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ABSTRACT Plasmodium falciparum, the most deadly of the human malaria para-
sites, is a member of the Laverania subgenus that also infects African Great Apes.
The virulence of P. falciparum is related to cytoadhesion of infected erythrocytes in
microvasculature, but the origin of dangerous parasite adhesion traits is poorly un-
derstood. To investigate the evolutionary history of the P. falciparum cytoadhesion
pathogenicity determinant, we studied adhesion domains from the chimpanzee ma-
laria parasite P. reichenowi. We demonstrate that the P. reichenowi var gene reper-
toire encodes cysteine-rich interdomain region (CIDR) domains which bind human
CD36 and endothelial protein C receptor (EPCR) with the same levels of affinity and
at binding sites similar to those bound by P. falciparum. Moreover, P. reichenowi do-
mains interfere with the protective function of the activated protein C-EPCR pathway
on endothelial cells, a presumptive virulence trait in humans. These findings provide
evidence for ancient evolutionary origins of two key cytoadhesion properties of
P. falciparum that contribute to human infection and pathogenicity.

IMPORTANCE Cytoadhesion of P. falciparum-infected erythrocytes in the microcircu-
lation is a major virulence determinant. P. falciparum is descended from a subgenus
of parasites that also infect chimpanzees and gorillas and exhibits strict host species
specificity. Despite their high genetic similarity to P. falciparum, it is unknown
whether ape parasites encode adhesion properties similar to those of P. falciparum
or are as virulent in their natural hosts. Consequently, it has been unclear when viru-
lent adhesion traits arose in P. falciparum and how long they have been present in
the parasite population. It is also unknown whether cytoadhesive interactions pose a
barrier to cross-species transmission. We show that parasite domains from the chim-
panzee malaria parasite P. reichenowi bind human receptors with specificity similar
to that of P. falciparum. Our findings suggest that parasite adhesion traits associated
with both mild and severe malaria have much earlier origins than previously appre-
ciated and have important implications for virulence evolution in a major human
pathogen.
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Plasmodium falciparum is the most deadly infective parasite in the world, with
approximately 300 million clinical episodes and hundreds of thousands of deaths

annually (1). The greater virulence of P. falciparum compared to other human malaria
parasites is attributable to the ability of parasites to infect red blood cell stages of
different ages, thereby contributing to a higher parasite biomass, and the unique
capability of P. falciparum-infected erythrocytes (IEs) to sequester in the microcircula-
tion (2). Cytoadhesion prevents the splenic elimination of IEs, but it can lead to
vaso-occlusion, metabolic acidosis, and organ-specific disease complications (3–6).
P. falciparum is distantly related to other human malaria parasites, and its closest
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relatives are parasites of gorillas and chimpanzees, termed the Laverania subgenus
(7–11). Phylogenetic analysis suggests that P. falciparum was introduced to humans
through zoonotic transfer of a gorilla parasite (P. praefalciparum) (8).

Cytoadhesion of falciparum malaria involves significant remodeling of the erythro-
cyte membrane cytoskeleton to form distinctive, knob-like protrusions (12–15). These
modifications result in reductions in the deformability of IEs (16) and render them
vulnerable to splenic clearance (17). Parasite binding to vascular endothelium is
mediated by a clonally variant gene family, termed the var gene or P. falciparum
erythrocyte membrane protein 1 (PfEMP1) family (18–20). PfEMP1 proteins contain
multiple Duffy binding-like (DBL) and cysteine-rich interdomain region (CIDR) domains
that interact with endothelial receptors (21). Surface exposure places PfEMP1 proteins
under strong selection for immune evasion and binding properties, resulting in high
intra- and interstrain sequence variability (22). Nevertheless, the var gene family is
organized similarly between parasite genotypes into three major types (A, B, and C) and
a placenta-specific E variant, as defined by the chromosomal location and 5= upstream
sequence region (23–25). Furthermore, var groups have diverged into CD36 binding
(groups B and C) and endothelial protein C receptor (EPCR) binding (group A) subsets,
with both traits mapping to the CIDR domain in the PfEMP1 head structure (26–29).
Infections dominated by CD36 binding parasites are associated with mild malaria, while
parasites transcribing var genes that are predicted to encode EPCR binding properties
are preferentially expressed in malaria-naive hosts and in subjects with severe malaria
(29–36). EPCR plays an important role in regulating coagulation, vascular inflammation,
and endothelial permeability (37), and it is thought that parasite blockade of EPCR
function may contribute to malaria disease mechanisms (30, 38–40). Both the conser-
vation of var gene genomic organization and protein functional specialization suggest
that adhesion selection has strongly shaped the PfEMP1 repertoire, although some
adhesion traits appear to be more dangerous than others.

Despite the importance of IE sequestration in virulence, the vast majority of P. fal-
ciparum infections do not lead to severe disease, suggesting that cytoadhesion is
relatively well adapted. An approach to investigating the evolutionary history of
pathogenicity determinants is to study other Laverania parasites. Although limited
genetic data exist for most Laverania parasite species, the chimpanzee malaria parasite
P. reichenowi has been fully sequenced and presents extensive gene synteny with
P. falciparum, including multigene families involved in erythrocyte remodeling and a
repertoire of var genes with similar gene copy numbers and multidomain architectures
(41–44). By comparison, P. gaboni, a Laverania parasite more distantly related to
P. falciparum, contains divergent var-like genes (41). Notably, var genes are absent in
non-Laverania malaria species (45, 46), indicating that the var-mediated cytoadhesion
phenotype originated within the Laverania subgenus.

The var gene/PfEMP1 family has a capacity for rapid evolution through high rates of
recombination and mutation (47). These features endow the members of the protein
family with a far greater versatility than ordinary malaria proteins with respect to
escaping immunity and potentially acquiring new adhesion traits. Notably, minor
sequence variation in the P. reichenowi and P. falciparum reticulocyte binding protein
homologue 5 (RH5) invasion ligand has a major role in determining host tropism for red
blood cells (48). However, it is unknown whether cytoadhesion interactions impose a
similar host restriction barrier for cross-species transmission of ape Laverania parasites
to humans. It is also not known when virulent adhesion traits arose in P. falciparum.
Here, we performed the first functional characterization of domains from P. reichenowi
erythrocyte membrane protein 1 (PrEMP1). We provide evidence that CD36 and EPCR
head structure binding properties have ancient origins that predate P. reichenowi and
P. falciparum speciation into chimpanzee and human hosts, thereby revealing deep
evolutionary roots of parasite adhesion traits that have been linked to both mild and
severe infection outcomes.
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RESULTS
Sequence comparison of CIDR domains in P. reichenowi and P. falciparum. CIDR

domains in P. falciparum are classified into four major sequence types (�, �, �, and �),
as well as CIDRpam in the placenta-specific VAR2CSA variant, on the basis of sequence
similarity and phylogenetic classification (25, 49). Most PfEMP1 proteins contain two
CIDR domains (Fig. 1A). The CIDR domain in the PfEMP1 head structure has diversified
into CIDR�1 domains (EPCR binders), CIDR�2-6 domains (CD36 binders), and CIDR �, �,
and � domains (unknown binding type) (Fig. 1A). The second CIDR domain located in
the C terminus is always of the �, �, or � type, but it is unknown if it has receptor
binding properties. Whereas the var genes in P. reichenowi and P. falciparum encode
similar DBL and CIDR multidomain protein architectures (25, 42), the var-like genes of
P. gaboni lack CIDR domains (41) (Fig. 1A). As an approach to investigation of the
evolutionary history of the CIDR domain and of its sequence and functional special-
ization, we compared domains from P. reichenowi and P. falciparum.

In the phylogenetic tree, P. falciparum and P. reichenowi CIDR sequences were
interspersed and did not cluster by species (Fig. 1B). Moreover, the four major types of
CIDR domains (�, �, �, and �) were also present in the P. reichenowi genome (Fig. 1B).
Like P. falciparum, predicted CD36 binding types were more common than EPCR
binding types in P. reichenowi (Fig. 1B). Given the association of EPCR binding with

FIG 1 Phylogenetic analysis of P. reichenowi and P. falciparum CIDR sequences. (A) Protein schematic illustrating
the multidomain architecture of PfEMP1 proteins. The CIDR1 domain in the PfEMP1 head structure has diversified
into CD36 binding (CIDR�2-6) and EPCR binding (CIDR�1.1, CIDR�1.4-CIDR�1.8) sequences. The phylogenetic
relationships of Laverania parasites are shown at the left (41). P. falciparum and P. reichenowi have similar DBL and
CIDR multidomain PfEMP1 architectures (25, 42), P. gaboni has DBL domains but lacks CIDR domains (41), and the
domain structure is unknown for other Laverania species. ATS, acidic terminal sequence; TM, transmembrane. (B)
A neighbor joining tree was constructed from CIDR domains in the P. reichenowi CDC isolate (blue lines) and from
the 3D7 genome reference isolate of P. falciparum (red lines). The major CIDR sequence types (� and �, � and �)
are indicated by shading. (C) A neighbor joining tree of representative CIDR�1.1-1.8 subtype sequences from seven
P. falciparum genotypes (25, 26, 30) (solid lines) and CIDR�1 sequences in P. reichenowi (dashed lines). The CIDR
subtypes are labeled and indicated by coloring. Blue dots indicate the expressed P. reichenowi domains, and the
red dot indicates the expressed P. falciparum domain.
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severe malaria (29, 30), additional subtyping of P. reichenowi CIDR�1 domains was
performed. Of the eight CIDR�1 subtypes in P. falciparum (25), six have been shown to
encode EPCR binding activity (CIDR�1.1 and CIDR�1.4 to CIDR�1.8 [CIDR�1.4-1.8]) and
two do not (CIDR�1.2 and 1.3 [CIDR�1.2-1.3]) (26). In the CIDR�1 subtype tree (Fig. 1C),
all of the P. reichenowi CIDR�1 sequences clustered with CIDR�1.4 sequences from
P. falciparum. Viewing the data as a whole, this analysis supports the conclusion that
the divergence of CIDR sequence types occurred prior to speciation of P. reichenowi and
P. falciparum and that the same major sequence types have been maintained during
parasite adaptation to their chimpanzee and human hosts.

Analysis of binding of P. reichenowi CIDR domains for CD36 or EPCR. To
investigate whether the CD36 and EPCR binding traits arose before or after P. falci-
parum crossed to humans, we expressed representative CIDR domains from P. reiche-
nowi, including one domain that clustered with CD36 binding P. falciparum domains
(P. reichenowi var85 CIDR�5) and three domains that clustered with EPCR binding
P. falciparum domains (P. reichenowi var71 CIDR�1.4, P. reichenowi CD061774.1
CIDR�1.4, and P. reichenowi CDO62090.1 CIDR�1.4). For controls, a CD36 binding
domain (P. falciparum var14 CIDR�5) and an EPCR binding domain (P. falciparum var07
CIDR�1.4) from P. falciparum strain IT4/25/4 were analyzed. All of the recombinant
proteins ran as a single predominant band at the expected size on an SDS-PAGE gel
(Fig. 2A). By size exclusion chromatography, the majority of P. reichenowi var85 CIDR�5
(67%) and P. reichenowi CD061774.1 CIDR�1.4 (60%) eluted at the expected monomeric
size and P. reichenowi var71 CIDR�1.4 was 100% monomeric (see Fig. S1 in the
supplemental material).

Using biolayer interferometry (BLI), the P. reichenowi CIDR domains bound human
CD36 (Fig. 2B) or human EPCR (Fig. 2C) in a manner predicted by their phylogenetic

FIG 2 P. reichenowi CIDR domains bind to recombinant human CD36 and EPCR. (A) P. falciparum (Pf) and
P. reichenowi (Pr) CIDR recombinant proteins were analyzed under reducing conditions in an SDS-PAGE
gel and stained with GelCode Blue protein stain. (B and C) Sensorgrams of CIDR proteins binding to
recombinant human CD36 (B) or recombinant human EPCR (C). P. falciparum domains are indicated with
red font and P. reichenowi domains with blue font. The concentrations of recombinant CIDR domains
analyzed in panels B and C are indicated to the right of the sensorgrams.
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classification. Furthermore, the dissociation constants were similar to their counterparts
in P. falciparum. For instance, the P. reichenowi and P. falciparum CIDR domains bound
human CD36 with nearly identical affinities (for P. falciparum var14 CIDR�5, equilibrium
dissociation constant [Kd] � 3.2 nM; for P. reichenowi var85 CIDR�5, Kd � 1.7 nM). These
Kd values are similar to binding constants reported for other CIDR�2-6 domains from
P. falciparum (50). Likewise, the P. reichenowi CIDR domains bound EPCR with nano-
molar affinity (for P. reichenowi var71 CIDR�1.4, Kd � 23 nM; for P. reichenowi
CDO61774.1 CIDR�1.4, Kd � 6 nM; for P. reichenowi CDO62090.1 CIDR�1.4, Kd � 60 nM).
By comparison, the P. falciparum var07 CIDR�1.4 domain has 2 nM affinity for EPCR (26,
40), and Kd values have been shown to range between 0.3 and 60 nM for other
PfCIDR�1-EPCR interactions (26, 29, 30, 40). Moreover, the association rates of P. reiche-
nowi CIDR�1 (upper 103 to 104) and the dissociation rates (10�4) were equivalent to
those determined for PfCIDR�1-EPCR interactions (26, 29, 30, 40) (see Table S1 in the
supplemental material). Although the presence of higher-molecular-weight species in
the P. reichenowi var85 CIDR�5 and the P. reichenowi CD061774.1 CIDR�1.4 protein
preparations may have affected the precision of the kinetic measurements for those
two domains, the P. reichenowi var71 CIDR�1.4 protein was 100% monomeric (Fig. S1).
Therefore, the chimpanzee malaria domains bound human receptors with kinetics
highly similar to P. falciparum kinetics.

Similarly, in cell binding assays, the P. reichenowi CIDR domains bound with pre-
dicted specificity to CHO-EPCR cells (Fig. 3A) or CHO-CD36 cells (Fig. 3B) transfected
with human receptors but not to untransfected CHO745 cell lines. To further delineate
the fine specificity of the P. reichenowi and P. falciparum domains for human receptors,
anti-EPCR and anti-CD36 monoclonal antibodies (MAbs) were employed (Fig. 3C and D
and Fig. S2). As previously reported, anti-EPCR MAbs differ in levels of blocking activity
(40). Whereas the P. falciparum and P. reichenowi CIDR domains were partially inhibited
by the anti-EPCR MAbs 1535 and 252 (mean, 22% to 68% reduction), the extents of
inhibition in the species were similar (Fig. 3C). Furthermore, a combination of 1535 and
252 MAbs completely abolished binding of P. reichenowi domains to CHO-EPCR cells
(Fig. 3C and Fig. S2). By comparison, there was no or little inhibition of CIDR domains
with an isotype control antibody or nonblocking, anti-EPCR MAb 1500 (Fig. 3C) (40).

For the CD36 interaction, both the P. falciparum and P. reichenowi domains were
inhibited at levels greater than 90% by the anti-CD36 MAb FA6-152 and there was
limited or no inhibition by an isotype control antibody (Fig. 3D and Fig. S2). A recent
analysis of a CD36:CIDR�2.8 co-crystal structure identified 14 residues in CD36 that
interact with Malayan Camp var1 CIDR�2.8 (50). Human and chimpanzee CD36 se-
quences are identical at 13 of 14 contact residues (conservative substitution I157V), and
human and gorilla CD36 sequences are identical at 8 of 14 contact residues (conser-
vative substitutions at M156V and I157V) (Fig. S3). Taken together, the results of this
analysis indicate that CIDR domains from P. reichenowi and P. falciparum interact with
similar regions on CD36 and EPCR and further suggest that these binding properties
originated in a common ancestor of P. reichenowi and P. falciparum.

CIDR domains from P. reichenowi interfere with the endothelial barrier protec-
tive response of the EPCR pathway. EPCR is a receptor for protein C/activated protein
C (APC) and plays a critical role in coagulation, inflammation, and endothelial barrier
properties (37). It has been postulated that EPCR binding P. falciparum parasites
contribute to cerebral malaria brain swelling (51) by inhibiting the APC-EPCR interac-
tion (29, 38–40). To explore the origins of this presumptive virulence phenotype in the
Laverania subgenus, we investigated whether P. reichenowi CIDR domains inhibit the
APC-EPCR interaction to the same extent as P. falciparum domains.

To study whether P. reichenowi CIDR domains interfere with APC binding, compe-
tition assays were performed with CHO-EPCR cells. For these assays, CIDR domains were
used at 50 �g/ml or 250 �g/ml to achieve approximately 70% and 100% binding levels
on CHO745-EPCR cells at the lower and higher concentrations (Fig. S4). As expected,
the CD36 binding, P. reichenowi var85 CIDR�5 domain did not inhibit APC binding
(Fig. 4A and B), whereas the positive-control P. falciparum var07 CIDR�1.4 domain
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almost completely abolished APC binding at 50 �g/ml (85% reduction) or 250 �g/ml
(98% reduction). Notably, the three CIDR�1.4 domains from P. reichenowi inhibited APC
binding by 62% to 85% at the higher concentration (Fig. 4A and B).

To study if P. reichenowi CIDR domains interfere with APC barrier protective prop-
erties, thrombin-induced barrier dysfunction assays were performed with primary
human brain microvascular endothelial cells. Thrombin induced a rapid drop in elec-
trical impedance across the brain endothelial monolayer that peaked at approximately
30 min and returned to baseline by 2 h (Fig. 4C). APC diminished thrombin-induced
barrier disruption by 50%. As expected, pretreatment with the negative-control CD36
binding P. reichenowi var85 CIDR�5 domain led to a minimal reduction in APC barrier
protection (25% reduction at the higher concentration) (Fig. 4D). Conversely, the
positive-control P. falciparum var07 CIDR�1.4 domain and the three CIDR�1.4 domains

FIG 3 Binding of P. reichenowi CIDR domains to human CD36 and EPCR in cell-based assays. (A) Histograms show binding of recombinant
CIDR domains to CHO745 untransfected cells (gray histogram) versus CHO745-EPCR cells (blue for P. reichenowi, red for P. falciparum, dashed
line for CD36 binder, solid line for EPCR binder). (B) Dot blots with means (lines) show the percentages of inhibition of binding to
CHO745-EPCR cells in the presence of different anti-EPCR monoclonal antibodies versus an isotype control antibody (means and standard
errors of the means [SEM]; n � 4 to 6 from 2 to 3 independent experiments done in duplicate). (C) Histograms show binding of recombinant
CIDR domains to CHO745 untransfected cells (gray histogram) versus CHO745-CD36 cells. (D) Dot blots with means (lines) show the
percentages of inhibition of binding to CHO745-CD36 cells in the presence of anti-CD36 MAb FA6-152 versus an isotype control antibody
(means and SEM; n � 4 from 2 independent experiments done in duplicate). Representative histograms from panels B and D are shown in
Fig. S2.
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from P. reichenowi caused a 60% to 70% reduction in APC protective function at the
higher CIDR concentration. Furthermore, there was a strong concordance between the
CIDR-APC competition assay results (Fig. 4B) and blockade of APC protective activity in
the barrier permeability assay (Fig. 4D). Thus, P. reichenowi and P. falciparum CIDR�1.4
domains disrupted the APC-EPCR interaction in similar manners.

FIG 4 P. reichenowi CIDR domains inhibit the APC-EPCR interaction. (A) Level of APC binding alone (black
histogram) versus binding in the presence of 250 �g/ml of recombinant CIDR domains to CHO745-EPCR
cells (blue for P. reichenowi, red for P. falciparum, dashed line for CD36 binder, solid line for EPCR binder).
The vertical line shows the secondary antibody alone used to set the background level. (B) Boxes with
medians (lines in boxes) and whiskers (10th to 90th percentiles) show the percentages of APC binding
in the presence of 50 �g/ml (dark gray) or 250 �g/ml (light gray) recombinant CIDR domains relative to
APC binding alone (means and standard deviations; n � 3 independent experiments). *, P � 0.05; ***,
P � 0.001 (by the nonparametric Kruskal-Wallis two-sided test followed by post hoc multiple comparisons
performed using Dunn’s test). (C) Kinetics showing APC (100 nM, green line)-mediated protection of
thrombin (5 nM, black line)-induced barrier disruption in primary human brain endothelial cell mono-
layers. The ability of CIDR domains to inhibit the barrier protective properties of APC was measured at
the peak of thrombin-induced barrier disruption. The thrombin inhibitor hirudin (dotted gray line) was
used as a control to block thrombin-induced permeability. The single digits by each curve refer to the
labeled proteins in panel A. (D) Boxes with medians (lines in boxes) and whiskers (10th to 90th
percentiles) show the barrier protection (percent) activity of APC on human brain endothelial cells
pretreated with recombinant CIDR domains at either 50 �g/ml (dark gray) or 250 �g/ml (light gray)
(means and SEM; n � 6 from 2 independent experiments done in triplicate). *, P � 0.05; **, P � 0.01 (by
the nonparametric Kruskal-Wallis two-sided test followed by post hoc multiple comparisons performed
using Dunn’s test).
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Consistent with the functional analysis, comparison of CIDR�1.4 sequences of
P. falciparum and P. reichenowi shows that they are relatively conserved at nine contact
residues from the solved IT4var07 CIDR�1.4-EPCR co-crystal structures (26) (Fig. 5A).
This includes the highly conserved dual phenylalanine residues at positions F655 and
F656 in IT4var07 CIDR�1.4; the F656 inserts into the EPCR lipid binding groove in a
location similar to that of a phenylalanine residue from APC (26) (Fig. 5A). Moreover,
chimpanzees and gorillas differ at only 6 amino acid positions from human EPCR
(Fig. S5) and all of them are distant from the P. falciparum var07 CIDR�1.4-EPCR contact
interface (Fig. 5B). Taking the results together, this analysis suggests that P. reichenowi
and P. falciparum CIDR�1.4 domains engage similar surfaces on EPCR and that both
compete for binding with its native ligand protein C/APC.

DISCUSSION

The uniquely virulent character of the P. falciparum parasite, along with its capacity
to cytoadhere in the host’s microvasculature, has led to debate regarding the origins of
deadly cytoadhesion traits. Several lines of evidence support the hypothesis that
widespread human infection with P. falciparum is a relatively recent phenomenon and
may have emerged in only the past 5,000 to 10,000 years, associated with changes in
human populations from hunter-gatherer societies to agriculture-based communities
(52). P. falciparum’s closest relative is a gorilla parasite, P. praefalciparum, and its next
closest relative is a chimpanzee parasite, P. reichenowi (8). Despite their high genetic
similarity to P. falciparum, it is unknown whether ape parasites are as virulent in their
natural hosts (53). While only limited DNA sequence data exist for P. praefalciparum,
the genome of P. reichenowi has been fully sequenced (42). Here, we investigated the
evolutionary origins of P. falciparum pathogenicity determinants by studying the
binding properties of P. reichenowi domains.

For most of the 20th century, the nature of the evolutionary relationship between
P. falciparum and P. reichenowi was largely limited to inferences based upon the
morphological similarities between the two parasites (54). These have been extended
by genomic studies that show similar catalogs of var genes of P. falciparum and
P. reichenowi, as well as of multigene families involved in erythrocyte remodeling
(41–44). Although the members of the var gene family are among the fastest-evolving
genes in P. falciparum, there appears to be significant conservation of var organization
and coding features between the two species (25, 42). In contrast, P. gaboni, a more
distant Laverania relative, contains var-like genes that have DBL domains that are highly

FIG 5 EPCR contact residues are conserved in P. falciparum and P. reichenowi CIDR sequences. (A)
Sequence logos comparing variations between P. falciparum (top logo) and P. reichenowi (bottom logo)
with respect to CIDR�1 residue positions corresponding to those that have direct contact with EPCR in
two solved co-crystal structures from P. falciparum (26). The residues of the three P. reichenowi CIDR�1.4
sequences tested in this study are shown. (B) Structure of the IT4var07 CIDR�1.4-EPCR interaction (26)
showing the locations of EPCR residues that differ in gorilla or chimpanzee sequences from human
sequences (G124 and I194, gorilla only � blue; S138, chimpanzee only � yellow; A127, gorilla plus
chimpanzee � red).
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divergent from those of P. falciparum and P. reichenowi and lack CIDR domains (41, 42).
Taken together, the genomic data suggest an evolutionary history in which DBL
domains containing var-like genes originated in an early precursor of the Laverania
subgenus. However, the ancestral var gene diverged between Laverania species and
the characteristic DBL-CIDR head structure of PfEMP1, a key determinant of P. falci-
parum cytoadhesion, is present in only a subset of the members of the Laverania clade.

While the origin of the var gene family is becoming clearer from comparative
genomics, nothing was known about the adhesion traits encoded by var genes present
in other members of the clade. Extensive work on P. falciparum has revealed that the
binding properties of CD36 and EPCR are predicted by sequence classification of CIDR
domains (26–29). Nevertheless, while phylogenetic classification of PfEMP1 domains is
highly predictive of binding (55), exceptions are known. For instance, sequence varia-
tion between CIDR�1 domains can determine the ability to bind EPCR (26) or influence
the extent of APC blockade activity (30, 38, 40). Here we demonstrated that CIDR
domains in P. reichenowi can be categorized into sequence types similar to those of
P. falciparum and that domains bind in a predictable manner to human CD36 and EPCR.
More significantly, the CIDR�1 domains from P. reichenowi share the capacity of
CIDR�1.4 domains from P. falciparum to disrupt APC-EPCR binding in a manner that
exacerbates the permeability of human brain endothelial cell monolayers in the pres-
ence of thrombin (30, 38–40), a feature that may contribute to brain swelling and
cerebral malaria pathophysiology (51, 56, 57).

A limitation of this study was that recombinant proteins were analyzed. This was
necessary because chimpanzees are an endangered species and because it is techni-
cally challenging to work with P. reichenowi parasites. However, previous work has
shown that recombinant CIDR domains predict P. falciparum parasite binding to both
CD36 (58) and EPCR (29, 40, 59). These results show that binding to CD36 and EPCR is
conserved between P. falciparum and the chimpanzee malaria parasite P. reichenowi.

The remarkable persistence and specificity of the CD36 and EPCR binding traits in a
rapidly evolving variant antigen gene family have several implications. First, they
provide evidence that CD36 and EPCR binding have early origins and have been
maintained in the populations of both P. reichenowi and P. falciparum parasites, despite
the association of EPCR binding with severe malaria in human infections (29). Consis-
tent with this concept, CD36 and EPCR sequences are highly conserved between
humans, chimpanzees, and gorillas. The stability of adhesion receptor specificity sug-
gests a strategy in which the parasite co-opts a key functional molecular interface
which the host cannot easily modify without compromising protein function. Indeed,
P. falciparum CIDR�1 domains interact with the APC binding site in EPCR (26, 29, 30, 39,
40) and CIDR�2-6 domains bind to the oxidized low-density lipoprotein (OxLDL)
binding site in CD36 (50). The corresponding EPCR contact residues are completely
conserved between human, chimpanzee, and gorilla sequences, and the corresponding
CD36 contact residues are identical at 13 of 14 positions in humans and chimpanzees.
While gorilla sequences differ at six of the human CD36 contact residues, two of the
differences are conservative amino acid substitutions.

An additional implication is that cytoadhesion interactions may have posed less of
a barrier than red blood cell invasion (48) for the crossing of the progenitor parasite
from gorillas to humans. The ability of the ancestral parasite to cytoadhere to CD36 and
EPCR may have been an important factor in the P. praefalciparum zoonotic event of
transfer to humans, since poor sequestration would otherwise be expected to impose
a high parasite fitness cost due to splenic entrapment and clearance of more-rigid IEs
(16, 17). Studies of fecal samples have revealed six different Laverania species in African
chimpanzee and gorilla populations (7–11). It is possible that cytoadhesion interactions
may pose a stronger barrier to human transmission for more-distant Laverania parasites
that lack CIDR domains, but this remains to be determined. Our findings suggest that
the adhesion traits encoded in var genes may have at least partly preequipped the
ancestral P. falciparum parasite with traits necessary to survive in the human host.
Furthermore, the parasite that crossed into humans was already endowed with the
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dangerous EPCR binding trait. The long evolutionary persistence of the CIDR-EPCR
interaction raises the possibility that it may also possess adaptive properties that have
led to its retention in human and chimpanzee parasites, especially since the vast
majority of P. falciparum infections are not deadly. While CD36 binders are predicted to
be more common than EPCR binders, both parasite species have invested considerable
genomic resources in retaining both adhesion traits. In addition to OxLDL and APC, a
diverse array of ligands bind to CD36 and EPCR (60, 61). This suggests additional
possible roles of CD36- and EPCR-based parasite adhesion in influencing a range of
physiological and pathological processes which will be of interest to explore.

MATERIALS AND METHODS
Sequence analysis. To identify CIDR domains in P. reichenowi, we conducted searches of public

databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE�Proteins) using amino acid sequences from rep-
resentatives of the four CIDR sequence types (�, �, �, and �) found in the P. falciparum genome. This
approach identified 93 unique var sequences, which were submitted to the VarDom server (http://
www.cbs.dtu.dk/services/VarDom/) for the identification of DBL and CIDR domain boundaries. All CIDR
domain sequences were extracted, combined with a data set comprising all of the CIDR sequences
present in the 3D7 genome, and assembled into a neighbor joining tree using the Geneious Tree Builder
tool. For subtyping of P. reichenowi CIDR�1 domains, additional representative CIDR�1-8 type domains,
as defined by Rask et al. (25), were included in the tree.

Protein expression. Recombinant P. reichenowi CIDR domains were synthesized as Gblocks gene
fragments (Integrated DNA Technologies, Inc.), and P. falciparum CIDR sequences were amplified from
parasite genomic DNA (gDNA) (see Table S2 in the supplemental material). Proteins were expressed as
His6-maltose binding protein (MBP)-tobacco etch virus (TEV)-CIDR-StrepII constructs in pSHuffle expres-
sion hosts (New England Biolabs, Inc.) and purified using a two-step process, as described previously (62).
Purified proteins were analyzed by SDS/PAGE according to standard procedures.

BLI analysis. CIDR binding kinetics data were determined using an Octet Qke instrument. The
protocol for analyzing the CIDR-EPCR interaction was conducted as reported previously (40). The
CIDR-CD36 interaction was evaluated by immobilizing hisCD36 to nickel-nitrilotriacetic acid (Ni-NTA)
biosensors (ForteBio). For the association phase, binding was measured by immersion of the sensors into
wells containing CIDR domains diluted in kinetics buffer (phosphate-buffered saline [PBS], 0.02%
Tween-20, 100 �g/ml bovine serum albumin, 0.005% sodium azide) for 600 or 900 s. For the dissociation
phase, sensors were then immersed in kinetics buffer for 300 to 600 s. Mean association rate constant
(Kon), dissociation rate constant (Koff), and equilibrium dissociation constant (Kd) values were calculated
using subtracted double-reference data fitted to a 1:1 binding mode using the data analysis software
furnished with the Octet instrument (ForteBio).

Cell binding assays with CIDR recombinant proteins. To study the binding specificity of CIDR
recombinant proteins for CD36 and EPCR, cell binding assays were performed as previously described
(40). In brief, stably transfected CHO745-EPCR (40) or CHO745-CD36 (63) cells were lifted with 1� PBS
(10 mM EDTA) and resuspended in complete Hanks’ buffered salt solution (HBSS [with 3 mM CaCl2,
0.6 mM MgCl2, and 1% bovine serum albumin]) to restore divalent cations. For recombinant CIDR binding
assays, 1 � 105 cells were incubated with 50 �g/ml CIDR domains for 30 min on ice. In antibody blockade
assays, cells were preincubated for 30 min with rat anti-EPCR MAb (RCR-252; Sigma) (50 �g/ml), mouse
anti-EPCR MAb 1500 or 1535 (0.2 �M) (64), combined MAbs 1535 and RCR-252, or mouse anti-CD36 MAb
FA6-152 (Abcam, Inc.) (20 �g/ml) and then washed two times with 1� HBSS before the CIDR recombi-
nant proteins were added. In CIDR and APC competition binding assays, cells were coincubated for
30 min with 50 �g/ml (660 nM) or 250 �g/ml (3.3 �M) recombinant CIDR domains and 25 �g/ml
(446 nM) APC (P2200; Sigma). APC binding was detected with goat anti-human protein C antibody
(GAPC-AP; Affinity BioLogicals) (20 �g/ml), followed by chicken anti-goat Alexa488-coupled antibody
(A-21467; Molecular Probes) (10 �g/ml). Binding of CIDR recombinant proteins was assessed by labeling
with rabbit polyclonal anti-StrepII tag antibody (A00626; GenScript) (10 �g/ml) followed by goat
anti-rabbit Alexa488-coupled antibodies (A-11070; Molecular Probes) (4 �g/ml). Labeled cells were
analyzed by the use of an LSR II flow cytometer (Becton, Dickinson). Data were analyzed with FlowJo 10
software (Tree Star Inc.).

Permeability assays. Endothelial barrier permeability assays were measured in real time using an
xCELLigence system from ACEA Biosciences as described previously (30). In brief, primary human brain
microvascular endothelial cells (ACBRI376; Cell Systems) were grown for several days to reach confluence
in 96-well plates on integrated electronic sensors. For thrombin-induced barrier dysfunction assays, cell
monolayers were treated with recombinant CIDR domains (50 or 250 �g/ml) for 30 min, followed by
100 nM APC (Haematologic Technologies, Inc.) for 2 h, followed by 5 nM thrombin. Control wells received
thrombin plus thrombin inhibitor hirudin (Hyphen Biomed, France) (500 nM), recombinant CIDR domains
alone, APC alone, thrombin alone, or APC plus thrombin treatment. Measurements of transendothelial
resistance were initiated before the first treatment and continued until impedance measurements
returned to baseline (~2 h after thrombin treatment). CIDR blockade of APC function was measured at
the peak of thrombin barrier disruption. Blockade activity was calculated by determining the percentage
of APC protection in the presence or absence of CIDR domains.

Brazier et al.

January/February 2017 Volume 2 Issue 1 e00348-16 msphere.asm.org 10

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://www.cbs.dtu.dk/services/VarDom/
http://www.cbs.dtu.dk/services/VarDom/
msphere.asm.org


SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSphere.00348-16.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 0.5 MB.
FIG S3, PDF file, 0.01 MB.
FIG S4, PDF file, 0.2 MB.
FIG S5, PDF file, 0.01 MB.
TABLE S1, PDF file, 0.02 MB.
TABLE S2, PDF file, 0.04 MB.

ACKNOWLEDGMENTS
A.J.B. and J.D.S. conceived the study. A.J.B., M.A., M.B., and M.B. designed, performed,

and analyzed experiments. A.J.B. and J.D.S. wrote the paper with contributions from all
authors. None of the authors have any conflicts of interest.

The funders had no role in the study design, data collection and interpretation, or
the decision to submit the work for publication.

REFERENCES
1. World Health Organization. 2015. WHO world malaria report 2015. World

Health Organization, Geneva, Switzerland.
2. Miller LH, Baruch DI, Marsh K, Doumbo OK. 2002. The pathogenic basis

of malaria. Nature 415:673– 679. https://doi.org/10.1038/415673a.
3. Anonymous. 2014. Severe malaria. Trop Med Int Health 19:7–131.

https://doi.org/10.1111/tmi.12313_2.
4. Dondorp AM, Ince C, Charunwatthana P, Hanson J, van Kuijen A, Faiz

MA, Rahman MR, Hasan M, Bin Yunus E, Ghose A, Ruangveerayut R,
Limmathurotsakul D, Mathura K, White NJ, Day NP. 2008. Direct in vivo
assessment of microcirculatory dysfunction in severe falciparum malaria.
J Infect Dis 197:79 – 84. https://doi.org/10.1086/523762.

5. MacPherson GG, Warrell MJ, White NJ, Looareesuwan S, Warrell DA.
1985. Human cerebral malaria. A quantitative ultrastructural analysis of
parasitized erythrocyte sequestration. Am J Pathol 119:385– 401.

6. Taylor TE, Fu WJ, Carr RA, Whitten RO, Mueller JS, Fosiko NG, Lewallen S,
Liomba NG, Molyneux ME, Mueller JG. 2004. Differentiating the pathol-
ogies of cerebral malaria by postmortem parasite counts. Nat Med
10:143–145. https://doi.org/10.1038/nm986.

7. Escalante AA, Ayala FJ. 1994. Phylogeny of the malarial genus Plasmo-
dium, derived from rRNA gene sequences. Proc Natl Acad Sci U S A
91:11373–11377. https://doi.org/10.1073/pnas.91.24.11373.

8. Liu W, Li Y, Learn GH, Rudicell RS, Robertson JD, Keele BF, Ndjango JB,
Sanz CM, Morgan DB, Locatelli S, Gonder MK, Kranzusch PJ, Walsh PD,
Delaporte E, Mpoudi-Ngole E, Georgiev AV, Muller MN, Shaw GM,
Peeters M, Sharp PM, Rayner JC, Hahn BH. 2010. Origin of the human
malaria parasite Plasmodium falciparum in gorillas. Nature 467:420 – 425.
https://doi.org/10.1038/nature09442.

9. Ollomo B, Durand P, Prugnolle F, Douzery E, Arnathau C, Nkoghe D,
Leroy E, Renaud F. 2009. A new malaria agent in African hominids. PLoS
Pathog 5:e1000446. https://doi.org/10.1371/journal.ppat.1000446.

10. Prugnolle F, Durand P, Neel C, Ollomo B, Ayala FJ, Arnathau C, Etienne
L, Mpoudi-Ngole E, Nkoghe D, Leroy E, Delaporte E, Peeters M, Renaud
F. 2010. African great apes are natural hosts of multiple related malaria
species, including Plasmodium falciparum. Proc Natl Acad Sci U S A
107:1458 –1463. https://doi.org/10.1073/pnas.0914440107.

11. Rich SM, Leendertz FH, Xu G, LeBreton M, Djoko CF, Aminake MN,
Takang EE, Diffo JL, Pike BL, Rosenthal BM, Formenty P, Boesch C, Ayala
FJ, Wolfe ND. 2009. The origin of malignant malaria. Proc Natl Acad Sci
U S A 106:14902–14907. https://doi.org/10.1073/pnas.0907740106.

12. Hiller NL, Bhattacharjee S, van Ooij C, Liolios K, Harrison T, Lopez-Estraño
C, Haldar K. 2004. A host-targeting signal in virulence proteins reveals a
secretome in malarial infection. Science 306:1934 –1937. https://doi.org/
10.1126/science.1102737.

13. Kilejian A. 1979. Characterization of a protein correlated with the pro-
duction of knob-like protrusions on membranes of erythrocytes infected
with Plasmodium falciparum. Proc Natl Acad Sci U S A 76:4650 – 4653.
https://doi.org/10.1073/pnas.76.9.4650.

14. Leech JH, Barnwell JW, Aikawa M, Miller LH, Howard RJ. 1984. Plasmo-

dium falciparum malaria: association of knobs on the surface of infected
erythrocytes with a histidine-rich protein and the erythrocyte skeleton.
J Cell Biol 98:1256 –1264. https://doi.org/10.1083/jcb.98.4.1256.

15. Marti M, Good RT, Rug M, Knuepfer E, Cowman AF. 2004. Targeting
malaria virulence and remodeling proteins to the host erythrocyte.
Science 306:1930 –1933. https://doi.org/10.1126/science.1102452.

16. Cranston HA, Boylan CW, Carroll GL, Sutera SP, Williamson JR, Gluzman
IY, Krogstad DJ. 1984. Plasmodium falciparum maturation abolishes
physiologic red cell deformability. Science 223:400 – 403. https://doi.org/
10.1126/science.6362007.

17. David PH, Hommel M, Miller LH, Udeinya IJ, Oligino LD. 1983. Parasite
sequestration in Plasmodium falciparum malaria: spleen and antibody
modulation of cytoadherence of infected erythrocytes. Proc Natl Acad
Sci U S A 80:5075–5079. https://doi.org/10.1073/pnas.80.16.5075.

18. Baruch DI, Pasloske BL, Singh HB, Bi X, Ma XC, Feldman M, Taraschi TF,
Howard RJ. 1995. Cloning the P. falciparum gene encoding PfEMP1, a
malarial variant antigen and adherence receptor on the surface of
parasitized human erythrocytes. Cell 82:77– 87. https://doi.org/10.1016/
0092-8674(95)90054-3.

19. Smith JD, Chitnis CE, Craig AG, Roberts DJ, Hudson-Taylor DE, Peterson
DS, Pinches R, Newbold CI, Miller LH. 1995. Switches in expression of
Plasmodium falciparum var genes correlate with changes in antigenic
and cytoadherent phenotypes of infected erythrocytes. Cell 82:101–110.
https://doi.org/10.1016/0092-8674(95)90056-X.

20. Su XZ, Heatwole VM, Wertheimer SP, Guinet F, Herrfeldt JA, Peterson DS,
Ravetch JA, Wellems TE. 1995. The large diverse gene family var encodes
proteins involved in cytoadherence and antigenic variation of Plasmo-
dium falciparum-infected erythrocytes. Cell 82:89 –100. https://doi.org/
10.1016/0092-8674(95)90055-1.

21. Kraemer SM, Smith JD. 2006. A family affair: var genes, PfEMP1 binding,
and malaria disease. Curr Opin Microbiol 9:374 –380. https://doi.org/
10.1016/j.mib.2006.06.006.

22. Kyes SA, Kraemer SM, Smith JD. 2007. Antigenic variation in Plasmodium
falciparum: gene organization and regulation of the var multigene fam-
ily. Eukaryot Cell 6:1511–1520. https://doi.org/10.1128/EC.00173-07.

23. Kraemer SM, Smith JD. 2003. Evidence for the importance of genetic
structuring to the structural and functional specialization of the Plasmo-
dium falciparum var gene family. Mol Microbiol 50:1527–1538. https://
doi.org/10.1046/j.1365-2958.2003.03814.x.

24. Lavstsen T, Salanti A, Jensen AT, Arnot DE, Theander TG. 2003. Sub-
grouping of Plasmodium falciparum 3D7 var genes based on sequence
analysis of coding and non-coding regions. Malar J 2:27. https://doi.org/
10.1186/1475-2875-2-27.

25. Rask TS, Hansen DA, Theander TG, Gorm Pedersen A, Lavstsen T. 2010.
Plasmodium falciparum erythrocyte membrane protein 1 diversity in
seven genomes– divide and conquer. PLoS Comput Biol 6:e1000933.
https://doi.org/10.1371/journal.pcbi.1000933.

26. Lau CK, Turner L, Jespersen JS, Lowe ED, Petersen B, Wang CW, Petersen

Ancient Origins of P. falciparum Cytoadhesion Traits

January/February 2017 Volume 2 Issue 1 e00348-16 msphere.asm.org 11

https://doi.org/10.1128/mSphere.00348-16
https://doi.org/10.1128/mSphere.00348-16
https://doi.org/10.1038/415673a
https://doi.org/10.1111/tmi.12313_2
https://doi.org/10.1086/523762
https://doi.org/10.1038/nm986
https://doi.org/10.1073/pnas.91.24.11373
https://doi.org/10.1038/nature09442
https://doi.org/10.1371/journal.ppat.1000446
https://doi.org/10.1073/pnas.0914440107
https://doi.org/10.1073/pnas.0907740106
https://doi.org/10.1126/science.1102737
https://doi.org/10.1126/science.1102737
https://doi.org/10.1073/pnas.76.9.4650
https://doi.org/10.1083/jcb.98.4.1256
https://doi.org/10.1126/science.1102452
https://doi.org/10.1126/science.6362007
https://doi.org/10.1126/science.6362007
https://doi.org/10.1073/pnas.80.16.5075
https://doi.org/10.1016/0092-8674(95)90054-3
https://doi.org/10.1016/0092-8674(95)90054-3
https://doi.org/10.1016/0092-8674(95)90056-X
https://doi.org/10.1016/0092-8674(95)90055-1
https://doi.org/10.1016/0092-8674(95)90055-1
https://doi.org/10.1016/j.mib.2006.06.006
https://doi.org/10.1016/j.mib.2006.06.006
https://doi.org/10.1128/EC.00173-07
https://doi.org/10.1046/j.1365-2958.2003.03814.x
https://doi.org/10.1046/j.1365-2958.2003.03814.x
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1186/1475-2875-2-27
https://doi.org/10.1371/journal.pcbi.1000933
msphere.asm.org


JE, Lusingu J, Theander TG, Lavstsen T, Higgins MK. 2015. Structural
conservation despite huge sequence diversity allows EPCR binding by
the PfEMP1 family implicated in severe childhood malaria. Cell Host
Microbe 17:118 –129. https://doi.org/10.1016/j.chom.2014.11.007.

27. Robinson BA, Welch TL, Smith JD. 2003. Widespread functional special-
ization of Plasmodium falciparum erythrocyte membrane protein 1 fam-
ily members to bind CD36 analysed across a parasite genome. Mol
Microbiol 47:1265–1278. https://doi.org/10.1046/j.1365-2958.2003
.03378.x.

28. Smith JD, Rowe JA, Higgins MK, Lavstsen T. 2013. Malaria’s deadly grip:
cytoadhesion of Plasmodium falciparum-infected erythrocytes. Cell Mi-
crobiol 15:1976 –1983. https://doi.org/10.1111/cmi.12183.

29. Turner L, Lavstsen T, Berger SS, Wang CW, Petersen JE, Avril M, Brazier
AJ, Freeth J, Jespersen JS, Nielsen MA, Magistrado P, Lusingu J, Smith JD,
Higgins MK, Theander TG. 2013. Severe malaria is associated with par-
asite binding to endothelial protein C receptor. Nature 498:502–505.
https://doi.org/10.1038/nature12216.

30. Bernabeu M, Danziger SA, Avril M, Vaz M, Babar PH, Brazier AJ, Herricks T,
Maki JN, Pereira L, Mascarenhas A, Gomes E, Chery L, Aitchison JD, Rathod
PK, Smith JD. 2016. Severe adult malaria is associated with specific PfEMP1
adhesion types and high parasite biomass. Proc Natl Acad Sci U S A 113:
E3270–E3279. https://doi.org/10.1073/pnas.1524294113.

31. Bertin GI, Lavstsen T, Guillonneau F, Doritchamou J, Wang CW, Jespersen
JS, Ezimegnon S, Fievet N, Alao MJ, Lalya F, Massougbodji A, Ndam NT,
Theander TG, Deloron P. 2013. Expression of the domain cassette 8
Plasmodium falciparum erythrocyte membrane protein 1 is associated
with cerebral malaria in Benin. PLoS One 8:e68368. https://doi.org/
10.1371/journal.pone.0068368.

32. Jespersen JS, Wang CW, Mkumbaye SI, Minja DT, Petersen B, Turner L,
Petersen JE, Lusingu JP, Theander TG, Lavstsen T. 2016. Plasmodium
falciparum var genes expressed in children with severe malaria encode
CIDRalpha1 domains. EMBO Mol Med 8:839 – 850. https://doi.org/
10.15252/emmm.201606188.

33. Kaestli M, Cockburn IA, Cortés A, Baea K, Rowe JA, Beck HP. 2006.
Virulence of malaria is associated with differential expression of Plasmo-
dium falciparum var gene subgroups in a case-control study. J Infect Dis
193:1567–1574. https://doi.org/10.1086/503776.

34. Kyriacou HM, Stone GN, Challis RJ, Raza A, Lyke KE, Thera MA, Koné AK,
Doumbo OK, Plowe CV, Rowe JA. 2006. Differential var gene transcrip-
tion in Plasmodium falciparum isolates from patients with cerebral ma-
laria compared to hyperparasitaemia. Mol Biochem Parasitol 150:
211–218. https://doi.org/10.1016/j.molbiopara.2006.08.005.

35. Lavstsen T, Turner L, Saguti F, Magistrado P, Rask TS, Jespersen JS, Wang
CW, Berger SS, Baraka V, Marquard AM, Seguin-Orlando A, Willerslev E,
Gilbert MT, Lusingu J, Theander TG. 2012. Plasmodium falciparum eryth-
rocyte membrane protein 1 domain cassettes 8 and 13 are associated
with severe malaria in children. Proc Natl Acad Sci U S A 109:
E1791–E1800. https://doi.org/10.1073/pnas.1120455109.

36. Warimwe GM, Keane TM, Fegan G, Musyoki JN, Newton CR, Pain A,
Berriman M, Marsh K, Bull PC. 2009. Plasmodium falciparum var gene
expression is modified by host immunity. Proc Natl Acad Sci U S A
106:21801–21806. https://doi.org/10.1073/pnas.0907590106.

37. Mosnier LO, Zlokovic BV, Griffin JH. 2007. The cytoprotective protein C
pathway. Blood 109:3161–3172. https://doi.org/10.1182/blood-2006-09
-003004.

38. Gillrie MR, Avril M, Brazier AJ, Davis SP, Stins MF, Smith JD, Ho M. 2015.
Diverse functional outcomes of Plasmodium falciparum ligation of EPCR:
potential implications for malarial pathogenesis. Cell Microbiol 17:
1883–1899. https://doi.org/10.1111/cmi.12479.

39. Petersen JE, Bouwens EA, Tamayo I, Turner L, Wang CW, Stins M,
Theander TG, Hermida J, Mosnier LO, Lavstsen T. 2015. Protein C system
defects inflicted by the malaria parasite protein PfEMP1 can be over-
come by a soluble EPCR variant. Thromb Haemost 114:1038 –1048.
https://doi.org/10.1160/TH15-01-0018.

40. Sampath S, Brazier AJ, Avril M, Bernabeu M, Vigdorovich V, Mascarenhas
A, Gomes E, Sather DN, Esmon CT, Smith JD. 2015. Plasmodium falci-
parum adhesion domains linked to severe malaria differ in blockade of
endothelial protein C receptor. Cell Microbiol 17:1868 –1882. https://
doi.org/10.1111/cmi.12478.

41. Larremore DB, Sundararaman SA, Liu W, Proto WR, Clauset A, Loy DE,
Speede S, Plenderleith LJ, Sharp PM, Hahn BH, Rayner JC, Buckee CO.
2015. Ape parasite origins of human malaria virulence genes. Nat Com-
mun 6:8368. https://doi.org/10.1038/ncomms9368.

42. Otto TD, Rayner JC, Böhme U, Pain A, Spottiswoode N, Sanders M, Quail

M, Ollomo B, Renaud F, Thomas AW, Prugnolle F, Conway DJ, Newbold
C, Berriman M. 2014. Genome sequencing of chimpanzee malaria para-
sites reveals possible pathways of adaptation to human hosts. Nat
Commun 5:4754. https://doi.org/10.1038/ncomms5754.

43. Sundararaman SA, Plenderleith LJ, Liu W, Loy DE, Learn GH, Li Y, Shaw
KS, Ayouba A, Peeters M, Speede S, Shaw GM, Bushman FD, Brisson D,
Rayner JC, Sharp PM, Hahn BH. 2016. Genomes of cryptic chimpanzee
Plasmodium species reveal key evolutionary events leading to human
malaria. Nat Commun 7:11078. https://doi.org/10.1038/ncomms11078.

44. Zilversmit MM, Chase EK, Chen DS, Awadalla P, Day KP, McVean G. 2013.
Hypervariable antigen genes in malaria have ancient roots. BMC Evol
Biol 13:110. https://doi.org/10.1186/1471-2148-13-110.

45. Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H, Caler E, Crabtree J,
Angiuoli SV, Merino EF, Amedeo P, Cheng Q, Coulson RM, Crabb BS, Del
Portillo HA, Essien K, Feldblyum TV, Fernandez-Becerra C, Gilson PR, Gueye
AH, Guo X, Kang’a S, Kooij TW, Korsinczky M, Meyer EV, Nene V, Paulsen I,
White O, Ralph SA, Ren Q, Sargeant TJ, Salzberg SL, Stoeckert CJ, Sullivan SA,
Yamamoto MM, Hoffman SL, Wortman JR, Gardner MJ, Galinski MR, Barn-
well JW, Fraser-Liggett CM. 2008. Comparative genomics of the neglected
human malaria parasite Plasmodium vivax. Nature 455:757–763.

46. Carlton JM, Angiuoli SV, Suh BB, Kooij TW, Pertea M, Silva JC, Ermolaeva
MD, Allen JE, Selengut JD, Koo HL, Peterson JD, Pop M, Kosack DS,
Shumway MF, Bidwell SL, Shallom SJ, van Aken SE, Riedmuller SB,
Feldblyum TV, Cho JK, Quackenbush J, Sedegah M, Shoaibi A, Cummings
LM, Florens L, Yates JR, Raine JD, Sinden RE, Harris MA, Cunningham DA,
Preiser PR, Bergman LW, Vaidya AB, van Lin LH, Janse CJ, Waters AP,
Smith HO, White OR, Salzberg SL, Venter JC, Fraser CM, Hoffman SL,
Gardner MJ, Carucci DJ. 2002. Genome sequence and comparative
analysis of the model rodent malaria parasite Plasmodium yoelii yoelii.
Nature 419:512–519. https://doi.org/10.1038/nature01099.

47. Freitas-Junior LH, Bottius E, Pirrit LA, Deitsch KW, Scheidig C, Guinet F,
Nehrbass U, Wellems TE, Scherf A. 2000. Frequent ectopic recombination
of virulence factor genes in telomeric chromosome clusters of P. falci-
parum. Nature 407:1018 –1022. https://doi.org/10.1038/35039531.

48. Wanaguru M, Liu W, Hahn BH, Rayner JC, Wright GJ. 2013. RH5-basigin
interaction plays a major role in the host tropism of Plasmodium falci-
parum. Proc Natl Acad Sci U S A 110:20735–20740. https://doi.org/
10.1073/pnas.1320771110.

49. Smith JD, Subramanian G, Gamain B, Baruch DI, Miller LH. 2000. Classi-
fication of adhesive domains in the Plasmodium falciparum erythrocyte
membrane protein 1 family. Mol Biochem Parasitol 110:293–310. https://
doi.org/10.1016/S0166-6851(00)00279-6.

50. Hsieh FL, Turner L, Bolla JR, Robinson CV, Lavstsen T, Higgins MK. 2016.
The structural basis for CD36 binding by the malaria parasite. Nat
Commun 7:12837. https://doi.org/10.1038/ncomms12837.

51. Seydel KB, Kampondeni SD, Valim C, Potchen MJ, Milner DA, Muwalo FW,
Birbeck GL, Bradley WG, Fox LL, Glover SJ, Hammond CA, Heyderman RS,
Chilingulo CA, Molyneux ME, Taylor TE. 2015. Brain swelling and death
in children with cerebral malaria. N Engl J Med 372:1126 –1137. https://
doi.org/10.1056/NEJMoa1400116.

52. Carter R, Mendis KN. 2002. Evolutionary and historical aspects of the
burden of malaria. Clin Microbiol Rev 15:564 –594. https://doi.org/
10.1128/CMR.15.4.564-594.2002.

53. Herbert A, Boundenga L, Meyer A, Moukodoum DN, Okouga AP, Ar-
nathau C, Durand P, Magnus J, Ngoubangoye B, Willaume E, Ba CT,
Rougeron V, Renaud F, Ollomo B, Prugnolle F. 2015. Malaria-like symp-
toms associated with a natural Plasmodium reichenowi infection in a
chimpanzee. Malar J 14:220. https://doi.org/10.1186/s12936-015-0743-y.

54. Blacklock B, Adler S. 1922. A parasite resembling Plasmodium falciparum
in a chimpanzee. Ann Trop Med Parasitol 16:99 –106. https://doi.org/
10.1080/00034983.1922.11684303.

55. Smith JD. 2014. The role of PfEMP1 adhesion domain classification in
Plasmodium falciparum pathogenesis research. Mol Biochem Parasitol
195:82– 87. https://doi.org/10.1016/j.molbiopara.2014.07.006.

56. Dorovini-Zis K, Schmidt K, Huynh H, Fu W, Whitten RO, Milner D, Kamiza
S, Molyneux M, Taylor TE. 2011. The neuropathology of fatal cerebral
malaria in Malawian children. Am J Pathol 178:2146 –2158. https://
doi.org/10.1016/j.ajpath.2011.01.016.

57. Moxon CA, Wassmer SC, Milner DA, Jr, Chisala NV, Taylor TE, Seydel KB,
Molyneux ME, Faragher B, Esmon CT, Downey C, Toh CH, Craig AG,
Heyderman RS. 2013. Loss of endothelial protein C receptors links
coagulation and inflammation to parasite sequestration in cerebral ma-
laria in African children. Blood 122:842– 851. https://doi.org/10.1182/
blood-2013-03-490219.

Brazier et al.

January/February 2017 Volume 2 Issue 1 e00348-16 msphere.asm.org 12

https://doi.org/10.1016/j.chom.2014.11.007
https://doi.org/10.1046/j.1365-2958.2003.03378.x
https://doi.org/10.1046/j.1365-2958.2003.03378.x
https://doi.org/10.1111/cmi.12183
https://doi.org/10.1038/nature12216
https://doi.org/10.1073/pnas.1524294113
https://doi.org/10.1371/journal.pone.0068368
https://doi.org/10.1371/journal.pone.0068368
https://doi.org/10.15252/emmm.201606188
https://doi.org/10.15252/emmm.201606188
https://doi.org/10.1086/503776
https://doi.org/10.1016/j.molbiopara.2006.08.005
https://doi.org/10.1073/pnas.1120455109
https://doi.org/10.1073/pnas.0907590106
https://doi.org/10.1182/blood-2006-09-003004
https://doi.org/10.1182/blood-2006-09-003004
https://doi.org/10.1111/cmi.12479
https://doi.org/10.1160/TH15-01-0018
https://doi.org/10.1111/cmi.12478
https://doi.org/10.1111/cmi.12478
https://doi.org/10.1038/ncomms9368
https://doi.org/10.1038/ncomms5754
https://doi.org/10.1038/ncomms11078
https://doi.org/10.1186/1471-2148-13-110
https://doi.org/10.1038/nature01099
https://doi.org/10.1038/35039531
https://doi.org/10.1073/pnas.1320771110
https://doi.org/10.1073/pnas.1320771110
https://doi.org/10.1016/S0166-6851(00)00279-6
https://doi.org/10.1016/S0166-6851(00)00279-6
https://doi.org/10.1038/ncomms12837
https://doi.org/10.1056/NEJMoa1400116
https://doi.org/10.1056/NEJMoa1400116
https://doi.org/10.1128/CMR.15.4.564-594.2002
https://doi.org/10.1128/CMR.15.4.564-594.2002
https://doi.org/10.1186/s12936-015-0743-y
https://doi.org/10.1080/00034983.1922.11684303
https://doi.org/10.1080/00034983.1922.11684303
https://doi.org/10.1016/j.molbiopara.2014.07.006
https://doi.org/10.1016/j.ajpath.2011.01.016
https://doi.org/10.1016/j.ajpath.2011.01.016
https://doi.org/10.1182/blood-2013-03-490219
https://doi.org/10.1182/blood-2013-03-490219
msphere.asm.org


58. Janes JH, Wang CP, Levin-Edens E, Vigan-Womas I, Guillotte M, Melcher
M, Mercereau-Puijalon O, Smith JD. 2011. Investigating the host binding
signature on the Plasmodium falciparum PfEMP1 protein family. PLoS
Pathog 7:e1002032. https://doi.org/10.1371/journal.ppat.1002032.

59. Avril M, Bernabeu M, Benjamin M, Brazier AJ, Smith JD. 2016. Interaction
between endothelial protein C receptor and intercellular adhesion molecule
1 to mediate binding of Plasmodium falciparum-infected erythrocytes to
endothelial cells. mBio 7:e00615. https://doi.org/10.1128/mBio.00615-16.

60. Cabrera A, Neculai D, Kain KC. 2014. CD36 and malaria: friends or foes?
A decade of data provides some answers. Trends Parasitol 30:436 – 444.
https://doi.org/10.1016/j.pt.2014.07.006.

61. Mohan Rao LV, Esmon CT, Pendurthi UR. 2014. Endothelial cell protein C
receptor: a multiliganded and multifunctional receptor. Blood 124:
1553–1562. https://doi.org/10.1182/blood-2014-05-578328.

62. Avril M, Brazier AJ, Melcher M, Sampath S, Smith JD. 2013. DC8 and DC13
var genes associated with severe malaria bind avidly to diverse endo-
thelial cells. PLoS Pathog 9:e1003430. https://doi.org/10.1371/journal
.ppat.1003430.

63. Buffet PA, Gamain B, Scheidig C, Baruch D, Smith JD, Hernandez-Rivas R,
Pouvelle B, Oishi S, Fujii N, Fusai T, Parzy D, Miller LH, Gysin J, Scherf A.
1999. Plasmodium falciparum domain mediating adhesion to chondroi-
tin sulfate A: a receptor for human placental infection. Proc Natl Acad Sci
U S A 96:12743–12748. https://doi.org/10.1073/pnas.96.22.12743.

64. Liaw PC, Mather T, Oganesyan N, Ferrell GL, Esmon CT. 2001. Identifica-
tion of the protein C/activated protein C binding sites on the endothelial
cell protein C receptor. Implications for a novel mode of ligand recog-
nition by a major histocompatibility complex class 1-type receptor. J Biol
Chem 276:8364 – 8370. https://doi.org/10.1074/jbc.M010572200.

Ancient Origins of P. falciparum Cytoadhesion Traits

January/February 2017 Volume 2 Issue 1 e00348-16 msphere.asm.org 13

https://doi.org/10.1371/journal.ppat.1002032
https://doi.org/10.1128/mBio.00615-16
https://doi.org/10.1016/j.pt.2014.07.006
https://doi.org/10.1182/blood-2014-05-578328
https://doi.org/10.1371/journal.ppat.1003430
https://doi.org/10.1371/journal.ppat.1003430
https://doi.org/10.1073/pnas.96.22.12743
https://doi.org/10.1074/jbc.M010572200
msphere.asm.org

	RESULTS
	Sequence comparison of CIDR domains in P. reichenowi and P. falciparum. 
	Analysis of binding of P. reichenowi CIDR domains for CD36 or EPCR. 
	CIDR domains from P. reichenowi interfere with the endothelial barrier protective response of the EPCR pathway. 

	DISCUSSION
	MATERIALS AND METHODS
	Sequence analysis. 
	Protein expression. 
	BLI analysis. 
	Cell binding assays with CIDR recombinant proteins. 
	Permeability assays. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

