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Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) is
a potentially important family of immune targets, which play a central
role in the host-parasite interaction by binding to various host
molecules. They are encoded by a diverse family of genes called var,
of which there are ~60 copies in each parasite genome. In sub-
Saharan Africa, although P. falciparum infection occurs throughout
life, severe malarial disease tends to occur only in childhood. This
could potentially be explained if () PFEMP1 variants differ in their
capacity to support pathogenesis of severe malaria and (ii) this
capacity is linked to the likelihood of each molecule being recognized
and cleared by naturally acquired antibodies. Here, in a study of 217
Kenyan children with malaria, we show that expression of a group of
var genes “cys2,” containing a distinct pattern of cysteine residues, is
associated with low host immunity. Expression of cys2 genes was
associated with parasites from young children, those with severe
malaria, and those with a poorly developed antibody response to
parasite-infected erythrocyte surface antigens. Cys-2 var genes form
a minor component of all genomic var repertoires analyzed to date.
Therefore, the results are compatible with the hypothesis that the
genomic var gene repertoire is organized such that PFEMP1 molecules
that confer the most virulence to the parasite tend also to be those
that are most susceptible to the development of host immunity. This
may help the parasite to adapt effectively to the development of host
antibodies through modification of the host—parasite relationship.
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hildren living in malaria endemic areas develop significant

naturally acquired immunity to severe malaria during the first
5 years of life (1). The clonally variant surface antigens called
Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1) are strong candidate targets for this immunity. These
multidomain variant antigens are encoded in a mutually exclusive
fashion by about 60 var genes per parasite genome and exported to
the infected erythrocyte surface where they are exposed to host
antibodies (2).

PfEMP1 are also implicated as virulence factors. Through inter-
actions with host molecules such as ICAM1, CD36, CR1, and
CD31, PIEMP1 plays a central role in mediating cytoadherence of
infected erythrocytes to host cells. This is believed to be responsible
for the severe pathology associated with P. falciparum malaria (3).
PfEMP1 molecules undergo clonal antigenic variation meaning
that a single genotype can evade host antibodies by switching
between var genes (4, 5). After repeated exposure to infection, a
repertoire of variant-specific antibodies that can recognize the
variant surface antigens expressed by most parasite isolates builds
up. Piecemeal acquisition of such antibodies could help explain the
development of naturally acquired immunity to malaria (6, 7).

The relatively rapid rate of acquisition of immunity to severe
malaria compared to mild malaria (8) may suggest a limitation in
the diversity of important immune targets in P. falciparum. This is
supported by the fact that immunity to malaria is accompanied by
changes in the serological properties of the variant surface antigens.
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Parasite-infected erythrocytes from young children and those with
severe malaria tend to be better recognized by antibodies from
semi-immune children than those from older children or those with
nonsevere malaria (9, 10). This may suggest the existence of a group
of relatively conserved PfEMP1 variants associated with high
pathogenicity and low host immunity. Such molecules could serve
as potentially important targets of intervention.

Analysis of full-length sequences of the repertoires of var genes
from several lab-adapted parasite lines supports genetic structuring
of the variant antigen repertoire (2, 11, 12). For example, recom-
binant domains from PfEMP1 molecules carrying an UpsA pro-
moter have been shown to have low affinity for CD36 binding
relative to equivalent domains from var genes with UpsB or UpsC
promoters (13). This structuring of the genomic var gene repertoire
has been linked to the serological properties of the expressed
variant surface antigens. Parasites selected in vitro for binding to
IgG from semi-immune children have increased overall frequency
of recognition by heterologous antibodies, reduced affinity for
CD36 binding, and a bias toward expression of UpsA-associated var
genes (hereafter called group A var genes) (14). Because of the
association between commonly recognized variant surface antigens
and severe malaria, group A var genes have been proposed to
represent a pathologically significant group (14). However, direct
evidence for a link between var expression, pathology, and naturally
acquired immunity requires analysis of parasites from clinical
malaria infections.

Such studies are problematic. The immense architectural diver-
sity of var genes, together with their capacity to undergo recombi-
nation (15), yields limited positions for PCR amplification and
sequence sampling. Therefore we (16) and others (17-21) have
relied on analysis of short, ~350 nucleotide, expressed sequence
tags amplified from a region corresponding to a domain that is
present in most PfEMP1 variants, DBLa. To estimate PFEMP1
expression levels, reverse transcriptase PCR products are subcloned
into Escherichia coli, bacterial colonies picked and sequenced, and
the sequence tags classified and counted. Previous studies have
varied in their depth of sequencing from each parasite isolate, the
number of patients in different clinical categories, time of RNA
sampling within the parasite asexual cycle, method of sequence
analysis, and whether the emphasis is placed more on the domi-
nantly expressed sequence(s) in each patient (19, 20) or on the
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overall percentage representation within each patient of different
groups of sequence [supporting information (S7) Table S1] (16, 22).

Despite varying approaches the results have been encouraging.
First, although DBL« sequence tags contain only a small propor-
tion of a var gene’s sequence, specific sequence features present in
DBLa« tags isolated worldwide can be used to classify them (16, 22).
The vast majority of DBL« tags carry either two or four cysteine
residues. Although they are not exclusive to group A var genes,
DBLa« tags of all group A var genes contain two cysteine residues.
A large proportion of DBL« tags with 2 cysteine residues (hence-
forth called cys2 var genes) also carry one of two motifs, MFK and
REY, located at two different positions within the sequences but
never found together within the same sequence (16).

Second, these broad classes of var genes appear to be differen-
tially associated with host immunity. In a small pilot study of 12
isolates, children with poorly developed immune responses tended
to express cys2 var genes with MFK motifs (16). More recently,
Kyriacou et al. showed that cys2 var genes were the dominant
sequence type expressed by parasites isolated from children with
cerebral malaria in Mali (19). These studies support the usefulness
of a sequencing approach to comparing PEEMP1 expression be-
tween clinical parasite isolates.

However, these studies were not designed to fully explore the
relationship between expression of groups of PfEMP1, malaria
pathology, and naturally acquired immunity (Table S1). To do this
requires large numbers of patients and relatively deep sequencing
of the expressed sequence tags. Moreover, data analysis needs to
account for the fact that severe malaria in African children presents
in three major overlapping clinical syndromes (i.e., impaired con-
sciousness, severe malarial anemia, and severe respiratory distress)
that tend to occur in children of different age groups (23, 24),
meaning that the underlying mechanisms for the pathogenesis of
these syndromes may be different.

To examine the relationship between cys2 var gene expression
and host immunity we have extended our previous sampling,
sequencing, and classification approach (16, 22, 25) to 217 parasites
obtained from Kenyan children with clinical malaria. We relate
these expression patterns to each child’s clinical manifestation of
disease, age, and level of antibodies to the surface of infected
erythrocytes at the time of disease.

Results

We classified and counted 14,516 DBL« sequence tags amplified
from parasite cDNA sampled from each of 112 children with severe
malaria and 105 with nonsevere malaria (Table S2). The tags were
assembled into 4,225 individual sequence “contigs” (EMBL acces-
sion nos FN588437-FN592661, see Materials and Methods and
Dataset S1). As found previously (22), the majority of the DBL«
sequence tags contained either two (42.8%) or four (53%) cysteine
residues.

cys2 var Expression Is Associated with Severe Malaria and Young Host
Age. To provide a semiquantitative estimate of the proportion of
parasites in each isolate expressing cys2 var genes we calculated,
from each parasite isolate, the proportion of expressed sequence
tags that contained two cysteine residues. If a group of var genes is
associated with low host immunity the proportion of parasites
expressing it within a clinical isolate should decrease with host age
and increase with disease severity. In support of this, linear regres-
sion modeling showed that the level of expression of cys2 var genes
was predicted by severity of malaria (B = 0.17,95% CI0.1,03,p =
0.0004; adjusted for host age) and decreased with host age (B =
—0.03, 95% CI —0.05, —0.02, p = 0.0002; adjusted for disease
severity) (Fig. 14 and B and Figs. S1 and S2). For 53 of the parasite
isolates we generated sequence tags from both cDNA and genomic
DNA (EMBL accession numbers for gDNA contigs: FN592662-
FN594512). Within this sample, comparable results were obtained
for cys2 var gene sequences from cDNA but not genomic DNA,
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Fig. 1. Relationship between cys2 var expression, host age, and malaria

syndromes. For both severe (A) and nonsevere (B) malaria, the proportion of
expressed cys2 tag sequences is plotted against age of the child from whom
the isolate was obtained. Spearman’s rank correlation p and p values are
indicated at the bottom of each plot. (C—F) Results of four multiple regression
models with one of the cys2 subgroups (MFK* REY~, MFK~ REY ", MFK~ REY ™,
and group A-like) as the dependent variable and each with host age and the
three severe malaria syndromes as explanatory variables. For each of the four
subgroup-specific expression profiles the respective regression coefficients,
95% confidence intervals, and p values for their relationship with host age (C),
severe malarial anemia (D), impaired consciousness (E), and severe respiratory
distress (F) are shown. These are compared to relationships with total cys2
expression (black arrows). Statistically significant relationships are indicated
(*). Parasitemia at presentation to hospital was not associated with cys2
expression (Fig. S2) and hence was not included in the models.

suggesting that the association was the result of variation in var
expression rather than differences in the repertoire of var genes
between parasite isolates (Fig. S3).

cys2 var Expression Is Differentially Associated with Severe Malaria
Syndromes. If the pathogenesis mechanisms for the three severe
malaria syndromes are linked to the interaction between PFEMP1
and the host, we would expect this to be evident in the var
expression profiles of the infecting parasite population. We there-
fore compared expression of cys2 var genes between children with
different clinical syndromes in a single multiple linear regression
model with cys2 var expression as the dependent variable and each
of the three syndromes and age as explanatory variables. This
allowed us to include patients with overlapping syndromes (Table
S2 and Fig. S4). Parasites from patients with severe malarial anemia
(n = 19) and impaired consciousness (z = 90) both showed strong
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Fig. 2. A hypothetical model for immunity-dependent A

expression of PfEMP1 variants. Different shapes repre- Ai\(
sent variants encoded by a hypothetical parasite genome b +
(A) or relative numbers of parasites expressing each variant o D)
at four stages in the development of immunity to this ge- o
nome (B-E). Within a naive host (B), the cytoadherence
phenotype of the variant expressed by each parasite lin-
eage determines the relative growth rate of that lineage.
The variant that best maximizes parasite growth (black
triangles) will become dominant. This initial benefit has a
cost because this variant will also be first to stimulate a 05 -
protective antibody response (black Y shapes, C) and is
cleared from individuals who already carry antibodies to it
(D). In these individuals the next most effective variant will
dominate (blue circles). If similar cytoadherence properties
confer a growth advantage in all naive hosts this may
limit the number of variants associated with infections of
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young children. In older children with a well-developed
repertoire of anti-PfEMP1 immune responses (different col-
ored Y shapes, E), antigenic novelty has an advantage over
optimal cytoadherence. (F) Age-corrected regression coef-
ficients, 95% confidence intervals, and p values for the
association between mean fluorescence intensity (MFI) of
1gG binding to the surface of parasite-infected erythrocytes -0.5
and cys2 expression. The eight isolates used for flow cytom-

etry together with their cys2 expression profiles are shown.

See Fig. S6 for raw MFI values.

Association of cys2 with MFI
(Regression coefficient)
o

evidence for elevated expression of cys2 var genes (B = 0.22, 95%
CI0.06,0.38, p = 0.007 and B = 0.15, 95% CI1 0.06, 0.25, p = 0.001,
respectively), but those from patients with severe respiratory dis-
tress (n = 48) did not (B = —0.04, 95% CI —0.15, 0.07, p = 0.509).
This may suggest that the pathophysiology of severe respiratory
distress involves a distinct host—parasite interaction or that the
syndrome is essentially an age-dependent response to disease.

Subgroups of cys2 var Genes Are Differentially Associated with Impaired
Consciousness and Severe Malarial Anemia. To dissect further the
relationship between the severe malaria syndromes and cys2 var
expression we used previously defined subgroups of DBL« tag
sequences. These groups were defined using two different methods.
The first method was based on the two mutually exclusive semi-
conserved motifs, REY and MFK (16, 22). As observed previously,
although 468 cys2 var gene sequence contigs contained MFK and
401 contained REY, these motifs were never found together in the
same sequence (Fisher’s exact test p = 2.2 X 10716). Therefore, cys2
var gene sequences were classified according to whether they
carried REY, MFK, or neither motif. The second method was
based on the observation that DBL« tag sequences fall into groups
that tend not to share polymorphic regions (25). One of these
groups corresponds well with the group A var genes. A collection
of polymorphic blocks from this group can be used to identify group
A var genes with high sensitivity and specificity (25) (Materials and
Methods). We classified cys2 var gene sequences as “group A-like”
if they carried one or more of these sequence blocks. Because MFK
carrying cys2 genes are only found in group A var genes these were
also regarded as a marker for group-A genes, although only a subset
of group A genes carries this motif. In contrast REY motifs are
found in both group A and nongroup A cys2 genes (22).

For each of these four sequence subgroups, we counted the
proportion of sequence tags from each parasite isolate that fell in
that subgroup. To determine whether any of these subclassifications
improved the association signals, we used the four subgroup-
specific expression scores as the dependent variables in four mul-
tiple linear regression models that each considered host age and the
three clinical syndromes simultaneously as explanatory variables.
Results for each explanatory variable are summarized in Fig. 1 C-F
and compared to the results obtained using cys2 alone as the mode
of classification. Although all four cys2 var gene subgroups showed

Warimwe et al.
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a trend toward lowered expression in older children, none did so
more strongly than cys2 genes considered together, but the stron-
gest association was found with cys2 sequences carrying the REY
motif. Impaired consciousness and severe malarial anemia showed
evidence for a differential association with expression of sequences
containing the MFK motif (Fig. 1 D and E). There was no evidence
for an association between MFK-containing sequences and severe
malarial anemia. For severe malarial anemia, the strongest associ-
ation was observed for cys2 sequences containing REY. Thus both
young host age and severe anemia, which tends to occur in the
youngest children, were independently associated with expression
of cys2 sequences carrying the REY motif, suggesting that they may
be measures of a similar component of immunity. In contrast,
expression of the MFK-containing sequences showed an associa-
tion with impaired consciousness. These apparent differential as-
sociations clearly need to be verified in other studies but may be the
result of functional differences between different subgroups of
group A var genes.

The Role ofAntibodies to PFEMP1 in Protection Against Severe Malaria.
We next addressed the question of why cys2 PfEMP1 variants
would be associated independently with young host age and
severe malaria. The model in Fig. 2 suggests a possible expla-
nation that relies on the hypothesis that, in the absence of a
protective immune response, the PFEMP1 variants whose cy-
toadherence characteristics confer the greatest growth advan-
tage to the parasite will dominate the infection. If such PFEMP1
variants also conferred the greatest pathogenicity and because of
their ability to dominate infections, were first to stimulate
protective antibody responses within a naive host, then cys2 var
expression might exhibit an independent association with both
severe malaria and young host age.

In addition, this model would predict that: (i) antibodies to
PfEMP]I, rather than host age per se, are an important determinant
of cys2 var expression; (if) if high pathogenicity is an intrinsic
property of PFEMP1 variants encoded by cys2 var genes, cys2 var
expression will predict severe malaria independently of host age and
carriage of antibodies to PfEMP1; (iii) the restriction of severe
malaria to childhood (i.e., the association between severe malaria
and host age) can be explained directly in terms of parasite cys2 var
expression levels and antibodies to PFEMP1.
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Table 1. Models predicting disease severity while incorporating host age, cys2 var expression, and antibodies to the surface of

parasite-infected erythrocytes at the time of disease

Model Variable Odds ratio 95% Cl p value LR c? test* LR c? test?

1 Host age 0.9 0.76-0.96 0.006 — —

2 cys2 4.5 1.91-10.61 0.0006 12.7, p < 0.0004 —_
Host age 0.9 0.80-1.01 0.08

3 cys2 3.4 1.38-8.23 0.007 22.2, p < 0.0001 1.95, p = 0.16
Host age 0.9 0.81-1.04 0.17
Antibodies to P6921 0.2 0.06-0.58 0.004

4 cys2 4.2 1.76-10.11 0.001 13.3, p < 0.0001 2.28,p=0.13
Host age 0.9 0.81-1.03 0.14
Antibodies to P7148 0.8 0.49-1.38 0.46

5 cys2 2.8 1.12-6.82 0.03 34.6, p < 0.0001 1.08, p = 0.3
Host age 0.9 0.82-1.06 0.3
Antibodies to P7237 0.2 0.07-0.46 0.0003

6 cys2 35 1.43-8.40 0.01 20.0, p < 0.0001 1.05, p = 0.31
Host age 0.9 0.83-1.06 0.31
Antibodies to P7671 0.7 0.56-0.92 0.009

7 cys2 4.4 1.85-10.41 0.001 20.0, p < 0.0001 2.86, p = 0.09
Host age 0.9 0.80-1.02 0.1
Antibodies to P7860 0.2 0.05-0.65 0.009

8 cys2 4.1 1.71-9.79 0.002 22.0, p < 0.0001 1.92,p=0.13
Host age 0.9 0.80-1.03 0.17
Antibodies to P7063 0.5 0.32-0.81 0.005

9 cys2 3.6 1.50-8.73 0.004 22.9, p < 0.0001 2.33,p=0.17
Host age 0.9 0.80-1.03 0.13
Antibodies to P8073 0.1 0.01-0.50 0.01

10 cys2 4.0 1.70-9.63 0.002 15.3, p = 0.0005 1.88,p = 0.17
Host age 0.9 0.81-1.04 0.17
Antibodies to P7542 0.2 0.04-1.57 0.14

Presented are odds ratios, 95% confidence intervals, and p values from multiple logistic regression models testing the independent association of severe
malaria with host age, cys2 expression, and IgG antibody levels (mean fluorescence intensity) to each of eight clinical isolates. In all models severe malaria is the
dependent variable. The relationship between expression of cys2 var genes and severe malaria is examined while controlling for host age alone (model 2) or host
age and IgG antibody levels (models 3-10) as indicated. The parasite used for the flow cytometry IgG antibody assay (P6921, P7148, P7237, P7671, P7860, P7063,
P8073, or P7542) in each model is indicated in the left column. The fit of each of the models is compared to the model with host age alone (model 1) or to the
respective model with cys2 expression and antibody levels only using the likelihood ratio test. The x2 and p values for each test are shown.

*LR 2 test when model is compared to the model with host age as the only explanatory variable.
LR ¢2 test when model is compared to the model with host age removed as an explanatory variable.

To test these predictions, we used a flow cytometry assay on
plasma sampled at the time of disease to measure each child’s IgG
antibody response (acquired as mean fluorescence intensity) to the
surface of erythrocytes infected by each of eight parasite isolates.
PfEMP1 is thought to be the predominant target for this assay (26).
In support of prediction i, there was a negative, age-corrected
association between cys2 var expression and IgG antibody levels
against six of the eight isolates (Fig. 2F and Fig. S5). To test
prediction ii, we used a multiple logistic regression model to test
whether cys2 var expression predicts disease severity independently
of host age. Expression of cys2 var genes was strongly associated
with severe malaria (Table 1, model 2). We then built eight multiple
logistic regression models each predicting disease severity using
cys2 var expression, host age, and IgG antibody levels to one of the
eight parasite isolates as explanatory variables. In all eight models
cys2 var expression predicted severe malaria whereas IgG responses
to the infected erythrocyte surface was negatively associated with
disease severity in six of the eight models (Table 1, models 3-10).
In support of prediction iii, host age was not associated with severe
malaria within these models. All models with cys2 var expression
and IgG antibody responses as explanatory variables were better at
explaining severe malaria than was a model with host age alone.
Finally, when tested using the likelihood ratio x? improvement test,
host age did not improve the fit of each of the eight models with cys2
var expression and IgG antibody responses as explanatory variables
(Table 1, right-hand column).

Overall, these results support the idea that cys2 var genes are both
adapted to infections of immunologically naive children and directly
associated with parasite pathogenicity. Rapid acquisition of immu-
nity to this group of PfEMP1 variants might help explain why

21804 | www.pnas.org/cgi/doi/10.1073/pnas.0907590106

children become less susceptible to severe malaria after relatively
few infections (8).

Discussion

As with other infectious diseases, much discussion has been gen-
erated in the past about whether the malaria parasite population is
structured into strains that have variable virulence (27). PEEMP1
presents us with a scenario in which a repertoire of molecules that
play a central role in the host—parasite interaction, both through
cytoadherence and immunogenicity, appear to be functionally
and genetically differentiated within every parasite genome (13,
28), potentially giving each parasite line the ability to alter its
pathogenicity depending on the combination of selection pressures
experienced within the host (29). However, there is no direct
evidence for links between the structure of the PFEMP1 antigen
repertoire and a role for PFEMP1 in parasite immune evasion and
pathogenicity.

A frequently cited study supporting a link between group A var
expression and parasite virulence is based on the in vitro
selection of a lab-adapted parasite isolate using pooled serum
from semi-immune children (14). The rationale for this exper-
iment was that the surface of parasite-infected erythrocytes from
children with severe malaria had previously been shown to be
more commonly recognized by antibodies from semi-immune
individuals (9, 10). However, in these earlier studies, parasites
from young children without severe disease also had a tendency
to be better recognized by these antibodies, raising the possibility
that group A var genes are merely an antigenically restricted
group of genes associated with low exposure to infection. If some
PfEMP1 variants have a direct role in pathogenicity we would
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predict that the expression of these PFEMP1 variants would be
associated independently with disease severity and young host
age in clinical parasite isolates. This is a question that we have
addressed here.

There is mounting evidence that cys2 var genes (including group
A genes) may encode an antigenically restricted group of PFEMP1
variants (14, 30). Our data further suggest that, relative to other var
genes, expression levels of cys2 var genes are independently asso-
ciated with young host age, low anti-PfEMP1 antibody levels, and
disease severity. The independent association with severe malaria
suggests that this group of PFEMP1 variants may actively contribute
to the pathogenesis of life-threatening disease, rather than passively
reflect the host’s immune status. However, because similar numbers
of cys2 var genes are present in genomes of parasites sampled
worldwide (22) our results beg the question of what initially causes
the switch to PFEMP1 variants encoded by cys2 var genes. We have
explored the hypothesis that, in the absence of a large repertoire of
protective antibodies, PPEMP1 variants that are the most compet-
itive will also confer the greatest pathogenicity to the parasite.
However, this would not explain the actual mechanism of disease
onset, because many children with high cys2 levels did not have
severe malaria. One possibility, suggested previously (19) is that
many children with nonsevere malaria and high cys2 var expression
would go on to get severe malaria if not treated. An alternative
possibility is that high cys2 var expression merely increases the
probability of an event that triggers the onset of severe malaria.

An example of the type of process that may trigger an episode of
severe malaria has previously been suggested for ICAM1, whose
expression is induced by inflammation (31, 32). ICAMI1 induction
could select for parasites expressing PFEMP1 variants that can bind
ICAML. If parasite binding were to lead to more inflammation,
ICAMI1 induction would be increased further. Such a positive
feedback loop could trigger an episode of severe malaria.

The idea that a limited repertoire of antigenic molecules is
associated with severe malaria is attractive because a vaccine that
only needs to target a limited number of PFEMP1 epitopes may be
a practical possibility. However a more sobering explanation for our
data would come from the fact that most cys2 var genes encode long
PfEMP1 molecules (12), meaning they have multiple domains. If
each domain adds a functional component to the molecule, this
would imply that longer PFEMP1 tend to (i) be more versatile in
their ability to bind host cells, but also (if) present more epitopes to
the immune system, increasing their chance of being recognized.
Such an idea is supported by the observation that severe malaria is
associated with multiple binding phenotypes (33).

Nonetheless, cytoadherence phenotypes do appear to be differ-
entially associated with the three major manifestations of severe
malaria in African children (34), suggesting a role for distinct
host—parasite interactions. The contrasting associations between
the MFK motif and impaired consciousness, and the REY motif
with severe malarial anemia and young host age may provide
additional support for a distinction in the host—parasite interactions
in these clinical syndromes. The extent to which this distinction is
driven by functional or antigenic differences between cys2 var genes
with the MFK motif and those with the REY motif remains to be
determined. These results, together with the lack of an association
between cys2 var expression and severe respiratory distress, rein-
force the need to account for clinical syndrome in studies examining
PfEMP1 expression in severe malaria. It is possible that further
consideration of clinical presentation may help explain contrasting
observations in the association between group A var genes and
severe malaria in distant geographical regions (35, 36).

This study had several limitations. First, relatively few patients
with severe malarial anemia were sampled. Future studies are
therefore needed to determine whether the observed associations
hold in regions where a larger proportion of patients have severe
malarial anemia (37). Second, the PFEMP1 antibodies were mea-
sured in plasma collected at the time of disease. These responses do

Warimwe et al.

not provide information about the dynamics of the host response to
the actual parasites causing disease in each patient and cannot
distinguish preexisting responses from those that are developing to
the current infection. Longitudinal cohort studies may help over-
come some of these limitations. Third, our analysis was restricted
to transcription profiles of short sequence tags that contain only
limited information about the var genes from which they were
sampled. The development of new sequencing technologies and
bioinformatics approaches that allow the assembly of whole var
gene sequences from transcriptome data are likely to advance our
understanding of the role of PAEEMP1 in pathogenesis. Finally, what
we have measured are potentially dynamic associations taken at a
single time point. Establishing whether the observed relationships
are stable over space, time, and with changes in malaria transmis-
sion is now a priority.

Materials and Methods

Study Site. The study was carried out at Kilifi District Hospital, situated on the
coast of Kenya. The clinical spectrum of malaria admissions to the hospital have
been described elsewhere (23).

Sample Collection and Clinical Classification of Patients. Following informed
consent, children with a primary diagnosis of malaria and parasitemia of one or
more trophozoites per 100 uninfected erythrocytes were recruited between
August 2003 and September 2007. Because some patients had multiple episodes
over the study period, only parasites and clinical data from the first episode were
used in the analysis. Severe malaria was defined as hospital admission with any of
three main overlapping clinical syndromes previously found to be indicative of
life-threatening disease, i.e., impaired consciousness (Blantyre coma score <5),
severe malarial anemia (Hb concentration <5 g/dL), and severe respiratory dis-
tress (abnormally deep breathing) (23). Patients admitted with none of these
manifestations and those who did not require hospital admission were grouped
as having nonsevere malaria. Patients with comorbidities [cerebrospinal fluid
(CSF) leukocyte count =10 and/or a positive blood culture for bacteremia] were
excluded from the study.

Sampling of Sequence Tags. The methods used to generate DBLa cDNA and
genomic DNA sequence tags have been described elsewhere in detail (16).

Sequence Assembly and Classification. Base calling was performed on the
sequencing reads using Phred software and low-quality ends of the reads were
subsequently clipped using a Perl script we developed (Method S7). A second
script was written to: (a) check that duplicate reads were correctly assembled into
the same contig; (b) exclude sequences that, when translated, encoded a peptide
of fewer than 100 aa long; (c) removed the constitutively expressed var1 se-
quences from the analysis (Method S7); (d) classified the sequences into previ-
ously described groups (16, 25); and (e) counted the number of individual bac-
terial colonies that carried each sequence type.

The MFK/REY grouping system has been described elsewhere (16, 22). A
second classification determined whether, in addition to having two cysteine
residues, the sequences carried exact matches to a collection of 573 14-aa-
sequence blocks within highly polymorphic regions of the sequence. This collec-
tion of sequence blocks were previously found to define a distinct group of
sequences, block-sharing group 1, that carried most of the known group A var
genes (38). Using this approach, 9/10 group A var genes from HB3 and IT4 are
classified as block-sharing group 1-like whereas 0/52 nongroup A genes from
these lines is classified as block-sharing group 1-like (25). This represents a sensi-
tivity of 90% and a specificity of 100% for identifying sequence tags from group
A var genes.

Flow Cytometry. IgG levels (acquired as mean fluorescence intensity) against the
surface of erythrocytes infected by each of eight clinical isolates were determined
for each patient’s plasma collected at the time of disease using flow cytometry as
described elsewhere (39). The clinical isolates were selected on the basis of their
level of cys2 expression. Cys-2 expression levels were high inisolates P6921, P7063,
P7671, and P7148, whereas levels in isolates P7860, P8073, P7542, and P7237 were
negligible (Fig. 2F). For more details, see Method S2.

Statistical Analyses. The number of individual clones carrying each var sequence
type was expressed as a percentage (P) of the total number of clones sequenced
from each parasite isolate. The following analyses were performed on these
percentage expression scores.
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Univariate analysis. Spearman’s rank correlation was used to assess the relation-
ship between cys2 var gene expression and host age (Fig. 1 A and B and Fig. S3)
and PfEMP1 antibodies at the time of disease (Fig. S5). The Mann-Whitney U test
was used to compare expression levels of cys2 var genes between severe and
nonsevere malaria in genomic and ¢cDNA samples from 53 parasite isolates
(Fig. S3).

Multiple linear regression analysis. To allow use of the percentage expression data
in regression analyses the data were transformed by the arcsine transformation
(sin~! V/P) (40). Multiple linear regression models were used to examine the
independent relationship of host age, disease severity, and antibodies to PfEMP1
with cys2 expression (see text and Fig. 2F). These models were run with cys2
expression as the dependent variable and host age, PfEMP1 antibodies, and
disease severity as explanatory variables. Another set of four multiple regression
models with severe malaria classified into the three syndromes and cys2 se-
quences classified into the four subgroups (MFK* REY~, MFK~ REY ™", MFK~ REY~,
and group A-like) were performed (Fig. 1 C-F). Each of the models was run with
the respective cys2 sequence subgroups as the dependent variable and with host
age and severe malaria syndromes as explanatory variables. To allow for the fact
that severe malaria syndromes were often overlapping, each syndrome was
taken as an independent binary variable in the multiple linear regression models.
Bonferroni correction was used to determine a nominal p value for statistically
significant relationships in the multiple linear regression equations for each of
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