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Clonal selection drives protective memory B cell 
responses in controlled human malaria infection
Rajagopal Murugan,1* Lisa Buchauer,2,3,4* Gianna Triller,1 Cornelia Kreschel,5 Giulia Costa,5  
Gemma Pidelaserra Martí,1,4 Katharina Imkeller,1,4 Christian E. Busse,1 Sumana Chakravarty,6  
B. Kim Lee Sim,6 Stephen L. Hoffman,6 Elena A. Levashina,5 Peter G. Kremsner,7  
Benjamin Mordmüller,7 Thomas Höfer,2,3† Hedda Wardemann1†

Affinity maturation, the clonal selection and expansion of antigen-activated B cells expressing somatically mutated 
antibody variants that develop during T cell–dependent germinal center reactions, is considered pivotal for efficient 
development of protective B cell memory responses to infection and vaccination. Repeated antigen exposure pro-
motes affinity maturation but each time also recruits antigen-reactive naïve B cells into the response. Here, we de-
termined the relative impact of affinity maturation versus antigen-mediated clonal selection of naïve B cells to 
mount potent B cell memory responses in humans after repeated exposure to a complex pathogen, the malaria 
parasite Plasmodium falciparum (Pf). Using single-cell immunoglobulin (Ig) gene sequencing and production of re-
combinant monoclonal antibodies, we analyzed the origin, development, and quality of memory B cell responses to 
Pf circumsporozoite protein (PfCSP), the major sporozoite surface protein. We show that after repeated immuni-
zation of Pf-naïve volunteers with infectious Pf sporozoites (PfSPZ Challenge) under chloroquine prophylaxis 
(PfSPZ-CVac), the clonal selection of potent germline and memory B cell precursors against the central PfCSP NANP 
repeat outpaces affinity maturation because the majority of Ig gene mutations are affinity-neutral. Mathematical 
modeling explains how the efficiency of affinity maturation decreases strongly with antigen complexity. Thus, in the 
absence of long-term exposure, the frequency of antigen-reactive precursors and likelihood of their activation 
rather than affinity maturation will determine the quality of anti-PfCSP memory B cell responses. These findings 
have wide implications for the design of vaccination strategies to induce potent B cell memory responses against 
PfCSP and presumably other structurally complex antigens.

INTRODUCTION
A hallmark of B cell immune responses is the improvement of antigen 
receptor affinity over time. Two mechanisms could contribute to this 
affinity improvement. First, on the population level, rare high-affinity 
precursors could be selected from the naïve B cell repertoire (1, 2). 
Second, on the level of antigen-activated clones, random immuno-
globulin (Ig) gene somatic hypermutations (SHMs) and positive se-
lection of B cells expressing affinity-improved antibody variants 
could lead to affinity maturation during germinal center (GC) reac-
tions (3, 4). Affinity maturation has been extensively studied using 
haptens (small model antigens) in mice, but little is known about the 
contributions of affinity maturation and clonal selection in natural 
immune responses (4–8).

Here, we set out to address this fundamental question in a recent 
human Plasmodium falciparum (Pf) malaria immunization trial with 
PfSPZ-CVac [Pf sporozoites (SPZ) Chemoprophylaxis Vaccine] (9). Pf 
is a complex eukaryotic parasite that causes often life-threatening ma-
laria disease. Natural transmission of Pf sporozoites to humans occurs 
through the bite of infected Anopheles mosquitoes. From the skin, 
the parasites travel to the liver via the bloodstream. After extensive 

multiplication within hepatocytes, they differentiate into erythrocyte-
invasive asexual blood stages associated with malaria symptoms. Par-
asite exposure of Pf-naïve volunteers by mosquito bite or by direct 
venous inoculation of infectious sporozoites under chemoprophylaxis 
prevents asexual erythrocytic blood-stage infection after controlled 
human malaria infection (CHMI) (10, 11). Protection against CHMI 
and naturally transmitted Pf malaria can also be achieved by vaccina-
tion with radiation-attenuated sporozoites but requires much higher 
numbers, presumably due to the early arrest of parasite development 
in the liver (11–15).

Here, to study the evolution and quality of the developing human 
memory B cell response, we analyzed the B cell response after re-
peated exposure to infectious sporozoites in individuals immunized 
with three doses of PfSPZ-CVac by direct venous inoculation (9). We 
specifically focused our analysis on the response against the major Pf 
sporozoite surface antigen and promising vaccine immunogen circum-
sporozoite protein (PfCSP), which is essential for parasite development 
and a target of protective antibodies (16–21).

RESULTS
Preexisting memory B cells contribute to the development 
of protective IgM-dominated anti-PfCSP NANP  
antibody responses
Nine healthy malaria-naïve volunteers received three direct venous 
inoculations with 51,200 infectious Pf sporozoites [Sanaria PfSPZ-
Challenge; (22, 23)] at 4-week intervals under chloroquine chemo-
prophylaxis (Sanaria PfSPZ-CVac; Fig. 1A), which induced protection 
against CHMI (9). All donors developed anti-PfCSP serum as well 
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as plasmablast and PfCSP memory B cell responses, albeit at various 
levels and with different isotype distributions (fig. S1, A and B). Using 
flow cytometric cell sorting, we isolated circulating single PfCSP-
reactive memory B cells as well as single non–antigen-selected plasma
blasts at day 7 after each parasite exposure (I, II, and III; Fig. 1A, fig. S1B, 
and tables S1 and S2). Paired IGH and IGK/IGL gene sequence analysis 
on eight of nine donors (table S1) showed that the anti-PfCSP mem-
ory B cell response was strongly dominated by IgM compared with 
the plasmablast response (Fig. 1B). Seven days after the first infection, 
a large fraction of antibodies from all isotypes were encoded by high-
ly mutated Ig genes, indicating that preexisting memory B cells had 
been efficiently recruited into the anti-PfCSP memory B cell and even 
more so into the plasmablast responses (Fig. 1C and fig. S2A). The 
level of SHM was comparable with the level observed in non–antigen-
enriched circulating IgM, IgG, and IgA memory B cell populations 
from healthy European donors, as previously reported (24–27). This 
finding was unexpected, especially after the first infection, because the 
donors had no history of Pf exposure at this time point (9). Several of 
these mutated B cell clones expanded and persisted, suggesting that 
they played an active role in the anti-Pf response (table S3). Inde-
pendently, the frequency of B cells expressing germline and low-
mutated antibodies increased with repeated exposure specifically in 
PfCSP memory B cells, leading to a drop in mean SHM predominant-
ly in IgG1 and IgG3 antibodies (Fig. 1C and fig. S2B). We also identi-
fied numerous clonally expanded germline and low diversified IgM 

and IgG PfCSP memory B cells (table S3) that likely originated from 
newly activated naïve precursors and underwent class-switch re-
combination and SHM diversification presumably in GCs (fig. S2, C 
and D). In some cases, the precursor B cells of expanded and diversi-
fied clusters differentiated into both memory B cells and plasmablasts 
as indicated by the presence of clonally related members in both cell 
compartments (fig. S2E). In all donors, PfCSP memory B cells and 
plasmablasts showed high ratios of replacement to silent mutations 
in the antigen-binding complementarity determining regions (CDRs) 
compared with the framework regions (FWRs), indicating that the 
antibodies had undergone GC selection (Fig. 1D and fig. S2F). Re-
peated parasite exposure induced strong clonal expansion of PfCSP 
memory B cells only in five donors (T2_042-073) but not in the other 
three (T2_017-035; Fig. 1E and fig. S2G). After the third infection, clo
nally expanded cells represented on average 55% of the sampled PfCSP 
memory pool in T2_042-073 and, with the exception of donor T2_051, 
were highly diverse, whereas clonal expansion reached only about 6% 
in T2_017-035 (Fig. 1F and fig. S2, G and H). The degree of clonal 
expansion appeared to be lower in the plasmablast compartment, pre-
sumably because plasmablasts were not isolated on the basis of their 
antigen specificity (Fig. 1, E and F). To measure the quality of the anti- 
PfCSP response over time, we expressed 422 recombinant monoclo-
nal antibodies from PfCSP-reactive memory B cells and their related 
plasmablasts of all eight donors, focusing on clonally expanded mem-
ory B cells (tables S1 and S2). As expected, the mean PfCSP-binding 
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Fig. 1. Molecular and functional characterization of antibodies from PfCSP-reactive memory B cells and plasmablasts. (A) PfSPZ-CVac immunization scheme (9). 
Blood samples were taken at day 7 (d7) after Pf exposure I, II, and III. (B to F) Ig gene sequence analysis of PfCSP-reactive memory B cells and plasmablasts from all (B to D) 
or individual (E and F) donors, as indicated. (B) Mean and SEM IGH isotype frequency. (C) IGHV absolute SHM counts and mean (red lines). (D) Mean and SEM ratio of 
replacement (R) to silent (S) SHM in CDRs compared with FWRs. (E) Clonal expansion. (F) Clonal expansion and diversity (day 7 after exposure III). Individual cell clusters 
are colored; unique sequences are white (top). Corresponding subsampling analysis (bottom). Dots represent independent analyses. Red lines show mean. Blue lines in-
dicate observed values as in (E). (G to J) Recombinant monoclonal PfCSP memory B cell antibodies from eight donors at day 7 after Pf exposure I, II, and III. Representative 
optical density (OD) (G) and AUC values from PfCSP (H) and NANP (I) ELISA. Red and blue lines in (G) indicate positive (2A10) and negative (mGO53) controls. Antibody 
sporozoite inhibitory activity in traversal assays (J). (K to M) Affinity, frequencies (K), and kinetic on-rate (L) and off-rate (M) constants of NANP-reactive antibodies at day 7 
after inoculation II and III. (H to J, L, and M) Red lines indicate mean. Data are representative of at least two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, two tailed Mann-Whitney test (H to J, L, and M) and 2 test (K). n numbers are provided in tables S1 and S2. ns, not significant.
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quality, as measured in enzyme-linked immunosorbent assay (ELISA), 
increased with each infection (Fig. 1, G and H). About 35% of anti-
bodies, cloned after the first parasite exposure, were polyreactive (fig. 
S2I). The frequency was significantly lower at later time points, sug-
gesting that polyreactive B cells had a relative advantage when the 
overall level of PfCSP reactivity was still low. The vast majority of 
antibodies targeted the immunodominant NANP repeat B cell epi-
tope (Fig. 1I). The level of PfCSP reactivity correlated directly with 
the degree of parasite inhibition in a standard in vitro hepatocyte tra-
versal assay (Fig. 1J and fig. S2J). NANP-reactive antibodies showed a 
wide range of affinities from 10−5 M to 10−10 M, as measured by sur-
face plasmon resonance (SPR) to a short NANP5 epitope, reminiscent 
of affinity maturation to monovalent antigens with a reported affin-
ity ceiling of 10−10 M (Fig. 1K) (3, 4, 28). Antibodies with improved 
affinities accumulated over the repeated immunizations and were 
selected for lower off-rates while maintaining high on-rates (Fig. 1, 
L and M). In summary, repeated Pf exposure in malaria-naïve vol-
unteers induced potent Pf-inhibitory IgM-dominated anti-PfCSP 
responses that targeted predominantly the NANP repeat. The cells 
originated from polyreactive and nonpolyreactive naïve cells as well 
as preexisting memory B cells formed in previous nonrelated infec-
tions. Although all donors mounted prominent immune responses, 
only a subset exhibited PfCSP memory B cell responses associated 
with a high degree of clonal expansion.

The anti-NANP response matures independently of efficient 
affinity maturation to the repeat
We initially expected that the global increase in high-binding PfCSP 
memory B cell antibodies was the result of affinity maturation to 
the NANP repeat. To test this, we measured the NANP5 affinity of 
clonally expanded repeat binding antibodies from all time points in-
cluding day 7 after injection of PfSPZ Challenge for CHMI (Fig. 2). 
Compared with their germline or near-germline counterparts with only 
a few mutations, the majority of SHM-diversified antibodies showed 
no appreciable increase in antigen binding independently of their ini-
tial NANP5 affinity (Fig. 2A). This lack of intraclonal affinity matura-
tion was confirmed by generating predicted germline ancestors of 
naïve and memory B cell–derived clusters for which unmutated anti-
body variants had not been sampled (Fig. 2B). Although we identified 
clusters where mutants with substantially higher affinity developed, 
this was overall rare (Fig. 2C and fig. S3). Thus, the memory B cell 
response to the NANP repeats of PfCSP comprised germline and mu-
tated clones of different antibody quality that showed little evidence 
of efficient affinity maturation, despite strong maturation of the re-
sponse at the population level (Fig. 1, G to M).

Computational modeling predicts antigen dose and 
repeated exposure to determine the quality of memory  
B cell responses to Pf
To understand why intraclonal affinity maturation to PfCSP was so 
rare, we developed a computational model for the GC reaction and 
simulated the development of memory B cells in response to repeated 
parasite exposure (Fig. 3A and table S4). SHM was implemented at 
the natural rate of pmut = 3 × 10−3 per cell division and codon (29); 
subsequent selection for antibody affinity was based on competition 
of B cells for survival signals from a limiting number of T follicular 
helper (TFH) cells (4, 30). In the well-studied case of affinity matura-
tion against haptens [e.g., modeled in (31)], mutations at a single key 
position in the antibody can increase affinity by more than an order 

of magnitude (32, 33). In contrast, for protein antigens, increased anti
body affinity appears to require mutations at more than one key po-
sition (nkey > 1; Fig. 3B), with an incremental contribution of each key 
residue to antibody affinity (Fig. 3C) (34). Our recent structures of 
human anti-PfCSP memory antibodies induced by natural Pf expo-
sure indicate a large number of key positions (35); accordingly, we 
used nkey = 10 (unless indicated otherwise). On the basis of our exper-
imental observations and recently published data (36), we seeded the 
GC with ~100 naïve and preexisting memory B cells with a diverse 
repertoire and affinity in the experimentally observed range following 
a normal distribution with large numbers of B cells expressing low- 
affinity antibodies in the range of 10−5 M and rare high-affinity GC 
precursors. Using this input for simulations of individual GCs, we ob-
served an initial highly polyclonal phase, followed by selective expan-
sion of the best antigen binders. Concomitantly, less potent clones were 
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lost, leading to oligoclonal or monoclonal GCs (Fig. 3D), as previously 
observed (36). For larger epitope complexity, affinity maturation in an 
individual GC occurred predominantly through the selection of high-
affinity seeders, whereas intraclonal affinity improvement was negligi-
ble [Fig. 3, D (inset) and E, and fig. S4].

To simulate the PfSPZ-CVac clinical trial, antigen was intro-
duced at days 0, 28, and 56 into a model consisting of 50 GCs. After 

each exposure, we observed an increase in the mean binding affinity 
of the memory B cell pool accompanied by a decrease in diversity 
(Shannon entropy) due to the progressive expansion of high-affinity 
clones (Fig. 3F). These findings closely agree with the experimental 
data (Fig. 1, E to J). Subsequent boosts massively amplify high-affinity 
memory cells generated by the first or second response as they spread 
through and eventually dominate multiple GCs over time (Fig. 3G and 

Competing
 for signal 

Receiving signal

Active 

Memory

Naïve

Ag

Ø

Ag

A B

D
iv

id
e 

D
iff

er
en

. 

C

1 2 5 10 15
nkey

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

M
ea

n 
∆

 lo
g(
K

d
) o

f s
in

gl
e

ke
y 

re
gi

on
 m

ut
at

io
n

  

Simple Ag:
small nkey

Complex Ag:
larger nkey

Ab: binding key

Ab: scaffold

F

0 I 25II 50 III 75 100 126
Time (days); Ag exposure

0
0.2
0.4
0.6
0.8
1

S
ha

nn
on

E
nt

ro
py

 
(n

or
m

al
iz

ed
)

10−5

10−6

10−7

10−8

M
ea

n 
K

d
 (M

) 
of

 m
em

or
y 

po
ol 10−9

I

10−5 10−7 10−910−5 10−7

10−5 10−7 10−910−5 10−7

10−5 10−7 10−910−5 10−7

10−5 10−7 10−910−5 10−7

m
em

or
y 

B
 c

el
ls

on
 d

ay
 1

26

In
iti

al
 fo

un
de

r c
el

ls

m
em

or
y 

B
 c

el
ls

on
 d

ay
 1

26

In
iti

al
 fo

un
de

r c
el

ls

In
iti

al
 fo

un
de

r c
el

ls

In
iti

al
 fo

un
de

r c
el

l s

m
em

or
y 

B
 c

el
ls

on
 d

ay
 1

26

m
em

or
y 

B
 c

el
ls

on
 d

ay
 1

26

Mutation rate = 0 nkey = 3

No good precursors
K

J L

Default case
H

1 2 4 6 8 10 12 15

100 500 1000 1500

GC peak size (B cells)

2 5 10 15 20 25 30
GC decay constant (days)

2 20 50 100

Immunization dose
(% of simulation max.)

10−6

10−7

10−8

10−6

10−7

10−8

nkey

GC lifetime
of ~3 weeks 

~125 seeder cellsM
ea

n 
K

d
 (M

) o
f m

em
or

y 
B

 c
el

ls
af

te
r C

H
M

I (
da

y 
12

6)

Cell number
Clone number

0

400

800

C
el

ln
um

be
r i

n 
G

C

D

E

exemplary single GC mean of 500 GCs

0 4 8
SHM

10−5

10−7

10−9

K
d
 (M

)
la

rg
es

t c
lo

ne

0 10 20
Time (days)

10−5

10−6

10−7

10−8

30

K
d
 (M

) o
f e

xi
tin

g
m

em
or

y 
ce

lls

key
nkey = 5
nkey = 10
nkey = 15

0 10 20
Time (days)

30

nkey = 10

G

C
lo

na
l c

om
po

si
tio

n 
of

 
th

re
e 

ex
em

pl
ar

y 
G

C
s

0 I 80II III

Time (days); Ag exposure

Improved
Impaired

Unchanged

Ab affinity
compared to

germline 
ancestor

 Kd of the BCR (M)

many GCs

B cell response

 Kd of the BCR (M)

Fig. 3. Computational model of the B cell response to complex antigens. (A and B) Schemes of GC (A) and key mutation models (B). (C) Mean effect of single key muta-
tions on log Kd for different nkey values. (D) Clonal composition of one exemplary GC (left) and mean cell and clone numbers of 500 GCs (right) over time. Colors indicate 
different clones. Inset: Affinity of individual memory cells stemming from the GC-dominating red clone over mutational state. (E) Left: Affinity of memory B cells produced 
by the GC reaction in (D). Colors indicate clones. Right: Affinity of GC memory output over time for different nkey values. Mean of 500 simulations, shaded area = 1 SD. 
(F) Dynamics of memory cell affinity and clonal diversity (normalized Shannon entropy) in a simulation of the experimental trial protocol (Fig. 1A). Mean of 50 simulations, 
shaded area = 1 SD. (G) Clonal composition of GCs after each infection. Clonally expanded high-affinity clones (red) seed and expand in successively more GCs after the 
second and third infection. (H) Sensitivity of the mean affinity (Kd) of the memory B cell pool after three infections to changes in nkey, GC peak size, GC lifetime, and antigen 
dose. Means of 50 simulations, error bars = 1 SD. Default values are highlighted. (I to L) Affinity distribution in GC precursor cells at day 0 (left) and corresponding memory 
B cells after three infections at day 126 (right). (I) Default conditions for nkey = 10 with a diverse precursor repertoire and natural mutation rate of 0.003 per codon and division. 
(J) As in (I), but with mutation rate of zero (no SHM possible). (K) As in (I), but limited repertoire without high-affinity GC precursors. (L) As in (I), but for a lower complexity 
antigen of nkey = 3. Memory B cells with equal, higher, or lower affinity than their corresponding GC precursor are shown in gray, green, and red, respectively. Ab, antibody.
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fig. S5). We next computed how the mean affinity improvement was 
controlled by the parameters of the GC reaction and found strong 
dependence on antigen complexity (nkey), GC lifetime, and diversity 
of seeding precursor B cells depending on the antigen dose, whereas 
GC peak size had less effect (Fig. 3H). In natural Plasmodium infection 
in vivo, GCs are disrupted at around day 7 by the emergence of blood-
stage antigens (37); for the trial simulation, we assumed a limited but 
somewhat longer GC lifetime (about 3 weeks) due to the rapid elim-
ination of blood stages by chloroquine (9). Thus, in addition to the 
relative structural complexity of PfCSP, the limited GC lifetime and 
the overall short time period of the trial are predicted to be strongly 
limiting factors for intraclonal affinity improvement.

To distinguish the contributions of clonal selection of high-
affinity precursors from intraclonal affinity maturation, we analyzed 
how the initial affinity distribution of GC-seeding precursors be-
comes transformed under subsequent responses (Fig. 3, I to L). If 
the initial repertoire contains (rare) high-affinity binders (Fig. 3I, 
left), these will become enriched over time and contribute the bulk 
of the high-affinity memory cell population at the end of the trial 
(Fig. 3I, right, gray), with minor contributions of intraclonal affinity 
maturation by SHM (green). Even in the total absence of mutations, 
repeated GC reactions could thus produce a large high-affinity 
memory population from very few high-affinity precursors (Fig. 3J). 
However, if no high-affinity precursors are available, then SHM re-
mains the only route for affinity improvement, resulting in a much 
lower fraction of high-affinity binders at the end of the simulated 
trial (Fig. 3K). This outcome strongly depends on antigen complexity 
because SHM is much more efficient in cases with low nkey (Fig. 3L). 
Thus, our computational model argues that successful memory B cell 
responses rely both on high antigen dose to recruit large numbers of 
GC precursor cells and on repeated exposures, thereby allowing the 
best binders to avalanche through a large number of GCs.

Protective high-affinity PfCSP NANP-reactive memory  
B cells originate predominantly from unmutated precursors 
with specific Ig gene features
To make a testable prediction, we analyzed simulated samples of 
memory B cells for antibody mutation count and affinity (Fig. 4A). 
Shortly after the first antigen exposure (I), many of the simulated 
memory B cells originated from earlier unrelated infections. GCs 
then selectively expanded the best precursor cells. These were in-
creasingly more likely to derive from the large and continuously 
renewed pool of naïve B cells than from the limited number of avail-
able memory B cells. Thus, high-affinity memory B cells derived 
from naïve precursors were detected only after the second antigen 
exposure (II) and accumulated low levels of SHM after the third (III). 
Analysis of the experimental data confirmed these predictions (Fig. 4, 
B and C). Some of the high-quality anti-PfCSP antibodies carried 
large numbers of SHM, suggesting that they developed from preexist-
ing memory B cells. However, the most potent PfCSP inhibitory anti-
bodies showed no or very low SHM counts in IGHV and IGKV or IGLV 
genes. In agreement with the model, such antibodies were first de-
tected after the second exposure (II) and were more frequent after 
the third (III) but could also be detected after CHMI (fig. S6A).

To determine whether antibodies with high PfCSP reactivity had 
specific Ig gene features, we analyzed the Ig gene repertoire of PfCSP 
memory B cells in comparison with plasmablasts. Antibodies with 
high PfCSP reactivity were frequently encoded by IGHV3 family 
gene segments and featured Ig chains with 8–amino acid–long 

CDR3 (KCDR3) (Fig. 4, D and E, and table S5). These antibodies 
were strongly enriched in the PfCSP memory compared with the 
plasmablast pool in donors T2_071-073 (fig. S6, B and C). A subset 
of anti-PfCSP antibodies with 8–amino acid–long KCDR3 showed 
high affinity (Kd < 10−7 M) for NANP5 and were all potent parasite 
inhibitors (Fig. 4F and fig. S6D). These antibodies originated almost 
exclusively from B cell clusters encoded by IGHV3-33 in association 
with IGKV1-5 and, to a lesser extent, IGKV3-20 or IGKV3-11 genes 
(Fig. 4G). Passive immunization with a representative VH3-33/V1-5/​
KCDR3:8 antibody (1210; Kd = 1.14 × 10−8 M) from one of these clusters 
protected mice from infection with PfCSP-transgenic Plasmodium 
berghei parasites [Pb-PfCSP; (35)] demonstrating the in vivo func-
tional relevance and overall quality of these antibodies (Fig. 4H). Un-
mutated or low-mutated high-affinity VH3-33 antibody clusters 
were readily detected after the second and/or third immunization in 
donors T2_071-073 (fig. S6E and table S5). In donor T2_042, such 
cells were detected at low frequency only at day 7 after CHMI, suggest-
ing that their recruitment was comparably inefficient. High-affinity 
VH3-33 antibodies were not detected in any of the other donors. 
We conclude that high-affinity PfCSP-reactive memory B cells origi-
nate predominantly from unmutated precursors with specific Ig gene 
features. Combined, the degree of clonal expansion, frequency of Ig 
genes with 8–amino acid–long KCDR3, and IGHV3 family usage 
distinguished donors with low-quality (T2_017-035 and T2_051) from 
donors with high-quality (T2_042 and T2_071-073) anti-PfCSP re-
sponses (Fig. 4, I and J).

DISCUSSION
Our data suggest that the relative abundance and clonal selection of 
potent antigen binders will play a major role in the evolution of high-​
affinity memory B cell responses against PfCSP. An indirect effect 
of affinity maturation might be to broaden the memory B cell re-
sponse, paralleling the effect of neutral genetic drift on organismic 
evolution or to improve binding to full-length PfCSP rather than 
the core NANP epitope alone (38). Future studies will have to assess 
the three-dimensional structure of PfCSP to define how the antibodies 
interact with the full-length protein and to determine how binding 
mode and affinity correlate with protection (35, 39, 40). Individuals 
with naïve or memory B cells expressing high-affinity antibodies may 
have a selective advantage in mounting protective memory responses 
upon natural Pf infection or vaccination. The likelihood of recruiting 
potent precursors will increase if larger numbers of B cells are activated, 
thereby boosting the quality of the response. Repeated immunizations 
will help to activate, distribute, and expand memory B cells in newly 
formed GCs. Thus, inefficient affinity maturation to the NANP repeat 
is not caused by failure to select the best binders, for example because the 
affinity ceiling has been reached at which the cells cannot discriminate 
differences in antigen binding any more (3, 28). Instead, high-binding 
germline B cells outcompete rare antibody mutants with improved 
NANP affinity that developed by SHM from low-binding precursors.

Compared with many viral antigens, PfCSP appears to be an easy 
target for the humoral immune system because high-affinity anti-
body features are germline-encoded and potent precursors appear 
to be relatively abundant. However, sterile protection may require 
high anti-CSP titers to prevent the infection of liver cells, and the 
role of antibodies in CHMI protection after PfSPZ-CVac immuni-
zation remains to be determined. However, the protocol used much 
higher numbers of sporozoites compared with natural infections by 
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mosquitoes, which are estimated to inject less than 100 sporozoites 
(9, 41–43). Further, chloroquine treatment eliminates blood-stage 
parasites (9). Therefore, the high sporozoite and relatively low blood-
stage parasite load may focus the immune response toward sporo-
zoite and liver-stage antigens (37). Strong memory B cell responses 
to PfCSP developed in some but not all donors, demonstrating that 
interdonor variability rather than the use of chloroquine influenced 

the quality of the response. Thus, although we cannot exclude that 
the immune response might have been stronger in the absence of 
chloroquine, we observed no evidence for impaired GC responses 
after PfSPZ-CVac, and the antibodies were potent parasite inhibitors 
in vitro and in vivo (35).

The generation of protective memory B cell responses to natu-
ral sporozoite infections may take much longer (44, 45). Repeated 
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long-term antigen exposure might eventually compensate for the low 
antigen amounts, providing sufficient time to generate optimized 
antibodies by affinity maturation as shown for human PfCSP mem-
ory B cell antibodies induced by natural Pf exposure (35). PfCSP-based 
vaccine approaches may benefit from designing immunogens that 
efficiently target B cells expressing high-affinity germline anti-NANP 
repeat antibodies. Although our study focuses on malaria and PfCSP, 
our data show that the major rate-limiting step in affinity maturation 
is the number of key mutations necessary to improve antigen binding. 
Thus, the basic concepts that underlie the formation of high-affinity 
human memory B cell antibodies as defined in this study are likely 
more universal and may extend to B cell memory responses against 
other pathogens and antigens, for example, in cancer, autoimmunity, 
and vaccine design.

MATERIALS AND METHODS
Study design and samples
The study design details of the clinical trial have been described pre-
viously (9). In brief, peripheral blood samples from nine European 
donors with no history of malaria or HIV infection who had been ex-
posed three times to 51,200 live, infectious, aseptic, purified, cryo-
preserved Pf NF54 sporozoites (Sanaria PfSPZ Challenge) by direct 
venous inoculation under chloroquine prophylaxis followed by CHMI 
with 3200 PfSPZ of PfSPZ Challenge in the absence of chloroquine 
during participation in PfSPZ-CVac clinical trial TÜCHMI-2 [Tübingen 
CHMI; ClinicalTrials.gov no. NCT02115516 (9)] were collected 7 days 
after each Pf exposure. Peripheral blood mononuclear cells (PBMCs) 
were isolated using Ficoll gradient density centrifugation and frozen.

Flow cytometry and single-cell sorting
Frozen PBMCs were thawed and washed twice with RPMI 1640 (Gibco). 
Recombinant NF54 PfCSP (Protein Potential LLC) was labeled with 
Alexa Fluor 647 Protein Labeling Kit (Molecular Probes). Single-cell 
suspensions were stained with CSP–Alexa Fluor 647 and the follow-
ing mouse anti-human antibodies at the indicated dilutions: CD19–
Brilliant Violet 786 (BV786) (SJ25C1) at 1:10, CD20–allophycocyanin 
(APC)–H7 (2H7) at 1:20, CD27–phycoerythrin (PE) (M-T271) at 1:5, 
CD38–fluorescein isothiocyanate (FITC) (HIT2) at 1:5, IgG-BV510 
(G18-145) at 1:20, CD138-BV421 (MI15) at 1:20 (all from BD Biosciences), 
and CD21-PE-Cy7 (Bu32) at 1:20 (BioLegend). 7-Aminoactinomycin 
D (7AAD) (Invitrogen) at 1:400 was used as dead cell marker. Single-cell 
sorting of 7AAD−CSP+CD19+ B cells gated positive for either IgG or 
CD27 as PfCSP memory B cells and 7AAD−CD38+CD27+CD19+ cells 
as plasmablasts was performed using FACSAria II (BD Biosciences) 
with FACSDiva software (version 8.0.1) using the index sort option. 
Data were analyzed using FlowJo v.10.0.8 (Tree Star).

Matrix PCR amplification of Ig transcripts  
and sequence analysis
IGH, IGK, and IGL genes were amplified using a high-throughput 
robotic platform (46–48). In brief, complementary DNA was syn-
thesized from sorted single cells using random hexamers. Ig genes 
were amplified using a nested matrix polymerase chain reaction (PCR) 
approach with barcoded primers in the second PCR (48). Amplicons 
were pooled, purified, and sequenced using the 454 GS FLX+ (Roche) 
or MiSeq 2 × 300–base pair (bp) paired-end (Illumina) sequencing 
platforms. sciReptor (version 1.0.1.-1-gad8bbdf or 1.0.2-0-gf70a308) 
was used for integrated analysis of Ig gene features and indexed flow 

cytometric data (49). Only wells with paired full-length functional 
Ig heavy and light chain gene sequences were analyzed.

Recombinant monoclonal antibody production
Recombinant monoclonal antibodies were generated as described 
previously (46). In brief, Ig genes from single B cells were amplified 
using restriction site–tagged V and J gene–specific primers and cloned 
into corresponding IgG1 and Ig or Ig expression vectors. Recom-
binant monoclonal antibodies were produced in human embryonic 
kidney (HEK) 293T (German Collection of Microorganisms and 
Cell Cultures, ACC-635) or HEK293F (Thermo Fisher Scientific) cells.

Antibody purification and ELISA
Recombinant monoclonal antibodies were purified and concentra-
tions were measured by ELISA as described (46). Antigen-ELISAs 
and poly-ELISAs were performed as described (35, 46, 50). In brief, 
high-binding polystyrene plates (Corning) were coated overnight at 
4°C with Escherichia coli–expressed N-terminally truncated PfCSP 
(40 ng per well) [amino acids 123 to 411; (51)], NANP10 (50 ng per well) 
(Alpha Diagnostic International), double-stranded DNA (dsDNA) 
(150 ng per well) (Sigma), human insulin (150 ng per well) (Sigma), 
or lipopolysaccharide (LPS) (75 ng per well) (Sigma). Plates were 
blocked with 1% bovine serum albumin in phosphate-buffered saline 
(PBS) (PfCSP and NANP10 ELISA) or with 0.01% Tween 20 and 0.01 M 
EDTA in PBS (dsDNA, insulin, and LPS) for 1 hour at room temper
ature before antibody incubation at the indicated concentrations for 
1.5 hours at room temperature. Anti-human IgG–horseradish peroxi-
dase at 1:1000 (Jackson ImmunoResearch) in the corresponding block-
ing buffer and 1-Step ABTS substrate (Roche) were used for detection. 
For CSP-ELISAs, a chimeric version of the murine anti-PfCSP anti-
body 2A10 (35, 52) with human Ig heavy and Ig  constant regions 
and mGO53 (50) were used as positive and negative controls, respective-
ly. For polyreactivity ELISAs, ED38 (53) and mGO53 were used as pos-
itive and negative controls, respectively. ELISA area under curve (AUC) 
values were calculated using GraphPad Prism 6.07 (GraphPad).

Pf sporozoite hepatocyte traversal assay
Anopheles coluzzi mosquitoes were reared and infected with Pf ga-
metocytes (NF54 strain) as described by Triller et al. (35). In brief, 
salivary gland Pf sporozoites were preincubated with monoclonal 
antibodies (100 g/ml) for 30 min on ice and incubated with human 
hepatocytes [HC-04; (54)] for 2 hours at 37°C and 5% CO2 in the 
presence of dextran-rhodamine (0.5 mg/ml) (Molecular Probes). Non–
antibody-treated Pf sporozoites were used to measure the maximum 
traversal capacity. Cells incubated only with dextran-rhodamine 
were used to determine the background. A chimeric version of 2A10 
(35) and mGO53 (50) were used as positive and negative controls, 
respectively. Cells were washed and fixed with 1% paraformalde-
hyde in PBS. Dextran positivity was detected using a FACS LSR II 
instrument (BD Biosciences). Data analysis was performed by back-
ground subtraction and normalization to the traversal capacity of Pf 
sporozoites not treated with any antibody using FlowJo v.10.0.8 
(Tree Star).

Surface plasmon resonance
SPR measurements were performed with a Biacore T200 (GE Health-
care) instrument docked with series S sensor chip CM5 (GE Healthcare). 
Hepes (10 mM) with 150 mM NaCl at pH 7.4 was used as running 
buffer. Human antibody capture kit (GE Healthcare) was used for 
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immobilization of anti-human IgG antibody by amine coupling fol-
lowing the manufacturer’s instructions. Equal concentrations of the 
sample and control antibody [mGO53; (50)] were captured in the 
sample and reference flow cell, respectively. The flow cells were sta-
bilized with running buffer at flow rate (10 l/min) for 20 min. NANP5 
(Alpha Diagnostic International) was dissolved in running buffer 
and injected at different concentrations: 0, 0.015, 0.09, 0.55, 3.3, and 
20 M. A flow rate of 30 l/min was maintained, allowing the association 
and dissociation of NANP5 for 60 and 180 s, respectively, at 25°C. 
After each run, both flow cells were regenerated with 3 M MgCl2. The 
data were fit using 1:1 binding model or steady-state kinetic analysis 
using the Biacore T200 software version 2.0.

Antibody germline reversion generation
To generate germline versions of hypermutated antibodies, the re-
spective IGH, IGK, or IGL V regions were synthesized (Eurofins Ge-
nomics) using the germline sequence of the identified V- and J-gene 
segments. For the V(D)J junction region, the CDR3 sequence of the 
least mutated antibody of a B cell cluster was used. The synthesized 
V regions were cloned and expressed.

In vivo mouse experiments
Animal experiments were approved by the LAGeSo, Berlin, Germany 
(H0027/12). Eight-week-old C57BL/6 female mice were passively 
immunized intraperitoneally with 100 g of monoclonal human IgG1 
antibody in 200 l of PBS. Twenty-four hours later, mice were infected 
with 5000 PfCSP transgenic P. berghei [Pb-PfCSP; (35)] sporozoites by 
subcutaneous injection at the tail base. Blood smears were prepared 
daily from day 3 to day 12 after infection. Blood parasitemia was deter-
mined using Giemsa staining. At least 100 microscopic fields were 
counted. Mice with blood-stage parasites were sacrificed 4 days after 
being tested positive.

Mathematical model
The GC-based memory B cell response to the CHMI trial protocol was 
simulated with an agent-based model written in Python 2.7 building 
on parameters from the experimental literature (9, 28–31, 37, 55–68). 
A detailed description of the model, the algorithm, and the parameters 
can be found in the Supplementary Materials.

Statistics
Experimental data were analyzed on Prism 6.07 (GraphPad) or RStudio 
(version 3.2.2) using two-tailed Mann-Whitney assuming non-normal 
distribution, 2 test, or Fisher’s exact test. Error bars indicate SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All experiments were 
performed in independently performed replicates, a minimum of twice.

SUPPLEMENTARY MATERIALS
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Fig. S3. Inefficient affinity maturation over repeated Pf exposure.
Fig. S4. Influence of GC seeder cell frequencies and antigen complexity (nkey) on clonal 
evolution within individual GCs.
Fig. S5. Avalanche effect over three successive infections in an exemplary system of 10 
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plasmablasts.
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