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Plasmodium falciparum malaria causes 1–2 million deaths per year. Most deaths occur as a result of complications such as severe anemia and cerebral malaria (CM) (coma). Red cells of children with severe malaria-associated anemia (SMA) have acquired deficiencies in the complement regulatory proteins complement receptor 1 (CR1, CD35) and decay accelerating factor
(DAF, CD55). We investigated whether these deficiencies affect the ability of erythrocytes to bind immune complexes (ICs) and
regulate complement activation. We recruited 75 children with SMA (Hb ≤ 6 g/dL) from the holoendemic malaria region of the
Lake Victoria basin, western Kenya, and 74 age- and gender-matched uncomplicated malaria controls. In addition, we recruited
32 children with CM and 52 age- and gender-matched controls. Deficiencies in red cell CR1 and CD55 in children with SMA were
accompanied by a marked decline in IC binding capacity and increased C3b deposition in vivo and ex vivo. Importantly, these
changes were specific because they were not seen in red cells of children with CM or their controls. These data suggest that the
declines in red cell CR1 and CD55 seen in children with SMA are of physiologic significance and may predispose erythrocytes to
complement-mediated damage and phagocytosis in vivo.
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doi: 10.2119/2007-00093.Owuor

INTRODUCTION
Plasmodium falciparum is an intracellular parasite of humans that is transmitted
by the bite of Anopheles mosquitoes. It is
responsible for 1–2 million deaths per
year, the majority of which occur in subSaharan Africa (1). The invasion and
growth of the parasite in erythrocytes is
a prominent part of the life cycle and is
associated with most of the morbidity
and mortality. Severe anemia is one of
the major complications of infection with
P. falciparum malaria (2). The pathogenesis of this anemia is not understood well.
Although destruction of erythrocytes

takes place by the direct effect of the parasite, the degree of anemia in severe
cases cannot be explained solely on this
basis(3–5). Therefore, uninfected erythrocytes must be affected and destroyed as
well. Several studies have documented
that the life span of uninfected erythrocytes is decreased in persons infected
with P. falciparum and in animal models
(3,4). Earlier studies by Facer et al. (6,7)
reported the presence of C3d on the surface of erythrocytes from children with
malaria. These observations motivated
us to determine whether there is a defect
in the complement regulatory protein
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machinery of red cells in children with
severe malaria associated anemia (SMA).
Red cell complement regulatory proteins protect the cells from autologous
complement attack. Complement receptor 1 (CR1, CD35), decay accelerating
factor (DAF, CD55), and the membrane
inhibitor of reactive lysis (MIRL, CD59)
are erythrocyte surface proteins that
promote the inactivation and binding of
C3b in immune complexes (ICs) (CR1),
promote inactivation of C3b convertases
(CR1 and CD55), and interfere with the
assembly of the membrane attack complex C5b-9 (CD59)(8,9). Red cells are
able to bind C3b-bearing ICs via CR1
and carry them to the liver and spleen
where they are removed from circulation (10,11). Consequently, complement
regulatory proteins may play an important role in protecting red cells from
complement-mediated destruction as a
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result of IC formation and complement
activation that occur during malaria infection (12–15).
We have shown that red cells of children with SMA have decreased levels of
CR1 and CD55 (14,16,17). We hypothesized that these changes could translate
into a decreased functional capacity to
bind ICs and prevent complement deposition, which could result in their increased rate of destruction. To test our
hypothesis we carried out a case-control
study in children with SMA and age and
gender-matched symptomatic uncomplicated malaria controls and determined
their levels of erythrocyte CR1 and
CD55, their erythrocyte IC binding capacity, and the susceptibility of their red
cells to complement deposition in vivo
and ex vivo. As an additional comparison group, we recruited children with
cerebral malaria (CM) and age- and gender-matched symptomatic uncomplicated malaria controls.
MATERIALS AND METHODS
Study Design and Populations
Participants were recruited under a
human use protocol approved by the
Human Use Research Committee, the
Walter Reed Army Institute of Research,
and the National Ethics Review Committee of the Kenya Medical Research Institute. Informed consent was obtained
from all parents or guardians. The study
had a matched case-control design. SMA
cases, defined as children with asexual
P. falciparum parasitemia by Giemsastained thick and thin blood smear and
Hb ≤ 6 g/dL, were recruited from the pediatric ward of the Nyanza Provincial
General Hospital (NPGH), Kisumu,
Kenya, where malaria is holoendemic.
Because CM is uncommon in this area,
CM cases were recruited from the pediatric ward of the Kisii District Hospital
(KDH), as well as from the NPGH. KDH
is located in the highlands of western
Kenya where transmission is seasonal
and, consequently, it receives many more
CM cases than the NPGH(18). CM was
defined as asexual P. falciparum para-

sitemia by Giemsa-stained blood smear
and a Blantyre coma score of ≤ 2(19), lasting at least 30 min if there was a history
of convulsions. Symptomatic uncomplicated malaria controls matched by gender and age ± two months were assigned
to each case at a case:control ratio of 1:1
for SMA and 1:2 for CM, and were identified from the outpatient clinic of the same
hospital where the corresponding case
was recruited. Controls were defined as
children with a normal mental status, a
Hb > 6 g/dL, a Giemsa-stained blood
smear positive for asexual P. falciparum,
and an axillary temperature ≥ 37.5°C. In
the absence of fever, we required two of
the following signs or symptoms: nausea/
vomiting, irritability, poor feeding, myalgias, or headache. General exclusion criteria also included evidence of concomitant serious infections (i.e. meningitis
excluded by lumbar puncture when indicated, pneumonia, sepsis), chronic illness,
or a history of blood transfusion in the
three months preceding enrollment to
avoid the influence of donor erythrocytes
in our measurements.
All children were evaluated in a standardized fashion at enrollment and at
follow-up two months later. If a child
failed to return for follow-up, a field
worker traveled to his/her last known
domicile to determine his/her status.
During follow-up, a blood sample was
obtained once it was confirmed that the
child was asymptomatic and free of parasitemia. If malaria persisted at the first
follow-up visit, the child was re-treated
and re-evaluated two weeks later. Inpatient treatment for malaria consisted of
IV quinine (2) and outpatient therapy
was with artemether/lumefantrine (20).
To compare the results to a normal
population we also present data on a set
of 79 normal individuals 12 to 45 years
of age who were recruited in a recent
cross-sectional study (manuscript in
preparation).
Blood Samples and Smears
Giemsa-stained thick and thin blood
smears, and thin reticulocyte smears
stained with new methylene blue
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(Sigma-Aldrich, St. Louis, MO, USA),
were prepared from capillary blood obtained by finger prick. A 2.5 mL sample
of venous blood was obtained at enrollment and 5 mL at follow-up. Hemoglobin levels were measured from EDTAanticoagulated blood using a hematology
analyzer (Coulter, Hialeah, FL, USA).
The EDTA-anticoagulated blood was
centrifuged and the plasma was stored at
–70°C for use as part of other ongoing
studies. The erythrocyte pellet was
washed once with 50 volumes of Alsevers buffer and a portion resuspended in
the same volume of buffer for storage at
4°C until used. The remaining pellet was
washed with ten volumes of phosphate
buffered saline pH 7.4 (PBS) and resuspended in glycerolyte (50% glycerol,
16 g/L sodium lactate, 300 mg/L KCl,
25 mM sodium phosphate pH 6.8) for
cryopreservation in liquid nitrogen (21).
Flow Cytometric Measurement of CR1
and CD55
Erythrocyte CR1 and CD55 levels
were determined using frozen samples.
In preliminary experiments, we observed no significant effect of freezing
on the level of CR1 or CD55. All primary
antibodies were titered to saturation.
The following primary antibodies were
used in dilutions of 1:20: anti-CR1 clone
E11, anti-CD55 clone IA10, and isotype
controls for each (Becton-Dickinson, Belgium). A secondary FITC-conjugated
goat anti-mouse IgG (Becton-Dickinson)
was used at a dilution of 1:50. Ten μL of
thawed erythrocyte pellet was washed
twice in 1 mL of Alsevers buffer, and resuspended in the same volume of buffer.
Unless otherwise stated, all procedures
were as described previously (16,17).
Flow cytometry was carried out using a
FACScan flow cytometer (Becton-Dickinson, San José, CA, USA). Red cells were
gated on the basis of their forward and
side scatter characteristics using logarithmic amplification. The median fluorescence intensity (MFI) of each sample
was measured using logarithmic amplification. The MFI values for CR1 and
CD55 were normalized to the mean of
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the MFI of the red cell standard using
the formula,
CorrMFIs = MFIs × MFIcmean MFIc

where “CorrMFIs” and “MFIs” are the
corrected and uncorrected sample MFI
respectively, “MFIcmean” is the mean of
all the MFI values of the standard control, and “MFIc” is the MFI of the control
obtained in parallel with the sample. The
number of molecules of CR1 per red cell
was derived from a fluorescence standard curve created using cells with
known CR1 numbers. Red cell anti-CD55
antibody binding capacities (ABC) were
derived from a standard curve created
using beads of known ABC (Bangs Lab,
Fishers, IN, USA).
Preparation of ICs, IC Opsonization,
and IC Binding Capacity
Fifty μL of 49 mg/mL rabbit anti-BSA
(Accurate Chemical and Scientific Corp.,
Westbury, NY, USA) and 3 μL of 5 mg/mL
BSA-FITC (Sigma-Aldrich) were added to
950 μL of RPMI 1640 (Sigma-Aldrich).
This combination was noted to be the
point of equivalence in preliminary experiments. The mixture was incubated at
37°C for 1 h and overnight at 4°C. The
next day, the precipitate was centrifuged
at 10,000g for 10 min. The pellet was
washed twice with RPMI and resuspended in 500 μL of RPMI. The IC preparation was made fresh weekly, aliquoted,
and stored at –20°C.
For IC opsonization, 5 μL of stock IC
was incubated in a total volume of 100 μL
containing 30% AB + serum ± 20 mM
EDTA (negative control) at 37°C for 30
min with constant rocking motion. In the
meantime, 100 μL of Alsevers buffer containing thawed or freshly collected erythrocytes from study participants or from
an aparasitemic standard control was
added to individual wells of a separate
96-well plate. After centrifugation at 500g
for 5 min, the cells were resuspended in
100 μL of plain RPMI1640. This was followed by the addition to separate wells
of IC opsonized with or without EDTA,
or of plain RPMI 1640 (unstained con-

trol). To determine to what extent the opsonized ICs were binding to red cell CR1,
some red cell samples were pre-incubated
with RPMI 1640 containing a 1:20 dilution of chicken anti-CR1 Fab (Accurate)
or an irrelevant chicken Fab prepared
from whole IgY (Accurate) using a Fab
preparation kit (Pierce Biotechnology
Inc., Rockport, IL, USA) followed by the
addition of IC and incubation as above.
Following the incubation with IC, the
erythrocytes were washed twice in 200 μL
of ice cold RPMI1640, resuspended in
PBS containing 1% paraformaldehyde,
and stored at 4°C until acquisition. After
gating, the erythrocyte FITC fluorescence
was measured using logarithmic amplification and the cut off for the positive red
cells was set using the unstained cells.
The percent of positive red cells (IC binding capacity) was calculated based on this
cut off. To control for day-to-day variation, the IC binding capacity was normalized to the mean IC binding capacity of
the red cell standard used throughout
using a formula similar to the one used
for correction of the CR1 and CD55 MFI
(above).
Measurement of Complement
Susceptibility
All centrifugation steps were at 500g
for 5 min. Rabbit polyclonal anti-C3a
(negative control antibody) and anti-C3b
(Accurate) were pre-adsorbed ×3 by
adding a 1:50 dilution of antibody in PBS
to an equal volume of packed prewashed erythrocytes from the normal
standard control. The cells were incubated for 1 h at 37°C with constant rocking followed by centrifugation. The preadsorbed antibody was frozen at –20°C
in single-use aliquots. 100 μL pre-washed
fresh or thawed erythrocytes in Alsevers
buffer was added to wells of a 96-well
plate and resuspended in PBS (baseline
C3b determination) or PBS containing
30% AB + serum ± 20 mM EDTA plus IC
to induce complement activation. The IC
was used at a dilution that induced a
predetermined amount of C3b deposition on standard cells, which in most
cases was 1:20. After incubation for 10

min at 37°C, the cells were washed twice
in PBS and resuspended in 50 μL of preadsorbed rabbit anti-C3b, anti-C3a, or in
PBS (unstained control), and incubated
for 10 min at 37°C. After two washes, the
cells were resuspended in 1:50 anti-rabbit
PE (Sigma-Aldrich) for 30 min at room
temperature, washed twice, resuspended
in PBS. Acquisition was carried out as
above. Red cells with IC deposition
(FITC-positive) were excluded from the
analysis gate. The baseline C3b MFI was
adjusted by subtracting the C3a MFI. To
subtract the baseline C3b contribution
after complement activation with IC, C3b
MFI obtained in samples incubated with
EDTA was subtracted from the C3b MFI
in samples without EDTA.
Statistical Analysis
Statistical analysis was carried out
using SPSS v11.5 (Spss Inc., Chicago, IL,
USA). To compare the clinical parameters
at enrollment or follow-up between cases
and controls or between SMA and CM
cases, we used the paired or independent
samples t-test respectively. For the complement regulatory protein levels, IC
binding capacity, and C3b MFI, the primary comparisons were between cases at
enrollment and follow-up, and between
cases and controls at enrollment. For this,
we used the general linear model (GLM)
to carry out matched one-way analysis of
variance (ANOVA) across the three levels (cases at enrollment and follow-up,
and controls at enrollment) including a
term when appropriate for sample type
(fresh or frozen). Dunnett’s test was used
to adjust for multiple comparisons using
the cases at enrollment as the comparator. To compare controls at enrollment
and follow-up, we used the paired t-test.
Categorical variables were compared
using the Pearson chi-square. All tests
were two-sided with α ≤ 0.05.
RESULTS
Demographics and Clinical
Characteristics of the Participants
The demographic and clinical characteristics of the participants at the time of
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Table 1. Clinical and demographic characteristics of the study groups
Nyanza Provincial General Hospital (NPGH)
Severe Anemia
Variable
Mean age (SD) in months
No. Females (%)
Mean Haemoglobin (SD) g/dL
%Corrected Reticulocyte (SD)d
Mean # Parasites/μL × 10–3 (SD)
Home District (%)
Kisumu
Bondo
Nyando
Siaya
Vihiga
Rachuonyo
Kisii
Kisii Central
Gucha
Otherse
Ethnic group (%)
Luo
Luhya
Abagusii
Othersf

Cases
(N = 75)

Controls
(N = 74)

Kisii District Hospital (KDH)

Cerebral Malaria

Pa
b

Cases
(N = 8)

Controls
(N = 15)

35.9 (15.9)
4 (50)
8.6 (1.6)
1.6 (1.6)
49.5 (46.8)

35.7 (15.7)
8 (53.3)
9.1 (1.3)
1.4 (1.4)
49.2 (24.6)

Cerebral Malaria

P

16.9 (13.7)
34 (45.3)
4.7 (0.9)
1.5 (1.6)
71.1 (27.1)

16.8 (13.3)
33 (44.6)
8.7 (1.5)
1.4 (1.9)
50.4 (32.1)

NS
NS
NAc
NS
0.12

NS
NS
0.45
NS
0.88

30 (40.0)
7 (9.3)
15 (20.0)
12 (16.0)
3 (4.0)
2 (2.7)
0
0
0
6 (8.0)

38 (51.3)
4 (5.4)
5 (6.7)
11 (14.9)
3 (4.1)
4 (5.4)
0
0
0
9 (12.2)

4 (50)
0
0
1 (12.5)
1 (12.5)
0
0
0
0
2 (25)

6 (40)
4 (26.7)
2 (13.3)
1 (6.7)
1 (6.7)
0
0
0
0
1 (6.7)

0
0
0
0
0
0
6 (25)
10 (41.7)
3 (12.5)
5 (20.8)

0
0
0
0
0
0
10 (27.0)
24 (64.9)
2 (5.4)
1 (2.7)

66 (88.0)
6 (8.0)
0
3 (4.0)

65 (87.8)
9 (12.2)
0
0

7 (87.5)
1 (12.5)
0
0

14 (93.3)
1 (6.7)
0
0

1 (4.2)
2 (8.3)
21 (87.5)
0

1 (2.7)
0
36 (97.3)
0

Cases
(N = 24)

Controls
(N = 37)

P

32.2 (20.4)
12 (50)
9.2 (1.8)
1.5 (1.4)
67.7 (76.4)

32.7 (16.8)
19 (51.4)
9.6 (1.7)
1.5 (1.8)
40.4 (60.9)

NS
NS
0.45
NS
0.10

a

All P values were obtained using paired t-test.
NS = Not Significant.
c
NA = Not applicable.
d
Corrected % reticulocyte was calculated as = % reticulocyte × (Subject Hct/Normal Hct) where normal Hct was 35% for age 0 to ≤ 6
months, 33% for age > 6 to ≤ 12 months, 30% for age > 12 to ≤ 24 months, 33% for age > 24 to ≤ 48 months, and 36% for age > 48 months.
e
Other Districts(N) = Budalangi(1), Bungoma(1), Busia(1), Butere-Mumias(2), Homa Bay(3), Kakamega(1), Meru(1), Migori(5), Nandi(2),
Nyamira(4), South Nandi(1), Turkana(1), and Molo(1).
f
Other Ethnic Groups(N) = Kalenjin(1), Nandi(1), and Turkana(1).
b

enrollment are summarized in Table 1.
Consistent with previous observations
(17,22), CM cases tended to be older than
SMA cases (P = 0.001). The corrected reticulocyte counts were similar between cases
and controls at enrollment as well as between SMA and CM cases (P = 0.82). At
follow-up, the mean (SD) corrected reticulocyte count for SMA cases (N = 64) and
controls (N = 61) was 1.6 (2.5) and 1.2 (1.4)
respectively, P = 0.21 by paired t-test. The
same parameter for CM cases (N = 26)
and controls (N = 43) were 1.1 (1.7) and
1.0 (1.0) respectively, P = 0.71 by matched
ANOVA. There were no significant differences between cases and controls in the
distribution of districts of origin (P = 0.23
for SMA cases and controls, and P = 0.10

for CM cases and controls) or in the distribution of ethnic groups (P = 0.46 for SMA
cases and controls, and P = 0.29 for CM
cases and controls). There were five
deaths among patients with SMA (6.7%
mortality) all of which occurred during
the initial hospitalization. There was one
death among the SMA controls (1.3%
mortality) which was due to an episode of
severe diarrhea. One in-hospital death occurred among CM cases recruited at KDH
(4.2% mortality) and no deaths occurred
among CM cases at NPGH.
Levels of Red Cell Complement
Regulatory Proteins CR1 and CD55
SMA cases had lower levels of erythrocyte CR1 and CD55 than their age and
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gender-matched controls at enrollment
(Figures 1A and 1B). These observations
are consistent with our previous findings
(14,17). At follow-up, the CR1 and CD55
levels rebounded above the control levels. The nature of the rebound is not
clear but could not be accounted by the
effect of blood transfusion because it also
was seen among children who did not
receive transfusion. It also could not be
due to reticulocytosis because the corrected mean(SD) reticulocyte count for
SMA cases and controls did not differ at
follow-up, 1.6 (2.5) versus 1.2 (1.4) P =
0.21 by paired t-test. However, the rebound effect is temporary because we
showed in a longer follow-up study that
this difference disappears over time (14).
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ment and also was much lower than that
of corresponding controls. As with CR1
and CD55, we also observed a rebound
effect of IC binding capacity in children
with SMA after treatment. The IC binding capacity of SMA controls did not
change with infection. The IC binding capacity of red cells from children with CM
(Figure 2B) and their controls was low at
enrollment but there was no difference
between the two groups at enrollment or
follow-up. These observations are in
keeping with the changes in CR1 levels
observed (Figure 1). Finally, the IC binding capacity of SMA cases was lower
than that for CM cases at enrollment,
even after adjustment for sample type
(P < 0.001, 95% CI of the mean difference
2.6% to 8.3%). To demonstrate the specificity of our assay, we used chicken antihuman CR1 Fab or EDTA to block binding of C3b-oposonized IC to red cells.
Either reagent resulted in near complete
inhibition of IC binding to erythrocytes,
confirming that most of the IC was binding directly to CR1, and that this binding
was complement-dependent (Figure 3).

Figure 1. CR1 and CD55 expression on red cells of children with SMA, CM, and their age
and gender-matched controls. Data are presented as box plots using all the available
values, where the boundary of the box indicates the values between the 25th and 75th
percentiles, a line within the box marks the median, and the whiskers indicate the 90th
and 10th percentiles. The outlying points are represented as dots. P values for the comparisons between cases at enrollment with cases at follow-up and controls at enrollment are
based on matched analysis using Dunnett’s test for multiple comparisons. P values for the
comparison between controls at enrollment and follow-up are based on a paired t-test.

By contrast (Figures 1C and 1D), children
with CM had similar level of CR1 and
CD55 as their uncomplicated malaria
controls. The level of erythrocyte CR1
and CD55 was significantly lower in children with SMA than in children with CM
upon enrollment (CR1 P = 0.001, 95% CI
of mean difference 47 to 180 CR1 molecules/erythrocyte; CD55 P < 0.001, 95%
CI of mean difference 236 to 620 ABC).
IC Binding Capacity
To determine if the red cell complement regulatory protein deficiencies led
to declines in IC binding capacity, we

measured this parameter in the same
populations. Both fresh and frozen samples were used in these assays. There
were no significant differences in the
proportions of fresh versus frozen samples used between cases and controls or
between enrollment and follow-up (data
not shown) and we found no significant
difference between the IC binding capacity of fresh and frozen samples. However, to control for any effect of the sample type, the final model included a term
for this factor. Figure 2A shows that the
IC binding capacity of erythrocytes from
children with SMA was low at enroll-

Complement Susceptibility
We measured complement deposition
on red cells at baseline and after in vitro
complement activation via the classical
pathway using ICs. We present these results as the C3b MFI of the total red cell
populations in the gate after exclusion of
FITC-positive (IC-bearing) cells. Both
fresh and frozen samples were used in
these assays and therefore, we controlled
for this variable in the final models.
Figure 4A shows the uncorrected values for 233 samples at enrollment. The
baseline C3a MFI is very low compared
with the uncorrected baseline C3b MFI,
suggesting there is very little nonspecific
C3 deposition and low nonspecific reactivity from the anti-C3b antibody. The
corrected baseline C3b MFI presented in
subsequent figures represents the subtraction of the C3a MFI from the uncorrected C3b MFI. By comparison, Figure
4B shows very low reactivity of uncorrected anti-C3a and anti-C3b MFI using
red cells from 79 uninfected asympto-
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Figure 2. IC binding capacity of red cells of children with SMA, CM, and their age and
gender-matched controls. The data represent the percent of red cells with surface IC (IC
binding capacity) when red cells were incubated with opsonized ICs in plain RPMI 1640
without anti-CR1. P values for the comparisons between cases at enrollment with cases
at follow-up and controls at enrollment are based on matched analysis using Dunnett’s
test for multiple comparisons. P values for the comparison between controls at enrollment
and follow-up are based on a paired t-test.

matic individuals of age 12 to 45, further
confirming that the findings in the children in this case-control study are specific. During the activation of C3 with IC
(Figure 4C), inclusion of EDTA resulted
in low MFI, suggesting low C3b deposi-

tion and low non-specific binding of the
IC to the red cells. The final corrected
C3b MFI after IC stimulation was obtained by subtraction of the C3b MFI in
the presence of EDTA from that obtained
in the absence of EDTA.

Figure 3. Effect of EDTA and anti-CR1 on the IC binding capacity of red cells of SMA and
CM cases, and their age and gender-matched controls. Anti-CR1 Fab or total purified
IgY Fab were pre-incubated with red cells prior to the addition of opsonized ICs (Panel A)
or red cells were incubated with ICs opsonized in the presence or absence of EDTA
(Panel B).
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We found that red cells of children
with SMA had higher C3b MFI upon enrollment than that on red cells of children
with uncomplicated malaria (Figure 5A).
Although the red cell C3b MFI was lower
at follow-up than at enrollment for children with SMA, this difference was not
statistically significant. By contrast, there
were no significant differences in red cell
C3b MFI between children with CM and
their controls (Figures 5C). Children with
SMA at enrollment had higher red cell
C3b MFI than children with CM at enrollment (P = 0.02, 95% CI of the mean difference = 0.6 to 8.4).
Upon activation of the complement
cascade via the classical pathway, C3b
deposition was measured as MFI correcting for the baseline C3b deposition.
The enrollment red cell C3b MFI was
higher for children with SMA than for
their controls (Figure 5B). The red cell
C3b MFI for children with SMA
dropped at follow-up but remained unchanged for their controls. On the other
hand, the C3b MFI of red cells from
children with CM did not differ from
that of their uncomplicated malaria controls and did not change significantly
between enrollment and follow-up (Figure 5D). The red cell C3b-MFI after
complement activation was higher for
children with SMA than for children
with CM at enrollment (P = 0.02, 95% CI
for the mean difference = 1.0 to 12.1).
DISCUSSION
Severe malaria-associated anemia is a
complex phenomenon. Multiple pathophysiologic mechanisms have been proposed (23,24). In most cases, as in our series, the erythropoiesis is depressed as
evidenced by an inappropriately low
reticulocyte count. However, because of
the 120-day lifespan of red cells, bone
marrow depression alone cannot account
for this manifestation. Central to the
pathophysiology of this severe anemia is
the destruction of uninfected erythrocytes (5). The mechanism of destruction
remains unclear. Complement activation
is a major suspect because complement
deposition has been observed in red cells
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Figure 4. Uncorrected values for baseline C3a and C3b, and C3b after complement stimulation. A) Baseline C3a and C3b MFI on red
cells of all participants in the case-control study at enrollment. B) Baseline C3a and C3b MFI of normal aparasitemic controls from a
cross-sectional study. C) C3b deposition after complement activation with IC with and without EDTA.

of children with malaria (6,7) and it is
implicated in the removal of senescent
and damaged erythrocytes from circulation (25). Therefore, we have concentrated on studying the complement regulatory protein machinery of red cells.
We reported previously that red cells
of children with SMA have low levels of
CR1 and CD55 and, in addition, have increased surface IgG and increased susceptibility to phagocytosis (16). Because
CR1 and CD55 protect red cells from
complement (C3b) attack, their reduced
levels on red cells could result in
increased C3b deposition at sites other
than CR1 and CD55. We also have
shown that these children have increased levels of circulating ICs (14,15).
Thus, children with SMA have a source
of complement activation and a defect
that may sensitize erythrocytes to
complement-mediated damage. In the
present study, we set out to determine
whether the deficiencies in erythrocyte
complement regulatory proteins are
physiologically relevant. We expanded
the definition of severe anemia to include children with Hb ≤ 6 g/dL in an
effort to detect children earlier in the
path to severe anemia and to enhance

our ability to detect early changes on
erythrocytes prior to their removal from
circulation. In addition, unlike previous
studies of complement deposition on red
cells of children with SMA (26), we included children with CM and their controls to determine the specificity of our
findings.
The declines in the levels of erythrocyte CR1 and CD55 in children with
SMA reported here are similar to the
ones we have reported in previous studies(16,17). This decline is very specific to
SMA because it is not seen in children
with CM. Although the CR1 levels of
CM controls at enrollment are significantly lower than at follow-up, there
was no difference between CM cases
and controls at enrollment (Figure 2).
The high level of statistical significance
for the comparison between CM controls
at enrollment and follow-up is likely a
reflection of the large number of controls. We have proposed that the loss of
complement regulatory proteins is related to the repeated episodes of malaria
attacks that are characteristic of areas of
high intensity malaria transmission
where severe anemia is most common,
such as the Lake Victoria region of west-

ern Kenya (27). With each bout of malaria, ICs are formed and bound to CR1
on red cells. In the liver and spleen, the
ICs are removed by macrophages together with membrane CR1 and possibly
CD55(11,28–30).
Corresponding to the level of CR1,
erythrocytes of children with SMA at enrollment have the lowest IC binding capacity of any group at any time. Although the absolute decline in IC
binding capacity is small (95% CI for difference between SMA cases and controls
at enrollment = 4.9%–9.5%), these
changes represent declines of 25% to 38%
of the median binding capacity. Thus,
red cells of children with SMA have a
significant decline in their ability to bind
ICs. When not bound to red cells, the ICs
can deposit in tissues and on the endothelium where they continue to activate complement and stimulate proinflammatory cytokines (30,31).
To assess the susceptibility of red cells
to C3b deposition, we measured surface
C3b both at baseline and after in vitro
complement activation with IC. Because
our detection antibody was raised
against C3b, we cannot exclude the possibility that it recognizes terminal C3
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Figure 5. C3b deposition on red cells in vivo (panels A and C) and following complement
activation ex vivo via the classical pathway (panels B and D). P values for the comparisons between cases at enrollment with cases at follow-up and controls at enrollment are
based on matched analysis using Dunnett’s test for multiple comparisons. P values for the
comparison between controls at enrollment and follow-up are based on a paired t-test.

components such as C3bi, and C3d,g
also. However, C3b, C3bi, and C3d all
can induce phagocytosis, especially in
the presence of IgG (32–34), which we
have shown to be present on red cells of
children with SMA (16). Red cells of children with SMA had higher C3b deposition than their controls and CM cases,
both at baseline and after complement
activation as measured by C3b MFI. On
the other hand, we saw no difference in
the C3b deposition on red cells of children with CM and their controls.
Our data suggest that the deficiencies
in complement regulatory proteins seen
in the red cells of children with SMA
translate in declines in the IC binding capacity and increases in complement susceptibility both in vivo and ex vivo.

These changes, together with increased
IgG deposition on red cells (16) and upregulation of Fc and complement receptors on macrophages activated by TNF-α
(23,35), are likely responsible for increased destruction of red cells in children with SMA. Further, the striking difference in findings between red cells of
children with SMA and CM, despite similar parasite density, lend more strength
to the hypothesis that the losses in CR1
and CD55 are significant contributors to,
if not directly responsible for, the increased destruction of erythrocytes of
children with SMA.
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