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Abstract

Malaria caused by Plasmodium vivax is a highly prevalent infection world-wide, that was

previously considered mild, but complications such as anemia have been highly reported in

the past years. In mice models of malaria, anti-phosphatidylserine (anti-PS) autoantibodies,

produced by atypical B-cells, bind to uninfected erythrocytes and contribute to anemia. In

human patients with P. falciparum malaria, the levels of anti-PS, atypical B-cells and anemia

are strongly correlated to each other. In this study, we focused on assessing the relationship

between autoantibodies, different B-cell populations and hemoglobin levels in two different

cohorts of P. vivax patients from Colombia, South America. In a first longitudinal cohort, our

results show a strong inverse correlation between different IgG autoantibodies tested (anti-

PS, anti-DNA and anti-erythrocyte) and atypical memory B-cells (atMBCs) with hemoglobin

in both P. vivax and P. falciparum patients over time. In a second cross-sectional cohort, we

observed a stronger relation between hemoglobin levels, atMBCs and autoantibodies in

complicated P. vivax patients compared to uncomplicated ones. Altogether, these data con-

stitute the first evidence of autoimmunity associating with anemia and complicated P. vivax

infections, suggesting a role for its etiology through the expansion of autoantibody-secreting

atMBCs.

Author summary

Malaria is one of the top global infections causing high mortality and morbidity every

year. Plasmodium vivax is the most prevalent malarial infection, particularly in the region

of the Americas. Complications associated with P. vivax, such as anemia, are a growing

reported phenomenon, but the mechanisms leading to them are poorly understood. Here,

we report the first evidence of autoantibodies and Atypical Memory B-cells correlating

with anemia in two different cohorts of P. vivax patients, particularly during complicated
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infections. These findings point to Atypical Memory B-cells as key pathological players,

possibly through the secretion of autoantibodies, and attributes a role for autoimmunity

in mediating complications during P. vivax infections.

Introduction

Plasmodium vivax is the predominant cause of malaria in many areas of the world, including

South and Central America, where it represents 75% of malaria cases [1]. P. vivax malaria was

traditionally considered a low-risk uncomplicated infection, but in the past years an increasing

number of reports have documented severe complications and death caused by this infection

[2–4]. Complications of P. vivax infections include different manifestations, but severe anemia

is among the most frequent, especially in children [5, 6]. Despite its growing prevalence, the

mechanisms leading to complications during P. vivax infections are poorly understood.

Anemia in malaria is a multifactorial syndrome characterized by decreased erythropoiesis

and by the loss of infected and uninfected erythrocytes [7, 8], which results in the loss of about

34 uninfected erythrocytes for each erythrocyte lysed directly due to P. vivax infection [9]. The

mechanisms underlying the loss of uninfected erythrocytes are not clear yet, but malaria-

induced anemia was recently related to autoimmune responses in patients [10]. Malaria, as

other highly inflammatory infectious diseases, induces a strong autoimmune response charac-

terized by the generation of anti-self antibodies with different specificities [11–13]. Studies in

mice models of malaria showed that antibodies recognizing the lipid phosphatidylserine (PS)

exposed on the surface of uninfected erythrocytes promote their clearance contributing to ane-

mia [14].

In malaria patients, the levels of anti-PS antibodies correlate inversely with hemoglobin lev-

els in different cohorts infected with P. falciparum, including children with severe infections in

Uganda [15], European travelers with post-malarial anemia [14] or first-time malaria infec-

tions [16] and uncomplicated P. vivax infections in Malaysia [17]. The relationship between-

anti-PS antibodies and other autoantibodies with anemia has not been explored longitudinally

or during complicated P. vivax infections. We hypothesized that anti-PS and other autoanti-

bodies would correlate with anemia development during P. vivax malaria, particularly in com-

plicated infections.

Previous reports show increased levels of atypical memory B-cells (AtMBCs) in populations

chronically exposed to P. falciparum [17–21] or P. vivax infections [22]. In P. falciparum acute

infections, a strong correlation was observed between the levels of AtMBCs, the levels of anti-

PS antibodies and the levels of plasma hemoglobin [16], suggesting that atMBCs may be the

main B-cell type secreting anti-PS antibodies that contribute to human malarial anemia, as

was previously observed in mice models of infection [23]. However, the relationship between

AtMBCs, autoimmunity and the role they might play during anemia and other complications

has not been explored during P. vivax infections. We hypothesized that AtMBCs would be

highly expanded during complicated P. vivax infections and could be a key mediator of anemia

though the secretion of autoimmune antibodies.

Here we present the first study of the relations between autoimmune antibodies, hemoglo-

bin levels and AtMBCs in two different cohorts of P. vivax malaria patients from Colombia:

one longitudinal comparing uncomplicated P. vivax and P. falciparum patients over the period

of one month and one cross-sectional comparing complicated and uncomplicated P. vivax
malaria.
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Our results from the first cohort show that the levels of autoimmune antibodies and

AtMBCs are maintained at least during one month after infection and correlate with anemia

in both P. vivax and P. falciparum patients. In the second cohort, we analyzed the relations of

different clinical and immune parameters of patients with uncomplicated or complicated P.

vivax infections. A correlation analysis revealed a relation between autoimmune antibodies

and hemoglobin levels in patients with complicated P. vivax infections, which were also related

to levels of AtMBCs.

Methods

Ethics statement

Both studies included in this manuscript were approved by the Committee on Human Ethics

of the Health Sciences Department of the University of Cordoba, Monteria, Colombia in Acta

#004 on May 6, 2016. Written informed consent was received from participants prior to inclu-

sion in the study.

Study design and sample collection

Two different studies on patients with malaria are included in this work (Table 1). The patients

from both cohorts were recruited at the Tierralta municipality (8˚10022@N 76˚03034@O) in Cór-

doba, Colombia. This municipality expands for a total of 5.025 Km2, has an average tempera-

ture of 27.3˚C and an altitude of 51 m (S1 Fig). The malaria incidence in Tierralta is

characterized for having stable transmission and high risk across the year, with an annual para-

sitological index above 10 cases per 1,000 habitants. In 2019, 9,111 malaria cases were reported,

with 0.3% of them categorized as complicated malaria. P. vivax is the dominant species being

reported, with a ratio of 4:3 P. vivax to P. falciparum [24]. Patients for the first cohort to follow

autoimmune responses over time were recruited at Hospital San José of Tierralta, Córdoba,

Colombia, during six months in 2017 (Table 2). Uninfected controls were recruited in the

urban, malaria non-endemic area of Monteria [24]. Patients for the second cohort to compare

uncomplicated and complicated P. vivax infections were recruited at Hospital San Jerónimo of

Monteria and Hospital San José of Tierralta, Córdoba, Colombia, between October 2017 and

March 2019 (Table 3). For both studies inclusion criteria were diagnosis of P. vivax by blood

smear, confirmed by nested PCR [25]. The WHO criteria for diagnosis of anemia [26] and for

severe P. vivax were followed [6]. The most frequent complications in this group were throm-

bocytopenia (platelets� 50,000/μL) in 64% (32/50) of patients; high alanine aminotransferase

levels (> 40 U/L) in 48% (24/50) of patients and hypoglycemia (glucose� 60 mg/dL) in 42%

(21/50) of patients. Only one patient presented severe anemia (hemoglobin� 8 g/dL) while

most patients suffered from moderate to mild anemia (Table 4). In both cohorts, patients were

treated according to the National Health Institute of Colombia guidelines: Chloroquine

Table 1. Description of cohorts 1 and 2.

Cohort 1 Cohort 2

Study type Longitudinal Cross-sectional

Plasmodium species P. vivax (n = 11)

P. falciparum (n = 9)

P. vivax

Community controls (CC) 8 50

Uncomplicated malaria (UM) 20 56

Complicated malaria (CM) - 50

Follow up days post treatment 0, 7, 14, 21, 28 -

https://doi.org/10.1371/journal.pntd.0008466.t001
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(10 mg/kg, followed by 7.5 mg/kg at 24 and 48 h) and Primaquine (0.25 mg/kg for 14 days)

[27]. For all groups, children younger than 2 years old, pregnant women, and patients with

other non-malarial infections (and P. falciparum for the cohort 2), were excluded. The follow-

ing infections were excluded: Dengue, brucellosis, leptospirosis, salmonellosis, rickettsial dis-

ease and mixed Plasmodium infection. Control subjects for the second cohort were recruited

in the municipality of Tierralta among afebrile people with no malaria episodes in the past 6

months. All were confirmed to be PCR negative for Plasmodium infection. Peripheral blood (5

ml in EDTA) was collected from each subject at the time of diagnosis and additionally at after

7, 14, 21 and 28 days for cohort 1. Peripheral blood mononuclear cells (PBMC) were isolated

using Ficoll-Paque density gradient system (Sigma). For all patients and control subjects of

cohort 2, analysis of biochemical and cellular parameters was performed and demographic

and epidemiological data were collected.

Table 2. Clinical information from community controls, P. vivax and P. falciparum-infected patients from cohort 1.

CC (n = 8) P. vivax (n = 11) P. falciparum (n = 9) �P value Pv vs Pf �P value CC vs Pv �P value CC vs Pf
Age (years) 25.5 (21.5, 28.7) 21 (13.0, 23,0) 13 (10.0, 21.5) - - - - - - - - -

Female sex (%) 6 (75) 4 (36.3) 5 (55.5) - - - - - - - - -

Hemoglobin (g/dl)� 13.4(13.53,14) 11.8 (11.0, 12.1) 11.2 (10.5, 12.0) 0.5389 <0.0001 0.0013

Parasite density (p/ μl) 0 (0, 0) 5,903 (4,913; 8,752) 7,733 (3,988; 8,865) 0.8633 - - - - - -

�Hemoglobin levels at nadir in P. falciparum and P. vivax patients.

Data presented as median (IQR) unless otherwise indicated

Abbreviations: community controls (CC), P. vivax (Pv), P. falciparum (Pf),

https://doi.org/10.1371/journal.pntd.0008466.t002

Table 3. Clinical information from community controls, P. vivax uncomplicated and complicated patients from cohort 2.

CC (n = 50) UM P. vivax (n = 56) CM P. vivax (n = 50) �P value UM vs CM

Age (years) 20.5 (13.0, 33.2) 17.5 (12.7, 33.7) 16.0 (11.0, 26.0) - - -

Female sex (%) 24 (48.0) 22 (39.3) 24 (48.0) - - -

Hemoglobin (g/dl) 12.6 (11.5, 13.7) 11.5 (10.3, 12.7) 11.2 (9.9, 12.5) 0.5643

Parasite density (p/μl) 0 (0, 0) 2,387 (1,800, 4050) 2,500 (1,460,5,185) 0.1421

Data presented as median (IQR) unless otherwise indicated

Abbreviations: community controls (CC); uncomplicated P. vivax malaria (UM); complicated P. vivax malaria (CM).

https://doi.org/10.1371/journal.pntd.0008466.t003

Table 4. Anemia status of patients from cohorts 1 and 2.

Grades of Anemia [26] Number of patients (%)

Cohort 1 Cohort 2

Pv Pf UM CM

No anemia (>11.9g) 3 (27%) 4 (44%) 21 (36%) 18 (36%)

Mild (11.9g/dL—10.9g/dL) 8 (73%) 5 (55%) 21 (36%) 12 (24%)

Moderate (10.8g/dL—8g/dL) 0 0 17 (28%) 19 (38%)

Severe (<8g/dL) 0 0 0 1 (2%)

Abbreviations: P. vivax (Pv), P. falciparum (Pf), uncomplicated P. vivax malaria (UM); complicated P. vivax malaria

(CM).

https://doi.org/10.1371/journal.pntd.0008466.t004
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Determination of antibodies

Costar 3750 96-well ELISA plates were coated with PS (Sigma) at 20 μg/ml in 200-proof

Molecular Biology ethanol or a lysate of freeze-thaw control human red blood cells (RBC)

(Interstate Blood bank) at (109 RBCs/μl), calf thymus DNA (Sigma) at 10μg/ml and recom-

binant P. vivax MSP-119 (BEI resources, MRA-60) in PBS. Plates were incubated during 16

h at 4 ˚C (ethanol evaporates completely). Plates were washed 3 times with PBS 0.05%

Tween-20 and then blocked for 1 h at 37 ˚C with PBS 1X 3% BSA buffer. Plasma was diluted

at 1:100 in blocking buffer and incubated for 2 h at 37 ˚C. Plates were washed again 3 times

and incubated with a polyclonal sheep anti-human IgG-HRP diluted 1:2000 (GE Health-

care) in PBS 1X 0.5% BSA for 1 h at 37 ˚C. Plates were washed 3 more times and developed

using TMB substrate (BD Biosciences). The reaction was stopped using Stop buffer (Biole-

gend) and absorbance read at 450nm. The mean OD at 450nm from replicate wells was

compared with reference serum from a Colombian P. vivax patient previously identified

as high responder for anti-PS IgG antibodies to calculate relative units (RU). A healthy

USA control was used as a negative control to assess background, in addition to the unin-

fected endemic Colombian controls. ELISA methods were done as previously described

[15, 16].

Flow cytometry

All flow cytometry was performed on a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ)

and analyzed with FlowJo (Tree Star, Ashland, OR). All Abs for FACS were purchased from

BioLegend (San Diego, CA). PBMC were stained with anti-human: FITC anti-CD20 (2H7),

PE anti-T-bet (4B10), FITC anti-CD11c (3.9), FITC anti-CD27 (O323), FITC anti-CD21

(Bu32), APC anti-CD21 (Bu32), APC anti-FcRL5 (509f6), APC anti-CD10 (HI10a), and PRCP

anti-CD19 (HIB19). Intracellular T-bet staining was performed using the True-Nuclear Tran-

scription Factor Buffer Set (Biolegend) and following manufacturer’s instructions. Two to

three technical replicates (independent labeling of PBMC and FACS analysis) for B-cell sub-

populations were performed when the number of PBMC collected from each patient allowed

for it (80 samples for cohort 1 and 30 samples for cohort 2). The same 8 uninfected non-

endemic Colombian controls from Monteria were used for both cohorts. The average value of

technical replicates for each sample was used for statistical analysis.

Nadir calculation

The lowest hemoglobin level reading during the longitudinal time series for each patient was

chosen as the nadir. For all correlations of cohort 1, two anemic time points were used.

Statistical analysis

Data were analyzed using Prism (GraphPad Software). Student t-tests or One-Way Anova

were used to identify statistical differences between groups of samples. A p-value of<0.05 was

considered significant. Correlations were performed using non-parametric Spearman correla-

tion analysis. Error bars represent the standard deviations (SD) of data from all of the patients

used in each analysis.

PLOS NEGLECTED TROPICAL DISEASES P. vivax-induced anemia is associated with autoimmunity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008466 July 20, 2020 5 / 19

https://doi.org/10.1371/journal.pntd.0008466


Results

Levels of autoantibodies between uncomplicated P. falciparum and P.

vivax, infections

In the first cohort, plasma samples from 20 patients with either P. vivax (n = 11) or P. falcipa-
rum (n = 9) uncomplicated infections were collected at the day of diagnosis (day 0), before

patients received their first dose of treatment, and weekly during one month (days 7, 14, 21

and 28 (n = 99 unique samples). A large proportion of patients presented mild anemia (72.7%

in P. vivax and 55.5% in P. falciparum patients) (Table 4). Both plasma and PBMC samples

were also collected from uninfected healthy Colombians once (n = 8) (Table 1). First, we char-

acterized the levels of relevant autoantibodies (PS, RBC and DNA) in P. vivax and P. falcipa-
rum patients across the different follow up samples at two time points where patients

presented anemia. We observed a significant increase in the levels of all autoantibodies in both

P. falciparum and P. vivax infections (Fig 1A–1C).

Longitudinal analysis of autoimmune antibodies, atypical memory B cells

and hemoglobin levels in P. vivax patients

We first analyzed the dynamics of autoantibodies and hemoglobin in the longitudinal samples

from the first cohort, most of which suffered mild anemia (Table 4). The levels of hemoglobin

varied over time for each patient, with most patients showing an initial decrease for 1–2 weeks

until reaching the lowest hemoglobin concentration, or nadir, and a few showing a continuous

increase in hemoglobin levels until recovery (n = 2 in P. vivax group) or an initial recovery fol-

lowed by a later decrease (n = 2 in P. falciparum group). For this reason, the data were analyzed

considering the nadir as the reference time, which is reached within one or two weeks differ-

ence between patients (Fig 2). Importantly, there was no association between the levels of

hemoglobin and parasitemia (S2 Fig).

Analysis of the levels of autoimmune antibodies in all P. vivax samples (n = 52 unique sam-

ples) revealed that anti-RBC, anti-PS and anti-DNA IgG antibodies follow an inverse pattern

compared with hemoglobin levels, showing their highest levels close to the time of hemoglobin

nadir (Fig 2A, 2C and 2E). There was no significant difference between overall levels of auto-

antibodies between P. vivax and P. falciparum samples (Fig 1). Anti-MSP1 antibodies also

declined at the last follow up (S3A Fig). The dynamics of all P. falciparum samples (n = 47

unique samples) followed similar trends where autoantibodies levels were inverse to hemoglo-

bin and started declining after the nadir (day 7) which correlated with initial hematological

recovery (Fig 2B, 2D and 2F). This initial dynamic analysis suggests a relationship for these

autoantibodies and anemia.

Fig 1. Levels of autoantibodies are increased in P. falciparum and P. vivax malaria patients. Bar graphs representing the levels of anti-PS (a), anti-

RBC lysate (b) and anti-DNA (c) IgG antibodies at anemic time points between P. vivax and P. falciparum patients from cohort 1. Significance assessed

by One-way Anova. �p�0.05, ��p�0.01, ����p�0.0001.

https://doi.org/10.1371/journal.pntd.0008466.g001
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Correlation analysis of hemoglobin levels and different autoantibodies revealed an inverse

relationship with anti-PS IgG antibodies (Fig 3A and 3B) and other autoantibodies (Fig 3C–

3F) in both P. vivax and P. falciparum, suggesting a role in promoting anemia. As control, we

observed that anti-P. vivax MSP1 IgG antibodies did not correlate with hemoglobin (S3C and

S3D Fig), highlighting the specificity of the correlation with autoimmune antibodies.

We then analyzed the different B-cell populations in this first cohort of patients in periph-

eral blood mononuclear cells (PBMC) samples obtained at the same times as the plasma

Fig 2. Dynamics of autoantibodies and hemoglobin levels in Colombian P. vivax and P. falciparum patients. Longitudinal analysis of

hemoglobin (black circles) and autoantibody (white circles) dynamics of Colombian P. vivax (a,c,e) and P. falciparum patients (b, d, f) normalized to

the nadir in each patient. Significant assessed by paired Student T-test for differences for each point with the nadir value are indicated �p�0.05,
���p�0.005).

https://doi.org/10.1371/journal.pntd.0008466.g002
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(n = 48 for P. vivax, n = 32 for P. falciparum and n = 8 healthy controls). Following classical

gating strategies for all relevant B-cell (CD19+) subpopulations from human PBMCs [16], we

analyzed: (i) naïve B-cells (CD27–CD21+ CD10–), (ii) immature B-cells (CD10+), (iii) plasma

cells (CD27+CD21–CD20–), (iv) classical MBCs (CD27+CD21+) and (v) atypical MBCs

(FcRL5+T-bet+).

We first analyzed the levels of AtMBCs in this Colombian cohort finding significant

increases in P. vivax and P. falciparum patients compared to healthy controls. The total levels

of AtMBCs were similar in P. falciparum and P. vivax patients (Fig 4A). We then assessed the

Fig 3. Autoantibodies correlate with anemia in Colombian P. vivax and P. falciparum patients. Correlation

analysis of hemoglobin levels and autoantibodies of Colombian P. vivax (a, c, e) and P. falciparum patients (b, d, f) at

anemic points. Significance was assessed by non-parametric Spearman correlation analysis.

https://doi.org/10.1371/journal.pntd.0008466.g003
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Fig 4. Atypical memory B-cell correlate with hemoglobin in Colombian P. vivax and P. falciparum patients. Graphs representing

levels of atMBCs (a-c, e-j) or other B-cell populations (d) from PBMCs of Colombian uninfected controls, P. vivax and P. falciparum
patients. Correlation analysis of atMBCs with either hemoglobin (b-c) or autoantibodies (e-j) of Colombian P. vivax (b, e, g, i) and P.

falciparum patients (c, f, h, j) at anemic points. Significance assessed by One-way Anova (a,d) or by non-parametric Spearman

correlation analysis (b-c, e-j). �p�0.05, ��p�0.01, ���p�0.005. #significant between P. vivax and P. falciparum.

https://doi.org/10.1371/journal.pntd.0008466.g004
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relationship between atMBCs with anemia, finding a significant negative correlation with

hemoglobin levels in both P. vivax and P. falciparum patients (Fig 4B and 4C). Immature B-

cells were significantly expanded only in P. falciparum patients compared to controls (Fig 4D),

while plasma cells were the only B-cell population significantly more expanded in P. falcipa-
rum compared to P. vivax patients and controls. We also observed that other antibody-secret-

ing B-cell populations did not correlate with anemia in P. vivax or P. falciparum patients,

except for a significant inverse correlation between immature B-cells and hemoglobin only in

P. falciparum patients (S4 Fig).

We then assessed the relationship between the levels of atMBCs with plasma autoantibody

levels. Correlation analysis showed a positive relationship between the levels of atMBCs for

most autoantibodies for both P. vivax (Fig 4E, 4G and 4I) and P. falciparum (Fig 4F, 4H and

4J). We found no significant correlation between previous malaria episodes and any of the

autoantibodies tested or atMBCs (S5 Fig).

Analysis of clinical parameters and autoimmune antibodies in patients

with uncomplicated and complicated P. vivax infections

In the second cohort, plasma samples from healthy community controls (n = 50), uncompli-

cated (n = 56) and complicated (n = 50) P. vivax infected patients were used for the determina-

tion of a battery of clinical and biochemical parameters. Among the criteria used for

determination of complicated malaria, thrombocytopenia (platelets < 50,000/μl) was the most

frequent (66% of complicated patients). In this group, most patients suffered from mild to

moderate anemia (Table 4) where the level of hemoglobin ranged from 6.8 to 15.1 g/dL. The

average (11.2 g/dL) was lower than in uncomplicated (11.5 g/dL) or control (12.6 g/dL) groups,

but still significantly higher than the established criteria for severe anemia (hemoglobin < 8g/

dL). As for the first cohort, plasma was also used to determine the levels of different autoim-

mune antibodies (anti-PS, anti-RBC and anti-DNA) and P. vivax anti-MSP1. For both uncom-

plicated and complicated P. vivax malaria patients, all autoantibodies were detected at higher

levels than uninfected controls (Fig 5A–5C). Anti-PS IgG antibodies were significantly

increased in complicated compared to uncomplicated malaria patients. Antibodies against

MSP1 were not different between the uncomplicated and complicated P. vivax malaria groups,

but were higher than the uninfected control group (S6 Fig).

Analysis of clinical parameters and autoantibodies identified different relations in the

groups of uncomplicated and complicated P. vivax infections (Fig 5D and 5E). In the group of

complicated P. vivax infections, we observed a relation between the three autoimmune anti-

bodies and erythrocyte count, hemoglobin, or hematocrit levels, suggesting that autoimmune

antibodies may be related to the loss of erythrocytes in this population. No correlation was

observed between anti-MSP1 antibodies and hemoglobin levels. These relations were not

observed in patients with uncomplicated infections or healthy controls.

Autoimmune antibodies against PS and DNA correlate with hemoglobin

levels in complicated P. vivax patients

Since autoimmune, and in particular anti-PS, antibodies have been proposed to contribute to

malaria-induced anemia, we further analyzed the relation between autoimmune antibodies

and hemoglobin levels in P. vivax malaria patients. Individual analysis revealed that in the

group of uncomplicated patients, anti-RBC antibodies correlate inversely with hemoglobin

levels (Fig 6A), but no correlation was found for anti-PS (Fig 6B), anti-DNA (p = 0.65) or anti-

MSP1 (p = 0.09) antibodies. The level of parasitemia did not correlate with hemoglobin levels

(p = 0.85), or with any of the antibodies.
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The autoimmune antibody response of patients with complicated P. vivax infections (Fig

6C–6F) showed that all three autoimmune antibodies tested: anti-RBC, anti-PS and anti-DNA

antibodies, correlate inversely with hemoglobin levels, establishing a relation between the

malaria-induced autoimmune response and hemoglobin levels in this group. Antibodies rec-

ognizing the parasite antigen MSP-1 presented no correlation with hemoglobin levels.

No significant correlations were found between any of the antibodies determined and the

levels of parasitemia in these patients (p values are 0.76 for anti-PS; 0.66 for anti-RBC; 0.83 for

anti-DNA; 0.74 for anti-MSP1).

Atypical memory B-cells expand more and correlate with hemoglobin

levels in complicated P. vivax patients

We then analyzed the relation of different B cell populations, including atMBCs and hemoglo-

bin levels in P. vivax patients. First, we analyzed the levels of all relevant B-cell populations as

described above (Fig 4), in uninfected healthy controls (n = 8), uncomplicated (n = 12) and

complicated (n = 18) P. vivax patients (Fig 7). AtMBCs were significantly more expanded in

Fig 5. Correlation analysis of autoantibodies with epidemiological and clinical parameters in P. vivax patients with uncomplicated or

complicated malaria. Bar graphs representing the levels of anti-PS (a), anti-RBC lysate (b) or anti-DNA (c) IgG antibodies in uninfected,

uncomplicated or complicated P. vivax patients from cohort 2. A correlation matrix shows that anti-RBC, anti-PS and anti-DNA, but not anti-MSP1,

correlate inversely with hemoglobin (Hg) in patients with complicated (CM) P. vivax (e), but not in uncomplicated (UM) (d). Spearman correlation

coefficients are shown using the scale shown on the right, with positive correlations shown in red and negative correlations shown in blue. Boxes are

marked with an “X” to show that the p-value for these pairwise correlations was>0.05. Significance assessed by One-way Anova (a-c) or non-

parametric Spearman Correlation (d-e). �p�0.05, ��p�0.01, ����p�0.0001.

https://doi.org/10.1371/journal.pntd.0008466.g005
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complicated compared to uncomplicated P. vivax patients (Fig 7A) and were the only B-cell

population analyzed that was different between the P. vivax complicated and uncomplicated

groups, suggesting that atMBCs may play a role in the severity of disease. Levels of immature

B-cells were different when comparing uninfected controls and uncomplicated P. vivax
patients (Fig 7G). Naïve B-cells were significantly decreased only in the P. vivax complicated

group, when compared to controls (Fig 7I).

Fig 6. Autoantibodies correlate with anemia development in complicated P. vivax patients. Correlation analysis of

hemoglobin levels and autoantibodies of Colombian P. vivax patients with uncomplicated (a-b) and complicated infections(c-

f). Significance was assessed by non-parametric Spearman correlation analysis.

https://doi.org/10.1371/journal.pntd.0008466.g006
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Fig 7. atMBCs expand more robustly and correlate with hemoglobin in complicated P. vivax patients. Percentage

within CD19+ gate (a, c, e, g, i) and correlation with hemoglobin (b, d, f, h, j) of atMBCs (a, b), classical memory B-

cells (c, d), plasma cells (e, f), immature B-cells (g, h) and naïve B-cells (i, j) from PBMCs of uninfected controls and P.

vivax patients with uncomplicated or complicated infections. Significance assessed by One-way Anova (a, c, e, g, i) or

non-parametric Spearman correlation analysis (b, d, f, h, j). �p�0.05, ��p�0.01.

https://doi.org/10.1371/journal.pntd.0008466.g007
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We then analyzed whether any B-cell populations were related to hemoglobin levels in P.

vivax infections. Analysis of all B-cell subtypes analyzed showed that only atMBCs presented a

significant inverse correlation with hemoglobin (Fig 7B), suggesting a role for these cells in

malaria-induced anemia. There was a positive correlation between naïve B-cells and hemoglo-

bin (Fig 7J), which is in agreement with the levels of these cells being significantly lower in

complicated P. vivax patients (which also present lower hemoglobin levels) compared to

healthy controls (Fig 7I). Other B cell populations did not show a relationship to hemoglobin

levels (Fig 7D, 7F and 7H), underscoring the specificity of the atMBCs.

Discussion

Complications during malaria caused by P. vivax is an increasingly reported phenomenon for

which we lack understanding of its etiology [28, 29]. Anemia is one of most reported complica-

tions associated with P. vivax malaria, but little is understood about the mechanism leading to

it [7, 30, 31]. In this study, we focused on characterizing the autoimmune B-cell response and

its relation to malarial anemia in two different cohorts of malaria patients from Colombia,

who suffered mostly from P. vivax malaria: one longitudinal in uncomplicated patients and

one cross-sectional comparing uncomplicated and complicated patients. To our knowledge

this is the first study to observe the presence and relationship of autoimmune antibodies,

atMBCs and hemoglobin levels during P. vivax uncomplicated and complicated infections.

In the first cohort we observed a hemoglobin decrease in most patients for 1–2 weeks after

treatment, which is consistent with previous studies in post-malarial anemia [32]. We found

that the levels of three different autoantibodies, anti-PS, anti-RBC and anti-DNA, correlated

negatively with levels of hemoglobin in both Colombian P. vivax and P. falciparum malaria

patients. Anti-PS antibodies may promote malarial anemia by targeting for clearance newly

born uninfected erythrocytes, called reticulocytes, which prematurely expose PS during

malaria infection [10, 14, 33]. Since P. vivax preferentially infects reticulocytes[34], anti-PS

antibodies could also target infected reticulocytes exposing PS, however no correlation was

found between parasitemia and levels of any of the autoantibodies, suggesting that the role of

autoantibodies in controlling parasite growth is not decisive in P. vivax malaria.

Binding of anti-PS antibodies to uninfected erythrocytes probably explains, at least in part,

the correlation we observed between anti-RBC and hemoglobin, since PS is highly abundant

in erythrocyte lysates, along with other reported protein auto antigens (spectrin and band 3)

[12, 35]. Antibodies against DNA also correlate with anemia in Ugandan children who suf-

fered P. falciparum malaria [15], but not in first-time infected European travelers [16]. The

mechanism by which anti-DNA antibodies are related to anemia is not established but could

be mediated by the recently reported ability of erythrocytes to bind cell-free DNA on their sur-

face [10, 36]. Similarly as for other P. falciparum cohorts [15] [16], no correlation was observed

between anti-parasite antibodies (P. vivax MSP1) and hemoglobin. However, a correlation

between hemoglobin levels and different P. vivax antigens, including MSP-1, has been

described in other cohorts with larger numbers of patients [37, 38]. The number of patients in

our first cohort is relatively small, due to the difficulties in obtaining weekly samples from

already recovered patients that do not require further medical attention. Similarly, the sample

size of complicated P. vivax cases is limited by the relatively infrequent appearance of these

cases. Despite these limitations, our study indicates a significant correlation between hemoglo-

bin levels and autoimmune antibodies. If a weaker relation between hemoglobin and anti-

MSP-1 antibodies exists, possibly was not observed due to the smaller sample size.

AtMBCs are a highly reported B-cell subset known to expand in P. falciparum-exposed

individuals in endemic areas [18–21, 39] and in P. vivax patients [22, 40–42]. Importantly, we
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have reported how P. falciparum-induced AtMBCs, characterized by double positivity of

FcRL5 and T-bet, are able to secrete anti-PS antibodies in vitro and how they correlate with

anemia in first-time infected P. falciparum patients [16]. This led us to explore whether

AtMBCs also correlated with anemia and autoantibodies in Colombian P. vivax and P. falcipa-
rum malaria patients. Our results show an equally strong negative relationship between

atMBCs levels and hemoglobin in both P. vivax and P. falciparum malaria patients. Lastly,

plasma autoantibodies significantly correlated with levels of atMBCs, suggesting their associa-

tion with anemia might be due to their ability to secrete these autoantibodies. No other anti-

body-secreting B-cell sub-population correlated with anemia development in these patients

suggesting specificity for these cells and a role in promoting this syndrome. Altogether these

data suggest a new role for atMBCs during anemia during P. vivax infections possibly through

autoantibody secretion.

A surprising finding from this cohort is the similar levels of autoantibodies and atMBCs in

P. vivax and P. falciparum malaria patients, while the loss of uninfected erythrocytes is known

to be higher in P. vivax infections [9]. Our previous work in mice established a mechanism for

the process of elimination of uninfected RBCs during malaria [14]. The elimination of unin-

fected RBCs depends directly on two factors: the exposure of PS on the surface of the RBC and

the binding of anti-PS antibodies to it. A similar mechanism probably occurs in malaria

patients, but the relative levels of PS exposure in RBCs during P. falciparum and P. vivax infec-

tions is not known. We acknowledge that the small sample number for this cohort and limiting

the analysis to the hemoglobin nadir time point could be additional factors influencing these

results. Nevertheless, our results show that atMBCs and autoantibodies are expanded and cor-

relate with hemoglobin levels in both P. vivax and P. falciparum malaria patients.

In our second cohort, we compared the same parameters (anemia, atMBCs and autoanti-

bodies) between uncomplicated and complicated P. vivax infections. In both groups of

patients, some expected relations between hemoglobin and different leukocyte populations,

age and sex [43, 44], were observed. The analysis of this second cohort revealed a strong nega-

tive correlation between all autoantibodies and hemoglobin specifically in complicated P.

vivax infections. In patients with uncomplicated P. vivax infections, we did not observe a cor-

relation of autoantibodies with hemoglobin levels. This difference in the results with cohort 1,

where all P. vivax patients were uncomplicated but their autoantibody levels correlated

inversely with hemoglobin, is most likely due to the fact that longitudinal data in cohort 1

allowed us to identify the hemoglobin nadir, which was used for the correlation analysis. The

samples in cohort 2 are from a single time point, which probably does not coincide with the

nadir in most patients. These suggests a temporal aspect of the role of autoantibodies in malar-

ial anemia during P. vivax infections.

atMBCs were the only B-cell sub population that was significantly higher in complicated

compared to uncomplicated P. vivax malaria patients, and was also highly correlated with

hemoglobin levels in this cohort. Accordingly, anti-PS IgG antibodies were also significantly

higher in complicated compared to uncomplicated P. vivax malaria patients. Since atMBCs are

able to secrete anti-PS antibodies [16], their stronger expansion in complicated P. vivax infec-

tions could be directly linked to a pathological role. We observed a positive correlation

between naïve B-cells and hemoglobin, which could be explained since both parameters had

significantly decreased levels between complicated P. vivax-infected patients and uninfected

individuals. Since naïve B-cells are not a source of antibodies [45], they probably do not play a

role in autoimmune anemia. Altogether, these results further support a role for atMBCs and

autoantibodies in mediating anemia and identify these atMBCs as possible indicators of com-

plicated infections in P. vivax patients.
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In summary, our results show the first evidence of atMBCs are correlated with autoantibod-

ies and anemia during P. vivax malaria, particularly during complicated infections. Given the

need for a better understanding of complicated P. vivax infections, atMBCs constitute a novel

component to the complex etiology of this syndrome.

Supporting information

S1 Fig. Geographical location of sampling point at the Tierralta municipality in Cordoba

department of Colombia.

(TIF)

S2 Fig. (Related to Figs 2 and 3). Parasitemia does not correlate with hemoglobin in P.

vivax and P. falciparum Colombian patients. Correlation analysis of initial parasitemia (day

0) with hemoglobin of Colombian P. vivax (a) and P. falciparum (b) patients. Significance

assessed by non-parametric Spearman correlation analysis.

(TIF)

S3 Fig. (Related to Figs 2 and 3). Dynamics of Anti-P. vivax MSP1 IgG antibodies in

Colombian P. vivax patients. (a-b) Longitudinal analysis of the dynamics of anti-P. vivax
MSP1 IgG antibodies between day 0 and 28 post-treatment (a) and with hemoglobin (b). (c-d)

Correlation analysis of anti-P. vivax MSP1 IgG antibodies for day 0 (c) and 28 (d) post-treat-

ment with hemoglobin. Significance assessed by Unpaired Student T-test (a) and by non-

parametric Spearman correlation analysis (c-d). �p�0.05.

(TIF)

S4 Fig. (Related to Fig 4). Levels of other B-cell populations in P. vivax and P. falciparum
Colombian patients. Correlation analysis of hemoglobin levels and classical memory B-cells

(a-b), immature (c-d), naïve B-cells (e-f) and plasma cells (g-h) from PBMCs of P. vivax (a,c,e,

g) and P. falciparum (b,d,f,h) patients at the two time points with lowest hemoglobin. Signifi-

cance was assessed by non-parametric Spearman correlation analysis.

(TIF)

S5 Fig. (Related to Figs 3 and 4). Correlation of previous malaria episodes with autoanti-

bodies and atypical memory B-cells. Correlation analysis of previous malaria episodes with

anti-PS (a, b), anti-RBC lysate (c, d) or anti-DNA (e, f) IgG antibodies or atMBCs (g, h) at ane-

mic time points between P. vivax (a,c,e,g) and P. falciparum (b,d,f,h) patients from cohort 1.

Significance was assessed by non-parametric Spearman correlation analysis.

(TIF)

S6 Fig. (Related to Fig 5). Anti-P. vivax MSP1 levels in uninfected and P. vivax patients

with uncomplicated and complicated infections. Bar graphs representing the levels of anti-P.

vivax MSP1 antibody levels from plasma of uninfected controls and P. vivax patients with

uncomplicated or complicated infection. Significance assessed by One-way Anova.

(TIF)
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José de Tierralta for their cooperation and dedication of their clinical personnel. Lastly, thank

you to Dr. Anton Goetz for his helpful discussions.

PLOS NEGLECTED TROPICAL DISEASES P. vivax-induced anemia is associated with autoimmunity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008466 July 20, 2020 16 / 19

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008466.s006
https://doi.org/10.1371/journal.pntd.0008466


Author Contributions

Conceptualization: Juan Rivera-Correa, Ana Rodriguez.

Data curation: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta, Nubia Catalina Tovar,

Marı́a Camila Velasco-Pareja, Alice Easton.

Formal analysis: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta, Nubia Catalina Tovar,

Alice Easton, Ana Rodriguez.

Funding acquisition: Maria Fernanda Yasnot-Acosta, Ana Rodriguez.

Investigation: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta, Nubia Catalina Tovar,

Marı́a Camila Velasco-Pareja, Alice Easton.

Methodology: Juan Rivera-Correa, Nubia Catalina Tovar.

Project administration: Maria Fernanda Yasnot-Acosta, Marı́a Camila Velasco-Pareja.

Supervision: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta, Ana Rodriguez.

Validation: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta.

Visualization: Juan Rivera-Correa.

Writing – original draft: Juan Rivera-Correa, Ana Rodriguez.

Writing – review & editing: Juan Rivera-Correa, Maria Fernanda Yasnot-Acosta, Ana

Rodriguez.

References
1. W.H.O. WHO. World malaria report 2019. 2019.

2. Rahimi BA, Thakkinstian A, White NJ, Sirivichayakul C, Dondorp AM, Chokejindachai W. Severe vivax

malaria: a systematic review and meta-analysis of clinical studies since 1900. Malar J. 2014; 13:481.

Epub 2014/12/10. https://doi.org/10.1186/1475-2875-13-481 PMID: 25486908.

3. Alexandre MA, Ferreira CO, Siqueira AM, Magalhaes BL, Mourao MP, Lacerda MV, et al. Severe Plas-

modium vivax malaria, Brazilian Amazon. Emerg Infect Dis. 2010; 16(10):1611–4. Epub 2010/09/30.

https://doi.org/10.3201/eid1610.100685 PMID: 20875292.

4. Costa FT, Lopes SC, Albrecht L, Ataide R, Siqueira AM, Souza RM, et al. On the pathogenesis of Plas-

modium vivax malaria: perspectives from the Brazilian field. Int J Parasitol. 2012; 42(12):1099–105.

Epub 2012/10/02. https://doi.org/10.1016/j.ijpara.2012.08.007 PMID: 23022617.

5. Lanca EF, Magalhaes BM, Vitor-Silva S, Siqueira AM, Benzecry SG, Alexandre MA, et al. Risk factors

and characterization of Plasmodium vivax-associated admissions to pediatric intensive care units in the

Brazilian Amazon. PLoS One. 2012; 7(4):e35406. Epub 2012/04/24. https://doi.org/10.1371/journal.

pone.0035406 PMID: 22523591.

6. WHO WHO. Severe malaria. Trop Med Int Health. 2014; 19 Suppl 1:7–131. Epub 2014/09/13. https://

doi.org/10.1111/tmi.12313_2 PMID: 25214480.

7. Douglas NM, Anstey NM, Buffet PA, Poespoprodjo JR, Yeo TW, White NJ, et al. The anaemia of Plas-

modium vivax malaria. Malar J. 2012; 11:135. Epub 2012/05/01. https://doi.org/10.1186/1475-2875-11-

135 PMID: 22540175.

8. White NJ. Anaemia and malaria. Malar J. 2018; 17(1):371. Epub 2018/10/21. https://doi.org/10.1186/

s12936-018-2509-9 PMID: 30340592.

9. Collins WE, Jeffery GM, Roberts JM. A retrospective examination of anemia during infection of humans

with Plasmodium vivax. Am J Trop Med Hyg. 2003; 68(4):410–2. Epub 2003/07/24. PMID: 12875288.

10. Rivera-Correa J, Rodriguez A. Autoimmune Anemia in Malaria. Trends Parasitol. 2020; 36(2):91–7.

Epub 2019/12/23. https://doi.org/10.1016/j.pt.2019.12.002 PMID: 31864893.

11. Rivera-Correa J, Rodriguez A. Divergent Roles of Antiself Antibodies during Infection. Trends Immunol.

2018; 39(7):515–22. Epub 2018/05/05. https://doi.org/10.1016/j.it.2018.04.003 PMID: 29724608.

12. Mourao LC, Baptista RP, de Almeida ZB, Grynberg P, Pucci MM, Castro-Gomes T, et al. Anti-band 3

and anti-spectrin antibodies are increased in Plasmodium vivax infection and are associated with

PLOS NEGLECTED TROPICAL DISEASES P. vivax-induced anemia is associated with autoimmunity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008466 July 20, 2020 17 / 19

https://doi.org/10.1186/1475-2875-13-481
http://www.ncbi.nlm.nih.gov/pubmed/25486908
https://doi.org/10.3201/eid1610.100685
http://www.ncbi.nlm.nih.gov/pubmed/20875292
https://doi.org/10.1016/j.ijpara.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23022617
https://doi.org/10.1371/journal.pone.0035406
https://doi.org/10.1371/journal.pone.0035406
http://www.ncbi.nlm.nih.gov/pubmed/22523591
https://doi.org/10.1111/tmi.12313_2
https://doi.org/10.1111/tmi.12313_2
http://www.ncbi.nlm.nih.gov/pubmed/25214480
https://doi.org/10.1186/1475-2875-11-135
https://doi.org/10.1186/1475-2875-11-135
http://www.ncbi.nlm.nih.gov/pubmed/22540175
https://doi.org/10.1186/s12936-018-2509-9
https://doi.org/10.1186/s12936-018-2509-9
http://www.ncbi.nlm.nih.gov/pubmed/30340592
http://www.ncbi.nlm.nih.gov/pubmed/12875288
https://doi.org/10.1016/j.pt.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31864893
https://doi.org/10.1016/j.it.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29724608
https://doi.org/10.1371/journal.pntd.0008466


anemia. Sci Rep. 2018; 8(1):8762. Epub 2018/06/10. https://doi.org/10.1038/s41598-018-27109-6

PMID: 29884876.

13. Rivera-Correa J R A. A Role for Autoimmunity in the Immune Response against Malaria. In: Rodriguez

A, Mota M, editors. Malaria—Immune Response to Infection and Vaccination: Springer; 2016. p. 81–

95.

14. Fernandez-Arias C, Rivera-Correa J, Gallego-Delgado J, Rudlaff R, Fernandez C, Roussel C, et al.

Anti-Self Phosphatidylserine Antibodies Recognize Uninfected Erythrocytes Promoting Malarial Ane-

mia. Cell Host Microbe. 2016; 19(2):194–203. Epub 2016/02/13. https://doi.org/10.1016/j.chom.2016.

01.009 PMID: 26867178.

15. Rivera-Correa J, Conroy AL, Opoka RO, Batte A, Namazzi R, Ouma B, et al. Autoantibody levels are

associated with acute kidney injury, anemia and post-discharge morbidity and mortality in Ugandan chil-

dren with severe malaria. Sci Rep. 2019; 9(1):14940. Epub 2019/10/19. https://doi.org/10.1038/

s41598-019-51426-z PMID: 31624288.

16. Rivera-Correa J, Mackroth MS, Jacobs T, Schulze Zur Wiesch J, Rolling T, Rodriguez A. Atypical mem-

ory B-cells are associated with Plasmodium falciparum anemia through anti-phosphatidylserine anti-

bodies. Elife. 2019; 8. Epub 2019/11/13. https://doi.org/10.7554/eLife.48309 PMID: 31713516.

17. Barber BE, Grigg MJ, Piera K, Amante FH, William T, Boyle MJ, et al. Antiphosphatidylserine Immuno-

globulin M and Immunoglobulin G Antibodies Are Higher in Vivax Than Falciparum Malaria, and Associ-

ated With Early Anemia in Both Species. J Infect Dis. 2019; 220(9):1435–43. Epub 2019/06/30. https://

doi.org/10.1093/infdis/jiz334 PMID: 31250022.

18. Obeng-Adjei N, Portugal S, Holla P, Li S, Sohn H, Ambegaonkar A, et al. Malaria-induced interferon-

gamma drives the expansion of Tbethi atypical memory B cells. PLoS pathogens. 2017; 13(9):

e1006576. Epub 2017/09/28. https://doi.org/10.1371/journal.ppat.1006576 PMID: 28953967.

19. Portugal S, Tipton CM, Sohn H, Kone Y, Wang J, Li S, et al. Malaria-associated atypical memory B cells

exhibit markedly reduced B cell receptor signaling and effector function. Elife. 2015; 4. Epub 2015/05/

09. https://doi.org/10.7554/eLife.07218 PMID: 25955968.

20. Sullivan RT, Kim CC, Fontana MF, Feeney ME, Jagannathan P, Boyle MJ, et al. FCRL5 Delineates

Functionally Impaired Memory B Cells Associated with Plasmodium falciparum Exposure. PLoS

Pathog. 2015; 11(5):e1004894. https://doi.org/10.1371/journal.ppat.1004894 PMID: 25993340.

21. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B, et al. Atypical memory B cells are greatly

expanded in individuals living in a malaria-endemic area. J Immunol. 2009; 183(3):2176–82. https://doi.

org/10.4049/jimmunol.0901297 PMID: 19592645.

22. Patgaonkar M, Herbert F, Powale K, Gandhe P, Gogtay N, Thatte U, et al. Vivax infection alters periph-

eral B-cell profile and induces persistent serum IgM. Parasite Immunol. 2018; 40(10):e12580. Epub

2018/08/14. https://doi.org/10.1111/pim.12580 PMID: 30102786.

23. Rivera-Correa J, Guthmiller JJ, Vijay R, Fernandez-Arias C, Pardo-Ruge MA, Gonzalez S, et al. Plas-

modium DNA-mediated TLR9 activation of T-bet(+) B cells contributes to autoimmune anaemia during

malaria. Nat Commun. 2017; 8(1):1282. Epub 2017/11/05. https://doi.org/10.1038/s41467-017-01476-

6 PMID: 29101363.

24. (INS) INdSdC. Malaria, perı́odo epidemiológico XIII. Colombia 2019. Bogotá, Colombia: Instituto Nacio-
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27. PAHO OPdlSOO. Convenio de Cooperación Técnica con el Ministerio de la Protección Social Nro. 256

de 2009 y Nro. 237 de 2010. Bogotá, Colombia: Instituto Nacional de Salud de Colombia, 2010.

28. Bassat Q, Alonso PL. Defying malaria: Fathoming severe Plasmodium vivax disease. Nat Med. 2011;

17(1):48–9. Epub 2011/01/11. https://doi.org/10.1038/nm0111-48 PMID: 21217683.

29. Murillo-Palacios OL, Pedroza C, Bolanos C, Toro ED, Cubillos J, Chaparro P, et al. [Complicated

Malaria in Choco: clinical findings and data comparison with the monitoring system]. Rev Salud Publica

(Bogota). 2018; 20(1):73–81. Epub 2018/09/06.

30. Arevalo-Herrera M, Lopez-Perez M, Medina L, Moreno A, Gutierrez JB, Herrera S. Clinical profile of

Plasmodium falciparum and Plasmodium vivax infections in low and unstable malaria transmission

settings of Colombia. Malar J. 2015; 14:154. Epub 2015/04/19. https://doi.org/10.1186/s12936-015-

0678-3 PMID: 25889074.

PLOS NEGLECTED TROPICAL DISEASES P. vivax-induced anemia is associated with autoimmunity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008466 July 20, 2020 18 / 19

https://doi.org/10.1038/s41598-018-27109-6
http://www.ncbi.nlm.nih.gov/pubmed/29884876
https://doi.org/10.1016/j.chom.2016.01.009
https://doi.org/10.1016/j.chom.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26867178
https://doi.org/10.1038/s41598-019-51426-z
https://doi.org/10.1038/s41598-019-51426-z
http://www.ncbi.nlm.nih.gov/pubmed/31624288
https://doi.org/10.7554/eLife.48309
http://www.ncbi.nlm.nih.gov/pubmed/31713516
https://doi.org/10.1093/infdis/jiz334
https://doi.org/10.1093/infdis/jiz334
http://www.ncbi.nlm.nih.gov/pubmed/31250022
https://doi.org/10.1371/journal.ppat.1006576
http://www.ncbi.nlm.nih.gov/pubmed/28953967
https://doi.org/10.7554/eLife.07218
http://www.ncbi.nlm.nih.gov/pubmed/25955968
https://doi.org/10.1371/journal.ppat.1004894
http://www.ncbi.nlm.nih.gov/pubmed/25993340
https://doi.org/10.4049/jimmunol.0901297
https://doi.org/10.4049/jimmunol.0901297
http://www.ncbi.nlm.nih.gov/pubmed/19592645
https://doi.org/10.1111/pim.12580
http://www.ncbi.nlm.nih.gov/pubmed/30102786
https://doi.org/10.1038/s41467-017-01476-6
https://doi.org/10.1038/s41467-017-01476-6
http://www.ncbi.nlm.nih.gov/pubmed/29101363
https://doi.org/10.1016/0166-6851(93)90077-b
http://www.ncbi.nlm.nih.gov/pubmed/8264734
http://www.who.int/vmnis/indicators/haemoglobin.pdf
https://doi.org/10.1038/nm0111-48
http://www.ncbi.nlm.nih.gov/pubmed/21217683
https://doi.org/10.1186/s12936-015-0678-3
https://doi.org/10.1186/s12936-015-0678-3
http://www.ncbi.nlm.nih.gov/pubmed/25889074
https://doi.org/10.1371/journal.pntd.0008466


31. Lopez-Perez M, Alvarez A, Gutierrez JB, Moreno A, Herrera S, Arevalo-Herrera M. Malaria-related ane-

mia in patients from unstable transmission areas in Colombia. Am J Trop Med Hyg. 2015; 92(2):294–

301. Epub 2014/12/17. https://doi.org/10.4269/ajtmh.14-0345 PMID: 25510719.

32. Commons RJ, Simpson JA, Thriemer K, Hossain MS, Douglas NM, Humphreys GS, et al. Risk of Plas-

modium vivax parasitaemia after Plasmodium falciparum infection: a systematic review and meta-anal-

ysis. Lancet Infect Dis. 2019; 19(1):91–101. Epub 2018/12/28. https://doi.org/10.1016/S1473-3099(18)

30596-6 PMID: 30587297.

33. Mankelow TJ, Griffiths RE, Trompeter S, Flatt JF, Cogan NM, Massey EJ, et al. Autophagic vesicles on

mature human reticulocytes explain phosphatidylserine-positive red cells in sickle cell disease. Blood.

2015; 126(15):1831–4. Epub 2015/08/16. https://doi.org/10.1182/blood-2015-04-637702 PMID:

26276668.

34. Moreno-Perez DA, Ruiz JA, Patarroyo MA. Reticulocytes: Plasmodium vivax target cells. Biol Cell.

2013; 105(6):251–60. Epub 2013/03/06. https://doi.org/10.1111/boc.201200093 PMID: 23458497.

35. Mourao LC, Roma PM, Sultane Aboobacar Jda S, Medeiros CM, de Almeida ZB, Fontes CJ, et al. Anti-

erythrocyte antibodies may contribute to anaemia in Plasmodium vivax malaria by decreasing red blood

cell deformability and increasing erythrophagocytosis. Malar J. 2016; 15(1):397. Epub 2016/08/05.

https://doi.org/10.1186/s12936-016-1449-5 PMID: 27488382.

36. Hotz MJ, Qing D, Shashaty MGS, Zhang P, Faust H, Sondheimer N, et al. Red Blood Cells Homeostati-

cally Bind Mitochondrial DNA through TLR9 to Maintain Quiescence and to Prevent Lung Injury. Am J

Respir Crit Care Med. 2018; 197(4):470–80. Epub 2017/10/21. https://doi.org/10.1164/rccm.201706-

1161OC PMID: 29053005.

37. Mourao LC, Morais CG, Bueno LL, Jimenez MC, Soares IS, Fontes CJ, et al. Naturally acquired anti-

bodies to Plasmodium vivax blood-stage vaccine candidates (PvMSP-1(1)(9) and PvMSP-3alpha(3)(5)

(9)(-)(7)(9)(8) and their relationship with hematological features in malaria patients from the Brazilian

Amazon. Microbes Infect. 2012; 14(9):730–9. Epub 2012/03/27. https://doi.org/10.1016/j.micinf.2012.

02.011 PMID: 22445906.

38. Sepulveda N, Morais CG, Mourao LC, Freire MF, Fontes CJ, Lacerda MV, et al. Allele-specific antibod-

ies to Plasmodium vivax merozoite surface protein-1: prevalence and inverse relationship to haemoglo-

bin levels during infection. Malar J. 2016; 15(1):559. Epub 2016/11/18. https://doi.org/10.1186/s12936-

016-1612-z PMID: 27852258.

39. Sundling C, Ronnberg C, Yman V, Asghar M, Jahnmatz P, Lakshmikanth T, et al. B cell profiling in

malaria reveals expansion and remodelling of CD11c+ B cell subsets. JCI Insight. 2019; 5. Epub 2019/

04/03. https://doi.org/10.1172/jci.insight.126492 PMID: 30939125.

40. Figueiredo MM, Costa PAC, Diniz SQ, Henriques PM, Kano FS, Tada MS, et al. T follicular helper cells

regulate the activation of B lymphocytes and antibody production during Plasmodium vivax infection.

PLoS pathogens. 2017; 13(7):e1006484. Epub 2017/07/13. https://doi.org/10.1371/journal.ppat.

1006484 PMID: 28700710.

41. Soares RR, Cunha CF, Ferraz-Nogueira R, Marins-Dos-Santos A, Rodrigues-da-Silva RN, da Silva

Soares I, et al. Apical membrane protein 1-specific antibody profile and temporal changes in peripheral

blood B-cell populations in Plasmodium vivax malaria. Parasite Immunol. 2019; 41(9):e12662. Epub

2019/07/05. https://doi.org/10.1111/pim.12662 PMID: 31271660.

42. Ubillos I, Campo JJ, Requena P, Ome-Kaius M, Hanieh S, Rose H, et al. Chronic Exposure to Malaria

Is Associated with Inhibitory and Activation Markers on Atypical Memory B Cells and Marginal Zone-

Like B Cells. Front Immunol. 2017; 8:966. Epub 2017/09/08. https://doi.org/10.3389/fimmu.2017.00966

PMID: 28878766.

43. Lanier JB, Park JJ, Callahan RC. Anemia in Older Adults. Am Fam Physician. 2018; 98(7):437–42.

Epub 2018/09/27. PMID: 30252420.

44. Singh AK. What is causing the mortality in treating the anemia of chronic kidney disease: erythropoietin

dose or hemoglobin level? Curr Opin Nephrol Hypertens. 2010; 19(5):420–4. Epub 2010/08/07. https://

doi.org/10.1097/MNH.0b013e32833cf1d6 PMID: 20689425.

45. Hoffman W, Lakkis FG, Chalasani G. B Cells, Antibodies, and More. Clin J Am Soc Nephrol. 2016; 11

(1):137–54. Epub 2015/12/25. https://doi.org/10.2215/CJN.09430915 PMID: 26700440.

PLOS NEGLECTED TROPICAL DISEASES P. vivax-induced anemia is associated with autoimmunity

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008466 July 20, 2020 19 / 19

https://doi.org/10.4269/ajtmh.14-0345
http://www.ncbi.nlm.nih.gov/pubmed/25510719
https://doi.org/10.1016/S1473-3099(18)30596-6
https://doi.org/10.1016/S1473-3099(18)30596-6
http://www.ncbi.nlm.nih.gov/pubmed/30587297
https://doi.org/10.1182/blood-2015-04-637702
http://www.ncbi.nlm.nih.gov/pubmed/26276668
https://doi.org/10.1111/boc.201200093
http://www.ncbi.nlm.nih.gov/pubmed/23458497
https://doi.org/10.1186/s12936-016-1449-5
http://www.ncbi.nlm.nih.gov/pubmed/27488382
https://doi.org/10.1164/rccm.201706-1161OC
https://doi.org/10.1164/rccm.201706-1161OC
http://www.ncbi.nlm.nih.gov/pubmed/29053005
https://doi.org/10.1016/j.micinf.2012.02.011
https://doi.org/10.1016/j.micinf.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22445906
https://doi.org/10.1186/s12936-016-1612-z
https://doi.org/10.1186/s12936-016-1612-z
http://www.ncbi.nlm.nih.gov/pubmed/27852258
https://doi.org/10.1172/jci.insight.126492
http://www.ncbi.nlm.nih.gov/pubmed/30939125
https://doi.org/10.1371/journal.ppat.1006484
https://doi.org/10.1371/journal.ppat.1006484
http://www.ncbi.nlm.nih.gov/pubmed/28700710
https://doi.org/10.1111/pim.12662
http://www.ncbi.nlm.nih.gov/pubmed/31271660
https://doi.org/10.3389/fimmu.2017.00966
http://www.ncbi.nlm.nih.gov/pubmed/28878766
http://www.ncbi.nlm.nih.gov/pubmed/30252420
https://doi.org/10.1097/MNH.0b013e32833cf1d6
https://doi.org/10.1097/MNH.0b013e32833cf1d6
http://www.ncbi.nlm.nih.gov/pubmed/20689425
https://doi.org/10.2215/CJN.09430915
http://www.ncbi.nlm.nih.gov/pubmed/26700440
https://doi.org/10.1371/journal.pntd.0008466

