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Abstract

Human monoclonal antibodies (mAbs) against the central repeat
and junction domain of Plasmodium falciparum circumsporozoite
protein (PfCSP) have been studied extensively to guide malaria
vaccine design compared to antibodies against the PfCSP C termi-
nus. Here, we describe the molecular characteristics and protective
potential of 73 germline and mutated human mAbs against the
highly immunogenic PfCSP C-terminal domain. Two mAbs recog-
nized linear epitopes in the C-terminal linker with sequence simi-
larity to repeat and junction motifs, whereas all others targeted
conformational epitopes in the a-thrombospondin repeat («-TSR)
domain. Specificity for the polymorphic Th2R/Th3R but not the
conserved RII+/CS.T3 region in the a-TSR was associated with
IGHV3-21/IGVL3-21 or IGLV3-1 gene usage. Although the C terminus
specific mAbs showed signs of more efficient affinity maturation
and class-switching compared to anti-repeat mAbs, live sporozoite
binding and inhibitory activity was limited to a single C-linker
reactive mAb with cross-reactivity to the central repeat and junc-
tion. The data provide novel insights in the human anti-C-linker
and anti-a-TSR antibody response that support exclusion of the
PfCSP C terminus from malaria vaccine designs.
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Introduction

Plasmodium falciparum (Pf) malaria is a mosquito-borne parasitic
disease that is highly endemic in sub-Saharan Africa, where
it remains the primary cause of childhood illness and death
(WHO, 2021). RTS,S/AS01 (Mosquirix™), the only marketed
malaria vaccine, has been recommended for widespread use among
children in areas with high to moderate Pf transmission.
RTS,S/AS01 is a subunit vaccine that targets Pf circumsporozoite
protein (PfCSP), the major protein on the surface of sporozoites that
are transmitted to humans during the blood meal of infected Anoph-
eles mosquitoes (Swearingen et al, 2016). PfCSP consists of three
domains: a poorly characterized N-terminal domain (N-CSP), an
unstructured central repeat region with large numbers of repeating
four amino-acid motifs, and a C-terminal domain (C-CSP) with a
linker (C-linker) and o-thrombospondin type-1 repeat (a-TSR)
subdomain that is attached to the cell membrane by a GPI anchor
(Dame et al, 1984; McCutchan et al, 1996; Wang et al, 2005; Doud
et al, 2012). RTS,S/AS01 contains a genetic fusion protein of an
N-terminally truncated form of PfCSP from the Pf clone 3D7, derived
from the laboratory strain NF54, and hepatitis B surface antigen
(HbsAg), which is complexed with free HbsAg to form virus-like
particles and boost immunogenicity (Gordon et al, 1995; Stoute
et al, 1997; Bojang et al, 2001; Casares et al, 2010; Agnandji
et al, 2011). The PfCSP part of RTS,S comprises 18.5 of the 38
repeating asparagine (N)—alanine (A)—asparagine (N)—proline
(P) motifs in the central repeat domain (Zavala et al, 1985; Stoute
et al, 1997) and the complete C-CSP. The characteristic NANP motifs
are fully conserved in Pf parasites (with only slight variations in the
number of repeating units) independent of their geographic origin
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and are long known to be the target epitopes of protective anti-
bodies (Nardin et al, 1982; Zavala et al, 1983).

The successful clinical development of RTS,S/AS01 in contrast to
the other numerous malaria vaccine candidates confirms the
potency of PfCSP as a promising vaccine target. However, the over-
all efficacy is limited and protection is short-lived (Agnandji
et al, 2011; Asante et al, 2011; Olotu et al, 2011, 2016). To guide the
design of a more efficacious P{CSP-based malaria vaccine, recent
studies have characterized large numbers of human monoclonal
antibodies (mAbs) against PfCSP (Oyen et al, 2017; Triller
et al, 2017; Kisalu et al, 2018; Murugan et al, 2018; Tan et al, 2018;
Wang et al, 2020). Their molecular and functional characterization
provided deep insights in the development and potency of anti-
repeat antibodies, and identified new epitopes of protective mAbs in
the N-terminal junction, with alternating NANP and NANP-like
(NPDP, NVDP) motifs that are not included in RTS,S.

In contrast to the large numbers of well-characterized antibodies
against the central repeat domain and N-terminal junction, the role
of antibodies against N-CSP and C-CSP remains controversial. N-
CSP is overall poorly immunogenic and undergoes proteolytic
cleavage at region I (RI), a stretch of six amino acids that is highly
conserved in all Plasmodium species (Coppi et al, 2005; Espinosa
et al, 2015). Human monoclonal antibodies against N-CSP distal to
RI have not been described, and the few known mouse monoclonal
antibodies show little sporozoite reactivity and parasite inhibitory
activity (Herrera et al, 2015; Thai et al, 2020).

Although immunization with recombinant PfCSP induces domi-
nant humoral responses against C-CSP in animal models and
humans (Genito et al, 2017; Cawlfield et al, 2019; Hutter
et al, 2022), the limited number of human C-CSP mAbs that have
been described so far did not allow deep analyses of their gene fea-
tures, epitope breadth or preferences, and parasite-inhibitory activ-
ity. Two target sites of human monoclonal antibodies have been
identified in the o-TSR subdomain of C-CSP: the highly polymorphic
Th2R/Th3R region and the conserved RII+/CS.T3 region (Scally
et al, 2018; Beutler et al, 2022). However, whether binding to these
epitopes is associated with specific Ig genes, whether other epitopes
are targeted by anti-C-CSP antibodies, and whether epitope specific-
ity is linked to differences in parasite inhibition remains unclear. To
address these questions, we characterized the molecular and func-
tional properties, as well as binding-specificity of a large panel of
recombinant human monoclonal antibodies cloned from memory B
cells of malaria-naive individuals immunized with aseptic, cryopre-
served, radiation-attenuated Pf sporozoites (PfSPZ Vaccine; Mord-
muller et al, 2022).

Results

Immunization with radiation-attenuated Plasmodium falciparum
sporozoites (PfSPZ) induces antibody responses against C-CSP

To identify individuals with antibody responses against C-CSP, we
measured the humoral response in sera from 12 malaria-naive Euro-
pean volunteers 28 days after three direct venous inoculation (DVI)
immunizations with 900,000 aseptic, purified, radiation-attenuated
Pf NF54 sporozoites (Sanaria® PfSPZ Vaccine; Mordmuller
et al, 2022). Comparison of the IgG response against a peptide
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representing the central NANP repeat (NANPs) and against C-CSP
showed responses to both domains (Figs 1A and EV1A; Appendix
Table S1).

To directly compare the anti-C-CSP and anti-repeat antibody
response at monoclonal level, we isolated single circulating PfCSP-
reactive memory B cells from all donors at 14 and 35 days after the
third immunization (III + 14, III + 35; Fig EV1B and C) and ampli-
fied the paired immunoglobulin (Ig) heavy and light chain genes.
Sequencing of the RT-PCR Ig gene products showed that in all
donors at both time points, the anti-PfCSP response was dominated
by memory B cells expressing VH3-21 and VH3-33 Igs, frequently in
association with VA3-21 or VA3-1 and Vkl1-5 light chains, respec-
tively (Figs 1B and EV1D). Both IGHV genes were enriched in the
PfCSP-reactive memory B cell pool compared to circulating plasma-
blasts from the same individuals and time points that represent the
B cell response to all sporozoite antigens (Fig 1C). The high abun-
dance of VH3-33 expressing PfCSP-reactive memory B cells and fre-
quent association with Vk1-5 suggested that these cells recognized
the central repeat, similar to VH3-33 antibodies induced
by immunization with non-irradiated sporozoites (Murugan
et al, 2018). Compared to VH3-33 antibodies, which were mostly
IgM carrying a few somatic hypermutations (SHM), the VH3-21
response was dominated by IgG cells with higher mean SHM counts
(Fig 1D and E), indicating their participation in germinal center
(GC) responses.

To determine how VH3-21 usage was linked to P{CSP-reactivity,
we cloned and expressed 267 monoclonal antibodies (mAbs) cover-
ing the overall repertoire diversity of PfCSP-reactive memory B cells,
including 42 VH3-21 and 47 VH3-33 antibodies with similar isotype
distribution (Fig EV1E; Appendix Table S2 and Dataset EV1). From
this panel, 177 (66%) recombinant mAbs showed ELISA reactivity
with full-length PfCSP (FL-CSP) and lacked binding to non-related
antigens, demonstrating their specificity for PfCSP (Fig EV1F and
G). Of these FL-CSP specific mAbs, 102 showed reactivity to a pep-
tide representing the central NANP repeat (NANP,,), and 73 mAbs
recognized the C-CSP domain (Fig 1F). Two mAbs lacked binding to
NANP;, or C-CSP, but bound a peptide covering the junction motifs
(N-junc) (Fig EV1H). NANP-reactive mAbs were identified in all
donors and C-CSP-reactive mAbs in all but one donor (Fig 1G).

To determine whether any of the C-CSP-reactive antibodies
showed cross-reactivity with the repeat domain including the
N-terminal junction, as previously reported (Murugan et al, 2020),
we measured binding of the mAbs to NANP,, and the N-junc pep-
tide. With one exception (mAb 1961), all C-CSP-reactive mAbs were
highly specific, whereas most of the NANP;o-binders showed cross-
reactivity to the junction as expected (Fig 1H and I). Thus, immuni-
zation with radiation-attenuated sporozoites elicited PfCSP C-CSP
specific and repeat/junction cross-reactive humoral and memory B
cell responses associated with IGHV3-21 and IGHV3-33 gene signa-
tures, respectively.

C-CSP specific mAbs are frequently encoded by IGHV3-21

To further characterize the panel of 73 C-CSP specific mAbs, we
determined their binding strength by surface plasmon resonance
(SPR; Fig 2A). The mAbs recognized C-CSP with a wide range of
affinities (107° to 107'° M). Ig gene sequence analysis showed that
half (37/73) of all C-CSP binders were encoded by IGHV3-21 most of

© 2023 The Authors
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Figure 1. B cell response against the PfCSP C terminus.
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C Usage frequency of IGHV3-21, IGHV3-33 and other IGHV genes in PfCSP-reactive MBCs (n = 1,172) and plasmablasts (PBs; n = 2,380).

D, E Isotype distribution (D) and somatic hypermutation (SHM) count (E) in IGHV3-21 and IGHV3-33 genes from MBCs in (B, C).

F NANP;, (left) and C-CSP (right) binding of FL-CSP-reactive mAbs (n = 177). Circles represent ELISA AUC values for each mAb.

G Frequency of NANPy and C-CSP reactive mAbs per donor. The number of tested mAbs is indicated.

H, | Cross-reactivity of C-CSP (H) and NANP;, (1) reactive mAbs with the PfCSP N-junc, NANP;o and C-CSP; n indicates the number of mAbs tested.

Data information: Red lines in (A and E) indicate mean values. Black horizontal lines in (F), (H) and (I) indicate the threshold for binding. (E). The statistical significance in
E was assessed by two-tailed Mann—Whitney test: **P = 0.0017. Data in (A) are representative of two independent technical replicates. Data in (F, H and I) are obtained

from three independent technical replicates and indicated as mean.
Source data are available online for this figure.

which paired with IGLV3-21 or IGLVI-3 genes, demonstrating the
strong link between this gene combination and anti-C-CSP antibody
reactivity (Figs 2B and EV2A). The other half of the anti-C-CSP anti-
bodies used diverse gene combinations and showed no significant
difference in affinity, isotype distribution or somatic mutation load
compared to VH3-21 mAbs (Figs 2B and EV2B-D). As expected,
VH3-33 heavy chains paired with Vk1-5 light chains were highly
abundant among the NANP-reactive mAbs, similar to VH3-33/V«k1-5
anti-repeat antibodies induced by immunization with non-irradiated
sporozoites (Fig EV2A and E).

Although most C-CSP specific antibodies were class-switched
and carried somatic mutations as signs of affinity maturation, we
identified several VH3-21 and non-VH3-21 germline antibodies with
high C-CSP affinity suggesting that the naive human B cell repertoire
contains numerous C-CSP-reactive precursor cells (Fig 2C).
Sequence alignments of all VH3-21 antibodies showed strong signs
of selection indicated by enrichment of replacement mutations in
CDRs compared to framework regions (FWR; Fig 2D). Almost half
of the VH3-21 antibodies carried replacement mutations at two posi-
tions in HCDR1 (H.31, H.33) and threonine was strongly enriched in
these positions compared to the neutral mutation model (Figs 2D

© 2023 The Authors

and E, and EV2F and G; Yaari et al, 2013; Gupta et al, 2015). VH3-
21 mAbs carrying the selected H.S33T mutation showed on average
higher C-CSP affinities than mAbs with the germline residue H.S33
or with non-selected mutations demonstrating the role of the
H.S33T exchange in affinity maturation (Fig 2F). The data shows a
strong link of VH3-21 gene segment usage with C-CSP reactivity and
provides direct evidence for effective affinity maturation of the anti-
C-CSP response similar to the selection of H.S31N and H.V50I muta-
tions in VH3-33 antibodies (Fig EV2H and I), which mediate high
affinity to repeating NANP motifs (Imkeller et al, 2018).

C-CSP specific antibodies preferentially target two distinct
conformational epitopes in the a-TSR domain

To determine which of the two C-terminal subregions (Fig 3A) the
C-CSP specific and C-CSP cross-reactive antibodies recognized, we
measured binding to the C-linker (aa 273-310) and the o-TSR
domain (aa 311-384) by ELISA (Figs 3B and EV3A). With two
exceptions that recognized the C-linker region (mAb 3764, and mAb
1961 with NANP;, and N-junc cross-reactivity; Fig 1H), all mAbs
showed specificity for the a-TSR domain.

EMBO Molecular Medicine 1745412023 3 of 15
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VH SHM load of VH3-21 and non-VH3-21 mAbs. mAbs with unmutated VH are highlighted in green; n indicates the number of mAbs tested.
Amino acid (aa) VH replacement (red bars) and silent (black bars) SHM in VH3-21 mAbs (n = 113). FWR, framework region; CDR, complementarity-determining region.
Observed (Obs) aa usage frequency at position H.31 and H.33 in VH3-21 mAbs carrying a replacement mutation at these positions compared to the expected (Exp)

neutral mutation model (Yaari et al, 2013; Gupta et al, 2015). Single-letters indicate aa residues: G, Gly; |, lle; N, Asn; R, Arg; T, Thr.
F C-CSP affinity for selected VH3-21 mAbs with or without Thr mutation at position H.33.

Data information: The statistical significance in (F) was assessed by two-tailed Mann—Whitney test: **P = 0.0019. Red horizontal lines in (A, F) indicate geometric mean

values. Data in (A, C and F) are representative of two independent technical replicates.

Source data are available online for this figure.

To define whether any of the C-CSP-reactive antibodies recog-
nized linear epitopes, we tested their binding to 14 overlapping pep-
tides (P1-14) covering the complete NF54 C-CSP (Figs 3C and EV3B;
Appendix Table S1). Only three mAbs showed reactivity in these
assays: the C-linker specific mAb 3764 with specificity for P2 span-
ning aa 281-294 (QGHNMPNDPNRNVD) and the o-TSR-reactive
mADb 1061, which bound P10 and P11 covering aa 345-366 in Th3R
region. These two peptides overlap by six aa (KPKDEL), suggesting
that the mAb 1061 target epitope covers aa KPKDEL. The C-CSP,
junction and repeat cross-reactive mAb 1961 showed reactivity with
P3 (PNRNVDENANANSA) suggesting that C-CSP binding of this
mAb might be mediated via the NANA motif, similar to the previ-
ously reported C-CSP, junction and repeat cross-reactive mAb 3246
(Murugan et al, 2020). All other C-CSP specific mAbs (70/73) lacked
peptide reactivity indicating that they recognized conformational
epitopes.

Similar to the previously reported anti-o-TSR mAb 1710 (Scally
et al, 2018), many of these antibodies were encoded by IGHV3-21,
suggesting that these antibodies and mAb 1710 might recognize the
same or overlapping epitopes in Th2R and Th3R. To address this
question, we selected 21 IGHV3-21-encoded and 17 non-IGHV3-21
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encoded C-CSP specific mAbs with similar or higher C-CSP affinity
compared to mAb 1710 (< 1077 M) and tested their ability to block
mADb 1710 binding to C-CSP by ELISA (Figs 3D and EV3C; Appendix
Table S3). All 21 VH3-21 and most of the non-VH3-21 (12/17) mAbs
blocked binding of mAb 1710 demonstrating that the vast majority
of anti-C-CSP antibodies shared specificity for the same or overlap-
ping epitopes in the Th2R/Th3R. Only five of the 17 non-VH3-21
mAbs with diverse Ig genes did not interfere with mAb 1710 binding
(Fig 3D). To determine their epitope specificity, we tested their abil-
ity to block mAb 1512, an RTS,S/ASO1-induced C-CSP mAb with
specificity for a conformational epitope in the conserved RII+/CS.T3
of the o-TSR subdomain (Beutler et al, 2022). All five antibodies
blocked mAb 1512 binding, demonstrating their specificity for the
conserved RII+/CS.T3 epitope independent of their Ig gene usage
(Figs 3E and EV3D).

The Th2R and to lesser extent the C-linker and Th3R are highly
polymorphic (Gandhi et al, 2012; Aragam et al, 2013). To evaluate
whether the C-CSP specific antibodies were able to accommodate
these polymorphisms, we tested their ability to bind to PfCSP from
7G8, which differs from NF54 C-CSP by seven aa: one aa in the
C-linker and six aa in the o-TSR region (five in Th2R and one in

© 2023 The Authors
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D C-CSP reactivity of the a-TSR-specific mAb 1710 (Scally et al, 2018) in a blocking ELISA with C-CSP specific VH3-21 (n = 21; upper panel) or non-VH3-21 (n = 17;
lower panel) mAbs with the indicated SPR affinities. mAb 1710 binding without blocking (blue) and after self-blocking (gold) is shown for comparison.

E C-CSP reactivity of mAb 1512 (Beutler et al, 2022) in a blocking ELISA with mAbs (with the indicated SPR affinities; open circles) that do not block C-CSP binding of
mAb 1710 (from D lower panel). mAb 1512 binding without blocking (purple) and after self-blocking (magenta) is shown for comparison.

F ELISA cross-reactivity with Pf-7G8 FL-CSP of CSP-specific mAbs that block (left) or do not block (right) mAb 1710 binding to NF54 C-CSP (D).

Data information: Highlighted mAbs (B, C and F) with their binding sites (highlighted in A) are mAb 3764 (C-linker specific; red), mAb 1961 (C-linker, repeat and junction
cross-reactive; light blue), mAb 1061 (a-TSR peptide 10 and peptide 11 specific; green). Data in (B—F) are representative of two independent technical replicates.

Source data are available online for this figure.

Th3R; Fig EV3E and F). With four exceptions, none of the mAb
1710-blocking mAbs recognized 7G8 PfCSP (Fig 3E). In contrast,
mAbs 3764, 1961 and 1061 with linear peptide epitopes in the
C-linker and Th3R, respectively, and the five mAbs with reactivity
to the conformational mAb 1512 epitope in RII+/CS.T3 showed
cross-reactivity with 7G8 (Fig 3F). Thus, only antibodies against
the conserved linear or conformational C-CSP epitopes not over-
lapping with the polymorphic mAb 1710 binding site showed 7G8
cross-reactivity.

In summary, the vast majority of anti-C-CSP antibodies showed
the same specificity as mAb 1710, demonstrating the strong immu-
nogenicity of their polymorphic target epitopes in the o-TSR
domain. Binding to this site was strongly linked with IGHV3-21 gene
usage since all VH3-21 mAbs bound this epitope. Antibodies against
conserved epitopes in the o-TSR domain or the C-linker (conforma-
tional or linear) used diverse IgH and IgL combinations and showed
cross-reactivity to PfCSP from 7G8, but were overall rare.

© 2023 The Authors

C-CSP specific antibodies fail to bind live sporozoites and lack
parasite inhibitory activity

Differences in epitope specificity and Ig gene usage of antibodies
might be linked to their parasite binding and inhibitory capacities.
We selected 15 representative antibodies with high C-CSP
affinity against the linear and conformational epitopes in the
C-linker and o-TSR domain and measured their ability to bind live
fluorescent P. berghei sporozoites expressing P{fCSP (PbPfCSP
(mCherry), Fig EV4A; Appendix Table S4). Compared to the anti-
repeat mAb 2A10 (Triller et al, 2017), which showed strong binding
at low concentration (1 pg/ml) in flow cytometry, none of the mAb
1710-like or mAb 1512-like anti-o-TSR mAbs recognized live sporo-
zoites even at 100 pg/ml regardless of their epitope specificity and
affinity (Figs 4A and EV4B), supporting the earlier observations that
the o-TSR domain on the surface of live sporozoites was not accessi-
ble for antibody binding (Scally et al, 2018; Wang et al, 2021). Weak
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Figure 4. C-CSP specific mAbs lack anti-parasite activity.

A

Percent of live PbPfCSP(mCherry) sporozoites recognized by a-TSR-specific mAbs (100 pg/ml) as determined by flow cytometry, with the respective affinities mea-
sured by SPR. The positive control anti-NANP mAb 2A10 (1 pg/ml; Triller et al, 2017) and negative control non-PfCSP reactive mAb mGO53 (1 pg/ml; Wardemann
et al, 2003) are shown for comparison (n = 2-3).

B-D Representative flow cytometry profiles (B), percentage of mAb-positive live PbPfCSP(mCherry) sporozoites (C), and mean fluorescence intensity (MFI) (D) for the
junction cross-reactive mAb 1961, C-linker-specific mAb 3764 and the control mAbs 2A10 and mGO53 at the indicated concentrations (n = 3-4).

E Pf sporozoite hepatocyte traversal inhibitory capacity of the indicated C-CSP reactive, C-CSP cross-reactive (1961), and control (2A10, mGO53 and anti-NANP 317;
Oyen et al, 2017) mAbs at the indicated concentrations (n = 3-6).

F Capacity of the indicated passively-transferred antibodies (100 pg) to protect mice from parasitemia after the bite of three PbPfCSP(mCherry)-infected mosquitoes

(n =10 for mAb 317; Oyen et al, 2017, n = 8 for mAb 1961, and n = 9 for mAb 1710; Scally et al, 2018). Data show the percentage of parasite-free mice in two inde-
pendent experiments (only mice with detectable serum IgG concentrations of the indicated mAbs at the time of the challenge are shown; Fig EV4C). Groups marked

with the same letter were not statistically significantly different (Mantel-Cox log-rank test, see also Appendix Table S5).

Data information: Circles in (A, C—E) indicate independent biological replicates.
Source data are available online for this figure.

binding was only observed for the C-linker specific mAb 3764 at
high (100 pg/ml) but not at low (1 pg/ml) concentration. However,
the cross-reactive mAb 1961 strongly bound to the sporozoites simi-
lar to the positive control anti-repeat mAb 2A10 (Fig 4B-D). In
agreement with their inability to bind live sporozoites, none of the
anti-C-CSP  specific antibodies showed Pf sporozoite traversal-
inhibitory capacity even at a high concentration (100 pg/ml),
including the high-affinity C-linker specific mAb 3764, which
weakly bound sporozoites (Fig 4E). Only the repeat and junction
cross-reactive mAb 1961 showed in vitro sporozoite-inhibitory activ-
ity in the range of mAbs 2A10 and 317, a high affinity human anti-
NANP mAb (Oyen et al, 2017; Triller et al, 2017). Nevertheless, the
capacity of mAb 1961 to protect from the development of parasi-
temia in vivo after passive transfer in mice was significantly lower
than that of mAb 317 and similar to mAb 1710 (Figs 4F and EV4C;
Appendix Table S5).

Thus, regardless of their fine epitope conformational specificity
and affinity, anti-C-CSP antibodies lacked measurable sporozoite-
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binding capacity and in vitro parasite-inhibitory activity even at
100-fold higher concentrations than anti-repeat and cross-reactive
mAbs. Only a single C-CSP reactive mAb with cross-reactivity to
the repeat and N-terminal junction mediated parasite inhibition
in vitro but was less efficacious than the potent anti-repeat mAb 317
in vivo.

mADb 3764 binds a DPN core sequence in PfCSP,g1 594

The C-linker specific mAb 3764 that weakly bound sporozoites was
the only C-CSP specific mAb (Fig EV5A) encoded by IGHV3-33, a
gene which is associated with germline NANP reactivity and also
encodes for antibodies with cross-reactivity to NPDP and NVDP
motifs in the PfCSP N-terminal junction (Murugan et al, 2020). The
C-CSP target peptide P2 of mAb 3764 (QGHNMPNDPNRNVD;
Figs 3B and EV3B) showed sequence similarity with the N-terminal
junction (NPDPNAN). To define the molecular basis for the specific
recognition of the C-terminal linker region but not the N-terminal

© 2023 The Authors
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junction, we solved the crystal structure of the 3764 Fab in complex
with P2 to 2.36 A resolution (Appendix Table S6). The 3764 Fab rec-
ognizes its epitope with all complementarity-determining regions
(CDRs) except Igk CDR2 (KCDR2, Fig 5A). IgH CDR (HCDR) 2 and 3
form two hydrogen bonds with the core binding motif DPN (Fig 5A,
inset I) contributing 274.7 A? of buried surface area (BSA). Compar-
ison of this binding mode to that of mAb 4498, a VH3-33 mAb that
binds to the N-terminal junction (peptide NANPNVDPNANP; PDB
ID: 6ULF; Murugan et al, 2020) shows that both mAbs recognize the
DPN core motif in a highly similar disposition (whole atom RMSD
of 0.24 A; Fig EV5B and C).

In periphery of the DPN core motif, the surrounding C-CSP P2
residues Met 285 (M285), Asp 287 (N287) and Arg 291 (R291) par-
take in important interactions: M285 contributes 160.3 A of BSA at
the interface with HCDR2 and Igk CDR (KCDR) 3 (Fig 5A, inset II);
N287 (Fig 5A, inset III) is responsible for five hydrogen bonds with
HCDR3, KCDR1 and KCDR3 and contributes 156.8 A? of BSA; while
R291 (Fig SA, inset IV) contributes four hydrogen bonds with
HCDRI and 106.3 A? of BSA. Sequence analysis revealed that mAb
3764 had undergone limited somatic hypermutation, resulting in
residues H.N56Y and H.Y58S in the HCDR2, which form part of the
peptide-binding interface and together contribute 70.8 A% of BSA
around M285 (Fig 5A, inset II).

Given the sequence similarities between the core DPN in the
C-CSP and N-junction peptides (Fig 5B), we investigated the molec-
ular basis for mAb 3764-binding specificity to C-CSP. Modeling was
performed to mutate the important peripheral C-CSP peptide resi-
dues M285, N287 and R291 (see Fig 5A), which surround the DPN
core, to their corresponding N-junction peptide residues, Gly, Pro
and Ala, respectively (Fig 5B). While it does not contribute any
hydrogen bonds, the replacement of M285 with Gly would result in
a much smaller BSA in the mAb 3764 HCDR2 and KCDR3 (compare
Fig SA inset II to Fig 5B left panel). Replacing N287 with Pro would
result in the loss of four of the five hydrogen bonds with HCDR3,
KCDR1 and KCDR3, as well as introducing steric hindrance with
KCDR1 (compare Fig 5A inset III to Fig 5B center panel). Finally,
Ala in place of Arg in position 291 would result in a loss of three of
the four hydrogen bonds with HCDR1 (compare Fig 5A inset IV to
Fig 5B right panel). Taken together, the crystal structure resolving
PfCSP residues 284-293 in complex with mAb 3764, and molecular
modeling, helped to explain the specificity of mAb 3764 for C-CSP
through interactions with the IgH (PfCSP,s4 29,) and Igk chains
(PfCSP,g5_557 and PfCSP,g9), and the lack of cross-reactivity with the
DPN motif in the N-terminal junction.

Discussion

The characterization of our large panel of human mAbs provides
insights in the gene usage characteristics, development, cellular ori-
gin, epitope specificity, binding mode and functional properties of
C-CSP reactive antibodies. Similar to the strong association between
NANP-repeat reactivity and IGHV3-33/IGKVI-5 gene usage,
(Imkeller et al, 2018; Murugan et al, 2018; Tan et al, 2018), our data
establish a link between C-CSP-reactivity and IGHV3-21 and IGVL3-
21 or IGVL3-1 gene usage for Th2R/Th3R specific antibodies, which
might allow conclusions about the frequency of C-CSP-reactive cells
based on Ig gene sequencing. The association between IGHV3-21

© 2023 The Authors
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gene usage and antibody specificity for the C-CSP o-TSR domain
appears to be independent of whether the immune system responds
to recombinant protein or whole sporozoites, since Ig genes
encoding VH3-21 anti-C-CSP mAbs have also been cloned from B
cells isolated from RTS,S/AS01 and PfSPZ CVac vaccinees (Scally
et al, 2018; Beutler et al, 2022). Nevertheless, the high IGHV3-21 fre-
quency that we observed after immunization with 3 doses of the
PfSPZ Vaccine (900,000 radiation attenuated PfSPZ administered on
days 1, 8, and 29) compared to immunization with the chemo-
attenuated PfSPZ-CVac (Mordmuller et al, 2017) with strong domi-
nance of IGHV3-33 (Imkeller et al, 2018; Murugan et al, 2018; Tan
et al, 2018) suggests that radiation, dose, or dosing interval might
influence the anti-sporozoite B cell response. The large number of
VH3-21 and non-VH3-21 B cells with Th2R/Th3R specificity includ-
ing many that expressed unmutated antibodies indicates that the
naive B cell repertoire contains potent anti-Th2R/Th3R precursors.
The relative abundance of these cells might contribute to the appar-
ent immunodominance of this epitope compared to the conserved
RII+/CS.T3, which is targeted by antibodies with diverse gene com-
binations, and compared to non-o-TSR epitopes.

In contrast to antibodies against the o-TSR domain, antibodies
with reactivity to the C-linker appear to be rare and target linear epi-
topes. The differences in abundance of these antibodies may be
linked to differences in the frequency of naive precursor B cells that
recognize these epitopes and structural differences between the
C-linker region and o-TSR domain or differences in epitope presen-
tation and immunogenicity. Analysis of the crystal structure of mAb
3764 in complex with amino acid residues 284-293 provides first
insights into how the C-linker domain is recognized by a non-cross-
reactive human anti-PfCSP antibody. Despite sequence identity in
the C-linker with the N-terminal junction, the structural data pro-
vides a molecular explanation for the specificity of mAb 3764 for
C-CSP. Steric constraints and suboptimal interactions with residues
surrounding the core preclude cross-reactivity with the DPN motif
in the junction. The data support the notion that peripheral residues
define the binding specificity and cross-reactivity of antibodies
beyond recognition of the core binding motif.

Despite the relative abundance of germline-encoded o-TSR-
reactive antibodies, B cells with this specificity seem to undergo effi-
cient affinity maturation and IgG isotype switching in germinal cen-
ter reactions. The relative abundance of IgG compared to IgM
antibodies, higher numbers of selected somatic mutations in VH3-21
mAbs compared to VH3-33 mAbs, and enrichment of the affinity-
increasing H.T33 mutation, suggests that epitope specificity is linked
to differences in cell differentiation pathways or cell differentiation
kinetics. The large number of NANP motifs in the central repeat
domain might mediate stronger BCR cross-linking and B cell activa-
tion signals compared to the non-repeating epitopes in the PfCSP C
terminus, thereby affecting B cell activation, differentiation and ger-
minal center selection (Imkeller et al, 2018). Alternatively, and not
mutually exclusively, structure rather than valency differences
between the disordered and highly flexible central repeat region
compared to the structured C-CSP domain may underlie these
isotype and mutation-load differences (MacRaild et al, 2018). Future
studies will have to define the molecular and cellular mechanisms
and determine whether epitope-associated differences in affinity
maturation between repeat and C-CSP antibodies are also seen in
response to immunization with recombinant PfCSP and RTS,S/AS01
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Figure 5. Molecular characterization of mAb 3764 recognition of the PfCSP.

A Crystal structure showing the variable regions of the C-linker specific mAb 3764 and P2, with the mAb 3764 heavy chain illustrated in green and the kappa chain in
blue. HCDR1, 2 and 3 (dark, pea and light green, respectively) as well as KCDR1 and 3 (dark teal and aqua, respectively) contribute to epitope recognition, but KCDR2
(teal) does not. The central DPN core (deep blue) of the C-CSP peptide (magenta) interacts with HCDR2 and 3 similarly to other VH3-33 antibodies (inset I), forming
hydrogen bonds (H-bonds, shown with black dotted lines) with HCDR2 and 3. C-CSP residues M285 (inset I1), N287 (inset Ill) and R291 (inset IV) contribute substantial
buried surface area (BSA) to the complex. (1) M285 does not contribute any H-bonds, but does contribute to BSA. N287 (Ill) and R291 (IV) are responsible for hydrogen
bonding with HCDR3, KCDR1 and KCDR3, and with HCDR1, respectively.

B Despite significant sequence similarity in the region of the DPN core between the C-CSP peptide and the N-junction peptide (sequence shown in orange), mAb 3764
does not bind to the N-junction peptide. Molecular modeling replacing M285, N287 and R291 with Gly, Pro and Ala, respectively, reveals these alternate residues
would result in a loss of hydrogen bonds, and reduced BSA and introduction of steric clashes (shown with red dotted lines).
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or other antigens with repeating disordered domains that are charac-
teristic of numerous parasite proteins.

Our study shows that the C-CSP of irradiated sporozoites is highly
immunogenic and identifies linear target epitopes in the C-terminal
linker and o-TSR domain. However, in assays with live Pf sporozo-
ites none of the C-CSP epitopes seem to be the target of potent
parasite-inhibitory antibodies. Even the C-linker specific mAb 3764,
which showed weak parasite binding, lacked Pf-inhibitory activity at
a hundred-fold higher concentration than antibodies against the cen-
tral repeat domain, suggesting that modest C-CSP binding is not suf-
ficient to mediate protection. Although the C-linker region may be
slightly easier to reach for C-CSP mAbs than the o-TSR, which is
directly anchored to the parasite surface, the central repeat and junc-
tion domains are clearly more accessible on the surface of live sporo-
zoites. The direct comparison of C-CSP and NANP antibodies
demonstrates that the almost complete inaccessibility of the PfCSP
C-terminal domain strongly limits the direct parasite-inhibitory activ-
ity and potency of antibodies with specificity for this domain.

We have shown previously that passive transfer of the Th2R/
Th3R-reactive mAb 1710 at high dose fails to protect mice from
infection with PfCSP transgenic P. berghei parasites and the develop-
ment of blood stage parasitemia (Scally et al, 2018; Murugan
et al, 2020), findings that have recently been confirmed in an inde-
pendent study (Wang et al, 2021). Since the epitopes of the Th2R/
Th3R antibodies identified in this study overlap with the mAb 1710
target site (including many that share VH3-21/V13-21 Ig gene com-
binations), we do not expect these mAbs to exhibit any direct
parasite-inhibitory activity in vivo. Given their lack of Pf sporozoite
binding and in vitro parasite inhibition, we assume that the RII+/
CS.T3 reactive antibodies would behave similarly. Some degree of
in vivo protection from i.v. parasite challenge has recently been
reported after high-dose passive transfer of the RII+/CS.T3 and the
Th2R/Th3R-reactive mAbs 1512 and 236, respectively (Beutler
et al, 2022). How the potency of these high-affinity mAbs compares
to anti-repeat mAbs with similar binding strength has not been
determined but given that mAbs 1512 and 236 target the same epi-
topes as the mAbs in our collection, we expect it to be overall low.

In response to RTS,S/AS01 immunization, anti-NANP and anti-C-
terminus antibody titers correlate with protection (Chaudhury
et al, 2016, 2021; Dobano et al, 2019). To what degree the C-CSP-
reactive serum antibodies recognize C-CSP specifically or cross-react
with the repeat and junction has not been determined. Therefore, it
is unclear whether protection is associated with C-CSP specific or
cross-reactive antibodies or whether C-CSP antibodies are simply a
marker of the overall strength of the anti-parasite response, while
protection is mediated by anti-repeat antibodies. Passive transfer of
mAb 1961 shows that cross-reactive mAbs can mediate low levels of
parasite inhibition in vivoe. Such antibodies likely confer some
degree of protection by binding to repeat and junction epitopes that
are readily accessible on the surface of live sporozoites and not to
the hidden C-CSP (Murugan et al, 2020). Cross-reactive anti-PfCSP
mAbs have been shown to have overall higher affinity than anti-
bodies that target the junction, repeat or C-CSP specifically
(Murugan et al, 2020). Thus, protection seems to be linked to high
affinity C-CSP cross-reactive rather than C-CSP specific antibodies.
Nevertheless, we cannot exclude that C-CSP specific antibodies gain
access to the C-terminus upon P{CSP binding by high affinity anti-
NANP or junction antibodies. PfCSP shedding induced by anti-

© 2023 The Authors
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repeat/junction antibodies might uncover epitopes in the o-TSR
domain enabling C-CSP-antibody binding and parasite clearance.
Although synergistic effects of anti-repeat/junction and anti-C-CSP
mAbs may not be easily detected in animal models with human
monoclonal antibodies (Wang et al, 2021), antibody effector func-
tions such as opsonization and phagocytosis or complement activa-
tion may contribute to parasite inhibition in humans. However, the
high sequence diversity of the Th2R/Th3R domain among Pf para-
site populations in natural settings will limit these indirect protec-
tive effects to antibodies against the conserved RII+/CS.T3 of the
o-TSR domain, and to protection from parasites with high sequence
similarity to the vaccine strain.

Future studies will need to determine whether efforts to design a
second generation PfCSP vaccine might benefit from suppressing or
even abrogating the humoral response against C-CSP, e.g. by
boosting the anti-repeat and junction response. However, exclusion
of the complete domain, especially of the highly immunodominant
o-TSR, would eliminate the main T helper cell epitopes with likely
strong negative effects on the quality and strength of the humoral
response against the potent repeat and junction epitopes. Inclusion
of linear peptide epitopes rather than the complete C-CSP may be
sufficient to provide efficient T cell help without inducing non-
protective humoral responses (Wahl et al, 2022). Alternatively, non-
PfCSP T cell epitopes could substitute for the loss of T cell help and
promote affinity maturation of the PfCSP-specific response (Ludwig
et al, 2023).

In summary, with our mAb collection we demonstrate the lack of
accessible C-CSP epitopes on live sporozoites as targets for potent
parasite-inhibitory antibodies. Due to the high immunogenicity of
the PfCSP C terminus, these observations are of direct relevance for
the design of an improved PfCSP-based malaria vaccine.

Materials and Methods
Clinical samples

Serum and peripheral blood mononuclear cells (PBMCs, obtained
by Ficoll density gradient centrifugation) were collected from
malaria-naive, healthy European volunteers who participated in the
MAVACHE clinical trial and received three doses of 900,000 PfSPZ
at 0, 1 and 4 weeks (Mordmuller et al, 2022). All study volunteers
provided written informed consent. Ethical approval was obtained
from the ethics committee of the medical faculty and the University
Clinics of the University of Tiibingen and regulatory approval by the
Paul-Ehrlich-Institute. The study was conducted according to the
principles of the Declaration of Helsinki. The study also conformed
to the principles set out in the Department of Health and Human
Services Belmont Report.

Cell lines

Human embryonic kidney HEK293T cells (Invitrogen, 0.3 x 10%/ml)
were cultured under rotating conditions (180 rpm) in 50 ml bioreac-
tors with FreeStyle 293-F medium at 37°C and 8% CO,. HC-04 cells
(BEI Resources MRA-975; Sattabongkot et al, 2006) were cultured
at 37°C and 5% CO, in HC-04 complete medium with 428.75 ml
MEM (without r-glutamine), 428.75 ml F-12 Nutrient Mix (with
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L-glutamine), 15 mM HEPES, 1.5 g/l NaHCO3, 2.5 mM L-glutamine,
10% FCS and 1% penicillin/streptomycin solution.

Bacteria

MAX efficiency DHI10B™ (ThermoFisher scientific; Cat. No:
18297010) competent cells were grown in LB medium for cultivation
and in terrific broth for plasmid purification. Bacterial shaker at
37°C and 180 rpm was used for cultivation.

Proteins and peptides

Biotinylated NF54 FL-CSP, non-biotinylated 7G8 FL-CSP and o-TSR
protein were expressed in HEK293F cells and purified by HisTrap
HP (Cytiva) and size exclusion chromatography (Superdex 200
Increase 10/300 GL, Cytiva). FL-CSP and C-CSP were expressed in
E.coli by the EMBL protein expression and purification core facility
(Heidelberg, Germany). N-junc, NANPs, NANP;,, C-linker and the
14 overlapping peptides (P1-14) covering the complete NF54 PfCSP
C-terminus were synthesized by PSL Peptide Specialty Laboratories
GmbH (Heidelberg, Germany). Sequences of peptides and proteins
are listed in Appendix Table S1.

Parasites, mosquitoes and mice

Anopheles coluzzii (Ngousso S1 strain; Harris et al, 2010) and trans-
genic Anopheles gambiae (7b strain; Pompon & Levashina, 2015)
were maintained at 28°C 70-80% humidity 12/12 h day/night
cycle. The P. falciparum NF54 clone (Pf) used in this study origi-
nated from Prof. Sauerwein’s laboratory (RUMC, Nijmegen) and
was regularly tested for Mycoplasma contamination. For P. falci-
parum infections, A. coluzzii mosquitoes were fed for 15 min via
artificial midi feeders (Glass Instruments, The Netherlands) with
NF54 gametocyte cultures and kept at 26°C 80% humidity 12/
12 h day/night cycle in a secured BSL3 laboratory according to the
national regulations (Landesamt fiir Gesundheit und Soziales, pro-
ject number 297/13). Infected mosquitoes were offered an addi-
tional uninfected blood meal to boost sporozoite formation 8 days
post infection (dpi). Sporozoites were dissected for traversal assay
5-7 days later as described below.

Anopheles gambiae 7b mosquitoes, an immunocompromised
transgenic mosquito line derived from the G3 laboratory strain,
were used for the production of transgenic P. berghei sporozoites
expressing PfCSP and the reporter fluorescence protein mCherry
(PbP{CSP(mCherry), Ludwig et al, 2023). Briefly, female CD1 mice
(7-12-weeks-old) and female C57BL/6J mice (8-weeks-old) were
bred in the MPIIB Experimental Animal Facility (Marienfelde, Ber-
lin), housed in a pathogen-free animal facility in accordance with
the German Animal Protection Law (§8 Tierschutzgesetz) and
approved by the Landesamt fiir Gesundheit und Soziales (LAGeSo),
Berlin, Germany (project numbers 368/12 and H0335/17). A.
gambiae 7b mosquitoes were fed on PbPfCSP(mCherry)-infected
female CD1 mice 3 days post passage (0.1-0.8% gametocytemia)
for 30-45 min, and kept at 20°C 80% humidity 12/12 h day/night
cycle. Infected mosquitoes were offered an additional uninfected
blood meal to boost sporozoite formation 7 dpi, and after 11 days
were used for C57BL/6J mice challenge experiments and live sporo-
zoite FACS staining as described below.
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Flow cytometry and isolation of PfCSP-specific memory B cells

Frozen PBMCs were thawed, washed with RPMI 1640 (Gibco) and
incubated with full-length biotinylated NF54 P{CSP in the presence
of the following mouse anti-human antibodies at the indicated dilu-
tions: CD27-phycoerythrin (PE) (Clone ID: M-T271; Cat. No:
555441) at 1:5, CD38- Brilliant Violet 605 (BV605) (Clone ID: HBZ;
Cat. No: 562665) at 1:20, IgG-BV510 (Clone ID: G18-145; Cat. No:
563247) at 1:20, IgM-BV421 (Clone ID: G20-127; Cat. No: 562618) at
1:20, IgD-Allophycocyanin-H7 (APC-H7) (Clone ID: 1A6-2; Cat. No:
561305) at 1:20 (all from BD Biosciences), CD19-BV786 (Clone ID:
HIB19; Cat. No: 302240) at 1:10 and CD21- PE-Cy7 (Clone ID:
Bu32; Cat. No: 354912) at 1:20 (both from BioLegend). Biotin was
detected using streptavidin FITC (Invitrogen; Cat. No: 11-4317-87) at
1:1,000 dilution. 7-Aminoactinomycin D (7-AAD) (Invitrogen;
Cat No: A1310) at 1:400 was used as a marker for dead cells.
Single-cell sorting of 7AAD—P{CSP+CD19+ B cells gated positive
for either IgG or CD27 as PfCSP memory B cells and of
7AAD—CD38+CD27+CD19+ cells as plasmablasts was performed
using a FACS Aria II (BD Biosciences) with FACSDiva software (ver-
sion 8.0.1) using the index sort option. Data were analyzed using
FlowJo v.10.0.8 (Tree Star).

Ig gene amplification and sequence analysis

A high-throughput robotic platform was used to amplify the IGH,
IGK and IGL loci of Ig genes by RT-PCR as previously reported
(Wardemann & Busse, 2019). Briefly, after cDNA synthesis with ran-
dom hexamers, a nested polymerase chain reaction (PCR) with
barcoded primers in the second PCR was used to amplify the Ig
heavy and light chain genes. Amplicons were pooled, purified, and
sequenced using the MiSeq 2 x 300 base pair (bp) paired-end
sequencing platform (Illumina). Integrated indexed flow cytometry
and sequence data integration as well as Ig gene annotation was
performed using sciReptor version 1.0-6-g034c8ae (Busse et al,
2014; Imkeller et al, 2016). Downstream sequence analyses and data
visualization were performed using GraphPad Prism (version 9.12)
and R 4.2.2 and ggplot2.

Cloning of Ig genes and recombinant monoclonal antibodies
production

Cloning of the Ig genes and recombinant antibody production were
performed as previously described (Wardemann & Busse, 2019). Ig
genes were amplified with V- and J-specific primers containing
restriction sites. The amplicons were cloned into human IGHGI or
IGKC or IGLC expression vectors (Addgene number 80795, 80796
and 99575, respectively). After co-transfection of the Ig heavy and
light encoding plasmid DNA into HEK293T cells (Invitrogen), the
recombinant monoclonal antibodies (mAbs) were purified from the
supernatant with protein G beads (GE Healthcare). Subsequent
experiments with the mAbs, including functional assays, were
performed in an unblinded manner.

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed as described (Triller et al, 2017; Murugan
et al, 2020). In brief, 384-well polystyrene plates (Corning) with
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high binding capacity were coated overnight (O/N) at 4°C with full-
length PfCSP (0.4 pg/ml), N-junc, NANPq (2 pg/ml), C-CSP (1 pg/
ml), Insulin (10 pg/ml; Sigma Aldrich), lipopolysaccharide (LPS;
10 pg/ml; Sigma Aldrich) and double-stranded DNA (dsDNA;
20 pg/ml; Sigma Aldrich) in PBS. The plates were washed 3 times
with PBS-T (0.05% Tween20 in PBS) using a Tecan plate washer.
ELISA plates were blocked at RT for 1 h with 4% BSA in PBS
(serum ELISA), 1% BSA in PBS (mAb PfCSP ELISA) or blocking
buffer (1x PBS, 0.05% (v/v) Tween20, 1 mM EDTA; mAb polyreac-
tivity ELISA). Serum samples serially diluted at an initial dilution of
1:200 in 1% BSA with PBS, or mAbs at an initial concentration of
4 pg/ml (PfCSP ELISA) or 1 pg/ml (polyreactivity ELISA) in 1x PBS
were loaded on the plate and incubated at RT for 1.5 h. Antibodies
were detected with goat anti-human IgG secondary antibody
coupled to horseradish peroxidase (HRP) (Jackson Immuno
Research; Cat No: 109-035-098) diluted at 1:1,000 in blocking buffer
(1x PBS, 0.05% (v/v); Tween20, 1 mM EDTA) and then detected
with 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium (ABTS) substrate (Roche Diagnostics; Cat No: 11112422001)
diluted at 1:1,000 in H,0,. Optical density (OD) at 405 nm was
determined using an M1000Pro plate reader (Tecan). Area under the
curve (AUC) values were calculated using GraphPad Prism 9.1.2.
Serum from placebo recipients was used as a negative control in
serum ELISAs. mAbs 2A10 (Triller et al, 2017) and mGO53 (Warde-
mann et al, 2003) were used as positive and negative controls,
respectively, in PfCSP ELISAs and mAbs ED38 (Meffre et al, 2004)
and mGO53 as positive and negative controls, respectively, in poly-
reactivity ELISAs.

Blocking ELISA

Blocking ELISA was performed as described above with the follow-
ing modifications. After 1.5 h incubation with the test mAbs
(starting concentration of 64 pg/ml in 1x PBS and 1:2 dilution) at
room temperature, biotinylated mAb 1710 (Scally et al, 2018) or
mAb 1512 (Beutler et al, 2022) at 0.5 pg/ml was added to compete
for an additional 15 min at room temperature. mAb 1710 or mAb
1512 binding was detected with streptavidin-HRP diluted at 1:1,000
in blocking buffer (1x PBS, 0.05% (v/v) Tween20, 1 mM EDTA)
and then detected with 2,2’-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium (ABTS) substrate (Roche Diagnostics)
diluted at 1:1,000 in H,0,. The optimal concentrations of the bioti-
nylated 1710 and 1512 were determined by measuring their ability
to self-block their non-biotinylated versions over a range of
concentrations.

Surface Plasmon resonance (SPR)

SPR measurements were performed using a Biacore T200 (GE
Health-care) instrument docked with an S CMS series sensor chip
(GE Healthcare), as described (Murugan et al, 2018). In brief, anti-
human IgG antibodies were immobilized on the chip using an amine
coupling-based human antibody Fab capture kit. Hepes (10 mM)
with 150 mM NaCl at pH 7.4 was used as running buffer. Equal con-
centrations of the sample antibody and isotype control (mGOS53;
Wardemann et al, 2003) were captured in the sample and reference
flow cells, respectively. Running buffer was injected at a rate of
10 pl/min for 20 min to stabilize the flow cells. C-CSP peptide at
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0.015, 0.09, 0.55, 3.3 and 20 uM in running buffer was injected at a
rate of 30 pul/min. The flow cells were regenerated with 3 M MgCl,.
Data were fitted by steady-state kinetic analysis using BIACORE
T200 software V2.0.

mAb 3764 Fab production

mADb 3764 Ig heavy and light chain variable regions were cloned
into custom pcDNA3.4 expression vectors upstream of human IgK
constant and IgG1-Cyl domains, and transiently co-transfected into
HEK293F cells. The resulting Fab was purified by Kappa-select affin-
ity chromatography (Cytiva), cation exchange chromatography
(MonosS; Cytiva), and size exclusion chromatography (Superdex 200
Increase 10/300 GL; Cytiva).

Crystallization and structure determination

Purified 3764 Fab and PfCSP C-terminal linker peptide (PfCSP;g1.294)
were mixed in a 1:3 molar ratio; and, in sparse matrix screening,
crystals of the complex emerged from a 1:1 ratio mix with 19% (v/v)
isopropanol, 19% (w/v) PEG 4000, 5% (v/v) glycerol, 0.095 M
sodium citrate, pH 5.6. Crystals did not require cryopreservation
before being flash frozen in liquid nitrogen. Data was collected at
the 23-ID-B beamline at the Advanced Photon Source and manually
processed using XDS (Kabsch, 2010). Molecular replacement using
the heavy and light chains from the 4498 Fab (PDB ID: 6024) was
carried out in Phaser (McCoy et al, 2007). Iterative refinement was
performed in Coot (Emsley et al, 2010) and phenix.refine (Adams
et al, 2010). All software were accessed through SBGrid (Morin
et al, 2013). The structure has been deposited in the PDB and is
accessible under ID: 8FGO.

Pf sporozoite hepatocyte traversal assay in vitro

Traversal assays were performed as previously described (Triller
et al, 2017; Murugan et al, 2018). Briefly, Pf sporozoites were iso-
lated from the mosquito salivary glands 13-15 dpi in complete HC-
04 medium, pre-incubated with mAb at the indicated concentrations
for 30 min on ice and added to the human hepatocyte cell line (HC-
04, BEI Resources MRA-975, Sattabongkot et al, 2006) for 2 h at
37°C and 5% CO, in the presence of 0.5 mg/ml dextran-rhodamine
(Molecular Probes). Untreated Pf sporozoites were used to measure
maximum traversal capacity. A chimeric version of mAb 2A10
(Zavala et al, 1983) with human IgGl constant region (Triller
et al, 2017), and mGO53 (Wardemann et al, 2003) were used as posi-
tive and negative controls, respectively. Cells were trypsinized,
washed and fixed with 1% PFA/PBS before measuring dextran posi-
tivity using a FACS LSRFortessa instrument and FACSDiva software
(BD Biosciences). Data analysis was performed by subtracting back-
ground (dextran positivity of cells treated with uninfected mosquito
salivary gland material) and normalizing to maximum Pf traversal
capacity (dextran positivity of cells without mAbs) using FlowJo
V.10.8.2 (Tree Star).

Pb-PfcSP(mCherry) live sporozoite flow cytometry

Plasmodium berghei PbPfCSP(mCherry) (Ludwig et al, 2023) sporo-
zoites were isolated from mosquito salivary glands 18 dpi in HC-04
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complete medium, incubated for 30 min on ice in siliconized tubes
with the indicated concentrations of mAbs (150,000 sporozoites in
total volume of 100 pl 1% FCS/PBS). Sporozoites were washed with
1.5 ml of 1% FCS/PBS by centrifugation at 9,300 g for 4 min at 4°C.
The sporozoite pellet was resuspended in 100 ul 1% FCS/PBS
containing anti-human IgG1-Cy5 (clone HP6001, 2 pg/ml, Central
Laboratory Facility Deutsches Rheuma-Forschungszentrum, Berlin)
and incubated on ice for 30 min. The sporozoite suspension was
washed again, and the pellet was re-suspended in 200 pl 1% FCS/
PBS. Sporozoites stained with antibodies were detected by endoge-
nous mCherry expression and analyzed for Cy5 signal in a FACS
LSRFortessa instrument with FACSDiva software (BD Biosciences).
Salivary gland material from uninfected mosquitoes was used as
sporozoite gating control (Fig EV4A). Data were analyzed using
FlowJo V.10.8.2 (Tree Star).

Plasmodium berghei PbPfCSP(mCherry) mouse challenge model by
mosquito bites

Female C57BL/6J mice were passively immunized by intraperito-
neal injection of 100 ug mAb in 100-200 pl PBS. Mice were ran-
domly assigned to different groups. After 20 h, mice were exposed
to the bites of three PbP{CSP(mCherry) salivary gland-infected mos-
quitoes as described elsewhere (Ludwig et al, 2023). Briefly,
PbP{fCSP(mCherry)-infected mosquitoes were put to sleep on ice at
17 dpi and selected for mCherry signal in the salivary glands under
a fluorescence stereo microscope (Leica, M205 FA). Single salivary
gland-positive mosquitoes were transferred into individual con-
tainers and starved overnight. The next day (18 dpi), anesthetized
naive C57BL/6J mice were exposed for 10 min to three bites of the
selected PbPfCSP(mCherry)-infected mosquitoes. Peripheral whole
blood was collected from the submandibular vein 2-3 h after chal-
lenge to obtain sera. Serum mAb concentrations were
determined by ELISA. Mice with undetectable levels of mAbs in the
serum were excluded from the analysis. From days 3 to 7 and on
day 10 post mosquito bite, parasitemia (mCherry-positive red blood
cells/total red blood cells) was measured by flow cytometry
(LSRFortessa, BD Biosciences), and confirmed by Giemsa-stained
thin blood smears. All infected mice were euthanized on day 7 post
mosquito bite, before the occurrence of malaria symptoms. FACS
data were analyzed by FlowJo V.10.8.2 and the pre-patency period
was declared on the first day when parasitemia values were above
the background signal of negative mice.

Statistics

Statistical analysis was done with GraphPad Prism (version 9.12)
using a two-tailed non-parametric Mann-Whitney test assuming
non-normal distribution of the data and two-tailed Mantel-Cox log-
rank test for the in vivo experiment, as described in the figure leg-
ends. In vitro and in vivo experiments were performed in at least
two independent technical and biological replicates, respectively.
Mice were randomly assigned to their respective experimental
groups from the same batches. No experiment was done blindly. P
values lower than 0.05 were regarded as statistically significant,
with asterisks used to indicate the level of significance (*P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001), as described in the fig-
ure legends.
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The paper explained

Problem

RTS,S/ASO1, the only available malaria vaccine shows limited efficacy.
RTS,S/ASO1 induces antibodies against the central repeat domain and
C terminus of Plasmodium falciparum circumsporozoite protein
(PfCSP). Anti-repeat antibodies mediate protection from the infection
but the role of antibodies against the C-terminal domain (C-CSP),
which is immunodominant in recombinant PfCSP remains unclear.

Results

By generating a large panel of human monoclonal PfCSP antibodies,
we demonstrate that C-CSP specific antibodies lack parasite-inhibitory
activity independently of their C-CSP fine epitope specificity. We show
that high-affinity binding C-CSP specific antibodies are part of the
naive human B cell repertoire and undergo efficient affinity matura-
tion. The most abundant C-CSP specific antibodies targeted polymor-
phic epitopes in the a-TSR domain and were frequently encoded by
IGHV3-21 genes.

Impact

The apparent lack of protective antibody epitopes in the PfCSP C ter-
minus suggests that the design of a second generation PfCSP-based
malaria vaccine may benefit from focusing the humoral immune
response on the repeat domain and junction while avoiding non-
protective antibody responses against C-CSP.

Data availability

The datasets and material that were generated in this study can be
obtained from the corresponding authors under standard transfer
agreements. Datasets are deposited on ENA with accession ID:
PRJEB60486, Zenodo DOI: https://doi.org/10.5281/zenodo.7708746.
The crystal structure has been deposited in the Protein Data Bank at
www.rcsb.org under PDB ID code 8FGO (http://identifiers.org/pdb/
8FGO0).

Expanded View for this article is available online.
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