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A B S T R A C T

Plasmodium falciparum infection is associated with diffuse vascular dys-regulation. Levels of blood circulating
endothelial cells (CECs; CD146+CD45−) are a marker of vascular injury. This study aimed to measure blood
CECs by flow cytometery in patients with acute malaria infection before and after treatment and to evaluate the
prognostic value of that measurement for that disease. The subjects were allocated into: Group I: uncomplicated
malaria (UM, n=32), Group II: severe malaria (SM, n=12), Group III: the treated UM (TUM, n=32), Group
IV: the treated SM (TSM, n=12) and Group V: healthy controls (HC, n=25). Before treatment, SM patients
showed the highest mean number of CECs (30,658.3 ± 2658.2/5×106 peripheral blood mononuclear cells
(PBMCs)), followed by UM patients (19,481.56 ± 866.83/5x106PBMCs) and both groups were significantly
higher than HC (2034 ± 300.59/5x106PBMCs, P < .001). The level of CECs decreased significantly in both
infected groups after treatment; in TUM it became 5602.18 ± 509.72/5× 106PBMCs and in TSM it reached
8457.5 ± 452.4/5× 106 PBMCs (both values P < .001 in comparison with SM). By receiver operating char-
acteristic curve analysis, the best cut-off count for CECs which enables prediction of the occurrence of severe
malaria infection was 27,150/5× 106 PBMCs or more, with 100% sensitivity, 100% specificity, and 100%
accuracy. CECs had a significant positive correlation with parasitemia index and serum creatinine and a sig-
nificant negative correlation with hemoglobin concentration in patients with acute malaria. In conclusion, the
level of CECs could be used as a biomarker denoting endothelium damage during acute P. falciparum infection,
and it correlated with infection severity and predicted its prognosis.

1. Introduction

Malaria is the most important parasitic disease worldwide, present
in 97 countries. The parasite affects around 219million people, of
which over 90% are found in Africa. It causes about 400,000 deaths
every year and there are nearly 3.3 billion people who are at risk of
infection [1,2]. Although malaria is endemic in many tropical states,
many cases of malaria have been reported in malaria non-endemic
areas because of opportunities for international travel [3]. Among
malaria species, P. falciparum is the main cause of severe infection and
death. In most cases, infected patients may present with UM infection
with mild symptoms such as fever, chills and headaches. However, a
few cases may have severe malaria with one or more serious symptoms
such as cerebral malaria, pulmonary edema, acute renal failure or he-
patic dysfunction [4].

The pathological effects of P. falciparum infection are due to

trapping of the parasitized red blood cells (PRBCs) in the micro-
vasculature as a result of adherence of PRBCs to endothelial cells (ECs)
[5]. Cyto-adherence is a consequence of binding of P. falciparum-de-
rived surface proteins such as P. falciparum erythrocyte membrane
protein 1 to specific host ligands such as endothelial cell adhesion
molecule-1 [6] and endothelial protein C receptor [7]. Additionally,
pro-inflammatory cytokines, especially interferon gamma (IFNγ) and
tumor necrosis factor alpha (TNFα) increase during the infection
leading to more surface expression of the molecules on ECs [8].
Therefore, diffuse activation and inflammation of the vascular en-
dothelium may occur [9,10]. Cyto-adherence could also be an escape
mechanism exploited by the parasite to avoid its removal by macro-
phages found in spleen [11]. Blood vessel endothelium plays many vital
roles, such as maintaining vascular tone and permeability. It helps
preserve the balance between pro-inflammatory and anti-inflammatory
mediators locally and it acts as a barrier for the micro-vascular system
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[12]. Any vascular dys-regulation that occurs during malaria infection
may, however, be asymptomatic which in turn may cause long-term
cardiovascular morbidity [13].

Circulating endothelial cells (CECs) are mature cells that are shed
from the endothelium and circulate in blood, but they still have pro-
liferative capacity. These cells are usually identified by expressing
certain surface endothelial cell markers, for example CD146, CD31 or
von Willebrand factor, but they are negative for CD45 (a blood cells
marker) [14]. Imbalances between pro-angiogenic and anti-angiogenic
factors, pro-inflammatory cytokines, proteases, breakdown of inter-
cellular adhesions, mechanical vascular injury, and the impact of some
medications are examples of mechanisms which can cause the detach-
ment of CECs from the vascular endothelium [15].

In healthy individuals, the level of CECs is low in blood [16].
However, their level increases significantly in medical disorders that
are associated with vascular defects, like myocardial infarction [17],
heart failure [18], Type 1 diabetes [19], sepsis [20] and cancers [21].
An increase in the number of CECs in blood has been reported to be a
novel biomarker for the occurrence of endothelial damage and can be
used to evaluate the extent of the lesion [14]. Flow cytometry is be-
coming the most generally used method for detecting CECs, since it is a
rapid, quantitative technique and can be used for simultaneous de-
termination of different specific markers [22].

The aim of this study was to measure CECs in blood of P. falciparum-
infected patients with different clinical presentations before and after
treatment and to evaluate its prognostic value during severe malarial
infection.

2. Materials and methods

2.1. Study population and enrollment

This study was a case-controlled and conducted during the whole of
2017 and 2018. The cases were recruited from Abbasia Fever Hospital,
Cairo, Egypt. Any suspected P. falciparum-infected patient admitted to
the hospital was subjected to complete history taking, clinical ex-
amination, abdominal ultrasound, blood film microscopy and other
routine laboratory investigations. The diagnosis of positive P. falci-
parum malaria infection was based on a positive blood film. Each par-
ticipant signed an informed consent form before his/her enrollment.
The control group consisted of 25 healthy subjects (Egyptians and other
nationalities from Africa) matched for the same age, gender and na-
tionality. This work was approved by the Menoufia Faculty of Medicine
Ethics Committee for the Conduct of Scientific Research.

Subjects having any medical disorder that could be associated with
vascular damage, such as sickle cell trait/disease, diabetes, cardio-
vascular disease or cancer, were excluded from this study. Also, preg-
nant women and patients suffering from diseases other than malaria
were not included herein.

2.2. Patient groups

Two groups of acute malaria patients were compared to a healthy
group before and after treatment. The subjects were allocated into the
followings groups: Group I: Uncomplicated malaria (UM), Group II:
Severe malaria (SM), Group III: patients of UM group after treatment
(TUM), Group IV: patients of SM group after treatment (TSM) and
Group V: Healthy controls (HC).

Malaria patients were classified into UM and SM according to WHO
[4] criteria, where the UM malaria patients were positive for P. falci-
parum blood film with fever (≥ 37.5 °C) and presence of mild symp-
toms, while SM patients had one or more WHO criteria of severe ma-
laria. Both UM and SM patients received treatment following WHO
guidelines [4].

According to the local protocol of malaria treatment, the treated
patients were discharged from the hospital when the blood film was

negative for parasitemia and their clinical examination and laboratory
investigations were normal. In the present study the treated UM pa-
tients left the hospital after 5–7 days, but the treated severe ones left
after 10–15 days, according to their individual condition. The blood
samples were collected from them for CECs count on the day of leaving
the hospital.

2.3. Parasitemia index

From each subject, drops of blood were taken to prepare thin and
thick blood films stained with Giemsa. The thin film confirmed infec-
tion in all the studied patients. The parasitaemia index was calculated
by counting the number of the parasite asexual stages per 200 white
blood cells (WBCs) in a thick blood film, but if fewer than nine parasites
were detected, another 300 leucocytes were counted [4].

2.4. Blood collection and laboratory investigations

From each participant, 15ml blood was withdrawn through a
freshly placed cannula because venipuncture accompanied with trauma
may increase the number of CECs in the sample. The blood sample was
divided into 10ml for counting CECs and 5ml for measuring other la-
boratory parameters. WBCs, Hb and platelets were analyzed in an Advia
2120 automated blood counter (Siemens Healthcare Diagnostics, USA).
Serum creatinine levels were measured by Chemistry Analyzer AU480
(Beckman Coulter Inc., USA).

2.5. Flow cytometric detection of CECs

Ten ml of blood was mixed with an equal volume of phosphate
buffer solution (PBS), pH 7.4, layered carefully over Ficoll reagent,
1.077 g/ml (Sigma-Aldrich, USA), then centrifuged at 800g for 20min
(min). The buffy coat was recovered, loaded again with 10ml PBS, and
centrifuged at 3000g for 10min. After that, the resulting cell pellet was
re-suspended in 1ml PBS and the count of peripheral mononuclear cells
(PBMCs) adjusted to 1×106/ml. From the resulting PBMCs suspen-
sion, 100 μl of PBMCs was incubated with 10 μl of each of the mouse
anti-human fluorescein isothiocyanate-conjugated CD146 antibody
(MiltenyiBiotec, Germany) and mouse anti-human phycoerythrin-con-
jugated CD45 antibody (MiltenyiBiotec) for 30min at room tempera-
ture in the dark. An isotype control antibody was added to distinguish
between the signal of the specific antibody from that of the non-specific
background one. A FACSCalibur flow cytometer (BD Biosciences, USA)
was used to analyze the assay. Stained samples were analyzed with
internal complexity (SSC) versus a size (FSC) dot plot was developed,
after which a region containing a PBMC population was gated. For each
sample we used an unstained auto-control tube containing 100 μl
PBMCs and 300 μl PBS without any conjugated monoclonal antibodies.
CECs were identified as CD146+ and CD45−. For each sample, 100,000
PBMCs were evaluated by FCS to obtain the number of CECs present in
5×106 PBMCs.

2.6. Statistical analysis

Data were analyzed by SPSS version 23 (SPSS Inc. Released 2015.
IBM SPSS statistics for windows, version 23.0, Armnok, NY: IBM Corp.).
Analysis of the variance (ANOVA) was used to test the difference of
normally distributed means among> 2 groups with the Tukey test as a
post Hoc test while the Kruskal Wallis test was used for means that were
not normally distributed, with Tamhane's test as a post hoc test. The
paired-t-test and Wilcoxon test were used for comparing paired data
before and after treatment for normal and not normal distributed data,
respectively. The Spearman method was used to demonstrate correla-
tions between CECs and other laboratory investigations. A receiver
operator characteristic (ROC) with respective points of maximal accu-
racy for sensitivity and specificity was generated to determine CECs
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performance. The Wilcoxon test was used to compare means of related
readings of a variable in the same group. A two sided P value of< .05
was considered statistically significant.

3. Results

3.1. Baseline subject characteristics

The current study included 44 P. falciparum infected patients. Their
age ranged from 22 to 40 years with a mean of 25 ± 2 years. Males
represented 68.2% (30/44). Of the malaria infected patients, 10 were
Egyptian travellers who had recently visited different African countries.
The other 34 patients were Africans who were visiting Egypt for study
or work; they originated from North Sudan, South Sudan, Nigeria,
Guinea, Gambia and Malawi. The recruited healthy controls (n=25)
were matched with the infected patients with no significant differences
regarding their age (range=21–38; mean=24 ± 2 years), gender
distribution (16 males and 9 females) or nationality (10 Egyptians and
15 Africans).

3.2. Laboratory characteristics (Table 1)

There was a statistically significant (P < .001) difference of the
parasite densities between SM (2.7 ± 1.64%) and UM (1.2 ± 0.52%)
patients.

Hb level was significantly lower in patients with SM (7.85 ± 2 g/
dl) in comparison with either UM (10.54 ± 1.45 g/dl; P= .002) or the
HC group (12.98 ± 1 g/dl; P < .001). Also, the Hb level of UM was
significantly (P < .001) lower than in the HC group. After anti-ma-
larial treatment there was an improvement in Hb level in TUM
(11.22 ± 1.11 g/dl) and TSM (10.69 ± 0.76 g/dl) groups with a non-
significant (P= .22) difference between both groups. However, it was
still significantly (P < .001) lower than that of HC group.

The platelet count was significantly lower in patients with SM
(54.9 ± 33.79×103/μl) compared with both those of UM
(85.19 ± 39×103/μl; P= .041) and HC (301.7 ± 78×103/μl;
P < .001) patients. Also the UM group showed a significantly
(P < .001) lower platelet count compared to HC. After receiving the
treatment the platelet count improved to 277.5 ± 100.4×103/μl in
TUM and 236.7 ± 74.7×103/μl in TSM, levels which did not differ
significantly from each other (P= .113) or from the HC group.

The WBCs count was significantly lower in SM patients
(4.1 ± 0.96× 103/μl) compared with both that of UM
(5 ± 1.1×103/μl; P= .060) and HC (7 ± 1.91×103/μl; P < .001)
groups. Also, UM patients had a significantly lower WBCs count com-
pared to HC (P < .001). The number of WBCs in TUM

(5.3 ± 1.1×103/μl; P < .001) and TSM (5.3 ± 0.95×103/μl;
P= .003) were significantly lower than in HC, but still in the normal
range.

Regarding serum creatinine, it was significantly higher in SM pa-
tients (3.09 ± 1.4mg/dl) compared with either those with UM
(1.18 ± 0.4mg/dl; P= .003) or HC (0.83 ± 0.2mg/dl; P < .001). It
was significantly higher in UM than in HC (P < .001). The creatinine
levels decreased in TUM and TSM to 1.04 ± 0.24 and 1.32 ± 0.39 g/
dl, respectively, but these levels were still significantly higher than HC
(P= .014 and P= .007, respectively). There was a non-significant
difference between both treated groups (P= .127).

3.3. Flow cytometry CECs numbers

Representative flow cytometry analysis of CECs is shown in Fig. 1.
The highest mean number of CECs among all the investigated groups
was found in SM patients (30,658.33 ± 2658.24/5× 106 PBMCs) and
it was significantly higher than in both UM (19,481.56 ± 866.83/
5×106 PBMCs, P < .001) and HC (2034 ± 300.59/5×106 PBMCs,
P < .001) groups. After receiving anti-malarial treatment the mean
number of CECs decreased significantly in both TUM
(5602.18 ± 509.72/5×106 PBMCs, P < .001) and TSM
(8457.5 ± 452.41/5×106 PBMCs, P < .001) patients in comparison
with the pre-treatment levels, but both treated groups still had a sig-
nificantly higher mean number of CECs than HC (P < .001). Also, TSM
had higher mean number of CECs than TUM, a difference that was
highly significant: P < .001 (Fig. 2).

3.4. Determining the predictive cut-off value of CECs for severe malaria

Through ROC curve analysis, CECs numbers could be used to clearly
distinguish uncomplicated malaria cases (the UM group) from cases
with severe malarial infection (the SM group). A cut-off value of 27,150
CECs per 5×106 PBMCs predicted severe malaria with maximum
(100%) sensitivity, specificity and accuracy (Fig. 3).

3.5. Correlation between CECs and laboratory investigations

A significant negative correlation was found between a CEC counts
of malaria patients (44 patients) and Hb concentrations (r=−0.344,
P= .022), whereas platelet counts (r= 0.255, P= .075) and WBCs
(r=−0.257, P= .096) correlated negatively and non-significantly
with the CECs count. The mean CECs counts of the patients had a sig-
nificant positive correlations with both parasitemia index (r=0.445,
P= .002) and serum creatinine (r=0.506, P= .001) (Table 2 and
Fig. 4).

Table 1
Laboratory investigations of malaria-infected patients

Variable Before treatment HC (n=32) P value Post Hoc After treatment P value Post Hoc

UM (n=32) SM (n=12) TUM (n=32) TSM (n=12)

Parasitic index 1.24 ± 0.52 2.70 ± 1.64 – < .001
HB 10.54 ± 1.45 7.85 ± 2.00 12.98 ± 1.04 < .001 P1=0.002 11.22 ± 1.11 10.69 ± 0.76 < .001 P4=0.220

P2 < 0.001 P5 < 0.001
P3 < 0.001 P6 < 0.001

Platelets (x103/μl) 85.19 ± 39 54.9 ± 33.79 301.7 ± 78 < .001 P1=0.041 277.5 ± 100.4 236.7 ± 74.7 .113 –
P2 < 0.001
P3 < 0.001

WBCs (x103/μl) 5 ± 1.1 4.1 ± 0.96 7 ± 1.91 < .001 P1=0.060 5.3 ± 1.1 5.3 ± 0.95 .001 P4=1.00
P2 < 0.001 P5 < 0.001
P3 < 0.001 P6=0.003

Creatinine 1.18 ± 0.41 3.09 ± 1.41 0.83 ± 0.26 < .001 P1=0.003 1.04 ± 0.24 1.32 ± 0.39 < .001 P4=0.127
P2 < 0.001 P5=0.014
P3 < 0.001 P6=0.007

P1: UM Vs SM, P2: UM Vs HC, P3: SM Vs HC, P4: TUM Vs TSM, P5: TUM Vs HC, P6: TSM Vs HC. UM=uncomplicated malaria, SM= severe malaria, HC=healthy
controls, TUM= treated uncomplicated malaria, TSM= treated severe malaria.

B.E.-D.W. El-Aswad, et al. Parasitology International 72 (2019) 101926

3



4. Discussion

In the current study, CECs were detected by flow-cytometric ana-
lysis where they were CD45− and CD146+. CD146 is the most widely
used surface marker for the identification of CECs [14]. Flow cytometry
is a fast and easy technique, and can be used to detect several cell
markers at the same time [22].

To our knowledge, this report is the first one which measured the

level of CECs in malaria-infected patients. It was found that the mean
CECs count was significantly greater in both UM and SM patient groups
than in the healthy controls, and patients with SM had a higher number
of CECs than UM patients. This indicated an occurrence of broad en-
dothelial injury during the course of acute P. falciparum infection,
which increased in severity in accordance with the disease's severity.

Our results correlated well with other studies which revealed that
malaria infection is associated with endothelial activation and

Fig. 1. Representative flow cytometry analysis of circulating endothelial cells (CECs). 1. Healthy controls: (1a) unstained auto-control sample, (1b) gating on
peripheral mononuclear cells (PBMCs) (R1), and (1c) CECs (CD146+CD45−). 2. Patients with severe malaria: (2a) unstained auto-control sample, (2b) gating on
PBMCs (R1), and (2c) mature CECs with increased number of CECs compared to the healthy controls.

Fig. 2. Count of CECs. Results are presented as mean ± SD
for each group. ¶ indicates a statistically significant difference
from HC group (P < .001). ⁎ indicates a statistically sig-
nificant difference from SM group (P < .001); # indicates
statistically significant difference from UM group (P < .001)
and † indicates a statistically significant difference from TSM
group (P < .001) using one-way ANOVA followed by a post-
hoc test.
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inflammation. For example, a study done by Combes et al. [10] found
that the mean number of circulating endothelial micro-particles in-
creased significantly in patients with SM, but not in UM malaria, in
comparison with healthy controls. A significant rise in von Willebrand
factor (VWF), a marker of chronic ECs activation, VWF propeptide, a
marker of acute ECs activation, and activated VWF were detected in
malaria patients suffering from cerebral and non-cerebral malaria
[23,24]. Also, a study done by Moxon et al. [13] revealed that Mala-
wian children with UM or cerebral malaria showed higher plasma levels
of C-reactive protein, angiopoetin 2 and soluble intracellular adhesion
molecule 1 than controls, confirming an occurrence of endothelial in-
flammation. Moreover, different isolates of P. falciparum induced var-
ious degrees of apoptosis in human endothelial cells [25].

The mechanisms which mediate endothelial dysfunction during P.
falciparum infection have not been completely clarified; however, this
could be multifactorial in origin [26]. TNF-α, released during malaria
infection initiates local and broad stimulatory effects on vascular ECs
[9], and other cytokines and P. falciparum antigens can alter the ECs
phenotype [13,27–28]. A malaria-induced endothelial inflammation
may be partly responsible for detachment of CECs observed here. Added
to that, the merozoites and digestive vacuole antigens incorporated by
ECs may lead to disruption of endothelial tight-junctions followed by
detachment of CECs [29]. Detection of increasing CECs, herein, referred
to that malaria infection caused endothelial injury.

We observed that the mean number of CECs decreased significantly
in both treated groups in comparison with the corresponding infected

group, but both still had a significantly higher cell count than healthy
controls. It seems that clearance of the malaria infection helped reduce
the endothelial dys-regulation including vascular damage. This is in
agreement with Gyan et al. [30] who suggested that repair of en-
dothelial damage occurs in treated P. falciparum patients. However,
treated patients should be followed for a longer time than was the case
here in order to monitor whether the level of CECs reduces to base-line
levels indicating complete healing of the vascular injury. Unfortunately
a longer follow-up was not possible here.

In this study the partial endothelial repair, indicated by significant
lowering of the CECs levels in the treated patients, could be partly
explained by recruitment of circulating endothelial progenitor cells
(CEPCs) from bone marrow to the injured endothelium. This suggestion
is in accordance with Gyan et al. [30] who found that CEPCs decreased
more significantly in cerebral malaria than in UM or healthy partici-
pants. Furthermore, CEPCs increased significantly in survivor than non-
survivor children suffering from sepsis [20]. CEPCs make a well-docu-
mented contribution to re-endothelialization [31]. Several growth fac-
tors, such as vascular endothelial growth factor, stroma-derived factor 1
and erythropoietin promote CEPCs mobilization and proliferation from
bone marrow to the damaged endothelium [32,33].

On the other hand, our results were in contrast to those of Moxon
et al. [13] who observed persistent endothelial activation and in-
flammation, even after elimination of PRBCs from blood, as indicated
by increased plasma levels of soluble intracellular adhesion molecule 1,
angiopoetin 2, and C-reactive protein at 1month follow-up visits. The
difference regarding timing of resolution of endothelial dys-regulation
between our results and that found by Moxon and his colleagues could
be related to several factors. First, the nature of the patient cohorts:
Moxon et al. [13] studied children living in endemic areas who were
exposed frequently to malaria infection with a liability of persistent
endothelial inflammation, while our patients were adults of mixed na-
tionalities. Second, the respective markers that were examined: CECs
are a marker of endothelium damage which starts to recover before
complete relief of inflammation of the endothelium after malaria
treatment, while the markers used by Moxon et al. [13] were of in-
flammation and activation. Third, the number of CEPCs usually returns
to pre-injury levels within 2–3 days [34], and this could explain the
reduced number of CECs within a relatively short time after treatment
of the infection.

In addition to confirming the occurrence of acute malaria-induced
vascular damage, and a contribution to diagnosis of malaria infection, a
CECs count can help in predicting which patients are suffering a severe
form of malaria form, as demonstrated by the ROC analysis in this study
giving 100% sensitivity, 100% specificity and 100% accuracy. The
present study showed a significant negative correlation between CECs
counts and Hb concentration, though both the parasitemia index and
creatinine level had a significant positive correlation with CEC count.
These correlations show the potential importance of detecting CECs for
evaluating the prognosis of malaria.

It is worth mentioning that the endothelial activation or damage
associated with repeated malaria infection may have a long-term ne-
gative cardiovascular effect in hyper-endemic countries, so this impact
needs further evaluation and even intervention [13,30].

The elevated level of CECs during acute malaria infection may have
a role with other immune cells in combating the parasite infection. It is
well known that ECs can function as antigen-presenting cells presenting
antigens (APCs) in the context of major histocompatibility complex
(MHC) class I and class II to CD4+ and CD8+ T cells, thus initiating
their activation [26,35]. In vitro studies revealed that ECs can cross-
present P. berghei antigens in the context of MHC class I to CD8+ T cells
[36,37]. Furthermore, it is documented that CECs can work as APCs,
where they express TLR4, HLA-DR and CD91, so they can present en-
dogenous pathogen-associated molecules, such as HSPs and chaperoned
peptides to T cells [38,39]. The same scenario could reveal a role for
CECs in controlling malaria infection, an interesting possibility that

Fig. 3. ROC curve analysis for calculation of cut-off value of CECs for prediction
of severe malaria.

Table 2
Correlation between the mean counts of CECs and estimated laboratory para-
meters.

Laboratory data CECs number

r P-value

Parasitic index 0.445 .002
Hb −0.344 .022
Platelets −0.255 .075
WBCs −0.257 .096
Creatinine 0.506 .001
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may warrant further investigation.

5. Conclusion

CEC counts in blood could be a useful biomarker to monitor en-
dothelial damage during acute P. falciparum infection and its partial
recovery after treatment, being elevated in severe and uncomplicated
malaria and decreased after treatment. Also, CECs could be used to
predict the prognosis of disease in malaria patients. This study has re-
vealed a new aspect of endothelium pathology during malaria infection
and further assessment of CECs levels in larger patient samples with
different forms of severe malaria in multiple centers is to be re-
commended.

Acknowledgements

The authors greatly appreciate Professor Mike Doenhoff, University
of Nottingham, U.K., for his valuable comments on and editing of this
manuscript.

Financial support: this work did not receive any financial support
from any private or public organization, and all costs were paid by the
authors.

References

[1] World Health Organization (WHO), World Malaria Report 2016, World Health
Organization, Geneva, 2016.

[2] WHO, World Malaria Report, WHO, Geneva, Switzerland, 2017.
[3] L.H. Miller, T.E. Wellems, Two worlds of malaria, N. Engl. J. Med. 349 (2003)

1496–1498.
[4] WHO, Definitions: severe falciparum malaria, Guidelines for the Treatment of

Malaria, 3rd ed., World Health Organization, Geneva, 2015.
[5] E. Pongponratn, G.D. Turner, N.P. Day, N.H. Phu, J.A. Simpson, K. Stepniewska,

N.T. Mai, P. Viriyavejakul, S. Looareesuwan, T.T. Hien, D.J. Ferguson, N.J. White,
An ultrastructural study of the brain in fatal Plasmodium falciparum malaria, Am. J.
Trop. Med. Hyg. 69 (2003) 345–359.

[6] D.I. Baruch, J.A. Gormely, C. Ma, R.J. Howard, B.L. Pasloske, Plasmodium falciparum
erythrocyte membrane protein 1 is a parasitized erythrocyte receptor for adherence
to CD36, thrombospondin, and intercellular adhesion molecule 1, Proc. Natl. Acad.

Sci. U. S. A. 93 (1996) 3497–3502.
[7] L. Turner, T. Lavstsen, S.S. Berger, C.W. Wang, J.E. Petersen, M. Avril, A.J. Brazier,

J. Freeth, J.S. Jespersen, M.A. Nielsen, P. Magistrado, J. Lusingu, J.D. Smith,
M.K. Higgins, T.G. Theander, Severe malaria is associated with parasite binding to
endothelial protein C receptor, Nature 498 (2013) 502–505.

[8] N.H. Hunt, G.E. Grau, Cytokines: accelerators and brakes in the pathogenesis of
cerebral malaria, Trends Immunol. 24 (2003) 491–499.

[9] G.D. Turner, V.C. Ly, T.H. Nguyen, T.H. Tran, H.P. Nguyen, D. Bethell, S. Wyllie,
K. Louwrier, S.B. Fox, K.C. Gatter, N.P. Day, N.J. White, A.R. Berendt, Systemic
endothelial activation occurs in both mild and severe malaria. Correlating dermal
microvascular endothelial cell phenotype and soluble cell adhesion molecules with
disease severity, Am. J. Pathol. 152 (1998) 1477–1487.

[10] V. Combes, T.E. Taylor, I. Juhan-Vague, J.L. Mege, J. Mwenechanya, M. Tembo,
G.E. Grau, M.E. Molyneux, Circulating endothelial microparticles in Malawian
children with severe falciparum malaria complicated with coma, Jama 291 (2004)
2542–2544.

[11] A. Craig, A. Scherf, Molecules on the surface of the Plasmodium falciparum infected
erythrocyte and their role in malaria pathogenesis and immune evasion, Mol.
Biochem. Parasitol. 115 (2001) 129–143.

[12] D.B. Cines, E.S. Pollak, C.A. Buck, J. Loscalzo, G.A. Zimmerman, R.P. McEver,
J.S. Pober, T.M. Wick, B.A. Konkle, B.S. Schwartz, E.S. Barnathan, K.R. McCrae,
B.A. Hug, A.M. Schmidt, D.M. Stern, Endothelial cells in physiology and in the
pathophysiology of vascular disorders, Blood 91 (1998) 3527–3561.

[13] C.A. Moxon, N.V. Chisala, S.C. Wassmer, T.E. Taylor, K.B. Seydel, M.E. Molyneux,
B. Faragher, N. Kennedy, C.H. Toh, A.G. Craig, R.S. Heyderman, Persistent en-
dothelial activation and inflammation after Plasmodium falciparum infection in
Malawian children, J. Infect. Dis. 15 (2014) 610–615.

[14] U. Erdbruegger, A. Dhaygude, M. Haubitz, A. Woywodt, Circulating endothelial
cells: markers and mediators of vascular damage, Curr. Stem Cell Res. Ther. 5
(2010) 294–302.

[15] D. Burger, R.M. Touyz, Cellular biomarkers of endothelial health: microparticles,
endothelial progenitor cells, and circulating endothelial cells, J. Am. Soc.
Hypertens. 6 (2012) 85–99.

[16] S. Mariucci, B. Rovati, K. Bencardino, M. Manzoni, M. Danova, Flow cytometric
detection of circulating endothelial cells and endothelial progenitor cells in healthy
subjects, Int. J. Lab. Hematol. 32 (2010) e40–e48.

[17] M. Rakick, V. Persic, T. Kehler, A.L. Bastiancic, I. Rosovic, G. Laskarin,
V. Tokmadzic, Possible role of circulating endothelial cells in patients after acute
myocardial infarction, Med. Hypotheses 117 (2018) 42–46.

[18] M. Farinacci, T. Krahn, W. Dinh, H.D. Volk, H.D. Düngen, J. Wagner, T. Konen,
O. von Ahsen, Circulating endothelial cells as biomarker for cardiovascular dis-
eases, Res. Pract. Thromb. Haemost. 3 (2019) 49–58.

[19] A.M. Zahran, I.L. Mohamed, O.M. El Asheer, D.M. Tamer, M.G.M. Abo-ELela,
M.H. Abdel-Rahim, O.H.B. El-Badawy, K.I. Elsayh, Circulating endothelial cells,
circulating endothelial progenitor cells, and circulating microparticles in type 1
diabetes mellitus, Clin. Appl. Thromb. Hemost. 25 (2019) 1–7 1076029618825311.

[20] A.M. Zahran, K.I. Elsayh, I.L. Mohamad, G.M. Hassan, M.A. Abdou, Circulating

Fig. 4. Scatter plot of CECs count and parasitemia index in UM and SM patient groups.

B.E.-D.W. El-Aswad, et al. Parasitology International 72 (2019) 101926

6

http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0005
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0005
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0010
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0015
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0015
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0020
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0020
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0025
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0025
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0025
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0025
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0030
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0030
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0030
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0030
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0035
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0035
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0035
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0035
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0040
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0040
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0045
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0045
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0045
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0045
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0045
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0050
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0050
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0050
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0050
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0055
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0055
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0055
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0060
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0060
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0060
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0060
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0065
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0065
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0065
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0065
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0070
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0070
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0070
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0075
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0075
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0075
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0080
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0080
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0080
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0085
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0085
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0085
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0090
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0090
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0090
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0095
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0095
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0095
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0095
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0100


endothelial cells and endothelial progenitor cells in pediatric sepsis, Pediatr. Emerg.
Care 32 (2016) 163–1637.

[21] F. Najjar, M. Alammar, G. Al-Massarani, N. Almalla, A. Japawe, A. Ikhtiar,
Circulating endothelial cells and microparticles as diagnostic and prognostic bio-
markers in small-cell lung cancer, Lung Cancer 124 (2018) 23–30.

[22] J.A. Mund, M.L. Estes, M.C. Yoder, D.A. Ingram Jr., J. Case, Flow cytometric
identification and functional characterization of immature and mature circulating
endothelial cells, Arterioscler. Thromb. Vasc. Biol. 32 (2012) 1045–1053.

[23] M.J. Hollestelle, C. Donkor, E.A. Mantey, S.J. Chakravorty, A. Craig, A.O. Akoto,
J. O'Donnell, J.A. van Mourik, J. Bunn, von Willebrand factor propeptide in ma-
laria: evidence of acute endothelial cell activation, Br. J. Haematol. 133 (2006)
562–569.

[24] Q. de Mast, E. Groot, P.J. Lenting, P.G. de Groot, M. McCall, R.W. Sauerwein,
R. Fijnheer, A. van der Ven, Thrombocytopenia and release of activated von
Willebrand factor during early Plasmodium falciparum malaria, J. Infect. Dis. 196
(2007) 622–628.

[25] N. N'Dilimabaka, Z. Taoufiq, S. Zougbédé, S. Bonnefoy, A. Lorthiois, P.O. Couraud,
A. Rebollo, G. Snounou, D. Mazier, A.M. Sabater, P. falciparum isolate-specific
distinct patterns of induced apoptosis in pulmonary and brain endothelial cells,
PLoS One 9 (2014) e90692.

[26] T.F. Pais, C. Penha-Gonçalves, Brain endothelium: the “innate immunity response
hypothesis” in cerebral malaria pathogenesis, Front. Immunol. 29 (2019) 9:3100.

[27] C.A. Moxon, G.E. Grau, A.G. Craig, Malaria: modification of the red blood cell and
consequences in the human host, Br. J. Haematol. 154 (2011) 670–679.

[28] F.H. Yusuf, M.Y. Hafiz, M. Shoaib, S.A. Ahmed, Cerebral malaria: insight into pa-
thogenesis, complications and molecular biomarkers, Infect. Drug. Resist. 10 (2017)
57–59.

[29] R. Jambou, V. Combes, M.J. Jambou, B.B. Weksler, P.O. Couraud, G.E. Grau,
Plasmodium falciparum adhesion on human brain microvascular endothelial cells
involves transmigration-like cup formation and induces opening of intercellular
junctions, PLoSPathog. 6 (2010) 1–13.

[30] B. Gyan, B.Q. Goka, G.O. Adjei, J.K. Tetteh, K.A. Kusi, A. Aikins, D. Dodoo,

M.L. Lesser, C.P. Sison, S. Das, M.E. Howard, E. Milbank, K. Fischer, S. Rafii, D. Jin,
L.M. Golightly, Cerebral malaria is associated with low levels of circulating en-
dothelial progenitor cells in African children, Am. J. Trop. Med. Hyg. 80 (2009)
541–546.

[31] T. Asahara, H. Masuda, T. Takahashi, C. Kalka, C. Pastore, M. Silver, M. Kearne,
M. Magner, J.M. Isner, Bone marrow origin of endothelial progenitor cells re-
sponsible for postnatal vasculogenesis in physiological and pathological neo-
vascularization, Circ. Res. 85 (1999) 221–228.

[32] K. Hattori, S. Dias, B. Heissig, N.R. Hackett, D. Lyden, M. Tateno, D.J. Hicklin,
Z. Zhu, L. Witte, R.G. Crystal, M.A. Moore, S. Rafii, Vascular endothelial growth
factor and angiopoietin-1 stimulate postnatal hematopoiesis by recruitment of
vasculogenic and hematopoietic stem cells, J. Exp. Med. 193 (2001) 1005–1014.

[33] C. Heeschen, A. Aicher, R. Lehmann, S. Fichtlscherer, M. Vasa, C. Urbich,
C. Mildner-Rihm, H. Martin, A.M. Zeiher, S. Dimmeler, Erythropoietin is a potent
physiologic stimulus for endothelial progenitor cell mobilization, Blood 102 (2003)
1340–1346.

[34] Y. Lin, D.J. Weisdorf, A. Solovey, R.P. Hebbel, Origins of circulating endothelial
cells and endothelial outgrowth from blood, J. Clin. Invest. 105 (2000) 71–77.

[35] J. Mai, A. Virtue, J. Shen, H. Wang, X.F. Yang, An evolving new paradigm: en-
dothelial cells – conditional innate immune cells, J. Hematol. Oncol. 6 (2013) 1–13.

[36] G. Krishnegowda, A.M. Hajjar, J. Zhu, E.J. Douglass, S. Uematsu, S. Akira,
A.S. Woods, D.C. Gowda, Induction of proinflammatory responses in macrophages
by the Glycosylphosphatidylinositols of Plasmodium falciparum, J. Biol. Chem. 280
(2005) 8606–8616.

[37] S.W. Howland, C.M. Poh, L. Rénia, Activated brain endothelial cells cross-present
malaria antigen, PLoSPathog. 5 (2015) e1004963.

[38] S. Pryshchep, K. Sato, J.J. Goronzy, C.M. Weyand, T cell recognition and killing of
vascular smooth muscle cells in acute coronary syndrome, Circ. Res. 98 (2006)
1168–1176.

[39] X. Zhang, M. He, L. Cheng, L. Zhou, H. Zeng, A.G. Pockley, F.B. Hu, T. Wu, Elevated
heat shock protein 60 levels are associated with higher risk of coronary heart dis-
ease in Chinese, Circulation 118 (2008) 2687–2693.

B.E.-D.W. El-Aswad, et al. Parasitology International 72 (2019) 101926

7

http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0100
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0100
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0105
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0105
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0105
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0110
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0110
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0110
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0115
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0115
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0115
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0115
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0120
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0120
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0120
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0120
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0125
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0125
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0125
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0125
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0130
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0130
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0135
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0135
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0140
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0140
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0140
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0145
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0145
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0145
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0145
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0150
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0150
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0150
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0150
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0150
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0155
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0155
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0155
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0155
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0160
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0160
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0160
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0160
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0165
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0165
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0165
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0165
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0170
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0170
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0175
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0175
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0180
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0180
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0180
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0180
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0185
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0185
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0190
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0190
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0190
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0195
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0195
http://refhub.elsevier.com/S1383-5769(19)30119-9/rf0195

	Circulating endothelial cells in severe Plasmodium falciparum infection
	Introduction
	Materials and methods
	Study population and enrollment
	Patient groups
	Parasitemia index
	Blood collection and laboratory investigations
	Flow cytometric detection of CECs
	Statistical analysis

	Results
	Baseline subject characteristics
	Laboratory characteristics (Table 1)
	Flow cytometry CECs numbers
	Determining the predictive cut-off value of CECs for severe malaria
	Correlation between CECs and laboratory investigations

	Discussion
	Conclusion
	Acknowledgements
	References




