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Fc gamma receptor IIIA (CD16/Fc�RIIIA) on monocytes/macrophages may play an important role in the
pathogenesis of severe malarial anemia (SMA) by promoting phagocytosis of IgG-coated uninfected red cells
and by allowing the production of tumor necrosis factor alpha (TNF-�) upon cross-linking by immune
complexes (ICs). However, not much is known about the differential expression of this receptor on monocytes
of children with severe malaria and uncomplicated malaria. Therefore, we investigated the expression of
CD16/Fc�RIIIA on monocytes of children with SMA, cerebral malaria (CM), and their age-matched uncom-
plicated malaria controls by flow cytometry. Since CD14low (CD14�) monocytes are considered more mature
and macrophage-like than CD14high (CD14��) monocytes, we also compared the level of expression of
CD16/Fc�RIIIA according to the CD14 level and studied the relationship between CD16/Fc�RIIIA expression
and intracellular TNF-� production upon stimulation by ICs. CD16/Fc�RIIIA expression was the highest
overall on CD14� CD16� monocytes of children with SMA at enrollment. At convalescence, SMA children were
the only ones to show a significant decline in the same parameter. In contrast, there were no significant
differences among groups in the expression of CD16/Fc�RIIIA on CD14�� CD16� monocytes. A greater
percentage of CD14� CD16� monocytes produced TNF-� upon stimulation than any other monocyte subset,
and the amount of intracellular TNF-� correlated positively with CD16/Fc�RIIIA expression. Furthermore,
there was an inverse correlation between hemoglobin levels and CD16/Fc�RIIIA expression in children with
SMA and their controls. These data suggest that monocytes of children with SMA respond differently to
Plasmodium falciparum infection by overexpressing CD16/Fc�RIIIA as they mature, which could enhance
erythrophagocytosis and TNF-� production.

Severe malarial anemia (SMA) and cerebral malaria (CM)
are two of the most serious manifestations of Plasmodium
falciparum malaria and are important causes of childhood mor-
tality and morbidity in sub-Saharan Africa. However, the
pathogenesis of these complications remains unclear. A better
understanding of the factors involved in the pathogenesis of
severe malaria is essential for the identification of at-risk pop-
ulations and the development of effective prophylactic and
therapeutic measures.

There is abundant evidence to suggest that destruction of
uninfected red cells plays an important role in the development
of SMA. Uninfected red cells of humans and mice infected
with P. falciparum or rodent malaria have a reduced life span
(26, 27, 48), and the life span is more reduced in patients with
splenomegaly (26), a common finding in children with SMA.
Uninfected erythrocytes can continue to be removed from cir-
culation even following malaria treatment, suggesting that this
phenomenon is not due to their continued invasion and rup-
ture by parasites (27). A mathematical model suggested that

for each lysed infected erythrocyte, a further 8.5 uninfected
erythrocytes are destroyed (19). Erythrophagocytosis by mac-
rophages in the spleen and liver is the most likely mechanism
responsible for excessive destruction of uninfected red cells,
since it is a common finding in these organs in patients who die
from malaria (28, 56).

Fc-gamma receptors (Fc�Rs) on macrophages may play an
important role in the pathogenesis of severe malaria by medi-
ating phagocytosis of red cells and triggering the production of
proinflammatory cytokines. Three different classes of Fc�Rs
have been found on human leukocytes, differing in their cel-
lular distribution, function, and affinity for IgG subclasses (44,
47). Fc�RIII exists in two isoforms, Fc�RIIIA and Fc�RIIIB.
The latter is expressed only on polymorphonuclear leukocytes
(47). Fc�RIIIA has little affinity for monomeric IgG but binds
polymeric IgG and immune complexes (ICs) efficiently (44,
47). The interaction of ICs with Fc�RIIIA expressed on mono-
cytes/macrophages leads to their activation and triggers various
effector functions, such as phagocytosis and secretion of proin-
flammatory cytokines, such as tumor necrosis factor alpha
(TNF-�) (44), which has been linked to the pathogenesis of
severe malaria (8). Children with severe P. falciparum malaria
have relatively high levels of ICs (29, 30, 52), and red blood
cells of children with SMA have increased surface IgG (52).
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The antigens in these ICs are released by the parasites into the
culture media or into the circulation (4, 5, 43). Some of these
antigens, such as erythrocyte binding antigen 175 (EBA-175),
merozoite surface protein 1 (MSP-1), or ring surface protein 2
(RSP2), can bind to the surface of red cells either passively or
during aborted invasions (5, 24, 35). In the case of RSP2, it was
shown that antibodies against it can promote phagocytosis of
uninfected red cells and erythroid precursors (24). Therefore,
children with severe malaria have the immunological environ-
ment that could trigger Fc�R-mediated effector mechanisms
resulting in increased erythrophagocytosis and production of
proinflammatory cytokines.

Debets et al. (1988) (11) demonstrated that TNF-� secretion
by monocytes after Fc�R cross-linking varied considerably
from one individual to another. Furthermore, clearance half-
times of IgG-sensitized red cells were dissimilar in patients
with acute P. falciparum malaria and directly correlated with
hematocrit values (18, 25), indicating that Fc�R-mediated
clearance of uninfected erythrocytes may be important in the
development of severe anemia in P. falciparum malaria. The
heterogeneity of responses to stimulatory signals among mono-
cytes from different individuals suggests the possibility that
those individuals with responses leading to enhanced eryth-
rophagocytic activity and/or production of high levels of
TNF-� may be more susceptible to the development of severe
malaria. This heterogeneity may arise from factors such as the
presence of polymorphic variants of Fc�R that differ in the
efficiencies of their signal transduction cascades, affinities for
ICs, or levels of expression. A number of polymorphisms of
Fc�RIIA and Fc�RIIIA have been identified that influence the
binding affinity for IgG and their subclass specificity (13, 21, 22,
59, 60).

Another possible explanation for the diversity of response to
Fc�R engagement is the composition and maturation profile of
the monocyte population. Different monocyte subpopulations
with distinct phenotypic and functional properties have been
found in the human peripheral blood based on the level of
expression of the lipopolysaccharide (LPS) receptor CD14
(CD14low [CD14�] or CD14high [CD14��]) and the presence
or absence of the CD16/Fc�RIIIA receptor (53). In vitro stud-
ies have shown that cells with the CD14� CD16� phenotype
are derived from the more common CD14�� CD16� blood
monocytes by maturation that includes upregulation of CD16
and downregulation of CD14 (1). There is also an intermediate
monocyte phenotype that expresses CD16 and is strongly pos-
itive for CD14 (CD14�� CD16�) (61). The fourth monocyte
subset, CD14� CD16�, is known to be a precursor subpopu-
lation for dendritic cells (61). The CD14� CD16� monocyte
subpopulation has been shown to be more proinflammatory, as
evidenced by higher production of TNF-� than that of
CD14�� CD16� monocytes (2). Therefore, the balance be-
tween the different subpopulations of monocytes may be an
important determinant of the response to stimulatory signals
and the outcome of any infection.

Despite the importance of Fc�RIIIA in determining the
immunological response to IC-mediated stimulation, very little
is known about the contribution of this receptor to the patho-
genesis of severe malaria. Therefore, the purpose of this study
was to determine if there are differences in the expression
patterns of CD16/Fc�RIIIA between the different monocyte

subpopulations, defined by their CD14 levels among children
with SMA, CM, or uncomplicated malaria, that could explain
differential susceptibility to malaria complications.

MATERIALS AND METHODS

Patients and study design. Participants were recruited under a human use
protocol approved by the Human Use Research Committee of the Walter Reed
Army Institute of Research, Silver Spring, MD, and the National Ethics Review
Committee of the Kenya Medical Research Institute, Nairobi, Kenya. 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 as determined by Giemsa-stained thick and thin blood smears and a
hemoglobin (Hb) level of �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 receives many more CM cases than the NPGH
(16). CM was defined as asexual P. falciparum parasitemia by Giemsa-stained
blood smear and a Blantyre coma score of �2 (31), lasting at least 30 min if there
was a history of convulsions. Uncomplicated malaria controls matched by age �2
months were assigned to each case at a case-control ratio of 1:1 for SMA and 1:1
to 1:2 for CM and were identified from the outpatient clinic of the same hospital
where the corresponding case was recruited. Uncomplicated malaria controls
were defined as children with a normal mental status, an Hb level of �6 g/dl, a
Giemsa-stained blood smear positive for asexual P. falciparum, and an axillary
temperature of �37.5°C. In the absence of fever, we required two of the follow-
ing 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, and sepsis), chronic illness, or a history of blood transfusion in the
3 months preceding enrollment to avoid the influence of donor red cells in our
measurements.

All study participants were evaluated in a standardized fashion at enrollment
(visit 1) and at follow-up 2 months later (visit 2). 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 reevaluated 2 weeks later. Inpatient treatment for malaria con-
sisted of intravenous quinine, and outpatient therapy was with artemether/lume-
fantrine (23).

Blood collection and processing. Giemsa-stained thick and thin blood smears
were prepared from capillary blood obtained by finger prick. A 2.5-ml sample of
venous blood was obtained at enrollment and 5.0 ml at follow-up. The blood was
aliquoted into collection tubes containing sodium heparin or EDTA (Becton-
Dickinson, San Diego, CA). EDTA-anticoagulated blood was used for determi-
nation of complete blood count using a hematology analyzer (Coulter, Hialeah,
FL). Samples were kept at 4°C until arrival in the laboratory, where a single
investigator blinded to the clinical status of the participants processed all the
specimens. Heparinized blood was used to obtain plasma for storage at �80°C
and for in vitro stimulation and flow cytometry.

Preparation of ICs. Bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO) and rabbit anti-BSA IgG antibody (Sigma-Aldrich) were made endotoxin
free by passage through endotoxin-removing gel (Thermo Fisher Scientific,
Rockford, IL). ICs were prepared as previously described (40), by mixing the
endotoxin-free BSA and rabbit anti-BSA in an antigen/antibody ratio of 1:163
(wt/wt) in order to obtain precipitating complexes at the point of antigen-
antibody equivalence. The reaction mixture was incubated at 37°C for 1 h and
thereafter at 4°C overnight. The formed ICs were centrifuged at 10,000 rpm for
10 min at 4°C, and the supernatant was discarded. The ICs were washed three
times by resuspending them in sterile phosphate-buffered saline (PBS). A 10-�l
aliquot of the ICs was dissolved in 90 �l of 0.1 N NaOH prior to determination
of the protein concentration by UV spectrophotometry against a known protein
standard. The IC was aliquoted in volumes of 30 �l and stored at �70°C.

Detection of CD16/Fc�RIIIA on monocytes from whole blood. All staining
procedures were carried out in 96-well U-bottom plates (Nunclon, Denmark),
and all incubations were at 4°C for 30 min. Fifty microliters of heparinized whole
blood was added to each of five wells, and the cells were then washed twice with
cold wash buffer (PBS [pH 7.2] containing 1% BSA). For direct fluorescence
staining, a panel of directly conjugated antibodies (Becton-Dickinson, Belgium)
consisting of a combination of peridinin chlorophyll protein (PerCP)-conjugated
anti-CD14 (clone M�P9) and fluorescein isothiocyanate (FITC)-conjugated
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anti-CD16 (clone 3G8) or FITC-conjugated IgG1 isotype control (clone MOPC-
21) was used at 1:10 dilutions in PBS. The erythrocytes were lysed in 200 �l of
lysis solution (NH4Cl [1.5 mM], NaHCO3 	100 mM], and Na2EDTA [10 mM])
for 3 min on ice three times. Following lysis of the erythrocytes, the leukocytes
were washed and then fixed in 150 �l of 1% paraformaldehyde and stored in the
dark at 4°C until acquisition within 24 h of staining.

In vitro whole blood stimulation and intracellular TNF-� staining. Fifty-
microliter aliquots of each heparinized blood sample was added to 100 �l of
serum-free RPMI 1640 (Sigma-Aldrich) and incubated in a 96-well flat-bottom
tissue culture plate (Costar, Cambridge, MA) with 50 �g/ml of endotoxin-free
BSA–anti-BSA immune complex in the presence of brefeldin A (BA) (Sigma-
Aldrich) or with BA and no IC (unstimulated control) for 4 h at 37°C in an
atmosphere containing 5% CO2. Other control stimuli included 1 �g/ml of
Escherichia coli 055:B5 LPS (Sigma-Aldrich) and IgG anti-BSA at 50 �g/ml. The
final volume in each well was 150 �l, and the concentration of BA in the culture
was 10 �g/ml. At the end of the incubation period, the cells were directly stained
with a combination of PerCP-conjugated anti-CD14 (clone M�P9) and FITC-
conjugated anti-CD16 (clone 3G8) as described above. After surface labeling,
the cells were subsequently incubated with 100 �l of 1% saponin in wash buffer
(PBS [pH 7.2] containing 1% BSA, 0.1% sodium azide) containing a 1:10 dilu-
tion of one of the following: phycoerythrin (PE)-conjugated anti-TNF-� (Clone
Mab11), PE-conjugated IgG1 isotype control (Clone MOPC21), or no antibody
for 30 min at 4°C. The stained cells were washed once using cold wash buffer,
fixed in 150 �l of 1% paraformaldehyde, and stored in the dark at 4°C until
acquisition within 24 h of staining.

Flow cytometric analysis. For each sample, a total of 40,000 events were
acquired and analyzed with the Win FCM and EXPO version 2 software pack-
ages (Applied Cytometry Systems, Sheffield, United Kingdom). Monocytes were
identified and gated on a plot of side scatter (SSC) versus anti-CD14 FITC (Fig.
1A) and additionally by their staining pattern with anti-CD16 in combination
with anti-CD14 (Fig. 1B). The regions associated with CD16� monocytes were
analyzed for the level of expression of this marker. In addition, all subpopula-
tions were analyzed for intracellular TNF-� production in response to IC stim-
ulation. Expression data are presented as the median fluorescence intensity

(MFI) of the population or as the percent positive cells from the total gated
monocytes.

Statistical analysis. Statistical analysis was performed using SPSS for Win-
dows, version 11.5, software (SPSS Inc., Chicago, IL). Statistical differences of
continuous numerical data between enrollment and follow-up values or between
matched cases and controls were determined using the general linear model
(GLM), a one-way analysis of variance procedure, with matching. Statistical
differences between SMA cases, CM cases, and CM controls were explored using
GLM with Dunnett’s test for multiple comparisons using SMA cases as a refer-
ence. Parasite densities were log10 (parasite density � 1) transformed to nor-
malize the data prior to statistical analysis. The Mann-Whitney U test or the
independent-samples t test was used to identify statistical differences between
any two unrelated groups. Pearson’s correlation was used to examine the rela-
tionship between any two variables. All tests were two-tailed with � values of
�0.05.

RESULTS

Patient population. Sixteen CM cases and 41 SMA cases
were enrolled and matched to 25 and 40 uncomplicated ma-
laria controls, respectively. The demographics and hemoglobin
levels of these children are summarized in Table 1. In keeping
with previous reports (51, 57), children with cerebral malaria
were older than children with severe malarial anemia. There
was no significant difference in parasite density between cases
and controls or between SMA and CM cases.

Monocyte subsets and expression of CD16/Fc�RIIIA. Chil-
dren with SMA had higher concentrations of leukocytes,
monocytes, and monocyte subpopulations at enrollment than
other groups (Table 2), but these differences disappeared when
expressed as percentages. SMA cases, SMA controls, and CM
cases all showed a significant increase in the proportion of
CD16� monocytes at enrollment compared to convalescent-
phase levels, the majority of which were of the CD14�� phe-
notype. Only SMA cases and SMA controls showed significant
elevation in the concentration of CD14� CD16� monocytes at
enrollment compared to that at convalescence.

Due to a concern that endogenous ICs could block the
anti-CD16 antibody, we carried out in vitro experiments to
confirm that the range of IC concentration found in children
with severe malaria (29, 30) did not result in significant inhi-
bition of this antibody (data not shown). The expression of
CD16/Fc�RIIIA on the total CD16� monocytes at enrollment
was higher in children with SMA than in other groups, but this
difference did not reach statistical significance compared to
results for SMA controls (Fig. 2A). There were no differences
among groups in CD16/Fc�RIIIA expression at follow-up.
When CD16� monocytes were analyzed according to the level
of CD14 expression, we observed that CD14� CD16� mono-

FIG. 1. Identification and analysis of monocyte subpopulations.
(A) Monocytes were identified and gated based on CD14 staining and
side-scatter characteristics. (B) Gated monocytes were subdivided into
monocyte subpopulations on the basis of CD14 and CD16 staining
characteristics. Subpopulations are defined as CD14� CD16� (quad-
rant 1), CD14�� CD16� (quadrant 2), CD14�� CD16� (quadrant 3),
and CD14� CD16� (quadrant 4).

TABLE 1. Demographic data and hemoglobin levels of study participants

Parameter

Value for groupa

Cerebral malaria Severe anemia

CM CMC SMA SMAC

No. enrolled 16 25 41 40
Mean age in mo (SD) 31.9 (14.1) 29.7 (13.8) 18.0 (11.8) 18.1 (11.7)
No. (%) female 6 (37.5) 9 (36.0) 16 (39.0) 15 (37.5)
Mean no. of parasites 
 10�3/�l (SD) 61.0 (59.4) 118.9 (151.0) 99.2 (89.6) 92.3 (135.9)
Mean hemoglobin (g/dl) (SD) 8.9 (2.1) 10.0 (1.6) 5.0 (0.8) 9.1 (1.6)

a CM, cerebral malaria cases; CMC, cerebral malaria controls; SMA, severe anemia cases; SMAC, severe anemia controls.
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cytes of SMA cases had the highest expression of CD16/
Fc�RIIIA at enrollment (Fig. 2B). Although the difference in
CD16/Fc�RIIIA expression between SMA cases and controls
was of borderline significance (P � 0.05), exclusion of a single
outlier from the SMA control group resulted in much greater
significance (P � 0.02). Worth noting also is the observation
that the only group that showed a significant decline in the
expression of CD16/Fc�RIIIA among CD14� CD16� mono-
cytes at follow-up was the SMA group, which is consistent with
the finding that the enrollment value represented a significant
elevation above baseline that is unique to this group. With
respect to the CD14�� CD16� subset, we found a significant
difference in CD16/Fc�RIIIA expression only between SMA
and CM controls at enrollment (Fig. 2C). Unlike the situation
with the CD14� CD16� subset, we found significant or near-
significant declines in the expression of CD16/Fc�RIIIA on
CD14�� CD16� monocytes at follow-up in all groups.

Intracellular TNF-� expression by monocyte subpopula-
tions in response to IC stimulation. In order to assess the
functional significance of the higher expression of CD16/
Fc�RIIIA, we measured the intracellular expression of TNF-�
in response to stimulation with ICs. Whole-blood samples from
24 children at convalescence (for the SMA group, n � 9; for
SMA controls, n � 10; for CM controls, n � 5), were stimu-
lated with IC, and the intracellular expression of TNF-� was
measured by flow cytometry. CD14� CD16� monocytes had
the highest percentage of TNF-� positive cells, followed by
CD14�� CD16� cells (Fig. 3). On the other hand, very few
CD16� monocytes produced TNF-� after stimulation. In ad-
dition, the level of expression of CD16/Fc�RIIIA on CD14�

CD16� (Fig. 4A) and CD14�� CD16� (Fig. 4B) monocytes
correlated positively with their levels of intracellular TNF-�
production in response to IC stimulation. These data suggest
that the increases in CD16/Fc�RIIIA expression on mono-
cytes, in particular CD14� CD16� monocytes, during P. fal-
ciparum infection can enhance their capacity to produce
TNF-� in response to ICs.

Relationship between CD16/Fc�RIIIA expression on mono-
cytes and hemoglobin levels of children with SMA and their
controls. Children with SMA are known to have circulating red
cells coated with IgG (58). Because IgG-coated red cells
formed during P. falciparum infection could engage CD16/
Fc�RIIIA on monocytes and macrophages, leading to their
accelerated destruction by erythrophagocytosis, we explored
the relationship between hemoglobin and the CD16/Fc�RIIIA
expression level in children with SMA and their controls at
enrollment. We observed a significant inverse correlation be-
tween CD16/Fc�RIIIA expression on CD16� cells and hemo-
globin levels (Fig. 5A). This relationship was stronger for
CD14� CD16� monocytes (Fig. 5B) than for CD14�� CD16�

monocytes (Fig. 5C), suggesting that the former make a
greater contribution to the decline in hemoglobin. These rela-
tionships were not observed in children with CM or in CM
controls (data not shown).

DISCUSSION

Monocytes/macrophages are thought to play an important
role in the pathogenesis of SMA. Macrophage effector mech-
anisms that can contribute to this complication include phago-
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cytosis and production of proinflammatory cytokines. These
effector mechanisms can be mediated via engagement of
Fc�RIIIA receptors by IgG-coated red cells, leading to eryth-
rophagocytosis, and/or by ICs, leading to production of proin-
flammatory cytokines. We hypothesized that children with
SMA have increased levels of Fc�RIIIA on their monocytes,
which may predispose them to this complication. Therefore,
we set out to measure the expression of Fc�RIIIA on mono-
cytes of children with SMA, CM, and uncomplicated malaria.
Because of the important functional differences between
CD14� and CD14�� monocytes, we examined these two sub-
populations separately.

The pattern of CD16/Fc�RIIIA expression on monocytes of
children with SMA was very distinctive compared to findings
for the other forms of clinical malaria. At enrollment, CD16�

monocytes of children with SMA had high expression of CD16/
Fc�RIIIA (Fig. 2A), which was mostly due to the contribution
of CD14� monocytes (Fig. 2B). Children with SMA had the
highest expression of CD16/Fc�RIIIA on CD14� CD16�

monocytes at enrollment and were the only group in which this
expression was higher at enrollment than at follow-up. Assum-
ing that the follow-up sample is representative of the baseline
state, this suggests that CD14� CD16� monocytes of children
at risk for development of SMA overexpress CD16/Fc�RIIIA
in response to parasite infection whereas those of children who
develop other forms of clinical malaria do not. In contrast, the
expression of CD16/Fc�RIIIA on CD14�� CD16� monocytes
did not differ significantly between children with SMA and
most other groups at enrollment and seemed to be lower at
follow-up than at enrollment for all the groups.

Data from various studies suggest that CD14� CD16�

monocytes are more-mature cells with properties of tissue
macrophages (61, 62). Moreover, CD16/Fc�RIIIA expression
increases with activation and maturation of monocytes to mac-
rophages (1, 9, 61). Therefore, the finding of higher CD16/
Fc�RIIIA expression on CD14� CD16� monocytes of children
with SMA than in other children with complicated or uncom-
plicated malaria together with the observed increases in the
number of CD16� monocytes may reflect distinct phenotypic
and functional differences in the way monocytes of these dif-
ferent groups of children mature in response to P. falciparum
infection. In mice, Ly6Clow monocytes are analogous to
CD14� CD16� monocytes in humans whereas Ly6Chi mono-
cytes are analogous to CD14�� CD16� monocytes in humans
(54). Adaptive transfer experiments have shown that CD14�

CD16� monocytes preferentially populate the liver and spleen
(14). On the other hand, another study showed that Ly6Chi
and Ly6Clow in spleens reflect peripheral levels (55). There-
fore, it is likely that peripheral changes in these monocyte
populations reflect changes in the spleen and liver, where ac-
tive erythrophagocytosis of infected and uninfected red cells
takes place.

Few other studies have explored the makeup and phenotypic
distribution of monocytes in patients with malaria, but none in
patients with severe malaria. A recent study revealed expan-
sion of the CD14� CD16� subset in pregnant women with
malaria compared with pregnant women without malaria, but
this was only statistically significant for HIV� women (20).
Monocytic intervillous infiltrates are seen commonly in placen-
tas from pregnant women with malaria and are associated with

FIG. 2. The expression of CD16/Fc�RIIIA on total CD16� mono-
cytes (A) or the CD14� CD16� (B) or CD14�� CD16� (C) monocyte
subpopulation from children within the SMA and CM cohorts at en-
rollment (visit 1) and follow-up visits (visit 2).
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low birth weight (46). However, the phenotype of these pla-
cental monocytes has not been described. Nonetheless, it is
interesting to speculate on whether peripheral and placental
CD14� CD16� monocytes may play a role in severe malarial
anemia and fetal complications with malaria during pregnancy.
Last, expansion of the CD14� CD16� monocyte population in
peripheral blood was also recently documented in adult pa-
tients with uncomplicated malaria, supporting our results (7).

Our findings demonstrate that there are important functional
differences between CD14� CD16� and CD14�� CD16� mono-
cytes. Although both CD14� CD16� and CD14�� CD16�

monocytes showed a strong correlation between CD16/Fc�RIIIA
expression and TNF-� production upon IC stimulation (Fig. 4), a
greater percentage of the former were able to produce this cyto-
kine in response to stimulation (Fig. 3). Monocytes with a high
level of CD16/Fc�RIIIA expression may demonstrate more-pro-
nounced effector mechanisms, such as phagocytosis and the pro-
duction of proinflammatory cytokines (3, 36), such as TNF-�,
which has been implicated in the pathogenesis of SMA by de-
creasing erythropoiesis (8). However, although TNF-� levels were
elevated at enrollment for all groups, they did not differ between
groups (data not shown). It is possible that bone marrow and
spleen cytokine levels may be more relevant, as has been found
for placental malaria, where placental TNF-� is higher than pe-
ripheral levels (45). The level of expression of CD16/Fc�RIIIA on
monocytes has also been shown to correlate with the in vivo
clearance of autologous IgG-coated erythrocytes by tissue mac-
rophages in patients with systemic lupus erythematosus (SLE)
(49). Since red cells of children with SMA are known to have
increased surface IgG (58), the higher expression of CD16/
Fc�RIIIA on their CD14� CD16� cells may result in increased
erythrophagocytosis and more-severe anemia. Our finding of an
inverse correlation between the level of expression of CD16/
Fc�RIIIA in CD14� CD16� monocytes and the hemoglobin

FIG. 4. Correlation between CD16/Fc�RIIIA expression levels on
CD14� CD16� (A) and CD14�� CD16� (B) monocyte subpopula-
tions with TNF-� production levels in response to IC stimulation.

FIG. 3. Intracellular TNF-� production by different monocyte subpopulations stimulated with IC compared to that of unstimulated, IgG and
LPS-treated controls. Results are expressed as mean values � standard deviations of percentages of monocytes from 24 children (SMA group [n � 9],
SMA controls [n � 10], and CM controls [n � 5]) that produced TNF-�. CD14� CD16� monocytes had the highest percentage of TNF-�-positive cells,
followed by the CD14�� CD16� subset. TNF-� expression by CD14� CD16� and CD14�� CD16� monocytes in response to IC stimulation was
negligible.
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level in children with SMA and their controls is consistent with
this proposition.

The molecular basis of the overexpression of Fc�RIIIA is
not clear. Increased expression of Fc�RIIIA could result from
the engagement of toll-like receptors by parasite ligands, such

as glycosylphosphatidyl inositol and/or parasite DNA/hemo-
zoin complexes (34, 42). A number of studies have shown that
patients with rheumatoid arthritis, an IC-mediated disease (12,
41), overexpress Fc�RIIIA on peripheral as well as synovial
macrophages (3, 17). Individuals with the Fc�RIIIA 158V al-
lele have increased transcription and expression of this recep-
tor on NK cells, but the same has not been reported for mac-
rophages (15). Furthermore, individuals with the same allele
have also been shown to be at increased risk for rheumatoid
arthritis (6, 32). These findings suggest that increased expres-
sion of Fc�RIIIA may be in part driven by more-efficient
transcription of polymorphic variants and may affect suscepti-
bility to diseases in which ICs make an important contribution
to pathogenesis.

Very little is known about the relationship between
Fc�RIIIA polymorphisms and malaria. In the only study done
to date, Omi et al. (37) did not observe any association be-
tween the presence of cerebral malaria or other types of severe
malaria and the presence of Fc�RIIIA 158-F/V polymor-
phisms. However, in this study there was not sufficient power to
analyze the relationship between these polymorphisms and
SMA. Other studies have analyzed more extensively the rela-
tionship between the Fc�RIIA H/R-131 polymorphism and
severe malaria. Fc�RIIA is another low-affinity IgG receptor
that is found on monocytes and granulocytes. The results of
these studies have been inconsistent. While one study found
that the H/R genotype is more common in children at risk for
severe malaria (50), other studies have shown an association
between the H/H genotype or the H allele and severe malaria
(10, 38). Yet others have found no association (39) or that the
H/H genotype is protective (33). The discrepancy in results
likely comes from differences in study design, ethnic groups
studied, and the pattern of malaria transmission at each study
site.

To the best of our knowledge, our study is the first to
provide a link between a distinct monocyte/macrophage
phenotype and the development of SMA by demonstrating
that a subpopulation of mature monocytes from these chil-
dren responds differently to P. falciparum infection by overex-
pressing CD16/Fc�RIIIA. Further studies of the molecular
mechanisms involved in the upregulation of CD16/Fc�RIIIA
during malaria infection and of the identification of genetic
polymorphisms that may explain the distinct phenotypic char-
acteristic of monocytes from children with SMA should be
pursued.
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