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Background: The presence of Plasmodium vivax malaria parasites in the human bone marrow (BM) is still controversial. 
However, recent data from a clinical case and experimental infections in splenectomized nonhuman primates unequivocally dem-
onstrated the presence of parasites in this tissue.

Methods: In the current study, we analyzed BM aspirates of 7 patients during the acute attack and 42 days after drug treatment. 
RNA extracted from CD71+ cell suspensions was used for sequencing and transcriptomic analysis.

Results: We demonstrated the presence of parasites in all patients during acute infections. To provide further insights, we puri-
fied CD71+ BM cells and demonstrated dyserythropoiesis and inefficient erythropoiesis in all patients. In addition, RNA sequencing 
from 3 patients showed that genes related to erythroid maturation were down-regulated during acute infections, whereas immune 
response genes were up-regulated.

Conclusions: This study thus shows that during P. vivax infections, parasites are always present in the BM and that such infec-
tions induced dyserythropoiesis and ineffective erythropoiesis. Moreover, infections induce transcriptional changes associated with 
such altered erythropoietic response, thus highlighting the importance of this hidden niche during natural infections.

Keywords.  Plasmodium vivax; bone marrow aspirates; natural infections; ineffective erythropoiesis; RNA sequencing.

SIGNIFICANCE STATEMENT

Analysis of bone marrow aspirates from 7 patients with 
Plasmodium vivax malaria revealed parasites and erythropoi-
etic defects in all of them. Global transcription identified genes 
related to such defects, highlighting the importance of this 
hidden niche during infections.
Plasmodium vivax is the most widely distributed human malaria 
parasite and is responsible for 7 million yearly clinical cases, in-
cluding many causing severe disease or death [1]. Studies of the 

human bone marrow (BM) during P.  vivax malaria infections 
are scarce, even though the presence of parasites in this tissue 
was first acknowledged in 1894 [2]. Moreover, sternal puncture 
evaluation as an alternative method for malaria diagnosis re-
vealed parasite enrichment in the BM compared with peripheral 
blood [3]. Nuclear abnormalities in erythroblasts, a common 
feature of dyserythropoiesis, were first observed in vivax ma-
laria [4]. In contrast, an electron microscopic study of the human 
BM during P.  vivax attacks in anemic children revealed BM 
dyserythropoiesis and ineffective erythropoiesis in the absence of 
parasites [5]. Unequivocal evidence for the presence of parasites in 
the BM using molecular markers, as well as observations on BM 
dyserythropoiesis and ineffective erythropoiesis, however, were 
recently reported in a clinical case [6]. In addition, experimental 
P. vivax infections in splenectomized monkeys also revealed that 
the BM is a niche for parasites during active infections [7].

The mechanisms leading to dyserythropoiesis and ineffective 
erythropoiesis during malaria are not fully understood, espe-
cially for P. vivax. However, findings from studies in human pa-
tients, animal models, and in vitro studies all seem to support 
the idea that an inadequate erythropoietic response is due to 
the presence of parasites or their products during infections as 
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well as host immune responses [8]. Synchronous in vitro differ-
entiation of reticulocytes and erythrocytes from hematopoietic 
stem cells [9] offered the possibility of studying vivax infections 
in vitro during erythropoiesis. Using such methods, intact and 
lysed P. vivax–infected cells were shown to suppress erythroid 
development by promoting cell cycle arrest [10, 11]. Moreover, 
in vivo studies using Plasmodium yoelii, a murine malaria spe-
cies that shares some biological features with P. vivax, showed 
that infected cells as well as parasite-conditioned media have 
been shown to induce secretion of tumor necrosis factor (TNF) 
in mouse macrophages [12], which in turn have been shown 
to suppress erythropoiesis in vitro through TNF release [13]. 
Clinical data indicate that erythropoietic defects are associated 
with the presence of the parasites in the BM, independent of 
anemic status or levels of circulating erythropoietin [5, 14].

The proinflammatory cytokines TNF and interferon (IFN) γ 
have also been shown to inhibit erythropoiesis [15, 16] by in-
terfering in the expression of transcriptional factors controlling 
erythropoiesis and by with the production of erythropoietin [8]. 
In contrast, interleukin 10, an anti-inflammatory cytokine, has 
been suggested to protect surrounding cells from erythropoietic 
defects by regulating the expression of surface and soluble TNF 
receptor [17]. Of interest, hemozoin (a by-product of hemo-
globin digestion produced by malaria parasites) can suppress 
erythropoiesis in vitro in the absence of TNF, although addition 
of TNF synergized with hemozoin to inhibit erythropoiesis [18]. 
This was confirmed in vivo for Plasmodium falciparum infec-
tions in children [19]. In vitro cultures of erythroblasts exposed 
to hemozoin have shown changes in cell cycle regulation, as well 
as down-regulation of Globin Transcription Factor 1 (GATA-
1), a master transcription factor of erythropoiesis [20]. Finally, 
serum proteome profiles of nonanemic and anemic patients 
infected with P. vivax showed changes in several physiological 
pathways, including oxidative stress, cytoskeletal regulation, 
lipid metabolism, and complement cascades [21]. 

The data reviewed above clearly indicate that, during ma-
laria acute attacks, parasites and products in the BM could af-
fect normal erythropoiesis. Noticeably, most of the data have 
been studied in P. falciparum and have not yet been directly in-
vestigated in P. vivax. In the current study, to provide insights 
into alterations of the human BM during natural infections, 
we evaluated morphological as well as transcriptional changes 
in BM aspirates obtained from patients with P.  vivax malaria 
during acute attacks and 42 days after drug treatment.

METHODS

Ethical Statements

The protocol was reviewed and approved by the Ethics Review 
Board of the Fundação de Medicina Tropical Heitor Vieira Dourado 
(PB_1.065.022/2015), where adult patients presenting with posi-
tive diagnoses of vivax malaria (microscopy) were enrolled after 
providing signed informed consent. All participants were treated 

according to recommendations for the treatment of uncomplicated 
P. vivax malaria from the Brazilian Ministry of Health, which in-
cluded chloroquine for 3 days (600 mg/d on day 1, and 450 mg on 
days 2 and 3), followed by primaquine for 7 days (30 mg/d). BM 
punctures were performed, with use of appropriate needles, aseptic 
conditions, and local anesthesia, by an expert physician.

Sample Collection and Hematological Characterization

At days 0 (diagnosis visit) and 42 (convalescence visit), 4  mL 
of BM aspirates from iliac crest was obtained. Hematological 
parameters were measured using a Sysmex KX-28N hematology 
analyzer. The percentage of BM blood in the aspirate (BM purity) 
was calculated as follows: [1 ─ (total nonnucleated cells BM/total 
nonnucleated cells PB) × (total nucleated cells PB/total nucleated 
cells BM)], where PB represents peripheral blood [22].

CD71 Purification of Aspirates

CD71+ cells were enriched as described elsewhere [6]. After 
plasma removal, blood cells were washed twice with ice-cold in-
complete Roswell Park Memorial Institute (iRPMI) 1640 medium, 
resuspended at 30% hematocrit and filtered through a 50-µm cell 
strainer. Cell suspensions were brought to 50% hematocrit and in-
cubated with CD71 microbeads for 15 minutes at 4°C (Miltenyi 
Biotech). Magnetic isolation was done with LS (Miltenyi Biotech, 
USA) columns. Cell suspensions were loaded into a prewet column 
and allowed to flow. Of the recovered CD71+ pellet, 2 µL was used 
for a smear, 2 µL was used for staining with anti-CD71 and anti-
glycophorin A (Miltenyi Biotech), to confirm purification, and 
the rest was resuspended in Trizol reagent and kept at ─80°C until 
RNA extraction. Thin smears containing CD71+ cells were stained 
with rapid panoptic stain to quantify erythoid cells and leukocyte 
contaminants with light microscopy.

Quantitative and Qualitative Analysis With Light Microscopy

Panoptic-stained thin smears containing CD71+ cells were 
used for dyserythropoiesis counts. The erythroid precursors 
were classified as basophilic, polychromatic, or orthochromatic 
erythroblasts. A total of 1000 red cell precursors were counted 
by 3 different viewers. Reticulocytes were counted in brilliant 
cresyl blue–stained thin smears.

Parasite Count

Malaria parasitemia was estimated using Giemsa-stained thin 
blood smears. A total of 10 000 enucleated red blood cells were 
counted, and the parasitemia was calculated as the percentage of 
infected red blood cell. Whole BM and whole peripheral blood 
were used for these counts. P.  vivax monoinfection on admis-
sion and absence of parasites at convalescence were confirmed 
by means of quantitative polymerase chain reaction (qPCR) [23].

Total RNA Isolation

CD71+ cells were resuspended in 200 µL of Trizol reagent and 
kept at─80°C until RNA extraction. After thawing, the cell 
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suspensions were vigorously homogenized by mixing with 
200 µL of chloroform and incubated at room temperature for 
15 minutes. The resultant mix was cold centrifuged (at 4°C and 
12 000g for 15 minutes). The supernatant was mixed with iso-
propanol and incubated overnight. Ethanol 75% was used for 
RNA precipitation, and the resultant pellet was suspended in 
diethyl pyrocarbonate–treated water and kept at ─80°C until 
RNA sequencing. Aliquots were used for integrity analysis and 
concentration measurement with the High Sensitivity RNA 
ScreenTape system (Agilent Technologies). RNA quality control 
was performed by the translational genomics core facility at El 
Instituto de Investigación Germans Trias y Pujol (IGTP).

Messenger RNA Sequencing Library Construction, Sequencing, and 

Bioinformatic Analysis

CD71+ fractions were used for transcriptomic studies. Material 
from 3 patients (patients 1, 3, and15) had enough RNA quality 
(RNA integrity number >7) in both days 0 and 42, to generate 
RNA sequencing libraries using the TruSeq stranded mes-
senger RNA kit (Illumina). Next-generation sequencing library 
preparation and Illumina sequencing were performed by the 
Genomics Unit of the Center for Genomic Regulation. Samples 
showed excellent sequence quality scores (score >30; approxi-
mately 250 million reads sequenced in a single lane). The quality 
of raw data was checked using FastQC software, version 0.11.9  
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
The reads were mapped to the human genome (Ensembl 
GRCh38.p10) using Bowtie 2 [24] software, version 2.3.5.1, and 
Samtools [25] and HTSeq-count [26] software, version 0.11.0 
were used to count aligned reads. Clustering and differential 
expression analysis were performed using the DESeq2 software 
package, version 1.29. Statistical cutoffs for significant differ-
ences in gene expression were set for adjusted P values (<.05) 
and absolute fold change (>1.2). To identify human genes af-
fected by P. vivax, we compared the resulting data from samples 
obtained from 3 patients during acute malaria infection to sam-
ples obtained during convalescence from the same 3 patients.

Functional Enrichment Analysis

Gene set enrichment analysis (GSEA) in preranked mode was 
performed using the GSEA tool [27] and the fast GSEA imple-
mentation of the preranked GSEA algorithm implemented in 
the fgsea package in R software [28]. Analyses were performed 
using preranked paired sample individual and average log2 fold 
change or the signed minus log-adjusted P value as the metric. 
To visualize GSEA results, we used Enrichment Map [29]. Gene 
ontology terms found to be enriched using the significant dif-
ferentially expressed genes were visualized with the ClueGO 
Cytoscape plug-in [30].

Reverse-Transcription qPCR Assays to Validate Gene Expression 

A set of genes related to erythropoiesis and with different pat-
terns of expression during infection was selected to confirm 

expression by means of reverse-transcription qPCR. Five ali-
quots of messenger RNA from different patients were used to 
measure transcripts for genes GATA1, ALAS1, ALAS2, ARID3A, 
NFE, and TAL1, using as calibrator the GAPDH gene (Homo 
sapiens constitutively expressed gene). The qPCR assays were 
performed using triplicates for each sample and repeated twice 
for quality control. Day 42 samples were used to determine a 
threshold for transcript expression.

Cytometry Bead Array

Chemokines, anaphylatoxins, and cytokines in the peripheral 
blood and BM were measured by means of Cytometric Bead 
Array (BD Biosciences). Human chemokine, anaphylatoxin and 
T-helper (Th) 1/Th2/Th17 cytokine kits (BD Biosciences) were 
used, following the manufacturer’s guidelines and protocols. 
A FACSCanto II flow cytometer (BD Biosciences) was used for 
sample acquisition, and FCAP-Array software (version 3; Soft 
Flow) was used to calculate the levels of each molecule’s levels 
(in picograms per milliliter pg/mL and as the mean fluores-
cence intensity).

RESULTS

Presence of P. vivax Parasites in the Human BM During Acute Vivax Malaria

We confirmed P. vivax monoinfection for all patients by means 
of qPCR (Supplementary Table 1). Examination of periph-
eral blood thin smears during acute infections revealed a wide 
range of P. vivax parasitemia (parasite count, 299–12 792/µL) 
among the 7 patients included in this study. Noticeably, we ob-
served P. vivax parasites in BM aspirates from all patients, and 
quantification of BM parasitemia in Giemsa-stained smears re-
vealed overall similar parasitemia in BM and peripheral blood 
(Figure  1A). At microscopy, no nucleated cell was seen to be 
infected by P. vivax. We next attempted to characterize P. vivax 
stage distribution in BM aspirates compared with peripheral 
blood and did not observe any statistically significant difference 
in parasite stage distribution (Figure 1B).

Dyserythropoiesis and Ineffective Erythropoiesis as Common Features in 

P. vivax–Infected Patients

Supplementary Table 2 summarizes essential hematological and 
clinical data on admission (day 0)  and during convalescence 
(day 42) for all patients studied. Absence of parasites at day 42 
was confirmed by means light microscopy (not shown) and 
qPCR (Supplementary Table 1). Five patients presented normal 
levels of hemoglobin at admission, ad 2 were mildly anemic (pa-
tients 9 and 13), with a significant change in hemoglobin levels 
(decrease >20%) during infection, which levels returning to 
normal by day 42. We used CD71-coated microbeads to purify 
erythroid cells from each BM aspirate. CD71 enrichment was 
very efficient, presenting a median yield of 88.7% (interquar-
tile range, 73.4%–95.7%). White blood cell contamination was 
estimated using light microscopy (median, 2.6%; interquartile 
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range, 1.2%–7.7%). All erythroblast stages were found after pu-
rification, and they closely mimicked the original composition 
of the BM aspirate (not shown). Because proportions of pol-
ychromatic and orthochromatic erythroblasts were faithfully 
maintained on purification, we used the CD71+ fraction to 
quantify dyserythropoiesis and ineffective erythropoiesis.

Interestingly, we observed dyserythropoiesis in all patients 
recruited, which significantly decreased after recovery from 
the infection (Figure  1C). Dyserythropoietic cells included 
erythroblasts presenting dysplasic or irregularly shaped nuclei, 
budding or multiple nuclei and cytoplasmic bridge between 
erythroblasts (Figure 1D). Nuclear abnormalities were the most 
common observation and were predominantly seen in poly-
chromatic erythroblasts, as described elsewhere [5].

Dyserythropoiesis in patients with P. vivax malaria has been 
reported to be most marked with higher levels of anemia, al-
though no statistical correlation was found. Similarly, we also 

observed a trend toward a higher dyserythropoiesis with lower 
hemoglobin levels, although it was not statistically significant 
(P = .23) (Figure 1E). Hemoglobin levels and dyserythropoiesis 
were not related to levels of parasitemia. This is in accordance 
with the finding that P.  vivax can cause anemia even at low 
levels of parasitemia [31].

To assess ineffective erythropoiesis during P. vivax acute in-
fection, we quantified the different erythroblast maturation 
stages in the BM. During healthy (effective) erythropoiesis, the 
proportions of proerythroblasts and basophilic, polychromatic, 
and orthochromatic erythroblasts are 1:2:4:8, because there 
is a cell duplication for each step of maturation [32]. Because 
orthochromatic and polychromatic erythroblasts are the most 
abundant cells in the BM, we used the ratio of orthochromatic 
to polychromatic erythroblasts to quantify ineffective erythro-
poiesis (Figure 1F). In normal conditions, this ratio is about 2 
(effective). The ratio was <2 in all P.  vivax–infected patients, 
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ates and peripheral blood (PB) on admission (day 0). Percentage of infected red blood cells (RBCs; n = 10 000 enucleated RBCs); values represent means (n = 3). B, Parasite 
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suggesting that ineffective erythropoiesis is common during ac-
tive P. vivax infection. 

Surprisingly, we did not observe any relationship between 
levels of dyserythropoiesis and ineffective erythropoiesis. On 
the other hand, ineffective erythropoiesis was not related to 
parasitemia, as we observed for dyserythropoiesis. According 
to the stage of development of erythropoietic lineage, 66% of 
polychromatic and 34% of orthocromatic erythroblasts were 
dyserythropoietic. Proerythroblasts and basophilic erythro-
blasts with dyserythropoiesis signals were not found. In conclu-
sion, although dyserythropoiesis and ineffective erythropoiesis 
were reported in the BM of anemic children [5] and of an 
anemic adult from a clinical case report [6], we found these 
phenomena to be a hallmark of all P. vivax infections in the BM, 
as they are also present in nonanemic patients.

Use of CD71 Purification of BM Aspirates in Specific Transcriptomic 

Studies of Erythropoiesis in Patients

CD71+ fractions were used for transcriptomic studies. Material 
from 3 patients [1, 5, 13] had enough RNA quality on both days 
0 and day 42 to generate RNA libraries. A pipeline for bioinfor-
matics analysis of the data is shown in Supplementary Figure 

1. To identify genes related to clinical conditions, the resulting 
data from these 3 patients during acute malaria were com-
pared with data from the same patients during convalescence. 
The overall alignment rate into the reference human genome 
ranged from 86.71% to 99.15%, with a mean of 26 064 genes 
mapped, of which 52.5% corresponded to protein coding genes. 
Differential expression analysis comparing samples from days 0 
and 42 revealed a total of 274 genes with significantly different 
expression (adjusted P < .05) during acute vivax malaria com-
pared with convalescence, most of them up-regulated. All data 
are freely available through the Gene Expression Omnibus NIH 
database repository (GSE136046).

Principal component analysis showed differential clustering 
of samples from days 0 and 42, indicating a distinct composition 
and/or expression profile for P. vivax active infection compared 
with convalescence (Figure  2A). Indeed, heat maps showed 
differential expression profiles for each patient during active 
infections and after drug treatment (Figure  2B). Noticeably, 
GSEA showed heme synthesis and chromatin silencing terms 
significantly enriched at day 42 and immune response terms 
enriched at day 0 (Figure  2C, Supplementary Figure 2, and 
Supplementary Table 3).
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Gene Expression Validation

We used reverse-transcription qPCR to validate the expression 
of the aforementioned genes on days 0 and 42 for the 3 indi-
vidual patients. Figure 3A shows the down-regulation of genes 
related to erythropoiesis (ALAS1, ALAS2, NFE, TAL1, ARID3A, 
and GATA1). Figure 3B shows a trend in negative correlation 
between parasitemia and the expression of such genes.

Use Cytokine Measurement to Reveal Inflammatory BM Environment 

We quantified cytokines in BM aspirates and peripheral blood 
plasma during acute P.  vivax infection and convalescence in 
the 7 patients studied (Figure 4C). Although we found a small 
increase in TNF and IFN-γ during infection, values were almost 
negligible. Larger values were obtained for interleukin 17A for 
some samples, but no significant difference was observed be-
tween infection and convalescence, for either BM or peripheral 
blood. In contrast, strong signals were detected for interleukin 6 
and 10, which were increased during active P. vivax infection in 
both BM and peripheral blood plasma, in accordance with pre-
vious reports [33, 34]. In addition to cytokines, genes involved 
in the complement cascade, such as the 3 C1q chains (A, B, and 
C) and receptors for C3a and C5, were found to be up-regulated 
in CD71+ cells during active P. vivax infection.

DISCUSSION

In our study, 3 of the 7 patients showed 2–3-fold parasite en-
richment in the BM. Thus, although parasitemia in the BM and 
peripheral blood are often similar, parasite enrichment in the 
BM can occur, as reported elsewhere [6]. To complicate matters, 
there is also the possibility that during aspiration, adhered cells 
were not analyzed. BM biopsies would solve the technical issue, 
but that is a more invasive and painful procedure. In fact, cases 
of vivax malaria where parasites have been exclusively found 

in this tissue have been described [35]. However, similarly to 
what has been described in a clinical case [6], we observed a 
trend toward enrichment of rings, schizonts, and gametocytes. 
However, owing to common low parasitemias hampering reli-
able differential counting, generating antibodies or identifying 
molecular markers specific for each parasite stage is required 
for confident quantification of P. vivax stages. No nucleated cell 
in BM was seen to be infected by P. vivax. That has been re-
ported elsewhere in 1 patient with severe anemia [36].

One interesting group of genes that was found significantly to 
be down-regulated in the BM during active infection, the ery-
throid maturation genes, including GATA1, the major transcrip-
tion factor driving erythropoiesis [37], as well as NFE, TAL1, 
and ARID3A, nuclear factors involved in erythroid maturation 
[38]. In addition, 2 enzymes involved in heme biosynthesis 
that are induced during erythropoiesis, ALAS-1 and ALAS-2, 
were also found among this group of down-regulated genes. All 
genes were indeed down-regulated during infections, with the 
exception of NFE in patient 13. Interestingly, fold changes >4 
were observed for GATA-1, NFE, TAL-1, and ALAS-2 in pa-
tient 5, who was nonanemic and the patient presenting the most 
marked dyserythropoiesis and ineffective erythropoiesis. 

Decreased expression of the enzymes ALAS-1 and ALAS-2 
could be a result of the ineffective erythropoiesis observed 
during active infections or could be due to enrichment of pol-
ychromatic respect to orthochromatic erythroblasts in these 
samples. In contrast, GATA-1 has been found to be constantly 
and similarly expressed during erythroblast differentiation [37, 
38]. Thus, different erythroblast composition due to ineffec-
tive erythropoiesis is less likely to explain substantial changes 
in the expression of GATA-1, suggesting that GATA-1 down-
regulation is directly caused by P. vivax, in our sample. However, 
GATA-1 modulation has also been described for other anemic 
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conditions, such as that caused by 3′-Azido-3′-deoxythymidine 
and sickle cell anemia [39, 40].

In erythroblast cultures, it has been found that hemozoin in-
duces down-regulation of GATA-1, resulting in erythropoiesis 
defects [20]. Thus, we explored the relationship between par-
asitemia in the BM aspirates of these patients and expression 
levels. GATA-1, NFE, ALAS-1, and ALAS-2 seemed to be more 
down-regulated in those samples with higher parasitemia, al-
though this correlation was weak (Figure 3B).

Overall, taking into account the results of published in vitro 
studies and our transcriptomic study, it is legitimate to specu-
late that P. vivax and, likely, hemozoin produced by parasites, 
induces GATA-1 down-regulation in the erythroid lineage, re-
sulting in ineffective erythropoiesis in the BM. Finally, GATA-1 
is also a master regulator of megakaryopoiesis and platelet pro-
duction, and thrombocytopenia is also present in most active 
P. vivax infections [41].

Another cluster of significantly differentially expressed 
genes was related to the immune response. These genes were 
up-regulated during active P.  vivax infection compared with 

convalescence (Figure  4A). Functional enrichment and net-
work analyses confirmed such results (Figure 4B). The eryth-
roblastic island, where erythropoiesis occurs, presents a 
specific immune microenvironment regulating erythroblast 
differentiation around a central macrophage; CD71+ cells are 
immunomodulatory and are capable of producing cytokines 
and chemokines [42]. TNF, as well as its receptors TNF receptor 
superfamily 1A, 10A, and 10B, were found up-regulated during 
active P. vivax infection. TNF inhibits erythropoiesis through 
several proposed mechanisms, including blockage of GATA-1 
transcriptional activity. Several genes induced by TNF, as well as 
IFN-γ, were also found to be up-regulated during active P. vivax 
infection and are pathways related to erythropoiesis inhibition 
and apoptosis.

Complement activation could thus lead to phagocytosis of these 
cells, contributing to ineffective erythropoiesis. Moreover, annexin 
A2 and A5, which serve as ligands for C1q on apoptotic cells [43], 
were also found to be up-regulated during infection. Overall, these 
results suggest that the inflammatory microenvironment regu-
lating erythroblast development could be profoundly disturbed by 
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the inflammatory response to active P. vivax infection, leading to 
apoptosis and phagocytosis of erythroblasts.

In summary, during active vivax malaria infections, para-
sites are always found in the BM and induce dyserythropoiesis 
and ineffective erythropoiesis, independent of patients’ anemic 
status. Such defects are related to transcriptional changes af-
fecting immune-related genes as well as erythropoietic-related 
genes, which were seemingly orchestrated by GATA-1 down-
regulation. The question thus remains why P. vivax has chosen 
CD71+ reticulocytes, mostly found in the BM, as a host cell 
while actively inducing erythropoietic defects during infection. 

Our group has postulated that P. vivax infections also induce 
spleen remodeling facilitating adherence of infected reticulo-
cytes to the spleen [44], and this postulation has received sup-
port from 2 clinical cases of spleen rupture [45, 46]. Thus, in 
addition to the BM, the spleen seems another niche rich in re-
ticulocytes where the parasites can multiply. In fact, formation 
of hematopoietic niches and extraxmedullary erythropoiesis 
in the spleen is prevalent in benign clinical hematological dis-
orders [47], and in other infections innate immune activation 
initiates extramedullary hematopoiesis [48]. Further investiga-
tions on the BM as a new parasite niche, and its link to anemia 
and splenomegaly are warranted. Studies in asymptomatic pop-
ulation infected with this parasite are also relevant and must be 
pursued, to elucidate the consequences of chronic infection and 
what happens in niches such as BM.

Data presented herein should be considered as pioneering 
but preliminary analysis of erythropoiesis in a few patients with 
P.  vivax malaria, in whom BM aspirates were made possible. 
The major question that still persists is the specificity of such 
findings to P. vivax infection or to a more general inflammatory 
systemic disease.
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are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.

Notes

Acknowledgments. We thank all patients and healthy donors 
that participated in these studies. We thank the El Instituto de 
Investigación Germans Trias y Pujol (IGTP) Cytometry Unit for 
fluorescence-activated cell sorting services, IGTP Translational 
Genomics Unit for RNA quality control services, and IGTP High 
Content Genomics and Bioinformatics (and Susanna Aussó) for 
their contribution to RNA sequencing data quality control, dif-
ferential gene expression, and functional genomic analyses. We 
thank the Center for Genomic Regulation’s Genomics Unit for 

next-generation sequencing services. ISGlobal and IGTP are 
members of the CERCA Programme, Generalitat de Catalunya. 

Author contributions. Conception and coordination of 
study: H. A. d. P. and M. V. G. L.

Performance of experiments: M.  A. M.  B., B.  B., A.  A. H., 
K.  D., E.  F. G.  F., A.  G. C., A.  C. G.  A., B.  W. H., E.  V. D.  P., 
and C. F. B. Data analysis: M. A. M. B., B. B., A. A. H., K. D., 
M. d. P. A., E. V. D. P., C. F. B., WM, H. A. d. P., and M. V. G. L. 
Bioinformatic analysis: T.  C. R.  and L.  S. Obtaining of bone 
marrow aspirates: I. P. S. and M. V. G. L. Drafting of manuscript: 
M. A. M. B., B. B., K. D., T. C. R., and H. A. d. P. All authors read 
and approved the content of the manuscript. 

Financial support. This work was supported by Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior (grant 
71/2013 and Science Without Borders fellowships to  M. A. M. 
B. and K. D.); Fundação de Amparo à Pesquisa do Estado do 
Amazonas  (grant PRONEM 009/2011, ProAM-Estado fellow-
ship to B. B., and funding for M. V. G. L.’s laboratory); the Sao 
Paulo Research Foundation (B. W.  H.  and E.  V. D.  P.); CNPq 
(fellowships to W. M. M., E. V. D. P., and M. V. G. L. and funding 
for M.  V. G.  L.’s laboratory); the Brazilian Ministry of Health 
(funding for M. V. G. L.’s laboratory); and the Ministerio Español 
de Economía y Competitividad (grant SAF2016-80655-R to the 
laboratory of C. F. B. and H. A. d. P.). 

Potential conflicts of interest. All authors: No reported 
conflicts. All authors have submitted the ICMJE Form for 
Disclosure of Potential Conflicts of Interest. Conflicts that the 
editors consider relevant to the content of the manuscript have 
been disclosed.

References

1. World Health Organization. World malaria report 2018. 
Geneva, Switzerland: World Health Organization, 2018.

2. Marchiafava E, Bignami A. On Summer-Autumn Malarial 
Fevers [Translated by J. Harry Thomson], Chap. 7, Vol. CL. 
London: The New Sydenham Society, 1894; 92–119.

3. Aitken  GJ. Sternal puncture in the diagnosis of malaria. 
Lancet 1943; 242:466–8.

4. Knüttgen HJ. Knochenmark befunde dei malaria tertiana. Z 
Tropenmed Parasitol. 1949; 1:178–94.

5. Wickramasinghe  SN, Looareesuwan  S, Nagachinta  B, 
White NJ. Dyserythropoiesis and ineffective erythropoiesis 
in Plasmodium vivax malaria. Br J Haematol 1989; 72:91–9.

6. Baro B, Deroost K, Raiol T, et al. Plasmodium vivax gam-
etocytes in the bone marrow of an acute malaria patient and 
changes in the erythroid miRNA profile. PLoS Negl Trop 
Dis 2017; 11:e0005365.

7. Obaldia  N, Meibalan  E, Sa  JM, et  al. Bone marrow is a 
major parasite reservoir in Plasmodium vivax infection. 
MBio 2018; 9:e00625-18.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/doi/10.1093/infdis/jiaa177/5859491 by guest on 01 July 2020



Human Bone Marrow Infection by P. vivax Malaria • jid 2020:XX (XX XXXX) • 9

8. Pathak VA, Ghosh K. Erythropoiesis in malaria infections 
and factors modifying the erythropoietic response. Anemia 
2016; 2016:9310905.

9. Giarratana MC, Kobari L, Lapillonne H, et al. Ex vivo gen-
eration of fully mature human red blood cells from hemato-
poietic stem cells. Nat Biotechnol 2005; 23:69–74.

10. Panichakul T, Payuhakrit W, Panburana P, Wongborisuth C, 
Hongeng S, Udomsangpetch R. Suppression of erythroid de-
velopment in vitro by Plasmodium vivax. Malar J 2012; 11:173.

11. Panichakul  T, Ponnikorn  S, Roytrakul  S, et  al. Plasmodium 
vivax inhibits erythroid cell growth through altered phospho-
rylation of the cytoskeletal protein ezrin. Malar J 2015; 14:138.

12. Bate CA, Taverne  J, Playfair  JH. Malarial parasites induce 
TNF production by macrophages. Immunology 1988; 
64:227–31.

13. Weiss L, Johnson J, Weidanz W. Mechanisms of splenic con-
trol of murine malaria: tissue culture studies of the eryth-
ropoietic interplay of spleen, bone marrow, and blood in 
lethal (strain 17XL) Plasmodium yoelii malaria in BALB/c 
mice. Am J Trop Med Hyg 1989; 41:135–43.

14. Verhoef  H, West  CE, Kraaijenhagen  R, et  al. Malarial 
anemia leads to adequately increased erythropoiesis in 
asymptomatic Kenyan children. Blood 2002; 100:3489–94.

15. Dufour C, Corcione A, Svahn J, et al. TNF-alpha and IFN-
gamma are overexpressed in the bone marrow of Fanconi 
anemia patients and TNF-alpha suppresses erythropoiesis 
in vitro. Blood 2003; 102:2053–9.

16. Miller KL, Schooley JC, Smith KL, Kullgren B, Mahlmann LJ, 
Silverman  PH. Inhibition of erythropoiesis by a soluble 
factor in murine malaria. Exp Hematol 1989; 17:379–85.

17. Kurtzhals  JA, Adabayeri  V, Goka  BQ, et  al. Low plasma 
concentrations of interleukin 10 in severe malarial anaemia 
compared with cerebral and uncomplicated malaria. Lancet 
1998; 351:1768–72.

18. Casals-Pascual  C, Kai  O, Cheung  JO, et  al. Suppression 
of erythropoiesis in malarial anemia is associated with 
hemozoin in vitro and in vivo. Blood 2006; 108:2569–77.

19. Aguilar  R, Moraleda  C, Achtman  AH, et  al. Severity of 
anaemia is associated with bone marrow haemozoin in 
children exposed to Plasmodium falciparum. Br J Haematol 
2014; 164:877–87.

20. Skorokhod  OA, Caione  L, Marrocco  T, et  al. Inhibition 
of erythropoiesis in malaria anemia: role of hemozoin 
and hemozoin-generated 4-hydroxynonenal. Blood 2010; 
116:4328–37.

21. Ray  S, Patel  SK, Venkatesh  A, et  al. Clinicopathological 
analysis and multipronged quantitative proteomics re-
veal oxidative stress and cytoskeletal proteins as possible 
markers for severe vivax malaria. Sci Rep 2016; 6:24557.

22. Holdrinet  RS, von  Egmond  J, Wessels  JM, Haanen  C. A 
method for quantification of peripheral blood admixture in 
bone marrow aspirates. Exp Hematol 1980; 8:103–7.

23. Melo  GC, Monteiro  WM, Siqueira  AM, et  al. Expression 
levels of pvcrt-o and pvmdr-1 are associated with chloro-
quine resistance and severe Plasmodium vivax malaria 
in patients of the Brazilian Amazon. PLoS One 2014; 
9:e105922.

24. Langmead CJ, McClung CR, Donald BR. A maximum en-
tropy algorithm for rhythmic analysis of genome-wide ex-
pression patterns. Proc IEEE Comput Soc Bioinform Conf 
2002; 1:237–45.

25. Li  H, Handsaker  B, Wysoker  A, et  al; 1000 Genome 
Project Data Processing Subgroup. The Sequence 
Alignment/Map Format and SAMtools. Bioinformatics 
2009; 25:2078–9.

26. Anders  S, Pyl  PT, Huber  W. HTSeq—a Python frame-
work to work with high-throughput sequencing data. 
Bioinformatics 2015; 31:166–9.

27. Subramanian  A, Tamayo  P, Mootha  VK, et  al. Gene set 
enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl 
Acad Sci U S A 2005; 102:15545–50.

28. Sergushichev AA, Loboda AA, Jha AK, et al. GAM: a web-
service for integrated transcriptional and metabolic net-
work analysis. Nucleic Acids Res 2016; 44:W194–200.

29. Merico  D, Isserlin  R, Stueker  O, Emili  A, Bader  GD. 
Enrichment map: a network-based method for gene-set en-
richment visualization and interpretation. PLoS One 2010; 
5:e13984.

30. Bindea G, Mlecnik B, Hackl H, et al. ClueGO: a Cytoscape 
plug-in to decipher functionally grouped gene ontology 
and pathway annotation networks. Bioinformatics 2009; 
25:1091–3.

31. Castro-Gomes  T, Mourão  LC, Melo  GC, Monteiro  WM, 
Lacerda MV, Braga ÉM. Potential immune mechanisms as-
sociated with anemia in Plasmodium vivax malaria: a puz-
zling question. Infect Immun 2014; 82:3990–4000.

32. Hu J, Liu J, Xue F, et al. Isolation and functional characteriza-
tion of human erythroblasts at distinct stages: implications 
for understanding of normal and disordered erythropoiesis 
in vivo. Blood 2013; 121:3246–53.

33. Fernandes AA, Carvalho LJ, Zanini GM, et al. Similar cy-
tokine responses and degrees of anemia in patients with 
Plasmodium falciparum and Plasmodium vivax infections 
in the Brazilian Amazon region. Clin Vaccine Immunol 
2008; 15:650–8.

34. Hojo-Souza NS, Pereira DB, de Souza FS, et al. On the cy-
tokine/chemokine network during Plasmodium vivax ma-
laria: new insights to understand the disease. Malar J 2017; 
16:42.

35. Lacerda  MVG  de, Hipólito  JR, Passos  LN  da  M. Chronic 
Plasmodium vivax infection in a patient with splenomegaly 
and severe thrombocytopenia. Rev Soc Bras Med Trop 
2008; 41:522–3.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/doi/10.1093/infdis/jiaa177/5859491 by guest on 01 July 2020



10 • jid 2020:XX (XX XXXX) • Brito et al

36. Ru YX, Mao BY, Zhang FK, et al. Invasion of erythroblasts 
by Plasmodium vivax: A  new mechanism contributing to 
malarial anemia. Ultrastruct Pathol 2009; 33:236–42.

37. Welch  JJ, Watts  JA, Vakoc  CR, et  al. Global regulation of 
erythroid gene expression by transcription factor GATA-1. 
Blood 2004; 104:3136–47.

38. Kerenyi MA, Orkin SH. Networking erythropoiesis. J Exp 
Med 2010; 207:2537–41.

39. Spiga  MG, Weidner  DA, Trentesaux  C, LeBoeuf  RD, 
Sommadossi JP. Inhibition of β-globin gene expression by 
3’-azido-3’-deoxythymidine in human erythroid progenitor 
cells. Antiviral Res 1999; 44:167–77.

40. Bacon ER, Dalyot N, Filon D, Schreiber L, Rachmilewitz EA, 
Oppenheim A. Hemoglobin switching in humans is accom-
panied by changes in the ratio of the transcription factors, 
GATA-1 and SP1. Mol Med 1995; 1:297–305.

41. Lacerda  MVG, Mourão  MPG, Coelho  HC, Santos  JB. 
Thrombocytopenia in malaria: who cares? Mem. Inst. 
Oswaldo Cruz 2011; 106:52–63.

42. Chasis JA, Mohandas N. Erythroblastic islands: niches for 
erythropoiesis. Blood 2008; 112:470–8.

43. Martin M, Leffler J, Blom AM. Annexin A2 and A5 serve as 
new ligands for C1q on apoptotic cells. J Biol Chem 2012; 
287:33733–44.

44. Fernandez-Becerra  C, Yamamoto  MM, Vêncio  RZ, 
Lacerda  M, Rosanas-Urgell  A, del  Portillo  HA. 
Plasmodium vivax and the importance of the 
subtelomeric multigene vir superfamily. Trends Parasitol 
2009; 25:44–51.

45. Elizalde-Torrent A, Val F, Azevedo ICC, et al. Sudden spleen 
rupture in a Plasmodium vivax-infected patient undergoing 
malaria treatment. Malar J 2018; 17:79.

46. Machado Siqueira A, Lopes Magalhães BM, Cardoso Melo G, 
et  al. Spleen rupture in a case of untreated Plasmodium 
vivax infection. PLoS Negl Trop Dis 2012; 6:e1934.

47. Miwa Y, Hayashi T, Suzuki S, et al. Up-regulated expression 
of CXCL12 in human spleens with extramedullary haem-
atopoiesis. Pathology 2013; 45:408–16.

48. Jackson  A, Nanton  MR, O’Donnell  H, Akue  AD, 
McSorley SJ. Innate immune activation during Salmonella 
infection initiates extramedullary erythropoiesis and sple-
nomegaly. J Immunol 2010; 185:6198–204.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article-abstract/doi/10.1093/infdis/jiaa177/5859491 by guest on 01 July 2020


