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BIOGRAPHY 
Profes or Dr Lau Y · Ling is at present the Head of the Department of Parasitology, Faculty of 
Medicine at University of Malaya (UM). Sh started her academic career as a lecturer at 
Monash University Sunway arnpu while waiting for her PhD viva in 2008. During her time 
as a 1 cturer in Monash University, she was awarded two Monash University Research Grants 
in which enabled her to continue her research in the field of molecular parasitology. She then 
returned to her alma mater, University of Malaya, as a Senior Lecturer in 2009. She was 
granted tenure in 2010 and promoted to Associate Professor in 2013, and Professor in 2019. 

Professor Lau's scientific career has been dedicated to the study of protozoan parasites, 
including Plasmodium knowlesi and Toxoplasma gondii, the causative agents of malaria and 
toxoplasmosis, respectively. These parasitic diseases exact enormous social and economic 
burdens. Her research interest mainly focuses on using molecular methods for the detection 
and characterization of these parasites infecting humans and animals. She has collaborated 
with local and international researchers, leading to publication of more than 170 ISI journals, 
with total citations index of 1767 and H-index of 22. TI1is res arch , 
to acquire and be a part of many international and local resear h grants, i.e., Hub rt Curien 
Partn rship-Hibiscus (PH -Hibiscus), ASEAN-India ollaborativ R& sch m , RF 
Global Impact Ace I ration Account ( JAA) Impa t Fund, High Impact R search Grant, 
University of Malaya Research Grant, FRGS, E-sci n , LRGS and others, with cumulative 
research funding amounting to at least RMs million. These were followed by several 
intellectual property rights under her belt on rapid molecular diagnosis of dengue, malaria 
and COVID-19. Since 2009, 13 Masters and 17 PhDs have completed their studies with 
success under her guidance. Currently, they are 4 Masters and 8 PhDs under her supervision. 

With her experience in grant management, she had held numerous administrative posts such 
as the Head of Grant Management Unit, of Health and Translational Medicine Cluster and 
Faculty of Medicine, besides being a committee member in evaluating applications for FRGS, 
LRGR and TRGS at the national and international levels. She established the Science Cafe in 
2017, which continues to be the main channel of r earch communication between clinicians 
and scientists at the Faculty of Medicine. She wa also a committee member of the University 
of Malaya Institutional Bio af ty and Bio urity ornrnitt e (IBB ) Animal Experimental 
Unit, Faculty of Medicine Ri k and Quality Manag ment and an int rnal auditor of Faculty 
ofM di in . 



Currently, she is the editor-in-chief for the Journal of Health and Translational Medicin 

(JUMMEC) for University of Malaya, editor of Asia Pacific Journal of Molecular Biology & 

Biotechnology and associate editor of BMC Infectious Diseases. Through her contribution to 

the field of science, she is a regular reviewer for a few international journals such a Natur 

Scientific report, Lancet, PLOS One, Parasites & Vectors, Malaria Journal, International 

Journal of Tropical Disease & Health and others. With her extensive xperiencc and 
reputation in the field of molecular parasitology, Professor Lau has been much sought after 

as speaker and consultant both locally and internationally. 

Professor Lau has been an active member of the Malaysian Society of Parasitology and 

Tropical Medicine (MSPTM). She was a council member of the MSPTM in year 2018-2019. 

She is also active in the Malaysian Society for Biochemistry and Molecular Biology (MSBMB). 

She was the Honorary Secretary of the MSBMB in 2017-2019 and the current President. 

Professor Lau's passion for research can only be matched with her passion for teaching and 

education. When conducting classes, besides ensuring her lectures are easy to follow, she 

makes all attempts to infuse interest and solicit students' participation by incorporating more 

recent articles and real life scenarios in order to illustrate the day-to-day relevance of the 

teaching subject matter. And because of her enthusiasm for education, she has volunt er d 

to be the Problem-Based Learning (PBL) Phase II coordinator in 2011 then became the PBL 

main coordinator in 2018. Recently, she has been actively participating in organizing PBL 

training workshops for UMMP program. 

Pl'O'~ RROr Lau has be n award d University of Malaya Excellent Service Award three times in 

aou, 2013 and 20J5. Sh was awarded M PTM Nadchadtram Medal in 2014. She has also 

b n nwurd 1d u f w tirn •s for h r innovation in research including the Grand Prize in 

Nntionul Ex ·lusiv Innovation halleng Award 2018. 



Synopsis 
Originally a simian malaria, Ptosniodium know/esi is now known as the fifth human malaria 

species. ince the r port of u larg fo ·us of human know! si cases in Sarawak in 2004, many 

more human cases have been reported in all of the countries in Southeast Asia and in 

traveller returning from these countries. The zoonotic nature of this infection hinders 

malaria limination efforts. In order to grasp the current perspective ofknowlesi malaria, this 

inaugural lecture explores the different aspects of the disease including risk factors, 

diagnosis, treatment, molecular and functional studies. Current studies do not provide 

sufficient data for an effective control programme. Therefore, future direction for knowlesi 

research is highlighted here with the final aim of controlling, if not eliminating the parasite. 



Knowlcsi malaria 

Introduction 

Plasmodium knowlesi, originally a simian malaria, is now r cognized as the fifth human malaria 
parasite.' Human knowlesi infections have been reported In nearly all of the countri sin Southeast 
Asia and in travellers returning from these countries.•.:M The cumulative cases of knowlesi malaria in 
the Southeast Asia region from 2004-2015 is 3413 cases with 9i.47% of thes • found In Malaysian 
Borneo.e From 2013-2017, Malaysia reported a total of 11380 human knowlesi malaria which 
contributed to 69% of the country's total malaria cases. Out of this, 9902 cases were from Malaysian 
Borneo.6 

The parasite's natural reservoir hosts are the long-tailed macaque (Macacafascicularis),7 pig- 
tailed macaque (Macaca nemestrina)8 and the banded-leaf monkey (Presbylis melalophos)» Thus 
far, several mosquito species belonging to the Leucosphyrus Group have been incriminated as vectors 
for knowlesi malaria, namely Anopheles hackeri.» An. latens, 11 An. crecens, 12 An. balabacensis, •3 An. 
dirus,14 and An. introlatus:» It is not surprising that the geographical distribution of P. knowlesi is 
confined to Southeast Asia since it follows the limits of natural distribution of both its natural hosts 
and vectors." To date, the pattern of knowlesi infection in humans does not indicate that they are 
transmitted via human-mosquito-human.'?"? 

Th •ru urn sov rul lu uors lcudlng to the incr asc of reported P. knowlesi cases. These include 
better dluguostlc capacity, deer 'using human malaria cases which in turn reduces relative immunity, 
Increased awareness to P. knoiuiesi and close proximity of humans with natural reservoir hosts or 
infected vectors due to changes in human land use.5°19 Many studies huve been done on P. knowlesi 
ever since It was first described in 1932 by Knowles and Gupta.7 This has led to important findings in 
malarialogy which include the discovery of antigenic variation In rnalariaw and demonstration of an 
absolute requirement for the Duffy receptor for the invasion of red cell by the parasite." Furtherrnor , 
since the report of the large focus of naturally acquired P. knowlesi infection in humans by Singh et 
a/,22 the disease and the parasite has be in further .haru -t •rlz ·d, both ·llni mlly und 11101 • .ulnrly. ln 
order to grasp the current pcrsp ictlvc of know! si malaria, this literature r vi ·w ·xplor •s th •differ nt 



asp cts of the dis .asc including risk fu 'tors, diagnosis, tr iutrn int, mol iculnr anti fun ·Lional studi is, 
mainly focusing on publications from the last fiv years. 

History of Plasmodlum know/es/ 

A large focus of human 
cases was found in 

Kapit, Sarawak 

Ecological and individunl-lcvcl fuctors associated with infection 

Risk factors associated with P. knoiulesi infc .tion has b • nan ar ·a of int •r st ov •r th· past f ·w y urs 
as r search irs begin to invcstigar i links b tw n nvironrn mtnl, o upntional, so iod mogrnphic and 
dorn slic factors that may ontribut to nn in r as d risk of inf ·tion. The und rstanding and 
identification of th sc risk factors would be invaluabl in cl signing appropriate and effective public 
health interventions for knowlcsi malaria. 

With the advancement of technology; including the use of unmanned aircraft systems (UAV) 
or drones, the task of mapping spatial and geographic data to identify environmental factors has been 
greatly improved.o Fornace et al studied the association between P. knouilesi incidence and various 
environmental variables via satellite-based remote sensing data in Kudat and Kota Marudu, Sabah.24 
The study found that greater than 65% forest cover in a 2 km radius, higher historical forest loss and 
lower elevations were significantly associated with higher incidence of P. knouilesi infection. The 
authors postulated that the association may be a result of shifts in human settlement as well as 
changes in the macaque and mosquito habitat due to deforestation and agricultural activities. 

With the current ever-changing economic landscape of Malaysia and its surrounding countries 
in Southeast Asia, economic pressures and needs have caused a dramatic increase in land use 
particularly in Borneo Malaysia. The deforestation and use of land may play an important role in 
influencing the distribution of P. knouilesi host and vector populations that may be unnoticed in 
comparison with other more well-known factors that drive knowlesi infection .•s In a Malaysian 
context, large deforestation efforts for agricultural or re ttlement purpo es may have caused 
population migration of macaques to move closer to th fringes of the for t and con equently to erni­ 
urban ureas.w'I'his also inadvert ntly cau s a shift with th L •u ·osphyrns mo [uito v •·tor extending 
their rung • to farms, village · and logging ur ia on th Crin of th for st culminating in an area 
where the vector, monk 'Y ho t and human co- xi l which in r as the ri k of P. knowlesi infections 
in th •s · urcas.v 

Sociod .mogruphi · and indl idual-le cl fnctors may also can incrca cd risk for knowlesi 
11111l11rl11 i1il'•ctio11. J\. l1 o- •111· cnsc-control stud 1 as carried out b rigg et al from 2012 to 2015 in 
Snbuh, Mnln sl11.~1 From u demogruphic standpoint, participant with age over 15 years were found 
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to have increased risk of P. knouilesi whereas other Plasmodium infections w r found to b higher 
in individuals that were younger than 15 years or age. There was also a strong g indcr bias towards 
male participants indicating males over the age of 15 carrl cl a high ·r ri k of JJ. know/ si inf lion. 
This suggests that health intervention programs focusing on mat rnnl and child h ialth may b 
inadequate for P. knowlesi malaria intervention. Other studies have al o indicated higher parasit min 
and increased P. knouilesi disease severity in association with age .2H·:11 Higher risk in association with 
age may relate to occupational risk as older individuals seek job opportunities in th area. Farming 
and palm oil plantation work was also identified for higher risk of infection. 

Domestic and peri-domestic risks were also identified; where having open caves and gap in 
the walls, having long grass around the house, sleeping outside of the house and rec nt clearing of 
vegetation were associated with a high risk of P. knowlesi infection. A reduction of risk was also 
observed in households with indoor residual spraying being practiced although bed nets only proved 
to have a marginal effect on risk. 

It was noted that recent presence of monkeys was a strong predictor for risk indicating a high 
likelihood that monkey to human transmission is still U1e main transmission pathway rather than 
human to human transmission. Separately, it was also noted that G6PD deficiency conferred some 
form of protection against P. knowlesi with it being associated with decreased risk of P. knowlesi 
infection, similar to what has been observed in P. vivax malaria.as The presence of young sparse forest 
and rice paddy around the house similarly were significantly associated with reduced P. knouilesi 
risk.« 

A study by Herdiana et al in 2016 also looked at malaria risk factor assc smcnt using both 
active and passive surveillance in Indonesia.ea Initial screening revealed a total of 19 P. knouilesi cases 
which was an unexpected discovery in the study. A comparison of P. knowlesi cases to non-cases 
indicated risk factor findings similar to the study by Grigg et al, with increased risk for P. knouilesi 
infection in the male gender, participants of adult ag •,and forest ixposur . or for st r ilut id work ns 
well as spending time overnight in the forest. When comparing P. knouilesi ascs with P.fal ·ipar11111 
and P. vivax infections, it was noted that P. knowlesi cases were more likely linked to forest exposure 
and pcri-domcstic factors. 

A study by D Silva el al ornpar cl the distribution of th diff r nt Duffy gcnolyp s among P. 
knouilcsi inf ·ctcd put lonrs nncl h nlthy donors to dcr rm inc if there was an association between Duffy 
gonotyp ,~ and s11sc •pt.ibllily to P. knouilesi inf ction.n The authors argue that due to the 
ov rwh !ming homog melty of th Duffy dlstrihution in the region, nsscssrn nt of susceptibility was 
not ~ nslh'I •. llow v r, [urth r studi s into th Duffy distribution b lwecn P. knouilesi patients in 
P •nl11H11lor nnd Born o Mnlnysln may allow for P. knouilesi susceptibility studies particularly if the 
D11ffy dlstrlbullon hctw 11 both r •gions is 11111rk ·dly difC•r ·nl. 

Dlug11osl11 

Microscopy Is th ' gold sla11dard for malaria diagnosis but has its limitations as ring forms of P. 
krwwlesi r •scmblo P.falcipcll'ltm und trophozoil ·sand schizonls r ·s •mble those of P. malariae, and 
hence cannot be r ·liably cliff ·rcntiutcd.•·:15,:16 Most P. knowlesi inf ctions have been identified as more 
benign I. 111alcll'ic1e which has been associul •cl wilh failure lo diagnos •severe malaria and consequent 
delayed parenteral artcsunute, with fatal outcomcs.:i7 (n ureas of significant P. knowlesi •ndcmicily, 
parasites with the microscopic diagnosis of P. malaric1e should be r •porl ·d and Lr •at ·cl as P. know/ 1si 
to reduce JJ. k11owlesi usc-fatnlity ratcs.:1H Limitation of 111iscrnscopi · dl11gnosis hos b • ·n r ·porl •cl in 
Sa bah, w.herc 21.% 11nc.l 38% of blood films of P. 111alariae/ P. know/ 'Si w r •diagnosed as P.falciparum 
and P. vwax, rcspect1v •ly by P JU•i I.ow pnrnsit •min i~ f'11irly l'0111111on in k11owl ·si 11111l11ri11 und u111 
cause f•v •r.~'1 Knowl •si mnlnri11 with low p1u·nsitc111i11 111ny not lw dcl '('It'd by nii('rOS('t)p . 11 •llt'I' 
methods for the di11gnosis of k11owl si mnlnrin sul'h ns 11101 • ·ulnr methods 11rn IH' •d ·d. 
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To date, ther are no immune hromatographi · rapid diagnostic tests (RDTs) sp cifically 
d sign d for P. k11owl si d l lion. urrcntly availabl malaria RDTs have been mainly used for 
d l ·ction of Pi falciparum and I. uiuax infections. OptiMAL-lT, one of the first RDT that could detect 
P. knouilesi, could mi takenly identify it as Pi fatciparum as the monoclonal antibody used to detect 
P. [alciparum histidine rich protein 1T (HRP-2) cross-reacts with P. knowlesi. Among all the other 
RDTs, OptiMAL-IT has the highest sensitivity for detecting P. knouilesi, although the percentage is 
still low (32-72%).4°-42 Other RDTs include BinaxNow which measures antibody response to non­ 
specific pan malarial aldolase, and Pararnax-g and Entebe Malaria Cassette specific for P. uiuax lactate 
dehydrogenase, which can detect P. knouilesi as P. uiuax, are mostly still unable to distinguish P. 
know/esifrom P. uiuax.4'·42SensitivityofRDTs to knowlesi malaria is poor, particularly at low parasite 
densities,4o,4i,43 and they are not currently suitable for clinical use. However, RDTs are so far the only 
commercially available point-of-care diagnostic tool due to it being user-friendly, rapid and cost­ 
effective. Other limitations of RDTs include HRP2 deletion, inadequate quality control for RDT and 
limited heat stability to be used on the field.« 

While microscopy remains the gold standard for malaria diagnosis and RDTs a 
supplementary test, diagnostic method for clinical purposes must consider the potential inaccuracies 
of these two, thus, molecular methods such as PCR are needed to further confirm and differentiate 
the human Plasmodium species. Confirmation of species by PCR will also allow appropriate 
administration of prirnaquine to patients with P. uium: or P. ooale infection.w 

Molecular m ithods such us PCR and rcul-tirn • PCR arc mor · uc .urul ·ind •t ·'ling JJ. knoiulesi 
and arc valuable for species idcntiflcntion in ·uses of mix d malaria infc tion.« N l 'd and r al-tim • 
PCRbas'd on 18S rRNAg n . can cl ·t • t P. know/ siin as Iowas 1 pnrnsit /pLof'blood.11!>.11111ow v r, 
du· lo lack of foci Ii tic· and th lengthy pro dur ·, P R is not wid ly us din nil nd 'mi nr as. Loop­ 
m ·diat cl i oth .rmal arnplif .ntion (LAMP) is nnoth r promising mol .cular diagno tic technique that 
is npplicablc for b .dsidc use as it is sensitive, sp cific, rapid (60-90 min) and easy to use. LAMP does 
not r quire costly machine and cxperti e.4a The Eiken Loopamp'?' MALARIA Pan Detection kit 
targeted at Plasmodium genus can detect all malaria species. It has been shown to be highly sensitive 
to P.falciparum, P. uiuax 49-5• and P. knoiolesiss However, this method is unable to identify species 
of infecting Plasmodium and quantification of positive samples is also impossible. Species-specific 
LAMP assays for all five human malaria species have been developed and were highly sensitive and 
specific. 54 However, due to its high sensitivity nature of LAMP, cross-contamination can occur 
easily.e- 

Loop-mediated isothermal amplification (LAMP) 

(/ 
Addonlo 

Flnaer prick blood LAMP rtaction 

Loading of LAMP produc1 
onto lal<rnl flow device IHLc i Uf 

IM 

I Uf a ... 
f: 
{!. ... 

• t." . 
11-" •f ,.,11hl1y (Ip I• •I•) 
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To mitigate the requirements for facilities and professional pcrsonn •I r iquir cl by other 
nucleic acid-based tests, rccombinasc polymerase amplification (RPA) is nnoth r isoth irmal 
amplification technique that can be performed. RPA is potentially to develop as a point-of-care 
technique since it operates in a short timing ( <20 min) and is capable of d tccting xtr m ly low 
concentrations of parasite. The end product can be loaded on a lateral flow cassette and result can be 
obtained within 2 rnin.ss To circumvent the challenges in malaria diagnostics with technologies that 
address performance of sensitivity and specificity of diagnostic method, CRISPR-bascd methods arc 
a new class of highly sensitive and specific assays that can be performed. SHERLOCK (Specific High 
Sensitivity Enzymatic Reporter UnLOCKing) is a combination assay of CRTSPR and RPA. A 
SHERLOCK assay has been developed for the detection of P. falciparum with 94% sensitivity and 
94% specificity in clinical samples as compared to real time PCR. This novel SHERLOCK assays have 
potential to promote as a new generation of molecular diagnostics for malaria.ss 

Point-of-care molecular tools for rapid malaria diagnosis have also been reported. A lab-on­ 
chip PCR diagnostic platform for malaria, the Accutas system, can detect five species of human 
malaria with high sensitivity (97-4%) and specificity (93.8%) and it can be performed directly with 
unprocessed blood (time savingj.sz Truelab Uno, based on TaqMan chemistry has sensitivity and 
specificity of 100% compared to the nested PCR.sa Other point-of-care molecular tools for malaria 
include Illumigene Malaria LAMP workflow, nanornal and nucleic acid lateral flow immunoassay 
DIAGMAL.s9 However, these molecular methods were not tested specifically for P. knouilesi. 

Although molecular methods are the most efficacious in diagno sing P. knowlesi infection, 
most of these tests, especially nested PCR can produce a false-positive P. knowlesi result in P. uiuax 
infections.so On top of that, it requires expensive equipment and clean facility. An ideal mole .ular 
diagnostic test for point-of-care diagnosis of all five human malaria sp cics whi his cost- iff cliv and 
suitable for the resource-limited setting is yet lo bed vclop cl. 

Treatment and drug rcsi.<;tancc 

D11c to its short nscx1111I cycle of 24-h, inf ction with P. knoiolesi can rapidly progress into severe 
mnlnrln which can b fn1·aJ.111 Th itr iatrncnt guidelines elev lop cl by the World llcalth Organization 
(WllO) for nil human mnlnrin In ludinu knowlcsi malarin is based on the four core principles: early 
dlngnosis nnd prompt •ff ctiv tr ntm nt, rational use of antimalarial agents, combination therapy 
nnd approprln: wclght·bns •d dosing.11• Th • propos cl choi of trcatrn nt depends mainly on whether 
Lh Pill nt pr '8 •nts with uncornpll ·11t .d ors were infection. Jn 2015 guidelines for the treatment of 
i11t1l111'iu, Wll re ·0111111 •nds thut adults and .hildr ·n with uncomplicated knowlesi malaria be treated 
with u1tc111lsl11i11-bus ·cl ·ornbinulion th .rapy (A I') ( except for pr gnant women in their first 
trimester) or chloroquin ·. l lowcv ir, th· latter is not recommend d in areas with chloroquine­ 
reslstunt t'lasmodium sp ici ·s. Wh ireus in severe malaria, WllO suggests the administration of 
parenteral artcsunatc for at least 24 h followed by ACT in both adults and childrcn.w 

Since th ·history of P. k11owlesi infection in humans is relatively short compared to other human 
maluria, only few studies have b ·en don' to assess th• sensitivity of' P. k11owlesi towards different 
antimalarials. A prospective observational study in adults demonstrated that chloroquine together 
with primaquine were successful in treating uncomplicated know! ·si 111ularia.<>:1 In a rundomiz d 
control lriul, Grigg et al found both art •swiale-111elloquin' combination th ·rapy a11d chloroquine 
monothcnipy to bo V'ry effective in treating udult und childr •n with un ·ompllcat ·cl P. k11owlesi 
infection. However, the paras it und f •v •r C'I ·a ran·• w •r • notnbly fast ·r in thos r · ·iving artcsunat ·­ 
mefloq11in 'combin11tion th rnpy."~ A rnor • r • · •11L n111domil'. •d wntrollcd 1ri11l con1p11rl11g th· ·fficnt: 
of arthcmctcr-l11m •fnnlrin nnd chlomq11ln oncl11dcd 1h11t th• fonm•r wns l'f~tllvo In trl·11ll11g 
uncomplicated knowlcsi malnrin with good toil'rnbillty 11nd rnpld th •r11pcutl · n•spuns ; th11s 
supporting Its 11se 11s n first Jin' A ''I' tr •11t111 •nt policy for 111111111'111 lt1 Muln sl11.~·1In1H vt'I'!' k11owl(• I 
rm1IArin, intrnv'no11s nrt •s11nnt 'hnN hmm shown to b • t•fft·ctlvn with 1'(•d11l'tlo11 111 f11111llt rnl! ,••1,11n1111 
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Additionaly, d aths from knowle i malaria has b en linked to the delay in administering intravenous 
arte unate.61.68 

An ex uiuo drug sensitivity assay using clinical P. knowlesi isolates revealed that they were 
sen itive to artemisinins and chloroquine but were less sensitive towards mefloquine.w Despite no 
evidence of metloquine resistance from these studies and its monotherapy has been reported to 
successfully treat uncomplicated knowlesi malaria,7°·7' using mefloquine as monotherapy for knowlesi 
malaria is discouraged.s- This is likely due to concerns arising from treatment failures reported in 
rhesus monkeyszwa and in a single human knowlesi case.« 

In studying the drug resistance mutations, Tiyagi et al found that the orthologs for known P. 
falciparum drug resistance genes namely chloroquine resistance transporter (Pkcrt) and 
dihydrofolate reductase (Pkdlifr) of their P. knowlesi isolates were all wild type.zs Grigg et al did a 
similar study and found moderately diversed Pkdhfr sequence amongst their P. knowlesi isolates. 
Nevertheless, there was no evidence of selective drug pressure in humans.w In addition to crt and 
dhfr, other orthologs of P.falciparum drug resistance genes including multidrug resistance-i (mdrr), 
dihydropteroate synthase (dhps) and kelch Kl.3 were also looked at, with no signs of positive 
selection.n Since only human hosts would be expected to have antimalarial drug exposure and as long 
as the transmission of P. knouilesi remains zoonotic, the absence of drug selection pressure will make 
it unlikely to develop antimalarial drug resistance. 

Although current state of P. knouilesi tr atrn ent shows no resistun · towards untimalurials, 
re earch on new therapeutic candidates should not b halted a multipl antimalarials r istant 
Plasmodium sp. strains ar emerging in South ast Asia countri s parti ularly in arnbodia, Myanmar 
and Thailand.w To address thi i su , in oitro su ptibility studi s of P. know/ si to a rang of 
stabli h d antimalarial drugs and inv stigational antimalarial ompounds have been done and 
cornpar d to P. folciparumr-": Although th two pecies show d equal susceptibility to most 
antimalarial compound, P. knouilesi was more susceptible to dihydrofolate reductase (DHFR) 
inhibitors (pyrimethamine, cycloguanil and trirnethoprim) and three other antimalarial compounds 
(KAF156, halofantrine and MMV884705) compared to P. falciparum. However, P. knowlesi is less 
susceptible than P.fa/ciparum to several inhibitors of the dihydroorotate dehydrogenase (DHODH) 
enzyme (DSM1, DSM265, DSM421), the sodium channel ATP4 (cipargamin, SJ733 and PA21Ao92), 
cladosporin, pentamidine and AN13762. When tested against combined antimalarials, 
dihydroartemisinin and quinine were shown to have additive effects for both P. knowlesi and P. 
falciparum.8o,8i Additional antimalarials susceptibility testing are important to confirm equipotency 
and to ensure that new combinations are likely to be effective. These therapeutic candidates could aid 
in resolving the antimalarials resistance problems in other Plasmodium species, or could be used as 
synergists and drugs combinations to increase tbe efficiency of current available antimalarials. 

Molecular epidemiology and diversity 

Genetic polymorphism studies not only guide malaria vaccine design82 but also help us understand 
the population history and structure of a parasite, and thu its adaptiv potential. Hitherto, proteins 
of P. knoiulesi involv din invasion of erythrocyt ar g n rall und r purifying (negative) selection, 
in most a s diff rent from th of P. iuax and P.fal iparum.B~-9• Negative selection may imply 
that the gene are under functional onstrain . At th am tim , the mutations are deleterious to the 
parasit and th P. knoiulesi population i scr ning for b t-adapt d variants.zs Long-term 
population xpnn ion r P. k1101 Ir i in Mnhl) i ha been suggested to be the cause of this 
s l • 1ion.H~.H~.u~ '1'11 r nr howev rs m difC r n in natural selection of these proteins in different 
g ·ogrnphicnl r gi n nnd di C r nt parts of th protein.80•8M3 These studies have also demonstrated 
lhnt most of thcs ·genes nr p, n •tic 111 div rs and lo ome extent more polymorphic than their 
counterp 1·ts In JJ.ft1ldpar11m nnd P. iimx. Whol g nom sequencing of P. knowlesi clinical isolates 
from nrnwnk r vc·nl •d th •m to huv much higher nucleotide diversity than P. falciparwn and P. 
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vivax.s° Furthermore, the gamma protein region II (yRIJ)BB and circurnsporozoite protein CSP87 of 
different isolates from varying regions and isolation time exhibit different lengths. 

Assuming that the above sequenced proteins from various sources (human and macaque) are 
representative of the gene pool in macaques, the high genetic diversity and the deviation of s I ction 
pressure on these proteins from those of P. vivax and P.falciparum demonstrate intrinsic differences 
in the immunological targets used by the respective host species (macaques and humans).94 The P. 
knowlesi proteins' immunogenic roles have placed them under selection pressure to gen rate high 
polymorphism for immune evasion.s" These polymorphisms are probably results of recombination 
and reproduction cycle of P. knowlesi in multiple hosts.v Indeed, the Anopheles vector may exact 
strong evolutionary pressure on vector-related genes of the parasite, thus evidence of adaptation of 
the parasite to the vector distribution or vectorial capacity.vs 

These genetic diversity studies also uncovered the existence of multiple P. knowlesi lineages. 
It began with the observation of consistent dimorphisms (two distinct groups) in many of the studied 
proteins originating from humans and macaques. This distinction is not only associated with two 
separate geographical regions ie Peninsular Malaysia/Thailand and Borneo s2.05,S6,87,9i,93,96-99, but also 
correlate with macaque host types ie with the long-tailed and pig-tailed macaque."? Further genome 
sequencing revealed three distinct clusters. The two major sympatric clusters are associated with the 
long-tailed or pig-tailed macaque, and one cluster consisting of isolates from Peninsular 
Malaysia. 8o,95,wo This was also evident from the study on NBPXa protein, with the third cluster found 
only in Peninsular Malaysia. This led Ahmed et al to postulate that the negative selection on this gene 
could be the driving force in evolution and separation ofthe protein into three clusters.83 

The data shows that genetic divergence of P. knowlesi resulted not only from long-term 
geographic isolation (between Peninsular and Bornean isolates), but also through extended, isolated 
transmission cycles within different macaque hosts but with evidence of recombination when coming 
in contact with each other.ve These phenomena, clearly driven by evolution, arc pertin nt to 
understanding knowlesi infection in humans and macaques. The genomic diversity seen in P. 
knowlesi is likely caused by geography, as well as the myriad of hosts, vector distribution and 
ecological changes. 

Whon studying the adaptation of P. knowlesi in vitro to different host erythrocytes, deletion 
of 13 genes In clones adapt d to ynomolgus blood; and dcl tion of two and duplication of four genes 
in Jones adapted to human blood were observed. In vitro adaptation from macaque erythrocyte to 
human erythro yt show» that, th l' is a gradual incr ase in human rythrocyte invasion efficiency. 
IT n , P. know/ •si shows Imm ns ability to adapt via improved ability to invade human 
rythro 'Yt •s, rh r by in 'I' using virul nee anti multiplication rates.'>' 

1lll'J' ntly, we know v ·ry littl of th differ nc sin characteristics and pathogenesis of the three 
subpopulations of P. k;1owlesi.100 'th r i are ome early evidences that they may exhibit differential 
puthog •n ,sls.vu,v1.1011Mor10v •r, th, di morphisms seen in MDR2 and MRP1 (transporter genes related 
to untimulurinl drug reslstan · )ll8 should not be overlooked as their phenotypic characteristics and 
how they react to current untlrnalarials remain obscure to us. Isolation and investigation of these three 
subpopulations will be needed to shed more light on these. More importantly, we do not know if 
human-to-human transmission is naturally happening. The genetic diversity in MSP1 and AMA1 
observed among isolates of humans than those from monkeys in Thailand and non-human isolates of 
Malaysia suggests that it is possible.w« More recent data showed that pkmspt-az, pkar, pkmsp8 and 
the 5' and 3' regions of mspzD clusters geographically according to Malaysian Borneo and Peninsular 
Malaysia/Thalland, while population expansion and purifying (negutiv ) s >l .ctlon was continued to 
be observed.10:i·mri 

Furthermore, results also reveal dthat th r is low lcv •I of polymorphism in both pk41 s48/45 
dornains=', while evidonc of intrug nlc r ornbiuntlon at the ntrnl 1· ·i.;ion of pk111sp7D 11lo11i; with 
absence of geographical clustering ofthls g no among purnslt s pcpulntlons, lndi 111 tho pol ·ntlnl for 
both antigens to be a vaccine targct.w 
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Besides that, genetic diff r ntiation in human P. knouilesi i olates was more significant than 
in long-tailed macaque i olates, with a very low fixation index. Humans are mostly afflicted by 
monoclonal infections of P. knoiulesi, while polyclonal infections are more prevalent among the long­ 
tail d macaqu s, indicating a high r rate of transmission among the reservoir hosts. This higher 
transmission rate also contributes to the higher genetic diversity observed in highly endemic areas as 
compar d to lower-endemicity areas.108 

Moreover, on the 3 clusters of P. knouilesi, recent studies have now shown that the P. knouilesi 
cluster 1 (associated with the long-tailed macaque) was the most common subpopulation infecting 
humans in Malaysian Borneo, followed by cluster 2 (associated with the pig-tailed macaque), whereas 
only 2% of the infections were positive for both clusters.ws On the other hand, samples from 
Peninsular Malaysia belonged to cluster 3 and is highly divergent from both cluster 1 and 2. Most 
interestingly, the cluster 3 clinical samples constituted 3 distinct subpopulations, with no apparent 
geographic separation, and can be found in sympatry in Peninsular Malaysia."? 

These recent studies further highlight the complexity in dissecting P. knouilesi transmissions 
among the hosts. Many questions remained unanswered. More studies are needed to determine 
whether any difference in clinical outcomes exist between the different subpopulations. Such 
investigations require analysing detailed clinical and laboratory data on P. knouilesi patients infected 
with the 3 different subpopulation clusters= Insights are also needed to determine the impact of such 
population genetic structures on transmission and epidemiology among the three hosts.i= 

Functional studies in P. knowlcsi 

In 2013, P. knouilesi was reported to be successfully adapted to continuous cultur in human 
erythrocytes by Moon et a/111 and Lim el' at» This breakthroughs rv s as on important mod I for 
P. knouilesi studies pecially in validation of va in and drug target . v ral P. knowlesi 
vaccine/th rapcutic candidates with th ir re nt findings ar di cuss din this review. 

An important parasite adh sin, the reticulocyte binding-like (RBL) family, is found to be 
involved in host cell erythrocyte receptor binding to facilitate merozoite invasion. NBPXa is one of 
the members in P. knowlesi RBL family and is expressed within the microneme organelles.va With 
the human erythrocytes-adapted P. knowlesi strain, Moon et al (2016) further identified NBPXa 
as a key mediator for knowlesi infection in human, as this protein is crucial for invasion of human 
erythrocytes but not cynomolgus erythrocytes.i= By disrupting the NBPXa gene, in vitro 
multiplicative growth of parasites in human erythrocytes is prevented through impaired merozoite 
invasion, which support the potential of NBPXa in vaccine development. 

Erythrocyte binding-like (EBL) family is another group that mediates interaction with host 
cell erythrocyte receptors.v- One of the important members in P. knowlesi EBL family, Duffy binding 
protein a (PkDBPa), interacts with the Duffy antigen receptor for chemokines (DARC) to invade 
human erythrocytes.os.os Genetic polymorphisms in PkDBPa has been postulated to lead to improved 
parasite binding ability to erythrocytes thus enhancing the disease severity. This postulation was 
supported by Lim et al (2017), in which their recent finding showed that two genetically distinct 
PkDBPa haplotypes from different geographical area demonstrated a different binding activity level 
to human erythrocytes by using erythrocyte ros tting assay.i= 

Tryptophan-rich antigens (TRAgs) are involved in rosetting formation and merozoite 
invasion, hence contributing to di a verity.117'"119 Plasmodium know! si TRAgs are mostly 
express din it blo d stag ."0 By using erythro yte binding a ay and parasite growth inhibition 
a say, Tyagi t al (2015) id ntified thr TRAg in P. knoiulesi which were able to bind to human 
erythr cyt .121 Two of th m c mp t with P. i ax TRAgs for rec ptors on human erythrocytes. 
B • id is, all of th • PKT!~ w ir found to inhibit th P. [alciparum growth in uitro, further 
d 111011, trnting the biolcgicnl siguificanc of this TRAg -rec ptor interaction in heterologous parasites 
by shnring host r ipt rs. 
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Apical membrane antigen 1 (AMA1) and its interaction with rhoptry neck protein 2 (RON2) is 
essential for merozoite invasion. Plasmodium knowlesi AMA1 (PkAMA1) has been tested in vaccine 
trials and results revealed that immunized macaques were protected against infection with controlled 
parasitemia.i= In 2015, crystal structure of ectoplasmic region of PkAMA1 and its invasion-inhibitory 
monoclonal antibody R31C2 was developed. ••3 ll;31C2 binds to the hydrophobic groove and interfcr s 
with the exposition of complete binding site on AMAL 111is monoclonal antibody is found to be cross­ 
strain reactive as it targets on a non-polymorphic epitope. Besides, no polymorphism near RON2- 
binding site of AMA1 was detected. The lack of polymorphism suggests that P. knouilesi has not 
developed a mechanism to evade the host's Immoral response. Muh et al (2018) demonstrated that 
rabbit-raised anti-PkAMA1 antibodies have strong inhibitory effect on the in vitro parasite growth in 
concentration-dependent manner. On the other hand, additive effect was observed when anti­ 
PkAMA1 antibodies were used in combination with anti-PkDBPa antibodies, paving the way for 
development of effective vaccine with combination of antibodies with functional difference.vt 

Proteins which demonstrated different mechanisms in parasite metabolic pathways from 
those found in human host are also of interest. Garg et al (2015) have carried out a study on P. 
knowlesi enzyme phosphoethanolamine methyltransferases (PkPMTs), which regulates the synthesis 
of phosphatidylcholine. Structural, biochemical properties and inhibition profile of PkPMTs were 
evaluated using X-ray crystallography, enzyme kinetics and mutant gene expression studies. PkPMTs 
enzyme activity could be inhibited by amodiaquine, chloroquine, and NCI compound NSC158011; 
whereas the yeast carrying mutant PkPMT genes are unable to carry out phosphatidylcholine 
biosynthesis from phosphoethanolamine.ias Disruption of phosphatidylcholine synthesis in 
Plasmodium would lead to failure of intact Plasmodium membrane formation and thus inhibit 
parasite proliferation. These finding suggest that PkPMTs are suitable targets for chemotherapy, and 
the data from this study could further contribute to a better design of more selective antimalarial 
drugs against P. knowlesi. 

In infected erythrocytes, P. falclparum skeleton-binding protein 1 (PfSBP1) is required to 
transport the erythrocyte surface ligand, erythrocyte membrane protein 1 (EMP1) to the surfac of 
erythrocyte for mediating the surface ligands exposition. ••6 Its ortholog in P. knoiotesi, PkSBP1 has 
beeri recently localized to the 'Sinton and Mulligan' stipplings in the cytoplasm of infected 
erythrocytcs.w By using immunofluoresccncc assay and immunoelectron microscopy, transgenic 
P. knouilesi expressing the tagged 1.· combinant PkSBJ>1 demonstrated an analogous trafficking 
pattern as in P. folciparum, supporting the hypothesis that Plasmodium has evolutionarily 
consorv d protein xport pathways. These pathway-related proteins could be used as malaria 
lntorv ntlon torg ts us the dlsruption of the protein export structures would then interfere with 
th xpositton of vlrul nt ligands nt the surface of infected erythrocytes. 

wt kramnra ·h hi ir al (2008) has id ntif d an apical asparagine (Asn)-rich protein in P. 
j'11/cip11r11111 (PfAAIU').•~U This prot in is carrying a N-terminal signal sequence and a C-terminal 
uunsm mbrun 1· •glon, and locallz •d in th picaJ nds of th merozoite rhoptries that contain 
el:ls entlal proteins II' ·cl 'cl for dir ·Lional attachment and rnerozoite invasion (Iyer et al., 2007).129 
Antibodies mis •cl against this protein exhibited the ability to inhibit parasite invasion in uitro, thus 
suggesting Pf'AARP could be a putative vaccine/drug target candidate. Jts ortholog in P. knowlesi, 
PkAARP, contains a signal peptide at the N-terminus and Asn- and proline (Pro)-rich regions towards 
the C-terminus. The mouse- and rabbit-raised anti-PkAARP N-terminus antibodies were able to 
inhibit the P. knouilesi in vitro merozolte invasion in a concentration-dependent manner (Muh et al., 
2018).13° Interestingly, the antibodies raised against P. uivC1x AARP (PvAARP) N-terminus also 
demonstrated the inhibitory effects towards P. knouilesi in vitro culture. 111is cross-species reactivity 
could be due to the high homology betwc ·n N-t uminus of PvAARP und PkAALU1, henc ·this r •gion 
could be a suitable target to induce cross-species protective immunity betw • n P. oiuax and P. 
knouilesi. 

Hitherto, P. k11owlesi voe in turg L nntlg ns hnv 110L h • •n ·v11l1111l •d 111 hum1111 triul, whll · 
the use of non-human primate models involves serious •thicnl .onc •rns. O •spit hlp,h r physiologl ·111 
similarity between human nnd primnt' ·ompur d tooth •r nnlrnnl mod ls, va "in RL11di ·s of P. 
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knouilesi in primate model ar unabl to cornplct ly r pr s nt the fficacy and safety of the targets 
in human due to the differences in host immunity regulations and pathogenic responses towards 
malaria. Ta kin into a ount that majority of Pi falciparum single antigen was unable to raise specific 
antibodi up to prot ctiv I v I in human vaccine trials, 131-133 the importance of multi-antigens 
combination and incorporation of immune-stimulants should be considered in P. knouslesi vaccine 
development. 

Future directions and conclusion 

There remains a clear risk of continuous P. knouilesi infections, especially when land-use change and 
human behavior may have driven behavior change in the reservoir and vector, enabling closer contact 
and higher chances of spillover to the human population.us The current literature on risk factors 
associated with P. knowlesi has identified significant key risks that will prove helpful for the 
development of effective intervention programs and highlights the important environmental factors 
that intermingle with individual risk factors to P. knouilesi transmission. Further research into the 
way these risk factors associate with each other and further spatial mapping and geographic 
monitoring of P. knowlesi hotspots will prove to be an essential part of P. knowlesi research as a whole 
going forward. 

WHO (2019) recommends to perform parasite-specific diagnosis in malaria-suspected 
patients before treatment to prevent unnecessary drug wastage and to halt anti-malarial drug 
resistance.:« Therefore, efforts should be invested to develop a point-of-car tool which will b ubl • 
to detect and differentiate all human Plasmodium pe ·i 'S to b us id in limit •d-r sources 
environment. 

In-depth population g netic studies for both human and primar i lat. s ar n d d to h d 
light on possible human-to-human transmission of P. knowlesi and rnor imp rtanrly for u to 
under tand the dis a pid miology and LO guid know! si inf Lion ontrol, Knowlesi malaria cas s 
have been showing an upward trend in Malaysian Borneo for the past d cade and is also forecasted to 
increase.3B,i36,i31 Experimental transmission of P. knouilesi from monkey-to-man, from man to man, 
and from man back to monkey have been shown by Chin et a[.138 Besides, gametocytes can be found 
in infected patients139,i4o and most vectors of P. knouilesi (e.g. An. dints, An. balabacensis, An. 
cracens) are also vectors of human malarias .141 Thus, though there is yet any direct evidence of natural 
human-to-human transmission of P. knowlesi, the likelihood of it occurring cannot be ignored until 
proven otherwise. Experimental studies on the vectors that transmit this parasite and knowing the 
distribution of vectors harboring this parasite will also lend credence to solving this issue. 

Rapid development in genome editing tools such as zinc finger nucleases (ZFNs)142,143 and 
clustered regularly interspaced short palindromic repeats with CRISPR-associated protein 9 
(CRISPR-Cas9) highly increase the efficiency to engineer the Plasmodium genome.w=s 
Transfections for labelling, knockout/knockdown and gene editing can be carried out in in vitro P. 
knowlesi parasites to understand its pathogenesis, drug susceptibility and gene functions.'" These in 
vitro culture-transfection systems coupled with suitable animal models could overcome the 
bottleneck that is hampering the translational malaria research. Besides, the breakthrough of P. 
knoiulesi Jong term in vitro culture and genome editing tools also provide new opportunities to study 
other closely related Plasmodium species e pecially P. i ax which lack of long-terrn i11 vitro culture 
system. Mohring et al (2019) ha tabli hed RI PR-Cu genome diting in P. knouslesi by 
r placing PkDBPa gene with its orthologous gen PvDBP.146 A tran genie P. knouilesi line reliant on 
the PvDBP prot in was er ated su c sfully to tud the functions of PvDBP during erythrocyte 
invasion. 13 id s, th stru tur of n comp! x of antibod bound to PvDBP indicating the molecular 
basis for inhibition was nls d t rmin db' using thi transg nic P. knowlesi line,141 thus provide 
iuvnlunl I• insights to support I. it ox voe in d v lopm nt. 
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