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Malaria is a leading cause of morbidity and mortality in the world. In general, malaria is easily treated 
but in a subset of cases it develops to severe disease. Severe malaria has a high rate of mortality even 
with the best available care. This creates the need for intensive research to fully characterise the 
pathogenesis of the disease in order to create future novel therapies. One of the hallmarks of malaria 
infections is its ability to adhere to specific sites in the body leading to severe disease syndromes such 
as cerebral malaria and pregnancy associated malaria. In this review, the platelet-mediated clumping 
adhesion phenotypes of malaria-infected erythrocytes were discussed in the context of infected 
erythrocyte adhesion phenotypes such as cytoadhesion and rosetting. Platelet-mediated clumping 
refers to a phenomenon of P. falciparum-infected erythrocytes whereby they agglutinate to form large 
aggregates held together by activated platelets. This unique phenotype is important because it has 
been associated with severe malaria in both children and adults in diverse geographical and 
transmission settings. The precise mechanisms by which platelet-mediated clumping occurs are yet to 
be precisely described. The platelet receptors implicated in this phenotype include CD36, P-Selectin 
and gC1qR.  The parasite derived ligands that mediate this phenotype are yet to be described.  
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INTRODUCTION 
 
According to the World Health Organization (WHO), 212 
million people contracted malaria in 2015 whereby 90% 
of them happened in Africa (WHO, 2016). It is estimated 
that there were 429,000 malaria related deaths in 2015 a 
majority of whom were children under 5 years old. In 
general the scale up of malaria control programmes over 
the past decade has led to a decrease in malaria-related 
mortality and morbidity.   

Malaria is caused by the protozoan parasite known as 
Plasmodium falciparum that is transmitted by female 
Anopheles mosquitoes during blood meals. The injected 
sporozoites travel from the site of infection on the skin to 
the liver where they infect hepatocytes. After appro-
ximately 10 days of development and division in the 
hepatocytes merozoites are released into the blood 
stream   where   they    infect    erythrocytes.   Merozoites
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develop through a 48 h cycle in the erythrocytes that 
ends in the release of more merozoites that re-infect 
fresh erythrocytes. This intra-erythrocytic parasite stage 
coincides with the symptomatic phase of malaria 
infections. The mature stage of the intra-erythrocytic 
parasite known as the trophozoite exports and inserts 
parasite-derived antigens into the erythrocyte plasma 
membrane modifying its flexibility and adhesive 
properties. This enables infected erythrocytes (IEs) to 
avoid splenic clearance by sequestering to tissues and 
organs through endothelial cell receptors in the 
microvasculature. 

Malaria is in general an easily treated disease with 
antimalarial drugs. However,  in the absence of effective 
treatment, the infection develops to severe disease that is 
characterised by three syndromes namely: Impaired 
consciousness, respiratory distress, cerebral malaria and 
severe malaria anaemia (Marsh et al., 1995). The 
adhesive properties of mature IEs are thought to 
contribute to the pathogenesis of severe malaria by 
causing disturbed blood flow, leading to localized host 
inflammatory responses and deprived oxygen 
concentrations. This adhesion is thought to further lead to 
disruption of endothelial cell function and apoptosis 
 
 
ADHESION PHENOTYPES OF P. FALCIPARUM 
INFECTED ERYTHROCYTES 
 
The adhesion of infected erythrocytes to various human 
host cell receptors occurs in three different forms namely 
cytoadherence, rosetting and platelet-mediated clumping. 
Cytoadherence happens when infected erythrocytes bind 
human host endothelial cells though receptors. Rosetting 
occurs when infected erythrocytes bind to uninfected 
erythrocytes.  

Adhesion phenotypes of infected erythrocytes are 
important to study because they have been associated 
with specific disease syndromes and therefore could be 
targeted in development of a new class of antimalarial 
drugs. Adhesion of IEs to brain endothelial cells through 
the receptor intercellular adhesion molecule-1 (ICAM-1) 
has been associated with cerebral malaria. Furthermore, 
binding to chondroitin sulfate A (CSA) in 
synctiotrophoblasts has been associated with pregnancy 
associated malaria whereas resetting has been 
associated with severe malaria anaemia. These examples 
illustrate why there is a compelling need to precisely 
study and describe the mechanisms that lead to the 
development of these adhesion phenotypes.  In this 
review the literature on platelet-mediated clumping of 
infected erythrocytes was discussed (Rowe et al., 2009). 
 
 
PLATELET-MEDIATED CLUMPING  

 
Platelet-mediated clumping refers  to  the  aggregation  of 
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mature P. falciparum IEs in close contact with platelets 
(Pain et al., 2001). Apparent autoagglutination of IEs was 
initially reported in a laboratory parasite line IT/C10 and 
later in patient Kenyan patient isolates (Roberts et al., 
2000; Roberts et al., 1992). Subsequent work on parasite 
line IT/C10 showed that this autoagglutination was 
mediated by platelets and that it is a common phenotype 
in patient isolates (Pain et al., 2001; Chotivanich et al., 
2004). 
 
 
Platelet-mediated clumping assay 
 
The platelet-mediated clumping phenotype of a given 
parasite isolate is determined in vitro by counting the 
number of IEs in clumps as a proportion of the total 
number of IEs. A clump is defined as an aggregation of 
three or more IEs. The level of platelet-mediated 
clumping of isolates varies among parasites.  

Platelet-mediated clumping is a specific adhesion 
phenotype that is characteristic of a subset of malaria 
parasites. Previous studies show that the clumping 
phenotype is sensitive to assay conditions (Arman and 
Rowe 2008; Arman et al., 2013). The platelet-mediated 
clumping assay attempts to measure a property of 
parasites that has not been showed to occur in vivo in 
clinical malaria, although platelet accumulation in malaria 
has been reported in the brain of children that died from 
cerebral malaria (Grau et al., 2003). It has been shown 
that CD36-binding IEs may bind to activated endothelia 
through vWf-decorated platelets as a bridge on surfaces 
that may otherwise lack CD36 (Bridges et al., 2010).  If 
the clumps of IEs observed in vitro in platelet-mediated 
clumping assays could form in vivo, it is plausible that 
they could obstruct of blood flow in post-capillary venules. 

P. falciparum interaction with platelets might also lead 
to platelet activation and release of inflammatory 
mediators (Srivastava et al., 2008; McMorran et al., 2009; 
McMorran et al., 2012) however, the precise role of 
platelets in malaria pathology remains unclear. The 
assessment of P. falciparum clumping is affected by the 
precise conditions used to set up the clumping assay in 
vitro, with parasitaemia and haematocrit having a 
profound effect on the outcome of the assay. For field 
isolate studies, it is crucial that the effect of these 
parameters on clumping is taken into account during 
experimental design; otherwise the higher parasitaemia 
usually seen in parasite isolates from severe malaria 
patients compared to uncomplicated malaria controls 
could bias results. Possible solutions to the confounding 
effect of parasitaemia on studies of clumping and malaria 
severity include adjustment of all isolates to a 
standardized parasitaemia, or matching of cases and 
controls.  For laboratory experiments on clumping, it is 
important that the limitations of the assay (e. g. the 
difficulty in assessing the true maximum clumping 
frequency  of a parasite because of the formation of giant  
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Table 1. Summary of clinical studies on platelet-mediated clumping. 
 

Study Subjects Finding 

Pain et al., 2001 

(Kenya) 

57 Severe 

64 Non-severe 

Autoagglutination requires platelets 

CD36 required 

Clumping was associated with severe disease  

(p= 0.01, Mann–Whitney Test) 

   

Chotivanich et al., 2004 

(Thailand) 

104 Severe 

15 Cerebral 

63 Non-severe 

All cerebral malaria patients had clumping (p=0.001) 

Proportion of patients with clumping between severe and non-severe 
malaria was similar (43% vs. 41%) 

   

Arman et al., 2007 

(Mali) 

51 Severe 

51 Non-severe  

29 Non-severe* 

Clumping was associated with admission parasitaemia (p<0.001) 

Clumping was not associated with disease (p=0.17) 

   

Wassmer et al., 2008 

(Malawi) 

22 CM 

12 Non-severe 

15 SMA 

Clumping was associated with severe disease 

Thrombocytopenia was associated with severe disease 

Clumping was associated with cerebral malaria 

   

Mayor et al., 2011 

(Mozambique) 

46 Severe 

46 Non-severe 

Clumping prevalence was higher in cases (p=0.19) 

Clumping prevalence was higher in children with prostration (p = 0.49) 
 

*Asymptomatic patients with high parasitaemia. 
 
 
 

clumps that cannot be counted accurately) are taken into 
account. However, the assay conditions alone cannot 
explain the variable association of clumping with severe 
malaria in different studies, which requires further 
investigation using carefully designed experiments and 
standardized techniques. 
 
 
CLINICAL STUDIES ON PLATELET-MEDIATED 
CLUMPING 
 
Thus far there is no study that has formally shown that 
platelet-mediated clumping occurs in vivo in patients with 
malaria. However circumstantial evidence points to a 
possibility of clumping occurring in vivo. Firstly, platelet 
deposits were reported in post-mortem studies of children 
that died from malaria in Malawi along with infected 
erythrocytes, hemozoin and leucocytes (Grau et al., 
2003). Secondly, the likelihood of the clumping 
phenotype occurring in vivo is shown by the size of 
clumps observed in vitro. If the size of clumps observed 
in vitro would occur in vivo it is plausible that they would 
obstruct post-capillary venules. Thirdly, some parasite 
isolates have been shown to have multiple adhesion 
phenotypes therefore it is possible that the adhesion 
phenotypes would occur concurrently including adhesion 
to endothelial cells on vascular endothelia, rosetting 
uninfected erythrocytes and platelet-mediated clumping.  

Platelet-mediated clumping has been associated with 
severe disease in four clinical studies thus far (Pain et al., 
2001; Chotivanich  et  al.,  2004;  Wassmer  et  al.,  2008; 

Mayor et al., 2011) but one study associated it with high 
parasitaemia and not disease severity (Arman et al., 
2007). Interestingly, platelet-mediated clumping was 
associated with severe disease in Thailand, a study that, 
unlike the others, was conducted in an area of unstable 
malaria transmission and in adults (Chotivanich et al., 
2004). The rest of the studies were conducted with 
isolates from children from sub-Saharan Africa where 
malaria is endemic. In multivariate analysis, it was found 
that both parasitaemia and clumping were independently 
associated with severe disease. Thus to investigate this 
further, Arman et al. (2007) enrolled children with non-
severe hyperparasitaemia as control to investigate the 
association of platelet-mediated clumping and disease 
severity. This led to the recommendation of using 
standardized parasitaemia in clinical studies investigating 
the platelet-mediated clumping phenotype (Arman and 
Rowe, 2008). In the Mozambican case-control study, 
platelet-mediated clumping was associated with severe 
disease both with standardised and admission 
parasitaemia. This study further associated platelet-
mediated clumping with prostration (Mayor et al., 2011). 
Table 1 summarizes the results from the studies on 
platelet-mediated clumping. 

Platelet mediated clumping has been studied in both 
laboratory parasite lines and in field isolates as discussed 
previously and is thought to be important in the 
pathogenesis of severe disease in diverse clinical and 
geographical settings. Although not all studies thus far 
that investigated the platelet-mediated clumping 
phenotype  agrees  on  its  importance  and  relevance  in  



 

 
 
 
 
malaria pathogenesis. The dissenting results have been 
explained by the sensitivity of the clumping assay to 
experimental conditions and it has been noted that earlier 
studies were conducted under different experimental 
conditions. A further challenge was that the studies were 
conducted in a relatively small number of samples.  
 
 
MECHANISMS FOR PLATELET-MEDIATED CLUMPING 
 
The requirement of CD36 for the platelet-mediated 
clumping phenotype has been reaffirmed in more studies 
both in field isolates and in laboratory parasite lines 
(Chotivanich et al., 2004; Wassmer et al., 2008; Mayor et 
al., 2011; Arman et al., 2013). Platelets with the platelet 
Naka phenotype that do not express CD36 do not 
support clumping while anti-CD36 monoclonal antibodies 
inhibit the clumping phenotype (Pain et al., 2001; Arman 
et al., 2013) Two more receptors have been reported to 
mediate platelet-mediated clumping, namely, P-Selectin 
and gC1qR (Biswas et al., 2007; Wassmer et al., 2008; 
Mayor et al., 2011).  

To our knowledge, there is no published study that has 
attempted to identify the parasite ligands used by IEs to 
interact with platelet receptors in platelet-mediated 
clumping. This is an important research question 
because platelet-mediated clumping has been associated 
with severe disease, making the clumping ligand a 
potential marker for severe disease or a candidate for 
development of adjunctive therapies to supplement 
existing malaria drug regimens. The cellular and 
molecular interactions that lead to the development of 
platelet-mediated clumping are not entirely understood. 
Although the parasite ligand that mediates platelet-
mediated clumping has not been identified, the asexual 
stage of the parasite that exhibits the platelet-mediated 
clumping phenotype also adheres to endothelial cell 
receptors (Arman and Rowe, 2008). It is plausible that 
the parasite ligand for platelet-mediated clumping is the 
same or is similar to parasite ligands for other endothelial 
receptors.   

Some characteristics of the platelet-mediated clumping 
ligand are similar to PfEMP-1, the adhesion for other IE 
adhesion phenotypes including rosetting (Rowe et al., 
1994), CD36 (Robinson et al., 2003), P-Selectin (Senczuk, 
2001), PECAM-1(Fernandez et al., 1998). Furthermore, 
two of the known clumping ligand receptors, CD36 and P-
Selectin are known receptors of PfEMP-1 (Senczuk, 
2001; Robinson et al., 2003). Platelets also express 
PECAM-1, another receptor for PfEMP-1. Taken together, 
this evidence could lead to a hypothesis that places 
PfEMP-1 as an important ligand for platelet-mediated 
clumping. 

IEs have protrusions on the surface that are sites of 
expression of PfEMP-1 known as knobs. Truncation of 
the kahrp gene, that encodes KAHRP, leads to 
development of knobless IEs. Knobless IEs are known  to  
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have reduced ability to bind to purified receptors 
compared to knobbed  IEs (Horrocks et al., 2005). 
Recent published data has shown that clumping 
parasites can be selected from knobless parasite line 
DD2 (Arman et al., 2013). It is possible, however, that 
these parasites are not completely knobless but have a 
lower expression of the knobby phenotype. It is not clear 
if the knobless parasite line DD2 is entirely knobless or 
that it has a lower expression of knobs compared to other 
parasite liens. It is possible that the positive selection 
method selected for parasites with knobs and therefore a 
higher surface expression of CD36 binding ligands 
compared to the rest of the population. 
 
 
CONCLUSION 
 
There are several perceived contradictions on what is 
known about platelet-mediated clumping. An interesting 
paradox exists in the relationship of the platelet-mediated 
clumping phenotype and severe disease. On one hand, 
platelet mediated clumping is associated with severe 
disease while on the other hand platelet-mediated 
clumping is dependent on CD36, which on the 
endothelium is associated with non-severe malaria 
causing IEs (Pain et al., 2001; Robinson et al., 2003; 
Ghumra et al., 2012; Pleass, 2009). Furthermore, virtually 
all field isolates bind to CD36 whereas not all of them 
exhibit the platelet-mediated clumping phenotype. This 
could be explained by one of two scenarios. In the first 
scenario, the clumping ligand and the adhesion ligand for 
CD36 exploit different distinct epitopes on CD36, while in 
the second scenario, the clumping ligand and the 
adhesion ligand may bind to different platelet receptors 
(Pain et al., 2001). 

The parasite ligand for platelet-mediated clumping is 
hypothesized to be a PfEMP-1. However, this presents 
another paradox since CD36-binding PfEMP-1 variants 
are associated with non-severe disease whereas platelet-
mediated clumping which has also been associated with 
severe disease relies on CD36.  

Another compelling question to malaria researchers is 
the contribution of the clumping phenotype to 
development of cerebral malaria. It is plausible that 
platelet-mediated clumping contributes to development of 
cerebral malaria although current evidence cannot 
entirely explain the mechanisms behind it. Two clinical 
studies so far found that all parasite isolates from 
cerebral malaria patients were positive of the clumping 
phenotype (Chotivanich et al., 2004; Mayor et al., 2011).  
If cerebral malaria can be partly explained by obstruction 
of post-capillary venules in the brain, it can be 
conjectured that clumping could contribute to cerebral 
malaria. Furthermore, platelets are CD36-rich and have 
been found to bridge CD36-binding parasites to brain 
endothelia that lack CD36. Therefore since platelet-
mediated   clumping    brings    parasites   together,   it   is  
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plausible that if clumping occurs in brain endothelia it 
would contribute to cerebral malaria. 
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