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Samantha Yee Teng Nguee1†, José Wandilson Barboza Duarte Júnior2†,
Sabrina Epiphanio3, Laurent Rénia1,4,5 and Carla Claser2*

1 A*STAR Infectious Diseases Labs (A*STAR ID Labs), Agency for Science, Technology and Research (A*STAR), Singapore,
Singapore, 2 Department of Parasitology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil, 3 Department
of Clinical and Toxicological Analyses, Faculty of Pharmaceutical Science, University of São Paulo, São Paulo, Brazil, 4 Lee Kong
Chian School of Medicine, Nanyang Technological University, Singapore, Singapore, 5 School of Biological Sciences, Nanyang
Technological University, Singapore, Singapore

Malaria-associated acute respiratory distress syndrome (MA-ARDS) is increasingly
gaining recognition as a severe malaria complication because of poor prognostic
outcomes, high lethality rate, and limited therapeutic interventions. Unfortunately,
invasive clinical studies are challenging to conduct and yields insufficient mechanistic
insights. These limitations have led to the development of suitable MA-ARDS experimental
mouse models. In patients and mice, MA-ARDS is characterized by edematous lung,
along with marked infiltration of inflammatory cells and damage of the alveolar-capillary
barriers. Although, the pathogenic pathways have yet to be fully understood, the use of
different experimental mouse models is fundamental in the identification of mediators of
pulmonary vascular damage. In this review, we discuss the current knowledge on
endothelial activation, leukocyte recruitment, leukocyte induced-endothelial dysfunction,
and other important findings, to better understand the pathogenesis pathways leading to
endothelial pulmonary barrier lesions and increased vascular permeability. We also
discuss how the advances in imaging techniques can contribute to a better
understanding of the lung lesions induced during MA-ARDS, and how it could aid to
monitor MA-ARDS severity.

Keywords: Plasmodium berghei, mouse, ARDS, pulmonary vascular damage, endothelial dysfunction,
vascular permeability
1 INTRODUCTION

Malaria is a fatal parasitic disease that continues to threaten many human populations, especially in
the tropical and subtropical regions of the world. Globally, the disease incidences and death rates
have been declining slowly since 2000, as a result of numerous global initiatives. Nevertheless, in
2020, there were an estimated 241 million malaria cases with 627 000 people dying from the disease
(WHO, 2021). Mortality from severe malaria remains a significant concern where increasing deaths
were reported in South Asia, South America, and Eastern Mediterranean regions, apart from the
African continent still accounting for most of the global deaths. Among the nine clinically
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important Plasmodium parasite species responsible for the
disease in humans, P. vivax and mostly P. falciparum are the
main causes of severe disease and death (Price et al., 2007;
Olliaro, 2008). The other Plasmodium species includes P. ovale,
P. malariae, P. knowlesi, P. cynomolgi, P. brasilianum, P. simium
and P. inui, where the last five are zoonotic infections. Despite
increased in detection, infection by P. brasilianum, P. simium
and P. inui are still rare (Singh et al., 2004; Ta et al., 2014;
Lalremruata et al., 2015; Brasil et al., 2017; Liew et al., 2021).

The clinical manifestations of malaria and severity are
dependent on the host’s immune status, infection history,
parasite virulence, and genetic variations in both the host and
parasite. The first clinical symptoms of malaria are mostly non-
specific including flu-like symptoms, fever paroxysm, headache,
chills, weakness, myalgias, diarrhea, and nausea (Karunaweera
et al., 2003; Bartoloni and Zammarchi, 2012). A large majority of
Plasmodium infections are uncomplicated and rapidly resolve
with early diagnosis and prompt treatment with relevant anti-
malarials combinations (van der Pluijm et al., 2021). However,
delayed diagnosis or inability to clear the blood forms of the
parasite, particularly dire for the virulent falciparum malaria,
predisposes infected individuals to severe clinical manifestations.
2 MA-ARDS IN HUMANS

Malaria-associated acute respiratory distress syndrome (ARDS) is a
complication of severe malaria that is less characterized compared to
the most lethal cerebral malaria. MA-ARDS has been described to
occur mainly in adults during infection by most clinically important
Plasmodium species, including P. knowlesi, P. ovale and P. malariae
(Lozano et al., 1983; Daneshvar et al., 2009; Haydoura et al., 2011;
Taylor et al., 2012). MA-ARDS arising from severe P. falciparum and
severe P. vivax single-infections in adults are more common, with
varying prevalence of 5 - 25%, and 1 - 22% respectively (Mohan
et al., 2008; Taylor et al., 2012; Val et al., 2017). In recent years, the
rising incidence of adult MA-ARDS in Southeast Asia (particularly
Malaysia), were largely attributed to severe zoonotic P. knowlesi
infection, with a prevalence of 6 - 23% (Daneshvar et al., 2009;
William et al., 2011; Barber et al., 2013). With the less frequently
observed severe P. ovale infection, MA-ARDS prevalence was about
22% (Groger et al., 2017). Pregnant women with severe falciparum
malaria, are predisposed to develop MA-ARDS and have an
estimated prevalence of 29% (Taylor et al., 2012). MA-ARDS in
adults is a fatal lung complication with a high fatality rate of at least
50% (Van den Steen et al., 2013; Val et al., 2017). On the other hand,
MA-ARDS occurrence is rare in infected children. Respiratory
distress arising in this population is predominantly caused by
lactic acidosis, and to a certain extent by cardiac failure and
cerebral complications (Taylor et al., 1993; Krishna et al., 1994;
Dzeing-Ella et al., 2005; Taylor et al., 2012). Mortality from MA-
ARDS is greatly dependent on several risk factors such as the
virulence of Plasmodium species, severity of disease upon
admission, immune and age status, pre-existing comorbidities,
infections or disorders, timing and effectiveness of treatments
administered, and availability of respiratory management therapies.
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Uncomplicated malaria patients with probable respiratory
distress may present early signs of a self-limiting cough with or
without expectoration, tachypnea and tachycardia or appear
asymptomatic (Maguire et al., 2005; Taylor et al., 2012).
Moreover, respiratory distress symptoms may develop
suddenly or exacerbate into MA-ARDS after several hours to
days of well-tolerated anti-malarial treatment. This is despite
diminishing or negative parasitemia (as assessed by
microscopy) (Tong et al., 1972; Maguire et al., 2005; Taylor
et al., 2012; Elzein et al., 2017), as frequently reported for vivax
malaria patients receiving standard antimalarial treatments
(Anstey et al., 2007; Val et al., 2017). Given that P. vivax
infection results in a low parasitemia, this suggests that P.
vivax and its by-products possess greater inflammatory
potential that can trigger MA-ARDS post-antimalarial
treatment (Karunaweera et al., 1992). Currently, there are no
specific treatments for MA-ARDS, only respiratory
management interventions following non-malaria ALI/ARDS
therapeutic guidelines are implemented.

Patients with MA-ARDS develop clinical edema and
diminished lung function (i.e., reduced gas transfer and small
airway obstruction) (Anstey et al., 2002; Maguire et al., 2005).
The histopathological hallmarks of MA-ARDS observed from
human post-mortem lung sections were non-cardiogenic
pulmonary edema, inflammation, hemorrhages, and alveolar
damage (Taylor et al., 2012). Pulmonary edema is described as
the flooding of the alveolar and/or interstitium with
proteinaceous fluid. Diffuse alveolar damage is characterized by
thickened alveolar septa, that may be plastered by eosinophilic
hyaline membranes. Pulmonary inflammation is observed as the
congestion of the alveolar capillaries with mono- and
polymorphonuclear cells and/or infiltration of these leukocytes
into the alveolar or interstitial space. Malaria pigments or
hemozoins (Hz), either free or phagocytosed were found to be
present as well. Immunostaining of the lung sections revealed
that infiltrating nucleated cells were mostly CD3+T lymphocytes,
CD68+ monocytes/macrophages, and to a lower extent,
neutrophils (Valecha et al., 2009; Lacerda et al., 2012; Milner
et al., 2013).

Most pathophysiological characterization of clinical MA-
ARDS were drawn from autopsy lung sections, and these are
potentially confounded by biasness from snapshot sampling and
post-mortem artifacts. Therefore, attempts to study the disease
progression in living MA-ARDS patients have been done by
assessing the lung function with non-invasive methods. In one
study, using a portable pulmonary testing station (TT544; Morgan
Transflow System; Morgan Medical) where gas transfer and
spirometry (breathing test) were assessed, patients were found to
have impaired alveolar capillary membranes, resulting in edema
and decreased blood volume in the pulmonary capillaries. The
authors have suggested the occlusion of the pulmonary capillaries
by immune cells and sequestered infected red blood cells (iRBCs)
(Maguire et al., 2005). Findings from this study corroborated with
histopathological findings gathered from autopsy series; however,
studies beyond these non-invasive tests to gain mechanistic
insights of MA-ARDS have proven difficult in living patients.
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3 MA-ARDS ANIMAL MODEL

The pathophysiology of MA-ARDS is highly complex and cannot
be fully elucidated by clinical observations of infected humans.
Undeniably, these clinical studies have revealed the critical
hallmarks and correlates of the pathogenesis, yet it deters
further understanding of the mechanisms in pathogenesis.
Therefore, animal models of MA-ARDS are essential to conduct
mechanistic studies, discover potential interventions, and validate
the hypotheses drawn from clinical studies. Several combinations
of experimental animal host and Plasmodium parasites have been
used to induce MA-ARDS were summarized. Details about each
experimental animal model are listed in Table 1, including the
parasite species, inoculation, and pathological findings in the lung.

3.1 Rodent Models
The use of rodents as experimental animal hosts makes up most
of the experimental models of MA-ARDS developed, due to the
practical advantages it offers as a research tool including their
small size, various well-established strains, ease of genetic
modifications and controlled genetic background.

To date, various strains of mouse inoculated with any of the
four rodent Plasmodium species, namely, P. berghei, P. yoelii,
P. chabaudi and P. vinckei, can develop MA-ARDS with varying
similarities to the human disease. The C57BL/6 mouse strain
develops MA-ARDS when infected with the ANKA strain of P.
berghei (PbA) (Bafort and Timperman, 1969) and has been used
widely for many MA-ARDS studies. Apart from developing MA-
ARDS, this is an established model for experimental cerebral
malaria (ECM) where at least 60% of infected mice succumb to
fulminant cerebral pathology followed by death (Engwerda et al.,
2005) before lung pathology can be fully established or studied
upon. Nevertheless, it has been demonstrated in this model that
MA-ARDS occurs independently of ECM development (Hansen
et al., 2005; Lovegrove et al., 2008; Claser et al., 2019). Yet, the
lethal onset of cerebral complications in this model restricts the
study of MA-ARDS to the early phase of disease development. In
view of that, alternative mouse models of MA-ARDS resistant to
cerebral complications have been developed to provide a broader
window period to study the late phase of lung complication.
Epiphanio et al. developed a model inoculating PbA into DBA/2
mouse strain resistant to ECM, where on average, 50% of
infected mice develops MA-ARDS (Epiphanio et al., 2010;
Sercundes et al., 2016; Dos Santos Ortolan et al., 2019). The
infection of C57BL/6 mouse strain with the NK65 strain of P.
berghei (PbNK65) which were resistant to ECM as well, induces a
higher incidence of MA-ARDS (at least 90%) in infected mice
(Van den Steen et al., 2010). Infection of C57BL/6 mouse strain
with CB strain of P. chabaudi is another model of MA-ARDS
reported to be resistant to cerebral complications (Lin
et al., 2017).

Lung injuries sustained in mouse models of MA-ARDS
parallels the clinical pathology. Histological lung sections of
infected mice showed flooded alveolar space and interstitium
with proteinaceous fluid also containing various inflammatory
cells. The integrity of alveolar capillaries was disrupted and
mostly leukocytes and iRBCs were often found congested
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
within these capillaries. Lung function test coupled with
sophisticated imaging procedures [i.e., X-ray, single-photon
emission computed tomography/computed tomography
(SPECT/CT) and magnetic resonance imaging (MRI)]
conducted on conscious infected mice exhibited pulmonary
aeration disturbance, reduced respiration frequency, obstructed
airways and increasing timely pulmonary opacities (Ortolan
et al., 2014; Claser et al., 2019; Quirino et al., 2020).
Ultrastructural analysis using transmission electron microscopy
(TEM) in the lung of PbA-infected DBA/2 mice that died of MA-
ARDS, provided evidence of eosinophilic hyaline membranes
occasionally found to line the alveolar septa (Aitken et al., 2014).
However, it was highlighted in previous studies that in some
parasite and mouse strain combinations, the lung pathology
deviates from the MA-ARDS hallmarks reported in patients. P.
berghei K173 infection of C57BL/6 mice results in non-
proteinaceous edema restricted to the interstitium (Hee et al.,
2011; Van den Steen et al., 2013). On the other hand, infection of
C57BL/6 mice with the AS strain of P. chabaudi induced
minimal edema (Van den Steen et al., 2010; Lin et al., 2017).
These differences in lung pathology between the mouse models
and human beings must be kept in mind before drawing
definitive conclusions. Moreover, the details of disease
progression, infection method, parasite inoculum dose, parasite
line/clone and mouse genetic background should be deeply
examined to select suitable mouse models of MA-ARDS and
draw valid comparisons between mouse models.

3.2 Non-Human-Primate (NHP) Models
Although rodent models have helped to decipher MA-ARDS
pathogenesis and evaluate potential therapeutics, it remains an
open question about their full relevance to the human lung
pathology. Therefore, NHP models may be more suited since
they possess greater genomic, immunogenic, and physiological
homologies to humans than rodents.

Some of the earliest reports of MA-ARDS in Plasmodium-
infected NHP hosts dates as far back as 50 years. Primate
malarial species, P. coatneyi or P. knowlesi, were experimentally
inoculated into rhesus macaques (Macaca mulatta) and caused
multiple organ damages, with gross findings of lung injury involving
congested alveolar capillaries with iRBCs (Desowitz et al., 1969;
Spangler et al., 1978). In recent years, there has been more detailed
documentation of MA-ARDS in NHP hosts such as rhesus or
cynomolgus macaques (Macaca fascicularis), and black-capped
squirrel monkey (Saimiri boliviensis) experimentally infected with
human-malaria causing Plasmodia, like P. vivax, P. cynomolgi, or P.
knowlesi. In these studies, histopathological findings from lung
sections of infected NHP parallels those obtained in mouse
models and in humans (Joyner et al., 2017; Peterson et al., 2019;
Peterson et al., 2021). However, aside from these histological
findings, progress into understanding the pathophysiological
processes in MA-ARDS with NHP models has remained limited.

However, one major caveat of the studies using NHP was that
the animals were splenectomized to induce higher parasitemia
and immunogenic responses. Splenectomy in NHP hosts may
alter the course of disease progression, parasite clearance and
parasite cytoadhesion and sequestration dynamics (David et al.,
May 2022 | Volume 12 | Article 899581
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TABLE 1 | Animal models of MA-ARDS.

Animal Strain Parasite
specie

Parasite
strain/
clone

Inoculation First
exhibition
of lung

pathology
(days post
infection)

Peripheral
parasitemia

(%)

Lung pathological findings Other
affected
organ(s)

Ref

Route Dose

Mouse C57BL/6
C57BL/6N
C57BL/6J

P.
berghei

ANKA IP 106 iRBCs 6 >0.5% (↑) Lung edema, Alveolar
capillary permeability (Evans
blue); Alveolar infiltration with
mononuclear and PMN cells

Brain (Chang et al.,
2001)

IP 105 iRBCs 7-10 NR (↑) Lung weight; Alveolar
edema (proteinaceous);
Alveolar capillary permeability
(Evans blue); Airway
reactivity; Alveolar and
interstitial infiltration with
leukocytes (macrophages,
monocytes); Levels of TNF-a,
IL-12, IL-1b, IL-6, MCP-1/
CCL2, RANTES/CCL5, KC/
CXCL1 in lung tissue
homogenate

Brain (de Azevedo-
Quintanilha
et al., 2016)

ANKA
Clone
15cy1

IP 106 iRBCs 6 20 Thickened alveolar septa
(↑) Alveolar edema;
Paracellular fluid
hyperpermeability; Alveolar
infiltration with leukocytes,
ROS production by iRBCs
sequestered in the lung
microvasculature

NR (Anidi et al.,
2013)

ANKA
(MR4)

IP 5×105 iRBCs
(Male)
106 iRBCs
(Female)

6 3-5 (↑) IgM in BALF; Alveolar
edema (proteinaceous);
Levels of IFN-g, IL-6, MIP-2/
CXCL2, KC/CXCL1 in lung
tissue homogenate; Interstitial
inflammation

Brain (Lovegrove
et al., 2008)

ANKA
GFP-
luciferase
Clone
15cy1

IP 105-106

iRBCs
7 NR (↑) Parasite sequestration Brain (Franke-Fayard

et al., 2010)

ANKA
GFP-
luciferase
Clone
231cl1

IP 106 iRBCs 6-7 5 (↑) Lung edema (Bronchi
opacity by MRI); Lung
weight; Alveolar capillary
permeability (Vascular
leakage); Parasite
sequestration; Lung
infiltration of activated CD8+

T cells, MODC, MDM
(↓) Tight junction protein ZO-
1 expression on lung
epithelium; Tissue infiltration
with cDCs, pDCs,
macrophages

Brain (Claser et al.,
2019)

DBA/2 ANKA IP 106-107

iRBCs
7-12 30-50 Thickened alveolar septa

(↑) Enhanced respiratory
pause (Penh); Alveolar
capillary permeability (Evans
blue); Alveolar and interstitial
infiltration of neutrophils,
macrophages; Levels of
VEGF, VEGF receptor
(sFLT1) in serum and lung

NR (Epiphanio
et al., 2010)

(Continued)
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TABLE 1 | Continued

Animal Strain Parasite
specie

Parasite
strain/
clone

Inoculation First
exhibition
of lung

pathology
(days post
infection)

Peripheral
parasitemia

(%)

Lung pathological findings Other
affected
organ(s)

Ref

Route Dose

homogenate
(↓) Respiratory frequency

ANKA
Clone
1.49L

IP 106 iRBCs 7 15 Hydrothorax

(↑) Penh; Parasite
sequestration; Alveolar
infiltration of neutrophils,
leukocytes; Levels of
myeloperoxidase in the BALF
and lung homogenate; Levels
of KC/CXCL1, MIP-2/CXCL2
in serum

NR (Sercundes
et al., 2016)

Damaged alveolar septa;
Eosinophilic/hyaline
membranes adhered to the
alveolar ducts and walls
(↑) Lung weight; Pleural
effusion; Haemorrhages;
Alveolar edema; Alveolar
capillary permeability (Evans
blue); Alveolar and interstitial
infiltration of neutrophils,
macrophages,
haemorrhages, Pulmonary
opacification

NR (Ortolan et al.,
2014)

Ground-glass opacification
(↑) Penh; Expiration time;
Pulmonary lesions
(↓) Respiratory frequency,
Tidal volume; Ventilation
volume; Aerated tissue

NR (Quirino et al.,
2020)

129P2Sv/Ev ANKA
Clone BdS

IP 106 iRBCs 7-10 NR (↑) Lung edema; Tissue
infiltration with leukocytes
(macrophages, neutrophils, T
cells); Levels of IFN-g, TNF-a,
MCP-1/CCL2, MIP-1a/
CCL3, RANTES/CCL5, IP-
10/CXCL10, CCR2, CCR5,
CCR1, CXCR3 in lung tissue
homogenate

Brain (Belnoue et al.,
2008)

129SV/J ANKA
(MR4)

IP 5×105 iRBCs
(Male)
106 iRBCs
(Female)

6 9 (↑) IgM in BALF NR (Lovegrove
et al., 2008)

BALB/c ANKA 105-107

iRBCs
6 6-10 Thickened alveolar septa

(↑) IgM in BALF, Lung
edema; Alveolar infiltration
with leukocytes
(macrophages, lymphocytes)

NR (Hansen et al.,
2005;
Lovegrove
et al., 2008;
Epiphanio
et al., 2010)

ANKA
Clone
15cy1

IP 104 iRBCs;
drinking water
supplemented
with 4-amino
benzoic acid

10 10 (↑) Lung weight; IgM in BALF;
Alveolar infiltration with
leukocytes (macrophages,
lymphocytes)

NR (Vandermosten
et al., 2018)

(Continued)
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TABLE 1 | Continued

Animal Strain Parasite
specie

Parasite
strain/
clone

Inoculation First
exhibition
of lung

pathology
(days post
infection)

Peripheral
parasitemia

(%)

Lung pathological findings Other
affected
organ(s)

Ref

Route Dose

(0.375 mg/ml
PABA)

CBA/J ANKA IP 106 iRBCs 6-10 10 Neutrophils, monocytes-
containing Hz,
megakaryocytes adhered to
the endothelium; Diffuse
pulmonary and alveolar
edema

Brain,
liver

(Carvalho et al.,
2000)

ICR ANKA IP 2×107 iRBCs 5 50 Congestion of iRBCs in the
alveolar space; Hyaline
membrane adhered to the
alveolar wall; Pulmonary
inflammation
(↑) Levels of IL27 in serum

Liver (Fazalul
Rahiman et al.,
2013)

Swiss ANKA IP 107 iRBCs 7 68 (↑) Lung weight;
Haemorrhages

Liver,
kidney

(Moore et al.,
2008)

C57BL/6
C57BL/6J

NK65 IP 104 iRBCs;
drinking water
supplemented
with 4-amino
benzoic acid
(0.375 mg/ml
PABA)

9 5 Thickened alveolar septa
(↑) Lung weight; Pleural
effusion; Haemorrhages;
Alveolar edema; Alveolar
capillary permeability (Evans
blue); Airway reactivity;
Tissue infiltration with CD8+ T
cells, MODC; Levels of IFN-g,
TNF-a, MCP-1/CCL2, MIP-
1a/CCL3 in the lung tissue
homogenate

NR (Galvao-Filho
et al., 2019)

NK65 IP 104 iRBCs;
drinking water
supplemented
with 4-amino
benzoic acid
(0.375 mg/ml
PABA)

8-12 5-20 Eosinophilic/hyaline
membranes adhered in the
alveolar space
(↑) Lung weight; Pleural
effusion; Haemorrhages;
Alveolar and interstitial
edema (Proteinaceous);
Alveolar capillary permeability
(Evans blue); Alveolar
infiltration with leukocytes
(macrophages-containing Hz,
neutrophils, lymphocytes)
and haemorrhages; Levels of
IFN-g, TNF-a, IL-10, IP-10/
CXCL10, MIP-2/CXCL2,
MCP-1/CCL2, KC/CXCL1,
VEGF, PIGF in the lung tissue
homogenate

NR (Van den
Steen et al.,
2010)

NK65
Clone
2168cl2

IP 104 iRBCs;
drinking water
supplemented
with 4-amino
benzoic acid
(0.375 mg/ml
PABA)

7 6 (↑) Levels of PIGF, VEGF-A in
BALF; Levels of PIGF, VEGF-
A, TNF-a, IP-10/CXCL10,
MIP-2/CXCL2 in the lung
tissue homogenate; Tissue
infiltration with CD8+ T cells;

NR (Pham et al.,
2017)

NK65
GFP-
luciferase
E line

IP 104 iRBCs;
drinking water
supplemented
with 4-amino

9 20 (↑) Alveolar edema
(proteinaceous); IgM in BALF;
Alveolar infiltration with
leukocytes (macrophages,

NR (Vandermosten
et al., 2018)

(Continued)
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TABLE 1 | Continued

Animal Strain Parasite
specie

Parasite
strain/
clone

Inoculation First
exhibition
of lung

pathology
(days post
infection)

Peripheral
parasitemia

(%)

Lung pathological findings Other
affected
organ(s)

Ref

Route Dose

(Clone
2168cl2)

benzoic acid
(0.375 mg/ml
PABA)

lymphocytes, neutrophils)
and hemorrhages

C3H/z KEYBERG
Clone 173

IP 3×106 iRBCs 8 >6 Severe alveolar and interstitial
edema (proteinaceous)
(↑) Alveolar infiltration with
macrophages

Heart (Weiss and
Kubat, 1983)

C57BL/6 P.
chabaudi

CB IP 105 iRBCs 9 50 (↑) IgM in BALF; Alveolar
infiltration with leukocytes
(myeloids, neutrophils, T
cells) and Hz; Cell death of
lung tissue; MRP14-
associated neutrophil
response; Levels of IFN-g, IL-
6, KC/CXCL1, LIX/CXCL5

NR (Lin et al.,
2017)

BALB/c P. yoelii 17XL IP 2×105 iRBCs 6 90 (↑) Alveolar and interstitial
edema (proteinaceous);
Alveolar infiltration of
mononuclear and PMN cells

Liver,
spleen,
kidney

(Fu et al., 2012)

BALB/c P. vinckei NR IP 105 iRBCs NR NR (↑) Interstitial infiltration of
mononuclear cells,
neutrophils

Liver,
kidney

(Kremsner
et al., 1992)

Hamster NR P.
berghei

NYU-2 NR NR 6 NR Protein-rich exudate in the
alveolar space; Congested
capillaries with presence of
macrophages; Lymphatic
thrombosis

NR (MacCallum,
1968;
MacCallum,
1969)

Non-
human
primate

Macaca mulatta
(Rhesus
macaque)

P.
knowlesi

NR NR NR 6-7 >70 Mild lung edema;
Congested vessels with fibrin
deposit, thrombi,
mononuclear and PMN cells

Kidney,
lymph
nodes

(Spangler
et al., 1978)

Macaca
fascicularis (kra/
cynomolgus
macaques)

Clone Pk1
(A+)

IV 105

sporozoites
6-50 <1 Thickened interstitium;

Haemorrhage; Fibrosis;
Hyperplasia
(↑) Parasite sequestration in
the lung microvasculature

Liver,
kidney,
spleen

(Peterson
et al., 2021)

Papio Anubis
(Olive baboon)

H strain IV 104-106

iRBCs
12-28 5-50 Thickened alveolar septa

(↑) Alveolar and interstitial
edema; Alveolar infiltration
with leukocytes
(macrophages-containing Hz,
neutrophils), Parasite
sequestration

Brain,
liver,
kidney

(Ozwara et al.,
2003)

Macaca mulatta P.
cynomolgi

M/B strain IV 2×103

sporozoites
23 <20 Eosinophilic membranes

adhered on the parenchyma;
Fibrin deposits on
interstitium; Thickened
alveolar wall
(↑) Alveolar and interstitial
edema; Alveolar infiltration
with macrophages-containing
Hz

Liver,
kidney,
spleen

(Joyner et al.,
2017)

Saimiri
boliviensis
(Black-capped

P. vivax Brazil VII
strain

IV 104

sporozoites
10-25 <1 Thickened alveolar wall

(↑) Interstitial edema; Alveolar
infiltration with leukocytes
(macrophages), Hz,

Liver,
kidney

(Peterson
et al., 2019)
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1983). In addition, NHP hosts used in these studies were rarely
naïve as they are often re-employed as experimental animal after
clearance of previous experimental infections (e.g., malaria or
viral infections), or were pre-exposed to malaria, or other
pathogens while in breeding colonies. The latter was reported
in the study by Spangler et al. where NHP host was potentially
infected by Pneumonyssus simicola (lung mite) (Spangler et al.,
1978). Such pre-exposure to pathogens may have an immune-
modulating effect (i.e. cross-reactivity immunity to Plasmodium
infection) that can affect MA-ARDS pathogenesis.
4 MA-ARDS PATHOGENESIS

4.1 Sequestration of Malaria Parasites
P. falciparum parasites residing within the red blood cells have
devised multiple strategies to survive within its host. The parasite
alters the iRBCs membrane composition to express cytoadhesive
ligands that interact with various adhesion receptors present on
the endothelial lining. This cytoadhesive properties allow iRBCs
sequestration in the endothelium bed of the organs. This allows
the parasite to escape splenic clearance (Henry et al., 2020).
Parasite cytoadherence to the endothelium and sequestration in
deep tissues are associated to the development of severe malaria
(Craig et al., 2012). Cytoadherence and sequestration of iRBCs in
the endothelium causes (1) reduced blood flow in the blood
capillaries/vessels and (2) activation of endothelial cells leading
to inflammation and subsequent disruption of endothelium
integrity (Craig et al., 2012).

In the lung sections from deceased P. falciparum-infected
patients that developed MA-ARDS, iRBCs were found to
sequester in the lung microvasculature. These P. falciparum-
iRBCs sequestered in the vessels were predominantly the
matured stages (MacPherson et al., 1985). Sequestration of
falciparum-iRBCs to the lung microvasculature was proposed
as the cause of alveolar capillaries occlusion, resulting in reduced
blood volume within these capillaries (MacPherson et al., 1985;
Maguire et al., 2005). As for other human Plasmodia species,
iRBCs cytoadherence properties and sequestration ability alike
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
falciparum-iRBCs are emerging. Several histological studies have
reported that P. vivax-iRBCs were found within congested
alveolar capillaries (Valecha et al., 2009; Lacerda et al., 2012).
Strikingly in one of these studies, sequestered P. vivax-iRBC were
observed in the lung sections from a patient whose parasitemia
was microscopy negative. Moreover, reduced blood volume was
documented in patients with vivax-induced MA-ARDS (Anstey
et al., 2007). Together, these evidences are in support of recent
reports demonstrating that parasite cytoadherence to the
endothelium and deep tissue sequestration are not restricted to
falciparum but extend to other Plasmodia infecting humans,
such as P. vivax (Carvalho et al., 2010; Lopes et al., 2014) and P.
knowlesi (Miller et al., 1971; Fatih et al., 2012; Lee et al., 2021).

It has been demonstrated that falciparum-iRBCs cytoadhere
through several families of parasite cytoadherence ligands
expressed on its surface, namely PfEMP1, STEVOR and RIFIN
(Lee et al., 2019). Of the cytoadhesion interactions between the host
receptor and parasite ligand, PfEMP1 with EPCR has been
associated with severe malaria, particularly cerebral complications
(Moxon et al., 2013; Turner et al., 2013; van der Poll, 2013). In the
study by Maknitikul et al., EPCR was expressed on the lung
endothelium from post-mortem tissue samples of patients with
MA-ARDS, although the levels of EPCR were reported to be
negatively correlated to iRBCs accumulation in the lung
(Maknitikul et al., 2017). In a separate study, it was further
demonstrated that PfEMP1 was able to bind to EPCR expressed
on the lung endothelial cells, aside from the brain (Turner et al.,
2013). In addition, another receptor that interacts with PfEMP1,
namely ICAM-1, its expression was found elevated on the lung
endothelium of MA-ARDS patients’ organ sections and in in vitro
studies (Avril et al., 2016; Maknitikul et al., 2017). ICAM-1 was also
identified as a receptor that vivax-iRBCs cytoadhere to on HLECs
under flow conditions in vitro (Carvalho et al., 2010). Thus,
demonstrating that vivax-iRBCs do possess the ability to
sequester. This phenomenon was also recently described for P.
knowlesi-iRBCs that CD36 was a potential binding receptor on
HLECs, with enhanced binding when primed with parasite culture
supernatant in vitro (Lee et al., 2021). Although, at present the
parasite cytoadherence ligands of vivax-iRBCs and knowlesi-iRBCs
are yet to be fully defined, sequestration mediated through ligands
TABLE 1 | Continued

Animal Strain Parasite
specie

Parasite
strain/
clone

Inoculation First
exhibition
of lung

pathology
(days post
infection)

Peripheral
parasitemia

(%)

Lung pathological findings Other
affected
organ(s)

Ref

Route Dose

squirrel monkey)
(splenectomised)

haemorrhages; Parasite
sequestration

Macaca mulatta
(splenectomised)

P.
coatneyi

NR IV NR NR NR (↑) Parasite (schizonts)
sequestration in the lung
microvasculature

Liver,
kidney,
heart

(Desowitz
et al., 1969)
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such as vivax-derived variant interspersed repeats (VIR) proteins
and knowlesi-derived schizont-infected cell agglutination (SICA)
proteins have been suggested (del Portillo et al., 2001; Korir and
Galinski, 2006).

As sequestration is crucial for MA-ARDS pathogenesis, there
is a clear need for in vivo studies to understand its involvement in
the process of pathology development with in vivo conditions
(such as waste clearance, circulatory flow, host immune system).
Moreover, experiments with human-malaria causing
Plasmodium iRBCs isolated from the peripheral circulation of
patients with severe malaria, might be biologically different (in
terms of cytoadhesive receptor specificity, affinity or avidity, and
interactions) to parasite sequestered in the microvasculature.
These limitations would eventually cloud the genuine
associations of sequestration with the different pathologies.

With the advancement of genetic modification and in vivo
vascular imaging techniques, infection of mouse strains with
transgenic P. berghei parasites expressing luciferase can be used to
visualize sequestration in relation to its distribution and load in
various organs (Claser et al., 2014). Sequestration of luciferase-
expressing P. berghei-iRBCs was observed in the lung of mice with
MA-ARDS (Franke-Fayard et al., 2005; Sercundes et al., 2016;
Vandermosten et al., 2018). In a more detailed study, Claser et al.
have shown that iRBCs sequester in the perfused lungs (unbound
iRBCs were removed) prior to the onset of vascular leakage, once
sequestration reaches a saturable level, leakage ensues (Claser et al.,
2019). Also, in the same study, the use of intensive anti-malarial
treatments to remove circulatory and sequestered iRBCs prior to
leakage, were sufficient to protect infected mice from lung
hyperpermeability. This clearly demonstrates the importance of
parasite sequestration in the lung microvasculature as a pre-
requisite for lung pathology development.

Emerging studies have identified several cytoadhesion
interactions between the host-derived receptors and P. berghei-
iRBCs in the mouse lung tissue, which parallels those described
with human-malaria causing Plasmodium iRBCs. To date,
functional homolog of PfEMP1 in P. berghei-iRBCs has not
been identified. Nonetheless, proteins such as, the Maurer’s cleft
skeleton binding protein-1 (SBP-1) and histidine-rich protein
(MAHRP-1), that mediate the export of parasite cytoadhesion
ligands (e.g. PfEMP1) to the surface of the iRBCs, are conserved
between human-malaria and rodent-malaria Plasmodia (De Niz
et al., 2016). With the use of mutant parasites, SBP-1 and
MAHRP-1 have been shown to mediate the sequestration of
P. berghei-iRBCs in the lungs of animals, depleted of circulating
erythrocytes by perfusion with a saline solution (De Niz et al.,
2016; Possemiers et al., 2021). Apart from reduced parasite load
in the lung, the absence of SBP-1 was shown to induce
spontaneous resolution and less inflammatory responses in the
lung, despite continuous presence of parasite (Possemiers et al.,
2021). For P. vivax, members of the vir multigene family have
been suggested to mediate cytoadherence (Carvalho et al., 2010;
Bernabeu et al., 2012; Fernandez-Becerra et al., 2020; Schappo
et al., 2022), bears close homology to the P. berghei birmultigene
family (Janssen et al., 2004). In the mouse model, PbA
cytoadherence to host-derived receptor, CD36, was identified
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
to be crucial for parasite sequestration (Franke-Fayard et al.,
2005; Lovegrove et al., 2008; Fonager et al., 2012; Anidi et al.,
2013). This was clearly demonstrated in the study by Anidi et al.
that in the absence of CD36, PbA-infected mice were shown to
have reduced parasites sequestered to the alveolar capillaries and
vessels, with subsequently less induction of alveolar-capillary
breakdown and endothelial barrier dysfunction (Anidi et al.,
2013). It has been further suggested by Fonager et al., that CD36-
dependent cytoadherence to the endothelium by late stage PbA-
iRBCs was mediated by the schizont membrane-associated
cytoadherence (SMAC) protein, expressed in cytoplasm of the
iRBC. However, the study showed that the absence of SMAC had
minimal effect on sequestration in the lung during infection with
the SMAC mutant PbA parasites, indicating that other parasite
molecules are involved in parasite sequestration (Fonager et al.,
2012). Indeed, it was suggested that sequestration of P. berghei-
iRBCs could be mediated by several host-derived receptors such
as EPCR, ICAM-1 and VCAM-1, as deficiencies in these
receptors led to significant reduction in parasite load in the
lung (Favre et al., 1999; Li et al., 2003; Avril et al., 2016; Dos
Santos Ortolan et al., 2019). However, El-Assaad et al. have
demonstrated that inhibition of ICAM-1 had no effect on the in
vitro binding of mature stage PbA-iRBCs to lung microvascular
endothelial cells (LMVECs) (El-Assaad et al., 2013). Treatment
with dexamethasone in DBA/2-infected with PbA,
downregulates EPCR expression in the lung and protected the
mice from lung hyperpermeability (Dos Santos Ortolan et al.,
2019). Nevertheless, it remains to be determined further which of
these host-derived receptors are mediating parasite sequestration
in the lung and subsequent pathology. Although Plasmodium-
iRBCs from mice and humans are phenotypically different,
identification of similar host-derived receptors may lead to
new intervention targets.

4.2 Cytokines
Cytokines and chemokines are small proteins released
predominantly by immune cells as part of the host immune
system’s coordinated defense mechanism against foreign
particles or pathogens. They are involved in the recruitment
and functional activation of various immune cells. Controlled
inflammatory cytokine and chemokine responses are essential
for the host to eliminate the parasite growth. However,
exaggerated and uncontrolled responses can lead to severe
disease. Elevated levels of pro-inflammatory cytokines and
chemokines in the serum, TNF-a, IL-1b, IL-6, IL-8, IL-17,
IFN-g, IP-10/CXCL10 (binds to CXCR3) and MCP-1/CCL2
(binds to CCR2) (Day et al., 1999; Armah et al., 2007; Cox-
Singh et al., 2011; Kinra and Dutta, 2013; Mandala et al., 2017),
and reduced levels of anti-inflammatory cytokines, TGF-b
(Esamai et al., 2003; Andrade et al., 2010), have been
associated with severe malaria in humans and has been
described extensively for cerebral malaria. However, knowledge
on these analytes from patients with MA-ARDS or
bronchoalveolar lavage fluid (BALF) is limited. Cytokine
profiles at the site of pathology are critical as it provide signals
that dictate and perpetuate the inflammatory responses locally in
May 2022 | Volume 12 | Article 899581
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the tissue and may reflect the extent of the injury. To describe
cytokines that are associated with MA-ARDS pathogenesis, we
will draw on findings obtained from the mouse MA-
ARDS models.

Global analysis of lung tissues and BALF of infected mice with
MA-ARDS revealed elevated levels of the cytokines and
chemokines also reported in the serum of severe malaria in
humans mainly, IL-1, IL-6, IL-8, IL-10, TNF-a, IFN-g, MCP-1/
CCL2, MIP-2/CXCL2, IP-10/CXCL10, KC/CXCL1, VEGF, PIGF
(Day et al., 1999; Lovegrove et al., 2008; Epiphanio et al., 2010;
Van den Steen et al., 2010; Taylor et al., 2012; Deroost et al., 2013;
Pham et al., 2017; Galvao-Filho et al., 2019). To understand the
role of various cytokines in MA-ARDS development, infections
in the specific knockout mouse models were used as, reviewed
in Table 2.

During the acute phase of blood stage infection, the febrile
response is a typical host immune defense triggered by pyrogenic
cytokines, IL-6 and TNF-a, produced by circulating innate cells
upon recognition by its pattern recognition receptors with
pathogen-associated molecular patterns (Netea et al., 2000).
Moreover, in the lung, alveolar macrophages that harbor
phagocytosed iRBCs and Hz may be an essential source of IL-6
and TNF-a, where the elevated levels were tightly associated with
lung inflammation during the acute phase of MA-ARDS
establishment (Deroost et al., 2013). In addition, pulmonary
endothelial cells were found to produce TNF in DBA/2-infected
with PbA (Dos Santos Ortolan et al., 2019). Although the role of
IL-6 in MA-ARDS pathogenesis have yet to be reported, studies
have suggested that IL-6 plays a pleiotropic role in ARDS (Butt
et al., 2016). Furthermore, IL-6 can have a pro-inflammatory effect
as part of the host defense mechanism in the acute phase to
combat the triggering stimulant. In addition, IL-6 works in
synergy with other pro-inflammatory cytokines (significantly
associated with TNF-a and IL-1), causing the infiltration of
various leukocyte subsets into the lung. When this response
becomes excessive, it may have deleterious effects on the lung
tissue resulting in injury (Tutkun et al., 2019;West, 2019; Pedersen
and Ho, 2020; Ragab et al., 2020). IL-6 can have a pro-fibrotic
effect in the later phase of ARDS (Le et al., 2014; Kobayashi et al.,
2015). On the other hand, studies have demonstrated that TNF-a
does not play a critical role in MA-ARDS pathogenesis (Piguet
et al., 2002; Togbe et al., 2008; Galvao-Filho et al., 2019) (Table 2).
Nonetheless, more studies are needed to understand the role of IL-
6 and TNF-a during the establishment of MA-ARDS, and its
association with circulatory levels in the serum to evaluate the
possibilities as early biomarkers to determine the onset, severity,
and outcome of lung injury.

IFN-g is an essential cytokine induced and has been found to
inhibit Plasmodium blood stages. IFN-g is produced by various
immune cell subsets from the innate and adaptive immunity
arms at different phases of the blood stage infection (Gun et al.,
2014). At the early phase of the blood stage infection, NK cells,
NKT cells, gd T cells, and T cells were the main producers,
followed by a shift of the role to the T cells (CD4+ and CD8+) at
the later phase of infection (King and Lamb, 2015). High levels of
IFN-g at the early phase of the blood stage infection have been
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
largely correlated to protection from severe malaria and control
of systemic parasite growth, but may increase the risk of
developing severe malaria in the later phase of infection (King
and Lamb, 2015). IFN-g was shown to play a pathogenic role in
MA-ARDS development, as the infection of IFN-g signaling-
deficient mouse models were protected from lung injury despite
the increased transmigration and infiltration of leukocytes and
activated effector T cells in the lung tissue (Belnoue et al., 2008;
Villegas-Mendez et al., 2011; Claser et al., 2019; Galvao-Filho
et al., 2019) (Table 2). Besides, IFN-g was shown to be required
for the maturation of TNF-a/iNOS-producing monocyte-derived
dendritic cells that could augment CD8+T cells cytotoxicity to
cause lung injury in PbNK65-infected mice (Galvao-Filho et al.,
2019). Expression of other pro-inflammatory cytokines were
found to be inducible by the canonical IFN-g cytokine during
lung inflammation, such as IP-10/CXCL10 (which binds to its
cognate CXCR3 receptor) (Liu et al., 2012), may work in synergy
with IFN-g to promote leukocytes trafficking into the lung to
cause the pathology.

4.3 Endothelial Cells
The pulmonary vasculature is formed by a layer of endothelial
cells, serving as a semipermeable barrier that separates the
pulmonary circulation from the air. It regulates lung
homeostasis through intercellular junctions, allowing the
paracellular transport of macromolecules and nutrients among
the cells (Mehta and Malik, 2006). Disruption of this endothelial
barrier causes fluid leakage from the blood vessels into the
alveolar lumen, promoting pulmonary edema, recruitment of
inflammatory mediators, and accumulation of leukocytes and
platelets (Ware, 2006; Millar et al., 2016). During Plasmodium
infection, the lung vasculature was suggested to be a niche for the
parasite to initiate the blood stage in the host. The merosomes
originating from the liver schizonts are likely disrupted within
the pulmonary capillary, releasing merozoites that will infect the
red blood cells. This early interaction may trigger an
inflammatory response; however, it would be limited due to
the low number of parasites present in the organ (Souza et al.,
2013; Aitken et al., 2014).

4.3.1 Endothelial Cells: Adhesion Molecules
and Cytokines
Endothelial cells can be activated by vascular endothelial growth
factor (VEGF), also known as VEGF-A (Kim et al., 2011), TNF-
a, and by mediators produced by the Plasmodium parasite
during infection (Gillrie et al., 2007). The activated endothelial
cells release cytokines that upregulate the expression of adhesion
molecules (P-, L- and E-selectin) (Combes et al., 2004;
Krishnamurthy et al., 2015). Chemokines such as CCL2,
CXCL4, CCL5 (Van den Steen et al., 2010), promote the
adhesion of iRBCs, macrophages (Grau et al., 1987), platelets
(Wassmer et al., 2004), neutrophils (Souza et al., 2013) and
plasma microparticles (Faille et al., 2009) to the endothelium.
IFN-g, TNF-a and IL-1, produced by NK and mononuclear cells
(alveolar and interstitial macrophages), are the most prevalent
cytokines involved in leukocytes chemotaxis and for ICAM-1/
May 2022 | Volume 12 | Article 899581
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TABLE 2 | The role of cytokines/chemokines ligand-receptors in experimental MA-ARDS.

Gene
knockout
(-/-)

Parasite used for
infection

Effect on MA-ARDS
development (vs wild-type).
Outcome (left), Histology

(Right)

Additional data Ref

TNFa-/- P. berghei ANKA
(PbA) GFP-luciferase

No
difference

(=)

=Congested septal
capillaries
=Haemorrhage
=Interstitial edema

(Togbe et al., 2008)

TNFR1-/- PbA = =Edema
↓Macrophages in
alveolar capillaries

(=) Parasite sequestration (Piguet et al., 2002)

PbNK65 = =Histopathology
scores
=Edema

(=) Parasite sequestration
(↓) MODCs in lung tissue

(Galvao-Filho et al., 2019)

TNFR2-/- PbA = =Edema (=) Parasite sequestration (Piguet et al., 2002)
IFNgR1-/- PbA Bds ↓ No edema (↑) CD4+, CD8+ T cells, neutrophils, and macrophages in the

lung tissue
(↑) MCP-1/CCL2, IP-10/CXCL10 in the lung

(Belnoue et al., 2008)

IFNg-/- PbA NR NR (=) CD4+ T cells migration markers (CXCR3, CCR5) in the
lung tissue
(=) CD4+ T cells activation/effector markers (CD62low, Ki67) in
the lung tissue
(↓) CD4+ T cells activation/effector markers (CD44, CD71,
CD11a, CD49D, GrzB) in the lung tissue
(=) CD8+ T cells migration markers (CXCR3, CCR5) in the
lung tissue
(=) CD8+ T cells activation/effector markers (CD62low, CD44,
CD71, Ki67, CD49D) in the lung tissue
(↑) CD8+ T cells activation/effector markers (CD11a) in the
lung tissue
(↓) CD8+ T cells activation/effector markers (GrzB) in the
lung tissue

(Villegas-Mendez et al.,
2011)

PbA GFP-luciferase ↓ NR (↓) Lung vascular leakage
(↓) Parasite sequestration
(↑) Total leukocytes, activated CD4+, activated CD8+, Parasite-
specific Pb1+ CD8+ T cells in the lung tissue
(↓) MHC I expression on lung endothelial cells

(Claser et al., 2019)

IL-12Rb2-/- PbA GFP-luciferase = =Thickened alveolar
septae
=Haemorrhage
=Interstitial edema
=Congested alveolar
capillaries
=Leukocytes
infiltration in alveoli

(Fauconnier et al., 2012)

IL-12p35-/- PbA GFP-luciferase = =Thickened alveolar
septae
=Haemorrhage
=Interstitial edema
=Congested alveolar
capillaries
=Leukocytes
infiltration in alveoli

(Fauconnier et al., 2012)

IL-12p40-/- PbA GFP-luciferase = =Thickened alveolar
septae
=Haemorrhage
=Interstitial edema
=Congested alveolar
capillaries
=Leukocytes
infiltration in alveoli

(Fauconnier et al., 2012)

CXCL10-/- PbA ↓ ↓Alveolar edema
↓Leukocytes
infiltration in alveoli

(↑) HO-1 levels in lung tissue, positively associated with
free heme

(Liu et al., 2012)

(Continued)
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CD54 and VCAM-1/CD106 expression on the endothelial cells
(Smith et al., 2019). IFN-g activate and enhance the antigen-cross
presentation capability of LMVECs, through signaling the
upregulation of MHC-I, thus driving the cross-presentation of
immunogenic parasite epitope by LECs to cytotoxic CD8+ T
cells. The consequence of this process is lung endothelium-
epithelium hyperpermeabil i ty (Claser et al . , 2019).
Additionally, some studies have demonstrated that IFN-g and
TNF upregulate the expression of adhesion proteins, such as
ICAM-1 and VCAM-1, promoting the binding of iRBCs on
LMVECs and trafficking of leukocytes into the lung tissue of
infected humans oand mice (Ockenhouse et al., 1992; Zielinska
et al., 2017).

Activated endothelial cells also release Weibel-Palade bodies
(WPBs), which are storage granules containing Von Willebrand
factor (VWF) and angiopoietin-2 (Ang-2) (Dole et al., 2005).
During endothelial injury, VWF and Ang-2 are released, and
have been associated with mortality in patients with MA-ARDS
(Yeo et al., 2008; Park et al., 2012; Graham et al., 2016). In one
study, vwf-deficient mice infected with PbNK65, had reduced
alveolar leakage, but surprisingly exacerbated mortality (Kraisin
et al., 2019). Endothelium remodeling by Ang-2 was shown to be
a physiological condition-dependent mechanism (de Jong et al.,
2016). Moreover, Ang-2 and Ang2+-expressing leukocytes were
found increased in the alveolar space of lung tissue sections from
humans that died of MA-ARDS (Pham et al., 2019).

4.3.2 Vascular Permeability Alterations
Leakage of solutes, cells, both small and larger molecules from
the microvasculature into the tissue can occur in normal
physiological condition and greatly increased in pathological
state. This extravasation can happen by transcellular or
paracellular mechanisms, or via destabilization of endothelial
junctions. In pathological state, increased vascular permeability,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
a hallmark of ARDS, results in edema (Claesson-Welsh, 2015;
Wettschureck et al., 2019).

Many inflammatory factors, such as VEGF, histamine,
bradykinin, TNF-a, and IFN-g, promotes cytoskeleton
contraction and alteration on the endothelial junctions by
opening the paracellular junctions, which contributes to the
inflammatory process (Claesson-Welsh, 2015; Ji et al., 2021).
The Rho family of GTPases, whose principal members are
Cdc42, Rac, and RhoA, are dynamic regulators of the
cytoskeleton, acting as molecular switches that controls cellular
processes by hydrolysis of GTP, contributing to different cellular
functions (Norbert Voelkel, 2009; Liu et al., 2014). RhoA and
RhoB interacts with their effector Rho kinase (ROCK). RhoB
regulates endothelial barrier function during inflammation by
activating NF-kb (Vincent et al., 2004). On the other hand,
activation of RhoA and its effector ROCK induced by the
adhesion of P. falciparum-iRBCs to human LMVECs, inhibits
myosin phosphatase and increases myosin light chain (MLC)
phosphorylation. This phosphorylation induces actomyosin
polymerization, contraction, and weakening of inter-
endothelial junctions, causing the increase in vascular
permeability (McKenzie and Ridley, 2007; Norbert Voelkel,
2009; Beckers et al., 2010; Spindler et al., 2010; Marcos-Ramiro
et al., 2014). However, excessive or abnormal activation of RhoA
and its effector ROCK, by the factors such as TNF-a, oxidative
stress, thrombin, growth factors, and other agents, is associated
with decreased endothelial barrier function (Dejana et al., 1999;
Zhao et al., 2014; Hartmann et al., 2015). In addition, TNF-a
disorganizes the inter-endothelial junctions and causes
disarrangement in the cytoskeleton of endothelial cells, thus
increasing vascular permeability (Taoufiq et al., 2008; Zang-
Edou et al., 2010; Taoufiq et al., 2011; Liu et al., 2014).
Moreover, it was demonstrated that human LMVECs
stimulated with P. falciparum extract (parasite sonicate), had
TABLE 2 | Continued

Gene
knockout
(-/-)

Parasite used for
infection

Effect on MA-ARDS
development (vs wild-type).
Outcome (left), Histology

(Right)

Additional data Ref

CCR2-/- PbA ↓ ↓Edema (↓) Monocytes/MDMs in the lung tissue
(↑) Hz-containing cells in the lung tissue

(Lagasse et al., 2016)

PbNK65 = =Edema
=Histopathology
scores

(=) Parasite sequestration
(↑) Neutrophils in the lung tissue
Delayed MODCs infiltration into the lung tissue
(↓) Ly6C+ Inflammatory monocytes in the lung tissue
(=) Alveolar macrophages in the lung tissue
(=) CD8+ T naïve/effector/central memory cells in the
lung tissue
(=) CD4+ T naïve/effector/central memory cells in the
lung tissue

(Galvao-Filho et al., 2019;
Pollenus et al., 2020)

CCR4-/- PbNK65 ↓ ↓Thickened alveolar
septae
↓Haemorrhage
↓Edema

(=) Parasite sequestration
(↓) MODCs in the lung tissue

(Galvao-Filho et al., 2019)
May 2022 |
TNF, Tumour necrosis factor; TNFR, Tumour necrosis factor receptor; IFN, Interferon; IFNR, Interferon receptor; IL, Interleukin; CXCL, CXC chemokine ligand; CCR, CC chemokine
receptor; MODCs, Monocyte-derived dendritic cells; MDMs, Monocyte-derived macrophages; Hz, Hemozoin; (=), No difference; NR, Not reported; (↓), Decreased; (↑), Increased.
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increased vascular endothel ial permeabil i ty due to
morphological changes in adherent and occlusion junctions
(Gillrie et al., 2007).

VEGF is a potent pro-angiogenic cytokine that remodels the
endothelium permeability,surface adhesion molecules and
mediates the chemotaxis of leukocytes (such as monocytes/
macrophages) during inflammation (Heil et al., 2000; Reinders
et al., 2003). It was also shown to affect endothelial barrier
dysfunction by activating the Rho-GTPase signaling cascade
(Gallego-Delgado et al., 2016). Excessive production of VEGF
during MA-ARDS was suggested to induce lung capillary
hyperpermeability (Ware, 2006; Pham et al., 2017; Pham et al.,
2019). In addition, an increase of VEGF-A and PlGF in the lungs,
was dependent on effector CD8+T cells to cause alveolar edema
(Pham et al., 2017). Using DBA/2- infected with PbA, Epiphanio
et al. demonstrated that high levels of circulating VEGF
correlated with MA-ARDS. Intravenous infection with sFLT1
(soluble form of the VEGF receptor)-expressing adenovirus,
protected the PbA-infected DBA/2 micefrom MA-ARDS and
this protection was correlated with decreased levels of VEGF in
the circulation (Epiphanio et al., 2010). However, the treatment
with a neutralizing monoclonal antibody against VEGF receptor-
2 (VEGFR-2), did not prevent MA-ARDS in PbNK65-infected
C57BL/6 mice (Pham et al., 2017). Therefore, the role of VEGF in
MA-ARDS is still being debated, whether they play an effector
role in causing endothelium permeability or released as a result
of lung injury.

Primary LMVECs (PLMVECs) from uninfected DBA/2 mice
in contact with PbA-iRBCs or its lysate for one hour, induced the
production of pro-inflammatory cytokine, TNF-a, cytoskeleton
c on t r a c t i o n and p r omo t e d pu lmona r y v a s c u l a r
hyperpermeability (Pereira et al., 2016; Dos Santos Ortolan
et al., 2019). Furthermore, the adhesion of iRBCs to ICAM-1,
leads to alterations in the conformation of actin microfilaments
(forming a cup-like structure), which was proposed to be the
mechanism associated with the disruption of the blood-brain
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
barrier in the human brain endothelial cell lines (Jambou et al.,
2010). On the other hand, it was demonstrated that LMVECs
obtained from uninfected DBA/2 mice previously treated with
hemin, induces heme oxygenase-1 (HO-1) and an anti-
inflammatory effect, which decreases cytoskeleton contraction.
This consequently reduced the opening of the inter-endothelial
junctions (Pereira et al., 2016).

Studies in murine models and patients have shown the
involvement of the epithelial and endothelial cell death in the
pathogenesis of ARDS (Bachofen and Weibel, 1977; Fujita et al.,
1998). Apoptosis involving the Fas/FasL pathways and activation
of caspases have been suggested to mediate pathogenesis in the
lung of P. falciparum-infected patients with pulmonary edema
(Taoufiq et al., 2008; Taoufiq et al., 2011; Punsawad et al., 2015).
PLMVECs in contact with PbA-iRBCs for 24 hours showed
increased endothelial permeability induced by the activation of
caspases mechanism, leading to apoptosis of these cells
(Sercundes et al., 2022). The contact between PbA-iRBCs and
PLMVECs from DBA/2 mice induce alterations in the
conformation of actin microfilaments, with a short network
and cross-linked filaments, compared to actin from non-
stimulated cel ls with long, parallel fibers arranged
longitudinally (Figure 1). The sepsis model demonstrated that
cell-free hemoglobin increased lung apoptosis, contributing to
endothelial injury and increased vascular permeability (Meegan
et al., 2020). Kingston and collaborators showed that cell-free
hemoglobin levels were higher in patients with severe malaria
than uncomplicated malaria or healthy controls. In addition,
cell-free hemoglobin diminishes peripheral perfusion (related to
mortality) by NO scavenging (Kingston et al., 2020). Using PbA-
infected C57BL/6 mice, Anidi et al. demonstrated that the
increase in pulmonary endothelial permeability after
cytoadhesion of iRBCs, was mediated by CD36 and Fyn kinase
(Anidi et al., 2013).

Treating and preventing ARDS is essential to protect and
restore pulmonary endothelial barriers, and to combat
FIGURE 1 | P. berghei ANKA-infected red blood cells (PbA-iRBCs) generate morphological alterations in the cytoskeleton of primary pulmonary endothelial cells
(PMLECs) of DBA/2 mice. Non-stimulated (NS) cell show elongated actin microfilaments, while adhered PbA-iRBCs cause shortening and entanglement of these
filaments, indicated by asterisks. Actin and cell nuclei were stained with Texas Red Phalloidin], Hoechst [1:1000], respectively. Yellow arrows point to PbA-iRBCs
nuclei; Scale bar: 50 mm.
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endothelial dysfunction. Some molecules such as steroidal anti-
inflammatory, RhoA inhibitors, histamine receptor blockades,
sphingosine 1-phosphate, angiopoietins, PKC inhibitors, anti-
VEGF, and others, have displayed the ability to improve
endothelial barrier properties (Ma et al., 2019). Annexin A1,
for instance, preserves junction integrity and consequently
decreases vascular permeability (Ma et al., 2019; He et al.,
2021). Ac2-26, an annexin A2 peptide, was demonstrated to
reduce systemic inflammation through decreasing leukocyte
migration to the lung, induction of anti-inflammatory IL-10
production (Guido et al., 2013), reducing oxidative stress
responses and protecting from ARDS in the LPS model (Ju
et al., 2021). According to He and colleagues, this peptide
promotes phosphorylation of PI3K and Akt, and inhibits p-
NF-kB (p65) expression, reducing pulmonary inflammation and
injury (He et al., 2021). Rho-kinase inhibition by fasudil (a
potent and selective Rho kinase inhibitor) can be a pertinent
approach to reduce the effects of severe malaria, including ARDS
patients (Taoufiq et al., 2008). Caspase inhibition by ZVAD-
fmvk prevented the increase of pulmonary vascular permeability
in vivo (PbA-infected DBA/2 mice), and in vitro (PbA-iRBCs in
PLMVECs for one hour). In addition, PbA-infected DBA/2 mice
treated with hemin were protected from MA-ARDS
development, especially concerning the alveolar-capillary
barrier (Pereira et al., 2016). As much as the endothelium
plays a fundamental role in the development of MA-ARDS,
drugs that modulate vascular permeability or reduce the
inflammatory processes in the lung tissue, are essential targets.
However, most of the current studies are done in vitro or are still
in pre-clinical trials, and there is still a long way before it can be
prescribed to malaria patients, especially with lung injuries.

4.4 Leukocytes
Malaria infection incites the inflammation process, triggering
intense leukocyte infiltration into the lung parenchyma (Deroost
et al., 2013; Aitken et al., 2014). The expression of CAMs on
activated endothelial cells and activation of P- and E-selectin,
induce the expression of b2-integrins, leading to subsequent
leukocyte arrest in the vasculature (Krishnamurthy et al., 2015).
The accumulation of these leukocytes in the capillary and
alveolar space, and the interaction between leukocyte and
endothelium, observed in both humans and animals, were
shown to contribute to MA-ARDS pathogenesis (Taylor et al.,
2012; Souza et al., 2013). Among the infiltrated leukocytes
documented, monocytes, macrophages, lymphocytes, and
neutrophils were found in the lung of patients and in the
mouse models (reviewed in (Van den Steen et al., 2013).

4.4.1 Monocytes/Macrophages
Upon iRBCs sequestration in the pulmonary vasculature,
monocytes/macrophages were found in the lung tissue of P.
falciparum-infected patients with MA-ARDS (Mohan et al., 2008)
and PbA-infected mice. These cells mediate the clearance of iRBCs
in a CD36-dependent manner. In addition, CCR2+CD11b+Ly6Chi

monocytes from the circulation were found to accumulate in the
lungs as monocyte-derived macrophages (MDM) (Lagasse et al.,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14
2016). Furthermore, it was demonstrated that infection of CD36
bone marrow chimeric mice resulted in the phagocytic clearance by
monocytes, leading to exaggerated lung pathology (Lagasse et al.,
2016). The increase in MDM in the lung on 7 days post-infection
(dpi) of PbA-infected C57BL/6 mice was further corroborated by
Claser et al. (2019).

Monocytes/macrophages when activated by parasites
components, including Hz, secrete pro-inflammatory cytokines
that are likely to contribute to MA-ARDS pathogenesis (Mohan
et al., 2008). Monocytes and macrophages, with or without ingested
Hz, were found sequestered in the lung tissue in both humans
(Duarte et al., 1985; Valecha et al., 2009; Lacerda et al., 2012) and
mice (Van den Steen et al., 2010; Hee et al., 2011). Hz is shown to be
involved in the pathogenesis of MA-ARDS through inflammasome
activation in the monocytes/macrophages, thus releasing IL-1b and
IL-18 (Dolinay et al., 2012), and causes M1 polarization of activated
macrophages that produces pro-inflammatory cytokines (TNF-a,
IL-6) (Mills et al., 2000). Hz-containing iRBC were frequently
observed in congested small vessels in the lungs of PbA-and
PbNK65-infected mice (Deroost et al., 2013). Deroost et al.
demonstrated that injection of PfHz into Plasmodium-free mice
(absence of Plasmodium infection), induced pulmonary expression
of chemokines (IP-10/CXCL10, MCP-1/CCL2, KC), cytokines (IL-
1ß, IL-6, IL-10, TNF, TGF-b), and inflammatory mediators (iNOS,
NOX2, Hmox1, ICAM-1), that are associated with alveolar edema
(Deroost et al., 2013). During lung injury, recruitment of
monocytes/macrophages expressing CCR2+ (Hartl et al., 2005),
was shown to be MCP-1/CCL2-dependent. In CCR2-deficient
mice, PbA infection induces a marginal increase in the lung
edema of PbA-infected CCR2-deficient mice (Lagasse et al., 2016),
and with PbNK65 infection no improvement in survival was
reported (Galvao-Filho et al., 2019), compared to wild-type (WT)
mice. Moreover, in this same study done by Lagasse et al., lung
pathology still occurred despite hampered MDM recruitment into
the lungs, thus excluding MDM as an important mediator of MA-
ARDS (Lagasse et al., 2016). Using antimalarial treatment, it was
demonstrated that despite monocytes being retained in the bone
marrow of CCR2-deficient mice, there was no effect on the
development and resolution of MA-ARDS. On the other hand,
CCR2 is needed to re-establish the homeostasis of pulmonary
leukocytes during recovery (Pollenus et al., 2020).

In the lung, there are twomain types of macrophages (1) alveolar
macrophages (AMs), located at the air-tissue interface and are the
predominant cells present in the alveolus; (2) interstitial
macrophages (IMs), located in the space between the alveolar
epithelium and vascular endothelium (Schneberger et al., 2011).
AMs, also known as tissue-resident macrophages, are the second
line of defense against pathogens. Upon infection, these cells
undergo a remodelling process, expressing MHC-II on their
surface (Guillon et al., 2020). During the earlier stages of MA-
ARDS, there are little evidences of AMs activation and proliferation
in response to parasite sequestration in the pulmonary vasculature
(Lagasse et al., 2016). Recently, Goggi et al. observed that starting on
6 dpi and peaking on 7 dpi, there is an increase in inflammatory
macrophages and AMs expressing MHC-II in the lung of PbA-
infected C57BL/6 mice. Moreover, using PET imaging, the group
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observed that the increase in both populations correlated with the
retention of [18F]FEPPA uptake, a PET radioligand developed to
target the 18-kDa translocator protein (TSPO) overexpressed in
activated macrophages (Goggi et al., 2021). Although several studies
have suggested the role of monocytes and macrophages in the
pathogenesis of MA-ARDS, more studies are required to uncover
whether these immune cells subset could augment the trafficking of
other subsets to the lung to induce injury.

4.4.2 Neutrophils
Neutrophils are important for the pathophysiology of various
lung injuries (Abraham, 2003). Migration and adhesion to the
lung alveoli by neutrophils are strategic to begin the
inflammatory process (Reid and Donnelly, 1996). In murine
models of ARDS, neutrophils can control endothelial barrier
function either by adhering on the endothelial cells or by
secretion of their compounds (Ma et al., 2019). Neutrophil
adhesion to endothelial cells increases Src phosphorylation of
caveolin 1 (through ICAM-1 signaling), forming caveolae’s and
augmenting transcellular permeability in the lung, thus
contributing to edema formation (Hu et al., 2008). Neutrophils
discharge (from extracellular vesicles or granular contents) or
neutrophils extracellular traps (NETs), can also increase
paracellular permeability, promoting gap formation by
cytoskeleton contraction, junction disruption, focal adhesion
reorganization, and glycocalyx degradation. This secretion-
dependent mechanism occurs after the release of ROS,
metalloproteinases, elastase, S100A8, S100A9, MPO, cathepsin
G, and inflammatory mediators (Ma et al., 2019).

Neutrophils (with or without) phagocytosed Hz are
frequently observed in alveolar and interstitial space in the
lung with Plasmodium infection, associated with iRBCs,
monocytes and lymphocytes (MacPherson et al., 1985; Taylor
et al., 2012). Although the role of neutrophils in malaria has long
been neglected, studies have recently reported both protective
and pathogenic functions. Ampawong et al. have identified
elastase and neutrophils in the lung of Southeast Asian patients
with severe P. falciparum, with or without pulmonary edema
(Ampawong et al., 2015). On the other hand, neutrophils
(identified by the CD15 marker) were detected in lung sections
from deceased Brazilian patients infected by P. vivax (Lacerda
et al., 2012). In murine models, several studies have reported
elevated neutrophils in the BALF of PbA-infected DBA/2 mice
on 7 dpi (Sercundes et al., 2016), or PbA-infected C57BL/6 mice
on 7-8 dpi (Van den Steen et al., 2010), and PbNK65-infected
C57BL/6 mice on 10 dpi (Van den Steen et al., 2010). However,
findings by Claser et al. reported no significant difference in
neutrophil numbers in the lung tissue of PbA-infected C57BL/6
mice on 7dpi (Claser et al., 2019). In PbA-infected DBA/2 mice,
neutrophils was shown to be essential to the pathogenesis of
ARDS-developing mice releasing ROS, myeloperoxidase (MPO),
as well as NETs (Sercundes et al., 2016), an important
mechanism to capture and kill parasite outside the cell. In this
same study, the authors demonstrated that the increase in mouse
survival and decreased MA-ARDS development was possible
when neutrophils were depleted with AMD3100 (CXCR4
antagonist), NET formation was blocked with Sivelestat
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15
(inhibitor of neutrophil elastase) and NETs were destroyed
with Pulmozyme (human recombinant DNase) (Sercundes
et al., 2016). Upon neutrophils adhesion to the endothelial
cells, ROS and proteases are released, leading to the necrosis of
endothelial cells and, thus increasing pulmonary vascular
permeability as shown in other experimental system (Ma et al.,
2019). In addition, extracellular heme-induced NETs formation,
followed by its disintegration (by plasma DNase I), activates the
endothelial cells and, consequently enables iRBCs sequestration,
contributing to disease severity (Knackstedt et al., 2019).

4.4.3 T Cells
During MA-ARDS, lymphocytes (T cells) are recruited in and
around the pulmonary vasculature of patients and mouse
models. These cells are also capable of secreting cytokines
(TNF-a, IFN-g, IL-1) that enhance the local inflammatory
response leading to endothelial dysfunctions (Chang et al.,
2001). Among CD3+ lymphocytes, CD8+T cells were
demonstrated to be the main effector cells of MA-ARDS in
PbA-infected C57BL/6 mice (Claser et al., 2019). Furthermore, it
was shown that during infection, lung endothelial cellsactivated
by IFN-g produced systemically, acquires the capacity to capture,
process and cross-present the PbA parasite antigen to parasite-
specific CD8+T cells (Claser et al., 2019). Depletion of CD8+T
cells with monoclonal antibody significantly reduced pulmonary
vascular leakage, alveolar edema, and leukocyte infiltration in
infected mice (Chang et al., 2001; Van den Steen et al., 2010;
Pham et al., 2017; Claser et al., 2019). Moreover, in the absence of
CD8+ T cells, parasite density was shown to be decreased in the
lung of PbA-infected C57BL/6 mice on 7 dpi. In addition, tight
junction protein zonula occludens-1 (ZO-1) expression on the
lung epithelium was also significantly maintained (Claser et al.,
2019). Vascular permeability factors, such as VEGF-A and
placental growth factor (PIGF), were found reduced in the
lung of PbNK65-infected C57BL/6 mice depleted of CD8+T
cells (Pham et al., 2017). Treatment with dexamethasone
decreased CD8+T cells and macrophages in the lung of
PbNK65-infected C57BL/6 mice, conferring sufficient
protection from MA-ARDS (Van den Steen et al., 2010).
Galvão-Filho et al. demonstrated that IFN-g produced by
CD8+T cells was required for inducing the differentiation of
TNF-a/iNOS-producing monocyte-derived dendritic cells in the
lung, and for the development of MA-ARDS in PbNK65-infected
C57BL/6 mice (Galvao-Filho et al., 2019). This finding suggested
that infiltrating monocytes and dendritic cells could augment
CD8+T cells migration and cytotoxicity leading to lung injury
(Yeo et al., 2008).

Besides the conventional T cells that express CD4+ or CD8+,
there is a minor population of innate lymphocytes, known as
gamma delta T cells (gd T cells), that are also found in the lung
during MA-ARDS (Wei et al., 2021). These cells are known to
respond to antigen without presentation (Lawand et al., 2017).
Using gd T cells-deficient mice infected with P. yoelii, lung injury
still ensued despite the decrease in absolute number of total
CD3+ cells including, CD4+ and CD8+T cells. On the other hand,
the percentage of IFN-g-expressing CD3+ and CD8+ cells were
higher in infected- gd T deficient mice compared to WT mice
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(Wei et al., 2021). Even though gd T cells contribute to T cell
immune response in the lung of Plasmodium-infected mice,
further studies are needed to understand their role in MA-
ARDS development.

4.5 Platelets
Platelets are anucleated cells traditionally known for their role in
thrombosis and hemostasis. In the last few decades, these cells
were shown to play a dual role in the pathogenesis of
Plasmodium infection, by preventing the exponential growth of
parasitemia in the early stage, and promoting enhanced immune
responses in the later stage (Srivastava, 2014). Platelets were also
associated with the pathogenesis and progression of MA-ARDS,
because upon its activation, they release various inflammatory
mediators (vonWillebrand factor, PF4/CXCL4, RANTES/CCL5)
that activate neutrophils, monocytes, macrophages, leukocytes,
and endothelial cells, leading to pulmonary endothelial damage
(Vieira-de-Abreu et al., 2012; Srivastava, 2014; de Azevedo-
Quintanilha et al., 2020).

During Plasmodium infection, platelets can bind to non-infected
and iRBCs and form agglutinates. The interaction between the
platelet and iRBCs is mediated through CD31/PECAM-1 and CD36
expressed on platelets with PfEMP-1 expressed on iRBCs (Pain
et al., 2001). Platelets also can act as an adhesive bridge between P.
falciparum-iRBCs and activated endothelial cells (Wassmer et al.,
2004). Studies done either in vitro using human platelets or in
Plasmodium-infected mice depleted of platelets demonstrated that
platelets are responsible for the killing of iRBCs, a mechanism
involving platelet factor 4 (PF4/CXCL4) (McMorran et al., 2009;
McMorran et al., 2012). PF4 is a chemokine released from
intracellular granules upon platelet activation and has been found
highly elevated in malaria patients and mouse models (Srivastava
et al., 2008). PF4 was shown to engage the Duffy antigen receptor
expressed on iRBCs, inducing the disruption of parasite digestive
vacuole without lysing the iRBCs (McMorran et al., 2012), and to
bind to CXCR3+-expressing cells (monocytes, macrophages,
leukocytes), thus being responsible for their activation and
attachment to the endothelium (Srivastava, 2014).

Besides iRBCs, platelets can interact with neutrophils and
leukocytes. When the receptor P2Y1 is stimulated on platelets,
RhoA pathway is activated, resulting in platelet-leukocyte
aggregation, followed by migration to the lung and finally
binding to the pulmonary endothelium (Amison et al., 2015).
The leukocyte-endothelium interaction is further enhanced by
microparticles released by the platelets, which stimulates the
neutrophils to upregulate their aM integrin expression, allowing
its adhesion to LMVECs via ICAM-1 (Xie et al., 2015). The
interaction between platelets-neutrophils and platelets-
leukocytes, results in the activation of leukocytes and
neutrophils, contributing to MA-ARDS pathogenesis
(Srivastava, 2014). Platelets are also known to have the
capacity to activate the classical and alternative pathway of the
complement system. As a result of this activation, there is an
increase in the inflammatory mediators, such as C3a and C5a,
resulting in neutrophil activation thus leading to pulmonary
capillary and alveoli damage (Peerschke et al., 2010; Bosmann
and Ward, 2012). Using PbA-infected mice, Piguet et al.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16
observed that when the platelet activation was hindered, the
leukocyte adhesion to the lung vasculature was decreased (Piguet
et al., 2000). Moreover, they also demonstrated that during PbA-
infection, the sequestration of platelets in the lung is dependent
on urokinase-type plasminogen activator (uPA). In uPA receptor
deficient mice infected with PbA, had a prolonged survival with
no difference in pulmonary permeability compared to WT mice
(Piguet et al., 2000). Recently, another group demonstrated that
PbA-infected Nbeal2-deficient mice, which have less platelets,
were protected from pulmonary vascular permeability compared
to control mice (Darling et al., 2020). Platelet-activating factor
(PAF), another mediator of inflammation, is involved in the
recruitment and activation of leukocytes, release of cytokines and
chemokines, and vascular permeability factor (Chao and Olson,
1993). The role of PAF in the pathogenesis of pulmonary damage
was demonstrated in PbA-infected platelet-activating factor
receptor (PAFR)-deficient mice. These mice had decreased
lung damage characterized by lesser infiltration of neutrophils,
macrophages and CD8+T cells in the alveolar space (Lacerda-
Queiroz et al., 2013).

Platelets are involved in thrombo-inflammation during malaria
infection. Thrombocytopenia is a complication observed in infected
patients (predominantly with vivax or falciparum infection)
(Lacerda et al., 2011; Bakhubaira, 2013) and mouse models (de
Azevedo-Quintanilha et al., 2020), and has been correlated with
increase parasite density and disease severity (Gerardin et al., 2002;
Ladhani et al., 2002). The mechanism of platelet clearance observed
during thrombocytopenia has been widely studied and is still being
debated. Some studies have suggested that it is associated with
platelet activation (Lacerda et al., 2011; Sharron et al., 2012),
followed by platelet adhesion to the endothelium, resulting in
endothelial cell activation causing the release of VWF, and
hetero-aggregates of platelet and leukocytes (de Azevedo-
Quintanilha et al., 2020). When the endothelium is activated,
coagulat ion related proteins are released, such as
thrombomodulin and its ligand, thrombin, leading to platelet
consumption (Thachil, 2017). On the other hand, Mast et al.
demonstrated that thrombocytopenia could happen in the
absence of platelet activation or disseminated intravascular
coagulation (de Mast et al., 2010). Treatment with heme
oxyganese-1 inducer cobalt protoporphyrin IX (CoPPIX) reduced
thrombocytopenia and decreased inflammatory infiltrate in the lung
parenchyma in PbNK65-infected mice (de Azevedo-Quintanilha
et al., 2020). Although a few studies have been conducted to
understand the role of platelets in the MA-ARDS pathogenesis,
great caution must be taken in platelet-targeted therapeutic
treatment. Anti-platelet treatment is highly discouraged in malaria
patients with thrombocytopenia. Instead, it was proposed that
treatment should target the platelet-leukocytes and platelet-
neutrophils interactions (Srivastava, 2014).

5 CONCLUSION

In this review, we draw attention to the importance of using animal
models to understand how inflammatory responses and the
endothelial activation during MA-ARDS can orchestrate
endothelial dysfunction, leading to increase vascular permeability
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and disease development. Several mouse MA-ARDS models have
been developed and infection of knockout mice have been used to
better understand the mechanisms involved in the pathogenesis of
MA-ARDS. In the last few years, sophisticated imaging procedures
such as SPECT/CT, MRI and PET scans conducted in mice
(particularly in the conscious state), have helped to precisely
assess early onset of MA-ARDS and track the disease progression.
Gaining knowledge is imperative to provide the mechanistic basis
and targets to develop adjunct therapies, which are currently
unavailable. Although much has been done to uncover the
immune responses and mechanisms underlying MA-ARDS
pathogenesis, more remains to be done to understand how these
responses can be modulated, potentially translating into viable
treatments. It is clear that animal models of MA-ARDS are
pivotal for the development of methods and tools for early
diagnosis to assess and predict the severity of disease and guide
the development of therapeutic approaches.
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