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Abstract

The Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) family has a key role in

parasite survival, transmission, and virulence. PfEMP1 are exported to the erythrocyte membrane

and mediate binding of infected erythrocytes to the endothelial lining of blood vessels. This

process aids parasite survival by avoiding spleen-dependent killing mechanisms, but it is

associated with adhesion-based disease complications. Switching between PfEMP1 proteins

enables parasites to evade host immunity and modifies parasite tropism for different microvascular

beds. The PfEMP1 protein family is one of the most diverse adhesion modules in nature. This

review covers PfEMP1 adhesion domain classification and the significant role it is playing in

deciphering and deconvoluting P. falciparum cytoadhesion and disease.
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Introduction

Cytoadhesion of Plasmodium falciparum infected erythrocytes (IE) is a major virulence

determinant associated with pathological complications from IE binding to the endothelial

lining of blood vessels [1]. Although this deadly parasite adhesion trait has been recognized

for over a century [2], the molecular interactions involved in parasite binding in brain and

other microvasculature are only partially understood. This deficiency exists in part because

of the complexity of the var gene/P. falciparum erythrocyte membrane protein 1 (PfEMP1)

family that mediates endothelial binding [3]. Each parasite genotype encodes approximately

60 var gene copies and there is limited overlap of var repertoires between parasite genotypes

[4–6]. Switching between var genes modifies the antigenic and binding properties of IEs,
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and orchestrates parasite binding tropism for placenta [7] and possibly other microvascular

sites [8].

PfEMP1 proteins evolve under opposing binding and antibody selection pressures. This has

resulted in extensive diversification of PfEMP1 adhesion domains. Within the protein

family, some binding properties are common to many PfEMP1 [9], while others are rare or

may have evolved to exploit specialized microvascular niches (e.g. placental binding)

[7;10]. A major issue for pathogenesis research is whether specific PfEMP1-host receptor

interactions are involved in severe malaria and, if so, whether there are common pathogenic

mechanisms that could be targeted for intervention. This review covers the introduction of a

system of PfEMP1 adhesion domain classification [11] and its application to malaria disease

research.

PfEMP1 adhesion domain classification

At the time of their discovery [12–14], a significant clue into PfEMP1 binding function was

that they encode a recognizable binding module from Plasmodium erythrocyte invasion

ligands, called the Duffy binding-like (DBL) domain [15;16]. This homology showed the

PfEMP1 ectodomain contained multiple DBL domains and a new domain termed the

cysteine-rich interdomain region (CIDR) [14]. Early sequence comparisons indicated that

individual PfEMP1 domains maintained less than 50% amino acid identity and were much

more divergent than DBL domains in erythrocyte invasion ligands [12–14]. The variability

in PfEMP1 size and sequence suggested a potential explanation for parasite binding

differences [17], but given the massive sequence diversity in the PfEMP1 family it was

unknown if PfEMP1 binding was predictable or if there would be any disease binding

patterns.

To investigate PfEMP1 structure and function, we used phylogenetic criteria to classify

adhesion domains into different sequence types [11]. This analysis was performed on the

first 20 var gene sequences in Genbank. It showed that DBL domains could be classified

into four major types (α, β, γ, and δ) and CIDR domains into three major types (α, β, and γ).

It also revealed higher domain organization in PfEMP1 proteins. Small PfEMP1 contained

four extracellular domains; a DBLα-CIDRα tandem followed by a DBLδ-CIDRβ/γ tandem

(Fig. 1). Large PfEMP1 proteins contained the same DBL-CIDR tandems, but had additional

DBL domain types (β or γ) domains inserted before or after the C-terminal tandem (Fig. 1).

The N-terminal DBL-CIDR tandem is the most conserved extracellular region and is

referred to as the semi-conserved protein head structure [14]. Within a given var repertoire

head structures maintain less than 50% amino acid identity highlighting the extensive

diversification within the family [5].

At the time of this adhesion domain classification, the CIDR domain in the semi-conserved

head structure had already been shown to bind CD36 [18;19] and ICAM1 binding had been

mapped to a DBLβ domain [20] (Fig. 2). However, it was not known what proportion of

PfEMP1 variants encoded CD36 or ICAM1 binding activity or if binding was predictable.

Notably, one of first twenty PfEMP1 proteins had a distinct protein head structure; a DBLα-

CIDRγ tandem instead of the more characteristic DBLα-CIDRα tandem. This unusual
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DBLα-CIDRγ head structure was known to mediate “rosetting”, or the binding of IEs with

uninfected red blood cells [21], but it was not known if it bound CD36. In addition, DBLβ

domains were restricted to large PfEMP1 (Fig. 1). Together, these findings raised the

questions whether small and large PfEMP1 encoded distinct binding properties and if

adhesion domain classification could help predict PfEMP1 binding properties [11].

The initial observations on PfEMP1 architecture have largely held up [4–6]. While the

number of DBL (α, β, γ, δ, ε and ζ) and CIDR (α, β, γ, δ, and PAM) sequence classes have

slightly increased as more proteins have been analyzed, the same higher order domain

organizations have been identified in geographically diverse parasites [6]. Although var

repertoires are highly divergent, the majority of PfEMP1 are classified into three main

groups on the basis of upstream sequence (ups) and chromosome location (Fig. 2) [22].

Group A (upsA) and group B (upsB) are present in subtelomeric regions and transcribed in

opposite orientations. Group C (either upsC or upsB) are found in central chromosome

regions. The var repertoire also contains three unusual strain transcendent variants

(var1CSA, var2CSA, and type 3 var). Subsequent sequence comparisons have also led to

further sub-classification of domains (e.g. CIDRα1.1) and the identification of PfEMP1

domain cassettes (DC), or tandem arrangements of two or more domains of particular

subclasses (e.g. DC8) (Fig. 3) [6]. The fact that DCs are discernable despite extensive gene

recombination in the var gene family suggests they may have important structural and

functional significance.

CIDR sequence classification and binding

To understand how the var gene repertoire has evolved under binding selection, it is

valuable to understand one parasite genotype and determine if binding properties are

predictable across parasites. The PfEMP1 head structure has an important role in IE binding

and has provided proof of concept that CIDR sequence classification can predict binding

differences.

The most common adhesion property of the CIDR domain is CD36 binding [18]. Based on

repertoire-wide binding comparisons [9], over 80% of PfEMP1 proteins in the 3D7 genome

reference isolate encode CD36 binding activity in the CIDR1 domain (Fig. 2). CD36 binding

activity is limited to group B and C proteins [9;23] and associated with CIDRα2–6 sequence

types. Remarkably, CD36 binding sequences only have ~40–50% amino acid identity [9]

illustrating the predictive power of adhesion domain classification.

In contrast, Group A proteins have two distinct protein head structures; DBLα1-CIDRα1

and DBLα1-CIDRβ/γ/δ (Fig. 1) [6]. Group A proteins are of significant interest because

they are commonly expressed in malaria naïve hosts and severe malaria [24–26], and recent

analysis suggests the two group A head structures have diverged in binding properties.

While CIDRα1 domains (subtypes 1.1, 1.4, 1.5, and 1.7) encode binding activity for

endothelial protein C receptor (EPCR) [23], the DBLα1-CIDRβ/γ/δ head structure is linked

to rosetting [27]. Both EPCR-binding and rosetting parasites have been associated with

severe malaria [23;28]. Of interest, the CIDRβ/γ/δ domain type present in rosetting head

structures are more typically found in the C-terminal tandem domain position (Fig. 1). The
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domain type did not bind CD36 or EPCR [9;23] and there has been no systematic analysis to

determine its adhesion properties.

Together, these findings lead to the hypothesis that PfEMP1 head structures have diverged

under selection for CD36, EPCR, and rosetting (Fig. 2B). Remarkably, there are essentially

stable relationships between CIDR sequence classification and parasite binding properties

over vast geographic distances, suggesting that adhesion domain classification reflects the

evolutionary origin of ancient adhesion traits that spread throughout the parasite population.

These findings raise questions, too, about the origins of CD36 and EPCR-binding parasites

and whether related CIDR domains in the chimpanzee malaria P. reichenowii [6], or

potentially other Laverania clade Plasmodium species [29], encode similar binding

properties. Significantly, adhesion domain classification suggests that group A var genes

have diverged from groups B and C in binding properties, and group A may have further

diversified into EPCR binders and rosetting variants (Fig. 2B). The functional specialization

of PfEMP1 subfamilies may be reinforced by gene recombination hierarchies [5;30], and

this, in turn, may shape parasite binding tropism for different microvascular niches. In

addition, it may not be coincidental that CD36 and EPCR are also expressed on many cells

in the immune system. This may provide a mechanism for the parasite to modulate the

innate or adaptive immune responses via these adhesive interactions [31].

Although CIDR sequence classification is predictive of domain binding, what we ultimately

want to know is how accurately it predicts parasite binding. Using highly monoclonal

parasite lines, there is a spectrum of CD36 binding from none (VAR2CSA), low (UpsA

rosetting variants and EPCR binders), to moderate-high (group B and C) [32;33]. These

findings suggest the CIDR domain makes a significant contribution to parasite-CD36

binding activity, but may not be the only binding partner. By comparison to group B and C

expressing parasite lines, only a small number of group A-expressing parasite lines have

been studied, and thus it will be important to validate how well EPCR-binding and IE

rosetting are predicted by adhesion domain classification.

Adhesion domain classification and binding differences between small and

large PfEMP1

Small and large PfEMP1 differ in domain composition (Fig. 1), suggesting the possibility

that large proteins have unique binding properties. One example is the interaction between

DBLβ domains and intercellular adhesion molecule 1 (ICAM1). ICAM1 can act in

cooperation with CD36 to mediate binding of IEs under flow-based adhesion conditions

[34], and has been proposed to be a candidate receptor for cerebral malaria [35;36]. ICAM1

binding is linked to the DBLβ domain immediately following the PfEMP1 head structure

(Fig. 2), but not all DBLβ-containing PfEMP1 bind ICAM1 [20;37–39]. ICAM1 binding has

been associated with DBLβ5 in group B and C proteins and DBLβ3 in group A proteins

[20;37–39]. Whereas ICAM1 is a long molecule (>18nm) that has a bent rod shape and

sticks out above the cellular glycocalyx, CD36 is a smaller plasma membrane protein with

N- and C-terminal transmembrane anchors [40;41]. These physical features may explain the

order and arrangement of CD36 and ICAM-1 binding modules in PfEMP1 proteins. As
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ICAM1 assists in capturing IEs from blood flow, other host receptors may serve this

function in small or large PfEMP1 lacking ICAM1 binding domains.

DC8 and DC13 PfEMP1 proteins and severe malaria

A major question in pathogenesis research is whether there are common disease mechanisms

that can be targeted for intervention. Recent evidence shows that a restricted subset of DC8

and DC13-containing PfEMP1 is selected on brain endothelial cells and is associated with

severe pediatric malaria [32;42;43]. DC8 is a rare and unusual chimeric gene resulting from

a recombination event between a group B and a group A var gene (B/A), while DC13 is a

group A variant. The DC8 cassette consists of 4 domains (DBLα2-CIDRα1.1-DBLβ12-

DBLγ4/6) and DC13 consists of 2 domains (DBLα1.7-CIDRα1.4) (Fig. 3). DC8- and

DC13-expressing parasite lines have avid binding activity for diverse brain and non-brain

endothelial cells [32;44]. However, as predicted from CIDR1 domain classification, they do

not rely on CD36 for endothelial binding [32;42], indicating novel receptors are involved in

cerebral binding. Work on CD36 binding parasites indicates that CD36 receptor clustering

and recruitment of additional receptors is important to ensure tight adhesion to endothelial

cells [45]. Notably, all four DC8 domains encode endothelial binding activity [32;44]. The

CIDRα1 domain in DC8, DC13 and a subpopulation of group A variants bind EPCR [23]

(Fig. 3), but the binding partners for the other DC8 domains remain to be defined.

The finding that EPCR binding parasites are associated with severe malaria has important

implications for malaria pathogenesis. EPCR is a receptor for the serum factor protein C and

promotes its conversion to activated protein C (APC) by the thrombin-thrombomodulin

complex [46]. The protein C-EPCR pathway plays a key role in regulating blood clotting

and endothelial barrier properties [46]. Pediatric autopsies showed decreased EPCR staining

and increased fibrin deposition where IEs had adhered to cerebral microvessels [47]. These

findings suggest there may be a causal link between IE cytoadhesion and blood brain barrier

dysfunction (Fig. 1). The brain may be especially vulnerable to organ-specific pathology

because brain cells have lower EPCR and thrombomodulin levels than other microvessels,

which together limits their capacity to generate APC in response to elevated thrombin levels

[48]. Key questions for pathogenesis research are whether EPCR-binding parasites inhibit

APC generation or trigger the loss of EPCR at sites of sequestration.

Whereas endothelial activation and dysfunction are associated with disease severity [49],

sequestration location matters. We hypothesize that EPCR-binding is a risk factor for severe

malaria, but disease outcome will probably depend on the constellation of adhesion traits

encoded into a specific PfEMP1 variant. DC8, DC13 and other EPCR-binding group A

variants have different domain compositions from each other (Fig. 3) and this will likely

influence parasite microvascular tropism and organ-specific pathology. It is currently

unknown whether all EPCR-binding parasites have equivalent disease potential. Besides

improving our understanding of how EPCR-binding parasites may affect EPCR function,

important issues for pathogenesis research are whether all DC8 cassettes encode the same

binding properties and how the combinatorial binding specificity of different EPCR-binding

PfEMP1 influences cerebral binding tropism, endothelial signaling/dysfunction, and clinical

symptoms.
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Conclusions and future perspectives

IE cytoadhesion is complex, but binding studies and adhesion domain classification have

begun to decipher how it works. To understand the complete PfEMP1 interactome map, we

will need to map PfEMP1 functions to specific adhesion domain types, assign functions to

the different PfEMP1 groups, learn if PfEMP1 adhesion traits are predictable, and test if this

leads to predictable disease outcomes in clinical cohorts. The ultimate goal would be to

design anti-adhesion interventions or new treatment options to target adhesion-based host

pathogenic mechanisms.

A detailed understanding of the PfEMP1 interactome is possible through a combination of

repertoire-wide binding screens with PfEMP1 recombinant proteins and monoclonal parasite

lines [9;33;38;39], coupled with clinical cohort studies. New P. falciparum-endothelial cell

binding models [32;42;44] and large scale human plasma membrane protein arrays [23] are

accelerating research discoveries and have great potential to decipher binding and disease

mechanisms. This combination of approaches has distinguished different types of PfEMP1

head structures and binding differences between small and large PfEMP1 proteins. It has

also revealed functional specialization of the A, B, and C var groups. More recently,

adhesion domain classification was crucial in distinguishing domain cassettes [6] and

identifying an important role of DC8 and other EPCR binding parasites in severe malaria

[23;32;42;43]. This leads to testable hypotheses for PfEMP1 binding and disease

mechanisms.

As more receptor adhesion traits are fully characterized, there are likely to be other

predictable traits because adhesion domain classification probably reflects the ancestral

relationship of binding properties that arose and spread throughout the parasite population.

Binding exceptions can also be expected and sequence types should not be thought of as

monolithic binding traits. The concept of adhesion domain classification has been extended

to short sequence fragment homology blocks [6], which may offer further ability to

discriminate binding properties. In this context, sub-classification of DBLβ domains lent

greater predictive power to ICAM1 binding [33] and homology blocks may distinguish

rosetting variants [50;51]. In conclusion, adhesion domain classification provides a

conceptual framework to investigate parasite binding and gain molecular insight into malaria

pathogenesis. Sequence classification permits repertoire-wide predictions of P. falciparum

host receptor interactions and to make strong inferences about PfEMP1 binding properties.

The ultimate test is how well binding predictions are generalizable across geographically

diverse parasites and is able to provide mechanistic insight into disease.
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• The PfEMP1 protein family is a major virulence determinant for P. falciparum

• PfEMP1 size and sequence polymorphism obscures binding patterns

• Domain classification can predict binding and protein functional specialization

• Classification provides a framework to gain molecular insight into severe

malaria
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Fig 1.
Adhesion domain classification of PfEMP1 proteins. The blue PfEMP1 shows a typical

arrangement of PfEMP1 domains. The first arrow indicates how adhesion domain

classification reveals higher domain organization in PfEMP1. Specific DBL and CIDR

domain types form preferential tandem domain arrangements (DBLα-CIDRα and DBLδ-

CIDRβ/γ/δ). The same tandem arrangements are present in small (4-domain) and large (5 or

more domain) PfEMP1, but large proteins contain unique DBL subtypes (β or γ) that are not

present in small proteins. The second arrow indicates that further sub-classification of

adhesion domains (e.g. CIDRα1) distinguishes three different PfEMP1 head structure types

and functional differences between group A, B, and C proteins. TM is transmembrane, cyt is

cytoplasmic tail.
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Fig 2.
The genome organization and predicted PfEMP1 binding properties of the 3D7 genome

reference isolate. (A) Schematic representation of PfEMP1 domain architecture. The CIDR

domain in the PfEMP1 head structure has diverged into CD36 (group B and C) and EPCR

(group A) binding variants; binding is highly predictable by adhesion domain classification.

ICAM1 binding has been mapped to specific DBLβ subtypes following the PfEMP1 head

structure. (B) Group A and B var genes are located in sub-telomeric regions and group C var

in central chromosome regions [4]. The predicted binding properties for the 3D7 genome

reference isolate are shown based on adhesion domain classification and recombinant

protein binding studies. Blue proteins encode CD36-binding CIDR domains [9], red proteins

encode EPCR-binding CIDR domains [23], green proteins encode head structures associated

with rosetting [27], striped proteins encode DBLβ3 or DBLβ5 domains associated with

ICAM1 binding [37–39], and the beige protein (VAR2CSA) is linked to CSA binding in the

placenta [7]. Large PfEMP1 proteins with 5 or more domains are distinguished by a thick

border.
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Fig 3.
EPCR-binding PfEMP1 variants. The top shows a schematic of a DC8-expressing infected

erythrocyte binding to brain endothelial cells. All four domains in the DC8 cassette encode

binding activity for brain endothelial cells [44], EPCR binding maps to the CIDRα1.1 [23].

The bottom compares the protein architectures of a DC8 (IT4var19) and a DC13 (IT4var7)

PfEMP1 variant, both of which have been shown to be selected on brain endothelial cells

[42;44] and to encode EPCR binding activity in the orange colored CIDR domain [23].

Differences in domain composition between DC8, DC13, and other EPCR binding PfEMP1
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variants have potential implications for the overall PfEMP1 binding specificities and

parasite binding tropism for brain and other microvascular beds.
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