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SUMMARY

Plasmodium falciparum, a human malaria parasite, develops in red blood cells
(RBCs), which represent approximately 70% of all human blood cells. Addition-
ally, RBC-derived extracellular vesicles (RBC-EVs) represent 7.3% of the total
EV population. The roles of microRNAs (miRNAs) in the consequences of
P. falciparum infection are unclear. Here, we analyzed the miRNA profiles of
non-infected human RBCs (niRBCs), ring-infected RBCs (riRBCs), and tropho-
zoite-infected RBCs (trRBCs), as well as those of EVs secreted from these cells.
Hsa-miR-451a was the most abundant miRNA in all RBC and RBC-EV populations,
but its expression level was not affected by P. falciparum infection. Overall, the
miRNA profiles of RBCs and their EVs were altered significantly after infection.
Most of the differentially expressed miRNAs were shared between RBCs and
their EVs. A target prediction analysis of the miRNAs revealed the possible
identity of the genes targeted by these miRNAs (CXCL10, OAS1, IL7, and
CCL5) involved in immunomodulation.

INTRODUCTION

Malaria has a major impact on human health worldwide. According to the World Health Organization, ma-

laria killed 627,000 people in 2020, representing a 12% increase in the death rate from 2019, which was

attributed to service disruption due to the COVID-19 pandemic. Notably, 77% of the malaria-related

deaths in 2020 were children under 5 years of age.1 In the same year, 11.6 million pregnant women were

diagnosed with malaria infection, resulting in 819,000 children with low birth weight.1 Malaria is caused

by five species of the genus Plasmodium, although P. falciparum is responsible for most malaria-related

deaths.1

Cerebral malaria (CM) is a severe neurological complication of P. falciparum infection. The pathogenic ba-

sis of CM is poorly understood, but cytoadhesion and the host immune response are thought to be

involved. Red blood cells (RBCs) have long been recognized as a perfect shelter for Plasmodium parasitic

invaders, providing them with not only abundant food resources but also protection against host immune

attacks. Upon entry into RBCs, P. falciparum uses different strategies to survive. For example, the parasite

changes the morphology of infected RBCs (iRBCs) by inducing the production of knob-like protrusions on

the cell surface.2 These protrusions provide a scaffold for the correct presentation of the parasite’s major

virulence protein, erythrocyte membrane protein 1 (PfEMP1), thereby stabilizing the binding of iRBCs to

human endothelial cell (EC) receptors.3,4

The main function of terminally differentiated RBCs is oxygen transportation via hemoglobin. During dif-

ferentiation to their mature form, RBCs gradually lose cellular organelles and a lot of their nucleic acid con-

tent (the long-held belief that mature RBCs lack DNA and RNA is now recognized to be wrong). RNA

sequencing (RNA-seq) technologies have revealed that mature RBCs contain somemRNAs andmicroRNAs

(miRNAs).5–8 Indeed, recent estimates have suggested that RBCs express approximately 8,092 mRNAs and

359 miRNAs.9,10 Many of the most highly expressed RBC-mRNAs encode proteins that are associated with

erythroid differentiation. In addition, RBCs express mRNAs that encode proteins involved in the initiation,

activation, and regulation of transcription and translation (such as RNA polymerases I, II, and III; zinc/ plant

homeodomain (PHD) finger DNA-binding proteins; and cysteinyl- and lysyl-tRNA synthetases), as well as
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important RNA-stabilizing factors (such as poly(A)-binding proteins and the antiapoptotic proteins beclin

1, reticulon 4, B-cell lymphoma 2 [BCL2], and inhibitor of apoptosis [IAP]).11

miRNAs are small noncoding RNAs that inhibit the expression of approximately 60% of protein-coding

genes. Direct interaction of miRNAs through complementary base pairing leads to cleavage of their target

mRNAs.12 In addition, a high concentration of miRNAs causes hypermethylation of genes encoding target

mRNAs, resulting in downregulation of gene transcription.13 Under normal physiological conditions,

miRNAs have unique expression profiles within each organ. Pathogen invasion of host cells causes dysre-

gulation of miRNA profiles.14,15 Some pathogens preferentially invade certain tissues, leading to tissue-

specific alterations in miRNA profiles16 that can either lead to host protection or increase the pathogenic

effect of the invading organism.17,18

RBC-miRNAs play a key role in hematopoiesis and thematuration of RBCs6,19–22 and are also involved in the

development of specific diseases such as atherosclerosis.23 Six abundant RBC-miRNAs have been identi-

fied to date, namely, miR-451a, miR-144-3p, miR-16, miR-92a, let-7, and miR-486-5p.10 RBCs of the sickle

cell phenotype are also enriched with specific miRNAs that lead to growth inhibition of the malaria parasite

through the translational repression of parasite mRNAs.8 Chakrabarti and colleagues also reported that

human miR-197-5p inhibits the P. falciparum apicortin which affects the parasite growth.24 Adding to

this, other researchers postulated that after RBCs invasion the human RNA-induced silencing complex

(RISC) complex is imported into the parasite which might interact with the PlasmodiummRNA and regulate

their stability and translation.25

Currently, minimal information is available on the role of miRNAs in the pathogenesis of P. falciparum com-

plications. In addition, to our knowledge, a comprehensive analysis of the human RBC-miRNA profile has

not yet been performed.

Viable cells communicate indirectly by releasing extracellular vesicles (EVs) that contain miRNAs, mRNAs,

and proteins. EVs are either formed inside multivesicular bodies (exosomes) or directly from the plasma

membrane (microvesicles). EVs released from RBCs contain miRNAs coupled with Argonaute 2; these com-

plexes can alter gene expression in other types of cells upon uptake of the RBC-EVs.26–31

Here, to identify the potential roles played by miRNAs during P. falciparum infection, we examined the

expression levels of RBC-miRNAs, RBC-EV-miRNAs, and RBC-mRNAs in both non-infected RBCs (niRBCs)

and P. falciparum iRBCs. Further investigations in this area could inspire the development of novel miRNAs-

based therapeutics.

RESULTS

Isolation of RBC-miRNAs, RBC-EV-miRNAs, and RBC-mRNAs

An overview of the procedure used to isolate and characterize RBC-miRNAs, RBC-EV-miRNAs, and RBC-

mRNAs is shown in (Figure 1A). niRBCs and P. falciparum iRBCs were cultivated as described previously.32

The P. falciparum culture was tightly synchronized to enrich stage-specific iRBCs for the isolation of miRNA,

mRNA, and EVs (ring-stage iRBCs [riRBCs] or trophozoite-stage iRBCs [trRBCs]).33 RBC-miRNAs and RBC-

mRNAs were isolated from cells as controls. RBC-EVs were also purified from the culture supernatants of

niRBCs, riRBCs, and trRBCs, as described previously.28 Subsequently, RBC-EV-miRNAs were isolated. The

RBC-miRNAs, RBC-EV-miRNAs, and RBC-mRNAs were subjected to next-generation sequencing (NGS),

and the obtained sequences were aligned to the human miRNA/transcriptome reference sequences.

Transmission electron microscopy following incubation with an antibody targeting cluster of differentiation

235a (CD235a), a membrane-bound sialoglycoprotein present onmature RBCs, confirmed that the isolated

EVs did indeed originate from the niRBCs, riRBCs, and trRBCs (Figure 1B). This analysis also confirmed that

the purified EVs displayed the expected circular morphology,34,35 with an average size of approximately

150–200 nm. In addition, a nanoparticle tracking assay confirmed that the average size of all three EV

populations was 100–250 nm (Figure 1C).

Identification of abundant miRNAs in RBCs

A previous study using NGS identified 287 known and 72 putative novel RBC-miRNAs.10 A later study found

that several miRNAs, including miR-451, miR-486-5p, and miR-144-3p, are expressed at high levels in RBCs.36
2 iScience 26, 107119, July 21, 2023
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Figure 1. Schematic overview of the workflow used to isolate and characterize RBC-miRNAs

(A) RBC-EV-miRNAs, and RBC-mRNAs. RBCs infected with P. falciparum and their culture supernatants (containing EVs)

were harvested as riRBCs and trRBCs. As a control, niRBCs were cultured in the same medium and the supernatant was

also harvested. The culture supernatants were centrifuged sequentially to isolate EVs. RBC-mRNAs and RBC-miRNAs

were purified from the cultivated RBCs. Finally, RBC-EV-miRNAs were purified from the isolated EVs.

(B) Transmission electron microscopy was performed to confirm the presence of EVs after purification. niRBCs, riRBCs,

and trRBCs were incubated with an antibody targeting human CD235a and then subjected to immunogold labeling.

(C) The left, middle, and right graphs show nanoparticle tracking analyses of EVs from niRBCs, riRBCs, and trRBCs, respectively.
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Here, we found that miR-451a was the most abundant miRNA in niRBCs, riRBCs, and trRBCs but was ex-

pressed at a similar level in all three cell types, with average normalized expression levels of 173106, 16.73

106, and 15.73106, respectively. Similarly, miR-451a was abundant in the EVs isolated from niRBCs, riRBCs,

and trRBCs, but its expression level did not differ significantly between the three EV populations, with average

normalized expression levels of approximately 8.63105, 6.53105, and 6.83105, respectively (Figure 2).
Differential expression of miRNAs in iRBCs versus niRBCs

Next, we used C-C motive chemokine ligand 2 (CLC) Genomics software V22 to identify miRNAs that

were differentially expressed in riRBCs or trRBCs versus niRBCs. Clean NGS reads were aligned to the

miRbase v22 database. Overall, the expression levels of 206 and 26 miRNAs were significantly upregu-

lated and downregulated (fold change >5), respectively, in riRBCs versus niRBCs (Figure 3A). Further-

more, 321 and 53 miRNAs were significantly upregulated and downregulated (fold change >5),
iScience 26, 107119, July 21, 2023 3



Figure 2. Expression of hsa-miR-451a in niRBCs, riRBCs, and trRBCs, as well as in EVs isolated from these cell

types

The comparisons were performed using the differential expression function in the CLCGenomics software V22. Statistical

significance was calculated based on an FDR-adjusted p value <0.05 (ns = nonsignificant) (FDR = False Discovery Rate).
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respectively, in trRBCs versus niRBCs (Figure 3B). Figure 3C shows a heatmap of the top 50 miRNAs that

were highly expressed in both riRBCs and trRBCs versus niRBCs (see also Table S1). To generate the

heatmap, we used the normalized expression values (total counts) from the differential expression func-

tion in CLC Genomics software V22, and statistical significance was calculated using a 10% false discov-

ery rate (FDR)-adjusted p value. The heatmap showed very low, homogeneous expression of these 50

miRNAs in niRBCs (RBCs 1–6 in Figure 3E). However, a marked color change in the heatmap was

evident for the infected populations (Rings 1–9 and Trophs 1–9 in Figure 3C), indicating increased

expression of the miRNAs. In general, expression of the 50 miRNAs was increased slightly in the riRBCs

harvested at 4–6 h postinvasion (Rings 1–3 in Figure 3C) but was increased more prominently in the

riRBCs harvested at 8–14 h postinvasion (Rings 4–9 in Figure 3C). The raw reads were deposited in

NCBI (Bioproject Number: PRJNA897869).

Differential expression of miRNAs in iRBC-EVs versus niRBC-EVs

A comparison of the distribution of miRNAs in the isolated EVs revealed that 63 and 53miRNAs were signif-

icantly upregulated and downregulated, respectively, in riRBC-EVs versus niRBC-EVs (Figure 3D). Further-

more, 144 and 72miRNAswere significantly upregulated and downregulated (fold change>5), respectively,

in trRBC-EVs versus niRBC-EVs (Figure 3E). Figure 3F shows a heatmapof the top 12miRNAs that werediffer-

entially expressed in both riRBC-EVs and trRBC-EVs versus niRBC-EVs (see also Table S2). The heatmap was

generated as described in the earlier section. As seen for the differentially expressed miRNAs in the RBCs,

the majority of the top 12 miRNAs that were differentially expressed in the isolated EVs showed very low,

homogeneous expression in EVs from uninfected cells (RBCs 1–5 in Figure 3F), with increased expression

in the infected populations (Rings 1–5 and Trophs 1–5 in Figure 3F).

Identification of common differentially expressed miRNAs in riRBCs and riRBC-EVs versus

uninfected controls

Overall, the expression levels of 393 miRNAs were upregulated significantly in riRBCs versus niRBCs, and

those of 63 miRNAs were upregulated significantly in riRBC-EVs versus niRBC-EVs (fold change cutoffR2).

An analysis of the common upregulated miRNAs revealed that 30 were highly differentially expressed in

both riRBCs and riRBC-EVs (Figure 3G). The subsections in the following focus on the top nine common
4 iScience 26, 107119, July 21, 2023
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Figure 3. miRNA profiles among iRBCs and EVs

(A–E) Volcano plots showing the distributions of the normalized expression levels of miRNAs in riRBCs versus niRBCs

(A), trRBCs versus niRBCs (B), riRBC-EVs versus niRBCs-EVs (D), and trRBC-EVs versus niRBCs-EVs (E). The volcano

plots were generated using the R program (for the script, please see STAR Methods). (C and F) Heatmaps

representing the expression levels of the top 50 miRNAs that were differentially expressed in both riRBCs and trRBCs

versus niRBCs (C) and the top 12 miRNAs that were significantly highly expressed in both riRBCs-EVs and trRBCs-EVs

versus niRBCs-EVs (F). The heatmaps were produced using the pheatmap R package37 (for the script, please see STAR

Methods).

(G) A Venn diagram showing the overlap between the numbers of miRNAs that were differentially expressed in riRBCs

versus niRBCs and in riRBC-EVs versus niRBC-EVs. The miRNAs included in the comparison were highly expressed, with a

fold change of at least 2 versus the uninfected control and FDR p value <0.05.
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upregulated miRNAs (those with the highest statistical significance) and their target genes identified by In-

genuity Pathway Analysis (IPA) software. The top nine miRNA candidates are listed in Table 1.

hsa-miR-6499-3p (Figure 4A). The NFKBIA gene was predicted as a target of miR-6499-3p. NFKBIA is

involved in acute phase response signaling, including the activation of neutrophils and T cells (Tables S3
iScience 26, 107119, July 21, 2023 5



Table 1. Top highly expressed miRNA candidates in both iRBCs and iRBCs-EVs

miRNA Accession number Sequence Target gene (Predicted)

hsa-miR-6499-3p MIMAT0025451 AGCAGUGUUUGUUUUGCCCACA NFKBIA

hsa-miR-432-5p MIMAT0025450 UCGGGCGCAAGAGCACUGCAGU IL7

hsa-miR-585-5p MIMAT0026618 CUAGCACACAGAUACGCCCAGA IL6ST

hsa-miR-12131 MI0039733 UCCCUGCCCUUUAUUUGGGAGUACACCUC

UCCAAAUAUACAGUUAACUGAUGUUUUAC

UGUUUAUUUGGAGAGGUGUACUCCCAAA

UAAAGGGCAUACCCUC

-

hsa-miR-1245b-5p MI0017431 UUUAUAUGUAGGCCUUUAGAUCACU

UAAAGAGUAUUCAACAUCAG

AUGAUCUAAAGGCCUAUACAUAAA

MAPK13

hsa-miR-662 MI0003670 GCUGUUGAGGCUGCGCAGCCAGGCCCU

GACGGUGGGGUGGCUGCGGGCCUUCU

GAAGGUCUCCCACGUUGUGGCCCAGCAG

CGCAGUCACGUUGC

LTBR

hsa-miR-148a-5p MI0000253 GAGGCAAAGUUCUGAGACACUCCGACU

CUGAGUAUGAUAGAAGUCAGUGCACU

ACAGAACUUUGUCUC

IL22

hsa-miR-9500 MI0029185 AAAAGGGAAGAUGGUGACCACAUAGG

AGGGACAGCGGCCUUUCCAACAGGGG

ACCCUUGCCAGCC

CXCL10

hsa-miR-12136 MI0039740 GAAAAAGUCAUGGAGGCCAUGGGGUU

GGCUUGAAACCAGCUUUGGGGG

GUUCGAUUCCUUCCUUUUUUGUC

-

*Relative KD: values are predicted using a convolutional neural network (CNN) that predicts binding affinity betweenmiRNA and any 12-nt sequence (Targetscan

V8 Human).
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and S4). The gene encoding ULBP3, which is involved in natural killer cell signaling, was also predicted as a

target (Figures 5A and 5B) (Tables S3 and S4).

hsa-miR-432-5p (Figure 4B). Among others, the gene encoding interlukin-7 (IL7), which is involved in both

the IL7 and JAK1/JAK2 cytokine signaling pathways, was predicted as a target of miR-432-5p (Figures 5A

and 5B) (Tables S3 and S4).

hsa-miR-585-5p (Figure 4C). The interlukin-6 (IL6ST) gene was predicted as a target of miR-585-5p. IL6ST is

involved in the acute phase signaling pathway as well as IL6 cytokine signaling (Figures 5A and 5B)

(Tables S3 and S4).

hsa-miR-12131 (Figure 4D). No targets were predicted for this miRNA.

hsa-miR-1245b-5p (Figure 4E). The gene encoding MAPK13, which plays a role in T lymphocyte and acute

phase signaling, was predicted as a target of miR-1245b-5p (Figures 5A and 5B) (Tables S3 and S4).

hsa-miR-662 (Figure 4F). The gene encoding LTBR, which is involved in intercellular crosstalk between den-

dritic cells and natural killer cells, was predicted as a target of miR-662 (Figures 5A and 5B) (Tables S3 and

S4). hsa-miR-148a-5p (Figure 4G). Among others, miR-148a-5p is predicted to target the gene encoding

OAS1, which plays a role in interferon signaling. The interlukin-22 (IL22) gene was also identified as a target

of miR-148a-5p (Figures 5A and 5B) (Tables S3 and S4).

hsa-miR-9500 (Figure 4H). Among others, miR-9500 is predicted to target the gene encoding C-X-C motif

chemokine ligand 10 (CXCL10), which mediates communication between the innate and adaptive immune

systems (Figures 5A and 5B) (Tables S3 and S4).

hsa-miR-12136 (Figure 4I). No targets were predicted for this miRNA.
6 iScience 26, 107119, July 21, 2023
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Figure 4. The expression levels of the top significantly highly expressed miRNAs in riRBCs and trRBCs versus

niRBCs and in riRBC-EVs and trRBC-EVs versus niRBC-EVs

(A–I) (A) hsa-miR-6499, (B) hsa-miR-432, (C) hsa-miR-585, (D) hsa-miR-12131, (E) hsa-miR-1245b, (F) hsa-miR-662, (G) hsa-

miR-148a, (H) hsa-miR-9500 and (I) hsa-miR-12136. The comparisons were performed using the differential expression

function in CLC Genomics software V22. Statistical significance was calculated based on an FDR-adjusted p value (*p <

0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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Functional analysis of highly expressed miRNA candidates

IPA software was used to identify the target genes for the aforementioned miRNA candidates. Table S4

lists the target genes and their functions. Search Tool for the Retrieval of Interacting Genes/Proteins

(STRING) database was used to cluster the target genes. The K-means clustering method was used to

allocate the proteins encoded by these genes into four main clusters according to the experimental re-

cords within different databases (Figure 5A). The blue cluster includes 19 nodes corresponding to genes

related to immune-regulatory interactions. The red cluster consists of 23 nodes corresponding to genes

related to plasma membrane and cell signaling. The yellow cluster contains 23 nodes corresponding to

genes related to hypoxia-inducible factor 1 (HIF-1) and phagosome pathways. Finally, the green cluster

contains 18 nodes corresponding to genes encoding proteins involved in cytokine receptor activity and

T cell chemotaxis (for example: IL7, CXCL10, CCL5, and tumor necrosis factor super family 4 [TNFSF4])

(Figures 5A and 5B).
iScience 26, 107119, July 21, 2023 7



Figure 5. Functional analysis of the miRNA candidates

(A) STRING clustering of the predicted target genes of the top differentially expressed miRNAs shown in Figure 4. Four

clusters were identified using K-means clustering: blue cluster (immune-regulatory interactions), red cluster (plasma

membrane and cell signaling), yellow cluster (HIF-1 and phagosome pathways), and green cluster (cytokine receptor

activity and T cell chemotaxis). The blue and pink connector lines represent the database and experimentally confirmed

interactions, respectively.

(B) A g:Profiler graph showing the significant biological pathways affected by the predicted target genes.

Transmembrane signaling receptor activity was the top pathway, followed by various signaling and cell communication

pathways.
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Figure 6. The expression levels of some hsa-let-7 family members in riRBCs and trRBCs versus niRBCs and in

riRBC-EVs and trRBC-EVs versus niRBC-EVs

(A–D) (A) hsa-let-7a-5p, (B) hsa-let-7d-5p, (C) hsa-let-7f-5p and (D) hsa-let-7g-5p. The comparisons were done using the

differential expression function in CLC Genomics software V22. Statistical significance was calculated using an FDR-

adjusted p value <0.05 (ns = non-significant).
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Differential expression of the let-7 family in iRBCs

Members of the let-7 family of miRNAs control cell signaling and immunomodulatory pathways. Figure 6

shows the expression profiles of some let-7 family members in niRBCs, iRBCs, and their EVs. The expression

levels of let-7a-5p and let-7d-5p were downregulated significantly in both riRBCs and trRBCs versus niRBCs

(Figures 6A and 6B). Within the EVs, hsa-let-7a-5p was only downregulated significantly in trRBC-EVs, and

let-7d-5p expression was not affected significantly by P. falciparum infection. The expression levels of let-7f

and let-7g were downregulated significantly in trRBCs (versus niRBCs), but their levels in the EVs were not

affected significantly by P. falciparum infection (Figures 6C and 6D).
Differential expression of mRNAs in iRBCs versus niRBCs

Our findings from the miRNA analyses prompted us to examine whether the mRNA expression profile of

human RBCs is also affected by P. falciparum infection. To this end, we performed NGS of mRNAs ex-

tracted from riRBCs, trRBCs, and niRBCs. The reads were aligned to the human transcriptome using the

RNA-seq function of CLC Genomics software V22. FDR-adjusted p values were used to detect mRNAs

that were differentially expressed in riRBCs and trRBCs versus niRBCs. Figure 7A shows a heatmap of

the statistically significant differentially expressed genes. Overall, 20 and 30 mRNAs were significantly

downregulated and upregulated, respectively, in the infected cells (Table S4). We calculated the
iScience 26, 107119, July 21, 2023 9



Figure 7. mRNA profiles of iRBCs compared to niRBCs

(A) A heatmap representing the expression levels of the most highly differentially expressed mRNAs in riRBCs and trRBCs

versus niRBCs. The heatmap was produced using the pheatmap R package38 (for the script, please see STAR Methods).

(B) A graphical presentation of the dominant transcripts within the cell populations described in (A).

(C and D) STRING clustering analyses of the proteins encoded by the genes that were downregulated (C) or upregulated

(D) in iRBCs versus niRBCs. The blue and pink connector lines represent the database and experimentally confirmed

interactions, respectively.
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percentages of the dominant transcripts in niRBCs and found that riosomal protiens 12 (RPS12) and L ribo-

somal proteins 41 (RPL41) represented 19% and 11% of the total transcripts, respectively. These two genes

encode cytoplasmic ribosomes. The expression levels of RPS12 and RPL41, as well as other genes encoding

cytoplasmic ribosomes, were downregulated significantly in RBCs after infection with P. falciparum (Fig-

ure 7B). In addition, riRBCs and trRBCs showed significant increases in the expression levels of the

ATAD2, CALM2, and HSP90a mRNAs (Figure 7B). Figure 7C shows a K-means clustering analysis of the

genes that were downregulated significantly in riRBCs and trRBCs versus niRBCs. These downregulated

genes mainly encoded cytoplasmic ribosomal proteins (Figure 7D).

DISCUSSION

Genetic polymorphism that affects the host’s response to pathogensmight explain why 2%ofmalaria patients

develop CM. Various cellular signals, including immune signaling pathways, require fine-tuned regulation

during infection, and we postulate that these regulations occur, at least in part, via miRNAs. Indeed, there

is substantial evidence to support the hypothesis that human miRNAs influence the outcome and complica-

tions of P. falciparum infection. miRNAs play a primary role in regulating gene expression by binding to target

mRNAs and preventing their translation into proteins. Single miRNAs can bind to several genes involved in

different pathways. In malaria, human miRNAs can penetrate P. falciparum-infected cells and form duplexes
10 iScience 26, 107119, July 21, 2023
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with mRNAs, preventing their translation.8 A previous study found that miR-150-5p was downregulated in

whole blood from an adult infected with P. falciparum.39 On the other hand, another study found that miR-

150-5p was upregulated in plasma-derived EVs from patients infected with P. vivax.40 C57BL76 mice infected

with P. berghei asymmetric dimethylarginine-to-arginine (ANKA) develop CM and have higher expression

levels of miR-27a and miR-142 in their brains than P. yoelii-infected mice without CM.41 In addition, recent

studies have identified miRNAs as crucial host factors that regulate parasite growth.42,43

miRNA profiles are tissue specific, and erythrocyte-derived miRNAs have been reported as potential bio-

markers of specific diseases. A number of miRNAs that are up- or downregulated during erythropoiesis are

selectively retained in mature RBCs.5,21,44 Here, we characterized the effects of P. falciparum infection on

the miRNA profiles of human RBCs and their secreted EVs. We found that miR-451a was the most abundant

miRNA in both RBCs and RBC-EVs, an observation that is consistent with other studies. For example, miR-

451a is reportedly abundant in cells of the erythroid lineage, including mature RBCs.19 Chamnanchanunt

and colleagues found that miR-451 was downregulated in plasma samples from patients with P. vivax infec-

tion.40 Mantel et al. also demonstrated the internalization of iRBC-EVs within macrophages, where they

initiate a strong inflammatory response.45 Later, the same group found that miR-451a is present in iRBC-

EVs and postulated that it is transported to ECs via these vesicles and subsequently alters their function.28

This hypothesis contradicts our current finding that miR-451a levels in RBCs and RBC-EVs were the same

before and after P. falciparum infection, suggesting that RBC-EVs deliver the same amount of miR-451a

to recipient cells under uninfected and infected conditions. We speculate that the functional impairment

of ECs in Mantel’s experiments might have been due to other differentially expressed miRNAs that were

transported within EVs, such as those identified in our current study.

In this study, we detected high expression of human miRNA candidates within Plasmodium iRBCs. In a

study in 2012, LaMonte and colleagues reported the translocation of human miRNAs to Plasmodium falcip-

arum,8 suggesting that these miRNAs could be preserved from degradation within the parasite vacuole.

However, our results do not support this possibility because we isolated miRNA from niRBCs and iRBCs

at the same time, which gives no chance for miRNA degradation within the niRBCs. This was further

confirmed by the results of experiments showing that miRNA profiles were not appreciably different in

blood samples taken from different healthy individuals over a 2-year period.

Based on our experiments, we hypothesize that there might be minimal transcription happening within the

RBCs even after enucleation. This is supported by other studies showing that RBCs contain RNA polymerase

I, II, and III, as well as DNA-binding proteins (11). Also, RBCs express Toll-like receptor 9 (TLR9) on their surface,

which scavenge cell-free CpG-DNA during quiescent states to prevent non-specific inflammation.46,47 These

small DNA fragmentsmay act as templates for transcription. Further studies are needed to test this hypothesis.

In our study, we identified that ninemiRNAswere significantly expressed at high levels in iRBCs and in their EVs

at both the ring and trophozoite stages. To our knowledge, there have been no other reports of an association

between these miRNAs and pathogenesis/severity of malaria. We attribute this shortfall to the fact that most

studies isolate miRNAs from serum-derived EVs, which include EVs from different tissue origins.48

P. falciparum-induced dysregulation of miRNAs could affect multiple cellular functions and pathological pro-

cesses, depending on the target genes of the affected miRNAs. Our bioinformatic analysis uncovered several

interesting targets of the infection-related differentially expressedmiRNAs; hence, it would be useful to study

the functions of these miRNAs and how they affect different recipient cells in more detail. The putative target

genes identified here were clustered into four main groups, including cell signaling, HIF-1 and phagosome

pathways, cytokine receptor activity, and immune-regulatory interactions. Accordingly, we plan to analyze

the effects of these miRNAs and target genes in different recipient cells, such as ECs and other immune cells.

We found that miR-200a-3p, miR-200b-3p, and miR-200c-3p were upregulated in EVs isolated from

both riRBCs and trRBCs (Tables S1 and S2). A previous study demonstrated that miR-200b and miR-200c

mediate a proinflammatory response in patients with Listeria infection and that the expression levels of the

protein-coding target genes are inversely correlated with those of the miRNAs.49 Another study found that

miR-200b and miR-200c play a role in neurodegenerative diseases by targeting genes that cause progressive

degeneration of the structure of the central nervous system.50 These results suggest that RBCs contribute to

modulation of the immune response during P. falciparum infection; however, the mechanism underlying this

process is currently unknown.
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Several miRNAs in the let-7 family were downregulated significantly in both RBCs and RBC-EVs after

P. falciparum infection (Tables S1 and S2). The let-7 family controls cell signaling pathways in many living or-

ganisms. Notably, let-7 reduces the potency of the innate immune response by repressing translation of the

mRNA encoding Toll-like receptor 4 (TLR4), which controls the activation of nuclear factor kB and the expres-

sion of a set of downstreamgenes involved in inflammation. Downregulation of let-7 has also been reported in

several viral diseases. Also, Cryptosporidium parvum infection was reported to be associated with reduced

let-7i and increased TLR4 signaling. Let-7 also affects the differentiation of cluster of differentiation 8

(CD8)-positive T cells, which can release effector cytokines and eliminate infected target cells.51–53

In support of our finding that P. falciparum infection affects the miRNA profile of RBCs, alterations in host cell

miRNAprofiles have also been reported for other parasites.54 For example, in Leishmania donovani:-infected
mice, the surface acid protease (gp63) of the parasite targets the host’s Dicer1, cleavingDicer to downregulate

pre-miR-122 and its processing to miR-122, leading to reduced post-transcriptional regulation of its target

mRNAs and increased pathogenicity.55 In addition, miR-551 is reportedly upregulated in dendritic cells

following L. donovani infection and can interfere with TLR4 signaling, which plays an important role in the acti-

vation of the antileishmanial immune response.56 During Toxoplasma gondii infection, the expression of miR-

17-92 is increased within infected cells, leading to inhibition of the proapoptoticmolecule Bcl-2interactingme-

diator of cell death (BIM). This inhibition of apoptosis helps Toxoplasma evade the immune system.57,58

Furthermore, in Trypanosoma cruzi infection, downregulation of miR-133 and miR-208 is correlated with the

increased expression of cardiac genes that play a role in the cardiovascular complications seen in chronic Cha-

gas disease patients.59,60

In early studies, technological limitations may have hampered the identification of low levels of mRNAs in

RBCs.61,62 In 2006, researchers detected small RNAs in RBCs for the first time.63 This discovery was followed

by the confirmation that RBCs express several different types of long RNAs (�8,092 genes).9,10 The RBC tran-

scriptome originates from the remaining transcriptome of differentiating erythroid cells that persists after

enucleation and terminal differentiation. Previous studies have demonstrated thatmiRNAs target geneswithin

RBCs, for example, miR-4732-3p, which targets Smad2 and Smad4.19 Therefore, in addition to examining the

miRNA profiles of niRBCs and iRBCs, we also characterized changes in the RBC mRNA profile after

P. falciparum infection and found that the levels of the dominant transcripts in niRBCs (RPS12 and RPL41)

were downregulated significantly after infection. We postulate that the residual translation of mRNAs in

RBCs is regulated bymiRNAs. However, we cannot exclude the possibility that some ribosomes in RBCsmight

be neglected due to the density of hemoglobin. A small number of ribosomes may be enough to complete

translation, in which case, mature RBCs retain a few specific RNA species. We also performed an immunoflu-

orescence analysis of niRBCs, riRBCs, and trRBCs using anti-DNA antibodies and identified tiny fragments of

DNA (Figure S1). Further studies are required to validate these findings.

In summary, we examined the miRNA profiles of niRBCs and iRBCs, as well as their secreted EVs. The

miRNA profiles of RBCs and their EVs were altered significantly after P. falciparum infection, and a bio-

informatic prediction of the target genes suggested that several factors work together in a tightly regulated

fashion to control the immune response during infection. Evidence from other studies suggests that RBC-

miRNAs are transported inside EVs and taken up by various cells throughout the circulatory system, thereby

affecting mRNA expression in these recipient cells. Further studies are required to clarify the functions of

miRNAs in RBCs and RBC-EVs. Nonetheless, the results presented here contribute to current understand-

ing of the dynamics of cell-cell communication during P. falciparum infection.
Limitations of the study

In this study, for more verification of the target mRNA prediction of the miRNA candidates, in vitro func-

tional analysis should be conducted, but we plan this for our future studies.
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a human CD235a -HI264 Biolegend, San Diego, USA Cat#349103

goat-anti mouse colloidal gold-conjugated

secondary antibody

Jackson Immuno Research,

Cambridge shire, UK

–

CALM2 monoclonal antibody MyBiosource.com Cat#MBS200093

Anti-HSP90a Merck Cat#CA1023-50UG

ALEXA FLUOR 488 Thermo Fisher Scientific Cat#A28175

Biological samples

Human red blood cells (RBCs) University Clinic-Eppedorf-

Hamburg-Germany

Human Blood (0+)

Human Serum Interstate Blood Bank, Inc

(Memphis, USA).

A+

Chemicals, peptides, and recombinant proteins

RPMI 1640 Applichem Cat#A1538,9010

Hypoxanthine Sigma Cat#H9636-56

Gelatin from porcine skin-175 g bloom type A Sigma Cat#G2625

D-Sorbitol Sigma Cat#S1876

Critical commercial assays

QUbit TM Protein Assay Kit ThermoFisher Scientific, Waltham, USA Cat#Q33211

Ultrafiltration units 100,000 MWCO PES Sartorius, Göttingen, Germany Cat#VS2042

miRNeasy mini-Kit Qiagen, Hilden, Germany Cat#5067-1513

Agilent 2100� bioanalyzer Pico-Kit Agilent

QIAseq Standard mRNA Select Kit (96) Qiagen Cat#180775

NextSeq 500/550 Mid Output Kit v.25 (150 Cycles) illumina Cat#20024904

QuDye dsDNA HS Assay Kit Lumiprobe Cat#12102

Deposited data

Bioproject NCBI Number: PRJNA897869

Software and algorithms

NanoSight Software – (NTA3 0064)

Agilent 2100� bioanalyzer software Santa Clara, USA

CLC genomics work bench Qiagen, Aarhus version 21

IPA Qiagen, Aarhus –

Graphpad Prism San Diego, California Version 9.4.1
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Data and code availability

The RNA-sequencing data has been deposited at the NCBI and is publically available as of the date of

publication.

The bioproject Number is PRJNA897869. All other original data reported in this paper will be shared by the

lead contact upon request. This paper does not report original code.

Any additional information required to reanalyse the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In these experiments we used IT4- P. falciparum iRBCs to characterize RBC-miRNAs, RBC-EV-miRNAs, and

RBC-mRNAs. niRBCs and IT4- P. falciparum iRBCs were cultivated in RPMI medium with human serum.32

Synchronisation for the P. falciparum culture was performed using sorbitol.33 RBC-miRNAs and RBC-

mRNAs were isolated from RBCs as controls. The RBC-EVs purification was performed from the culture su-

pernatants of niRBCs, riRBCs, and trRBCs, as described (see below).28 Subsequently, RBC-EV-miRNAs were

isolated. The RBC-miRNAs, RBC-EV-miRNAs, and RBC-mRNAs were then sequenced and the obtained se-

quences were aligned to the human miRNA/transcriptome reference sequences.

METHOD DETAILS

P. falciparum culture

The IT4 (FCR3S1.2) isolate was cultivated in RPMI medium in the presence of 10% human serum A+ (Inter-

state Blood Bank, Inc. Memphis, TN, USA) and human O+ erythrocytes (5% hematocrit; UKE, Hamburg,

Germany) according to standard procedures.32 Parasite cultures were synchronized once per week using

5% sorbitol.33 Trophozoites were enriched using 1% gelatine solution on the day of harvest to remove

niRBCs. Then, the 80–90% trRBCs were lysed in 4X Trizol and stored at �80�C until the miRNA/mRNA pu-

rification step. Part of the enriched trRBC sample was cultivated with sufficient medium and niRBCs to allow

approximately 70–90% riRBCs to be reached on the day after initiating cultivation. The riRBCs were lysed in

4X Trizol and kept at �80�C until the miRNA/mRNA purification step. niRBCs were also incubated in

vesicle-free medium for two days before miRNA/mRNA purification as a control.

Extracellular vesicles purification

iRBCs-EVs were isolated from IT4 P. falciparum cell culture with 10% parasitemia as previously described.27

In brief, themediumwas changed to vesicle-depleted RPMI medium (depletion was done by centrifugation

at 100,000 rcf for 90 min at 4�C). On the next day, (28 h after changing the medium), the cell culture super-

natants (100 mL from 10 Petri dishes) were collected and sequentially centrifuged at 600 g, 1600 g, 3600 g

and 10,000 g for 15 min each. After each step, the respective supernatant was collected for the next centri-

fugation step. To concentrate the EVs, the suspension was passed through ultrafiltration units (100,000

MWCO PES; Sartorius, Göttingen, Germany) for 30 min at 3000 g. The EVs contained in the concentrated

supernatant were dissolved in PBS, layered on top of a 60% sucrose cushion, and centrifuged at 100,000 g

for 16 h at 4�C. The interphase was collected and washed with PBS twice at 100,000 g for 60 min at 4�C. EVs
were resuspended and pooled in 1000 mL PBS (0.2 mm filtered) and stored in 200 mL aliquots at �80�C. For
isolation of EVs from uninfected RBCs (RBC-EV), which were used as negative controls in subsequent ex-

periments, 10 petri dishes of 500 mL human blood 0+ (UKE Hamburg, Germany) and 10 mL P. falciparum

culture medium for EV isolation were incubated at 37�C. After 28 h supernatants were collected and pro-

cessed as described above. Protein concentration of EV samples was determined using the QUBIT Protein

Assay Kit (ThermoFisher Scientific, Waltham, USA) according to manufacturer’s instructions and by

measuring the A280 content on a Nanodrop2000 (ThermoFisher Scientific, Waltham, USA).

Electron microscopy

Glow-discharged carbon- and formvar-coated nickel grids (Plano GmbH, Wetzlar, Germany) were incu-

bated with aliquots of freshly isolated EVs. After washing with PBS and incubation in the blocking buffer

(0.5% BSA in PBS), the EVs on the grids were labeled with the primary antibody (a human CD235a

-HI264, Biolegend, San Diego, USA) at a concentration of 1:100 v/v in PBS (PAA-Laboratories GmbH, Pasch-

ing, Austria) containing 0.5% BSA (Sigma-Aldrich, Steinheim, Germany) for at least 21 h at 4�C. The controls

for antibody specificity included omitting the primary antibody from the incubating solution. After the
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incubation period, the grids were rinsed in buffer and further incubated with a goat-anti mouse colloidal

gold-conjugated secondary antibody (12 nm gold particles from Jackson Immuno Research, Cambridge-

shire, UK) at a dilution of 1:100 v/v for at least 21 h at 4�C. Nickel grids were rinsed in buffer and stained with

2% aqueous uranyl acetate (Electron Microscopy Sciences, Hatfield, USA) for 15 s. Grids were finally

observed under a Tecnai Spirit electron microscope (Thermo Fisher Scientific, Waltham, USA) operating

at 80 kV, and images were recorded with a digital CCD camera.
Nano particle tracking analysis (NTA) with Nanosight NS300

Purified EVs pellet were diluted 1:300 in PBS. The following settings were set according to the manufac-

turer’s software manual (NanoSight LM10 User Manual, MAN0510-04-EN, 2015): the camera level was

increased until all particles were distinctly visible (level16 and gain=20). A total number of 900 frames

was recorded in each session (camera: CCD). The autofocus was adjusted to avoid indistinct particles.

For each measurement, five 1-min videos were captured under the following conditions: cell temperature:

25�C; Frame rate/FBS: 30. After capture, the videos were analyzed by the in-build NanoSight Software

(NTA3 0064) with a detection threshold of 6 and screen gain of 10.
Immunofluorescence assays

Blood smears (10 mL) were taken from IT4 P. falciparum cultures with 1–3% parasitaemia. The smears were

fixed in acetone for 30 min and then rehydrated with 1x PBS for 5 min. The first antibody (1:20 in 3% BSA/

PBS; CALM2 monoclonal antibody #MBS200093 (MyBiosource.com) or anti-HSP90a #CA1023-50UG

(Merck) was then added and the slides were incubated for one hour in a humid dark box. The smears

were washed 5x with 1X PBS and then labelled with AlexaFluor (1:1000) (Thermo Fisher # A28175) and

DAPI (1mg/mL) (1:1000) (Roche # 10236276001) for 1 h in a humid dark box. After a 5x wash with 50 mL

1x PBS, the smears were air dried and Moviol was added before they were covered with a plastic cover

slip. Images were taken through a EVOS FL auto-inverted microscope (Thermo Fisher Scientific, Waltham,

USA) and analysed using ImageJ 1.53K. To calculate the corrected total cell fluorescence (CTCF), the

following formula was used: Integrated Density – (Area of selected cell X Mean fluorescence of background

readings).
mRNA purification and sequencing

Samples in Trizol were thawed before adding 200 mL chloroform and centrifugation for 30 min at 4�C and

12000 rpm. The miRNeasy mini-Kit- (Qiagen, Hilden, Germany) was used according to the manufacturer’s

instructions. The quality of mRNA/miRNA was assessed using the Agilent 2100� bioanalyzer system. Ac-

cording to the manufacturer’s instructions, Ribosomal RNA was removed using QIAseq FastSelect RNA

Removal Kit. The QIAseq Stranded mRNA Select Kit was used for mRNA enrichment. mRNA was

sequenced using NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles).
miRNA purification and sequencing

Samples in Trizol were thawed before adding 140 mL chloroform and centrifugation for 15 min at 4�C and

12000 rpm. The miRNeasy mini-Kit- (Qiagen, Hilden, Germany) was used according to the manufacturer’s

instructions. The quality of mRNA/miRNA was assessed using the Agilent 2100� bioanalyzer system.

miRNA library preparation was performed in BGI Genomics – China. The small RNAs (18–30 nt) were puri-

fied by PAGE. For adapter ligation, the purified RNA was incubated with 3’ adapter followed by the 5’

adapter. Reverse transcription PCR was then performed and the PCR product was purified by PAGE. After

denaturating and circularizing the DNA product, single-stranded circular DNA molecules were replicated

via rolling cycle amplification, and a DNA nanoball (DNB) containing multiple copies of DNA was gener-

ated. DNBseq-UMI was then performed and about 18 M reads were generated per sample. UMI is known

to correct the quantitative bias caused by PCR amplification of more than 70% small RNAs.64
Data analysis

Bioinformatics analysis was conducted using CLC genomics work bench version 22 (Qiagen, Aarhus). Clean

reads were imported, and miRNA was quantified and annotated on the miRbase v22. Differential expres-

sion was performed, and P-values were adjusted using FDR 10%. hsg19 was used as a mRNA reference.
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CLC Parameters (miRNA-Quantification)

miRBase: miRBase-Release_v22 / Prioritized species = Homo sapiens / Allow length based isomiRs = Yes /

Additional upstream bases = 2 / Maximum mismatches = 2 / Strand specific = Yes / Minimum sequence

length = 18 / Maximum sequence length = 25.

CLC differential expression Parameters (miRNA/mRNA)

Whole transcriptome RNA-seq / Normalization Method = TMM / Filter on Average expression for FDR

correction / Result Handling = Save.

CLC Trim Parameters(mRNA)

Trim using quality scores = Yes / Quality limit = 0.05 / Trim ambiguous nucleotides = Yes / Maximum

number of ambiguities = 2 / Automatic read-through adapter trimming = Yes / Remove 5’ terminal

nucleotides = No / Remove 3’ terminal nucleotides = No / Trim to a fixed length = No / Maximum length =

150 / Trim end = Trim from 3’-end / Discard short reads = No / Discard long reads = No / Save discarded

sequences = No / Save broken pairs = No / Create report = Yes.

CLC RNA-seq Parameters (mRNA)

Enable spike-ins = No / Database files = Homo sapiens (hg19) sequence / Maximum cost = 2 / Similarity

fraction = 0.8 / Auto-detect paired distances = Yes / Maximum number of hits for a read = 10 / Strand

setting = Both / Minimum supporting count = 5 / Create report = Yes / Unmapped reads = No / Expression

value = Total count.

ADDITIONAL RESOURCES

R script for volcano plot generation

library("xlsx")

library ("ggplot2")

library ("purrr")

library ("tibble")

library ("dplyr")

library ("tidyr")

library ("stringr")

library ("readr")

library ("forcats")

D <- read.xlsx("00.xlsx", 1)

head(D)

# Make a basic volcano plot

with(D, plot(Rings.FC,-log2(R..P.value), pch=16, main="b", xlim=c(-30,30), ylim=c(0,25)))

with(subset(D, Rings.FC>5 ), points(Rings.FC, -log2(R..P.value), pch=16, col="tomato1"))

with(subset(D, Rings.FC< -5 ), points(Rings.FC, -log2(R..P.value), pch=16, col="olivedrab3"))

R script for volcano plot generation

library(pheatmap)
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library(RColorBrewer)

library(ggplot2)

library("xlsx")

D <- read.xlsx("mirrbcs.xlsx", 1)

head(D)

row.names(D) <- D$Name

D1=subset(D,select=-Name) #remove row names

D_matrix <- data.matrix(D1)

D_heatmap <- pheatmap(D_matrix, color = colorRampPalette

((brewer.pal(n = 1, name ="RdYlBu")))(1000),

margin=c(8,6),

cellwidth = 20, cellheight = 5, scale="row",

main = "",

notecol="black", breaks = NA, cutree_cols = 1000,

border_color = NA, fontsize_col = 5, fontsize_row = 5,

kmeans_k = NA, cluster_rows=FALSE, cluster_cols=FALSE,

angle_col = "45",

treeheight_col = 1000, height = 10000, show_colnames =T,

show_rownames = T).
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