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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 et al., 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, 

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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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 Pf infection 
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 Pf infec-
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 Pf infection 
may be key to the development of a malaria vaccine that induces long-lived protection.

© 2013 Muellenbeck et al. This article is distributed under the terms of an 
Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first 
six months after the publication date (see http://www.rupress.org/terms). After 
six months it is available under a Creative Commons License (Attribution– 
Noncommercial–Share Alike 3.0 Unported license, as described at http:// 
creativecommons.org/licenses/by-nc-sa/3.0/).
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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; Rodríguez 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 IgG 
and memory B cell responses as well as high frequencies of 
circulating AtM.

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 CD27CD21 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 �. Memory B cell sorting. (A) Relative 3D7Luc neutralizing activity of 100 µg/ml purified serum IgG 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) IgG GMZ2 reactivity in serum as measured by ELISA. The dotted line 
shows a Pf-naive control serum. (E) Flow cytometric analysis of GMZ2-reactive CM and AtM in peripheral blood from MP036, MP070, and MP071 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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average for each of the donors. Thus, we conclude that CM 
and AtM show differences in their somatic hypermutation load 
and lack signs of clonal relationship, suggesting that the two 
populations may originate from different precursors.

Pf MSP� and GLURP antigen specificity  
of CM and AtM antibodies
To determine whether anti-Pf CM and AtM show differences in 
their antigen reactivity, we expressed 236 recombinant mono-
clonal CM and AtM antibodies and performed ELISA (Fig. 3, A,  
C, and D; and Tables S2–S4). On average, 91 ± 7% of anti-
bodies showed reactivity with the sort antigen GMZ2 (Fig. 3 A). 
For individual binders, reactivity with Pf merozoites was con-
firmed by fluorescence microscopy with infected RBCs (iR-
BCs; Fig. 3 B). We further discriminated between MSP3 and 
GLURP antigen reactivity by ELISA (Fig. 3, C and D). MSP3-
specific antibodies were more frequent than GLURP-specific 
antibodies in both memory B cell compartments (Fig. 3 E; mean 
± SEM: MSP3, 70.3 ± 12.7% for CM and 67.3 ± 16.0% for 
AtM; GLURP, 17.0 ± 11.3% for CM and 11.3 ± 10.0% for 
AtM). However, even in the presence of high concentrations of 

Ig gene repertoire of Pf-reactive CM and AtM
To generate recombinant monoclonal antibodies, the Ig gene 
variable regions of single isolated GMZ2-reactive CM and AtM 
from MP036, MP070, and MP071 were cloned into expres-
sion vectors (Tiller et al., 2008). Ig gene sequence analysis dem-
onstrated that the memory IgG response was highly diverse 
(Tables S2–S4). No major differences in the IGH and IGK or 
IGL gene segment usage or IGH CDR3 features between CM 
and AtM were observed (Fig. 2, A–C; and Tables S2–S4). 
However, AtM had, on average, higher levels of somatic hy-
permutations in their V gene segments than CM (Fig. 2 D; 
mean ± SEM: AtM, IGH 28.1 ± 8.1, IGK 20.6 ± 9.1, and IGL 
20.1 ± 1.7; CM, 24.5 ± 7.7, IGK 17.2 ± 9.5, and IGL 20.1 ± 
1.5). IGH and IGK/IGL gene sequence alignments showed 
that clonally expanded B cells with identical Ig gene rearrange-
ments were observed within both compartments. However 
clonally related CM and AtM were not detected in any of the 
three donors (Fig. 2 E). Statistical models based on the observed 
distributions of clonal relatives predict that if CM and AtM 
were directly derived from a shared ancestor, the likelihood 
of a random absence of shared clusters would be <0.1% on 

Figure �. Antibody repertoire of CM and 
AtM. (A–C) IGHV and IGHJ (A), IGLVK and 
IGLJK (B), and IGLVL and IGLJL (C) gene family 
usage. The numbers of sequences analyzed are 
indicated. P-values were calculated using  
Fisher’s exact test. (D) Absolute number of  
V segment somatic hypermutations. Geometric 
means with SD and the absolute numbers of 
sequences analyzed are indicated. P-values 
were determined using Student’s t test.  
(E) Shaded pie areas indicate clonally expanded 
CM and AtM. Absolute numbers of sequences 
analyzed are indicated.
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The frequency of polyreactive antibodies was significantly higher 
in the AtM than in the CM compartment (Fig. 4 B; mean ± 
SEM: 64.3 ± 6.2% vs. 38.7 ± 8.4%; P = 0.004), and polyreactive 
antibodies were enriched in the MSP3+GLURP compartment 
(Fig. 4 C). However independently of the level of polyreactiv-
ity, anti-Pf antibodies, but not non-Pf reactive control antibod-
ies, bound preferentially to iRBCs and not to non-iRBCs 
(Fig. 4 D). Thus, we conclude that CM and AtM express poly-
reactive and nonpolyreactive anti-Pf antibodies, and polyreac-
tive antibodies are enriched in the AtM compartment.

CM and AtM antibodies neutralize Pf RBC invasion
Next, we tested if antibodies from Pf-reactive memory B cells 
neutralize asexual blood stage parasites (Fig. 5). Using an  

BSA, 12.7 ± 7.7% of CM and 22.7 ± 9.0% of AtM antibodies 
bound both antigens at similar levels (Fig. 3 E and not depicted). 
In summary, the majority of GMZ2-reactive CM and AtM  
antibodies were MSP3 specific, but a fraction of the antibodies 
showed reactivity with GLURP or MSP3+GLURP.

Polyreactive antibodies are enriched  
in the anti-Pf AtM compartment
Dual reactivity with MSP3 and GLURP may suggest that the 
antibodies lacked Pf specificity and were polyreactive. To  
determine the degree of polyreactivity, we tested our collec-
tion of recombinant monoclonal antibodies for reactivity with  
diverse non-Pf antigens: bacterial LPS, human insulin, and  
double-stranded DNA (dsDNA; Fig. 4 A and Tables S2–S4).  

Figure �. Anti-Pf CM and AtM antibody reactivity. (A) GMZ2 ELISA reactivity. The dashed blue line indicates the threshold OD405nm for positive reactivity. The 
green line represents the negative control antibody mGO53 (Wardemann et al., 2003). n indicates the numbers of tested antibodies. (B) Antibody reactivity (red) with 
Pf schizonts (blue) in iRBCs as measured by indirect immunofluorescence (bars, 10 µm). (C and D) ELISA reactivity of GMZ2-reactive antibodies (A) with MSP3  
(C) and GLURP (D). (E) Bars summarize the mean frequency of MSP3, GLURP, and MSP3+GLURP reactive antibodies in all three donors (error bars indicate SEM).
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(Fig. 5 D). Thus, IgG memory B cells expressing neutralizing 
antibodies against genetically diverse asexual blood stage para-
sites develop in response to Pf infection.

CM and AtM contribute to the production of anti-Pf serum IgG
CM can contribute indirectly to the production of serum IgG 
antibodies after differentiation into antibody-secreting cells 
(Bernasconi et al., 2002), but whether AtM produce serum Ig 
in vivo is not known. To determine if the IgG antibodies that 
we cloned from CM and AtM could be detected in serum, we 
analyzed Fab2 fragments derived from protein G–purified 
MSP3- and GLURP-reactive serum IgG of donor MP036 by 
mass spectrometry (Fig. 6 A; Scheid et al., 2011). We then 
compared the amino acid sequences obtained from the mass 
spectrometric analysis to the Ig sequence database of the re-
combinant monoclonal CM and AtM antibodies from the 
same donor (Fig. 6 B and Fig. S1). We obtained amino acid 
sequence hits that mapped to the CM and AtM database but 
not to the international human protein index database, sug-
gesting that both populations contribute to anti-Pf serum IgG 
production. By PCR, we were able to detect secretory IgG 
transcripts in AtM but not in CM, suggesting that AtM ac-
tively secrete antibodies in vivo and contribute directly to the 
humoral anti-Pf response (Fig. 6 C). Indeed, the IgG subclass 

in vitro merozoite neutralization assay with genetically 
modified 3D7Luc Pf parasites expressing firefly luciferase, we  
measured the neutralization capacity at various antibody con-
centrations (Fig. 5 A; Lucumi et al., 2010). CM and AtM  
antibodies of all three donors showed various degrees of mer-
ozoite neutralization (Fig. 5 B). We conclude that the major-
ity of IgG-positive GMZ2-reactive memory B cells express Pf 
inhibitory antibodies. Of note, we did not observe significant 
differences in the mean neutralization activity of CM and 
AtM antibodies or any correlation with MSP3 or GLURP 
antigen specificity or polyreactivity (Fig. 5 C). Although the 
MSP3 and GLURP antigens analyzed in this study are rela-
tively conserved among different Pf strains and wild isolates, 
antigenic variation may limit the breadth of Pf neutralizing 
antibodies (Manske et al., 2012). To gauge the breadth of Pf 
inhibition, we tested a selected set of 25 3D7Luc neutralizing 
antibodies for neutralization of genetically diverse Pf isolates 
(DD2 [Thailand], IT2 [Brazil], and HB3 [Honduras]; Fig. 5 D 
and Tables S2–S4; Smilkstein et al., 2004; Johnson et al., 
2007). The nontransgenic 3D7 strain was included for com-
parison. The antibodies were diverse in their neutralization 
efficacy and breadth, but individual antibodies showed com-
parable levels of neutralization for all strains, e.g., the CM anti-
bodies 36–0003 and 71–2339 or the AtM antibody 71–0222 

Figure �. CM and AtM antibody polyreactivity. (A) ELISA reactivity with dsDNA, LPS, and insulin of CM and AtM antibodies from MP071. Non-polyreactive 
(green line; mGO53) and low (red line, JB40) and high (black dashed line, ED38) polyreactive control antibodies are shown. Dashed blue line indicates reactivity 
threshold. (B) Frequency of polyreactive CM and AtM antibodies from MP036, MP070, and MP071. (C) Symbols indicate antibody polyreactivity as the mean area 
under curve (AUC) for reactivity with dsDNA, insulin, and LPS. Horizontal lines indicate mean levels of antibody polyreactivity in all three donors. Error bars indi-
cate SEM, and P-values were calculated using the ANOVA test. (D) Histograms show reactivity with noninfected Hoechst-negative RBCs (red line) and Hoechst-
positive Pf-infected iRBCs (blue line) for representative polyreactive and nonpolyreactive anti-MSP3, anti-GLURP, and anti-MSP3+GLURP antibodies as 
determined by flow cytometry. Polyreactive (ED38) and nonpolyreactive (mGO53) control antibodies from malaria naive controls are shown. Gray areas show the 
iRBC reactivity of the non Pf-reactive isotype control antibody mGO53 in each plot. Data shown are representative for two independent experiments.
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reactivity, but in vivo Fc-mediated effector functions may add 
to parasite neutralization (Bouharoun-Tayoun et al., 1990).

Humoral immunity to MSP3 and GLURP has been asso-
ciated with protection from malaria, and we observed neu-
tralization for anti-MSP3 as well as anti-GLURP memory 
antibodies (Singh et al., 2009; Fowkes et al., 2010). Anti-MSP3 
antibodies were more frequent than anti-GLURP antibodies, 
suggesting that MSP3 may be more efficient in inducing IgG 
memory B cell responses than GLURP. However, it cannot 
be excluded that the use of GMZ2 as bait for the isolation of 
anti-Pf memory B cells may enrich for MSP3-specific B cells. 
Differences in the nature of individual Pf antigens may ac-
count for differences in the induction of long-term humoral 
memory responses that have also been observed for viral and 
vaccine antigens (Taylor et al., 1996; Dorfman et al., 2005; 
Tongren et al., 2006; Amanna et al., 2007; Akpogheneta et al., 
2008; Amanna and Slifka, 2010).

The relatively low level of antigenic variation in the MSP3 
and GLURP peptides analyzed in this study may facilitate the 
generation of broadly inhibitory memory B cells (Manske  
et al., 2012). Whether neutralizing memory B cell antibodies are 
generated at similar frequencies to other antigens remains to be 
determined. Acquisition of protective humoral immunity to Pf 
may, however, also be associated with qualitative differences in 
the neutralizing activity of these antibodies. Thus, future studies 

profile of AtM, but not of CM, was similar to the distribution 
observed for serum IgG antibodies (Fig. 6, D and E). Indicative 
of their activated and secreting phenotype, AtM showed higher 
CD19 and lower surface IgG and CD24 levels than CM, as 
well as increased surface expression of the activation markers 
HLA-DR, CD84, CD86, and CD319, but lacked the plasma 
cell marker CD138 (Fig. 7, A–I). Furthermore, AtM, but not 
CM, showed signs of proliferation as measured by flow cyto-
metric DNA content measurements and Ki-67 expression level 
analysis (Fig. 7, J–L). We conclude that AtM and CM are 
functional and contribute directly and indirectly, respectively, 
to the production of Pf-inhibitory serum IgG antibodies.

DISCUSSION
In summary, we show that immunity to malaria is associated 
with the development of memory B cells that express Pf neu-
tralizing antibodies and contribute to serum IgG production.  
In mice and humans, stable memory B cell responses against 
Plasmodium antigens have been detected, but whether the anti-
bodies produced by memory B cells were neutralizing was not 
known (Wipasa et al., 2010; Nogaro et al., 2011; Ndungu et al., 
2012). We found that the majority of memory B cell antibodies 
showed Pf neutralizing activity, including antibodies with broad 
neutralizing activity against genetically diverse Pf strains. Neu-
tralization in our in vitro assays was a direct effect of antigen 

Figure �. Pf merozoite neutralizing activity of CM and AtM antibodies. (A) 3D7Luc transgenic parasite growth in the presence of individual antibodies 
(black lines; MP070) or the indicated controls. (B) Relative 3D7Luc neutralizing activity of GMZ2-reactive antibodies at 6.4 µg/ml. Horizontal lines indicate 
mean neutralizing activity. (C) 3D7Luc neutralizing activity of individual MSP3, GLURP, and polyreactive CM and AtM antibodies as in B. Black bars indicate 
geometric mean. (D) Relative Pf 3D7, HB3 (Honduras), DD2 (Thailand), and IT4 (Brazil) neutralizing activity of GMZ2-reactive antibodies at 100 µg/ml com-
pared with chloroquine (100%). Parasites were detected using SYBR green. Data shown are representative of at least two independent experiments.  on January 16, 2013
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IgM memory B cells, but their role in Plasmodium infection 
is not clear (Ndungu et al., 2009; Nduati et al., 2010; Reynaud 
et al., 2012). A thorough characterization of the quality and 
quantity of the human anti-Pf IgM memory B cell antibody 
response may help to elucidate the relative contribution of 
IgM versus IgG B cell memory to Pf in humans.

A large fraction of the recombinant monoclonal antibodies 
were polyreactive and such antibodies were enriched in the 

will have to assess whether protection from clinical disease  
is not only associated with changes in the magnitude and 
overall breadth of the response but also with changes in the 
frequency of memory B cells that produce Pf neutralizing 
antibodies (Courtin et al., 2009; Nogaro et al., 2011). In 
addition, the role of IgM-expressing memory B cells in the 
response to Pf remains to be determined. Studies in mice 
suggest that long-term memory is predominantly the role of 

Figure �. CM and AtM contribution to anti-Pf serum IgG. (A) Representative MS/MS spectra. Observed b-type fragment ions (containing the  
N terminus), y-type fragment ions (containing the C terminus), and loss of water (*) are indicated. Ions corresponding to the loss of water are labeled. 
Observed backbone cleavages are indicated ( for b-type ions,  for y-type ions). Data shown are representative of at least three independent experiments on 
two different instruments. (B) IgH amino acid sequences of CM and AtM antibodies. Framework regions (FWR) and complementarity determining regions 
(CDR) are indicated. Blue stars indicate somatic point mutations. Mass spectrometric peptides with identical amino acid sequence are indicated in red.  
(C) RT-PCR amplicons of secretory and membrane IgG transcripts from the indicated B cell subpopulations. Data shown are representative of at least two 
independent experiments. (D) Serum IgG subclass distribution in donors from the Lambaréné area. (E) IgG subclass distribution as determined by IGH gene 
transcript sequence analysis. n indicates the number of tested sera. Error bars indicate SD. 
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AtM secrete Pf neutralizing antibodies, it remains to be deter-
mined whether AtM fulfill true memory functions or if they 
simply represent a population of circulating short-lived antibody-
secreting cells. The fact that AtM were almost negative for the 
plasma cell marker CD138, but showed signs of proliferative ac-
tivity and expressed surface IgG as well as MHC II and various 
activation markers, supports the notion that AtM resemble plasma 
blasts rather than long-lived plasma cells that were displaced from 
the bone marrow by recent infection (Ndungu et al., 2009).

The antibody repertoire of AtM was distinct from CM, 
suggesting that the two populations may develop from differ-
ent precursors. A deeper analysis of the Ig gene repertoire of 
anti-Pf CM and AtM in comparison to tissue resident mem-
ory B cells and long-lived plasma cells may help to determine 
the origin of circulating AtM (Ehrhardt et al., 2005, 2008; 
Moir et al., 2008).

The memory B cell antibodies cloned in this study are 
fully human and may therefore be used in experimental human 
malaria infection to determine their protective efficacy against 
Pf asexual blood stages (Roestenberg et al., 2012). Under-
standing the protective properties as well as the limitations 

AtM compartment. However, polyreactive antibodies specifi-
cally recognized iRBCs and not non-iRBCs, suggesting that 
the level of binding to non-Pf antigens was relatively low com-
pared with the affinity for Pf. Polyreactivity is a frequent feature 
of antibody responses to viral infections and has been shown to 
play a protective role against HIV, but whether such promiscu-
ous antibodies are also beneficial in the immune response against 
Pf remains to be determined (Haynes et al., 2005; Mouquet 
et al., 2010; Mouquet and Nussenzweig, 2012).

AtM showed signs of activation, proliferation, and active an-
tibody secretion, suggesting that their development in response  
to Pf is associated with differentiation into antibody-secreting 
cells rather than with a defect in B cell memory as previously pro-
posed for HIV (Ehrhardt et al., 2008; Moir et al., 2010). Immu-
nity to Pf is not sterilizing, and the frequent antigenic stimulation 
by repeated infections may induce Pf-reactive antigen-experienced 
B cells to develop into antibody-secreting cells and to acquire an 
AtM phenotype, a process which may be facilitated by the poly-
reactive nature of the antigen receptors expressed by AtM.

The relative contribution of AtM to the anti-Pf serum IgG 
response cannot be assessed, and although we demonstrate that 

Figure �. AtM express surface mark-
ers associated with B cell activation and 
show signs of recent cell divisions. Flow 
cytometric assessment of HLA-DR (A), CD24 
(B), CD84 (C), CD86 (D), CD138 (E), CD319  
(F), CD19 (G), FcRL4 (H), and surface IgG  
(I) surface expression levels on AtM (red line) 
and CM (blue line) from MP036, MP070,  
and MP071 in comparison to the isotype  
control (gray) are shown. Flow cytometric  
measurements of the DNA content and  
proliferation-associated Ki-67 protein  
expression levels in CD19+IgG+CD21CD27 
AtM (J), CD19+IgG+CD21CD27+  
circulating plasmablasts (PB; K), and 
CD19+IgG+CD21+CD27+CD38 CM (L) are 
also shown.

 on January 16, 2013
jem

.rupress.org
D

ow
nloaded from

 
Published January 14, 2013

http://jem.rupress.org/


JEM 

Article

� of ��

Pf cultures and inhibition assays. Parasites were cultured under standard 
conditions. In brief, Pf clone 3D7 and isolates DD2, HB3, and IT2 were culti-
vated at 5% hematocrit in RPMI 1640 supplemented with 0.05 g/liter hypo-
xanthine (Sigma-Aldrich), 25 mM Hepes, 0.5% Albumax II (Life Technologies), 
0.25% sodium bicarbonate, and 0.01 mg/ml gentamicin (Sigma-Aldrich). All 
cultures were kept at 37°C under 90% nitrogen, 5% oxygen, and 5% carbon 
dioxide. 3D7Luc cultures were supplemented with 40 ng/ml pyrimethamine to 
ensure transgene expression. Neutralization assays were performed with syn-
chronized late stage 3D7Luc or 3D7, DD2, and HB3 cultures at a starting para-
sitemia of 0.2 or 0.5%, respectively. Parasites were cultured in duplicates in the 
presence of recombinant monoclonal antibodies or protein G purified serum 
IgG. Uninfected cultures, chemical inhibitors (chloroquine and artemisinin  
at 50 mM), whole serum (10%), and mGO53 (non-Pf reactive recombinant 
monoclonal antibody) were used as internal controls. 3D7Luc growth was mea-
sured after merozoite release and reinvasion after 24 h by quantifying luciferase 
activity using Bright-Glo Luciferase substrate (Promega). Arbitrary lumines-
cence units were measured on a VICTOR light reader (1420 Luminescence 
Counter; PerkinElmer). Growth of 3D7, HB3, IT4, and DD2 cultures was as-
sessed after 48 h using SYBR green (Smilkstein et al., 2004). Fluorescence was 
measured on a Fluoroskan Ascent reader (Thermo Fisher Scientific).

Indirect immunofluorescence assay. Late stage percoll-sorbitol purified 
Pf 3D7 iRBCs were allowed to settle on poly-L-lysine–coated glass slides. 
Cells were fixed with 4% paraformaldehyde/0.0075% glutaraldehyde before 
permeabilization with 0.2% Triton X-100. Blocking with BSA (3%) was 
performed before incubation with individual human recombinant mono-
clonal antibodies (10 µg/ml). Bound antibodies were detected using Cy3-
conjugated mouse anti–human IgG-Fc (Jackson ImmunoResearch Laboratories). 
Hoechst 33342 was used to stain parasite DNA (Life Technologies). Images 
were acquired on a microscope (DMR; Leica) with an HCX PL FLUO-
TAR 100×/1.3 objective using a digital camera (DXM 1200F; Nikon). 
ACT-1 (version 2.7; Nikon) was used as acquisition software.

Secretory and membrane IgG PCR. CM, AtM, naive B cells 
(CD19+IgM+IgD+), and plasmablasts (CD19+CD27+CD38+IgG+) were 
bulk isolated by flow cytometric cell sorting. Secretory and membrane IgG 
transcripts were amplified by RT-PCR using an IGHV gene forward primer 
mix and 5-TCCTCGCGCGACCCCGAGAGC-3 (secretory) or 5-GTC-
CACAGCCCGTCCAGCTCCC-3 (membrane) as reverse primer, respec-
tively. Amplification was performed using HotStar Taq (QIAGEN) at 94°C 
for 15 min, 50× (94°C for 30 s, 68°C for 45 s, and 72°C for 30 s), 72°C for 
10 min for secretory and 94°C for 15 min, 50× (94°C for 30 s, 65°C for 45 s, 
and 72°C for 2 min), and 72°C for 10 min for membrane IgG transcripts. 
PCR products were separated on 2% agarose gels.

Mass spectrometry. Mass spectrometric analyses were performed as previ-
ously described (Scheid et al., 2011). In brief, Fab2 fragments were generated 
from protein G–Sepharose purified serum IgG. MSP3 and GLURP reactive 
Fab2 fragments were isolated using HIS-tagged MSP3 and GLURP, respec-
tively, and anti-HIS Dynabeads (Life Technology). MSP3 and GLURP reac-
tive Fab2 fragments were reduced with dithiothreitol, alkylated using 
iodoacetamide, resolved by 1D gel electrophoresis on a 4–12% NuPAGE 
Novex Bis-Tris gel (Invitrogen), and stained with Coomassie Blue (Thermo 
Fisher Scientific). Fab2 fragments were excised from the gel and digested  
using 200 ng trypsin (Promega). The resulting peptides were isolated using 
reverse phase resin (PORS 20 R2; Applied Biosystems) and eluted using 40% 
acetonitrile in 0.5% acetic acid, followed by 80% acetonitrile in 0.5% acetic 
acid. Acetonitrile was removed using a speedvac (Thermo Fisher Scientific). 
The peptides were resuspended in 0.5% acetic acid and injected onto a Pico-
Frit column (New Objective) with integrated emitter tip (360 µm O.D., 50 µm 
I.D., 10 µm tip), packed with 10 cm of reverse-phase ProteoPepII (New Ob-
jective) using a Proxeon nLC 1000 (Thermo Fisher Scientific). The HPLC 
column was interfaced to either an Orbitrap Velos or a Q Exactive Orbitrap 
mass spectrometer (Thermo Fisher Scientific). The peptides were eluted  
using the following gradient: 0–5% B in 5 min, 40% B in 125 min, 60% B in 
150 min, 100% B in 165 min (A = 0.1 M acetic acid, B = 90% acetonitrile in 

in the memory B cell antibody response to Pf is crucial for 
developing vaccination strategies that elicit neutralizing anti-
bodies to protect from clinical malaria.

MATERIALS AND METHODS
Study participants. Healthy adults (age 19–57 yr, mean 33 ± 10 yr) were 
recruited in the Lambaréné area (Gabon, Africa; Table S1). Peripheral blood 
samples were obtained after signed informed consent during dry season. None 
of the donors had previously participated in any malaria vaccine study. Para-
sitemia was assessed by microscopy, PCR (stevor), and rapid diagnostic test 
(NOW ICT Malaria Test; Binax Inc.). Ethical approval was obtained from 
the Comité d’Ethique Regional Independent de Lambaréné (No. 17/10).

Flow cytometry. Peripheral blood mononuclear cells were purified using Per-
coll gradient density centrifugation. Flow cytometric analyses were performed on 
an LSR II instrument (BD). IgG memory B cells were isolated using an ARIA II 
flow cytometric cell sorter (BD). Pf GLURP, MSP3, and GMZ2 antigens were 
produced and purified as previously described (Theisen et al., 2004). GMZ2 was 
chemically coupled to Alexa Fluor 647 according to the manufacturer’s instruc-
tions (Life Technologies). For use in flow cytometry, the following mouse anti-
bodies were used: anti–human CD19-PE-Cy7, anti–human IgG-APC-H7, 
anti–human CD27-FITC, anti–human CD38-V450, anti–human CD86-FITC, 
anti–human CD138-FITC (all from BD), anti–human CD21-PE, anti–
human CD21-APC, anti–human CD24-biotin, anti–human CD27-biotin, 
anti–human CD84-biotin, anti–human HLA-DR-APC (all from eBioscience), 
anti–human Ki-67-PE (BioLegend), and anti–human FcRL4-biotin (gift of G.H. 
Ehrhardt and M. Cooper, Emory University School of Medicine Atlanta, GA). 
Streptavidin-QDot605 (Life Technologies) was used to detect biotin-conjugated 
primary antibodies. 7-AAD (Life Technologies) was used in all experiments to 
exclude dead cells. For intracellular stainings with anti–human Ki-67-PE 
(BioLegend) and 7-AAD (Invitrogen), PBMCs were permeabilized using Fix 
& Perm solution (BD) according to the manufacturer’s instructions.

Single-cell sorting and antibody cloning. Single-cell sorting and antibody 
cloning was performed as previously described with the following modifications: 
cells were sorted into 384-well plates and volumes of RT-PCR reactions were 
scaled by a factor of 0.25 (Tiller et al., 2008; Scheid et al., 2011). In brief, single 
cells were isolated using flow cytometric cell sorting. cDNA was generated in the 
original 384-well sort plates. Ig gene transcripts were amplified by nested RT-
PCR, and sequenced and cloned into IgG1 heavy and Ig or Ig light chain ex-
pression vectors, respectively. For in vitro antibody production, HEK293T cells 
were cotransfected with Ig heavy and matching Ig light chain plasmids. Recom-
binant monoclonal antibodies were purified from culture supernatant under 
sterile conditions using protein G beads. Antibodies were eluted from protein G 
beads using 0.1 M glycine, pH 3, and neutralized in 10× PBS for use in ELISA 
and neutralization assays. IgG concentrations were determined by ELISA.

ELISA. ELISAs were performed as previously described (Tiller et al., 2008). 
In brief, antigens or goat anti–human IgG (Dianova) were coated overnight at 
4°C. For Pf antigen ELISAs, GMZ2, MSP3, or GLURP were coated at a 
concentration of 10 ng/well and plates were blocked with PBS-B (1× PBS, 
0.005% vol/vol Tween-20, and 0.01% wt/vol EDTA) supplemented with 1% 
BSA for 1 h before incubation with recombinant monoclonal antibodies for 
2 h at room temperature. For polyreactivity ELISAs, antigens were coated at 
with 10 µg/ml dsDNA or LPS or 5 µg/ml insulin and plates were blocked 
with PBS-B for 1 h. For IgG concentration ELISAs of purified serum IgG or 
recombinant monoclonal antibodies, human IgG1 from plasma of myeloma 
patients (Sigma-Aldrich) was used as standard. Bound recombinant monoclo-
nal antibodies were detected using anti–human IgG-HRP antibody (Dianova). 
Anti–human IgG-HRP antibodies were detected using one-step ABTS sub-
strate (Roche). Area-under-curve (AUC) values were calculated using PRISM 
(GraphPad Software). Antibodies were considered polyreactive when they 
recognized at least two out of the three structurally different antigens: dsDNA, 
insulin, and LPS. Internal high (ED38) and low (JB40) positive and negative 
(mGO53) control antibodies were used in all assays to set thresholds for poly-
reactivity (Wardemann et al., 2003; Meffre et al., 2004; Tiller et al., 2008).
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0.1 M acetic acid, flow rate 200 nl/min). Both instruments were operated in a 
data-dependent mode. For analysis on the Orbitrap Velos, a full scan was fol-
lowed by a 20 MS/MS scans on the 20 most abundant ions in that full scan. The 
peptides (only charge states >1 and <5) were isolated with a 2D window, target 
window of 1e4 ions, dissociated via CAD (normalized collision energy = 35, ac-
tivation Q = 0.25, activation time = 30 ms) and mass analyzed in the LTQ. For 
analysis on the Q Exactive Orbitrap, a full scan (resolution 70,000 at m/z 200) 
was followed by a 10 MS/MS scans on the 10 most abundant ions from the pre-
ceding full scan. The peptides (only charge states >1 and <5) were isolated with 
a 2D window, target window of 2e5 ions, dissociated with normalized collision 
energy of 27, and mass analyzed with a resolution of 17,500 (at m/z 200). For 
either instrument, the ions selected for MS/MS were set on an exclusion list for 
30 s. The resulting MS/MS spectra were searched against the Human IPI and 
in-house-specific IgG database using Xtandem!. Peptide hits corresponding to 
GMZ2-reactive CM or AtM IgH sequences were manually confirmed.

SNP analysis and stochastical calculation. MSP3 (PF10_0345) and GLURP 
(PF10_0344) SNP analysis was performed using next-generation sequencing 
data of 222 Pf isolates supplied by the MalariaGen Genomic Epidemiology 
Network (Manske et al., 2012; Data Release 1.0). The mean number of clusters 
of clonally related cells was determined by maximum likelihood estimations 
using a multivariate hypergeometric distribution model and the singlet/
doublet frequencies observed over all donors/populations while assuming a 
uniform size of the individual clusters. If CM and AtM cells differed in their 
surface phenotype but were derived from the same population, the likelihood 
of not observing any shared clusters within an individual donor can be ap-
proximated as (1  a/c)b, where c is the calculated overall number of clusters, 
a the number of unique clusters sampled from the first population, and b the 
number of unique samplings from the second population.

Online supplemental material. Fig. S1 provides peptide data for the mass spec-
trometric analysis of purified anti-GMZ2 serum IgG from MP036. Table S1 pro-
vides clinical information on blood samples from MP036, MP070, and MP071. 
Tables S2, S3, and S4 provide Ig gene and antibody reactivity information for anti-
bodies from MP036, MP070, and MP071, respectively. Online supplemental ma-
terial is available at http://www.jem.org/cgi/content/full/jem.20121970/DC1.
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