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Abstract

Plasmodium knowlesi is a parasite that can spread from animals to humans. Over the past 20 years,
scientists have become more and more interested in this parasite. This parasitic zoonotic infection is
common in Southeast Asia, and 6-9 % of symptomatic adult who get it have severe symptoms. In this
review paper, we will discuss recent and past studies on P. knowlesi. Additionally, we will describe the
epidemiology, clinical aspects, diagnosis, and therapy of this infectious disease. In addition to this,
we concentrate on the difficulties associated with the prevention and management of this important
parasitic zoonotic disease.
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INTRODUCTION

Malaria is an acute, febrile sickness
caused by protozoan parasites that belong to the
genus Plasmodium. It is spread via the infected
mosquito. According to the WHO, there were
241 million occurrences of malaria in 2020, out of
which there were 627,000 fatalities, an alarming
77% of which were under the age of 5 years and
ninety-six per cent of mortality was attributed to
the African region. Around 150 different species of
the Plasmodium parasite have been identified as
being infectious to birds, mammals, and reptiles.*
Even though they are only able to infect certain
types of hosts, they occasionally spread to people
as well. Plasmodium knowlesi is one example of
a newly discovered parasite. The Presbytis mela
lophos (banded leaf monkey), Macaca nemestrina
(pig-tailed macaque), Macaca arctoides (stump-
tailed macaques) and Macaca fascicularis (long-
tailed macaque) are all natural hosts for the
Plasmodium knowlesi parasite.>*

Prior to the description of significant cases
of P. knowlesi infections in Kapit District, Malaysia,
by Singh et al.,> malarial infections caused by P.
knowlesi in human beings were thought to be
extremely uncommon. After that, Plasmodium
knowlesi infection has been described in many
parts of the Southeast Asia region. As a result,
Plasmodium knowlesi is currently believed to be
the fifth species that causes malaria in humans.®
P. knowlesi is the cause of an upsurge in zoonotic
malaria cases in Malaysia, which rose from 1600
cases to more than 4000 cases between 2016 and
2018.7 Although the number of P. knowlesi cases
decreased significantly in 2019 and 2020 (to 3213
and 2609 cases, respectively) there were six and
five fatalities in those years respectively.”

In India, P. knowlesi malaria infections
are not frequently described; nonetheless, a
research conducted in the Andaman and Nicobar
Islands demonstrated that 53 of the 445 samples
analysed had P. knowlesi-specific gene sequences.®
As aresult of this, it is abundantly obvious that the
population outside of South-East Asia is also at risk
of infection with P. knowlesi, specifically in India.

It is quite difficult to identify P. knowlesi
by microscopy on peripheral blood smear due to
its similarities with other species of plasmodium,
especially with P. falciparum and P. malariae.®

As P. knowlesi can be incorrectly identified
as P. malariae or P. falciparum by conventional
microscopy method, cases of P. knowlesi may
already be prevalent in South East Asian countries
but have been overlooked. In light of this, the
utilisation of modern molecular diagnostic assays
in conjunction with routine microscopy is required
in order for us to be able to identify instances of P.
knowlesi. In this review paper, we will examine and
detail many studies on P. knowlesi. Additionally,
we will describe the epidemiology, clinical aspects,
diagnosis, and therapy of this infectious disease. In
addition to this, we concentrate on the difficulties
associated with the prevention and management
of this important parasitic zoonotic disease.

History

P. knowlesi was first seen and studied in
detail at the Kolkata School of Tropical Medicine,
India, by Napier and Campbell in the peripheral
blood smear of the Cercopithecus pygerythrus and
Macacus rhesus in 1932.%° A further detailed study
on P. knowlesi was executed by Knowles and Das
Gupta. They reported that rhesus macaque shows
fulminating and life-threatening parasitemia
compared to long-tailed macaque. In the rhesus
macaque, all phases of schizogony were evident in
the peripheral circulation, and the terminal phases
of infection were intense, with parasite numbers
up to 3.25 million parasites per cubic millimeter.
There were no appreciable symptoms, and the
infection cleared up spontaneously in the long-
tailed macaque. The first known natural infection
of humans with P. knowlesi occurred in 1965, when
a traveller acquired the parasite in Southeast
Asia.’ The Kapit Division of Malaysian Borneo was
the location where the largest number of cases was
discovered.® There have been reports of infections
in humans not just in Malaysia but also in other
countries of the world, including Thailand*
the Philippines.’®* Myanmar,'”*® Singapore,%?°
Vietnam,? Indonesia,?> and Cambodia.?

Vectors

The Anopheles Leucosphyrus group of
mosquitoes are believed to be responsible for
the transmission of knowlesi malaria, which are
typically located in the same areas as are home
to pig-tailed and long-tailed macaques.?
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An. balabacensis is the most effective
vector for the knowlesi infection.?? By employing
An. balabacensis, it has been shown that P.
knowlesi can be transmitted from monkeys to
humans, as well as from humans to other humans,
and from humans to monkeys. An. latens was
identified as the vector in Kapit, Division of
Malasia.?” An. cracens has also been found to be
a carrier of knowlesi malaria in Pahang, Peninsular
Malaysia. It bites most often between 8 and 9
p.m. An. cracens is highly zoophilic and has been
seen feeding on macaques in the treetops and
people on the ground.? * The malaria parasites
Plasmodium falciparum, Plasmodium malariae,
Plasmodium vivax, and Plasmodium ovale were
not discovered to be present in any of the P.
knowlesi vectors that were examined in a recent
entomological study in Sarawak,?”*° or in any of the
other regions of Malaysia.? In Vietnam, it has been
determined that An. dirus is the most effective
vector for the transmission of P. knowlesi.?* In this
region, An. dirus is also known to act as a vector
for P. vivax.

Evolutionary and Demographic History and
Molecular Epidemiology

The research that was carried out in
Sarawak demonstrated that many of the P.
knowlesi isolates collected from wild macaques
and those isolated from people shared identical
sequences of circumsporozoite protein gene (csp)
and mitochondrial DNA (mtDNA). Comparing
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the DNA sequences of nuclear P. knowlesi genes
taken from human hosts and macaques makes it
difficult to say whether or not knowlesi malariais a
recently emerging zoonosis. The examination of P.
knowlesi mitochondrial DNA (mtDNA) sequences,
on the other hand, makes it feasible to expand
our knowledge of the demographic history and
the evolution of the species P. knowlesi. Based on
these types of analysis, the time to the most recent
common ancestor (TMRCA) of P. knowlesi was
estimated to be between 98,000 to 478,000 years
ago.* This suggests that P. knowlesi is descended
from a population of ancestral parasites. It is at
least as old as, and possibly even older than, the
human malaria parasites P. vivax and P. falciparum,
for which the TMRCAs have been estimated
to be anywhere between 50,000 to 330,000
years ago,** and 53,000 to 265,000 years ago
respectively.343>

Clinical presentation

An infection caused by Plasmodium
knowlesi can manifest clinically in a variety of
different ways, ranging from asymptomaticillness
to severe disease. The incubation period is typically
between three and fourteen days; however, higher
incubation times have been reported in some
instances.?®3® In the three largest prospective
studies, the most common presenting symptoms
of knowlesi malaria were found fever (100%),
shivering, headache (89-94%), myalgia (47-88%),
nausea, vomiting (24-34%), cough (35-56%),

Figure 1. Stages of Plasmodium knowlesi in Peripheral Blood Smear
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Table. Molecular assays for Plasmodium knowlesi

Gene target Type of assay Primer or  Sequence (5'=>3') Ref.
probes
SSU rRNA Nested PCR Pmk8 + Pmk8:GTTAGCGAGAGCCACAAAAAAGCGAAT
Pmkr9 Pmk9: ACTCAAAGTAACAAAATCTTCCGTA 44
PkF1140 PkF1140: GATTCATCTATTAAAAATTGCTTC
PkR1550 PkR1550: CTTTTCTCTCCGGAGATTAGAACTC 45
SSU rRNA Real-time PCR pk pk: CTCTCCGGAGATTAGAACTCTTAGATTGCT 46
Apical membrane LAMP F3, B3, F3: GCCAAGGATATTTATCTCCAC
antigen 1 FIP, BIP, B3: CTTCTTCTTATGTTTGCCGT 47
Tubulin FLP, FIP:TTACAAACGTAAAAGTTGCAGGTACGATA
BLP AGGAGAGTATCAAATGTCCA
BIP:CTGTGTAGAGAAGAGAGCAGAAATTCCGG
ATTTTCATAATCCTCC

FLP: GGAAATGTGTTCAGGCTCAC
BLP: CATAAAGGAAGAATTTAA

and abdominal pain (23-52%).39*! The fever
spikes occur every 24 hours. There are no specific
features or clinical presentation of P. knowlesi
infections that help in the diagnosis from any other
type of the malaria infections.*

Lab diagnosis of P. knowlesi infection
Microscopy

Due to the fact that P. knowlesi shares
morphological similarities with other species of
Plasmodium, the study of peripheral blood smears
under a microscope is not the definitive method
for identifying this Plasmodium.

The early trophozoites of P. knowlesi have
the same morphological traits as P. falciparum,
including double chromatin spots (Figure 1C),
multiple infections per erythrocyte (Figure 1B),
and no expansion of infected erythrocytes, making
microscopical identification of P. knowlesi difficult
(Figure 1A). Band-form trophozoites and the rest
of P. knowlesi’s blood stages are similar to those
of P. malariae (Figure 1D to 1H). When Knowles
and Das Gupta introduced knowlesi malaria into
three humans via blood passage in 1932, they first
noticed the morphological similarities between P.
knowlesi and P. malariae.

Peripheral blood films stained with
Giemsa to demonstrate the various stages of P.
knowlesi in RBCs are shown in Figure 1.%3

Molecular identification

The accurate identification of malaria
parasites has been made possible with the
development of molecular detection technologies,
which have consistently demonstrated to be
more sensitive and specific than microscopy. The
molecular detection methods for P. knowlesi, gene
targets for PCR primers are summarized in Table.
Primers Pmk8 and Pmkr9 were constructed to be
used in a nested PCR assay for the identification of
P. knowlesi. This assay was designed based on the
small-subunit rRNA genes. In nested PCR assays,
this gene was utilised extensively for the purpose
of identifying Plasmodium vivax, Plasmodium
falciparum, Plasmodium ovale, and Plasmodium
malariae. The first round of PCR amplification
was carried out with primers that were specific
to the genus (primer rPLU6 in combination with
either primer rPLU1 or rPLU5), and then a separate
second round of PCR amplification was carried out
with primers that were specific to the species. This
method has high sensitivity and it is able to identify
between one and six parasites per microliter of
blood when a DNA template is created by a simple
boiling procedure from blood spots collected on
filter paper in the presence of a chelating agent.*

However, these primers still yielded false
positive results. Cross-reactivity exists between P.
vivax and P. knowlesi’s18S ribosomal RNA (rRNA)
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target area.??*>#%%9 The sequences of the area
that the Pmkr9 primer was designed to target
were identical when the ssrRNA-S genes from P,
knowlesi and P. vivax from GenBank were aligned.
The P. vivax sequence, in contrast, only had a
change at the 32 end and two mismatches in the
first 19 bases in the area corresponding to the
Pmk8 primer.*

Imwong developed two new primer
sets, PkF1060-PkR1550 and PkF1040-PkR1550,
as a solution to this issue. These primer sets
consist of three primers suited for semi-nested
PCR amplification of the ssrRNA-A fragment of
the P. knowlesi rRNA gene expressed during the
asexual stages (ssrRNA-A). This study demonstrate
a specific identification of P knowlesi without any
overlap with other species.*>*°

Real-time PCR assay targeting the SSU
rRNA genes demonstrated by Divis et al. was
showed excellent sensitivity and specificity. Real-
time PCR techniques are more rapid and can
provide quantitative data than nested PCR, but
they are costly and necessitate a significant initial
investment.*

Loop-mediated isothermal amplification
(LAMP), discovered by Notomi et al., can amplify
DNA with significant efficacy as its detection limit
for DNA in the reaction mixture is as low as six
copies within an hour at 65°C.>* In comparison
to nested PCR, LAMP is highly sensitive, with
detection limits as low as ten copies for the AMA-1
plasmid (10 copies). Lau YL et al demonstrated that
all 13 P. knowlesi suspected samples by microscopy
were positive under LAMP while Nested PCR using
species-specific primers found P. knowlesi in 12
samples.”” And another study the 71 P. knowlesi
blood samples, LAMP detected 69 microscopy-
positive samples. LAMP exhibited higher sensitivity
than nested PCR assay. The SYBR green | LAMP
assay was 97.1% sensitive (95% Cl 90.2—99.7%)
and 100% specific (95% ClI 83.2—-100%).>* The
real-time PCR techniques and other molecular
detection assays, such loop-mediated isothermal
amplification (LAMP) assays, are very expensive
and will not completely replace microscopy in
routine diagnostic labs in developed countries
where resources are limited.

Rapid Diagnostic Method
Malaria rapid diagnostic tests (RDTs)

are immunochromatographic tests that look for
malaria antigens that are released from red blood
cells that have been infected by parasites. RDTs
need a blood sample from the patient, which
is taken with a lancet. The sample and a buffer
solution are then put in a test cassette, and the
results are read. The tests do not need electricity
or special equipment, and the results are available
within 30 minutes. HRP-2, pLDH, and Plasmodium
aldolase malaria antigens are detected in various
types of RDT.>

There have been various different RDTs
tested for knowlesi malaria in many studies. The
outcomes of these tests have been mixed. Foster et
al. discovered that when compared to microscopy,
the sensitivity of P. knowlesi identification by the
three RDTs (OptiMAL-IT, BinaxNOW® Malaria, and
Paramax-3) was 71% (20/28; 95% Cl = 54-88%) for
fresh and 73% (30/41; 95% Cl = 59-87%) for frozen
knowlesi samples., 29% (8/28; 95% Cl = 12-46%) of
fresh and 24% (10/41; 95% Cl = 11-37%) of frozen
samples, 40% (10/25; 95% Cl = 21-59%) with fresh
and 32% 13/41; 95% Cl = 17-46%) with frozen
samples.>*>>

Treatment

Artemether-lumefantrine and
Artesunate- mefloquine is the preferred ACT
for knowlesi malaria as listed by the Malaysian
Ministry of Health lists.>® The knowlesi malaria was
misdiagnosed as P. malariae due to its similarity on
microscopy and treated with chloroquine, which
was the first-line P. malariae treatment in Malaysia
during the last decade. The majority of patientsin
the early case series of knowlesi malaria were also
treated with chloroquine. Singh et al. reported
92 individuals with knowlesi malaria treated
with chloroquine and primaquine with a median
parasite clearance was 2.4 days in Sarawak,
Malaysia. Ninety six people with uncomplicated
knowlesi malaria received chloroquine in a
hospital study and were successfully treated and
all patients were PCR negative on days 7, 14, 21,
and 28.7

Death is reported in unsuspected severe
knowlesi malaria treated with chloroquine.*® For
severe knowlesi malaria, parenteral artesunate is
the treatment of choice, and once oral consumption
is tolerated, 3-day course of an oral ACT is
recommended, such as artemether-lumefantrine,
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in accordance with local recommendations and
availability.>® Drug resistance has not been a
problem due to the parasite’s zoonotic nature,
and for uncomplicated illness,the first-line
ACTs artemether-lumefantrine and artesunate-
mefloquine have both been demonstrated to be
very effective and for severe illness Intravenous
artesunate must be started immediately.®°

Control of Plasmodium knowlesi malaria

The knowlesi malaria transmission in
humans involves multiple components, namely
humans as accidental hosts, monkeys as natural
hosts, and Anopheles with zoo-anthropophilic
feeding behaviour. Humans are now very close to
wildlife due to various activities, including logging
industry, gathering jungle resources, subsistence
agriculture, extension of home development to the
border of forests, and eco-tourism. This makes the
natural hosts (monkeys) and vectors (Anopheles),
and humans close together and helps the knowlesi
malaria transmission in humans.

Human knowlesi malaria transmission
increases with monkey-human overlap. Breaking
this transmission circuit should prevent knowlesi
malaria in humans. Knowlesi malaria vectors must
be identified for vector control. Several Anopheles
Leucosphyrus mosquitoes have been linked to
knowlesi malaria.?®?%! Vector control should
include landscape and urban planning. Human
dwellings and natural forests should be separated
by a “buffer zone” free of primates (humans and
simians) and knowlesi malaria vectors.5%? To break
the malaria transmission cycle from monkeys
to humans via mosquitoes, in locations where
Anopheles balabacensis vectors P. knowlesi, the
“buffer zone” between human activity and monkey
habitats should be at least 1 km.%

CONCLUSION

Our current understanding of the
pathophysiology, clinical course, therapy, and
epidemiology of knowlesi malaria is based on a
small number of case series and limited prospective
and retrospective studies. The data obtained
suggest that knowlesi malaria is predominantly a
zoonotic disease, the primary reservoir hosts of
P. knowlesi are Macaca fascicularis and Macaca
nemestrina. Although P. knowlesi infections can

be fatal, they can be treated with antimalarials.
P. knowlesi can be difficult to accurately diagnose
using microscopy because its various stages,
such as early trophozoite, are similar to those
of P. falciparum, and its mature blood stages
are comparable to those of P. malariae. This
makes it difficult to distinguish between the
two parasites. In addition, the sensitivity of the
rapid diagnostic tests that are now commercially
available is low for P. knowlesi. The most accurate
methods available for dectecting the P. knowlesi
are P. knowlesi-specific PCR tests, which can be
performed by nested PCR, real-time PCR, or PCR
combined with sequencing. Healthcare providers
and other medical professionals should be aware
that P. knowlesi infections can sometimes be
fatal, and knowlesi malaria should be monitored
continuously.
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