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Abstract 

Background  Plasmodium vivax has been more resistant to various control measures than Plasmodium falciparum 
malaria because of its greater transmissibility and ability to produce latent parasite forms. Therefore, developing P. 
vivax vaccines and therapeutic monoclonal antibodies (humAbs) remains a high priority. The Duffy antigen recep‑
tor for chemokines (DARC) expressed on erythrocytes is central to P. vivax invasion of reticulocytes. P. vivax expresses 
a Duffy binding protein (PvDBP) on merozoites, a DARC ligand, and the DARC: PvDBP interaction is critical for P. vivax 
blood stage malaria. Therefore, PvDBP is a leading vaccine candidate for P. vivax and a target for therapeutic human 
monoclonal antibodies (humAbs).

Methods  Here, the functional activity of humAbs derived from naturally exposed and vaccinated individuals are 
compared for the first time using easily cultured Plasmodium knowlesi (P. knowlesi) that had been genetically modified 
to replace its endogenous PkDBP orthologue with PvDBP to create a transgenic parasite, PkPvDBPOR. This transgenic 
parasite requires DARC to invade human erythrocytes but is not reticulocyte restricted. This model was used to evalu‑
ate the invasion inhibition potential of 12 humAbs (9 naturally acquired; 3 vaccine-induced) targeting PvDBP individu‑
ally and in combinations using growth inhibition assays (GIAs).

Results  The PvDBP-specific humAbs demonstrated 70–100% inhibition of PkPvDBPOR invasion with the IC50 values 
ranging from 51 to 338 µg/mL for the 9 naturally acquired (NA) humAbs and 33 to 99 µg/ml for the 3 vaccine-induced 
(VI) humAbs. To evaluate antagonistic, additive, or synergistic effects, six pairwise combinations were performed using 
select humAbs. Of these combinations tested, one NA/NA (099100/094083) combination demonstrated relatively 
strong additive inhibition between 10 and 100 µg/mL; all combinations of NA and VI humAbs showed additive inhibi‑
tion at concentrations below 25 µg/mL and antagonism at higher concentrations. None of the humAb combinations 
showed synergy. Invasion inhibition efficacy by some mAbs shown with PkPvDBPOR was closely replicated using P. 
vivax clinical isolates.
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Background
The estimated annual global burden of Plasmodium 
vivax malaria is 14.3 million (13.7 to 15.0 million) cases 
[1]. However, this approximation of P. vivax clinical 
cases grossly underestimates P. vivax asymptomatic 
or latent infections in the liver, leading to more subtle 
morbidity and death in impoverished settings where 
endemic populations frequently experience malnutri-
tion, co-infections, and limited access to health care 
[1–3].

Plasmodium vivax infections can also include Duffy-
negative individuals in sub-Saharan Africa, previously 
considered protected from P. vivax erythrocytic invasion 
[4–6]. Although there has been a steady decrease in the 
malaria burden, particularly for P. falciparum, in the last 
decade, the impact is much less pronounced for P. vivax 
because of latent infections and greater transmissibil-
ity in P. vivax endemic areas [4]. In addition, this trend 
has stagnated recently because of political and economic 
instability and the global health crisis caused by the 
COVID-19 pandemic [7–9]. To address the burden of P. 
vivax malaria, additional strategies are needed.

Plasmodium vivax initiates blood-stage infec-
tions by invading immature red blood cells (RBCs) 
or reticulocytes using its endogenous Duffy binding 
protein (PvDBP) to access the Duffy antigen recep-
tor for chemokines (DARC) (encoded by gene atypical 
chemokine receptor 1, ACKR1 [10–13]. The structural 
biology for the PvDBP and DARC interaction has 
become increasingly well defined [14–18]. Among six 
distinct structural regions, the cysteine-rich region 
II (PvDBPII) contains three subdomains (SD) [12]. 
SD2 contains the Duffy antigen binding motif [10]. As 
PvDBPII is the most polymorphic region, it is suggested 
to be under strong selection pressure [19, 20]. This 
motif interacts with DARC’s N-terminal 30 amino acid 
region to form the heterotetramer necessary for the 
binding interaction and commitment to the subsequent 
invasion [15]. The necessity of PvDBPII for P. vivax 
invasion of reticulocytes makes it a primary target for 
host immunity. Evidence supporting this hypothesis has 
included observations of extensive amino acid variation 
(most highly abundant in SD2 and SD3) [21–23] and 
recent Phase I/IIa vaccine efficacy of PvDBPII against 
blood-stage P. vivax infection [24].

Previous researchers have produced murine mono-
clonal antibodies to PvDBPII that blocked the binding 
of DBPII to DARC in various binding inhibitory assays 
[25, 26]. However, they were not strain-transcending and 
failed to inhibit P. vivax invasion of reticulocytes in vitro 
[25–27]. These murine mAbs recognized SD3 of PvDB-
PII, which does not contain the binding motif to DARC. 
Still, SD3 is important for developing the heterotetramer 
necessary for stable binding interaction to DARC [14, 
15]. In comparison, it has been previously identified 9 
to 15% of individuals living in P. vivax endemic areas of 
Papua New Guinea, Cambodia, and Brazil with antibod-
ies to PvDBPII capable of blocking PvDBPII from binding 
to DARC and preventing P. vivax invasion of reticulo-
cytes [28–33]. High levels of these blocking antibodies 
correlate with reduced risk of infection and disease in 
human cohort studies [28–33]. From some individuals 
with binding inhibitory antibodies to PvDBPII, PvDBPII-
specific memory B cells were isolated to generate a panel 
of human monoclonal antibodies (humAbs) [33]. Three 
of these humAbs have been tested in a short-term ex vivo 
growth assay using clinical P. vivax isolates from Cambo-
dia and Brazil. Notably, these humAbs exhibited strain-
transcending inhibition of P. vivax reticulocyte invasion 
by up to 80% at 100  µg/mL, and two of these humAbs 
recognized the predicted DARC binding site in PvDBPII 
SD2 [22, 27, 33].

Additional humAbs have been generated from healthy 
volunteers immunized with a vaccinia virus vectored 
vaccine expressing Salvador I strain (Sal I) PvDBPII in 
a Phase Ia clinical vaccine trial [34]. The humAbs from 
this vaccine trial were validated in recombinant PvDBP-
DARC binding inhibition assays, ex-vivo P. vivax invasion 
assays, and P. knowlesi growth inhibition assays using 
the P. knowlesi strain A1-H.1 PvDBP OR /Δ14 (PkPvDB-
POR), which has been CRISPR-Cas9 modified to replace 
P. knowlesi’s endogenous DARC binding protein with 
PvDBP and adapted to grow in continuous human cul-
ture [35–38]. Several of these humAbs displayed strain-
transcendent blocking of recombinant PvDBPII to the 
DARC ectodomain and inhibited invasion, including an 
SD3-specific humAb [38]. To build upon this research the 
PkPvDBPOR in vitro model system was used to examine 
inhibition of human erythrocyte invasion by naturally 
acquired PvDBPII-specific humAbs [33]. The analysis 

Conclusion  The PkPvDBPOR transgenic model is a robust surrogate of P. vivax to assess invasion and growth inhibi‑
tion of human monoclonal Abs recognizing PvDBP individually and in combination. There was no synergistic inter‑
action for growth inhibition with the humAbs tested here that target different epitopes or subdomains of PvDBP, 
suggesting little benefit in clinical trials using combinations of these humAbs.
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of vaccine-induced and naturally acquired humAbs was 
expanded, individually and in combination, to identify 
potential additive and/or synergistic effects.

Methods
Human blood preparation
Venous blood was collected from healthy consented 
donors in EDTA vacutainers. The blood was centrifuged 
(1500×g for 5 min) to separate plasma and cellular mate-
rial. Plasma was aspirated, and the remaining blood was 
passed through a neonatal blood filter (Haemonetics 
NEO1) for leukocyte depletion, washed with PBS, cen-
trifuged (2000×g for 8  min), and the resulting superna-
tant removed. An equal volume of P. knowlesi complete 
medium (see below) is added to bring the blood to 50% 
hematocrit and stored at 4 ºC. Stored blood will support 
culture growth for approximately 3 weeks. Fresh blood is 
acquired every 2  weeks or earlier. The Duffy (Fy) geno-
type was assessed as previously described [39]. Donors 
for P. knowlesi culture were either Fy A + /B + or Fy 
B + /B + .

Monoclonal antibodies
Cloning, expression, and purification of nine human 
PvDBP-specific monoclonal antibodies (humAbs: 
099100; 080086; 055056; 071063; 053054; 092096; 
065098; 081082; 094083) have been previously described 
[33, 40, 41]. Three PvDBP-specific humAbs (DB9; DB10; 
DB42) were generated from individuals exposed to a vac-
cinia virus vectored vaccine expressing Salvador I strain 
(Sal I) PvDBPII in a Phase Ia clinical vaccine trial [34]. A 
humAb specific for tetanus toxoid C-terminal (043048) 
was used as a negative control. Protein concentration was 
determined using a Nanodrop at 280 nm. The mAbs were 
concentrated to > 4  mg/ml and filter-sterilized through 
a 0.22 µm PVDF filter for subsequent use. As a control, 
the nanobody CA111 was used to demonstrate invasion 
inhibition of PkPvDBPOR. CA111 is specific to the Fy6 
epitope on DARC that blocks the binding of PvDBP to 
DARC as previously described [42].

Plasmodium knowlesi in vitro culture
Plasmodium knowlesi culture media (PkCM) included 
RPMI 1640 medium (22400, Gibco) supplemented with 
1.15  g/L sodium bicarbonate, 1  g/L dextrose, 0.05  g/L 
hypoxanthine, 5  g/L Albumax II, 0.025  g/L gentamicin 
sulfate, 0.292  g/L L-glutamine, and 10% (vol/vol) heat-
inactivated horse serum (26050, Gibco) referred to 
as PkCM as previously described [37]. Plasmodium 
knowlesi cultures were maintained in sealed flasks with 
5% O2, 5–7% CO2, balanced by nitrogen.

Cryopreserved isolates of P. knowlesi A1.H.1 strain 
(1  mL) were thawed by drop-wise addition of 3.5% 

(weight/vol) NaCl over 1 min, then transferred to a 15 ml 
Falcon tube. Thawed parasites were centrifuged (1500xg, 
5  min), and the supernatant was discarded. This treat-
ment was repeated with 3.5% NaCl three times. The 
treated parasites were pelleted (1500×g for 5  min) and 
resuspended in 1 mL of warm PkCM. This resuspension 
was added to 50 mL PkCM plus 1 mL of fresh RBCs (2% 
Haematocrit).

The parasitaemia of routine cultures was maintained 
below 5% and expanded to 8–12% for growth inhibition 
assays. Culture maintenance included medium changes/
dilution of parasites every 2–3 days. Parasite viability was 
monitored by Giemsa-stained culture smears made dur-
ing culture changes. Plasmodium knowlesi cultures were 
expanded for at least 4 life cycles, and synchronized using 
Nycodenz gradient to enrich schizonts for growth inhibi-
tion assays.

Nycodenz synchronization
Parasites were synchronized using Nycodenz (157,750, 
MP Biomedicals) as described previously [37]. Nycodenz 
is a non-ionic tri-iodinated derivative of benzoic acid 
[43]. Nycodenz stock solution is prepared at 27.6% 
(weight/vol) Nycodenz, 10% (vol/vol) 100  mM HEPES 
(BP299, Fisher BioReagents), adjusted to pH 7.0, supple-
mented with sterile distilled H2O to reach final concen-
trations, and then filter sterilized. A Nycodenz working 
solution (55% vol/vol of stock solution) comprises 55 mL 
of Nycodenz stock solution to 45  mL of PkCM (with-
out serum). Parasite cultures were centrifuged (1500xg, 
8  min). The supernatant is aspirated, and the pellet is 
resuspended in 1 mL PkCM, to approximately 50% hema-
tocrit, for a total volume of 2 mL. Parasites were layered 
over 5 mL Nycodenz working solution in a 15 mL coni-
cal tube and centrifuged (900xg, 12 min) with low brake/
acceleration. The brown interphase containing schiz-
onts is pipetted off and pelletized in a microcentrifuge 
(1000xg, 1 min). Pellet is washed once in 1 mL of PkCM, 
and once in 1 × PBS before CellTrace staining. Imme-
diately following Nycodenz enrichment, direct blood 
smears demonstrated 50–60% schizonts and 1–2% ring 
stage or trophozoites.

Growth inhibition assays (GIAs)
The Nycodenz-enriched schizonts (donor cells) were 
stained in CellTrace Far-red (C34564, Invitrogen) at 
4.5 µM in 1 × PBS for 30 min at 37 ℃ on a rotator in the 
dark. Donor cells were centrifuged  (1000xg, 1 min), the 
supernatant aspirated, and the pellet resuspended in 
5  mL of PkCM for the growth inhibition assay. PkCM 
(50  µl) with humAbs were first aliquoted in 96 well flat 
bottomed microwell plates. To reach a final culture vol-
ume of 100  µl cultures, 25  µl of 8% RBCs (unlabelled 
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recipients) in PkCM (final haematocrit of 2%) was added, 
followed by 25  µl of donor cells for a 1:20 ratio (donor: 
recipient). An additional well was made for the 0 h time 
point, parasites were removed and fixed to establish 
parasitaemia and time zero invasion events. The remain-
ing enrichment preparation was fixed to verify CellTrace 
labelling efficiency by flow cytometry. The 96 well plates 
were placed in a modular incubator chamber (MIC-101), 
gas for 2  min (5% O2, 7% CO2, balanced by nitrogen), 
sealed, and incubated in a 37℃ incubator for 6 h. At the 
end of the culture period, experimental samples were 
fixed in a 1 × PBS solution containing 4% paraformalde-
hyde and 0.01% glutaraldehyde for 20 min at room tem-
perature. Cells were centrifuged (1000×g, 5  min) and 
washed once with 1 × PBS. Cells were stored in 1 × PBS 
at 4  °C or immediately stained for subsequent flow 
cytometry.

Flow cytometric evaluation of GIAs
Samples were stained in a 1 × PBS solution containing 
Hoechst 33,342 at 4 µM for DNA content (parasites) and 
thiazole orange at 100 ng/mL, for preferential staining of 
RNA and reticulate matter in reticulocytes, for a mini-
mum of 30–40 min at room temperature, or overnight at 
4 ℃. Samples are then monitored and analysed by flow 
cytometry (Biosciences BD LSR II Flow Cytometer). 
The Hoechst dye was excited by the ultraviolet 355  nm 
laser (excitation peak 355  nm, emission peak 465  nm) 
and detected using a 440/40 filter. Thiazole orange was 
excited by a blue 488 nm laser (excitation peak 514 nm, 
emission peak 533 nm) and detected using a 525/20 fil-
ter. CellTrace Far-red was excited by the red 640 nm laser 
(excitation peak 630  nm, emission peak 661  nm) and 
detected using the R660/20 filter. The resulting FCS files 
were analyzed by Flowjo 10.8.1 software for growth inhi-
bition. The percent growth inhibition was calculated by 
comparing invasion events in the CellTrace negative Ring 
gate at 6 h divided by 6 h control invasion events, minus 
zero-hour events.

In vitro invasion inhibition assay using Plasmodium vivax 
clinical isolates
Clinical isolates of P. vivax were cryopreserved, and later 
thawed and cultured in IMDM medium (Gibco) supple-
mented with 0.5% Albumax II (Gibco), 2.5% heat-inacti-
vated human serum, 25  mM HEPES (Gibco), 20  µg/mL 
gentamicin (Sigma) and 0.2  mM hypoxanthine (C–C 
Pro) for ~ 24 or ~ 48  h until a majority of schizont stage 
parasites were observed as previously described [44]. The 
schizont-infected erythrocytes were enriched using KCl-
Percoll density gradient [45], then added to uninfected 
RBCs. Uninfected RBCs were prepared at a ratio of 1:1 
(mature erythrocytes: reticulocyte enriched from cord 

blood) and labelled with CellTrace Far-red dye follow-
ing the manufacturer’s instructions. The mixed samples 
were incubated for ~ 8 h in a final volume of 50 μL in 96 
well plates or 20 μL in 384 well plates in the presence of 
the humAbs. Medium alone was used as a control for 
invasion normalization, and the mouse monoclonal anti-
Duffy 2C3 at 100  µg/mL was used as positive invasion 
inhibition control. Post-invasion, cells were stained with 
Hoechst 33342 and examined by flow cytometry. Reticu-
locytes which were Hoechst 33342 and Far-Red positive, 
were scored as new invasion events.

Avidity assays
96-well Immulon 4 HB plates were coated with 0.5  µg/
mL recombinant PvDBPII overnight at 4  ℃, washed, 
and blocked with 3% BSA in 1 × PBS for 1-2  h at 37 ℃. 
Plates were washed and incubated with 0.5 µg/mL hum-
Abs at 50  µl/well in duplicate, and incubated for 1  h at 
37 ℃. After washing, wells were treated with NH4SCN at 
0.25, 0.5, 0.75, and 1 M for 15 min at room temperature. 
Control wells are treated with PBS. After washing, plates 
were incubated with 1/1000 dilution of HRP conjugated 
to anti-human IgG (Fc) (BD Pharminigen) for 1 h at 37 ℃ 
followed by TMB Peroxidase EIA Substrate (Bio-Rad), 
and the reaction was stopped with 10% Sulfuric acid. 
Colormetric reading was performed by VersaMax Tun-
able Microplate Reader. Data is processed in SoftMax Pro 
6.2.1.

Statistical analysis
A nonlinear regression curve analysis was applied to esti-
mate the IC50 (antibody potency) and R2 values using 
GraphPad Prism 9 software. The Synergy Finder 2.0 
web-based application software evaluated the synergis-
tic, additive, or antagonistic effects of a combination of 
two humAbs based on the independent model Bliss [46]. 
Synergy Finder generates a 3-dimensional representation 
of the dose–response matrices showing the concentra-
tions of one humAb on the x-axis, a second humAb on 
the y-axis, and the synergy score (δ) on the z-axis; each 
matrix is colour coded to show synergy distribution, a 
corresponding Bliss synergy score (BSS), and topogra-
phy (peaks/valleys) at specific concentrations; green/
valleys denote antagonism, red/peaks denote additiv-
ity or synergy. Scale for BSS: score < 0 = antagonism, 
10 < score > 0 = additivity, score > 9.9 = synergy.

Results
Characteristics of individual humAb in the PkPvDBPOR 
growth inhibition assay (GIA)
To examine and compare the functional activity of the 
NA and VI humAbs, a modified GIA was developed 
with PkPvDBPOR. The assay requires the addition of 
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CellTrace-labelled, enriched parasitized cells (donor) to 
uninfected cells (recipient). The plasma membranes of 
donor cells are labelled with CellTrace to ensure identi-
fication of newly invaded recipient target cells (CellTrace 
negative) instead of identification of infected donor cells 
from the routine culture. This experimental design opti-
mized the detection of new erythrocyte invasion events 
and was the basis of the assessment of humAb inhibition 
characteristics.

After mixing the labelled donor cells with unlabelled 
recipient cells, measurement of samples at baseline (time 
zero) revealed up to 0.16% ring-stage parasites and 3.03% 
schizonts (Fig. 1A, upper panels). Greater than 99.9% of 
schizonts were labelled with CellTrace, whereas 88 events 
of ring-stage parasites were CellTrace negative (Fig. 1A, 
upper middle and right columns). The CellTrace-negative 
cells with ring-stage parasites likely represent early infec-
tion of newly added recipient target cells. The number of 
newly infected cells that are CellTrace negative markedly 
increased 55-fold (4956 events) by 6  h (Fig.  1A, second 
row) in the absence of antibodies or with a non-PvDBP-
specific control humAb 043048 (tetanus toxin C-termi-
nal fragment-specific humAb; Fig.  1A, lower row). The 
ring-stage parasite observed at time zero are subtracted 
from new invasion events in the 6-h cultures in different 
experimental conditions. To demonstrate that PkPvDB-
POR invasion of human red cells is Duffy dependent, the 
nanobody CA111 (that recognizes an epitope on DARC 
to which PvDBPII binds) inhibited PkPvDBPOR invasion 
by 91% (Fig.  1A). The NA PvDBPII humAb 099100 is a 
focal point for comparisons in the PkPvDBPOR model 
as it was found to have the highest avidity in earlier 
studies and shown to consistently inhibit P. vivax clini-
cal isolates in vitro [33, 44]. As shown in Fig. 1B and C, 
099100 inhibited PkPvDBPOR erythrocyte invasion in a 
dose-dependent fashion up to 85% and showed an IC50 
of 135 µg/mL. In addition to 099100, eight additional NA 
humAbs were tested and analysed for growth inhibition 
of PkPvDBPOR (Fig. 2A). Their IC50 values summarized 
in a table ranging from 51 µg/mL to 338 µg/mL, with R2 
values above 0.94 (Fig. 2C). The NA humAb 065098 best 

inhibited PkPvDBPOR transgenic parasites with an IC50 
of 51 µg/mL.

The VI humAbs, derived from humans vaccinated with 
the Sal 1 PvDBPII vaccine formulation [38], were evalu-
ated on their ability to inhibit erythrocyte invasion and 
growth of PkPvDBPOR. Results for the independent tests 
of these three VI humAbs, DB9, DB10, and DB42, are 
summarized in Fig.  2B. These VI humAbs were charac-
terized by IC50 values of 33 µg/mL, 36 µg/mL and 99 µg/
mL for DB9, DB10, and DB42, respectively. Despite hav-
ing lower IC50 values than 099100, DB9 (targets PvDB-
PII SD3 epitope [38]) and DB42 (PvDBPII subdomain 
epitope unknown) performed comparably to 099100. 
In contrast, the IC50 for DB10 was fourfold lower than 
099100 and nearly reached 100% invasion inhibition at 
100 µg/mL (Fig. 2B).

HumAb combinations in the PkPvDBPOR GIA
Next, it was investigated whether combining two hum-
Abs may have synergistic effects. The focus was on three 
humAbs, 099100, 094083, and 065098, based on distinct 
inhibition curves and different predicted PvDBPII bind-
ing epitopes from previously performed competition 
experiments [33]. HumAb 065098 demonstrated the 
most potent GIA effect of the NA antibodies. The NA 
humAbs 092096 and 053054 targets the PvDBPII-DARC 
binding interface in SD2 of PvDBPII assessed by X-ray 
crystallographic studies [14, 15] and exhibited competi-
tive binding with 099100. This suggests that 099100 may 
bind to the same or nearby epitope [33], although this 
does not exclude the possibility that they recognized dif-
ferent but overlapping epitopes. Based on an absence 
of competitive binding with other humAbs, 094083 
appeared to bind to a unique epitope [33]. These com-
bination studies were also performed with all three VI 
humAbs.

In these humAb combination studies, GIAs were per-
formed with and without 099100 at its observed IC25 
(50  µg/mL). Concentrations of the paired humAbs 
(065098 and 094083) were diluted two-fold, starting at 
800 µg/mL down to 6.25 µg/mL (Fig. 3A, C). Both 065098 

(See figure on next page.)
Fig. 1  Experimental Design and Invasion inhibition activity for humAb 099100 to PvDBPII: Cultures were initiated from a cryopreserved stock of P. 
knowlesi A1.H.1 strain and were maintained in human RBCs at 2% haematocrit. Parasites were enriched for schizonts using a Nycodenz gradient. 
The schizont preparation was labelled with CellTrace to identify them as donor cells. Donor cells were then mixed with unlabelled recipient cells 
at a ratio of 1:20 and incubated with/without experimental reagents. A Rows one and two show cultures at time zero hour and at 6 h respectively, 
indicating new invasion events (orange arrow). After 6 h of culture, samples were stained with Hoechst 33342 for DNA content (Y-axis, and thiazole 
orange, left-hand panel and Far Red (CellTrace, middle and right panels) to identify rings (red boxes) that represent new invasion events (CT 
negative, N = 4956 at 6 h) and schizonts (green boxes). Row three shows the blocking of PkPvDBPOR invasion with a camelid nanobody CA111. 
Row four shows culture containing a negative control humAb 043048 (tetanus toxoid-specific). B The top and bottom rows show 6 h cultures 
treated with humAb 099100 at the lowest and highest concentration, respectively, of a two-fold dose response. C The full growth inhibition curve 
of 099100
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and 094083 display increased levels of inhibition when 
combined with 099100, particularly 094083 (Fig.  3). 
The humAb 065098 showed marginal additivity (BSS of 
1.64), peaking at 100 µg/mL (Fig. 3B). The combination of 
094083 and 099100 exhibited stronger additivity (BSS of 
6.84), and an expanded peak from approximately 12.5 µg/
mL to 200 µg/mL, suggesting additivity at a broad range 
of concentrations (Fig. 3D).

To validate whether invasion inhibition observed with 
different humAbs using the PkPvDBPOR model rep-
resents that observed with P. vivax, the interactions of 
humAbs 065098 and 099100, described in Fig.  3A with 
PkPvDBPOR, were examined using clinical isolates of P. 
vivax (Fig.  4). The blocking potential of humAb 065098 
with Pv had IC50 of 53  µg/mL that closely resembled 
that observed with PkPvDBPOR with an IC50 of 50  µg/
mL. The addition of 50 µg/mL of 099100 had an additive 
effect to the dose–response curve of 065098 that reduced 
the IC50 to 28 µg/mL. The same combination of humAbs 
using PkPvDBPOR showed an IC50 of 35 µg/mL (Fig. 3A). 
Thus, the PkPvDBPOR system closely recapitulates 
the effects of humAbs on inhibiting P. vivax invasion of 
reticulocytes.

To evaluate whether a combination of humAbs gener-
ated by exposure to the PvDBPII or vaccination might 
exhibit synergistic effects, individual assessments were 
performed of DB9 (of note DB9 is predicted to bind 
PvDBPII SD3), DB10 and DB42 (Fig.  5A, C and E), in 
combination with 099100. Relative to their individual 
inhibition curves, these humAbs produced antagonis-
tic effects (Fig.  5B, D and F) when the concentration 
of monoclonals exceeded 25  µg/mL. The BSS for each 
combination was −  12.03 (DB9 + 099100), −  8.18 
(DB10 + 099100), and −  13.5 (DB42 + 099100). At lower 

concentrations of the VI humAbs, they showed additive 
effects; IC50 values for DB9 and DB10 in combination 
with a fixed amount of 099100 had increased to 300 µg/
mL and 74 µg/mL, respectively (Fig. 5A and C). The val-
ues generated in the DB42 + 099100 combination did not 
generate a distinct inhibition curve, therefore, a stable 
IC50 could not be calculated for DB42 (Fig. 5E).

The best blocking humAbs, NA 065098 and VI DB10, 
were examined in combination as to whether they would 
generate a synergistic response (Fig.  6). The combina-
tion experiments were performed reciprocally, with one 
antibody being varied across a two-fold dose–response 
range (eight concentrations—800 µg/mL to 6.25 µg/mL) 
with the other being fixed at 50 µg/mL. These combina-
tion experiments had no additive or synergistic effect 
(Fig. 6A), as inhibition values were only marginally differ-
ent from the independent inhibition dose responses. IC50 
values for DB10 + 065098 (fixed concentration) increased 
from 36 µg/mL to 65 µg/mL and decreased from 51 µg/
mL to 48 µg/mL for the 065098 + DB10 (fixed concentra-
tion). According to the synergy distribution and tensor, 
there was a strong antagonism between the two antibod-
ies, resulting in a BSS of -25.2 (Fig. 6B).

Avidity of vaccine‑induced mAbs
Differences in antibody avidities may account for 
potential additive or antagonistic interactions between 
VI and NA human mAbs. Antibody avidity assays were 
performed for VI mAbs DB9, DB10 and DB42 using 
identical methods for NA humAbs reported previ-
ously (Fig.  7) [33]. Regarding previous studies, NA 
mAb 094083 was included, which precisely recapitu-
lated percent binding follow treatment with chaotropic 
agent NH4SCN at 0.5  M and 1.0  M to that observed 
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previously [33]. DB9 had highest avidity, followed by 
DB10 and DB42. Including the results from previous 
studies, 099100 and DB9 showed the highest avidity of 
NA and VI humAbs tested [33].

Discussion
This study used PvDBPII-specific humAbs from natu-
rally infected and vaccine-exposed people [21, 22] 
to inhibit human erythrocyte invasion by P. knowlesi 
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genetically modified to express the Sal I allele of PvDBP, 
PkPvDBPOR [32–34]. The in vitro studies demonstrate 
an efficient approach for evaluating these antibodies 
individually and in combination. The invasion inhibi-
tion of these humAbs shows using the PkPvDBPOR is 
recapitulated using clinical isolates of P. vivax. This eas-
ily cultured parasite line may help optimize the devel-
opment of humAb prophylaxis and treatment strategies 
against blood-stage P. vivax malaria.

Recent studies characterized these PvDBP-specific 
humAbs in the context of binding inhibition analy-
ses [33, 38], in  vitro inhibition (ex vivo P. vivax and 
in vitro P. knowlesi) [33, 38] and X-ray crystallography 
illustrating epitope recognition by some humAbs [27, 
38]. Here, the PkPvDBPOR in  vitro system is used to 
perform individual invasion inhibition studies in side-
by-side comparisons of the NA and VI PvDBP-specific 
humAbs. To test the potential for additive, synergistic, 
or antagonistic effects, humAbs with known affinity and 
binding site characteristics were studied to test hypoth-
eses regarding specific interactions between these 
PvDBPII-specific humAbs (and the target antigen).

The examination of different combinations of mAbs 
PvDBPII is important for its clinical development for 
malaria prophylaxis or treatment, as targeting two distinct 
epitopes could lead to improved protection against malaria 
as has been seen with viral infections like HIV-1, Ebola, 
and SARS-CoV-2 [47–49]. In tests on humAbs individually, 
the IC50 values observed for NA humAbs ranged from 51 
to 338 µg/mL (340–2250 nM). In comparison, the vaccine-
induced humAbs were three of the four best inhibitors with 
IC50 values of 33, 36, and 99 µg/mL (220, 238, and 660 nM) 
for DB9, DB10, and DB42 respectively (Mann Whitney 
P-value: 0.0182); the IC50 for the DARC-specific camelid 
nanobody, CA111, was 0.25  µg/mL (17  nM). The higher 
efficacy of the VI humAbs is not surprising, considering 
they were generated from individuals immunized with Sal I 
PvDBP and were tested against PkPvDBPOR containing the 
Sal I variant [38]. By contrast, the NA humAbs were gener-
ated from Cambodian donors [33]. In Cambodia, the Sal I 
variant of PvDBP is present but is not as common, poten-
tially introducing more epitope variation by the naturally 
acquired humAbs [23]. The humAbs reached a maximum 
inhibition above 80% at 800 µg/mL (5.3 µM); 80% inhibi-
tion for CA111 was 2 µg/mL (133 nM). The binding avidity 
data did not necessarily correspond with the erythrocyte 
invasion inhibition data for PkPvDBPOR (e.g., 065098 and 
094083 exhibited among the weaker avidities but had the 
strongest erythrocyte invasion inhibitory effects, based on 
lowest IC50 blocking PkPvDBPOR in  vitro invasion) [33]. 
This suggests humAb access to an epitope that better spans 
critical binding residues for the DARC:DBPII interaction is 
more important than avidity for humAb’s ability to inhibit 
P. vivax invasion into reticulocytes.

The humAb combinatorial tests begin to identify spe-
cific humAb partners that may be able to optimize the 
therapeutic use of these reagents. In earlier studies, humAb 
099100 is well characterized as having the greatest avid-
ity and demonstrated invasion inhibition in short-term P. 
vivax ex vivo assays of Brazilian and Cambodian isolates, 
informing the decision to select it as the constant humAb 
throughout the first set of combination experiments [33]. 
Additionally, 099100 binding to PvDBP was competitively 
inhibited by 065098, but not by 094083—suggesting that 
these two humAbs bind to different epitopes. The neg-
ligible additivity by 065098 + 099100 is attributed to be 
competitive binding for the same position. The potential 
for synergy was more significant for humAb 094083, for 
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Fig. 5  Invasion inhibition with combination of humAb 099100 with humAbs DB9, DB10 and DB42: A, C, E Growth inhibition curves for humAbs 
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on the z-axis. Refer to legend in Fig. 3 describing Bliss synergy matrix and scores
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having the second lowest IC50 value (117 µg/mL), and its 
linear epitope that does not overlap with the epitope of 
099100. Combining 094083 + 099100 resulted in signifi-
cantly more inhibition and a strong additive signal (BSS of 
6.84), indicating noncompetitive inhibition. Following this 
logic, it was hypothesised that combinations of PvDBPII 
SD2-binding humAbs with PvDBPII SD3-binding humAbs 
would demonstrate even greater additive, possibly syner-
gistic inhibition.

PvDBPII interaction with DARC is a  multi-step inter-
action to form a heterotetramer (Fig.  8) [14, 15]. The 

first interaction is the formation of PvDBPII monomer 
where SD2 of PvDBPII interacts with DARC. Thus, hum-
Abs that inhibit this step might be expected to be more 
potent, especially if they have high avidity or affinity. 
HumAbs that target SD3, such as DB9 [38], that prevent 
step 2 formation of the dimer that requires SD3 could 
also be effective. The hypothesis was that humAbs that 
target both steps might be synergistic, but this did not 
occur. Indeed humAb 099100, with a similar avidity to 
DB9 interfered with DB9 inhibition at higher concentra-
tions. One interpretation is that the high avidity but less 
effective blocking of mAb 099100, inhibited mAb DB9 
access to the SD3 dimer interface, evident only in higher 
concentrations when 099100 saturates available epitopes. 
A second possibility is that complexing of 099100 to 
PvDBPII results in a conformational change that reduces 
humAb DB9 binding affinity. DB10 and DB42 was com-
bined with 099100 individually, resulting in antagonism 
in both cases. Where DB10 and DB42 bind to PvDBPII is 
unknown but may have a similar mechanism of antago-
nism as observed with DBP9. Combination experiments 
with the best NA 065098 and VI DB10 humAbs, showed 
a difference between which antibody was varied in con-
centration or tested as a single concentration. If 065098 
is varied in the combination experiment while DB10 is 
held constant, there is no appreciable difference in the 
inhibitory dose–response curve or IC50 values. How-
ever, if DB10 is varied while 065098 is held constant in 
the combination experiment, the curve displays additive 
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inhibition at lower concentrations but antagonism at 
higher concentrations. Previous research has shown 
that 065098 and 099100 compete with another humAb, 
053054, which also has a binding epitope in the func-
tional region of DBP, the dimer interface on SD2 [33]. 
The mechanism for antagonism might also be similar 
to that described for 099100 and DB9. This data is sig-
nificant in light of P. vivax blood stage vaccines being 
focused on merozoite invasion proteins, specifically DBP 
[34, 50]. The antagonism identified throughout the com-
bination experiments could reveal a limitation in devel-
oping strain-transcending antibodies that are specific to 
DBP and may contribute to the only 50% reduction in 
parasite growth during a controlled human malaria infec-
tion observed in a recent phase 1/2a clinical trial follow-
ing vaccination with rDBPII [51].

The independent inhibitory performances of 065098, 
094083, DB9, DB10, and DB42 highlight 5 potential pro-
tective antibodies and epitopes that could be the target 
of future immunotherapies. Indeed, the concentration at 
maximum inhibition for the majority of the humAbs is 
800 µg/mL; too high to apply in a clinical setting, assum-
ing the PkPvDBPOR in  vitro system directly translates 
to an in  vivo model. Preliminary data from an ex  vivo 
GIA of 065098 against clinical P. vivax isolates sup-
ports that PkPvDBPOR is a good model for the trans-
lational study of humAbs against P. vivax antigens. The 
ex  vivo GIA reports similar IC50 curves and values for 
065098 in P. vivax (53  µg/mL) and P. knowlesi (51  µg/
mL) (Fig. 4). Although, these IC50 values are 2 to fivefold 
higher than P. falciparum monoclonal studies, such as P. 
falciparum circumsporozoite protein studies, that show 
protection in  vivo mice [52, 53] and humans [54, 55]. 
Ideally, high-efficacy monoclonals specific to antigens 
in the pre-erythrocytic infection would work in concert 
with humAbs targeting blood stage invasion ligands like 
PvDBP. The more potent pre-erythrocytic antibodies 

would work to neutralize sporozoites before they can 
infect hepatocytes, and breakthrough infections would 
be ablated by the less potent humAbs detailed here.

Conclusion
Using monoclonal antibodies against viral and parasite 
invasion ligands has demonstrated how challenging the 
discovery of the optimal combination of reagents to block 
infection can be [56–62]. The technologies applied in this 
and recent studies [33, 38] appear to expand the genera-
tion and evaluation of humAb therapeutic reagents for 
treatment and prophylaxis of P. vivax malaria that have 
not been possible previously because of the difficulties 
of in vitro methods for the culture of P. vivax. The treat-
ment of P. vivax malaria in permissive non-human pri-
mate models is an essential next step for evaluating these 
potentially protective humAbs. For example, the humAbs 
may have greater in  vivo activity enhanced by Fc-medi-
ated activity. The further development of these methods 
and reagents will be important if P. vivax is to be elimi-
nated as a significant global public health challenge.

Abbreviations
ACKR1	� Atypical chemokine receptor 1
DARC​	� Duffy antigen receptor for chemokines
DBP	� Duffy binding protein
DBPII	� Cysteine-rich region II of Duffy binding protein
Fy	� Duffy
GIA	� Growth inhibition assay
HumAbs	� Human monoclonal antibodies
NA	� Naturally acquired
P	� Plasmodium
PkCM	� P. knowlesi Culture media
PkPvDBPOR	� Genetically modified Pk strain A1-H.1 PvDBP OR /Δ14
RBC	� Red blood cells
Sal I	� Salvador I strain
SD	� Subdomain
VI	� Vaccine-induced

Acknowledgements
We thank the study donors who participated throughout this investigation. 
We thank Olivier S. Bertrand (INSERM/University Paris Diderot) for the gift 

A

DBP DBP

P. vivax apical 
membrane

DARCDARC

Erythrocyte 
membrane

2nd

DARC:DBP 
interac�on

D

DARCDARC

Erythrocyte 
membrane

DBP DBP

P. vivax apical 
membrane

3

E

P. vivax apical 
membrane

DBP

DBP

DARCDARC

Erythrocyte 
membrane

C

DARC

Erythrocyte 
membrane

DBP
DBP

P. vivax apical 
membrane

Dimeriza�on2

DARC

B

1st

DARC:DBP 
interac�on

P. vivax apical 
membrane

Erythrocyte 
membrane

DBP

DBP

DARC

1

DARC

A

DBP DBP

P. vivax apical 
membrane

DARCDARC

Erythrocyte 
membrane

2nd

DARC:DBP 
interac�on

D

DARCDARC

Erythrocyte 
membrane

DBP DBP

P. vivax apical 
membrane

3

E

P. vivax apical 
membrane

DBP

DBP

DARCDARC

Erythrocyte 
membrane

C

DARC

Erythrocyte 
membrane

DBP
DBP

P. vivax apical 
membrane

Dimeriza�on2

DARC

B

1st

DARC:DBP 
interac�on

P. vivax apical 
membrane

Erythrocyte 
membrane

DBP

DBP

DARC

1

DARC

Fig. 8  Binding organization of the DBP-DARC heterotetramer: A Uncoupled DBP monomers on apical membrane of P. vivax and the DARC dimer 
on the surface of the erythrocyte membrane. B–D Multi-step binding sequence of DBP to DARC – initial binding of DBP monomer to the DARC 
dimer (1), dimerization of DBP monomers (2), and secondary binding of DBP dimer to DARC dimer. E Interference of heterotetramer formation 
by SD2-binding (orange) and SD3-binding (green) humAbs



Page 13 of 14Watson et al. Malaria Journal          (2023) 22:369 	

of anti-Fy antibody (CA111). We thank Robert W. Moon for providing the 
PkPvDBPOR strain used in this study. RWM was supported by the UK Medical 
Research Council (MRC Career Development Award to RWM MR/M021157/1). 
JP is supported by the NIH (1R01AI173171 and R01AI175134).

Author contributions
QDW, JB, PAZ, and CLK conceptualized the goals and aims of the project. QDW 
managed the formal analysis, curation and visualization of the data. PAZ and 
CLK acquired financial support and supervised the project. QDW, LLC, and JB 
developed methodology and coordinated project administration. LLC, AM, 
KRR, JB, MB, SD, RWM generated study materials and reagents. QDW, KRR, 
JB, JP validated materials and reagents generated. QDW performed primary 
research experiments and data collection. LB, LBFD and JP performed ex vivo 
GIAs with Pv. QDW prepared the original draft of the published work. JB, SD, 
RWM, PAZ, and CLK reviewed, edited and revised published work.

Funding
This study was funded by grants from the Veterans Affairs Research Service 
(BX001350) and NIH Grants (AI064687 and AI143694) to CLK, and NIH Grants 
(AI097366 and AI148469) to PAZ. QDW was supported by the Immunology 
Training Program for pre-doctoral students (5T32AI089474; PI Brian Cobb).

Availability of data and materials
Data used during the current study are available from the corresponding 
author upon reasonable request.

Declarations

Ethics approval and consent to participate
All studies followed protocols approved by the University Hospitals of 
Cleveland Institutional Review Board (#08-03-33 and #09-90-195). Use of the 
clinical isolates was approved by the Cambodian National Ethics Committee 
for Health Research (192 NECR, July 11th, 2022).

Consent for publication
Not applicable.

Competing interests
Authors declare they have no competing interests.

Author details
1 Center for Global Health and Diseases, Case Western Reserve University 
School of Medicine, Cleveland, OH, USA. 2 Department of Biochemistry, Uni‑
versity of Oxford, Oxford, UK. 3 Malaria Research Unit, Institut Pasteur du Cam‑
bodge, Phnom Penh, Cambodia. 4 Faculty of Infectious and Tropical Diseases, 
London School of Hygiene and Tropical Medicine, London, UK. 5 Veterans 
Affairs Medical Center, Cleveland, OH, USA. 

Received: 10 July 2023   Accepted: 24 October 2023

References
	1.	 Battle KE, Lucas TCD, Nguyen M, Howes RE, Nandi AK, Twohig KA, 

et al. Mapping the global endemicity and clinical burden of Plasmo-
dium vivax, 2000–17: a spatial and temporal modelling study. Lancet. 
2019;394:332–43.

	2.	 Dini S, Douglas NM, Poespoprodjo JR, Kenangalem E, Sugiarto P, Plumb 
ID, et al. The risk of morbidity and mortality following recurrent malaria in 
Papua, Indonesia: a retrospective cohort study. BMC Med. 2020;18:28.

	3.	 Moreira CM, Abo-Shehada M, Price RN, Drakeley CJ. A systematic review 
of sub-microscopic Plasmodium vivax infection. Malar J. 2015;14:360.

	4.	 Howes RE, Reiner RC Jr, Battle KE, Longbottom J, Mappin B, Ordanovich D, 
et al. Plasmodium vivax transmission in Africa. PLoS Negl Trop Dis. 2015;9: 
e0004222.

	5.	 Twohig KA, Pfeffer DA, Baird JK, Price RN, Zimmerman PA, Hay SI, et al. 
Growing evidence of Plasmodium vivax across malaria-endemic Africa. 
PLoS Negl Trop Dis. 2019;13: e0007140.

	6.	 Zimmerman PA. Plasmodium vivax Infection in Duffy-Negative people in 
Africa. Am J Trop Med Hyg. 2017;97:636–8.

	7.	 WHO. The potential impact of health service disruptions on the burden of 
malaria: a modelling analysis for countries in sub-Saharan Africa. Geneva: 
World Health Organization; 2020.

	8.	 WHO. A year without precedent: WHO’s COVID-19 response. Geneva: 
World Health Organization; 2020.

	9.	 WHO. World Malaria Report 2022. Geneva: World Health Organization; 
2022.

	10.	 Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C, Farber JM, 
Graham GJ, et al. International Union of Basic and Clinical Pharmacol‑
ogy. [corrected]. LXXXIX. Update on the extended family of chemokine 
receptors and introducing a new nomenclature for atypical chemokine 
receptors. Pharmacol Rev. 2014;66:1–79.

	11.	 Adams JH, Hudson DE, Torii M, Ward GE, Wellems TE, Aikawa M, et al. 
The Duffy receptor family of Plasmodium knowlesi is located within the 
micronemes of invasive malaria merozoites. Cell. 1990;63:141–53.

	12.	 Adams JH, Sim BK, Dolan SA, Fang X, Kaslow DC, Miller LH. A family of 
erythrocyte binding proteins of malaria parasites. Proc Natl Acad Sci USA. 
1992;89:7085–9.

	13.	 Wertheimer SP, Barnwell JW. Plasmodium vivax interaction with the 
human Duffy blood group glycoprotein: identification of a parasite 
receptor-like protein. Exp Parasitol. 1989;69:340–50.

	14.	 Batchelor JD, Malpede BM, Omattage NS, DeKoster GT, Henzler-Wildman 
KA, Tolia NH. Red blood cell invasion by Plasmodium vivax: structural basis 
for DBP engagement of DARC. PLoS Pathog. 2014;10: e1003869.

	15.	 Batchelor JD, Zahm JA, Tolia NH. Dimerization of Plasmodium vivax DBP 
is induced upon receptor binding and drives recognition of DARC. Nat 
Struct Mol Biol. 2011;18:908–14.

	16.	 Chitnis CE, Chaudhuri A, Horuk R, Pogo AO, Miller LH. The domain on the 
Duffy blood group antigen for binding Plasmodium vivax and P. knowlesi 
malarial parasites to erythrocytes. J Exp Med. 1996;184:1531–6.

	17.	 Chitnis CE, Miller LH. Identification of the erythrocyte binding domains of 
Plasmodium vivax and Plasmodium knowlesi proteins involved in erythro‑
cyte invasion. J Exp Med. 1994;180:497–506.

	18.	 Hans D, Pattnaik P, Bhattacharyya A, Shakri AR, Yazdani SS, Sharma M, et al. 
Mapping binding residues in the Plasmodium vivax domain that binds 
Duffy antigen during red cell invasion. Mol Microbiol. 2005;55:1423–34.

	19.	 Gosi P, Khusmith S, Khalambaheti T, Lanar DE, Schaecher KE, Fukuda 
MM, et al. Polymorphism patterns in Duffy-binding protein among Thai 
Plasmodium vivax isolates. Malar J. 2008;7:112.

	20.	 Xainli J, Adams JH, King CL. The erythrocyte binding motif of Plasmo-
dium vivax Duffy binding protein is highly polymorphic and functionally 
conserved in isolates from Papua New Guinea. Mol Biochem Parasitol. 
2000;111:253–60.

	21.	 Chootong P, Ntumngia FB, VanBuskirk KM, Xainli J, Cole-Tobian JL, Camp‑
bell CO, et al. Mapping epitopes of the Plasmodium vivax Duffy binding 
protein with naturally acquired inhibitory antibodies. Infect Immun. 
2010;78:1089–95.

	22.	 Patarroyo MA, Molina-Franky J, Gomez M, Arevalo-Pinzon G, Patarroyo 
ME. Hotspots in Plasmodium and RBC receptor-ligand interactions: key 
pieces for inhibiting malarial parasite invasion. Int J Mol Sci. 2020;21:4729.

	23.	 Roesch C, Popovici J, Bin S, Run V, Kim S, Ramboarina S, et al. Genetic 
diversity in two Plasmodium vivax protein ligands for reticulocyte inva‑
sion. PLoS Negl Trop Dis. 2018;12: e0006555.

	24.	 Hou MM, Barrett JR, Themistocleous Y, Rawlinson TA, Diouf A, Martinez 
FJ, et al. Impact of a blood-stage vaccine on Plasmodium vivax malaria. 
MedRxiv. 2022. https://​doi.​org/​10.​1101/​2022.​05.​27.​22275​375.

	25.	 Chen E, Salinas ND, Huang Y, Ntumngia F, Plasencia MD, Gross ML, et al. 
Broadly neutralizing epitopes in the Plasmodium vivax vaccine candidate 
Duffy Binding Protein. Proc Natl Acad Sci USA. 2016;113:6277–82.

	26.	 Ntumngia FB, Schloegel J, Barnes SJ, McHenry AM, Singh S, King CL, 
et al. Conserved and variant epitopes of Plasmodium vivax Duffy binding 
protein as targets of inhibitory monoclonal antibodies. Infect Immun. 
2012;80:1203–8.

	27.	 Urusova D, Carias L, Huang Y, Nicolete VC, Popovici J, Roesch C, et al. 
Author correction: structural basis for neutralization of Plasmodium vivax 
by naturally acquired human antibodies that target DBP. Nat Microbiol. 
2019;4:2024.

	28.	 King CL, Michon P, Shakri AR, Marcotty A, Stanisic D, Zimmerman PA, 
et al. Naturally acquired Duffy-binding protein-specific binding inhibitory 

https://doi.org/10.1101/2022.05.27.22275375


Page 14 of 14Watson et al. Malaria Journal          (2023) 22:369 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

antibodies confer protection from blood-stage Plasmodium vivax infec‑
tion. Proc Natl Acad Sci USA. 2008;105:8363–8.

	29.	 Lin E, Kiniboro B, Gray L, Dobbie S, Robinson L, Laumaea A, et al. Dif‑
ferential patterns of infection and disease with P. falciparum and P. vivax in 
young Papua New Guinean children. PLoS ONE. 2010;5:e9047.

	30.	 Chootong P, Panichakul T, Permmongkol C, Barnes SJ, Udomsangpetch 
R, Adams JH. Characterization of inhibitory anti-Duffy binding protein 
II immunity: approach to Plasmodium vivax vaccine development in 
Thailand. PLoS ONE. 2012;7: e35769.

	31.	 de Sousa TN, Kano FS, de Brito CF, Carvalho LH. The Duffy binding protein 
as a key target for a Plasmodium vivax vaccine: lessons from the Brazilian 
Amazon. Mem Inst Oswaldo Cruz. 2014;109:608–17.

	32.	 Nicolete VC, Frischmann S, Barbosa S, King CL, Ferreira MU. Naturally 
acquired binding-inhibitory antibodies to Plasmodium vivax Duffy Bind‑
ing Protein and clinical immunity to malaria in rural Amazonians. J Infect 
Dis. 2016;214:1539–46.

	33.	 Carias LL, Dechavanne S, Nicolete VC, Sreng S, Suon S, Amaratunga C, 
et al. Identification and characterization of functional human monoclo‑
nal antibodies to Plasmodium vivax Duffy-Binding Protein. J Immunol. 
2019;202:2648–60.

	34.	 Payne RO, Silk SE, Elias SC, Milne KH, Rawlinson TA, Llewellyn D, et al. 
Human vaccination against Plasmodium vivax Duffy-binding protein 
induces strain-transcending antibodies. JCI Insight. 2017;2: e93683.

	35.	 Gruring C, Moon RW, Lim C, Holder AA, Blackman MJ, Duraisingh MT. 
Human red blood cell-adapted Plasmodium knowlesi parasites: a new 
model system for malaria research. Cell Microbiol. 2014;16:612–20.

	36.	 Mohring F, Hart MN, Patel A, Baker DA, Moon RW. CRISPR-Cas9 genome 
editing of Plasmodium knowlesi. Bio Protoc. 2020;10: e3522.

	37.	 Moon RW, Hall J, Rangkuti F, Ho YS, Almond N, Mitchell GH, et al. Adapta‑
tion of the genetically tractable malaria pathogen Plasmodium knowlesi 
to continuous culture in human erythrocytes. Proc Natl Acad Sci USA. 
2013;110:531–6.

	38.	 Rawlinson TA, Barber NM, Mohring F, Cho JS, Kosaisavee V, Gerard SF, 
et al. Structural basis for inhibition of Plasmodium vivax invasion by a 
broadly neutralizing vaccine-induced human antibody. Nat Microbiol. 
2019;4:1497–507.

	39.	 Menard D, Barnadas C, Bouchier C, Henry-Halldin C, Gray LR, Ratsimbasoa 
A, et al. Plasmodium vivax clinical malaria is commonly observed in Duffy-
negative Malagasy people. Proc Natl Acad Sci USA. 2010;107:5967–71.

	40.	 Tiller T, Meffre E, Yurasov S, Tsuiji M, Nussenzweig MC, Wardemann H. 
Efficient generation of monoclonal antibodies from single human B cells 
by single cell RT-PCR and expression vector cloning. J Immunol Methods. 
2008;329:112–24.

	41.	 Wardemann H, Kofer J. Expression cloning of human B cell immunoglob‑
ulins. Methods Mol Biol. 2013;971:93–111.

	42.	 Smolarek D, Hattab C, Hassanzadeh-Ghassabeh G, Cochet S, Gutierrez 
C, de Brevern AG, et al. A recombinant dromedary antibody fragment 
(VHH or nanobody) directed against human Duffy antigen receptor for 
chemokines. Cell Mol Life Sci. 2010;67:3371–87.

	43.	 Ford TC, Rickwood D. Formation of isotonic Nycodenz gradients for cell 
separations. Anal Biochem. 1982;124:293–8.

	44.	 Popovici J, Roesch C, Carias LL, Khim N, Kim S, Vantaux A, et al. Amplifica‑
tion of Duffy binding protein-encoding gene allows Plasmodium vivax to 
evade host anti-DBP humoral immunity. Nat Commun. 2020;11:953.

	45.	 Rangel GW, Clark MA, Kanjee U, Lim C, Shaw-Saliba K, Menezes MJ, et al. 
Enhanced ex vivo Plasmodium vivax intraerythrocytic enrichment and 
maturation for rapid and sensitive parasite growth assays. Antimicrob 
Agents Chemother. 2018. https://​doi.​org/​10.​1128/​AAC.​02519-​17.

	46.	 Ianevski A, Giri AK, Aittokallio T. SynergyFinder 2.0: visual analyt‑
ics of multi-drug combination synergies. Nucleic Acids Res. 
2020;48(W1):W488–93.

	47.	 Mendoza P, Gruell H, Nogueira L, Pai JA, Butler AL, Millard K, et al. Com‑
bination therapy with anti-HIV-1 antibodies maintains viral suppression. 
Nature. 2018;561:479–84.

	48.	 Mulangu S, Dodd LE, Davey RT, Tshiani Mbaya O, Proschan M, Mukadi D, 
et al. A randomized, controlled trial of Ebola virus disease therapeutics. N 
Engl J Med. 2019;381:2293–303.

	49.	 Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, et al. 
REGN-COV2, a neutralizing antibody cocktail, in outpatients with Covid-
19. N Engl J Med. 2021;384:238–51.

	50.	 Singh K, Mukherjee P, Shakri AR, Singh A, Pandey G, Bakshi M, 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.

	51.	 Hou MM, Barrett JR, Themistocleous Y, Rawlinson TA, Diouf A, Martinez FJ, 
et al. Vaccination with Plasmodium vivax Duffy-binding protein inhibits 
parasite growth during controlled human malaria infection. Sci Transl 
Med. 2023;15:eadf1782.

	52.	 Wang LT, Pereira LS, Flores-Garcia Y, O’Connor J, Flynn BJ, Schön A, et al. 
A potent anti-malarial human monoclonal antibody targets circum‑
sporozoite protein minor repeats and neutralizes sporozoites in the liver. 
Immunity. 2020;53:733-44.e8.

	53.	 Kisalu NK, Idris AH, Weidle C, Flores-Garcia Y, Flynn BJ, Sack BK, et al. A 
human monoclonal antibody prevents malaria infection by targeting a 
new site of vulnerability on the parasite. Nat Med. 2018;24:408–16.

	54.	 Kayentao K, Ongoiba A, Preston AC, Healy SA, Doumbo S, Doumtabe 
D, et al. Safety and efficacy of a monoclonal antibody against malaria in 
Mali. N Engl J Med. 2022;387:1833–42.

	55.	 Gaudinski MR, Berkowitz NM, Idris AH, Coates EE, Holman LA, Mendoza 
F, et al. A monoclonal antibody for malaria prevention. N Engl J Med. 
2021;385:803–14.

	56.	 Agudelo M, Muecksch F, Schaefer-Babajew D, Cho A, DaSilva J, Bednarski 
E, et al. Plasma and memory antibody responses to Gamma SARS-CoV-2 
provide limited cross-protection to other variants. J Exp Med. 2022. 
https://​doi.​org/​10.​1084/​jem.​20220​367.

	57.	 Ketas TJ, Holuigue S, Matthews K, Moore JP, Klasse PJ. Env-glycoprotein 
heterogeneity as a source of apparent synergy and enhanced cooperativ‑
ity in inhibition of HIV-1 infection by neutralizing antibodies and entry 
inhibitors. Virology. 2012;422:22–36.

	58.	 Kwong PD, Doyle ML, Casper DJ, Cicala C, Leavitt SA, Majeed S, et al. HIV-1 
evades antibody-mediated neutralization through conformational mask‑
ing of receptor-binding sites. Nature. 2002;420:678–82.

	59.	 Ramirez Valdez KP, Kuwata T, Maruta Y, Tanaka K, Alam M, Yoshimura K, 
et al. Complementary and synergistic activities of anti-V3, CD4bs and 
CD4i antibodies derived from a single individual can cover a wide range 
of HIV-1 strains. Virology. 2015;475:187–203.

	60.	 Van Rompay KKA, Olstad KJ, Sammak RL, Dutra J, Watanabe JK, 
Usachenko JL, et al. Early treatment with a combination of two potent 
neutralizing antibodies improves clinical outcomes and reduces virus 
replication and lung inflammation in SARS-CoV-2 infected macaques. 
PLoS Pathog. 2021;17: e1009688.

	61.	 Wang LT, Pereira LS, Kiyuka PK, Schon A, Kisalu NK, Vistein R, et al. Protec‑
tive effects of combining monoclonal antibodies and vaccines against 
the Plasmodium falciparum circumsporozoite protein. PLoS Pathog. 
2021;17: e1010133.

	62.	 Willcox AC, Huber AS, Diouf A, Barrett JR, Silk SE, Pulido D, et al. Antibod‑
ies from malaria-exposed Malians generally interact additively or syner‑
gistically with human vaccine-induced RH5 antibodies. Cell Rep Med. 
2021;2: 100326.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1128/AAC.02519-17
https://doi.org/10.1084/jem.20220367

	Human monoclonal antibodies inhibit invasion of transgenic Plasmodium knowlesi expressing Plasmodium vivax Duffy binding protein
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Human blood preparation
	Monoclonal antibodies
	Plasmodium knowlesi in vitro culture
	Nycodenz synchronization
	Growth inhibition assays (GIAs)
	Flow cytometric evaluation of GIAs
	In vitro invasion inhibition assay using Plasmodium vivax clinical isolates
	Avidity assays
	Statistical analysis

	Results
	Characteristics of individual humAb in the PkPvDBPOR growth inhibition assay (GIA)
	HumAb combinations in the PkPvDBPOR GIA
	Avidity of vaccine-induced mAbs

	Discussion
	Conclusion
	Acknowledgements
	References


