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protein lacking in Duffy-negative

Africans. We show that a subset of Duffy-

negative erythroblasts transiently

express DARC at erythropoiesis sites and

can be infected by P. vivax, suggesting

that deep P. vivax infectionmay be under-

recognized as a health concern in Africa.
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SUMMARY
Vivax malaria has long been thought to be absent from sub-Saharan Africa owing to the high proportion of
individuals lacking the Duffy antigen receptor for chemokines (DARC) in their erythrocytes. The interaction
between P. vivax Duffy-binding protein (PvDBP) and DARC is assumed to be the main pathway used by
merozoites to invade reticulocytes. However, the increasing number of reports of vivax malaria cases in
genotypically Duffy-negative (DN) individuals has raised questions regarding the P. vivax invasion
pathway(s).
Here, we show that a subset of DN erythroblasts transiently express DARC during terminal erythroid
differentiation and that P. vivaxmerozoites, irrespective of their origin, can invade DARC+ DN erythroblasts.
These findings reveal that a large number of DN individuals may represent a silent reservoir of deep P. vivax
infections at the sites of active erythropoiesis with low or no parasitemia, and it may represent an underesti-
mated biological problem with potential clinical consequences in sub-Saharan Africa.
INTRODUCTION

More than one-third of the world’s population is affected by vivax

malaria, an acute debilitating disease caused by Plasmodium

vivax and transmitted by female Anopheles mosquitoes. In

2021, there were an estimated five million vivax malaria cases

worldwide, mainly in Asia, Southeast Asia, South America, the

Western Pacific, Eastern Mediterranean regions, Eastern Africa,

and Southern Africa.1

For a long time, vivax malaria was thought to be absent in sub-

Saharan Africa. This was based on the clinical and field studies

conducted in the 1940s, which showed natural resistance to vi-

vax malaria in Africans and Afro-Americans.2–5 Later, Duffy

blood groups were identified,6,7 and it was demonstrated that
Cell Host & Microbe 31, 1–13, Dec
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the absence of the Duffy antigen receptor for chemokines

(DARC) on the surface of human erythrocytes, caused by a sin-

gle-point mutation in the GATA-1 promoter sequence of ackr1�,

was associated with natural resistance to vivax malaria.8 Pio-

neering studies in the 1980s and the 1990s identified the

P. vivax Duffy-binding protein (PvDBP) as a specific ligand for

the N-terminal extracellular domain (ECD1) of the host DARC

and confirmed that the interaction between PvDBP and DARC

is critical for reticulocyte invasion.9,10 More recently, additional

studies have revealed CD71 (transferrin receptor [TfR1]) and

CD98 as the respective cogent receptors for P. vivax reticulo-

cyte-binding protein 2b (PvRBP2b) and P. vivax reticulocyte-

binding protein 2a (PvRBP2a).11–13 Together, these findings

led to a scientific paradigm whereby P. vivax recognizes
ember 13, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1. Duffy genotyping of healthy blood donors

Blood donor Mutation GATA-1

Mutation

Fy a/b

Mutation Fy

Phenotype Use in this studyCodon 49 Codon 89 Codon 100

DP001 TCT GAT (b) GCC CGC ACA Fy (a�b+) characterization

DP002 TCT GAT (b) GCC CGC GCA/ACA Fy (a�b+) characterization

DP003 TCT GAT (b)/GGT (a) GCC CGC GCA Fy (a+b+) characterization

DP004 TCT GAT (b)/GGT (a) GCC CGC GCA/ACA Fy (a+b+) characterization

DP007 TCT GAT (b)/GGT (a) GCC CGC GCA Fy (a+b+) characterization and invasion

DP010 TCT GAT (b)/GGT (a) GCC CGC GCA/ACA Fy (a+b+) invasion

DN001 CCT GAT (b) GCC CGC GCA Fy (a�b�) characterization

DN002 CCT GAT (b) GCC CGC GCA Fy (a�b�) characterization

DN003 CCT GAT (b) GCC CGC GCA Fy (a�b�) characterization

DN005 CCT GAT (b) GCC CGC GCA Fy (a�b�) characterization and invasion

DN006 CCT GAT (b) GCC CGC GCA Fy (a�b�) characterization and invasion
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reticulocytes through interactions with PvRBP2b-CD71 and

PvRBP2a-CD98 and invades genotypically Duffy-positive (DP)

DARC+ reticulocytes through interactions between PvDBP and

DARC.14

However, this paradigm has been called into question. With

the advent of nucleic acid amplification tests (NAATs), an

increasing number of P. vivax infections have been reported in

genotypically Duffy-negative (DN) sub-Saharan African popula-

tions. In most cases, these infections are characterized by sub-

microscopic or very low levels of parasitemia.15–18 In parallel,

P. vivax has been shown to preferentially invade CD71+ imma-

ture red blood cells (i.e., reticulocytes) and erythroid precursors,

found primarily in extravascular erythropoietic tissues, such as

the bone marrow,19–27 spleen,28–30 and tissues where extrame-

dullary erythropoiesis can occur.31 These observations demon-

strate that anatomic sites of active erythropoiesis provide niches

where pathogenic P. vivax biomass increases may occur,

implying that vivax infections are more common than suggested

by the presence of vivax parasites in peripheral blood.15

Here, we investigated the infection of genotypically DP andDN

erythroblasts with P. vivax merozoites in vitro to explore and

identify host receptors that P. vivax uses to invade erythroblasts.

We performed in vitro erythropoiesis assays of genotypically DN

and DP erythroid progenitors to critically evaluate terminal

erythroid differentiation and CD71 and DARC expression profiles

over time. We then conducted in vitro invasion assays to further

investigate whether DARC expressed on genotypically DN eryth-

roblasts is functional for P. vivax invasion. Our key findings were

that a subset of genotypically DN erythroblasts transiently ex-

press DARC during terminal erythroid differentiation and that

this subpopulation is susceptible to P. vivax merozoite invasion,

providing biological evidence that P. vivax can invade a subset of

DN erythroblasts that transiently express DARC as a functional

receptor for invasion.

RESULTS

Genotypically DP and DN erythroid progenitors show
similar kinetics of differentiation
TodeterminewhethergenotypicallyDNerythroidprogenitorshave

similar erythroid differentiation kinetics to genotypically DP
2 Cell Host & Microbe 31, 1–13, December 13, 2023
erythroid progenitors, we isolated CD34+ hematopoietic stem

and progenitor cells (HSPCs) from the peripheral blood of four

DP (DP001, DP002, DP003, and DP004) and four DN (DN001,

DN002,DN003, andDN005) healthy donors (Table 1). CD34+ cells

were expanded and differentiated in vitro (Figure 1A). The kinetics

of terminal erythroid differentiation, apoptosis rates, and enucle-

ation yields were monitored every other day for 12 days using op-

tical microscopy and flow cytometry. Both DP and DN erythroid

progenitorspresented theexpectedpattern,withproerythroblasts

maturing into early basophilic erythroblasts, late basophilic

erythroblasts, polychromatic erythroblasts, and orthochromatic

erythroblasts.32

The mean percentages of DP and DN erythroblasts at the

orthochromatic stage were 0.08% (n = 3, confidence interval

95%: 0%–0.44%) and 0% (n = 3) on day 0, 19.8% (n = 4, confi-

dence interval 95%: 0%–45.2%) and 6.7% (n = 3, confidence in-

terval 95%: 0%–18.9%) on day 6, and 85% (n = 4, confidence in-

terval 95%: 66.5%–100%) and 62.1% (n = 4, confidence interval

95%:28.5%–95.7%)onday12, respectively (Figures 1Band1C).

No significant difference in the kinetics of terminal erythroid dif-

ferentiation of DP and DN erythroblasts was observed over

time (analysis of covariance [ANCOVA], p = 0.4; proerythroblasts,

p = 0.2; early basophilic erythroblasts, p = 0.6; late basophilic

erythroblasts, p = 0.9; polychromatic erythroblasts, p = 0.08 for

orthochromatic erythroblasts) (Figures 1C and 1D). However,

we foundconsiderable inter-individual variation inDPandDNdo-

nors. The relative standard deviation (RSD) of the proportions of

erythroblast stages varied from6%to180%forDPerythroblasts,

and from 9% to 180% for DN erythroblasts (Figures S1A and

S1B). No significant difference in variability was detected be-

tween DP and DN erythroblasts (p = 0.15, Mann-Whitney test).

The enucleation ratewas alsomonitored on day 8 (n = 3,mean:

4.8%, confidence interval 95%: 0%–18.4% for DP and n = 3,

mean: 1.2%, confidence interval 95%: 0%–4.3% for DN) and

on day 10 (n = 4, mean: 28.3%, confidence interval 95%: 0%–

58.4% for DP and n = 4, mean: 11.9%, confidence interval

95%: 0%–25.0% for DN). Although we found no significant dif-

ference in the proportion of enucleated cells between DN and

DP erythroblasts (ANCOVA, p = 0.14), we observed a slight delay

in the enucleation of DN erythroblasts on day 10 (Figures S2A

and S2B). Finally, low and similar proportions of Glycophorin
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Figure 1. Genotypically Duffy-positive (DP) and Duffy-negative (DN) erythroid progenitors show similar kinetics of differentiation

(A) The diagram illustrates the two-phase in vitro culture system for the isolation of CD34+ cells followed by the expansion and differentiation of erythroid

progenitors.

(legend continued on next page)
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A-positive (GPA+) Annexin V+ cells (reflecting apoptosis) were

noticed in both DP andDNerythroblasts, indicating that they sur-

vived at similar rates during in vitro differentiation (Figures S2C

and S2D).

We conclude that both genotypically DP and DN erythroblasts

have similar terminal erythroid differentiation kinetics.

A subset of genotypically DN erythroblasts transiently
express DARC during terminal erythroid differentiation
To determine the proportions of genotypically DP and DN eryth-

roblasts expressing DARC and CD71 during terminal erythroid

differentiation, we quantified the DARC/CD71 expression pro-

files every other day for 12 days by flow cytometry. We observed

that the mean percentage of DP erythroblasts expressing DARC

among the four donors (DP001, DP002, DP003, and DP004) var-

ied from 24.6% (n = 3, confidence interval 95%: 0%–76.4%) on

day 0 (mostly proerythroblasts) to 78.3% (n = 4, confidence inter-

val 95%: 61.7%–94.9%) on day 8 (mostly polychromatic and

orthochromatic erythroblasts) and 50.9% (n = 4, confidence in-

terval 95%: 13.0%–88.9%) on day 12 (mostly orthochromatic

erythroblasts) (Figures 2A–2C, 2E, and S3A). The proportion of

DARC+ DP erythroblasts did not differ significantly over time

(p = 0.07, one-way analysis of variance) but was highly variable

among the four donors. The RSD ranged from 13% (day 8) to

85% (day 0) (Figure S1C). More importantly, we observed that

a subset of DN erythroblasts transiently expresses DARC. The

mean percentage of DN erythroblasts expressing DARC

(DN001, DN002, DN003, and DN005) was lower than that of

DARC+ DP erythroblasts, varying from 1.0% (n = 3, confidence

interval 95%: 0%–3.8%) on day 0 (mostly proerythroblasts) to

1.6% (n = 4, confidence interval 95%: 0.5%–2.8%) on day 8

(mostly polychromatic and orthochromatic erythroblasts) and

3.2% (n = 4, confidence interval 95%: 0%–6.7%) on day 12

(mostly orthochromatic erythroblasts) (Figures 2A–2E, and

S3A). Interestingly, we noted that the subset of DN erythroblasts

expressing DARC showed a higher MFI than that of DARC+ DP

erythroblasts (Figures 2A and 2B). As observed with DARC+ DP

erythroblasts, we found that the proportion of DARC+ DN eryth-

roblasts did not differ significantly over time (p = 0.7, one-way

analysis of variance) but was highly variable among the four do-

nors, with RSD ranging from 7% (day 10) to 120% (day 0)

(Figure S1C).

We further confirmed the expression of DARC in DP and DN

erythroblasts and donor erythrocytes by western blot analysis

of cytoplasmic protein extracts. We detected differential expres-

sion of DARC in both DP and DN erythroblasts during the early

stages of differentiation (Figures 3A and 3B). In DN cells,

DARC expression was highly variable among the donors

(DN001, DN002, DN003, and DN005), whereas DARC expres-

sion remained less variable among DP donor cells (DP001,
(B) Representative flow cytometry contour plot of GPA+ cells from one DP (DP00

respect to expression of Band-3 (x axis) and CD49d (y axis) at days 0, 2, 4, 6, 8,

basophilic erythroblasts; Poly, polychromatic erythroblasts; Ortho, orthochroma

(C) Bar graphs representing the percentage of proerythroblasts, early basophilic

GPA+ population in four DP (DP001, DP002, DP003, and DP004, blue bars) and fo

8, 10, and 12 (mean ± standard deviation).

(D) May-Grunwald Giemsa staining showing erythroid cells from one DP (DP001) a

erythroblasts), day 6 (basophilic erythroblasts), day 8 (polychromatic erythroblas
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DP003, DP004, and DP007) throughout differentiation. The

relative amount of DARC protein was significantly lower in DN

erythroblasts at days 10 and 12 of terminal differentiation

compared with DP erythroblasts (p = 0.03, Mann-Whitney test)

(Figures 3A and 3B). The DARC expression pattern in DN cells

during in vitro erythroid differentiation was consistent with the

observation that DN erythrocytes from the peripheral blood of

the donor were not DARC+ (Figure 3A; red blood cells from

DN005 donor).33 This finding was supported by fluorescencemi-

croscopy, which showed that only a few DN erythroblasts were

DARC+ at day 9 terminal differentiation (Figure 3C).

Hence, we conclude from these experiments that DN erythro-

blasts clearly express DARC during erythroid differentiation,

albeit at lower levels compared with DP erythroblasts.

We observed similar CD71 expression profiles in both DP and

DN erythroblasts (Figures S3B and S4A–S4D). Themean percent-

age of DP erythroblasts expressing CD71 was 97.3% (n = 3, con-

fidence interval 95%: 63.7%–100%) on day 0 and 95.3% (n = 3,

confidence interval 95%: 87.2%–100%) on day 12, similar to the

mean percentage of DN erythroblasts expressing CD71 (n = 3,

mean: 100%, confidence interval 95%: 100% on day 0 and n =

3, mean: 94.3%, confidence interval 95%: 83.0%–100% on day

12). There was a low level of variability within DP and DN donors

(RSD < 5%) (Figure S1D). As a result, the mean proportion of DP

erythroblastsexpressingbothDARCandCD71, the twomajor sur-

face receptors required for P. vivax invasion, was highly variable,

ranging from 8.4% (n = 3, confidence interval 95%: 6.6%–

10.1%) on day 2 to 55.7% (n = 3, confidence interval 95%:

14.2%–97.3%) on day 6. This proportion remained higher than

that of a subset of DARC+/CD71+ DN erythroblasts (ranging

from 0.7%, n = 3, confidence interval 95%: 0%–2.5% at day 8 to

2.5%, n = 3, confidence interval 95%: 0%–9.8% at day 4)

(Figures S4E–S4H).

P. vivax merozoites can invade DN erythroblasts during
terminal erythroid differentiation
Todeterminewhether thesubsetofgenotypicallyDNerythroblasts

expresses functional DARC and CD71, the receptors for PvDBP

and PvRBP2b that may allow P. vivaxmerozoite invasion, we iso-

latedCD34+HSPCs fromtheperipheralbloodof twoadditionalDP

(DP007 and DP010) and two DN (DN005 and DN006) healthy do-

nors (Table 1). CD34+ cells underwent expansion and differentia-

tion in vitro (Figure 4A). Both DP and DN erythroid progenitors

differentiated and reached the terminal differentiation stage, as

described above. In bothDPandDNerythroblasts, the expression

profilesofDARCandCD71wereconsistentwithour previousfind-

ings. At day 7 of terminal differentiation, we thawed and cultured

parasite isolates obtained from two Malagasy patients and seven

Ethiopianpatients infectedwithP. vivax (TableS1; Figure4A). After

approximately 24–30hof in vitromaturation (whichcorresponds to
1) and one DN (DN001) donor, showing the distribution of cell populations with

10, and 12. ProE, proerythroblasts; EB, early basophilic erythroblasts; LB, late

tic erythroblasts.

, late basophilic, polychromatic, and orthochromatic erythroblasts within the

ur DN (DN001, DN002, DN003, and DN005, red bars) donors on days 0, 2, 4, 6,

nd one DN (DN001) donors at day 0 (mainly proerythroblasts), day 4 (basophilic

ts), day 10, and day 12 (orthochromatic erythroblasts).
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Figure 2. A subset of genotypically Duffy-negative (DN) erythroblasts expressDARCduring terminal erythroid differentiation (flow cytometry data)

(A) A representative histogram showing the percentage of GPA+ DARC+ cells from one DP (DP004) and one DN (DN005) donor at days 2, 4, 6, 8, 10, and 12.

(B) A representative histogram showing the percentage of GPA+ DARC+ cells in erythroid cells from one DP (DP007) and one DN (DN006) donor at days 4, 6, 8,

and 10. The oval shapes in (A) and (B) show DARC+ DN erythroid cells.

(legend continued on next page)
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day 8 of terminal differentiation for DP and DN erythroblasts)

(Figures S5A and S5B), each P. vivax parasite culture was co-

cultured with either DP or DN erythroblasts for 24–48 h. We then

assessedthe infectionofDPandDNerythroblastsbyP.vivaxusing

light microscopy. Approximately 50,000 cells were cytospun onto

glass microscope slides and stained with May-Grunwald-Giemsa

stain. Of the 22 co-cultures, we detected P. vivax infection in both

DP and DN co-cultures (Table S1). We observed very few para-

sites, either at ring stages or at more mature stages, with large

chromatin dots and hemozoin (Figures 4B–4G, S6C, and S7). No

Schuffner’s dots were observed in the infected erythroblasts.

We confirmed the infection of DP and DN erythroblasts with

P. vivax parasites using fluorescence microscopy. About 3 3

106 erythroblasts per condition were stained with P. vivax 18S

rRNA fluorescence in situ hybridization (FISH) probe, anti-Plas-

modium HSP70, anti-DARC, and anti-CD71 antibodies. Of the

22 co-cultures (11 with DP and 11 with DN erythroblasts),

P. vivax infections were detected in both DP and DN co-cultures

(Figures 4B–4G, S6, and S7). Dual staining with the 18S rRNA

FISH probe and anti-Plasmodium HSP70 antibody confirmed

the presence of P. vivax parasites in DP and DN co-cultures

(Figures 4B and 4C). Almost half of the P. vivax isolates invaded

both DP and DN erythroblasts (5/11), 2/11 invaded neither, 3/11

invaded only DP erythroblasts, and 1/11 invaded only DN eryth-

roblasts, suggesting that the ability to invade is critically depen-

dent on the viability of the cryopreserved P. vivax parasites

(Table S1). However, as only one to three infected erythroblasts

were detected per invasion assay, we were unable to compare

the number of P. vivax-infected cells in the invasion assays be-

tween DP and DN erythroblasts. As observed by light micro-

scopy, both P. vivax parasites in DP and DN erythroblasts had

a similar profile, in that we could observe the parasite nuclei

close to the erythroblast nuclei, sometimes surrounded by sig-

nals corresponding to the P. vivax 18S rRNA probe and/or

HSP70monoclonal antibody (mAb), together with the expression

of CD71 and DARC on the surface of the erythroblasts

(Figures 4B–4G, S6, and S7). We found that all DP and DN eryth-

roblasts infected with P. vivax were CD71+ and DARC+.

These results provide biological evidence that P. vivax can

invade DN erythroblasts and that transiently expressed DARC

is a potentially functional receptor for invasion.

DISCUSSION

Here, we provide key insights into P. vivax invasion pathways in

genotypically DN patients by investigating the terminal erythroid

differentiation of DN erythroid progenitors and their potential to

express DARC andCD71 and present strong biological evidence

that P. vivaxmerozoites, regardless of their origin, can invade DN

erythroblasts.

The expression profile of DARC inDP erythroblasts was consis-

tent with previous observations that approximately half of the
(C) Bar graph representing the percentage of GPA+ DARC+ cells in a total of four D

(mean ± standard deviation).

(D) Bar graph representing the percentages of GPA+ DARC+ cells in a total of four

(mean ± standard deviation).

(E) A bar graph representing the percentage of GPA+DARC+ cells in erythroid cells

DN002, DN003, and DN005) donors on days 0, 2, 4, 6, 8, 10, and 12 (mean ± sta
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erythroblasts expressed DARC on day 12.34 Interestingly, we

found that a small population of DN erythroblasts (<5% erythro-

blasts on day 12) also express DARC. This suggests that although

a single-point mutation in the GATA-1 site of the ackr1 gene pro-

moter significantly reduces the number of DARC+ cells,33 tran-

sient expression of DARC may occur in a small subpopulation of

DN erythroid cells (�16-fold lower than the number of genotypi-

cally DP cells) and supports P. vivax infection. This observation

was confirmed by the detection of DARC by western blotting in

cytoplasmic protein extracts from DN erythroblasts but not in ex-

tracts from DN peripheral blood erythrocytes. Taken together,

these data suggest that theGATA-1bindingmotif of the ackr1pro-

moter may be required for the sustained expression of DARC dur-

ing erythroid differentiation inDPcells,whereas a single-pointmu-

tation in the GATA-1 motif in DN cells results in a decrease in the

number of cells expressing DARC at terminal differentiation.

In vivo, the maturation of orthochromatic erythroblasts into

reticulocytes involves various changes, including enucleation, he-

moglobinization, remodeling of the membrane, and expression or

depletion of certain proteins.35 Here, we clearly show that DN

erythroblasts are deficient in maintaining their ability to express

DARC at the end of terminal erythroid differentiation when ortho-

chromatic erythroblasts enucleate to produce reticulocytes or

when reticulocytes migrate to peripheral blood and mature into

erythrocytes. However, in this study, we were unable to provide

conclusive evidence that the subset of DN erythroblasts express-

ing DARC gives rise to DN reticulocytes expressing DARC.

Indeed, we cannot exclude the possibility that the threshold

detection of the DARC protein by western immunoblotting, which

is based on the measurement of total cytoplasmic proteins, may

have failed to detect a small subset of DARC+ cells among the

majority of DARC reticulocytes or erythrocytes due to the pres-

ence of large amounts of other proteins, such as hemoglobin.

Overall, we observed that the number of DP and DN erythro-

blasts expressing DARC during terminal erythroid differentiation

varied widely between donors, probably due to the involvement

of multiple regulatory elements controlling mRNA expression of

the ackr1 locus, among others, that may influence gene regula-

tion. DARC expression profiles contrasted with CD71 expression

profiles in both DP and DN erythroblasts, consistent with previous

observations.36 CD71 was highly expressed in erythroid precur-

sors at all maturation stages and decreased as reticulocytes

matured.37–39 Given the specific tropism of P. vivax merozoites

for CD71+ immature reticulocytes13 and the importance of

the PvRBP2b-CD71 interaction in the recognition of DP reticulo-

cytes prior to invasion,11 our data confirmed that P. vivax

infections are restricted to CD71+ erythroid progenitors, erythro-

blasts, and/or immature reticulocytes.

Since the development of functional invasion assays requires

large numbers of erythroblasts, we decided to establish co-cul-

tures on day 8 for terminal differentiation (Figure 4A). DP and DN

erythroblasts were co-cultured with either Malagasy or Ethiopian
P (DP001, DP002, DP003, and DP004) donors on days 0, 2, 4, 6, 8, 10, and 12

DN (DN001,DN002,DN003, andDN005) donors on days 0, 2, 4, 6, 8, 10, and 12

from four DP (DP001,DP002,DP003, andDP004) donors and four DN (DN001,

ndard deviation).
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merozoites of P. vivax. When DN erythroblasts were co-cultured

with P. vivax parasites, only DARC+/CD71+ DN erythroblasts

were invaded by the parasites. These observations suggest that

DN erythroblasts express functional DARC and that P. vivaxmer-

ozoites can use the PvDBP-DARC invasion pathway, irrespective

of the origin and genetic background of the P. vivax strains. This

was confirmed as there was no evidence of P. vivax invasion of

erythroid cells that were not positive for DARC. Therefore, this

finding suggests that P. vivax has not evolved an alternative inva-

sion pathway to overcome Duffy-negativity.40,41 However, defini-

tive evidence through the use of an anti-DARC mAb to prevent

erythroblast invasionbyP. vivax is not provided inour study. These

additional experimentswere not performeddue to the low number

of infected cells per assay (approximately 1–3 infected cells) and

the inability to accurately quantify the difference in the number of

infectedcells between the twoculture conditions (with andwithout

mAb anti-DARC).

Overall, the expression of DARC assessed in erythroid pro-

genitors from DN donors may confirm the accumulating evi-

dence of P. vivax endemicity across the DN population and pro-

vide evidence that P. vivax may be a prominent biological

problem in sub-Saharan Africa.15,42,43 The results obtained

here suggest that the biomass of P. vivax shifts away from the

peripheral blood into the extravascular spaces of the bone

marrow and other tissues, where immature reticulocytes can

form or accumulate. This echoes old and recent reports of

P. vivax presence in the bone marrow and the spleen, which

have been observed by autopsy, aspiration, biopsy, or acute

infection following bone marrow transplantation.15,30 Therefore,

anatomic sites of active erythropoiesis, including bone marrow,

spleen, liver, and other tissues in which extramedullary hemato-

poiesis can occur (as seen in many pathologies such as chronic

and deep anemia), may represent a hidden reservoir of P. vivax

parasites,19–31 suggesting that P. vivax parasites may have

established stable transmission at low levels in sub-Saharan Af-

rica.15 As only a subset of DN erythroblasts expresses DARC, the

scarcity of permissive cells and their restriction to sites of active

erythropoiesis may explain why vivax malaria in African DN indi-

viduals is often characterized by very low parasitemia.15–18

Importantly, these data suggest that the extent of the prevalence

of P. vivax infection in DN African population is currently un-

known, as almost all evidence of P. vivax infection comes from

the conventional detection of parasites in Giemsa-stained blood

smears from peripheral blood. The hypothesis thatP. vivax infec-

tions are more widespread than can be deduced from peripheral
Figure 3. A subset of genotypically Duffy-negative (DN) erythroblasts

immunoblotting and immunofluorescence microscopy data)

(A) Representative western blot analysis of cytoplasmic protein extracts of erythro

and 12 of terminal differentiation and in erythrocytes from peripheral blood for

quantification density of the DARC protein levels for DP007 donor (blue) and DN

(B) Additional western blot analyses of cytoplasmic protein extracts of erythroid c

andDN002) donors at days 0, 10, and 12 (DP001/DN001), and at days 10 and 12 (D

relative quantification density (and the standard deviation of the mean) of the DAR

reference set at 1) and DN donors (DN001, DN002, and DN003, in red), compare

plasmic protein extracts of erythroid cells collected at days 10 and 12. Error b

significantly lower in DN erythroblasts at days 10 and 12 of terminal differentiatio

(C) Fluorescencemicroscopy of paraformaldehyde-fixed DP (DP007 andDP010) a

images are shown on the left, and images with DNA (stained with DAPI, blue) a

Objective: 633.
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parasitemia is supported by serological surveys that have shown

that P. vivax seropositivity in sub-Saharan Africa ranges from

13% to 53% (reviewed in Baird15). Diagnosis of vivax malaria

based on the microscopic examination of Giemsa-stained blood

smears, rapid diagnostic tests, or even NAATs has probably

missed many instances of vivax malaria cases, especially in

sub-Saharan Africa where DN Africans predominate and in

which tropism away from peripheral blood may be more pro-

nounced. Therefore, there is a need for novel diagnostic tools

capable of detecting deeper infections to update the current

landscape of vivax malaria distribution, frequency, and assess-

ment of clinical impact in sub-Saharan Africa.

On a more positive note, our findings also have important

implications for the development of therapeutic approaches

and vaccines against P. vivax malaria. Indeed, evidence that

P. vivax merozoites invade DARC+ DN erythroblasts suggests

that the leading vaccine candidate targeting the PvDBPII-

binding domain of PvDBP in P. vivax merozoites44–46 could

be used to prevent vivax malaria in both DP and DN

populations.

Although our experimental work represents a breakthrough in

our understanding of P. vivax invasion pathways, it has several

limitations. First, the high inter-individual variability observed

has prevented us from fully characterizing DN erythroblasts

in vitro. Second, the invasion of erythroblasts byP. vivaxmerozo-

ites, in our hands, resulted in few infected cells, probably sug-

gesting that the successful invasion of DN erythroblasts by

P. vivaxmerozoites is rare. This low number of infected cells pre-

vents us from quantifying and evaluating the inhibition of P. vivax

invasion into erythroblasts by anti-DARC antibodies to exclude

the potential existence of alternative invasion.40,41,47,48 An

alternative approach could be to perform in vitro assays using

Duffy-null erythroblasts from immortalized erythroid cell lines

(ackr1 knockout). As the invasion of erythroblasts by P. vivax

merozoites is highly dependent on culture conditions such as

the viability of P. vivax parasites from cryopreserved parasite

samples and parasitemia, performing invasion assays with the

use of fresh clinical P. vivax isolates from ex vivo field studies

could also overcome these technical problems. Third, we do

not have complete evidence that in vitro invasion assays fully

replicate the in vivo invasion mechanism of P. vivax.

Nevertheless, we provide here insights into how genotypically

DN erythroblasts can be infected with P. vivax merozoites. This

finding reveals that a large number of DN individuals may repre-

sent a silent reservoir of deep P. vivax infections at the sites of
expresses DARC during terminal erythroid differentiation (western

id cells from one DP (DP007) and one DN (DN005) donor at days 0, 2, 4, 6, 8, 10,

the presence of DARC and actin (control). Bar graphs represent the relative

005 (red), compared with the actin control in each condition.

ells from three DP (DP001, DP003, and DP004) and three DN (DN001, DN003,

P003/DN003 andDP004/DN002). Bar graph represents the fold-change in the

C protein levels for DP donors (DP001, DP003, and DP004, in blue, used as the

d with the actin control in each condition. The data were obtained from cyto-

ars show the standard deviation. The relative amount of DARC protein was

n compared with DP erythroblasts (p = 0.03, Mann-Whitney test).

nd DN (DN005 andDN006) cells on day 9 of terminal differentiation. Bright-field

nd DARC (stained with anti-DARC antibody, orange) are shown on the right.
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active erythropoiesis with very low or no parasitemia and an

underestimated biological problem with potential clinical conse-

quences in sub-Saharan Africa.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BV421-conjugated mousemonoclonal anti-

CD235a (GPA) antibody (flow cytometry)

BD Biosciences Cat.# 562938 (clone GA-R2); RRID:

AB_2721016

BV421-conjugated mousemonoclonal anti-

mouse CD71 antibody (flow cytometry)

BD Biosciences Cat.# 562995 (clone M-A712); RRID:

AB_2737939

PECy7-conjugated mouse monoclonal

anti-CD235a (GPA) antibody (flow

cytometry)

BD Pharmingen Cat.# 563666 (clone GA-R2); RRID:

AB_2738361

APC-conjugated mouse monoclonal anti-

CD36 antibody (flow cytometry)

BD Pharmingen Cat.# 562744 (clone CRF D-2712); RRID:

AB_2737763

APC-conjugated mouse monoclonal anti-

CD49d antibody (flow cytometry)

BD Pharmingen Cat.# 559881 (clone 9F10)

PE-conjugated mouse monoclonal anti-

DARC antibody (flow cytometry)

BD Pharmingen Cat.# 566424 (clone NaM185-2C3); RRID:

AB_2739724

FITC-conjugated mouse monoclonal anti-

Band 3 antibody (flow cytometry)

IBGRL Cat.# 9439FITC (clone BRIC6)

APC-conjugated recombinant human

monoclonal anti-DARC antibody (flow

cytometry)

Miltenyi Biotec Cat.# 130-120-239 (clone REA376)

FITC-conjugated mouse monoclonal anti-

CD71 antibody (flow cytometry)

Miltenyi Biotec Cat.# 130-126-032 (clone AC102); RRID:

AB_615104

Rabbit polyclonal anti-DARC antibody

(immunoblotting)

Sigma-Aldrich Cat.# SAB3500242

Goat anti-rabbit IgG monoclonal antibody

(immunoblotting)

Cell Signaling Technology Cat.# 7074; RRID: AB_2099233

Rabbit anti-DARC monoclonal antibody

(fluorescence)

Thermo Fisher Scientific Cat.# 703703 (clone 10H52L38); RRID:

AB_2809247

Mouse anti-CD71 monoclonal antibody

(fluorescence)

Thermo Fisher Scientific Cat.# 14-0719-82 (clone OKT9); RRID:

AB_467338

Mouse anti-HSP70 polyclonal antibody

(fluorescence)

Pr. Olivier Silvie, Biology and Immunology

of Malaria Research Unit, CIMI

N/A

Alexa Fluor 555-conjugated anti-rabbit IgG

goat polyclonal antibody (fluorescence)

Invitrogen Cat.# A-21429; RRID: AB_2535850

Alexa Fluor 488-conjugated anti-mouse IgG

goat polyclonal antibody (fluorescence)

Invitrogen Cat.# A-28175; RRID: AB_2536161

Biological samples

Human CD34+ cells This study Cf. Tables 1 and S1

P. vivax isolates (Madagascar) Matthieu Schoenhals

Demande d’accès aux ressources

génétiques No. 164/2020/DlR/HM

(10/07/2020)

Cf. Table S1

P. vivax isolates (Ethiopia) Lemu Golassa

Approval od shipment of sampels

(No. MoSHE/04/246/967/21)

Cf. Table S1

Cellular stains

7-AAD fluorochrome (flow cytometry) BD Pharmingen Cat.# 559925

FITC-conjugated Annexin V dye (flow

cytometry)

BD Pharmingen Cat.# 556419

Hoechst 33342 dye (flow cytometry) BD Pharmingen Cat.# 561908
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Quasar-670-conjugated RNA Stellaris

FISH probe

Biosearch Technologies www.biosearchtech.com/stellarisdesigner

Software and algorithms

FlowJo v.10 BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads

Diva v. 8 BD Biosciences https://www.bdbiosciences.com/en-us/

products/software/instrument-software/

bd-facsdiva-software

Image Lab v.6.1 Bio-rad https://www.bio-rad.com/fr-fr/product/

image-lab-software

GraphPad Prism GraphPad https://www.graphpad.com/features

Zen v.3.7 Carl Zeiss https://www.zeiss.com/microscopy/fr/

produits/logiciel/zeiss-zen

Instruments

Flow cytometer LSR Fortessa BD Biosciences https://www.bdbiosciences.com/en-fr/

products/instruments/flow-cytometers/

research-cell-analyzers/bd-lsrfortessa

Flow cytometer Attune NxT Thermo Fisher Scientific https://www.thermofisher.com/fr/fr/home/

life-science/cell-analysis/flow-cytometry/

flow-cytometers/attune-nxt-flow-

cytometer/models/nxt.html

Apotome microscope Carl Zeiss https://www.zeiss.com/microscopy/fr/

produits/microscopes-optiques/

microscopes-a-champ-large.html

Axio Imager M2 upright microscope Carl Zeiss https://www.zeiss.com/microscopy/fr/

produits/microscopes-optiques/

microscopes-a-champ-large.html

ChemiDoc Touch Imaging System Biorad https://www.bio-rad.com/en-uk/product/

chemidoc-touch-imaging-system?

ID=NINJCT4VY

REBEL ECHO Microscope ECHO https://discover-echo.com/rebel/?

utm_source=google&utm_

medium=search&utm_campaign=

11514218595&utm_term=echo%20rebel%

20microscope&utm_content=

476427864927&gad_source=1&gclid=

CjwKCAiAjfyqBhAsEiwA-

UdzJEiSGIUayptitA5jp_

437ITDDyrkOidILmCHnVFzMxPVBZpmu

hXZohoCd7oQAvD_BwE

ll
OPEN ACCESSClinical and Translational Report

Please cite this article in press as: Bouyssou et al., Unveiling P. vivax invasion pathways in Duffy-negative individuals, Cell Host & Microbe (2023),
https://doi.org/10.1016/j.chom.2023.11.007
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Didier

Menard (dmenard@pasteur.fr).

Materials availability
No new reagents were generated in this study.

Data and code availability
Original western blot images and microscopy data reported in this paper could be shared by the lead contact upon request. This

paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Biological samples
Whole blood from healthy donors

Whole blood samples from Duffy-positive (DP) and Duffy-negative (DN) healthy donors were provided by the Etablissement Français

du Sang (EFS) in Strasbourg, according to the Ethics Committees of the EFS and the University of Strasbourg. All patients provided

informed consent, and when the participants were children, their parents or guardians provided consent.

P. vivax clinical isolates

Clinical P. vivax isolates were obtained from symptomatic patients infected with P. vivax and collected in health centers in

Madagascar according to the Declaration of Helsinki, with approval from theMalagasyMinistry of Health, National Ethics Committee

(N�050 MSANP/SG/-AGMED/CNPV/CERBM) and the Institut Pasteur Department of Legal Affairs (IRB/2019/04). All patients pro-

vided informed consent, andwhen the participants were children, their parents or guardians provided consent. Whole blood samples

were cryopreserved in liquid nitrogen (LN). P. vivax infected patients were treated with antimalarial drugs according to the national

treatment guidelines based on their microscopic result.

In Ethiopia, clinical P. vivax isolates were obtained from symptomatic patients visiting the Adama Malaria Diagnostic Center after

confirmation with thick and thin blood films. Approximately 2ml of venous bloodwas collected in EDTA tubes from each study partic-

ipant and shipped to the University of Strasbourg (Strasbourg, France). Ethical approval was obtained from the Institutional Review

Board of Aklilu Lemma Institute of Pathobiology (No. ALIPB IRB/18/2012/20) and National Research Ethics Review Committee

(NRERC) (No. MoSHE/02/152/778/21). The study participants, their parents, and/or guardians were informed about the purpose,

procedure, and benefit of the study and the minor side effects of the procedure during blood sample collection. Blood samples

were obtained after obtaining written informed consent and/or assent from all study participants or their parents/guardians/care-

givers. P. vivax infected patients were treated with antimalarial drugs according to the national treatment guideline based on their

microscopic result.

METHOD DETAILS

Duffy genotyping
The Duffy genotype of the blood donors was determined using Sanger sequencing. Briefly, genomic DNA was extracted from blood

samples using aQiaAmpDNA kit (Qiagen), according to the supplier’s recommendations. Duffy gene amplification was performed by

nested polymerase chain reaction (PCR) to search for potential GATA-1 and Fy mutations. The PCR products were sequenced using

Sanger sequencing, as previously described.49

Isolation of human CD34+ cells
Peripheral blood mononuclear cells (PBMCs) from Duffy-positive (DP) and Duffy-negative (DN) donors were isolated from whole

blood after Ficoll fractionation (G&E Healthcare). CD34+ cells were isolated by positive magnetic sorting using a CD34+ progenitor

cell isolation kit (Miltenyi Biotec), according to the supplier’s protocol. CD34+ cells were then frozen in freezing medium containing

10% dimethyl sulfoxide (DMSO) in liquid nitrogen and used for downstream analysis.50

In vitro erythropoiesis assays
Duffy-positive (DP) and Duffy-negative (DN) erythroid progenitors were placed in a two-phase in vitro culture system for the differ-

entiation of human erythroid progenitors.50 Briefly, CD34+ cells were expanded in Iscove’s Modified Dulbecco’s Medium (IMDM,

Gibco) supplemented with 15% BIT9500 medium (Stem Cell Technologies), 100 U/ml Penicillin Streptomycin (Gibco), 2mM

L-Glutamine (Gibco), 10ng/ml ng/mL human recombinant interleukin-3 (IL-3), 100ng/ml ng/mL human recombinant interleukin-6

(IL-6) and 50ng/ml human recombinant stem cell factor (SCF) (Miltenyi Biotec). This expansion phase lasted for 8 days. The cells

were maintained at 23105 cells/ml, and the medium was changed every other day. Differentiation was initiated using IMDM (Gibco)

supplemented with 15% BIT9500 medium (Stem Cell Technologies), 100 U/ml Penicillin Streptomycin (Gibco), 2mM L-Glutamine

(Gibco), 10ng/ml ng/mL human IL-3, 2U/ml U/mL erythropoietin (EPO) and 50ng/ml human SCF (Miltenyi Biotech). The differentiation

phase lasted 12 days. Cells were maintained at 23105 cells/ml until day 8 and, from then onward, at 53105 cells/ml with the medium

changed every other day.

In vitro invasion assays
Duffy-positive (DP) and Duffy-negative (DN) erythroid progenitors were placed in a two-phase (expansion and differentiation) in vitro

culture system.50 At Day 7 of terminal differentiation, P. vivax cryoisolates were thawed, placed in IMDM (Gibco) supplemented with

10% AB+ human serum (Sigma Aldrich), 10mM hypoxanthine (Dutcher) and 50mg/ml gentamycin (Fisher Scientific) and incubated at

37�C under gas conditions (5% O2, 5% CO2, 90% N2) for approximately 30h. At Day 8 of terminal differentiation, P. vivax parasites

were placed in co-culture with either Duffy-positive (DP) or Duffy-negative (DN) erythroblasts and incubated at 37�C under gas con-

ditions (5% O2, 5% CO2, 90% N2) for 48h.
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May-Gr€unwald Giemsa staining and microscopy
After 24 and 48 hours of co-culture, erythroblasts were harvested, washed, and spun on glass slides at 3000rpm for 3 min using a

Cytospin centrifuge (Shandon). The dot smears were stained with May-Gr€unwald Giemsa (MGG) staining (Sigma-Aldrich) following

the manufacturer’s instructions, and then observed by optical microscopy (Objective 100X) (EchoRebel).

Antibodies and fluorescent dyes
The BV421-conjugated anti-glycophorin A (GPA) mousemonoclonal antibody, PECy7-conjugated anti-GPAmousemonoclonal anti-

body, BV421-conjugated anti-CD71 mousemonoclonal antibody, APC-conjugated anti-CD36 mousemonoclonal antibody (BD Bio-

sciences), APC-conjugated anti-CD49d mouse monoclonal antibody, PE-conjugated anti-DARC rabbit monoclonal antibody (BD

Pharmingen), FITC-conjugated anti-band 3 mouse monoclonal antibody (IBGRL), APC-conjugated anti-DARC rabbit monoclonal

antibody, APC-conjugated anti-GPA recombinant human monoclonal antibody, FITC-conjugated anti-CD71 mouse monoclonal

antibody (Miltenyi biotec), 7-Aminoactinomycin D (7AAD) fluorochrome, FITC-conjugated annexin V dye (BD Biosciences) and

Hoechst 33342 dye (Invitrogen) were used for the follow up of the characterization of Duffy-negative erythroblasts and invasion as-

says by flow cytometry.

Anti-DARC rabbit polyclonal antibody (Sigma-Aldrich) and anti-rabbit IgG goat monoclonal antibody (Cell Signaling Technology)

were used to detect DARC by western blotting.

The anti-DARC rabbit monoclonal antibody, anti-CD71mousemonoclonal antibody (Fisher), Alexa Fluor 555-conjugated anti-rab-

bit IgG goat polyclonal antibody, Alexa Fluor 488-conjugated anti-mouse IgG goat polyclonal antibody (Invitrogen), and a set of RNA

Stellaris FISH probes specific to P. vivax 18S RNA and conjugated to quasar-670 (Stellaris) were used for fluorescence microscopy.

The sequences of the probes were designed with the Stellaris� FISH probe designer (Biosearch technologies) available online at

www.biosearchtech.com/stellarisdesigner.

Flow cytometry
Erythroid differentiation staining assay

Cells were harvested and stained for surface expression of GPA, Band 3, and CD49d on D0, D2, D4, D6, D8, D10, and D12 of terminal

differentiation. Specifically, 13105 cells were washed with PBS (1X) + 0.2% BSA and incubated with fluorescence-conjugated an-

tibodies at room temperature for 30 min in the dark. The cells were washed twice with PBS (1X) + 0.2% BSA and incubated with

7-AAD for 5min prior to analysis. Sampleswere analyzed using an LSR Fortessa flow cytometer and acquired using the Diva software

version 8 (BD Biosciences). The data were analyzed using FlowJo software version 10 (BD Biosciences).

Duffy staining assay

Cells were harvested and stained for surface expression of GPA, DARC and CD71 at D0, D2, D4, D6, D8, D10 and D12 of terminal

differentiation. Specifically, 13105 cells were washed with PBS (1X) + 0.2% BSA and incubated with fluorescence-conjugated an-

tibodies at room temperature for 30min in the dark. They were thenwashed twice with PBS (1X) + 0.2%BSA. The cells were analyzed

using an LSR Fortessa flow cytometer (BD Biosciences) and an Attune NxT Acoustic Focusing flow cytometer (Thermo Fischer Sci-

entific). Acquisition was performed using the Diva software (BD Biosciences) and Attune NxT software (Thermo Fischer Scientific).

The data were analyzed using FlowJo software v.10 (BD Biosciences).

Apoptosis staining assay

Cells were harvested and stained to measure the percentage of apoptotic cells on D0, D2, D4, D6, D8, D10, and D12 of terminal dif-

ferentiation. Specifically, 13105 cells were washed once with annexin buffer and incubated with FITC-conjugated Annexin V dye (BD

Biosciences) at room temperature for 20 min in the dark. They were analyzed using an LSR Fortessa flow cytometer and acquired

using the Diva software version 8 (BD Biosciences). The data were analyzed using FlowJo software version 10 (BD Biosciences).

Enucleation staining assay

Cells were harvested and stained tomeasure the percentage of enucleated cells on D8, D10, and D12 of terminal differentiation. Spe-

cifically, 13105 cells were washed with PBS (1X) + 0.2% BSA and incubated with PECy7-conjugated anti-GPA and APC-conjugated

anti-CD36 mouse monoclonal antibodies (BD Biosciences) at room temperature for 30 min in the dark. The cells were washed twice

with PBS (1X) + 0.2% BSA and incubated with Hoechst 33342 dye (Invitrogen) for 60 min at 37�C. They were analyzed using an LSR

Fortessa flow cytometer and acquired using the Diva software version 8 (BD Biosciences). The data were analyzed using FlowJo

software version 10 (BD Biosciences).

Protein extraction and western immunoblot
Erythrocytes from both Duffy-positive (DP) and Duffy-negative (DN) donors were resuspended in lysis buffer and incubated at 4�C for

45 min.51 Samples were then centrifuged at 1500rpm for 5 min. The supernatants containing the total protein fractions were trans-

ferred to new tubes. During differentiation, DP and DN erythroblasts were harvested, and cytoplasmic extracts were obtained using

the NE-PER Plus membrane protein extraction kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Proteins were

quantified using a BCA protein quantification kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. For each

sample, 10mg of proteins wasmigrated on a 4-12%SDS-polyacrylamide gel and electroblotted onto a nitrocellulosemembrane using

the Trans-Blot Turbo system (Bio-Rad). Membranes were blocked in TBS (1X) + 5%milk at room temperature for 60min then probed

with rabbit monoclonal anti-DARC antibody (Sigma) in TBS (1X) + 5%milk or mousemonoclonal anti-actin antibody (Cell signaling) in

TBS (1X) + 5% BSA at 4�C overnight. Membranes were washed then probed with a goat anti-rabbit antibody (DARC) or goat anti-
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mouse antibody (actine, Cell Signaling) at room temperature for 60min. Proteins were detected and visualized using the chemilumi-

nescent detection assay Clarity MaxWestern ECL (Bio-Rad) and the Chemidoc imaging system (Bio-Rad). Protein quantification was

performed using the Image Lab software version 6.1 (Biorad).

Fluorescence microscopy
RNA FISH and antibody staining assay

Cells were harvested and stained to detect the surface expression of DARC, CD71, and P. vivax-infected erythroblasts using fluo-

rescence microscopy (RNA Stellaris FISH probes specific to P. vivax 18S RNA and anti-Plasmodium HSP70 mouse polyclonal anti-

body). Briefly, 33106 cells were harvested after 24h and 48h of co-culture and washed with PBS (1X) + 0.2% BSA. The cells were

fixed in PBS (1X) supplemented with 4% paraformaldehyde and 0.0075% glutaraldehyde at room temperature for 30 min. The cells

were then blocked in PBS (1X) + 3% BSA at room temperature for 60 min. They were then incubated with anti-DARC rabbit mono-

clonal antibody (Thermo Fisher Scientific) and/or anti-CD71mousemonoclonal antibody (Thermo Fisher Scientific) at 37�C for 60min

in the dark. The cells were washed twice in PBS (1X) + 1% BSA and incubated with Alexa Fluor 555-conjugated anti-rabbit IgG goat

monoclonal antibody and Alexa Fluor 488-conjugated anti-mouse IgG goat monoclonal antibody (Invitrogen) at room temperature for

60min in the dark. The cells were washed twice in PBS (1X) + 1%BSA and permeabilized in PBS (1X) supplemented with 0.1% Triton

(X-100) at room temperature for 15 min. Cells were incubated with HSP70 mouse polyclonal antibody (gift from Olivier Silvie, Biology

and Immunology of Malaria Research Unit, CIMI) at 37�C for 60 min in the dark, and then washed twice in PBS (1X). Cells were incu-

bated with Alexa Fluor 680-conjugated anti-mouse IgG goat monoclonal antibody (Invitrogen) at room temperature for 60 min in the

dark and then washed twice in PBS (1X). The cells were then hybridized using a set of RNA Stellaris FISH probes specific to P. vivax

18S RNA and conjugated to quasar-670 (Stellaris) at 37�C overnight. Cells were washed twice in wash buffer A, incubated at 37�C for

30 min in the dark, and then washed once in wash buffer B. Cells were spun on glass slides at 1000rpm for 3 min using a Cytospin

centrifuge (Shandon) and left to dry. They were counterstained using Prolong Gold antifade mountant with diamidino phenylindole

(DAPI) (Thermo Fisher Scientific) and covered with coverslips (Epredia). Fluorescence images were captured with a computer-assis-

ted Zeiss Axio Imager.M2 upright microscope equipped with a Plan-Apochromat 63x/1.4 NA Oil objective lens (Carl Zeiss). DAPI im-

ages (blue) were collected with a 365 nm excitation filter and a 445/50 nm emmission filter HE Green Fluorescent Prot images (green)

with a 475/20 nmexcitation filter and a 530/25 nmemmission filter, HEDsRed images (orange) with a 545/25 nmexcitation filter and a

605/70 nm emmission filter ), Cy5 images (red) with a 643/30 nm excitation filter and a 690/50 nm emmission filter. The exposure

times per channel were kept constant for all the samples to ensure that the intensities could be compared with each other. Brighfield

images were collected at exposure time 24.4 ms. Images were captured with a Hamamatsu Camera Orca Flash 4.0lt, controlled, and

analyzed using Zen blue software v. 3.7 (Zeiss). A pre-processing pipeline was applied to all 2D images to remove noise, increase

contrast, and adjust the dynamic range of the image intensities. For quantitative imaging, we considered the intensity differences

when the MFI (Mean Fluorescence Intensity = MFI of the region of interest – MFI of background) was at a minimum x1.5 fold higher

with antibody and probe staining.

Statistical analysis
Statistical analyses were performed using GraphPad Prism (GraphPad Software Version 9). Categorical variables were described

using frequencies, percentages, and 95% confidence intervals. Chi-square or Fisher’s exact tests were used to assess differences

in proportion. Continuous variables were summarized asmeans and standard deviations. The Relative Standard Deviation (RSD) was

used to measure the deviation of the proportions disseminated around the mean. For comparisons between two groups, the paired

two-tailed t-test or Mann-Whitney test was used. One-way ANOVA variance was performed to compare the three groups. Analysis of

covariance (ANCOVA) was used to evaluate changes in the proportion of erythroid cell stages during terminal erythroid differentiation.

Statistical significance was considered when the p-value was <0.05.
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