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Abstract

Combinations of monoclonal antibodies (mAbs) against different epitopes on the same anti-
gen synergistically neutralize many viruses. However, there are limited studies assessing
whether combining human mAbs against distinct regions of the Plasmodium falciparum (Pf)
circumsporozoite protein (CSP) enhances in vivo protection against malaria compared to
each mAb alone or whether passive transfer of PFCSP mAbs would improve protection fol-
lowing vaccination against PFCSP. Here, we isolated a panel of human mAbs against the
subdominant C-terminal domain of PfCSP (C-CSP) from a volunteer immunized with radia-
tion-attenuated Pf sporozoites. These C-CSP-specific mAbs had limited binding to sporozo-
ites in vitro that was increased by combination with neutralizing human “repeat” mAbs
against the NPDP/NVDP/NANP tetrapeptides in the central repeat region of PfCSP. Never-
theless, passive transfer of repeat- and C-CSP-specific mAb combinations did not provide
enhanced protection against in vivo sporozoite challenge compared to repeat mAbs alone.
Furthermore, combining potent repeat-specific mAbs (CIS43, L9, and 317) that respectively
target the three tetrapeptides (NPDP/NVDP/NANP) did not provide additional protection
against in vivo sporozoite challenge. However, administration of either CIS43, L9, or 317
(but not C-CSP-specific mAbs) to mice that had been immunized with R21, a PfCSP-based
virus-like particle vaccine that induces polyclonal antibodies against the repeat region and
C-CSP, provided enhanced protection against sporozoite challenge when compared to vac-
cine or mAbs alone. Collectively, this study shows that while combining mAbs against the
repeat and C-terminal regions of PfCSP provide no additional protection in vivo, repeat
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mAbs do provide increased protection when combined with vaccine-induced polyclonal anti-
bodies. These data should inform the implementation of PFCSP human mAbs alone or fol-
lowing vaccination to prevent malaria infection.

Author summary

The Plasmodium falciparum (Pf) circumsporozoite protein (CSP) is the major surface pro-
tein on sporozoites and is required for these malaria parasites to invade the liver. Antibod-
ies can prevent malaria by neutralizing sporozoites prior to liver invasion. The only
approved malaria vaccine (RTS,S) is comprised of the repeat region and C-terminus of
PfCSP. RTS,S-mediated protection is associated with vaccine-induced antibodies against
both regions. While monoclonal antibodies (mAbs) against the three tetrapeptides in the
repeat region potently bind and neutralize sporozoites, mAbs against the C-terminus
demonstrate limited sporozoite binding and neutralization. Here, we used flow cytometry
to show that the sporozoite binding of C-terminal mAbs are potentiated by combining
them with repeat mAbs. This in vitro synergy did not translate into enhanced in vivo pro-
tection against sporozoite challenge in mice treated with repeat and C-terminal mAb
combinations. Furthermore, combining mAbs against the three tetrapeptides in the repeat
region did not provide enhanced protection against sporozoite challenge compared to
each mADb alone. However, combining passive and active immunization with repeat
mADbs and a RTS,S-like vaccine improved protection against sporozoite challenge com-
pared to each intervention alone. These results have important implications for imple-
menting anti-PfCSP mAbs alone or in combination with vaccines to prevent malaria.

Introduction

Malaria is a parasitic mosquito-borne disease that affected 200-400 million people and led to
~400,000 deaths in 2019, mostly from Plasmodium falciparum (Pf) infection [1]. Antibodies
can prevent malaria by inhibiting sporozoites (SPZ; the infectious form of Plasmodium para-
sites transmitted by mosquitos) before they invade hepatocytes in the liver. Antibody-mediated
SPZ inhibition can be achieved by direct neutralization (e.g., blocking parasite motility [2] or
invasion of hepatocytes [3,4]) or by engaging Fc-mediated effector functions such as opsono-
phagocytosis [5] or complement fixation [6]. Most anti-SPZ antibodies induced following nat-
ural infection or immunization with attenuated SPZ target the circumsporozoite protein
(CSP), the most abundant surface protein on SPZ [7]. CSP has three domains: an N-terminus
(N-CSP), a central region composed of repeating tetrapeptides (1 NPDP, 4 NVDP, and 38
NANP in the Pf reference strain 3D7), and a C-terminus (C-CSP) containing a linker
sequence, an a-thrombospondin type-1 repeat domain («TSR), and a glycosylphosphatidyli-
nositol (GPI) anchor sequence (Fig 1) [8].

RTS,S, the only malaria vaccine that has been recommended for usage by the World Health
Organization [9], is a truncated form of PfCSP_3D7 containing 19 NANP repeats and C-CSP
minus the GPI anchor [10]. RTS,S induces antibodies against the repeat region and C-CSP
[11-13], and antibodies against the immunodominant NANP repeats correlate with RTS,S-
mediated protection in African infants and young children [14]. Systems serology analysis of
RTS,S vaccinees found that opsonophagocytosis and engagement of Fc gamma receptor 3A
were most predictive of RTS,S protection [15]. Additionally, protective CSP antibodies
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Fig 1. Schematic/sequence of PfCSP_3D7 and approximate epitopes bound by mAbs used in this study. Top:
color-coded schematic illustrating the N-terminus (N-CSP), repeat region, and C-terminus (C-CSP) of PfCSP_3D7.
N-CSP contains a signal peptide (SP), two Plasmodium export element (PEXEL) sites, and the conserved region I (RI).
The repeat region is composed of three types of tetrapeptides (1 NPDP, 4 NVDP, and 38 NANP). C-CSP has a linker to
the repeat region, an a-thrombospondin type-1 repeat (0 TSR) domain that contains two conserved motifs (region III
and region I+, RIII and RII+) and several CD4+ helper T cell epitopes (Th2R, Th3R, CS.T3),and a
glycosylphosphatidylinositol (GPI) anchor sequence. The binding sites of monoclonal antibodies used in this study are
depicted. Bottom: sequence of PfCSP_3D7, color-coded to match the schematic. The sequence of the recombinantly
expressed C-CSP construct used in this study is underlined.

https://doi.org/10.1371/journal.ppat.1010133.g001

induced in children after natural malaria infection [6] or immunization of pre-exposed adults
with whole attenuated sporozoite [16] were shown to activate complement in vitro. Together,
these data suggest that PfCSP antibodies utilize multiple mechanisms to prevent SPZ from
invading hepatocytes.

The majority of anti-PfCSP monoclonal antibodies (mAbs) isolated to date are NANP-spe-
cific [17], with a minority being shown to potently protect mice from challenge with transgenic
P. berghei SPZ expressing full-length PfCSP [18-21]. However, there is some evidence that
C-CSP antibodies contribute to SPZ neutralization. Specifically, serum from mice immunized
with C-CSP peptides inhibits SPZ hepatocyte invasion in vitro [22,23]. In the context of RTS,
S-immunized adults and/or children, C-CSP antibodies in polyclonal serum mediate phagocy-
tosis and complement fixation in vitro [24,25] and C-CSP-specific IgG avidity and breadth
correlate with RTS,S efficacy [26,27]. C-CSP IgG,/IgA, [15] and C-CSP IgG, [28] have been
associated with protection; however, another report showed that C-CSP IgG,,4 were associated
with increased malaria risk whereas C-CSP IgG, 5 were associated with protection [29]. More-
over, genetic analyses of Pf field isolates showed that C-CSP is highly polymorphic and that
RTS,S is less effective against non-3D7 strains, suggesting that C-CSP is under substantial
immune pressure [30,31]. Together, these data suggest that C-CSP antibodies neutralize SPZ
in vitro and may be associated with RTS-S-mediated protection in vivo when accompanied by
repeat antibodies.

Based on these data, efforts have been made to isolate and characterize mAbs targeting
C-CSP from malaria-naive PfSPZ-immunized adult volunteers, resulting in the publication of
three C-CSP-specific human mAbs to date [21,32]. Despite displaying high-affinity binding to
full-length recombinant PfCSP (FL-rCSP), these three C-CSP mAbs had minimal SPZ binding
and neutralization in vitro and in vivo [21,32], suggesting that C-CSP may be inaccessible on
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the surface of SPZ. Indeed, native PfCSP on SPZ has been shown to undergo reversible confor-
mational changes to mask C-CSP [22,33], with the repeat region acting as a flexible spring
between N- and C-CSP [34,35]. These data indicate that PfCSP is structurally labile and may
adopt different conformations to mask C-CSP from antibody recognition.

Conformational masking has been described for viral glycoproteins like gp120 on HIV-1;
furthermore, the binding of certain antibodies has been shown to trigger additional conforma-
tional changes in gp120 [36]. Similarly, binding of the human PfCSP mAb CIS43 to the unique
tetrapeptide NPDP at the junction of N-CSP and the repeat region has been proposed to
induce conformational changes in FL-rCSP [21]. These data suggest that combining a repeat
mAb that changes the conformation of PfCSP with a conformation-dependent C-CSP mAb
may improve the binding and neutralization of the C-CSP mAb. Indeed, combining mAbs
that bind different epitopes on gp120 has been shown to synergistically block HIV-1 infection
[37,38].

Here, to further define the role of C-CSP-specific antibodies in preventing malaria infection
and investigate whether combining mAbs targeting different PfCSP epitopes results in
improved protection against SPZ challenge, we isolated a large panel of human C-CSP mAbs
and characterized their in vitro SPZ binding and in vivo SPZ neutralization alone or in combi-
nation with neutralizing repeat mAbs. We extended this analysis by assessing whether combin-
ing potent NPDP/NVDP/NANP-specific repeat mAbs provided increased protection in vivo
compared to single repeat mAbs. Finally, we evaluated whether passive administration of
repeat- or C-CSP-specific mAbs in mice immunized with a next-generation RTS,S-like vaccine
called R21 [39] provided improved protection compared to each intervention alone. Collec-
tively, these data provide insight into how PfCSP mAbs can be optimally used to prevent
malaria.

Results
C-CSP-specific mAbs do not bind or neutralize SPZ

To assess the ability of C-CSP-specific mAbs to bind and neutralize SPZ, a panel of thirteen
C-CSP-specific human mAbs was assembled (Fig 1 and SI and S2 Tables). Two mAbs in the
panel, 1710 and mAb15, have been previously reported [21,32]. The panel’s eleven other
C-CSP mAbs were isolated from a PfSPZ-immunized subject [40]. Consistent with previous
reports on human PfCSP mAbs isolated from PfSPZ-immunized subjects [19-21,40,41],
sequence analysis of the C-CSP mAbs showed that they had low somatic mutations (0.69-5.5%
in the heavy chain and 0.35-3.23% in the light chain; S2 Table). Notably, most (11 of 13)
C-CSP mAbs had lambda light chains (S1A Fig and S2 Table).

All C-CSP mAbs in the panel bound FL-rCSP and C-CSP, but not N-CSP or the 36mer
repeat peptide (NANP), by ELISA (Fig 2A). Notably, C-CSP was expressed in mammalian
cells and only includes part of the linker sequence and the entire o'TSR subdomain (Fig 1). To
determine the fine epitopes recognized by these mAbs, mapping was performed using overlap-
ping 15mer linear peptides spanning C-CSP. None of the C-CSP mAbs had detectable peptide
binding by ELISA (S1B Fig), corroborating that C-CSP mAbs recognize conformational
C-CSP epitopes [32]. To extend this analysis, we used surface plasmon resonance (SPR) to per-
form epitope binning of the 13 C-CSP mAbs binding to FL-rCSP, with the N-CSP mAb 5D5
and the NANP-specific mAb10 included as controls (Fig 2B and S3 Table). The C-CSP mAbs
fell broadly into three bins. Most mapped to the same bin as 1710, which binds an epitope
overlapping the Th2R/Th3R T cell epitopes in the oTSR (Fig 1) and is the only C-CSP mAb
whose structure has been solved [32]. Notably, R2/R7 and L4 mapped to different bins.
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Fig 2. Binding and in vivo protection mediated by C-CSP-specific mAbs. (A) Heat map of area under the curve
(AUC) values of thirteen C-CSP mAbs binding to FL-rCSP, N-CSP, 36mer peptide (NANP),, and C-CSP by ELISA.
VRCO1 (anti-gp120 mAb), 5D5 (N-CSP mAb), and mAb10 (NANP-preferring repeat mAb) were respectively included
as a negative isotype control, positive control N-CSP mAb, and positive control repeat mAb. Data were averaged from
2-3 independent experiments. (B) Epitope binning of C-CSP mAbs binding to FL-rCSP measured by SPR. All mAbs
were tested as both ligands and analytes; several mAbs (L7, L15, L20, R1, mAb10) were excluded due to poor ligand
and/or analyte binding to FL-rCSP. Solid lines indicate two-way competition; dotted lines indicate one-way
competition. (C) Percentage (%) and median fluorescence intensity (MFI) of Pb-PfCSP-SPZ bound by 20 pug/mL of
indicated mAb, measured by flow cytometry. VRCO01 and L9 (NVDP-preferring repeat mAb) were included as
negative and positive controls. (D) Liver burden (bioluminescence; total flux, photons/sec) in mice 40 hours post-
challenge (n = 5/group; line indicates geometric mean) mediated by 300 pg of indicated mAbs administered 2 hours
before IV challenge with 2,000 Pb-PfCSP-SPZ. CIS43 (NPDP-preferring repeat mAb) was included as a positive
control. Vertical lines separate independent experiments. P-values were determined by comparing mAbs to untreated
control using the Kruskal-Wallis test with Dunn’s post-hoc correction. **, p<0.01; ns (not significant), p>0.05.

https://doi.org/10.1371/journal.ppat.1010133.9002
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Together, these data indicate that most of the C-CSP mAbs compete for the same epitope in
the TSR of the C-CSP.

However, all C-CSP mAbs showed low in vitro binding to transgenic P. berghei SPZ
expressing full-length PfCSP and a green fluorescent protein/luciferase fusion protein (Pb-
PfCSP-GFP/Luc-SPZ; hereafter Pb-PfCSP-SPZ) harvested from the salivary glands of mosqui-
tos (Fig 2C). Moreover, passive transfer of 300 pg of each C-CSP mAb into mice did not lower
parasite liver burden following intravenous (IV) challenge with Pb-PfCSP-SPZ (Fig 2D). As a
positive control, 300 pg/mouse of the potent NPDP-specific repeat mAb CIS43 (S1 Table) low-
ered liver burden to background levels and completely protected mice from SPZ challenge.
These data show that, despite binding recombinant PfCSP, C-CSP-specific mAbs do not bind
native PfCSP on salivary gland SPZ and are non-neutralizing in vivo.

C-CSP mAbs can distinguish between different PECSP conformations on
SPZ

Prior studies have suggested that CSP on SPZ isolated from mosquito salivary glands (SG) and
midguts (MG) adopt two conformations, with C-CSP being masked (“closed conformation”)
on SG-SPZ and exposed (“open” conformation) on MG-SPZ [33]. We hypothesized that
C-CSP mAbs might differentiate between the “closed” and “open” conformations of PfCSP;
thus, we compared the binding of several C-CSP mAbs to SG- and MG-SPZ isolated from Pb-
PfCSP-SPZ-infected mosquitos. Consistent with Fig 2C, all C-CSP mAbs showed low binding
to “closed” PfCSP on SG-SPZ (10-20% mAb™ SPZ) and increased binding to “open” PfCSP on
MG-SPZ (20-88% mAb* SPZ), most notably mAb15 and L15 (Fig 3A and 3B). These data fur-
ther substantiate the existence of distinct PfCSP conformations on MG- versus SG-SPZ [33]
and suggest that C-CSP mAbs can be used to distinguish between native PfCSP
conformations.

Repeat mAbs can change the conformation of recombinant PfCSP

We previously reported that mAb CIS43 binds to FL-rCSP with two affinities in a sequential
fashion. Furthermore, we suggested it was possible that the first high-affinity binding event
caused conformational changes in FL-rCSP that enabled a second, lower affinity binding event
to several other sites on FL-rCSP [21]. In a subsequent study, we showed that mAbs L9, 311,
and 317 also exhibited a similar “two-step binding” phenotype to FL-rCSP [40]. Conforma-
tional changes should be accompanied by significant changes in enthalpy (AH) due to burial of
hydrophobic amino acid residues away from water, which manifest as large and negative
changes in heat capacity (AC,) [42,43]. Thus, to assess if the binding of these four two-step
binding mAbs induce conformational changes in FL-rCSP, AC,, for the binding of each mAb
was determined by measuring AH at different temperatures (S2A Fig).

For the first binding step, large negative AC, values were observed for 311 and CIS43 (AC,
= -1.75 and -0.89 kcal/K/mol, respectively) while the values for L9 and 317 (AC,,; = -0.27 and
-0.35 kcal/K/mol, respectively) were considerably smaller and closer to the magnitudes
expected for binding events where only residues in the interacting surfaces contribute to the
binding energetics (S2B Fig). The heat capacity changes associated with the second binding
events (AC,,) were modest for all four mAbs (AC, range = -0.02 = -0.25 kcal/K/mol). Taken
together, these results suggest that, of the four two-step binding mAbs, only 311 and CIS43
induced significant conformational changes in FL-rCSP and only during the first binding step.
These data are consistent with previous reports showing that 311, but not 317, Fabs induce a
conformational change in the NANP repeats that cause rCSP to adopt an extended spiral con-
formation [44,45].
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Fig 3. C-CSP mAbs differentiate between PfCSP conformations on Pb-PfCSP-SPZ. (A) Representative flow
cytometry plots depicting 20 ug/mL of indicated mAb binding to Pb-PfCSP-SPZ harvested from the salivary glands
(SG-SPZ, green) or midguts (MG-SPZ, blue) of mosquitos. (B) Percentage and MFI of SG vs. MG Pb-PfCSP-SPZ
bound by 20 pg/mL of indicated mAb, measured by flow cytometry. VRCO1 and L9 (NVDP-specific repeat mAb) were
included as negative and positive controls.

https://doi.org/10.1371/journal.ppat.1010133.9003

Repeat mAbs potentiate C-CSP mAb SPZ binding by changing the
conformation of PfCSP

Having observed that certain repeat mAbs (311 and CIS43) can change the conformation of
FL-rCSP, we hypothesized that the binding of repeat mAbs to SG-SPZ might change the con-
formation of native PfCSP and improve C-CSP mAb binding. To test this, Alexa Fluor
750-labeled (A750) mAb15 and L15, the two C-CSP mAbs that most clearly distinguished
between the “open” vs. “closed” conformations of PfCSP on MG- vs. SG-SPZ (Fig 3B), were
used as reporters for the conformation of native PfCSP. SG Pb-PfCSP-SPZ or PfSPZ were co-
incubated with unlabeled NPDP-, NVDP-, or NANP-preferring repeat mAbs of various poten-
cies (S1 Table) and either mAb15- or L15-A750 before flow cytometry analysis (Figs 4A and
4B and S3A).

Remarkably, all nine repeat mAbs tested (including 311 and CIS43) comparably improved
mAb15- and L15-A750 SG-SPZ binding from 10-20% to 80-90% mAb" SPZ, with a
>100-fold increase in median fluorescence intensity (MFI) (Figs 4C and S3B). The potentia-
tion of C-CSP mAb binding was specific to repeat mAbs, as co-incubating mAb15- and
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Fig 4. PfCSP repeat mAbs potentiate the SPZ binding of C-CSP mAbs. (A) Experimental schema for measuring the
binding of Alexa Fluor 750-labeled mAbs to SG Pb-PfCSP-SPZ or PfSPZ in the presence of unlabeled mAbs. (B)
Representative flow cytometry plots depicting 20 ug/mL mAb15-A750 (top panel) or L15-A750 (bottom panel)
binding to SG PfSPZ in the presence of 20 pg/mL unlabeled VRCO01, 5D5, CIS43, and repeat mAb mix (mAb mix,
CIS43-317 in C). Percentages of mAb15" or L15"SPZ are shown. (C) Percentage and MFI of Pb-PfCSP-SPZ (filled
squares) and PfSPZ (open squares) bound by 20 ug/mL mAb15-A750 when co-incubated with 20 pg/mL of specified
unlabeled mAb. P-values were determined by comparing PfCSP mAbs to VRCO01 using the Kruskal-Wallis test. (D)
Dose-dependent improvement in PfSPZ binding of four A750-labeled C-CSP mAbs (20 pg/mL) mediated by
increasing concentrations (0.032-100 ug/mL) of unlabeled NANP-preferring mAb10; 100 ug/mL unlabeled VRC01
was set as the baseline (dotted line). Data are representative of two independent experiments. (E) Binding of four
A750-labeled C-CSP mAbs (20 pug/mL) to Pb-PfCSP-SPZ (filled symbols) or PfSPZ (open symbols) when co-incubated
with unlabeled mAb10 (20 ug/mL), with or without the protease inhibitor E-64 (squares, no E-64; circles, + E-64). P-
values were determined by comparing -E-64 to +E-64 for each C-CSP mAb using a two-way ANOVA with Sidak’s
post-hoc correction. (C, E): ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.

https://doi.org/10.1371/journal.ppat.1010133.9004
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L15-A750 with the N-CSP mAb 5D5 did not alter their binding. Furthermore, mixing all the
repeat mAbs in the panel (Repeat mAb Mix) to simulate a polyclonal response improved
mAbI15- and L15-A750 binding comparably to each repeat mAb alone. PfCSP repeat mAb-
mediated potentiation of C-CSP mAb SPZ binding was dose-dependent, as >4 ug/mL of the
NANP-preferring mAb10 was required to maximally improve C-CSP mAb binding (Fig 4D).

It has been proposed that N-CSP masks C-CSP on SG-SPZ and that cleavage of N-CSP
reveals C-CSP [22]. Thus, we tested whether E-64, a cysteine protease inhibitor that inhibits
N-CSP cleavage [46], affected C-CSP mAb SPZ binding. Adding E-64 did not significantly
alter C-CSP mAb binding to either Pb-PfCSP-SPZ or PfSPZ when co-incubated with unla-
beled VRCO1 or mAb10, suggesting that cleavage of N-CSP does not affect C-CSP accessibility
to antibodies (Figs 4E and S3C). Collectively, these data show that the binding of antibodies to
the flexible repeat region potentiates the SG-SPZ binding of C-CSP-specific mAbs, likely by
changing the conformation of native PfCSP to unmask C-CSP.

Repeat and C-CSP mAb combinations do not cooperatively neutralize SPZ
in vivo

The demonstration that repeat mAbs improve the SPZ binding of C-CSP mAbs in vitro (Figs 4
and S3) raised the possibility that repeat mAbs could act cooperatively with C-CSP mAbs to
neutralize SPZ in vivo. To assess this, all C-CSP mAbs were combined with mAb10, a NANP-
preferring repeat mAb that binds FL-rCSP in a single step [21] and improves C-CSP mAb SPZ
binding comparably to all repeat mAbs tested (Fig 4C). Given the dose-dependent potentiation
of C-CSP mAb SPZ binding by repeat mAbs (Fig 4D), we reasoned that selecting mAb10,
which is not the most protective repeat mAb in the panel (S1 Table), would allow for higher
repeat mAb dosing in mice and thus might increase the chances of detecting in vivo coopera-
tivity with C-CSP mAbs.

C-CSP mAb and mAb10 combinations were passively transferred into mice prior to IV chal-
lenge with Pb-PfCSP-SPZ. C-CSP mAbs were dosed at 300 pg/mouse while mAb10 was given
at 100 pg/mouse, a dose that lowers liver burden to the midpoint of the assay’s dynamic range
and thus enables detection of any additional protective effects attributable to each C-CSP mAb.
The anti-gp120 human mAb VRCO01 was included as an isotype control at 300 pg/mouse. None
of the IV challenged mice treated with combinations of C-CSP mAbs and mAb10 had liver bur-
dens that were significantly different from mice treated with mAb10 + VRCO1 (Fig 5A).

Since the skin is a major physiological site for CSP antibodies to neutralize SPZ [47,48],
mice were then challenged by the intradermal (ID) route. For the ID challenge, C-CSP mAbs
were again dosed at 300 pg/mouse while the dose of mAb10 was lowered to 30-50 pg/mouse
to account for the lower antibody threshold required to protect against ID challenge [40]. As
in the IV challenge data, when compared to mAb10 + VRCO1 all C-CSP mAb + mAb10 com-
binations did not significantly lower liver burden or subsequent parasitemia following ID chal-
lenge (Fig 5B).

Given the dependence of C-CSP mAbs on the conformation of PfCSP, we expanded the in
vivo neutralization analysis to include the two-step binding mAbs CIS43 and 311, which both
significantly changed the conformation of FL-rCSP by ITC (S2 Fig) and are more potent than
mAb10 at lowering liver burden following IV challenge [40]. Combinations of CIS43 or 311
(50 ug/mouse) and mAb15 or L15 (300 ug/mouse) were passively transferred into mice prior
to IV challenge. Liver burdens in mice treated with CIS43 or 311 + mAb15 or L15 combina-
tions were similar to mice treated with CIS43 + VRCO1 or 311 + VRCO1 (S4A Fig). Collec-
tively, these data show that the potentiation of C-CSP mAb SPZ binding by repeat mAbs in
vitro did not translate into increased SPZ neutralization in vivo.
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Fig 5. Repeat mAbs do not potentiate the SPZ neutralization of C-CSP mAbs in vivo. (A) Liver burden in mice

(n = 5/group; line indicates geometric mean) 40 hours post-challenge mediated by indicated mAb combinations
(mAb10, 100 pg; C-CSP mAbs or VRCO01, 300 pg) administered 2 hours before IV challenge with 2,000 Pb-PfCSP-SPZ.
(B) Liver burden (top) and parasitemia (bottom) in mice (n = 5-10/group) respectively 40 hours and 5 days post-
challenge mediated by indicated mAb combinations (mAb10, 50 ug in left experiment, 30 pg in right experiment;
C-CSP mAbs or VRCO1, 300 pg) administered 24 hours before ID challenge with 5,000 Pb-PfCSP-SPZ. (A-B): P-values
were determined by comparing C-CSP mAb + mAb10 (orange/purple squares) to mAb10 + VRCO1 (purple squares)
using either the two-tailed Mann-Whitney test (2 comparisons) or the Kruskal-Wallis test with Dunn’s post-hoc
correction (>2 comparisons). Purple dotted lines were set at mAb10 + VRCO1; vertical lines separate independent
experiments. (C) MFI of Pb-PfCSP-SPZ (filled squares) and PfSPZ (open squares) bound by 2 pg/mL mAb10-A750
when co-incubated with 100 ug/mL of specified unlabeled mAb. P-values were determined by comparing PfCSP mAbs
to VRCO1 using the Kruskal-Wallis test. (A-C): ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.

https://doi.org/10.1371/journal.ppat.1010133.9005

To determine if the SPZ binding of repeat mAbs was affected by the presence of mAbs tar-
geting N- and C-CSP, Pb-PfCSP-SPZ or PfSPZ were co-incubated with 2 pg/mL A750-labeled
mAb10 or CIS43 and 100 ug/mL unlabeled C-CSP mAbs, 5D5, or VRC01. When compared to
VRCOI + mAb10 or VRCO1 + CIS43, none of the C-CSP mAbs in the panel or 5D5 signifi-
cantly altered the SPZ binding of mAb10-A750 (Fig 5C) or CIS43-A750 (S4B Fig). These data
suggest that the binding of mAbs to N- and C-CSP do not alter the SPZ binding of repeat
mAbs in vitro.

Repeat mAb combinations do not cooperatively neutralize SPZ and
compete for SPZ binding

Having determined that C-CSP mAbs do not neutralize Pb-PfCSP-SPZ in vivo alone or in
combination with repeat mAbs, we next focused on assessing whether combining protective
mADbs targeting the three types of tetrapeptides in the PfCSP repeat region offered improved
protection compared to each mAb alone. CIS43, L9, and 317 are highly potent human PfCSP
mADbs respectively classified as NPDP-, NVDP-, and NANP-preferring repeat mAbs (Fig 1 and
S1 Table) [40]. Furthermore, CIS43 and L9 are currently undergoing clinical development for
malaria prophylaxis.

To assess whether combining these potent mAbs cooperatively improved protection against
IV challenge, CIS43, L9, and 317 were tested alone at doses of 50 pg/mouse (a dose that results
in breakthrough infection) and in combination with VRCO1 or each other (25+25 pug/mouse
per mAD) (Fig 6A). Liver burdens in mice that received PfCSP mAb combinations were not
significantly different than mice that received single mAbs or both respective PfCSP mAb
+ VRCO1 controls. To extend this analysis, we tested CIS43, L9, and 317 combinations across a
range of doses (100, 50, and 25 pg/mouse; S5A-S5C Fig). Concordant with Fig 6A, the mAb
combinations largely provided protection that was comparable to single mAbs.

Given the proximity of the different tetrapeptides to each other in the PfCSP repeat region
and the promiscuous binding of repeat mAbs to peptides composed of all three tetrapeptides
[40,49], we hypothesized that CIS43, L9, and 317 might compete with each other to bind
PfCSP repeat epitopes on SPZ. To test this hypothesis, A750-labeled L9 (L9-A750) binding to
Pb-PfCSP-SPZ was measured in the presence of varying concentrations of unlabeled CIS43,
L9, and 317. All three mAbs reduced L9-A750 SPZ binding, with CIS43 showing the greatest
degree of antagonism (Fig 6B). Together, these data show that combining highly potent
NPDP-, NVDP-, and NANP-preferring repeat mAbs does not provide improved in vivo pro-
tection compared to each mAb alone and that even mAbs which preferentially recognize dis-
tinct tetrapeptides compete for PfCSP repeat epitopes on SPZ.

As combining protective and non-protective mAbs has been shown to synergistically neu-
tralize Pf blood-stage parasites [50], we also assessed whether combining L9 with three poorly
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Fig 6. Repeat mAb combinations do not cooperatively neutralize SPZ in vivo and antagonize the SPZ binding of
other repeat mAbs in vitro. (A) Liver burden in mice 40 hours post-challenge (n = 10/group) mediated by CIS43, L9,
and 317 alone (50 pg) and in combination with each other or isotype control VRCO1 (25+25 pg) administered 2 hours
before IV challenge with 2,000 Pb-PfCSP-SPZ. P-values were determined by comparing PfCSP mAb combinations to
L9 or 317 alone using the two-tailed Mann-Whitney test (solid lines) or PCSP mAb combinations to their respective
PfCSP mAb + VRCO1 controls using the Kruskal-Wallis test (dotted lines). (B) MFI of Pb-PfCSP-SPZ bound by 2 pg/
mL L9-AF750 when co-incubated with varying concentrations (0.032-100 pg/mL) of unlabeled CIS43, L9, or 317. (C)
Liver burden in mice 40 hours post-challenge (n = 5/group) mediated by L9, CIS42, F10, and mAb4 alone (50 pg) and
in combination (25+25 pg) administered 2 hours before IV challenge with 2,000 Pb-PfCSP-SPZ. P-values were
determined by comparing mAb combinations to L9 alone using the two-tailed Mann-Whitney test. (D) MFI of Pb-
PfCSP-SPZ bound by 2 pug/mL L9-AF750 when co-incubated with varying concentrations (0.032-100 pg/mL) of
unlabeled CIS42, F10, or mAb4. (E) MFI of Pb-PfCSP-SPZ (filled squares) and PfSPZ (open squares) bound by 2 ug/
mL L9-A750 when co-incubated with 100 pg/mL of specified unlabeled mAb. P-values were determined by comparing
PfCSP mAbs to VRCO1 using the Kruskal-Wallis test. (A, C): lines represent geometric mean. (B, D): dotted lines
represent L9-AF750 co-incubated with 100 pg/mL unlabeled VRCO1; data are representative of two independent
experiments. (A, C, E): ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.

https://doi.org/10.1371/journal.ppat.1010133.9006
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neutralizing NPDP-, NVDP-, and NANP-preferring mAbs (CIS42, F10, and mAb4 respec-
tively; Fig 1 and S1 Table) would result in improved protection compared to L9 alone. L9
alone was significantly more protective than L9 + CIS42 and L9 + F10 and provided protection
comparable to L9 + mAb4 (Fig 6C). As in Fig 6B, CIS42, F10, and mAb4 all lowered L9-A750
SPZ binding, with CIS42 mediating the greatest reduction (Fig 6D). As with mAb10-A750 (Fig
5C), L9-A750 SPZ binding was not significantly affected by 5D5 or all C-CSP mAbs tested (Fig
6E). Collectively, these data confirm that combining mAbs targeting different repeat epitopes
does not offer improved protection in vivo and that mAbs directed against the repeat region,
but not N- or C-CSP, antagonize the binding of other repeat mAbs.

Combining R21 vaccination and passive repeat mAb administration
increases protection

Since the SPZ binding of repeat mAbs is antagonized by other repeat mAbs (Fig 6B-6D) but
not N- or C-CSP mAbs (Figs 5C and 6E and S4B), we next determined how a polyclonal
PfCSP antibody response would affect the SPZ binding of repeat mAbs. The Pb-PfCSP-SPZ
binding of A750-labeled CIS43, L9, or 317 were assessed in the presence of serum pooled from
ten naive mice immunized three times with R21 (virus-like particles composed of 19 NANP
repeats and C-CSP fused to a single hepatitis B surface antigen [39]), fifteen naive US adults
immunized three times with irradiated PfSPZ [51], and ten children or adults with the highest
FL-rCSP titers from a cohort of 758 Malian volunteers naturally exposed to malaria [52].
Serum from a malaria-naive US adult was included as a negative control.

While malaria-naive serum had no effect on mAb binding compared to buffer alone, serum
from vaccinated or malaria-exposed individuals significantly decreased mAb binding to SPZ.
Serum from R21-vaccinated mice exerted the greatest antagonistic effect, with CIS43 showing
the greatest binding reduction (Fig 7A). The antagonistic effect of R21 vaccine serum was
likely due to its higher overall FL-rCSP titers compared to serum from the PfSPZ Vaccine or
Natural Exposure groups (Fig 7B). These data show that polyclonal PfCSP antibody responses
compete with repeat mAbs for native PfCSP binding sites on SPZ in vitro.

To extend the analysis, we used a combined active-and-passive immunization approach to
assess in vivo protection in mice vaccinated with R21 that also received CIS43, L9, or 317 prior
to IV challenge (Fig 7C). Importantly, mice received a dose of R21 that lowered liver burden to
the approximate midpoint of the assay’s dynamic range. R21-vaccinated mice that received
150 pg/mouse of mAb had significantly lower liver burdens than mice that received R21 alone,
but not mAb alone (Fig 7D). These data suggest that R21-induced polyclonal antibodies did
not significantly perturb mAb-mediated protection in vivo despite competing for SPZ binding
in vitro (Fig 7A).

Notably, when the mAb dose was lowered to 50 ug/mouse (Fig 7E) R21-vaccinated mice
that received 50 ug of CIS43 or L9 had significantly lower liver burdens than naive mice that
only received 50 pg of each mAb while mice that received R21 + 317 trended towards lower
liver burden than mice that received 317 only. When compared to mice that received R21
only, mice that received R21 + L9 and R21 + 317 had significantly lower liver burden while
mice that received R21 + CIS43 trended towards lower liver burden. Furthermore, lowering
the mAb dose to 25 ug/mouse (Fig 7F) largely confirmed the 50 pg/mouse data, with the R21
+ mADb combinations providing greater protection than mAb alone and trending towards
greater protection than R21 alone. Together, these data show that potent repeat mAbs act
cooperatively with vaccine-induced polyclonal PfCSP antibody responses against the repeat
region and C-CSP to provide improved protection against SPZ challenge in mice despite com-
peting for native PfCSP epitopes on SPZ.
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Fig 7. Combining R21 vaccination and passive transfer of PfCSP repeat mAbs provides improved protection
against malaria. (A) MFI of Pb-PfCSP-SPZ bound by 0.2 ug/mL CIS43-, L9-, or 317-AF750 when co-incubated with
PBS + 10% FBS (PBS-FBS) or 1:5 diluted serum pooled from either one naive US adult volunteer, ten naive mice
immunized 3x with 1 ug R21 + adjuvant, fifteen naive US adults immunized 3x with 9x10° irradiated PfSPZ, and ten
Malian children/adults naturally exposed to malaria. For each PfCSP repeat mAb, P-values were determined by
comparing each serum type to the PBS-FBS control using a two-way ANOVA with Bonferroni’s post-hoc correction.
(B) Endpoint titers of pooled serum from A binding to FL-rCSP measured by ELISA. P-values were determined by
comparing serum types to naive serum using the Kruskal-Wallis test. (C) R21 immunization scheme in normal mice,
which received two intramuscular injections of 1 ug R21 + adjuvant at three week intervals prior to passive transfer of
PfCSP repeat mAbs two hours before IV challenge with 2,000 Pb-PfCSP-SPZ. (D-F) Liver burden 40 hours after IV
challenge with 2,000 Pb-PfCSP-SPZ in mice (n = 5-20/group; 50ug/25ug data in E/F were combined from two
experiments, circles and squares) immunized with 1 ug R21 alone; mice administered CIS43, L9, and 317 alone (D,
150 pg; E, 50 pg; F, 25 ug); and mice immunized with 1 ug R21 and administered CIS43, L9, and 317 (D, 150 ug; E,

50 pg; F, 25 pg). P-values were determined by comparing each R21 + mAb combination to the R21 alone or respective
mADb alone groups using the Kruskal-Wallis test. (A-B, D-F): ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant),

p>0.05.

https://doi.org/10.1371/journal.ppat.1010133.9007
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Given the improved protection observed with combining R21 and repeat mAbs, we also
wanted to determine the protective efficacy of combining R21 with C-CSP mAbs in vivo.
mAb15 and R2 bound to distinct epitopes on FL-rCSP (Fig 2B), while various repeat mAbs
were confirmed to potentiate the SPZ binding of mAb15 and L15 (Figs 4 and S3). Thus, R21
was combined with this subset of three C-CSP mAbs. Liver burdens in mice that received R21
and 300 pg/mouse of C-CSP mAbs were not significantly different than mice that received R21
alone (S6 Fig). These data show that, even when combined with polyclonal antibody responses
against the repeat region and C-CSP, relatively high doses (300 pg/mouse) of C-CSP mAbs do
not neutralize SPZ in vivo.

Discussion

Here, using a large panel of thirteen human C-CSP-specific mAbs, we show that C-CSP mAbs
bind FL-rCSP but do not bind or neutralize SG Pb-PfCSP-SPZ. These data are consistent with
prior studies which reported that two human C-CSP-specific mAbs neither bound nor neu-
tralized SG Pb-PfCSP-SPZ in vitro and in vivo [32] and that native PfCSP on SPZ is conforma-
tionally labile [22,33], which likely results in the masking of C-CSP on SG-SPZ from antibody
recognition. It should be noted that the FL-rCSP and C-CSP constructs used in this study were
expressed in mammalian cells and thus may be differentially glycosylated compared to native
PfCSP on SPZ; however, a previous study found no impact of mammalian-expressed FL-rCSP
or C-CSP on binding of 1710 [32].

Additionally, we show that several repeat PfCSP mAbs with different target epitopes and in
vivo protective potencies comparably potentiate the SG-SPZ binding of C-CSP mAbs in vitro.
These data clarify a previous report that PfSPZ immunization in humans preferentially induces
antibody responses against the immunodominant repeat region and that subdominant
C-CSP-specific responses are only expanded after subsequent boosts [53]. Specifically, repeat
antibodies induced after the prime likely induce conformational changes in PfCSP that
improve the accessibility of C-CSP to immune recognition, resulting in the expansion of
C-CSP-specific responses upon subsequent PfSPZ immunizations. Notably, only a subset of
repeat mAbs (i.e., 311 and CIS43) significantly changed the conformation of FL-rCSP, under-
scoring the discrepancies between recombinant versus native PfCSP and the need for new
techniques to interrogate the native structure of PfCSP on SPZ. Collectively, these data suggest
that C-CSP antibodies require the presence of repeat antibodies to bind native PfCSP on SPZ.

The potentiation of C-CSP mAb SPZ binding by repeat mAbs in vitro did not translate into
improved protection in vivo. This lack of cooperative neutralization could be due to all C-CSP
mADbs in the panel recognizing non-neutralizing epitopes or to potential limitations in this
study’s assays and/or models. Specifically, the human IgG, vector used to express mAbs in this
study may be inefficient at activating Fc receptors or fixing complement in normal B6 mice
and the transgenic Pb-PfCSP-SPZ used for challenges in this study may not perfectly model
wild-type PfSPZ. Several studies have reported that C-CSP antibodies induced by RTS,S
immunization are correlated with vaccine efficacy in phase 3 trials [15,26,27] and such anti-
bodies can mediate human complement fixation and phagocytosis by human monocyte cell
lines in vitro [24,25]. Thus, C-CSP + repeat mAb combinations might prove more protective
compared to each mADb class alone if tested via in vitro studies with human cell lines, in vivo
studies in mice with humanized Fc receptors, or in controlled human malaria infection
studies.

It remains possible that polyclonal antibodies against the repeat region and C-CSP induced
by vaccination may provide improved in vivo protection. The heterogeneous antibody
response induced by RTS,S immunization might enable polyclonal C-CSP antibodies to
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functionally inhibit SPZ via a mechanism not observed in the passive transfer of limited num-
bers of monoclonal antibodies shown here. While this study tested the largest panel of human
C-CSP mAbs yet reported (i.e., thirteen C-CSP mAbs), this number is much lower than the
hundreds of PfCSP repeat mAbs assessed for neutralization to date [17].

The other major focus of this study was determining whether combining highly potent
human mAbs (CIS43, L9, and 317) that target the three different tetrapeptides in the repeat
region would provide improved protection compared to each mAb alone. This is an important
issue for the clinical development of PfCSP mAbs for malaria prophylaxis, as targeting two dis-
tinct PfCSP epitopes could lead to improved protection against malaria as has been seen with
viral infections like HIV-1, Ebola, and SARS-CoV-2 [37,54,55]. A recent Phase 1 clinical trial
showed that administration of CIS43 was safe and protected all nine CIS43-treated volunteers
following controlled human malaria infection [56]. A similar clinical trial for L9 has recently
been initiated; thus, it is possible that CIS43, L9, and other protective PfCSP mAbs might be
combined in the future.

Here, combining CIS43, L9, and 317 (i.e., three of the most potent NPDP-, NVDP-, and
NANP-preferring human mAbs described to date) did not result in improved protection com-
pared to either mAb alone. Similarly, combining L9 with three poorly neutralizing NPDP-,
NVDP-, and NANP-preferring human mAbs (CIS42, F10, and mAb4 respectively) conferred
less protection than L9 alone. While it is possible that other combinations of repeat mAbs not
tested in this study may provide superior protection compared to a single repeat mAb, our
data demonstrating that the SPZ binding of a potent repeat mAbD (i.e., L9) is antagonized by
other repeat mAbs in vitro indicate that the efficacy of repeat mAb combinations may be lim-
ited by competition between mAbs that promiscuously cross-react with adjacent epitopes
which share common residues [40,49]. Conversely, the observation that N- and C-CSP mAbs
had no effect on repeat mAb SPZ binding even at a 50-fold excess suggests that mAbs targeting
non-repeat domains may behave non-competitively when combined with repeat mAbs.

Interestingly, the SPZ binding of the NVDP-preferring mAb L9 was more potently antago-
nized by NPDP-preferring mAbs (CIS43, CIS42) and NANP-preferring mAbs (317, mAb4) than
by NVDP-preferring mAbs (L9, F10). This data is somewhat counterintuitive, as one might expect
L9 to most potently antagonize itself. A possible explanation is that the binding of CIS43 and
CIS42 to NPDP may induce conformational changes in the repeat region [21] that lower the bind-
ing of L9 to NVDP/NANP repeats. 317 and mAb4 have higher affinity for NANP repeats than L9
(S1 Table) and there are more NANP than NVDP repeats in PfCSP (38 vs. 4, respectively); thus,
317 and mAb4 are likely outcompeting L9 for more epitopes in the 38 NANP repeats and thus
have a greater effect on the SPZ binding of L9 than L9 and F10, which compete for fewer epitopes
in the 4 NVDP repeats. These data highlight the limitations of extrapolating mAb recognition of
native PfCSP epitopes based on peptides or recombinant protein and the importance of develop-
ing techniques to study mAb binding to SPZ at the atomic scale.

Remarkably, despite the lack of improved protection from combining repeat + C-CSP or
repeat + repeat mAbs, combining R21 vaccination with potent repeat mAbs provided
improved in vivo protection compared to R21 or each mAb alone. However, combining R21
with non-neutralizing C-CSP mAbs did not provide any additional protection. These data
highlight the limitations of predicting in vivo protection against SPZ challenge based on in
vitro binding assays. RTS,S- and R21-mediated protection is thought to be mediated primarily
by antibodies, though both have been shown to induce CD4+ T cell responses [39,57]. Overall,
these data suggest that vaccine-induced polyclonal repeat- and C-CSP-specific antibodies may
interact cooperatively with (or at least do not lower the efficacy of) potent repeat mAbs to neu-
tralize SPZ in vivo and that passive administration of protective PfFCSP mAbs in RTS,S- or
R21-vaccinated individuals will provide enhanced protection against malaria.
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Opverall, this study has implications for the optimal implementation of PfCSP mAbs to pre-
vent malaria. No protective advantage was observed from combining the neutralizing human
PfCSP repeat mAbs used in this study, which are the most potent reported to date [40], indi-
cating that each mAb should be used as stand-alone interventions. However, our data showing
that potent repeat mAbs can enhance protection in mice given sub-optimal doses of R21 sug-
gest that passive transfer of PfCSP mAbs could be used to boost protection in vaccinated
infants.

Materials and methods
Ethics statement

All mouse research was performed according to National Institutes of Health guidelines for
use and care of live animals approved by the institutional animal care and use ethics commit-
tees of the Vaccine Research Center (Animal Study Protocol VRC-17-702).

Human clinical specimens

Clinical specimens (i.e., peripheral blood mononuclear cells and serum) were derived from
malaria-naive, healthy adults in the VRC 314 clinical trial (https://clinicaltrials.gov/;
NCT02015091), a multi-institution, phase 1, open-label, dose-escalation trial with controlled
human malaria infection designed to assess the safety, immunogenicity, and protective efficacy
of the Sanaria PfSPZ Vaccine administered by intravenous or intramuscular injection [51].
Serum was also collected from a cohort study conducted in the rural village of Kalifabougou,
Mali [52,58].

Production of recombinant monoclonal antibodies

C-CSP-specific mAbs were isolated in a previous study using a fluorescently-labeled FL-rCSP
probe to sort probe-specific memory B cells from cryopreserved peripheral blood mononu-
clear cells and immunoglobulin variable region sequences were cloned into human IgG; and
Ig,/Ig; plasmids as previously described [40]. Sequence analysis was performed using The
International Immunogenetics Information System (IMGT, http://www.imgt.org/) and phylo-
genetic trees were generated using Geneious Prime. The sequences of 1710 [32] were retrieved
from the Protein Data Bank and cloned into the aforementioned plasmids. F10 was cloned
from a plasmablast derived from the same subject that yielded mAb L9 and is a clonal relative
of L9. All sequences of repeat-specific mAbs except F10 were previously described
[20,21,40,41,44,59] and all were cloned into the aforementioned plasmids. Matched heavy and
light chain plasmids were co-transfected into Expi293 cells using the ExpiFectamine 293
Transfection Kit (Thermo Fisher Scientific) and incubated at 37°C, 8% CO, for 6 days. Super-
natants were harvested and purified using rProtein A Sepharose Fast Flow resin (GE Health-
care) and buffer exchanged with 1X PBS (pH 7.4) before being concentrated using Amicon
Centrifugal Filters (Millipore). Purified mAb concentrations were determined using a Nano-
drop spectrophotometer (Thermo Fisher Scientific).

Production of recombinant PfCSP proteins and peptides

Recombinant protein corresponding to full-length PfCSP from the 3D7 clone of the NF54 iso-
late (PfCSP_3D7; PlasmoDB ID: PF3D7_0304600) was generated as previously described [40].
N-CSP, (NANP),, and overlapping 15mer peptides 21, 22, 29, and 67-88 were created by Gen-
script, as previously described [21,40]. For the recombinant C-CSP construct, a codon-opti-
mized sequence encoding PfCSP_3D7 amino acids 295-374 was cloned in-frame with a
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sequence encoding tissue plasminogen activator leader peptide [60] on the 5" end and a Gly-
SerGlySerGly linker followed by a His8 tag on the 3’ end. The construct was inserted into the
pTT3 vector [61] for expression in FreeStyle 293F cells (Thermo Fisher), which were cultured
and processed as previously described [62]. Briefly, cells were transfected using PEI MAX
(Polysciences, Inc) and subsequently cultured for 5 days. Upon harvesting by centrifugation,
the supernatant was treated by addition of NaN; (0.02%, final concentration) and NaCl (+350
mM), and protein was purified by immobilized metal affinity chromatography followed by
size-exclusion chromatography over a calibrated HiLoad 16/600 Superdex 200 pg column (GE
Healthcare). Peak fractions were pooled, flash-frozen in liquid nitrogen, and stored at -20°C
until use.

ELISA

Immulon 4HBX flat bottom microtiter plates (Thermo Fisher Scientific) were coated with

100 pl per well of antigen (0.5 pg/mL for FL-rCSP, N-CSP, (NANP),, and C-CSP; 0.1 pg/mL
for 15mer peptides) in bicarbonate buffer overnight at 4°C. Coated plates were blocked with
200 pl of PBS + 10% FBS for 2 hrs at room temperature, followed by incubation with 100 pl of
anti-PfCSP or control mAbs at varying concentrations (5x10”7-5.0 pg/mL, 10-fold serial dilu-
tions) or serum (1:20 dilution followed by 10-fold serial dilutions) for 2 hrs at 37°C and incu-
bation with 100 pl/well of 0.1 pg/mL HRP-conjugated goat anti-human IgG (Bethyl
Laboratories) or anti-mouse IgG (Santa Cruz Biotech) for 1 hr at room temperature. Plates
were washed six times with PBS-Tween between each step. Samples were then incubated for
10 min with 100 pL 1-Step Ultra TMB-ELISA Substrate (Thermo Fisher Scientific) prior to the
addition of stopping solution (2N sulfuric acid, 100 pl/well). The optical density at 450 nm
(ODys0) was measured for each plate. To generate AUC heat map, OD,5, values were plotted
against log-transformed mAb concentrations in GraphPad Prism (version 7.0) and the AUC
analysis function was used to calculate the Peak Area with a baseline of Y (ODy50) = 0.2. The
average AUC values for binding to each antigen from 2-4 replicate experiments were plotted
as a Heat Map in Prism. Endpoint titers for the serum ELISAs were determined by nonlinear
regression and interpolation of the log-transformed serum dilutions (GraphPad Prism, version
7.0).

Epitope binning

Epitope binning experiments were performed with the Carterra LSA. A HC30M chip (Car-
terra) was primed with filtered and degassed 25mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer supplemented with 0.05% Tween-20 (Thermo Fisher Scientific). The chip was
activated with a mixture of 400 mM 1-ethyl-3- (3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC) and 100 mM N-hydroxysuccinimide (NHS) (Thermo Fisher Scientific). Next,
10 pg/mL of each mADb in pH 4.5 acetate buffer was directly coupled to discrete spots on the
chip, followed by blocking with 1M ethanolamine (pH 8.5). The chip was then primed with
HEPES-buffered saline Tris-EDTA (HBSTE) + 0.05% BSA. Monomeric 200 nM FL-rCSP was
added to the antibody spots, followed by addition of 10 pg/mL of the sandwiching mAb.
Regeneration after incubation with each sandwiching antibody was performed with 10 mM
glycine pH 2.0. Binning data were analyzed using the Epitope Software (Carterra).

Isothermal titration calorimetry

All isothermal titration calorimetry studies were performed using a VP-ITC microcalorimeter
(Malvern Panalytical), with FL-rCSP and mAbs in PBS (pH 7.4). Each mAb solution (~40 uM;
expressed per antigen binding site) was injected in 5 or 7 pl aliquots into the calorimetric cell
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containing FL-rCSP (~0.4 uM) at the specified temperatures (15-35°C). The exact concentra-
tions of the reactants in each experiment were determined by their absorbance at 280 nm. The
heat evolved upon each mAb injection was determined from the integral of the calorimetric
signal. The heat associated with binding to FL-rCSP was obtained by subtracting the heat of
dilution from the heat of reaction. The individual heats were plotted against the molar ratio,
and the enthalpy change, AH, the association constant, K, (the dissociation constant, K; =1/
K,) and the stoichiometry (valency of antigen binding sites), N, were obtained by nonlinear
regression of the data to a model that takes into account the binding to either one or two sets
of sites with different binding affinities [63]. Gibbs energy, AG, was calculated from the rela-
tion AG = -RTInK,, where R is the universal gas constant, (1.987 cal/(K x mol)) and T the abso-
lute temperature in Kelvin. The entropy contribution to Gibbs energy, -TAS, was calculated
from the known relation AG = AH—TAS. The results were expressed per mole of antigen bind-
ing sites and the stoichiometry, N, denotes the number of antigen binding sites per mole of
FL-rCSP.

Fluorescent antibody labeling

Antibodies were fluorescently labeled with the SAIVI Rapid Antibody Labeling Kit, Alexa
Fluor 750 (A750), according to the manufacturers’ instructions (Thermo Fisher Scientific). In
brief, purified mAbs were mixed with reconstituted kit components, incubated for 1 hr at
room temperature, and purified over the SAIVI column. The absorbance correction factor
(CF = 0.034) and extinction coefficient (€ = 270,000 M cm™ at 752 nm) were used to deter-
mine mAb concentration and A750 degree of labeling (DOL) ratios (~2-4) using a Nanodrop
spectrophotometer. To ensure binding was not dramatically changed by A750 labeling, the
binding of all A750-labeled mAbs was compared to original unlabeled mAbs by FL-rCSP
ELISA.

Sporozoites

Transgenic P. berghei (strain ANKA 676m1cl1, MRA-868) expressing full-length P. falcipa-
rum CSP and a green fluorescent protein/luciferase fusion protein (Pb-PfCSP-GFP/Luc-SPZ)
were obtained as previously described [64]. Anopheles stephensi Nijmegen strain mosquitoes
were infected with P. berghei malaria-infected Balb/c mice or with P. falciparum NF54 gameto-
cytes using membrane feeding. Pb-PfCSP-GFP/Luc-SPZ were dissected from salivary glands
20-24 days post-infection; P. falciparum sporozoites were dissected from salivary glands 16-18
days post-infection. Sporozoites were isolated into either ice-cold PBS with or without 10uM
E-64 protease inhibitor (Sigma-Aldrich) to prevent PfCSP proteolytic cleavage or Leibovitz’s
L-15 medium (Sigma-Aldrich). The infected salivary glands were homogenized gently by pass-
ing them 15 times through a syringe with a 28G needle or grinder with pestles for tissue. The
salivary gland homogenate was passed through a 40 um cell strainer (Pluriselect, USA) by grav-
ity. The sporozoites were counted in a hemocytometer and placed on ice.

Flow cytometric measurement of mAb binding to sporozoites

Freshly isolated Pb-PfCSP-GFP/Luc-SPZ or PfSPZ in PBS + E-64 were stained with SYBR
Green (10,000X concentrate; Thermo Fisher Scientific) diluted 1:2,000 in PBS for 30 min at
4°C, washed twice, and ~8,000 SPZ were aliquoted to each well of a 96-well V-bottom plate
(50 pl/well). For measurement of single mAb binding, SPZ were incubated for 30 min at 28°C
with anti-PfCSP or control mAbs in PBS + 10% FBS (PBS-FBS), washed twice with 200 pl
PBS-FBS, stained for 20 minutes at 4°C with goat anti-human IgG-Alexa Fluor 647 secondary
antibody (Thermo Fisher Scientific) diluted 1:1,000 in PBS-FBS, washed once with 200 pl
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PBS-FBS, and fixed in 200 pL PBS with 0.5% paraformaldehyde (PBS-PFA). For measurement
of co-incubated A750-labeled and unlabeled mAbs, SPZ were incubated with specified con-
centrations of both mAbs for 30 min at 28°C, washed twice with 200 pl PBS-FBS, and fixed in
200 pL PBS-PFA. For measurement of co-incubated A750-labeled mAbs and serum, SPZ were
incubated with 0.2 pg/mL of A750-labeled mAbs and serum diluted 1:5 in PBS-FBS for 30 min
at 28°C, washed twice with 200 ul PBS-FBS, and fixed in 200 uL PBS-PFA. Following fixation,
events were acquired on a modified LSR II (BD Biosciences). FlowJo v.10 was used to deter-
mine the median fluorescence intensity in A750 of SYBR Green-positive events corresponding
to SPZ.

R21 immunizations in mice

R21 immunogen [39] was diluted in sterile PBS to 1 ug with 33.3 pL of army liposomal formula
Q (ALFQ; liposomal adjuvant formulation containing monophosphoryl lipid A and QS-21
[65]) in a final volume of 50 pL. Female 6- to 8-week-old B6(Cg)-Tyrc-2]/] albino mice were
immunized intramuscularly in the quadriceps at 3 week intervals with 50 uL of R21 + ALFQ.
Passive transfer of mAbs prior to Pb-PfCSP-SPZ challenge were performed 3 weeks following
the last immunization (i.e., week 6), as described below.

In vivo mouse challenge studies with Pb-PfCSP-GFP/Luc-SPZ

Specified amounts of anti-PfCSP or control mAbs diluted in sterile filtered PBS (200 ul/
mouse) were injected into the tail veins of female 6- to 8-week-old B6(Cg)-Tyrc-2]/] albino
mice (The Jackson Laboratory). For intravenous challenge, 2,000 freshly harvested Pb-
PfCSP-GFP/Luc-SPZ in Leibovitz’s L-15 medium (Sigma-Aldrich) were injected into the tail
vein 2 hours after mAb administration. For intradermal challenge, 5,000 freshly harvested Pb-
PfCSP-GFP/Luc-SPZ in L-15 medium were injected into the paw 24 hours after mAb adminis-
tration. Liver burden (40-42 hours post-challenge) or parasitemia (day 5 post-challenge) were
respectively quantified by intraperitoneally injecting mice with 150 ul of D-Luciferin (30 mg/
mL), anesthetizing them with isoflurane, and measuring the bioluminescent radiance (total
flux; photons/sec) expressed by Pb-PfCSP-GFP/Luc-SPZ using the IVIS Spectrum in vivo
imaging system (PerkinElmer) 10 minutes after luciferin injection. Total flux in regions of
interest were quantified using Living Image 4.5 software (PerkinElmer).

Statistical analysis

Unless otherwise indicated, all data were plotted using GraphPad Prism, version 7.0. Statistical
tests used, exact value of n, and what n represents can be found in figure legends. For the ITC
stoichiometry data, errors with 95% confidence were estimated from the fits of the data.

Supporting information

S1 Table. Classification of monoclonal antibodies (mAbs) used in this study. mAb designa-
tion, original isotype (IgG vs. IgM; all mAbs used in this study were expressed as IgG;), species
(human vs. mouse), target antigen, BLI apparent avidity for select PfCSP 15mer repeat pep-
tides (peptide 21 NPDPNANPNVDPNAN, peptide 22 NANPNVDPNANPNVD, peptide 29
NANPNANPNANPNAN), SPZ binding (none, low, high), SPZ neutralization (none, very
low, low, moderate, high), and references used to classify mAbs. Undet., undetectable; n/a, not
applicable.

(DOCX)
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S2 Table. Gene usage and variable region sequences of 13 human C-CSP mAbs. V-gene
families, somatic hypermutation (% SHM), and amino acid sequences of the heavy chains
(Vy) and light chains (V1) of the 13 C-CSP mAbs used in this study. L4-L40 and R1-R7 were
cloned from the same naive volunteer immunized with whole PfSPZ; mAb15 and 1710 were
cloned from separate volunteers also immunized with whole PfSPZ. The % SHM of 1710 was
not included as the original nucleotide sequence could not be retrieved.

(DOCX)

$3 Table. Normalized heat map of mAb binding competition to FL-rCSP by SPR. Verti-
cally-listed mAbs are ligands; horizontally-listed mAbs are analytes. Green boxes indicate posi-
tive values (no competition); red boxes indicate negative values (competition); blacked out
boxes indicate self-self competition and were thus excluded. Several mAbs (L7, L15, L20, R1,
mAb10) were excluded due to poor ligand and/or analyte binding to FL-rCSP.

(DOCX)

S1 Fig. Phylogenetic trees and peptide mapping of C-CSP mAbs. (A) Phylogenetic trees of
the heavy chain (left) and light chain (right) sequences of the C-CSP mAbs in this study. 1710
was not included as its original nucleotide sequence could not be retrieved. (B) Binding of
varying concentrations of thirteen pooled C-CSP-specific mAbs (L4-1710) to 15mer overlap-
ping peptides numbered 67-88 as determined by ELISA. Optical density at 450 nm (ODys) is
plotted; peptide sequences are depicted. C-CSP and the NANP-containing peptide 29 were
included as positive and negative controls, respectively.

(TIFF)

S2 Fig. CIS43 and 311 induce conformational changes in FL-rCSP. (A) ITC plots of CIS43,
L9, 311, and 317 IgG binding to FL-rCSP at indicated temperatures (15-35°C). Top, dQ/dt
(change in heat flow, Q, as a function of time, t). Bottom, the integrated heat associated with
each IgG injection shown as a function of the molar ratio between IgG antigen binding sites
and FL-rCSP in the calorimetric cell. The red line represents the result from best nonlinear
least squares fit of the data. Enthalpy values of the first and second binding events (AH; and
AH,, respectively) are shown. (B) Plots of the enthalpy changes AH as a function of tempera-
ture (15-35°C) for the binding of each mAb to the first (AHj, left panel) and second (AH,,
right panel) sets of sites, respectively. The equation of each line (y = mx + b) and correlation
coefficient (R) are depicted. The change in heat capacity (ACp) associated with each binding
event is equal to m (the slope of the line) and is underlined in the equation of the line and
depicted in the plots for each mAb.

(TIFF)

S3 Fig. PfCSP repeat mAbs potentiate the SPZ binding of C-CSP mAbs. (A) Representative
flow cytometry plots depicting 20 pg/mL mAb15-A750 (top panel) or L15-A750 (bottom
panel) binding to SG Pb-PfCSP-SPZ in the presence of 20 ug/mL unlabeled VRCO1, 5D5,
CIS43, and repeat mAb mix (mAb mix, CIS43-317 in B). Percentages of mAb15" or L15"SPZ
are shown. (B) Percentage and MFI of Pb-PfCSP-SPZ (filled squares) and PfSPZ (open
squares) bound by 20 pg/mL L15-A750 when co-incubated with 20 ug/mL of specified unla-
beled mAb. P-values were determined by comparing PfCSP mAbs to VRCO01 using the Krus-
kal-Wallis test. (C) Binding of four A750-labeled C-CSP mAbs (20 pg/mL) to Pb-PfCSP-SPZ
(filled symbols) or PfSPZ (open symbols) when co-incubated with unlabeled VRCO01 (20 ug/
mL), with or without the protease inhibitor E-64. P-values were determined by comparing -E-
64 to +E-64 for each C-CSP mADb using a two-way ANOVA with Sidak’s post-hoc correction.
(B, C): ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.

(TIFF)
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S4 Fig. mAb15 and L15 neither potentiate the SPZ neutralization nor antagonize the SPZ
binding of CIS43 and 311. (A) Liver burden in mice (n = 5/group; line indicates geometric
mean) 40 hours post-challenge mediated by indicated mAb combinations (CIS43 and 311,

50 ug; VRCO1, mAbl15, L15, 300 pug) administered 2 hours before IV challenge with 2,000 Pb-
PfCSP-SPZ. P-values were determined by comparing repeat mAb + VRCO1 to untreated con-
trol (black values) or C-CSP mAbD + repeat mAD to repeat mAb + VRCO1 (colored values)
using the Kruskal-Wallis test with Dunn’s post-hoc correction. *, p<0.05; ns (not significant),
p>0.05. (B) MFI of Pb-PfCSP-SPZ bound by 2 pg/mL CIS43-A750 when co-incubated with
100 pg/mL of specified unlabeled mAb.

(TIFF)

S5 Fig. Combinations of CIS43, L9, and 317 do not cooperatively neutralize SPZ in vivo.
(A-C) Liver burden 40 hours after IV challenge with 2,000 Pb-PfCSP-SPZ in mice (n = 5-10/
group; 50 pg data in E was combined from two experiments, circles and squares) that received
CIS43, L9, and 317 alone (A, 100 pg; B, 50 pg; C, 25 pg) or in combination (A, 50+50 pg; B, 25
+25 pg; C, 12.5+12.5 ug). Black lines represent geometric mean. P-values were determined by
comparing mAb combinations to L9 or 317 alone using the two-tailed Mann-Whitney test.
x, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.

(TIFF)

$6 Fig. Combining R21 vaccination and PfCSP C-CSP mAbs does not provide improved
protection. Liver burden 40 hours after IV challenge with 2,000 Pb-PfCSP-SPZ in mice

(n = 5-10/group) immunized with 1 pug R21 alone; mice administered 300 pg of C-CSP mAbs
(mADb15, L15, R2) or 25 ug of CIS43 alone; and mice immunized with 1 pg R21 and adminis-
tered 300 pg of C-CSP mAbs (mAb15, L15, R2) or 25 pg of CIS43. P-values were determined
by comparing each R21+mAb combination to the R21 alone or respective mAb alone groups
using the Kruskal-Wallis test. ***, p<0.001; **, p<0.01; *, p<0.05; ns (not significant), p>0.05.
(TIFF)

Acknowledgments

We thank B. Kim Lee Sim and Stephen L. Hoffman (Sanaria, Inc.) for providing the PfSPZ
Vaccine; David Ambrozak (NTH Vaccine Research Center) for assistance with sorting memory
B cells; Vladimir Vigdorovich, Nicholas Dambrauskas, and Noah Sather (Seattle Children’s
Hospital) for providing the recombinant C-CSP protein and plasmid; Alexander Anderson
and Gary Matyas (Walter Reed Army Institute of Research) for providing the ALF-Q adjuvant;
Alexandra Spencer and Adrian Hill (University of Oxford) for providing the R21 vaccine;
Shanping Li and Peter Crompton (NIH Laboratory of Immunogenetics) for providing serum
from Malians living in malaria-endemic regions.

Author Contributions

Conceptualization: Lawrence T. Wang, Azza H. Idris, Joseph R. Francica, Robert A. Seder.
Formal analysis: Lawrence T. Wang, Lais S. Pereira, Arne Schon, Joshua Tan.

Funding acquisition: Carolina Barillas-Mury, Robert A. Seder.

Investigation: Lawrence T. Wang, Lais S. Pereira, Patience K. Kiyuka, Arne Schon, Neville K.
Kisalu, Rachel Vistein, Marlon Dillon, Brian G. Bonilla, Joshua Tan.

Methodology: Lawrence T. Wang, Lais S. Pereira, Joshua Tan, Joseph R. Francica.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010133 December 6, 2021 22/26


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010133.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010133.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010133.s009
https://doi.org/10.1371/journal.ppat.1010133

PLOS PATHOGENS

Protection with antibody combinations against different regions of PFCSP

Resources: Alvaro Molina-Cruz, Carolina Barillas-Mury.
Supervision: Azza H. Idris, Joseph R. Francica, Robert A. Seder.

Validation: Lawrence T. Wang, Lais S. Pereira, Arne Schon, Azza H. Idris, Joseph R. Francica,
Robert A. Seder.

Visualization: Lawrence T. Wang, Lais S. Pereira, Arne Schon.

Writing - original draft: Lawrence T. Wang, Azza H. Idris, Joseph R. Francica, Robert A.
Seder.

Writing - review & editing: Lawrence T. Wang, Lais S. Pereira, Patience K. Kiyuka, Arne
Schoén, Neville K. Kisalu, Rachel Vistein, Marlon Dillon, Brian G. Bonilla, Alvaro Molina-
Cruz, Carolina Barillas-Mury, Joshua Tan, Azza H. Idris, Joseph R. Francica, Robert A.
Seder.

References
1. WHO. World malaria report 2020 [Internet]. 2020. Available from: https://www.who.int/publications/i/
item/9789240015791

2. Vanderberg JP. Studies on the motility of Plasmodium sporozoites. J Protozool. 1974 Oct; 21(4):527—
37. https://doi.org/10.1111/j.1550-7408.1974.tb03693.x PMID: 4138523

3. Hollingdale MR, Zavala F, Nussenzweig RS, Nussenzweig V. Antibodies to the protective antigen of
Plasmodium berghei sporozoites prevent entry into cultured cells. J Immunol. 1982 Apr; 128(4):1929—
30. PMID: 7037957

4. Hollingdale MR, Nardin EH, Tharavanij S, Schwartz AL, Nussenzweig RS. Inhibition of entry of Plasmo-
dium falciparum and P. vivax sporozoites into cultured cells; an in vitro assay of protective antibodies. J
Immunol. 1984 Feb; 132(2):909-13. PMID: 6317752

5. Steel RWJ, Sack BK, Tsuji M, Navarro MJL, Betz W, Fishbaugher ME, et al. An Opsonic Phagocytosis
Assay for Plasmodium falciparum Sporozoites. Clin Vaccine Immunol. 2017 Feb; 24(2):e00445—16.
https://doi.org/10.1128/CV1.00445-16 PMID: 27881488

6. Kurtovic L, Behet MC, Feng G, Reiling L, Chelimo K, Dent AE, et al. Human antibodies activate comple-
ment against Plasmodium falciparum sporozoites, and are associated with protection against malaria in
children. BMC Med. 2018 30; 16(1):61. https://doi.org/10.1186/s12916-018-1054-2 PMID: 29706136

7. Cockburn IA, Seder RA. Malaria prevention: from immunological concepts to effective vaccines and
protective antibodies. Nat Immunol. 2018 Nov; 19(11):1199-211. https://doi.org/10.1038/s41590-018-
0228-6 PMID: 30333613

8. Bowman S, Lawson D, Basham D, Brown D, Chillingworth T, Churcher CM, et al. The complete nucleo-
tide sequence of chromosome 3 of Plasmodium falciparum. Nature. 1999 Aug 5; 400(6744):532—-8.
https://doi.org/10.1038/22964 PMID: 10448855

9.  WHO recommends groundbreaking malaria vaccine for children at risk [Internet]. [cited 2021 Oct 18].
Available from: https://www.who.int/news/item/06-10-2021-who-recommends-groundbreaking-malaria-
vaccine-for-children-at-risk

10. Stoute JA, Slaoui M, Heppner DG, Momin P, Kester KE, Desmons P, et al. A preliminary evaluation of a
recombinant circumsporozoite protein vaccine against Plasmodium falciparum malaria. RTS,S Malaria
Vaccine Evaluation Group. N Engl J Med. 1997 Jan 9; 336(2):86-91. https://doi.org/10.1056/
NEJM199701093360202 PMID: 8988885

11. SanchezL, Vidal M, Jairoce C, Aguilar R, Ubillos I, Cuamba |, et al. Antibody responses to the RTS,S/
ASO01E vaccine and Plasmodium falciparum antigens after a booster dose within the phase 3 trial in
Mozambique. NPJ Vaccines. 2020; 5:46. https://doi.org/10.1038/s41541-020-0192-7 PMID: 32550014

12. RTS,S Clinical Trials Partnership, Agnandji ST, Lell B, Soulanoudjingar SS, Fernandes JF, Abossolo
BP, et al. First results of phase 3 trial of RTS,S/AS01 malaria vaccine in African children. N Engl J Med.
2011 17; 365(20):1863—75. https://doi.org/10.1056/NEJMoa1102287 PMID: 22007715

13. RTS S Clinical Trials Partnership. Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a
booster dose in infants and children in Africa: final results of a phase 3, individually randomised, con-
trolled trial. Lancet. 2015 Jul 4; 386(9988):31—45. https://doi.org/10.1016/S0140-6736(15)60721-8
PMID: 25913272

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010133 December 6, 2021 23/26


https://www.who.int/publications/i/item/9789240015791
https://www.who.int/publications/i/item/9789240015791
https://doi.org/10.1111/j.1550-7408.1974.tb03693.x
http://www.ncbi.nlm.nih.gov/pubmed/4138523
http://www.ncbi.nlm.nih.gov/pubmed/7037957
http://www.ncbi.nlm.nih.gov/pubmed/6317752
https://doi.org/10.1128/CVI.00445-16
http://www.ncbi.nlm.nih.gov/pubmed/27881488
https://doi.org/10.1186/s12916-018-1054-2
http://www.ncbi.nlm.nih.gov/pubmed/29706136
https://doi.org/10.1038/s41590-018-0228-6
https://doi.org/10.1038/s41590-018-0228-6
http://www.ncbi.nlm.nih.gov/pubmed/30333613
https://doi.org/10.1038/22964
http://www.ncbi.nlm.nih.gov/pubmed/10448855
https://www.who.int/news/item/06-10-2021-who-recommends-groundbreaking-malaria-vaccine-for-children-at-risk
https://www.who.int/news/item/06-10-2021-who-recommends-groundbreaking-malaria-vaccine-for-children-at-risk
https://doi.org/10.1056/NEJM199701093360202
https://doi.org/10.1056/NEJM199701093360202
http://www.ncbi.nlm.nih.gov/pubmed/8988885
https://doi.org/10.1038/s41541-020-0192-7
http://www.ncbi.nlm.nih.gov/pubmed/32550014
https://doi.org/10.1056/NEJMoa1102287
http://www.ncbi.nlm.nih.gov/pubmed/22007715
https://doi.org/10.1016/S0140-6736%2815%2960721-8
http://www.ncbi.nlm.nih.gov/pubmed/25913272
https://doi.org/10.1371/journal.ppat.1010133

PLOS PATHOGENS

Protection with antibody combinations against different regions of PFCSP

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

White MT, Verity R, Griffin JT, Asante KP, Owusu-Agyei S, Greenwood B, et al. Immunogenicity of the
RTS,S/AS01 malaria vaccine and implications for duration of vaccine efficacy: secondary analysis of
data from a phase 3 randomised controlled trial. Lancet Infect Dis. 2015 Dec; 15(12):1450-8. https://
doi.org/10.1016/S1473-3099(15)00239-X PMID: 26342424

Suscovich TJ, Fallon JK, Das J, Demas AR, Crain J, Linde CH, et al. Mapping functional humoral corre-
lates of protection against malaria challenge following RTS,S/AS01 vaccination. Sci Transl Med. 2020
Jul 22; 12(553). https://doi.org/10.1126/scitransimed.abb4757 PMID: 32718991

Zenklusen |, Jongo S, Abdulla S, Ramadhani K, Lee Sim BK, Cardamone H, et al. Immunization of
Malaria-Preexposed Volunteers With PfSPZ Vaccine Elicits Long-Lived IgM Invasion-Inhibitory and
Complement-Fixing Antibodies. J Infect Dis. 2018 Apr 23; 217(10):1569—-78. https://doi.org/10.1093/
infdis/jiy080 PMID: 29438525

Julien J-P, Wardemann H. Antibodies against Plasmodium falciparum malaria at the molecular level.
Nat Rev Immunol. 2019; 19(12):761-75. https://doi.org/10.1038/s41577-019-0209-5 PMID: 31462718

Triller G, Scally SW, Costa G, Pissarev M, Kreschel C, Bosch A, et al. Natural Parasite Exposure
Induces Protective Human Anti-Malarial Antibodies. Immunity. 2017 19; 47(6):1197—1209.e10. https://
doi.org/10.1016/j.immuni.2017.11.007 PMID: 29195810

Murugan R, Scally SW, Costa G, Mustafa G, Thai E, Decker T, et al. Evolution of protective human anti-
bodies against Plasmodium falciparum circumsporozoite protein repeat motifs. Nat Med. 2020 May 25;
https://doi.org/10.1038/s41591-020-0881-9 PMID: 32451496

Tan J, Sack BK, Oyen D, Zenklusen |, Piccoli L, Barbieri S, et al. A public antibody lineage that potently
inhibits malaria infection through dual binding to the circumsporozoite protein. Nat Med. 2018 May; 24
(4):401-7. https://doi.org/10.1038/nm.4513 PMID: 29554084

Kisalu NK, Idris AH, Weidle C, Flores-Garcia Y, Flynn BJ, Sack BK, et al. A human monoclonal antibody
prevents malaria infection by targeting a new site of vulnerability on the parasite. Nat Med. 2018 May;
24(4):408-16. https://doi.org/10.1038/nm.4512 PMID: 29554083

Coppi A, Natarajan R, Pradel G, Bennett BL, James ER, Roggero MA, et al. The malaria circumsporo-
zoite protein has two functional domains, each with distinct roles as sporozoites journey from mosquito
to mammalian host. J Exp Med. 2011 Feb 14; 208(2):341-56. https://doi.org/10.1084/jlem.20101488
PMID: 21262960

Roggero MA, Filippi B, Church P, Hoffman SL, Blum-Tirouvanziam U, Lopez JA, et al. Synthesis and
immunological characterization of 104-mer and 102-mer peptides corresponding to the N- and C-termi-
nal regions of the Plasmodium falciparum CS protein. Molecular Immunology. 1995 Dec 1; 32
(17):1301-9. https://doi.org/10.1016/0161-5890(95)00136-0 PMID: 8643099

Chaudhury S, Ockenhouse CF, Regules JA, Dutta S, Wallgvist A, Jongert E, et al. The biological func-
tion of antibodies induced by the RTS,S/AS01 malaria vaccine candidate is determined by their fine
specificity. Malar J [Internet]. 2016 May 31 [cited 2020 Jun 23]; 15. Available from: https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4886414/ https://doi.org/10.1186/s12936-016-1348-9 PMID: 27245446

Kurtovic L, Agius PA, Feng G, Drew DR, Ubillos I, Sacarlal J, et al. Induction and decay of functional
complement-fixing antibodies by the RTS,S malaria vaccine in children, and a negative impact of
malaria exposure. BMC Med. 2019 25; 17(1):45. https://doi.org/10.1186/s12916-019-1277-x PMID:
30798787

Dobario C, Sanz H, Sorgho H, Dosoo D, Mpina M, Ubillos I, et al. Concentration and avidity of antibod-
ies to different circumsporozoite epitopes correlate with RTS,S/AS01E malaria vaccine efficacy. Nat
Commun. 2019 15; 10(1):2174. https://doi.org/10.1038/s41467-019-10195-z PMID: 31092823

Chaudhury S, MacGill RS, Early AM, Bolton JS, King CR, Locke E, et al. Breadth of humoral immune
responses to the C-terminus of the circumsporozoite protein is associated with protective efficacy
induced by the RTS,S malaria vaccine. Vaccine. 2021 Jan 8; https://doi.org/10.1016/j.vaccine.2020.12.
055 PMID: 33431225

Chaudhury S, Regules JA, Darko CA, Dutta S, Wallgvist A, Waters NC, et al. Delayed fractional dose
regimen of the RTS,S/AS01 malaria vaccine candidate enhances an IgG4 response that inhibits serum
opsonophagocytosis. Sci Rep. 2017 Aug 11; 7(1):7998. https://doi.org/10.1038/s41598-017-08526-5
PMID: 28801554

Ubillos I, Ayestaran A, Nhabomba AJ, Dosoo D, Vidal M, Jiménez A, et al. Baseline exposure, antibody
subclass, and hepatitis B response differentially affect malaria protective immunity following RTS,S/
ASO1E vaccination in African children. BMC Med. 2018 Oct 31; 16(1):197. https://doi.org/10.1186/
5$12916-018-1186-4 PMID: 30376866

Neafsey DE, Juraska M, Bedford T, Benkeser D, Valim C, Griggs A, et al. Genetic Diversity and Protec-
tive Efficacy of the RTS,S/AS01 Malaria Vaccine. N Engl J Med. 2015 Nov 19; 373(21):2025-37.
https://doi.org/10.1056/NEJMoa1505819 PMID: 26488565

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010133 December 6, 2021 24/26


https://doi.org/10.1016/S1473-3099%2815%2900239-X
https://doi.org/10.1016/S1473-3099%2815%2900239-X
http://www.ncbi.nlm.nih.gov/pubmed/26342424
https://doi.org/10.1126/scitranslmed.abb4757
http://www.ncbi.nlm.nih.gov/pubmed/32718991
https://doi.org/10.1093/infdis/jiy080
https://doi.org/10.1093/infdis/jiy080
http://www.ncbi.nlm.nih.gov/pubmed/29438525
https://doi.org/10.1038/s41577-019-0209-5
http://www.ncbi.nlm.nih.gov/pubmed/31462718
https://doi.org/10.1016/j.immuni.2017.11.007
https://doi.org/10.1016/j.immuni.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29195810
https://doi.org/10.1038/s41591-020-0881-9
http://www.ncbi.nlm.nih.gov/pubmed/32451496
https://doi.org/10.1038/nm.4513
http://www.ncbi.nlm.nih.gov/pubmed/29554084
https://doi.org/10.1038/nm.4512
http://www.ncbi.nlm.nih.gov/pubmed/29554083
https://doi.org/10.1084/jem.20101488
http://www.ncbi.nlm.nih.gov/pubmed/21262960
https://doi.org/10.1016/0161-5890%2895%2900136-0
http://www.ncbi.nlm.nih.gov/pubmed/8643099
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4886414/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4886414/
https://doi.org/10.1186/s12936-016-1348-9
http://www.ncbi.nlm.nih.gov/pubmed/27245446
https://doi.org/10.1186/s12916-019-1277-x
http://www.ncbi.nlm.nih.gov/pubmed/30798787
https://doi.org/10.1038/s41467-019-10195-z
http://www.ncbi.nlm.nih.gov/pubmed/31092823
https://doi.org/10.1016/j.vaccine.2020.12.055
https://doi.org/10.1016/j.vaccine.2020.12.055
http://www.ncbi.nlm.nih.gov/pubmed/33431225
https://doi.org/10.1038/s41598-017-08526-5
http://www.ncbi.nlm.nih.gov/pubmed/28801554
https://doi.org/10.1186/s12916-018-1186-4
https://doi.org/10.1186/s12916-018-1186-4
http://www.ncbi.nlm.nih.gov/pubmed/30376866
https://doi.org/10.1056/NEJMoa1505819
http://www.ncbi.nlm.nih.gov/pubmed/26488565
https://doi.org/10.1371/journal.ppat.1010133

PLOS PATHOGENS

Protection with antibody combinations against different regions of PFCSP

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Pringle JC, Carpi G, Alimagro-Garcia J, Zhu SJ, Kobayashi T, Mulenga M, et al. RTS,S/AS01 malaria
vaccine mismatch observed among Plasmodium falciparum isolates from southern and central Africa
and globally. Sci Rep. 2018 26; 8(1):6622. https://doi.org/10.1038/s41598-018-24585-8 PMID:
29700348

Scally SW, Murugan R, Bosch A, Triller G, Costa G, Mordmdiller B, et al. Rare PfCSP C-terminal anti-
bodies induced by live sporozoite vaccination are ineffective against malaria infection. J Exp Med. 2018
02; 215(1):63-75. https://doi.org/10.1084/jem.20170869 PMID: 29167197

Herrera R, Anderson C, Kumar K, Molina-Cruz A, Nguyen V, Burkhardt M, et al. Reversible Conforma-
tional Change in the Plasmodium falciparum Circumsporozoite Protein Masks lts Adhesion Domains.
Infection and Immunity. 2015 Oct 1; 83(10):3771-80. https://doi.org/10.1128/IA1.02676-14 PMID:
26169272

Patra AP, Sharma S, Ainavarapu SRK. Force Spectroscopy of the Plasmodium falciparum Vaccine
Candidate Circumsporozoite Protein Suggests a Mechanically Pliable Repeat Region. J Biol Chem.
2017 10; 292(6):2110-9. https://doi.org/10.1074/jbc.M116.754796 PMID: 28031457

Plassmeyer ML, Reiter K, Shimp RL, Kotova S, Smith PD, Hurt DE, et al. Structure of the Plasmodium
falciparum circumsporozoite protein, a leading malaria vaccine candidate. J Biol Chem. 2009 Sep 25;
284(39):26951-63. https://doi.org/10.1074/jbc.M109.013706 PMID: 19633296

Kwong PD, Doyle ML, Casper DJ, Cicala C, Leavitt SA, Majeed S, et al. HIV-1 evades antibody-medi-
ated neutralization through conformational masking of receptor-binding sites. Nature. 2002 Dec 12; 420
(6916):678-82. https://doi.org/10.1038/nature01188 PMID: 12478295

Mendoza P, Gruell H, Nogueira L, Pai JA, Butler AL, Millard K, et al. Combination therapy with anti-HIV-
1 antibodies maintains viral suppression. Nature. 2018 Sep; 561(7724):479-84. https://doi.org/10.
1038/s41586-018-0531-2 PMID: 30258136

Ramirez Valdez KP, Kuwata T, Maruta Y, Tanaka K, Alam M, Yoshimura K, et al. Complementary and
synergistic activities of anti-V3, CD4bs and CD4i antibodies derived from a single individual can cover a
wide range of HIV-1 strains. Virology. 2015 Jan 15; 475:187—-203. https://doi.org/10.1016/j.virol.2014.
11.011 PMID: 25486586

Collins KA, Snaith R, Cottingham MG, Gilbert SC, Hill AVS. Enhancing protective immunity to malaria
with a highly immunogenic virus-like particle vaccine. Sci Rep. 2017 Apr 19; 7:46621. https://doi.org/10.
1038/srep46621 PMID: 28422178

Wang LT, Pereira LS, Flores-Garcia Y, O’Connor J, Flynn BJ, Schon A, et al. A Potent Anti-Malarial
Human Monoclonal Antibody Targets Circumsporozoite Protein Minor Repeats and Neutralizes Sporo-
zoites in the Liver. Immunity. 2020 Sep 15; https://doi.org/10.1016/j.immuni.2020.08.014 PMID:
32946741

Imkeller K, Scally SW, Bosch A, Marti GP, Costa G, Triller G, et al. Antihomotypic affinity maturation
improves human B cell responses against a repetitive epitope. Science. 2018 Jun 22; 360(6395):1358—
62. https://doi.org/10.1126/science.aar5304 PMID: 29880723

Murphy KP, Bhakuni V, Xie D, Freire E. Molecular basis of co-operativity in protein folding. Ill. Structural
identification of cooperative folding units and folding intermediates. J Mol Biol. 1992 Sep 5; 227(1):293—
306. https://doi.org/10.1016/0022-2836(92)90699-k PMID: 1522594

Gomez J, Hilser VJ, Xie D, Freire E. The heat capacity of proteins. Proteins. 1995 Aug; 22(4):404—12.
https://doi.org/10.1002/prot.340220410 PMID: 7479713

Oyen D, Torres JL, Wille-Reece U, Ockenhouse CF, Emerling D, Glanville J, et al. Structural basis for
antibody recognition of the NANP repeats in Plasmodium falciparum circumsporozoite protein. Proc
Natl Acad Sci USA. 2017 28; 114(48):E10438—-45. https://doi.org/10.1073/pnas.1715812114 PMID:
29138320

Oyen D, Torres JL, Cottrell CA, Richter King C, Wilson IA, Ward AB. Cryo-EM structure of P. falciparum
circumsporozoite protein with a vaccine-elicited antibody is stabilized by somatically mutated inter-Fab
contacts. Sci Adv. 2018 Oct; 4(10):eaau8529. https://doi.org/10.1126/sciadv.aau8529 PMID: 30324137

Coppi A, Pinzon-Ortiz C, Hutter C, Sinnis P. The Plasmodium circumsporozoite protein is proteolytically
processed during cell invasion. J Exp Med. 2005 Jan 3; 201(1):27-33. https://doi.org/10.1084/jem.
20040989 PMID: 15630135

Aliprandini E, Tavares J, Panatieri RH, Thiberge S, Yamamoto MM, Silvie O, et al. Cytotoxic anti-cir-
cumsporozoite antibodies target malaria sporozoites in the host skin. Nat Microbiol. 2018; 3(11):1224—
33. https://doi.org/10.1038/s41564-018-0254-z PMID: 30349082

Flores-Garcia Y, Nasir G, Hopp CS, Munoz C, Balaban AE, Zavala F, et al. Antibody-Mediated Protec-
tion against Plasmodium Sporozoites Begins at the Dermal Inoculation Site. Johnson PJ, editor. mBio.
2018 Nov 20; 9(6):e02194—18, /mbio/9/6/mBio.02194-18.atom. https://doi.org/10.1128/mBio0.02194-18
PMID: 30459199

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010133 December 6, 2021 25/26


https://doi.org/10.1038/s41598-018-24585-8
http://www.ncbi.nlm.nih.gov/pubmed/29700348
https://doi.org/10.1084/jem.20170869
http://www.ncbi.nlm.nih.gov/pubmed/29167197
https://doi.org/10.1128/IAI.02676-14
http://www.ncbi.nlm.nih.gov/pubmed/26169272
https://doi.org/10.1074/jbc.M116.754796
http://www.ncbi.nlm.nih.gov/pubmed/28031457
https://doi.org/10.1074/jbc.M109.013706
http://www.ncbi.nlm.nih.gov/pubmed/19633296
https://doi.org/10.1038/nature01188
http://www.ncbi.nlm.nih.gov/pubmed/12478295
https://doi.org/10.1038/s41586-018-0531-2
https://doi.org/10.1038/s41586-018-0531-2
http://www.ncbi.nlm.nih.gov/pubmed/30258136
https://doi.org/10.1016/j.virol.2014.11.011
https://doi.org/10.1016/j.virol.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25486586
https://doi.org/10.1038/srep46621
https://doi.org/10.1038/srep46621
http://www.ncbi.nlm.nih.gov/pubmed/28422178
https://doi.org/10.1016/j.immuni.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/32946741
https://doi.org/10.1126/science.aar5304
http://www.ncbi.nlm.nih.gov/pubmed/29880723
https://doi.org/10.1016/0022-2836%2892%2990699-k
http://www.ncbi.nlm.nih.gov/pubmed/1522594
https://doi.org/10.1002/prot.340220410
http://www.ncbi.nlm.nih.gov/pubmed/7479713
https://doi.org/10.1073/pnas.1715812114
http://www.ncbi.nlm.nih.gov/pubmed/29138320
https://doi.org/10.1126/sciadv.aau8529
http://www.ncbi.nlm.nih.gov/pubmed/30324137
https://doi.org/10.1084/jem.20040989
https://doi.org/10.1084/jem.20040989
http://www.ncbi.nlm.nih.gov/pubmed/15630135
https://doi.org/10.1038/s41564-018-0254-z
http://www.ncbi.nlm.nih.gov/pubmed/30349082
https://doi.org/10.1128/mBio.02194-18
http://www.ncbi.nlm.nih.gov/pubmed/30459199
https://doi.org/10.1371/journal.ppat.1010133

PLOS PATHOGENS

Protection with antibody combinations against different regions of PFCSP

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Scally SW, Julien J-P. Peek-Peak-Pique: Repeating Motifs of Subtle Variance Are Targets for Potent
Malaria Antibodies. Immunity. 2018 15; 48(5):851—4. https://doi.org/10.1016/j.immuni.2018.04.037
PMID: 29768173

Alanine DGW, Quinkert D, Kumarasingha R, Mehmood S, Donnellan FR, Minkah NK, et al. Human
Antibodies that Slow Erythrocyte Invasion Potentiate Malaria-Neutralizing Antibodies. Cell. 2019 Jun
27;178(1):216-228.e21. https://doi.org/10.1016/j.cell.2019.05.025 PMID: 31204103

Lyke KE, Ishizuka AS, Berry AA, Chakravarty S, DeZure A, Enama ME, et al. Attenuated PfSPZ Vac-
cine induces strain-transcending T cells and durable protection against heterologous controlled human
malaria infection. Proc Natl Acad Sci U S A. 2017 Mar 7; 114(10):2711-6. https://doi.org/10.1073/pnas.
1615324114 PMID: 28223498

Tan J, Cho H, Pholcharee T, Pereira LS, Doumbo S, Doumtabe D, et al. Functional human IgA targets
a conserved site on malaria sporozoites. Sci Trans| Med. 2021 Jun 23; 13(599):eabg2344. https://doi.
org/10.1126/scitranslmed.abg2344 PMID: 34162751

McNamara HA, Idris AH, Sutton HJ, Vistein R, Flynn BJ, Cai Y, et al. Antibody Feedback Limits the
Expansion of B Cell Responses to Malaria Vaccination but Drives Diversification of the Humoral
Response. Cell Host Microbe. 2020 Oct 7; 28(4):572-585.e7. https://doi.org/10.1016/j.chom.2020.07.
001 PMID: 32697938

Mulangu S, Dodd LE, Davey RT, Tshiani Mbaya O, Proschan M, Mukadi D, et al. A Randomized, Con-
trolled Trial of Ebola Virus Disease Therapeutics. N Engl J Med. 2019 Dec 12; 381(24):2293-303.
https://doi.org/10.1056/NEJMoa1910993 PMID: 31774950

Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, et al. REGN-COV2, a Neutralizing
Antibody Cocktail, in Outpatients with Covid-19. N Engl J Med. 2021 Jan 21; 384(3):238-51. https://doi.
org/10.1056/NEJM0a2035002 PMID: 33332778

Gaudinski MR, Berkowitz NM, Idris AH, Coates EE, Holman LA, Mendoza F, et al. A Monoclonal Anti-
body for Malaria Prevention. N Engl J Med. 2021 Aug 26; 385(9):803—14. https://doi.org/10.1056/
NEJMo0a2034031 PMID: 34379916

Moorthy VS, Ballou WR. Immunological mechanisms underlying protection mediated by RTS,S: a
review of the available data. Malar J. 2009 Dec 30; 8:312. https://doi.org/10.1186/1475-2875-8-312
PMID: 20042088

Tran TM, Guha R, Portugal S, Skinner J, Ongoiba A, Bhardwaj J, et al. A Molecular Signature in Blood
Reveals a Role for p53 in Regulating Malaria-Induced Inflammation. Immunity. 2019 Oct 15; 51(4):750—
765.e10. https://doi.org/10.1016/j.immuni.2019.08.009 PMID: 31492649

Espinosa DA, Gutierrez GM, Rojas-Lépez M, Noe AR, ShiL, Tse S-W, et al. Proteolytic Cleavage of the
Plasmodium falciparum Circumsporozoite Protein Is a Target of Protective Antibodies. J Infect Dis.
2015 Oct 1;212(7):1111-9. hitps://doi.org/10.1093/infdis/jiv154 PMID: 25762791

Wang J-Y, Song W-T, Li Y, Chen W-J, Yang D, Zhong G-C, et al. Improved expression of secretory and
trimeric proteins in mammalian cells via the introduction of a new trimer motif and a mutant of the tPA
signal sequence. Appl Microbiol Biotechnol. 2011 Aug; 91(3):731—-40. https://doi.org/10.1007/s00253-
011-3297-0 PMID: 21556920

Durocher Y, Perret S, Kamen A. High-level and high-throughput recombinant protein production by tran-
sient transfection of suspension-growing human 293-EBNAT1 cells. Nucleic Acids Res. 2002 Jan 15; 30
(2):E9. https://doi.org/10.1093/nar/30.2.e9 PMID: 11788735

Carbonetti S, Oliver BG, Vigdorovich V, Dambrauskas N, Sack B, Bergl E, et al. A method for the isola-
tion and characterization of functional murine monoclonal antibodies by single B cell cloning. J Immunol
Methods. 2017 Sep; 448:66—73. https://doi.org/10.1016/}.jim.2017.05.010 PMID: 28554543

Freire E, Schén A, Velazquez-Campoy A. Isothermal titration calorimetry: general formalism using bind-
ing polynomials. Methods Enzymol. 2009; 455:127-55. https://doi.org/10.1016/S0076-6879(08)04205-
5 PMID: 19289205

Flores-Garcia Y, Herrera SM, Jhun H, Pérez-Ramos DW, King CR, Locke E, et al. Optimization of an in
vivo model to study immunity to Plasmodium falciparum pre-erythrocytic stages. Malar J. 2019 Dec 18;
18(1):426. https://doi.org/10.1186/512936-019-3055-9 PMID: 31849326

Alving CR, Peachman KK, Matyas GR, Rao M, Beck Z. Army Liposome Formulation (ALF) family of
vaccine adjuvants. Expert Rev Vaccines. 2020 Mar; 19(8):279-92. https://doi.org/10.1080/14760584.
2020.1745636 PMID: 32228108

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010133 December 6, 2021 26/26


https://doi.org/10.1016/j.immuni.2018.04.037
http://www.ncbi.nlm.nih.gov/pubmed/29768173
https://doi.org/10.1016/j.cell.2019.05.025
http://www.ncbi.nlm.nih.gov/pubmed/31204103
https://doi.org/10.1073/pnas.1615324114
https://doi.org/10.1073/pnas.1615324114
http://www.ncbi.nlm.nih.gov/pubmed/28223498
https://doi.org/10.1126/scitranslmed.abg2344
https://doi.org/10.1126/scitranslmed.abg2344
http://www.ncbi.nlm.nih.gov/pubmed/34162751
https://doi.org/10.1016/j.chom.2020.07.001
https://doi.org/10.1016/j.chom.2020.07.001
http://www.ncbi.nlm.nih.gov/pubmed/32697938
https://doi.org/10.1056/NEJMoa1910993
http://www.ncbi.nlm.nih.gov/pubmed/31774950
https://doi.org/10.1056/NEJMoa2035002
https://doi.org/10.1056/NEJMoa2035002
http://www.ncbi.nlm.nih.gov/pubmed/33332778
https://doi.org/10.1056/NEJMoa2034031
https://doi.org/10.1056/NEJMoa2034031
http://www.ncbi.nlm.nih.gov/pubmed/34379916
https://doi.org/10.1186/1475-2875-8-312
http://www.ncbi.nlm.nih.gov/pubmed/20042088
https://doi.org/10.1016/j.immuni.2019.08.009
http://www.ncbi.nlm.nih.gov/pubmed/31492649
https://doi.org/10.1093/infdis/jiv154
http://www.ncbi.nlm.nih.gov/pubmed/25762791
https://doi.org/10.1007/s00253-011-3297-0
https://doi.org/10.1007/s00253-011-3297-0
http://www.ncbi.nlm.nih.gov/pubmed/21556920
https://doi.org/10.1093/nar/30.2.e9
http://www.ncbi.nlm.nih.gov/pubmed/11788735
https://doi.org/10.1016/j.jim.2017.05.010
http://www.ncbi.nlm.nih.gov/pubmed/28554543
https://doi.org/10.1016/S0076-6879%2808%2904205-5
https://doi.org/10.1016/S0076-6879%2808%2904205-5
http://www.ncbi.nlm.nih.gov/pubmed/19289205
https://doi.org/10.1186/s12936-019-3055-9
http://www.ncbi.nlm.nih.gov/pubmed/31849326
https://doi.org/10.1080/14760584.2020.1745636
https://doi.org/10.1080/14760584.2020.1745636
http://www.ncbi.nlm.nih.gov/pubmed/32228108
https://doi.org/10.1371/journal.ppat.1010133

