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Abstract

Background: The pathogenesis of Plasmodium falciparum malaria is related to the ability of parasite-infected
erythrocytes (IEs) to adhere to the vascular endothelium (cytoadhesion/sequestration) or to surrounding uninfected
erythrocytes (rosetting). Both processes are mediated by the expression of members of the clonally variant PfEMP1
parasite protein family on the surface of the IEs. Recent evidence obtained with laboratory-adapted clones indicates
that P, falciparum can exploit human serum factors, such as IgM and a,-macroglobulin (a,M), to increase the avidity
of PIEMP1-mediated binding to erythrocyte receptors, as well as to evade host PfEMP1-specific immune responses. It
has remained unclear whether PfEMP1 variants present in field isolates share these characteristics, and whether they
are associated with clinical malaria severity. These issues were investigated here.

Methods: Children 1-12 years reporting with P, falciparum malaria to Hohoe Municipal Hospital, Ghana were enrolled
in the study. Parasites from children with uncomplicated (UM) and severe malaria (SM) were collected. Binding of a,M
and IgM from non-immune individuals to erythrocytes infected by P falciparum isolates from 34 children (UM and SM)
were analysed by flow cytometry. Rosetting in the presence of IgM or a,M was also evaluated. Experimental results
were analysed according to the clinical presentation of the patients.

Results: Clinical data from 108 children classified as UM (n = 54) and SM cases (n = 54) were analysed. Prostration,
severe malaria anaemia, and hyperparasitaemia were the most frequent complications. Three children were diag-
nosed with cerebral malaria, and one child died. Parasite isolates from UM (n= 14) and SM (n=20) children were
analysed. Most of the field isolates bound non-immune IgM (33/34), whereas the a,M-binding was less common
(23/34). Binding of both non-immune IgM and a,M was higher but not significant in IEs from children with SM than
from children with UM. In combination, IgM and a,M supported rosette formation at levels similar to that observed in
the presence of 10% human serum.

Conclusions: The results support the hypothesis that binding of non-immune IgM and/or a,M to IEs facilitates
rosette formation and perhaps contributes to P, falciparum malaria severity.

Keywords: a,-Macroglobulin, Ghana, Malaria, Non-specific IgM, PfEMP1, Plasmodium falciparum, Rosetting, Severe
malaria

*Correspondence: mlopez@sund.ku.dk; Ihviid@sund.ku.dk Background

! Centre for Medical Parasitology, Department of Immunology Malaria continues to be an important public health prob—
and Microbiology, Faculty of Health and Medical Sciences, University . . s .

of Copenhagen, Copenhagen, Denmark lem in the developing world. Despite intensive global
Fulllist of author information is available at the end of the article efforts, the number of malaria cases worldwide has not

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-9876-0248
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-020-03438-8&domain=pdf

Lopez-Perez et al. Malar J (2020) 19:362

changed for the past 4 years. In 2018, an estimated 228
million cases of malaria and 405,000 deaths occurred
worldwide, most of them in Africa. Notably, 67% of
global deaths occurred in children aged under 5 years
[1]. The broad spectrum of malaria-related manifesta-
tions ranges from asymptomatic parasitaemia to severe,
life-threatening disease. Of the species infecting humans,
Plasmodium falciparum is responsible for the vast major-
ity of clinical cases as well as for almost all severe mor-
bidity and mortality [1].

The pathogenesis of P falciparum malaria is in part
related to adhesion of parasite-infected erythrocytes
(IEs) to the vascular endothelium (cytoadhesion/seques-
tration) in various tissues [2, 3] or to surrounding, unin-
fected erythrocytes (rosetting) [4, 5]. Sequestration
prevents the IEs destruction in the spleen [6], but can
cause tissue inflammation and organ-specific complica-
tions [7, 8]. In both, cytoadhesion and rosetting, the IEs
bind to host cell membrane receptors via a diverse fam-
ily of parasite-encoded protein ligands called P falcipa-
rum erythrocyte membrane protein 1 (PfEMP1) [9, 10].
These proteins are displayed on multi-protein complexes
(“knobs”) protruding from the IE surface [11]. Each para-
site genome contains~60 PfEMP1-encoding var genes
[12, 13], but only a single PfEMP1 variant at a time is
expressed on the surface of a given IE due to allelic exclu-
sion [14]. However, the parasites can switch transcription
among the different var genes to evade acquired PfEMP1-
specific immunity. The set of var genes varies substan-
tially among P falciparum genomes, creating a vast
global repertoire of PfEMP1 proteins. PfEMP1 variants
mediating formation of rosettes also bind to endothelial
cells via distinct receptor-ligand interactions [15]. The
receptor specificity is facilitated by the PfEMP1 second-
ary structure, with defined domains mediating distinct
cytoadhesion phenotypes, which in turn have been asso-
ciated with discrete clinical presentations [9]. This family
of proteins mediate IE adhesion to a range of host recep-
tors, including CD36 [16], intercellular adhesion mol-
ecule 1 (ICAM-1) [17, 18], endothelial protein C receptor
(EPCR) [18, 19], gC1qR [20], and oncofetal chondroitin
sulfate (a.k.a. CSA) [21].

PfEMP1 also binds soluble plasma factors. Several
PfEMP1 variants can bind IgM via the Fcu region of
the antibody rather than by the hypervariable, antigen-
specific Fab fragment [22-24]. This type of IgM bind-
ing is sometimes called “non-immune” Recently, was
documented that non-immune IgM-binding PfEMP1
proteins are frequent in P. falciparum laboratory clones
[24, 25], and that a,-macroglobulin («,M), another abun-
dant serum protein, also binds to PfEMP1 [26]. Whether
PfEMP1 variants present in field isolates share these
binding characteristics, and whether those features are
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associated with the clinical presentation of malaria are
unknown. Therefore, the non-immune IgM and a,M
binding was analysed in parasites from Ghanaian chil-
dren with uncomplicated and severe malaria.

Methods

Ethical statement

The study was approved by the Noguchi Memorial Insti-
tute for Medical Research Institutional Review Board
(NMIMR STC Number: STC Paper 5(1) 2013-2014) and
by the Ethical Review Committee of the Ghana Health
Service (026/13-14). Declaration of free willingness to
participate in the study and written informed consent
was obtained from parents/guardians of all study partici-
pants prior to enrolment.

Study area

This study was carried out within the frame of a broader
study aimed at building malaria vaccine research capac-
ity in Ghana (MAVARECA https://mavareca.ku.dk/).
The participants were enrolled in Hohoe, a town located
in the Volta Region about 220 km northeast of Accra.
Malaria transmission intensity in the area is high with
approximately 65 infectious bites per person per year and
has two seasonal peaks, a major one in April-July and a
minor one in September—November [27].

Study participants and laboratory tests

Children 1-12 years of age and reporting with P. falcipa-
rum malaria to Hohoe Municipal Hospital were enrolled
in the study between July—August 2016. A sample size
of 96 children was calculated based on 40,092 malaria
cases confirmed at the Hohoe Municipal hospital in 2014
[28], using a level of confidence of 95%, sampling error
of 10%, and 50% expected prevalence for IgM or a,M
binding. After enrolment, a project nurse and a physician
completed a standardized questionnaire and performed
a clinical examination. Severe malaria (SM) was defined
according to the WHO criteria [29], and children were
treated with artemether—lumefantrine or quinine IV as
required. Venous blood samples were taken on the day of
admission to determine haemoglobin levels (Hb), ABO
blood group, and for research purposes. Samples were
taken daily during the hospitalization and 1 week after
initial presentation to assess haemoglobin levels and par-
asitaemia. Sickle cell Hb phenotype was determined by
electrophoresis and glucose-6-phosphate dehydrogenase
(G6PDH) deficiency tested by methylene blue reduction
test [30].

Field isolates and in vitro culture
After removal of plasma, the pellet containing IEs was
washed twice in RPMI 1640 medium (Sigma-Aldrich,
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Germany) supplemented with 50 pg/mL gentamicin
(Sigma-Aldrich, Germany). A 100 uL aliquot of the pel-
let was placed in RPMI 1640 medium supplemented with
0.5% AlbuMAX II (Gibco-Life Technologies, Denmark),
2% heat-inactivated normal human serum (NHS), 2 mM
glutamine (Sigma-Aldrich, Germany), and 50 upg/mL
gentamicin (referred to as 2% complete culture medium)
before culturing at 2% haematocrit. The parasites were
incubated at 37 °C in 2% O,, 5% CO,, and 93% N, atmos-
phere, before carrying out rosetting assays.

The rest of the washed pellet was gently mixed with
glycerol freezing solution, aliquoted into cryotubes, and
transferred to liquid nitrogen for long-term storage. Fro-
zen samples were shipped to the University of Copen-
hagen, where they were thawed by standard methods
before starting short-term in vitro cultures [31]. Briefly,
the parasites were placed in 2% complete culture medium
at 2% haematocrit and incubated at 37 °C in 2% O,, 5%
CO,, and 93% N, atmosphere. Parasitaemia was checked
daily by Giemsa-stained thin smears and those with nor-
mal morphology that matured to the late-trophozoite
stage were included in the study. The day before use in
experiments including serum proteins, the parasites were
transferred to serum-free RPMI 1640 medium (0.5%
AlbuMAX II).

Rosetting assays

The rosetting of fresh isolates was assessed in the first
cycle of in vitro growth when the majority of the para-
sites had reached the trophozoite-late stage. After stain-
ing the parasites with 7 pg/mL of ethidium bromide for
2 min, the percentage of rosettes was assessed by count-
ing 200 ethidium bromide-stained IEs, using wet prepa-
rations and fluorescence microscopy. Rosettes were
defined as IEs having two or more adhering uninfected
erythrocytes.

To determine the role of non-immune IgM and a,M
binding in rosetting, short-term in vitro cultures of
thawed cryostabilates were used. Late trophozoite stage
IEs at 2% haematocrit in serum-free RPMI 1640 medium
were incubated 1 h at 37 °C in 2% O,, 5% CO,, and 93%
N, atmosphere with 10% NHS, or with 10 nM IgM
(Sigma-Aldrich, Germany), 10 nM a,M (Sigma-Aldrich,
Germany), or both. The percentage of rosettes was
assessed as described above.

Measurements of non-immune IgM and a,M binding

to PFEMP1

Non-immune IgM and o,M binding to IEs was detected
by flow cytometry as previously described [24, 26, 32].
Binding of both proteins at 10 nM has been detected in
several laboratory clones [23-26], but included two addi-
tional concentrations (1 nM and 100 nM) to explore the
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potential binding in the field isolates. Briefly, intact and
unfixed late trophozoite stage IEs purified by magnet-
activated cell sorting (MACS) were incubated with either
1, 10, or 100 nM non-immune human IgM or a,M in PBS
supplemented with 1% Ig-free bovine serum albumin
(PBS 1% BSA). IE-bound IgM was measured with a FITC-
conjugated anti-human IgM (1:150; Sigma), whereas a,M
was determined with a combination of goat polyclonal
anti-human o,M (1:300; Abcam, UK) and FITC-conju-
gated anti-goat IgG (1:150; Vector, UK). Non-immune
IgM and a,M binding to IEs was quantified as the median
fluorescence intensity (MFI) in IEs labelled with 10 pg/
mL Hoechst. BD LSR II flow cytometer was used for data
acquisition and FlowLogic software (Inivai Technologies,
Australia) for data analysis.

Statistical analysis

Data were analysed and plotted using IBM SPSS Statistics
for Macintosh, Version 26.0 (IBM Corp) and GraphPad
Prism version 8.0 (GraphPad Software, San Diego, Cali-
fornia, USA), respectively. Nominal variables were ana-
lysed using descriptive statistics. The Mann—Whitney
U or Friedman test and Kruskal-Wallis test followed by
Dunn’s multiple comparison test were used to compare
two and more-than-two groups, respectively. Spearman’s
rank correlation (r,) was used to assess the correlation
between numeric variables. Fisher’s exact test was used
to compare proportions. Any p-value<0.05 was consid-
ered statistically significant.

Multiple linear regression models were used to evalu-
ate the effect of potential confounders on the relation-
ship between percentage of rosettes or protein binding
(dependent variables) and relevant independent factors.
Models were adjusted by clinical category (UM and SM),
age, parasitaemia, haemoglobin levels at admission, ABO
blood group, and days of sickness.

Results

Demographic and epidemiological characteristics

A total of 113 patients were recruited to participate in
the study. Five patients were excluded from the analysis
because incomplete records did not allow clinical classifi-
cation. The analysis presented here includes 108 children
classified either as UM (n=54) or SM (n=54). Overall, a
similar proportion of male and female were enrolled (1.1
to 1), with a mean age of 5 years (median: 5 years; inter-
quartile range (IQR): 3—7 years). Most children presented
at the hospital within a few days after onset of symptoms
(median: 3 days; IQR 2-4 days), although some (22%)
reported after 5-22 days of sickness. Most of the chil-
dren were admitted to the hospital (86%), where they
stayed less than 8 days (median: 2 days; IQR: 1-3 days).
The parasitaemia at admission and before anti-malarial
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treatment was determined in 87 children (81%). Most
(71%) presented with>10,000 parasites/pL. (median:
37,367 parasites/pL; IQR: 857-95,822 parasites/uL).
Anaemia (Hb<11 g/dL) and severe anaemia (Hb<5 g/
dL) were observed in 69% and 8% of the children, respec-
tively. On day seven post-admission, 83% of the children
had anaemia, but none of them had severe anaemia. Six-
teen SM children received blood transfusion.

Some demographic and clinical variables differed
between children with UM and SM (Table 1). An addi-
tional diagnosis at admission was more frequent in SM
than in UM. Acute tonsillitis, gastroenteritis, and res-
piratory tract infections were the most frequent in both
groups. Twenty-one SM children had only one criterion
for classification (Fig. 1). Cerebral malaria was observed
in three children; it and was the only criterion in two of
them. Neither severe bleeding nor pulmonary oedema
were registered. One death was reported 1 day after
enrolment, in a child with clinical shock, prostration, and
hyperparasitaemia.

Rosetting ex vivo

Rosetting was assessed in 61 fresh isolates. The remain-
ing samples (n=47) were excluded either because the
parasites failed to mature beyond ring stage in vitro or
because the parasitaemia was too low for reliable assess-
ment. Besides technical issues in the field with samples
processing, a probable explanation is that children had
taken anti-malarial drugs, and the parasites did not thrive
overnight. Indeed, 23 out the 108 children reported tak-
ing anti-malarial drugs prior to admission (Table 1).

Table 1 Demographic data and malaria history
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Although most of the field isolates formed rosettes (79%),
the percentage of rosettes was low (median: 7%; range
2—-64%) and not different between children with UM and
SM (Fig. 2). However, the percentage of rosettes was neg-
atively correlated with age (r,=—0.373; 95% CI —0.577
to —0.128; p=0.003), even after adjusting for potential
confounders such as clinical category, parasitaemia, and
ABO blood group (p=—0.352; p=0.013).

IgM- and a,M-binding frequencies in UM and SM
Thirty-nine frozen parasite samples were thawed and
put into short-term culture, with 87% successful recov-
ery. After one to three cycles, late trophozoite stage IEs
from 34 children were purified and used to evaluate bind-
ing of non-immune human IgM and a,M by flow cytom-
etry. Most of the field isolates bound non-immune IgM
(33/34), and the binding was dependent of the concen-
tration (p<0.0001; Friedman test). In contrast, the a,M-
binding was less common than IgM (23/34; p=0.003,
Fisher’s exact test), without significant effect of increasing
the concentration (p=0.09; Friedman test) (Fig. 3a). At
100 nM, both non-immune IgM and a,M-binding corre-
lated positively (r,=0.939; p<0.001), and the association
remained after adjusting for potential confounders such
as clinical category, age, parasitaemia, haemoglobin levels
at admission, and ABO blood group (=0.921; p<0.001)
(Fig. 2b).

The samples were separated into UM and SM to eval-
uate the association of serum protein binding with the
clinical classification. At all concentrations, binding
of non-immune IgM and a,M was higher in IEs from

b

UM (n=54) SM (n=54) p value

Median IQR Median IQR
Age (years) 6 3-8 4 2-6 0.006
Days of hospitalization 2 0-2 3 2-4 <0.0001
Days of sickness 3 2-4 3 2-4 0.91
Parasitaemia at admission® 20,336 11,751-35,192 35,196 21,534-57,525 0.15
Haemoglobin at admission 10.7 10-12.2 80 6-10.1 <0.0001
Frequencies n % n % p value®
Male/female 34/20 63/37 23/31 43/57 0.05
Antimalarial preadmission 9 16.7 14 259 0.35
Other diagnosis at admission 17 315 35 64.8 0.001
Sickle cell Hb 2 37 56 1.00
G6PDH deficiency© 8 14.8 8 14.8 1.00

UM uncomplicated malaria, SM severe malaria, IQR interquartile range

@ Geometric mean and 95% Cl of geo. Mean

® p value using Mann-Whitney test or Fisher’s exact test between UM and SM, significant values are highlighted in italic

€ Full or partial deficiency
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Fig. 1 Distribution of severe malaria subcategories. Children were classified as having a single or more than one criterion. SMA: severe malaria
anaemia (Hb <5 g/dL); hyperparasitaemia (> 10%); cerebral malaria (coma with a Blantyre Coma Score < 2); multiple convulsions without coma;
jaundice (plasma bilirubin >3 mg/dL); renal impairment (creatinine > 3.0 mg/mL or urea > 20 mmol/L). More than one criterion includes children

with clinical shock (<70 mm Hg) and hypoglycaemia (<40 mg/dL)
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Fig. 2 Rosetting ex vivo. Rosettes were defined as |Es having two or
more adherent uninfected erythrocytes. Medians and interquartile
ranges are shown. p=0.64 between uncomplicated (UM) and severe

malaria (SM) using Mann-Whitney test

SM than from UM patients, although not significant at
the chosen level of significance (Fig. 4). Non-immune
IgM binding was negatively correlated with haemo-
globin levels (r,=—0.411, p=0.016; and r,=—0.445,

p=0.009 at 10 and 100 nM, respectively). The associa-
tion was not significant after adjusting for age.

IgM and a,M support rosetting in the absence of human
serum

Rosetting is a highly variable phenotype, which in many
cases depends on serum factors [33]. The impact of
non-immune IgM and a,M on rosetting was evaluated
in parasite field isolates after short in vitro culture of
frozen samples. Rosetting did not occur or was very
low in a serum-free culture medium (0.5% AlbuMAX
II), and addition of 10 nM non-immune IgM to Albu-
MAX medium had no effect. In contrast, the presence
of 10 nM a,M supported rosette formation in some
isolates, and in combination, IgM and a,M, supported
rosette formation at levels similar to that observed in
the presence of 10% human serum (p=0.86, Mann—
Whitney test). Further analysis according to the clinical
classification, showed that the percentage of rosettes in
the presence of both IgM and a,M, or NHS was higher,
although not significantly, in parasites from SM chil-
dren than from UM children (p=0.36 and p=0.26,
respectively, Mann—Whitney test). In field isolates
from SM but not UM, the percentage of rosettes using
IgM plus a,M or NHS was significantly higher than the
observed in AlbuMAX medium (Fig. 5). The combined
effect of IgM plus a,M in rosetting appeared addi-
tive under the conditions used here, rather than the
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Fig. 3 Non-immune IgM- and a,M-binding to P, falciparum-infected erythrocytes. a Binding of non-immune IgM (circles) and a,M (triangles) to
IEs from 34 children. Medians and interquartile ranges are shown. b Correlation of non-immune IgM and a,M-binding at 100 nM to IEs (n=34).
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synergistic effect previously reported for a laboratory
clone [26].

Discussion

The pathogenesis of P falciparum malaria is related to
the ability of the IEs to adhere to the vascular endothe-
lium [2, 3] and to form rosettes [4, 5, 34]. Both processes
are mediated by members of the PFEMP1 family proteins
expressed on the IE surface [9, 10, 12, 13]. Based on evi-
dence obtained with parasite clones adapted to long-
term in vitro culture and expressing a specific PFEEMP1
variant, previously was hypothesized that P falciparum
exploits non-immune IgM to strengthen the low-affinity
interactions of PfEMP1 with the carbohydrate receptors
on uninfected erythrocytes in rosetting [23]. Moreover,
IgM-binding PfEMP1 proteins are common in each of
the three laboratory clones studied (3D7, HB3, and 1T4/
FCR3) [24, 25], although not all of them mediated roset-
ting [24]. Similarly, a,M was identified as an important
facilitator of rosetting that can bind at least four PFEMP1
molecules per a,M molecule, which might explain its
effect on rosetting [26]. Remarkably, non-immune IgM
and a,M appear to bind to the same domain in the labo-
ratory clone HB3VARO6, where they synergistically facili-
tate rosetting [26].

To verify the above hypothesis, and assess its poten-
tial importance in P falciparum malaria pathogenesis,
the binding of non-immune IgM and a,M to erythro-
cytes infected by P falciparum field isolates obtained
from Ghanaian children with UM or SM was evaluated.
Likewise, the rosetting in the presence of these serum
proteins was tested. Using both approaches, it was found

that PfEMP1 expressed on field isolate IEs can bind
both non-immune IgM and a,M, and that both proteins
allow rosetting at similar levels observed in the pres-
ence of human serum. The data suggest that binding of
non-immune IgM and a,M is higher in SM than in UM,
consistent with a role for these phenotypes in malaria
pathogenesis. However, additional studies are needed to
validate this hypothesis further because the differences
were not statistically significant. This may be related to
the fact that cerebral malaria was scarce in the study area,
combined with the particular role for rosetting in CM
[35, 36].

That apart, it has to be acknowledged that most of
the IgM-binding PfEMP1 proteins identified to date are
encoded by var genes belonging to group B or Group C,
which are commonly found in UM and asymptomatic
infections [25]. Contrary to IgM-binding, which seems to
be a frequent phenotype in laboratory clones [25], a,M-
binding is rare and restricted to DBLe and DBL{ domains
(Lopez-Perez et al., unpublished data, [26]). Binding of
a,M and non-immune IgM correlates in both field and
laboratory isolates (Lopez-Perez et al., unpublished data),
supporting the idea that both proteins bind to the same
PfEMP1 variants. The dose-response effect observed
with IgM, but not with a,M, it may be related to satu-
ration. Each pentameric IgM molecule can bind two
PfEMP1 molecules [23], whereas a,M can bind at least
four [26]. The few a,M-binding variants to be expected
among the heterogeneous PfEMP1 expressed by field iso-
lates might easily be saturated.

The low ex vivo percentage of rosettes observed here,
and the absence of the association with SM, may be
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related to the low number of children with cerebral
malaria or severe anaemia [35, 36]. Nevertheless, the
percentage of rosettes were negatively correlated with
age. This is consistent with the early in life acquisition
of antibodies targeting PFEMP1 variants responsible for
rosetting, thus facilitating the clearance of those IEs and
contributing to protective immunity to SM. Indeed, an
association between higher anti-rosetting activity and
age was reported in Kenyan children [37]. The differences
between the field isolates tested probably reflects the high
degree of PfEMP1 diversity [38], with expression of sev-
eral variants within a sample collected from a single indi-
vidual in contrast with a single PfEMP1 variant in most
of the laboratory clones. The IgM or a,M levels were not
measured in the NHS used for the rosetting assays. How-
ever, has been reported that a,M levels in IgM-depleted
serum is too low to support rosetting alone, and requires
the presence of IgM for rosetting to occur [26].

Conclusions

The binding of a,M to IEs was uncommon, but both non-
immune IgM and a,M-binding were slightly higher in IEs
from children with SM than those with UM, although not
significant at the chosen level of significance. Moreover,
both proteins, a,M and IgM, appear to facilitate roset-
ting, particularly in isolates from children with SM.
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