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The PvRBP2b-TfR1 interaction is not
essential for reticulocytes invasion by
Plasmodiumvivax isolates fromCambodia

Check for updates

Lionel B. Feufack-Donfack1, Léa Baldor1, Camille Roesch1, Baura Tat1, Agnes Orban1, Dynang Seng1,
JeremySalvador1, NimolKhim1, LenoreCarias2, Christopher L.King2,3, BruceRussell4, FrancoisNosten5,6,
Alice SMOng7,8, HaitongMao7,8, Laurent Renia7,8, Eugenia Lo9, BenoitWitkowski1 & Jean Popovici 1,10

Plasmodium vivax is the most widespread of the different Plasmodium species able to infect humans
and is responsible formostmalaria casesoutsideAfrica. An effective, strain-transcending vaccine that
alleviates or suppresses erythrocyte invasion would be a game-changer in eliminating vivax malaria.
Recently, the binding of P. vivax Reticulocyte Binding Protein 2b (PvRBP2b) to human Transferrin
receptor (TfR1) has been described as essential for reticulocyte invasion, making this parasite protein
an appealing vaccine candidate. Here, using P. vivax Cambodian clinical isolates in robust ex vivo
invasion assays, we show that anti-PvRBP2b polyclonal and monoclonal antibodies that inhibit
binding of PvRBP2b to TfR1 do not block P. vivax invasion into reticulocytes even at high
concentrations. Anti-TfR1 antibodies do not inhibit P. vivax invasion either. Combinations at high
concentrations of human monoclonal antibodies targeting different PvRBP2b epitopes do not inhibit
invasion. Combinations of anti-PvRBP2b with anti-PvDBP do not enhance invasion inhibition caused
by anti-PvDBP alone. We also show that the invasion of Cambodian P. vivax is trypsin-resistant while
TfR1 is trypsin-sensitive, andwedemonstrate that TfR1 is not recycled following trypsin treatment.We
determined the PvRBP2b sequence of all isolates used in the invasion assays and analyzed
polymorphism within epitopes recognized by anti-PvRBP2b antibodies. We show that polymorphism
does not explain the absence of neutralization. Anti-PvRBP2b polyclonal antibodies recognized all
four isolates tested in immunofluorescence assays while not inhibiting P. vivax invasion. Overall, our
results demonstrate that PvRBP2b binding to TfR1 is not essential for invasion into reticulocytes of P.
vivax Cambodian strains questioning the relevance of PvRBP2b as vaccine candidate.

Plasmodium vivax has the widest geographic distribution of human infec-
tive malaria species, and more than three billion people live within the P.
vivax transmission limits1. Considered benign for decades, it is now clear
that P. vivax malaria is a significant cause of morbidity and mortality in
endemic populations2–4.

P. vivax elimination is particularly challenging because of parasite
biology differences compared to Plasmodium falciparum, especially the

dormant liver-stage causing relapses which facilitates transmission5. This
hinders most control and elimination strategies mainly designed for P.
falciparum. Tools specifically adapted for P. vivax elimination, such as an
effective strain-transcending blood-stage vaccine, are needed6. Blood-stage
vaccines aim to produce neutralizing antibodies (Abs) against parasite
ligands to prevent reticulocyte invasion and the onset of malaria clinical
symptoms7. Compared to P. falciparum, much fewer vaccine candidates
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have been identified for P. vivax due to the absence of a long-term in vitro
culture system for this parasite8,9.

For the past decades, onlyP. vivaxDuffyBindingProtein (PvDBP)was
known as a critical blood-stage vaccine candidate10,11. However, P. vivax
natural polymorphism has so far impeded the development of a strain-
transcending vaccine, although recent developments are promising12–16.

Additional parasite targets are required to serve as vaccine candidates,
individually or in combination with PvDBP.

Recently, P. vivax Reticulocyte Binding Protein 2b (PvRBP2b) has
gained great interest following its identification as a parasite ligand binding
the transferrin receptor 1 (TfR1 orCD71) on the surface of reticulocytes, the
erythrocytes invaded by P. vivax17. Abs targeting either PvRBP2b or TfR1
can block this interaction17. Mouse monoclonal and rabbit polyclonal anti-
PvRBP2bAbs inhibited PvRBP2b-TfR1 binding and the ex vivo invasion of
a small number of P. vivax clinical isolates from Brazil and Thailand17.
Naturally acquired human monoclonal antibodies (humAbs) targeting
PvRBP2b were isolated from two Cambodian donors and could strongly
inhibit PvRBP2bbinding to reticulocytes18. Someof these humAbs and their
epitopes have been characterized structurally18, but their capacity to neu-
tralize P. vivax invasion to reticulocytes has not been evaluated yet.

Here, using a robust ex vivo flow cytometry-based assay, we aim to
determine if these same anti-PvRBP2b Abs can inhibit the invasion of P.
vivax isolates collected in Cambodia.

Results
Mouse or rabbit anti-PvRBP2b and anti-TfR1 antibodies do not
inhibit P. vivax reticulocyte invasion
To examinewhether anti-PvRBP2b or anti-TfR1 antibodies could inhibit P.
vivax invasion into human reticulocytes we applied a flow cytometry-based
invasion assay. In a first experiment using three different clinical isolates, we
evaluated the impact on reticulocyte invasion of 3E9 mouse monoclonal
anti-PvRBP2b Abs previously shown to inhibit both the binding of
PvRBP2b to TfR1 and the invasion of a few Thai and Brazilian isolates17. As
negative inhibition control, we included the 8G7 anti-PvRBP2b mouse
monoclonalAbs (mAbs), shownnot to affect either the binding of PvRBP2b
to TfR1 or invasion into reticulocytes, as well as 043038, a humAbs specific
of tetanus toxinC terminal fragment. An anti-DuffymousemAbs, 2C3,was
used as positive inhibition control19. All mAbs were tested at 100 μg/ml. As
expected, both negative inhibition controls did not inhibit reticulocyte
invasion, however we observed only a modest (mean 17.4% ± 1.73 SEM),
non-significant invasion inhibition by 3E9 (p = 0.2683) compared to the
043038 control (Fig. 1A, raw invasion data are provided in Supplementary
Data 1).

We then increased the concentration of mAbs to 500 μg/ml and
evaluated two additional anti-PvRBP2b mouse monoclonal (6H1, 10B12)
and a rabbit polyclonal Abs (1527), all previously shown to inhibit binding
and invasion17. Overall, using 19 different clinical isolates, we show that
none of the anti-PvRBP2b mAbs or the 1527 polyclonal Abs significantly
inhibited invasion into reticulocytes compared to the 043038 control
(p > 0.9999 for all comparisons) (Fig. 1B). The highest average inhibition
was of 17.8% (±2.69 SEM) and was observed for the 8G7 negative control
mAbs.We also evaluated the combination of the three mAbs 3E9, 6H1 and
10B12 together (mAbs pool) each added at a third of 500 μg/ml and again,
we failed to observe any significant invasion inhibition (p > 0.9999). Tar-
geting TfR1 by the addition of 500 μg/ml of OKT9 mAb, previously shown
to inhibit the binding of PvRBP2b to TfR1, did not lead to significant
invasion inhibition (p > 0.9999) (Fig. 1B).

Naturally acquired human monoclonal anti-PvRBP2b antibodies
do not inhibit P. vivax reticulocyte invasion
Wedeterminedwhether naturally acquired anti-PvRBP2bhumAbs isolated
fromCambodian donors could inhibit reticulocyte invasion by Cambodian
P. vivax isolates. These humAbs have previously been characterized with
their PvRBP2bbinding sites determined and have been shown to inhibit the
binding of PvRBP2b to TfR1 and to reticulocytes18.

We first evaluated two different humAbs at 100 μg/ml, a concentration
at which we previously showed that anti-PvDBP humAbs inhibit P. vivax
invasion12. These two humAbs, 239229 and 241242 bind to non-
overlapping epitopes on PvRBP2b. Using 15 different clinical isolates, we
show that none of these two humAbs inhibit the invasion of P. vivax in
reticulocytes compared to the 043038 control (p > 0.7905) (Fig. 1C).

We then increased the concentration to 500 μg/ml and evaluated five
additional blocking humAbs. We also included the humAb 099100 as an
additional positive inhibition control targeting PvDBP12,20,21. Using 25 dif-
ferent clinical isolates, no significant inhibition was observed for any of the
seven anti-PvRBP2b humAbs (Fig. 1D). The highest average inhibition
measured was 18.4% (±2.97 SEM) for the humAb 260261 and was not
significantly different from the 043038 control (p > 0.999).

The results we obtained here contrast with those previously reported,
so we investigated whether our invasion assay readout could affect the
results. Our assay relies on flow cytometry to measure P. vivax invasion,
while previous work showing anti-PvRBP2b activity used microscopy
readout17. We tested the activity of 500 μg/ml of two humAbs (239229 and
241242) and the1527polyclonal anti-PvRBP2busing three to eightdifferent
clinical isolates and measured invasion by microscopy side-by-side with
flow cytometry for most isolates. No significant difference was observed
comparing the invasion rates obtained with flow cytometry or microscopy
and regardless of the readout, no invasion inhibition was observed (Sup-
plementary Fig. S2).

Combination of anti-PvRBP2b humAbs together or with anti-
PvDBP humAbs does not increase P. vivax invasion inhibition
As some anti-PvRBP2b humAbs have different inhibitory mechanisms, it
was previously proposed that some combinations of humAbs could act
synergistically or additively18. We therefore evaluated the combination of
241242 targeting the N-terminal domain of PvRBP2b and leading to steric
hindrance with TfR1with (i) 239229 binding to the C-terminal domain of
PvRBP2b, (ii) 237235 believed to disturb PvRBP2b binding to transferrin
allosterically, (iii) 326327 causing steric hindrance with the reticulocyte
membrane18.We also evaluated the combination of 237235with 326327.All
combinationsused250 μg/ml for eachhumAb(500 μg/ml in total) andwere
tested with three different clinical isolates. None of the combinations tested
showed invasion inhibition, with the highest average inhibition measured
being 5.26% (±7.70 SEM) (Fig. 1E).

Finally, we performed a series of invasion assays to determine if adding
239229or241242anti-PvRBP2bhumAbs (binding respectively to theCand
N-terminal of PvRBP2b) would enhance invasion inhibition caused by
099100 anti-PvDBP humAb. All combinations were done using 250 μg/ml
for each humAb (500 μg/ml) and tested with four to five different clinical
isolates. There was no significant difference in invasion inhibition between
the combination of anti-PvDBP 099100 with 239229 (average inhibition
53.8% ± 7.1) or with 241242 (average inhibition 55.1% ± 4.5) compared to
the combination of 043038 non-specific control with 099100 (average of
51.9% ± 3.2, p > 0.999) (Fig. 1F). The invasion inhibition was also not dif-
ferent between 099100 alone tested at 250 μg/ml (average inhibition
47.1% ± 4.8) and the combination of 043038 with 099100 (p > 0.999).

Sequence polymorphism of PvRBP2b among P. vivax clinical
isolates does not affect inhibition caused by most anti-
PvRBP2b Abs
To determine whether PvRBP2b polymorphism could explain the lack of
inhibition by anti-PvRBP2bAbs, the PvRBP2b genewas sequenced to cover
amino acid positions from 100 to 600 from all 50 clinical isolates used in the
invasion assays.

Overall, the gene was highly polymorphic, with 44 different protein
haplotypes identified among the 50 isolates sequenced, all of which differed
from the Sal1 reference (Supplementary Data 2).

We stratified the invasion data by assessing the impact of
PvRPB2b polymorphismwithin known epitopes recognized by the Abs
tested. For each known epitope, we determined whether invasion in the
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presence of Abs was affected by polymorphism. The threemousemAbs
3E9, 6H1 and 10B12 bind respectively to residues 330-343, 212-232
and 405-423 (Fig. 2A)18,22. All isolates tested with 3E9 at 500 μg/ml were
WT in the residues 330-343 and were not inhibited by the mAbs (Fig.
2B). Of the four isolates tested against 6H1, one wasWT in the residues
212-232 and the three others had all the same two mutations (T220K
and T224K) and none were inhibited by these mAbs (Fig. 2B). Among
the four isolates tested with 10B12 at 500 μg/ml, one was WT in the
residues 405-423 and three others had the same single mutation
(K412N) and nonewere inhibited by thismAbs. (Fig. 2B). These results
indicate that P. vivax invasion is not inhibited by 3E9, 6H1 and 10B12,
regardless of mutations in their respective epitopes.

We similarly determined the impact of polymorphism in known
epitopes18 of humAbs on their capacity to inhibit invasion. For 5 of the 7
humAbs (237235, 239229, 253245, 258259, and 260261), isolatesWT in the

epitopes were evaluated for their response to these humAbs and none
showed significant invasion inhibition against these compared to the
043038 control (Fig. 2C). Similarly to mouse mAbs, these results indicate
thatP. vivax invasion is not inhibited by 237235, 239229, 253245, or 258259
regardless of mutations in their respective epitopes. For two humAbs
(241242 and 326327), all isolates tested had at least one mutation in the
epitopes, so the impact of polymorphism could not be determined for these
(Fig. 2C).

Finally, to evaluate whether polymorphism would explain the absence
of invasion inhibition by the rabbit polyclonal anti-PvRPB2b 1527, we
performed IFA experiments on segmented schizonts from 4 different
clinical isolates each having a different PvRBP2b haplotype. The polyclonal
Abs recognized each of the isolates evaluated demonstrating that natural
polymorphism does not prevent binding of the 1527 Abs to PvRBP2b
(Fig. 3)

Fig. 1 | Anti-PvRBP2b antibodies do not inhibit the invasion of Cambodian
clinical isolates. The mean percentage (± SEM) of reticulocyte invasion by P. vivax
clinical isolates in the presence of different anti-PvRBP2b antibodies tested at 100,
250, and 500 μg/ml is represented. All invasions are normalized to no-antibody
controls.HumAbs 043038 specific of tetanus toxinC terminal fragment and the anti-
Duffy mouse mAbs 2C3 were used as negative and positive invasion inhibition
controls for each experiment. Each dot represents the invasion for a different clinical
isolate with a single technical replicate per isolate. Differences are assessed by the
Kruskal-Wallis test with Dunn’s post-hoc correction (*p < 0.05; ***p = 0.0007;
****p < 0.0001). A Invasion of P. vivax in presence of 100 μg/ml of mouse anti-
PvRBP2b mAbs 3E9 and 8G7. B Invasion of P. vivax in presence of 500 μg/ml

(100 μg/ml for the 2C3 control) mouse anti-PvRBP2b mAbs 8G7, 3E9, 6H1, 10B12,
mAbs pool (each mAb at one-third of the final concentration) and rabbit polyclonal
mAbs (1527).C Invasion ofP. vivax in presence of 100 μg/ml of anti-PvRBP2b humAbs
239229 and 241242.D Invasion inhibition of P. vivax in presence of 500 μg/ml
(100 μg/ml for the 2C3 control) of humAbs 237235, 239229, 241242, 253245, 258259,
260261,326327.E Invasion inhibitionofP.vivax in thepresenceof500 μg/ml (100 μg/ml
for the 2C3 control) anti-PvRBP2b humAbs combinations (250 μg/ml each huAbs).
F Invasion inhibition of P. vivax in presence of anti-PvRBP2b humAbs (2392209 or
241242eachat 250 μg/ml)or043038control in combinationwith anti-PvDBP099100at
250 μg/ml (final concentration of humAbs of 500 μg/ml) compared to invasion in pre-
sence of 099100 alone at 250 μg/ml or 2C3 control at 100 μg/ml.
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TfR1 is not recycled following trypsin treatment
We verified that reticulocyte invasion of P. vivax isolates from
Cambodia displays the same sensitivity to enzymes as previously
described23,24. As expected, reticulocytes treated with neuraminidase
or trypsin were permissive to P. vivax invasion while chymotrypsin
treatment abolished invasion (Fig. 4A). As TfR1 is trypsin sensitive,
these results indicate that cleaving TfR1 from the reticulocytes does
not prevent invasion by P. vivax. We determined if an intracellular
pool of TfR1 could be recycled on the reticulocyte surface following
trypsin treatment by flow cytometry. We confirmed that trypsin
treatment removed over 80% of TfR1 as seen by the reduced per-
centage of reticulocytes expressing TfR1. The percentage of reticu-
locytes expressing TfR1 continues to decrease due to the maturation
in vitro of reticulocytes into normocytes (which are TfR1 negative)
(Fig. 4B). This indicated that after surface removal by trypsin treat-
ment, there is no internal pool of TfR1 that can be recycled to the
surface.

Discussion
In this work, using a substantial quantity of P. vivax clinical isolates for
invasion assays, none of the anti-PvRPB2b Abs previously shown to
inhibit binding to and/or invasion in reticulocytes by P. vivax17,18 sig-
nificantly reduced invasion even at high concentrations (500 μg/ml).
Targeting the TfR1 with the binding inhibitory OKT9 Abs17 did not
inhibit P. vivax invasion either. The mAbs we used in this work were
extensively structurally characterized with epitopes identified and
mechanisms of PvRBP2b-TfR1 inhibition described18,22. We leveraged
this information to evaluate combinations of anti-PvRBP2b humAbs
with a distinct mode of action expected to enhance invasion inhibition.
Nonetheless, none of the combinations tested here led to significant
invasion inhibition. Further tests combining humAbs targeting PvDBP
and PvRBP2b were conducted, yet there was no observed variation in
the invasion inhibition compared to the anti-PvDBP humAbs tested
alone. Altogether, our results indicate that targeting PvRBP2b does not
prevent reticulocyte invasion by P. vivax Cambodian isolates.

Fig. 2 | The absence of invasion inhibition by anti-PvRBP2bAbs is not dependent
on PvRBP2b sequence polymorphism of P. vivax isolates. A Epitopes recognized
by anti-PvRBP2b mAbs18,22. B Invasion in the presence of 500 μg/ml of mouse anti-
PvRBP2bmAbs is not affected bymutations in residues recognized by 6H1, 3E9, and
10B12 compared to the wild-type (WT). C Invasion in the presence of 500 μg/ml of
humAbs is not affected by mutations in residues recognized by 237235, 239229,

253245, 258259 and 260261 compared to WT. For 241242 and 326327, all isolates
had at least one mutation in the epitopes recognized by these humAbs. HumAbs
043038 specific of tetanus toxin C terminal fragment and the anti-Duffy mouse
mAbs 2C3 were used as negative and positive invasion inhibition controls for each
experiment. All invasions are normalized to no-antibody controls.
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We verified that the absence of invasion inhibition caused by anti-
PvRBP2b, which contrasts with what was previously reported, did not
originate from methodological biases in our invasion assay readout per-
formed by flow cytometry. Our assay scores an invasion event as a Far-Red
labelled reticulocyte positive for Hoechst DNA staining. In theory, such
event could also derive from a reticulocyte with a merozoite attached to it
but with the invasion process further blocked. Our assay however allows to
observe invasion inhibition caused by anti-PvDBP and anti-DARC Abs
unambiguously. We nevertheless evaluated the response to anti-PvRBP2b
Abs side-by-side using our flow cytometry readout with microscopy
counting of ring stages. We did not observe any difference between the two
methods indicating again the robustness of our approach.

The most likely explanation for the failure of anti-PvRBP2b and anti-
TfR1 toblock invasion inourwork is thenatural variations inpathwaysused
by P. vivax parasites from different geographical regions. A previous study
has shown a large variation in response of P. vivax to anti-TfR1 Abs OKT9
in reticulocyte invasion using isolates from India25. In P. falciparum,

multiple invasion pathways are described, and variations in the pathways
used are well characterized26,27. For P. vivax, so far, only the PvDBP-DARC
pathway has been extensively shown tobe critical for invasion, and evidence
from recent work suggests that even in Duffy-negative individuals, P. vivax
uses the same pathway for reticulocyte invasion28,29. Multiple RBPs are
present in the genome of P. vivax. While PvRBP1a does not seem to be
critical for invasion30, PvRBP2a interaction with CD98 was recently shown
to be involved in reticulocyte invasion, although demonstration of the
absolute requirement of this interactionwas notmade31. Redundancy in the
function of RBPs assumed to allow reticulocyte tropism needs to be
addressed and could signify the need to target multiple ligands together for
invasion inhibition.

We show here that reticulocyte invasion by P. vivax isolates from
Cambodia has similar enzymatic sensitivity to what was reported using
isolates from Thailand23 and Brazil24 (although for this country only one
strain was tested) with invasion being trypsin-resistant. This indicates a
universal phenotype for P. vivax and further questions the critical

Fig. 3 | Polyclonal anti-PvRBP2b 1527 Abs binds to merozoites from all four P. vivax clinical isolates tested by immunofluorescence. Each row shows representative
images of segmented schizonts for a different clinical isolate. A: bright field, B: Hoechst 33342, C: 1527, D: merged.
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requirement of the PvRBP2b-TfR1 interaction for P. vivax invasion as TfR1
is trypsin sensitive.Ultimately, onewould need to demonstrate that a blood-
stage vaccine candidate overcomes ligand redundancies and be universally
critical for invasion to be of interest for P. vivax control and elimination.

Methods
Samples collection and ex vivo invasion inhibition assay
Sample collection and ex vivo invasion assays were performed with slight
modifications as described12. Invasion assays performed here used either
cryopreserved P. vivax isolates or freshly collected ones. Cryopreservation
was performed immediately after blood collection using glycerolyte
57 solution as previously described12. Cryopreserved parasites were thawed
using aNaCl step-wise process using establishedprotocol12.P. vivax samples
used fresh were collected in 2022 and 2023 from infected individuals in
Kampong Speu, Western Cambodia. To ensure mono-infection, P. vivax
was determined using rapid diagnostic testing (CareStart Malaria Pf/pan
RDTs, Accesbio) or microscopy and species-specific PCR32. Venous blood
was collected in lithium heparin tubes and immediately sent on ice to the
Malaria Research Unit at Institut Pasteur of Cambodia. There, erythrocytes
were separated from the plasma and re-suspended in warm RPMImedium
before leukocyte depletion using a non-woven fabric filter33. The work
presented here was approved by the National Ethics Committee for Health
Research of Cambodia (192NECHR of July 11, 2022). All patients and/or
their parents/guardians provided informed written consent.

Infected erythrocytes were enriched using a KCl-Percoll density
gradient34 and then transferred into culture in supplemented IMDM
medium (Gibco) (with 0.5% Albumax II (Gibco), 2.5% heat-inactivated
human serum, 25mM HEPES (Gibco), 20 μg/ml gentamicin (Sigma) and
0.2mMhypoxanthine (C-CPro)). The stage of the parasite culturewas then
assessed via thick blood smears. Parasites were cultured until most reached
the schizont stages (~24–45 h, depending on their initial stage). The enri-
ched schizonts weremixed 1:1 with reticulocytes (previously enriched from
cord or adult peripheral blood frommalaria-naive donors) and pre-labelled
with Celltrace Far Red Dye. The cultures were incubated for ~10 h in the
presence of test antibodies and the mouse monoclonal anti-Duffy 2C319 or,
in a few experiments, heparin, was used as positive invasion inhibition
control. Cells were stained with DNA stain Hoechst 33342 post-invasion
and parasitemia was quantified by flow cytometry. Reticulocytes, which
were Hoechst 3342 and Far-Red positive, were scored as new invasion
events (Supplementary Figure S1). For quantification, datawere normalized
against invasion without antibodies and analyzed with FlowJo (V10.8.1)
software. Invasion of reticulocytes in the absence of antibodies ranged from

0.4% to 13.8%. Antibodies used in this study were either purchased from
commercial supplier (anti-TfR1 OKT9) or generated as previously
described17,18.

To determine the enzymatic sensitivity of the invasion of P. vivax
isolates, the invasion was performed as described above using reticulocytes
pre-treated with either trypsin (1mg/ml), chymotrypsin (1mg/ml) or
neuraminidase (100mU/mL) for 1 h at 37 °C35. Invasion rates were com-
pared to mock-treated reticulocytes. Of note, all enzymatic treatments did
not affect reticulocyte viability since the number of cells stained with
Thiazole orange (a specific reticulocyte stain) remained constant over at
least 40 h post-treatment (data not shown).

Assessment of transferrin/TfR1 recycling after enzymatic
treatment
Twenty ml of human cord blood was collected in lithium heparin (Sigma)
and tested by protocols approved by the University of Oxford Tropical
Research Ethics Committee (OXTREC 17-11) and the Ethics Committee of
the Faculty ofTropicalMedicine atMahidolUniversity (MUTM2008-215).
After plasma removal, the packed red cells were washed in McCoy’s 5 A
medium (Gibco, Singapore). Host leukocytes and platelets were depleted
from the cord red blood cells using CF11 column filtration36. Red cells were
then adjusted to a 50% haematocrit using McCoy’s 5 A medium, and the
mixture split into 5ml aliquots that were each carefully layered on a 6ml
80% Isotonic Percoll cushion (Thermofisher Scientific, Singapore). Fol-
lowing centrifugation for 15min at 1200 g, the resulting fine band of con-
centrated reticulocytes formed on the Percoll interface was removed and
washed in McCoy’s 5 A medium. The enriched reticulocyte populations
were treated with trypsin (2.5 mg/ml) (0.25% bovine trypsin- EDTA solu-
tion, Sigma, Singapore) for 1 h at 37 °C, as previously described23,24. They
were washed in McCoy’s 5 A medium containing 10% Fetal calf serum to
inactivate and remove trypsin. Reticulocyte preparations were then kept at
37 °C for different lengths of time. The proportions of TfR1+ reticulocytes
were determined by flow cytometry using the mouse monoclonal antibody
IgG2a against human TfR1 tagged with APC (cloneM-A172, Pharmingen)
as described before37. The experiment was repeated with 4 different batches
of cord blood reticulocytes.

Genomic DNA extraction, amplification, and sequencing of
PvRBP2b
Genomic DNA from P. vivax infected peripheral blood was extracted using
the QIAamp DNA Blood Minit Kit (QUIAGEN), according to manu-
facturer’s instructions. PvRPB2b sequences were determined by PCR and

Fig. 4 | P. vivax Cambodian isolates are trypsin-resistant. A Inhibition of P. vivax
invasion after chymotrypsin, neuraminidase or trypsin treatment of reticulocytes.
Only chymotrypsin treatment inhibits P. vivaxmerozoite invasion.BThe absence of
recycling of TfR1/CD71 on trypsin-treated reticulocytes. Trypsin treatment
removed > 80% of TfR1molecules on the surface of reticulocytes and the TfR1 levels

remain below 10% to the original level. Data expressed are the % of the control (% of
non-treated TfR1+ reticulocytes at Time 0). This experiment is representative of
4 separate experiments with 4 different batches of cord blood reticulocytes. All
invasions are normalized to no-antibody controls.
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Sanger sequencing (Macrogen, Seoul, South Korea) using the following
conditions. The PCR was conducted in 20 µL reaction consisting of 2 µL of
DNA, 0.25 µM of primers (amino acid from 100 to 400, forward: 5′-
AGAGGGGACATATATACACACAGT-3′ and reverse: 5′-
GGTTTAACCCCGTCGGACAA-3′; from amino acid 398 to 630, forward:
5′-TCCATTGATCAAGTGACAGCA-3′ and reverse: 5′-TTCTTCCA-
CATGTTGTTGGT-3′) and 1× HOT FirePol Blend MasterMix (Solis
BioDyne, Tartu, Estonia) under the following conditions: 95°C for 12min,
followed by 34 cycles 95 °C for 20 s, 63.8 °C for 30 sec, 72 °C for 2min and a
final extension at 72 °C for 5min. Nucleotides and corresponding amino
acids were analyzed using MEGA 11 software. The sequences generated
were compared to the reference strain Sal1 (PVX_094255). Shared amino
acids between any isolate and Sal1 is referred to as wild type (WT).

Immunofluorescence assay
Enriched schizont parasites from P. vivax clinical isolates re-suspended at
1% hematocrit in PBS 1X were applied on IFA slides, air-dried and fixed in
ice-cold acetone (90%)/methanol (10%).Afterblockingwith 1%BSA, rabbit
anti-PvRBP2b 1527 polyclonal antibody was added at 500 μg/ml and
incubated for 1 h at 37 °C. After washes, Alexa Fluor 488 goat anti-rabbit
IgG(H+ L) antibody (1:500)mixedwithHoechst dye (1 μg/ml)were added
on slides and incubated for 1 h at 37 °C. After being washed, the slides were
visualized using a fluorescence microscope (Leica DM2500 MicroSystems
CMS GmbH, Germany) equipped with 10×, 40× dry, and 60×, 100× oil
objectives. Images were captured using the LAS V4.12 viewer software.
Images were analyzed by ImageJ.

Statistical analyses
Multiple comparisons of mean of non-Gaussian data were compared by
Kruskal-Wallis test and Dunn’s post-hoc tests and of normally distributed
data byANOVAandDunnett’s post-hoc tests. All analyses were performed
using GraphPad Prism (V10.1.0). A P value < 0.05 was considered
significant.

Data availability
All data generatedor analyzedduring this study are present in this published
article (and its supplementary information files). Resources or data sup-
porting this study’s findings are available from the corresponding author
upon request.
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