Rosettes: a shield for Plasmodium falciparum against artemisinins? 
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Abstract

Relative resistance of Plasmodium falciparum parasites to artesunate has been ascribed to mutations in the kelch 13 gene. Lee et al. describe another potential contributor to resistance: the induction of increased rosetting by trophozoite-infected erythrocytes following short exposures to artesunate. Dissecting this phenomenon may lead to new insights into artesunate resistance. 
A recent publication links two complex areas of the biology of the malaria parasite Plasmodium falciparum, the ability of red cells infected with mature stage parasites to form rosettes, and the development of resistance to artemisinin drugs 
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Rosetting, the adhesion of two or more uninfected erythrocytes to an infected erythrocyte (IE), has been reported for multiple different parasite species, but most understanding of its clinical significance, and the underlying parasite biology, comes from P. falciparum. Rosetting rates (the proportion of IE in rosettes) are associated with malaria severity in African children [2], and rosette-disrupting antibody may protect against severe malaria [3]. Rosetting IEs appear to be more likely to sequester in the microvasculature, where they have been observed in autopsy studies (reviewed in [4]). Rosettes may more readily invade adjacent erythrocytes, and they may be protected from opsonisation by antibody and from phagocytosis, although clear evidence in support of these roles has been lacking. 

Several potential mechanisms underlying rosette formation have been described. Heterogeneity in laboratory derived parasite lines and patient isolates and different experimental designs have led to uncertainty as to the relative importance of individual ligands and receptors, but on uninfected erythrocytes, the strongest evidence implicates A and B blood group sugars, heparan sulphate, and complement receptor 1 as receptors to engage IE, and more limited data implicating glycophorins A and C. Serum components, notably IgM and (2 macroglobulin, may also facilitate rosetting (reviewed in [4]). Multiple ligands on the IE surface have also been described, most notably members of the P. falciparum erythrocyte membrane 1 protein family, RIFINs and STEVORs, protein families that together constitute the dominant parasite-derived variant surface antigens on the IE surface.  

Artemisinin combination treatments (ACTs) have been the mainstay of malaria treatment for the last couple of decades. Artesunate (AS) and its bioactive derivative dihydroartemisinin kill parasites rapidly but they have very short half-lives so they must be combined with partner drugs. In the Greater Mekong Subregion, increasing resistance to partner drugs such as piperaquine or mefloquine has been described, leading to treatment failures. Importantly, delayed parasite clearance by artemisinins has emerged, placing further pressure on partner drugs, and raising significant concerns about the ongoing treatment of falciparum malaria in the region, and the spread of resistance to Africa, where over 90% of malaria deaths occur [5]. A recent study suggests this concern may be becoming a reality 
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Artemisinins are activated by haem to produce radical species and cause proteotoxic stress inside the IE, with protein and lipid alkylation. Amongst the genetic changes associated with delayed parasite clearance, mutations in the kelch 13 protein are most closely associated with delayed clearance. Kelch 13 mutant parasites exhibit decreased haemoglobin catabolism in the ring stage, which in turn leads to lower levels of artemisinin activation. The decreased haemoglobin ingestion appears to have fitness costs [7], which may explain why higher grades of artemisinin resistance have not developed 
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. The origin of resistance in Southeast Asia may reflect both local drug prescribing habits, but also the higher proportions of the parasite population exposed to treatment, which means that the Kelch 13 mutant parasites are selected despite their inherent fitness cost.
The study by Lee et al. 
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 links delayed parasite clearance in response to artesunate and rosetting in a novel and unexpected manner. The authors report that short (1-6 hour) exposure of parasites to artesunate at clinically relevant concentrations is associated in some cases with a marked increase in rosetting, which is largely restricted to parasites with a delayed clearance phenotype. Interestingly, it appears very rapidly (10-20 minutes) after exposure, suggesting that it may relate to changes to the delivery, conformation or presentation of a ligand on the IE surface. In further experiments, the rosetting was sensitive to trypsinisation at low concentrations. The authors suggest, but do not confirm, that altered PfEMP1 expression is the likely mechanism. When they depleted membrane cholesterol, this seemed not to affect “baseline” rosetting rates but seemed to ablate the increase associated with artemisinin exposure, in both short clearance time and long clearance time parasites. The authors use these data to suggest that artesunate may operate on the reservoir of PfEMP1 that exists in the Maurer’s clefts, which are parasite derived membranous structures in the erythrocyte cytoplasm, involved in transport of proteins including PfEMP1 to the erythrocyte surface [9]. In the absence of AS, cholesterol depletion did not affect rosette formation, so the basis for the increased trafficking of PfEMP1 from the intracellular pool to the surface in response to this stimulus remains unknown. 
The authors suggest that rosetting shields parasites from intracellular accumulation of AS, but given that rosettes rarely completely engulf the IE and that AS is a highly soluble drug, this seems unlikely to explain possible survival following exposure.  They also report decreased phagocytic clearance of IE that form rosettes following AS exposure, and impaired phagocytic clearance has long been postulated to be one mechanism by which rosetting may facilitate parasite growth. When parasite growth was compared in susceptible and resistant IE exposed to AS for 1 -6 h, growth of resistant IE was greater, whether exposure was at ring, trophozoite or schizont stage, but the effect was most pronounced at the schizont stage. Trypsinisation treatment largely prevented parasite survival but whether the rosettes were themselves mediating the increased growth, rather than the effects of the drug on the parasite’s metabolism, seems to be an open question. 

Lee and colleagues’ intriguing report of an association between these two components of parasite behaviour raises a number of questions about the potential effects of artesunate on parasite growth and function (see Box 1), and its possible importance for understanding the consequences of resistance to artemisinins. It will be important to investigate the clinical relevance of these observations, beyond the in vitro observations here, especially with the possible spread of resistance to ACTs to Africa 
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Box 1. Outstanding questions on rosetting and its potential link to artesunate resistance.

· What is the relationship between the rosetting phenomenon described in response to artesunate and the established observations of rosetting as a risk factor for severe malaria?

· What are the implications of artesunate-induced increases rosetting of relatively resistant parasites observed in vitro for disease severity in the host? 

· If delayed parasite clearance is associated with increased rosetting, how is it mediated, and how did it evolve?

· What is the molecular mechanism that mediates the increase in rosetting observed following exposure to artesunate? 

· Is the rapid increase in rosetting following artesunate exposure due to increased PfEMP1 trafficking to the surface; to changes in the conformation or display of PfEMP1; or to other unrelated processes? 

· What ligands on uninfected erythrocytes are monocytes recognising that lead to them phagocytosing whole rosettes, and what monocyte receptors mediate this uptake? 

· Do uninfected erythrocytes prevent artesunate entry into IE in rosettes, or do they potentially protect parasites by another mechanism?  

· What are the functions of the mutated genes associated with artesunate resistance? Are they expressed and do they directly alter IE surface reactivity? 
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