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Background. Heterozygous states of hemoglobin (Hb) A and HbS (HbAS, sickle-cell trait) or HbC (HbAC)
protect against Plasmodium falciparum malaria by unclear mechanisms. Several studies suggest that HbAS and
HDbAC accelerate the acquisition of immunity to malaria, possibly by enhancing P. falciparum—specific antibody
responses.

Methods. We used a protein microarray representing 491 P. falciparum proteins expressed during exoerythrocytic
and erythrocytic stages of the life cycle to test the hypothesis that HbAS and HbAC enhance the P. falciparum—specific
IgG response compared with normal HbAA. Plasma samples were collected from Malian children aged 2-10 years
before and after a 6-month malaria season and were probed against the microarray. Immunoglobulin G (IgG) profiles
of children with HbAA (n = 106), HbAS (n = 15), and HbAC (n = 20) were compared.

Results. Although the magnitude and breadth of P. falciparum—specific IgG responses increased with age and
from before to after the malaria season in each antigen category, Hb type did not independently predict significant
differences in P. falciparum—specific IgG profiles.

Conclusions. These data do not support the hypothesis that HbAS and HbAC protect against malaria by
enhancing P. falciparum—specific antibody responses. It remains possible that HbAS and HbAC protect against
malaria by enhancing antibody responses to antigens not studied here or through other immune mechanisms.

Heterozygous states of normal hemoglobin (Hb) A and
HbS (HbAS, sickle-cell trait) or HbC (HbAC) protect
against Plasmodium falciparum malaria by unclear mech-
anisms, although several possibilities have been suggested
[1-8]. These include poor growth of P. falciparum in
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HDAS red blood cells (RBCs) under conditions of low
oxygen tension [9, 10], accelerated removal of P. falcipa-
rum—infected HbAS RBCs (iRBCs) by splenic macro-
phages [11], and abnormal display of P. falciparum
erythrocyte membrane protein 1 (PfEMP1), the parasite’s
cytoadherence ligand and principal virulence factor, on the
surface of HbAS and HbAC iRBCs [12, 13].

Another not mutually exclusive hypothesis is that
HDbAS and HbAC ‘enhance’ naturally acquired immu-
nity to malaria [14, 15]. Children with HbAS and HbAC
acquire the same level of antimalarial immunity as
HbAA children, but at a younger age. In support of this
hypothesis, Williams et al [16] found that the incidence
of uncomplicated malaria in HbAS children decreases
more rapidly with age, a surrogate for naturally acquired
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immunity in endemic areas, than in HbAA children. That pu-
rified immunoglobulin G (IgG) from malaria-immune adults
can clear high-density parasitemias in children with malaria
strongly indicates that P. falciparum-—specific 1gG is a central
effector of antimalarial immunity [17]. In light of these ob-
servations, early seroepidemiologic studies compared total se-
rum IgG levels between HbAA and HbAS children. These studies
produced inconsistent results, with some reporting similar [18]
or higher [19] IgG levels in HbAS children. The significance
of these findings is unclear, however, because P. falciparum-—
specific IgG responses either were not measured [19] or were
found to be lower in HbAS children [18].

More recently, seroepidemiologic studies have explored the
relationship between HbAS and P. falciparum—specific 1gG lev-
els. Most of these studies have tested 1 of 2 hypotheses: (i) HbAS
and HbAC enhance immunity to malaria by ‘generally’ stimu-
lating 1gG responses to P. falciparum proteins, independent of
the parasite life-cycle stage at which they are expressed; and (ii)
HDbAS and HbAC enhance immunity to malaria by ‘specifically’
stimulating IgG responses to P. falciparum proteins expressed on
the iRBC surface. Investigators believe these specific 1gG re-
sponses are directed to variant surface antigens (VSAs) including
PfEMP1, which is abnormally displayed on the surface of P.
falciparum-infected HbAS and HbAC RBCs [12, 13]. Studies
testing the first hypothesis have produced mixed results, with
some finding higher, similar, or lower P. falciparum—specific IgG
levels in HbAS children [20-25]. These studies are inherently
biased, however, in that IgG specific for relatively few proteins
(eg, CSP, EBA-175, GLURP, MSP1, MSP2, MSP3, or Pf155/
RESA) or fragments thereof has been measured (<0.5% of the
>5000 predicted P. falciparum proteins [26]). Studies testing the
second hypothesis have shown higher IgG titers to VSAs in
HbAS versus HbAA children [25, 27, 28], and more recently in
HbAC versus HbAA children [25]. However, this approach has
not produced consistent findings in different epidemiological
settings [25] and lacks antigen specificity because it assays IgG
reactivity to multiple uncharacterized antigens on the iRBC
surface.

To explore whether HbAS and HbAC enhance the
P. falciparum—specific IgG response, we used a protein microarray
representing ~23% of the P. falciparum proteome (1204 known
and hypothetical proteins) to compare IgG profiles of HbAA,
HDbAS, and HbAC children with lifelong exposure to intense
seasonal P. falciparum transmission. Specifically, we tested
whether HbAS and HbAC enhance the IgG response to: (i) all
P. falciparum proteins on the microarray irrespective of the life-
cycle stage at which they are expressed; (ii) P. falciparum proteins
that are maximally expressed during the erythrocytic stage; (iii)
P. falciparum proteins known or predicted to be expressed on
the iRBC surface; and (iv) P. falciparum VSAs known to be ex-
pressed on the iRBC surface. In testing each hypothesis, we
compared the magnitude (level) and breadth (proportion of

proteins recognized) of IgG responses as surrogates for their
ability to confer protection against malaria.

MATERIALS AND METHODS

Ethics Statement

The Ethics Committee of the Faculty of Medicine, Pharmacy,
and Odontostomatology at the University of Bamako, and the
National Institute of Allergy and Infectious Diseases Institutional
Review Board approved this study. Written, informed consent
was obtained from parents or guardians of participating children.

Study Site

This study was conducted in Kambila, Mali, a small (1 km?)
rural village with a population of 1500 persons where P. fal-
ciparum transmission is seasonal and intense [29, 30]. In May
2006, during a 2-week period just prior to the malaria season,
176 children aged 2-10 years were enrolled in the study after
random selection from an age-stratified census of the entire
village population. Enrollment exclusion criteria were Hb level
<7 g/dL, axillary temperature =37.5°C, acute illness dis-
cernable on examination, or use of antimalarial or immuno-
suppressive medications in the past 30 days. Blood smears and
venous blood samples were collected during the 2-week en-
rollment period and during a 2-week period at the end of the
6-month malaria season. A detailed description of the study
site is reported elsewhere [29].

Blood Samples

We drew venous blood into sodium citrate—containing tubes
(BD Biosciences, Vacutainer CPT) and transported it 20 km to
the laboratory for processing within 3 hours of collection. We
isolated the plasma and stored it at —80°C.

Hemoglobin Type
We used high-performance liquid chromatography (p-10 in-
strument; Bio-Rad) to identify Hb type.

Blood Smears

We stained thick blood smears with Giemsa and counted them
against 300 leukocytes. We recorded P. falciparum densities as
the number of asexual parasites/uL blood, based on a mean
leukocyte count of 7500 cells/pL. Two microscopists evaluated
each smear; a third resolved discrepancies.

Microarray Construction and Antibody Profiling

As described elsewhere [31, 32], we constructed protein micro-
arrays in 4 steps: (1) polymerase chain reaction (PCR) amplifi-
cation of complete or partial P. falciparum open-reading frames,
(2) in vivo recombination cloning, (3) in vitro transcription/
translation, and (4) microarray chip printing. Fluorescently labeled
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anti-IgG was used to detect IgG in plasma samples that reacted to
proteins on the microarray.

Data Management and Analysis

We used STATA (StataCorp, release 10.0) to analyze data. We
used Fisher exact and Wilcoxon rank-sum tests to compare
binary and continuous variables, respectively. We used the
Wilcoxon rank-—sum test identify differential IgG reactivity be-
tween groups. We used a linear regression model to assess the
effect of age, gender, and Hb type on the magnitude and breadth
of IgG responses. We considered 2-tailed P values significant if
=.05, unless correcting for false-discovery rate (FDR), in which
case the Dunn—Bonferroni method was used, setting the level of
significance at P = .0001 (f = o/n, where oo = .05 and n = 491
tests).

RESULTS

Study Population

This study was conducted in Kambila, Mali, because of the sharp
demarcation between the 6-month malaria season, during which
there is intense P. falciparum transmission, and the 6-month dry
season, during which there is little to no P. falciparum trans-
mission [29, 30]. In May 2006, during a 2-week period at the end
of the dry season, we enrolled 176 children aged 2-10 years in
the study after random selection from an age-stratified census of
the village population. At enrollment, 13 children (7.4%) had
asymptomatic P. falciparum infection; we excluded them to
focus on antibodies that persist in the absence of P. falciparum
infection at the end of the dry season. We also excluded children
with HbCC (n = 1) or whose Hb type was not identified
(n = 6). Of the remaining 156 children, microarray data were
available for 141: 106 with HbAA, 15 with HbAS, and 20 with
HbAC. The proportions of children with HbAA (75%), HbAS
(11%), and HbAC (14%) reflect the prevalence of these Hb
variants in this region (Fairhurst et al, unpublished data). The
average age, weight, and gender ratio did not differ by Hb type
(Table 1). Nearly all children irrespective of Hb type had =1
P. falciparum infection during the study (Table 1). As previously

reported, age and HbAS were independently associated with
a decreased risk of malaria in this cohort [29].

The Magnitude and Breadth of the P. falciparum-Specific 1gG
Response Increases With Age and P. falciparum Transmission
We first examined the IgG response with age, a surrogate for
cumulative P. falciparum exposure, and from before to after the
6-month malaria season, irrespective of Hb type. Analyses per-
tain to the 491 P. falciparum proteins to which IgG reactivity
exceeded 2 standard deviations (SDs) above the negative con-
trol. These proteins (Table 1; online only) represent a broad
range of exoerythrocytic- and erythrocytic-stage P. falciparum
proteins and are referred to here as ‘immunoreactive.” Using
plasma collected before the malaria season, we compared the
mean level of IgG reactivity specific for each of the 491 proteins
in children aged 2-5 years with that in children aged 6-10 years
(Figure 1A). IgG reactivity specific for 478 of 491 proteins was
higher in children aged 610 years; IgG reactivity to 126 of these
remained significantly higher after correcting for the FDR (sig-
nificance cutoff P < .0001), a statistical method used to correct
for multiple comparisons. The average number of P. falciparum
proteins to which IgG was detected increased with age (2-5 y:
138 proteins [95% CI, 128-148 proteins]; 6-10 y: 234 proteins
[95% CI, 221-247 proteins]; P < .0001). We compared the
mean level of IgG reactivity specific for each of the 491 proteins
before and after the 6-month malaria season (Figure 1B). IgG
reactivity specific for 490 of the 491 proteins was higher after the
malaria season, and reactivity to 254 of these remained signifi-
cantly higher after correcting for the FDR (significance cutoff
P < .0001). Likewise, the average number of P. falciparum
proteins to which IgG was detected increased from before to
after the malaria season (before: 183 proteins [95% CI, 174-192
proteins]; after: 292 proteins [95% CI, 283-301 proteins];
P < .0001). As previously reported, IgG reactivity specific for
Epstein—Barr nuclear antigen 1 (EBNA-1) printed on the same
microarray did not change from before to after the malaria
season [31]. Taken together, these data provide evidence for
the P. falciparum—specificity of IgG reactivity measured on the
microarray.

Table 1. Characteristics of 141 Aparasitemic Malian Children Aged 2-10 Years by Hemoglobin Type

Characteristic HbAA (n = 106) HbAS (n = 15) P value® HbAC (n = 20) P value®
Age, y (mean = SD) 57*x22 52 *+22 51 6.4 =28 .28
Female sex, no. (%) 53 (50.0) 11 (73.3) 1 9 (45.0) 43
Weight, kg (mean * SD) 18.0 £ 5.4 18.8 = 8.2 .95 19.3 = 6.6 .40
Plasmodium falciparum smear positive 104 (98.1) 13 (86.7) .08 20 (100) 1.00

at least once during the 6-mo
malaria season (May-Dec), no. (%)®

Abbreviations: HbAA, hemoglobin type AA; HbAS, hemoglobin type AS; HbAC, hemoglobin type AC; SD, standard deviation.
@ The characteristics of HbAS and HbAC children were compared with those of HbAA children using Fisher exact tests and Wilcoxon rank-sum tests for binary and

continuous variables, respectively.

© P. falciparum smear positivity detected either during passive surveillance for malaria episodes over the 6-mo malaria season, or by active surveillance during

3 cross-sectional surveys conducted every 2 mo, as previously described [29].
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Figure 1. The magnitude of the Plasmodium falciparum—specific immunoglobulin G (IgG) response increases with age and from before to after the
malaria season. A, Shown is the average IgG reactivity specific for each of the 491 immunoreactive P falciparum proteins measured in plasma collected
before the malaria season from P falciparum—uninfected children aged 2-5 vy (n = 73) and 6-10 y (n = 68). IgG reactivity specific for 478 of the
491 proteins was higher among children aged 6—10y, and reactivity to 126 of these remained significantly higher after correcting for the false-discovery
rate. B, Shown is the average IgG reactivity specific for each of the 491 immunoreactive £ falciparum proteins measured in plasma collected from all
children (n = 141) before and after the 6-month malaria season. IgG reactivity specific for 490 of the 491 proteins was higher after the malaria season,
and reactivity to 254 of these remained significantly higher after correcting for the false-discovery rate. The Dunn—Bonferroni method was used to correct
for the false discovery rate by setting the level of statistical significance at P = .0001 (8 = a/n, where « = .05 and n = 491 tests performed).
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HbAS and HbAC Are Not Associated With Significant
Differences in the Magnitude or Breadth of the

P. falciparum-Specific 1gG Response

Next we tested the hypothesis that HbAS and HbAC generally
enhance P. falciparum—specific IgG responses against a broad
range of exoerythrocytic- and erythrocytic-stage proteins. We
compared the magnitude and breadth of IgG reactivity specific
for the 491 proteins among children with HbAA, HbAS, and
HbAC before and after the malaria season. In comparing 2- to 10-
year-old children with HbAA versus those with HbAS, we found
no significant differences in IgG levels specific for any of the 491
proteins before (Figure 2A) or after (Figure 2B) the malaria
season. Similarly, the average number of P. falciparum proteins to
which IgG was detected did not differ significantly between
HbAA and HbAS children before (HbAA: 184 proteins [95% CI,
174-194 proteins]; HbAS: 169 proteins [95% CI: 138-200 pro-
teins]; P = .44) or after the malaria season (HbAA: 291 proteins
[95% CI, 281-301 proteins]; HbAS: 284 proteins [95% CI, 257—
311 proteins]; P = .83). In comparing 2-10 year-old children
with HbAA versus those with HbAC, we found no significant
differences in IgG levels specific for any of the 491 proteins before
(Figure 2C) or after (Figure 2D) the malaria season. Likewise, the
average number of P. falciparum proteins to which IgG was de-
tected did not differ significantly between HbAA and HbAC
children before (HbAA: 184 proteins [95% CI:174-194]; HbAC:
201 proteins [95% CL:170-232]; P = .98) or after the malaria
season (HbAA: 291 proteins [95% CIL:281-301]; HbAC: 303
proteins [95% CI:274-332]; P = .91). Taken together, these data
do not support the hypothesis that HbAS and HbAC generally
enhance the magnitude or breadth of the P. falciparum—specific
IgG response. Retrospective power analysis indicated that the
minimum difference in antibody reactivity likely to be detected
against the 491 antigens ranges from 28% to 53% for the HbAA
versus HDAC comparison and 31%—60% for the HbAA versus
HbAS comparison at the .05 significance level with 80% power.

HbAS and HbAC Are Not Associated With an Enhanced IgG
Response to P. falciparum Proteins Expressed During the
Erythrocytic Stage

Next we tested the hypothesis that HDAS and HbAC selectively
enhance the IgG response to P. falciparum proteins expressed
during the erythrocytic stages of the P. falciparum life cycle (ring,
trophozoite, schizont, gametocyte) relative to the response to
proteins expressed during the exoerythrocytic stages (sporozo-
ite, merozoite). Because age was a strong predictor of the
P. falciparum—specific 1gG response (Figure 1A), we performed
age-adjusted regression analysis to examine the relationship
among Hb type and IgG responses to P. falciparum proteins
expressed at different life-cycle stages. We grouped the 491
immunoreactive P. falciparum proteins into life-cycle stages at
which they have been found to be maximally expressed (Sup-
plementary Table 1), either at the protein level by mass

spectroscopy (sporozoite, merozoite, trophozoite, gametocyte;
accessed on www.plasmodb.org) [33] or at the RNA transcript
level by Affymatrix (merozoite, ring, trophozoite, schizont, ga-
metocyte; accessed on www.plasmodb.org) [34]. Using mass-
spectroscopic or transcriptional data, we found that Hb type did
not predict the magnitude of IgG responses specific for different
stages of the P. falciparum life cycle before or after the malaria
season (Table 2). Similarly, the number of proteins recognized
within each life-cycle stage before or after the malaria season
(breadth of response) did not differ significantly by Hb type
(Table 3). Of note, the magnitude and breadth of IgG responses
specific for proteins expressed during each life-cycle stage
increased significantly with age (Tables 2 and 3).

HbAS and HbAC Are Not Associated With Enhanced IgG
Responses to P. falciparum Proteins Expressed on the iRBC
Surface

Next we tested the hypothesis that HbAS and HbAC selectively
enhance IgG responses to P. falciparum proteins expressed on
the iRBC surface. In age-adjusted regression analysis, we de-
termined the magnitude and breadth of IgG responses specific
for the 491 proteins for which there is evidence of expression on
the iRBC surface by proteomic analysis [35] or by the presence
of a Plasmodium export element (PEXEL) motif [36] or host-
targeting (HT) signal (Supplementary Table 1) [37]. Whether
classified by proteomic data or the presence of a PEXEL motif or
HT signal, Hb type did not predict IgG levels specific for pro-
teins putatively or known to be expressed on the iRBC surface
before or after the malaria season (Table 2). Likewise, the
number of P. falciparum—encoded iRBC surface proteins rec-
ognized before or after the malaria season did not differ sig-
nificantly by Hb type (Table 3). Again, the magnitude and
breadth of IgG responses specific for P. falciparum proteins
expressed on the iRBC surface increased with age (Tables 2
and 3).

HbAS and HbAC Are Not Associated With Enhanced IgG
Responses to P. falciparum VSAs

Lastly, we tested the hypothesis that HbAS and HbAC selectively
enhance IgG responses to P. falciparum VSAs, namely, members
of the PfEMPI1, RIFIN, STEVOR, and SURFIN families ex-
pressed on the iRBC surface. Of the 491 immunoreactive pro-
teins, 7 PfEMP1, 3 RIFIN, 1 STEVOR, and 2 SURFIN proteins
were represented (Supplementary Table 1). Hb type did not
predict IgG levels specific for VSAs before or after the malaria
season in age-adjusted analysis (Table 2). Furthermore, the
proportion of children with IgG specific for at least 1 protein in
each VSA family did not differ significantly by Hb type in age-
adjusted analysis (Table 3). Consistent with the IgG responses to
other P. falciparum protein categories, the magnitude and
breadth of IgG responses specific for proteins in each VSA family
increased with age (Tables 2 and 3).
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DISCUSSION

We tested the hypothesis that HbAS and HbAC accelerate the
acquisition of humoral immunity to malaria by profiling IgG
responses of Malian children to a diverse array of P. falciparum
proteins expressed at all stages of parasite development in hu-
mans. Because these children were young and lived continuously
in their village, they were actively acquiring malaria immunity
during this study. Accordingly, we found that the magnitude
and breadth of IgG responses specific for 491 P. falciparum
proteins increased with age. We also found that P. falciparum—
specific IgG responses increased from before to after the
malaria season, during which nearly all children experienced
=1 P. falciparum infection. Together these data indicate that
P. falciparum proteins on the microarray are folded adequately
enough to bind at least some proportion of the P. falciparum—
specific IgG repertoire of Malian children, and that the micro-
array can detect expected differences in IgG responses between
different groups of Malian children sampled simultaneously
(younger versus older), or the same group of children sampled
longitudinally (before and after the malaria season). Impor-
tantly, we previously found that IgG responses to P. falciparum
proteins expressed in the high-throughput translation system
correlated with IgG responses to correctly folded recombinant
proteins spotted onto the same microarray [31]. Moreover, in
children of all ages, we detected IgG specific for purified EBNA-1
printed on the same microarray, but we did not observe con-
sistent changes in EBNA-1-specific IgG from before to after the
malaria season [31].

Using this protein microarray, we compared P. falciparum—
specific IgG profiles of children who differed by Hb type. In age-
adjusted analyses, we found that the magnitude and breadth of
IgG responses did not differ among HbAS, HbAC, and HbAA
children either before or after the malaria season. These data
suggest that Hb type does not modulate the acquisition or
maintenance of P. falciparum—specific long-lived plasma cells or
memory B cells—assayed indirectly by measuring IgG levels
before and after the malaria season, respectively. These findings
were made regardless of the life-cycle stage at which parasite
proteins are expressed, or of whether the proteins are expressed
in the interior or on the surface of iRBCs. Our findings differ
from those of Verra et al [25], who found that P. falciparum-—
specific 1gG responses are enhanced in HbAS and HbAC chil-
dren in Burkina Faso. Whereas this conclusion was based on
differences in IgG responses to well-characterized P. falciparum
proteins expressed at different life-cycle stages, relatively few
proteins (CSP, AMALI, EBA-175, MSP1,4, MSP-2) were studied.
Furthermore, this conclusion was supported only by data ob-
tained from children in urban Ouagadougou and not by data
from children residing in nearby rural villages where immunity
is more continuously acquired with age. Most importantly,
age-adjusted analyses were not performed on data obtained

from urban children due to lack of age data on a significant
proportion of them [25].

This study has several strengths that permit a more compre-
hensive assessment of the effect of HbAS and HbAC on the
acquisition of P. falciparum—specific humoral immunity. Im-
portantly, we studied IgG responses to a sufficiently large and
diverse number of P. falciparum proteins to permit analyses of
subsets of P. falciparum—specific IgG responses by life-cycle stage
and subcellular location within iRBCs. In addition, we designed
the study to minimize differences in P. falciparum exposure
between children who differed by Hb type. Specifically, we en-
rolled an age-stratified, randomly sampled population repre-
senting 15% of individuals living in a small community with
no dominant body of water that experiences intense, annual
P. falciparum transmission. Moreover, households of HbAS and
HbAC children were distributed evenly over the study site [29].
Thus children in a given age group differed by Hb type but not
cumulative P. falciparum exposure. Furthermore, the study was
restricted to children without P. falciparum infection before the
malaria season at the time of plasma sampling, thus limiting the
potential confounding effects of concurrent P. falciparum in-
fection and consequent boosting of P. falciparum—specific IgG.

This study also has limitations. First, the expected finding of
a strong association between IgG responses and age might have
confounded the relationship between IgG responses and Hb
type. However, the ages of HbAA, HbAS and HbAC children did
not differ significantly, and in age-adjusted analyses there was no
relationship between P. falciparum—specific IgG responses and
Hb type. Second, we assayed P. falciparum—specific 1gG responses
in a relatively small number of HbAS (n = 20) and HbAC
(n = 15) children. Although HbAS and HbAC children com-
bined represented 25% of the children in the study, a larger
study may have detected more subtle differences in IgG re-
sponses. Third, it is possible that HbAA children who generated
low-titer, nonprotective IgG responses early in life had already
died prior to this study. If true, this may have artificially en-
riched the group of HbAA children for those having higher-titer
and more-broadly reactive IgG responses. Finally, we measured
IgG responses to a limited set of PfEMP1 proteins and other
VSAs, and it is possible that all relevant epitopes of these pro-
teins in particular are not displayed on the microarray. The role
of these proteins in antigenic variation and cytoadherence
strongly implicates them as important targets of naturally ac-
quired immunity to malaria [38—40]. Given the possibility that
PfEMP]I levels are reduced on the surface of HbAS and HbAC
iRBCs in vivo, one might reasonably expect that these Hb var-
iants modulate the acquisition of antibodies to PfEMP1 and
other VSAs, and it will be essential that future studies quantify
IgG responses to substantial numbers of PfEMP1, RIFIN,
STEVOR, and SURFIN protein sequence variants.

It remains possible that HbAS and HbAC protect against
malaria by enhancing antibody responses to antigens not studied
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Figure 2. Hemoglobin S trait (HbAS) and hemoglobulin C trait (HbAC) are not associated with significant differences in the magnitude of the Plasmodium
falciparum—specific immunoglobulin G (IgG) response. Shown is the average IgG reactivity specific for each of the 491 immunoreactive P falciparum proteins
measured in plasma collected before (A) and after (B) the malaria season from P falcjparum—uninfected children aged 2—10 y with either HbAA (n = 106) or
HbAS (n = 15). There was no statistically significant difference in the level of IgG reactivity specific for the 491 proteins between the 2 groups of children
at either time point. Also shown is the average IgG reactivity specific for each of the 491 immunoreactive P falciparum proteins measured in plasma
collected before (C) and after (D) the malaria season from £ falciparum-uninfected children aged 2—10 y with HbAA (n = 106) or HbAC (n = 20). There
was no statistically significant difference in the level of IgG reactivity specific for the 491 proteins between the 2 groups of children at either time point.
The Dunn—Bonferroni method was used to correct for the false discovery rate by setting the level of statistical significance at P = .0001 (8 = o,/n, where
o = .05 and n = 491 tests performed).
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Figure 2 Continued.

here, or by immune mechanisms not measured in this study. For
example, HbAS and HbAC may modulate the quality of anti-
body responses (fine specificity, IgG subclass ratios [41, 42]) or
innate and cellular immune responses. Indeed, Ferreira et al
recently demonstrated in a mouse model that sickle Hb may

suppress the immune-mediated pathogenesis of cerebral malaria
[43].

In conclusion, our data suggest that neither HbAS nor HbAC
significantly enhances the magnitude or breadth of IgG re-
sponses specific for a diverse array of P. falciparum proteins.

HbS and HbC and IgG Response to Malaria e JID 2011:204 (1 December) o 1757



[e 19 UE], o (X2QUIdD( [) HOTIT0T Il  8S/I

Table 2.

by Hemoglobin Type, Age, and Gender

Linear Regression Results for the Magnitude of the Inmunoglobulin G Response Specific for Plasmodium falciparum Antigen Categories Before and After the Malaria Season

P. falciparum

Before malaria season (May)

After malaria season (Dec)

Protein Categories Hb type (AC vs AA)  Hb type (AS vs AA) Age Gender Hb type (AC vs AA)  Hb type (AS vs AA) Age Gender
Merozoite (RNA) —41.9 (5678.9) —140.8(659.1)* 567.6 (87.0) 214.7 (407.0) 386.9 (704.2)° 4.6 (661.8)7 426.2 (89.4)% —264.6(401.9)
P = .9422 P = .8310 P < .0001 P = .5987 P = .5837 P = .9944 P < .0001 P= 5114
Ring (RNA) 54.2 (444.8)% —41.0(506.4)* 315.8 (66.8)* 259.1 (312.7) —6.2 (509.9)* —80.7(479.2)% 343.2 (64.7)% 8.2 (291.0)%
P = .9032 P = .9355 P < .0001 P = .4088 P = .9901 P = .8665 P < .0001 P = 9774
Trophozoite (RNA) 50.2 (400.6)* 39.8 (456.2)* 271.0 (60.2)% 67.6 (281.7)% 194.7 (460.2)° —88.7(432.5)* 266.2 (58.4)* —102.2(262.6)°
P = .9004 P = .9305 P < .0001 P = .8105 P = .6728 P = .8377 P < .0001 P = .6978
Schizont (RNA) 38.7 (420.4)° —51.8 (478.7) 355.2 (63.2)° 113.7 (295.6)% 2.9 (500.5)* —192.8(470.3) 333.1 (63.6)* —119.6(285.6)°
P = .9266 P=.9138 P < .0001 P=.7010 P = 9952 P = .6824 P < .0001 P = .6760
Gametocyte (RNA) —72.8 (385.7)° 123.6 (439.2)* 312.4 (58.0) 170.5 (271.2)* —82.5 (456.7)* 18.3 (429.1)* 284.1 (58.0) —9.9(260.6)*
P = .8504 P = 7787 P < .0001 P = .56304 P = .8567 P = .9659 P < .0001 = .9694
Sporozoite (protein) 31.5(388.4)7 82.7 (442.2)2 300.4 (58.4)% 175.7 (273.1)° 19.0 (450.0)® —77.7(422.8)% 332.1 (57.1)2 —24.7(256.8)°
P = .9353 P = .8518 P < .0001 P = .5209 P = .9662 P = .8545 P < .0001 P=.9234
Merozoite (protein) —123.0 (443.2)* —22.4 (504.6) 445.4 (66.6)° 146.7 (311.6)° —6.6 (524.4)7 —13.6(492.8)% 405.4 (66.6)* —60.6(299.2)°
P=.7818 P = .9645 P < .0001 P = .6384 P = .9899 P = 9778 P < .0001 P = .8396
Trophozoite (protein) 65.4 (416.7)% 130.4 (474.5)° 321.3 (62.6)* 145.4 (293.0)° 211.8 (498.9)° 104.3 (468.8)° 303.3 (63.3)* —55.0(284.7)°
P = .8754 P = .7838 P < .0001 P = .6204 P=.6718 P = .8242 P < .0001 P = .8468
Gametocyte (protein) 21.0 (383.0)? 134.8 (436.1)° 253.0 (57.6) 152.4 (269.3)° 100.9 (447.8)° —71.2(420.8)* 238.0 (56.9)* —10.6(255.5)°
P = .9562 P = 7576 P < .0001 P = 5722 P = .8220 P = .8658 P < .0001 P = .9669
PEXEL or HT —279.2 (640.6)% —207.0 (729.3)% 586.0 (96.3)* 113.1 (450.4)% —225.4 (837.9)% 27.4 (787.4)° 480.0 (106.4)*  —457.1(478.1)°
P = .6635 P = 7769 P < .0001 P = .8020 P =.7883 P = 9722 P < .0001 P = .3410
RBC surface expression —54.5 (540.7)* —126.1 (615.7)° 373.8 (81.3)° 164.5 (380.2)° 88.2 (695.5)* 95.9 (653.6)° 253.9 (88.3)° —112.3(396.9)*
P=.9197 P = .8379 P < .0001 P = .6658 P = .8992 P = .8835 P = .0047 P = 7776
PFEMP1 —24.0 (567.2)7 —83.7 (645.8) 410.7 (85.3)% 494.0 (398.8)* —561.3 (816.1)* —447.2(766.9)7 509.0 (103.7)% 165.1 (465.7)°
P = .9663 P = .8970 P < .0001 P=.2175 P = .4929 P = .5608 P < .0001 P=.7235
RIFIN —22.9 (655.5)° —642.7 (746.4)° 355.9 (98.5)* 275.7 (460.9)* —222.0 (973.5)° —953.4 (914.8)° 211.0 (123.6)° 45.5 (555.5)°
P=.9721 P = .3907 P = .0004 P = .6507 P = .8199 P = .2993 P = .0906 P = .9348
STEVOR —58.1 (866.8)° 75.5 (986.9)% 843.6 (130.3)*  1240.9 (609.4)? —282.8 (1364.9)° —1898.7 (1282.6)*  1247.8 (173.4° 1173.9 (778.9)7
P = .9466 P = .9390 P < .0001 P = .0436 P = .8361 P=.1413 P < .0001 P=.1343
SURFIN —37.7 (295.6)7 —431.5 (336.6)° 383.8 (44.4)° 151.0 (207.8)* —375.9 (413.0° —354.5 (388.1)* 399.7 (52.4) —145.2(235.7)*
P = .8986 P = .2020 P < .0001 P = .4686 P = .3645 P = .3628 P < .0001 P = .5390

Abbreviations: Hb, hemoglobin; PEXEL, Plasmodium export element; HT, host-targeting signal.

@ Regression coefficient.
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Table 3. Poisson Regression Results for the Breadth of the Inmunoglobulin G Response Specific for Plasmodium falciparum Antigen Categories Before and After the Malaria Season
by Hemoglobin Type, Age, and Gender

P. falciparum

Before malaria season (May)

After malaria season (Dec)

protein categories Hb type (AC vs AA) Hb type (AS vs AA) Age Gender Hb type (AC vs AA) Hb type (AS vs AA) Age Gender
Merozoite (RNA) 0.0281 (0.1389) —0.0495 (0.2051)*  0.1323 (0.0221)°  0.0582 (0.1096)*°  0.0623 (0.1032)° 0.0518 (0.0919)°  0.0554 (0.0146)*  0.0309 (0.0677)®
P = .8394 P = .8090 P < .0001 P = 5952 P = 5461 P = 5727 P = .0002 P = .6478
Ring (RNA) —0.0055(0.1607)  —0.0282(0.2358)*  0.1347 (0.0263)*  0.0263 (0.1278)*  0.0617 (0.1076)® 0.0309 (0.1105)*  0.0709 (0.0169)*  0.0119 (0.0781)®
P = .9726 P = .9047 P < .0001 P = .8369 P = .5662 P =779 P < .0001 P = .8782
Trophozoite (RNA) 0.0669 (0.1625)*  —0.0252(0.2198)°  0.1311 (0.0258)*  0.0603 (0.1267)*  0.0917 (0.1305)* 0.0171 (0.1128)*  0.0732 (0.0180)*  0.0375 (0.0829)°
P = .6803 P = .9086 P < .0001 P = .6342 P = .4821 P = .8791 P < .0001 P = .6509
Schizont (RNA) 0.0159 (0.1404) 0.0196 (0.1974)  0.1151 (0.0246)°  0.0283 (0.1175)*  0.0391 (0.1196)* 0.0201 (0.1137)*  0.0565 (0.0172)*  0.0360 (0.0797)°
P = .9095 P =.9208 P < .0001 P = .8091 P = .7433 P = .8596 P =.0010 P = .6515
Gametocyte (RNA) 0.0339 (0.1731)*  —0.0235(0.2197)°  0.1283 (0.0279)*  0.0637 (0.1364)°  0.0281 (0.1378)° 0.0209 (0.1195)*  0.0690 (0.0194)*  0.0402 (0.0914)°
P = .8445 P= 9146 P < .0001 P = .6403 P = .8383 P = .8606 P = .0004 P = .6601
Sporozoite (protein) 0.0021 (0.1638)* 0.0401 (0.2228)*  0.1307 (0.0259)*  0.0381 (0.1267)*  0.0345 (0.1337)? 0.0031 (0.1219)*  0.0777 (0.0180)*  0.0231 (0.0838)*
P = .989%4 P = .8568 P < .0001 P = .7634 P = .7958 P = .9795 P < .0001 P = .7822
Merozoite (protein) —0.0001(0.1722)7  —0.0431(0.2481)*  0.1341 (0.0277)* 0.0641 (0.1352)*  0.1121 (0.1251)? 0.0596 (0.1167)*  0.0866 (0.0184)*  0.0630 (0.0846)°
P = .9993 P = .8618 P < .0001 P = .6352 P = .3701 P = .6090 P < .0001 P = .4559
Trophozoite (protein) 0.0464 (0.1579)*  —0.0359(0.2353)°  0.1417 (0.0272)*  0.0634 (0.1320)>  0.0919 (0.1292)* 0.0911 (0.1202)*  0.0750 (0.0188)*  0.0376 (0.0857)°
P = .7685 P = .8785 P < .0001 P = .6307 P=.4764 P = .4485 P < .0001 P = .6605
Gametocyte (protein) 0.0441 (0.15699)*  —0.0002(0.2016)®  0.1208 (0.0264)*  0.0336 (0.1291)*  0.0539 (0.1297)° 0.0179 (0.1171)*  0.0593 (0.0187)*  0.0401 (0.0859)°
P = .7828 P = .9988 P < .0001 P = .7943 P = 6775 P = .8780 P = .0015 P = .6399
PEXEL or HT —0.1720 (0.0969)* —0.0828 (0.1756)*  0.1261 (0.0180)°  0.0566 (0.0798)*  0.0166 (0.0517)° 0.0154 (0.0493)*  0.0393 (0.0082)*  0.0102 (0.0359)
P = .0761 P = .6371 P < .0001 P = 4778 P = .7478 P = 7543 P < .0001 P = .7756
RBC surface expression —0.0013 (0.1119)® —0.0656 (0.1719)  0.1055 (0.0184)®  0.0334 (0.0873)  0.0809 (0.0794)? 0.0098 (0.0636)°  0.0423 (0.0106)*  0.0013 (0.0479)°
P = .9902 P = .7027 P < .0001 P=.7014 P = .3081 P = .8769 P < .0001 P=.9778
PFEMP1 —0.1133 (0.0612)% 0.0120 (0.0696)*  0.0273 (0.0092)  0.0375 (0.0430) 1.2583 (0.8244)* —0.2486 (1.1789)* —0.5315 (0.2134)* —0.6306 (0.7596)*
P = .0662 P = .8629 P = .0035 P = .3838 P=.1269 P = .8329 P=.0127 P = .4064
RIFIN 0.4726 (0.6521)2 0.0903 (0.7342)* —0.2604 (0.1119) —0.5155 (0.4955)® —1.2313 (4.5039)7 —1.5210 (5.9891)7 —0.2858 (0.1514)° —1.4801 (1.1431)?
P = .4686 P =.9021 P =.0199 P = .2981 P =.9723 P = .9689 P = .0255 P = .1953
STEVOR 0.4189 (0.7201)2 1.3505 (0.7537)° —0.8246 (0.1509)" —0.0527 (0.4779)° —0.3866 (0.9531)" 0.1751 (0.9150* —0.9603 (0.2290)*  0.0006 (0.5753)*
P = 5607 P = .0731 P < .0001 P= 9121 P = .6850 P = .8482 P < .0001 P = .9990
SURFIN —0.3894 (0.6310° —0.0056 (0.6496) —0.5354 (0.1023)* —0.2299 (0.4080)° —1.8858 (1.1321) —1.1453 (0.9089)" —0.6083 (0.1422)° —0.0140 (0.4812)*
P = 5371 P = .9930 P < .0001 P = 5729 P = .0957 P = .2076 P < .0001 P = .9766

Abbreviations: Hb, hemoglobin; PEXEL, Plasmodium export element; HT, host-targeting signal.

@ Regression coefficient.



Further studies are needed to better understand the relationships
among HbAS, HbAC, and acquired immunity to malaria.
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