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In patients with malaria, Plas-
modium falciparum parasites mul-
tiply to enormous numbers in the 
bloodstream, initiating processes of 
erythrocyte destruction, endothe-
lial activation and microvascular 
inflammation that cause devastating 
pathological effects on host tissues 
and organs. Recent research casts 
new light on a mechanism by which 
hemoglobin mutations may protect 
against these effects, and on a criti-
cal receptor-ligand interaction that 
provides fresh opportunities for the 
development of vaccines against 
blood-stage infection.

The symptoms of malaria occur 
in the period of the Plasmodium life 
cycle when erythrocytes are infested 
by parasites. This period commences 
when parasites emerge from the liver 
after replicating from the sporozoites 
introduced by a mosquito bite. The new 
blood-stage parasites multiply quickly 
as haploid, asexual forms in one-, two- 
or three-day cycles (depending on the 
Plasmodium species) and increase their 
numbers enormously, often infecting 
1% or more of the trillions of erythro-
cytes in the bloodstream. These popula-
tions of asexual forms are required for 
the production of sexual gametocyte 

forms that enter feeding mosquitoes, in 
which the parasites mate and produce 
new sporozoites for transmission to 
other human hosts. While large numbers 
of erythrocytes support the propagation 
and survival of malaria parasites, the in-
flammatory and erythrocyte-destroying 
effects of the parasite biomass cause 
devastating pathological effects on host 
tissues and organs.

These pathological effects and the 
deaths that they cause have exerted pow-
erful selection pressure on the human 
genome over thousands of generations. 
Outcomes of this pressure include the 
sickle cell hemoglobin (HbS) mutation, 
which protects young children against 
the life-threatening complications of 
Plasmodium falciparum malaria, and 
various blood group antigens, which 
affect the ligand-receptor interactions 
utilized by different Plasmodium para-
sites for erythrocyte invasion. Two re-
cent papers in Science and Nature offer 
fresh and interesting discoveries from 
research in these areas: (i) a molecular 
mechanism by which mutation of he-
moglobin may protect against malaria 
[1], and (ii) a newly discovered ligand-
receptor interaction that may be critical 
for P. falciparum invasion of human 
erythrocytes [2]. 

HbS represents a classic example of 
a balanced polymorphism: the heterozy-
gous sickle cell trait (HbAS, from the 
inheritance of one normal HbA and 

one sickle HbS β-globin-coding gene) 
protects against severe life-threatening 
malaria, while the homozygous HbAA 
condition offers no protection from 
malaria and the homozygous HbSS 
condition produces frequent fatalities 
from sickle cell anemia [3]. Although 
early studies implicated poor growth 
of P. falciparum in HbAS erythrocytes 
as a mechanism of protection that keeps 
parasitemias low, other work found 
that laboratory-adapted parasite clones 
grew normally in HbAS erythrocytes 
even under reduced oxygen condi-
tions [4, 5]. Further, it was clear that 
substantial parasitemias and frequent 
episodes of uncomplicated malaria 
occurred in HbAS as well as HbAA 
children, despite marked differences in 
the incidence of severe malaria between 
these groups [6]. Differential protection 
against severe malaria is also provided 
by hemoglobin C (HbC) in West Africa 
[7]. These field observations suggest a 
mechanism of protection that, instead of 
merely reducing the numbers of para-
sitized erythrocytes in the circulation, 
works to ameliorate the inflammation 
that arises at the host-parasite interface 
from the interactions of infected eryth-
rocytes with the endothelium and other 
blood elements. Indeed, parasitized 
HbAC and HbAS erythrocytes show 
significant impairment of cytoadherence 
in association with perturbed display of 
the P. falciparum major cytoadherence 
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protein (PfEMP1) on abnormal knob 
protrusions [5, 8]. 

Figure 1 Junctures of pathogenesis in P. falciparum malaria: cytoadherence of parasitized erythrocytes to microvascular en-
dothelium and parasite invasion of erythrocytes. P. falciparum parasites display knobs at the surface of their host erythrocytes 
as they mature from ring to trophozoite and schizont forms. PfEMP1 cytoadherence proteins are concentrated on knobs, where 
they bind receptors (e.g., CD36 and ICAM-1), activate endothelial cells, and recruit blood elements including platelets and white 
blood cells. By adhering in microvessels, the mature parasites avoid being carried by the bloodstream to the spleen where 
they are destroyed. Sequestration-related events lead to upregulation of tissue factor, resulting in thrombin and complement 
activation, platelet activation, cytokine production, endothelial dysfunction and inflammation [14]. To support the transport of 
PfEMP1 and other proteins including the knob-associated histidine-rich protein (KAHRP) to the erythrocyte membrane, P. fal-
ciparum parasites tether membranous Maurer’s clefts beneath the cytoskeleton [9]. In knobs, PfEMP1 associates with KAHRP 
anchored to spectrin-actin-protein 4.1 complexes, to spectrin-actin junctions, and to the band 3-binding domain of ankyrin [15, 
16]. Cryklaff et al. [1] report that P. falciparum remodels host actin into a network of filaments associated with Maurer’s clefts and 
the erythrocyte membrane; this network may support protein and vesicle trafficking to the knobs. Hemoglobin variants HbS and 
HbC interfere with proper knob formation and PfEMP1 display, weaken the binding of parasitized erythrocytes to endothelium 
and may thereby reduce sequestration-related pathology [5, 8]. Aberrant Maurer’s clefts and compromised remodeling of the 
actin network occur in HbSC and HbCC erythrocytes [1]; these abnormalities remain to be demonstrated in HbAS and HbAC 
erythrocytes. Inset (left) is adapted from ref [17]. Merozoites released from mature schizonts invade erythrocytes by steps of 
initial contact, reorientation with attachment, junction formation, and entry and membrane resealing. Most members of the PfEBL 
and PfRH protein families have overlapping and individually dispensable functions that support a diversity of invasion pathways 
by attachment to different blood group antigens. These events are followed by binding of P. falciparum AMA1 and RON proteins 
at the attachment interface, triggering junction formation (not shown) [18]. The interaction of the PfRH5-PfRipr complex [12] with 
basigin [2] appears to be essential for invasion and may have a critical function beyond the roles of binding and attachment that 
characterize other members of the PfEBL and PfRH families. Inset (right) is adapted from ref [18].

Using cryo-electron tomography, 
Cryklaff et al. [1] show that P.  falci-

parum hijacks and remodels erythrocyte 
actin into a network that may support 
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the trafficking of PfEMP1 and other 
virulence proteins to the host cell mem-
brane, where these proteins form the 
knobs involved in sequestration-related 
events and inflammation (Figure  1). 
Branching patterns of actin were found 
in association with Maurer’s clefts, 
membranous compartments that have 
an important role in exporting proteins 
from the parasite to the periphery of 
the host cell cytoplasm [9]. Further, 
Cryklaff et al. [1] observed significantly 
reduced actin remodeling and aberrant 
Maurer’s clefts in HbCC and HbSC 
erythrocytes, suggesting that these 
mutant hemoglobin states may interfere 
with the installation of actin scaffolds 
that help to tether Maurer’s clefts and 
support vesicle and protein trafficking 
to the erythrocyte membrane. 

Are there also significant differ-
ences between the actin networks and/
or Maurer’s clefts of HbAS, HbAC and 
HbAA erythrocytes? HbAS and HbAC 
are, after all, the prevalent malaria-
protective states of HbS and HbC. On 
this question the report of Cryklaff et 
al. [1] is unfortunately silent; actin re-
modeling and Maurer’s clefts in HbAS 
and HbAC erythrocytes still need to be 
investigated, as do the effects of HbAS 
and HbAC erythrocyte extracts on actin 
polymerization in vitro. Mechanisms 
apart from disturbed actin remodeling 
may still account for abnormal PfEMP1 
display and knob formation on parasit-
ized HbAC and HbAS erythrocytes. 
For example, hemichromes generated 
more readily from oxidation of HbC or 
HbS may physically hinder the docking 
of virulence proteins and thus interrupt 
the formation of regular knob arrays 
in the erythrocyte cytoskeleton (where 
hemichromes are known to bind). An-
other possibility is that HbC and HbS 
elevate the levels of oxidative stress 
in parasitized erythrocytes, damaging 
membranes and biochemically hamper-
ing the functions of Maurer’s clefts and 
their associated vesicles in the transport 
of knob-forming proteins. The chal-
lenge for the research field in the coming 

years will be to sort out these possible 
mechanisms and their contributions to 
malaria protection by the heterozygous 
HbAS and HbAC conditions.

P. falciparum invades erythrocytes 
by various pathways involving different 
ligand-receptor interactions [10]. Part-
ner ligands in these interactions include 
members of two molecular families 
known as the EBA (erythrocyte binding 
antigen) and RBL (reticulocyte binding-
like) proteins. In P. falciparum, mem-
bers of these families are termed PfEBL 
(P. falciparum erythrocyte binding-like) 
and PfRH (P. falciparum reticulocyte 
binding-like homolog) proteins. Evi-
dence suggests that the roles of many 
of these proteins are overlapping: P. 
falciparum lines can often invade eryth-
rocytes that lack receptors for specific 
PfEBL or PfRH proteins (because of in-
herent mutations or enzyme treatment) 
and, conversely, knockout parasites 
that do not express individual PfEBL 
or PfRH proteins have been found to 
efficiently invade erythrocytes. It thus 
came as a surprise that focused efforts 
to knock out the gene encoding an atypi-
cal, foreshortened member of the PfRH 
family, PfRH5, did not succeed in two 
laboratories [10, 11]. While polymor-
phisms in PfRH5 could be linked to 
receptor preferences and an ability of a 
P. falciparum line to also invade Aotus 
monkey erythrocytes [11], the function 
of PfRH5 as a parasite ligand and the 
erythrocyte receptor(s) that it uses for 
invasion remained unknown. 

Crosnier et al. [2] have now identi-
fied the PfRH5 receptor by applying an 
avidity-based extracellular interaction 
screen (AVEXIS) to the expressed 
proteins of an erythrocyte ectodomain 
library. Results show that PfRH5 binds 
an isoform of basigin on erythrocytes 
(BSG‑S, the Ok blood group antigen, 
CD147) and that P. falciparum appears 
to generally require this interaction to ef-
ficiently invade human erythrocytes. In 
contrast to the effects of glycan removal 
(by neuraminidase) from Aotus erythro-
cytes on PfRH5 binding and parasite in-

vasion by particular P. falciparum lines 
[11], removal of all glycans from human 
basigin does not alter PfRH5 binding 
[2]. Further, in experiments with mul-
tiple P. falciparum clones, Crosnier et 
al. show that the invasion of human 
erythrocytes is potently inhibited by a 
soluble pentamerized form of basigin, 
by anti-basigin monoclonal antibodies, 
and by reduction of basigin levels on 
the erythrocyte surface [2]. 

Two of five single amino acid poly-
morphisms (E92K, L90P) in basigin af-
fected PfRH5 binding to or invasion of 
human erythrocytes. While one of these 
polymorphisms (E92K) is associated 
with a relatively rare Oka- blood group 
in Japan, there are no data to suggest 
that L90P (or perhaps another undis-
covered basigin polymorphism) was 
naturally selected to high prevalence 
in malaria-endemic areas. Although 
the native function of basigin on hu-
man erythrocytes is unknown, its high 
level of conservation suggests that P. 
falciparum may have evolved to depend 
on basigin to a much greater extent than 
on other, more polymorphic receptors. 
Interestingly, PfRH5 is also unlike 
other members of the PfEBL and PfRH 
families in that it lacks a transmembrane 
domain; recent evidence indicates that it 
forms a complex with a processed EGF-
like PfRH5-interacting protein (PfRipr) 
and that this complex, in turn, associ-
ates tightly with another partner on the 
merozoite membrane [12] (Figure  1). 
Attempts to disrupt the PfRipr gene also 
have been unsuccessful [12].

These findings suggest a critical role 
for the PfRH5-PfRipr complex that goes 
beyond an additional contribution of me-
chanical attachment within the binding 
repertoire of PfEBL and PfRH proteins. 
Possibilities for essential function might 
include PfRH5-PfRipr participation in a 
signaling pathway required for invasion, 
or an essential partnership in the junc-
tion during merozoite entry (Figure 1). 
Recent results also show promise for 
the use of PfRH5 and PfRipr as targets 
for intervention: rabbit IgG antibodies 
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against virally-vectored, full-length 
PfRH5 outperformed antibodies that 
were generated by the same strategy 
against nine other erythrocytic-stage 
vaccine candidates, including four other 
PfEBL and PfRH proteins [13]; rabbit 
antibodies against PfRipr likewise in-
hibited merozoite attachment and para-
site growth in culture [12]. Although 
variations in the susceptibility of differ-
ent P. falciparum lines were observed 
in these studies (likely due to different 
utilization patterns of ligand-receptor 
interactions), striking neutralization 
was nevertheless achieved in all cases. 
These results support PfRH5 and other 
components of its binding complex as 
new targets for therapeutic intervention 
and give an important boost to vaccine 
efforts against the asexual blood stages 
of P. falciparum. 
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