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Abstract: Plasmodium vivax is the most widely distributed malaria parasite affecting humans world-
wide, causing ~5 million cases yearly. Despite the disease’s extensive burden, there are gaps in the
knowledge of the pathophysiological mechanisms by which P. vivax invades reticulocytes. In contrast,
this crucial step is better understood for P. falciparum, the less widely distributed but more often fatal
malaria parasite. This discrepancy is due to the difficulty of studying P. vivax’s exclusive invasion
of reticulocytes, which represent 1-2% of circulating cells. Its accurate targeting mechanism has not
yet been clarified, hindering the establishment of long-term continuous in vitro culture systems. So
far, only three reticulocyte invasion pathways have been characterised based on parasite interactions
with DARC, TfR1 and CD98 host proteins. However, exposing the parasite’s alternative invasion
mechanisms is currently being considered, opening up a large field for exploring the entry receptors
used by P. vivax for invading host cells. New methods must be developed to ensure better under-
standing of the parasite to control malarial transmission and to eradicate the disease. Here, we review
the current state of knowledge on cellular and molecular mechanisms of P. vivax’s merozoite invasion
to contribute to a better understanding of the parasite’s biology, pathogenesis and epidemiology.
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1. Introduction

Malaria is a major public health problem, causing an estimated 241 million cases
and over 627,000 deaths in 2020 [1]. Six Plasmodium species cause malaria in humans:
P. falciparum, P. vivax, P. malariae, P. knowlesi, P. ovale wallikeri and P. ovale curtisi. P. falciparum
is the deadliest species and P. vivax the most widely distributed, being most prevalent in
South America, India and Southeast Asia. P. vivax was found to be largely incapable of
infecting part of the west African population as a result of a silent mutation in the Duffy
blood group (Fy(a—b—)) disabling the Duffy antigen receptor for chemokines (DARC)
interaction with the P. vivax Duffy binding protein (PvDBP), thereby conferring resistance
against such infection [2]. However, cases involving this malarial species have been
increasingly reported in Duffy-negative populations during the last few years (Table 1).

An in vitro P. falciparum culture was developed more than 40 years ago [3]. Several
cellular and molecular interactions between invading merozoites (Mrz) and the targeted
erythrocytes have been elucidated since its establishment. Information regarding multi-step
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P. vivax Mrz entry into reticulocytes has been largely taken from such studies; however,
there is still a considerable gap in relevant knowledge to be explored. P. vivax Mrz invasion
of red blood cells (RBCs) is a rapid, coordinated process (less than 1 min), orchestrated
by specific receptor-ligand interactions. It begins with initial Mrz contact with the RBC
membrane and is followed by Mrz apical pole reorientation on reticulocytes. Ligands
are released from specialised apical organelles (rhoptries and micronemes) to specifically
interact with reticulocyte receptors to enable strong attachment and a subsequent tight
junction (T]) formation. Active parasite invasion occurs through the action of the mobile
junction complex and the parasitophorous vacuole (PV) formation [4] (Figure 1).

P. falciparum, P. knowlesi and P. malariae Mrz invade mature erythrocytes, although
P. falciparum and P. knowlesi can also invade reticulocytes [5,6], whilst P. vivax and P. ovale
are restricted to invading reticulocytes [7,8]. Such immature cells represent only 1-2%
of circulating RBCs, indicating that these two Plasmodium species’ Mrz have an as-yet-
unknown mechanism to accurately target the reticulocyte population during invasion.

The biological particularities of P. vivax have become a challenge for the development
of a long-term continuous in vitro culture system. Different culture conditions, along
with reticulocyte and parasite sources, have been tried without success so far, thereby
delaying understanding of the parasite and, therefore, the development of mechanisms for
controlling or eradicating the disease [9]. This review describes the cellular and molecular
mechanisms related to P. vivax Mrz invasion of reticulocytes, contributing to a better
understanding of the parasite’s biology and pathogenesis.

Mrz entry
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Figure 1. Plasmodium vivax life cycle. The life cycle of human malaria begins when a female Anopheles
mosquito inoculates sporozoites (Spz) into a host’s dermis through its proboscis; these Spz invade
hepatocytes in the liver and some of them remain as dormant liver-stage parasites—hypnozoites [10].
Each Spz forms thousands of Mrz that are released into the bloodstream and invade RBCs through
specific receptor-ligand protein interactions, initiating a sequence of molecular events that commit
the parasite to cell invasion [4]. The parasites undergo mitotic division and cytoplasmic growth
during the next ~48 h inside the RBC to develop either directly into schizont (asexual) or gametocyte
forms (sexual) [11].

2. Plasmodium vivax Biological Particularities

P. falciparum-related clinical complications have also been reported for P. vivax, in-
cluding haemolytic anaemia, coagulation disorders, acute respiratory distress syndrome,
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nephropathology, porphyria, rhabdomyolysis and cerebral malaria [12]. However, P. vivax
has a different evolutionary path to that of P. falciparum, being more closely related to
P. cynomolgi (a species infecting Asian macaque monkeys) [13].

P. vivax has a hypnozoite stage where parasites can remain dormant for long periods in
host hepatocytes (Figure 1). This produces relapses in a host when they are released into the
bloodstream weeks or months later (the mechanism of these kinds of reactivations remains
unknown) [10]. The P. vivax life cycle blood stage involves a restriction to exclusively invad-
ing reticulocytes. The parasite’s mechanisms enabling such an exclusive invasion tropism
have not yet been elucidated [7]. Gametocytes are produced early on during infection after
Mrz have been released from infected RBCs, which is very different from the life cycle
of P. falciparum, where gametocytes are not found in peripheral blood until after multiple
blood-stage cycles. The latter is due to a requirement for bone marrow sequestration for
P. falciparum’s gametogenesis, which takes 10 to 12 days to form fully transmissible gameto-
cytes [14]. These distinctive P. vivax life cycle characteristics represent a major challenge for
understanding P. vivax pathogenesis and for controlling the disease worldwide.

3. Plasmodium vivax Mrz Exclusive Invasion of Reticulocytes

Reticulocytes are immature RBCs produced in host bone marrow which become re-
leased into peripheral blood, where they become normocytes within one to two days during
erythropoiesis; this produces two million RBCs every second in a healthy human adult [15].
These cells undergo multiple structural changes until they mature. The erythropoietic
process starts within the bone marrow, where haematopoietic stem cells are subjected
to chromatin and nuclear condensation. They then interact with macrophages, forming
reticulocytes, thereby enabling enucleation to take place [16].

Organelles, such as endoplasmic reticulum, Golgi apparatus, lysosomes, mitochondria
and ribosomes, are removed via autophagic and non-autophagic pathways, beginning in
the bone marrow and continuing in the bloodstream. RNA breakdown is facilitated by
ribonucleases; modifications in cell volume and membrane remodelling are thought to
occur via exosomes during haematopoiesis. Cells become smaller, more condense and
produce specific proteins such as haemoglobin, until mature biconcave RBCs are created at
the culmination of terminal maturation [15].

Heilmeyer first classified reticulocyte cells according to their microscopic appearance
after New Methylene Blue staining [17]. They were then classified as R1 or R2 based on
their shape and movement in live-cell cytology studies. R1 reticulocytes have expelled their
nuclei in bone marrow, retain their residual reticulum and are motile and multi-lobular,
whilst R2 in peripheral blood are non-motile and mechanically stable [18]. The latter
proposed classification depends on the amount of transferrin receptor 1 (TfR1, also known
as cluster of differentiation 71 or CD71) expression on the cell membrane [19], based on
the progressive loss of this membrane protein during maturation by exocytosis, until they
become completely absent in mature RBCs [19]. Accordingly, CD71 has proved to be a
useful biomarker for the fine-scale age grading of reticulocytes.

A healthy adult has Heilmeyer stage IV reticulocytes (CD71!°%) and normocytes
(CD77") circulating in bone marrow; Heilmeyer stage I-III reticulocytes have higher CD71
concentrations. P. vivax has been shown to have a predilection for invading reticulocyte
stages I-1II [7].

Reticulocyte maturation involves significant heterogeneity in terms of morphology,
cell content and protein expression, and represents a population in constant phenotypical
change until they become normocytes, which makes collecting enriched samples for in vitro
cultures more challenging. Different methods have been proposed for obtaining enriched
reticulocyte samples, i.e., producing erythroid cells lines [20,21], umbilical cord blood
samples containing 6.9-7.9% reticulocytes [22], blood from non-human primate models [23],
humanised mouse models such as human liver chimeric FRG KO huHep [24] and humans
with blood disorders, including haemochromatosis or 3-thalassaemia [25]. However, the



Int. . Mol. Sci. 2022, 23, 14528

4 of 14

barrier hindering the development of a long-term P. vivax continuous in vitro culture system
still requires much work to be overcome.

4. The Reticulocyte Gateway for Plasmodium vivax Mrz

Host—parasite interactions between P. vivax ligands and reticulocyte receptors are
poorly understood. P. vivax tropism for invading reticulocytes expressing DARC and TfR-1
surface receptors has been established [26,27]; however, there is still a long way to go to
identify and characterise the receptors expressed on the reticulocyte membrane that serve
as an entry point via protein—protein interactions with parasite invasion ligands.

DARC is involved in Mrz invasion and bound by PvDBP1, a 140 kDa protein member
of the erythrocyte binding-like (EBL) protein superfamily [26]. Proteins from this family
have one or two extracellular cysteine-rich Duffy binding-like (DBL) domains (RII in
PvDBP1), an extracellular cysteine-rich domain (region VI in PvDBP1), a transmembrane
domain and a short cytoplasmatic domain [26].

PvDBP is characterised by a single 302 residue-long, cysteine-rich DBL located in the
protein’s extracellular N-terminus (RII-DBP1); this region has three subdomains (SD1-SD3)
stabilised by intra-subdomain disulphide bridges. SD1 (*}!N-L?>?) has two intra-subdomain
disulphide bridges, (B7C-C%#) and (330C-C?%), whilst SD2 (¥1Y-E%¢) has one intra-
subdomain disulphide bridge, (3*°C—-C377), and SD3 (**’P-S°%) has three disulphide
bridges, (*1°C-C*3?), (427C-C7) and (#3¢C-C>%) [26,28].

PvDBP1 is contained within the parasite’s apical micronemes during the P. vivax
Mrz irreversible reticulocyte binding process, followed by its release to interact with its
reticulocyte receptor, DARC, via RII (residues 198 to 522). The PvDBP-RII residues that
directly contact the receptor are 270L-K28, 3%6Q-K3¢7 and 261 F-T?%¢ (Figure 2) [26,28]. The
DARC residues 19-30 are critical for PuDBP-RII binding [28]. The main receptor recognition
site lies between cysteines 4 and 7 located in RII-DBP [29], a polymorphic region with a
substitution rate four times higher than the rest of the protein (consistent with high immune
selection pressure), complicating the development of a malaria vaccine [28,30].

Figure 2. Crystal structure of PuDBP-RII bound to the DARC core region (PDB: 4NUU). The PvDBP-
RII region that interacts with the DARC consists of residues 256-426 located in SD2. Binding develops
in a stepwise manner to create a stable, two-molecule heterotetramer consisting of two DBP (blue)
copies and two molecules of the DARC (salmon). Green represents the PvDBP-RII helices forming
the receptor binding pocket [28].

The DARC serves as a receptor for several chemokines, such as melanoma growth-
stimulating activity (MGSA) and interleukin (IL)-8; these can inhibit P. vivax and P. knowlesi
binding to DBL domains and Duffy-positive (DARC-positive) erythrocytes, suggesting that
the binding sites on the DARC used by chemokines and parasite proteins overlap [2,26].
The DARC is present on both mature normocytes and reticulocytes; interaction with
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PuDBP therefore does not fully explain the specific P. vivax Mrz recognition of reticulocytes.
Although it has been proposed that exposure of the PvDBP binding site in the DARC on
reticulocytes could enable preferential binding [31], details on such a mechanism have yet
to be studied in depth.

PuDBP is a leading vaccine candidate [32]. PuDBP-RII antibodies (Abs) inhibit Mrz
invasion of human RBCs by ~80% [33]. Individuals living in P. vivax-endemic regions
develop natural, age-dependent immunity, which is strongly related to humoral and
cellular recognition of PuDBP-RII during natural infection [34,35]. Naturally acquired
human Abs 053054 and 092096 target the DARC binding site and dimer interface on
PyvDBP-RII and inhibit such interaction. The Ab 053054 epitope includes residues E?%,
264D-A81 and 356Q-N372 belonging to subdomain 2 located in RII. This epitope overlaps
with the Ab 092096 epitope consisting of residues Y219, 249, 2701.-K?8 and 3%°Q-W57° [36].
Monoclonal antibodies (mAb) 3C9, 2D10, 2H2 and 2C6 block PvDBP-RII binding to human
erythrocytes, targeting a region located in SD3 [37]. The mAb 3C9 epitope lies between
residues 476-493; mAb 2D10 binds to a conformational epitope located between residues
413-417 and 425-441; mAb 2H?2 shares overlapping binding regions with 2D10 and 2C6,
recognising an epitope between residues 465-485. These Abs do not target the PvDBP—
DARC interaction interface directly; it has therefore been suggested that their mechanism
of action is based on steric hindrance preventing PvDBP-RII’s approach to the reticulocyte
surface. Although the binding interface has been characterised in detail, it has been difficult
to create a vaccine targeting such a particular region due to the high polymorphism levels
displayed by PvDBP-RIL

A major component of the pathway for P. vivax Mrz entry into reticulocytes is mediated
by the specific interaction between the reticulocyte-binding protein 2b (PvRBP2b), located in
the micronemes, and the host membrane protein TfR1 in a sialic acid-independent manner [27].

TfR1 (or CD71), is a homodimer type II transmembrane glycoprotein of about 170 kDa;
it is expressed in large quantities on immature RBCs, is present in up to one million
copies/cells in reticulocytes and is gradually lost during RBC maturation until it is com-
pletely absent from normocytes [38]. It is thus presumed that it could be an essential
factor for accurate P. vivax recognition of reticulocytes. TfR1 is present in Duffy-positive
and Duffy-negative reticulocytes and it has been supposed that PRBP2b interaction with
TfR1 occurs prior to the PvDBP interaction with the DARC [39]. However, the role of this
interaction in Duffy-negative reticulocytes has yet to be studied.

A 3.7 A resolution cryo-electron microscopy (cryo-EM) structure has reported the
critical residues involved in ternary complex interactions between PvRBP2b, TfR1 and Tf
(Figure 3). TfR1 binds to its human ligand, iron-loaded transferrin (Tf), and this TfR1/Tf
complex regulates one of the main mechanisms for transporting iron into cells [40].

TfR1-PvRBP2b is an essential interaction for the P. vivax Mrz invasion of reticulocytes.
PuRBP2b binding-deficient TfR1 mutant cells were refractory to P. vivax invasion by ~90%,
but not to P. falciparum invasion [27]. Experiments using Thai and Brazilian P. vivax iso-
lates have shown that mouse mAbs 3E9, 6H1 and 10B12 that bound to epitopes within
the N-terminal domain in PvRBP2b 169-470 induced a 45-68% inhibition of P. vivax inva-
sion. These Abs did not completely overlap with the receptor recognition site but would
have either sterically clashed with PuRBP2b (3E9) TfR1-Tf binding or inhibited receptor
engagement through steric hindrance with the host cell membrane (in the case of 6H1
and 10B12) [27]. Twenty-two human anti-PvRBP2b mAbs isolated from two individuals
in Cambodia suffering natural P. vivax infection inhibited PURBP2b binding to reticulo-
cytes by ~40%-98% and blocked the formation of the PURBP2b-TfR1-Tf complex [41]. The
essentiality of this interaction makes PURBP2b an attractive vaccine candidate antigen.

Recently, the interaction between the reticulocyte-binding protein 2a (PvRBP2a) with
CD98 (Kp of 5.9 nM) was described; CD98 is a transmembrane glycoprotein that decreases
its expression during RBC maturation from CD71* to CD71~ cells [42]. It is thus presumed
that, like TfR1, it may be an essential factor for the precise recognition of reticulocytes by
P. vivax Mrz [42]. CD98 binds to a PURBP2a region located between residues 23-767, this
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binding being significantly inhibited by Anti-PvRBP2a 1C3 and 3A11 Abs [42]. Experiments
using Thai P. vivax isolates have shown that Anti-CD98 Abs inhibited P. vivax Mrz invasion
of CD71+ reticulocytes by ~70% [42]. The PvRBP2a—CD98 route is now considered a major
ligand receptor involved in the P. vivax invasion of reticulocytes, drawing attention to this
parasite’s protein for further study as a P. vivax vaccine candidate.
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Figure 3. Cryo-electron microscopy structure of the ternary PvRBP2b complex bound to human
TfR1 and Tf (PDB: 6D04). The complex consists of homodimer TfR1 (residues 120-760) (purple)
bound to two molecules of iron-loaded Tf (residues 1-679) (beige) and two molecules of PvRBP2b
(residues 168-633) bound on either side (light blue). The critical PURBP2b and TfR1 binding residues
are enlarged and highlighted in orange [40].
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5. Plasmodium vivax Infections in the DARC-Negative Population

The DARC is a seven-transmembrane, glycosylated protein consisting of an extracellu-
lar N-terminal domain, seven transmembrane domains and a short cytosolic C-terminal do-
main. It is expressed in reticulocytes and mature erythrocytes (five thousand copies/cells);
its expression does not change during RBC maturation [2,43].

The gene encoding the Duffy blood group protein (Fy, DARC or ACKR1) is localised
on chromosome 1, specifically at 1q23.2. The Duffy glycoprotein has two major alleles,
FY*A (encoding antigen Fya) and FY*B (Fyb) [44]. Genotypes FY*A/FY*A, FY*B/FY*B
and FY*A/FY*B give the Duffy-positive phenotypes Fy(a+b-), Fy(a-b+) and Fy(a+b+),
respectively [45], whilst the Duffy-negative phenotype Fy(a-b-) is produced by a single-
point mutation in the gene promoter GATA-1 transcription factor binding site at position
67T > C [46]. This genotype is known as erythrocyte-silent (ES). Individuals homozygous
for this mutation lack the Duffy protein on erythrocytes, whilst those heterozygous for it
have ~50% levels [47]. A molecular epidemiology study using Ethiopian P. vivax isolates
determined that the percentage of parasites with a positive qPCR amplification of PvDBP
was higher in individuals with the FY*A allele than in FY*B individuals [48].

The Duffy-negative phenotype is rare amongst Caucasian and Asian populations,
whereas it is predominant in sub-Saharan African populations, occurring in over two-thirds
of the population [49]. For many years, it was assumed that P. vivax infections did not exist
in African populations negative for the Duffy blood group antigen [50]. However, many
cases of P. vivax infection have been reported in Duffy-negative populations during the last
decade, even though the level of infection was low and potentially difficult to diagnose
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without advanced techniques such as a P. vivax-specific polymerase chain reaction (PCR).
The first report of P. vivax infection in the Duffy-negative population came out of Kenya in
2006; it is worth noting that these infections were detected once molecular tools, such as
nested PCR and sequencing, had become available for identifying extremely low levels of P.
vivax infection [51]. Table 1 summarises reports of P. vivax in the Duffy-negative population,
highlighting the diagnostic methods used.

The question how P. vivax Mrz invade Duffy-negative reticulocytes remains. It could
be explained by considering alternative invasion pathways, as observed for P. falciparum.
Whole-genome sequencing (WGS) identified a duplication of the PvDBP gene in samples
of Duffy-negative P. vivax-infected patients from Madagascar [52]. It was speculated
that such gene duplication evolved in response to the Duffy-negative antigen barrier,
perhaps by increasing the amount of PvDBP ligand on the Mrz surface for binding to
a yet-unknown, low-affinity receptor on the reticulocyte membrane. Against this first
hypothesis, a study using WGS of P. vivax isolates from around the world indicated that
~30% of Cambodian parasites (Duffy-positive individuals) had PvDBP duplications [48].
Furthermore, quantitative PCR did not reveal differences in the PvDBP copy numbers
for Cambodian and Malagasy parasites, suggesting that the Duffy-negative phenotype
did not lead to an increased PvDBP copy number [53]. A significant variation in invasion
was observed by blocking PUDBP-DARC and PvRBP2b-TfR1 interactions in short-term
P. vivax isolate cultures with the MGSA cytokine and monoclonal anti-TfR1 antibody
(OKT-9), respectively [54]; however, PuDBP itself was not able to bind to Duffy-negative
RBC [26,55]. A second hypothesis is based on the finding that FY expression has been
described on FY®S RBC erythroid precursor cells, suggesting that the GATA-1 SNP did not
completely eliminate Fy expression [56], leading to a leaky DARC expression on RBCs [57].
Nevertheless, there has been no clarification as of now, and these two hypotheses need
further investigation.

Table 1. X. P. vivax infection in Duffy-negative population.

Diagnostic Tools

Population P vivar Infection Duffy Results Year Ref.
) Genotyping
17,972 adults from the PCR and P. vivax was detected in
Democratic Republic of the PCR, nested-PCR 4 . 467 samples, 464 of which were 2021 [58]
sequencing .
Congo Duffy-negative.
107 Duffy-negative and 305 412 P. vivax positive samples.
Duffy-positive individuals in PCR - 16/107 of these were 2021 [59]
Ethiopia and Sudan Duffy-negative and 42/305 were
Duffy-positive
. . P. vivax malaria was detected in 177
Febrile patients from Dshang Nested PCR, Duffy-negative population samples
(n:500), Santchou (n:400) and sequencin PCR-RFLP from Dshane. two from Santchou 2021  [60]
Kyé-ossi (n:100) in Cameroon q & & L.
Y and two from Kyé-ossi.
21 patients in Botswana were
positive for P. vivax; 18 of these
1215 febrile patients from were Duffy-negative. 210 patients
o qPCR and in Ethiopia were P. vivax-positive,
Botswana, Ethiopia and the PCR . . . 2021  [61]
Sudan sequencing 24 of them being Duffy-negative.
101 patients in the Sudan were P.
vivax-positive and seven
Duffy-negative.
Three cases of P. vivax
33 participants infected with PCR and PCR and monoinfection were identified 2001 [62]
Plasmodium spp. from Namibia sequencing sequencing inDuffy-negative individuals from

Namibia
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Table 1. Cont.

Diagnostic Tools

Population . Duffy Results Year Ref.
P. vivax Infection .
Genotyping
P. vivax infection was identified in
Microscopy, four Nigerian isolates, either as
242 individuals form Nigeria RDT, PCR and Sequencing single (three) or mixed (one) with P. 2020  [63]
sequencing falciparum. All P. vivax isolates were
Duffy-negative.
o Rapid diagnostic o
42 P. vivax-infected blood . 7 (16.7%) of the 42 Sudanese
. kit (RDT), Nested PCR, . .
samples collected from patients . . patients tested for P. vivax were 2018  [64]
. microscopy, nested sequencing .
from different areas of Sudan PCR Duffy-negative.
1 sto e e
Kedougou region of Nested PCR Sequencing . . y-negatve. - o 2018  [65]
south-castern Senegal infection was detected in 20.3%
(15/74) of them.
14 P. vivax infections were identified
292 samples from children in Nested PCR, Nested PCR in Congolese children; nine were
the Democratic Republic of the species-specific sequencin ’ coinfected with P. falciparum. All 2018  [66]
Congo PCR, sequencing q & 14 individuals were confirmed as
Duffy-negative.
Five P. vivax infections were
436 febrile patients from Microscopy, . identified (fpur leGFi Wl.th apother
S Sequencing Plasmodium spp.) in Nigerian 2018  [67]
Nigeria RDT and PCR . -
patients. All P. vivax isolates were
Duffy-negative.
300 blood samples from 0- to 25 cases of P. vivax malaria were
6-year-old children in Microscopy, qPCR, PCR and identified in Malian patients. All P. 2017 [68]
Bandiagara, a Sahelian area of real-time PCR sequencing vivax infections were found in
Mali, West Africa Duffy-negative children.
. - . 186 P. vivax monoinfections and
992 microscope-positive malaria . . .
. four mixed P. vivax and P. falciparum
samples collected from central, Microscopy PCR and infections were identified in Sudan; 2017  [69]
northern and eastern parts of and nested PCR sequencing o !
Sudan 129 (67.9%) of them were Fy(a-b+),
14.2% Fy(a+b-) and 17.9% Fy(a-b-).
P. vivax infection was detected in
e PCR and PCR-melting curve 5.6% of Cameroon individuals
484 individuals from Cameroon sequencing analysis (n = 27/484), all having the 2017 [70]
Duffy-negative genotype.
126. patients §u§pected of . 48 (38%) Sudanese patients were P.
having malaria in the Wad Microscopy, RDT PCR-RFLP vivax-positive and four (8.3%) 2016 [71]
Madani hospital in Gezira State, and PCR P - e
Duffy-negative.
central Sudan
Microscopy, 84 samples from Benin were
1234 healthy bl(?od donors in RDT and nested Sequencing select.ed for r}ested PCR analysis, 13 2016 [72]
Benin PCR being P. vivax-positive and all
Duffy-negative.
43 /60 were found to be infected
60 malaria svmptomatic with malaria, 33 (76.7%) were due
ymp Nested PCR Sequencing to P. falciparum and 10/60 (17%) 2016  [73]

patients from Cameroon

were P. vivax monoinfections. All 10
were Duffy-negative.
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Diagnostic Tools
Population . . Duffy Results Year Ref.
P. vivax Infection .
Genotyping
Only 201 of the 485 samples from
Cameroon were infected by
485 malaria-symptomatic malarial parasites.
patients attending hospitals PCR PCR and 93 (96%) were due to P. falciparum, 2014 [74]
located in five areas of southern sequencing six (3%) to P. vivax and two cases
Cameroon (1%) to mixed parasites. The eight
native Cameroonians infected with
P. vivax were Duffy-negative.
Overall parasite prevalence in the
. 269 Cameroonians was 32.3%.
r?frzls al;ntﬁf_sef;?g; ?ggff;ﬁlﬁeﬁ Microscopy, nested 14.9% (13/87) of the infections were
! ” PCR, rapid card PCR and caused exclusively or
530 m above sea level), located . . ) 5 2014  [75]
on the eastern slope of Mount assay and sequencing concomitantly by P. vivax. 50% of
Cameroon sequencing thosemonoinfected by P. vivax
(6/12)
were Duffy-negative.
160 P> vivax malaria patients and 160 P. vivax-positive samples. 2/6 of
160 control . PCR-RFLP, .
s Microscopy . these were Duffy-negative and 2014 [76]
individuals from the south-east sequencing .
of Iran 158/314 were Duffy-positive
74/98 (76%) P. vivax cases were
identified in Harar, Ethiopia, and
1304 febrile patients from Harar 70/107 (65%) P. falciparum cases in
(Jenela) health centre in eastern Microscopy and Jimma. 17/98 (17%) of these were
Ethiopia and 627 from Jimma PCIEY Sequencing reported as being Duffy-negative ~ 2013  [77]
health centre in southwestern homozygous in Harar and 24 /107
Ethiopia (22%) in Jimma. Three P.
vivax-positive individuals from
Harar were Duffy-negative.
Malaria was detected in 137
samples (20.2%) from the Eastern
Brazilian Amazon. P. vivax
738 patients from Anajas, Microscopy, prevalence was 13.9% (94/678), P.
Marajo Archlpe}ago, State of real-time PCR, PCR falaparum 5.§ %o (39/ 6708) and P. 2012 [78]
Para, sequencin vivax + P. falciparum 0.6% (4/678).
Eastern Brazilian Amazon d & 4.3% (29/678) were genotyped as
Duffy-negative. 6.9% (2/29)
Duffy-negative individuals were P.
vivax-positive.
P. vivax was detected in 15
995 individuals from Angola PCR-RFLP individuals, from which five
(n = 898) and Equatorial Guinea Nested PCR sequencin ! exhibited a single P. vixax infection. 2011  [79]
(n=97) q & All 15 samples were genotyped as
Duffy-negative.
Microsco Flow cytometry for  P. vivax malaria was detected in 9
11 participants from Kenya PCR Py, Fy6 and Fy3 out of 11 Duffy-negative Kenyan =~ 2006  [51]
epitopes individuals.

6. Plasmodium vivax and Proteomics

Analysing the P. vivax Mrz reticulocyte infection stages in natural isolates represents a
significant methodological challenge due to low parasitaemia, asynchronous parasite popu-
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lations and frequent polyclonal infections. Proteome studies are expected to reveal further
details regarding the parasite’s invasion and improve the understanding of its biology.

The first clinical proteome study, using isolated blood samples infected with early
P. vivax stages, revealed 16 proteins [80]. The same authors were the first to examine
the P. vivax proteome directly from a pool of clinical isolates in 2011; they identified
153 P. vivax proteins, of which ~36% were hypothetical proteins, 22 had metabolic functions,
14 chaperoning functions and 13 were involved in translation [81]. Studying the proteome
by liquid chromatography with tandem mass spectrometry (LC-MS/MS) of schizont-
enriched samples in the same year led to the identification of 316 proteins: ~50% were
hypothetical proteins, 10% had binding functions, 5% were involved in the fate of proteins,
4% in protein synthesis, 4% in metabolism and 4% in cellular transport [82].

A study by our group using blood samples from a non-human primate model infected
with P. vivax strain VCG-1 identified 329 proteins from ring stage-enriched, 238 from
trophozoite-enriched and 727 from schizont-enriched samples, respectively [83]. LC-
MS/MS has been used more recently for studying samples of infected Saimiri boliviensis
reticulocytes in late trophozoite and early schizont stages; 2000 P. vivax proteins were
identified, 25% of which lacked functional annotation [84].

Proteomics has contributed significantly to understanding the parasite’s biology. How-
ever, it also highlighted a large number of proteins expressed by the parasite whose
function and potential interaction with receptors on host cells are unknown. Here, once
again, everything falls back on the lack of a continuous in vitro culture system, which is a
severe obstacle to the advancement of scientific knowledge of the parasite’s pathobiology.
Nevertheless, rapid advances in LC MS/MS technology and the development of highly
sensitive instruments/tools, such as single-cell proteomic (SCP) techniques, represent novel
approaches to elucidate unknown molecular mechanisms of the parasite [85].

7. Conclusions

P. vivax is the most widely distributed parasite worldwide that causes malaria in
humans. However, P. vivax malaria has been classified as a neglected tropical disease in
terms of the development of specific therapies for its control or eradication. Significant
advances have been impeded by a lack of or limited access to animal study models and
the preferential infection of reticulocytes, which represent only 1-2% of total RBCs in the
peripheral blood, thereby making the development of a continuous in vitro culture system
an enormous challenge.

Three interactions that are likely involved in the parasite’s invasion of host cells
have been characterised so far (PvRBP2b-TfR1, PvDBP-DARC and PvRBP2a-CD98). TfR1
and CD98 are membrane proteins that are gradually lost during erythrocyte formation.
It has been hypothesised that a mechanism by which P. vivax accurately targets which
reticulocytes to invade involves TfR1 and CD98; however, the question whether additional
reticulocyte-binding ligands also participate requires further study; in support of this
hypothesis, other P. vivax proteins displaying preferential binding to reticulocytes have
been described (e.g., PURBSA [86]). In contrast to TfR1 and CD98, the DARC is present in
both reticulocytes and mature RBCs. It was believed that the DARC-negative population
did not suffer the disease; however, many cases of P. vivax infection in this population
have been reported during the last decade. Conventional rapid diagnostic tests (RDTs)
and microscopy are the primary diagnostic tools to confirm suspected malaria. However,
DARC-negative individuals are characterised by low parasitaemia and can be easily missed
by the conventional techniques.

Although the Duffy-negative phenotype cannot be considered as a fully protecting
factor, it explains why there are fewer cases of P. vivax in African countries, where it is
predominant. Hypotheses have been proposed explaining P. vivax infection in Duffy-
negative populations, including leaky DARC expression due to remaining expression on
Duffy-negative RBCs or the potential existence of alternative invasion pathways, as used
by P. falciparum, a species for which more cellular and molecular invasion characteristics
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are already known. It is noteworthy that an in vitro culture system for P. falciparum was
established more than 40 years ago. Therefore, alternative methodologies for implementing
long-term continuous in vitro culture systems should be established to better understand
the biology of P. vivax.

Furthermore, understanding how P. vivax recognises and enters host cells will provide
opportunities for blocking invasion and stopping the blood-stage infection cycle. Hence,
functional studies are needed to identify the role of each parasite ligand involved in
the invasion of Duffy-positive and Duffy-negative reticulocytes. Proteomics represents a
useful tool for revealing unknown proteins expressed by the parasite during RBC invasion
and revealing new pathways involved in parasite pathophysiology, which will lead to
identifying new targets for developing methods for controlling or eradicating the disease.

Author Contributions: Conceptualization, writing—original draft preparation and visualization,
J.M.-F,; Software, C.R.; Visualization, Y.A.PJ.; Supervision, writing—review and editing, M.K. and
M.A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the Department of Immunology and Theranostics of the City of
Hope and the Fundacioén Instituto de Inmunologia de Colombia (FIDIC). Open access publication
costs were partially covered by the Medical School of the Universidad Nacional de Colombia.

Acknowledgments: In loving memory of Luis Angel Patarroyo Murillo and Jeimmy Johana
Castafieda-Ramirez.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. World Malaria Report; World Health Organization: Geneva, Switzerland, 2021; p. 300.

2. Horuk, R;; Chitnis, C.E.; Darbonne, W.C.; Colby, T.].; Rybicki, A.; Hadley, T.]J.; Miller, L.H. A Receptor for the Malarial Parasite
Plasmodium vivax: The Erythrocyte Chemokine Receptor. Science 1993, 261, 1182-1184. [CrossRef] [PubMed]

3.  Trager, W,; Jensen, J.B. Human Malaria Parasites in Continuous Culture. Science 1976, 193, 673—675. [CrossRef]

4.  Kanjee, U.; Rangel, G.W,; Clark, M.A; Duraisingh, M.T. Molecular and Cellular Interactions Defining the Tropism of Plasmodium
vivax for Reticulocytes. Curr. Opin. Microbiol. 2018, 46, 109-115. [CrossRef] [PubMed]

5. Moon, RW.; Sharaf, H.; Hastings, C.H.; Ho, Y.S.; Nair, M.B.; Rchiad, Z.; Knuepfer, E.; Ramaprasad, A.; Mohring, F.; Amir, A.; et al.
Normocyte-Binding Protein Required for Human Erythrocyte Invasion by the Zoonotic Malaria Parasite Plasmodium knowlesi.
Proc. Natl. Acad. Sci. USA 2016, 113, 7231-7236. [CrossRef] [PubMed]

6. Naidu, R,; Chu, T.T,; Tripathi, J.; Hu, Y,; Subramanian, G.; Tong, J.X.; Tripathi, P; Fang, K.; Tan, K.S.; Lim, C.T,; et al. Reticulocyte
Infection Leads to Altered Behaviour, Drug Sensitivity and Host Cell Remodelling by Plasmodium falciparum. bioRxiv 2019,
bioRxiv:862169.

7. Malleret, B.; Li, A.; Zhang, R.; Tan, K.S.W.; Suwanarusk, R.; Claser, C.; Cho, J.S.; Koh, E.G.L.; Chu, C.S.; Pukrittayakamee,
S.; et al. Plasmodium vivax: Restricted Tropism and Rapid Remodeling of CD71-Positive Reticulocytes. Blood 2015, 125, 1314-1324.
[CrossRef] [PubMed]

8.  Collins, W.E,; Jeffery, G.M. Plasmodium ovale: Parasite and Disease. Clin. Microbiol. Rev. 2005, 18, 570-581. [CrossRef]

9. Bermudez, M.; Moreno-Pérez, D.A.; Arévalo-Pinzén, G.; Curtidor, H.; Patarroyo, M.A. Plasmodium vivax in Vitro Continuous
Culture: The Spoke in the Wheel. Malar. ]. 2018, 17, 301. [CrossRef]

10. Krotoski, W.A. Discovery of the Hypnozoite and a New Theory of Malarial Relapse. Trans. R. Soc. Trop. Med. Hyg. 1985, 79, 1-11.
[CrossRef]

11.  Mueller, I; Galinski, M.R.; Baird, ] K.; Carlton, ].M.; Kochar, D.K.; Alonso, P.L.; del Portillo, H.A. Key Gaps in the Knowledge of
Plasmodium vivax, a Neglected Human Malaria Parasite. Lancet Infect. Dis. 2009, 9, 555-566. [CrossRef]

12.  Bourgard, C.; Albrecht, L.; Kayano, A.C.A.V.; Sunnerhagen, P.; Costa, ET.M. Plasmodium vivax Biology: Insights Provided by
Genomics, Transcriptomics and Proteomics. Front. Cell. Infect. Microbiol. 2018, 8, 34. [CrossRef] [PubMed]

13.  Sutton, P.L.; Luo, Z.; Divis, P.C.S.; Friedrich, VK.; Conway, D.J.; Singh, B.; Barnwell, ].W.; Carlton, ].M.; Sullivan, S.A. Charac-
terizing the Genetic Diversity of the Monkey Malaria Parasite Plasmodium Cynomolgi. Infect. Genet. Evol. 2016, 40, 243-252.
[CrossRef] [PubMed]

14. Adapa, S.R;; Taylor, R.A.; Wang, C.; Thomson-Luque, R.; Johnson, L.R.; Jiang, R.H.Y. Plasmodium vivax Readiness to Transmit:
Implication for Malaria Eradication. BMC Syst. Biol. 2019, 13, 5. [CrossRef] [PubMed]

15. Moras, M.; Lefevre, S.D.; Ostuni, M.A. From Erythroblasts to Mature Red Blood Cells: Organelle Clearance in Mammals. Front.
Physiol. 2017, 8, 1076. [CrossRef] [PubMed]

16. Palis, J. Primitive and Definitive Erythropoiesis in Mammals. Front. Physiol. 2014, 5, 3. [CrossRef]


http://doi.org/10.1126/science.7689250
http://www.ncbi.nlm.nih.gov/pubmed/7689250
http://doi.org/10.1126/science.781840
http://doi.org/10.1016/j.mib.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30366310
http://doi.org/10.1073/pnas.1522469113
http://www.ncbi.nlm.nih.gov/pubmed/27303038
http://doi.org/10.1182/blood-2014-08-596015
http://www.ncbi.nlm.nih.gov/pubmed/25414440
http://doi.org/10.1128/CMR.18.3.570-581.2005
http://doi.org/10.1186/s12936-018-2456-5
http://doi.org/10.1016/0035-9203(85)90221-4
http://doi.org/10.1016/S1473-3099(09)70177-X
http://doi.org/10.3389/fcimb.2018.00034
http://www.ncbi.nlm.nih.gov/pubmed/29473024
http://doi.org/10.1016/j.meegid.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/26980604
http://doi.org/10.1186/s12918-018-0669-4
http://www.ncbi.nlm.nih.gov/pubmed/30634978
http://doi.org/10.3389/fphys.2017.01076
http://www.ncbi.nlm.nih.gov/pubmed/29311991
http://doi.org/10.3389/fphys.2014.00003

Int. . Mol. Sci. 2022, 23, 14528 12 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Heilmeyer, L.; Westha tiser, R. Reifungsstadien an UbA Erlebenden Reticu-Lozyten In Vitro Und Thre Bedeutung FR die
Schaetzung der Tédglichen Haemoglobin-Produktion In Vivo. Z. Fiir Klin. Med. 1932, 121, 361-379.

Mel, H; Prenant, M.; Mohandas, N. Reticulocyte Motility and Form: Studies on Maturation and Classification. Blood 1977, 49,
1001-1009. [CrossRef] [PubMed]

Brun, A.; Gaudernack, G.; Sandberg, S. A New Method for Isolation of Reticulocytes: Positive Selection of Human Reticulocytes
by Immunomagnetic Separation. Blood 1990, 76, 2397-2403. [CrossRef]

Trakarnsanga, K.; Griffiths, R.E.; Wilson, M.C.; Blair, A.; Satchwell, T.].; Meinders, M.; Cogan, N.; Kupzig, S.; Kurita, R.; Nakamura,
Y.; et al. An Immortalized Adult Human Erythroid Line Facilitates Sustainable and Scalable Generation of Functional Red Cells.
Nat Commun 2017, 8, 14750. [CrossRef]

Okuno, Y.; Suzuki, A.; Ichiba, S.; Takahashi, T.; Nakamura, K.; Hitomi, K.; Sasaki, R.; Tada, K.; Imura, H. Establishment of an
Erythroid Cell Line (JK-1) That Spontaneously Differentiates to Red Cells. Cancer 1990, 66, 1544-1551. [CrossRef]
Udomsangpetch, R.; Somsri, S.; Panichakul, T.; Chotivanich, K.; Sirichaisinthop, J.; Yang, Z.; Cui, L.; Sattabongkot, J. Short-Term
in Vitro Culture of Field Isolates of Plasmodium vivax Using Umbilical Cord Blood. Parasitol. Int. 2007, 56, 65-69. [CrossRef]
[PubMed]

Pasini, E.M.; Kocken, C.H.M. Parasite-Host Interaction and Pathophysiology Studies of the Human Relapsing Malarias Plasmodium
vivax and Plasmodium ovale Infections in Non-Human Primates. Front. Cell. Infect. Microbiol. 2021, 10, 614122. [CrossRef] [PubMed]
Schifer, C.; Roobsoong, W.; Kangwanrangsan, N.; Bardelli, M.; Rawlinson, T.A.; Dambrauskas, N.; Trakhimets, O.; Parthiban, C.;
Goswami, D.; Reynolds, L.M.; et al. A Humanized Mouse Model for Plasmodium vivax to Test Interventions That Block Liver
Stage to Blood Stage Transition and Blood Stage Infection. iScience 2020, 23, 101381. [CrossRef] [PubMed]

Golenda, C.F,; Li, J.; Rosenberg, R. Continuous in Vitro propagation of the Malaria Parasite Plasmodium vivax. Proc. Natl. Acad. Sci.
USA 1997, 94, 6786-6791. [CrossRef] [PubMed]

Chitnis, C.E.; Miller, L.H. Identification of the Erythrocyte Binding Domains of Plasmodium vivax and Plasmodium knowlesi Proteins
Involved in Erythrocyte Invasion. J. Exp. Med. 1994, 180, 497-506. [CrossRef]

Gruszczyk, J.; Kanjee, U.; Chan, L.-J.; Menant, S.; Malleret, B.; Lim, N.TY.; Schmidt, C.Q.; Mok, Y.-F; Lin, K.-M.; Pearson,
R.D.; et al. Transferrin Receptor 1 Is a Reticulocyte-Specific Receptor for Plasmodium vivax. Science 2018, 359, 48-55. [CrossRef]
Batchelor, J.D.; Malpede, B.M.; Omattage, N.S.; DeKoster, G.T.; Henzler-Wildman, K.A.; Tolia, N.H. Red Blood Cell Invasion by
Plasmodium vivax: Structural Basis for DBP Engagement of DARC. PLoS Pathog. 2014, 10, €1003869. [CrossRef]

VanBuskirk, K.M.; Sevova, E.; Adams, ].H. Conserved Residues in the Plasmodium vivax Duffy-Binding Protein Ligand Domain
Are Critical for Erythrocyte Receptor Recognition. Proc. Natl. Acad. Sci. USA 2004, 101, 15754-15759. [CrossRef]

Cole-Tobian, J.; King, C.L. Diversity and Natural Selection in Plasmodium vivax Duffy Binding Protein Gene. Mol. Biochem.
Parasitol. 2003, 127, 121-132. [CrossRef]

Ovchynnikova, E.; Aglialoro, F.; Bentlage, A.E.H.; Vidarsson, G.; Salinas, N.D.; von Lindern, M.; Tolia, N.H.; van den Akker,
E. DARC Extracellular Domain Remodeling in Maturating Reticulocytes Explains Plasmodium vivax Tropism. Blood 2017, 130,
1441-1444. [CrossRef]

Singh, K.; Mukherjee, P; Shakri, A.R.; Singh, A.; Pandey, G.; Bakshi, M.; Uppal, G.; Jena, R.; Rawat, A.; Kumar, P; et al. Malaria
Vaccine Candidate Based on Duffy-Binding Protein Elicits Strain Transcending Functional Antibodies in a Phase I Trial. npj
Vaccines 2018, 3, 48. [CrossRef]

Grimberg, B.T.; Udomsangpetch, R.; Xainli, J.; McHenry, A.; Panichakul, T.; Sattabongkot, J.; Cui, L.; Bockarie, M.; Chitnis, C.;
Adams, J.; et al. Plasmodium vivax Invasion of Human Erythrocytes Inhibited by Antibodies Directed against the Duffy Binding
Protein. PLoS Med. 2007, 4, €337. [CrossRef]

Cole-Tobian, J.L.; Michon, P; Biasor, M.; Richards, J.S.; Beeson, J.G.; Mueller, I; King, C.L. Strain-Specific Duffy Binding Protein
Antibodies Correlate with Protection against Infection with Homologous Compared to Heterologous Plasmodium vivax Strains in
Papua New Guinean Children. Infect. Immun. 2009, 77, 4009-4017. [CrossRef] [PubMed]

Xainli, J.; Cole-Tobian, J.L.; Baisor, M.; Kastens, W.; Bockarie, M.; Yazdani, S.S.; Chitnis, C.E.; Adams, ].H.; King, C.L. Epitope-
Specific Humoral Immunity to Plasmodium vivax Duffy Binding Protein. Infect. Immun. 2003, 71, 2508-2515. [CrossRef] [PubMed]
Urusova, D.; Carias, L.; Huang, Y.; Nicolete, V.C.; Popovici, J.; Roesch, C.; Salinas, N.D.; Dechavanne, S.; Witkowski, B.; Ferreira,
M.U,; et al. Structural Basis for Neutralization of Plasmodium vivax by Naturally Acquired Human Antibodies That Target DBP.
Nat. Microbiol. 2019, 4, 1486-1496. [CrossRef] [PubMed]

Ntumngia, E.B.; Schloegel, J.; Barnes, S.J.; McHenry, A.M.; Singh, S.; King, C.L.; Adams, ].H. Conserved and Variant Epitopes
of Plasmodium vivax Duffy Binding Protein as Targets of Inhibitory Monoclonal Antibodies. Infect. Immun. 2012, 80, 1203-1208.
[CrossRef] [PubMed]

Pan, B.T,; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron Microscopic Evidence for Externalization of the Transferrin
Receptor in Vesicular Form in Sheep Reticulocytes. J. Cell Biol. 1985, 101, 942-948. [CrossRef]

Popovici, ].; Roesch, C.; Rougeron, V. The Enigmatic Mechanisms by Which Plasmodium vivax Infects Duffy-Negative Individuals.
PLoS Pathog. 2020, 16, €1008258. [CrossRef]

Gruszczyk, J.; Huang, R.K.; Chan, L.-].; Menant, S.; Hong, C.; Murphy, ]. M.; Mok, Y.-E; Griffin, M.D.W.,; Pearson, R.D.; Wong,
W.; et al. Cryo-EM Structure of an Essential Plasmodium vivax Invasion Complex. Nature 2018, 559, 135-139. [CrossRef]


http://doi.org/10.1182/blood.V49.6.1001.1001
http://www.ncbi.nlm.nih.gov/pubmed/324534
http://doi.org/10.1182/blood.V76.11.2397.2397
http://doi.org/10.1038/ncomms14750
http://doi.org/10.1002/1097-0142(19901001)66:7&lt;1544::AID-CNCR2820660719&gt;3.0.CO;2-9
http://doi.org/10.1016/j.parint.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17254835
http://doi.org/10.3389/fcimb.2020.614122
http://www.ncbi.nlm.nih.gov/pubmed/33680982
http://doi.org/10.1016/j.isci.2020.101381
http://www.ncbi.nlm.nih.gov/pubmed/32739836
http://doi.org/10.1073/pnas.94.13.6786
http://www.ncbi.nlm.nih.gov/pubmed/9192643
http://doi.org/10.1084/jem.180.2.497
http://doi.org/10.1126/science.aan1078
http://doi.org/10.1371/journal.ppat.1003869
http://doi.org/10.1073/pnas.0405421101
http://doi.org/10.1016/S0166-6851(02)00327-4
http://doi.org/10.1182/blood-2017-03-774364
http://doi.org/10.1038/s41541-018-0083-3
http://doi.org/10.1371/journal.pmed.0040337
http://doi.org/10.1128/IAI.00158-09
http://www.ncbi.nlm.nih.gov/pubmed/19564376
http://doi.org/10.1128/IAI.71.5.2508-2515.2003
http://www.ncbi.nlm.nih.gov/pubmed/12704122
http://doi.org/10.1038/s41564-019-0461-2
http://www.ncbi.nlm.nih.gov/pubmed/31133752
http://doi.org/10.1128/IAI.05924-11
http://www.ncbi.nlm.nih.gov/pubmed/22215740
http://doi.org/10.1083/jcb.101.3.942
http://doi.org/10.1371/journal.ppat.1008258
http://doi.org/10.1038/s41586-018-0249-1

Int. . Mol. Sci. 2022, 23, 14528 13 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chan, L.-J.; Gandhirajan, A.; Carias, L.L.; Dietrich, M.H.; Vadas, O.; Visentin, R.; Franc¢a, C.T.; Menant, S.; Soldati-Favre, D.;
Mueller, L; et al. Naturally Acquired Blocking Human Monoclonal Antibodies to Plasmodium vivax Reticulocyte Binding Protein
2b. Nat. Commun. 2021, 12, 1538. [CrossRef]

Malleret, B.; El Sahili, A.; Tay, M.Z.; Carissimo, G.; Ong, A.S.M.; Novera, W.; Lin, J.; Suwanarusk, R.; Kosaisavee, V.; Chu,
T.T.T,; et al. Plasmodium vivax Binds Host CD98hc (SLC3A2) to Enter Immature Red Blood Cells. Nat. Microbiol. 2021, 6, 991-999.
[CrossRef] [PubMed]

de Brevern, A.G.; Wong, H.; Tournamille, C.; Colin, Y.; Le Van Kim, C.; Etchebest, C. A Structural Model of a Seven-Transmembrane
Helix Receptor: The Duffy Antigen/Receptor for Chemokine (DARC). Biochim. Biophys. Acta (BBA)-Gen. Subj. 2005, 1724, 288-306.
[CrossRef] [PubMed]

Seixas, S.; Ferrand, N.; Rocha, J. Microsatellite Variation and Evolution of the Human Duffy Blood Group Polymorphism. Mol.
Biol. Evol. 2002, 19, 1802-1806. [CrossRef] [PubMed]

Sanger, R.; Race, R.R.; Jack, J. The Duffy Blood Groups of New York Negroes: The Phenotype Fy (a-b-). Br. J. Haematol. 1955, 1,
370-374. [CrossRef] [PubMed]

Hoher, G.; Fiegenbaum, M.; Almeida, S. Molecular Basis of the Duffy Blood Group System. Blood Transfus. 2018, 16, 93-100.
[PubMed]

Michon, P.; Woolley, I.; Wood, E.M.; Kastens, W.; Zimmerman, P.A.; Adams, ].H. Duffy-Null Promoter Heterozygosity Reduces
DARC Expression and Abrogates Adhesion of the P. vivax Ligand Required for Blood-Stage Infection. FEBS Lett. 2001, 495,
111-114. [CrossRef]

Lo, E.; Hostetler, ].B.; Yewhalaw, D.; Pearson, R.D.; Hamid, M.M.A.; Gunalan, K.; Kepple, D.; Ford, A.; Janies, D.A.; Rayner,
J.C.; et al. Frequent Expansion of Plasmodium vivax Duffy Binding Protein in Ethiopia and Its Epidemiological Significance. PLoS
Negl. Trop. Dis. 2019, 13, e0007222. [CrossRef]

Howes, R.E; Patil, A.P; Piel, EB.; Nyangiri, O.A.; Kabaria, C.W.; Gething, PW.; Zimmerman, P.A.; Barnadas, C.; Beall, C.M,;
Gebremedhin, A.; et al. The Global Distribution of the Duffy Blood Group. Nat. Commun. 2011, 2, 266. [CrossRef]

Miller, L.H.; Mason, S.J.; Clyde, D.F.; McGinniss, M.H. The Resistance Factor to Plasmodium vivax in Blacks: The Duffy-Blood-
Group Genotype, FyFy. N. Engl. ]. Med. 1976, 295, 302-304. [CrossRef]

Ryan, J.R; Stoute, J.A.; Amon, ].; Dunton, R.F,; Mtalib, R.; Koros, J.; Owour, B.; Luckhart, S.; Wirtz, R.A.; Barnwell, ].W,; et al.
Evidence for Transmission of Plasmodium vivax among a Duffy Antigen Negative Population in Western Kenya. Am. . Trop. Med.
Hyg. 2006, 75, 575-581. [CrossRef]

Menard, D.; Chan, E.R.; Benedet, C.; Ratsimbasoa, A.; Kim, S.; Chim, P.; Do, C.; Witkowski, B.; Durand, R.; Thellier, M.; et al.
Whole Genome Sequencing of Field Isolates Reveals a Common Duplication of the Duffy Binding Protein Gene in Malagasy
Plasmodium vivax Strains. PLoS Negl. Trop. Dis. 2013, 7, €2489. [CrossRef] [PubMed]

Roesch, C.; Popovici, J.; Bin, S.; Run, V.; Kim, S.; Ramboarina, S.; Rakotomalala, E.; Rakotoarison, R.L.; Rasoloharimanana, T.;
Andriamanantena, Z.; et al. Genetic Diversity in Two Plasmodium vivax Protein Ligands for Reticulocyte Invasion. PLoS Negl. Trop.
Dis. 2018, 12, e0006555. [CrossRef] [PubMed]

Kanjee, U.; Griiring, C.; Babar, P.; Meyers, A.; Dash, R.; Pereira, L.; Mascarenhas, A.; Chaand, M.; Rangel, G.W.; Clark, M.A; et al.
Plasmodium vivax Strains Use Alternative Pathways for Invasion. J. Infect. Dis. 2021, 223, 1817-1821. [CrossRef] [PubMed]
Gunalan, K,; Lo, E.; Hostetler, ].B.; Yewhalaw, D.; Mu, J.; Neafsey, D.E.; Yan, G.; Miller, L.H. Role of Plasmodium vivax Duffy-Binding
Protein 1 in Invasion of Duffy-Null Africans. Proc. Natl. Acad. Sci. USA 2016, 113, 6271-6276. [CrossRef]

Dechavanne, C.; Dechavanne, S.; Metral, S.; Roeper, B.; Krishnan, S.; Fong, R.; Bennett, S.; Carias, L.; Chen, E.; Salinas, N.D.; et al.
Duffy Antigen Expression in Erythroid Bone Marrow Precursor Cells of Genotypically Duffy Negative Individuals. bioRxiv 2018,
bioRxiv:508481.

Gunalan, K.; Niangaly, A.; Thera, M.A.; Doumbo, O.K.; Miller, L.H. Plasmodium vivax Infections of Duffy-Negative Erythrocytes:
Historically Undetected or a Recent Adaptation? Trends Parasitol. 2018, 34, 420-429. [CrossRef] [PubMed]

Brazeau, N.E; Mitchell, C.L.; Morgan, A.P,; Deutsch-Feldman, M.; Watson, O.].; Thwai, K.L.; Gelabert, P.; van Dorp, L.; Keeler,
C.Y,; Waltmann, A.; et al. The Epidemiology of Plasmodium vivax among Adults in the Democratic Republic of the Congo. Nat.
Commun. 2021, 12, 4169. [CrossRef]

Kepple, D.; Hubbard, A.; Ali, M.M.; Abargero, B.R.; Lopez, K.; Pestana, K.; Janies, D.A.; Yan, G.; Hamid, M.M.; Yewhalaw, D.; et al.
Plasmodium vivax From Duffy-Negative and Duffy-Positive Individuals Share Similar Gene Pools in East Africa. J. Infect. Dis.
2021, 224, 1422-1431. [CrossRef]

Djeunang Dongho, G.B.; Gunalan, K.; L’Episcopia, M.; Paganotti, G.M.; Menegon, M.; Sangong, R.E.; Georges, B.M.; Fondop, J.;
Severini, C.; Sobze, M.S.; et al. Plasmodium vivax Infections Detected in a Large Number of Febrile Duffy-Negative Africans in
Dschang, Cameroon. Am. J. Trop. Med. Hyg. 2021, 104, 987-992. [CrossRef]

Lo, E.; Russo, G.; Pestana, K.; Kepple, D.; Abagero, B.R.; Dongho, G.B.D.; Gunalan, K.; Miller, L.H.; Hamid, M.M.A.; Yewhalaw,
D.; et al. Contrasting Epidemiology and Genetic Variation of Plasmodium vivax Infecting Duffy-Negative Individuals across Africa.
Int. J. Infect. Dis. 2021, 108, 63-71. [CrossRef]

Haiyambo, D.H.; Aleksenko, L.; Mumbengegwi, D.; Bock, R.; Uusiku, P.; Malleret, B.; Rénia, L.; Quaye, I.K. Children with
Plasmodium vivax Infection Previously Observed in Namibia, Were Duffy Negative and Carried a ¢.136G > A Mutation. BMC
Infect. Dis. 2021, 21, 856. [CrossRef] [PubMed]


http://doi.org/10.1038/s41467-021-21811-2
http://doi.org/10.1038/s41564-021-00939-3
http://www.ncbi.nlm.nih.gov/pubmed/34294905
http://doi.org/10.1016/j.bbagen.2005.05.016
http://www.ncbi.nlm.nih.gov/pubmed/16046070
http://doi.org/10.1093/oxfordjournals.molbev.a004003
http://www.ncbi.nlm.nih.gov/pubmed/12270907
http://doi.org/10.1111/j.1365-2141.1955.tb05523.x
http://www.ncbi.nlm.nih.gov/pubmed/13269673
http://www.ncbi.nlm.nih.gov/pubmed/28151395
http://doi.org/10.1016/S0014-5793(01)02370-5
http://doi.org/10.1371/journal.pntd.0007222
http://doi.org/10.1038/ncomms1265
http://doi.org/10.1056/NEJM197608052950602
http://doi.org/10.4269/ajtmh.2006.75.575
http://doi.org/10.1371/journal.pntd.0002489
http://www.ncbi.nlm.nih.gov/pubmed/24278487
http://doi.org/10.1371/journal.pntd.0006555
http://www.ncbi.nlm.nih.gov/pubmed/30346980
http://doi.org/10.1093/infdis/jiaa592
http://www.ncbi.nlm.nih.gov/pubmed/32941614
http://doi.org/10.1073/pnas.1606113113
http://doi.org/10.1016/j.pt.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29530446
http://doi.org/10.1038/s41467-021-24216-3
http://doi.org/10.1093/infdis/jiab063
http://doi.org/10.4269/ajtmh.20-1255
http://doi.org/10.1016/j.ijid.2021.05.009
http://doi.org/10.1186/s12879-021-06573-y
http://www.ncbi.nlm.nih.gov/pubmed/34418990

Int. . Mol. Sci. 2022, 23, 14528 14 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Oboh, M.A; Singh, U.S.; Ndiaye, D.; Badiane, A.S.; Ali, N.A.; Bharti, PK,; Das, A. Presence of Additional Plasmodium vivax
Malaria in Duffy Negative Individuals from Southwestern Nigeria. Malar. J. 2020, 19, 229. [CrossRef] [PubMed]

Hoque, M.R; Elfaki, M.M.A_; Ahmed, M.A; Lee, S5.-K.; Muh, F; Ali Albsheer, M.M.; Hamid, M.M.A; Han, E.-T. Diversity Pattern
of Duffy Binding Protein Sequence among Duffy-Negatives and Duffy-Positives in Sudan. Malar. J. 2018, 17, 297. [CrossRef]
Niang, M.; Sane, R.; Sow, A.; Sadio, B.D.; Chy, S.; Legrand, E.; Faye, O.; Diallo, M.; Sall, A.A.; Menard, D.; et al. Asymptomatic
Plasmodium vivax Infections among Duffy-Negative Population in Kedougou, Senegal. Trop. Med. Health 2018, 46, 45. [CrossRef]
[PubMed]

Likwela, J.L.; Tshefu, A.K.; Doctor, S.M.; Meshnick, S.R.; Whitesell, A.N.; Juliano, ].J.; Mwandagalirwa, M.K; Keeler, C.; Brazeau,
N.E. Plasmodium vivax Infections in Duffy-Negative Individuals in the Democratic Republic of the Congo. Am. |. Trop. Med. Hyg.
2018, 99, 1128-1133.

Oboh, M.A.; Badiane, A.S.; Ntadom, G.; Ndiaye, Y.D.; Diongue, K.; Diallo, M.A.; Ndiaye, D. Molecular Identification of
Plasmodium Species Responsible for Malaria Reveals Plasmodium vivax Isolates in Duffy Negative Individuals from Southwestern
Nigeria. Malar. ]. 2018, 17, 439. [CrossRef] [PubMed]

Niangaly, A.; Gunalan, K.; Ouattara, A.; Coulibaly, D.; 5S4, ] M.; Adams, M.; Travassos, M.A.; Ferrero, J.; Laurens, M.B.; Kone,
AK,; et al. Plasmodium vivax Infections over 3 Years in Duffy Blood Group Negative Malians in Bandiagara, Mali. Am. J. Trop.
Med. Hyg. 2017, 97, 744-752. [CrossRef]

Albsheer, M\M.A; Pestana, K.; Ahmed, S.; Elfaki, M.; Gamil, E.; Ahmed, S.M.; Ibrahim, M.E.; Musa, A.M.; Lo, E.; Hamid, M.M.A.
Distribution of Duffy Phenotypes among Plasmodium vivax Infections in Sudan. Genes 2019, 10, 437. [CrossRef]

Russo, G.; Faggioni, G.; Paganotti, G.M.; Djeunang Dongho, G.B.; Pomponi, A.; De Santis, R.; Tebano, G.; Mbida, M.; Sanou Sobze,
M.; Vullo, V.; et al. Molecular Evidence of Plasmodium vivax Infection in Duffy Negative Symptomatic Individuals from Dschang,
West Cameroon. Malar. J. 2017, 16, 74. [CrossRef]

Abdelraheem, M.H.; Albsheer, M.M.A.; Mohamed, H.S.; Amin, M.; Abdel Hamid, M.M. Transmission of Plasmodium vivax in
Duffy-Negative Individuals in Central Sudan. Trans. R. Soc. Trop. Med. Hyg. 2016, 110, 258-260. [CrossRef]

Poirier, P.; Doderer-Lang, C.; Atchade, P.S.; Lemoine, J.-P; de l'Isle, M.-L.C.; Abou-bacar, A.; Pfaff, A.W.; Brunet, J.; Arnoux, L.;
Haar, E.; et al. The Hide and Seek of Plasmodium vivax in West Africa: Report from a Large-Scale Study in Beninese Asymptomatic
Subjects. Malar. J. 2016, 15, 570. [CrossRef] [PubMed]

Ngassa Mbenda, H.G.; Gouado, I.; Das, A. An Additional Observation of Plasmodium vivax Malaria Infection in Duffy-Negative
Individuals from Cameroon. J. Infect. Dev. Ctries. 2016, 10, 682—-686. [CrossRef] [PubMed]

Ngassa Mbenda, H.G.; Das, A. Molecular Evidence of Plasmodium vivax Mono and Mixed Malaria Parasite Infections in Duffy-
Negative Native Cameroonians. PLoS ONE 2014, 9, e103262. [CrossRef] [PubMed]

Fru-Cho, J.; Bumah, V.V,; Safeukui, I.; Nkuo-Akenyji, T.; Titanji, V.P.; Haldar, K. Molecular Typing Reveals Substantial Plasmodium
vivax Infection in Asymptomatic Adults in a Rural Area of Cameroon. Malar. |. 2014, 13, 170. [CrossRef] [PubMed]
Miri-Moghaddam, E.; Bameri, Z.; Mohamadi, M. Duffy Blood Group Genotypes among Malaria Plasmodium vivax Patients of
Baoulch Population in Southeastern Iran. Asian Pac. |. Trop. Med. 2014, 7, 206-207. [CrossRef]

Woldearegai, T.G.; Kremsner, P.G.; Kun, ].E].; Mordmtdiller, B. Plasmodium vivax Malaria in Duffy-Negative Individuals from
Ethiopia. Trans. R. Soc. Trop. Med. Hyg. 2013, 107, 328-331. [CrossRef]

Carvalho, T.A.; Queiroz, M.G.; Cardoso, G.L.; Diniz, I.G.; Silva, A.N.; Pinto, A.Y.; Guerreiro, J.F. Plasmodium vivax Infection in
Anajas, State of Para: No Differential Resistance Profile among Duffy-Negative and Duffy-Positive Individuals. Malar. J. 2012,
11, 430. [CrossRef]

Mendes, C.; Dias, E; Figueiredo, J.; Mora, V.G.; Cano, J.; de Sousa, B.; do Rosario, V.E.; Benito, A.; Berzosa, P.; Arez, A.P. Duffy
Negative Antigen Is No Longer a Barrier to Plasmodium vivax—Molecular Evidences from the African West Coast (Angola and
Equatorial Guinea). PLoS Negl. Trop. Dis. 2011, 5, €1192. [CrossRef]

Acharya, P; Pallavi, R.; Chandran, S.; Chakravarti, H.; Middha, S.; Acharya, J.; Kochar, S.; Kochar, D.; Subudhi, A.; Boopathi,
A.P; et al. A Glimpse into the Clinical Proteome of Human Malaria Parasites Plasmodium falciparum and Plasmodium vivax. Prot.
Clin. Appl. 2009, 3, 1314-1325. [CrossRef]

Acharya, P; Pallavi, R.; Chandran, S.; Dandavate, V.; Sayeed, S.K.; Rochani, A.; Acharya, J.; Middha, S.; Kochar, S.; Kochar,
D.; et al. Clinical Proteomics of the Neglected Human Malarial Parasite Plasmodium vivax. PLoS ONE 2011, 6, e26623. [CrossRef]
Roobsoong, W.; Roytrakul, S.; Sattabongkot, J.; Li, J.; Udomsangpetch, R.; Cui, L. Determination of the Plasmodium vivax Schizont
Stage Proteome. J. Proteom. 2011, 74, 1701-1710. [CrossRef] [PubMed]

Moreno-Pérez, D.A.; Dégano, R.; Ibarrola, N.; Muro, A.; Patarroyo, M.A. Determining the Plasmodium vivax VCG-1 Strain Blood
Stage Proteome. J. Proteom. 2015, 113, 268-280. [CrossRef] [PubMed]

Anderson, D.C.; Lapp, S.A.; Barnwell, ] W.; Galinski, M.R. A Large Scale Plasmodium vivax- Saimiri Boliviensis Trophozoite-
Schizont Transition Proteome. PLoS ONE 2017, 12, e0182561. [CrossRef]

Perkel, ].M. Single-Cell Proteomics Takes Centre Stage. Nature 2021, 597, 580-582. [CrossRef] [PubMed]

Moreno-Pérez, D.A.; Baquero, L.A.; Chitiva-Ardila, D.M.; Patarroyo, M.A. Characterising PvRBSA: An Exclusive Protein from
Plasmodium Species Infecting Reticulocytes. Parasites Vectors 2017, 10, 243. [CrossRef] [PubMed]


http://doi.org/10.1186/s12936-020-03301-w
http://www.ncbi.nlm.nih.gov/pubmed/32590997
http://doi.org/10.1186/s12936-018-2425-z
http://doi.org/10.1186/s41182-018-0128-3
http://www.ncbi.nlm.nih.gov/pubmed/30618490
http://doi.org/10.1186/s12936-018-2588-7
http://www.ncbi.nlm.nih.gov/pubmed/30486887
http://doi.org/10.4269/ajtmh.17-0254
http://doi.org/10.3390/genes10060437
http://doi.org/10.1186/s12936-017-1722-2
http://doi.org/10.1093/trstmh/trw014
http://doi.org/10.1186/s12936-016-1620-z
http://www.ncbi.nlm.nih.gov/pubmed/27887647
http://doi.org/10.3855/jidc.7554
http://www.ncbi.nlm.nih.gov/pubmed/27367020
http://doi.org/10.1371/journal.pone.0103262
http://www.ncbi.nlm.nih.gov/pubmed/25084090
http://doi.org/10.1186/1475-2875-13-170
http://www.ncbi.nlm.nih.gov/pubmed/24886496
http://doi.org/10.1016/S1995-7645(14)60021-3
http://doi.org/10.1093/trstmh/trt016
http://doi.org/10.1186/1475-2875-11-430
http://doi.org/10.1371/journal.pntd.0001192
http://doi.org/10.1002/prca.200900090
http://doi.org/10.1371/journal.pone.0026623
http://doi.org/10.1016/j.jprot.2011.03.035
http://www.ncbi.nlm.nih.gov/pubmed/21515433
http://doi.org/10.1016/j.jprot.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25316051
http://doi.org/10.1371/journal.pone.0182561
http://doi.org/10.1038/d41586-021-02530-6
http://www.ncbi.nlm.nih.gov/pubmed/34545225
http://doi.org/10.1186/s13071-017-2185-6
http://www.ncbi.nlm.nih.gov/pubmed/28521840

	Introduction 
	Plasmodium vivax Biological Particularities 
	Plasmodium vivax Mrz Exclusive Invasion of Reticulocytes 
	The Reticulocyte Gateway for Plasmodium vivax Mrz 
	Plasmodium vivax Infections in the DARC-Negative Population 
	Plasmodium vivax and Proteomics 
	Conclusions 
	References

