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Background.  Sequestration of Plasmodium falciparum-infected erythrocytes (IEs) in the microvasculature contributes to
pathogenesis of severe malaria in children. This mechanism is mediated by antigens expressed on the IE surface. However, knowl-
edge of specific targets and functions of antibodies to IE surface antigens that protect against severe malaria is limited.

Methods.
senting with severe or uncomplicated malaria (n = 448), using isolates with a virulent phenotype associated with severe malaria, and

Antibodies to IE surface antigens were examined in a case-control study of young children in Papua New Guinea pre-

functional opsonic phagocytosis assays. We used genetically modified isolates and recombinant P. falciparum erythrocyte membrane

protein 1 (PfEMP1) domains to quantify PFEMP1 as a target of antibodies associated with disease severity.

Results.

Antibodies to the IE surface and recombinant PFEMP1 domains were significantly higher in uncomplicated vs severe

malaria and were boosted following infection. The use of genetically modified P. falciparum revealed that PPEEMP1 was a major target

of antibodies and that PFEMP1-specific antibodies were associated with reduced odds of severe malaria. Furthermore, antibodies

promoting the opsonic phagocytosis of IEs by monocytes were lower in those with severe malaria.

Conclusions.
and function in part by promoting opsonic phagocytosis.
Keywords.

Findings suggest that PFEMP1 is a dominant target of antibodies associated with reduced risk of severe malaria,

antibodies; immunity; Plasmodium falciparum; PEMP1; severe malaria.

The global burden of malaria has declined in recent years due
to improved access to malaria interventions [1]. However,
challenges of resistance to antimalarial drugs have escalated
the need for an effective vaccine. The most advanced vaccine,
RTS,S, has only approximately 30% efficacy in children [2].
To develop malaria vaccines with increased efficacy, espe-
cially against severe malaria (SM), further understanding of
the targets of antibody responses that protect against disease is
required. Among endemic populations with high transmission
levels, SM mainly affects young children [3]. The pathogenesis
of SM from Plasmodium falciparum, the major cause of human
malaria, is in part due to the sequestration of large numbers of
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mature P. falciparum-infected erythrocytes (IEs) in the micro-
vasculature of specific organs (reviewed in [4]). The mechanical
obstruction of blood flow and associated inflammation contrib-
ute to the manifestation of severe disease complications such as
cerebral malaria [5-8].

Sequestration is mediated by the specific interaction of P. fal-
ciparum erythrocyte membrane protein 1 (PfEMP1), expressed
on the IE surface, with receptors on the host endothelium
(reviewed in [4]). PFEMP1 is encoded by the var multigene fam-
ily [9], which can be divided into 3 main groups (A, B, C) and
a chimeric group B/A var gene (termed DC8) based on their
upstream promoter regions [10]. Transcription of different var
gene subgroups has been linked to clinical disease manifesta-
tions [11]. Expression of group A var genes has been associated
with SM in children from Tanzania and Papua New Guinea
(PNG) [12-14]. Group A and B var genes encode PfEMP1 vari-
ants involved in key pathogenic features of SM, such as roset-
ting [15, 16] and adhesion to intercellular adhesion molecule 1
(ICAM-1) on brain endothelium [17]. Despite the high rate of
var gene recombination, certain tandem domain arrangements
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of the extracellular portion of PfEMP1, also known as domain
cassettes (DCs), appear to be highly conserved. A subset of
group A var genes and the DC8 var gene can bind to endo-
thelial protein C receptor (EPCR) expressed by human brain
endothelial cells [18], contributing to the pathogenesis of SM
[19]. Severe malaria in children was associated with expression
of PfEMP1 variants containing DC8 (Group B/A) and DC13
(group A) domain arrangements [20-22], which bind to EPCR
[18, 23, 24]. DC13 PfEMP1 has dual specificity and adheres to
EPCR and ICAM-1 on brain endothelial cells [25, 26]. Parasites
from cerebral malaria patients were also more likely to bind
EPCR and ICAM-1 than those with uncomplicated malaria
(UM) [19]. Other parasite proteins identified on the IE surface
have also been proposed to play roles in disease pathogenesis,
including RIFIN, STEVOR, and SURFIN [27-31].

After repeated exposure to P. falciparum, individuals liv-
ing in malaria-endemic regions can acquire immunity that
protects against severe disease [32-34]. However, targets
and mechanisms of immunity to SM are poorly understood.
PfEMP1 and other IE surface antigens have been identi-
fied as key targets of acquired antibodies (reviewed in [4]).
Prior studies using genetically modified P. falciparum with
suppressed PfEMPI1 expression, and other approaches,
demonstrated that PfEMP1 is a dominant IE surface target
of naturally acquired antibodies and found that PfEMP1-
specific antibodies were associated with protection against
uncomplicated pediatric malaria [35-37]. Some studies
have found associations between antibodies to recombinant
PfEMP1 domains and protection from UM, although findings
have not been highly consistent (reviewed in [4]).

Much less is known about responses mediating protection
from SM. Studies have suggested that young children tend to
first acquire antibodies to PfEMPI, encoded by group A and
DCS8 var genes, that are associated with severe disease [12, 38],
compared to groups B and C; this may contribute to protec-
tion from severe disease [39, 40]. In several small studies, it was
reported that children with SM had antibodies that recognized
DC8 and DC13 PfEMP1 variants [20-22]. Antibodies to IEs can
promote opsonic phagocytosis by monocytes. This is thought to
play a major role in immunity, but the contribution of opsonic
phagocytosis to immunity against SM has not been investigated.
Limited data are available on the association between antibodies
to PEEMP1 and protection against SM or quantifying PFEMP1
and other IE surface antigens as antibody targets on IEs during
SM. Currently, very little is known regarding immunity to SM
in non-African populations.

In the present study, we evaluated the acquisition of naturally
acquired antibodies to IE surface antigens in a case-control study
of children (n = 448) in PNG, presenting with severe or UM. We
studied the importance of PEEMP1 and other IE surface antigens
as targets of naturally acquired antibodies and related these to pro-
tective associations. We compared antibody responses between

severe and UM, during acute infection and following convales-
cence, to evaluate the acquisition of immunity. We used P. falci-
parum isolates expressing PFEMP1 variants associated with SM to
quantify the levels of acquired antibodies. We investigated the sig-
nificance of PAEEMP1 as an antibody target using genetically mod-
ified P, falciparum with substantially reduced PfEMP1 expression
and using recombinant PFEMP1 domains. Additionally, we eval-
uated the functional importance of acquired antibodies in their
ability to mediate the opsonic phagocytosis of IEs.

METHODS

A comprehensive description of the methods used in this study
is shown in the Supplementary Materials.

Study Population

Samples for antibody measurement were extracted for a fre-
quency-matched case-control study of children presenting with
severe or UM in Madang, PNG, from 2006 to 2009 [41]. This
case-control study was nested within a cohort study described
elsewhere [41]. Blood samples were collected from children
(n = 805; age range, 2 months-10 years; Supplementary Table 1)
at enrollment (acute infection) and 2 months postinfection
(convalescence). A summary of demographic and malariomet-
ric characteristics of children presenting with uncomplicated
and SM is presented in Table 1.

Ethics Statement

Ethics approval was obtained from the PNG Medical Research
Advisory Committee, PNG Institute of Medical Research
Institutional Review Board, and Alfred Hospital Human
Research Ethics Committee. Written informed consent was
obtained from all study participants or their legal guardians.

Plasmodium falciparum Culture and Isolates

Plasmodium falciparum isolates were maintained in continu-
ous culture and synchronized as previously described [35, 36].
3D7vpkd [35, 42] and 1E2 (IT4varl9) parasites [20] were gen-
erated as previously described.

Table 1. Distribution of Demographic Characteristics of Study
Participants at Enrollment (Acute Infection)

Uncomplicated

Malaria Severe Malaria
Variable (n=213) (n =235)
Age, mo, median (25th-75th 42 (29-56) 40 (29-55)
percentile)
Sex, male (%) 127 (60) 131 (56)
Ethnicity
Madang 174 (82) 178 (76)
Madang/Sepik 16 (8) 23 (10)
Other 13 (6) 13 (6)
Sepik 10 (5) 20 (9)

Data are presented as No. (%) unless otherwise indicated.
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Measuring Antibodies to the IE Surface by Flow Cytometry

Measuring immunoglobulin G (IgG) binding to the IE surface
of pigmented trophozoites was performed with an established
flow cytometry-based assay, as described [35].

Measuring Antibodies to Recombinant PFEMP1 Domains by Enzyme-
Linked Immunosorbent Assay

Antibodies to recombinant domains of PfEMP1 (DBLa2,
CIDRal, DBLP12, and DBLy6) was measured by enzyme-
linked immunosorbent assay using established methods [43].

Measuring Opsonic Phagocytosis
The level of opsonic phagocytosis to the IE surface was mea-
sured by flow cytometry, as described previously [35, 44].

Statistical Analyses

For the primary analyses, multivariable logistic regression mod-
els were used to estimate the associations between total anti-
body responses and severe P. falciparum malaria, adjusting for
age, sex, and ethnicity.

RESULTS

PfEMP1 Is a Dominant Target of Naturally Acquired Antibodies to the IE

Surface Among Young Children With Severe or Uncomplicated Malaria

To quantify the role of PfEMP1 as a target of acquired antibod-
ies, we measured antibody reactivity to the IE surface using
an established flow cytometry-based assay [35]. We used a
3D7 isolate predominantly expressing PEEMP1 variants asso-
ciated with virulent phenotypes that contribute to SM [37].
The dominant PfEMP1 expressed by our 3D7 isolate is a group
A type (PF11_0521) with a DC13 domain structure that medi-
ates adhesion to endothelial cells [37]. Two other group A var
genes were also upregulated (PFD1235w and PFA0015c¢) [37].
We compared antibody levels of 3D7parental to a transgenic
line with inhibited PfEMP1 surface expression due to endog-
enous var gene suppression (var promoter “knock-down’;
3D7vpkd) [35, 42]; this isolate has greatly reduced PfEMP1
expression, but still expresses other antigens, including RIFIN
and STEVOR [35]. We measured the level of IgG binding to
the IE surface in serum samples collected at enrollment (acute
infection) from children with SM (n = 235) or UM (n = 213).
Antibody levels were further measured in serum samples col-
lected 2 months postinfection (following convalescence) from
the same children (SM, n = 184; UM, n = 173). All individuals
at both time-points showed a marked reduction in IgG bind-
ing to 3D7vpkd compared with 3D7parental (Figure 1A and
1C). Overall, during acute infection, IgG binding to 3D7vpkd
was substantially reduced by 41.7% and 59.5% compared with
3D7parental, for SM and UM, respectively (Figure 1B, P <.001;
Supplementary Figures 1A and 2). Similarly, at convalescence,
IgG binding to 3D7vpkd was reduced by 48.6% and 67.2% com-
pared to 3D7parental for SM and UM, respectively (Figure 1D,

P <.001; Supplementary Figure 1B). While the antibody reactiv-
ity to 3D7vpkd was greatly reduced compared to 3D7parental,
in both SM and UM, there was a strong, positive correlation
between antibody responses to 3D7parental and 3D7vpkd at
acute infection (SM: Spearman rank correlation coefficient,
r?=0.54, P <.0001; UM: 2 = 0.68, P < .0001) and following con-
valescence (SM: r* = 0.56, P < .0001; UM: r* = 0.65, P < .0001).
Our findings suggest that PFEMP1 is a major target of natu-
rally acquired antibodies, consistent with our previous reports
(which did not include individuals with SM) [35, 36].

Antibodies to the IE Surface Are Higher in Uncomplicated Malaria
Children with SM and UM had similar age, sex, and ethnic-
ity (characteristics used for matching), but SM children had
significantly higher parasitemia, which is a common feature
of SM (Table 1). IgG binding to the IE surface of 3D7parental
was 57.5% and 64.3% higher in UM compared to SM during
acute infection (Figure 2A, P < .0001) and following conva-
lescence (Figure 2B, P = .0002). In contrast, there was a trend
of lower IgG binding to 3D7vpkd in UM compared to SM
samples, at acute infection (Figure 2A, P = .08) and following
convalescence (Figure 2B, P = .06). Children with antibodies
to 3D7parental and PfEMP1-specific antibodies (calculated as
IgG levels to 3D7parental minus 3D7vpkd) had reduced odds
of SM relative to UM, but this was not observed for those with
antibodies to 3D7vpkd (Supplementary Table 2). We also mea-
sured antibody levels toward the IE surface of a genetically dif-
ferent isolate, 1E2 (IT4var19) [20], which expresses a specific
PfEMP1 variant (DC8-type) with a virulent phenotype. Similar
to 3D7parental, IgG binding to 1E2 (IT4var19) was higher in
UM compared to SM, during acute infection (Figure 2C; 28.6%
higher, P < .0001) and following convalescence (Figure 2D;
26.4% higher, P = .0008). Children with antibodies to 1E2
(IT4varl9) parasites had reduced odds of SM relative to UM
(Supplementary Table 2).

Antibodies to the IE Surface Are Boosted by Infection

Next, we compared antibody responses within individuals
using samples that were collected at acute infection and at
convalescence to determine antibody boosting. IgG binding to
3D7parental and 3D7vpkd was higher following convalescence
for both SM (Figure 3A; 18.4% higher for 3D7parental, 3.84%
higher for 3D7vpkd; P < .001; Supplementary Figure 1C) and
UM (Figure 3B; 31.4% higher, P = .002 for 3D7parental, 38.4%
higher, P = .04 for 3D7vpkd; Supplementary Figure 1D). IgG
binding to 1E2 (IT4varl9) parasites was also slightly higher
during convalescence for SM (Figure 3C; 6.2% higher, P <.0001)
and UM (Figure 3D; 3.3% higher, P = .1). Comparing the mag-
nitude of antibody boosting in children (calculated as antibody
levels at convalescence minus acute), there was an increase in
the magnitude of antibody levels observed for SM and UM,
for both 3D7parental and 3D7vpkd parasites (Supplementary
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Figure 1.

Antibodies to the surface of Plasmodium falciparum—infected erythrocytes (IEs) are directed at PFEMP1. A and C, A representative selection of serum samples

tested for antibodies to 3D7parental and 3D7vpkd parasites. Samples were collected from severe malaria (SM) and uncomplicated malaria (UM) at acute infection (A) and
following convalescence (C). Samples from nonexposed Melbourne residents were used as a negative control (control). Immunoglobulin G (IgG) binding to 3D7vpkd was sub-
stantially reduced in all individuals. There was minimal background reactivity observed among sera from Melbourne residents. IgG binding levels are expressed as geometric
mean fluorescence intensity (MFI) for all graphs; assay was performed once; bars represent MFI values of samples tested in singles. Band D, Total IgG binding to the surface
of erythrocytes infected with 3D7vpkd was substantially reduced compared to 3D7parental parasites in both SM and UM groups at acute infection (B) and following conva-
lescence (D). Assay was performed once; bars represent median and interquartile ranges of samples that were classified as antibody positive to 3D7parental (B, n = 182/235
for SM and n = 177/213 for UM; D, n = 157/184 for SM and n = 153/173 for UM); P values were calculated using a paired Wilcoxon signed-rank test. Abbreviations: IgG,
immunoglobulin G; MFI, mean fluorescence intensity; SM, severe malaria; UM, uncomplicated malaria.

Figure 3A). Antibody boosting to 1E2 (IT4var19) parasites was
only observed with SM (Supplementary Figure 3B). Greater
boosting of antibodies to 3D7 may indicate that this isolate
expresses antibody epitopes or antigenic determinants that are
more common in our study population than those expressed
by 1E2.

No significant correlation was observed between antibodies
to 3D7parental and 3D7vpkd for SM and UM, at acute infec-
tion and convalescence (Supplementary Table 3). However,
there was a moderate, positive correlation between antibodies
to 1E2 (IT4varl9) parasites for SM and UM, at acute infec-
tion and convalescence (Supplementary Table 3). There was a
weak, positive correlation between antibodies to 3D7parental
and 1E2 (IT4varl9) for SM measured at acute infection
(Supplementary Table 4), but no correlation was observed for

SM at convalescence. Similarly, no correlation was observed for
antibodies to 3D7vpkd and 1E2 (IT4varl9) parasites for SM at
acute infection or convalescence (Supplementary Table 4). In
UM, there was a strong, positive correlation between antibodies
to 3D7parental and 1E2 (IT4var19), and a moderate, positive
correlation between 3D7vpkd and 1E2 (IT4varl9), at acute
infection and convalescence (Supplementary Table 4).

Antibodies to Specific Recombinant 1E2 (IT4var19) PfEMP1 Domains Are
Higher in Uncomplicated Malaria

We tested serum samples for antibodies to 4 recombinant
domains of the PfEMP1 variant encoded by 1E2 (IT4var19)
parasites (DBLa2, CIDRal, DBLP12, and DBLy6) to further
evaluate the significance of PfEMPI1 as a target of acquired
antibodies and examine whether responses to specific PFEEMP1
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Figure 2. Antibodies to Plasmodium falciparum—infected erythrocyte (IE) surface antigens are higher among young children presenting with uncomplicated malaria (UM). A
and B, The level of immunoglobulin G (IgG) binding to the surface of erythrocytes infected with 3D7parental and 3D7vpkd parasites was higher in samples from UM compared
to severe malaria (SM) at both acute infection (A) and convalescence (B). Assay was performed once; bars represent median and interquartile range (IQR) of samples that
were classified as antibody positive to 3D7parental (A, n =182/235 for SM and n=177/213 for UM; B, n = 157/184 for SM and n = 153/173 for UM); Pvalues were calculated
using an unpaired Mann-Whitney test. Cand D, The level of IgG binding to the surface of erythrocytes infected with 1E2 (IT4var19) parasites was higher in samples from
UM compared to SM at both acute (C) and convalescence (D). Assay was performed once; bars represent median and IQR (C, n = 235 for SM and n = 213 for UM; D, n = 184
for SM and n = 173 for UM); Pvalue was calculated using an unpaired Mann—Whitney test. Abbreviations: IgG, immunoglobulin G; MFI, mean fluorescence intensity; SM,

severe malaria; UM, uncomplicated malaria.

domains may be important in protection from severe disease.
During acute infection, the level of IgG binding was signifi-
cantly higher in UM compared to SM for DBLa2 (Figure 4A;
17.4% higher, P = .04) and DBLy6 (Figure 4D; 17.6% higher,
P =.006). This was not observed for CIDRal (Figure 4B; 7.6%
lower, P = .28) and DBLp12 (Figure 4C; 3.2% higher, P = .39).
Children with antibodies to DBLa2 and DBLy6 had reduced
odds of SM relative to UM (Supplementary Table 5). Antibodies
to recombinant PfEMP1 domains were correlated, suggesting
coacquisition (Supplementary Table 6). There was a strong, pos-
itive correlation observed between antibody responses to 1E2
(IT4varl9) parasites and the recombinant PfEMP1 domains
DBLa2 and DBLy6, but not CIDRal or DBLB12, at acute infec-
tion for SM and UM (Supplementary Table 7).

Antibodies That Mediate the Opsonic Phagocytosis of IEs Are Higher in
Uncomplicated Malaria and Target PFEMP1

To quantify the functional capacity of antibodies targeting IE
surface antigens, SM and UM samples at acute infection were

tested in an established opsonic phagocytosis assay using undif-
ferentiated THP1 monocytic cells [35, 44]. The majority of indi-
viduals showed a marked reduction in phagocytosis activity
with 3D7vpkd compared to 3D7parental (Figure 5A). Overall,
the level opsonic phagocytosis activity was markedly reduced in
3D7vpkd for both SM and UM samples (Figure 5B; P < .001),
indicating that PEEMP1 is a major target of functional antibod-
ies that promote IE phagocytosis. Opsonic phagocytosis activ-
ity was higher in UM compared to SM for both 3D7parental
(Figure 5C; 24% higher, P = .03) and 3D7vpkd (Figure 5C; 27%
higher, P <.001). Children with antibodies that promote opsonic
phagocytosis of 3D7parental, 3D7vpkd, and 3D7-PfEMP1 had
reduced odds of SM relative to UM (Supplementary Table 2).
The level of total IgG binding to the IE surface and opsonic
phagocytosis activity was not strongly correlated for SM or
UM samples for 3D7parental and 3D7vpkd (Supplementary
Figure 4), suggesting that total IgG levels may not be a good
measure of antibody function.
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Figure 3. Antibodies to Plasmodium falciparum—infected erythrocyte (IE) surface antigens are higher among convalescent samples. A and B, Total immunoglobulin G (IgG)
binding to the surface of erythrocytes infected with 3D7vpkd was substantially reduced compared to 3D7parental parasites at acute and convalescence for severe malaria
(SM; A) and uncomplicated malaria (UM; B). Assay was performed once; bars represent median and interquartile range (IQR) of samples that were classified as antibody
positive to 3D7parental (A, n = 182/235 for acute, n = 157/184 for convalescence; B, n = 177/213 for acute, n = 153/173 for convalescence); Pvalues were calculated using
a paired Wilcoxon signed-rank test. C and D, The level of IgG binding to the surface of erythrocytes infected with 1E2 (IT4var19) parasites was higher in convalescence
compared to acute samples for SM (C) and UM (D). Assay was performed once; bars represent median and IQR (C, n = 235 for acute, n = 184 for convalescence; D, n =213
for acute, n = 173 for convalescence); Pvalues were calculated using a paired Wilcoxon signed-rank test. Abbreviations: IgG, immunoglobulin G; conv, convalescence; MFI,

mean fluorescence intensity; SM, severe malaria; UM, uncomplicated malaria.

DISCUSSION

In this study, we found that children with UM had significantly
higher antibodies to IE surface antigens and PfEMP1 specifi-
cally. We demonstrated this by quantifying antibodies with 2
different IE isolates that express virulent PEEMP1 types asso-
ciated with SM pathogenesis, alongside genetically modified
P falciparum with suppressed PIEMP1 expression and using
recombinant PFEMP1 domains. We demonstrated that PEEMP1
is a major target of naturally acquired antibodies to the IE sur-
face in these children; importantly, PFEMP1-specific antibod-
ies, quantified using native proteins expressed on the IE surface
and recombinant antigens, were higher in those with UM,
and associated with reduced odds of SM. This suggests that
PfEMP1-specific antibodies play a role in protection from SM.
Furthermore, antibodies to IE surface antigens were boosted
following either severe or UM. Antibodies promoting opsonic
phagocytosis were higher in children with UM and associated
with protection from SM, suggesting that functional antibod-
ies have important roles in immunity from SM. Together, our
results suggest the importance of antibodies to the IE surface,

predominantly PfEMP1, in contributing to protective immu-
nity against SM in young children.

The overall level of IgG binding to the IE surface was higher
in children with UM, compared to SM, for IEs of 3D7 and 1E2
(IT4varl9). This difference was observed in samples collected
at acute infection and following convalescence. The 3D7 and
1E2 (IT4varl9) isolates were used because they are known to
express virulent PEEMP1 types associated with SM pathogen-
esis. The transcription level of both group A and DC8 EPCR-
binding var genes is increased in SM infections [18, 22, 45-47].
The dominant PFEMP1 expressed by our 3D7 isolate is a group
A type (PF11_0521) that has a DC13 domain structure that
mediates adhesion to endothelial cells [37], and 2 other group
A var genes were also upregulated (PFD1235w and PFA0015¢)
[37]. The 1E2 (IT4varl9) parasite line expresses a specific DC8
PfEMP1 that was upregulated when parasites were selected for
adhesion to brain endothelial cells [20]. The PfEMP1 variant
expressed by the 1E2 (IT4varl9) parasites has a DC8 arrange-
ment associated with severe disease. Our findings suggest
that higher levels of antibodies to group A and DC8 PfEMP1

824 « JID 2019:219 (1 March) « Chanetal



A DBL02 B CIDRol
0.4~ _]i:_'(_)Ar_ 1.5 p= 98
0.3 4

g £ 1.0- T

- s

= 0.2 4 F

: 1]

s |4 5 05 =
0.1+
0.0 0.0

SM UM SM UM
acute acute acute acute

C DBLB12 D DBLy6
1.5+ P=.39 0.4 - P=.006

0.3

T T

[I9) [Ie]

=4 J_ J— 2 0.2

2 05 3

.5
ol 17| L
0.0 0.0
SM UM SM UM
acute acute acute acute

Figure 4. Comparing the levels of antibodies to recombinant antigens of PFEMP1
in samples at acute infection. Total immunoglobulin G (IgG) binding to the recom-
binant antigens of PfEMP1 1E2 (IT4var19) is presented as DBLa:2 (A), CIDRa1 (B),
DBLB12 (0), and DBLy6 (D). Significantly higher antibody levels to uncomplicated
malaria (UM) compared to severe malaria (SM) was only observed for DBLai2 (A)
and DBLy6 (D). Antibody levels are expressed as optical density values measured
at 405 nm. Assay was performed once; bars represent median and interquartile
range of samples tested in duplicate (n = 235 for SM and n =213 for UM); Pvalues
were calculated using an unpaired Mann—Whitney test. Abbreviations: OD, optical
density; SM, severe malaria; UM, uncomplicated malaria.

contribute to protection from SM. Future studies in additional
populations might enable the identification of antibody thresh-
olds for protection against SM. In our studies we considered all
children meeting the criteria of SM in one group and did not
perform analyses of subgroups different SM syndromes, which
could be considered in future studies.

Comparing antibody responses between 3D7parental and
3D7vpkd IEs allowed quantification of PfEMP1-specific anti-
bodies. Overall IgG binding to the IE surface of 3D7vpkd was
markedly reduced compared to 3D7parental, indicating that the
majority of acquired antibodies to the IE surface are targeting
PfEMP1. The decrease in IgG binding to 3D7vpkd was consis-
tently observed with samples from children presenting with SM
and UM, and among acute convalescent samples. This finding
suggests that naturally acquired antibodies to the IE surface are
predominantly PfEMP1-specific, which is supported by our
previous data in PNG [36, 37] and Africa [35]. Low levels of
antibodies to 3D7vpkd (which still expresses RIFIN, STEVOR,
and other antigens [35]) suggest that other IE surface antigens
play a minor role as antibody targets. Of note, antibodies specific

to PEMP1 were significantly higher among children with UM
and associated with reduced odds of SM. In contrast, there was
no association between antibodies to 3D7vpkd and odds of SM.
Our data suggest that PAEEMP1 is a major target of antibodies
associated with protection from SM, whereas antibodies to
non-PfEMP1 antigens represent a less important component of
protective immunity. Further investigation of other antigens is
warranted in future studies.

Antibodies to recombinant 1E2 (IT4var19) PFEMP1 domains
were also significantly higher in UM, further supporting
the contribution of PfEMP1 antibodies in immunity to SM.
Interestingly, only antibodies to 2 domains (DBLa2 and DBLy6)
were significantly associated with disease severity, suggesting
these may be more important contributors of protective immu-
nity. Collectively, our findings suggest that PfEMP1-specific
antibodies protect against SM in PNG children. Published work
has suggested the importance of other CIDR domains in immu-
nity against SM [48, 49], indicating that more detailed analy-
ses are required to assess the relative contribution of specific
DC8 PfEMP1 domains in protective immunity. A recent study
in children in Mali (n = 78 severe, n = 73 uncomplicated cases)
evaluated antibodies to PEEMP1 fragments using a microarray
approach [50]. Antibodies were higher to recombinant PFEMP1
fragments in UM vs SM, but antibodies to the intact IE surface
or antibody function were not evaluated. A potential limitation
of the microarray approach is the use of protein fragments gen-
erated in an Escherichia coli cell-free translation system; there-
fore, correct folding of PfEMP1 domains may be unlikely to
occur, which may be important for antibody binding.

Antibodies to 3D7parental and 3D7vpkd were higher follow-
ing convalescence; this was seen in uncomplicated and SM, sug-
gesting that naturally acquired antibodies to IE surface antigens
are boosted upon infection. Interestingly, antibody levels to 1E2
(IT4var19) IEs were higher at convalescence for SM only. This
might reflect the expression of PfEMP1 types that are antigen-
ically similar to the 1E2 (IT4var19) PfEMP1 in SM, but this
expression may be rare in UM. Complementary research con-
ducted with samples from this same clinical study profiled anti-
bodies using a recombinant PEMP1 domain array. They found
that SM resulted in the induction of antibodies to EPCR-binding
CIDRal domains of PEEMP1 [51].

Antibodies to IE surface antigens are believed to function, in
part, by opsonizing IEs for clearance by phagocytes. Thus, we
measured opsonic phagocytosis activity using undifferentiated
THP-1 monocytes [35, 44]. Opsonizing antibodies were signifi-
cantly higher in UM, suggesting a role for this mechanism in
immunity. However, the modest extent of the difference suggests
that other mechanisms are likely to play a role in immunity,
such as inhibition of vascular adhesion, recruitment of com-
plement, or interactions with other immune cells; these aspects
need investigating in future studies. We showed that the level of
opsonic phagocytosis activity was markedly reduced in 3D7vpkd
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Figure 5. Opsonic phagocytosis of Plasmodium falciparum—infected erythrocytes (IEs) by undifferentiated THP-1 monocytes. A, Representative selection of serum samples
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[SM]; n =213 for uncomplicated malaria [UM]); bars represent the mean level of phagocytosis as a percentage of positive control. B, Opsonic phagocytosis activity of serum
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SM, severe malaria; UM, uncomplicated malaria.

compared to 3D7parental, further suggesting the importance of
PfEMP1 as a major target of functional antibodies.

In conclusion, our study demonstrated a likely role of
acquired antibodies to IE surface antigens in mediating pro-
tection against SM in young children from PNG. We showed
that PFEMP1 is a dominant target of naturally acquired antibod-
ies to the IE surface and a target of functional antibodies that
promote opsonic phagocytosis of IEs. Furthermore, PfEMP1-
specific antibodies were associated with protection against SM
in children, whereas antibodies to other IE surface antigens
were not. These findings significantly contribute to understand-
ing malaria immunity and pathogenesis, and have implications
for developing therapeutics or vaccines for preventing SM.
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