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Abstract

Background: Plasmodium falciparum infection can progress unpredictably to severe forms including respiratory
distress and cerebral malaria. The mechanisms underlying the variable natural course of malaria remain elusive.

Methods: The cerebral microvascular endothelial cells-D3 and lung endothelial cells both from human were
cultured separately and challenged with P. falciparum field isolates taken directly from malaria patients or 3D7 strain
(in vitro maintained culture). The capacity of these P. falciparum isolates to induce endothelial cell apoptosis via
cytoadherence or not was then assessed.

Results: Overall, 27 P. falciparum isolates were collected from patients with uncomplicated malaria (n = 25) or
severe malaria (n = 2). About half the isolates (n = 17) were able to bind brain endothelial cells (12 isolates, 44%) or
lung endothelial cells (17 isolates, 63%) or both (12 isolates, 44%). Sixteen (59%) of the 27 isolates were
apoptogenic for brain and/or lung endothelial cells. The apoptosis stimulus could be cytoadherence, direct cell-cell
contact without cytoadherence, or diffusible soluble factors. While some of the apoptogenic isolates used two
stimuli (direct contact with or without cytoadherence, plus soluble factors) to induce apoptosis, others used only
one. Among the 16 apoptogenic isolates, eight specifically targeted brain endothelial cells, one lung endothelial
cells, and seven both.

Conclusion: These results indicate that the brain microvascular cell line was more susceptible to apoptosis
triggered by P. falciparum than the primary pulmonary endothelial cells and may have relevance to host-parasite
interaction.
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Background
Plasmodium falciparum malaria is a life-threatening
parasitic disease that kills some half a million people
each year, mostly children living in sub-Saharan Africa.
The outcome of the infection, which may be asymptom-
atic, symptomatic, or life-threatening, is known to be
influenced by parasite, host, environmental and socio-
economic factors [1]. In Gabon, respiratory distress and
cerebral malaria represent, respectively 31% and 24% of
severe falciparum in children [2]. However, the molecu-
lar mechanisms underlying this variable pathogenicity
are unclear. A combination of the parasitized red blood
cell (pRBC) binding (cytoadhesion, agglutination and
rosetting), the host environmental and inflammatory re-
sponse, endothelial cell (EC) activation, and altered
hemostasis can lead to blood pulmonary/brain barrier
impairment [3]. Cerebral malaria accounts for a signifi-
cant proportion of malaria mortality and is associated
with sequestration of pRBC in brain microvessels, espe-
cially pRBC expressing PfEMP-1 domain cassettes 8 and
13 [4, 5]. It has been also demonstrated that pRBC-EC
adherence induces caspase 8, 9 and 3 activation, EC
apoptosis, and modulates EC expression of TNF-α
superfamily genes (Fas, Fas L, DR-6) and apoptosis-
related genes (Bad, Bax, Caspase-3, SARP 2, DFF45/
ICAD, IFN-γ Receptor 2, Bcl-w, Bik and iNOS) [6].
pRBC-EC adherence also leads to microvessels blockage,
hypoxia, proinflammatory cytokine secretion [6–9], EC
junction modifications, and EC barrier permeabilization
[8, 10, 11].
pRBC-triggered EC apoptosis in the brain, lungs and

kidneys has been observed in patients with fatal malaria
[12, 13]. Using cocultured human lung EC (HLEC) and
pRBC field isolates from Gabon, we showed that al-
though almost all isolates provoked cytoadherence, only
a few triggered apoptosis (via cytoadherence or diffusible
factors), and that these isolates tended to have been
drawn from patients with neurological disorders [9]. The
potential of pRBC to trigger HLEC apoptosis varies ac-
cording to the isolate, and is associated to the expression
of Plasmodium apoptosis-linked pathogenicity factors
(PALPFs) [9, 14, 15]. Human endothelial cells in differ-
ent tissues may not all express the same surface recep-
tors [16], and this could explain some functional
differences. For example, CD36 is expressed by HLEC
[17], but not by human cerebral microvascular endothe-
lial cells-D3 (hCMEC/D3) (N’dilimabaka et al. unpub-
lished data). Parasite ligands that specifically recognize
CD36 are able to stimulate HLEC. ICAM-1 is expressed
on the surface of both HLEC and hCMEC/D3 [17, 18],
and P. falciparum isolates that express surface ligands
specifically recognizing ICAM-1 stimulate both cell
types. P. falciparum/EC cocultures are widely used to study
the pathophysiology of malaria [6, 8, 9, 11, 15, 19–21].

Several types of EC have been used in these models, includ-
ing lung [17], brain EC [18, 21]. These coculture models
can be used: a) to study parasite sequestration (cytoadhe-
sion, agglutination, rosetting, etc.), b) to detect damage
(apoptosis) caused to EC, c) to categorize and quantify
pRBC-EC interactions (cytoadhesion with or without apop-
tosis), and d) to study the molecules involved in these inter-
actions. We postulated that different EC types might
interact differently with pRBC.
Recently, it was shown that pRBC-induced apoptosis

of lung and cerebral EC varies with the in vitro-adapted
P. falciparum line [21]. Selected parasite characteristics
are modified after adaptation to in vitro culture, and the
behavior of field isolates in the same conditions must be
determined. We performed ex vivo coculture experi-
ments with P. falciparum-pRBC isolated from malaria
patients, and assessed the capacity of the parasites to
cytoadhere and to induce apoptosis of both HLEC and
hCMEC/D3.

Materials and methods
Patients and sampling
Patients of all ages were enrolled in three Gabonese re-
gional hospitals: Franceville, Koulamoutou and Lastour-
ville between October 2014 and February 2015 (Fig. 1).
Blood samples were collected in EDTA tubes and malaria
diagnosis was based on microscopic examination of thick
and thin smears, and the clinical status of each patient
was determined according to the WHO classification [22].

Plasmodium falciparum maturation
Parasitized red blood cells were selected for their viabil-
ity, because pRBC from patients having self-medicated
(and who rarely inform their physician) do not grow well
in culture. Samples with parasite loads of at least 5000
parasites per microliter were washed 4 to 5 times in
RPMI 1640 medium to remove white cells. pRBC were
immediately grown at 37 °C for 24 to 48 h (until para-
sites matured into schizonts) in RPMI 1640 with L-glu-
tamine (Sigma) supplemented with 8.3 g/l HEPES, 2.1 g/
l sodium bicarbonate, 0.05 g/l hypoxanthine, 0.1 mg/ml
gentamicin, 1 mg/ml fungizone, 2 g/l D-glucose and
0.4% Albumax II (InVitrogen, Cergy Pontoise, France),
with 5% hematocrit as described [23].
Mature pRBC were enriched by gelatin flotation as

previously reported [24] and counted under a micro-
scope. Samples with more than 6% parasitaemia were di-
luted with non-parasitized red blood cells until to obtain
6% parasitaemia and hematocrit was adjusted at 2%.
Also, all the pRBC preparations were free of white blood
cell and reticulocytes. All experiments were performed
during the first cycle of parasite development and iso-
lates were confirmed to be Mycoplasma-free by PCR
(data not shown).
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Human endothelial cell culture
HLEC culture medium
HLEC were obtained from Professor Frederick Gay
(INSERM UMRS 945). These cells predominantly
express the CD36 receptor, in addition to other recep-
tors such as Willebrand factor, ICAM1, VCAM1, CD31,
E/P-selectin and chondroitin sulfate A [6].
HLEC were cultured in a pulmonary culture medium

(PCm) composed of M199 medium (Lonza) supple-
mented with 10% inactivated FBS (Life Technologies),
5 μg/ml endothelial cell growth supplement (Sigma-Al-
drich), 50 U/ml streptomycin-penicillin (Life Technolo-
gies), and 0.25 μg/ml fungizone (Lonza). Cells were
grown to confluence at 37 °C with 5% CO2 and were
used at the 10th passage. The cell lines were tested for
Mycoplasma with the MycoAlert Detection Kit (Lonza)
(data not shown).

hCMEC/D3 culture medium
The hCMEC/D3 were provided by Professor Pierre
Olivier Couraud (INSERM, U1016, Paris, France). This
immortalized line of human brain endothelial cells was
produced from freshly isolated adult cells. It maintains
in stable manner (at least 80 doublings) a differentiated
phenotype similar to that of cerebral endothelial cells and
forms homogeneous and stable confluent monolayers.

hCMEC/D3 express many endothelial markers, including
CD31, ICAM1, vWF and VE-cadherin, and blood-brain-
barrier (BBB) markers such as proteins associated with
tight junctions (ZO-1, JAM-A, claudin-5) [18].
The hCMEC/D3 were cultured in a cerebral culture

medium (CCm) composed of EBM-2 basal medium
(Lonza) supplemented with 5% inactivated FBS (Life tech-
nologies), 1% penicillin-streptomycin (Life Technologies),
0.25 μg/ml fungizone (Lonza), 1.4 μM hydrocortisone
(Sigma-Aldrich), 5 μg/ml ascorbic acid (Sigma-Aldrich),
1/100 chemically defined lipid concentrate (Life
Technologies), 10 mM HEPES and 1 ng/ml basic fibro-
blast growth factor (Merck Millipore). The cells were
used at the 25th passage. The hCMEC/D3 were grown to
confluence at 37 °C with 5% CO2 and cell lines were
tested forMycoplasma with the MycoAlert Detection Kit
(Lonza) (data not shown).

Cytoadherence assay
Parasitized red blood cells cytoadherence to HLEC and
hCMEC/D3 were determined using microscopy as de-
scribed elsewhere [25]. Briefly, each cell line was grown
to confluence (approximately 8.4 × 104 HLEC and
7 × 104 hCMEC/D3) in its respective culture medium in
8-well Lab-Tek™ chamber slides. Confluent HLEC and
hCMEC/D3 were then used directly in adhesion assays,

Fig. 1 Lastourville (Rural), Koulamoutou (semiurban) and Franceville (urban) location in Gabon. Percentages in parentheses indicate the percentage
of isolates test by country. Inset shows location of Gabon on the Atlantic Coast of Africa
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or fixed for one hour at 37 °C with 2% paraformaldehyde
and kept at 4 °C in 400 μl of phosphate buffered saline
(PBS) for a maximum of 2 months [26]. A suspension of
300 μl of mature pRBC at 6% parasitaemia and 2%
haematocrit (approximately 4 × 106 schizonts for
63 × 106 uninfected RBC) in complete RPMI culture
medium without bicarbonate was added to each well
containing confluent HLEC and hCMEC/D3 monolayers
from Labtek in duplicate, and incubated for 1 h at 37 °C.
Also, cytoadherence was performed using 3D7 strain at
the same conditions as positive control.
After 1 h of incubation, unfixed pRBC were removed

gently by washing 5 times with PBS and the Labtek was
fixed with 2% glutaraldehyde for 20 min at room
temperature, rinsed with PBS and stained with 30%
Giemsa. The number of adherent pRBCs was determined
microscopically, and expressed as the number of pRBC
adhering to 700 cells. Cytoadherence was considered posi-
tive if the number of adhering pRBC was greater than to
35 per 700 cells (more than 5% of adhering pRBC).

Apoptosis assay
HLEC and hCMEC/D3 were grown respectively in PCm
and CCm until 80–90% confluence in both 24-well (about
3 × 105 cells for HLEC and 2.55 × 105 cells for hCMEC/
D3) and 6-well Transwell plates (about 106 cells for HLEC
and 9 × 105 cells for hCMEC/D3) with polyester 0.4 μm
pore-size filters (Costar, Corning Incorporated). The
24-well plates were used for apoptosis assay in contact
condition whereas the 6 well plates (Transwell) were used
for apoptosis assay in non-contact experiment.

Contact and non-contact co-culture
Co-cultures of P. falciparum field isolates with hCMEC/
D3 or HLEC were carried out in parallel using two modi-
fied media that lacked bicarbonate [11, 21]. Briefly, for
hCMEC/D3, the modified medium contained RPMI
1640 + L-glutamine +25 mM HEPES (Gibco) supple-
mented with 5% inactivated FBS, 1.4 μM hydrocortisone,
5 μg/ml ascorbic acid, 1/100 chemically defined lipid con-
centrate and 1 ng/ml of basic fibroblast growth factor and
was called MCCm. For HLEC, it contained RPMI
1640 + L-glutamine +25 mM HEPES (Gibco) supple-
mented with 10% of inactivated FBS and 5 μg/ml of endo-
thelial cell growth supplement and was called MPCm.
For contact co-culture experiment, a suspension of

133 μl of mature pRBC (isolates and positive control
3D7 strain) at 6% parasitaemia and 1% haematocrit (ap-
proximately 5.31 × 105 schizonts for 9 × 106 uninfected
red blood cells (RBC)) in both complete MPCm and
complete MCCm has been co-culture respectively with
HLEC and hCMEC/D3 separately, in quadruplicate
using the 24-well plates.

In non-contact coculture experiment, a suspension of
500 μl of mature pRBC (isolates and positive control
3D7 strain) at 6% parasitaemia and 1% haematocrit (ap-
proximately 2 × 106 schizonts for 35 × 106 uninfected
RBC) in both complete MPCm and complete MCCm
has been coculture respectively with HLEC and
hCMEC/D3 separately, in quadruplicate using the 6 well
plates Transwell. Each apoptosis assay condition was
performed using a suspension of uninfected RBC at 1%
haematocrit for negative controls (approximately
9.5 × 106 RBC). Each coculture was then incubated for
24 h at 37 °C with 5% CO2.

Apoptosis detection
Apoptosis was measured with an enzyme immunoassay
(Cell Death Detection ELISA plus, Roche Diagnostics) as
recommended by the manufacturer. This ELISA detects
cytoplasmic nucleosomes released from apoptotic cells
and has an estimated detection limit of 625 apoptotic
cells. Both HLEC and hCMEC cell line was incubated
with 3D7 stain as positive control and uninfected RBC
as negative controls. After 24 h of incubation, the 24-
well plates were washed 5 times with RPMI 1640, and
twice with PBS to remove unbound pRBC, 3D7 stain
and RBC. In the mean time, the upper compartment of
the 6-well Transwell plates containing pRBC, 3D7 stain
and RBC was removed, the supernatant was discarded
and the cells were also washed twice with PBS. Two
hundred (200) μl and 500 μl of lysis buffer provided with
the ELISA kit were added to the 24 and 6-well plates re-
spectively to permeabilize HLEC and hCMEC/D3. The
plates were then centrifuged at 1000 rpm for 10 min,
and 20 μl of supernatant per well was used in the ELISA
test. Optical density (OD) was read with a Stat FaxH
3200 (Fisher Bioblock Scientific, Illkirch France) at
405 nm, with a reference filter of 492 nm. The mean OD
of pRBC-activated HLEC and hCMEC/D3 to RBC-
activated HLEC and hCMEC/D3 and mean OD of 3D7-
activated HLEC and hCMEC/D3 to RBC-activated
HLEC and hCMEC/D3 was calculated, using a positivity
cut-off of 3, as recommended [6, 14].

Statistical analysis
Categorical data were analyzed with Fisher’s test. McNe-
mar’s test was used to compare paired proportions. The
non parametric Mann-Whitney U test was used for non-
normally distributed quantitative data. Significance was
set at p < 0.05.

Results
P. falciparum isolates were collected from 25 patients
with uncomplicated malaria and 2 patients with severe
malaria (1 with convulsions, 1 with prostration). Median
age was 48 months (range 8 mouths to 20 years), and
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mean age was 62.0 ± 55.8 months. Parasite load ranged
from 5316 to 315,000 parasites per microliter. All 27 iso-
lates were matured in vitro and enriched by gelatin
flotation. pRBC specimens were almost exclusively at the
schizont stage.

Cytoadherence
We first tested the binding of the 27 isolates to human
ECs. Each preparation contained approximately 4 × 106

pRBC. The number of adherent pRBC was determined
microscopically. Cytoadherence values ranged from 1 to
2340 pRBC per 700 HLEC and 0 to 5040 per 700
hCMEC/D3 (Table 1). The number of adherent uninfected
red blood cells (RBC) was negligible between 0 to 10 RBC
per 700 cell with mean values of 4 per 700 cells lines
(Table 1). Based on their binding to ECs, the isolates were
categorized as cytoadherence-positive (number of adherent
pRBC >35 per 700 cells) or cytoadherence-negative (< 35
per 700 cells). The cytoadherence-positive isolates were also
categorized into those with high-level cytoadherence (HLC:
> 1000 adherent pRBC per 700 cells), moderate cytoadher-
ence (MLC: ≥100 pRBC per 700 cells) and low-level
cytoadherence (LLC: < 100 per 700 cells).

HLEC
Seventeen (63.0%) of the 27 isolates bound to HLEC.
Only one isolate (F25) exhibited high-level adherence
“Table 1”.

hCMEC/D3
Twelve (44.4%) of the 27 isolates adhered to hCMEC/
D3. Of these 12 isolates, 3 (F4, F25 and F27) exhibited
high-level binding (Table 1).

HLEC and hCMEC/D3
Twelve isolates (44.4%) cytoadhered to both lung and
cerebral ECs (Table 1). The mean number of adherent
pRBCs was 157 ± 454 and 422 ± 1143 per 700 cells for
HLEC and hCMEC/D3, respectively (p > 0.05).

Apoptosis
As EC apoptosis is independent of pRBC cytoadherence
(binding of parasitized red blood cells to endothelial
cells via parasite ligands and endothelial cell receptors)
and requires only direct cell-cell contact (direct contact
cell to cell without any cytoadherence), we analyzed the
capacity of the 27 isolates to induce HLEC and hCMEC/
D3 apoptosis in both contact and non contact experi-
ments. A total of 16 isolates (59.3%) were able to induce
EC apoptosis, either by contact (with or without cytoad-
herence) or by the release of soluble factors (p > 0.05)
“Table 1”.

Contact coculture
Nine (9) isolates (33.3%) induced apoptosis by contact.
These represented 56.3% of the 16 apoptogenic isolates.
All 9 isolates induced hCMEC/D3 apoptosis (mean
OD = 5.9 ± 3.0), but only 4 induced HLEC apoptosis
(mean OD = 4.4 ± 1.4) (Table 1). Among the 9 isolates
that were apoptogenic by contact, 4 isolates cytoadhered
(Table 1). EC apoptosis induced by 5 other isolates
also occurred on contact, but did not cytoadhere (OD
range 3 to 8.7).

Non-contact coculture
We then determined whether pRBC could induce EC
apoptosis via the release of diffusible soluble stimuli in
non contact experiments. The pRBC specimens were co-
incubated with ECs in Transwel plates. Thirteen (13)
(48.1%) of the 27 isolates were able to kill ECs via diffus-
ible factors, representing 81.3% of the 16 apoptogenic
isolates. Eleven (11) of the 16 apoptogenic isolates were
able to kill hCMEC/D3, whereas only four isolates were
able to kill HLEC. Two isolates (F29 and F31) were
able to kill both lung and cerebral ECs. Seven apop-
togenic isolates killed ECs by only one mechanism
(soluble factors).

Endothelial cell susceptibility
Seven of the apoptogenic isolates induced both cerebral
and pulmonary EC apoptosis, 8 induced only hCMEC/
D3 apoptosis, and 1 induced only HLEC apoptosis. Fi-
nally, 15 of the apoptogenic isolates induced hCMEC/D3
apoptosis, and 8 HLEC apoptosis (Fig. 2). Also, the mean
OD of these 15 apoptogenic isolates targeting hCMEC/
D3 is higher than that of the 8 apoptogenic isolates tar-
geting HLEC apoptosis (6.25 ± 2.22 vs 4.12 ± 1.04 re-
spectively; p < 0.01). Thus, cerebral ECs were more
susceptible than lung ECs to pRBC-induced apoptosis.
Half of the apoptogenic isolates triggered only

hCMEC/D3 cell death (mean OD = 5.8 ± 2.1). Four of
these isolates acted via soluble factors, one via direct
contact without cytoadherence, two via both contact
without cytoadherence and soluble factors, and the last
by cytoadherence. One isolate specifically induced HLEC
apoptosis (OD = 3.53) via diffusible soluble factors. All
the isolates able to kill HLEC (OD range 3.4 to 6.4) in
contact coculture were also able to kill hCMEC/D3 in
contact coculture (OD range 3.0 to 11.4). HLEC apop-
tosis was induced by contact or by diffusible factors, but
never by both. For example, F26, F28, F29 and F31
pRBC induced HLEC apoptosis via soluble factors but
not by direct contact or cytoadhérence.

Discussion
Knowledge of the nature and role of parasite ligands and
host cell receptors associated with malaria severity is
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Table 1 Cytoadherence and apoptosis of HLEC and hCMEC/D3 mediated by P. falciparum infected red blood cell

Pf isolate Clinical status Number of pRBC adhered
per 700 cells

Mean OD direct contact mediated
apoptosis (SD)

Mean OD soluble factor mediated
apoptosis (SD)

hCMEC/D3 HLEC HLEC hCMEC/D3 HLEC hCMEC/ D3

F1 UN 1 641 0.99 (0.05) 9.08 (0.05) 2.23 (0.09) 8.04 (0.61)

F2 UN 1 1 1.57 (0.12) 8.73 (0.62) 0.83 (0.04) 5.41 (0.07)

F3 UN 25 41 0.86 (0.04) 1.12 (0.09) 0.71 (0/09) 0.46 (0.05)

3D71 - 254 415 3.15 3.79 1.25 4.52

RBC1 - 1 0 0.39 0.49 0.25 0.41

F4 UN 3152 201 2.79 (0.07) 1.68 (0.14) 0.74 (0.04) 0.93 (0.05)

F5 UN 806 54 1.79 (0.08) 1.57 (0.11) 0.62 (0.02) 0.63 (0.18)

3D72 - 279 361 3.65 3.21 1.05 4.02

RBC2 - 3 8 0.67 0.23 0.42 0.29

F15 UN 69 81 6.39 (0.46) 11.37 (0.21) 2.23 (0.07) 8.59 (0.23)

F16 UN 3 9 1.00 (0.04) 0.68 (0.09) 0.41 (0.05) 1.70 (0.11)

F17 UN 9 41 0.82 (0.09) 0.84 (0.04) 0.73 (0.04) 8.73 (0.69)

3D73 - 291 541 3.19 3.52 1.88 4.45

RBC3 - 0 0 0.95 0.32 0.89 0.48

F19 UN 7 11 0.71 (0.03) 0.69 (0.06) 0.60 (0.05) 9.08 (0.09)

3D74 - 213 245 3.43 3.91 1.25 4.58

RBC4 - 10 6 0.20 0.88 0.11 0.61

F20 UN 51 157 2.55 (0.08) 0.92 (0.13) 0.63 (0.04) 0.54 (0.06)

F21 UN 0 1 2.07 (0.09) 0.95 (0.06) 1.56 (0.30) 0.59 (0.08)

F23 UN 5 54 2.87 (0.09) 0.89 (0.01) 1.09 (0.06) 0.74 (0.03)

3D75 - 259 354 3.00 3.25 1.56 4.12

RBC5 - 2 2 0.38 0.14 0.46 0.23

F25a SM 5040 2340 0.40 (0.12) 0.74 (0.04) 1.20 (0.10) 0.55 (0.04)

F26b SM 1 3 2.08 (0.19) 3.09 (0.06) 3.48 (0.03) 1.88 (0.15)

F27 UN 1652 224 0.63 (0.04) 0.32 (0.11) 1.09 (0.11) 0.66 (0.04)

F28 UN 3 5 2.07 (0.09) 0.42 (0.04) 3.53 (0.08) 0.88 (0.16)

3D76 - 368 463 3.65 4.01 1.12 4.85

RBC6 - 3 2 0.52 0.26 0.44 0.31

F29 UN 231 87 2.07 (0.10) 1.62 (0.06) 3.40 (0.10) 3.81 (0.11)

F30 UN 473 286 4.12 (0.14) 5.43 (0.26) 1.97 (0.04) 8.68 (0.13)

F31 UN 337 307 0.38 (0.12) 1.30 (0.34) 4.87 (0.10) 6.75 (0.18)

F33 UN 7 31 1.46 (0.09) 4.74 (0.20) 2.49 (0.06) 1.74 (0.05)

3D77 - 363 435 3.02 3.85 1.00 5.24

RBC7 - 0 1 0.54 0.45 0.35 0.15

F34 UN 10 67 1.10 (0.07) 2.23 (0.14) 1.84 (0.08) 2.73 (0.05)

F32 UN 70 157 1.05 (0.07) 4.32 (0.17) 1.07 (0.05) 1.91 (0.11)

3D78 - 440 522 3.75 4.12 1.89 5.87

RBC8 - 1 1 0.23 0.46 0.23 0.31

F35 UN 180 101 1.78 (0.11) 1.44 (0.10) 1.76 (0.14) 4.47 (0.09)

F36 UN 7 11 0.94 (0.07) 1.67 (0.08) 0.99 (0.01) 5.92 (0.09)

F37 UN 3 2 3.39 (0.30) 3.00 (0.15) 2.23 (0.04) 6.72 (0.10)

3D79 - 304 354 3.15 3.82 1.46 4.54
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crucial for improving or developing therapeutic strat-
egies that combine both parasite elimination and endo-
thelial cell protection. Here, to limit possible artifacts
linked to parasite adaptation to in vitro culture, we used
field isolates with a minimum of ex vivo manipulation.
Coculture of RBC infected by these isolates with
hCMEC/D3 and HLEC was carried out in contact and
non contact conditions to assess the capacity of RBC in-
fected by these isolates to bind to ECs and to induce
apoptosis, and also to determine the general mechanism

of action (contact, cytoadherence and/or soluble factors).
RBC parasitized-3D7 strain (in vitro maintained culture)
and uninfected RBC were used respectively as positive
and negative controls for both adherence and apoptosis
assays as previously documented [6, 9, 14, 15, 21, 26].
The use of uninfected RBC as negative control instead
of non-adherent P. falciparum lines is more linked to
the scarcity of valuable non cytoadherent parasite line
such as P. falciparum D10 described by Anders et al. in
1983 [27] and this does not have any influence on our

Table 1 Cytoadherence and apoptosis of HLEC and hCMEC/D3 mediated by P. falciparum infected red blood cell (Continued)

RBC9 - 3 0 0.65 0.24 0.69 0.36

F39 UN 1 21 1.57 (0.12) 1.53 (0.07) 0.44 (0.06) 1.03 (0.05)

F40 UN 70 196 3.79 (0.14) 3.50 (0.05) 0.50 (0.04) 0.99 (0.01)

3D710 - 343 398 3.05 3.81 0.96 4.21

RBC10 - - - 0.52 0.26 0.66 0.17

Pf P. falciparum, UN uncomplicated malaria, SM severe malaria. The number of adherent pRBC was determined microscopically; OD optical density. The mean OD
was determined for each isolate. Using a positivity cut-off of 3; 3D71: positive control for the first experiment. 3D72.3.…10: positive control for the remaining
experiments; RBC1: negative control for the first experiment. RBC2.3.…10: negative control for the remaining experiments
aPatient with convulsions
bPatient with prostration

Fig. 2 PRBC-mediated EC apoptosis. a) PRBC-mediated EC apoptosis by direct contact with and without cytoadherenceThe ability of field isolates
to induce EC apoptosis was the same for hCMEC/D3 (9 apoptogenic PRBCs) and HLEC (4 apoptogenic PRBCs) (p > 0.05) and the mean optical
density was also similar (p > 0.05); b) PRBC-mediated EC apoptosis by release of soluble factors. hCMEC/D3 were more susceptible to apoptosis
mediated by soluble factors (11 apoptogenic PRBCs) than were HLEC (4 apoptogenic PRBCs) (p < 0.05) but intensity (mean OD ratio) of this
apoptosis was higher with hCMEC/D3 (p < 0.01). P. falciparum field isolates trigger cerebral cells apoptosis than lung cells (p < 0.01)
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results. pRBC-mediated HLEC apoptosis has been
already investigated by means of transmission electron
microscopy, annexin V assay, caspase activity assay, and
nucleosome release ELISA [6, 21]. The ECs used in this
study were first examined for ICAM-1 and CD36 ex-
pression. The hCMEC/D3 expressed ICAM but not
CD36, while HLEC expressed both receptors.
We found that 59% of the pRBC specimens triggered

EC apoptosis, confirming that pRBC clinical isolates can
induce lung [9, 15, 21] and brain EC apoptosis [21, 28].
However, in previous studies only about 20% of clinical
isolates induced human lung EC apoptosis, compared to
59% of our isolates [9, 15].
The main finding of this study is that P. falciparum in-

duced preferential EC apoptosis: half of the 16 apopto-
genic isolates specifically targeted hCMEC/D3 cells, while
only one specifically targeted HLEC, and seven targeted
both cell types. Whether these cell types differ in their in-
trinsic susceptibility to apoptogenic stimuli was not
assessed and so it is uncertain whether these findings can
be generalized to the situation in vivo. However, if a simi-
lar difference in susceptibility to P. falciparum-induced
apoptosis occurs in vivo, this might be important in the
pathogenesis of severe malaria. Overall, 15 (94%) of the 16
apoptogenic isolates triggered brain EC apoptosis, but
only 8 (50%) killed HLEC (p < 0.05). Three pRBC pheno-
types were observed: the first exclusively killed hCMEC/
D3, the second only killed HLEC, and the last killed both
ECs (mixed phenotype). Evidence of EC activation and
apoptosis leading to altered vascular integrity and blood
pulmonary/brain barrier breakdown, has been found dur-
ing severe malaria [6, 8, 12, 29]. We suspected that pa-
tients with severe malaria might be infected with strains
preferentially inducing either brain or lung EC apoptosis,
but almost all our patients had uncomplicated malaria,
meaning we were unable to test this hypothesis.
In contact experiments, 9 isolates induced both HLEC

and hCMEC/D3 apoptosis. Of these, 4 isolates acted via
cytoadherence. All 4 of these latter isolates (F15, F30,
F32 and F40) were able to bind to hCMEC/D3 and
HLEC. This is in line with two studies using field isolates
in which as many as half of the pRBC samples that trig-
gered EC apoptosis acted through cytoadherence [9, 15].
The transduction signal triggered by pRBC adherence

is unclear, but cross-linking of pRBC adhesins on the EC
surface is known to induce apoptosis [30]. pRBC binding
specifically to CD36 induces EC apoptosis mediated by
p59/fyn as well as by caspases [31]. Working with P. fal-
ciparum field isolates from Gabon, we have previously
demonstrated that the ability of pRBC to trigger human
lung EC apoptosis is linked to the expression of genes
encoding PALPF [14]. We also demonstrated that se-
lected PALPF transcripts, such as PFD0875c and
MAL13P1.206, are involved in parasite cytoadherence

[14]. As some isolates can induce hCMEC/D3 apoptosis
by cytoadherence, these PALPFs might be involved in
hCMEC/D3 apoptosis. This hypothesis is supported by
previous work showing that, in brain EC coculture, some
PALPF transcripts, particularly PALPF-5 and PALF-2,
are up regulated in apoptogenic strains by comparison
with non apoptogenic strains [21]. Binding of these
PALPFs or other parasite ligands to EC-CD36 and EC-
ICAM-1 may activate the Rho kinase signaling pathway
that can trigger cell apoptosis. Indeed, CD36 and ICAM-
1 are the receptors most commonly used by clinical
isolates to survive, even though pRBC adhesion involves
many other receptors [32–34].
Our results conflict with those of N’Dilimabaka et al. who

found that pRBC binding was not required for EC apoptosis.
These authors used P. falciparum field isolates adapted in
vitro, whereas we used pRBC freshly collected from malaria
patients. Field isolates maintained in vitro undergo clonal
phenotypic variations every 48 h, corresponding to intra-
erythrocytic development. This phenotypic variation, to-
gether with stress generated by in vitro conditions, may in-
fluence parasite gene expression and other characteristics.
Among the nine isolates that were apoptogenic in contact

experiments, five (F1, F2, F26, F33 and F37) acted by phys-
ical contact. Four isolates (F1, F2, F26 and F33) specifically
killed hCMEC/D3 while isolate F37 killed both EC types.
None of these five last isolates cytoadhere to the EC they
killed. This confirms that direct contact between pRBC and
EC, without cytoadherence, is sufficient to trigger EC apop-
tosis [21]. Five of the 16 apoptogenic isolates in our study
required direct contact to induce EC apoptosis. This phys-
ical contact might induce over-expression of PALPF genes
different from those associated with cytoadherence. PALPFs
consist mainly of trans-membrane proteins, few of which
are involved in cytoadherence [14, 15].
Two-thirds of the apoptogenic pRBC samples killed

hCMEC/D3 via soluble factors, compared to only one-
quarter for HLEC. Similar results have been obtained with
HLEC by Zang Edou et al. 2010. Isolates F29 and F31 were
able to kill both ECs. Interestingly, seven apoptogenic iso-
lates killed hCMEC/D3 or HLEC exclusively via soluble fac-
tors, and were unable to induce EC apoptosis when placed
in direct contact. It appears that both mechanisms (cytoad-
herence and direct contact) are inhibited. Our results sug-
gest that coculture contact inhibits the expression of genes
encoding PALPF soluble antigens in these pRBCs. By con-
trast, two-thirds of the pRBCs inducing apoptosis by
cytoadherence or direct contact were also able to trigger
apoptosis via soluble factors. Perhaps all the genes coding
for PALPF proteins (adhesins and soluble antigens) were
expressed in these latter isolates conferring therefore the
capacity of using more than one stimulus.
Finally, we suggest that the three stimuli may trigger

the same signaling pathway. PALPF adhesins and soluble
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antigens expressed by pRBC are able to trigger EC apop-
tosis via Rho kinase activation. However, the mecha-
nisms by which some pRBCs preferentially target brain
versus lung ECs are unknown. The cerebral associated
isolate (CAI) (a phenotype killing only hCMEC/D3) ex-
press PALPF antigens, the nature and expression kinetics
of which are different to those of PALPF expressed by
pulmonary associated isolate (PAI) (a phenotype specif-
ically killing HLEC). In this case, the nature and/or affin-
ity of the EC receptors recognized by these PALPF
ligands would be also different.

Conclusion
P. falciparum uses at least one of the three stimuli
(cytoadherence, direct contact and soluble factors) to in-
duce EC apoptosis. The study indicates that brain EC
was more susceptible to apoptosis triggered by P. falcip-
arum compared to the lung EC and may provide new in-
sights into host-parasite interactions.

Abbreviations
BBB: Blood-Brain-Barrier; CCm: Cerebral Culture Medium; EC: Endothelial Cell;
hCMEC/D3: Human Cerebral Microvascular Endothelial Cells-D3;
HLEC: Human Lung Endothelial Cell; PALPFs: Plasmodium Apoptosis-Linked
Pathogenicity Factors; PCm: Pulmonary Culture Medium; pRBC: Parasitized
Red Blood Cell; RBC: Red Blood Cells

Acknowledgments
We sincerely thank all the children and their parents for their participation in
the study and the staff of the pediatric wards of “Centre Hospitalier Régional
Amissa Bongo” and “Hôpital de l’Amitié Sino-Gabonaise” of Franceville, “Healt
centers” of Koulamoutou and Lastourville. We also thank Dr. Ulrich Bisvigou
for statistical analysis and Pr Pierre Olivier Couraud for providing hCMEC/D3.
Finally, we are grateful to the anonymous reviewers for their constructive
criticisms and help.

Funding
Financial support: CIRMF is funded by Total Gabon, the Gabonese
Government, and the “Ministère Français des Affaires Etrangères”. 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
The datasets supporting the conclusions of this article are available in the
Table 1 of the manuscript.

Authors’ contributions
JB, NN, JO, JL, DN, and FT: field sample collection, laboratory experiments
and supervision. JB, FT, NN, PD, FG (providing HLEC) and DM: study design
and manuscript writing. All authors read and approved the final manuscript.

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

Consent for publication
Not applicable.

Ethics approval and consent to participate
The study was submitted in February 04/2013 to the “Comité National
d’Ethique (CNE)” of Gabon including two pages questionnaire from which
the written consent was requested. In March 10/2013 the study was agreed
and registered under PROT N°0018/2013/SG/CNE. Patients of all ages who
have signed written consent have been enrolled. For children the written
consent was signed by their parents or legal guardians.

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

Author details
1International Centre for Medical Research of Franceville (CIRMF), BP 769
Franceville, Gabon. 2Ecole Doctorale Régionale (EDR) en Infectiologie
Tropicale, 876 Franceville, BP, Gabon. 3Département de
Parasitologie-Mycologie et de Médecine Tropicale, Faculté de Médecine,
Université des Sciences de la Santé, B.P, 4009 Libreville, Gabon. 4IRD, UMR
216–Mère et Enfant Face aux Infections Tropicales, Faculté de Pharmacie, 4
Avenue de l’Observatoire, 75006 Paris, France. 5Université Pierre et Marie
Curie-Paris 6, UMR S945, 75003 Paris, France. 6Institut National de la Santé et
de la Recherche Médicale, U945, F-75013 Paris, France. 7AP-HP Groupe
hospitalier Pitié-Salpêtrière, Service Parasitologie-Mycologie, 91, boulevard de
l’Hopital, 75634 Paris Cedex 13, France.

Received: 27 April 2016 Accepted: 15 June 2017

References
1. Miller LH, Baruch DI, Marsh K, Doumbo OK. The pathogenic basis of malaria.

Nature. 2002;415(6872):673–9. doi:10.1038/415673a.
2. Dzeing-Ella A, Nze Obiang PC, Tchoua R, Planche T, Mboza B, Mbounja M, et

al. Severe falciparum malaria in Gabonese children: clinical and laboratory
features. Malar J. 2005;4:1. doi:10.1186/1475-2875-4-1.

3. Gay F, Zougbede S, N'Dilimabaka N, Rebollo A, Mazier D, Moreno A.
Cerebral malaria: what is known and what is on research. Rev Neurol (Paris).
2012;168(3):239–56. doi:10.1016/j.neurol.2012.01.582.

4. Avril M, Tripathi AK, Brazier AJ, Andisi C, Janes JH, Soma VL, et al. A
restricted subset of var genes mediates adherence of Plasmodium
falciparum-infected erythrocytes to brain endothelial cells. Proc Natl Acad
Sci U S A. 2012;109(26):E1782–90. doi:10.1073/pnas.1120534109.

5. Lavstsen T, Turner L, Saguti F, Magistrado P, Rask TS, Jespersen JS, et al.
Plasmodium falciparum erythrocyte membrane protein 1 domain cassettes 8
and 13 are associated with severe malaria in children. Proc Natl Acad Sci U
S A. 2012;109(26):E1791–800. doi:10.1073/pnas.1120455109.

6. Pino P, Vouldoukis I, Kolb JP, Mahmoudi N, Desportes-Livage I, Bricaire F, et
al. Plasmodium falciparum–infected erythrocyte adhesion induces caspase
activation and apoptosis in human endothelial cells. J Infect Dis.
2003;187(8):1283–90. doi:10.1086/373992.

7. Mazier D, Nitcheu J, Idrissa-Boubou M. Cerebral malaria and
immunogenetics. Parasite Immunol. 2000;22(12):613–23.

8. Taoufiq Z, Gay F, Balvanyos J, Ciceron L, Tefit M, Lechat P, et al. Rho kinase
inhibition in severe malaria: thwarting parasite-induced collateral damage to
endothelia. J Infect Dis. 2008;197(7):1062–73. doi:10.1086/528988.

9. Toure FS, Ouwe-Missi-Oukem-Boyer O, Bisvigou U, Moussa O, Rogier C, Pino
P, et al. Apoptosis: a potential triggering mechanism of neurological
manifestation in Plasmodium falciparum malaria. Parasite Immunol.
2008;30(1):47–51. doi:10.1111/j.1365-3024.2007.00986.x.

10. Jambou R, Combes V, Jambou MJ, Weksler BB, Couraud PO, Grau GE.
Plasmodium falciparum adhesion on human brain microvascular endothelial
cells involves transmigration-like cup formation and induces opening of
intercellular junctions. PLoS Pathog. 2010;6(7):e1001021. doi:10.1371/journal.
ppat.1001021.

11. Zougbede S, Miller F, Ravassard P, Rebollo A, Ciceron L, Couraud PO, et al.
Metabolic acidosis induced by Plasmodium falciparum intraerythrocytic
stages alters blood-brain barrier integrity. J Cereb Blood Flow Metab.
2011;31(2):514–26. doi:10.1038/jcbfm.2010.121.

12. Hemmer CJ, Lehr HA, Westphal K, Unverricht M, Kratzius M, Reisinger EC.
Plasmodium falciparum malaria: reduction of endothelial cell apoptosis in
vitro. Infect Immun. 2005;73(3):1764–70. doi:10.1128/IAI.73.3.1764-1770.2005.

13. Punsawad C, Maneerat Y, Chaisri U, Nantavisai K, Viriyavejakul P. Nuclear
factor kappa B modulates apoptosis in the brain endothelial cells and
intravascular leukocytes of fatal cerebral malaria. Malar J. 2013;12:260. doi:10.
1186/1475-2875-12-260.

14. Siau A, Toure FS, Ouwe-Missi-Oukem-Boyer O, Ciceron L, Mahmoudi N,
Vaquero C, et al. Whole-transcriptome analysis of Plasmodium falciparum
field isolates: identification of new pathogenicity factors. J Infect Dis. 2007;
196(11):1603–12. doi:10.1086/522012.

Essone et al. BMC Infectious Diseases  (2017) 17:454 Page 9 of 10

http://dx.doi.org/10.1038/415673a
http://dx.doi.org/10.1186/1475-2875-4-1
http://dx.doi.org/10.1016/j.neurol.2012.01.582
http://dx.doi.org/10.1073/pnas.1120534109
http://dx.doi.org/10.1073/pnas.1120455109
http://dx.doi.org/10.1086/373992
http://dx.doi.org/10.1086/528988
http://dx.doi.org/10.1111/j.1365-3024.2007.00986.x
http://dx.doi.org/10.1371/journal.ppat.1001021
http://dx.doi.org/10.1371/journal.ppat.1001021
http://dx.doi.org/10.1038/jcbfm.2010.121
http://dx.doi.org/10.1128/IAI.73.3.1764-1770.2005
http://dx.doi.org/10.1186/1475-2875-12-260
http://dx.doi.org/10.1186/1475-2875-12-260
http://dx.doi.org/10.1086/522012


15. Zang-Edou ES, Bisvigou U, Taoufiq Z, Lekoulou F, Lekana-Douki JB, Traore Y,
et al. Inhibition of Plasmodium falciparum field isolates-mediated endothelial
cell apoptosis by Fasudil: therapeutic implications for severe malaria. PLoS
One. 2010;5(10):e13221. doi:10.1371/journal.pone.0013221.

16. Invernici G, Ponti D, Corsini E, Cristini S, Frigerio S, Colombo A, et al. Human
microvascular endothelial cells from different fetal organs demonstrate
organ-specific CAM expression. Exp Cell Res. 2005;308(2):273–82. doi:10.
1016/j.yexcr.2005.04.033.

17. Muanza K, Gay F, Behr C, Scherf A. Primary culture of human lung
microvessel endothelial cells: a useful in vitro model for studying
Plasmodium falciparum-infected erythrocyte cytoadherence. Res Immunol.
1996;147(3):149–63.

18. Weksler BB, Subileau EA, Perriere N, Charneau P, Holloway K, Leveque M, et
al. Blood-brain barrier-specific properties of a human adult brain endothelial
cell line. FASEB J. 2005;19(13):1872–4. doi:10.1096/fj.04-3458fje.

19. Pino P, Taoufiq Z, Nitcheu J, Vouldoukis I, Mazier D. Blood-brain barrier
breakdown during cerebral malaria: suicide or murder? Thromb Haemost.
2005;94(2):336–40. doi:10.1267/THRO05020336.

20. Taoufiq Z, Pino P, N'Dilimabaka N, Arrouss I, Assi S, Soubrier F, et al.
Atorvastatin prevents Plasmodium falciparum cytoadherence and
endothelial damage. Malar J. 2011;10:52. doi:10.1186/1475-2875-10-52.

21. N'Dilimabaka N, Taoufiq Z, Zougbede S, Bonnefoy S, Lorthiois A, Couraud
PO et al. P. falciparum isolate-specific distinct patterns of induced apoptosis
in pulmonary and brain endothelial cells. PLoS One. 2014;9(3):e90692. doi:
10.1371/journal.pone.0090692

22. WHO. Severe falciparum malaria. World Health Organization, communicable
diseases cluster. Trans R Soc Trop Med Hyg 2000;94(1):S1–90.

23. Trager W, Jensen JB. Human malaria parasites in continuous culture.
Science. 1976;193(4254):673–5.

24. Goodyer ID, Johnson J, Eisenthal R, Hayes DJ. Purification of mature-stage
Plasmodium falciparum by gelatine flotation. Ann Trop Med Parasitol. 1994;
88(2):209–11.

25. Gay F, Robert C, Pouvelle B, Peyrol S, Scherf A, Gysin J. Isolation and
characterization of brain microvascular endothelial cells from Saimiri
monkeys. An in vitro model for sequestration of Plasmodium falciparum-
infected erythrocytes. J Immunol Methods. 1995;184(1):15–28.

26. Toure FS, Ouwe-Missi-Oukem-Boyer O, Mezui-Me-Ndong J, Ndong-Atome
GR, Bisvigou U, Mazier D, et al. Cytoadherence and genotype of Plasmodium
falciparum strains from symptomatic children in Franceville, southeastern
Gabon. Clin Med Res. 2007;5(2):106–13. doi:10.3121/cmr.2007.696.

27. Anders RF, Brown GV, Edwards A. Characterization of an S antigen
synthesized by several isolates of Plasmodium falciparum. Proc Natl Acad Sci
U S A. 1983;80(21):6652–6.

28. Wilson NO, Huang MB, Anderson W, Bond V, Powell M, Thompson WE, et al.
Soluble factors from Plasmodium falciparum-infected erythrocytes induce
apoptosis in human brain vascular endothelial and neuroglia cells. Mol
Biochem Parasitol. 2008;162(2):172–6. doi:10.1016/j.molbiopara.2008.09.003.

29. Wassmer SC, Cianciolo GJ, Combes V, Grau GE. Inhibition of endothelial
activation: a new way to treat cerebral malaria? PLoS Med. 2005;2(9):e245.
doi:10.1371/journal.pmed.0020245.

30. Meredith J Jr, Mu Z, Saido T, Du X. Cleavage of the cytoplasmic domain of
the integrin beta3 subunit during endothelial cell apoptosis. J Biol Chem.
1998;273(31):19525–31.

31. Jimenez B, Volpert OV, Crawford SE, Febbraio M, Silverstein RL, Bouck N.
Signals leading to apoptosis-dependent inhibition of neovascularization by
thrombospondin-1. Nat Med. 2000;6(1):41–8. doi:10.1038/71517.

32. Ringwald P, Peyron F, Lepers JP, Rabarison P, Rakotomalala C,
Razanamparany M, et al. Parasite virulence factors during falciparum malaria:
rosetting, cytoadherence, and modulation of cytoadherence by cytokines.
Infect Immun. 1993;61(12):5198–204.

33. Ockenhouse CF, Klotz FW, Tandon NN, Jamieson GA. Sequestrin, a CD36
recognition protein on Plasmodium falciparum malaria-infected erythrocytes
identified by anti-idiotype antibodies. Proc Natl Acad Sci U S A. 1991;88(8):
3175–9.

34. Chaiyaroj SC, Angkasekwinai P, Buranakiti A, Looareesuwan S, Rogerson SJ,
Brown GV. Cytoadherence characteristics of Plasmodium falciparum isolates
from Thailand: evidence for chondroitin sulfate a as a cytoadherence
receptor. Am J Trop Med Hyg. 1996;55(1):76–80.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Essone et al. BMC Infectious Diseases  (2017) 17:454 Page 10 of 10

http://dx.doi.org/10.1371/journal.pone.0013221
http://dx.doi.org/10.1016/j.yexcr.2005.04.033
http://dx.doi.org/10.1016/j.yexcr.2005.04.033
http://dx.doi.org/10.1096/fj.04-3458fje
http://dx.doi.org/10.1267/THRO05020336
http://dx.doi.org/10.1186/1475-2875-10-52
http://dx.doi.org/10.1371/journal.pone.0090692
http://dx.doi.org/10.3121/cmr.2007.696
http://dx.doi.org/10.1016/j.molbiopara.2008.09.003
http://dx.doi.org/10.1371/journal.pmed.0020245
http://dx.doi.org/10.1038/71517

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Patients and sampling
	Plasmodium falciparum maturation
	Human endothelial cell culture
	HLEC culture medium
	hCMEC/D3 culture medium

	Cytoadherence assay
	Apoptosis assay
	Contact and non-contact co-culture
	Apoptosis detection

	Statistical analysis

	Results
	Cytoadherence
	HLEC
	hCMEC/D3
	HLEC and hCMEC/D3

	Apoptosis
	Contact coculture
	Non-contact coculture

	Endothelial cell susceptibility

	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

