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Plasmodium knowlesi (P. knowlesi), is a simian malaria parasite and currently the
dominant species in the Malaysian Borneo of Sabah and Sarawak. This parasite is
transmitted by Anopheles balabacensis and the macaques of Macaca fascicularis and
Macaca nemestrina, and monkeys of Presbytis melalophos are the reservoir hosts. The
zoonotic disease, infection by P. knowlesi infection can cause a wide range of
immunological responses in human comparable to other human malaria parasites
including acute respiratory distress syndrome (ARDS), acute renal failure (ARF) and
cerebral malaria (CM), leading to the pathological consequences in humans and
macaques alike. Similar to other malaria species especially P. falciparum, pathological
features such as sequestration of parasitised red blood cells (pRBC) and mononuclear
cells-containing haemozoin, deposition of haemozoin on numerous tissues and
petechial and/or focal haemorrhage could be observed in P. knowlesi infection.
Diagnosis of P. knowlesi mainly involves microscopic examination on both thick and
thin blood smears stained with Giemsa, nevertheless confirmation test by using
Polymerase Chain Reaction (PCR) is compulsory. Most P. knowlesi cases are treated
with artemisinin-combination therapy (ACT) or chloroquine in uncomplicated cases
while artesunate followed by ACT in complicated or severe cases. Without accurate
and timely means of diagnosis and treatment, the outcomes of death might happen. The
pathological features of P. knowlesi malaria infection in multiple organs are described
in this review.

INTRODUCTION

human as P. malariae [3]. The natural reservoir hosts for the
parasite are the long-tailed macaque (Macaca fascicularis),

Plasmodium knowlesi (P. knowlesi) is a simian malaria
parasite that has jumped to be the fifth human malaria
parasite [1, 2], an emerging zoonotic disease in Southeast
Asia (SEA) [3-6] particularly in the East Malaysia of Sabah
and Sarawak [7]. P. knowlesi was presumed as a zoonotic
infection that has a limited focus on human infections [1, 8].
The misconception was evidenced after the demonstration of
a large focus on the parasite infection in the Kapit Divison
of Sarawak and the misdiagnosis of P. knowlesi infection in
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pig-tailed macaque (Macaca nemestrina) and banded-leaf
monkey (Presbytis melalophos) [9-13]. Other simian malaria
species such as P. inui, P. cynomolgi, P. coatneyi and P.
fieldi are also commonly found in these natural hosts [10,
11]. The incriminated vectors, definitive hosts for the
parasite are the Anopheles spp. belonging to the
Leucosphyrus group mosquitoes with the following
geographical distribution; 4. balabacensis in the Sabah [14,
15], A. latens in Sarawak [13], 4. cracens, A. hackeri and A.
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introlatus in the Peninsular Malaysia [14, 16-18], and
A. dirus in Viet Nam [19].

In 2017 alone, there were 2,030 P. knowlesi cases
reported in Sabah [20]. A large number of P. knowlesi cases
are arguably contributed by various factors such as
deforestation which led to the proximity of humans towards
macaques and Anopheles mosquitoes [21, 22] and reduction
of human malaria cases such as P. falciparum and P. vivax
which may reduce immunity towards P. knowlesi infection
[23,24].

Various type of studies has been conducted on utilising
P. knowlesi as a malaria model either in exploring the host-
parasite interactions or drugs and vaccines development
[25]. The macaques particularly rhesus macaques (Macaca
mulatta) often considered as the animal model for the in vivo
research due to the severity and lethality caused by P.
knowlesi infections in them [26]. Especially, the
histopathological features presented by the macaques
yielded a better understanding of the pathophysiology of P.
knowlesi when compared with similar infections in humans
or P. falciparum malaria.

BIOLOGICAL FEATURES OF P. knowlesi

P. knowlesi possess the shortest asexual, erythrocytic life
cycle of 24 hours compared to other human malaria
parasites; 48 hours in P. falciparum and P. vivax, 48-50
hours in P. ovale and 72 hours in P. malariae [8, 27].
Hyperparasitaemia and the related severe manifestations
observed in P. falciparum were correlated with the shortest
erythrocytic life cycle [7, 28]. P. knowlesi has no specific
preferences unlike other species and infect both the mature
red blood cells (RBC) and the immature reticulocytes [8, 10].
Morphologically, P. knowlesi is similar to P. malariae in the
early trophozoite stage, and P. falciparum in both the late
trophozoite and schizont stages [29]. Phylogenetically, P.
knowlesi is closely related to P. vivax than other human
malaria parasites [30], particularly on the interaction
between Duffy binding proteins (DBP) and Duffy antigen
receptor for chemokines (DARC) during the RBC invasion
phase by the merozoites [31-33]. Molecular analysis
revealed that P. knowlesi is as old as P. falciparum and P.
vivax [11, 34-37]. Evolutionary analyses of the P. knowlesi
mitochondrial DNA sequence data indicate that the parasite
has existed in the monkeys even before human settlement in
Southeast Asia [11].

HISTOPATHOLOGICAL
P. knowlesi MALARIA

CHANGES DURING

The histopathological examinations of P. knowlesi malaria
revealed the major organ damages [38-41], primarily on the
brain, liver, lung, spleen, kidney, and heart that were
overlooked (Table 1) similar to P. falciparum malaria [44].
The histopathological features from the post-mortem
observation of a fatal P. knowlesi malaria were comparable
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with the P. falciparum malaria that strengthen the possibility
of the similar pathophysiological process [38]. There were
limited number of studies were reported about the
histopathological aspects of P. knowlesi. This review will
discuss the findings of the histopathological changes
observed in humans and macaques.

HISTOPATHOLOGICAL CHANGES IN THE BRAIN

The common features of cerebral malaria (CM) were
elaborated in a post-mortem case report [38]. The gross
examination of the brain from a fatal human P. knowlesi
malaria case was noticed with the petechial haemorrhage on
the cerebrum and cerebellum, while the brain stem and spinal
cord appeared normal [38]. The surface of the cerebrum was
also appeared to be dusky. Microscopic observation revealed
numbers of prominent sequestration and accumulation of
parasitised red blood cells (pRBC) in the microvasculature
and large vessels respectively. Petechial haemorrhage was
largely derived from the microvasculature of the cerebrum
and cerebellum, and the haemorrhagic areas were
demonstrated with numerous haemozoin deposition.
Intriguingly, there was no evidence of perivascular
inflammatory  reactions, polymorph nuclear cells
aggregation and intravascular thrombosis, as well as
negative for the Intracellular Adhesion Molecule-1 (ICAM-
1) through immunohistochemistry staining. Generalised
encephalitis was not observed as well. Furthermore, the
presence of perivascular or diffuse parenchymal oedema,
diffuse astrocytosis or microgliosis, and acute gliotic
reactions resulting in haemorrhages were not observed. The
minimal invasion of acute inflammatory cells and related
signs of inflammation including oedema despite the local
haemorrhagic events need further evaluation yet can be
correlated with the shortest life cycle of the parasite. Also,
the cerebral pathology is identical to the fatal P. falciparum
malaria [38]. Remarkably, despite the presence of focal
neurological signs and CM-associated syndrome, the coma
or syncope was absent in P. knowlesi unlike fatal P.
falciparum CM cases [28, 29, 38, 47]. Intriguingly, several
cases pointed out rare events of coma presented in the severe
P. knowlesi malaria cases that raise the concern to rule out
co-infection with P. falciparum [48].

The microscopic observation of the brain tissues from the
autopsied rhesus macaques (Macaca mulatta) revealed the
typical intravascular haemozoin and fibrin deposition [40,
41] as well as petechial haemorrhage at the cortex,
demyelinated alba of the cerebrum [40]. Additionally, the
observations included the cellular atrophy of the cortical
neurons and congested capillaries with sequestered pRBC
and RBC-containing haemozoin in the lumen. While in the
cerebellum, the presence of malaria parasites and haemozoin
deposition in the microvasculature of the cortex and a
reduction in numbers of Purkinje cells and granular layer
cells were also reported.
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Table 1. Histopathological Findings Associated with P. knowlesi Malaria

Organs Features No. of Cases/Samples References
Brain i) Sequestration/accumulation of pRBC, haemozoin-laden RBC — 1 (Human), 6 (M. Mulatta). [38, 40]
micro and large vessels
ii) Petechial haemorrhages, haemozoin deposition — cerebrum and
cerebellum, cortex
iii) Intravascular malaria parasites, haemozoin and fibrin deposition 18 (M. Mulatta). [40, 41]
iv) Demyelinated alba — cerebrum 6 (M. Mulatta). [40]
v) Pyknotic cortical nerve cells
vi) Hypoplastic Purkinje and granular layer cells
Heart i) Sequestration of pRBC 1 (Human), 6 (M. Mulatta). [38, 40]
ii) Petechial haemorrhage — endocardium 1 (Human) [38]
iii) Focal petechial haemorrhage - subendocardium
iv) Subendocardial haemorrhage — left ventricular wall
V) Intravascular haemozoin and fibrin deposits 12 (M. Mulatta). [37]
vi) Fibrin deposits adhered to the vessels, microvessels and
endocardium
vii) Atrophic and myolysis of cardiac myocytes [40]
Lungs i) Plugs (pRBC, haemozoin-laden macrophages, mononuclear cells) 18 (M. Mulatta). [40, 41]
— pulmonary vessels
ii) Microembolism — alveolar capillaries
iii) Pulmonary capillary congestion 12 (M. Mulatta). [41]
Liver i) pRBC and haemozoin deposition — Kupffer cells and sinusoids 1 (Human), 6 (M. Mulatta),  [40, 41, 45]
ii)  Haemophagocytosis 4 (M. fascicularis)
iii) Moderate-chronic lymphoplasmacytic inflammation — portal 1 (Human) [38]
tracts and sinusoids
iv) Severe macrovascular steatosis — hepatocytes
V) REC changes 6 (M. Mulatta), [40, 45]
vi) Hepatocytes - hydropic, atrophic, necrotic and vacuolar 4 (M. fascicularis)
degenerated
vii) Dissociated centrilobular 4 (M. fascicularis) [45]
viii) Centrilobular hepatic necrosis 12 (M. Mulatta) [41]
ix) Mild lipidosis - hepatocytes
X) Proliferated interlobular fibre 6 (M. Mulatta) [40]
xi) Stripping of sinusoidal endothelial cells
Spleen i) pRBC, haemozoin-laden macrophages and haemophagocytosis — 1 (Human), 18 (M. Mulatta), [38-41, 45]
red pulp 4 (M. fascicularis)
ii) Increase in size, dissociated or loss of the germinal centres,
congested and expansion of the red pulps, and atrophied and
hyperplastic of the white pulps.
iii) Splenic haemorrhages 1 (Human) [46]
iv) REC changes/ and containing haemozoin-laden macrophages — 12 (M. Mulatta), 1 (Human) [41, 46]
splenic cords.
V) Indistinct marginal zones 6 (M. Mulatta), 4 (M. [40, 45]
fascicularis)
vi) Shrinkage/ contracted of splenic corpuscle 6 (M. Mulatta), [40, 45]
4 (M. fascicularis)
vii) Haemozoin deposition — whole spleen 2 (Human), [38, 45, 46]
4 (M. fascicularis)
viii) Necrotic lymphocytes — germinal centres 12 (M. Mulatta) [37]
ix) Distended sinusoid with RBC
X) Hyperplastic lymphoid, surrounded by fibrin
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Kidneys i) Sequestration of pRBC 1 (Human) [38]
ii) Intratubular cast formation
iii) pRBC with/without haemozoin — capillaries 6 (M. Mulatta) [40]
iv) Thickening membrane of capillaries
V) Contracted renal corpuscle
Vi) Vacuolation of tubules 12 (M. Mulatta) [41]
vii) Tubular epithelium atrophy and degeneration (hyaline droplet
degeneration-renal tubular necrosis)
viii) Pyknotic nuclei and vacuolated cytoplasm 18 (M. Mulatta) [40, 41]
ix) Haemoglobin, haemozoin, RBC, granular, protein and cellular

casts — collecting tubules

HISTOPATHOLOGICAL CHANGES IN THE HEART

Cardiac involvement of P. knowlesi malaria in humans was
reported with haemorrhages at the apex of the heart on gross
examination in a fatal case [38]. Microscopically, petechial
haemorrhages on the endocardium and subendocardium
were observed. The focal petechial haemorrhages on the
subendocardium were due to the localised leakage of blood
from the ruptured capillaries to the surrounding tissue, might
be related to either resuscitation measures; where the patient
had collapsed and intubated with adrenalin/atropine and
sodium bicarbonate therapy; or secondary to the causes apart
from the malaria infection. There were several extensive
subendocardial haemorrhages observed on the left
ventricular wall, although myofibres of the left ventricle
were appeared to be normal. Interestingly, there was no
evidence of myocarditis. pRBC sequestrations were
observed in the cardiac vessels particularly in the
microvessels without the appearance of the chronic
inflammatory reactions but the endothelial cells were
appeared to be prominent. Additionally, the auscultation of
the heart (listening to the heart sounds) was normal before
the autopsy was performed. Normal heart sounds are
produced in response to the closure of the heart valves, where
the first heart sound of S; is produced following the closure
of the mitral and tricuspid valves (systole) while the second
heart sound of S, when the aortic and pulmonary valves close
(diastole), [39] thus producing the “lubb” in S; and “dubb”
in Sz.

In the macaques of M. mulatta, the overall heart appeared
to be “pale tan” and firmly contracted [41]. The peritoneum
and mesenteric abdominal fat were yellowish tan. Most of
the macaques' heart chambers were evidenced with grey-
greenish mural thrombus plaques that adhered to the
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endocardium. Microscopically, pRBC (Figure 1) was
observed in the capillaries [40] and numerous loosely
arranged haemozoin and intravascular fibrin deposits
containing cells were observed in the vessels [41]. These
fibrin deposits adhered to the microvessels, propagated from
the endothelium of the cardiac muscles which are suggestive
of the disseminated intravascular coagulation (DIC) that
were evidenced in the simian malaria infections. Atrophy
(reduction in the cell size) and myolysis (destruction of
muscle tissue) of the cardiac muscles were also observed
[40]. Atrophic of cardiac muscles is associated with
congestive heart failure (CHF) and possibly due to factors
during malaria infection such as excessive pro-inflammatory
cytokines production and multiorgan failures including the
liver and kidney [42]. The cardiac myolysis (destruction of
the heart muscles) and rhabdomyolysis (destruction of the
skeletal muscles) were caused by the obstruction of
microvascular by the sequestrated pRBC, which lead to
tissue hypoxia [43].

Cardiac complications due to malaria are mostly left
unnoticed and precursor, although not often, to hypotension,
shock, circulatory collapse accompanied by impaired
haemodynamic function and pulmonary complications in
certain cases [44]. DIC occurred due to the localised
inflammatory responses or cytokine storm, or even
circulatory obstruction following the sequestration of pRBC
and inflammatory cells, which leads to vasoconstriction and
ended up to organ damage due to the impairment of blood
transports [41, 49]. Regardless, this event is intricate to be
exemplified and probably to be formed before death itself
[41, 49, 50] rather than due to the disease manifested by the
parasite. Similar to P. falciparum malaria, the risk of severe
P. knowlesi malaria may also be proportionately associated
with the underlying cardiovascular-metabolic disease [51].
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Figure 1. Morphology of P. knowlesi in Giemsa-stained thin blood films from the infected macaques. pRBC (black arrow) in form
of (a) early trophozoite, (b) late trophozoite form, (c) schizont and (d) macrogamete compared to surrounding, uninfected RBC [45]

HISTOPATHOLOGICAL CHANGES IN THE LUNG

In a fatal human P. knowlesi case, the lungs were heavy and
the cut sections demonstrated congested and “beefy” (dark-
red appearance, these features were correlative with the
acute respiratory distress syndrome (ARDS) [38]. Gross
specimen examination of the autopsied lung of the P.
knowlesi-infected M. mulatta revealed soft, dry, collapsed
lungs with grey-tan in appearance [41]. Some of the
macaques had the lungs inflicted with mild pulmonary
oedema. Microscopically, the pulmonary vessels were
occluded with solid plugs comprised of numerous
mononuclear cells [41], as well as pRBC and haemozoin
laden macrophages [40] where microembolism was
observed in the capillaries of the alveolar. These lungs
presented with pulmonary capillary congestion that led to
pulmonary oedema [41].
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Acute respiratory distress syndrome was the most
common complication in knowlesi malaria, associated with
metabolic acidosis and pulmonary oedema. Clinical
presentation of hypoxemia, tachypnea and pulmonary
infiltrates or oedema were associated with ARDS, which
were commonly observed in the severe P. knowlesi malaria
[29]. It is evident that P. knowlesi malaria manifests
histopathological changes of the lung comparable to other
fatal human malaria cases.

HISTOPATHOLOGICAL CHANGES IN THE LIVER

Gross examination of the liver specimens from a fatal P.
knowlesi malaria in humans demonstrated enlarged (or
hepatomegaly) [38]. Under microscopic examination, the
liver was evidenced with the reticuloendothelial cells (REC)
changes and severe macrovascular steatosis of the
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hepatocytes without the evidence of parenchymal
inflammation. There was no evidence of vasculitis or
perivascular chronic inflammation, regional necrosis or
thrombotic microangiopathy. Interestingly, numerous pRBC
and haemozoin deposition in Kupffer cells and
haemophagocytosis were observed. Additionally, moderate
chronic lymphoplasmacytic inflammation in the portal tracts
and sinusoids were noticed [38]. In M. fascicularis, the
macroscopic evaluation revealed firm and hyperaemic,
hepatomegalic liver with black in appearance [45]. There
were distinct lobes with round edges with the distended
(swollen) gallbladder, suggested hepatomegaly (swollen
liver) and gallbladder inflammation (cholecystitis), although
the underlying mechanisms were largely unknown in malaria
[52]. Plausible mechanisms are as follows: ischaemia caused
by severe hypotension and haemolytic anaemia; imbalance
of pro-and anti-inflammatory cytokines which injured the
gallbladder, and the intravascular sequestration by malaria
parasites on the vessel walls especially in P. falciparum
infections which leads to gallbladder ischemia. Microscopic
observation demonstrated the dissociation of the
centrilobular arrangement with hydropic and necrotic
hepatocytes [45]. Atrophy and vacuolar degeneration of the
hepatocytes were also observed. It was evidenced that there
were hypertrophic, haemozoin-laden and phagocytosed-
parasite of Kupffer cells and haemozoin deposition in the
sinus throughout the endothelial cells.

Macroscopical gross examination of the livers of infected
M. mulatta, appeared normal in both size and shape
exhibiting grey to brown colour with distinct lobular pattern
[41]. Microscopically, phagocytosed malarial parasite,
haemozoin-laden Kupffer’s cells [40], and hyperplastic of
haemozoin-laden Kupffer’s cells with centrilobular (zonal)
hepatic necrosis was observed in most of the livers [41]. The
severity of hepatic necrosis was ranging from the central
necrotic zone confluence to the necrosis of the individual
hepatocytes surrounding the central veins. There was also
vacuolar degeneration, atrophied hepatocytes stripping from
the sinusoidal endothelial cells and proliferation of the
interlobular fibrous tissues [40]. A diffuse and mild lipidosis
was characterised through one or two large lipid droplets in
most of the hepatocytes [41]. Additionally, one of the livers
had bile stasis due to the endothelial blockage by the pRBC,
which disrupted the vascular flow thus resulting in
cholestasis, impeding the flow of bilirubin transportation and
bile excretion, and hepatic dysfunction [53].

The dark-coloured liver was due to the deposition of the
haemozoin, similarly in P. falciparum malaria [54].
Histopathological changes in the macaques of M.
fascicularis [45] and M. mulatta [40] are comparatively
similar, which may reflect the severity of the parasite
towards different species of the macaques as well. Liver
functions tests demonstrated an increase in many of the
markers in M. fascicularis, especially the total bilirubin level
was exceedingly high; a precursor to the degree of
haemolytic reactions in malaria-infected hosts. Interestingly,
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in the CM cases, the mean bilirubin levels were four times
higher than the upper limit compared to uncomplicated
malaria and two times higher when compared to normal
levels in humans [55].

HISTOPATHOLOGICAL CHANGES
SPLEEN

IN THE

In a fatal, human P. knowlesi case, the spleen was enlarged
(or splenomegaly) and appeared to be soft and viable under
gross examination [44]. In a study by Chang et al, (2018)
from a total splenectomy patient infected with P. knowlesi,
the spleen was average in size (12 cm) [46]. The tearing of
the splenic capsule at both the superior pole and visceral
surface were also observed, where a subcapsular haematoma
was evident at the superior pole. There was no visceral
perforation. Microscopically, numerous pRBC and
haemozoin-laden macrophages were observed, particularly
at the red pulp which phagocytosed pRBC, and deposition of
the haemozoin pigment were also prominent [38].
Haemozoin deposition was observed throughout the spleen,
with REC changes and splenic haemorrhage indicative of the
focal breaching of the capsule and the area of haemorrhage,
thus suggestive of splenic rupture [46]. The red pulp was
congested while the white pulp was atrophied, yet the
germinal centres were not observed [38]. Despite this,
chronic inflammatory reactions, necrosis and fibrin clot are
absent. The spleen of P. knowlesi-infected M. fascicularis
was friable and haemorrhagic on gross examination [45].
The microscopic observation was evidenced with reactive
areas with an increase in size and disappearance of the
germinal centres with mantle zones and pronounced
haemozoin deposition. The congested red pulp demonstrated
the presence of pRBC and haemozoin-laden macrophages,
while the size of the white pulp was increased with
pronounced shrinkage of splenic corpuscles. Additionally,
the marginal zone was indistinct.

In M. mulatta, infection by P. knowlesi evidenced with
the macroscopic features of splenomegaly and the spleen
was appeared to be firm, dark red-purple while coarse
granular areas were observed at the cut surface due to the
lymphoid aggregates [41]. Microscopically, the red pulp was
congested with the presence of pRBC and haemozoin-laden
macrophages [40] and expanded that was more obvious than
the white pulp [35]. The splenic corpuscle was markedly
contracted [40] while the germinal centres were occupied
with the necrotic lymphocytes [41] and dissociated [40]. The
lymphoid areas were hyperplastic with most of the lymphoid
follicles were presumably surrounded by fibrin and
containing the germinal centres [41], while the marginal
zone was indistinct with globulin disposition [40]. The
sinusoids were distended with RBC, with numerous REC
containing haemozoin-laden macrophages on the lining of
the splenic cords [41].

The splenic rupture was usually accompanied by internal
haemorrhage and highly associated with severe malaria
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infection [56]. Splenectomy was usually performed due to
such complications [57]. Despite this, splenectomised
patients were indicated with haemodynamic instability, yet
proper treatment could stabilise and reduce the haemorrhage
[46, 58, 59]. Splenic rupture is reported to occur in the cases
of low parasitaemia levels [46, 60, 61].

HISTOPATHOLOGICAL CHANGES
KIDNEY

IN THE

Although gross examination of kidneys was appeared to be
normal, post-mortem observation in a fatal human P.
knowlesi case presented with the features of pRBC
sequestration in the vessels and intratubular casts formation,
despite the absence of the perivascular inflammatory cells
which are commonly expected with chronic inflammatory
reactions [38]. These features are indicated with acute
tubular necrosis (ATN) and renal failure [7, 38].

In P. knowlesi-infected M. mulatta, grossly the renal
cortex of the kidneys from most of the macaques had
punctuated red-brown stippling which extended as numerous
fine and linear of interrupted streaks [41]. Haemoglobinuria
was also observed in those macaques. Some of the kidneys
from other macaques were observed with dark red-brown
colour on the cortex and medulla without a prominent
difference in colour. As of the microscopic analysis,
haemoglobin casts and tubular degenerations were evident,
ranging from hyaline droplet degeneration to renal tubular
necrosis [41] while vacuolation of the tubules with the
presence of pRBC and RBC-containing haemozoin in the
capillaries were also indicated [40]. The renal corpuscle was
contracted yet the membrane of the capillary was thickened
[40]. In a study by Spangler et al, (1978), most of the
macaques had kidneys with features of tubular epithelium
atrophy and the collecting tubules had both granular and
cellular casts [41], or even haemozoin, protein and RBC
casts in a study by Chen et al, (2001) [40], while few of the
macaques had ATN with features of pyknotic nuclei and
vacuolated cytoplasm [41]. There were also macaques which
suggestive of ARF due to the accumulation of
haematopoietic cells in the vasa recta [41], and the macaques
which presented with distinct and hypercellular glomeruli
due to the mild proliferation of the endothelial, epithelial and
possibly mesangial cells, and exudation in capsular space
[40, 41].

In severe human malaria cases, acute renal failure (ARF)
is a common finding [62], which may also lead to mortality
[51]. The clinical phenotype of the haemoglobinuria of
“blackwater fever” correlated to renal failure has been
documented as well in P. knowlesi malaria [63]. ATN-
associated features are also relatable to the renal impairment
presented in severe P. knowlesi malaria cases [7]. Almost all
patients with severe P. knowlesi malaria were associated
with ARF [64]. While a pooled data pointed out that almost
half of severe P. knowlesi malaria cases were associated with
ARF and 42% of the cases were linked to death [29].
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POINTS TO CONSIDER

There are no remarkable chronic inflammatory reactions to
the brain, heart, liver, kidney and spleen in the fatal, human
P. knowlesi malaria as compared to the falciparum malaria,
particularly in the lungs [38]. Perhaps, it can be correlated to
the different immune system activation in each of the malaria
species infections. The pathophysiology might differ
depending on the hosts as well, where the chronic
inflammatory reactions are more associated with the
macaques compared to the human [38-41, 45, 46]. Although
the coma was absent, the cerebral pathology of human P.
knowlesi malaria is identical to the P. falciparum infections
except for the absence of the visible thrombi and platelet
clumping formation, and the rosetting of nRBC and pRBC,
which were interspersed instead [38]. It is baffling as the
ICAM-1, which is critical for the pRBC sequestration, was
not indicated in P. knowlesi malaria yet the sequestration is
still present in the brain and other organs infected with P.
knowlesi [38]. These pathological outcomes are suggestive
of other potential virulence factors or pathways of P.
knowlesi that are yet to be fully explored, or perhaps due to
both SICAvar and KIR genes unique to P. knowlesi [30, 65].
Onditi et al, (2015) demonstrated the possible placental
malaria in the P. knowlesi malaria, where the placenta of the
non-human primate model presented with the infiltrated
pRBC and inflammatory cells, which further suggestive of
cytoadherence of the cells in the placenta [66].

Additionally, histopathological changes particularly in
the brains, livers, heart and the lungs of the P. knowlesi
malaria are also demonstrated to be associated with the
parasite infection rate, which could be possibly related to the
parasitaemia level, but such changes are not remarkable in
the spleens and kidneys of the experimental macaques [40].
It is fascinating that experimental P. knowlesi malaria in
macaques are presented either as a mild infection as a
controllable parasitaemia or a severe infection following the
progression of the parasitaemia level [45].

CONCLUDING REMARKS

There are still many factors that are yet to be discovered on
the pathophysiology of P. knowlesi, particularly in severe
infection. More research is required to compare the severe P.
falciparum malaria with other malarial manifestations, and
the possible host switch events of P. knowlesi from the
macaques into humans. For example, the utilisation of
human-on-a-chip or organ-on-a-chip might be feasible to
assess the pathophysiological manifestation of P. knowlesi
with reduced invasive procedures, and the transcriptomic
studies of the P. knowlesi-infected patients at different stages
of infection. Last but not least, the lack of studies on
immunology led to the difficulty in interpreting various
immunopathological developments of P. knowlesi malaria
compared to falciparum malaria.



MIJBMB, 2022, 1, 58-67

ACKNOWLEDGMENT

We thank the Universiti Malaysia Sabah (UMS) for the
research facilities and the research grant (GUG0423-2/2019)
awarded to MFARI.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this manuscript.

REFERENCES

10.

12.

Garnham, P.C., Lainson, R. and Cooper, W. (1957) The tissue stages
and sporogony of Plasmodium knowlesi. Transactions of The Royal
Society of Tropical Medicine and Hygiene 51(5), 384-396.

White, N.J. (2008) Plasmodium knowlesi: the fifth human malaria
parasite. Clinical Infectious Diseases 46, 172-173.

Singh, B., Lee, K.S., Matusop, A., Radhakrishnan, A., Shamsul, S.S.,
Cox-Singh, J., Thomas, A. and Conway D.J. (2004) A large focus of
naturally acquired Plasmodium knowlesi infections in human beings.
Lancet 364(9414), 1017-1024.

Ahmed, M.A. and Cox-Singh, J. (2015) Plasmodium knowlesi - an
emerging pathogen. ISBT science series 10(Suppl 1), 134-140.

Barber, B.E., Grigg, M.J., Piera, K.A., William, T., Cooper, D.J.,
Plewes, K., Dondorp, AM., Yeo, T.W. and Anstey, N.M. (2018)
Intravascular haemolysis in severe Plasmodium knowlesi malaria:
association with endothelial activation, microvascular dysfunction,
and acute kidney injury. Emerging microbes & infections 7(1), 106.

Lee, K.S. and Vythilingam, 1. (2013) in Plasmodium knowlesi:
Parasites and their vectors: A special focus on Southeast Asia
(Lim,Y.A.L. and Vythilingam,l., ed.) Springer, Vienna, pp. 5-31.

Cox-Singh, J., Davis, T.M., Lee, K. S., Shamsul, S.S., Matusop, A.,
Ratnam, S., Rahman, H.A., Conway, D.J. and Singh, B. (2008)
Plasmodium knowlesi malaria in humans is widely distributed and
potentially life threatening. Clinical infectious diseases: an official
publication of the Infectious Diseases Society of America 46(2), 165-
171.

Chin, W., Contacos P.G., Coatney, G.R. and Kimball, H.R. (1965) A
naturally acquired quotidian-type malaria in man transferable to
monkeys. Science 149(3686), 865.

Garnham, P.C.C. (1966) in Malaria Parasites and other
Haemosporidia. Blackwell Scientific Publications, Oxford, pp. 323-
3s.

Coatney, G.R., Collins, W.E., Warren, M. and Contacos, P.G. (1971)
in The Primate Malarias. National Institute of Allergy and Infectious
Diseases, Bethesda, pp. 1-339.

Lee, K.S., Divis, P.C., Zakaria, S. K., Matusop, A., Julin, R.A.,
Conway, D.J., Cox-Singh, J. and Singh, B. (2011) Plasmodium
knowlesi: reservoir hosts and tracking the emergence in humans and
macaques. PLoS pathogens 7(4), €1002015.

Jongwutiwes, S., Buppan, P., Kosuvin, R., Seethamchai, S.,
Pattanawong, U., Sirichaisinthop, J. and Putaporntip, C. (2011)
Plasmodium knowlesi Malaria in humans and macaques, Thailand.
Emerging infectious diseases 17(10), 1799-1806.

Vythilingam, I., Tan, C.H., Asmad, M., Chan, S.T., Lee, K.S. and
Singh, B. (2006) Natural transmission of Plasmodium knowlesi to

humans by Anopheles latens in Sarawak, Malaysia. Transactions of

65

14.

20.

21.

22.

23.

24.

25.

26.

27.

The Royal Society of Tropical Medicine and Hygiene 100(11), 1087-
1088.

Vythilingam, 1., Noorazian, Y.M., Huat, T.C., Jiram, A.L., Yusri,
Y .M., Azahari, A.H., NorParina, I., NoorRain, A. and LokmanHakim,
S. (2008) Plasmodium knowlesi in humans, macaques and mosquitoes
in peninsular Malaysia. Parasites & Vectors 1(1), 26.

Wong, M.L., Chua, T.H., Leong, C.S., Khaw, L.T., Fornace, K., Wan-
Sulaiman, W.Y., William, T., Drakeley, C., Ferguson, HM. and
Vythilingam, 1. (2015) Seasonal and Spatial Dynamics of the Primary
Vector of Plasmodium knowlesi within a Major Transmission Focus
in Sabah, Malaysia. PLoS Neglected Tropical Diseases 9(10),
€0004135.

Jiram, A.I., Vythilingam, I., NoorAzian, Y.M., Yusof, Y.M., Azahari,
AH. and Fong, M.Y. (2012) Entomologic investigation of
Plasmodium knowlesi vectors in Kuala Lipis, Pahang, Malaysia.
Malaria journal 11, 213.

Wharton, R.H. and Eyles, D.E. (1961) Anopheles hackeri, a vector of
Plasmodium knowlesi in Malaya. Science 134(3474), 279-280.

Vythilingam, L., Lim, Y.A., Venugopalan, B., Ngui, R., Leong, C.S.,
Wong, M.L., Khaw, L., Goh, X., Yap, N., Sulaiman, W.Y ", Jeffery, J.,
Zawiah, A.G., Nor Aszlina, 1., Sharma, R.S., Yee Ling, L. and
Mahmud, R. (2014) Plasmodium knowlesi malaria an emerging public
health problem in Hulu Selangor, Selangor, Malaysia (2009-2013):
epidemiologic and entomologic analysis. Parasites & vectors 7T, 436.

Reid, J.A. (1968) in Anopheline Mosquitoes of Malaya and Borneo.
Institute Medical Research Malaysia, Kuala Lumpur, pp. 1-520.

Cooper, D.J., Rajahram, G.S., William, T., Jelip, J., Mohammad, R.,
Benedict, J., Alaza, D.A., Malacova, E., Yeo, T.W., Grigg, M.J.,
Anstey, M. and Barber, B.E. (2019) Plasmodium knowlesi Malaria in
Sabah, Malaysia, 2015-2017: Ongoing Increase in Incidence Despite
Near-elimination of the Human-only Plasmodium Species. Clinical
infectious diseases : an official publication of the Infectious Diseases
Society of America 70(3), 361-367.

Fornace, K.M., Herman, L.S., Abidin, T.R., Chua, T.H., Daim, S.,
Lorenzo, P.J., Grignard, L., Nuin, N.A., Ying, L.T., Grigg M.J.,
William, T., Espino, F., Cox, J., Tetteh, K.K.A. and Drakeley, C.J.
(2018) Exposure and infection to Plasmodium knowlesi in case study
communities in Northern Sabah, Malaysia and Palawan, The
Philippines. PLoS Neglected Tropical Diseases 12(6), €0006432.

Imai, N., White, M.T., Ghani, A.C. and Drakeley, C.J. (2014)
Transmission and Control of Plasmodium knowlesi: A Mathematical
Modelling Study. PLoS Neglected Tropical Disease 8(7), €2978.

William, T., Rahman, H.A., Jelip, J., Ibrahim, M.Y., Menon, J., Grigg,
M.J., Yeo, T.W., Anstey, N.M. and Barber, B.E. (2013) Increasing
incidence of Plasmodium knowlesi malaria following control of P.
falciparum and P. vivax Malaria in Sabah, Malaysia. PLoS Neglected
Tropical Diseases 1(1), €2026.

Amir, A., Cheong, F.W., de Silva, J.R., Liew, J. and Lau, Y.L. (2018)
Plasmodium knowlesi malaria: current research perspectives. Infection
and Drug Resistance 11, 1145-1155.

Pasini, E.M., Zeeman, A.M., Voorberg-VAN DER Wel, A. and
Kocken, C.M. (2018) Plasmodium knowlesi: A relevant, versatile
experimental malaria model. Parasitology 145(1), 56-70.

Cox-Singh, J. and Culleton, R. (2015) Plasmodium knowlesi: from
severe zoonosis to animal model. Trends in Parasitology 31(6), 232-
238.

Antinori, S., Galimberti, L., Milazzo, L. and Corbellino, M. (2012)
Biology of Human Malaria Plasmodia including Plasmodium
knowlesi. Mediterranean Journal of Hematology and Infectious
Diseases 4(1), €2012013.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

MIJBMB, 2022, 1, 58-67

Daneshvar, C., Davis, T.M., Cox-Singh, J., Rafa'ee, M.Z., Zakaria,
S.K., Divis, P.C. and Singh, B. (2009) Clinical and laboratory features
of human Plasmodium knowlesi infection. Clinical Infectious
Diseases 49(6), 852—860.

Singh, B. and Daneshvar, C. (2013) Human infections and detection
of Plasmodium knowlesi. Clinical Microbiology Reviews 26(2), 165-
184.

Garrido-Cardenas, J.A., Gonzalez-Ceron, L., Manzano-Agugliaro, F.
and Mesa-Valle, C. (2019) Plasmodium genomics: an approach for
learning about and ending human malaria. Parasitology Research
118(1), 1-27.

Chitnis, C.E. and Miller, L.H. (1994) Identification of the erythrocyte
binding domains of Plasmodium vivax and Plasmodium knowlesi
proteins involved in erythrocyte invasion. The Journal of experimental
medicine 180(2), 497-506.

Singh, A.P., Ozawara, H., Kocken, C.H., Puri, S.K., Thomas, A.W.
and Chitnis, C.E. (2005) Targeted deletion of Plasmodium knowlesi
Dufty binding protein confirms its role in junction formation during
invasion. Molecular Microbiology 55(6), 1925-1934.

Singh, S.K., Singh, A.P., Pandey, S., Yazdani, S.S., Chitnis, C.E. and
Sharma, A. (2003). Definition of structural elements in Plasmodium
vivax and P. knowlesi Duffy-binding domains necessary for
erythrocyte invasion. The Biochemical journal 374(Pt 1), 193-198.

Joy, D.A., Feng, X., Mu, J., Furuya, T., Chotivanich, K., Krettli, A.U.,
Ho, M., Wang, A., White, N.J., Suh, E., Beerli, P. and Su, X. Z. (2003).
Early origin and recent expansion of Plasmodium falciparum. Science
300(5617), 318-321.

Krief, S., Escalante, A.A., Pacheco, M.A., Mugisha, L., André, C.,
Halbwax, M., Fischer, A., Krief, J M., Kasenene, J.M., Crandfield, M.,
Comejo, O.E., Chavatte, .M., Lin, C., Letourneur, F., Griiner, A.C.,
McCutchan, T.F., Rénia, L. and Snounou, G. (2010) On the diversity
of malaria parasites in African apes and the origin of Plasmodium
falciparum from Bonobos. PLoS pathogens 6(2), e1000765.

Escalante, A.A., Cornejo, O.E., Freeland, D.E., Poe, A.C., Durrego,
E., Collins, W.E. and Lal, A.A. (2005) A monkey's tale: the origin of
Plasmodium vivax as a human malaria parasite. Proceedings of the
National Academy of Sciences of the United States of America 102(6),
1980-1985.

Mu, J., Joy, D.A., Duan, J., Huang, Y., Carlton, J., Walker, J.,
Barnwell, J., Beerli, P., Charleston, M.A., Pybus, O.G. and Su, X.Z.
(2005) Host switch leads to emergence of Plasmodium vivax malaria
in humans. Molecular Biology and Evolution 22(8), 1686—1693.

Cox-Singh, J., Hiu, J., Lucas, S.B., Divis, P.C., Zulkarnaen, M.,
Chandran, P., Wong, K.T., Adem, P., Zaki, S.R., Singh, B. and
Krishna, S. (2010) Severe malaria - a case of fatal Plasmodium
knowlesi infection with post-mortem findings: a case report. Malaria
Jjournal, 9, 10.

Dornbush, S. and Turnquest, A.E. (2021) in Physiology, Heart
Sounds. StatPearls Publishing, Treasure Island, (FL)

Chen, L., Li, G. and Luo, Z. (2001) Histopathological changes of
Macaca mulatta infected with Plasmodium knowlesi. Chinese
Medical Journal 114(10), 1073-1077.

Spangler, W.L., Gribble, D., Abildgaard, C. and Harrison, J. (1978)
Plasmodium knowlesi malaria in the Rhesus monkey. Veterinary
Pathology 15(1), 83-91.

Onwuamaegbu, M.E., Henein, M. and Coats, A.J. (2004) Cachexia in
malaria and heart failure: therapeutic considerations in clinical
practice. Postgraduate Medical Journal 80, 642-649

66

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Marrelli, M. T. and Brotto, M. (2016) The effect of malaria and anti-
malarial drugs on skeletal and cardiac muscles. Malaria Journal
15(1), 524.

Mishra, S.K., Behera, P.K. and Satpathi, S. (2013) Cardiac
involvement in malaria: an overlooked important complication.
Journal of Vector Borne Diseases 50(3), 232-235

Anderios, F., NoorRain, A. and Vythilingam, 1. (2010) In vivo study
of human Plasmodium knowlesi in Macaca fascicularis. Experimental
Parasitology 124(2010), 181-189.

Chang, C.Y., Pui, W.C, Kadir, K.A. and Singh, B. (2018)
Spontaneous splenic rupture in Plasmodium knowlesi malaria.
Malaria Journal 17(1), 448.

Rénia, L., Howland, S.W., Claser, C., Charlotte Gruner, A.,
Suwanarusk, R., Hui Teo, T., Russel, B. and Ng, L.F. (2012) Cerebral
malaria: mysteries at the blood-brain barrier. Virulence 3(2), 193-201.

Barber, B.E., Grigg, M.J., William, T., Yeo, T. and Anstey, N.M.
(2017) The Treatment of Plasmodium knowlesi Malaria. Trends in
Parasitology 33(3), 242-253.

Sailo, L., Pradhan, D., Nongthombam, R. and Bhattacharyya, P.
(2014) Disseminated intravascular coagulation in malaria: A case
report. Nigerian Medical Journal 55(2), 171-172.

Abildgaard, C., Harrison, J., DeNardo, S., Spangler, W. and Gribbles,
D. (1965) Simian Plasmodium knowlesi malaria: studies of
coagulation and pathology. The American Journal of Tropical
Medicine and Hygiene 24(5), 764-768.

Rajahram, G.S., Cooper, D.J., William, T., Grigg, M.J., Anstey, N.M.
and Barber, B.E. (2019) Deaths from Plasmodium knowlesi malaria:
case series and systematic review. Clinical Infectious Diseases 69(10),
1703-1711.

Harris, E.F., Younger, E. and Llewelyn, M.B. (2013) Acalculous
cholecystitis occurring in the context of Plasmodium malariae
infection: a case report. Journal of medical case reports 7, 197.

Kochar, D.K., Singh, P., Agarwal, P., Kochar, S.K., Pokharna, R. and
Sareen, P.K. (2003) Malarial hepatitis. The Journal of the Association
of Physicians of India 51, 1069-1072.

Baheti, R., Laddha, P. and Gehlot, R.S. (2003) Liver involvement in
Falciparum malaria - a histopathological analysis. Journal Indian
Academy of Clinical Medicine 4(1) 34-38.

Philips, R.E., Looareesuwan, S. and Warrell, D. (1986) The
importance of anemia in cerebral and uncomplicated falciparum
malaria: role of complications, dyserythropoiesis and iron
sequestration. Queensland Journal of Medicine 58(227), 305-323.

Lee, E.Y. and Maguire, J.H. (1999) Acute pulmonary edema
complicating ovale malaria. Clinical Infectious Diseases 29(3), 697-
698.

Hussein, B., Ani, A., Al-Mayoofi, O., Mehraj, M., Joher, A.A.,
Bonilla, J.A., Al-Mazrouei, A.S. and Badri, F. M. (2016) Spontaneous
rupture of splenic hematoma in a malaria patient: Case report and
review of literature. International Journal of Surgery Case Reports 29,
241-244.

Schuler, J.G. and Filtzer, H. (1995) Spontaneous splenic rupture. The
role of nonoperative management. Archives of Surgery 130(6), 662-5.

Hamel, C.T., Blum, J., Harder, F. and Kocher, T. (2002) Nonoperative
treatment of splenic rupture in malaria tropica: review of literature and
case report. Acta Tropica 82(1), 1-5

Jiménez, B.C., Navarro, M., Huerga, H. and Lopez-Vélez, R. (2007)
Spontaneous splenic rupture due to Plasmodium vivax in a traveler:
case report and review. Journal of Travel Medicine, 14(3), 188—191.



61.

62.

63.

64.

MIJBMB, 2022, 1, 58-67

Gockel, H.R., Heidemann, J., Lorenz, D. and Gockel, 1. (2006)
Spontaneous splenic rupture, in tertian malaria. Infection 34(1), 43—
45.

Kaur, C., Pramanik, A., Kumari, K., Mandage, R., Dinda, A. K.,
Sankar, J., Bagga, A., Agarwal, S. K., Sinha, A., Singh, G. and
Acharya, P. (2020) Renal detection of Plasmodium falciparum,
Plasmodium vivax and Plasmodium knowlesi in malaria associated
acute kidney injury: a retrospective case-control study. BMC research
notes 13(1), 37.

William, T., Menon, J., Rajahram, G., Chan, L., Ma, G., Donaldson,
S., Khoo, S., Fredrick, C., Jelip, J., Anstey, N.M. and Yeo, T. W.
(2011) Severe Plasmodium knowlesi malaria in a tertiary care hospital,
Sabah, Malaysia. Emerging infectious diseases 17(7), 1248—1255.

Willmann, M., Ahmed, A., Siner, A., Wong, I. T., Woon, L. C., Singh,
B., Krishna, S. and Cox-Singh, J. (2012) Laboratory markers of
disease severity in Plasmodium knowlesi infection: a case control
study. Malaria journal 11, 363.

67

65.

66.

Pain, A., Bohme, U., Berry, A.E., Mungall, K., Finn, R.D., Jackson,
A.P., Mourier, T., Mistry, J., Pasini, EM., Aslett, M.A.,
Balasubrammaniam, S., Borgwardt, K., Brooks, K., Carret, C., Carver,
T.J., Cherevach, I., Chillingworth, T., Clark, T.G., Galinski, M.R.,
Hall, N., Harper, D., Harris, D., Hauser, H., Ivens, A., Janssen, C.S.,
Keane, T., Larke, N., Lapp, S., Marti, M., Moule, S., Meyer, LM.,
Ormond, D., Peters, N., Sanders, M., Sanders, S., Sargeant, T.J.,
Simmonds, M., Smith, F., Squares, R., Thurston, S., Tivey, A.R.,
Walker, D., White, B., Zuiderwijk, E., Churcher, C., Quail, M.A.,
Cowman, A.F., Turner, C.M.R., Rajandream, M.A., Kocken, C.H.M.,
Thomas, A.W., Newbold, C.I., Barrell, B.G. and Berriman, M. (2008)
The genome of the simian and human malaria parasite Plasmodium
knowlesi. Nature 455, 799-803.

Onditi, F.I., Nyamongo, O.W., Omwandho, C.O., Maina, N.W.,
Maloba, F., Farah, 1.O., King, C.L., Moore, J.M., and Ozwara, H.S.
(2015) Parasite accumulation in placenta of non-immune baboons
during Plasmodium knowlesi infection. Malaria Journal 14, 118.



	The Official Publication of The Malaysian Society For Biochemistry & Molecular Biology (MSBMB)

