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Summary

Cytoadhesion of Plasmodium falciparum-infected erythrocytes to endothelial protein C receptor 

(EPCR) is associated with severe malaria. It has been postulated that parasite binding could 

exacerbate microvascular coagulation and endothelial dysfunction in cerebral malaria by 

impairing the protein C-EPCR interaction, but the extent of binding inhibition has not been fully 

determined. Here we expressed the cysteine rich interdomain region (CIDRα1) domain from a 

variety of DC8 and DC13 P. falciparum erythrocyte membrane 1 (PfEMP1) proteins and show 

they interact in a distinct manner with EPCR resulting in weak, moderate, and strong inhibition of 

the APC-EPCR interaction. Overall, there was a positive correlation between CIDRα1-EPCR 

binding activity and APC blockade activity. In addition, our analysis from a combination of 

mutagenesis and blocking antibodies finds that an Arg81 (R81) in EPCR plays a pivotal role in 

CIDRα1 binding, but domains with weak and strong APC blockade activity were distinguished by 

their sensitivity to inhibition by anti-EPCR mAb 1535, implying subtle differences in their binding 

footprints. These data reveal a previously unknown functional heterogeneity in the interaction 

between P. falciparum and EPCR and have major implications for understanding the distinct 

clinical pathologies of cerebral malaria and developing new treatment strategies.
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Introduction

Cerebral malaria (CM) is a life-threatening complication associated with the massive 

sequestration of P. falciparum-infected erythrocytes (IE) in the microvasculature of the 

brain (MacPherson et al., 1985;Taylor et al., 2004). Even with anti-malaria drug treatment 

and supportive care, about 10–15% of those who develop CM die (Beales et al., 

2000;Dondorp et al., 2010) and many survivors have neurological complications (Birbeck et 

al., 2010). A pediatric autopsy study in Malawi defined two different CM groups (Taylor et 

al., 2004). CM1 is characterized by IE sequestration without intravascular pathology, while 

the defining characteristics of CM2 are IE sequestration plus ring hemorrhages, fibrin 

thrombi, and intravascular monocytes (Dorovini-Zis et al., 2011;Milner, Jr. et al., 2014). 

There is still limited understanding of the molecular mechanisms responsible for these 

pathophysiological differences. Consequently, there has been significant interest in 

characterizing the parasite-host receptor interactions that support cerebral sequestration.

IE binding is mediated by a large and clonally variant gene family called var genes or P. 

falciparum erythrocyte membrane protein 1 (PfEMP1) (Baruch et al., 1995;Smith et al., 

1995;Su et al., 1995). PfEMP1 contain multiple Duffy binding like (DBL) and cysteine-rich 

interdomain region (CIDR) adhesion domains, which are classified into different types (e.g. 

α, β, γ) and subtypes (e.g. α1.1–1.8) by sequence similarity (Rask et al., 2010;Smith et al., 

2000). Recent evidence indicates that parasites expressing a specific combination of 

PfEMP1 adhesion domains, called domain cassettes (DC) 8 and 13 (Rask et al., 2010) are 

increased in severe pediatric malaria infections (Bertin et al., 2013;Lavstsen et al., 2012) 

and bind human brain microvascular endothelial cells in vitro (Avril et al., 2012;Avril et al., 

2013;Claessens et al., 2012). Of interest, most PfEMP1 bind to CD36 (Robinson et al., 

2003), however, DC8 and DC13 PfEMP1 bind to endothelial protein C receptor (EPCR) via 

the CIDRα1.1/CIDRα1.4 domains instead (Turner et al., 2013).

The finding that EPCR is a binding partner for P. falciparum has significant implications for 

CM disease mechanisms because it is a receptor for protein C, a plasma protein that plays a 

major role in controlling thrombosis and regulating endothelial cell apoptosis and barrier 

properties in response to inflammation and hypoxia (Esmon, 2003;Mosnier et al., 2007). 

EPCR is structurally related to the major histocompatibility class 1/CD1 family of proteins 

(Oganesyan et al., 2002). By binding to the carboxylation/gamma-carboxyglutamic (Gla-

domain) in protein C, EPCR facilitates the production of activated protein C (APC) by the 

thrombin-thrombomodulin complex (Fukudome et al., 1996;Mosnier et al., 2007;Regan et 

al., 1997;Stearns-Kurosawa et al., 1996). There is significant cross-regulation and opposing 

activities between the APC-EPCR and thrombin pathways. Whereas APC is an anti-

coagulant protease and elicits cytoprotective and barrier strengthening signals in endothelial 

cells, thrombin is a pro-coagulant protease that cleaves soluble fibrinogen to create fibrin 

clots and weakens endothelial barrier properties. In addition, APC-EPCR can modify 

thrombin signaling by various potential mechanisms reviewed in (Rao et al., 2014). Notably, 

there is decreased EPCR staining and increased fibrin deposition at sites of IE sequestration 

in pediatric CM autopsies (Moxon et al., 2013), suggesting parasite blockade of the APC-

EPCR pathways may play a role in cerebral malaria pathogenesis. Indeed, new 
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CIDRα1.4:EPCR co-crystal structures show substantial overlap between CIDRα1.4 and 

APC binding interfaces (Lau et al., 2015;Oganesyan et al., 2002).

Although these findings indicate similarity between CIDRα1 and APC binding interfaces, 

few CIDRα1 domains have been analyzed for APC blockade activity (Turner et al., 2013). 

In addition, EPCR co-crystal structures exist for only one type of parasite domain (Lau et 

al., 2015). In this study, we show that DC8 and DC13 parasite domains linked to severe 

malaria differ in APC-blockade activity.

Results

CIDRα1 domains have different binding activity for EPCR

The CIDR domain in the PfEMP1 semi-conserved head structure has a key role in P. 

falciparum binding to the microvascular receptors CD36 and EPCR (Baruch et al., 

1997;Robinson et al., 2003;Turner et al., 2013). Sequence and binding analysis has 

distinguished CD36 binding domains (CIDRα2–6 subtypes) and EPCR binding domains 

(CIDRα1.1 and CIDRα1.4–1.8 subtypes) (Fig. 1A). Two co-crystal structures have been 

solved for CIDRα1.4-EPCR complexes (Lau et al., 2015), but no co-crystals exist for other 

CIDRα1 subtypes. For this study, we compared the CIDRα1.1 sub-type found in DC8 

PfEMP1 and the CIDRα1.4 sub-type found in DC13 PfEMP1 (Fig. 1A).

In total, seven CIDR recombinant proteins were expressed, including a negative control, 

CD36-binding domain (Var14CIDRα5), four DC8 domains (Var19CIDRα1.1, 

Var06CIDRα1.1, Var20CIDRα1.1, and 25-2-4CIDRα1.1 from an India patient isolate), and 

the two solved DC13 domains (Var07CIDRα1.4 and HB3Var03CIDRα1.4) (Fig. 1B). The 

recombinant proteins were designed with similar domain boundaries using the varDom 

server (http://genome.cbs.dtu.dk/services/VarDom/) (Rask et al., 2010), except the 

Var19CIDRα1.1 construct had a slightly longer C-terminus (58 amino acids) to facilitate 

protein production (Table S1). Following a 2-step purification process using an amino-

terminal His tag and a carboxy-terminal strepII tag, each of the purified proteins ran as a 

single dominant product in SDS-PAGE gels at their expected molecular weight and 

generated a single band when detected with an anti-strepII antibody (Fig. 1B).

To investigate the binding properties of recombinant CIDR domains, binding affinity and 

association constants were measured using bio-layer interferometry (BLI). For these 

experiments, recombinant EPCR was produced with a C-terminal biotinylation tag for 

coupling to a BLI sensor probe. As expected, the negative control, CD36 binding 

Var14CIDRα5 domain did not bind recombinant EPCR (Fig. 2A and Table S2). Consistent 

with previous kinetic measurements by surface plasmon resonance (Lau et al., 2015;Turner 

et al., 2013), the Var07CIDRα1.4 and HB3Var03CIDRα1.4 recombinant proteins had low 

nanomolar binding constants (Kd 1–3 nM) (Fig. 2A). By comparison, the DC8 CIDRα1.1 

domains varied in affinity by more than 100-fold. Var20CIDRα1.1 had the strongest affinity 

of any of the CIDRα1domains mainly due to its extremely low off-rate, Var19CIDRα1.1 

and 25-2-4CIDRα1.1 had intermediate binding affinity (Kd 10–40 nM) and 

Var06CIDRα1.1 had the weakest binding affinity of all domains tested (Kd 98 nM) (Fig. 2 

and Table S2). Likewise, in a cell-based assay, all CIDRα1.1 and CIDRα1.4 domains 
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interacted in a specific and dose-dependent fashion with CHO-EPCR transfectants. 

However, Var19CIDRα1.1 and 25-2-4CIDRα1.1 domains had weaker binding activities and 

reached a lower saturation binding level than the other four CIDRα1 domains (Fig. 2B). In 

addition, Var06CIDRα1.1 had weak binding activity at low concentrations but achieved a 

higher binding level at high concentrations.

CIDRα1 domains diverge in APC blocking activity

To investigate binding competition between parasite domains and APC, we developed a 

binding assay with EPCR-transfected CHO745 cells (CHO745-EPCR). In this assay, 

CHO745-EPCR cells were co-incubated with a mixture of recombinant CIDR domains and 

APC, and binding was analyzed by flow cytometry. As a control, APC and recombinant 

CIDR domains bound specifically to CHO745-EPCR and not untransfected CHO-745 cells 

(Fig. S1). For the competition assay, CIDR domains were added at 50 or 250 µg/ml, which 

was generally equivalent to 70% or 100% saturation from the titration assay (Fig. 2B). In 

method 1, APC binding was detected with goat anti-APC antibodies. In the absence of 

CIDR domains, approximately 76% of CHO745-EPCR cells incubated with APC were 

labeled by anti-APC antibodies (mean fluorescence intensity (MFI) = 994) (Fig. 3A). In co-

incubation assays, CIDR1α1 domains differed in APC blockade activity. Two DC8 

CIDRα1.1 domains had limited or no APC inhibition (Var19CIDRα1.1 and 

25-2-4CIDRα1.1), two DC8 CIDRα1.1 had moderate inhibition (Var06CIDRα1.1 and 

Var20CIDRα1.1), and consistent with their recent co-crystal structures (Lau et al., 2015), 

both DC13 CIDRα1.4 domains strongly inhibited or abolished APC binding at both low and 

high concentrations. Low inhibitory domains had limited activity beyond the negative 

control CD36-binding Var14CIDRα5 domain and moderate inhibitory domains were only 

active at the higher 250 µg/ml concentration (Fig. 3A). Overall, there was a positive 

correlation between CIDRα1-EPCR binding affinity (Fig. 2) and APC blockade activity 

(Fig. 3), suggesting this may be a factor in APC inhibition activity. However, 

Var20CIDRα1.1 has the highest binding affinity for recombinant EPCR and moderate 

inhibitory activity, suggesting this is not the only determinant.

In method 2, APC was labeled at its active site with fluoroscein (Fl-APC) to facilitate 

detection of co-labeled cells. On its own, the percentage of cells that bound 50 µg/ml Fl-

APC was 78% (MFI = 1329) (Fig. 3B). As expected, the negative control, CD36-binding 

Var14CIDRα5 bound poorly to CHO-EPCR cells (red dot plots, Fig. 3B) and the intensity 

of Fl-APC labeling was only slightly reduced after co-incubation with either 50 µg/ml (MFI 

1127, purple dot plots) or 250 µg/ml (MFI 931, blue dot plots) of Var14CIDRα5 (Fig. 3B). 

By comparison, the three EPCR-binding CIDRα1 domains had strong binding activity for 

CHO-EPCR cells (red dot plots, Fig. 3B) and co-incubation with Fl-APC led to the 

appearance of doubly-labeled cell populations (blue and purple dot plots, Fig. 3B). Similar 

to method 1, there was a range of inhibition with CIDRα1.1 domains. At the higher 

concentration of recombinant CIDR, the proportion of double positive cells (DP) and MFI 

for APC was respectively: Var19CIDRα1.1 (DP 69%, MFI 746), Var06CIDRα1.1 (DP 

62%, MFI 429), and Var07CIDRα1.4 (DP 28%, MFI 385) compared to the negative control, 

CD36 binding Var14CIDRα5 (DP <1%, MFI 931) (Fig. 3B). Therefore, the more inhibitory 

CIDR domains resulted in fewer DP cells and lower MFI for APC (multiplying DP% × MFI 
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of APC gives Var19CIDRα1.1 = 51,474, Var06CIDRα1.1 = 26,598, Var07CIDRα1.4 = 

10,780). Taken together, these findings suggest that DC8 CIDRα1.1 and DC13 CIDRα1.4 

both bind in close proximity to APC, as supported by the CIDRα1.4-EPCR co-crystal (Lau 

et al., 2015). However, some CIDR may occlude the APC binding site more than others.

R81 in EPCR plays a pivotal role in the binding interaction of both weak and strongly 
inhibitory CIDRα1 domains

An EPCR co-crystal has been solved with the strongly inhibitory Var07CIDRα1.4 and 

HB3var03CIDRα1.4 domains (Lau et al., 2015). However, nothing is known about the fine 

specificity of the EPCR interaction with DC8 CIDRα1.1 subtype domains. To investigate if 

weak and strongly inhibitory CIDR domains engage different EPCR surfaces, we next 

investigated if any residues previously identified as important for APC binding may also 

contribute to parasite adhesion. Binding of protein C/APC has been shown to be mediated 

almost entirely by the vitamin K-dependent Gla-domain (Regan et al., 1997). A co-crystal 

between the Gla-domain of APC and EPCR has identified contact residues (Oganesyan et 

al., 2002) and ten residues distributed across the α1–α2 helices have been implicated in 

APC binding with the aid of site directed mutagenesis (Liaw et al., 2001). For this study, 

eight of these residues were generated as point mutants in stably transfected CHO-745 cells 

(Fig. 4A). In addition, three other single point mutants (Q134A, D136A, or S141A) were 

made on the backside of the α2 helix at an adjacent region to the APC binding site (Fig. 

4A). To ensure relatively equivalent cell surface levels, CHO745-EPCR mutants were sorted 

for surface expression by flow cytometry using anti-EPCR mAb 1500 because its epitope 

has been fine mapped and is not affected by any of these mutations (Liaw et al., 2001). To 

normalize EPCR surface levels between wild-type and EPCR mutants, flow sorted cell 

populations were analyzed by anti-EPCR mAbs 252 and 1500. Relative to wild type EPCR, 

all mutants were expressed within two fold difference (Fig. 4B). Furthermore, all EPCR 

mutants were nearly equally recognized by mAbs 1500 and 252, with the exception of R81A 

and R87A. These two mutants had diminished recognition by mAb 252 compared to mAb 

1500 (Fig. 4B, antibody ratios). From this, we conclude the EPCR mutants contained proper 

conformational epitopes and that blocking antibody mAb 252 may bind near residues R81 

and R87.

Next, EPCR mutants were analyzed with Fl-APC. From crystallographic analysis, residue 

E86 of EPCR is critical for APC binding, residue R87 makes a hydrogen bond, and residues 

Y154 and T157 participate in hydrophobic interactions (Oganesyan et al., 2002). Consistent 

with previous results (Liaw et al., 2001), binding of APC to E86 variant is severely affected 

(>98% loss). Similarly, mutants of other APC contact residues (R87, F146, and Y154) are 

profoundly compromised in APC binding (greater than 80% loss), and residues in the 

middle of the α2 helix (T157, R158 and E160) or R81A, which did not directly contact APC 

in the co-crystal structure (Oganesyan et al., 2002), are moderately affected (40–60% loss) 

(Fig. 4C). As expected, none of the three control mutants on the backside of the α2 helix 

(Q134A, D136A, or S141A) had an effect on APC binding.

In contrast, R81A was the only mutation that reduced binding of both Var19CIDRα1.1 and 

Var07CIDRα1.4 recombinant proteins (90% and 80% decrease, respectively) and IT4var19 
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and IT4var07-expressing IE (50% and 40% decrease, respectively) (Fig. 5A–B). In addition, 

the E86A mutation had a modest reduction in IT4var19 parasite binding (~30%) and 

IT4var07 parasite binding (~40%) compared to the nearly complete loss of APC binding 

(compare Figs. 4B and 5). However, the E86A mutant led to no reduction in binding of the 

matching CIDR recombinant proteins.

These findings are consistent with CIDRα1.4-EPCR co-crystals (Lau et al., 2015) showing 

R81 in EPCR contacts a semi-conserved glutamine (Q) residue in Var07CIDRα1.4 and 

HB3Var03CIDRα1.4 (Fig. 5C), but neither domain directly contacts E86 in EPCR. 

Furthermore, point mutation of the Q657 residue in HB3Var03CIDRα1.4 reduces EPCR 

binding activity by 200-fold (Lau et al., 2015), supporting the importance of the R81-Q657 

interaction. Our analysis suggests that both weak and strongly inhibitory CIDRα1 domains 

interact with the R81 residue in EPCR via the Q/E residue in CIDRα1 domains (Fig. 5C). 

Based on the recent CIDRα1.4-EPCR co-crystal (Lau et al., 2015), this arrangement would 

also position them to insert an adjacent conserved phenylalanine residue into the EPCR 

groove (Fig. 5C).

Cross-inhibition between DC8 and DC13 CIDR domains

To further investigate the binding overlap between DC8 and DC13 CIDR domains, cross-

inhibition studies were performed with IT4var19 (DC8) or IT4var07 (DC13) parasite lines. 

This analysis showed that recombinant DC8 and DC13 CIDR domains could inhibit binding 

of both types of parasites to transformed human brain endothelial cells (THBMEC) (Stins et 

al., 2001) (Fig. 6A) and to CHOK1-EPCR cells (Fig. 6B). As expected, recombinant 

CIDRα1 domains with low EPCR binding activity (Var19CIDRα1.1 and Var06CIDRα1.1) 

had weaker parasite inhibitory activity than those with higher binding phenotypes 

(Var20CIDRα1.1 and the two DC13 CIDRα1.4 domains) (Fig. 6). In addition, the two 

parasite lines were cross-inhibited by both types of CIDR domains (Fig. 6), suggesting 

CIDRα1.1 and CIDRα1.4 domains have at least partially overlapping EPCR binding 

interfaces, despite differences in APC blockade activity.

Differential inhibition of CIDRα1 domains by anti-EPCR monoclonal antibodies

As another approach to investigate the interaction of weak and strongly inhibitory CIDRα1 

domains, we employed monoclonal antibodies (mAbs) to EPCR that were previously used to 

characterize the binding interface of APC-EPCR (Liaw et al., 2001). For these experiments, 

CHOK1 cells stably transfected with EPCR (CHOK1-EPCR) (Ghosh et al., 2007) were 

used. In agreement with published findings (Liaw et al., 2001), there was approximately a 

56% loss of APC binding with mAb 252, a 75% loss with mAb 1535, and non-blocking 

mAb 1500 had no effect on APC binding (Fig. 7). Likewise, all CIDRα1 domains were 

partially inhibited by APC blocking mAbs 252 and 1535, but mAb 1500 had limited or no 

effect on most domains except for 25-2-4CIDRα1.1 (~60% reduction). Notably, 

Var19CIDRα1.1 and 25-2-4CIDRα1.1 were markedly more sensitive to inhibition by 

mAb1535 than other CIDRα1 domains (Fig. 7A).

To extend these observations, antibody inhibition studies were performed with IT4var19 

(DC8) or IT4var07 (DC13) parasite lines on CHOK1-EPCR cells and transformed human 
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brain endothelial cells (THBMEC) (Stins et al., 2001). Similar to recombinant CIDR 

domains, both parasite lines were inhibited by mAbs 252 and 1535, and were less sensitive 

to inhibition by mAb1500. Furthermore, as with the recombinant CIDR domains, mAb 1535 

had weaker blocking activity for the IT4var07 parasite line than the IT4var19 parasite line 

(Fig. 7B).

Of interest, there was an inverse correlation between the APC blocking activity and anti-

EPCR antibody sensitivity of CIDRα1 domains. In particular, mAb 1535 had much higher 

inhibitory activity on the two CIDR domains with weak APC blocking activity 

(Var19CIDRα1.1 and 25-2-4CIDRα1.1) than the other CIDR domains (Fig. 7C). The 

epitope for mAb 1535 has been localized to a part of the β sheet, the connecting loop and the 

first turn of the α2-helix (Fig. 7C), while the less inhibitory mAb 1500 targets a loop 

between the last two strands of the β-sheet within the region recognized by mAb 1535 (Fig. 

7C) (Liaw et al., 2001). Taken together, these findings indicate there is significant overlap in 

the binding interfaces of CIDRα1 domains irrespective of their capacity to block the APC-

EPCR interaction. However, the differential blocking effect exhibited by mAb 1535 may 

provide molecular insight into how CIDRα1 domains are situated on EPCR relative to the 

APC binding site or mAb 1535 epitope.

Discussion

Recent evidence suggests that severe malaria isolates bind EPCR and may contribute to 

endothelial barrier dysfunction and coagulation defects in cerebral malaria by competing 

with APC binding to EPCR (Turner et al., 2013). This hypothesis is supported by structural 

investigations showing considerable overlap between the CIDRα1.4 and APC binding sites 

on EPCR (Lau et al., 2015;Oganesyan et al., 2002), which suggests that EPCR-binding 

parasites block the protein C-EPCR interaction. In this study, we investigated the adhesion 

domains from two PfEMP1 subfamilies that have been linked to severe malaria and cerebral 

binding (Avril et al., 2013; Bertin et al., 2013; Claessens et al., 2012; Lavstsen et al., 2012). 

We show that parasite adhesion domains differ in APC blockade activity.

Prior to this study, the majority of CIDR-EPCR binding characterizations have been 

performed with recombinant EPCR and few CIDRα1 subtypes have been analyzed. We 

found that four DC8 CIDRα1.1 domains had low or moderate APC inhibitory activity. In 

contrast, two DC13 CIDRα1.4 had high inhibition activity, as predicted from their co-crystal 

structures with EPCR (Lau et al., 2015). Despite 100-fold differences in EPCR binding 

affinity, CIDRα1 functional differences were not fully predicted by their binding kinetics to 

recombinant EPCR. Indeed, the Var20 CIDRα1.1 had the highest affinity of any of the 

tested domains, but exhibited intermediate APC blockade activity. Our analysis suggests 

there are inherent differences in the CIDRα1-EPCR interaction, which may in turn have 

important functional consequences on the extent of APC blockade.

To understand these phenotypic differences, a combination of EPCR mutagenesis, antibody 

blocking, and competition binding studies were performed. Our analysis showed that DC8 

and DC13-expressing parasite lines were cross-inhibited by CIDRα1.1 and CIDRα1.4 

domains, suggesting both adhesion types have at least partially overlapping binding surfaces 
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on EPCR. In addition, domains with low or high APC blockade activity recognize the R81 

residue in EPCR, but were differentially sensitive to inhibition by anti-EPCR mAb 1535. 

From crystallographic analysis EPCR R81 contacts a semi-conserved glutamine residue in 

CIDRα1.4 (Lau et al., 2015). Notably, the glutamine is part of an “FQ/E” motif that is 

highly conserved in DC8 and DC13 CIDRα1 domains (Fig. S2), even amongst CIDR 

domains that differ in their capacity to block the APC-EPCR interaction. The phenylalanine 

residue in this motif inserts into the hydrophobic groove of EPCR in the same location as the 

F4 residue of APC (Lau et al., 2015). These findings suggest that CIDRα1.4 and CIDRα1.1 

domains likely use the FQ/E motif to engage similar contact interfaces in EPCR, but low 

and high inhibitory domains may not engage EPCR in precisely the same fashion.

This possibility is supported by a negative correlation between APC blockade and mAb1535 

blockade activity of CIDR domains. Whereas APC and CIDRα1.4 domains primarily 

contact the α1 helix and binding groove in EPCR (Lau et al., 2015;Oganesyan et al., 2002), 

the 1535 epitope has been partially mapped to the α2 helix in EPCR (Liaw et al., 2001). 

Thus, this antibody may give some molecular insight into how different CIDRα1 domains 

are situated on EPCR, which may be related to the extent to which they occlude the APC or 

1535 binding sites. While further work is needed to understand the precise structural details 

of these differential interactions, CIDRα1 domains include a number of variable loops and 

surprisingly only have limited conservation of EPCR contact residues (Lau et al., 2015). It is 

possible that CIDR sequence polymorphism could also influence their precise angle of 

engagement, the specific contact interface, and the space they occupy on EPCR.

The functional divergence in APC blockade activity has important implications for 

pathogenic mechanisms in cerebral malaria. Brain microvascular cells lack thrombomodulin 

expression (Ishii et al., 1986;Moxon et al., 2013) and therefore have limited capacity to 

generate APC in situ. Consequently, the brain may be more dependent on systematically 

released APC in the blood circulation and especially vulnerable to parasite blockade of the 

APC-EPCR interaction. Indeed, the companion manuscript from Gillrie et al. found that 

representative DC8 CIDRα1.1 and DC13 CIDRα1.4 domains differed in the ability to block 

APC generation and APC binding to primary endothelial cells, as well as to modulate 

thrombin-induced barrier dysfunction of endothelial cells, consistent with our findings here. 

Notably, in malaria autopsy studies, UpsB var transcripts were increased in cerebral vessels 

from CM1 cases and UpsA transcripts in CM2 cases (Tembo et al., 2014). The UpsB 

promoter is associated with CD36 binding parasites and the chimeric DC8 var gene (UpsB 

promoter and group A coding region), neither of which would be expected to have as potent 

APC blockade activity as the UpsA associated DC13 CIDRα1.4 domain. Thus, it is 

interesting to speculate that differences in the proportions of strongly APC blocking parasite 

binding variants may be a factor in the pathophysiological distinction between CM1/CM2 

cases. Future studies will be needed to determine how variability in the CIDRα1-EPCR 

interaction influences disease severity.
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Experimental procedures

Parasite culture

P. falciparum parasites were cultured under standard conditions using human O red blood 

cells in RPMI-1640 medium (Invitrogen) supplemented with 10% pooled human A+ serum. 

Parasite lines expressing either IT4var19 (DC8) or IT4var7 (DC13) were cloned by limiting 

dilution after selection on human brain (Avril et al., 2012) or lung endothelial cells (Avril et 

al., 2013), respectively. Parasites lines were routinely synchronized by treatment with 5% 

sorbitol and gelatin flotation assays were performed to ensure IEs maintained their “knob-

like” adhesion complexes. To ensure IT4var19 and IT4var07 parasite lines maintained a 

single dominant var transcript, multiple parasite cryopreserves were made after limiting 

dilution cloning. Prior to freezing, RNA was collected and the dominant expression of a 

single var transcript was determined using gene-specific var primers as described previously 

(Janes et al., 2011). Parasite cultures were typically maintained for less than 30–40 cycles 

and RNA was periodically collected and analyzed for var transcription. If the dominant var 

transcript became reduced below 70% of the total var transcripts, the parasite line was 

replaced with an earlier freeze.

Recombinant CIDR domains

Recombinant CIDR domains were produced as His6-MBP-TEV-PfEMP1 insert-StrepII-

tagged proteins in pSHuffle Express (NEB) expression hosts as previously described (Avril 

et al., 2013). CIDR constructs were designed with similar domain boundaries using the 

varDom server (http://genome.cbs.dtu.dk/services/VarDom/) (Rask et al., 2010). The 

25-2-4CIDRα1.1 domain was amplified from blood collected from an India patient using 

primers that target the flanking DBLα2 domain (5’ GYTCARAWTATTGCCAACCC) and 

DBLβ12 domain (5’ TAATCTTCTATKGGGATACCATTACA) in the DC8 cassette 

(Lavstsen et al., 2012). The sequences of recombinant proteins used in this study are 

provided in Table S1. Recombinant proteins were purified in a 2-step process using an 

amino-terminal His tag and a carboxy-terminal strepII tag. Purified proteins were analyzed 

by SDS-PAGE gels using GelCode Blue Protein Stain (Life Technologies) or Western 

analysis using a rabbit anti-StrepII primary antibody (A00626, Genscript) and goat anti-

rabbit secondary antibody (SC-2054, Santa Cruz Biotechnology) following standard 

procedures. Purified proteins were stored at −80°C.

Antibody inhibition assay with recombinant CIDR domains and CHOK1-EPCR

For inhibition assays, stably transfected CHOK1-EPCR cells (Ghosh et al., 2007) (kind gift 

of Dr. LVM Rao) were lifted with 1× PBS (10 mM EDTA). Prior to the binding assay, cells 

were washed and resuspended in complete HBSS (HBSS with 3 mM CaCl2, 0.6 mM MgCl2, 

1% bovine serum albumin) to restore divalent cations (Liaw et al., 2001). For each assay, 

1×105 CHOK1-EPCR cells were pre-incubated for 30 min with rat anti-EPCR mAb 

(RCR-252, 50 µg/ml, Sigma) or mouse anti-EPCR mAbs 1500 or 1535 (both IgG1k, 0.2 

µM) (Liaw et al., 2001). Washed cells were then incubated with APC (P2200, 25 µg/ml, 

Sigma) or CIDRα1 recombinant proteins (50 µg/ml) in complete HBSS for 30 min. APC 

binding was detected with goat anti-human Protein C antibody (GAPC-AP, 20 µg/ml, 

Affinity Biologicals) followed by chicken anti-goat Alexa488 coupled antibody (A-21467, 
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10 µg/ml, Molecular Probes). Binding of CIDR recombinant proteins was assessed by 

labeling with rabbit polyclonal anti-StrepII tag antibody (10 µg/ml, A00626, Genscript) 

followed by goat anti-rabbit Alexa488 coupled antibodies (A-11070, 4 µg/ml, Molecular 

Probes). Control samples were labeled with secondary antibodies alone to set gates. 

Labelled cells were analyzed by LSRII (Becton Dickinson). Data was analyzed by FlowJO 

10 software (Tree Star Inc.).

BLI analysis of CIDR-EPCR binding

Binding kinetic analysis of the CIDR-EPCR interaction was performed on the Octet QKe 

instrument (ForteBio, Inc). The EPCR recombinant protein was produced as a secreted 

soluble protein in HEK293F cells as previously described (Carbonetti et al., 2014;Harupa et 

al., 2014) with slight modifications. Briefly, a modified, codon optimized EPCR sequence 

was cloned into the mammalian cell vector pCEP4 (Life Technologies, Grand Island, NY) 

for transient expression in mammalian cell cultures. The insert contained the extracellular 

region of EPCR (residues 18–210) and included an AviTag™ peptide sequence at the C-

terminus for targeted biotinylation, followed by a stop codon. Secreted recombinant protein 

was produced in HEK293F mammalian cells by high density transfection (12 µg/ml DNA 

added to 20 million cells/ml) using PEI Max (Polysciences) as a transfection reagent, as 

previously described (Sellhorn et al., 2009). EPCR was captured from the culture 

supernatant with NiNTA resin and then purified by size exclusion chromatography. Purified 

monomeric EPCR was biotinylated in vitro using recombinant BirA ligase and subsequently 

purified by gel filtration. Biotinylated EPCR (50 µg/mL in PBS) was coupled to a 

streptavidin biosensor (ForteBio) for 3.3 min. The baseline signal was then recorded for 60 

sec in kinetics buffer (PBS + 0.02% Tween-20, 100 µg/mL BSA, 0.005% sodium azide). For 

the association phase, binding was measured by immersion of the sensors into wells 

containing CIDR domains diluted in kinetics buffer for 600 s or 900 s. For the disassociation 

phase, sensors were then immersed in kinetics buffer for the indicated times. Mean kon and 

koff and apparent Kd values were determined from double-reference-subtracted data from 3 

CIDR concentrations that were fitted globally to a 1:1 Langmuir binding model using the 

Data analysis software (ForteBio) and the concentration of CIDR domains.

EPCR Site-Directed mutagenesis

EPCR in pCMV6 expression vector (Origene) was used for generating EPCR mutants. 

Mutagenesis was performed with the QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent) using the primers in Table S3. Wild-type (WT) and mutant EPCR sequences were 

confirmed by DNA sequencing.

Generation of EPCR Transfectants

CHO745 cells were transfected using GeneJuice transfection reagent (Novagen) according 

to the manufacturer’s instruction. Transfected cells were selected with 1 mg/ml Geneticin 

(G418 Corning) and maintained on 0.25 mg/ml Geneticin. Stably transfected CHO745-

EPCR cells (mutant and WT) were sorted by flow cytometry for EPCR surface expression 

using anti-EPCR mAb 1500.
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Flow cytometric analysis of EPCR surface levels on transfected cell lines

Stably transfected CHO745-EPCR cells were lifted with 10 mM EDTA and washed with 

PBS. 1×105 cells were labeled with 0.2 µM of mouse anti-EPCR mAb 1535 (Liaw et al., 

2001) or with 20 µg/ml rat anti-EPCR mAb RCR-252. Binding of mouse and rat anti-EPCR 

mAbs was detected with goat anti-mouse Alexa488 coupled antibody or goat anti-rat 

Alexa488 coupled antibody (Molecular Probes). Antibody-labeled cells were analyzed by 

LSRII (Becton Dickinson) and data was analyzed by FlowJO 10 software (Tree Star Inc.). 

EPCR surface expression levels were normalized between wild-type and mutant EPCR by 

comparing anti-EPCR antibody reactivity on mutant EPCR cells relative to wild-type EPCR. 

The loss of antibody epitopes was analyzed by comparing the ratio of mAb252 and 

mAb1500 antibody reactivity on mutant EPCR cell line relative to wild-type EPCR cell line.

Generation of fluorescently labelled APC

Human APC (Hematologic Technologies) was labeled with PPACK-FITC (Molecular 

Innovations) at the active site according to manufacturer’s protocol. The reaction was then 

extensively dialyzed to remove excess label. Fl-APC was stored at −80°C.

Competition binding assays between CIDR recombinant proteins and APC

For binding competition assays, CHO745-EPCR cells were lifted with 10 mM EDTA, 

washed, and 1×105 cells were co-incubated with 50 µg/ml APC and different concentrations 

of CIDR recombinant proteins for 30 min on ice. In parallel wells, cells were incubated with 

APC and CIDR recombinant proteins on their own. In method 1, unlabeled APC (Sigma) 

was used in the co-incubation. After two washes, binding of APC was detected with a goat 

anti-APC mAb (Affinity Biologicals) followed by a secondary Chicken anti-Goat antibody 

Alexa-488 (10 µg/ml, Molecular Probes, A-21467). In method 2, Fl-APC was used in the 

co-incubation. After two washes, co-labeling of CHO745-EPCR cells with Fl-APC and 

CIDR was analyzed. CIDR binding was detected with a rabbit anti-strepII antibody and goat 

anti-rabbit PE coupled antibodies (P2771MP, 2.5 µg/ml, Molecular Probes). Results were 

analyzed by flow cytometry, as described above.

Flow cytometric analysis of APC and CIDR domains binding to CHO745-EPCR mutants

The binding interactions of CHO745-EPCR (WT) or EPCR mutants was determined by 

incubating 1×105 cells with either 25 µg/ml of Fl-APC, Var19CIDRα1.1 (50 µg/ml) or 

Var07CIDRα1.4 (1 µg/ml) for 30 min. Cells were washed and binding of CIDR was 

detected with rabbit polyclonal anti-StrepII tag antibody (Genscript) followed by goat anti-

rabbit Alexa488 coupled antibodies (Molecular Probes). Flow cytometry was done as 

described above. The binding levels were normalized by correcting for the surface 

expression levels of EPCR mutants compared to EPCR (WT) using anti-EPCR mAb 252 for 

normalization or mAb 1500 in the case of the R81 and R87 mutants.

Parasite assays

For IE binding assays to EPCR mutants, CHO745-EPCR (WT) or EPCR mutants were 

seeded on collagen coated 8 wells slides (BD Biocoat) 3 to 4 days before the assays and 

allowed to grow to confluency. Binding assays and washes were performed with pre-
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warmed binding medium (RPMI-1640 medium containing 0.5% bovine serum albumin, pH 

7.2). Gelatin-enriched IEs were resuspended to 5 ×106 IEs/ml solution and then were added 

to a multiwell slide. After 1 h incubation at 37°C, non-binding erythrocytes were removed 

by inverting the slide in a slide washing chamber and allowing the non-binding cells to settle 

by gravity. For quantification, slides were fixed in 1% glutaraldehyde for 30 min at room 

temperature, then stained with 1× Giemsa for 5 min. Binding was quantified by determining 

the number of IEs adhering per mm2 of endothelial cells in four random fields under 400× 

magnification.

For IE binding inhibition assays with antibodies or recombinant CIDR domains, CHOK1-

EPCR or THBMEC cells (Avril et al., 2012) were grown to a monolayer on 8 well slides. 

Cell monolayers were pre-incubated with rat anti-EPCR mAb (RCR-252, 50 µg/ml, Sigma) 

or mouse anti-EPCR mAbs 1500 or 1535 (0.2 µM), or 50 µg/ml CIDR domains for 30 

minutes prior to addition of 5 ×106 IEs/ml solution. IE binding assays were performed and 

quantified as described above.

Statistical analysis

Statistical analyses were performed using Prism software. Data were analyzed using 

Krustal-Wallis one-way Anova test or using a one-sample t test comparing the mean of test 

samples against a hypothetical mean of 100 (referring to the wild type or control value of 

100%). P values: **** p<0.0001; *** p<0.001; ** p<0.001; * p<0.05; ns p>0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Production of CIDR recombinant proteins
A. CIDR domains are categorized by sequence and binding criteria into CD36 binders 

(CIDRα2–6) and EPCR binders (CIDRα1.1 and 1.4–1.8). The schematics compare the 

domain architectures and types of CIDR domains found in DC17, DC8, and DC13 PfEMP1 

forms analyzed in this study (Rask et al., 2010). The CIDRα1.4 domain contains a 

phenylalanine residue that inserts into the EPCR binding groove (Lau et al., 2015).

B. CIDR recombinant proteins were analyzed under non-reducing conditions in a SDS-

PAGE gel and stained by GelCode Blue Protein Stain (top) or detected by immunoblot via 

anti-StrepII tag antibody (bottom).
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Fig. 2. CIDRα1 domains differ in EPCR binding activity
A. Binding kinetics between recombinant CIDR domains and recombinant soluble EPCR 

were quantified by BLI and summarized in bar graphs. Representative sensorgrams are 

shown for each CIDRα1 domain. Double referenced binding data are shown in black with 

corresponding kinetic fits to the data in red. A summary of binding kinetics is provided in 

Table S2.

B. Dose-dependent binding activity of CIDRα1 domains for CHO-EPCR cells analyzed by 

flow cytometry. Results are representative of two experiments.
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Fig. 3. CIDRα1 domains have divergent inhibitory activity for the APC-EPCR interaction
A. In method 1, CIDR recombinant proteins and APC (50 µg/ml) were co-incubated with 

CHO745-EPCR for 30 min and APC binding was detected by goat anti-APC antibodies. 

Histograms show APC binding in the presence or absence of 250 µg/ml CIDR domains. The 

recombinant CIDR domains were analyzed in two batches. The vertical line on each 

histogram shows control sample labeling of CHO-EPCR cells incubated with secondary 

antibodies alone on the specific day of analysis, which was used to set the gate for APC 
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positive cells. The percentage of APC binding at two CIDR concentrations is shown in the 

bar graphs (mean and error bars, n = 2 – 6 independent experiments).

B. In method 2, APC was specifically labeled at the active site with PPACK-FITC (Fl-APC) 

to facilitate detection of co-labeled cells. The gating strategy for live/dead cells and forward 

scatter is shown. The upper right panel shows CHO-EPCR cells incubated with 50 µg/ml Fl-

APC alone (black dot plots). The other histograms show an overlay of CHO-EPCR cells 

incubated with CIDR recombinant proteins alone (red dot plots) or co-incubation of CIDR 

plus APC (purple dot plots, 50 µg/ml CIDR domain; blue dot plots, either 100 µg/ml 

Var07CIDRα1.4 or 250 µg/ml other CIDR domains). The percentage of single or double-

labeled cells in each quadrant and the mean fluorescence intensity (MFI) of APC labeling 

are indicated. A cartoon illustration of the two detection methods is shown.
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Fig. 4. Binding of APC to EPCR mutants
A. Ribbon schematic of EPCR (grey) – Gla-domain of APC (green) (PDB 1L8J) 

(Oganesyan et al., 2002) with the 8 residues previously implicated in APC binding (Liaw et 

al., 2001) shown as blue stick figures. Below is a reverse view of EPCR structure showing 

the location of 3 other residues mutated for this study.

B. CHO745-EPCR mutants were labeled with anti-EPCR mAbs 1500 and 252. The bar 

graphs compare the level of antibody recognition of mutant EPCR cells relative to wild type 

EPCR levels. The ratio of mAb252:1500 antibody recognition was analyzed for each mutant 

EPCR relative to wild-type EPCR to assess loss of antibody epitopes (mean and error bars, n 

= 2 – 6 independent experiments).

C. Binding of Fl-APC to EPCR mutants is shown relative to wild type EPCR. The 

percentage of APC binding is normalized for differences in surface expression levels of 

wild-type and mutant EPCR variants determined by mAbs 252 and 1500 (see methods). 

Data represent mean and error bars (n = 2 – 4 independent experiments), a one-sample t test 

was used to detect significance in binding between EPCR mutants and wild type EPCR.
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Fig. 5. R81 in EPCR plays a pivotal role in P. falciparum recognition
A. Binding of DC8 Var19CIDRα1.1 (black bars) and DC13 Var07CIDRα1.4 (grey bars) 

recombinant proteins to wild-type and mutant EPCR variants (mean and error, n = 2 – 4 

independent experiments).

B. Binding of P. falciparum-IEs expressing IT4var19 (black bars) and IT4var07 (grey bars) 

to wild-type and mutant EPCR variants (mean and error, n = 2 – 3 independent 

experiments).
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C. Ribbon diagram of the solved Var07CIDRα1.4-EPCR co-crystal structure (PDB 4V3E) 

from Lau et al. (Lau et al., 2015) and sequence logo showing conservation of key CIDRα1-

EPCR contact residues in DC8 and DC13 domains. The inset shows a close-up view of the 

conserved phenylalanine residue that inserts into the EPCR lipid binding groove and the 

adjacent R81-Q/E interaction; EPCR (grey), the bound phospholipid (brown). The H1, H2, 

and H3 helices forming the conserved helical bundle in Var07CIDRα1.4 and HB121 

homology block are indicated.

In (A) and (B), binding is normalized for the surface expression levels of EPCR variants 

compared to wild-type EPCR using mAbs 252 and 1500 from Figure 4. A one-sample t test 

was used to detect significance in binding between EPCR mutants and wild type EPCR.
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Fig. 6. 
CIDRα1.1 and CIDRα1.4 domains cross-inhibit parasite adhesion to EPCR-expressing cells. 

Parasite lines expressing IT4var19 (DC8 CIDRα1.1, black bars) or IT4var07 (DC13 

CIDRα1.4, grey bars) were compared for binding to THBMEC or CHO-EPCR cells. Prior 

to the IE binding assay, cell monolayers were pre-incubated in the presence or absence of 

recombinant CIDR domains. Data represents mean and error (n = 2 independent 

experiments). Results were analyzed by Kruskal-Wallis one-way ANOVA test.
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Fig. 7. Differential inhibition of CIDRα1 domains by anti-EPCR mAbs
A. Inhibition of APC or CIDRα1 domains binding to CHO-EPCR by anti-EPCR mAbs 

(252, 1535, and 1500) was analyzed by flow cytometry. The dotted line indicates the 100% 

binding level in the absence of mAbs. Data represents mean and error (n = 2 – 4 independent 

experiments). Results were analyzed by one-sample t test.

B. Inhibition of parasite lines expressing IT4var19 (DC8 CIDRα1.1, black bars) and 

IT4var07 (DC13 CIDRα1.4, grey bars) binding to THBMEC or CHO-EPCR cells by anti-
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EPCR antibodies or soluble recombinant EPCR (mean and error, n = 2 – 3 independent 

experiments). Results were analyzed by Kruskal-Wallis one-way ANOVA test

C. The ability of anti-EPCR mAbs to inhibit CIDRα1 binding to CHO-EPCR cells is plotted 

against the percentage of APC blockade by those CIDRα1 domains from Fig. 3. The regions 

recognized by APC-blocking antibody 1535 (blue) and non-APC blocking antibody 1500 

(pink) (Liaw et al., 2001) are shown on the solved EPCR-APC co-crystal (PDB 1L8J) 

(Oganesyan et al., 2002). In the ribbon schematic, EPCR is grey, the Gla-domain of APC is 

green, and the phospholipid is orange.
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