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Atypical and classical memory B cells produce
Plasmodium falciparum neutralizing antibodies
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Antibodies can protect from Plasmodium falciparum (Pf) infection and clinical malaria
disease. However, in the absence of constant reexposure, serum immunoglobulin (Ig) levels
rapidly decline and full protection from clinical symptoms is lost, suggesting that B cell
memory is functionally impaired. We show at the single cell level that natural Pfinfection
induces the development of classical memory B cells (CM) and atypical memory B cells (AtM)
that produce broadly neutralizing antibodies against blood stage Pf parasites. CM and AtM
contribute to anti-Pf serum IgG production, but only AtM show signs of active antibody
secretion. AtM and CM were also different in their IgG gene repertoire, suggesting that they
develop from different precursors. The findings provide direct evidence that natural Pfinfec-
tion leads to the development of protective memory B cell antibody responses and suggest
that constant immune activation rather than impaired memory function leads to the accumu-
lation of AtM in malaria. Understanding the memory B cell response to natural Pfinfection
may be key to the development of a malaria vaccine that induces long-lived protection.

Malaria caused by Plasmodium falciparum (Pf) in-
fection is a leading cause of morbidity and mor-
tality primarily in children in sub-Saharan Africa
(Murray etal., 2012). Protective immunity to con-
trol clinical disease caused by parasite growth in
red blood cells (RBCs) takes years to develop and
requires repeated infections (Garnham, 1949).
Human serum IgG antibodies can protect from
blood stage parasitemia and malaria symptoms as
demonstrated by historic passive transfer studies
(Cohen et al., 1961). However, in the absence
of constant reexposure, serum Ig levels rapidly
decline and protection from malaria wanes, sug-
gesting that protective humoral memory is not
efficiently formed or is functionally impaired
(Struik and Riley, 2004; Dorfman et al., 2005;
Langhorne et al., 2008). Indeed, repeated Pf
infection is associated with the accumulation of
circulating atypical memory B cells (AtM) that
are characterized by expression of the inhibitory
Fc-receptor-like-4 (FcRL4; Weiss et al., 2009,
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2010,2011). FcRL4-positive memory B cells
have originally been described in tonsils of
healthy individuals (Ehrhardt et al., 2005, 2008).
Circulating FcRL4-positive AtM also present
in chronic HIV infection, where they show signs
of functional exhaustion and hyporesponsive-
ness after in vitro stimulation suggesting that
their memory B cell function is impaired (Moir
et al., 2008). The role of AtM in immunity to
malaria is speculative and it is unclear whether
AtM contribute to the production of protective
serum antibodies in vivo.To address these ques-
tions, we performed a molecular and func-
tional characterization of the anti-Pf classical
memory B cells (CM) and AtM response in
immune adult donors from a malaria endemic
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area. By single cell antibody cloning and mass spectrometry
we show that CM and AtM express Pf-neutralizing anti-
bodies and contribute to serum IgG production in vivo.

RESULTS
Pf-reactive CM and AtM in malaria immune adults
To determine the molecular and functional antibody charac-
teristics of anti-Pf memory B cells, we set out to generate a
panel of recombinant monoclonal antibodies from circulat-
ing IgG-positive CM and AtM of three asymptomatic semi-
immune adults (MP036, MP070, and MP071; Table S1). The
individuals were selected from a cohort of 67 healthy subjects
with neutralizing serum IgG activity against asexual blood
stage parasites from a highly endemic area in Gabon (Fig. 1 A;
Dal-Bianco et al., 2007). All donors presented with a high
frequency of circulating CD27 CD21 AtM that showed
increased FCRL4 and CD19 expression as well as lower IgG
surface expression compared with CM (Fig. 1, B and C).
The Pf genome is highly complex, and only a few anti-
gens out of the >5,000 possible protein products have been

Figure 1.

associated with humoral protection against asexual blood
stage parasites (Gardner et al., 2002; Fowkes et al., 2010).
We therefore focused our analysis on two Pf antigens, mero-
zoite surface protein 3 (MSP3) and glutamate-rich protein
(GLURP), that have been described to induce serum IgG
responses that are associated with protection from clinical
malaria (Meraldi et al., 2004; Singh et al., 2009; Fowkes et al.,
2010). Specifically, we studied the anti-Pf IgG B cell re-
sponse to the vaccine candidate GMZ2, a fusion protein of
the immune-dominant GLURP R0 nonrepeat region that is
expressed at all parasitic life cycle stages in the human host,
and the conserved domain of MSP3 that is critically involved
in RBC invasion (de Stricker et al., 2000; Rodriguez et al.,
2005; Esen et al., 2009). All individuals, including the se-
lected donors, had high titers of serum IgG antibodies against
GMZ2, MSP3, and GLURP and showed GMZ2 reactivity in
CM and AtM (Fig. 1, D-F; and not depicted). In summary,
the selected donors showed representative anti-Pf serum 1gG
and memory B cell responses as well as high frequencies of
circulating AtM.

Memory B cell sorting. (A) Relative 3D7" neutralizing activity of 100 ug/ml purified serum 1gG from study participants in comparison to

polyclonal serum IgG preparations from nonimmune controls (0% neutralization) and 50 mM chloroquine (100% neutralization, dashed gray line). Dots
represent individual samples. Selected donors for antibody cloning are indicated. (B) Gating strategy for the flow cytometric isolation of CM and AtM. Rep-
resentative plots from MP070 are shown. (C) Frequency of circulating CM and AtM. (D) lgG GMZ2 reactivity in serum as measured by ELISA. The dotted line
shows a Pfnaive control serum. (E) Flow cytometric analysis of GMZ2-reactive CM and AtM in peripheral blood from MP036, MP070, and MPO71 compared
with a malaria naive donor. (F) Frequency of circulating GMZ2-reactive CM and AtM in all donors as determined in E. Red bars indicate arithmetic mean.
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