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Abstract 

Background:  Bovine besnoitiosis, caused by the cyst-forming apicomplexan parasite Besnoitia besnoiti, is a chronic 
and debilitating cattle disease that continues to spread in Europe in the absence of control tools. In this scenario, in 
vitro culture systems are valuable tools to carry out drug screenings and to unravel host-parasite interactions. How‑
ever, studies performed in bovine target cells are scarce.

Methods:  The objective of the present study was to obtain primary bovine aortic endothelial cells (BAECs) and fibro‑
blast cell cultures, target cells during the acute and the chronic stage of the disease, respectively, from healthy bovine 
donors. Afterwards, expression of surface (CD31, CD34 and CD44) and intracellular markers (vimentin and cytokera‑
tin) was studied to characterize cell populations by flow cytometry. Next, the lytic cycle of B. besnoiti tachyzoites 
was studied in both target cells. Invasion rates (IRs) were determined by immunofluorescence at several time points 
post-infection, and proliferation kinetics were studied by quantitative PCR (qPCR). Finally, the influence of bovine viral 
diarrhea virus (BVDV) co-infection on the host cell machinery, and consequently on B. besnoiti invasion and prolifera‑
tion, was investigated in BAECs.

Results:  Morphology and cytometry results confirmed the endothelial and fibroblast origins. CD31 was the surface 
marker that best discriminated between BAECs and fibroblasts, since fibroblasts lacked CD31 labelling. Expression 
of CD34 was weak in low-passage BAECs and absent in high-passage BAECs and fibroblasts. Positive labelling for 
CD44, vimentin and cytokeratin was observed in both BAECs and fibroblasts. Regarding the lytic cycle of the para‑
site, although low invasion rates (approximately 3–4%) were found in both cell culture systems, more invasion was 
observed in BAECs at 24 and 72 hpi. The proliferation kinetics did not differ between BAECs and fibroblasts. BVDV 
infection favoured early Besnoitia invasion but there was no difference in tachyzoite yields observed in BVDV-BAECs 
compared to BAECs.

Conclusions:  We have generated and characterized two novel standardized in vitro models for Besnoitia besnoiti 
infection based on bovine primary target BAECs and fibroblasts, and have shown the relevance of BVDV coinfections, 
which should be considered in further studies with other cattle pathogens.
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Background
Bovine besnoitiosis, caused by the cyst-forming api-
complexan parasite Besnoitia besnoiti, is a chronic and 
debilitating cattle disease characterized by both cuta-
neous and systemic clinical manifestations. This para-
sitic disease progresses in two sequential phases as a 
consequence of the development of the two asexual and 
infective stages of the parasite: tachyzoites, responsible 
for the acute infection, and bradyzoites, responsible for 
the chronic infection [1]. Acutely infected animals may 
develop fever, oedema, orchitis and respiratory disor-
ders. It has been postulated that endothelial and mon-
onuclear cells are the parasite target cells during this 
stage. The tachyzoite lytic cycle results in host cell inva-
sion, proliferation and egress from infected cells with 
subsequent tissue damage that may result in degenera-
tive and fibroid necrotic lesions, vasculitis and throm-
bosis in parasitized tissues [2–4]. Next, tachyzoites 
switch into bradyzoites, which are packed inside tissue 
cysts to evade host immune responses. Tissue cysts are 
responsible for the characteristic skin lesions, such as 
hyperkeratosis, folding, alopecia and scars that occur 
during the chronic stage [1]. Previous studies have 
shown that tissue cyst formation occurs predominantly 
in cells of mesenchymal origin, such as fibroblasts and 
myofibroblasts [5].

Currently, this parasitic disease continues to spread in 
Europe in the absence of control tools [6]. In this sce-
nario, in vitro culture systems are essential tools to carry 
out safety and efficacy drug screenings and to unravel 
host-parasite interactions [7].

Tachyzoites of B. besnoiti can be successfully main-
tained in primary cultures and in immortalized cell 
lines from different host origins (tick, mouse, monkey, 
cat, hamster or human) [8–11]. However, it has been 
reported that primary cells maintain many of the impor-
tant markers and functions seen in vivo and better mimic 
the in vivo environment [12]. Moreover, the host spe-
cies seems to be crucial when dissecting host-pathogen 
interactions [7]. Studies performed so far with B. besnoiti 
in primary bovine cell lines have been restricted to the 
embryonic calf heart cells KH-R [10], bovine umbili-
cal vein endothelial cells (BUVECs) [13, 14], as well as 
bovine monocytes and neutrophils [15, 16]. Nonetheless, 
BUVECs are unlikely to be infected in natural infections 
since vertical transmission has not been reported, and 
endothelial cell (ECs) populations show heterogeneity in 
structure and function, depending on their localization 
[17]. Thus, primary target ECs of the adult cattle circula-
tory system might be an appropriate tool. On the other 
hand, although B. besnoiti tachyzoites have been success-
fully maintained in human foreskin fibroblasts [11], these 
cells are of a different host origin and thus are not the 

ideal system to dissect host-parasite interactions at the 
molecular level.

Another key issue to be considered regarding in vitro 
systems is the avoidance of cell culture contaminants, 
such as Mycoplasma spp. and viral infections to obtain 
reproducible and reliable data [18]. There are commer-
cially available bovine ECs and fibroblasts, both as estab-
lished and as primary cultures. However, the presence of 
bovine pathogens, such as bovine viral diarrhoea virus, a 
prevalent bovine pathogen and frequent contaminant in 
foetal bovine serum batches worldwide [19], is not rou-
tinely checked. In addition, established cell lines in repos-
itories have been confirmed to be infected with BVDV 
[18]. Since BVDV is known to alter the transcriptomic 
profile of ECs in vitro [20], it may also influence the inter-
action of B. besnoiti with these target host cells.

The objective of the present study was to obtain and 
characterize primary bovine endothelial and fibroblast 
cell cultures from healthy bovine donors. Next, the B. 
besnoiti lytic cycle was studied in both target cells in 
terms of invasion and proliferation capabilities. Finally, 
the influence of BVDV co-infection was investigated in 
ECs.

Methods
Donor animals
Heifers from the Asturiana de la Montaña breed that 
were approximately 24-months-old were selected based 
on the absence of pathogens that are commonly found 
in cattle, such as BVDV, infectious bovine rhinotrachei-
tis, Neospora caninum and Mycobacterium avium para-
tuberculosis based on ELISA techniques. The presence 
of specific antibodies against B. besnoiti and N. caninum 
was also ruled out by Western blotting [21, 22].

Isolation of primary endothelial cells and fibroblasts 
from bovine aortas
The selected animals were culled at a local slaughter-
house, and fresh bovine aortas were obtained and imme-
diately clamped with sterilized plastic tie wraps. Next, 
the lumen was filled with wash medium consisting of 
Dulbeccoʼs modified Eagleʼs medium (DMEM high glu-
cose, Gibco, Life Technologies, Thermo Fisher Scientific, 
Waltham, MA, USA), 10% FBS (Gibco) and a mixture 
of antibiotics (200 U/ml penicillin, 200 mg/ml strep-
tomycin) (Lonza, Basel, Switzerland) [23]. Afterwards, 
under a sterile hood, the aortas were dipped in ethanol 
and were cut into two or three 5-cm long pieces, and 
each piece was opened with a longitudinal incision. The 
specimens were placed in separate sterile Petri dishes 
with the endothelium facing up and covered with sterile 
filter paper to avoid further digestion of the tissue [23]. 
Approximately 2 ml of 0.1% (wt/vol) collagenase type II 
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solution was dripped onto each filter paper. Collagenase 
type II solution was prepared by dissolving 0.1 g of col-
lagenase II (Gibco) in 100 ml of Hank’s balanced salt 
solution with calcium chloride (CaCl2) and magnesium 
chloride (MgCl2) (Gibco). Samples were incubated at 37 
°C for 30 min, and the resulting fluid from the enzymatic 
digestion was centrifuged at 250× g at 4 °C for 5 min. 
The sample was then resuspended in specific medium 
for ECs, namely, M200 (Gibco), plus 20% FBS and a spe-
cific supplement for large vessel ECs (LVES, Gibco) prior 
to seeding the cells into T25 flasks. The medium was 
changed every 2–3 days until the cells were confluent and 
passaged.

For the isolation of ECs, differential trypsinization was 
performed to prevent fibroblast contamination according 
to previously published protocols [24]. Fibroblasts detach 
first in a mixed-cell culture when they are trypsinized. 
Briefly, when fibroblast contamination was detected, the 
cell culture medium was discarded, and the monolayer 
was gently rinsed with phosphate-buffered saline (PBS). 
Prewarmed trypsin-EDTA was added, and the area of the 
culture containing both bovine aorta ECs and fibroblasts 
was observed under a light inverted microscope (Nikon 
Eclipse TS100) until the first fibroblasts started to detach. 
The cell culture supernatant containing fibroblasts was 
discarded, and fresh culture medium was added to the 
flask with BAECs.

To isolate fibroblasts, in parallel, one flask was left 
undisturbed, without differential trypsinization, and 
fibroblasts slowly outgrew the ECs until the monolayer 
consisted only of fibroblasts. Afterwards, the fibroblasts 
were passaged, and a homogeneous culture was observed 
under the light microscope. Three trials and two aortas 
per trial were needed to succeed in the isolation of BAEC 
and fibroblasts. Once isolated, the same cells were used 
for all the experiments.

Maintenance of B. besnoiti tachyzoites and cell cultures
Tachyzoites from the B. besnoiti Spain1 isolate 
(BbSpain1) were routinely maintained and propagated 
in the monkey kidney cell line MARC-145, according to 
previously published procedures [11]. MARC-145 cell 
cultures were passaged twice a week.

For in vitro assays, tachyzoites were harvested at three 
days post-infection, when most of the tachyzoites were 
still intracellular, by removing the infected cell mon-
olayer with a cell scraper, followed by repeated passages 
through a 25-gauge needle and separation from cell 
debris on a disposable PD-10 column [11]. To avoid par-
asite adaptation to cell culture, only low-passage tachy-
zoites were included in the studies (passage numbers 10 
to 21). Tachyzoite viability was confirmed by trypan blue 
exclusion followed by counting in a Neubauer chamber. 

Purified viable tachyzoites were used to infect confluent 
fibroblast or BAECs monolayers as described below for 
the lytic cycle characterization.

The B. besnoiti isolate used for all in vitro assays tested 
negative for Mycoplasma spp. infection by PCR (Myco-
plasma Gel Form Kit®, Biotools, Madrid, Spain) following 
the manufacturerʼs instructions, and BVDV by quantita-
tive real-time reverse-transcriptase PCR (RT-PCR) [25]. 
The FCS used in all experiments was previously tested to 
confirm the absence of IgGs against B. besnoiti, N. cani-
num and Toxoplasma gondii by IFAT [26], and BVDV by 
RT-PCR [25].

Newly obtained BAECs were maintained in a spe-
cific medium for ECs M200 (Gibco) with 20% FBS, 
LVES (Gibco) and a mixture of antibiotics (penicillin + 
streptomycin, Lonza, Basel, Switzerland) and passaged 
when confluent, approximately every 3–4 days. Bovine 
fibroblasts were cultured in DMEM with 15% FBS and 
antibiotics and passaged once a week using pre-mixed 
Trypsin EDTA (TrypLE®, Gibco). High-passage BAECs 
were maintained as described for low-passage BAECs. 
To avoid changes associated with the long-term in vitro 
maintenance of the cells, only low-passage BAECs and 
fibroblasts were used for the lytic cycle characterization.

Bovine pulmonary artery endothelial cells (CPAE, 
ATCC® CCL-209), that were persistently infected with 
a non-cytopathic strain of BVDV were maintained in 
Dulbeccoʼs modified Eagleʼs medium (DMEM) high 
glucose (Gibco) plus 15% FBS and antibiotics (100 U/ml 
penicillin, 100 mg/ml streptomycin) and passaged twice 
a week. To avoid cross-contamination, this cell line was 
kept in a different cell culture room with a separate incu-
bator and laminar flow hood. This cell line was used as a 
source of infectious BVDV for further experiments.

Bovine immortalized endometrial cells (eMSC 4H) 
were employed as positive controls for the expression of 
the surface and intracellular markers that were analysed 
by flow cytometry. This cell line represents a cell popula-
tion with markers that are characteristic of mesenchymal 
and epithelial cells. The eMSC 4H cells were maintained 
in RPMI 1640 with (Lonza, Basel, Switzerland), 10% FCS 
and antibiotics (100 U/ml penicillin, 100 mg/ml strepto-
mycin), and were passaged once a week.

Flow cytometry of surface and intracellular markers 
in bovine cell lines
The pattern of the expression of surface proteins (CD31, 
CD34, CD44) and intracellular molecules (vimentin and 
cytokeratin) was analysed by flow cytometry both on 
low- and high-passage BAECs (passages 8 and 28, respec-
tively), low-passage fibroblasts (passage 10) and endome-
trial cells, essentially as previously described [27].
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The immunocytochemical analysis by flow cytom-
etry was carried out following procedures previously 
described [27]. Briefly, for intracellular markers, first, 
cells were fixed with paraformaldehyde and then permea-
bilized with 0.4% Triton X100. Afterwards, appropriate 
dilutions, which were recommended by the manufac-
turers, of the primary antibodies listed in Table  1 were 
added. Alexa Fluor 488-conjugated secondary antibodies 
(Jackson ImmunoResearch Laboratories, Cambridgesh-
ire, UK) were added at a 1:500 dilution and incubated 
for 30 min at room temperature (RT). For CD31, which 
was conjugated with allophycocyanin (APC), cells were 
washed with PBS, and the appropriate dilution of the 
conjugated primary antibody (1:50) in TNB was added to 
the cells. Subsequently, the cells were washed twice with 
PBS. Cells that were incubated with only the appropri-
ate secondary antibodies were used as negative control 
samples. The analysis of the samples to determine the 
fold change of the expression, which was based on the 
fluorescence relative to that of the negative control cells, 
was performed with the Cell Lab Quanta SC system of 
Beckman Coulter using the FlowJo X software version 
10.0.7r2 (Beckton Dickinson, Franklin lakes, NJ, USA).

Characterization of the lytic cycle of Besnoitia besnoiti 
tachyzoites in primary BAEC and bovine fibroblasts
Invasion assays
Invasion assays were carried out essentially as previ-
ously described in MARC-145 cells [11]. Confluent 
monolayers of BAECs or fibroblasts (105 cells/well) 
were seeded on sterile coverslips in P24 cell culture 
plates and were infected with 103 viable tachyzoites/
well (multiplicity of infection, MOI = 0.01). Next, at 4, 
8, 12 and 24 h post-infection (hpi), 3 washes with PBS 
were performed to remove non-adherent extracellular 

tachyzoites, and three infected wells were left undis-
turbed without washing for 72 h. Infected cultures 
were further incubated for 72 h at 37 °C with 5% CO2 
in a humidified incubator. Then, the cells were fixed 
using ice-cold methanol for 20 min at RT, and immu-
nostaining was performed. Afterwards, the number of 
invasion events per well, namely, small and large para-
sitophorous vacuoles (PVs) and lysis plaques (LPs), was 
counted as previously described [11]. The invasion of a 
single tachyzoite was assumed to result in one invasion 
event. All conditions were tested in triplicate in at least 
three independent experiments.

Proliferation assays
P24 cell culture plates with confluent BAECs or fibroblast 
monolayers (105 cells/well) were infected with 106 puri-
fied viable tachyzoites/well (MOI = 10) [11]. After 4 h, 
the wells were washed 3 times with PBS to remove non-
adhered extracellular tachyzoites, and the infected cul-
ture plates were further incubated at 37 °C in a humidified 
5% CO2 incubator. At 4, 8, 12, 24, 48 and 72 hpi, superna-
tants were discarded, and samples were collected accord-
ing to the manufacturerʼs instructions from a Rapid Lyse 
Kit (Mackerey-Nagel, Düren, Germany) and stored at 
-80 °C until DNA extraction. In parallel, cell culture rep-
licates were seeded on coverslips, infected as described 
above and fixed with a mixture of 3% paraformaldehyde 
and 0.05% glutaraldehyde in PBS at the pi times selected 
(4, 8, 12, 24, 32, 48 and 72 hpi) for immunofluorescence 
staining. Three coverslips were photographed for each 
condition using an inverted fluorescence microscope 
at 600× magnification (Nikon Eclipse TE 200, Chiyoda, 
TYO, JP). Proliferation assays were carried out in tripli-
cate and repeated in three independent experiments.

Table 1  Markers employed to characterize primary BAEC and bovine fibroblasts by flow cytometry

a  ECs: Endothelial cells / Fb: Fibroblasts
b  CD34: marker for hematopoietic stem cells [35]
c  CD31 conjugated to Allophycocyanin (APC) (direct staining)
d  Supplied by Sigma-Aldrich
e  Supplied by Biorbyt
f  Supplied by Bio-Rad
g  Supplied by NovusBio

Marker Location Primary antibody Secondary antibody Labelled cella References

Clone Isotype Dilution Isotype (Alexa fluor 488) Dilution

Vimentin Intracellular LN-6d Mouse monoclonal IgM 1:100 Anti Mouse IgG 1:500 ECs/Fb [39, 42]

Cytokeratin Intracellular C-11d Mouse monoclonal IgG1 1:100 Anti Mouse IgG 1:500 ECs/Fb [43–45]

CD34b** Surface NAe Rabbit polyclonal IgG 1:100 Anti Rabbit IgG 1:500 ECs [35]

CD44 Surface IM7f Rat monoclonal IgG2b 1:50 Anti Rat IgG 1:500 ECs/Fb [36, 38]

CD31 Surface CO.3E-1D4g Mouse monoclonal IgG2a-APCc 1:50 – – ECs [23, 35]
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Besnoitia besnoiti invasion and proliferation in BAEC infected 
with BVDV
To study the possible influence of BVDV on B. besnoiti 
tachyzoite in vitro behaviour, BAECs were infected with 
a non-cytophatic strain of BVDV using supernatants 
obtained from persistently infected CPAE cells (ATCC® 
CCL-209™) (BVDV RT PCR Cq values of 18–20) [25]. 
Briefly, 1 ml of the supernatant from confluent CPAE 
cells was added to a confluent T25 flask of 90% conflu-
ent BAECs, incubated for 1 h at 37 °C and 5% CO2 and 
replaced with fresh culture medium. Infection was con-
firmed by RT-PCR [25] after two consecutive passages 
and at the end of the study.

This cell line, named BVD-BAEC, was kept under the 
same conditions but was physically separated from BVD-
free cells, using a different incubator and a flow hood that 
were located in a separate room.

Afterwards, the effect of BVDV co-infection on the 
early (4 hpi) and late invasion (24 and 72 hpi) of B. bes-
noiti tachyzoites was studied. PD10-purified tachyzoites 
of the BbSpain1 isolate were inoculated into confluent 
BVDV-infected BAECs at a parasite MOI of 0.01, and at 4 
and 24 hpi, non-invaded tachyzoites were removed with 
three washes with PBS. Three wells were left undisturbed 
without washing, and plates were fixed at 72 hpi. Prolif-
eration assays were performed essentially as described 
for the lytic cycle characterization, with a MOI of 10, and 
samples were collected for subsequent DNA extraction 
and qPCR at 8, 24 and 72 hpi. In parallel, cultures that 
had been seeded on sterile coverslips were infected under 
the same conditions and fixed at the post-infection times 
previously mentioned. All conditions were tested in trip-
licate in three independent assays.

Immunofluorescence staining
For immunofluorescence staining, supernatants of the 
cell cultures were discarded at 72 hpi. Next, cells were 
washed 3 times with PBS for 5 min each and then fixed 
by the addition of ice-cold methanol for 10 min. After 
another wash with PBS, cells were permeabilized with 
300 µl/well of 0.2% Triton-X 100 in PBS for 30 min at 37 
°C, followed by 3 additional washes with PBS. Primary 
polyclonal rabbit-anti tachyzoite BbSpain1 polyclonal 
antiserum [28] was added at a dilution of 1:1000 in PBS 
and incubated for 1 h at 37 °C. After 3 additional washes 
with PBS, Alexa Fluor® 594 goat anti-rabbit IgG (H+L), 
(Life technologies, Thermo Fisher Scientific, USA) was 
added to each well at a dilution of 1:1000 in PBS. The 
plates were incubated for 45 min at RT in the dark and 
washed 3 times with PBS. During the final wash, nuclei 
were labelled with DAPI staining. Finally, the plates were 
washed with distilled water, and the total number of 
invasion events per well was counted using an inverted 

fluorescence microscope (Nikon eclipse TE200) at 200× 
magnification.

DNA extraction and quantitative real‑time PCR (qPCR)
The harvested cell culture samples were incubated for 
10 min at 56 °C, and DNA was purified using the spin 
column protocol for cultured cells according to the 
manufacturerʼs instructions in the Rapid Lyse kit (Mack-
erey Nagel, Düren, Germany). DNA was eluted in 100 µl 
elution buffer. The DNA content and purity of each sam-
ple were measured by UV spectrometry using a Biotek 
Multiplate Reader (Biotek, Winooski, VT, USA).

A BbRT2 qPCR assay was carried out for the specific 
detection of Besnoitia  spp. DNA from ungulates (i.e.  B. 
besnoiti,  B. tarandi, B. caprae and  B. bennetti) and was 
performed as previously described [29]. Herein, the 
GoTaq (Promega, Madison, WI, USA) system was used. 
Briefly, each 25  μl reaction contained 12.5  μl of GoTaq 
master mix®  (Promega, Madison, WI, USA), 0.5  μl of 
primer Bb3 (5′-CAA CAA GAG CAT CGC CTT C-3′; 
20 μM), 0.5 μl of primer Bb 6 (5′-ATT AAC CAA TCC 
GTG ATA GCA G-3′; 20  μM), and 6.5  μl water. The 
qPCRs were run on a 7500 Fast Real-Time PCR Sys-
tem®  (Applied Biosystems, Thermo Fisher Scientific, 
Waltham, MA, USA). Twenty-one hundred nanograms 
of DNA in a volume of 5 μl was added to each reaction.

The DNA positive control was extracted from B. bes-
noiti tachyzoites cultured in vitro. The product of the 
DNA extraction process using water instead of cells 
was used as a negative control. In each qPCR, 10-fold 
serial dilutions of genomic DNA corresponding to 0.1–
100,000 Bb-Spain1 tachyzoites were included. The cycling 
conditions were 10 min at 95 °C, followed by 40 cycles at 
95 °C for 15 s and at 60 °C for 1 min. Fluorescence emis-
sion was measured during the 60 °C step. A dissociation 
stage was added at the end of each run, and the melting 
curves were analysed. The threshold cycle values (Cq-
values) obtained for positive samples in the BbRT2-PCR 
are also expressed as tachyzoites per reaction using the 
standard curve included in each run.

To normalize the quantification of the parasites and 
account for variations in the DNA content in the sam-
ples, a bovine ß-actin standard curve was designed rang-
ing from 64 ng of DNA per μl to 0.2 ng per μl. The results 
are expressed as the ratio between the amount of para-
sites and bovine ß-actin.

Data analyses
To assess the differences in parasite invasion and prolifer-
ation among the different time points pi studied for each 
cell line, Kruskal-Wallis followed by a Dunnʼs post-hoc 
test was performed. Additionally, differences among the 
cell lines were explored using a Mann-Whitney U-test.
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The doubling time (Td) was defined as the period of 
time required for a tachyzoite to duplicate during the 
exponential multiplication period, excluding the lag 
phase (when there is no parasite multiplication) and the 
egression phase. The doubling time was determined by 
using non-linear regression analysis and an exponential 
growth equation, as previously described [30].

Chi-square test was used to address possible differ-
ences regarding the percentages of the different inva-
sion and proliferation outcomes between BAECs and 
fibroblasts and among BVDV-infected BAECs and non-
infected BAECs. Statistical analyses were performed with 
GraphPad statistics software 6.0 (San Diego, CA, USA).

Results
Results show the endothelial and fibroblast origins 
of the primary cell cultures
Recently isolated BAECs showed a polygonal morphol-
ogy and grew in confluent monolayers with a cobble 
stone-like pattern. BAECs (Fig.  1a) were not contami-
nated with other cell types, such as fibroblasts or 
smooth muscle cells, which are frequent contaminants 

after the chemical digestion of the endothelia. BAECs 
were viable and successfully passaged and maintained 
in vitro up to passage 30, without remarkable morpho-
logical changes, as shown in Fig. 1b. Bovine fibroblasts 
presented an elongated morphology and grew in non-
overlapping monolayers, as shown in Fig. 1c.

Flow cytometry analyses showed that low-passage 
BAECs were strongly positive for CD31, CD44, vimen-
tin and cytokeratin, whereas they presented low expres-
sion of CD34 (Fig. 2). The expression pattern of cellular 
markers showed by high-passage BAECs was similar 
to that of low-passage BAECs for vimentin, CD44 and 
cytokeratin, but CD31 showed a lower fold-change in 
expression in high-passage BAECs (Fig.  2). Addition-
ally, high-passage BAECs were found to be negative for 
CD34. Fibroblasts were positive for cytokeratin, vimen-
tin and CD44 and negative for CD31 and CD34 (Fig. 2). 
The pattern of expression of intracellular and surface 
markers for the bovine endometrial eMSCs 4H con-
sisted of the high expression of vimentin, cytokeratin 
and CD44, but these cells remained negative for CD34 
and CD31 (Fig. 2).

Fig. 1  Confluent monolayers of primary low-passage BAEC (a); high-passage BAECs (b) and bovine fibroblasts (c) at 100× magnification under an 
inverted light microscope. Scale-bars: 100 µm

Fig. 2  Intracellular and surface marker expression patterns in primary BAECs and fibroblasts by flow cytometry. a CD44 and Vimentin labelling. b 
CD31, CD34 and Cytokeratin labelling. Data correspond to the mean fluorescence intensity (fold-change compared to the negative control) for 
each sample
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Besnoitia besnoiti displays higher invasion rates in BAECs 
at late invasion
The total number of invasion events (Lysis plaques -LPs- 
and/or parasitophorous vacuoles -PVs) at 72 hours post-
infection (hpi) ranged from 18 in wells that were washed 
at 4 hpi to 39 in wells that were washed at 24 hpi in 
BAECs and from 17 in wells that were washed at 4 hpi 
to 32 in wells that were washed at 24 hpi in fibroblasts. A 
significant increase in the number of events per well was 
shown in both cell cultures when the invasion times that 
were assayed were compared up to 24 hpi (Kruskal-Wal-
lis H-test followed by Dunnʼs multiple comparison test, 
χ2 = 40.73, df = 4, P < 0.001 in BAECs and χ2 = 41.14, 
df = 4, P < 0.001 in fibroblasts) (Fig. 3a). However, sta-
tistically significant differences between wells that were 
washed at 24 hpi and unwashed wells (at 72 hpi) were 
not observed (Mann-Whitney U-test, U(9) = 21.50, Z = 
1.351, P = 0.997 in BAECs and U(9) = 20, Z = 1.329, P = 
0.0716 in fibroblasts).

When infected BAECs and fibroblasts were compared, 
statistically significant higher invasion rates were found 
in BAECs at 24 hpi (Mann-Whitney U-test, U(9) = 10, 
Z = 2.646, P = 0.005) and 72 hpi (in unwashed wells) 
(Mann-Whitney U-test, U(9) = 8, Z = 2.669, P = 0.0021) 
(Fig.  3a). The invasion rates were similar at 4, 8 and 12 
hpi. Moreover, up to 50% of invasion events in both cell 
lines occurred between 4 and 8 hpi, as shown in Fig. 3a.

Tachyzoites from the Bb-Spain 1 isolate showed an 
exponential growth in both primary cell cultures assayed 
(R2 > 0.95) (Fig. 3b) from 12 hpi onwards, with a signifi-
cant increase in the number of tachyzoites per well from 
24 hpi onwards in both BAECs (Kruskal-Wallis test fol-
lowed by Dunnʼs multiple comparison test, χ2 = 46.12, df 
= 5, P < 0.0001) and fibroblasts (Kruskal-Wallis test fol-
lowed by Dunnʼs multiple comparison test, χ2 = 45.83, 
df = 5, P < 0.0001). The doubling time during the expo-
nential growth phase of the tachyzoites of the Bb-Spain-1 

isolate was 13.15 ± 2.34 h in BAECs and 13.34 ± 2.17 
h in bovine fibroblasts. No significant differences were 
found among BAECs and fibroblasts when tachyzoite 
yields (tachyzoites/β-actin) for each post-infection time 
point were compared (Mann-Whitney U-test: U(9) = 34, 
Z = 0.3010, P = 0.6048 at 4 hpi; U(9) = 23, Z = 0.9256, P 
= 0.1359 at 8 hpi; U(9) = 18, Z = 0.7977, P = 0.503 at 12 
hpi; U(9) = 27, Z = 0.2182, P = 0.2581 at 24 hpi; U(9) = 
35, Z = 0.08278, P = 0.665 at 48 hpi; and U(9) = 22, Z = 
0.2784, P = 0.1081 at 72 hpi).

The results from qPCR were in agreement with the 
immunostaining images captured at the same time points 
pi (Fig.  4). Tachyzoites had already invaded host cells 
between 4 and 8 hpi, followed by a lag phase of up to 24 
hpi. Then, proliferation began inside PVs that initially 
contained 2 tachyzoites (Fig. 4), and at least two rounds 
of replication had been completed by 32 hpi. PVs contin-
ued to grow, and large PVs, as well as parasite egress and 
LPs, were observed from 48 hpi onwards in both BAECs 
and fibroblasts.

The parasite invasion and proliferation outcomes that 
were analysed at 72 hpi in 24 h washed plates mostly 
consisted of LP (c.65%, Fig. 3c), rather than PVs, without 
statistically significant differences between the cell lines 
(Chi-square test, χ2 = 0,1676, df = 2, P = 0.9196).

BVDV co‑infection facilitates the early invasion of B. 
besnoiti tachyzoites in BAECs
First, the BVDV-infection status was checked, show-
ing BVDV RT-PCR Cq values ranging from 18 to 20 for 
BVDV-BAECs at every time point checked, while BAECs 
remained negative (Cq values over 38) (data not shown).

The total number of invasion events (LPs and/or PVs) 
at 72 hpi ranged from 26 in wells that were washed at 4 
hpi to 48 in wells that were washed at 24 hpi in BVDV-
BAECs. A significant increase in the number of inva-
sion events was observed at 24 hpi compared to 4 hpi 

Fig. 3  a Besnoitia besnoiti tachyzoite invasion rates in BAECs and bovine fibroblasts. The total number of invasion events (parasitophorous vacuoles 
and lysis plaques) per well at the different time points pi. b In vitro proliferation kinetics of B. besnoiti tachyzoites in BAECs and bovine fibroblasts, as 
determined by qPCR. c Invasion and proliferation outcomes (small and large parasitophorous vacuoles and lysis plaques) of B. besnoiti tachyzoites in 
BAECs and bovine fibroblasts in 24 hpi washed wells. Abbreviations: sPV, small parasitophorous vacuole; lPV, large parasitophorous vacuole; LP, lysis 
plaque
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(Mann-Whitney U-test, U(9) = 0, Z = 3.049, P < 0.0001) 
(Fig. 5a). The maximum number of invasion events was 
found in unwashed wells, although there were no sig-
nificant differences compared with that of wells that 
were washed at 24 hpi (Mann-Whitney U-test, U(9) = 
21.50, Z = 1.131, P = 0.0962). At 4 hpi, more than 50% 
of the invasion outcomes had already been produced 
(Fig. 5a).

When BVDV-infected BAECs and BAECs were com-
pared, statistically significant higher invasion rates 
were found in BVDV-infected BAECs than in BAECs in 
wells that were washed at 4 hpi (Mann-Whitney U-test, 
U(9) = 0, Z = 2.409, P < 0.001) (Fig. 5a).

The tachyzoite yield was similar between BVDV-
infected BAECs and BAECs at 8 and 24 hpi. However, 
the tachyzoite yield was higher in BVDV-BAECs than 

in BAECs at 72 hpi, although the differences were not 
statistically significant (Fig. 5b; Mann-Whitney U-test, 
U(9) = 27, Z = 0.4045, P = 0.2581).

The parasite invasion and proliferation outcomes 
mostly consisted of LP (c.65%, Fig.  5c), rather than PVs 
at all times assayed in both BAECs and BVD-infected 
BAECs, without statistically significant differences 
between the cell systems (Chi-square test, χ2 = 2.03, df = 
2, P = 0.3616).

Discussion
Herein, two primary bovine cell lines, BAECs and fibro-
blasts, that were free from frequent cell culture contami-
nants were obtained and characterized by flow cytometry 
for the first time to study B. besnoiti infection in target 
cells.

Fig. 4  Lytic cycle of Besnoitia besnoiti tachyzoites, as monitored by immunofluorescence in primary BAECs and fibroblasts from 4 hpi up to 72 hpi. 
Besnoitia besnoiti tachyzoites are stained with a rabbit polyclonal antibody against B. besnoiti (red), and the nuclei of host cells are stained with DAPI. 
Scale-bars: 20 µm

Fig. 5  a Besnoitia besnoiti tachyzoite invasion rates in BVDV-BAECs and BAECs. The total number of invasion events (large and small parasitophorous 
vacuoles and lysis plaques) per well at the different time points pi is shown. b In vitro tachyzoite yields of B. besnoiti in BVDV-BAECs and BAECs, as 
determined by qPCR. c Invasion and proliferation outcomes (small and large parasitophorous vacuoles and lysis plaques) of B. besnoiti tachyzoites 
in BVDV-BAECs and BAECs in 24 hpi washed wells. Abbreviations: sPV, small parasitophorous vacuole; lPV, large parasitophorous vacuole; LP, lysis 
plaques
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The development of in vitro models for the study of 
obligate intracellular protozoans that utilize target pri-
mary cells is timely and essential [7], since immortal-
ized cell lines show phenotypic modifications that are 
characteristic of tumour-like cells and, consequently, 
may lose the phenotypic traits and specific functions of 
their tissue of origin [12]. In addition, the host species 
origin and tissue localization are critical to better model 
in vivo environments. Previous studies carried out with 
ECs and fibroblasts infected with B. besnoiti have been 
restricted to either BUVECs [13, 14] or HFF cells [11]. 
However, both cell lines do not fulfil both the host spe-
cies and tissue location requirements. Finally, another 
crucial requirement that was considered was the absence 
of widespread BVDV. Thus, herein, an exhaustive two-
step quality control was performed. First, the health sta-
tus of donors, which is usually unknown for primary and 
established bovine cell lines that are available in different 
repositories worldwide, was carefully checked [18]. Next, 
the foetal calf serum was shown to be free of BVDV, since 
it is widely known that non-cytopathic strains are usually 
present in the foetal bovine serum batches that are avail-
able worldwide [31].

When both cell lines were characterized, the mor-
phology results and cytometry markers confirmed the 
endothelial and fibroblast origin. Endothelial cells from 
all vascular beds are aligned longitudinally in vivo, form-
ing a single layer due to their anatomical location and 
laminar flow. However, this morphology may change 
as a result of in vitro conditions and is not considered a 
reliable indicator [32]. BAECs grew as a single layer of 
cells and presented a cobblestone pattern at confluence, 
as described for ECs from large vessels [32]. In contrast, 
fibroblasts presented a flattened morphology and were 
spindle-shaped, as expected [33]. Moreover, each cell line 
showed a distinct expression pattern of intracellular and 
surface markers, and in agreement with previous reports, 
CD31 (or PECAM1) was the surface marker that best dis-
criminated between BAECs and fibroblasts since fibro-
blasts lacked the expression of CD31 [23]. Additionally, 
differences in CD34 labelling were detected, and only 
low-passage BAECs were slightly positive. The CD31 
and CD34 labelling of different ECs has been reported. 
CD31 is the most classical endothelial marker [23] and is 
expressed at cell junctions to maintain endothelial integ-
rity and control permeability [34]. In contrast, CD34 is a 
marker of pluripotency that is found only in circulating 
endothelial precursors [35]. Interestingly, the CD31 and 
CD34 labelling also differed between low-passage and 
high-passage BAECs despite the homogeneous morphol-
ogy shown by both cell lines at various passages. The lack 
of CD34 labelling may have been influenced by in vitro 
selection after 28 passages. This finding strengthens the 

hypothesis that the use of low-passage primary cells can 
avoid the phenotypic changes associated with in vitro 
selection. In agreement, the use of commercial primary 
ECs with a passage number higher than 16 is not recom-
mended. In contrast, CD44, vimentin and cytokeratin 
labelling were observed regardless of the cell line origin 
and passage number. CD44 is a ubiquitous ligand that 
is important for the regulation of endothelial cell prolif-
eration and apoptosis, modulating CD31 and VE-cad-
herin expression [36], and for the regulation of vascular 
endothelial integrity via a CD31-dependent mechanism 
[37]. In fibroblasts, CD44 mediates proliferation, apopto-
sis and migration [38]. Vimentin is an intermediate fila-
ment that provides mechanical integrity and structural 
support to fully differentiated endothelial cells [39]. It has 
also been shown that vimentin is essential for the differ-
entiation of endothelial cells from embryonic stem cells 
[40]. The network of cytoskeletal proteins is essential for 
the response of endothelial cells to mechanical stimuli, 
and the remodelling of this network may be important 
for the adhesion of motile tachyzoites to the endothe-
lium, as has been shown for T. gondii tachyzoites under 
shear forces in vitro, where adhesion was enhanced [41]. 
In fibroblasts, vimentin is a key regulator of cell prolif-
eration and keratinocyte differentiation in wound heal-
ing [42]. Finally, cytokeratin is a marker that is commonly 
associated with epithelial cells, but early studies per-
formed in endothelial cells from bovine aortas described 
a mixed population, composed of cells that were positive 
and negative for cytokeratin [43]. Cytokeratin-positive 
cells were more polygonal and grew in a cobblestone pat-
tern that is commonly associated with endothelial cells, 
as observed in this study. In addition, the different pheno-
types of endothelial cells have been described according 
to the cytokeratin pattern, and cytokeratin-positive cells 
in the microvasculature have been thought to be danger-
sensing cells [44]. In fibroblasts, cytokeratin expression is 
reported to be low, but some keratins have been shown to 
be present in fibroblasts in vitro [45].

Regarding the in vitro parasite behaviour, tachyzoites 
were able to successfully invade and replicate within 
both of the target bovine cell lines that were assayed, 
as expected. Moreover, the parasites showed almost 
an identical lytic cycle to that previously described in 
MARC-145 cells [11, 46]. Generally, our findings sug-
gest that neither invasion nor proliferation are particu-
larly favoured in both bovine target cells compared to 
a non-bovine cell line. According to these results and 
previous studies carried out with tachyzoites of the 
BbSpain-1 isolate, tachyzoites display lower invasion 
and proliferation rates than both N. caninum [47] and T. 
gondii [48] in all cell types that have been assayed thus 
far. Thus, this isolate was categorized as a low-invasion 
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and low-proliferation isolate. However, slight differences 
between the invasive capabilities in BAECs and fibro-
blasts were found since the invasion rates at 24 hpi and in 
unwashed wells were higher in BAECs than in fibroblasts. 
Accordingly, the maximum IR that was found in the pre-
sent work was observed in BAECs and was not higher 
than 4.5%, in contrast with observations previously made 
[14], which showed IRs over 30% in BUVECs that were 
infected with tachyzoites from the Bb1Evora04 isolate. 
This result may have been influenced by several factors, 
such as differences in the isolate, multiplicity of infec-
tion (MOI) and passage number used. Moreover, higher 
MOIs were used, and the number of in vitro passages was 
not specified for the Evora04 isolate of B. besnoiti [14]. In 
a previous study, differences in IRs were observed among 
different isolates, in which a Portuguese isolate showed 
higher IRs (approximately 20%) than the Spain1 isolate 
in MARC-145 cells [11]. It has been reported that pro-
longed in vitro culture can alter the phenotypic features 
and even the virulence of isolates of N. caninum [49] and 
T. gondii [50]. Our results also showed that the tachyzoite 
invasion of the host cell can take place up to 24 hpi since 
there was an increase in the number of invasion events 
up to 24 hpi, confirming the prolonged extracellular sur-
vival of tachyzoites. However, most invasion events took 
place before 24 hpi, showing that the invasion kinetics 
that were observed in both bovine target cell lines were 
similar to those in MARC-145 cells, where most of the 
invasion outcomes occurred between 4 and 8 hpi. Again, 
exponential growth was observed, and replication was 
initiated from 24 hpi onwards, so the lag phase that is 
required for the parasite to adapt to the intracellular 
conditions extended up to 24 hpi. In addition, Td was in 
agreement with previous studies [11, 46]. The presence 
of both PVs and LPs at 72 hpi suggests asynchronous 
growth, which is most likely associated with the pro-
longed invasion capabilities of tachyzoites [11].

However, the in vitro studies of the closely related 
apicomplexan parasites have shown host-type specific 
in vitro behaviour. The tachyzoite to bradyzoite switch 
seems to be favoured in differentiated cell types, such 
as keratinocytes for N. caninum [51] or skeletal muscle 
cells in the case of T. gondii [52]. Additionally, in Eimeria 
spp., the formation of meronts I has only been described 
in cells with a bovine origin, both for epithelial and 
endothelial cells [53]. In the cattle pathogen N. caninum, 
no striking differences were found when the behaviour 
of tachyzoites from high virulence (NcSpain7) and low 
virulence (NcSpain1H) isolates was studied in cells with a 
different host origin (MARC-145 vs bovine trophoblast). 
However, differences were found among two bovine cell 
lines from the placenta, foetal trophoblasts and maternal 
caruncular cells, since higher IRs and tachyzoite yields 

were found in trophoblast cells, suggesting that there was 
a barrier function for caruncular cells [30]. Considering 
the heterogeneity of both ECs and fibroblast populations 
[17, 54], further refinement of the in vitro models that 
were standardized herein could be possible, including 
cell lines from target locations where parasite growth is 
favoured in vivo, such as the microvasculature from nasal 
turbinates, testis or skin.

Finally, to our knowledge, this is the first study in 
which the in vitro interaction of BVDV with a protozoan 
belonging to the subfamily Toxoplasmatinae has been 
studied. Interactions between B. besnoiti and BVDV 
could be relevant in the pathogenesis of bovine besnoiti-
osis, with consequences at the molecular level and in the 
clinical presentation of the disease under field conditions. 
In several regions of Spain, BVDV is frequently circulat-
ing in herds [55], and its immunosuppressive properties 
are widely known since this virus is capable of altering 
both innate and adaptive responses in cattle [56, 57]. 
However, the possible synergism of B. besnoiti and BVDV 
coinfections is unknown.

In the present study, despite a slight difference in the 
early tachyzoite invasion of BAECs, there was no dif-
ference in tachyzoite yields observed in BVDV-BAECs 
compared to BAECs. Additionally, the total number of 
invasion events remained unchanged. These results may 
have been due to the immunosuppressive properties of 
this virus that have been described in vitro so far, mostly 
affecting the early recognition of pathogens that are 
related to TLR signalling; additionally, a decrease in Mye-
loid Differentiation factor 88 (MyD88) expression has 
been observed, which resulted in the impaired leukocyte 
function of myeloid cells [58]. Interestingly, MyD88 has 
been shown to confer resistance in mice against closely 
related Toxoplasmatinae parasites such as T. gondii [59] 
and N. caninum [60].

Although BVDV infection has been suggested to be a 
risk factor that may facilitate or exacerbate other infec-
tious diseases, studies performed in vivo thus far have 
provided variable results. Several studies that have com-
pared coinfections with BVDV and other closely related 
parasites, such as N. caninum, have found an association 
with BVDV and abortions due to N. caninum [61, 62], 
while other studies claimed that there was no associa-
tion [63]. Regarding in vitro co-infections, a recent study 
performed with the intracellular pathogen Mycoplasma 
bovis demonstrated that BVDV infection did not influ-
ence the in vitro behaviour of the bacteria, as assessed in 
bovine macrophages (Bomac) [18]. Thus, epidemiologi-
cal studies addressing coinfections with B. besnoiti and 
BVDV are necessary to demonstrate the possible syn-
ergism that has been suggested in vitro. Also, studying 
the interactions between B. besnoiti and BVDV is timely 
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and could shed light on pathogenesis studies in other 
relevant bovine pathogens. One of the most relevant 
pathogens that is characterized by endothelial damage is 
the Blue Tongue Virus, and numerous studies have been 
performed in bovine pulmonary artery endothelial cells 
without checking for the absence of pestivirus infection 
[64].

In summary, we have standardized two in vitro models 
that employ the primary target bovine cells of acute and 
chronic B. besnoiti infection. The detailed description of 
the parasite lytic cycle in both cell lines could be used as 
the basis for further host-pathogen interaction studies at 
the molecular level. Moreover, the BVDV-BAEC model 
could be useful for other Toxoplasmatinae parasites and 
for other ruminant pathogens that replicate in ECs.

Conclusions
In the present work, we have characterized two novel 
standardized in vitro models for Besnoitia besnoiti infec-
tion based on recently isolated bovine primary target 
BAECs and fibroblasts. The relevance of BVDV coinfec-
tions has been evidenced and should be considered in 
further studies with other cattle pathogens.

Abbreviations
APC: allophycocyanin; BAEC: bovine aortic endothelial cells; Bomac: bovine 
macrophages; BUVEC: bovine umbilical vein endothelial cells; IR: invasion 
rate; qPCR: quantitative PCR; BVDV: bovine viral diarrhea virus; CPAE: calf 
pulmonary artery endothelial cells; Cq: quantification cycleDAPI: 4’,6-diami‑
dino-2-phenylindole; DMEM: Dulbeccoʼs modified Eagleʼs medium; hpi: 
hours post-infection; DNA: deoxyribonucleic acid; ECs: endothelial cells; EDTA: 
ethylenediaminetetraacetic acid; ELISA: enzyme-linked immunosorbent assay; 
FBS: fetal bovine serum; IFAT: immunofluorescent antibody test; KH-R: embryo 
bovine heart; LP: lysis plaque; LVES: large vessel endothelial supplement; 
MOI: multiplicity of infection; PBS: phosphate-buffered saline; PV: parasito‑
phorous vacuole; RPMI: Roswell Park Memorial Institute medium; RT: room 
temperature; RT-PCR: retrotranscriptase PCR; TNB: Tris-NaCl-blocking buffer; 
UV: ultraviolet.

Acknowledgements
We also would like to acknowledge members from SALUVET research group 
for their excellent support.

Authors’ contributions
LMO-M and GA-G conceived the study and participated in its design. AJ-M 
and MF-A wrote the manuscript, with interpretation of results and discussion 
inputs from MAR, AC, LMO-M and GA-G. AJ-M, MF-A and CD-D performed 
in vitro infection of the cultures, collection of the samples and ELISA assays. 
AJ-M and MF-A designed and performed PCR analyses. AJ-M, AC and MAR 
performed the flow cytometry analysis. AJ-M and PV-A isolated bovine 
endothelial and fibroblast primary cultures used in the assays. AJ-M carried 
out statistical analyses and interpreted the results. All authors read and 
approved the final manuscript.

Funding
This study was financially supported through research projects from the Span‑
ish Ministry of Economy and Competitiveness (Ref. AGL2013-04442; AGL2016- 
75202-R), Community of Madrid (Ref. P2018/BAA-4370, PLATESA2-CM). AJ-M 
was supported by a grant from the Spanish Ministry of Education, Culture 
and Sports (grant nº FPU13/05481). CD-D was supported by a grant from 
the Spanish Ministry of Economy and Competitiveness (BES-2014-069839). 
PV-A was a holder of a Juan de la Cierva-Formación postdoctoral contract 

(FJCI-2014-20982) from the Spanish Ministry of Economy and Competitive‑
ness. The funders had no role in study design, data collection and analysis, 
decision to publish, or preparation of the manuscript.

Availability of data and materials
Data supporting the conclusions of this article are included within the article.

Ethics approval and consent to participate
All procedures involving animals were approved by PROAE 25/2016. Spanish 
(Law 32/2007, R.D. 53/2013) and European (Council Directive 2010/63/EU) 
legal requirements and guidelines regarding experimentation and animal 
welfare were considered to carry out these experiments.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 SALUVET, Animal Health Department, Faculty of Veterinary Sciences, Com‑
plutense University of Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain. 
2 Departamento de Reproducción Animal, Instituto Nacional de Investigación 
y Tecnología Agraria y Alimentaria (INIA), Avenida Puerta de Hierro 12, local 10, 
28040 Madrid, Spain. 

Received: 5 July 2019   Accepted: 29 October 2019

References
	1.	 Álvarez-García G, García-Lunar P, Gutiérrez-Expósito D, Shkap V, Ortega-

Mora LM. Dynamics of Besnoitia besnoiti infection in cattle. Parasitology. 
2014;141:1419–35.

	2.	 Pols JW. Studies on bovine besnoitiosis with special reference to the 
aetiology. Onderstepoort J Vet Res. 1960;28:265–356.

	3.	 Basson P, McCully R, Bigalke R. Observations on the pathogenesis of 
bovine and antelope strains of Besnoitia besnoiti (Marotel, 1912) infection 
in cattle and rabbits. Onderstepoort J Vet Res. 1970;37:105–26.

	4.	 Langenmayer MC, Gollnick NS, Majzoub-Altweck M, Scharr JC, Schares 
G, Hermanns W. Naturally acquired bovine besnoitiosis: histological and 
immunohistochemical findings in acute, subacute, and chronic disease. 
Vet Pathol. 2015;52:476–88.

	5.	 Dubey JP, van Wilpe E, Blignaut DJ, Schares G, Williams JH. Develop‑
ment of early tissue cysts and associated pathology of Besnoitia besnoiti 
in a naturally infected bull (Bos taurus) from South Africa. J Parasitol. 
2013;99:459–66.

	6.	 Gutiérrez-Expósito D, Ferre I, Ortega-Mora LM, Álvarez-García G. Advances 
in the diagnosis of bovine besnoitiosis: current options and applications 
for control. Int J Parasitol. 2017;47:737–51.

	7.	 Müller J, Hemphill A. In vitro culture systems for the study of apicompl‑
exan parasites in farm animals. Int J Parasitol. 2013;43:115–24.

	8.	 Neuman M. Cultivation of Besnoitia besnoiti Marotel, 1912, in cell culture. 
Tropenmed Parasitol. 1974;25:243–9.

	9.	 Samish M, Shkap V, Bin H, Pipano EM. Cultivation of Besnoitia besnoiti in 
four tick cell lines. Int J Parasitol. 1988;18:291–6.

	10.	 Schares G, Basso W, Majzoub M, Cortes HC, Rostaher A, Selmair J, et al. 
First in vitro isolation of Besnoitia besnoiti from chronically infected cattle 
in Germany. Vet Parasitol. 2009;163:315–22.

	11.	 Frey CF, Regidor-Cerrillo J, Marreros N, García-Lunar P, Gutiérrez-Expósito 
D, Schares G, et al. Besnoitia besnoiti lytic cycle in vitro and differences in 
invasion and intracellular proliferation among isolates. Parasit Vectors. 
2016;9:115.

	12.	 Pan C, Kumar C, Bohl S, Klingmueller U, Mann M. Comparative proteomic 
phenotyping of cell lines and primary cells to assess preservation of cell 
type-specific functions. Mol Cell Proteomics. 2009;8:443–50.

	13.	 Maksimov P, Hermosilla C, Kleinertz S, Hirzmann J, Taubert A. Besnoitia 
besnoiti infections activate primary bovine endothelial cells and promote 
PMN adhesion and NET formation under physiological flow condition. 
Parasitol Res. 2016;115:1991–2001.



Page 12 of 13Jiménez‑Meléndez et al. Parasites Vectors          (2019) 12:517 

	14.	 Taubert A, Hermosilla C, Silva L, Wieck A, Failing K, Mazurek S. Metabolic 
signatures of Besnoitia besnoiti-infected endothelial host cells and block‑
age of key metabolic pathways indicate high glycolytic and glutamino‑
lytic needs of the parasite. Parasitol Res. 2016;115:2023–34.

	15.	 Muñoz-Caro T, Silva LM, Ritter C, Taubert A, Hermosilla C. Besnoitia besnoiti 
tachyzoites induce monocyte extracellular trap formation. Parasitol Res. 
2014;113:4189–97.

	16.	 Muñoz-Caro T, Hermosilla C, Silva LM, Cortes H, Taubert A. Neutrophil 
extracellular traps as innate immune reaction against the emerging 
apicomplexan parasite Besnoitia besnoiti. PloS One. 2014;9:e91415.

	17.	 Aird WC. Endothelial cell heterogeneity. Cold Spring Harbor perspectives 
in medicine. 2012;2:a006429.

	18.	 Bürgi N, Josi C, Bürki S, Schweizer M, Pilo P. Mycoplasma bovis co-infec‑
tion with bovine viral diarrhea virus in bovine macrophages. Vet Res. 
2018;49:2.

	19.	 Gagnieur L, Cheval J, Gratigny M, Hébert C, Muth E, Dumarest M, et al. 
Unbiased analysis by high throughput sequencing of the viral diversity 
in fetal bovine serum and trypsin used in cell culture. Biologicals. 
2014;42:145–52.

	20.	 Neill JD, Ridpath JF, Lange A, Zuerner RL. Bovine viral diarrhoea virus 
infection alters global transcription profiles in bovine endothelial cells. 
Dev Biol (Basel). 2008;132:93–8.

	21.	 García-Lunar P, Ortega-Mora LM, Schares G, Gollnick NS, Jacquiet P, 
Grisez C, et al. An inter-laboratory comparative study of serological tools 
employed in the diagnosis of Besnoitia besnoiti infection in bovines. 
Transbound Emerg Dis. 2013;60:59–68.

	22.	 Álvarez-García G, Collantes-Fernández E, Costas E, Rebordosa X, 
Ortega-Mora LM. Influence of age and purpose for testing on the 
cut-off selection of serological methods in bovine neosporosis. Vet Res. 
2003;34:341–52.

	23.	 Ataollahi F, Pingguan-Murphy B, Moradi A, Abas WA, Chua KH, Osman 
NA. New method for the isolation of endothelial cells from large vessels. 
Cytotherapy. 2014;16:1145–52.

	24.	 OSullivan F, Meleady P, McBride S, Clynes M. Primary culture. In: Clynes M, 
editor. Animal cell culture techniques. New York: Springer; 1998.

	25.	 Hoffmann B, Depner K, Schirrmeier H, Beer M. A universal heterologous 
internal control system for duplex real-time RT-PCR assays used in a 
detection system for pestiviruses. J Virol Methods. 2006;136:200–9.

	26.	 Fernández-García A, Risco-Castillo V, Pedraza-Díaz S, Aguado-Martínez A, 
Álvarez-García G, Gómez-Bautista M, et al. First isolation of Besnoitia bes-
noiti from a chronically infected cow in Spain. J Parasitol. 2009;95:474–6.

	27.	 Calle A, López-Martín S, Monguió-Tortajada M, Borràs FE, Yáñez-Mó 
M, Ramírez MÁ. Bovine endometrial MSC: mesenchymal to epithelial 
transition during luteolysis and tropism to implantation niche for immu‑
nomodulation. Stem Cell Res Ther. 2019;10:23.

	28.	 Gutiérrez-Expósito D, Ortega-Mora LM, Marco I, Boadella M, Gortazar C, 
San Miguel-Ayanz JM, et al. First serosurvey of Besnoitia spp. infection in 
wild European ruminants in Spain. Vet Parasitol. 2013;197:557–64.

	29.	 Schares G, Maksimov A, Basso W, Moré G, Dubey JP, Rosenthal B, et al. 
Quantitative real time polymerase chain reaction assays for the sensi‑
tive detection of Besnoitia besnoiti infection in cattle. Vet Parasitol. 
2011;178:208–16.

	30.	 Jiménez-Pelayo L, García-Sánchez M, Regidor-Cerrillo J, Horcajo P, 
Collantes-Fernández E, Gómez-Bautista M, et al. Differential susceptibility 
of bovine caruncular and trophoblast cell lines to infection with high and 
low virulence isolates of Neospora caninum. Parasit Vectors. 2017;10:463.

	31.	 Uryvaev L, Dedova A, Dedova L, Ionova K, Parasjuk N, Selivanova T, et al. 
Contamination of cell cultures with bovine viral diarrhea virus (BVDV). 
Bull Exp Biol Med. 2012;153:77–81.

	32.	 Haudenschild C. Morphology of vascular endothelial cells in culture. In: 
Jaffe E, editor. Biology of endothelial cells. New York: Springer; 1984.

	33.	 Ehrlich P. The fibroblast-populated collagen. A model of fibroblast col‑
lagen interactions. In: DiPietro L, Burns AL, editors. Methods in molecular 
medicine, vol. 78., Wound healing: methods and protocolsNew York: 
Springer; 2003.

	34.	 Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endothelial functions 
of platelet/endothelial cell adhesion molecule-1 (CD31). Curr Opin 
Hematol. 2016;23:253–9.

	35.	 Valencia-Nuñez DM, Kreutler W, Moya-Gonzalez J, Alados-Arboledas P, 
Muñoz-Carvajal I, Carmona A, et al. Endothelial vascular markers in coro‑
nary surgery. Heart Vessels. 2017;32:1390–9.

	36.	 Tsuneki M, Madri JA. CD44 regulation of endothelial cell proliferation and 
apoptosis via modulation of CD31 and VE-cadherin expression. J Biol 
Chem. 2014;289:5357–70.

	37.	 Flynn KM, Michaud M, Canosa S, Madri JA. CD44 regulates vascular 
endothelial barrier integrity via a PECAM-1 dependent mechanism. 
Angiogenesis. 2013;16:689–705.

	38.	 Tsuneki M, Madri JA. CD44 influences fibroblast behaviors via modula‑
tion of cell-cell and cell-matrix interactions, affecting survivin and hippo 
pathways. J Cell Physiol. 2016;231:731–43.

	39.	 Helmke BP, Thakker DB, Goldman RD, Davies PF. Spatiotemporal analysis 
of flow-induced intermediate filament displacement in living endothelial 
cells. Biophys J. 2001;80:184–94.

	40.	 Boraas LC, Ahsan T. Lack of vimentin impairs endothelial differentiation of 
embryonic stem cells. Sci Rep. 2016;6:30814.

	41.	 Harker KS, Jivan E, McWhorter FY, Liu WF, Lodoen MB. Shear forces 
enhance Toxoplasma gondii tachyzoite motility on vascular endothelium. 
MBio. 2014;5:e01111–3.

	42.	 Cheng F, Shen Y, Mohanasundaram P, Lindstrom M, Ivaska J, Ny T, et al. 
Vimentin coordinates fibroblast proliferation and keratinocyte differentia‑
tion in wound healing via TGF-beta-Slug signaling. Proc Natl Acad Sci 
USA. 2016;113:E4320–7.

	43.	 Spanel-Borowski K, Ricken AM, Patton WF. Cytokeratin-positive and 
cytokeratin-negative cultured endothelial cells from bovine aorta and 
vena cava. Differentiation. 1994;57:225–34.

	44.	 Spanel-Borowski K. Five different phenotypes of endothelial cell cultures 
from the bovine corpus luteum: present outcome and role of potential 
dendritic cells in luteolysis. Mol Cell Endocrinol. 2011;338:38–45.

	45.	 Katagata Y, Takeda H, Ishizawa T, Hozumi Y, Kondo S. Occurrence and 
comparison of the expressed keratins in cultured human fibroblasts, 
endothelial cells and their sarcomas. J Dermatol Sci. 2002;30:1–9.

	46.	 Diezma-Díaz C, Jiménez-Meléndez A, Fernández M, Gutiérrez-Expósito D, 
García-Lunar P, Ortega-Mora L, et al. Bovine chronic besnoitiosis in a calf: 
characterization of a novel B. besnoiti isolate from an unusual case report. 
Vet Parasitol. 2017;247:10–8.

	47.	 Regidor-Cerrillo J, Gómez-Bautista M, Sodupe I, Aduriz G, Álvarez-García 
G, Del Pozo I, et al. In vitro invasion efficiency and intracellular prolifera‑
tion rate comprise virulence-related phenotypic traits of Neospora 
caninum. Vet Res. 2011;42:41.

	48.	 Naguleswaran A, Muller N, Hemphill A. Neospora caninum and Toxo-
plasma gondii: a novel adhesion/invasion assay reveals distinct differ‑
ences in tachyzoite-host cell interactions. Exp Parasitol. 2003;104:149–58.

	49.	 Bartley PM, Wright S, Sales J, Chianini F, Buxton D, Innes EA. Long-term 
passage of tachyzoites in tissue culture can attenuate virulence of Neos-
pora caninum in vivo. Parasitology. 2006;133:421–32.

	50.	 Nischik N, Schade B, Dytnerska K, Dlugonska H, Reichmann G, Fischer HG. 
Attenuation of mouse-virulent Toxoplasma gondii parasites is associ‑
ated with a decrease in interleukin-12-inducing tachyzoite activity and 
reduced expression of actin, catalase and excretory proteins. Microb 
Infect. 2001;3:689–99.

	51.	 Vonlaufen N, Gianinazzi C, Muller N, Simon F, Bjorkman C, Jungi TW, et al. 
Infection of organotypic slice cultures from rat central nervous tissue 
with Neospora caninum: an alternative approach to study host-parasite 
interactions. Int J Parasitol. 2002;32:533–42.

	52.	 da Fonseca Ferreira-da-Silva M, Takács AC, Barbosa HS, Gross U, Lüder 
CG. Primary skeletal muscle cells trigger spontaneous Toxoplasma gondii 
tachyzoite-to-bradyzoite conversion at higher rates than fibroblasts. Int J 
Med Microbiol. 2009;299:381–8.

	53.	 Hermosilla C, Barbisch B, Heise A, Kowalik S, Zahner H. Development of 
Eimeria bovis in vitro: suitability of several bovine, human and porcine 
endothelial cell lines, bovine fetal gastrointestinal, Madin-Darby bovine 
kidney (MDBK) and African green monkey kidney (VERO) cells. Parasitol 
Res. 2002;88:301–7.

	54.	 Nolte SV, Xu W, Rennekampff HO, Rodemann HP. Diversity of fibroblasts—
a review on implications for skin tissue engineering. Cells Tissues Organs. 
2008;187:165–76.

	55.	 Diéguez FJ, Cerviño M, Yus E. Bovine viral diarrhea virus (BVDV) genetic 
diversity in Spain: a review. Span J Agric Res. 2017;15:e05R01.

	56.	 Peterhans E, Jungi TW, Schweizer M. BVDV and innate immunity. Biologi‑
cals. 2003;31:107–12.

	57.	 Chase CC. The impact of BVDV infection on adaptive immunity. Biologi‑
cals. 2013;41:52–60.



Page 13 of 13Jiménez‑Meléndez et al. Parasites Vectors          (2019) 12:517 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	58.	 Schaut RG, McGill JL, Neill JD, Ridpath JF, Sacco RE. Bovine viral diarrhea 
virus type 2 in vivo infection modulates TLR4 responsiveness in differenti‑
ated myeloid cells which is associated with decreased MyD88 expression. 
Virus Res. 2015;208:44–55.

	59.	 Scanga CA, Aliberti J, Jankovic D, Tilloy F, Bennouna S, Denkers EY, et al. 
Cutting edge: MyD88 is required for resistance to Toxoplasma gondii 
infection and regulates parasite-induced IL-12 production by dendritic 
cells. J Immunol. 2002;168:5997–6001.

	60.	 Mineo TW, Benevides L, Silva NM, Silva JS. Myeloid differentiation factor 
88 is required for resistance to Neospora caninum infection. Vet Res. 
2009;40:32.

	61.	 Bjorkman C, Alenius S, Manuelsson U, Uggla A. Neospora caninum and 
bovine virus diarrhoea virus infections in Swedish dairy cows in relation 
to abortion. Vet J. 2000;159:201–6.

	62.	 Vanleeuwen JA, Haddad JP, Dohoo IR, Keefe GP, Tiwari A, Tremblay R. 
Associations between reproductive performance and seropositivity for 

bovine leukemia virus, bovine viral-diarrhea virus, Mycobacterium avium 
subspecies paratuberculosis, and Neospora caninum in Canadian dairy 
cows. Prev Vet Med. 2009;94:54–64.

	63.	 Mainar-Jaime R, Berzal-Herranz B, Arias P, Rojo-Vázquez F. Epidemiologi‑
cal pattern and risk factors associated with bovine viral-diarrhoea virus 
(BVDV) infection in a non-vaccinated dairy-cattle population from the 
Asturias region of Spain. Prev Vet Med. 2001;52:63–73.

	64.	 Drew CP, Heller MC, Mayo C, Watson JL, MacLachlan NJ. Bluetongue 
virus infection activates bovine monocyte-derived macrophages 
and pulmonary artery endothelial cells. Vet Immunol Immunopathol. 
2010;136:292–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Lytic cycle of Besnoitia besnoiti tachyzoites displays similar features in primary bovine endothelial cells and fibroblasts
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Donor animals
	Isolation of primary endothelial cells and fibroblasts from bovine aortas
	Maintenance of B. besnoiti tachyzoites and cell cultures
	Flow cytometry of surface and intracellular markers in bovine cell lines
	Characterization of the lytic cycle of Besnoitia besnoiti tachyzoites in primary BAEC and bovine fibroblasts
	Invasion assays
	Proliferation assays
	Besnoitia besnoiti invasion and proliferation in BAEC infected with BVDV

	Immunofluorescence staining
	DNA extraction and quantitative real-time PCR (qPCR)
	Data analyses

	Results
	Results show the endothelial and fibroblast origins of the primary cell cultures
	Besnoitia besnoiti displays higher invasion rates in BAECs at late invasion
	BVDV co-infection facilitates the early invasion of B. besnoiti tachyzoites in BAECs

	Discussion
	Conclusions
	Acknowledgements
	References




