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Background. Plasmodium falciparum invades human erythrocytes by using an array of ligands that interact with
several receptors, including sialic acid (SA), complement receptor 1 (CR1), and basigin. We hypothesized that in
malaria-endemic areas, parasites vary invasion pathways under immune pressure. Therefore, invasion mechanisms
of clinical isolates collected from 3 zones of Ghana with different levels of endemicity (from lowest to highest, Accra,
Navrongo, and Kintampo) were compared using standardized methods.

Methods. Blood samples were collected from children aged 2–14 years in whom malaria was diagnosed, and
erythrocyte invasion phenotypes were determined using the enzymes neuraminidase, chymotrypsin, and trypsin,
which differentially cleave receptors from the erythrocyte surface. In addition, antibodies against CR1 and basigin
were used to determine the contributions of these receptors to invasion. Gene expression levels of P. falciparum
invasion ligands were also examined.

Results. The parasites generally expressed SA-independent invasion phenotypes across the malaria-endemic areas,
with parasites from Kintampo showing the highest invasion rates in neuraminidase-treated erythrocytes. CR1 was a
major mediator of SA-independent invasion, while basigin was essential for both SA-dependent and SA-independent
invasion mechanisms. Furthermore, expression of the basigin ligand PfRh5was the best predictor of donor parasitemia.

Conclusions. Erythrocyte invasion phenotypes expressed by P. falciparum are influenced by endemicity levels, and
the PfRh5-basigin pathway is a potential vaccine target.

Keywords. Plasmodium falciparum; malaria; erythrocyte invasion; endemicity; complement receptor 1; basigin;
ligand gene expression.

As a result of concerted efforts toward malaria control,
the global incidence of severe life-threatening malaria in
malaria-endemic areas has decreased significantly over
the last decade [1]. However, the disease remains a sig-
nificant cause of morbidity and mortality in children in

sub-Saharan Africa, accounting for 163 million cases
and 437 000 deaths in children <5 years old [1]. Thus,
the development of an effective deployable vaccine re-
mains the optimal strategy for solving the menace of
malaria. Although the parasites initially infect liver
cells, clinical symptoms of malaria are caused only
after the parasites enter the bloodstream and invade
erythrocytes. Therefore, targeting the erythrocyte inva-
sion mechanism is a logical approach for the design of
vaccines for preventing clinical manifestations and re-
ducing disease severity of malaria. A complete under-
standing of the molecular mechanisms of erythrocyte
invasion is hampered because Plasmodium falciparum
has a repertoire of ligands that interact with a variety
of erythrocyte receptors during invasion.
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Sialic acid (SA) on glycophorins is the major receptor used by
P. falciparum for invasion of erythrocytes [2–6]. Therefore, in-
vasion pathways have often been categorized as SA dependent
or SA independent. Recent studies have begun to clarify the mo-
lecular interactions involved in SA-independent invasion, with
the identification of complement receptor 1 (CR1) as a key re-
ceptor [7, 8]. Furthermore, the Ok blood group antigen, basigin,
has been identified as playing an essential role in erythrocyte
invasion by many strains of P. falciparum [9, 10]. Plasmodium
falciparum interacts with the various erythrocyte receptors by
using a range of ligands, including erythrocyte binding antigen
175 (EBA-175) and EBA-140, which bind glycophorins A and
C, respectively [2–6], and reticulocyte binding protein homo-
logues PfRh4 and PfRh5, which bind CR1 and basigin, respec-
tively [7–10]. Additional parasite proteins such as EBA-181,
PfRh1, PfRh2a, and PfRh2b have also been shown to play
roles in invasion [11], but the erythrocyte receptors they interact
with remain unclear.

Plasmodium falciparum appears to deploy these ligands strate-
gically, such that alternative pathways are only activated if the pre-
ferred pathway is blocked [12]. In malaria-endemic areas,
immune pressure likely influences the choice of ligands that the
parasites deploy and, hence, their erythrocyte receptor preferenc-
es. Furthermore, there is evidence that antibodies to the SA-de-
pendent ligands are acquired before immunity to the SA-
independent ligands is achieved [13]. Therefore, we hypothesize
that the prevailing invasion phenotypes expressed by parasites
in a given P. falciparum–endemic area will be determined by
the strength of immune-mediated selection, which in turn is in-
fluenced by the intensity of malaria transmission. Previous studies
have shown that field isolates of P. falciparum from various geo-
graphical areas with different malaria endemicities, including The
Gambia, Senegal, Brazil, India, and Kenya, use different invasion
pathways [14–20]; however, the relationship between intensity of
transmission and invasion phenotypes has not been examined.

In this study, we investigated invasion receptor preferences of
parasites collected from children aged 2–14 years residing in 3
regions in Ghana (Accra, Kintampo, and Navrongo) where ma-
laria transmission is endemic but differs in pattern and intensi-
ty. Standardized methods were used for sample collection,
processing, storage, culturing, and invasion assays at the 3 dis-
tinct locations. Erythrocyte invasion phenotypes were deter-
mined using a combination of enzymes with differential
activities against the major receptors: neuraminidase cleaves
SA, chymotrypsin digests glycophorin B and CR1 but not gly-
cophorin A and C, and trypsin removes most receptors, includ-
ing glycophorins A and C, and CR1 [6, 21]. Further resolution
of receptor preferences was achieved by competitive inhibition
of the 2 newly identified receptors CR1 and basigin. In addition,
the relative gene expression levels of P. falciparum invasion li-
gands were examined, and their relationship with receptor pref-
erences and clinical parasitemia was investigated.

MATERIALS AND METHODS

Ethical Statement
The research presented here was approved by the ethics com-
mittees of the Ghana Health Service, Navrongo Health Research
Centre, Kintampo Health Research Centre, and Noguchi Me-
morial Institute for Medical Research, University of Ghana,
Legon. All samples were collected after obtaining written in-
formed consent from the parents/guardians of participating
children who were aged ≤10 years. For children older than 10
years, additional assent was obtained from the donor, following
receipt of parental consent.

Study Sites and Sample Collection
Three study sites in different ecological zones of Ghana (Sup-
plementary Figure 1) with different transmission intensities
were chosen for the collection of blood samples: Ledzokuku-
Krowor Municipal Assembly Hospital in Teshie, Accra (Greater
Accra Region), Navrongo Health Research Centre in Navrongo
(Upper East Region), and Kintampo Health Research Centre in
Kintampo (Brong Ahafo Region). Kintampo is within the forest
transition zone in a malaria-holoendemic region where malaria
transmission is high all year round, with entomological inocu-
lation rates (EIRs) of >250 infective bites/person/year [22],
whereas Navrongo is in the savannah area with hyperendemic
transmission that is very seasonal and dependent on rainfall,
with EIRs of <250 infective bites/person/year [23]. Teshie is a
suburb of the capital city, Accra, where malaria transmission
is generally lower than that in Navrongo and Kintampo (EIR,
<50 infective bites/person/year) [24] but has a peak during
the early rainy season, from June to August. Samples were col-
lected during the rainy seasons at the respective study sites be-
tween September 2011 and September 2013. Children aged 2–
14 years presenting with symptoms of malaria were screened for
malaria with rapid diagnostic tests, using blood specimens ob-
tained by finger prick. Children who tested positive for malaria
were further confirmed for malaria by means of microscopy,
and the parasitemia level was determined by counting the num-
ber of parasites per 200 white blood cells (WBCs) and multiply-
ing by the total WBC count obtained from an automated
hematology analyzer. About 5 mL of venous blood from chil-
dren with confirmed parasitemia was collected into heparinized
tubes from which erythrocytes were cryopreserved in liquid ni-
trogen, using the glycerolyte method [25].

Enzymatic Treatments
To determine the optimal enzyme concentrations for removal
of specific erythrocyte receptors, group O+ erythrocytes were
treated with 250 mU/mL and 500 mU/mL of neuraminidase
from Vibrio cholera (Sigma Aldrich, St. Louis, Missouri); 1, 2,
and 4 mg/mL of α-chymotrypsin (pretreated with 1-chloro-3-
tosylamido-7-amino-2-heptanone, to remove trypsin activity)
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from bovine pancreas (Sigma Aldrich); and 1, 2, and 4 mg/mL
of trypsin from bovine pancreas (Sigma Aldrich). After incuba-
tion for 1 hour at 37°C with gentle shaking, erythrocytes were
washed, resuspended in complete parasite medium, and stored
refrigerated for a maximum of 1 week. The efficiency of enzy-
matic cleavage was determined by examining the surface
expression of SA, which is sensitive to neuraminidase, and of
CR1, which is sensitive to both trypsin and chymotrypsin.
Erythrocytes were stained with SA-specific mouse anti-human
glycophorin A (clone E3, 10 µg/mL; Sigma Aldrich) and chicken
anti-human CR1 (12 µg/mL; Gallus Immunotech, Fergus, Cana-
da) in cold phosphate-buffered saline containing 1% bovine
serum albumin, followed by goat anti-mouse immunoglobulin
G (IgG) conjugated to phycoerythrin (4 µg/m; Invitrogen, Eu-
gene, Oregon) or goat anti-chicken IgG conjugated to fluorescein
isothiocyanate (10 µg/mL; KPL, Gaithersburg, Maryland). Flow
cytometry was performed using a BD FACS Calibur (BD, San
Jose, California), and results were analyzed using FlowJo (Tree Star,
Ashland, Oregon). These analyses revealed that 250 mU/mL and
500 mU/mL of neuraminidase resulted in similar removal of SA
(Supplementary Figure 2A); therefore, 250 mU/mL was selected
as optimal. Also, 1 mg/mL was selected for both chymotrypsin
and trypsin because all concentrations of these enzymes removed
CR1 to a similar extent (Supplementary Figures 2B and 2C).

Invasion Assays
Cryopreserved samples from the various study sites were re-
moved from cold storage and thawed using NaCl solutions as
described elsewhere [25]. To determine the ex vivo invasion
phenotypes of clinical parasite isolates, the efficiency of invasion
into untreated and enzyme-treated erythrocytes was investigat-
ed during the first 3 consecutive parasite cycles in culture. In
addition, to determine the relative dependency of field isolates
on CR1 and basigin as receptors for invasion, experiments were
set up in the presence of chicken anti-CR1 antibodies or immu-
noglobulin Y (IgY) control (12 µg/mL; Gallus Immunotech,
Fergus, Canada) [8]; and mouse monoclonal anti-basigin anti-
bodies (clone MEM-M6/6) or control mouse IgG (10 μg/mL;
Sigma-Aldrich) [9]. The erythrocytes used as targets for inva-
sion assays were labeled with 7-hydroxy-9H-(1,3-dichloro-9,
9-dimethylacridin-2-one) succinimidyl ester (DDAO-SE; 10
μM; Invitrogen), a far red cell stain, to differentiate them
from the uninfected erythrocytes in the parasite inoculum,
using previously described procedures [26].

Parasite isolates were incubated for about 1 day after thawing,
to ensure that they were growing and developing into schizonts
before invasion assays were set up. For each donor sample, the
schizont stage parasite isolate was added to DDAO-SE–stained
erythrocytes in a 1:1 ratio at 2% hematocrit in a 96-well titer
plate. All experiments were set up in duplicate wells and repeat-
ed 3 times. The plates were incubated at 37°C for 18–20 hours in
a blood gas atmosphere of 2% O2, 5.5% CO2, and 92.5% N2 (Air

Liquide, Birmingham, United Kingdom). SYBR Green I (Invi-
trogen) stain was used to differentiate parasitized erythrocytes
from uninfected erythrocytes. Invasion levels were then deter-
mined using flow cytometry (FACS Calibur, BD), and the
percentage of cells expressing DDAO that was positive for
SYBR Green was recorded as the invasion rate.

Ligand Gene Expression Assays
For isolates with sufficient sample volume available, parasites were
cultured to the schizont stage, and RNAwas extracted using TRI-
zol reagent (Ambion/Life Technologies, Carlsbad, California) as
described previously [18]. RNA was extracted using an RNAeasy
Micro kit (Qiagen Inc., Valencia, California) and reverse tran-
scribed using the TaqMan RT system (Applied Biosystems/Life
technologies), and complementary DNA was amplified using
Kapa Probe Fast qPCR reagents (Kapa Biosystems, Cape Town,
South Africa). Transcript levels for eba140, eba175, eba181,
PfRh1, PfRh2a, PfRh2b, PfRh4, and PfRh5 were determined
using gene specific primer/probe sets (Sigma Aldrich) [18, 27]
in a fluorogenic 5′-nuclease assay performed on a Rotor-Gene
3000 system (Corbett Life Sciences, Mortlake, Australia).

Statistical Analyses
Statistical analyses were performed with Minitab, version 16,
and SigmaPlot, version 12, software. Variables that passed the
Kolmogorov-Smirnov normality test were analyzed using para-
metric methods; otherwise, nonparametric procedures were
used. The protected comparisons procedure was used to mini-
mize errors due tomultiple comparisons in all analyses. Invasion
rates were compared across transmission areas using Kruskal–
Wallis tests; when significant differences were observed, post
hoc pairwise comparisons were performed usingMann–Whitney
U tests. Relationships between various invasion-related variables
were examined using Pearson correlation or Spearman rank cor-
relation, based on the normality of the data. For all analyses, a P
value of < .05 was considered statistically significant.

RESULTS

Clinical and Demographic Characteristics of Study Participants
Parasites were collected from participating children in Accra
(n = 25), Navrongo (n = 22), and Kintampo (n = 31) after a
complete clinical evaluation, including determination of parasi-
temia and hemoglobin levels. Clinical and demographic charac-
teristics of study participants whose parasite isolates grew for at
least 1 cycle are listed in Table 1. Comparison of the demo-
graphic and clinical characteristics of the children across the 3
malaria-endemic areas showed no statistically significant differ-
ences in sex distribution (P = .449) and age (P = .865). However,
parasitemia levels differed significantly across the sites (P < .001),
with the lowest parasitemia levels observed in Accra and the
highest levels observed in Kintampo (Table 1), which mirrored
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the relative transmission intensities in the areas. Furthermore,
hemoglobin levels were lower in participants recruited in Nav-
rongo and Kintampo, compared with those recruited from
Accra; however, these differences were not statistically signifi-
cant (P = .106).

Enzyme Sensitivities of P. falciparum Clinical Isolates Across
Malaria-Endemic Sites
Invasion receptor dependency of the clinical parasite isolates
across the 3 sites was investigated by determining their ability
to invade erythrocytes treated with neuraminidase, trypsin, or
chymotrypsin. Altogether, the clinical isolates across the 3 sites
invaded neuraminidase-treated erythrocytes at an efficiency of
20%–90% (mean, 65.5%) relative to untreated cells (Figure 1),
suggesting the use of SA-independent mechanisms. Furthermore,
the parasites generally showed sensitivity to chymotrypsin and
trypsin, which cleave SA-independent receptors, invading en-
zyme-treated erythrocytes at efficiencies of only 2%–70%
(mean, 39%) and 2%–60% (mean, 25%), respectively (Figure 1).

When compared across the transmission sites, sensitivity to
neuraminidase differed significantly in parasites from the 3
areas (P = .02; Figure 2A), showing a pattern that suggests an in-
verse correlation with transmission intensity. Parasites collected
in the Kintampo area showed the lowest sensitivity to neuramin-
idase and thus retained a higher invasion efficiency in enzyme-
treated erythrocytes than those from Accra (P = .01) and Navron-
go (P = .02; Figure 2A). However, there appeared to be no such
trend in the sensitivities of parasite invasion into erythrocytes
treated with chymotrypsin (P = .78; Figure 2B) and trypsin
(P = .08; Figure 2C) across the 3 areas. These findings suggest
that there may be differences in immune pressures exerted on
parasites in the areas with varying endemicities, which may be
eliciting the expression of different invasion phenotypes.

Overall, parasite sensitivity to neuraminidase treatment of
erythrocytes was not related to chymotrypsin sensitivity (coef-
ficient, 0.193; P = .169; Figure 3A) but was positively correlated
with trypsin sensitivity (coefficient, 0.498; P < .001; Figure 3B).
Furthermore, sensitivities of parasite isolates to chymotrypsin

and trypsin correlated significantly (coefficient, 0.558; P < .001;
Figure 3C), consistent with their common specificity for recep-
tors such as CR1 and basigin.

Diversity of Invasion Phenotypes Across Transmission Areas
To quantify the extent of heterogeneity in invasion phenotypes
in the 3 malaria-endemic areas and to determine the relation-
ship with transmission intensity, we categorized parasites as
either sensitive (s) or resistant (r) to neuraminidase (N), chymo-
trypsin (C), or trypsin (T) treatment, using an invasion efficien-
cy of 50% as a threshold. This categorization yielded 6 distinct
invasion phenotypes: NrCsTs (63%), NrCrTs (17%), NsCsTs
(8%), NsCrTs (6%), NrCsTr (2%), and NrCrTr (4%). This pat-
tern was nearly consistent across the 3 transmission areas, with
a majority of isolates belonging to the NrCsTs category (Fig-
ure 3A–C), confirming the predominance of SA-independent
invasion pathways among Ghanaian isolates. However, the
NsCrTs phenotype was observed only among Accra isolates,
whereas NrCsTr, which is a rare phenotype previously reported
in Brazil [20], was unique to isolates from Navrongo. Signifi-
cantly, there were only 3 distinct invasion phenotypes observed
among Kintampo isolates, compared with 4 phenotypes in
Accra and 6 in Navrongo, suggesting that isolates from Navron-
go had the highest diversity of invasion pathways and that
Kintampo had the lowest.

Roles of CR1 and Basigin
Given the predominance of SA-independent phenotypes
among the isolates from all the sites and the demonstrated
roles of CR1 and basigin in mediating SA-independent invasion
in both clinical and laboratory-adapted P. falciparum parasites
[7, 9], we investigated the use of these receptors among the iso-
lates. While anti-CR1 antibodies had no significant effects on
invasion of untreated erythrocytes, invasion of neuramini-
dase-treated erythrocytes was significantly reduced (by approx-
imately 40%–95%) by anti-CR1 relative to IgY isotype control
antibodies (P < .05 for all isolates; Figure 4A). The effects of
anti-CR1 were consistent across Accra, Navrongo, and

Table 1. Clinical and Demographical Characteristics of Study Participants Aged 2–14 Years Who Received a Diagnosis of Malaria in
Accra, Kintampo, and Navrongo, Ghana

Characteristic Accra Navrongo Kintampo Overall P Valuea

Donors, no. 20 15 17 52 . . .

Female sex, no. (%) 9 (45.0) 9 (60.0) 11 (64.7) 28 (53.8) .449b

Age, y, mean ± SEM 5.9 ± 0.8 5.2 ± 0.8 5.1 ± 0.7 5.5 ± 0.4 .865

Parasitemia level, parasites/µL, mean ± SEM 26 942 ± 5289 71 370 ± 11 394 354 334 ± 75 904 122 210 ± 32 264 <.001

Hemoglobin level, g/dL, mean ± SEM 11.1 ± 0.2 9.7 ± 0.5 10.2 ± 0.4 10.4 ± 0.4 .106

Abbreviation: SEM, standard error of the mean.
a By the Kruskal–Wallis test, unless otherwise indicated.
b By the χ2 test.
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Kintampo, with no significant differences in the magnitude of
the inhibition at the different sites (P = .057 by the Kruskal–
Wallis test; data not shown).

On the other hand, anti-basigin antibodies significantly inhib-
ited invasion in both untreated and neuraminidase-treated eryth-
rocytes, compared with IgG isotype control antibodies (P < .05
for all comparisons), reducing invasion by 50%–85% in untreated
erythrocytes and by 70%–95% in neuraminidase-treated

erythrocytes (Figure 4B). The magnitude of the invasion inhibi-
tion by anti-basigin in both untreated and neuraminidase-treated
erythrocytes varied significantly in isolates collected from the 3
sites (P = .03), with isolates from Navrongo more sensitive than
isolates from Accra (P = .03 for untreated erythrocytes, and
P < .01 for neuraminidase-treated erythrocytes) and those from
Kintampo (P = .05 for untreated erythrocytes, and P < .01 for
neuraminidase-treated erythrocytes).

Figure 1. Representative invasion phenotypes of Plasmodium falciparum clinical isolates from across 3 malaria-endemic areas of Ghana. Erythrocyte
invasion assays were set up in duplicates on 96-well plates to determine the ability of parasite isolates from Accra (A), Navrongo (B ), and Kintampo (C ) to
invade erythrocytes treated with neuraminidase (Neura; 250 mU/mL), chymotrypsin (Chymo; 1 mg/mL), and trypsin (1 mg/mL). Invasion rates were deter-
mined by flow cytometry as the percentage of ring-stage-infected erythrocytes after 18–20 hours of incubation and are expressed as invasion efficiency
relative to invasion of untreated erythrocytes. Data are presented as means ± standard errors of 3 independent experiments performed in duplicate. *P < .05,
by the Student t test, compared with untreated erythrocytes.
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Figure 2. Comparison of erythrocyte invasion phenotypes of Plasmodium
falciparum isolates from 3 areas of Ghana with different malaria endemic-
ities. The erythrocyte invasion receptor preferences of P. falciparum clinical
isolates from 3 areas of Ghana with differing endemicities (lowest, Accra;
intermediate, Navrongo; highest, Kintampo) were compared by using their
abilities to invade erythrocytes treated with neuraminidase (250 mU/mL;
A), chymotrypsin (1 mg/mL; B), and trypsin (1 mg/mL; C). The box plots
show the invasion efficiencies in enzyme-treated erythrocytes relative to un-
treated erythrocytes for isolates from Accra (n = 20), Navrongo (n = 15), and
Kintampo (n = 17). *P < .05, by the Mann–Whitney U test.

Figure 3. Phenotypic diversity of Plasmodium falciparum clinical iso-
lates and interrelationships between sensitivities to enzyme treatment.
The diversity of invasion phenotypes of parasite isolates from Accra (closed
circles), Navrongo (open circles), and Kintampo (closed triangles) are illus-
trated by the relative magnitudes by which their invasion of erythrocytes
was inhibited after treatment by neuraminidase (250 mU/mL), chymotryp-
sin (1 mg/mL), and trypsin (1 mg/mL). The correlations between the inhib-
itory effects of neuraminidase and chymotrypsin (A), neuraminidase and
trypsin (B), and chymotrypsin and trypsin (C) were also determined using
Spearman correlations tests. The broken lines indicate 50% inhibition of
invasion, which demarcates the threshold for categorization as enzyme
sensitive.
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Gene Expression of Invasion Ligands
To further investigate the relative importance of the various
erythrocyte invasion pathways used by the P. falciparum iso-
lates, gene expression of the major ligands, including EBA-
140, EBA-175, EBA-181, PfRh1, PfRh2a, PfRh2b, PfRh4, and
PfRh5, was examined in schizont stage parasites. Eba175 was
the most abundant gene expressed, constituting 32.3% of the
combined expression of all 8 genes, while PfRh4 was the least
expressed, contributing only 1.7% of the total transcripts. The
eba gene family were generally expressed at higher levels relative
to the PfRh genes (P < .001; Figure 5). When compared across
the 3 study sites, expression of eba175 appeared to be higher in
parasites collected from Accra, while expression of PfRh2a was
elevated in Kintampo isolates, but these differences were not
statistically significant (P > .05 for all comparisons; Figure 5).

Relational analyses between ligand gene expression levels and
age and parasitemia levels of donors at enrollment showed that
PfRh5 had the strongest correlation with parasitemia level (co-
efficient, 0.479; P = .021), while PfRh1 expression was the best
correlate of age (Figure 6A and Supplementary Table 1).

Furthermore, PfRh5 expression was also negatively correlated
with the rate of invasion into trypsin-treated erythrocytes (co-
efficient, −0.496; P = .026; Figure 6B and Supplementary
Table 2), suggesting that sensitivity to trypsin in these isolates
was significantly influenced by the contribution to invasion of
the basigin-PfRh5 pathway. There was no significant relation-
ship between ligand gene expression levels and sensitivity to
any of the other enzymatic treatments (Supplementary Table 2).

DISCUSSION

Previous studies have shown that field isolates of P. falciparum
from various malaria-endemic areas, including The Gambia,
Brazil, India, and Kenya, use different invasion pathways that
can be classified on the basis of the enzyme susceptibility of
the erythrocyte receptors involved [14–18]. To directly investi-
gate the relationship between levels of malaria transmission and
the invasion phenotypes expressed by the infecting parasites, we
sought to minimize confounding factors by examining parasites
from 3 distinct areas with differing malaria endemicities within

Figure 4. Complement receptor 1 and basigin are important receptors for erythrocyte invasion in Ghanaian Plasmodium falciparum field isolates. Inva-
sion of untreated and neuraminidase-treated erythrocytes was determined in the presence of antibodies against complement receptor 1 (anti-CR1; 12 µg/
mL) or isotype control antibodies (immunoglobulin Y [IgY]; 12 µg/mL; A) and anti-basigin (anti-BSG; 10 µg/mL) or isotype control antibodies (immunoglobulin
G [IgG]; 10 µg/mL; B ). Invasion rates were expressed relative to invasion in untreated erythrocytes (control). Data are presented as means ± standard errors
of 3 independent experiments performed in duplicate and are representative of 52 isolates tested for anti-CR1 and 27 isolates tested for anti-BSG. *P < .05,
by the Student t test, compared with isotype control antibodies.
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the same country. Furthermore, because age in malaria-endemic
areas is essentially a surrogate marker of accumulated exposure to
parasites and development of immunity, we selected children
aged 2–14 years, an age range that spans from non-immune in-
fants to semi-immune older children.

Using standardized methods for sample collection, process-
ing, storage, and culture, we observed a range of invasion
phenotypes across the 3 malaria-endemic areas, characterized
by varying invasion rates in erythrocytes treated with neuramin-
idase, chymotrypsin, or trypsin. Consistent with studies of par-
asites collected in Kenya [7, 15], erythrocyte invasion by the
clinical isolates was generally resistant to neuraminidase treat-
ment but very sensitive to trypsin and moderately sensitive to
chymotrypsin. This pattern suggests the use of SA-independent
receptors, which is in contrast to findings for field parasites col-
lected in Gambia, where the parasites’ ability to invade neur-
aminidase-treated erythrocytes was much lower [14, 18].
Significantly, our data showed that the prevalence of SA-
independent phenotypes appears to correlate with levels of en-
demicity, whereby isolates collected from Kintampo, which has
the highest transmission intensity, invaded neuraminidase-
treated erythrocytes at significantly higher rates than parasites
collected from Navrongo and Accra. Previous studies suggest
that immunity to the SA-dependent parasite ligands are ac-
quired prior to development of antibodies to SA-independent
ligands [13]. Therefore, our data showing that 100% of the par-
asites from Kintampo used SA-independent invasion pathways
may indicate that high immune pressure on parasites in Kin-
tampo or competition among parasite variants may have driven
a complete switch away from the use of SA-dependent
receptors.

Despite the significant differences in the ability to invade
neuraminidase-treated erythrocytes, the majority of parasites
from each of the malaria-endemic areas invaded using a recep-
tor that is neuraminidase resistant, trypsin sensitive, and
chymotrypsin sensitive (NrCsTs). This pattern of invasion is

Figure 5. Relative expression levels of genes encoding 8 invasion li-
gands in Plasmodium falciparum clinical isolates across 3 malaria-endemic
areas of Ghana. Transcript levels of P. falciparum invasion ligand genes
eba140, eba175, eba181, PfRh1, PfRh2a, PfRh2b, PfRh4, and PfRh5 were
determined by quantitative polymerase chain reaction analysis in 23 iso-
lates from Accra (open circles), Navrongo (closed circles), and Kintampo
(closed triangles). The relative abundance of each gene was expressed
as a percentage of the total transcripts of all 8 genes. Transcript levels
for individual isolates are shown by the symbols, and the dashes indicate
the positions of the group means for the respective study sites.

Figure 6. Correlation of Pfrh5 expression levels with donor parasitemia level and parasite invasion efficiency in trypsin-treated erythrocytes. Relative
expression of Pfrh5 in Ghanaian field isolates correlated positively with donor parasitemia at enrollment (A) and negatively with parasite invasion efficiency
in trypsin-treated erythrocytes relative to untreated isolates (B). Correlations were statistically significant by the Pearson test.
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characteristic of the pathway mediated by interactions between
PfRh4 and its erythrocyte receptor, CR1 [8, 28]. In agreement
with our previous studies showing that CR1 is the major SA-
independent receptor used by P. falciparum field isolates [7],
anti-CR1 antibodies inhibited the majority of invasion of neur-
aminidase-treated erythrocytes in parasites from all of the malar-
ia-endemic areas. Using a similar approach, we investigated the
role of the basigin-PfRh5 invasion pathway bymeasuring the abil-
ity of the parasites to invade erythrocytes in the presence of anti-
basigin antibodies. These experiments clearly demonstrated the
importance of the basigin-Rh5 interaction in mediating erythro-
cyte invasion, since anti-basigin antibodies reduced invasion by
an average of 70% in all parasite isolates tested from all 3 malar-
ia-endemic areas. These results confirm previous studies that
used similar reagents and showed comparable inhibitory effects
in both laboratory-adapted and fields strains of P. falciparum [9].

Our data further demonstrated that, while anti-CR1 antibod-
ies inhibited invasion only in neuraminidase-treated erythro-
cytes, anti-basigin antibodies significantly inhibited invasion
into both untreated and neuraminidase-treated erythrocytes.
These findings suggest that CR1 is predominantly required
only in the absence of SA, whereas basigin is required for
both SA-dependent and SA-independent invasion mechanisms.
However, it was clear from the data that inhibition of basigin
plus treatment with neuraminidase caused a greater reduction
of invasion than basigin inhibition alone. It has been shown
that antibodies against the basigin ligand PfRh5 synergize
with antibodies against other parasite ligands to enhance inva-
sion inhibitory activity [29], suggesting that a potential vaccine
designed against the basigin-PfRh5 invasion pathway alone may
not be sufficient to completely block invasion. Furthermore,
sensitivity to basigin inhibition appears to vary across transmis-
sion areas, as we found parasites from Navrongo to be signifi-
cantly more sensitive to anti-basigin antibodies, compared with
those from Accra and Kintampo. Taken together, these data
demonstrate that, while the basigin-PfRh5 pathway is an ex-
tremely promising target for vaccine design, formulation of
such a vaccine must incorporate other ligand components to
ensure effectiveness across a range of transmission areas.

Analysis of relative gene expression levels of invasion ligands in
the clinical isolates provided further support for a pivotal role for
PfRh5 in erythrocyte invasion. Of all the ligand genes examined,
PfRh5 expression was the strongest predictor of parasitemia levels
in donor blood. This correlation between PfRh5 expression and
parasitemia level was previously reported in a Gambian study
[18] and also supports recent data from Mali [30] and Papua
New Guinea [31], which demonstrated that antibodies against
PfRh5 protected against clinical malaria and reduced parasite
density. In addition, while our data indicated that ligand gene ex-
pression generally did not differ significantly when compared
across the transmission areas, invasion sensitivity to trypsin treat-
ment correlated significantly with PfRh5 expression levels.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
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