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Antibodies against the central repeat of the Plasmodium falciparum (Pf) circumsporozoite protein (CSP) inhibit parasite
activity and correlate with protection from malaria. However, the humoral response to the PFCSP C terminus (C-PfCSP) is less
well characterized. Here, we describe B cell responses to C-PfCSP from European donors who underwent immunization with
live Pf sporozoites (PfSPZ Challenge) under chloroquine prophylaxis (PfSPZ-CVac), and were protected against controlled
human malaria infection. Out of 215 PfCSP-reactive monoclonal antibodies, only two unique antibodies were specific for
C-PfCSP, highlighting the rare occurrence of C-PfCSP-reactive B cells in PfSPZ-CVac-induced protective immunity. These
two antibodies showed poor sporozoite binding and weak inhibition of parasite traversal and development, and did not pro-
tect mice from infection with PfCSP transgenic Plasmodium berghei sporozoites. Structural analyses demonstrated that one
antibody interacts with a polymorphic region overlapping two T cell epitopes, suggesting that variability in C-PfCSP may
benefit parasite escape from humoral and cellular immunity. Our data identify important features underlying C-PfCSP short-
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comings as a vaccine target.

INTRODUCTION

The sporozoite stage of the Plasmodium falciparum (Pt) life
cycle is a target to elicit sterilizing immunity against malaria
by vaccination (Seder et al., 2013; Mordmiiller et al., 2017;
Sissoko et al., 2017). Circumsporozoite protein (CSP) is the
most abundant surface protein of sporozoites (Potocnjak et
al., 1982; Swearingen et al., 2016). CSP is encoded by a single
gene (Nussenzweig and Nussenzweig, 1989) and is essential
for the development of sporozoites in mosquitoes and mam-
malian hosts (Ménard et al., 1997). CSP has been implicated
in the invasion of mosquito salivary glands (Sidjanski et al.,
1997) and mediates adhesion of sporozoites to liver cells in
the mammalian host (Cerami et al., 1992; Frevert et al., 1993).
Anti-CSP antibodies can prevent attachment of sporozoites
to hepatocytes, inhibit cell traversal and cell invasion, and thus
interfere with the infection (Potocnjak et al., 1980; Yoshida
et al., 1980; Charoenvit et al., 1991a,b; Mishra et al., 2012;
Sumitani et al., 2013; Foquet et al., 2014). The high abun-
dance of CSP on the parasite surface and its essential roles
in invasion—which can be impeded by antibodies—are rea-

sons why CSP is a leading molecular target for the develop-
ment of a malaria vaccine.

PfCSP consists of a signal peptide, an N-terminal do-
main, a central region made of tetrapeptide NANP and
NVDP repeats, and a C-terminal region (C-PfCSP) that
comprises a linker followed by a unique a-thrombospondin
type-1 repeat (€TSR) domain (Fig. 1 A; McCutchan et al.,
1996; Doud et al., 2012). PfCSP is anchored to the sporozoite
plasma membrane by a glycosylphosphatidylinositol (GPI)
attachment site at its C terminus (Wang et al., 2005). Three
sequence motifs are particularly well conserved in CSP of
all Plasmodium species (Dame et al., 1984). The pentapep-
tide KLKQP, region I, is located immediately upstream of the
central repeat; contacts between a lysine cluster N-terminal
of this region and heparin sulfate proteoglycans are respon-
sible for sporozoite attachment to hepatocytes (Zhao et al.,
2016). An 18—amino acid sequence (EWSXCXVTCGX-
G[V/IIXXRX[K/R]) within the C-CSP oTSR domain is
designated region II-plus (Dame et al., 1984; Kappe et al,,
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2004), whereas region III is located immediately downstream
of the linker to the central repeat and forms an amphipathic
o-helix in C-CSP (Fig. 1 A). Sequence elements that confer
on PfCSP its many roles in migration, adhesion, and infection
have still not been fully elucidated.

Protection mediated by CSP-specific immune responses
has been firmly established in mouse models and in humans,
and i1s linked to antibodies (Potocnjak et al., 1980; Ocken-
house et al., 2015; Kazmin et al., 2017), CD4 T cells (Tsujt
et al., 1990; Migliorini et al., 1993) and CD8 T cells (Schof-
ield et al., 1987; Weiss et al., 1988; Romero et al., 1989). Im-
munodominant B cell epitopes in CSP are primarily located
in the central domain repeat (Godson et al., 1983; Zavala et
al., 1983). Indeed, over 90% of sporozoite-specific antibodies
recognize CSP repeats in sera from volunteers or animals im-
munized with sporozoites, or from individuals living in ma-
laria-endemic areas (Nardin et al., 1979; Zavala et al., 1985).
Antibodies against the N- and C-terminal domains of CSP
have also been characterized (Stiiber et al., 1990; Calle et al.,
1992; Lopez et al., 1996; Bongfen et al., 2009) Evidence is
scarce whether the latter antibodies can inhibit sporozoite
infection to the same extent as repeat antibodies. Inhibition
studies have been complicated in part by the analysis of poly-
clonal sera dominated by repeat antibodies (Calle et al., 1992).
In cases where functionality has been assessed, antibodies tar-
geting the N-terminal domain of PfCSP were generally as-
sociated with better inhibition of sporozoite migration and
infection compared with antibodies against C-PfCSP (Bong-
fen et al., 2009). However, a caveat of previous studies analyz-
ing antibody responses to PfCSP subregions resides in their
use of synthetic peptides—and not folded protein, such as
the C-PfCSP subdomain—to interrogate reactivity (Doud et
al., 2012). Therefore, it remains unclear whether high-affinity
antibodies against the three-dimensional C-PfCSP structure
can effectively inhibit sporozoite infection.

Here, we screened binding to PfCSP subregions for a
panel of 215 human PfCSP-reactive monoclonal memory
B cell antibodies derived from individuals immunized with
aseptic, purified, cryopreserved live Pf sporozoites (PfSPZ
Challenge) under chloroquine prophylaxis (PfSPZ-CVac)
who were completely protected against malaria (Mordmiiller
et al., 2017). We uncovered the molecular basis of antibody
recognition of C-PfCSP using binding kinetics experiments
and x-ray crystallography. We reveal that PfCSP surface orga-
nization on Pf sporozoites and sequence diversity are likely
mechanisms used by Pf to impede effective humoral re-
sponses against C-PfCSP.

RESULTS AND DISCUSSION

Antibody responses to C-PfCSP after

immunization with PfSPZ-CVac

To understand the mode and functional relevance of the
antibody response against C-PfCSP, recombinant mAbs from
PfCSP-binding memory B cells of eight European donors
who received three PfSPZ-CVac immunizations with 51,200
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Figure 1. Characterization of antibodies elicited by immunization with
live sporozoites under chemoprophylaxis (PfSPZ-CVac) against C-PfCSP.
(A) Schematic representation of FL PfCSP (NF54). PfCSP contains a signal se-
quence (SS), N-terminal domain (NTD), region | (RI), a tandem repeat region con-
sisting of NANP (white) or NVDP (red) repeats, a linker region, and an a1-helix
thrombospondin type-1 repeat («TSR) that contains the largely overlapping
region Il (RII)/Th2R, region I+ (RIl+) and Th3R, followed by a GPI attachment
site. The region corresponding to the RTS,S/ASO1 vaccine, the C-PfCSP construct
used in ELISA, and the aTSR crystallization construct are indicated by horizontal
black lines. (B) Representative ELISA curves of recombinantly expressed mAbs
binding to C-PfCSP. Red and blue lines indicate C-PfCSP-binding antibodies
1710 and 3919, respectively. The negative control antibody mG053 is shown in
green. (C) AUCs calculated for 215 PfCSP memory B cell antibodies and the cir-
cles colored as in B. (D) Binding of the 22 C-PfCSP antibodies from Band C to a
10mer NANP repeat peptide (NANP-10) indicate most bind to both C-PfCSP and
repeat domains. (B-D) Data are representative of two independent experiments.
(E) Gene usage and isotype of antibodies 1710 and 3919.
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PfSPZ at 4-wk intervals (Mordmiller et al., 2017) were
produced and screened via ELISA for binding to a recom-
binantly expressed C-PfCSP that includes both the linker
and aTSR subdomains (Fig. 1, A and B). In contrast to an-
tibodies that bound the NANP repeat but not to C-PfCSP
(193/215), C-PfCSP-binding antibodies were relatively in-
frequent (22/215). Some of these 22 distinct antibodies be-
longed to clonally expanded clusters that were diversified
through somatic hypermutations. The areas under the ELISA
curves (AUCs) of these 22 antibodies illustrate their various
degree of binding to C-PfCSP (Fig. 1 C). Only four of the 22
antibodies showed weak polyreactivity, indicating the bind-
ing specificity to C-PfCSP for these antibodies (Fig. S1 A).
Most of the C-PfCSP-binding antibodies also bound to a
peptide with 10 NANP repeats (NANP-10; Fig. 1 D), sug-
gesting their epitopes span the repeat and part of C-PfCSP
or there are commonalities associated with these two regions.
Antibodies 1710 and 3919 had the highest ELISA reactivity
for C-PfCSP (Fig. 1 C) and were the only two antibodies that
lacked binding to the NANP repeat, indicating that they ex-
clusively recognized C-PfCSP (Fig. 1 D). Antibody 1710 was
cloned from a single IgG1 memory B cell and carried one
IGHV and two IGLV mutations, whereas antibody 3919 was
cloned from a small cluster of IgM cells that had two clonal
relatives and carried one IGHV and two IGKV mutations
(Fig. 1 E). Our data demonstrate the poor immunogenicity of
C-PfCSP after exposure to three high doses of PfSPZ-CVac
with 51,200 PfSPZ, a regimen that was 100% protective at 10
wk after the last vaccine dose (Mordmiiller et al., 2017).

C-PfCSP epitope reactivity on recombinant PfCSP

We next determined that the two C-PfCSP—exclusive 1710
and 3919 Fabs bind to the « TSR domain of C-PfCSP with
nanomolar and micromolar affinities in biolayer interferom-
etry binding kinetic experiments (178 £ 21 nM and 2.2 *
0.3 uM, respectively; Fig. 2 A). Binding competition exper-
iments showed that the two antibodies recognize an over-
lapping epitope on C-PfCSP (Fig. S1 B). In the absence
of a full-length (FL) structure of PfCSP, the accessibility of
C-PfCSP-embedded epitopes on FL protein and more so
on the parasite surface remains unclear. To examine whether
the three-dimensional disposition of the N-terminal domain
and NANP repeats interfered with C-PfCSP accessibility, we
compared the binding kinetics of 1710 and 3919 Fabs to only
the o« TSR domain of C-PfCSP, and to FL PfCSP. 1710 and
3919 Fabs bound to FL PfCSP with similar affinities as to the
oTSR domain, 132 + 13 nM and 4.6 + 1.0 uM (Fig. 2 B),
respectively, suggesting that the N-terminal domain and the
NANP central repeat do not conformationally occlude their
epitopes on recombinant PfCSP.

In our binding kinetics assays, we observed an ~500-fold
and 200-fold higher apparent Ky, for 1710 IgG (0.23 nM)
and 3919 IgG (25 nM) compared with their Fab counterpart
(132 nM, and 4.6 pM, respectively), indicating that these an-
tibodies can effectively use bivalent cross-linking to mediate
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Figure 2. 1710 and 3919 binding to recombinant NF54 PfCSP.

(A-C) Representative sensorgrams and 1:1 model best fits (black) for 1710
(green) and 3919 (blue) Fab binding to oTSR (A) and FL PfCSP (B) and 1710
and 3919 IgG binding to FL PfCSP (C). Data are representative of three
independent measurements.

high-avidity binding to PfCSP (Fig. 2 C). Interestingly, the
antibodies were derived from cells expressing IgG1 (1710)
and IgM (3919; Fig. 1 E). Pentameric binding of the secreted
IgM would likely confer much higher binding avidity to
3919 despite its micromolar binding affinity. In summary, the
two exclusive C-PfCSP antibodies recognized the recombi-
nant « TSR domain with high affinity and avidity.

The epitope of antibody 1710 overlaps two

T cell epitopes in C-PfCSP

To gain molecular insights into the PfCSP epitope to which
1710 binds with nanomolar affinity, we solved the crystal
structure of the complex between 1710 Fab and the aTSR
domain of PACSP with NF54 sequence to 1.95 A resolution
(Fig. 3 A and Table S1). All six 1710 antibody complemen-
tarity determining regions (CDRs) contribute to « TSR rec-
ognition with a total of 712 A% of buried surface area on the
antigen: 482 A? from the heavy chain and 230 A from the
light chain (Fig. 3 B). The importance of the epitope con-
formation was further corroborated by ELISA experiments
with individual C-PfCSP peptides that failed to detect anti-
body binding (Fig. S1 C).
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Crystal structure of the PfFCSP oTSR domain in complex with 1710 Fab. (A) The 1710 Fab variable regions bound to PfCSP aTSR. Region

II/Th2R, region Il+, and Th3R are orange, pink, and maroon, respectively. (B) CDR loops interacting with the Th2R and Th3R regions of PfCSP «TSR. LCDRs
predominantly interact with the Th2R peptide (orange), whereas HCDRs predominantly interact with the hydrophobic core and the Th3R peptide (maroon).
(C-E) PfCSP TSR interactions with LCDRs (C), HCDR3 (D), and HCDR1/2 (E) loops. Hydrogen bonds are denoted as black dashed lines.

Interestingly, the 1710 epitope is primarily located in

peptide regions that correspond to Th2R and Th3R epitopes.

Light-chain CDR1 (LCDR1) and LCDR2 interact closely
with the al-helix (residues 313-324, corresponding to re-
gion III or Th2R), forming a total of 12 hydrogen-bonds
(H-bonds), most of which are water-mediated (Fig. 3 C).The
predominantly hydrophobic 16-residue long heavy-chain
CDR3 (HCDR3) inserts in a conserved hydrophobic groove
on PfCSP formed at the interface of the al-helix and loop
355-364 (Fig. 3 D). Asp™"® bridges the two structural ele-
ments through a salt bridge with PfCSP residue K317 and
H-bonds with residues D359, Y360, and A361 (Fig. 3 D).
PfCSP residues 353357 (peptide corresponding to Th3R)
are contacted by HCDR1 and HCDR?2 primarily through
intimate H-bonding (Fig. 3 E).
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The PfCSP antigenic surface recognized by 1710 is
made of basic and acidic patches on either side of a recessed
central hydrophobic groove (Fig. S2 A). The shape and
charge complementarity of the 1710 paratope indicates an
optimally evolved molecular recognition (Fig. S2 B). This is
highlighted by the key basic residue K314 from the Th2R
epitope occupying an acidic pocket formed by LCDRI,
and acidic residues D356 and E357 of the Th3R peptide
occupying a basic pocket formed by HCDR1 and HCDR2
(Fig. S2, C and D). Compared with the « TSR-bound an-
tibody structure, unliganded 1710 Fab (Fig. S2 E and
Table S1) shows high conformational similarity across
all CDRs (root mean square deviation [r.m.s.d.] of 0.57
A), thus indicating a fine-tuned lock-and-key interaction
of 1710 with its antigen.
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Previous studies have described O-fucosylation in the
conserved CSVTCGNG sequence in PfCSP expressed from
HEK 293T cells (Doud et al., 2012) or from the sporozoite
surface (Swearingen et al., 2016; Lopaticki et al., 2017).
We observed partial evidence of O-linked glycosylation in
the electron density map of our « TSR construct expressed
from HEK 293F cells. ESI/TOF mass spectrometry analy-
sis of our recombinant a TSR construct revealed three major
species (Fig. S2 F). This included a predominant nongly-
cosylated species (9,168 Da), and two species, 146 Da and
308 Da heavier, likely indicating an O-fucose (146 Da) and
an O-glucosylfucose disaccharide (308 Da) glycosylation at
T337. Differential O-fucosylation likely led to the partial
electron density we observe in the crystal structure, as crys-
tal packing would not preclude an O-fucose from being ac-
commodated. In any case, the O-fucosylation site is located
distally from the 1710 epitope, and this posttranslational mod-
ification is unlikely to affect recognition.

Our co-complex structure reveals that the overall fold
of 1710-bound TSR has a low r.m.s.d. of 1.34 A (Ca)
compared with the unliganded antigen (Fig. S2 G; Doud
et al., 2012). Minor differences are observed in the N- and
C-terminal regions of the crystal structures, likely because of
differences in crystal packing. This high similarity indicates
that the « TSR -fold previously described for PfCSP (Doud et
al., 2012) is biologically relevant, and seen by the immune sys-
tem after repeated exposure to PfSPZ-CVac. Unique struc-
tural elements of the PfCSP TSR (compared with other
TSR folds) map to the hydrophilic faces of the al-helix and
neighboring loop, arranging to form a central hydrophobic
groove (Doud et al., 2012). Thus, it is not unexpected that
these features are the ones recognized by sporozoite-elicited
antibodies in humans. Importantly, our structural delineation
of 1710 binding to TSR uncovered that the B cell epitope
overlaps two T cell epitopes, and corresponds to C-PfCSP
regions with highest sequence variation between Pf isolates
(Weedall et al., 2007; Bailey et al., 2012; Gandhi et al., 2012).
No C-PfCSP specific Abs were isolated against the highly
conserved C-PfCSP region II-plus, which is likely less im-
munogenic or less exposed on PfCSP on the surface of spo-
rozoites. Low C-PfCSP immunogenicity in the context of
whole Pf sporozoites immunizations is in line with the re-
sults of our studies on healthy Gabonese adults with lifelong
exposure to Pf, where out of 208 mAbs cloned from PfC-
SP-reactive memory B cells, no antibodies were found to be
solely C-PfCSP reactive (Triller et al., 2017).

Strain specificity of the antibody response against C-PfCSP

We next tested whether 1710 and 3919 can react broadly
against PfCSP of different genotypes, or are specific to the
NF54 PfCSP against which they were elicited. PfCSP con-
structs from three Pf genotypes (NF54, T4, and 7G8) were
generated as FL and o TSR PfCSP constructs (Fig. 4, A and
B). Whereas 3919 reacted weakly with o TSR constructs
from all three strains, 1710 was specific to NF54 PfCSP con-
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structs (Fig. 4, C—F). T4 and 7G8 constructs failed to show
any binding at the highest 1710 concentration tested (5 pM;
Fig. 4, E and F). Inspection of the three C-PfCSP sequences
revealed key polymorphisms in the 1710 epitope that explain
its strain-specific binding reactivity (Fig. S2 ]). Whereas the
centrally located o TSR hydrophobic groove is conserved
across the three genotypes, surrounding epitope regions that
comprise PfCSP residues 317, 318, 321, 324, and 361 differ
significantly in sequence between NF54,T4, and 7G8, and
generally across Pf strains (Fig. 4, G and H). In NF54, K317
forms a salt bridge with Asp™'"® of the HCDR3 (Fig. 3 D).A
K317E polymorphism in the T4 and 7G8 strains would likely
introduce electrostatic repulsion in this region. Additionally,
N321 is located within a pocket formed by residues of the
LCDR1/2 and HCDR3 and forms H-bonds with Asn""'""“
and Tyr"* (Fig. 3 C).Thus, the N321K polymorphism would
likely create a steric clash with this region of the 1710 para-
tope; in this scenario, Asn'™'"¢ and Tyr"** would prevent
K321 from adopting an alternate conformation. Swapping
the o TSR domain in FL T4 and 7G8 PfCSP with that of
NF54 resulted in similar binding affinities to FL NF54 PfCSP,
thereby attributing 1710 strain specificity entirely to the
NF54 o TSR domain (Fig. S2, H and I). Thus, the 1710 para-
tope likely cannot accommodate either the K317E or N321K
polymorphisms present in the T4 and 7G8 genotypes.

Together our data provide a molecular basis for under-
standing how antigenic diversity in C-PfCSP might limit the
breadth of antibody responses against this subregion (Calle et
al., 1992) in addition to the previously described evasion from
cellular immunity (Udhayakumar et al., 1997; Gilbert et al.,
1998; Bonelo et al., 2000).

Inhibition of parasite traversal, development, and infection
To investigate to what extent epitopes were accessible to
C-PfCSP-reactive antibodies in the context of whole Pf
sporozoites, we performed live immunofluorescence and
flow cytometry experiments (Fig. 5,A and B). In both assays,
C-PfCSP—-reactive antibodies that also have high affinity to
a NANP-5 peptide in SPR (3908: 54 + 5 nM and 2296:
201 nM) bound to a NF54 PfCSP transgenic Plasmodium
berghei (Pb-PfCSP) parasite line (Triller et al., 2017) to a
similar level as the NANP-specific positive control (2A10:
2.2 nM; Fig. 5,A and B). In contrast, antibody 1710 showed
weak binding at 100 pg/ml and no binding at 1 pg/ml. This
observation was confirmed in IFA with fixed NF54 Pf spo-
rozoites (Fig. S3 A). Presumably because of its lower a TSR
affinity compared with 1710, antibody 3919 failed to bind
in either of the Pb-PfCSP assays even at high concentra-
tion (Fig. 5, A and B).

We next tested the potency of C-PfCSP-reactive
antibodies in functional assays. Inhibition of Pf sporo-
zoite traversal was directly correlated with the ability of
C-PfCSP—reactive antibodies to also bind the NANP re-
peat (Fig. 5, C and D). Consequently, 1710 and 3919, which
bind C-PfCSP exclusively, showed poor Pf sporozoite tra-
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Figure 4. PfCSP sequence specificity of C-PfCSP-reactive antibodies. (A) Schematic representation of the FL PfCSP from NF54, T4, and 7G8 Pf
genotypes. The vertical black line represents the boundary for the oTSR construct. (B) Western blot of T4, NF54, and 7G8 FL PfCSP constructs expressed
recombinantly, and probed with an anti-(His)e, tag antibody. (C and D) 3919 Fab binds both T4 «TSR (C) and 7G8 TSR (D) constructs weakly as measured by
biolayer interferometry. (E and F) 1710 Fab binds NF54 constructs, but not T4 and 7G8 constructs as measured by biolayer interferometry for aTSR (E) and
FL PfCSP (F). Data are representative of two independent measurements. (G) TSR sequence diversity from the NCBI database in Weblogo representation
(Crooks et al., 2004). Th2R, Rll+, and Th3R residues are shown in orange, pink, and maroon boxes, respectively. Invariant residues are light gray, whereas
polymorphic residues are dark gray. Asterisks indicates residues associated with efficacy in the RTS,S/ASO1 vaccine in sieve analysis when parasites were
matched to the vaccine sequence (Neafsey et al., 2015). Below is the surface area contribution of each aTSR residue buried by antibody 1710 as determined
by PISA (Krissinel and Henrick, 2007). Residues that form a salt bridge or H-bond with 1710 are red, whereas those that provide van der Waals interactions
are black. (H) Polymorphism mapped onto the oTSR surface colored using the scheme in (E). Polymorphisms are constrained to the Th2R and Th3R peptides
and occupy one face of afSR, which is the recognition site of antibody 1710. The invariant region I+ presides on the opposite face, which is likely less
exposed on PfCSP on the surface of sporozoites. NTD, N-terminal domain.
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C-PfCSP-binding antibodies. C-PfCSP-specific antibodies 1710 and 3919 are colored as in Fig. 1 B, whereas the positive control, 2A10, and negative control,
mGO053, are shown in green and black, respectively. Data are representative of two independent experiments. (E) Percent inhibition of parasite liver stage
development by C-PfCSP antibodies. 3908 and 2296 are C-PfCSP binding antibodies that cross-react with the NANP repeat (see Fig. 1). (F) Percentage of
parasite-free mice after passive immunization of antibody 1710 and infection with Pb-PfCSP sporozoites. Antibodies 663 and mG053 were used as positive
and negative controls, respectively. (A-D) Data are representative of two independent experiments. (E and F) Data are pooled from two independent exper-

iments with n = 5 mice per group. Error bars indicate standard error of the mean.

versal inhibition (Figs. 1 D and 5 C).The lack of protective
efficacy was confirmed using Pb-PfCSP sporozoites. Both
antibodies failed to inhibit Pb-PfCSP sporozoite develop-
ment into exoerythrocytic forms (EEFs) in hepatoma cells
in vitro, compared with the anti-C-PfCSP antibodies 2296
and 3908 with intermediate and high repeat reactivity, re-
spectively (Fig. 5 E). Our findings were further validated in
vivo (Fig. 5 F and Fig. S3 C). Passive immunization with
400 pg of 1710 failed to protect WT mice from Pb-PfCSP
sporozoite infection and the development of blood-stage
parasites, demonstrating that the anti-aTSR antibodies
lacked protective efficacy compared with the positive con-
trol anti-NANP repeat antibody 663, which protected all
mice from the infection (Triller et al., 2017).

Our data suggest that a unique PfCSP disposition on
the surface of sporozoites might mitigate the accessibility of
C-PfCSP antibodies to their epitopes, negatively impacting
their inhibitory activity. A model where PfCSP is densely
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packed on sporozoites preventing antibodies targeting the
oTSR by steric hindrance has previously been proposed
(Coppi et al., 2011). Such molecular crowding might be
particularly relevant for antibodies that bind epitopes lo-
cated near the GPI anchor at the C terminus, as described
here for 1710. Despite an ability for 1710 and 3919 anti-
bodies to cross-link two adjacent recombinant PfCSP mol-
ecules to achieve high-avidity binding (0.23 nM and 25 nM,
respectively), we note that only one C-PfCSP antibody can
bind per PfCSP, whereas multiple anti-repeat antibodies can
bind PfCSP (Fisher et al., 2017), perhaps contributing to
differences in overall antibody binding and protective ac-
tivity. Whether conformation and epitope accessibility of
recombinant PfCSP is representative of that on the surface
of sporozoites also remains to be determined. Our data sug-
gest that antibody efficiency to bind PfCSP epitopes and
epitope accessibility on sporozoites both contribute to anti-
body immune effectiveness.
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Concluding remarks

Our work provides insights into human B cell-mediated im-
munity to a non-immunodominant and largely polymorphic
C-PfCSP epitope on sporozoites. Antibody recognition of this
oTSR region in recombinant proteins is linked to inefficient
inhibition of sporozoite traversal, development, and infection,
which corroborates previous findings of the poor functional-
ity of antibody responses against this PfCSP subregion (Calle
et al., 1992; Lopez et al., 1996; Bongfen et al., 2009). Our
molecular characterization of a C-PfCSP—reactive antibody
with weak inhibitory characteristics is important for iterative
vaccine design. It gives clues as to which regions should be
altered or removed in subunit immunogens to decrease unde-
sired immune responses, as has previously been done in HIV
(de Taeye et al., 2015) and influenza (Impagliazzo et al., 2015)
vaccine development. Antibodies against the N-terminal do-
main and the central repeat region have been shown to be
associated with broader and more potent inhibitory effects
(Potocnjak et al., 1980; Godson et al., 1983; Zavala et al.,
1983; Charoenvit et al., 1991a,b; Bongfen et al., 2009), and
thus we propose that their re-elicitation should be prioritized
in vaccination strategies. Approaches to develop a broadly ef-
fective PfCSP-based subunit malaria vaccine should therefore
carefully evaluate whether displaying o TSR in immunogens
is the best approach to providing Pf B and T cell epitopes.
Instead, immunogen design strategies that can elicit superior
responses focused on conserved and accessible PfCSP regions
might improve on current vaccine efficacy.

MATERIALS AND METHODS

Flow cytometric isolation and sorting

of PfCSP memory B cells

Inoculation of European volunteers with Sanaria PfSPZ Chal-
lenge in the Sanaria PfSPZ-CVac clinical trial (TUCHMI-2)
was previously reported (Richie et al.,2015; Mordmiiller et al.,
2017).The study was approved by the ethics committee of the
medical faculty and the university clinics of the University of
Tiibingen and strictly adhered to Good Clinical Practice and
the principles of the Declaration of Helsinki. The clinical trial
is registered at Clinical Trials.gov (NCT02115516). The study
was performed under FDA IND 15862 and with approval of
the Paul Ehrlich Institute. Peripheral blood mononuclear cells
(PBMCs) were isolated from the blood sample using Ficoll
gradient density and frozen down in liquid nitrogen for long-
term storage. Before sorting, the cells were thawed and twice
washed in RPMI (Gibco). Recombinantly expressed PfCSP
(Protein Potential, LLC), labeled with Alexa 647 (Molecular
Probes), was used for the isolation of PfCSP-reactive B cells.
PBMC:s were incubated with the labeled PfCSP and following
labeled antibodies and dead cell marker at the mentioned di-
lutions: CD20-APC-H7 (2H7;1:20), CD19-BV786 (S]25C1;
1:10), CD27-PE (M-T271; 1:5), CD38-FITC (HIT2; 1:5),
CD138-BV421 (MI15; 1:20), [gG-BV510 (G18-145; 1:20; all
BD Biosciences), CD21-PE-Cy7 (Bu32; 1:20; BioLegend),
and 7AAD (1:400; Invitrogen). 7-AAD~CD19"CD27*CSP*

70

single cells were sorted using a FACS Ariall (Becton Dick-
inson) with FACSDiVa software version 8.0.1 (Becton Dick-
inson). Data were analyzed using FlowJo V.10.0.8 (Tree Star).

Ig PCR amplification, sequencing, cloning, and expression

Ig heavy and light chain genes were amplified from sorted
single B cells using published protocols (Busse et al., 2014;
Murugan et al., 2015). In brief, cDNA libraries from single B
cells were prepared using random hexamers, and Ig heavy and
light chain genes were amplified by barcoded gene specific
primers using a high-throughput platform. Amplicons were
sequenced using the 454 (Roche) or llumina (Life Technol-
ogiles) sequencing strategy, and the reads were analyzed using
a previously described pipeline (Imkeller et al., 2016). Specific
V and ] primers tagged with restriction enzyme sites were
used to amplify and clone Ig genes using published protocols
(Tiller et al., 2008). Vectors with paired Ig heavy and light
chain genes were co-transfected in HEK293T (ATCC, no.
CRL-11268) or HEK293F (Thermo Fisher Scientific) cells
for expression of mAbs.

ELISA

Protein G Sepharose 4 Fast Flow (GE Healthcare) was used
for purification of mAbs, and concentrations were measured
(Tiller et al., 2008). High-binding polystyrene ELISA plates
were coated with the antigens: recombinantly expressed
C-PfCSP, NANP-10, or streptavidin at 200 ng/well, 50 ng/
well, or 50 ng/well, respectively, overnight at 4°C. Wells were
blocked with 1% BSA in PBS (wt/vol). For peptide-ELISA,
biotinylated peptides were coated at 50 ng/well. Binding of
mADs to the coated antigen was characterized by incubation
with four serial dilutions (1 in 4 dilution) of each mAb start-
ing with 4 pg/ml. Anti-human [gG-HRP (Jackson Immuno-
Research) used at 1:1,000 dilution in blocking buffer, and
further absorbance measurement of the enzymatic reaction
in One-step ABTS substrate (Roche), were used to detect
the bound antibodies. mGO53 was used as an isotype control
(Wardemann et al., 2003). Prism 6.07 (GraphPad) was used to
calculate AUC:s for the serially diluted mAbs.

1710 and 3919 Fab production

1710 and 3919 Vi x and Vy regions were cloned into ex-
pression vectors upstream of human Igh/Igk and Igyl con-
stant regions, respectively, as previously described (Tiller et
al., 2008). Additionally, 3919 V| and Vy regions were cloned
into a pcDNA3.4 TOPO expression vector immediately up-
stream of human Igk and Igy1-CH1 domains, respectively.
1710 IgG, 3919 IgG, and 3919 Fab were transiently expressed
in HEK293F cells and purified via protein A or KappaSe-
lect affinity chromatography (GE Healthcare). 1710 Fab was
generated by papain digestion and purified via an additional
protein A chromatography step followed by cation exchange
chromatography (MonoS, GE Healthcare). 1710 and 3919
Fab were further purified by size exclusion chromatography
(Superdex 200 Increase 10/300 GL, GE Healthcare).
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oTSR expression and purification

A construct based on the previously determined crystal struc-
ture (PDB ID: 3VD]J; Doud et al., 2012) of the Pf aTSR
domain of PfCSP with NF54 genotype sequence was cloned
into the pHLsec vector via Agel and Xhol restriction sites.
TSR was transiently expressed in HEK293F cells and puri-
fied via a Histrap FF column (GE Healthcare), followed by size
exclusion chromatography (Superdex 200 Increase 10/300
GL, GE Healthcare). Intact protein samples were subjected to
electrospray ionization mass spectrometry to determine their
molecular weight (The Scripps Research Institute).

PfCSP construct design for binding studies

Multiple constructs were used for binding studies. This in-
cludes FL PfCSP constructs from strains representative of Pf
infection across three continents with a high prevalence of ma-
laria: NF54 (UniProt accession no. P19597, residues 20—384,
Africa), T4 (accession no. P13814, residues 20—411, Asia) and
7G8 (accession no. EUR 80924, residues 20—278, South Amer-
ica). Potential N-linked glycosylation sites were mutated to
glutamine. TSR constructs were also generated for all three
strains. The a TSR sequences of the T4 and 7G8 PfCSP strains
were replaced with the NF54 aTSR sequence to generate
T4-CSP-NF54-aTSR and 7G8-CSP-NF54-a«TSR chimeric
constructs. FL PfCSP constructs and C-terminal constructs
were cloned in pHLsec for transient expression in HEK293F
cells.All samples were purified via HisTrap FF (GE Healthcare)
and size exclusion chromatography (Superdex 200 Increase
10/300 GL, GE Healthcare) before binding studies. An anti-
His antibody (Santa Cruz Biotechnology) and an anti-mouse
HRP secondary antibody (Abcam) were used in Western blot
experiments according to the manufacturer’s protocols.

Biolayer interferometry binding studies

Biolayer interferometry (Octet RED96, FortéBio) exper-
iments were conducted to determine the specificity and
binding kinetics of 1710 and 3919 for multiple PfCSP con-
structs. CSPs diluted to 10 pg/ml in kinetics buffer (PBS,
pH 7.4, 0.01% [wt/vol] BSA, 0.002% [vol/vol] Tween-
20) were immobilized onto Ni-NTA (NTA) biosensors
(FortéBio). After establishment of a stable baseline with
loaded ligand in kinetics buffer, biosensors were dipped
into wells containing twofold dilution series of 1710 or
3919 Fab or IgG. Tips were then dipped back into kinetics
buffer to monitor the dissociation rate. Kinetics data were
analyzed using FortéBio’s Data Analysis software 9.0, and
curves were fitted to a 1:1 binding model. Mean kinetic
constants reported are the results of three independent ex-
periments. In competition binding studies, a TSR (NF54)
was diluted to 10 pg/ml in kinetics buffer and immobilized
onto Ni-NTA (NTA) biosensors (FortéBio). After a 30-s
baseline step, biosensors were dipped into wells containing
the first antibody (10 pg/ml) for 600 s, followed by an-
other 30-s baseline, and then dipped into wells containing
the second antibody for 300 s.
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Crystallization and structure determination

Purified 1710 Fab and PfCSP oTSR were mixed in a 1:3
molar ratio, and excess a TSR was purified away by size ex-
clusion chromatography (Superdex 200 Increase 10/300 GL,
GE Healthcare). The 1710 Fab/aTSR complex was then
concentrated to 25 mg/ml and mixed 1:1 with 200 mM
MgCl,, 20% (wt/vol) PEG 3350. Crystals appeared after
~30 d. 1710 Fab crystals were grown at 10 mg/ml and mixed
1:1 with 17% (wt/vol) PEG 400, 15% (vol/vol) glycerol,
8.5% (vol/vol) isopropanol, and 85 mM Hepes pH 7.5. The
3919 Fab/aTSR co-complex was generated similarly to the
1710 Fab/aTSR co-complex. Extensive crystallization trials
were performed, without yielding crystals, likely because of
a relatively weak affinity for the complex. 1710 Fab/aTSR
co-complex crystals were cryoprotected in 15% (vol/vol)
glycerol before being flash-frozen in liquid nitrogen. Data
were collected at the 08ID-1 beamline at the Canadian Light
Source, processed, and scaled using XDS (Kabsch, 2010). The
structures were determined by molecular replacement using
Phaser (McCoy et al., 2007). Refinement of the structures
was performed using phenix.refine (Adams et al., 2010) and
iterations of refinement using Coot (Emsley et al., 2010).The
crystal structures have been deposited in the Protein Data
Bank (PDB IDs 6B0S and 6BOW).

Sporozoite production

Pf NF54 sporozoites were isolated from salivary glands of in-
fected Anopheles coluzzii mosquitoes (Ngousso strain). NF54
PfCSP transgenic P berghei (Pb-PfCSP) sporozoites (Triller
et al., 2017) were isolated from salivary glands of infected
immuno-compromised Anopheles gambiae 7b mosquitoes
(Pompon and Levashina, 2015).

Traversal assay

Traversal assays were performed as described (Triller et al.,
2017). In brief, HC-04 cells of a human hepatocyte cell line
(MR A-975,deposited by Jetsumon Sattabongkot) were seeded
at 6 X 10" cells/well in a 96-well plate (Greiner) and allowed
to grow at 37°C and 5% CO, for 24 h to attain 70% conflu-
ency. 10° Pf salivary gland sporozoites were incubated with
100 pg/ml of mAb for 30 min and added to the cells along
with dextran-rhodamine (Molecular Probes) at 0.5 mg/ml.
The maximum traversal efficiency, as measured in the wells
with non—antibody-treated sporozoites, was used for nor-
malization. Background noise, as detected in the wells where
the dextran-rhodamine was added without sporozoites and
antibodies, was subtracted for a given plate. mGOS53 and the
chimeric version of 2A10 (with the mouse 2A10 variable re-
gion and human heavy and kappa constant regions) were used
as negative and positive controls, respectively (Zavala et al.,
1983;Wardemann et al., 2003; Triller et al.,2017). All controls
were set up in each plate as duplicates. The plates were centri-
fuged at 3,000 rpm at room temperature for 10 min without
brake and incubated at 37°C and 5% CQO, for 2 h. Cells were
thrice washed with PBS, treated with trypsin (Sigma) for 10
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min, resuspended in 10% (vol/vol) FCS in PBS, centrifuged
at 1,400 g for 5 min, and resuspended in 150 pl of 1% (vol/
vol) PFA (Alfa Alsar) in PBS. Sporozoite traversal activity as
detected by dextran positivity was measured in a FACS LSR.
II instrument (Becton Dickinson). Data were analyzed using
FlowJoV.10.0.8 (Tree Star).

Immunofluorescence assay

8-well microscopy slides (Medco) were pre-coated with 3%
BSA in RPMI (wt/vol) for 15 min at 37°C. For the anal-
ysis of fixed Pf sporozoites, 4 X 10* salivary gland Pf NF54
sporozoites were added per well and air-dried overnight at
room temperature. Fixation was performed with 4% PFA
(Alfa Alsar) in PBS (vol/vol) for 10 min at room temperature
and then blocked with 10% (vol/vol) FCS in PBS for 15 min
at 37°C. Pf sporozoites were stained with mAbs (100 pg/ml)
in 10% (vol/vol) FCS in PBS for 45 min at 37°C. mAbs
were detected using a Cy3-conjugated goat anti-human IgG
(1:1,000, Jackson ImmunoResearch). Slides were washed
three times for 2 min with 1% (vol/vol) FCS in PBS after
each staining step. For the analysis of live sporozoites, 2 X
10° Pb-PfCSP salivary gland sporozoites were incubated in
siliconized tubes with 100 pg/ml of mAbs in a total volume
of 100 pl PBS with 1% (vol/vol) FCS in PBS for 30 min
on ice. Sporozoites were washed with 1.5 ml of 1% (vol/
vol) FCS in PBS by centrifuging at 9,300 g for 4 min at
4°C. The sporozoite pellet was resuspended in 100 pl 1%
(vol/vol) FCS in PBS containing goat anti-human IgG-Cy3
(1:1,000, Jackson ImmunoResearch) and incubated for 30
min on ice. The suspension was washed once again, and the
sporozoite pellet was resuspended in 40 pl PBS. 20 pl spo-
rozoite suspension was added per well and allowed to settle
for 2.5 h at room temperature. Excess liquid was removed,
and sporozoites were fixed with 20 pl of 4% (wt/vol) PFA in
PBS per well for 15 min at room temperature. After fixation,
the wells were washed twice.Vectashield Mounting Medium
with DAPI (Vector Laboratories) was used to mount all mi-
croscopy slides and to visualize sporozoite nuclei. Images were
acquired on an AxioObserver Z1 fluorescence microscope
equipped with an Apotome module (Zeiss) using the 63X
objective. Images were analyzed using the AxioVision ZEN
2012 software (Zeiss), Image] (Schneider et al., 2012), and Fiji
(Schindelin et al., 2012).

Live sporozoite flow cytometry

10° Pb-PfCSP salivary gland sporozoites were incubated in sil-
iconized tubes with 100 pg/ml or 1 pg/ml of mAbs in a total
volume of 60 pl PBS with 1% (vol/vol) FCS for 30 min on
ice. The sporozoites were washed with 1.5 ml of 1% (vol/vol)
FCS in PBS by centrifuging at 9,300 g for 4 min at 4°C. The
sporozoite pellet was resuspended in 100 pl of 1% (vol/vol) FCS
in PBS containing goat anti-human IgG-Cy3 (1:1,000; Jackson
ImmunoR esearch) and incubated for 30 min on ice. The sporo-
zoite suspension was washed once more, and the pellet was resus-
pended in 200 pl of 1% (vol/vol) FCS in PBS. Antibody-stained
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sporozoites were detected by intrinsic GFP expression and Cy3
staining in a FACS LSR I instrument (Becton Dickinson). Data
were analyzed using FlowJoV.10.0.8 (Tree Star).

Pf liver stage developmental assay

Developmental assays were performed as described previously
(Triller et al.,2017).In brief, 10* HC-04 cells/well were seeded
into a 96-well plate with transparent bottom (Nalgene Interna-
tional) and pre-treated with rat collagen (BD Biosciences). 10*
Pb-PfCSP salivary gland sporozoites were incubated with 100
pg/ml of mADb for 30 min on ice and then added in technical
triplicates to the cells. Untreated sporozoites were used as pos-
itive infection control. The plate was centrifuged at 110 gtfor 1
min at room temperature and incubated at 37°C for 2 h. After
incubation, the wells were washed thrice with 2% penicillin/
streptomycin solution with 5 pg/ml fungizone to remove ex-
tracellular sporozoites and once without fungizone. After 2 d
of incubation at 37°C, the cells were fixed with 4% (wt/vol)
PFA for 15 min at room temperature and permeabilized with
50 pM NH,Cl, (Sigma-Aldrich), 3% (vol/vol) FBS, and 0.3%
(vol/vol) Triton (Sigma-Aldrich) for 1 h at 37°C. EEFs were
detected using rabbit anti-GFP antibody (1:1,000, Abcam) di-
luted in permeabilization buffer for 1 h at 37°C, and anti—rabbit
IgG antibody conjugated to Alexa Fluor 555 (1:1,000, Molec-
ular Probes). DAPI (1.25 pg/ml, Molecular Probes) was used to
stain cell nuclei.An AxioObserver Z1 fluorescence microscope
equipped with an Apotome module (10X objective, Zeiss) and
AxioVision ZEN 2012 software (Zeiss) was used to acquire
images of each well. EEF development was determined in
comparison to the untreated sporozoite control, which was set
to 0% inhibition. mAb mGO53 was used as a negative control.

In vivo Plasmodium infections

In vivo infection experiments were performed as described
previously (Triller et al.,, 2017) and were approved by
LAGeSo (H0027/12). In brief, female C57BL/6 mice (5 per
group) were passively immunized by i.p. injection with 400
pg of monoclonal human anti-PfCSP antibody 1710 or the
positive and negative control antibodies 663 (Triller et al.,
2017) and mGO53 (Wardemann et al., 2003), respectively,
in 250 pl of PBS. 1 d later, mice were inoculated with 5 X
10* Pb-PfCSP sporozoites by s.c. injection at the tail base.
Blood parasitemia was determined daily by Giemsa-stained
thin blood smears starting on day 3 after the infection. At least
100 microscopic fields were counted. Mice were sacrificed 4
d after the detection of blood stage parasites.

Online supplemental material

Fig. S1 shows the characterization of C-PfCSP binding to
C-PfCSP-reactive antibodies. Fig. S2 shows the structural
and biophysical analysis of 1710 and the PfCSP aTSR. Fig.
S3 shows Pb-PfCSP sporozoite binding and functional eval-
uation of C-PfCSP antibodies. Table S1 shows the data col-
lection and refinement statistics for 1710 Fab-aTSR and
unliganded 1710 Fab crystal structures.
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