
RESEARCH ARTICLE

Enhanced virulence of Plasmodium falciparum

in blood of diabetic patients

Jun-Hong Ch’ng1,2, Kirsten Moll1☯, Katja Wyss3,4☯, Ulf Hammar5, Mikael Rydén6,7,

Olle Kämpe3,7, Anna Färnert3,4*, Mats WahlgrenID
1*

1 Department of Microbiology, Tumor and Cell Biology (MTC), Karolinska Institutet, Stockholm, Sweden,

2 Department of Microbiology and Immunology, National University of Singapore, Singapore, Singapore,

3 Department of Medicine Solna, Karolinska Institutet, Stockholm, Sweden, 4 Department of Infectious

Diseases, Karolinska University Hospital, Stockholm, Sweden, 5 Department of Epidemiology, Institute for

Environmental Medicine, Karolinska Institutet, Stockholm, Sweden, 6 Department of Medicine Huddinge,

Stockholm, Sweden, 7 Department of Endocrinology, Karolinska University Hospital, Stockholm, Sweden

☯ These authors contributed equally to this work.

* anna.farnert@ki.se (AF); mats.wahlgren@ki.se (MW)

Abstract

Rising prevalence of diabetes in sub-Saharan Africa, coupled with continued malaria trans-

mission, has resulted more patients dealing with both communicable and non-communica-

ble diseases. We previously reported that travelers with type 2 diabetes mellitus (T2DM)

infected with Plasmodium falciparum were three times more likely to develop severe malaria

than non-diabetics. Here we explore the biological basis for this by testing blood from unin-

fected subjects with type 1 and type 2 diabetes, ex vivo, for their effects on parasite growth

and rosetting (binding of infected erythrocytes to uninfected erythrocytes). Rosetting was

associated with type 2 diabetes, blood glucose and erythrocyte sedimentation rate (ESR),

while parasite growth was positively associated with blood glucose, glycated hemoglobin

(HbA1c), body mass index (BMI), fibrinogen and triglycerides. This study establishes a link

between diabetes and malaria virulence assays, potentially explaining the protective effect

of good glycemic control against severe malaria in subjects with diabetes.

Introduction

Diabetes affects an estimated 422 million people and is a major cause of morbidity such as kid-

ney dysfunction, lower limb amputation, cardiovascular disease and blindness [1]. WHO esti-

mated 3.7 million diabetes-related deaths in 2012 and projected the disease to be the seventh

leading cause of death by 2030 [1]. Historically a disease associated with the wealthy, the preva-

lence of type 2 diabetes has been increasing rapidly in developing countries which also bear a

high burden of communicable diseases such as HIV, tuberculosis and malaria [2]. In particu-

lar, sub-Saharan Africa has the highest prevalence of undiagnosed diabetes with 60% of diabet-

ics being unaware they have the disease [3].

Some studies have investigated the correlations between diabetes and HIV infection [4, 5]

and between diabetes and tuberculosis [6], but very few have considered the effects of diabetes

on malaria morbidity and mortality. One study reported a higher prevalence of asymptomatic
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Plasmodium falciparum infection among type 2 diabetics in Ghana [7], and we recently

showed that travelers diagnosed with P. falciparum in Sweden were three times more likely to

develop severe malaria if they had T2DM [8]. One possible explanation for this association

involves the atypical properties of red blood cells (RBCs) in diabetic patients which promote

their aggregation [9, 10].

The etiology of diabetes and malaria could not be more different yet pathological complica-

tions arising from both diseases are attributed, at least in part, to altered RBC properties and

reduced tissue perfusion. In diabetes, RBCs spontaneously and reversibly aggregate into stacks

called rouleaux which reduces their flow through narrow capillaries [11–17]. Rouleaux tend to

sink faster than normal RBCs, leading to an increased erythrocyte sedimentation rate (ESR), a

commonly assayed hematological parameter. Rouleaux formation is attributed to the level of

fibrinogen (and also other acute phase reactants) in plasma, as well as the reduction in negatively

charges on the RBC surface (reduced cell-cell repulsive force called zeta potential) [10, 16, 18–21].

In malaria, the aggregation of uninfected RBCs around parasitized RBCs forms cell clusters

called rosettes [22]. Rosettes become lodged in microvasculature and have been associated

with malaria complications such as cerebral malaria and renal dysfunction [23, 24]. In contrast

to the interactions during rouleaux formation (the strength of in vitro interactions of rouleaux

formed in dextrans range from about 1.4×10−11 N to 1.69×10−10 N [25]), the interactions hold-

ing a rosette together (about 4.4×10−10 N [26]) is mediated by parasite proteins exported to the

surface of the infected RBC such as PfEMP1, RIFINS and/or STEVORs [27]. These ligands rec-

ognize receptors on the uninfected erythrocytes including ABO blood group antigens and

heparan sulfate [28–30], as well as serum proteins such as albumin, IgM, IgG, fibrinogen and

von Willebrand factor [31–34].

We hypothesized that RBCs of diabetic patients will more readily form rosettes when

infected with P. falciparum. The contribution of other clinical and blood parameters influenc-

ing parasite rosetting and growth is also considered, in particular, the effect of blood glucose.

Glucose has been shown to be an essential and limiting substrate for parasite replication in

vitro [35] but it has yet to be determined whether this is the case in nutrient-replete serum.

Here, blood samples from uninfected subjects with type 1 and type 2 diabetes were compared

to non-diabetic controls (all living in a non-endemic country) to evaluate the effect of RBC

and/or serum on P. falciparum growth and rosetting ex vivo.

Results

Patient characteristics

Altogether 25 diabetics and 25 non-diabetic controls participated over two separate occasions

(identical experimental design). Study 1 consisted of nine controls and twelve type 1 diabetics

while Study 2 included sixteen controls, three type 1 and ten type 2 diabetics (S1 Table). A

summary of characteristics is presented in Tables 1 and S1. Altogether, the mean age was 43

yrs (SD = 13.5, range: 23–73 yrs) and there were more female participants (62%). Participants

were predominantly of blood group A (42%) and blood group O (40%). Mean HbA1c was 33.6

mmol/mol for non-diabetic controls, 63.1 mmol/mol for type 1 subjects and 83.8 mmol/mol

for type 2 individuals while plasma glucose (non-fasting, sampled on arrival for blood collec-

tion) was 5.2 mM, 11.1 mM and 11.8 mM respectively. The mean BMI was 24.76 kg/m2 for

healthy controls, 25.26 kg/m2 for type 1 diabetics and 31.81 kg/m2 for type 2 diabetics

(Table 1); the proportion of obese (BMI>30 kg/m2) was 12% among the healthy controls, 13%

among the type 1 diabetics and 50% among the type 2 diabetics (Table 1). Duration of diabetes

and type of complications as well as ongoing medication, country of birth, travel history to the

tropics and previous malaria exposure were also documented (S1 Data).
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Parasite rosetting

The rosetting rate was significantly higher when parasites were grown with RBCs from type 2

diabetics compared to healthy controls (RBC assay, Study 2: 25.59% vs 17.11%; P = 0.006,

Table 2). For type 1 diabetics, rosetting rate also tended to be higher compared to healthy con-

trols, however, the difference was less prominent (RBC assay Study 1: 20.98% vs 18.03%,

P = 0.072; RBC assay Study 2: 22.63% vs 17.11%, P = 0.052, Table 2).

Parasites grown in the serum from type 2 diabetics had slightly lower rosetting rates than

the healthy controls (Serum assay, Study 2: 31.03% vs 33.99%, P = 0.015, S2 Table). However,

the biological relevance of such a small reduction is uncertain but could potentially be due to

serum components unique to this group or because of interference of ongoing medications

(see S1 Data for list of medications). There was no difference in rosetting rate between para-

sites cultured in serum from type 1 diabetics or healthy controls (S2 Table).

Table 1. Characteristics of the study population.

Group Study1+2

Subgroup All Healthy Type 1 Type 2

Participants, n (%) 50 (100) 25 (50) 15 (30) 10 (20)

Sex (female), n (%) 31 (62) 19 (76) 8 (53) 4 (40)

Age (yrs), mean [SD) 43.2 [13.5] 40.4 [12.5] 38.4 [12.1] 57.3 [8.6]

BMI (kg/m2), mean [SD] 26.32 [5.0] 24.76 [4.4] 25.26 [3.6] 31.81 [4.7]

BMI classification1, n (%)

Underweight 1 (2) 1 (4) 0 (0) 0 (0)

Normal 23 (26) 15 (60) 8 (53) 0 (0)

Overweight 16 (32) 6 (24) 5 (33) 5 (50)

Obese 10 (20) 3 (12) 2 (13) 5 (50)

Blood group, n (%)

O 20 (40) 10 (40) 7 (47) 3 (30)

A 21 (42) 11 (44) 6 (40) 4 (40)

B 5 (10) 2 (8) 2 (13) 1 (10)

AB 4 (8) 2 (8) 0 (0) 2 (20)

Clinical chemistry, mean [SD]

HbA1c (mmol/mol) 52.5 [24.1] 33.6 [3.7] 63.1 [17.5] 83.8 [19.4]

Blood glucose (mM) 8.3 [4.5] 5.2 [1.0] 11.1 [4.4] 11.8 [4.7]

Hematocrit (x1012/L) 4.3 [0.6] 4.2 [0.3] 4.7 [0.8] 4.2 [0.5]

MCV (fL) 87.6 [5.6] 89.5 [4.1] 86.0 [6.7] 85.2 [5.7]

ESR (mm/hr) 14.5 [18.5] 9.8 [7.8] 14.1 [15.8] 26.6 [33.0]

Fibrinogen (g/L)2 3.0 [0.7] 2.8 [0.6] 3.00 [0.6] 3.5 [0.9]

C-react. protein (mg/L) 3.2 [4.4] 2.5 [4.13] 3.7 [5.5] 4.0 [2.9]

Apolipoprotein B (g/L)2 0.9 [0.3] 0.9 [0.2] 0.8 [0.3] 1.1 [0.4]

Triglycerides (mM) 1.7 [1.8] 1.2 [0.5] 1.2 [0.6] 3.8 [3.2]

Cholesterol (mM) 5.0 [1.0] 5.2 [0.9] 4.7 [1.0] 5.1 [1.4]

HDL-cholesterol (mM) 1.6 [0.6] 1.8 [0.4] 1.7 [0.7] 1.2 [0.2]

LDL cholesterol (mM)2 2.6 [0.9] 2.8 [0.8] 2.4 [0.9] 2.3 [0.8]

LDL/HDL 1.8 [0.8] 1.7 [0.7] 1.6 [0.8] 2.2 [1.1]

1 WHO BMI classification for adults BMI <18.5 (underweight), 18.5–25 (normal), 25–30 (overweight), >30 obese.
2 Missing patient parameters (see S1 Data): apolipoprotein B was not measured for all nine healthy controls in Study 1 and from one control in Study 2, fibrinogen levels

for one type 1 diabetic in Study 2 was missing and LDL-cholesterol could not be measured in two type 2 diabetics in Study 2 due to high glycerol levels that interfered

with measurements.

https://doi.org/10.1371/journal.pone.0249666.t001
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Blood glucose correlated to rosetting rate in the RBC assay in both Study 1 and Study 2

(P = 0.009 for both studies, Table 2), however, no significant correlation was seen in the serum

or the RBC+serum assay (S2 Table). HbA1c also correlated positively to rosetting rate in the

RBC assay for Study 2 (P = 0.002, Table 2) and the RBC+serum assay for Study 1 (P = 0.021, S2

Table).

ESR correlated with rosetting rate in the RBC assay of Study 2 (P = 0.023) and was border-

line in Study 1 (P = 0.056) (Table 2). This suggests that RBCs prone to rouleaux formation

(and therefore sediment more readily) give rise to higher parasite rosetting rates.

Interestingly, fibrinogen also associated positively with rosetting rate in the RBC assay of

Study 2 (P = 0.019, Table 2) despite these cells being washed (free of fibrinogen) suggesting

that other cell-based factors related to fibrinogen (such as sialic acid levels [36]) could be

involved.

When merging the data sets (Study 1 + Study 2) in multivariate analyses, both diabetes type

1 and type 2 were associated with higher rosetting rate in the RBC assay with adjustment for

Study (type 1 diabetes: P = 0.004, type 2 diabetes: P = 0.003, Fig 1A and S3 Table). After addi-

tional adjusting for age and BMI, diabetes type 1 and 2 was still significantly associated with

rosetting (type 1 diabetes: P = 0.038, type 2 diabetes: P = 0.011, S3 Table). However, when also

adjusting for glucose and ESR, only the association with type 2 diabetes was significant (type 1

diabetes: P = 0.076, type 2 diabetes: P = 0.020, S3 Table). There were no significant associations

in the serum and RBC+serum assays except for type 2 diabetes, which again showed negative

correlation to rosetting in serum assay even after adjustments (P = 0.001, S3 Table). There

Table 2. Association of variables with rosetting rate in red blood cell (RBC) assay.

Assay Variable Study 1 Study 2

Rosetting mean % multiplets [SD] Coef. 95% CI P Rosetting mean % multiplets [SD] Coef. 95% CI P
RBC Non-diabetic 18.03 [2.74] 0 17.11 [5.76] 0

Diabetes type 1 20.98 [4.02] 2.95 -0.29;6.19 0.072 22.63 [3.19] 5.52 -0.04;11.09 0.0522

Diabetes type 2 25.59 [6.76]1 8.48 2.68;14.28 0.0063

Non-obese 20.20 [3.85] 0 20.05 [7.22] 0

Obese 16.84 [0.61] -3.36 -5.51;-1.21 0.004 21.8 [6.43] 1.75 -4.99;8.49 0.598

Male 18.58 [2.02] 0 20.34 [7.84] 0

Female 20.18 [4.23] 1.60 -1.43;4.63 0.284 20.49 [6.53] 0.16 -5.81;6.12 0.957

Age -0.07 -0.20;0.05 0.212 0.18 0.01;0.35 0.044

BMI -0.13 -0.65;0.39 0.614 0.36 -0.09;0.80 0.113

Blood group O 22.90 [1.97] 0 17.47 [6.10] 0

Blood group A 16.84 [1.06] -6.06 -7.82;-4.30 <0.001 22.70 [7.67] 5.23 -1.05;11.51 0.099

Blood group B 22.83 [7.37] -0.08 -15.7;15.54 0.992 21.11 [6.95] 3.64 -7.19;14.48 0.494

Blood group AB 16.83 [0.33] -6.07 -7.79;-4.35 <0.001 24.67 [4.67] 7.20 -3.15;17.55 0.164

Blood glucose (mM) 4.59 1.31;7.88 0.009 7.07 1.94;12.20 0.009

ESR (mm/Hr) 1.24 -0.03;2.50 0.056 2.31 0.34;4.28 0.023

HbA1c (mmol/mol) 3.65 -1.50;8.80 0.154 9.16 3.65;14.67 0.002

Fibrinogen (g/L) 1.80 -0.73;4.33 0.153 3.07 0.55;5.59 0.019

Triglycerides (mM) -0.35 -5.67;4.98 0.893 3.25 -0.80;7.29 0.111

Cholesterol (mM) -5.70 -14.61;3.21 0.197 3.22 -10.51;16.95 0.634

1 RBCs from one type 2 diabetic (Donor 6.27 on 14 different of medications) showed atypical forward- and side-scatter profiles on the cytometer and accurate

determination of the percentage of multiplets was not possible.
2 Type II diabetics compared with non-diabetics.
3 Type I diabetics compared with non-diabetics.

https://doi.org/10.1371/journal.pone.0249666.t002
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were no significant correlations between obesity and rosetting rate for any of the assays after

pooling data from both studies (S3 Table).

There were some additional findings that were statistically significant but less robust due to

limited power or the influence of confounders: A significantly lower rosetting rate was

observed in the RBC assay of obese individuals compared to non-obese in Study 1 (P = 0.004)

but not in Study 2 (P = 0.598) (Table 2). However, there were only 3 obese individuals in Study

Fig 1.

https://doi.org/10.1371/journal.pone.0249666.g001
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1 and two of these were controls, as opposed to Study 2 where only one of the six obese was

from the control group (S1 and S2 Tables). There was no correlation with sex but a small posi-

tive correlation with age was observed in RBC assay of Study 2 (P = 0.044, Table 2) and the

serum assay of Study 1 (P = 0.037, S2 Table). Though there was a negative correlation for

blood group AB (Study 1 RBC assay, P<0.001, Table 2; Study 2 RBC+serum assay, P = 0.034,

S2 Table), this observation was based on only 2 individuals with blood group AB (both in

healthy controls). For blood group A there was a significantly lower rosetting rate compared to

blood group O in Study 1 of the RBC assay (16.84% vs 22.90%, P<0.001, Table 2). This was

unexpected since S1.2 is known to form larger rosettes with blood group A and AB erythro-

cytes [29], which might explain why there was a tendency of higher rosetting rate for blood

group A in Study 2 (22.70% vs 17.47%, P = 0.099). These contradictory findings could be due

to the uneven blood group distributions in study groups (S1 Table). Rosetting rate also corre-

lated to total cholesterol in the serum assay of Study 1 but not in Study 2(P = 0.001 and

P = 0.138 respectively, S2 Table), and rosetting negatively correlated to triglycerides in Study 2

for both serum and RBC+serum assays (P = 0.002 and P = 0.049 respectively, S2 Table). The

heterogenous results in the two studies prevent us from drawing any reliable conclusions and

could be confounded by the diabetes status in the two groups (type 2 diabetics have higher tri-

glycerides and cholesterols than type 1, Table 1).

Parasite growth

In univariable analyses, serum from both type 1 and type 2 diabetics resulted in significantly

higher parasite growth rates when compared to controls for both S1.2 (mean parasitemia fold-

change 0.8 for non-diabetic controls, 2.39 for type 1 diabetics and 3.38 for type 2 diabetics.

P = 0.001 and<0.001 respectively when compared to controls, Table 3) and 3D7 assay (mean

parasitemia fold-change 1.94 for non-diabetic controls, 5.54 for type 1 diabetics and 6.18 for

type 2 diabetics; P<0.001 when comparing both diabetic types to controls).

The continuous variables showing positive correlation with parasite growth (independent

of rosetting) in both S1.2 and 3D7 assays include blood glucose (P<0.001 for both), HbA1c

Table 3. Association of diabetes and obesity with parasite growth in multivariable analyses (Study 1+2).

Parasite strain Variable Parasite growth Adjusted1 Adjusted2 Adjusted3

Mean4 [SD] P Coef. 95%CI P Coef. 95%CI P Coef. 95%CI P
S1.2 Non-diabetic 0.80 [0.25] 0 0 0

Diabetes type 1 2.39 [1.65] 0.001 1.57 0.56;2.57 0.003 1.41 0.21;2.62 0.023 -0.94 -1.78;-0.09 0.031

Diabetes type 2 3.38 [2.08] <0.001 2.58 1.24;3.93 <0.001 2.69 1.09;4.28 0.002 -0.05 -1.59;1.49 0.948

Non-obese 1.64 [1.47] 0 0

Obese 2.41 [2.22] 0.197 0.75 -0.69;2.19 0.301 0.65 -0.96;2.27 0.421 0.17 -0.60;0.93 0.663

3D7 Non-diabetic 1.94 [1.10] 0 0 0

Diabetes type 1 5.54 [1.77] <0.001 3.24 2.12;4.36 <0.001 3.17 1.80;4.53 <0.001 1.12 0.45–2.20 0.042

Diabetes type 2 6.18 [1.10] <0.001 4.57 3.71;5.43 <0.001 4.08 2.73;5.43 <0.001 0.81 -0.85;2.47 0.327

Non-obese 3.53 [2.31] 0 0 0

Obese 4.89 [2.32] 0.106 1.51 -0.36;3.38 0.111 1.21 -0.72;3.14 0.213 .07 -0.83;0.97 0.873

1 Adjusted for study.
2 For diabetes adjusted for study, age and BMI; for obesity adjusted for study & age.
3 For diabetes adjusted for study, age, BMI, blood glucose, cholesterol, triglycerides and fibrinogen; for obesity adjusted for study, age, blood glucose, cholesterols,

triglycerides and fibrinogen.
4 Mean fold change in parasitemia; change in parasitemia over 48 hr.

https://doi.org/10.1371/journal.pone.0249666.t003
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(P<0.001 for both), BMI (P = 0.010 and P = 0.002 respectively), fibrinogen (P = 0.007 and

P<0.001 respectively) and triglycerides (P = 0.012 and P = 0.017 respectively) (S4 Table and

Figs 2 and 3). Although obesity (BMI�30 kg/m2) was not significantly associated with parasite

growth in multivariable analyses (Table 3), BMI correlated with parasite growth in both S1.2

and 3D7 (P = 0.010 and P = 0.002 respectively) (S4 Table and Fig 2), probably due to loss of

statistical power when using obesity (a categorical variable) as opposed to BMI (a continuous

variable).

After adjusting for study, multivariable analyses showed that both type 1 and type 2 diabetes

were still positively correlated to parasite growth in S1.2 (P = 0.003 and P<0.001 respectively,

Fig 1B and Table 3) and 3D7 parasites (P<0.001 for both, Table 3). The association was still

observed when additional adjustment for BMI and age was made (P = 0.023 and P = 0.002 for

S1.2 grown in type 1 and type 2 respectively, and P<0.001 for both type 1 and type 2 in 3D7).

However, after also adjusting for blood glucose, cholesterols, triglycerides and fibrinogen, only

type 1 diabetes remained positively correlated to 3D7 parasite growth (P = 0.042 Table 3).

To exclude the effect of limiting glucose amounts, the same assay was also run with serum

samples spiked with between 2 to 6 mM of glucose. In both S1.2 and 3D7 assays, there was a

glucose concentration-dependent reduction in correlation between parasite growth and blood

glucose, BMI, and triglycerides (Fig 3 and S4 Table). However, in 3D7 the correlation for

fibrinogen and HbA1c with parasite growth was still significant after 6 mM glucose supple-

mentation (P = 0.011 and P = 0.022 respectively, S4 Table). Since most correlations became

insignificant after the supplementation of 6 mM glucose, we conclude that glucose concentra-

tion is the dominant factor influencing parasite growth.

Discussion

The prevalence of diabetes and other metabolic diseases in the developing world has been

increasing [1]. This development deserved particular attention in Sub-Saharan Africa where

the double burdens of communicable and non-communicable diseases exert synergistically

detrimental effects on human health [2, 37]. Considering this changing disease paradigm, the

study of comorbidities is becoming increasingly relevant to the global healthcare landscape.

Fig 2.

https://doi.org/10.1371/journal.pone.0249666.g002
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In this study, we show that erythrocytes from diabetic patients are more prone to forming

rosettes when cultured with P. falciparum, and that elevated blood glucose levels allow para-

sites to establish higher parasitemia ex vivo.

These findings complement a previous retrospective study in Sweden involving 937 adults

with imported malaria, where the association between comorbidities and severe P. falciparum
malaria was investigated [8]. We observed that a higher proportion of patients with severe

malaria had chronic diseases (30.4%), compared to the proportion with uncomplicated malaria

(17.9%). Furthermore, the only non-communicable disease significantly associated with severe

malaria in multivariable analyses was diabetes. Most diabetics in that study had type 2 diabetes

so conclusions concerning type 1 could not be drawn. Among other host factors investigated,

obesity was highly associated to severe malaria with over five times increased risk, independent

of diabetes. The more common symptoms of severe malaria among the diabetic patients

included respiratory distress with pulmonary edema, macroscopic hematuria and renal dys-

function. A non-significantly higher proportion of diabetics had hyperparasitemia (>5%)

compared to non-diabetics. While the association of malaria severity with diabetes and obesity

was clearly demonstrated, the biological basis for the association was not explored. The intent

of the present study was to determine whether blood components from diabetics give rise to

different P. falciparum rosetting and growth rates ex vivo.

Fig 3.

https://doi.org/10.1371/journal.pone.0249666.g003
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Higher levels of parasite rosetting are associated with increasing severity of malaria [23, 24]

and our findings show that parasites cultured in RBCs from diabetics had higher rosetting

rates than those from the non-diabetic controls. This raises the possibility that the prevalence

of severe malaria among type 2 diabetics observed previously [8] could be a consequence of

augmented rosette formation. Interestingly, HbA1c, blood glucose and ESR correlated to

rosetting rate even in the RBC-only assays where RBCs were washed free of serum compo-

nents. This indicates that changes to the erythrocytes, and not differences in serum constitu-

tion, could account for augmented rosetting.

Several changes to the erythrocytes of diabetics have been well characterized. Firstly, pro-

longed hyperglycemia results in the glycation of RBC hemoglobin resulting in high HbA1c val-

ues, a clinical hallmark for poor glycemic control. Glycation also occurs on the erythrocyte

membrane resulting in the formation of advanced glycation end products (AGEs) which

increases binding to endothelial cells bearing receptors for AGEs [38]. Thirdly, there is also a

loss of negatively charged sialic acid residues on RBC surface glycoproteins which reduces cell-

cell repulsive forces and promotes cell aggregation [9]. It is conceivable that such aggregation-

promoting factors could enhance rosette formation by complementing parasite adhesins such

as PfEMP1s, RIFINs and STEVORS which are the primary mediators of rosette formation

[27].

While elevated levels of acute phase proteins like fibrinogen and C-reactive protein in

plasma play a critical role in rouleaux formation [17], we did not observe any association

between C-reactive protein and rosetting rate in the serum-only assays. Although fibrinogen is

an established mediator of rosetting [34] and the primary determinant of ESR [20], its effect

here could not be tested since the serum-based assays are depleted of fibrinogen (converted to

fibrin during blood clotting). The use of plasma for these assays was considered but many of

these compounds that prevent coagulation (heparin, citrate and EDTA) are also known to

interfere with parasite rosetting and growth [34] and would confound results.

Differences in the conclusions drawn from the RBC assays, serum assays and RBC+serum

assays point towards the complex (multifactorial) nature of rosetting dependent on the inter-

play between pro-rosetting (such as the aforementioned RBC changes) and anti-rosetting fac-

tors (potentially including diabetes-related medications in serum, highlighted in the Results

subsection on Parasite Rosetting). Determination of which factors dominate rosetting out-

comes in vivo would very challenging.

In addition to increased parasite rosetting, serum from both type 1 and type 2 diabetes also

gave rise to a higher level of parasite growth. Compared to the serum of healthy participants,

serum from diabetic patients gave between 2.5- to 4-fold higher parasitemia after just one

cycle of parasite replication. Blood glucose, HbA1c, BMI, fibrinogen and triglycerides all

showed strong correlation with S1.2 and 3D7 parasite growth. In order to find out if HbA1c,

BMI, fibrinogen or triglycerides can affect parasite growth independent of glucose levels, we

supplemented serum samples with exogenous glucose at the start of the assay. The near com-

plete loss of correlations indicate that glucose levels are the main determinant of parasite

growth ex vivo, even in serum that is nutrient replete. This result is in agreement with a previ-

ous study showing that in vitro parasite growth is highly dependent on glucose levels [35]. As

such, a possible basis for the association between diabetes and severe malaria is that higher

blood glucose levels promote parasite growth, leading to hyperparasitemia and severe malaria.

However, our previous study showed that diabetes was associated to severe manifestations

independent of hyperparasitemia [8] and thus increased rosette formation may offer a more

robust explanation.

There was a total of ten obese individuals in this study but too few non-diabetic obese to be

able to draw any definitive conclusions concerning the role of obesity in the pathogenesis of
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severe malaria. Although we could not show any positive association between obesity and

rosetting rate, there was a positive correlation between BMI and parasitemia also after addition

of glucose (in the S1.2 assay up to 4mM, S4 Table). Interestingly, a significantly higher propor-

tion of obese patients in the retrospective comorbidity study had hyperparasitemia (both >5%

and>10%) [8]. Taken together, results from epidemiological as well as the present experimen-

tal study suggest that serum factors affecting parasite growth could partly explain the associa-

tion between obesity and severe malaria.

In our 48 hr microtiter plate-based assays for parasite growth, hematocrit was kept at 4%

and start parasitemia at 1.5%. It might be argued that this static experimental design is the rea-

son why glucose emerges as a factor limiting parasite growth and that glucose will not be the

limiting factor in the well-equilibrated physiological environment. One review has estimated

that each microliter of normal plasma contains between 60 to 600 times more glucose than

what each P. falciparum parasite requires [39]. However, this does not take into account the

number of parasites supported by each microliter of plasma–approximately 50,000 parasites

per microliter of blood (assuming 1% parasitemia and 5 million RBCs per microliter of blood).

Especially in a low-perfusion microenvironment characteristic of complicated malaria, it is

very likely that glucose levels are limiting. The clinical hallmark of hypoglycemia in severe

malaria, especially in children, is further evidence of the importance of glucose in disease

severity. Taken together, elevated blood glucose could potentially enhance parasite growth in

diabetic patients.

Based on the glucose supplementation experiments, the effect of glucose on parasite growth

was demonstrated to be causative. However, the other associations highlighted in this study

are only correlative and may not be the biological basis for the observed differences in roset-

ting rate or parasite growth. Controlled experiments will need to be performed to distinguish

between associated and causal factors, with subsequent validation on multiple laboratory and

clinical parasite strains performed to strengthen the relevance of these findings. The level of

AGEs and sialic acid present on RBC surface, as well as the effect of fibrinogen, represent

potentially important factors influencing parasite rosetting that have not been investigated in

this study. This is especially since previous studies have shown that serum proteins like albu-

min, fibrinogen, IgM and von Willebrand factor are involved in rosetting [34]. Additionally,

the serendipitous finding that serum from type 2 diabetics correlate negatively with rosetting

suggests that serum factors or medications from this group could reduce rosetting.

In conclusion, this ex vivo study suggests a potential biological basis for the comorbidity of

diabetes and severe malaria; with blood parameters characteristic of uninfected type 1 and

type 2 diabetics (namely blood glucose, HbA1c and ESR) shown to correlate with increased

parasite rosetting and growth rates. In particular, the findings that increased blood glucose

concentrations augment parasite growth suggests that careful regulation of blood sugar could

complement conventional antimalarial therapy in reducing parasitemia. A such, the present

WHO guideline regarding the monitoring of blood glucose to prevent hypoglycemia, could be

modified to restrict hyperglycemia as well. Additionally, since changes to erythrocytes are

attributed to increased rosetting, the practice of good long-term glycemic control could prove

doubly beneficial in reducing both diabetic and malaria morbidity and mortality. As such, the

implementation of policies to diagnose diabetes and promote good glycemic control should be

emphasized in malaria-endemic regions especially.

Limitations of the study

This pilot study involves a small sample of 25 diabetics and 25 non-diabetic controls, which

limits the strength of conclusions. Stratification to further investigate certain specific questions
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was therefore not always possible. Fibrinogen, an established mediator of rosetting and deter-

minant of ESR could not be assayed due to experimental design constraints (coagulation). The

relevance of ex vivo assays also inherently questions about physiological relevance, but the

nature of malaria infection, and in this case the association with severe malaria pathology,

inherently restricts this study of a human-specific malaria to ex vivo/in vitro models. This

study only makes use of a single rosetting parasite (FCR3S1.2) which may not be representative

of other rosetting strains/isolates with highly heterogenic rosetting antigens. Other limitations

have been elaborated in the Discussion.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Mats Wahlgren (mats.wahlgren@ki.se).

Materials availability

There are restrictions to the availability of patient erythrocytes and serum due to the minimal

amount of material that was drawn. This study did not generate other new unique reagents.

Data and code availability

The published article includes all datasets generated or analyzed during this study. Original/

source data for flow cytometry files (fcs files and gating parameters) used in the paper is avail-

able from the Lead upon request.

Methods

Study population and clinical parameters

Adult subjects with diabetes (type 1 and type 2) undergoing a diabetes management course at

Karolinska University Hospital, as well as non-diabetic control volunteers from Stockholm,

Sweden, were invited to participate in the study. Recruitment and sampling were performed

during scheduled routine visits at the Department of Endocrinology, from different donors at

in June 2016 (Study 1) and in May 2017 (Study 2). Individuals with fever or bloodborne infec-

tion (chronic hepatitis or HIV) were excluded.

Details of the participants’ medical history including previous malaria, travel history, ongo-

ing medication, weight and height were collected by research nurses. Intravenous blood was

drawn for routine blood analyses at the Department of Clinical Chemistry at Karolinska Uni-

versity Hospital including hematocrit, MCV of the erythrocyte, glucose, HbA1C, C-reactive

protein (CRP), erythrocyte sedimentation rate (ESR), fibrinogen, apolipoprotein B and blood

lipids (cholesterol, LDL, HDL, triglyceride) as well as for ABO blood group typing.

Body mass index (BMI) was calculated as weight (kilograms) divided by square height

(meters), and categorised according to WHO’s BMI classification for adults [40]. Glycemic

control was defined as poor if HbA1c�53 mmol/mol. Diabetes-related complications were

ranked as mild, moderate or severe depending on the number and type complications

described in the patient questionnaire (S1 Data).

Sampling for experiments

Intravenous blood for ex vivo experiments were collected in BD Vacutainer1 Citrate tubes

(for RBC collection) and BD Vacutainer1 SST™ tubes (for serum collection). For RBC
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collection, citrate tubes were spun down, plasma and buffy coat removed, and RBCs washed

twice with RPMI 1640 before being stored at 4˚C. For serum collection, STT tubes were spun

down, serum decanted into a new tube and heat inactivated at 56˚C for 1 hr before being

stored at -80˚C. Serum was used in all assays because heparin and citrate (used to prevent

blood coagulation for the isolation of plasma) affects parasite reinvasion and rosetting [22, 34,

41]. All samples were processed and stored on the day of collection and RBCs were assayed

within a week of collection.

Parasite cultures

Laboratory-adapted P. falciparum cultures of rosetting FCR3S1.2 (S1.2, rosetting rate main-

tained>75%) and non-rosetting 3D7 were grown by standard methods at 2% hematocrit (O

+ erythrocytes) in RMPI1640 supplemented with 10% A+ human serum, at 37˚C, with shak-

ing, and under mixed-gas conditions (5% O2, 5% CO2 and 90% N2) [42]. The blood group O

+ erythrocytes and A+ serum that was used for routine parasite culture, while AB+ serum was

used for rosetting rate assays of clinical samples to prevent agglutination of RBCs from patients

with B and AB blood groups. These were obtained from the Karolinska University Hospital

Blood Bank, collected as part of routine donations and completely de-identified before

accessed. Cultures routinely tested negative for mycoplasma contamination. Sorbitol synchro-

nization was carried out weekly and Ficoll-enrichment was performed as necessary to select

for rosetting S1.2 parasites [43].

Rosetting rate assays

Late-stages of S1.2 parasites were enriched by mechanical disruption of rosettes (needle tritu-

ration) followed by magnetic activated cell sorting [43]. The resulting pellet of enriched tro-

phozoites/schizonts (parasitemia in excess of 75%) was used immediately for rosetting assays.

Non-rosetting 3D7 was not included in these assays.

In assays using RBCs from the participants (RBC assay), each microtiter well contained 1 μl

of participants’ RBCs and 0.01 μl of MACS-enriched parasites, together with 90 μl of RPMI

supplemented with 10 μl of AB+ serum. The proportion of serum used in this assay (10%) is

identical to routine cultures.

In assays using serum from participants (serum assay), each well contained 50 μl of partici-

pants’ serum together with 50 μl RPMI, 1 μl O+ RBCs and 0.01 μl MACS-enriched parasites.

The proportion of serum used in this assay (50%) is higher than routine culture media so as to

minimize dilution of serum factors which may affect rosetting. 50% RPMI was still necessary

as excessively high proportions of serum results in restricted parasite growth (see Results).

In assays using both RBC and serum from participants (RBC+serum assay), each well con-

tained 1 μl of donor RBC, 50 μl of serum from the same donor, 50 μl RPMI and 0.01 μl MACS-

enriched parasites. This combination was used to assess if the combination of autologous RBC

and serum would result in a different effect on parasite rosetting than these components

separately.

After setting up the assays, microtiter plates were left for 48 hrs in a dark humidified cham-

ber perfused with mixed gas (without shaking) at 37˚C prior to parasite staining and flow

cytometry.

Parasite growth assays and spiking of serum with exogenous glucose

The parasitemia of ring stage cultures of S1.2 and 3D7 were quantified by cytometry on the

day of experiment and adjusted to 1.5% starting parasitemia with uninfected erythrocytes.

Cells were spun down and 2.5 μl of packed cells were added to wells containing 45 μl of donor
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serum and 5 μl of PBS that contained 0, 20, 40 or 60 mM of glucose. The proportion of serum

in these assays is approximately 85% (no RPMI was added) so as to best observe the effects of

serum components on parasite growth. Plates were incubated for 48 hrs in a dark humidified

chamber perfused with mixed gas (without shaking) at 37˚C prior to parasite staining and flow

cytometry.

Cell staining and flow cytometry

A 10× solution of Hoechst (100 μg/ml) and dihydroethidium (60 μg/ml) was used to stain

cells, and BD FACSVerse with plate reader was used to measure parasitemia and percentage

multiplets as detailed elsewhere [42]. The percentage multiplets has been shown to correlate

with rosetting rate and is used here as a proxy to indicate the relative rosetting rate [42, 44, 45].

The proportion of cells being gated and used in analyses are all presented in S2 Data.

Statistical analyses

Unless otherwise indicated, all data shown is presented as means with standard deviation

(SD). All analyses were done with Stata version 13. The outcomes were S1.2 rosetting rate (as

measured in RBC, serum and RBC+serum assays) and S1.2 and 3D7 parasitemia. We used lin-

ear regression with robust standard errors [46]. Rosetting rate assays were carried out sepa-

rately for Study 1 and 2 owing to the requirement for fresh RBCs for the assays and the

interval between studies. As a result, analyses were done with both datasets separated or

merged to take into account potential inter-experimental variability. Multivariable analyses

were performed on merged datasets adjusted for study, or adjusted for study, age and BMI,

and finally with additional adjustment for glucose and ESR. In parasite growth assays, stored

(frozen) serum from both study 1 and 2 were run in the same experiment and analyzed as a

merged dataset. Multivariable analyses were performed adjusted for same factors as above, but

with final additional adjustment for glucose, cholesterols and triglycerides (factors which may

affect parasite growth in vitro [35, 47]), as well as fibrinogen. Univariate associations between

S1.2 and 3D7 parasitemia (with added glucose and explanatory variables) were investigated

using Spearman’s ρ. As a sensitivity analysis, we display these associations graphically using

standard linear regression techniques (trend lines and Pearson’s r) in Figs 2 and 3.

Ethical considerations

All experiments were performed with written informed consent in accordance with relevant

ethical guidelines and regulations. This study was approved by the Regional Ethical Review

Board in Stockholm, Sweden (2006/893-31/4, 2015/2200-32, 2016/1940-32 and 2009/668-

31/3).

Supporting information

S1 Table. Characteristics of the study population.

(DOCX)

S2 Table. Association of variables with rosetting rate in red blood cell (RBC), serum and

RBC+serum assay.

(DOCX)

S3 Table. Association of diabetes and obesity with rosetting rate in multivariable analyses

(Study 1+2).

(DOCX)

PLOS ONE Diabetes & severe malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0249666 June 17, 2021 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s003
https://doi.org/10.1371/journal.pone.0249666


S4 Table. Correlation of variables and parasite growth after glucose supplementation

(Study 1+2).

(DOCX)

S1 Data.

(XLSX)

S2 Data.

(XLSX)

Acknowledgments

The authors wish to thank all study participants for donating study material and all research

nurses (Ingrid Andrén, Anette Harström, Kajsa Sundqvist, Katarina Hertel and Ingela Breden-

berg) for their critical role in patient engagement and sampling.

Author Contributions

Conceptualization: Jun-Hong Ch’ng, Anna Färnert.

Data curation: Jun-Hong Ch’ng, Kirsten Moll, Katja Wyss, Ulf Hammar, Anna Färnert.

Formal analysis: Jun-Hong Ch’ng, Kirsten Moll, Katja Wyss, Ulf Hammar, Mats Wahlgren.

Funding acquisition: Mikael Rydén, Anna Färnert, Mats Wahlgren.

Investigation: Jun-Hong Ch’ng, Kirsten Moll, Mats Wahlgren.

Methodology: Jun-Hong Ch’ng, Kirsten Moll, Mats Wahlgren.

Project administration: Mikael Rydén, Olle Kämpe, Mats Wahlgren.

Resources: Mikael Rydén, Olle Kämpe, Mats Wahlgren.

Supervision: Kirsten Moll, Mats Wahlgren.

Validation: Katja Wyss.

Writing – original draft: Jun-Hong Ch’ng, Kirsten Moll.

Writing – review & editing: Jun-Hong Ch’ng, Kirsten Moll, Katja Wyss, Ulf Hammar, Mikael

Rydén, Olle Kämpe, Mats Wahlgren.

References
1. Global Report on Diabetes. Geneva, Switzerland: World Health Organization, 2016.

2. Atun R, Davies JI, Gale EAM, Bärnighausen T, Beran D, Kengne AP, et al. Diabetes in sub-Saharan

Africa: from clinical care to health policy. The Lancet Diabetes & Endocrinology. 2017; 5(8):622–67.

https://doi.org/10.1016/S2213-8587(17)30181-X PMID: 28688818

3. Williams RC, Stephen; Chan, Joe; Gregg, Edward; Ke, Calvin; Lim, Lee-Ling; Yang, Xilin. IDF Atlas 9th

Edition 2019. 9 ed2019.

4. Kalra S, Kalra B, Agrawal N, Unnikrishnan A. Understanding diabetes in patients with HIV/AIDS. Diabe-

tol Metab Syndr. 2011; 3(1):2. https://doi.org/10.1186/1758-5996-3-2 PMID: 21232158; PubMed Cen-

tral PMCID: PMC3025836.

5. Hernandez-Romieu AC, Garg S, Rosenberg ES, Thompson-Paul AM, Skarbinski J. Is diabetes preva-

lence higher among HIV-infected individuals compared with the general population? Evidence from

MMP and NHANES 2009–2010. Bmj Open Diab Res Ca. 2017; 5(1). https://doi.org/10.1136/bmjdrc-

2016-000304 PubMed PMID: WOS:000397037300009. PMID: 28191320

6. Restrepo BI. Diabetes and Tuberculosis. Microbiol Spectr. 2016; 4(6). https://doi.org/10.1128/

microbiolspec.TNMI7-0023-2016 PMID: 28084206; PubMed Central PMCID: PMC5240796.

PLOS ONE Diabetes & severe malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0249666 June 17, 2021 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249666.s006
https://doi.org/10.1016/S2213-8587(17)30181-X
http://www.ncbi.nlm.nih.gov/pubmed/28688818
https://doi.org/10.1186/1758-5996-3-2
http://www.ncbi.nlm.nih.gov/pubmed/21232158
https://doi.org/10.1136/bmjdrc-2016-000304
https://doi.org/10.1136/bmjdrc-2016-000304
http://www.ncbi.nlm.nih.gov/pubmed/28191320
https://doi.org/10.1128/microbiolspec.TNMI7-0023-2016
https://doi.org/10.1128/microbiolspec.TNMI7-0023-2016
http://www.ncbi.nlm.nih.gov/pubmed/28084206
https://doi.org/10.1371/journal.pone.0249666


7. Danquah I, Bedu-Addo G, Mockenhaupt FP. Type 2 diabetes mellitus and increased risk for malaria

infection. Emerg Infect Dis. 2010; 16(10):1601–4. https://doi.org/10.3201/eid1610.100399 PMID:

20875289; PubMed Central PMCID: PMC3294394.

8. Wyss K, Wangdahl A, Vesterlund M, Hammar U, Dashti S, Naucler P, et al. Obesity and Diabetes as

Risk Factors for Severe Plasmodium falciparum Malaria: Results from a Swedish Nationwide Study.

Clin Infect Dis. 2017. https://doi.org/10.1093/cid/cix437 PMID: 28510633.

9. Rogers ME, Williams DT, Niththyananthan R, Rampling MW, Heslop KE, Johnston DG. Decrease in

erythrocyte glycophorin sialic acid content is associated with increased erythrocyte aggregation in human

diabetes. Clin Sci (Lond). 1992; 82(3):309–13. https://doi.org/10.1042/cs0820309 PMID: 1312416.

10. Elias AN, Domurat E. Erythrocyte Sedimentation-Rate in Diabetic-Patients—Relationship to Glycosy-

lated Hemoglobin and Serum-Proteins. J Med. 1989; 20(3–4):297–302. PubMed PMID: WOS:

A1989AX28300012. PMID: 2809426

11. Fabry TL. Mechanism of Erythrocyte Aggregation and Sedimentation. Blood. 1987; 70(5):1572–6.

PubMed PMID: WOS:A1987K780600050. PMID: 3663946

12. Cho YI, Mooney MP, Cho DJ. Hemorheological disorders in diabetes mellitus. J Diabetes Sci Technol.

2008; 2(6):1130–8. https://doi.org/10.1177/193229680800200622 PMID: 19885302; PubMed Central

PMCID: PMC2769810.

13. Mantskava M, Momtselidze N, Pargalava N, McHedlishvili G. Hemorheological disorders in patients

with type 1 or 2 diabetes mellitus and foot gangrene. Clin Hemorheol Microcirc. 2006; 35(1–2):307–10.

PMID: 16899949.

14. Momtselidze N, Mantskava M, McHedlishvili G. Hemorheological disorders during ischemic brain

infarcts in patients with and without diabetes mellitus. Clin Hemorheol Microcirc. 2006; 35(1–2):261–4.

PMID: 16899939.

15. Baskurt O, Meiselman HJ. RBC Aggregation: More Important than RBC Adhesion to Endothelial Cells

as a Determinant of In Vivo Blood Flow in Health and Disease. Microcirculation. 2008; 15(7):585–90.

doi: Pii 79466300610.1080/10739680802107447. PubMed PMID: WOS:000261338900002. https://

doi.org/10.1080/10739680802107447 PMID: 18608991

16. Chien S, Usami S, Dellenback RJ, Gregersen MI, Nanninga LB, Guest MM. Blood viscosity: influence

of erythrocyte aggregation. Science. 1967; 157(3790):829–31. https://doi.org/10.1126/science.157.

3790.829 PMID: 17842794.

17. Baskurt O, Neu B, Meiselman HJ. Red Blood Cell Aggregation. United States of America: CRC Press,

Taylor & Francis Group; 2012. 304 p.

18. Brust M, Aouane O, Thiebaud M, Flormann D, Verdier C, Kaestner L, et al. The plasma protein fibrino-

gen stabilizes clusters of red blood cells in microcapillary flows. Sci Rep. 2014; 4:4348. Epub 2014/03/

13. https://doi.org/10.1038/srep04348 PMID: 24614613; PubMed Central PMCID: PMC3949293.

19. Holley L, Woodland N, Hung WT, Cordatos K, Reuben A. Influence of fibrinogen and haematocrit on eryth-

rocyte sedimentation kinetics. Biorheology. 1999; 36(4):287–97. Epub 2000/02/26. PMID: 10690265.

20. Merrill EW, Gilliland ER, Lee TS, Salzman EW. Blood rheology: effect of fibrinogen deduced by addition.

Circ Res. 1966; 18(4):437–46. Epub 1966/04/01. https://doi.org/10.1161/01.res.18.4.437 PMID:

4952703.

21. Jan KM, Chien S. Role of surface electric charge in red blood cell interactions. J Gen Physiol. 1973; 61

(5):638–54. https://doi.org/10.1085/jgp.61.5.638 PMID: 4705641; PubMed Central PMCID:

PMC2203480.

22. Udomsangpetch R, Wahlin B, Carlson J, Berzins K, Torii M, Aikawa M, et al. Plasmodium falciparum-

infected erythrocytes form spontaneous erythrocyte rosettes. J Exp Med. 1989; 169(5):1835–40. Epub

1989/05/01. https://doi.org/10.1084/jem.169.5.1835 PMID: 2654325; PubMed Central PMCID:

PMC2189314.

23. Rowe A, Obeiro J, Newbold CI, Marsh K. Plasmodium falciparum rosetting is associated with malaria

severity in Kenya. Infect Immun. 1995; 63(6):2323–6. https://doi.org/10.1128/iai.63.6.2323-2326.1995

PMID: 7768616; PubMed Central PMCID: PMC173304.

24. Carlson J, Helmby H, Hill AV, Brewster D, Greenwood BM, Wahlgren M. Human cerebral malaria: asso-

ciation with erythrocyte rosetting and lack of anti-rosetting antibodies. Lancet. 1990; 336(8729):1457–

60. Epub 1990/12/15. https://doi.org/10.1016/0140-6736(90)93174-n PMID: 1979090.

25. Steffen P, Verdier C, Wagner C. Quantification of depletion-induced adhesion of red blood cells. Phys

Rev Lett. 2013; 110(1):018102. Epub 2013/02/07. https://doi.org/10.1103/PhysRevLett.110.018102

PMID: 23383842.

26. Nash GB, Cooke BM, Carlson J, Wahlgren M. Rheological properties of rosettes formed by red blood

cells parasitized by Plasmodium falciparum. Br J Haematol. 1992; 82(4):757–63. Epub 1992/12/01.

https://doi.org/10.1111/j.1365-2141.1992.tb06955.x PMID: 1482664.

PLOS ONE Diabetes & severe malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0249666 June 17, 2021 15 / 17

https://doi.org/10.3201/eid1610.100399
http://www.ncbi.nlm.nih.gov/pubmed/20875289
https://doi.org/10.1093/cid/cix437
http://www.ncbi.nlm.nih.gov/pubmed/28510633
https://doi.org/10.1042/cs0820309
http://www.ncbi.nlm.nih.gov/pubmed/1312416
http://www.ncbi.nlm.nih.gov/pubmed/2809426
http://www.ncbi.nlm.nih.gov/pubmed/3663946
https://doi.org/10.1177/193229680800200622
http://www.ncbi.nlm.nih.gov/pubmed/19885302
http://www.ncbi.nlm.nih.gov/pubmed/16899949
http://www.ncbi.nlm.nih.gov/pubmed/16899939
https://doi.org/10.1080/10739680802107447
https://doi.org/10.1080/10739680802107447
http://www.ncbi.nlm.nih.gov/pubmed/18608991
https://doi.org/10.1126/science.157.3790.829
https://doi.org/10.1126/science.157.3790.829
http://www.ncbi.nlm.nih.gov/pubmed/17842794
https://doi.org/10.1038/srep04348
http://www.ncbi.nlm.nih.gov/pubmed/24614613
http://www.ncbi.nlm.nih.gov/pubmed/10690265
https://doi.org/10.1161/01.res.18.4.437
http://www.ncbi.nlm.nih.gov/pubmed/4952703
https://doi.org/10.1085/jgp.61.5.638
http://www.ncbi.nlm.nih.gov/pubmed/4705641
https://doi.org/10.1084/jem.169.5.1835
http://www.ncbi.nlm.nih.gov/pubmed/2654325
https://doi.org/10.1128/iai.63.6.2323-2326.1995
http://www.ncbi.nlm.nih.gov/pubmed/7768616
https://doi.org/10.1016/0140-6736(90)93174-n
http://www.ncbi.nlm.nih.gov/pubmed/1979090
https://doi.org/10.1103/PhysRevLett.110.018102
http://www.ncbi.nlm.nih.gov/pubmed/23383842
https://doi.org/10.1111/j.1365-2141.1992.tb06955.x
http://www.ncbi.nlm.nih.gov/pubmed/1482664
https://doi.org/10.1371/journal.pone.0249666


27. Wahlgren M, Goel S, Akhouri RR. Variant surface antigens of Plasmodium falciparum and their roles in

severe malaria. Nat Rev Microbiol. 2017; 15(8):479–91. Epub 2017/06/13. https://doi.org/10.1038/

nrmicro.2017.47 PMID: 28603279.

28. Carlson J, Wahlgren M. Plasmodium falciparum erythrocyte rosetting is mediated by promiscuous lec-

tin-like interactions. J Exp Med. 1992; 176(5):1311–7. Epub 1992/11/01. https://doi.org/10.1084/jem.

176.5.1311 PMID: 1402677; PubMed Central PMCID: PMC2119436.

29. Rowe JA, Handel IG, Thera MA, Deans AM, Lyke KE, Kone A, et al. Blood group O protects against

severe Plasmodium falciparum malaria through the mechanism of reduced rosetting. Proc Natl Acad

Sci U S A. 2007; 104(44):17471–6. Epub 2007/10/26. https://doi.org/10.1073/pnas.0705390104 PMID:

17959777; PubMed Central PMCID: PMC2077280.

30. Goel S, Palmkvist M, Moll K, Joannin N, Lara P, Akhouri RR, et al. RIFINs are adhesins implicated in

severe Plasmodium falciparum malaria. Nat Med. 2015; 21(4):314–7. Epub 2015/03/10. https://doi.org/

10.1038/nm.3812 PMID: 25751816.

31. Scholander C, Treutiger CJ, Hultenby K, Wahlgren M. Novel fibrillar structure confers adhesive property

to malaria-infected erythrocytes. Nat Med. 1996; 2(2):204–8. Epub 1996/02/01. https://doi.org/10.1038/

nm0296-204 PMID: 8574966.

32. Akhouri RR, Goel S, Furusho H, Skoglund U, Wahlgren M. Architecture of Human IgM in Complex with

P. falciparum Erythrocyte Membrane Protein 1. Cell Rep. 2016; 14(4):723–36. Epub 2016/01/19.

https://doi.org/10.1016/j.celrep.2015.12.067 PMID: 26776517.

33. Treutiger CJ, Hedlund I, Helmby H, Carlson J, Jepson A, Twumasi P, et al. Rosette formation in Plas-

modium falciparum isolates and anti-rosette activity of sera from Gambians with cerebral or uncompli-

cated malaria. Am J Trop Med Hyg. 1992; 46(5):503–10. Epub 1992/05/01. https://doi.org/10.4269/

ajtmh.1992.46.503 PMID: 1599043.

34. Treutiger CJ, Scholander C, Carlson J, McAdam KP, Raynes JG, Falksveden L, et al. Rouleaux-forming

serum proteins are involved in the rosetting of Plasmodium falciparum-infected erythrocytes. Exp Para-

sitol. 1999; 93(4):215–24. Epub 1999/12/22. https://doi.org/10.1006/expr.1999.4454 PMID: 10600447.

35. Jensen MD, Conley M, Helstowski LD. Culture of Plasmodium falciparum: the role of pH, glucose, and

lactate. J Parasitol. 1983; 69(6):1060–7. PMID: 6371212.

36. Soedamah-Muthu SS, Chaturvedi N, Pickup JC, Fuller JH, Group EPCS. Relationship between plasma

sialic acid and fibrinogen concentration and incident micro- and macrovascular complications in type 1

diabetes. The EURODIAB Prospective Complications Study (PCS). Diabetologia. 2008; 51(3):493–

501. Epub 2008/01/10. https://doi.org/10.1007/s00125-007-0905-8 PMID: 18183363; PubMed Central

PMCID: PMC2668586.

37. Mendis S. Global status report on noncommunicable diseases Geneva, Switzerland: World Health

Organization, 2014.

38. Grossin N, Wautier MP, Wautier JL. Red blood cell adhesion in diabetes mellitus is mediated by

advanced glycation end product receptor and is modulated by nitric oxide. Biorheology. 2009; 46(1):63–

72. https://doi.org/10.3233/BIR-2009-0519 PubMed PMID: WOS:000265110500006. PMID: 19252229

39. Salcedo-Sora JE, Caamano-Gutierrez E, Ward SA, Biagini GA. The proliferating cell hypothesis: a met-

abolic framework for Plasmodium growth and development. Trends Parasitol. 2014; 30(4):170–5.

https://doi.org/10.1016/j.pt.2014.02.001 PMID: 24636355; PubMed Central PMCID: PMC3989997.

40. Organization WH. Obesity: Preventing and Managing the Global Epidemic. 2000.

41. Kulane A, Ekre HP, Perlmann P, Rombo L, Wahlgren M, Wahlin B. Effect of different fractions of heparin

on Plasmodium falciparum merozoite invasion of red blood cells in vitro. Am J Trop Med Hyg. 1992; 46

(5):589–94. Epub 1992/05/01. https://doi.org/10.4269/ajtmh.1992.46.589 PMID: 1599053.

42. Ch’ng JH, Moll K, Quintana Mdel P, Chan SC, Masters E, Moles E, et al. Rosette-Disrupting Effect of an

Anti-Plasmodial Compound for the Potential Treatment of Plasmodium falciparum Malaria Complica-

tions. Sci Rep. 2016; 6:29317. Epub 2016/07/13. https://doi.org/10.1038/srep29317 PMID: 27403804;

PubMed Central PMCID: PMC4941523.

43. Moll K, Kaneko A, Scherf A, Wahlgren M. Methods in Malaria Research. 6 ed: EviMalaR, Glasgow, UK

& MR4/ATCC, Manassas, VA, USA; 2013.

44. Moles E, Moll K, Ch’ng JH, Parini P, Wahlgren M, Fernandez-Busquets X. Development of drug-loaded

immunoliposomes for the selective targeting and elimination of rosetting Plasmodium falciparum-

infected red blood cells. J Control Release. 2016; 241:57–67. Epub 2016/10/19. https://doi.org/10.

1016/j.jconrel.2016.09.006 PMID: 27620073.

45. Quintana MDP, Ch’ng JH, Moll K, Zandian A, Nilsson P, Idris ZM, et al. Antibodies in children with

malaria to PfEMP1, RIFIN and SURFIN expressed at the Plasmodium falciparum parasitized red blood

cell surface. Sci Rep. 2018; 8(1):3262. Epub 2018/02/21. https://doi.org/10.1038/s41598-018-21026-4

PMID: 29459776; PubMed Central PMCID: PMC5818650.

PLOS ONE Diabetes & severe malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0249666 June 17, 2021 16 / 17

https://doi.org/10.1038/nrmicro.2017.47
https://doi.org/10.1038/nrmicro.2017.47
http://www.ncbi.nlm.nih.gov/pubmed/28603279
https://doi.org/10.1084/jem.176.5.1311
https://doi.org/10.1084/jem.176.5.1311
http://www.ncbi.nlm.nih.gov/pubmed/1402677
https://doi.org/10.1073/pnas.0705390104
http://www.ncbi.nlm.nih.gov/pubmed/17959777
https://doi.org/10.1038/nm.3812
https://doi.org/10.1038/nm.3812
http://www.ncbi.nlm.nih.gov/pubmed/25751816
https://doi.org/10.1038/nm0296-204
https://doi.org/10.1038/nm0296-204
http://www.ncbi.nlm.nih.gov/pubmed/8574966
https://doi.org/10.1016/j.celrep.2015.12.067
http://www.ncbi.nlm.nih.gov/pubmed/26776517
https://doi.org/10.4269/ajtmh.1992.46.503
https://doi.org/10.4269/ajtmh.1992.46.503
http://www.ncbi.nlm.nih.gov/pubmed/1599043
https://doi.org/10.1006/expr.1999.4454
http://www.ncbi.nlm.nih.gov/pubmed/10600447
http://www.ncbi.nlm.nih.gov/pubmed/6371212
https://doi.org/10.1007/s00125-007-0905-8
http://www.ncbi.nlm.nih.gov/pubmed/18183363
https://doi.org/10.3233/BIR-2009-0519
http://www.ncbi.nlm.nih.gov/pubmed/19252229
https://doi.org/10.1016/j.pt.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24636355
https://doi.org/10.4269/ajtmh.1992.46.589
http://www.ncbi.nlm.nih.gov/pubmed/1599053
https://doi.org/10.1038/srep29317
http://www.ncbi.nlm.nih.gov/pubmed/27403804
https://doi.org/10.1016/j.jconrel.2016.09.006
https://doi.org/10.1016/j.jconrel.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27620073
https://doi.org/10.1038/s41598-018-21026-4
http://www.ncbi.nlm.nih.gov/pubmed/29459776
https://doi.org/10.1371/journal.pone.0249666


46. Davidson R, MacKinnon JG. Estimation and Inference in Econometrics. New York, USA: Oxford Uni-

versity Press; 1993.

47. Visser BJ, Wieten RW, Nagel IM, Grobusch MP. Serum lipids and lipoproteins in malaria—a systematic

review and meta-analysis. Malar J. 2013; 12:442. Epub 2013/12/10. https://doi.org/10.1186/1475-2875-

12-442 PMID: 24314058; PubMed Central PMCID: PMC4029227.

PLOS ONE Diabetes & severe malaria

PLOS ONE | https://doi.org/10.1371/journal.pone.0249666 June 17, 2021 17 / 17

https://doi.org/10.1186/1475-2875-12-442
https://doi.org/10.1186/1475-2875-12-442
http://www.ncbi.nlm.nih.gov/pubmed/24314058
https://doi.org/10.1371/journal.pone.0249666

