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Abstract

Background: Plasmodium falciparum-infected erythrocytes (IE) sequester in deep vascular beds where their adhe-
sion is mediated by an array of endothelial surface receptors. Because parasite adhesion has been associated with
disease, antibodies that block this activity may confer protective immunity. Here, levels of plasma anti-adhesion activ-
ity and surface reactivity against freshly collected IEs from malaria-infected children were measured in a Malian birth
cohort and related to child age and malaria infection history.

Methods: Plasma samples from children enrolled at birth in a longitudinal cohort study of mother—infant pairs in
Ouelessebougou, Mali were collected at multiple time points during follow-up visits. Anti-adhesion antibodies (i.e,,
inhibit IE binding to any of several endothelial receptors) and reactivity with surface IE proteins were measured using
a binding inhibition assay and by flow cytometry, respectively.

Results: Levels of antibodies that inhibit the binding of children’s |E to the receptors ICAM-1, integrin a;3; and
laminin increased with age. The breadth of antibodies that inhibit ICAM-1 and laminin adhesion (defined as the
proportion of IE isolates whose binding was reduced by > 50%) also significantly increased with age. The number of
malaria infections prior to plasma collection was associated with levels of plasma reactivity to IE surface proteins, but
not levels of anti-adhesion activity.

Conclusions: Age is associated with increased levels of antibodies that reduce adhesion of children’s IE to three of
the ten endothelial receptors evaluated here. These results suggest that anti-adhesion antibodies to some but not all

endothelial receptors are acquired during the first few years of life.
Keywords: Sequestration, Anti-adhesion antibodies, IE (infected erythrocytes) surface proteins

Background

Among the five human malaria parasites, Plasmodium
falciparum is able to sequester in deep vascular beds of
various tissues. Infected erythrocytes (IE) have been
demonstrated to bind a number of receptors expressed
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on the endothelial cell surface, including thrombos-
pondin (TSP), CD36, intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), E-selectin (ELAM-1), P-selectin, PECAM-1/CD31,
EPCR, members of integrin family, extracellular matrix
proteins like laminin and cellular fibronectin [1-13].
During pregnancy malaria, IEs bind chondroitin sulfate
A (CSA) on the surface of the syncytiotrophoblast, the
cellular syncytium that covers the placental villi [14]. The
variant IE surface protein called PfEMP1 has been impli-
cated in adhesion to several endothelial receptors as well
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as in antigenic variation, and is thus believed to play a
key role in severe disease due to P. falciparum (reviewed
in [15, 16]). Any single parasite appears to express a sin-
gle PfEMP1 variant or more on the IE surface, begin-
ning approximately 18 h into the erythrocytic phase of
the parasite lifecycle [17-19], but expression can switch
at the next cycle of invasion [20, 21]. PfEMP1 variants
are encoded by approximately 60 var genes per haploid
genome of P. falciparum, and display extensive variation
within and between genomes (reviewed in [22]).

In nonhuman primate studies, treatment of malaria-
infected animals with antibodies developed against the
infecting parasite (cloned in another animal) rapidly
reversed IE cytoadhesion, resulting in the release of the
parasite’s mature forms into the peripheral blood circu-
lation [23]. The same antibodies also inhibited parasite
adhesion to melanoma cells in vitro [24]. Similarly, IgG
purified from sera of immune west African adults effec-
tively treats West African children [25] as well as Thai
adults suffering from symptomatic malaria [26]. Among
pregnant women, acquisition of antibodies to IE surface
proteins that block parasite adhesion have been associ-
ated with improved outcomes, including reduction in
infection, parasite density, increased birthweight, ges-
tational age and maternal haemoglobin levels [27-31].
Previous studies from areas of stable malaria transmis-
sion reported that antibody levels to surface IE proteins
are low in children aged 6-36 months [32, 33], and levels
increase with age [33—-35]. In children older than 6 years,
antibody levels have been associated with protection
from clinical malaria [35]. Similarly, age was also associ-
ated with increased IE agglutination activity [36].

Here, in the context of a longitudinal birth cohort,
antibodies that inhibit IE adhesion to several endothe-
lial receptors (anti-adhesion antibodies), and antibod-
ies reacting with IE surface proteins of fresh parasites,
were related with child age and prior malaria infection.
The study was designed to evaluate plasma antibody to
diverse surface proteins by assaying IE collected from
children in the same cohort, described here as heterolo-
gous parasites.

Methods

Study population and clinical procedures

Evaluation of samples collected during a longitudinal
cohort study of newborns and children aged 0-3 years
conducted in Ouelessebougou, Mali. The study site is
located 80 km south of Bamako, an area of intense but
highly seasonal malaria transmission. Prior to enrollment,
written informed consent was obtained from the parents/
guardians on behalf of their children after receiving a
study explanation form and oral explanation from a study

Page 2 of 7

clinician in their native language. The protocol and study
procedures were approved by the institutional review
board of the National Institute of Allergy and Infectious
Diseases at the US National Institutes of Health (Clini-
calTrials.gov ID NCT01168271), and the Ethics Commit-
tee of the Faculty of Medicine, Pharmacy and Dentistry
at the University of Bamako, Mali. An intensive follow-
up included monthly scheduled clinic visits during the
malaria transmission season, and every 2 months dur-
ing the dry season, as well as ad hoc visits when symp-
toms occurred. Clinical information was collected by
project clinicians on standardized forms. Malaria infec-
tions were treated with artemether—lumefantrine or qui-
nine as clinically indicated. Severe malaria was defined as
parasitaemia detected by blood smear microscopy and at
least one of the following World Health Organization cri-
teria for severe malaria: >2 convulsions in the past 24 h;
prostration (inability to sit unaided or in younger infants
inability to move/feed); haemoglobin <5 g/dl; respiratory
distress (hyperventilation with deep breathing, intercos-
tal recessions and/or irregular breathing); coma (Blantyre
score < 3). The presence of severe malaria symptoms due
to other diseases were clinically ruled out.

Parasite samples

Blood samples collected from malaria-infected children
were used as the source of P falciparum parasites in
assays. Of 390 parasite-infected samples assayed, 15 sam-
ples were collected from children presenting with severe
malaria. Parasite samples were collected from children
aged (median (range)) 27.6 months (1.3-59.8 months),
with parasite density of (median (range)) 72,325 para-
sites/pl (3250-566,025/pl). Each parasite sample was
used for assays of 12—-18 plasma samples, and plasma
samples were assayed against an average (range) of 2.7
(1-9) parasite samples.

Binding inhibition assay

Ring stage parasite samples were allowed to mature to
the trophozoite/schizont stages during in vitro culture
for 16—24 h, then mature parasite forms were enriched
by gelatin flotation. Parasite binding inhibition assay was
performed using a parasite suspension at 2—-20% para-
sitaemia and 0.5% haematocrit [29]. 20 pl of recombi-
nant endothelial receptors (CD36, ICAM-1, PECAM-1,
P-selectin, integrin ayB;, integrin ogf,, integrin o fs,
JAM-B, from R&D Systems Minneapolis, MN, cellular
fibronectin, and laminin from placenta from Sigma, St.
Louis, MO) at a concentration of 10 pug/ml were immo-
bilized by adsorption on Petri dishes. The parasite sus-
pension was preincubated with plasma diluted 1:5 for
30 min at room temperature then allowed to bind to
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the immobilized receptor for 30 min at room tempera-
ture. Plates were washed three times with PBS to remove
unbound cells. Bound cells were fixed in 0.5% glutaral-
dehyde for 10 min, stained with 10% Giemsa for 2 min
and quantified by counting the number of parasites in 20
high-power fields. Level of inhibition was defined based
on the level of IE binding in the presence of a pool of
plasma samples collected from malaria-naive adults in
the USA (negative control) as follow (100 — (Ni./Ncop.
trol) X 100)). A minimum IE count of 20 in the presence of
naive plasma was required for the results to be accepted.

Flow cytometry
Mature IE were incubated with plasma samples diluted
1:10 followed by incubation with anti-human IgG con-
jugated to PE (eBioscience) and stained with SYBR
green. A pool of hyperimmune adult plasma was used
as a positive control and a pool of plasma samples col-
lected from malaria-naive adults was used as a negative
control. Reactivity of antibodies with the IE surface is
expressed as a ratio of the proportion of IE recognized
by test and a pool of naive plasma donors, as follows:
Ratio = %IE, ./ %IE

control*

Statistical analysis

Data were collected on standardized forms and opti-
cally scanned into the database using DataFax (version
4.2, Clinical DataFax Systems, Inc., Hamilton, Ontario,
Canada). Linear mixed effects models accounting for
multiple measurements per child were fitted to relate
anti-adhesion antibodies and reactivity with IE surface
with age and number of previous infections. Breadth of
anti-adhesion antibody activity and surface IE recogni-
tion were analysed using mixed effects beta binomial
logistic regression models, accounting for the number
of parasite isolates tested. Separate models were fitted
for age and the number of previous malaria infections. P
value was corrected for multiple comparisons using the
Holm method. Analyses were carried out in R (version
3.3.2).

Results

Study population

Anti-adhesion and IE surface-reactive antibodies were
measured in plasma samples collected from Malian
children participating in longitudinal cohort studies.
Depending on the endothelial receptor under study, anti-
adhesion assays were performed with sera from 82 to
166 children at a median age of 17.8-28.6 months, and
surface recognition by flow cytometry with sera from
106 children at a median age of 18.4 months. Many of
the cohort children provided multiple plasma samples
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used in these assays, and typically had multiple P. falci-
parum infections documented before sample collection
(Table 1). 82% of the children included here were blood
smear-negative at the time of sample collection. The
assays were performed using 390 parasite isolates includ-
ing 15 samples collected from children who presented
with severe malaria.

Plasma inhibition of parasite binding increases with age
The level of anti-adhesion activity and the breadth of
anti-adhesion activity were analysed in relation to age
and number of prior infections. Plasma samples were
tested for inhibiting IE adhesion to the following recep-
tors: CD36, ICAM-1, P-selectin, platelet endothelial cell
adhesion molecule-1 (PECAM-1/CD31), integrin asf;,
integrin ogf;, integrin a,B;, laminin, cellular fibronec-
tin and JAM-B. This set of receptors includes molecules
that in earlier studies, were shown to support IE adhesion
to the endothelium, as well as novel receptors (integrin
asf;, laminin, cellular fibronectin and JAM-B) identified
in a binding phenotype survey of IE collected from chil-
dren in this study [13]. Level of binding to each receptor
(IE counts) in the presence of plasma from naive donors
is shown in Additional file 1: Table S1. In recent years,
severe malaria was associated with IE adhesion to the
receptor EPCR [12]. In the current study, IE adhesion to
EPCR was rare which did not allow evaluating acquisi-
tion of antibodies that block IE adhesion to this receptor.
The assays were performed on fresh heterologous para-
site isolates collected from malaria-infected children par-
ticipating in the same longitudinal study as the children
who provided plasma for antibody studies.

Table 1 Study population providing plasma samples

Receptor n Number Median age Number

of plasma (months)? of previous

samples/child infections

Mean (range) Mean (SD)?
CD36 129 16(1-3) 210 33(26)
Cell. Fibronectin =~ 105 1.9(1-2) 18.3 2920
ICAM-1 137 14(1-3) 14.7 28 (2.1)
Integrin a,f5 110 1.7(1-4) 22.0 2721
Integrin a;03, 120 1.8(1-5) 242 26(1.9)
Integrin asf3, 129 21 (1-4) 286 28(2.2)
JAM-B 138 20(1-3) 17.8 2.7(1.9)
Laminin 12 1904 184 2.7(2.1)
PECAM-1 166 1.9(1-4) 183 2.7 (2.0)
P-selectin 82 13(1-3) 238 24(1.8)
|E surface (flow) 106 2.0(1-2) 184 2.8(2.0)

2 For children providing multiple samples, age and number of previous
infections at each time point were included



Attaher et al. Malar J (2019) 18:128

Mixed effect models were fitted to relate anti-adhesion
antibodies to the child’s age and number of previous
infections. Anti-adhesion antibodies that block IE bind-
ing to the receptors ICAM-1, integrin of; and laminin
were positively associated with age (Table 2, Fig. 1).
Anti-adhesion antibodies that block IE binding to the

Table 2 Association between age and antibodies

that inhibit IE adhesion to endothelial receptors

Receptor Coefficient (95% Cl) P value*
Level of anti-adhesion antibodies and age
CD36 —0.03(—032t00.26) NS
Cell. Fibronectin 0.54 (0.06 to 1.02) NS
ICAM-1 0.69 (0.37 t0 1.02) 0.0003
Integrin a3, 0.08 (— 0.24 to 0.40) NS
Integrin asB, 047 (0.18 t0 0.76) 001
Integrin asB, 0.13 (= 0.15 to 0.40) NS
JAM-B 0.23(—0.16t0 0.61) NS
Laminin 0.68 (0.29 to 1.08) 0.007
PECAM-1 0.32 (— 0.03t0 0.68) NS
P-selectin 031 (= 0.01t00.64) NS
Breadth of anti-adhesion antibodies and age
CD36 —0.002 (— 0.04 to0 0.03) NS
Cell. Fibronectin 0.035 (0.002 to 0.07) NS
ICAM-1 0.037 (0.02 to 0.06) 0.01
Integrin a, 5 — 0.0005 (— 0.02 t0 0.02) NS
Integrin a5B, 0.015 (= 0.007 to 0.04) NS
Integrin asB, 0.004 (— 0.01 t0 0.02) NS
JAM-B 0.017 (— 003 t0 0.04) NS
Laminin 0.035 (0.02 t0 0.05) 0.004
PECAM-1 0.025 (0.003 to 0.050 NS
P-selectin 0.019 (— 0.005 to 0.04) NS
NS not significant

* Holm corrected P value. Models adjusted for hemoglobin type (HbAA, HbAC,
HbAS)
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receptors P-selectin, PECAM-1, integrin ogf3,, integrin
a,Bs, JAM-B and cellular fibronectin increased with age
to a lesser degree and the change with age did not achieve
significance (Table 2, Additional file 2: Figure S1).

The relationship between age and the breadth of anti-
adhesion activity was further examined. For this analysis,
a cut-off of >50% inhibition was used as the threshold to
define anti-adhesion activity [37]. As shown in Table 2,
age was associated with a significant increase of the odds
of inhibiting an isolate binding at a level of > 50% to the
receptors ICAM-1 and laminin. For each year of life,
the odds of inhibiting IE binding of any isolate at a level
of > 50% to ICAM-1 and laminin increased by 57% and
51%, respectively. Number of prior infections was not
associated with level or breadth of anti-adhesion anti-
bodies (Additional file 1).

Antibodies to the IE surface increase with the number

of previous infections

Heterologous parasite isolates were also used to exam-
ine prospectively the association between age and num-
ber of previous infections and reactivity with IE surface
proteins. On average, children providing plasma for this
analysis had experienced 2.8 malaria infections from
birth up to sample collection. Because clinical isolates
typically contain multiple variant parasite forms [38], IE
surface recognition was defined as the ratio of the pro-
portion of IE recognized by the child’s plasma to the pro-
portion of IE recognized by plasma from naive donors
(background reactivity). The number of prior malaria
infections was positively associated with plasma reactiv-
ity to IE surface proteins (Table 3). To examine the rela-
tionship between the number of prior malaria infections
and the breadth of IE surface recognition, a cut-off ratio
(%IE st/ %BIE  nro) based on the median (1.4) was used
to define positive recognition of a parasite isolate. The
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Fig. 1 Binding inhibition levels stratified by age to the receptors ICAM-1 (a), integrin a5(; (b), and laminin (c). Box plot indicates the median
(horizontal line) and interquartile range (box), the whiskers indicate the 5th and 95th percentiles. Number of samples and statistical analysis are
shown inTables 1 and 2
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breadth of reactivity with IE surface proteins trended
towards a positive association with the number of prior
malaria infections, but the relationship did not achieve
statistical significance (Table 3). Child age was not associ-
ated with increased levels or breadth of IE surface protein
recognition.

Discussion

Over years of exposure, residents of endemic areas
acquire immunity that prevents severe disease and
limits blood stage parasite growth [39, 40]. Extensive
antigenic variation in proteins expressed on the IE sur-
face have been implicated as a major factor for the slow
development of immunity. Var genes have been classi-
fied into 3 major groups and 2 intermediate groups (A,
B, C, B/A and B/C) based on homology in the flanking
region and chromosome location [41]. Multiple studies
reported increased transcript levels of group A and B/A
var genes in children with severe malaria [16]. Further
sequence analysis identified conserved tandem domains
named domain cassettes (DCs) [42], with DC8 and DC13
expressed at higher levels in parasites associated with
severe disease [43—45]. Analyses of antibody responses to
large PfEMP1 repertoires showed age dependent increase
in antibody levels, seropositivity and breadth [46, 47],
with a subset of group A var genes (Group 2) more read-
ily recognized by infant’s plasma than other PfEMP1s
[46]. Antibody levels to recombinant CIDR domains of
DC8 and DC13 of group A and B also increased with
age more rapidly than antibody levels to recombinant
domains associated with adhesion to the receptor CD36
[48, 49].

Infection induces variant-specific agglutinating anti-
bodies and antibodies that recognize the IE surface
by flow cytometry [50, 51]. Some parasite isolates are
more readily recognized by children’s IgG, especially
those collected from young children and children with
severe malaria [50, 52] similar to the ordered recogni-
tion of PfEMP1 domains. As adults acquire antibodies
that recognize surface IE, they also exhibit heterologous
anti-adhesion activity against the majority of the para-
site isolates, but children can only block IE adhesion of

Table 3 Relationships between antibodies to IE surface
and prior malaria infections

Coefficient (95% Cl) P value
Level of antibodies to IE sur- 0.072 (0.009 to 0.134) 0.02
face proteins and number of
prior infections
Breadth of antibodies to IE 0.048 (— 0.007 t0 0.103) 0.09

surface proteins and number
of prior infections
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a limited number of isolates [24, 53]. Because falciparum
parasite sequestration has been associated with disease,
antibodies that block parasite adhesion may be critical
for developing protective immunity [23, 24].

In the current study, the development of anti-adhesion
antibodies to several endothelial receptors with fresh iso-
lates collected from children participating in the same
longitudinal cohort was examined. The two most com-
mon endothelial receptors for adhesion of IE collected
from children in this cohort were CD36 and integrin o, 34
[13]. Neither age nor the number of infections was asso-
ciated with increased antibody levels that inhibit IE adhe-
sion to the most common endothelial receptors. Age was
associated with increased levels of anti-adhesion anti-
body and breadth of inhibiting IE binding to the recep-
tors ICAM-1, integrin ayB; and laminin. These results
suggest that it may take longer to acquire anti-adhesion
antibodies to common receptors like CD36 and integrin
a,B;, consistent with a previous report describing low
levels of anti-adhesion antibodies to CD36 in children
aged 3-4 years compared to children aged 10-11 years
[33]. In the current study, children were followed up to
the age of 5 years, thus antibody reactivity that develops
over time (like anti-adhesion antibodies to CD36) may
not be observed in this group of children.

Although levels or breadth of anti-adhesion antibodies
was not significantly associated with the number of prior
malaria infections after correcting for multiple com-
parisons, antibody levels and breadth of antibodies that
inhibit IE binding to the receptor laminin were associated
with an increased number of prior malaria infections
before correction. Similarly, a trend for prior malaria
infection to be associated with breadth of anti-adhesion
antibodies to the receptors ICAM-1 and JAM-B was not
statistically significant (Additional file 1: Table S2).

Infected erythrocytes surface recognition was associ-
ated with the number of prior malaria infections but not
with child age. Plasma samples reacting with IE surface
proteins may or may not contain antibodies with anti-
adhesion activity, suggesting that the targets of these
antibodies may not completely overlap [37]. Differences
in the epitopes/antigens recognized by anti-adhesion ver-
sus surface-reactive antibodies may account for the dif-
ferent host factors related to acquisition of each of these
antibody types.

Antibodies that block IE adhesion to any of the recep-
tors tested here and antibodies reacting with IE surface
proteins did not predict a reduction in the risk of severe
malaria. This could be related to the age of the par-
ticipants. In this population, the rate of severe malaria
remains stable in children from ages 12—60 months [13].
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Conclusion

In summary, levels of antibodies that inhibit adhesion of
freshly collected parasites to the receptors ICAM-1, inte-
grin a,fB;, and laminin increased with age. Similarly, the
breadth of antibodies that inhibit adhesion to the recep-
tors ICAM-1 and laminin increased with age. However,
age was not associated with increased anti-adhesion
activity to other receptors evaluated here. These results
in an area of Mali with highly seasonal intense malaria
transmission suggest that it may take several years to
acquire functional antibodies that can inhibit IE adhesion
to a wide array of endothelial receptors.

Additional files

Additional file 1: Table S1. IE counts in the presence of naive plasma
sample. Table S2. Relationships between anti-adhesion antibodies and
prior malaria infections.

Additional file 2: Figure S1. Binding inhibition levels stratified by age
to the receptors CD36, C. fibronectin, integrin a, (s, integrin asf,, JAM-B,
PECAM-1 and P-selectin. Box plot indicates the median (horizontal line)
and interquartile range (box), the whiskers indicate the 5th and 95th
percentiles.

Abbreviations
IE: infected erythrocytes; ICAM-1: intercellular adhesion molecule-1.

Authors’ contributions

MF, AD and PED designed the study. MF and PED with contributions of other
authors wrote the main text. OA, AM, BSD, MBK, ABD and SK performed
experiments. BS performed statistical analysis. AB, SG and DI collected clinical
information. All authors read and approved the final manuscript.

Author details

! Malaria Research & Training Center, Faculty of Medicine, Pharmacy and Den-
tistry, University of Sciences Techniques and Technologies of Bamako, PO

Box 1805, Bamako, Mali. ? Biostatistics Research Branch, National Institute

of Allergy and Infectious Diseases, NIH, Rockville, MD, USA. 3 Laboratory

of Malaria Immunology and Vaccinology, National Institute of Allergy

and Infectious Diseases, NIH, Rockville, MD, USA.

Acknowledgements

We thank the women and children in Ouelessebougou, Mali for participation
in the study. Rathy Mohan managed the clinical data and staff at the com-
munity health centres. This work was supported by the Intramural Research
Program of the NIAID-NIH.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data analysed during this study are included in this published article.

Consent for publication
Not applicable.

Ethics approval and consent to participate

The protocol and study procedures were approved by the institutional review
board of the National Institute of Allergy and Infectious Diseases at the US
National Institutes of Health (ClinicalTrials.gov ID NCT01168271), and the
Ethics Committee of the Faculty of Medicine, Pharmacy and Dentistry at the
University of Bamako, Mali.

Page 6 of 7

Funding

This work was funded by the Intramural Research Program of the NIAID-NIH.
Funder had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 6 February 2019 Accepted: 3 April 2019
Published online: 11 April 2019

References

1. Barnwell JW, Asch AS, Nachman RL, Yamaya M, Aikawa M, Ingravallo P.

A human 88-kD membrane glycoprotein (CD36) functions in vitro as a
receptor for a cytoadherence ligand on Plasmodium falciparum-infected
erythrocytes. J Clin Invest. 1989;84:765-72.

2. Berendt AR, Simmons DL, Tansey J, Newbold Cl, Marsh K. Intercellular
adhesion molecule-1 is an endothelial cell adhesion receptor for Plasmo-
dium falciparum. Nature. 1989;341:57-9.

3. Ockenhouse CF, Tandon NN, Magowan C, Jamieson GA, Chulay JD. Iden-
tification of a platelet membrane glycoprotein as a falciparum malaria
sequestration receptor. Science. 1989;243:1469-71.

4. Oquendo P, Hundt E, Lawler J, Seed B. CD36 directly mediates cytoad-
herence of Plasmodium falciparum parasitized erythrocytes. Cell.
1989;58:95-101.

5. Roberts DD, Sherwood JA, Spitalnik SL, Panton LJ, Howard RJ, Dixit VM,
et al. Thrombospondin binds falciparum malaria parasitized erythrocytes
and may mediate cytoadherence. Nature. 1985;318:64-6.

6. Ockenhouse CF, Tegoshi T, Maeno Y, Benjamin C, Ho M, Kan KE, et al.
Human vascular endothelial cell adhesion receptors for Plasmodium
falciparum-infected erythrocytes: roles for endothelial leukocyte adhe-
sion molecule 1 and vascular cell adhesion molecule 1. J Exp Med.
1992;176:1183-9.

7. Udomsangpetch R, Reinhardt PH, Schollaardt T, Elliott JF, Kubes P, Ho M.
Promiscuity of clinical Plasmodium falciparum isolates for multiple adhe-
sion molecules under flow conditions. J Immunol. 1997;158:4358-64.

8. Treutiger CJ, Heddini A, Fernandez V, Muller WA, Wahlgren M. PECAM-1/
CD31, an endothelial receptor for binding Plasmodium falciparum-
infected erythrocytes. Nat Med. 1997;3:1405-8.

9. Siano JP, Grady KK, Millet P, Wick TM. Plasmodium falciparum: cytoadher-
ence to alpha(v)beta3 on human microvascular endothelial cells. Am J
Trop Med Hyg. 1998;59:77-9.

10. Biswas AK, Hafiz A, Banerjee B, Kim KS, Datta K, Chitnis CE. Plasmodium
falciparum uses gC1qR/HABP1/p32 as a receptor to bind to vascu-
lar endothelium and for platelet-mediated clumping. PLoS Pathog.
2007;3:¢130.

11. Davis SP, Lee K, Gillrie MR, Roa L, Amrein M, Ho M. CD36 recruits alpha(5)
beta(1) integrin to promote cytoadherence of P, falciparum-infected
erythrocytes. PLoS Pathog. 2013;9:e1003590.

12. Turner L, Lavstsen T, Berger SS, Wang CW, Petersen JE, Avril M, et al. Severe
malaria is associated with parasite binding to endothelial protein C
receptor. Nature. 2013;498:502-5.

13. Mahamar A, Attaher O, Swihart B, Barry A, Diarra BS, Kanoute MB, et al.
Host factors that modify Plasmodium falciparum adhesion to endothelial
receptors. Sci Rep. 2017,7:13872.

14. Fried M, Duffy PE. Adherence of Plasmodium falciparum to chondroitin
sulfate A in the human placenta. Science. 1996,272:1502-4.

15. Smith JD.The role of PfEMP1 adhesion domain classification in
Plasmodium falciparum pathogenesis research. Mol Biochem Parasitol.
2014;195:82-7.

16. Bull PC, Abdi Al. The role of PfEMP1 as targets of naturally acquired
immunity to childhood malaria: prospects for a vaccine. Parasitology.
2016;143:171-86.

17. Scherf A, Hernandez-Rivas R, Buffet P, Bottius E, Benatar C, Pouvelle
B, et al. Antigenic variation in malaria: in situ switching, relaxed and
mutually exclusive transcription of var genes during intra-erythrocytic
development in Plasmodium falciparum. EMBO J. 1998;17:5418-26.


https://doi.org/10.1186/s12936-019-2764-4
https://doi.org/10.1186/s12936-019-2764-4

Attaher et al. Malar J

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

(2019) 18:128

Chen Q, Barragan A, Fernandez V, Sundstrom A, Schlichtherle M, Sahlen
A, et al. Identification of Plasmodium falciparum erythrocyte membrane
protein 1 (PfEMP1) as the rosetting ligand of the malaria parasite P, falci-
parum. J Exp Med. 1998;187:15-23.

Joergensen L, Bengtsson DC, Bengtsson A, Ronander E, Berger SS, Turner
L, et al. Surface co-expression of two different PfEMP1 antigens on single
Plasmodium falciparum-infected erythrocytes facilitates binding to ICAM1
and PECAM1. PLoS Pathog. 2010;6:e1001083.

Biggs BA, Gooze L, Wycherley K, Wollish W, Southwell B, Leech JH, et al.
Antigenic variation in Plasmodium falciparum. Proc Natl Acad Sci USA.
1991,88:9171-4.

Roberts DJ, Craig AG, Berendt AR, Pinches R, Nash G, Marsh K, et al. Rapid
switching to multiple antigenic and adhesive phenotypes in malaria.
Nature. 1992;357:689-92.

Kirkman LA, Deitsch KW. Recombination and diversification of the variant
antigen encoding genes in the malaria parasite Plasmodium falciparum.
Microbiol Spectr. 2014;2:6.

David PH, Hommel M, Miller LH, Udeinya 1J, Oligino LD. Parasite seques-
tration in Plasmodium falciparum malaria: spleen and antibody modula-
tion of cytoadherence of infected erythrocytes. Proc Natl Acad Sci USA.
1983;80:5075-9.

Udeinya IJ, Miller LH, McGregor IA, Jensen JB. Plasmodium falciparum
strain-specific antibody blocks binding of infected erythrocytes to
amelanotic melanoma cells. Nature. 1983,303:429-31.

Cohen S, Mc Gl, Carrington S. Gamma-globulin and acquired immunity
to human malaria. Nature. 1961;192:733-7.

Sabchareon A, Burnouf T, Ouattara D, Attanath P, Bouharoun-Tayoun

H, Chantavanich P, et al. Parasitologic and clinical human response to
immunoglobulin administration in falciparum malaria. Am J Trop Med
Hyg. 1991;45:297-308.

Fried M, Nosten F, Brockman A, Brabin BJ, Duffy PE. Maternal antibodies
block malaria. Nature. 1998;395:851-2.

O'Neil-Dunne |, Achur RN, Agbor-Enoh ST, Valiyaveettil M, Naik RS, Ocken-
house CF, et al. Gravidity-dependent production of antibodies that inhibit
binding of Plasmodium falciparum-infected erythrocytes to placental
chondroitin sulfate proteoglycan during pregnancy. Infect Immun.
2001,69:7487-92.

Duffy PE, Fried M. Antibodies that inhibit Plasmodium falciparum adhe-
sion to chondroitin sulfate A are associated with increased birth weight
and the gestational age of newborns. Infect Immun. 2003;71:6620-3.
Ndam NT, Denoeud-Ndam L, Doritchamou J, Viwami F, Salanti A, Nielsen
MA, et al. Protective antibodies against placental malaria and poor out-
comes during pregnancy, Benin. Emerg Infect Dis. 2015;21:813-23.
Staalsoe T, Shulman CE, Bulmer JN, Kawuondo K, Marsh K, Hviid L. Variant
surface antigen-specific IgG and protection against clinical conse-
quences of pregnancy-associated Plasmodium falciparum malaria. Lancet.
2004;363:283-9.

Dent AE, Malhotra |, Wang X, Babineau D, Yeo KT, Anderson T, et al.
Contrasting patterns of serologic and functional antibody dynamics to
Plasmodium falciparum antigens in a Kenyan birth cohort. Clin Vaccine
Immunol. 2016;23:104-16.

Vestergaard LS, Lusingu JP, Nielsen MA, Mmbando BP, Dodoo D, Akan-
mori BD, et al. Differences in human antibody reactivity to Plasmo-

dium falciparum variant surface antigens are dependent on age and
malaria transmission intensity in northeastern Tanzania. Infect Immun.
2008;76:2706-14.

Marsh K, Otoo L, Hayes RJ, Carson DC, Greenwood BM. Antibodies to
blood stage antigens of Plasmodium falciparum in rural Gambians and
their relation to protection against infection. Trans R Soc Trop Med Hyg.
1989;83:293-303.

Dodoo D, Staalsoe T, Giha H, Kurtzhals JA, Akanmori BD, Koram K, et al.
Antibodies to variant antigens on the surfaces of infected erythrocytes
are associated with protection from malaria in Ghanaian children. Infect
Immun. 2001,69:3713-8.

Forsyth KP, Philip G, Smith T, Kum E, Southwell B, Brown GV. Diversity of
antigens expressed on the surface of erythrocytes infected with mature

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 7 of 7

Plasmodium falciparum parasites in Papua New Guinea. Am J Trop Med
Hyg. 1989,41:259-65.

Singh B, Ho M, Looareesuwan S, Mathai E, Warrell DA, Hommel M.
Plasmodium falciparum: inhibition/reversal of cytoadherence of Thai
isolates to melanoma cells by local immune sera. Clin Exp Immunol.
1988;72:145-50.

Takala SL, Coulibaly D, Thera MA, Dicko A, Smith DL, Guindo AB, et al.
Dynamics of polymorphism in a malaria vaccine antigen at a vaccine-
testing site in Mali. PLoS Med. 2007;4:€93.

Bloland PB, Boriga DA, Ruebush TK, McCormick JB, Roberts JM, Oloo AJ,
et al. Longitudinal cohort study of the epidemiology of malaria infections
in an area of intense malaria transmission Il. Descriptive epidemiology

of malaria infection and disease among children. Am J Trop Med Hyg.
1999;60:641-8.

Doolan DL, Dobano C, Baird JK. Acquired immunity to malaria. Clin Micro-
biol Rev. 2009;22:13-36.

LavstsenT, Salanti A, Jensen AT, Arnot DE, Theander TG. Sub-grouping

of Plasmodium falciparum 3D7 var genes based on sequence analysis of
coding and non-coding regions. Malar J. 2003;2:27.

Rask TS, Hansen DA, Theander TG, Gorm Pedersen A, Lavstsen T. Plas-
modium falciparum erythrocyte membrane protein 1 diversity in seven
genomes—divide and conquer. PLoS Comput Biol. 2010;6:21000933.
Avril M, Tripathi AK, Brazier AJ, Andisi C, Janes JH, Soma VL, et al. A
restricted subset of var genes mediates adherence of Plasmodium
falciparum-infected erythrocytes to brain endothelial cells. Proc Natl Acad
Sci USA. 2012;109:E1782-90.

Claessens A, Adams Y, Ghumra A, Lindergard G, Buchan CC, Andisi C, et al.
A subset of group A-like var genes encodes the malaria parasite ligands
for binding to human brain endothelial cells. Proc Natl Acad Sci USA.
2012;109:E1772-81.

Lavstsen T, Turner L, Saguti F, Magistrado P, Rask TS, Jespersen JS, et al.
Plasmodium falciparum erythrocyte membrane protein 1 domain cas-
settes 8 and 13 are associated with severe malaria in children. Proc Nat!
Acad Sci USA. 2012;109:E1791-800.

Barry AE, Trieu A, Fowkes FJ, Pablo J, Kalantari-Dehaghi M, Jasinskas A,

et al. The stability and complexity of antibody responses to the major
surface antigen of Plasmodium falciparum are associated with age in a
malaria endemic area. Mol Cell Proteomics. 2011;10(M111):008326.

Kanoi BN, Nagaoka H, Morita M, White MT, Palacpac NMQ, Ntege EH, et al.
Comprehensive analysis of antibody responses to Plasmodium falciparum
erythrocyte membrane protein 1 domains. Vaccine. 2018;36:6826-33.
Turner L, Lavstsen T, Mmbando BP, Wang CW, Magistrado PA, Vester-
gaard LS, et al. IgG antibodies to endothelial protein C receptor-binding
cysteine-rich interdomain region domains of Plasmodium falciparum
erythrocyte membrane protein 1 are acquired early in life in individuals
exposed to malaria. Infect Immun. 2015;83:3096-103.

Tessema SK, Utama D, Chesnokov O, Hodder AN, Lin CS, Harrison GLA,

et al. Antibodies to intercellular adhesion molecule 1-binding Plasmo-
dium falciparum erythrocyte membrane protein 1-DBLbeta are biomark-
ers of protective immunity to malaria in a cohort of young children from
Papua New Guinea. Infect Immun. 2018;86:200485-17.

Bull PC, Lowe BS, Kortok M, Marsh K. Antibody recognition of Plasmodium
falciparum erythrocyte surface antigens in Kenya: evidence for rare and
prevalent variants. Infect Immun. 1999,67:733-9.

Giha HA, Staalsoe T, Dodoo D, Elhassan IM, Roper C, Satti GM, et al.
Nine-year longitudinal study of antibodies to variant antigens on the
surface of Plasmodium falciparum-infected erythrocytes. Infect Immun.
1999;67:4092-8.

Nielsen MA, Staalsoe T, Kurtzhals JA, Goka BQ, Dodoo D, Alifrangis M,

et al. Plasmodium falciparum variant surface antigen expression varies
between isolates causing severe and nonsevere malaria and is modified
by acquired immunity. J Immunol. 2002;168:3444-50.

Igbal J, Perlmann P, Berzins K. Serological diversity of antigens expressed
on the surface of erythrocytes infected with Plasmodium falciparum.
Trans R Soc Trop Med Hyg. 1993;87:583-8.



	Age-dependent increase in antibodies that inhibit Plasmodium falciparum adhesion to a subset of endothelial receptors
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study population and clinical procedures
	Parasite samples
	Binding inhibition assay
	Flow cytometry
	Statistical analysis

	Results
	Study population
	Plasma inhibition of parasite binding increases with age
	Antibodies to the IE surface increase with the number of previous infections

	Discussion
	Conclusion
	Authors’ contributions
	References




