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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. [START_REF]World malaria report[END_REF] 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 vivax malaria in Africans and Afro-Americans. [START_REF] Boyd | Studies on benign tertian malaria. I. On the occurrence of acquired tolerance to Plasmodium vivax[END_REF][START_REF] Bray | The susceptibility of Liberians to the Madagascar strain of Plasmodium vivax[END_REF][START_REF] Young | Some characteristics of foreign vivax malaria induced in neurosyphilitic patients[END_REF][START_REF] Young | Experimental testing of the immunity of negroes to Plasmodium vivax[END_REF] Later, Duffy blood groups were identified, [START_REF] Cutbush | The Duffy blood group system[END_REF][START_REF] Cutbush | A new human blood group[END_REF] and it was demonstrated that the absence of the Duffy antigen receptor for chemokines (DARC) on the surface of human erythrocytes, caused by a single-point mutation in the GATA-1 promoter sequence of ackr1À, was associated with natural resistance to vivax malaria. [START_REF] Miller | The resistance factor to Plasmodium vivax in blacks. The Duffy-blood-group genotype, FyFy[END_REF] Pioneering 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. [START_REF] Barnwell | In vitro evaluation of the role of the Duffy blood group in erythrocyte invasion by Plasmodium vivax[END_REF][START_REF] Chitnis | Identification of the erythrocyte binding domains of Plasmodium vivax and Plasmodium knowlesi proteins involved in erythrocyte invasion[END_REF] More recently, additional studies have revealed CD71 (transferrin receptor [TfR1]) and CD98 as the respective cogent receptors for P. vivax reticulocyte-binding protein 2b (PvRBP2b) and P. vivax reticulocytebinding protein 2a (PvRBP2a). [START_REF] Gruszczyk | Transferrin receptor 1 is a reticulocyte-specific receptor for Plasmodium vivax[END_REF][START_REF] Malleret | Plasmodium vivax binds host CD98hc (SLC3A2) to enter immature red blood cells[END_REF][START_REF] Malleret | Plasmodium vivax: restricted tropism and rapid remodeling of CD71-positive reticulocytes[END_REF] Together, these findings led to a scientific paradigm whereby P. vivax recognizes reticulocytes through interactions with PvRBP2b-CD71 and PvRBP2a-CD98 and invades genotypically Duffy-positive (DP) DARC+ reticulocytes through interactions between PvDBP and DARC. [START_REF] Bouyssou | Plasmodium vivax blood stage invasion pathways: contribution of omics technologies in deciphering molecular and cellular mechanisms[END_REF] 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 populations. In most cases, these infections are characterized by submicroscopic or very low levels of parasitemia. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF][START_REF] Abate | Vivax malaria in Duffy-negative patients shows invariably low asexual parasitaemia: implication towards malaria control in Ethiopia[END_REF][START_REF] Albsheer | Distribution of Duffy phenotypes among Plasmodium vivax infections in Sudan[END_REF][START_REF] Lo | Contrasting epidemiology and genetic variation of Plasmodium vivax infecting Duffy-negative individuals across Africa[END_REF] In parallel, P. vivax has been shown to preferentially invade CD71 + immature red blood cells (i.e., reticulocytes) and erythroid precursors, found primarily in extravascular erythropoietic tissues, such as the bone marrow, [START_REF] Barber | Parasite biomass-related inflammation, endothelial activation, microvascular dysfunction and disease severity in vivax malaria[END_REF][START_REF] Brito | Morphological and transcriptional changes in human bone marrow during natural Plasmodium vivax malaria infections[END_REF][START_REF] Fonseca | Analysis of erythrocyte dynamics in rhesus macaque monkeys during infection with Plasmodium cynomolgi[END_REF][START_REF] Lacerda | Chronic Plasmodium vivax infection in a patient with splenomegaly and severe thrombocytopenia[END_REF][START_REF] Obaldia | Bone marrow is a major parasite reservoir in Plasmodium vivax infection[END_REF][START_REF] O'donnell | Donor-derived Plasmodium vivax infection following volunteer unrelated bone marrow transplantation[END_REF][START_REF] Ru | Invasion of erythroblasts by Pasmodium vivax: a new mechanism contributing to malarial anemia[END_REF][START_REF] Shaikh | Plasmodium in the bone marrow: case series from a hospital in Pakistan, 2007-2015[END_REF][START_REF] Silva-Filho | Total parasite biomass but not peripheral parasitaemia is associated with endothelial and haematological perturbations in Plasmodium vivax patients[END_REF] spleen, [START_REF] Del Portillo | Variant genes and the spleen in Plasmodium vivax malaria[END_REF][START_REF] Fernandez-Becerra | Plasmodium vivax spleen-dependent genes encode antigens associated with cytoadhesion and clinical protection[END_REF][START_REF] Kho | Evaluation of splenic accumulation and colocalization of immature reticulocytes and Plasmodium vivax in asymptomatic malaria: a prospective human splenectomy study[END_REF] and tissues where extramedullary erythropoiesis can occur. [START_REF] Mende | Hematopoietic stem and progenitor cells outside the bone marrow: where, when, and why[END_REF] These observations demonstrate 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. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF] Here, we investigated the infection of genotypically DP and DN 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 erythroblasts is functional for P. vivax invasion. Our key findings were that a subset of genotypically DN erythroblasts transiently express 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

To determine whether genotypically DN erythroid progenitors have similar erythroid differentiation kinetics to genotypically DP 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, and DN005) healthy donors (Table 1). CD34+ cells were expanded and differentiated in vitro (Figure 1A). The kinetics of terminal erythroid differentiation, apoptosis rates, and enucleation yields were monitored every other day for 12 days using optical microscopy and flow cytometry. Both DP and DN erythroid progenitors presented the expected pattern, with proerythroblasts maturing into early basophilic erythroblasts, late basophilic erythroblasts, polychromatic erythroblasts, and orthochromatic erythroblasts. [START_REF] Hu | Isolation and functional characterization of human erythroblasts at distinct stages: implications for understanding of normal and disordered erythropoiesis in vivo[END_REF] 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, confidence interval 95%: 0%-45.2%) and 6.7% (n = 3, confidence interval 95%: 0%-18.9%) on day 6, and 85% (n = 4, confidence interval 95%: 66.5%-100%) and 62.1% (n = 4, confidence interval 95%: 28.5%-95.7%) on day 12, respectively (Figures 1B and1C). No significant difference in the kinetics of terminal erythroid differentiation 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 and1D). However, we found considerable inter-individual variation in DP and DN donors. The relative standard deviation (RSD) of the proportions of erythroblast stages varied from 6% to 180% for DP erythroblasts, and from 9% to 180% for DN erythroblasts (Figures S1A andS1B). No significant difference in variability was detected between DP and DN erythroblasts (p = 0.15, Mann-Whitney test).

The enucleation rate was also monitored 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 difference 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 andS2B). Finally, low and similar proportions of Glycophorin (legend continued on next page)

A-positive (GPA+) Annexin V+ cells (reflecting apoptosis) were noticed in both DP and DN erythroblasts, indicating that they survived at similar rates during in vitro differentiation (Figures S2C andS2D). 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 erythroblasts expressing DARC and CD71 during terminal erythroid differentiation, we quantified the DARC/CD71 expression profiles 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) varied from 24.6% (n = 3, confidence interval 95%: 0%-76.4%) on day 0 (mostly proerythroblasts) to 78.3% (n = 4, confidence interval 95%: 61.7%-94.9%) on day 8 (mostly polychromatic and orthochromatic erythroblasts) and 50.9% (n = 4, confidence interval 95%: 13.0%-88.9%) on day 12 (mostly orthochromatic erythroblasts) (Figures 2A-2C, 2E, andS3A). 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, andS3A). Interestingly, we noted that the subset of DN erythroblasts expressing DARC showed a higher MFI than that of DARC+ DP erythroblasts (Figures 2A and2B). As observed with DARC+ DP erythroblasts, we found that the proportion of DARC+ DN erythroblasts did not differ significantly over time (p = 0.7, one-way analysis of variance) but was highly variable among the four donors, 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 expression of DARC in both DP and DN erythroblasts during the early stages of differentiation (Figures 3A and3B). In DN cells, DARC expression was highly variable among the donors (DN001, DN002, DN003, and DN005), whereas DARC expression remained less variable among DP donor cells (DP001, 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 and3B). 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). [START_REF] Tournamille | Disruption of a GATA motif in the Duffy gene promoter abolishes erythroid gene expression in Duffy-negative individuals[END_REF] This finding was supported by fluorescence microscopy, 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 erythroblasts 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 andS4A-S4D). The mean percentage of DP erythroblasts expressing CD71 was 97.3% (n = 3, confidence 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 erythroblasts expressing both DARC and CD71, the two major surface 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

To determine whether the subset of genotypically DN erythroblasts expresses functional DARC and CD71, the receptors for PvDBP and PvRBP2b that may allow P. vivax merozoite invasion, we isolated CD34+ HSPCs from the peripheral blood of two additional DP (DP007 and DP010) and two DN (DN005 and DN006) healthy donors (Table 1). CD34+ cells underwent expansion and differentiation in vitro (Figure 4A). Both DP and DN erythroid progenitors differentiated and reached the terminal differentiation stage, as described above. In both DP and DN erythroblasts, the expression profiles of DARC and CD71 were consistent with our previous findings. At day 7 of terminal differentiation, we thawed and cultured parasite isolates obtained from two Malagasy patients and seven Ethiopian patients infected with P. vivax (Table S1; Figure 4A). After approximately 24-30 h of in vitro maturation (which corresponds to (legend continued on next page) day 8 of terminal differentiation for DP and DN erythroblasts) (Figures S5A andS5B), each P. vivax parasite culture was cocultured with either DP or DN erythroblasts for 24-48 h. We then assessed the infection of DP and DN erythroblasts by P. vivax using 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 parasites, 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-Plasmodium 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 and4C). 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 erythroblasts, suggesting that the ability to invade is critically dependent 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 between DP and DN erythroblasts. As observed by light microscopy, 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 signals corresponding to the P. vivax 18S rRNA probe and/or HSP70 monoclonal 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 erythroblasts 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 and CD71 and present strong biological evidence that P. vivax merozoites, regardless of their origin, can invade DN erythroblasts.

The expression profile of DARC in DP erythroblasts was consistent with previous observations that approximately half of the erythroblasts expressed DARC on day 12. [START_REF] Southcott | The expression of human blood group antigens during erythropoiesis in a cell culture system[END_REF] Interestingly, we found that a small population of DN erythroblasts (<5% erythroblasts on day 12) also express DARC. This suggests that although a single-point mutation in the GATA-1 site of the ackr1 gene promoter significantly reduces the number of DARC+ cells, [START_REF] Tournamille | Disruption of a GATA motif in the Duffy gene promoter abolishes erythroid gene expression in Duffy-negative individuals[END_REF] transient expression of DARC may occur in a small subpopulation of DN erythroid cells ($16-fold lower than the number of genotypically 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 extracts from DN peripheral blood erythrocytes. Taken together, these data suggest that the GATA-1 binding motif of the ackr1 promoter may be required for the sustained expression of DARC during erythroid differentiation in DP cells, whereas a single-point mutation 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, hemoglobinization, remodeling of the membrane, and expression or depletion of certain proteins. [START_REF] Moras | From erythroblasts to mature red blood cells: organelle clearance in mammals[END_REF] Here, we clearly show that DN erythroblasts are deficient in maintaining their ability to express DARC at the end of terminal erythroid differentiation when orthochromatic 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 expressing 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 presence of large amounts of other proteins, such as hemoglobin.

Overall, we observed that the number of DP and DN erythroblasts 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 regulation. 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 precursors at all maturation stages and decreased as reticulocytes matured. [START_REF] Brun | A new method for isolation of reticulocytes: positive selection of human reticulocytes by immunomagnetic separation[END_REF][START_REF] Kono | Morphological definition of CD71 positive reticulocytes by various staining techniques and electron microscopy compared to reticulocytes detected by an automated hematology analyzer[END_REF][START_REF] Malleret | Significant biochemical, biophysical and metabolic diversity in circulating human cord blood reticulocytes[END_REF] Given the specific tropism of P. vivax merozoites for CD71+ immature reticulocytes [START_REF] Malleret | Plasmodium vivax: restricted tropism and rapid remodeling of CD71-positive reticulocytes[END_REF] and the importance of the PvRBP2b-CD71 interaction in the recognition of DP reticulocytes prior to invasion, [START_REF] Gruszczyk | Transferrin receptor 1 is a reticulocyte-specific receptor for Plasmodium vivax[END_REF] our data confirmed that P. vivax infections are restricted to CD71+ erythroid progenitors, erythroblasts, and/or immature reticulocytes.

Since the development of functional invasion assays requires large numbers of erythroblasts, we decided to establish co-cultures on day 8 for terminal differentiation (Figure 4A). DP and DN erythroblasts were co-cultured with either Malagasy or Ethiopian 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. vivax merozoites 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 invasion pathway to overcome Duffy-negativity. [START_REF] Kanjee | Plasmodium vivax Strains use alternative pathways for invasion[END_REF][START_REF] Ntumngia | A novel erythrocyte binding protein of Plasmodium vivax suggests an alternate invasion pathway into Duffy-positive reticulocytes[END_REF] However, definitive evidence through the use of an anti-DARC mAb to prevent erythroblast invasion by P. vivax is not provided in our study. These additional experiments were not performed due 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 infected cells between the two culture conditions (with and without mAb anti-DARC).

Overall, the expression of DARC assessed in erythroid progenitors from DN donors may confirm the accumulating evidence of P. vivax endemicity across the DN population and provide evidence that P. vivax may be a prominent biological problem in sub-Saharan Africa. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF][START_REF] Oboh-Imafidon | Plasmodium vivax in Sub-Saharan Africa: an advancing threat to malaria elimination?[END_REF][START_REF] Quaye | Malaria elimination in Africa: rethinking strategies for Plasmodium vivax and lessons from Botswana[END_REF] 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. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF][START_REF] Kho | Evaluation of splenic accumulation and colocalization of immature reticulocytes and Plasmodium vivax in asymptomatic malaria: a prospective human splenectomy study[END_REF] Therefore, anatomic sites of active erythropoiesis, including bone marrow, spleen, liver, and other tissues in which extramedullary hematopoiesis can occur (as seen in many pathologies such as chronic and deep anemia), may represent a hidden reservoir of P. vivax parasites, [START_REF] Barber | Parasite biomass-related inflammation, endothelial activation, microvascular dysfunction and disease severity in vivax malaria[END_REF][START_REF] Brito | Morphological and transcriptional changes in human bone marrow during natural Plasmodium vivax malaria infections[END_REF][START_REF] Fonseca | Analysis of erythrocyte dynamics in rhesus macaque monkeys during infection with Plasmodium cynomolgi[END_REF][START_REF] Lacerda | Chronic Plasmodium vivax infection in a patient with splenomegaly and severe thrombocytopenia[END_REF][START_REF] Obaldia | Bone marrow is a major parasite reservoir in Plasmodium vivax infection[END_REF][START_REF] O'donnell | Donor-derived Plasmodium vivax infection following volunteer unrelated bone marrow transplantation[END_REF][START_REF] Ru | Invasion of erythroblasts by Pasmodium vivax: a new mechanism contributing to malarial anemia[END_REF][START_REF] Shaikh | Plasmodium in the bone marrow: case series from a hospital in Pakistan, 2007-2015[END_REF][START_REF] Silva-Filho | Total parasite biomass but not peripheral parasitaemia is associated with endothelial and haematological perturbations in Plasmodium vivax patients[END_REF][START_REF] Del Portillo | Variant genes and the spleen in Plasmodium vivax malaria[END_REF][START_REF] Fernandez-Becerra | Plasmodium vivax spleen-dependent genes encode antigens associated with cytoadhesion and clinical protection[END_REF][START_REF] Kho | Evaluation of splenic accumulation and colocalization of immature reticulocytes and Plasmodium vivax in asymptomatic malaria: a prospective human splenectomy study[END_REF][START_REF] Mende | Hematopoietic stem and progenitor cells outside the bone marrow: where, when, and why[END_REF] suggesting that P. vivax parasites may have established stable transmission at low levels in sub-Saharan Africa. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF] 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 individuals is often characterized by very low parasitemia. [START_REF] Baird | African Plasmodium vivax malaria improbably rare or benign[END_REF][START_REF] Abate | Vivax malaria in Duffy-negative patients shows invariably low asexual parasitaemia: implication towards malaria control in Ethiopia[END_REF][START_REF] Albsheer | Distribution of Duffy phenotypes among Plasmodium vivax infections in Sudan[END_REF][START_REF] Lo | Contrasting epidemiology and genetic variation of Plasmodium vivax infecting Duffy-negative individuals across Africa[END_REF] Importantly, these data suggest that the extent of the prevalence of P. vivax infection in DN African population is currently unknown, 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 that P. vivax infections are more widespread than can be deduced from peripheral parasitemia is supported by serological surveys that have shown that P. vivax seropositivity in sub-Saharan Africa ranges from 13% to 53% (reviewed in Baird 15 ). 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 pronounced. 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 assessment 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 PvDBPIIbinding domain of PvDBP in P. vivax merozoites [START_REF] Hou | Impact of a blood-stage vaccine on Plasmodium vivax malaria[END_REF][START_REF] Payne | Human vaccination against Plasmodium vivax Duffy-binding protein induces strain-transcending antibodies[END_REF][START_REF] Singh | Malaria vaccine candidate based on Duffy-binding protein elicits strain transcending functional antibodies in a phase I trial[END_REF] 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 by P. vivax merozoites, in our hands, resulted in few infected cells, probably suggesting that the successful invasion of DN erythroblasts by P. vivax merozoites is rare. This low number of infected cells prevents 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. [START_REF] Kanjee | Plasmodium vivax Strains use alternative pathways for invasion[END_REF][START_REF] Ntumngia | A novel erythrocyte binding protein of Plasmodium vivax suggests an alternate invasion pathway into Duffy-positive reticulocytes[END_REF][START_REF] Gunalan | Transcriptome profiling of Plasmodium vivax in Saimiri monkeys identifies potential ligands for invasion[END_REF][START_REF] Lee | The direct binding of Plasmodium vivax AMA1 to erythrocytes defines a RON2-independent invasion pathway[END_REF] 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 represent a silent reservoir of deep P. vivax infections at the sites of 

Figure 1 .

 1 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.

  (B) Representative flow cytometry contour plot of GPA+ cells from one DP (DP001) and one DN (DN001) donor, showing the distribution of cell populations with respect to expression of Band-3 (x axis) and CD49d (y axis) at days 0, 2, 4, 6, 8, 10, and 12. ProE, proerythroblasts; EB, early basophilic erythroblasts; LB, late basophilic erythroblasts; Poly, polychromatic erythroblasts; Ortho, orthochromatic erythroblasts. (C) Bar graphs representing the percentage of proerythroblasts, early basophilic, late basophilic, polychromatic, and orthochromatic erythroblasts within the GPA+ population in four DP (DP001, DP002, DP003, and DP004, blue bars) and four DN (DN001, DN002, DN003, and DN005, red bars) donors on days 0, 2, 4, 6, 8, 10, and 12 (mean ± standard deviation). (D) May-Grunwald Giemsa staining showing erythroid cells from one DP (DP001) and one DN (DN001) donors at day 0 (mainly proerythroblasts), day 4 (basophilic erythroblasts), day 6 (basophilic erythroblasts), day 8 (polychromatic erythroblasts), day 10, and day 12 (orthochromatic erythroblasts).

(

  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.

  (C) Bar graph representing the percentage of GPA+ DARC+ cells in a total of four DP (DP001, DP002, DP003, and DP004) donors on days 0, 2, 4, 6, 8, 10, and 12 (mean ± standard deviation). (D) Bar graph representing the percentages of GPA+ DARC+ cells in a total of four DN (DN001, DN002, DN003, and DN005) donors on days 0, 2, 4, 6, 8, 10, and 12 (mean ± standard deviation). (E) A bar graph representing the percentage of GPA+ DARC+ cells in erythroid cells from four DP (DP001, DP002, DP003, and DP004) donors and four DN (DN001, DN002, DN003, and DN005) donors on days 0, 2, 4, 6, 8, 10, and 12 (mean ± standard deviation).

  on next page)

Figure 3 .

 3 Figure 3. A subset of genotypically Duffy-negative (DN) erythroblasts expresses DARC during terminal erythroid differentiation (western immunoblotting and immunofluorescence microscopy data) (A) Representative western blot analysis of cytoplasmic protein extracts of erythroid cells from one DP (DP007) and one DN (DN005) donor at days 0, 2, 4, 6, 8, 10, and 12 of terminal differentiation and in erythrocytes from peripheral blood for the presence of DARC and actin (control). Bar graphs represent the relative quantification density of the DARC protein levels for DP007 donor (blue) and DN005 (red), compared with the actin control in each condition. (B) Additional western blot analyses of cytoplasmic protein extracts of erythroid cells from three DP (DP001, DP003, and DP004) and three DN (DN001, DN003, and DN002) donors at days 0, 10, and 12 (DP001/DN001), and at days 10 and 12 (DP003/DN003 and DP004/DN002). Bar graph represents the fold-change in the relative quantification density (and the standard deviation of the mean) of the DARC protein levels for DP donors (DP001, DP003, and DP004, in blue, used as the reference set at 1) and DN donors (DN001, DN002, and DN003, in red), compared with the actin control in each condition. The data were obtained from cytoplasmic protein extracts of erythroid cells collected at days 10 and 12. Error bars show the standard deviation. 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). (C) Fluorescence microscopy of paraformaldehyde-fixed DP (DP007 and DP010) and DN (DN005 and DN006) cells on day 9 of terminal differentiation. Bright-field images are shown on the left, and images with DNA (stained with DAPI, blue) and DARC (stained with anti-DARC antibody, orange) are shown on the right. Objective: 633.

  

  

Table 1 .

 1 Duffy genotyping of healthy blood donors

			Mutation	Mutation Fy				
	Blood donor	Mutation GATA-1	Fy a/b	Codon 49	Codon 89	Codon 100	Phenotype	Use in this study
	DP001	TCT	GAT (b)	GCC	CGC	ACA	Fy (aÀb+)	characterization
	DP002	TCT	GAT (b)	GCC	CGC	GCA/ACA	Fy (aÀb+)	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 (aÀbÀ)	characterization
	DN002	CCT	GAT (b)	GCC	CGC	GCA	Fy (aÀbÀ)	characterization
	DN003	CCT	GAT (b)	GCC	CGC	GCA	Fy (aÀbÀ)	characterization
	DN005	CCT	GAT (b)	GCC	CGC	GCA	Fy (aÀbÀ)	characterization and invasion
	DN006	CCT	GAT (b)	GCC	CGC	GCA	Fy (aÀbÀ)	characterization and invasion
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active erythropoiesis with very low or no parasitemia and an underestimated biological problem with potential clinical consequences in sub-Saharan Africa.
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INCLUSION AND DIVERSITY

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. ). 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/caregivers. 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 a QiaAmp DNA 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. [START_REF] Me ´nard | Plasmodium vivax clinical malaria is commonly observed in Duffy-negative Malagasy people[END_REF] 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. [START_REF] El Hoss | Fetal hemoglobin rescues ineffective erythropoiesis in sickle cell disease[END_REF] 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 differentiation of human erythroid progenitors. [START_REF] El Hoss | Fetal hemoglobin rescues ineffective erythropoiesis in sickle cell disease[END_REF] 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 2310 5 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 2310 5 cells/ml until day 8 and, from then onward, at 5310 5 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. [START_REF] El Hoss | Fetal hemoglobin rescues ineffective erythropoiesis in sickle cell disease[END_REF] 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% O 2 , 5% CO 2 , 90% N 2 ) 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 conditions (5% O 2 , 5% CO 2 , 90% N 2 ) for 48h.

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) mouse monoclonal antibody, PECy7-conjugated anti-GPA mouse monoclonal antibody, BV421-conjugated anti-CD71 mouse monoclonal antibody, APC-conjugated anti-CD36 mouse monoclonal antibody (BD Biosciences), 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 assays 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-CD71 mouse monoclonal antibody (Fisher), Alexa Fluor 555-conjugated anti-rabbit 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 StellarisÒ 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, 1310 5 cells were washed with PBS (1X) + 0.2% BSA and incubated with fluorescence-conjugated antibodies 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 5 min prior to analysis. Samples 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). 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, 1310 5 cells were washed with PBS (1X) + 0.2% BSA and incubated with fluorescence-conjugated antibodies at room temperature for 30 min in the dark. They were then washed 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 Scientific). 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 differentiation. Specifically, 1310 5 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 to measure the percentage of enucleated cells on D8, D10, and D12 of terminal differentiation. Specifically, 1310 5 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. [START_REF] El Hoss | Insights into determinants of spleen injury in sickle cell anemia[END_REF] Samples were then centrifuged at 1500rpm for 5 min. The supernatants containing the total protein fractions were transferred 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 was migrated on a 4-12% SDS-polyacrylamide gel and electroblotted onto a nitrocellulose membrane 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 mouse monoclonal 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-mouse antibody (actine, Cell Signaling) at room temperature for 60min. Proteins were detected and visualized using the chemiluminescent detection assay Clarity Max Western 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 fluorescence microscopy (RNA Stellaris FISH probes specific to P. vivax 18S RNA and anti-Plasmodium HSP70 mouse polyclonal antibody). Briefly, 3310 6 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 monoclonal antibody (Thermo Fisher Scientific) and/or anti-CD71 mouse monoclonal antibody (Thermo Fisher Scientific) at 37 C for 60 min 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 60 min 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 incubated 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-assisted Zeiss Axio Imager.M2 upright microscope equipped with a Plan-Apochromat 63x/1.4 NA Oil objective lens (Carl Zeiss). DAPI images (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 nm excitation filter and a 530/25 nm emmission filter, HE Ds Red images (orange) with a 545/25 nm excitation 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 as means 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.