCR, and cloning of GAPDH and GAL cDNA

Total RNA from adult worms was extracted using the Nucle-
Spin RNA II kit (Macherey-Nagel) according to the manufacturer’s

nstructions. First-strand cDNA was synthesized from D. immtis
dult worms RNA using the first-strand cDNA synthesis kit (Roche)
s recommended by the manufacturer. The cDNA sequence of the
. immitis GAPDH and GAL were amplified using the following

rimers:

GAPDHFwd (5′-ATGAGCAAACCAAAGATTGGAATC)
GAPDHRev (5′-TTATCTGCTGGCGATGTAAGAG)
Tropica 145 (2015) 8–16 9

GALFwd (5′-ATGCACCACAACGAATATGAAACGAATTAC)
GALRev (5′-CTAGTGCATTTGAATACCGCTCACTTC)

The primers from GAPDH were designed on the consensus
sequence resulting after the alignment of GAPDH cDNA sequences
from O. volvulus and Brugia malayi (GenBank accession numbers
U96177.1 and U18137.1 respectively). The primers from GAL were
designed on the sequence of GAL cDNA sequences from D. immitis
(GenBank accession number AF237485.1). PCR was performed in 1
cycle at 94 ◦C for 5 m,  35 cycles at 94 ◦C for 1 m,  46 ◦C for 46 s and
72 ◦C for 1 min  30 s, and 1 cycle at 72 ◦C for 5 m.  The PCR products
were electrophoresed in an agarose gel and the bands were purified
from the gel using the StrataPrep DNA Gel Extraction kit (Strata-
gene) as recommended by the manufacturers. The GAPDH and GAL
PCR products were cloned into the pSC-A vector using the Strata-
Clone PCR Cloning kit (Stratagene) following the manufacturer’s
instructions. Both clones were purified with the Machery-Nagel
NucleoSpin Plasmid kit.

2.3. Expression and purification of the rDiGADPH and rDiGAL

PCR products containing the whole rDiGADPH and rDiGAL cod-
ing sequences were cloned into the TOPO vector (Gateway System,
Invitrogen) following the manufacturer’s instructions. The recom-
binant plasmids were transformed into the Escherichia coli XL1B.
Transformed cells were grown in LB-agar plates with ampicillin
(100 �g/ml) overnight at 37 ◦C. Three colonies for each molecule
were grown in liquid LB plus ampicillin overnight at 37 ◦C in agi-
tation, and cells were harvested for plasmid extraction. Extracted
plasmids were digested with EcoRI to check the insert presence. The
TOPO vectors containing the fragments of interest were used for a
ligation reaction with the pDEST7 vector (Gateway System, Invit-
rogen) following the manufacturer’s instructions. Ligation reaction
was transformed into XL1B cells and grown in LB-agar plates with
ampicillin (100 �g/ml) overnight at 37 ◦C. Three colonies for each
molecule were grown in liquid LB plus ampicillin overnight at
37 ◦C in agitation, and cells were harvested for plasmid extraction.
Extracted plasmids were digested with EcoRI to check the insert
presence. Vectors containing the inserts of interest were sequenced
with the T7 primer (Sequencing Service of the Salamanca Univer-
sity) to check for the correct reading frame. The vectors containing
the molecule of interest in reading frame were used to transform
BL-21 expression cells. These were grown in liquid LB plus ampi-
cillin (100 �g/ml) overnight at 37 ◦C in agitation. Cultures were
diluted 1:20 in fresh medium and further growth until reaching
an optical density (OD) of 0.5 at 600 nm.  Then, expression of the
recombinant proteins was induced by adding L-arabinose at a final
concentration of 0.2% and further growing at 37 ◦C for 4 h in agi-
tation. The induced cells were harvested and sonicated in a buffer
containing 50 mM Na2PO4, 300 mM NaCl and 10 mM imidazole, pH
8 for rDiGADPH and 8 M urea, 100 mM  NaH2PO4 and 10 mM Tris–Cl,
pH 7.9 for rDiGAL. After a 20 min  centrifugation step at 10,000 × g,
the supernatant was applied to a HIS-Select® Nickel Affinity Gel
(Sigma) for affinity purification of the histidine-tagged rDiGADPH
and rDiGAL, according to the manufacturer’s instructions. Urea was
eliminated for rDiGAL by washing the column with wash buffer
(100 mM NaH2PO4, and 10 mM Tris–Cl pH 6.3) containing decreas-
ing concentrations of urea (from 6 M to 0 M).  Then, the recombinant
proteins were eluted with elution buffer (50 mM NaH2PO4, 300 mM
NaCl and 250 mM imidazole, pH 7.9). The eluted rDiGAPDH and
rDiGAL were dialyzed in PBS for 24 h at 4 ◦C and stored at −80 ◦C

until use. The purity and yield of each protein obtained after purifi-
cation were assessed in 12% polyacrylamide gels using Coomasie
blue staining. The densitometry was calculated with the PDQUEST
program (Bio-Rad).
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.4. Bioinformatic analyses

The deduced amino-acid sequence of rDiGAPDH and rDiGAL
ere analyzed using the following bioinformatic tools: BLAST

earching of the homologous sequences in the NCBI and Swis-
prot/Uniprot databases (http://www.ncbi.nlm.nih.gov/, http://
ww.uniprot.org/); analysis of conserved domains with SMART

http://smart.embl-heidelberg.de); theoretical isoelectric point
pI) and the molecular weight (MW)  calculations (http://www.
xpasy.org/tools/pi tool.html); prediction of transmembrane
omains with the TMHMM  Server v. 2.0 (http://www.cbs.dtu.
k/services/TMHMM-2.0); prediction of signal peptides with
ignalP 3.0 (Bendtsen et al., 2004) (http://www.cbs.dtu.dk/
ervices/SignalP); search for glycosyl–phosphatidyl anchors
n the sequence with the big-PI Predictor (Eisenhaber et al.,
000) (http://mendel.imp.ac.at/sat/gpi/gpi server.html); multi-
le sequence alignment with ClustalW 2.1 (http://www.ebi.ac.
k/Tools/msa/clustalw2/) and prediction of the secondary struc-
ures and three-dimensional modeling with the Swiss-Model
erver (Arnold et al., 2006; http://swissmodel.expasy.org/) using
s templates the X-ray crystal structure of a GAPDH from B. malayi
code pdb: 4K9D) for DiGAPDH (identity of 96.76%) and the crystal
tructure of Toxascaris leonine GAL (code pdb: 4HL0) for DiGAL
identity of 90.11%). The 3-D models were visualized with the
asMol software v. 2.7.5.2.

.5. Plasminogen binding assays

To determine whether the rDiGAPDH and rDiGAL would bind
lasminogen an ELISA test was carried out as described previ-
usly (González-Miguel et al., 2012). In brief, multiwell microplates
Costar) were coated with 0.5 �g/well of each protein, blocked and
hen incubated with increasing concentrations (from 0 to 30 �g/ml)
f human plasminogen (Acris antibodies). After incubation with the
orresponding antibodies and with a chromogen, the OD was  mea-
ured at 492 nm in an easy reader (Bio-Rad). In parallel, competition
ssays were performed by including 50 mM of the lysine analogue
-aminocaproic acid (�ACA) during plasminogen incubation.

.6. Plasminogen activation assays

Plasminogen activation assay was performed in a test volume
f 100 �l by measuring the amidolytic activity of generated plas-
in  (González-Miguel et al., 2012). In each well 2 �g of human

lasminogen (Acris antibodies) were incubated in PBS with 3 �g
f the chromogenic substrate D-Val-Leu-Lys 4-nitroanilide dihy-
rochloride (Sigma) in the presence of 1 �g of rDiGAPDH or rDiGAL.
ctivation of plasminogen was initiated by addition of 15 ng of tPA

Sigma). In parallel, plasmin generation was also measured in the
bsence of tPA. Plates were incubated at 37 ◦C for 2 h and the hydrol-
sis of the chromogenic substrate was monitored by measuring
bsorbance at 405 nm every 30 min. Each sample was analyzed in
riplicate.

.7. Cell culture and stimulation of endothelial cells

Canine aortic endothelial cells (CnAOEC) (Cell Applications, Inc.)
ere grown in canine endothelial growth mediums (Cell Appli-

ations, Inc.). Plates were precoated with an attachment factor
olution (Cell Applications, Inc.) and cells were cultured at 37 ◦C
n a humidified atmosphere in the presence of 5% carbon dioxide
nd 95% air. Medium was changed every 3 days. Endothelial cells

106 cells/plate) were plated on 100 mm culture plates and grown
or 4 days to obtain confluent cultures and treated with 1 �g/ml of
DiGAPDH or rDiGAL for 24 h. Non-stimulated cells were used as
ontrols under the same conditions.
Tropica 145 (2015) 8–16

2.8. Cell lysates and Western blot analyses

Western blot analysis was performed as previously described
(Morchón et al., 2010) with slightly modifications. Treated and con-
trol CnAOEC were lysed in ice-cold lysis buffer (20 mM Tris–HCl
(pH 7.5), 140 mM NaCl, 10 mM ethylendiaminetetraacetic acid,
10% glycerol, 1% Igepal CA-630, aprotinin, pepstanin, pepstatin,
and leupeptin at 1 �g/ml each, 1 mM phenylmethylsulfonyl fluo-
ride, and 1 mM sodium orthovanadate). Protein samples (10 �g)
were separated by SDS–PAGE under reducing conditions and blot-
ted onto polyvinylidine difluoride membranes. Membranes were
blocked before incubation with the primary antibodies anti-tPA
and anti-uPA (Santa Cruz Biotechnology, Inc.) according to the
manufacturer’s recommendations. After incubation with HRP-
conjugated secondary antibodies, bands were visualized by a
luminol-based detection system with p-iodophenol enhancement.
Anti-�-tubulin antibody (Oncogene Research Products) was  used to
confirm loading of comparable amount of protein in each lane. Pro-
tein expression was quantified by densitometry using Scion Image
Software (Scion).

2.9. Generation of an anti-rDiGAPDH and anti-rDiGAL antisera

Antisera against D. immitis rGAPDH and rGAL were generated
by subcutaneous immunization of four New Zealand female rab-
bits with three doses of each protein in 0.2% saponin solution. First
dose of 1 mg  at the beginning of the experiment, plus two doses of
500 �g 7 and 10 days later. Rabbits were bled 20 days after the last
dose. Sera were collected, serially diluted and titred by ELISA. The
reactivity and specificity of the sera were also assessed by West-
ern blot on rDiGAPDH, rDiGAL or on ES extract from D. immitis
adult worms (DiES) containing the corresponding native proteins.
In brief, recombinant proteins (2 �g each) and DiES (10 �g) were
electrophoresed on 12% SDS–PAGE gels, electrotransferred onto
nitrocellulose membranes, blocked with 2% BSA and incubated with
the antisera against rDiGAPDH, rDiGAL or with a negative control
serum at 1/500 dilution. After washing, immunoblots were incu-
bated with 1/2000 diluted peroxidase-labeled anti-rabbit IgG and
revealed with 4-chloro naphthol. Images were digitized with the
scanner GS-800 Densitometer (Bio-Rad) using the Quantity One
Software v.4.6.5 (Bio-Rad).

2.10. Immunolocalization of proteins in D. immitis adult worms

Immunolocalization assays were carried out in microtome-cut
5 �m sections after dehydrate and embed in paraffin D. immi-
tis adult worms. The sections were placed on microscope slides,
deparaffinized in xylene, rehydrated and blocked with 1% BSA in
PBS. Then, sections were firstly incubated with the anti-rDiGAPDH
or anti-rDiGAL rabbit antisera or with a negative serum (rabbit
preinmune serum), all of them diluted 1/50 in blocking buffer.
Secondly, samples were incubated with an anti-rabbit IgG anti-
body conjugated to Alexa Fluor 594 (Invitrogen) diluted 1/400 in
blocking buffer containing phalloidin-Alexa Fluor 488 (Invitrogen)
diluted 1/200, which binds to actin microfilaments. All incubations
were carried out for 1 h at 37 ◦C in a humid chamber and between
each step, three washes of 5 min  with PBS containing 0.05% Tween-
20 were performed. Finally, the samples were washed four times,
mounted in antifade reagent (Prolong Gold, Invitrogen) and ana-
lyzed with a Leica TCS-NT confocal microscope.

2.11. Statistical analysis
The results from the plasminogen-binding assay, plasminogen
activation assay and Western blots for the tPA and uPA expression
were analyzed with the Student’s t-test. The results were expressed

http://www.ncbi.nlm.nih.gov/
http://www.uniprot.org/
http://www.uniprot.org/
http://smart.embl-heidelberg.de
http://www.expasy.org/tools/pi_tool.html
http://www.expasy.org/tools/pi_tool.html
http://www.cbs.dtu.dk/services/TMHMM-2.0
http://www.cbs.dtu.dk/services/TMHMM-2.0
http://www.cbs.dtu.dk/services/SignalP
http://www.cbs.dtu.dk/services/SignalP
http://mendel.imp.ac.at/sat/gpi/gpi_server.html
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://swissmodel.expasy.org/
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s the mean ± SEM of at least three independent experiments. In
ll experiments, a significant difference was defined as a p-value of
0.05 for a confidence level of 95%.

. Results

.1. Amplification, cloning, sequencing, and expression of
. immitis GAPDH and GAL

Amplification of D. immitis GAPDH and GAL cDNA by RT-PCR
esulted in a PCR product of around 1000 and 850 bp respectively.
hese were cloned into the pSC-A vector and fully sequenced. BLAST
nalysis of the sequence demonstrated its identity as glyceralde-
yde 3-phosphate dehydrogenase and galectin. The GAPDH new
equence was deposited in the Gen-Bank under accession number
Q780095.1. The full D. immitis GAPDH and GAL cDNA contained
020 and 846 nucleotides, encoded proteins of 339 and 280 amino
cids, with a theoretical molecular weight of 36,179 and 32,085 Da,
nd pI of 7.11 and 6.08 respectively.

The bioinformatics analyses of the deduced amino acid
equences did not reveal a signal peptide, transmembrane helices
r glycosyl-phosphatidyl inositol anchors. The percentage identity
etween DiGAPDH and homologous sequences from other organ-

sms (O. volvulus, S. bovis, Candida albicans, Streptococcus pyogenes,
acillus anthracis and Trichomonas vaginalis) whose GAPDH had
een previously related with plasminogen-binding activities was
nalyzed using multiple sequence alignment with the ClustalW
rogram (Fig. 1). The analysis revealed a range of identities between
he 94.99% of the filaria O. volvulus and the 43.07% of the protozoa
. vaginalis. Additionally, seven conserved lysine residues in all the
equences were found and highlighted. Amino-acid conservation
f DiGAPDH and DiGAL was analyzed by alignment with homolo-
ous sequences from other parasites (Figs. S1 and S2). DiGAPDH and
iGAL revealed a strong identity with the homologous sequences

rom other filarial nematodes (B. malayi,  O. volvulus, Loa loa and
uchereria bancrofti) ranging from 97.46% and 94.99% in the case of

iGAPDH (Fig. S1) and from 96.79% and 94.81% in the case of DiGAL
Fig. S2). These sequences also showed high identities in the align-

ent with proteins from other non-filarial parasitic helminths.
iGAPDH revealed identities of 87.61%, 76.33% and 73.96% with

he GAPDH from Ascaris suum, S. mansoni and Fasciola hepatica (Fig.
1); and DiGAL revealed identities of 88.13 and 82.73 with GAL
rom A. suum and Haemonchus contortus (Fig. S2). Conserved lysine
esidues of DiGAL were also highlighted. In silico three-dimensional

odeling of the molecules predicted the 3D structures showing in
he case of DiGAPDH a homo-tetramer with 15 �-helices and 4 �-
heets (Fig. 2A). Molecular modeling of DiGAL showing a monomer
ith the presence of 2 �-helices and 26 �-sheets (Fig. 2B). Con-

erved lysine residues were highlighted and were visualized on the
utside of the proteins.

The D. immitis GAPDH and GAL cDNA were cloned into the
xpression vector TOPO/pDEST. After induction of expression
n E. coli, the hexahistidine-tagged recombinant proteins were
urified under denaturing conditions using nickel affinity chro-
atography. The purified recombinant proteins rDiGAPDH and

DiGAL had molecular weights of 38.6 kDa and 34.6 kDa in poly-
crylamide gel.

.2. rDiGAPDH and rDiGAL bind plasminogen

The binding level of plasminogen to rDiGAPDH and rDiGAL was

ssessed by ELISA (Fig. 3). Analyses showed that both recombi-
ant proteins bind plasminogen and that this binding is directly
roportional to the amount of plasminogen. Comparing the results
btained by both recombinant proteins, rDiGAPDH showed higher
Tropica 145 (2015) 8–16 11

plasminogen-binding capacity than rDiGAL (Fig. 3). The negative
control consisting of wells coated only with BSA showed some
non-specific binding activity, but always with values significantly
lowers than those obtained by rDiGAPDH and rDiGAL (p < 0.05). To
determine whether or not lysine residues are involved in binding,
a competition experiment including 50 mM �ACA was carried out.
In this case the binding was  inhibited about 90% in the case of rDi-
GAPDH and approximately 70% in the case of rDiGAL, resulting in
slightly higher optical densities than the negative control (Fig. 3).

3.3. rDiGAPDH and rDiGAL enhance the activation of
plasminogen by tPA

In order to assess the ability of rDiGAPDH and rDiGAL to activate
plasminogen and generate plasmin on their own, the amidolytic
activity of plasmin generated in the presence or absence of tPA was
measured. Negative controls replacing each recombinant protein
for BSA or tPA were also used. Fig. 4 shows the capacity of rDiGAPDH
and rDiGAL to stimulate plasmin generation by tPA obtaining
optical densities significantly higher than the negative controls
(p < 0.05). Both proteins obtained similar results and plasminogen-
activation did not occur in the absence of tPA. Furthermore this
effect is inhibited by 50 mM �ACA, indicating the involvement of
lysine residues in the process.

3.4. rDiGAPDH and rDiGAL enhance the expression of uPA and
not of tPA in canine endothelial cells

To study the possible effect of rDiGAPDH and rDiGAL on the
expression of the main activators of fibrinolysis (tPA and uPA),
the parasitic proteins were employed to stimulate CnAOEC in
culture. Proteins from rDiGAPDH/rDiGAL-treated or untreated vas-
cular endothelial cell extracts were separated by SDS–PAGE and
analyzed by Western blotting using anti-tPA or anti-uPA antibod-
ies. As shown in Fig. 5, both proteins induced a significant increase
in uPA protein expression after 24 h of stimulation (p < 0.01), being
this increase higher in the case of rDiGAPDH stimulation. None of
the proteins led to significant differences in the protein expression
of tPA.

3.5. Immunolocalization of DiGAPDH and DiGAL

In a first step, antisera against rDiGAPDH and rDiGAL were gen-
erated. The reactivity and specificity of these antisera were tested
in ELISA and Western blot prior to their use in the immunolocal-
ization studies. The antibody titers of these antisera were higher
than 1/500, with an OD of 1.12 and 1.07, respectively, while a
negative serum showed an OD of 0.12 and 0.16 at the same dilu-
tion. The anti-rDiGAPDH and anti-rDiGAL antisera reacted strongly
and specifically with the recombinant proteins and with the native
GAPDH and GAL proteins in the DiES extract in the Western blot
analyses. The negative sera showed no reactivity with any of the
proteins tested (data not shown).

The anatomical localization of DiGAPDH and DiGAL was  car-
ried out in histological sections of D. immitis adult worms by
immunofluorescence using the rabbit polyclonal antisera previ-
ously generated. As shown in Fig. 6, all sections showed green
fluorescence throughout the soma of the parasite, as a result of the
binding of phalloidin-Alexa Fluor 488, actin ligand which serves as a
positive control of the technique. Sections incubated with the anti-
rDiGAPDH or anti-rDiGAL antisera showed, in addition, specific

reactivity (in red) against the parasitic GAPDH and GAL, respec-
tively. Both proteins are located scattered throughout all the soma,
being especially abundant in the cuticle (reflected by an orange
color in the overlay of Phalloidin-Alexa Fluor 488 + Alexa Fluor 594
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Fig. 1. Alignment of the D. immitis GAPDH sequence (AFL46382) with the GAPDH from O. volvulus (CAA70607), S. bovis (ACC78613), C. albicans (AAC49800), S. pyogenes
(AAK33348), B. anthracis (AIF58743) and T. vaginalis (AAA30325), which have previously been associated with plasminogen-binding activities. The percentage of sequence
identity between D. immitis sequence and the others is indicated. The amino acids conserved in all the sequences are labeled with asterisks, and conservative and semicon-
servative substitutions are labeled with two and one point, respectively. Conserved lysine residues are shaded in yellow. (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of the article.)
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Fig. 2. Molecular modeling of D. immitis GAPDH (A) and GAL (B). The secondary structure of the proteins were predicted with the Swiss-Model web server
(http://swissmodel.expasy.org/) by analogy with the X-ray crystallography available models. The three-dimensional models of the molecules were visualized with the
RasMol application v. 2.7.5.2. Conserved lysine residues of proteins were highlighted as red balls. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)

Fig. 3. Plasminogen binding to 0.5 �g of rDiGAPDH (A) or rDiGAL (B) measured over a range of plasminogen concentrations using a microtiter plate method. (�) Incubation
with  increasing concentrations of plasminogen, 0–30 �g/ml. (�) Competition assay with 50 mM �ACA included during plasminogen incubation. (�) Negative control consisted
of  wells coated only with BSA. Each point is the mean of three replicates ± SD. The asterisk (*) designates significant (p < 0.05) differences.

Fig. 4. Plasminogen activation and plasmin generation by rDiGAPDH (A) and rDiGAL (B). (�) 15 ng of tPA was added to mixtures containing 2 �g of human plasminogen,
3 bina
i sities
r

i
n

4

t
r

 �g of D-Val-Leu-Lys 4-nitroanilide dihydrochloride (Sigma) and 1 �g of each recom
n  a test volume of 100 �l. (�) No tPA was added to reaction mixtures. Optical den
eplicates ± SD. The asterisk (*) designates significant (p < 0.05) differences.

mages). Sections incubated with a rabbit negative serum showed
o specific red fluorescence from recombinant proteins.

. Discussion
Two recent in vitro studies demonstrated the participation of
he ES and surface antigens of D. immitis in the activation of the fib-
inolytic system. In addition, some of the antigens responsible for
nt protein (or BSA as negative control) in the presence or absence of 50 mM of �ACA
 measured at 405 nm after 120 min  of incubation. Each point is the mean of three

this enhancement were identified (González-Miguel et al., 2012,
2013). Taking into account these previous data and the importance
of the anticlotting mechanisms for D. immitis, a parasite that sur-
vives for years in the pulmonary arteries of its host, the objective

of this work was  to investigate the participation of the D. immitis
GAPDH and GAL in the fibrinolytic system activation using recom-
binant forms of both proteins. This involves knowing whether or
not these proteins are able to bind plasminogen, stimulate plasmin

http://swissmodel.expasy.org/
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Fig. 5. Effect of rDiGAPDH and rDiGAL on the expression of tPA and uPA in canine vascular endothelial cells. Protein extracts from lysed rDiGAPDH or rDiGAL treated or
untreated confluent cell cultures were analyzed by Western blot for tPA and uPA. �-Tubulin served as a protein control. Results were expressed as the mean ± SEM of at least
three  independent experiments. The asterisk (*) designates significant (p < 0.05) differences from control cells. (�) Stimulated endothelial cells with 1 �g/ml of rDiGAPDH or
rDiGAL. (�) Non-treated control cells.

Fig. 6. Immunolocalization of DiGAPDH and DiGAL in sections from D. immitis adult worms. Images of parasite sections incubated with phalloidin-Alexa Fluor 488 (in green,
specific  binding to Actin) plus the negative or the anti-rDiGAPDH or anti-rDiGAL rabbit sera and an anti-rabbit IgG-Alexa Fluor 594 (in red). Corresponding transmitted light
images are also adressed. Magnification 4×. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



 Acta 

g
a
i

t
a
l
p
a
o
h
t
m
b
f
m
a
l
t
g
(

m
g
o
a
2
(
t
o
t
i
r
l
o
p
c
s
H
a
s
b
f
a
n
t
w

p
s
o
c
o
t
u
c
b
o
c
a
i
h
(

G
t

J. González-Miguel et al. /

eneration, interact with the expression of the main fibrinolytic
ctivators and express in an antigenic compartment of the parasite
n contact with the blood of the host.

Two peptide sequences of 339 and 280 amino acids were respec-
ively obtained by cloning and sequencing of the D. immitis GAPDH
nd GAL cDNAs. The subsequent bioinformatics analysis have high-
ighted the high degree of evolutionary conservation of these
roteins, both in the structural characteristics of their 3D models,
nd in the multiple sequence alignments carried out with homol-
gous proteins from other helminth parasite species. On the other
and, none of the two proteins showed structural motifs for their
ransport or expression on the cell surface (signal peptide, trans-

embrane motifs or GPI anchors). However, both proteins have
een identified by immunoproteomic techniques in the ES and sur-
ace extracts of D. immitis (González-Miguel et al., 2012, 2013). This

ay  be related to unconventional mechanisms of protein transport,
s for example with the association of these proteins with exosome-
ike secretion vesicles. This has been postulated as an extracellular
ransport mechanism both for glycolytic enzymes from several
roups of parasites (Gómez-Arreaza et al., 2014) and for galectins
Nickel, 2003).

Both the rDiGAPDH and rDiGAL showed ability to bind plas-
inogen (higher in the case of rDiGAPDH) and to stimulate plasmin

eneration in an in vitro system. Plasminogen activation occurred
nly in the presence of the tPA, as observed previously using the ES
nd surface antigens from D. immitis (González-Miguel et al., 2012,
013) or GAPDH from different bacteria, fungi or parasites species
reviewed by Figuera et al., 2013). In addition, to our knowledge,
his is the first time that GAL is proposed as a physiological receptor
f plasminogen. Competition assays with the �-ACA acid revealed
he involvement of lysine residues from both proteins in the bind-
ng of plasminogen. The interaction between plasminogen and their
eceptors has been related to the presence of carboxyl-terminal
ysine residues (Plow et al., 1995). DiGAPDH alignment with homol-
gous sequences from other organisms that have been related to
lasminogen-binding activities (Figuera et al., 2013) shows that the
arboxyl-terminal domain of these proteins are not highly con-
erved, and that in some cases domains lack lysines (see Fig. 1).
owever, there are highly conserved internal lysine residues in the
mino acid sequences of DiGAPDH and DiGAL. Therefore, it is pos-
ible that conserved internal lysine residues are involved in the
inding of plasminogen to these proteins as it has been postulated
or the enolase of Streptococcus pneumoniae (Ehinger et al., 2004). In
ddition, after viewing the spatial location of the conserved inter-
al lysine residues of the DiGAPDH and DiGAL in their 3D models,
hese residues seem to be located externally in these molecules,
hich would facilitate the accessibility of plasminogen.

rDiGAPDH and rDiGAL did not cause a stimulation of basal tPA
roduction in canine endothelial cell cultures. However, it has been
hown that whole D. immitis ES antigens are able to produce an
verexpression of this fibrinolytic activator in human endothelial
ells in culture (González-Miguel et al., 2012). This suggests that
ther molecules of D. immitis are responsible for this process. On
he other hand, rDiGAPDH and rDiGAL produced a significant stim-
lation of the basal uPA production in canine endothelial cells in
ulture. To our knowledge, this is the first time that the relationship
etween a parasitic antigen and the overproduction of an activator
f fibrinolysis in an in vitro system has been demonstrated. This
ould have particular relevance since uPA, in addition to its role
s activator of fibrinolysis, plays a key role in tissue remodeling
nducing proliferation and cell migration (Nicholl et al., 2005a), and
igh levels in its expression are related to cardiovascular disease

Fuhrman, 2012).

In order to ascertain whether the ability of rDiGAPDH and rDi-
AL to bind plasminogen may  have relevance in vivo, it is necessary

hat these proteins are expressed and/or located in tissues of the
Tropica 145 (2015) 8–16 15

parasite in close contact with the host blood (Hawley et al., 2000).
Immunofluorescence study indicates that DiGAPDH and DiGAL are
especially abundant on the surface of D. immitis, in addition to
have an intracellular localization which is expected for a glycolytic
enzyme and a lectin. In the case of the GAPDH, this is consistent with
the results of a recent study in which it was identified as one of the
five most abundant proteins in the cuticle of D. immitis (Morchón
et al., 2014).

The ability of these molecules to enhance the activation of
fibrinolysis could be an important survival mechanism for D. immi-
tis in its intravascular environment. However, overstimulation
of the plasminogen/plasmin system has been related to cellular
invasion and intra-organic migration in different pathogens (Jong
et al., 2003; Bernal et al., 2004). In addition, the overproduction
of plasmin has been linked with the proliferation and migration
of vascular cells and with the degradation of extracellular matri-
ces in humans (Nicholl et al., 2005b Yang et al., 2005; Roth et al.,
2006; Hayashi et al., 2009). This suggests a possible involvement of
the over-activation of the fibrinolytic system by D. immitis antigens
in the long-term development of the pathogenic mechanisms that
occur during cardiopulmonary dirofilariosis.

In conclusion, we have shown that D. immitis GAPDH and GAL
are able to bind plasminogen and enhance plasmin generation by
tPA with the involvement of lysine residues. In addition, these pro-
teins stimulate the expression of the fibrinolytic activator uPA on
canine endothelial cells in culture and they are expressed on the
surface of the worms. Therefore, DiGAPDH and DiGAL could be
used by D. immitis to stimulate the activation of the fibrinolytic
system through the plasminogen binding to its surface or excreted
molecules, as a mechanism to avoid blood clot formation in its close
environment.
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